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This work examines the prognostic value of advanced MR at selected time points during the early
stages of treatment in glioma patients. In this thesis, serial imaging of glioma patients was
conducted using diffusion tensor imaging (DTI), dynamic contrast enhanced (DCE) and dynamic
susceptibility contrast (DSC) MRI. A methodology for the processing and registration of
multiparametric MRl was developed in order to simultaneously sample whole tumour

measurements of multiple MR parameters with the same volume of interest.

Differences between glioma grades were investigated using functional MR parameters and tested
using Kruskal-Wallis tests. A 2-stage logistic regression model was developed to grade lesions from
the preoperative MR, with the model retaining the apparent diffusion coefficient, radial diffusivity,
anisotropic component of diffusion, vessel permeability and extravascular extracellular space
parameters for glioma grading. A multi-echo single voxel spectroscopic sequence was independently

investigated for the classification of gliomas into different grades.

From preoperative MR, progression-free survival was predicted using the multiparametric MR data.
Individual parameters were investigated using Kaplan-Meier survival analysis, before Cox regression
modelling was used for a multiparametric analysis. Radial diffusivity, spin—lattice relaxation rate and

blood volume fraction calculated from the DTl and DCE MRI were retained in the final model.



MR parameter values were also investigated during the early stages of adjuvant treatment. Patients
were scanned before and after chemoradiotherapy, with the change in MR parameters as well as
the absolute values investigated for their prognostic information. Cox regression analysis was also
performed for the adjuvant treatment imaging, with measures of the apparent diffusion coefficient,
spin—lattice relaxation rate, vessel permeability and extravascular extracellular space, derived from

the DTl and DCE datasets most predictive of progression-free survival.

In conclusion, this thesis demonstrates multiparametric MR of gliomas during the early stages of
treatment contains useful prognostic information relating to grade and progression-free survival

interval.
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1 A Background in Gliomas (Non-MR Literature)

1.1 Introduction

Gliomas are a type of intrinsic brain tumour, which present challenges for both imaging and
therapeutics, ultimately resulting in poor outcomes for patients with the disease. With no routine
screening tests available for brain tumours, patients normally present with advanced forms of the
disease. Presentation can be seizures, headaches or sensory problems, but these symptoms are very
non-specific and can be caused by a range of neurological conditions. Figure 1 shows the appearance

of a high grade glioma. In this case, the lesion was unresectable due to the deep-seated location

within the brain.

Figure 1 - Example images of a high grade glioma. Left shows the last available in vivo post-contrast
T: weighted coronal spin echo slice through a section of the tumour. The post mortem specimen can
be seen on the right with the patient having also sustained an area of haemorrhage between
imaging and death. The patient underwent chemoradiotherapy and survived the disease for 539
days following initial biopsy.



1.2 Level of Incidence
In 2010, over 9000 new cases of CNS tumours were diagnosed in the United Kingdom (1).
Unfortunately, it is not known what causes theses tumours to grow, however, as seen in Figure 2,

the incidence of newly diagnosed CNS tumours increases with age.
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Figure 2- Reproduced from Cancer Research UK (1). This figure shows the average number of new
central nervous system tumours per year per age group for men and women.

1.3 Prognosis

The prognosis for this cohort of cancer patients is extremely poor. In 2008, over 3500 people in the
UK died from a brain or CNS related tumour (1). Furthermore, the number of deaths related to brain
and CNS tumours has not reduced over the last 40 years. The 5 year survival rate appears to have
only marginally increased since 1971 with women continuing to survive longer than men, though
the fact remains that less than 20% of people live with a brain or CNS tumour more than 5 years

(Figure 3).
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Figure 3 - Five-year age-standardised survival for brain cancer by sex for patients diagnosed in
England and Wales, 1971-2009. The standardisation process adjusts the data for effects of age.
Reproduced from Cancer Research UK (1).

The late presentation of this disease means that key structures in the brain are often infiltrated or
destroyed by the tumour, reducing the likelihood of a complete resection and subsequent beneficial
outcome (2, 3). Given that the incidence of brain tumours increases with age, other age related co-
morbidities may also play a role in the poor prognosis associated with this disease due to the

aggressive treatment regimens required to control the disease.

An important randomised phase Il study in 2009 (4) comparing radiotherapy versus
chemoradiotherapy in glioblastoma multiforme patients reported median survival times of 12.1
(11-2-13-0, 95% CI) and 14.6 (13-2—-16-8, 95% Cl) months for radiotherapy and chemoradiotherapy
respectively. Two year survival was also increased from 10.9% (7-6—-14-8%) to 27.2% (22-2—-32:5%)
when using temozolomide in conjunction with radiotherapy. For patients treated with
chemoradiotherapy, the extent of resection correlated with the median survival time. Biopsy only
yielded a median survival of only 9.4 (7-5-13-6, 95% CI) months compared to partial resection 13.5
(11-9-16-4, 95% CI) months and complete resection, 18.8 (16:4—22-9, 95% Cl) months. A similar
trend was reported for the radiotherapy cohort with shorter median survivals reported [7-8 (6:4—

10-6, 95% Cl), 11-7 (9:7-13-1, 95% Cl), 14-2 (12-1-16-1, 95% Cl) in months] for biopsy, partial
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resection and complete resection respectively. Additional factors such as cell-type (5, 6),
proliferation (7) and genetic mutations (8) affect the prognosis for the patient, and are discussed

later in this chapter.

1.4 Glioma Cell Types
The glial cell from which a neoplasm originates, affects the growth characteristics, response to
treatment and overall prognosis of the tumour. This section examines the two macroglia (groups of

neuroglial cells) that are found to give rise to the most common gliomas.

1.4.1 Glial Cells
The role of glial cells (Figure 4) is to protect and support the neurons in the brain with the functions
of these cells including supplying oxygen and nutrients, insulating neurons to prevent signal

interference between them and the removal of dead neurons.

1.4.1.1 Astrocytes

The most abundant macroglia are astrocytes, which are well connected to the blood supply and
form the basis of the blood brain barrier (BBB). Astrocytes can be further split into two subtypes,
fibrous and protoplasmic. Fibrous astrocytes are predominantly found in white matter and have
long thin dendritic branches. Conversely, protoplasmic astrocytes are shorter and thicker, and
mainly existing in grey matter. Astrocytes can give rise to astrocytomas, which are the most common

type of intrinsic brain tumour, often advancing to glioblastoma multiforme.

11



1.4.1.2 Oligodendrocytes

Oligodendrocytes are the other common type of macroglia. These cells participate in the formation
of myelin sheaths which protect the neuronal cells. The myelin sheath insulates the nervous cells
allowing small electrical signals to be more efficiently propagated along the neurons.
Oligodendrocytes give rise to oligodendrogliomas which are a common differential for low grade

astrocytic tumours.

Oligodendrocyte
Astrocyte

/Wye/in Sheath
< Vessel <>

Figure 4 - Representative drawings of both an astrocyte and an oligodendrocyte. The astrocyctic cell
connects to to blood vessels in order to transport oxygen and nutrients whilst the oligodendrocyte
connects to myelin sheaths ensuring the neuron is well protected and can efficiently propagate a
signal.
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1.5 WHO Tumour Grading

Gliomas are graded by the World Health Organisation (WHO) on a scale of I-IV determined by how
normal the cells look (6). The more abnormal the cells look, the higher the grade. In the brain, a
WHO grade | tumour would be classed as the slowest growing type of cells, and considered the
lowest risk; whereas a WHO grade Il or IV, depending on the cell type, would be classed as an
aggressive fast growing tumour. Tumour cells are assessed on the cell pleomorphism, mitotic
activity, vascular proliferation and the amount of necrosis. The grade of tumour determines the level
of treatment. Gliomas (Table 1) are often divided into two groups; low grade, which are grades | and
I, and high grade which are grades Ill and IV. This is based on their histological appearance and
behaviour. Distinguishing imaging features believed to separate a high grade lesion from a lower
grade diagnosis include the presence of contrast-induced enhancement, heterogeneous

appearance, large amounts of oedema and often a cystic component (Figure 5).

Table 1 - Summary table of recognised glioma subtypes and the respective WHO grades reproduced
from (6).

Astrocytic Tumours | il 1l v
Subependymal giant cell astrocytoma X

Pilocystic astrocytoma X

Pilomyxoid astrocytoma X

Diffuse astrocytoma

x

Pleomorphic xanthoastrocytoma X

Anaplastic astrocytoma X

Glioblastoma X
Giant cell glioblastoma X
Gliosarcoma X

Oligodendroglial Tumours I 1 1l v

Oligodendroglioma X
Anaplastic oligodendroglioma X

Oligoastrocytic Tumours I 1 1l v

Oligoastrocytoma X
Anaplastic oligoastrocytoma X

13
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Figure 5 - Example grade Il, Ill and IV gliomas from top to bottom respectively.T, weighted FLAIR
imaging can be seen in the left column while post-contrast T; weighted FSPGR can be seen in the
right. Note the increasing amounts of oedema with high grade lesions as well as the presence of
enhancement, and the formation of a necrotic core in the grade IV lesion.
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1.6 Histopathological Staining of Gliomas

The diagnosis of glioma is made at a cellular level by a neuropathologist, and is considered the gold
standard against which other diagnostic modalities are measured. The limitation of this technique
for diagnosis is that it requires a sufficient volume of malignant tissue within the sample, and
assumes the tissue sample is representative of the whole tumour. This is not always the case in

heterogeneous tumours such as glioblastoma multiforme.

1.6.1.1 Haematoxylin and eosin stain (H&E Staining)
H&E Staining is a general purpose staining used for the tissue diagnosis of lesions. From the staining,
cell atypia, pleomorphism, vascular proliferation and the amount of necrosis can be commented on

by a neuropathologist. A sample from a glioblastoma multiforme can be seen in Figure 6.

Figure 6 — Left - H&E staining from a diffuse astrocytoma with uniform appearance. Right -
glioblastoma multiforme showing increased levels of anaplasia and irregular cell formation.
Reproduced from the WHO classification of tumours in the CNS (6).

1.6.1.2 Antigen Ki-67/ MIB-1

Ki-67 and MIB-1 are markers for cell proliferation. Furthermore it is possible to observe Ki-67 and
MIB-1 through all parts of the cell cycle except for the rest state. In low grade lesions small amounts
of mitotic activity have been reported (Figure 7) while in high grade lesions the amount of mitotic

actively is vastly increased (9). Following this, a study investigating the correlation between Ki-67
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and disease related survival found that tumours with lower Ki-67 values had a higher median survival

time (7).

Figure 7 - Low mitotic activity (dark stained cells) in a low grade glioma (Left). High levels of mitotic
activity on the MIB-1 staining in a high grade glioma (Right). Produced from this institution.

1.6.1.3 Glial fibrillary acidic protein (GFAP)
This protein is specific to astrocytes, and is produced as a reaction to disease or injury in the brain

(Figure 8). It can be used to differentiate glioblastoma multiforme from metastases and lower grade

lesions (10).

Figure 8 - The dark cells show the expression of GFAP. Reproduced from the WHO classification of
tumours in the CNS (6).
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1.7 Glioma Development and Growth

Each type of glioma as classified by the World Health Organisation, has a different set of genetic
mutations which change with grade. The environment in which the tumour exists, and the genetic
mutations present, controls the cell growth. The growth rate of a tumour can be simplified into two
components: cell proliferation and cell loss. Factors that affect tumour growth include the amount

of apoptosis and the cell cycle time.

Specific mutations are also more likely to occur in certain pathologies. Figure 10 shows the
percentages of grade Il pathologies with two known mutations (TP53 and loss of heterozygosity for
1p and/or 19q). Whilst there is overlap between groups, there are clear differences between
astrocytomas and oligodendrogliomas at grade Il. Different pathologies of the same grade can also
result in different median survival times. In Figure 11, all the lesions in the study (5) were WHO
grade Il. However, the median survival times showed tumours with an oligodendroglial component

to have a more favourable prognosis.

1.7.1.1 Hypoxia inducible factor (HIF-1a)

HIF-1a is a constitutively produced protein that acts as a potent activator of angiogenesis (11) which
may explain the abnormal vasculature seen in tumours (Figure 9), which in turn can lead to a cycle
of hypoxia and further HIF-1a up regulation. Activation of the HIF-1a pathway can also explain the
extensive vascular hyperplasia seen in glioblastomas (11). Under normal conditions HIF-1a is a
microenvironment regulator and controls the invading properties of the cell. A reduction in HIF-1a

has been shown to reduce cell migration in gliomas.

1.7.1.2 Vascular Endothelial Growth Factor (VEGF)
VEGF is responsible for angiogenesis and ensures tissues in the body receive enough blood to

survive. Its increased production in tumours leads to neo-vascularity which is essential for malignant

17



tumour growth. Angiogenesis caused by a neoplasm leads to pathological vessels with increased

permeability. Studies have shown a correlation between tumour blood volume and malignancy (12).

HIF-1o up . ’
Cell growth |:> 0, reduced |:> e |:> VEGF up regulated |:> Neoangiogenesis

9

Glycolysis

increased

Figure 9 - Schematic showing how HIF-1a is up regulated and how this can lead to neoangiogenesis

1.7.1.3 Epidermal Growth Factor Receptor (EGFR)
EGFR is responsible for controlling cell proliferation. Once mutated, cell growth is no longer
regulated allowing tumours to grow rapidly. This mutation is often is observed in the presence of

the 10q deletion (13).

1.7.1.4 Tumour Suppressor Gene P53 (TP53)
TP53 is a tumour suppressor gene that prevents cells with damaged DNA (potentially cancerous
cells) from proliferating. Mutated/deleted TP53 genes have been shown to be involved in initiation

and development of astrocytomas.

1.7.1.5 Loss of heterozygosity (LOH)

The deletion of genes can be associated with differing types of CNS tumours. One of the most
common and well described LOH cases is the 1p/19q deletion observed in oligodendrogliomas.
Tumours with the 1p19qg deletion have been found to be more chemo-sensitive and have an
improved prognosis (5). LOH on chromosome 10q is a frequent mutation for both primary and

secondary glioblastomas (14).
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Figure 10 —An overview of genetic mutations measured from 122 WHO grade Il gliomas. Whilst there
is overlap between groups, it can be seen that mutated TP53 is more commonly seen in astrocytic
tumours whilst a loss of heterozygosity (LOH) for 1p and/or 19q means the tumour is more likely to
be an oligodendroglioma. Graph generated from data by Okamoto et al. (5)

Cum. Survival

R £

Gemistocytic astrocytoma
(n=8) MST: 3.8 years

16% at 5 years

| Fibrillary astrocytoma (n=43)
MST: 5.9 years
I 31% at 10 years

- - -

Oligodendroglioma (n=50)

MST: 11.6 years
51% at 10 years

Oligoastrocytoma (n=20)
MST: 6.6 years
49% at 10 years

T
0

T T
10

|
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Figure 11 - Differences in median survival time can be seen between different pathologies of the
same WHO grade. Patients with an oligodendroglial component had a higher median survival than
those with just an astrocytic component. Reproduced from (5).
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1.7.1.6 Isocitrate dehydrogenase (IDH)

The IDH mutation refers to three enzymes, IDH1, IDH2 and IDH3 respectively. The first two enzymes
are particularly relevant to gliomas, with the finding that in low grade gliomas, 65-90% contain a
mutation of one of the IDH enzymes (15) and up to 12% of glioblastomas carry a mutated IDH1
enzyme. The IDH1 mutation has also been found in secondary glioblastoma following low grade
transformation (16, 17). Mutant IDH1 positive patients have been shown to have a favourable
prognosis (8, 17, 18). It is thought that the loss of normal IDH1 and IDH2 activity may actually
stabilise HIF-1a within the cell. IDH1 has been shown to play a unique role in the pathogenesis of
gliomas. Both IDH1 and IDH2 are responsible for converting NADP* to NADPH which is linked to the

suppression of apoptosis.

1.7.1.7 0%methylguanine DNA methyltransferase (MGMT)

MGMT is a gene located at chromosomal position 10g26 and is responsible for encoding a DNA
repair enzyme that can negate the effects of alkylating chemotherapeutic agents such as
temozolomide. If the MGMT gene is active it can repair damage to the DNA quickly so the tumour
cells are able to continue reproducing. Malignant brain tumours may have the MGMT gene
inactivated due to methylation of its promoter region. Current research (19) suggests methylated
MGMT will lead to a better treatment response from chemotherapy as the tumour cells will have
no way of repairing the DNA damage originally caused by the alkylating agent. In gliomas MGMT
methylation can be viewed as a favourable prognostic marker to both radiotherapy and
chemotherapy (8). Pseudoprogression has been observed more frequently in MGMT methylated
tumours following chemoradiotherapy, but this patient group have a longer median survival (4, 20,

21).
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1.8 Treatment Options

1.8.1 Surgery
When appropriate, surgery is offered to the patient depending on their performance score, co-
morbidities, tumour appearance and position of tumour within the brain. The extent of surgery

ranges from a stereotactic biopsy, used for tissue sampling, to a full resection which is optimal.

Stereotactic biopsy is preferable for gliomas situated in eloquent areas when a histological diagnosis
is required for further treatment. This could be for a low grade glioma possibly undergoing
transformation to a higher grade, or high grade glioma where resection carries a high risk of
morbidity. Stereotactic biopsies rely on imaging techniques, primarily MRI, to guide the surgeon to

the lesion. This is normally images from a post-contrast, high resolution T;-weighted sequence.

A more aggressive surgical option is a partial resection in which surgery is done to reduce the mass
effect of the tumour, helping to reduce the intracranial pressure for the patient as well as any
midline shift. This type of surgery is often carried out to improve the patient’s quality of life but is
not a curative surgery. Tumours involved in key structures such as the ventricles or crossing the
midline are examples of when a partial resection may be preferential. The percentage of resection
is dependent on the likelihood of creating a new morbidity. An example of this could be the
resection of a lesion located near the motor strip where a complete resection could cause

permanent limb weakness.

A complete resection is possible for patients who are suitable and the tumour can easily be located
for excision. A lesion close to the skull, may be seen as favourable indicator for a complete resection.
Studies have also shown that glioma survival is directly linked to the extent of resection so patients

who have complete resection have a more favourable prognosis (2, 3).
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1.8.2 Radiotherapy

Radiotherapy is used for both palliative and curative treatments, and relies on ionising radiation to
try and treat malignant neoplasms. It depends on calculating the correct dose of radiation for the
size of the tumour and delivering it in an accurate manner whilst reducing the dose to the
surrounding tissue. The aims of radiotherapy are to treat tumours while maintaining a sufficiently

high quality of life for the patient and potentially prolonging their survival time.

This treatment is targeted at the DNA of rapidly dividing cancer cells, since this is when they are
most susceptible to damage. Radiation damage to the DNA subsequently means those cells are
unable to divide and eventually leads to cell death. Normally, x-rays are used as the source of

ionising radiation.

Currently radiotherapy planning in this NHS trust is done using CT several weeks post-surgery, but
the use of postoperative MR fusion with the CT is becoming more preferable given the superior soft
tissue contrast provided by the MR. As with surgery, eloquent areas must be avoided to reduce the

risk of a deficit in quality of life. These areas include the brain stem and optic nerves.

Depending on the grade of the tumour, up to 60 Greys of radiation may be given to a single lesion.
This is often fractionated to allow the surrounding tissue to repair/recover from a reduced dose.

Typically this is split into 30 fractions which equates to 5 days a week over a total of 6 weeks.

1.8.3 Chemotherapy

Chemotherapeutic agents actively target proliferating cells; however, there is a reduced effect
against low-proliferating cells which is why only high grade tumours are currently treated with
chemotherapy. The effectiveness of chemotherapeutic agents is also dependant on the cells
position in the cell cycle meaning that phase specific agents need to be delivered at the correct

interval.
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Chemotherapy agents are often used in combination, in an attempt to kill cancerous cells
throughout the entire cell cycle. Advantages of combination chemotherapy include actively treating
cells through several stages of the cell cycle, reducing the risk of cell resistance to both agents and
additive interactions with certain combinations of drugs. The effectiveness of chemotherapy is
reduced with the increase of tumour size due to the likelihood of agent resistant cells, probability

of metastatic spread and the distance the drug has to travel from the vasculature.

Temozolomide (Temodal®) is the first line chemotherapeutic agent to treat gliomas. It is taken orally
meaning the patient does not have to travel to hospital to receive chemotherapy once radiotherapy
is complete. An important feature of temozolomide is that it can radio-sensitise some gliomas
increasing median survival times (4). Some tumours are more resistant to chemotherapy and can
initiate DNA repair, however, temozolomide alkylates the DNA of the tumour, damaging it and
initiating cell death. This alkylating effect also benefits radiotherapy which also targets the tumour

DNA to disrupt the cell cycle.

Current practice requires a histological diagnosis of high grade glioma in order to prescribe
chemotherapeutic agents. While the dose of radiotherapy may be limited per patient chemotherapy

can be prescribed for indefinite amounts of time provided the patient remains sufficiently well.

1.8.4 Additional Therapeutic Approaches

With disease progression commonly occurring following standard treatment regimes, novel
treatments are also considered in some NHS Trusts. Given these treatments are still unproven; the
use of such therapeutics is limited by strict guidelines. Novel treatments also often have a very high
financial cost associated with them, reflecting the extensive research and development costs
needed to bring a new drug into the clinic. Adjuvant therapeutics also have added complications
when interpreting imaging, with both pseudo-progression and pseudo-response being potential

imaging complications of many treatments (22).
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1.8.4.1 Carmustine Wafers (Gliadel®)

Newer approaches to drug delivery include dissolvable chemotherapy wafers which are inserted
into the tumour cavity at the end of surgery (23). The guidelines for such treatments are restrictive
though at present, with an intra-operative diagnosis of glioblastoma multiforme required and at
least 90% of the tumour resected along with the ventricles remaining intact. The initial trial showed

significantly better survival for patients with carmustine wafers over those with placebo wafers (24).

1.8.4.2 Bevacizumab (Avastin®)

Bevacizumab is a monoclonal antibody which attempts to block neoangiogenesis. It does this by
binding to vascular endothelial growth factor A (VEGF) which is particularly prominent in tumours.
VEGF is responsible for promoting cell migration and endothelial cell growth and is involved in
inhibiting apoptosis. Whilst the presence of contrast enhancement can appear reduced due to the
maturing of leaky vessels following the administration of bevacizumab (25), the underlying tumour

can often progress and remain undetected using conventional imaging.
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1.8.5 Typical Treatment Pathway for a High Grade Glioma
Treatment varies according to the grade, genetic status and location of the tumour. However, the

current best standard (4) for a high grade glioma can be seen below (Figure 12):

| Presentation (Week 0) ‘
AV

| MRI (Week 0) |
NS

| Surgery (Week 0) |

¢

| Post Operative MRI (Week 0) ‘

-

| Chemoradiotherapy (Weeks 4-9) ‘

-

| Treatment Break (Weeks 10-13) ‘

¢

| Adjuvent Chemotherapy (Weeks 14-21) ‘
AV

| MRI & Review (Weeks 22) |

Figure 12 - Typical treatment pathway for a high grade glioma during the first 6 months from
diagnosis.

1.9 Tumour Regrowth

One of the main problems associated with malignant brain tumours is that the boundaries of the
lesion are difficult to detect/visualise both with MR imaging and during surgery. Since the brain is
an eloquent organ, maximum safe resection margins as sometimes achieved with other organs are
simply not possible giving rise to the hypothesis that gliomas often reoccur from the residual disease
often not visible to surgeons. One way to visualise the problem is as an iceberg (26). Surgeons and
radiologists may only see the top of iceberg (tumour) due to the increased cell density. However,
reoccurrence only takes a single remaining tumour cell to fully regrow. Given gliomas potential to
extend beyond the detectable margin as defined by morphological imaging (larger iceberg base
under the water), the disease normally reoccurs. Hence, radiotherapy uses extended margins (2-

3cm) to incorporate as much of the residual disease in the radiation field as possible.
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1.10 Cell Death

There are different mechanisms for cell death which are thought to be important for determining
a tumour’s response to treatment. Unfortunately, so far morphological imaging techniques have

been unable to differentiate these.

1.10.1.1 Necrosis - Premature cell death
Necrosis is where many cells simultaneously die due to one or more processes such as hypoxia,

energy depletion and inflammatory response. It is by this mechanism that radiotherapy works.

1.10.1.2 Apoptosis - Programmed cell death

Apoptosis differs from necrosis as it is a programmed death of cells (27). Apoptosis is considered
the primary cause of cell death in gliomas and is associated normally with a high proliferation rate.
The apoptotic index can be found to increase with anaplasia. A lack of apoptosis may be linked to

tumour development and growth.

1.10.1.3 Autophagy — Internal cell breakdown

The mechanism by which autophagy acts is not fully understood but it is recognised for its
importance in maintaining the balance between cell growth and death. It is known to breakdown
intracellular components to prioritise and distribute energy throughout the cell. Autophagy is seen
to be increased when cells are placed under nutritional stress and non-vital components of the cell
are absorbed and broken down by lysosomes (28). Using the same principles, autophagy is also used

in the cell repair as it removes damaged organelles from the cell and redistributes the nutrients.
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1.11 Tumour Biochemistry

1.11.1 Spectroscopically Visible Metabolites in Brain Pathologies
Due to the lower concentrations of the metabolites compared to water in vivo, magnetic resonance
spectroscopy is generally regarded as having very low sensitivity. Only metabolites with

concentrations of millimolar or above can be seen in a spectrum.

1.11.1.1 Choline (3.24ppm)

Choline is related to membrane synthesis and degradation and consists of three contributing
molecules, free choline, phosphocholine (PC) and glycerophosphocholine (GPC), however, at 3.0T
and below, it is not possible to resolve the different types of choline. Studies have suggested levels
of choline become elevated when there is increased membrane turnover (29), for instance in
tumour cases where cell growth is high, suggesting choline may be an indicator of cellularity. It has
also been reported that an increase in phosphocholine (PC) compared to glycerophosphocholine
(GPC) appears to be an indicator of malignant transformation when using phosphorous
spectroscopy (30, 31). More recent work suggests that GPC was more common in the non-enhancing

portion of astrocytic tumours regardless of grade (32).

CHs

HO_CHZ_CHZ N+ CH3

CHs

Figure 13 — Free choline molecule. The red hydrogen atoms denote the protons which are MR visible
in a 1H spectrum. The methyl components (CHs) generate a resonance at 3.24ppm while the
methylene molecules (CH,) generate peaks at 3.56ppm and 4.07ppm.
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1.11.1.2 Creatine (3.06ppm)

The creatine (Cr) peaks are found at 3.06ppm and 3.91ppm which are a composite of creatine and
phosphocreatine. Both metabolites are involved in cellular energy homeostasis, acting as a buffer
for adenosine triphosphate (ATP). The second peak generated from creatine at 3.91ppm can be
observed provided water suppression is effective and linewidths are sufficiently narrow. Malignant
tumours with high metabolic activity deplete the energy stores leading to reduced creatine levels.

It has been reported that creatine also appears reduced in cerebral ischemia (33).

O\C CH: N* C NH3
P i
CHs NH

Figure 14 - Creatine molecule. The red hydrogen atoms denote the protons which are MR visible in a
1H spectrum. The methyl component (CHs) generates a resonance at 3.06ppm while the methylene
molecule (CH;) produces a resonance at 3.93ppm.

1.11.1.3 N-acetylaspartate (2.02ppm)

N-acetylaspartate (NAA) is the largest resonance observed in spectra from normal appearing brain.
Using immunocytochemical staining, it has been shown that NAA is mainly restricted to dendrites,
axons and neurons and is traditionally employed as a neuronal marker. Consequently, the highest
NAA concentrations can be found in white matter. NAA levels have also been found to consistently
decrease in diseases affecting neuronal function loss such as brain tumours and multiple sclerosis
(34). However, it is worth noting that changes in NAA concentrations are very non-specific and so
changes in the levels of NAA alone are often non-diagnostic but once combined with other

sequences can add to the diagnostic confidence.
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Figure 15 - N-acetylaspartate molecule. The red hydrogen atoms denote the protons which are MR
visible in a 1H spectrum. The methyl component (CHs) produces a resonance at 2.02ppm while the
methylene moiety (aspartate group) (CH,) generates a peak at 2.52ppm.

1.11.1.4 lactate (1.33ppm)

Lactate (Lac) produces a doublet that resonates at 1.33ppm and in healthy brains is very hard to
detect due to its low concentration. However, in some cases where oxygen is restricted (ischemia
and hypoxia), the Krebs cycles cannot operate and instead of glucose being converted into CO,, it is
metabolised into lactate (33). In tumours, this is thought to be untrue with the Warburg effect (35)
hypothesising that tumours increase glycolysis, producing lactate even in the presence of oxygen.
Although the presence of lactate is non diagnostic, it can be an indicator of disease in the brain. At
an echo time of 144ms it can be seen in the anti-phase position allowing distinction from lipid which

shares the same chemical shift difference (Figure 17).

\C
7

Figure 16 - Lactate molecule. The red hydrogen atoms denote the protons which are MR visible in a
1H spectrum. The methyl component (CHs) produces a doublet at 1.33ppm while the lone proton
generates a quadruplet at 4.12ppm.

H
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The reason a doublet is produced rather than the single peak resonances of other metabolites found
in the brain, is due to the weak interactions between the lone hydrogen and the methyl group and
subsequently the two locations where the hydrogen appears on a spectrum. The lone hydrogen is
affected by the other three hydrogen atoms which are part of the CH3 group and subsequently is
affected by the magnetic field produced by each of them. The number of peaks produced is equal
to one more than the number of atoms seen. This means the single hydrogen atom produces a
quartet (four peaks) which is observed at 4.12ppm with peak heights of 1:2:2:1. The reverse happens
for the CHs group which interacts with the lone hydrogen and when combined with the plus one
due to quantum reasons, it becomes viewed as two peaks (a doublet), this time at 1.33ppm. The
two MR visible components of lactate are AX coupled, describing how influential they are on each
other. The 1.33ppm peak is labelled A while the distant 4.12ppm peak is labelled X as a measure of

the size of the coupling.

16 14 12 10 16 14 12 10 16 14 12 10

Figure 17 - Evolution of lactate signal with increasing echo time. Left - TE=35ms, Middle - TE=144ms,
Right - TE=288ms
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1.11.1.5 Lipid (5.3, 4.1, 2.0, 1.3 & 0.9ppm)

Lipid molecules are associated with an increase in membrane turnover, and only MR visible, if
rapidly tumbling, hence the reason that they are not usually visible in normal brain tissue. Small
concentrations of lipid may be visible at short echo times under normal concentrations due the short
T, relaxation times of the molecule, however, at high enough concentrations, they become visible
at longer echo times. The key peaks for in vivo spectroscopy are the 0.9 and 1.3ppm resonances,

with the 1.3ppm peak area nominally proportional to the (CHz), chain length.

(o)
N
/C (CHz)n CH3
HC Oo
2 N
| /c (CHz)n CH3
HC (0} o)
| 3 Choline
7 A}
H.C o o

Figure 18 — Phosphatidylcholine molecule. The red hydrogen atoms denote the protons which are
MR visible in a 1H spectrum. The methyl (CH3) component produces a peak at 0.9ppm peak while the
1.3ppm peak arises from the methylene (CH>) chains.

Lipid detected using proton spectroscopy has been shown to be the result of cell necrosis (36, 37)
and importantly, the amount of lipid observed is proportional to the extent of necrosis (38) in the
tissue. The presence of detectable lipid concentrations preoperatively has also been shown to

correlate with higher grade tumour and poorer survival rates (39).
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1.11.1.6 Myo-inositol (3.55ppm)

Myo-inositol (ml) can be easily seen in a spectrum if a short TE is used, and is associated with a range
of different diseases, though it is thought to be a glial cell marker. Levels of ml are found to drop
during stroke and rise during Alzheimer’s disease. Research carried out shows a trend toward lower
ml levels in anaplastic astrocytomas and glioblastoma multiforme compared with those of low-
grade astrocytomas (40). The role of ml remains uncertain though it has been proposed that myo-

inositol/sodium co-transporter activity is thought to help regulate cell osmosis.

1.11.1.7 Glutamate and glutamine (2.35 & 2.45ppm)

Glutamate (Glu) and glutamine (GIn) are the most abundant amino acids in the brain but due to
their similar chemical shift, they are hard to distinguish. This is due to the strong AB coupling they
share, and causes an overlap of the peaks at lower field strengths (<3.0T), and so are grouped

together under the title of Glix.

1.11.1.8 Alanine (1.46ppm)
Like lactate, alanine forms a doublet, which can be seen at 1.46ppm. This metabolite can only be
seen when present at elevated levels, which occurs as a result of increased glycolysis (41) for

example in meningiomas.

1.11.1.9 2-Hydroxyglutarate (2.25ppm)

This metabolite is been found to be associated with the IDH1 mutation exclusively found in gliomas
and more specifically LGG (42). Only recently has this metabolite become visible using specially
optimised in vivo spectroscopic sequences. Due to the complex coupled system, sequence

parameters must be optimised to phase the multiple peaks correctly (42).
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2 Physics of MR

2.1 Principles

The principles behind magnetic resonance imaging (MRI) and magnetic resonance spectroscopy
(MRS) are fundamentally the same, and are an evolution of those from nuclear magnetic resonance
(NMR). The human body predominantly consists of water and fat which in turn, are mainly
comprised of hydrogen. Each hydrogen atom consists of a single proton with an orbiting electron,
with the nucleus then rotating around its own axis. The rotating motion of the charged proton
creates a magnetic field also known as a magnetic moment. It is possible to describe this

phenomenon using electromagnetic theory where:

U=Ai Equation 1

The magnetic moment is given the symbol u, while A is the area of the orbiting proton and i is the

current travelling in the loop induced by the proton. By substituting:

A=nmnr Equation 2
and

. q] .

L= Equation 3

into equation 1, where g is charge, m is mass and J is the angular momentum, it is possible to derive

the relationship between the orbital angular momentum and the magnetic moment, using a new

atom specific constant, the gyromagnetic ratio, equal to %for 'H where g=e (1.6x107° C) and
14

m=m, (1.7x10% Kg)

U=yl Equation 4

This uses J as the angular momentum and y, the gyromagnetic ratio (42.58 MHzT?)
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The magnitude of the total angular momentum can be defined as:

I/l = hyI(I +1) Equation 5

where [ is the spin quantum number (hydrogen = %) and h, the reduced Planck constant equalling

1.05x103*Js.
The energy of the magnetic moment when placed in a magnetic field can be described using:

U=—u,B, Equation 6

where Bg is the magnetic field strength and pu, is the measureable component of the magnetic
moment. By substituting in the resolvable component of J (m,h), the energy of the magnetic

moment can be determined as:

U = —ym,hB, Equation 7

Subsequently, it is possible to describe the amount of energy required to change energy states with

an additional magnetic field using equation 8, where hw,, is the Bohr frequency condition:

AU = hwy = |-y4m,hB,| Equation 8
with the transitions between energy levels as seen in Figure 19. The number of energy levels in

which a spin can exist is calculated using the selection rule (21+1). For hydrogen this is 2 levels, 1=%

(Am, = +1). u

a

v

Bo

Figure 19 — Transition between energy states
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The implications of equation 8 are that the an increase in field strength will increase the amount of
energy required to change energy levels but the small difference in the spin energy will also increase

as a function of field strength.

When under the influence of a uniform By magnetic field, a torque effect is applied to the magnetic
moment which causes it to try and align parallel to the magnetic field (Figure 20). Given the torque
only affects the component of w, perpendicular to both Bg and 4, the net result is a rotation of u in
a cone-like shape around the By axis. This phenomenon is known as Larmor precession with

rotational frequency given by:

wy =YBy Equation 9

where B, is the magnetic field strength, y is the gyromagnetic ratio (2.7 x 108 rad s™* T"* for *H) and

wg the angular velocity, is approximately 42.58 MHz for a proton at 1T.

Due to Boltzmann’s energy distribution (N1/N,=e1 ~¥2/K0)) the protons either align parallel (spin up)
or anti-parallel (spin down) to the direction of the By magnetic field (Figure 20). The amount of
energy a proton has governs the direction a spin points. For any given proton, it will always attempt

to be in the lowest energy state possible, which is the spin up position.

Bo

Figure 20 — Precession of the magnetic moment (left). The spin of protons when under the influence
of a magnetic field (right)
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The bulk magnetisation of a collection of spins, My (3, 1) is the result of the combined individual

magnetic moments from the sample (Figure 21).

Figure 21 - The net magnetisation (My) of protons under a magnetic field (Bo)

2.1.1 Excitation

The bulk magnetisation can be rotated away from the By direction by the application of an additional
magnetic field called a B; field. By applying this B; field for a given time at the correct Larmor
frequency (on the order of MHz, i.e. radiofrequency), the magnetisation can be rotated through any
angle. For a simple RF pulse, the generator can be simply switched on and off, with the flip angle

produced being expressed as:

a =yBit, Equation 10
where a is the flip angle, y is the gyromagnetic ratio, By is the strength of the RF pulse and t,, is the
RF pulse duration. The flip angle can be adjusted by either changing the pulse duration or the

strength of the applied field (B1).

To apply a B, field, a radiofrequency (RF) coil is positioned adjacent to the sample. An RF generator
is then connected to the coil and electromagnetic pulses are produced, alternating the magnetic
field. Depending on the energy of the pulse, it is possible to manipulate the spins further, so a 180°

pulse causes inversion of the equilibrium population difference meaning more spins exist at an
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elevated energy state, while a 90° pulse causes spins to precess together which is known as being

phase coherent.

2.1.2 Free Induction Decay

High energy state spins return to equilibrium by exchanging energy with the environment, a process
known as relaxation. As Boltzmann’s equilibrium distribution is restored by relaxation, the
magnetisation is attenuated as transverse relaxation occurs (T2) (see pg. 40). Since the spins behave
as rotating magnets they will induce a current in a nearby coil, thus enabling the loss of
magnetisation to be detected as signal. The plot of magnetisation vs. time is referred to as free

induction decay (FID) and can be seen in Figure 22.

Magnetisation [A.U]
o

_1 R
Time

Figure 22 — Free induction decay curve (FID) for a single resonance. FIDs can be characterised by the
damped sinusoidal shape.

A Fourier transform of this FID would result in a spectrum with a single peak. This is because
currently there is no spatial information encoded into the signal which is why further steps are

needed before an image can be generated.
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2.2 Electron Shielding and Chemical Shift

An additional phenomenon to consider when performing spectroscopy is chemical shift which
occurs due to the shielding of the nuclei from the By static magnetic field via the surrounding
electrons. A constant o can describe the amount of shielding that occurs and varies with the position
of the nucleus within a given molecule. This shielding constant can then be used to describe the
magnetic field’s effect on the nucleus in relation to the static field the molecule is subject to. The
frequency (w) of the chemical shift can be determined using the known field strength (Bef) and the

gyromagnetic ratio (y) by:

W =YBesr Equation 11
Berr =By (1—0) Equation 12
By substituting equation 12 into 11, it is possible to account for the effects of electron shielding in

chemical shift producing:

wo =y —0)B, Equation 13

It can also be seen in equation 13 that the absolute chemical shift difference (Hertz) is directly
proportional to the field strength. The differences in chemical shifts subsequently allow molecular
structure to be determined with the amplitude of the peaks being proportional to the number of

hydrogen atoms present in the case of H spectroscopy.

To remove the field dependency seen in equation 11, it is possible to work using relative chemical

shifts termed ppm (parts per million), using the following equation where:

5= % X 10 ppm Equation 14

ref
Since these are relative chemical shift (§), they remain constant, despite the actual frequency
changing with field strength, allowing the comparison of spectra acquired at different field

strengths. The frequency difference between peaks becomes larger at higher field strengths which

in turn is beneficial.
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2.3 Tiand T; Relaxation

T, and T, relaxation describe the mechanisms by which spins return back to a state of equilibrium
following excitation from a RF pulse. T; relaxation, also referred to as spin-lattice relaxation, affects
the longitudinal magnetisation and is named due to the interaction of individual spins with the rest
of the volume (lattice). The T, relaxation (transverse magnetisation) also known as spin-spin
relaxation happens in the xy plane. Spin-spin refers to the interaction between spins and the small

local magnetic fields produced by each spin.

2.3.1 T, Relaxation (Spin-Lattice)
Spin-lattice relaxation is the recovery of the z component (longitudinal magnetisation) of the bulk
magnetisation after excitation, and can be described using the appropriate equations developed

by Bloch (43) for the z axis:

Mz — —y[M «B], - {1z —Mo) Equation 15
dt T,

By calculating the cross product of equation 15 after an RF pulse assuming that only the B, field is

present:

aMz _ (Mz—Mp) .
Fral i Equation 16
It is possible to solve equation 16 for M,:
—t —t

My(t) = Mz(0)e /1y 4 My (1 —e /Ti) Equation 17

however, after a 90° pulse, M;(0) is equal to 0 and this can be rewritten as:

-t

My=My(1-e¢ /™) Equation 18

The return of the magnetisation back to Mg along the z axis after a 90° pulse is called T; relaxation
with full magnetisation effectively being restored after approximately 5T, (see Figure 23). The return

back to Mo can be accredited to the thermal motion of nearby molecules removing energy from the
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excited dipoles. The tumbling rate of the surrounding molecules affects the rate at which relaxation
occurs. In water, a relatively small molecule, energy is dispersed less quickly from the excited dipoles
due to the spatial separation of water molecules and the fast molecular tumbling rate, resulting in

a longer recovery time (longer T,).
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Figure 23 - T; Recovery of M,. Values of 1322ms and 838ms were used to represent grey and white
matter (44).

2.3.2 T Relaxation (Spin-spin)
As T, relaxation occurs, the spins also rotate in the xy plane (My,). Simultaneously, T, relaxation is
occurring at a quicker rate and represents the loss of phase coherence following a pulse. The decay

of the transverse magnetisation follows the Bloch equation for the xy plane:

dMy y _ My,y

Fra woM,,  — T Equation 19
once solved following the removal of the RF pulse, gives:
_t/ X
M, = M,,(0)e T Equation 20

The decay in magnetisation will then look similar to Figure 24 and takes approximately five times

the T, for the magnetisation to return to zero.
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Interactions taking place between spins from different nuclei are due to the microscopic differences

in the Bo magnetic field which causes changes in the frequencies of the rotating nuclei as shown by:

w = (e/2m,)B, =yYB, Equation 21

Where e = 1.6x10° C, me = 9.1x103! Kg, w = angular velocity and Bo = static magnetic field
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Figure 24 - T, relaxation in My, plane. Values of 110ms and 74ms which were used to represent grey
and white matter (44).

This effect causes the spins to both speed up and slow down, leading to a loss of phase coherence
over time. As a result, energy is transferred between spins of different frequencies, which is the

cause of T, relaxation.
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2.3.3 Basic Pulse Sequence
The simplest pulse sequence to cause excitation is the application of a single 90° pulse, which

equalises the spin populations and causes groups of spins to initially precess together.

90°

RF m
!
Signal I\
V/

Figure 25 - Simple single pulse excitation sequence without relaxation

The 90° pulse is applied (Figure 25) at the Larmor frequency and tips the bulk magnetisation from
the Z plane into the XY transverse plane (Figure 26). As the spins return back to equilibrium, RF is

emitted which is measured as electromotive force (EMF) by a receiver.

/ . / Mo

Bl Bl
Figure 26 - Diagram showing how the application of a 90° pulse tips the spins into the M, plane.
Right shows in the laboratory frame of reference where the viewer is stationary relative to the spin.
Left shows the same pulse application viewed from the rotating frame of reference where the viewer
is rotating at the same rate as the spin.
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2.3.4 A Simple Pulse Sequence with Spatial Encoding

In MR, an echo rather a FID is normally recorded due to the time required to implement the spatial
encoding pulses. Using selective excitation simultaneously with frequency and phase encodings,
spatial information about the spins is able to be stored (Figure 27). Initially, a slice selection gradient
is used to localise a slab of tissue to excite with the RF pulse. Crusher gradients can then be used to
destroy any signal from outside of the desired volume. A phase encoding gradient can be used to
further localise the signal for a particular location within the excited slab whilst a frequency
encoding gradient is employed subsequently, recording the signal amplitude over time as the

echoes evolve.
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Figure 27 — Spin Echo based pulse sequence diagram demonstrating how the use of frequency and
phase encodings in addition to slice selection gradients can enable 3D encoding of MR data.

43



2.3.5 Slice Selection

Selective excitation allows the capture of multiple images known as slices rather than a single image
of the entire volume of interest. In order to produce selective excitation, a specifically designed RF
excitation pulse is used at the same time as a gradient (small spatially varying linear magnetic field)

and contains a narrow band of frequencies centred on the Larmor frequency.

[
Uniform Field Gradient Field Total Field

Figure 28 - The addition of a gradient field can be used to increase or decrease the precession rate
of spins in a field. The change in precession is observed as higher or lower spin frequencies compared
to the Larmor frequency and are subsequently used to spatially localise signals.

The presence of the gradient causes the position of the resonant frequency to be different at each
location in the gradient direction. Where the effect of the gradient is 0 (the isocentre), the normal
Larmor frequency applies. At points further away along the selection axis, a higher or lower
frequency will be required to achieve resonance at a particular point on the gradient. Thus a B;
frequency bandwidth can be chosen that excites only the protons in a small region of space with
thickness defined by the strength of the gradient and the bandwidth of the pulse. If there is no
resonance then there will be no MR signal produced. For example, if the slice-select gradient is
applied along the Z direction then a slice can be selected in the transverse plane (Figure 29).

Increasing the gradient strength with a constant bandwidth results in a reduced slice thickness.
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Figure 29 - Slice selection using a gradient to excite a slab of spins centred on the Larmor
frequency.

2.3.6 Frequency Encoding

Whilst it is relatively simple to observe a resonance using NMR, the addition of spatial encoding is a
defining feature of MR. In order to translate the signal into an image, a frequency encoding gradient
is applied to one of the in-plane dimensions during the time for which a signal (the echo) is acquired.
Frequency encoding acquires a series of measurements for the duration of a single gradient. Each
line of k-space is filled when the frequency encoding gradient is applied during the readout phase,

with the amplitude of each sampling point then represented as a grey level (Figure 30).

Eﬁtiiiii:j:-:-znj

Figure 30 — The digitisation process during the readout phase in MR. Here the amplitude of the signal
at fixed time intervals is measured and recorded as a grey level.
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2.3.7 Phase Encoding

An MR sequence consists of multiple repetitions of the excitation process, and uses different phase
encoding gradient strengths until all spatial frequencies have been interrogated. By using phase
encoding, it is possible to alter the position at which frequency encoded data is assigned in an array.
The application of a phase encoding gradient for a given time can cause the precession of the nuclei
to be sped up or down depending upon their position along the y axis. This causes the spins to
dephase in a progressively greater manner for the duration of the gradient with these relative
differences between signals from differing locations. Thus spatial information can be associated
with the different signals produced in an acquisition. The use of a frequency encoding gradient in
conjunction with phase encoding in two orthogonal directions allows data from each echo to be a

digitised sampling point with a unique location within an array.

2.3.8 K-Space and Image Reconstruction

K-space is an array of digitised raw MR echoes that exists before spatial and spectral Fourier
transformations are applied, and consists of the values from different spatial frequencies. In
conventional imaging, the k-space matrix is filled one line at a time (Figure 31) using the data
sampled during the frequency encoding. Once k-space is complete, fast Fourier transforms (FFT) can
be applied (Figure 32) converting the spatial frequency information into a spatial density distribution

map of the spins, otherwise known as an image.
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Figure 31 — Digitised lines of signal acquired during the frequency encoding are used to fill the array.
By adjusting the phase encoding gradient, unique spatial properties are assigned to each pixel.

Due to the nature of Fourier transformations, there is no direct relationship between any given
position in k-space and the final position in a reconstructed image. The k in k-space refers to wave
number of the echo which is given by:

k = yGt Equation 22

where G = gradient amplitude (T m?, y = the gyromagnetic ratio (s* T?') and

t = duration of gradient (s); k is therefore measured in m™.

A k-space matrix shares the same number of points as an image has pixels. Furthermore if there are
256 frequency encoding steps, this equates to 256 sampling points which is represented as 256
columns in k-space for temporary data storage. In a k-space matrix, the middle of k-space provides
the signal and image contrast information (low spatial frequencies), while the periphery of k-space

provides finer details such as edges, boundaries and the resolution of the image (Figure 32).
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K-Space Image Space

Figure 32 - Fourier transformation from k-Space to an image (top). In a k-space matrix, the middle
of k-space is the image contrast information (middle), while the outside of k-space makes up the
edges, boundaries and resolution of the image (bottom). These images were generated using imageJ
by first performing a reverse FFT of the DICOM image, before subsampling the different regions of
k-space and performing a forward FFT to understand their meaning.
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2.4 Acquisition Optimisation

2.4.1 Automatic Prescan

At the start of each sequence whether for imaging or spectroscopy, the scanner runs a short
automatic prescan, in which it tries to optimise characteristics of both the transmitter and the
receiver. By placing an object in the scanner, the Larmor frequency can change, so a process called
frequency tuning is needed to ensure water is exactly on resonance for each scan in order for

gradients to have the desired effect.

Following frequency tuning, the correct amount of power is calculated, in order to produce the
correct flip angle for a given sequence to work properly, which is called the transmitter gain (TG).
This is done by adjusting the output on the RF power amplifier. Likewise the receiver gain (RG) is

accordingly adjusted to optimise the signal.

2.4.2 Magnet Shimming

The quality of imaging and spectroscopy is heavily dependent on the homogeneity of the By field.
Shimming is a technique which tries to correct forinhomogeneities in the magnetic field by sampling
the field in the X, Y and Z directions. There are two types of shim; static and dynamic. A static shim
is a permanent correction to the magnetic field which is applied by engineers in order to make the
magnetic field as homogeneous as possible by correcting field distortions when the magnet bore is
empty. However when a person/phantom is placed in the field, it can alter it sufficiently to cause
imaging problems so the magnet is also dynamically shimmed before every sequence, to improve
the uniformity of the field. Electric coils built into the magnet housing are used to help improve field
homogeneity in the X, Y and Z directions by producing linear magnetic field gradients which correct

the main field into a more homogenous state as seen in Figure 33.
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Figure 33 - This diagram shows how the addition of a magnetic field gradient (middle) onto an
existing magnetic field (left) can help correct for inhomogeneities in the By, field (right).

2.4.3 Signal to Noise

Signal to noise ratio (SNR) is one measure of the image quality for an acquisition and is affected by
a host of parameters. It represents the amount of signal available in relation to the underlying noise.
Part of getting the highest SNR possible is optimising the trade-off between different acquisition
conditions. Table 2 is a list of the user changeable parameters that can affect SNR. The SNR is also

proportional to the strength of the Byfield.

Table 2 — Parameters to improve SNR and the subsequent effects.

SNR Increase Disadvantage

Increase voxel size (reduce encodings) Decrease spatial resolution
Increase FOV

Increase NEX (VNEX increase in SNR) Longer scan time

Decrease receiver bandwidth Less noise sampled

Limits number of slices for a given TR

Limits minimum TE

Longer sampling time

Increased chemical shift displacement error

Increase slice thickness Partial volume effects

Decrease TE Reduces T, weighting/Increases T; weighting
Increase TR Reduces T; weighting/Increases T, weighting
Flip angle:

T, weighting Flip=high, TR=short, TE=short

T,* weighting Flip=low, TR=long, TE=long

P.D weighting Flip=low, TR=long, TE=short
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3 MR Imaging Techniques

This chapter examines some of the different magnetic resonance sequences available for neuro-
oncological imaging on a 3.0T GE magnetic resonance (MR) scanner; however similar sequences are

also available from other vendors.

MR has several distinct advantages over computer tomography (CT) which include superior soft
tissue contrast used to diagnose pathology and increased sensitivity to subtle changes between
scans. MR is a non-ionising modality which is well suited for serial observations unlike CT. MR also
has several less favourable qualities compared to CT such as longer acquisition times and increased
sensitivity to motion. MR imaging is also predominantly non-quantitative unlike CT which is now
standardised. Despite these shortcomings, conventional MR has an important role in the
management of gliomas, with MR imaging used by neurosurgeons for treatment planning and

stereotactic procedures. MR imaging is also the modality of choice for monitoring glioma patients.

Determining the malignancy of a brain tumour can often be difficult especially given the sometimes
unreliable nature of contrast uptake, thus, some of these additional techniques described have been
developed to help determine a tumour’s characteristics (45). A full review of MR for the diagnosis

and monitoring of brain tumours can be found in Chapter 4 - Review of MR Studies, page 95.
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3.1 Excitation Techniques
These excitation techniques expand upon the basic pulse sequence described on page 42 and are

designed to exploit the different tissue properties of the body.

3.1.1 Spin Echo (SE)

SE sequences use two RF pulses to create an echo (Figure 34 & Figure 35). Following the application
of a 90° RF pulse; the magnetisation is rotated into the XY direction known as the transverse plane.
The bulk magnetisation begins to dephase causing a reduction in the strength of the magnetisation.
By then applying a 180° RF pulse in the Y direction at TE/2, it is possible to rotate the plane in which
the spins sit and subsequently they rephase, which causes the formation of an echo which produces
the image signal. In general, SE sequences produce the highest quality images but require more time

to achieve this.
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Figure 34 - Spin-Echo pulse sequence diagram
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Figure 35 =Spin Echo diagram. Initially the bulk magnetisation lies in the Z direction (1),
however, following the application of a 90° RF pulse; the magnetisation is rotated into the XY
direction known as the transverse plane (2). Here the bulk magnetisation begins to dephase
causing a reduction in the strength of the magnetisation (3). By then applying a 180° RF pulse
in the X direction at TE/2, it is possible to rotate the plane in which the spins sit (4) and
subsequently they rephase (5), which causes the formation of an echo (6).

53



3.1.2 Gradient Echo (GE/GRE)

Gradient echo sequences differ from spin echo sequences by replacing the 180° refocusing pulse
with a reversed gradient (Figure 36 and Figure 37). The quality of the magnet also influences the
measured signal, so when measuring T, relaxation with a gradient echo, the magnet inhomogeneity

contributes to the final measured signal, known as T,*. This can be expressed as:

1 1 yAB
* = - + =
T, T, 2

Equation 23
T,* decays quicker than T, relaxation, and so the signal produced by GE imaging is lower than that
of an equivalent SE sequence. As a result, it is not possible to produce T, weighted GE images of
similar contrast to SE sequences, however T,* weighted images are useful for looking for regions of
susceptibility caused by blood products. The absence of the 180° refocusing pulse allows the TR of
the sequence to be reduced; allowing the rapid acquisition of T; weighted images. The flip angle of

the pulse sequence is also used to control the image contrast.
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Figure 36 — Gradient Echo pulse sequence diagram
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Figure 37 —Gradient Echo diagram. Initially the bulk magnetisation lies in the Z direction (1), however,
following the application of a ° RF pulse; the magnetisation is rotated into the XY direction known as the
transverse plane (2). Here the bulk magnetisation begins to dephase causing a reduction in the strength of
the magnetisation (3). By reversing the gradient, it is possible to rephase the spins (4), which causes the
formation of an echo (5) and produces a signal.
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3.2 Image Contrast

The relaxation time for a given tissue, describes how long it takes for spins to return back to
equilibrium following excitation from a RF pulse. T; and T, (spin-lattice and spin-spin respectively)
relaxation times are dependent on the type of tissue involved. The T, relaxation time is always
shorter than the T relaxation time for a given tissue and in general, images will have contrast
through a weighting in one of the following three ways: T1, T, or proton density (PD). High proton
densities give rise to higher signal intensities which subsequently appear as brighter pixels. Ina T,
weighted image, tissue with a long T produces the lowest signal (Figure 38) and therefore would be
the darkest pixels, whereas in a T, weighted image, tissue with the longest T, produce the brightest

pixels (Figure 39).
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Figure 38 - Example T; relaxation recovery curves at 3.0T for grey and white matter, fat and CSF
using a spin echo. The differences observed with a short TR are what give rise to the tissue contrast.

T, weighted sequences provide images with good tissue contrast in the brain. Fluids appear very
dark in relation to the mid greys of water based tissue and bright fat based tissue (Figure 38). The
use of T; weighted sequences is mainly to define the clear boundaries between different tissue
types. T> weighted sequences produce images where fluid and fat appears very bright while brain
tissues appear mid grey (Figure 40). Despite the lack of contrast when using PD weighted imaging,
it still has some clinical applications such as distinguishing the articular cartilage from the cortical

bone and menisci. For neuro-oncological imaging however, PD imaging is not routinely used.
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Figure 39 - Example T, relaxation curves at 3.0T for grey and white matter, fat and CSF using a spin
echo.

Fluid Attenuated Inversion Recovery (FLAIR) is a T, weighted sequence with an inversion recovery
pulse designed to null CSF at the correct inversion time (~2500ms). This sequence is ubiquitous in
neuroimaging due to its ability to suppress signal from CSF while maintaining the other
characteristics of a traditional T, weighted sequence. Separation of oedema from CSF is a good

example of its use (Figure 40), but can also be used to visualise subtle abnormalities.

T, Weighted Image T, FLAIR Weighted Image

Figure 40 - T, weighted imaging (left) and T, weighted FLAIR imaging (right) of the same slice through
a brain tumour. Note how the signal from the CSF has been nulled following the inversion recovery
pulse with only oedema remaining hyperintense.
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3.3 Contrast Enhanced MR

The tissue contrast observed from conventional T1 or T, weighted images may not be sufficient to
delineate the disease or identify regions of higher grade transformation. By using a contrast agent,
it is possible to further enhance the imaging characteristics of tissue. Contrast agents are injected
into the body and circulate through using the blood vessels, with the most vascular tissue, normally
a tumour, leaking the contrast agent into the extracellular space (Figure 41) before the normal blood

vessels disperse the agent evenly throughout the smaller vessels of the body.

In healthy brain tissue, gadolinium based compounds (contrast) cannot pass through the blood brain
barrier (BBB) and so remain intravascular. With the presence of tumours or other pathology, the
permeability of the BBB increases causing the contrast agent to leak out into the surrounding tissue

(Figure 42). This in turn changes the T; and T, relaxation properties of the tissue.

Most gadolinium (Gd) paramagnetic contrast agents have five or seven unpaired electrons (46), each
with their own magnetic moments and have the benefit of being able to affect both T; and T,
relaxation times. This is made possible by the local paramagnetic susceptibility that occurs in the
vessels/tissues where it accumulates. The T; shorting effect that is produced, leads to an increase in
signal intensity seen on a T; weighted image meaning the most vascular tissue appears the brightest,
with this often known as “enhancement”. Likewise, the T, shortening effect also leads to a loss of

signal when viewed on a T, weighted image.
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Figure 41 - Two capillaries with contrast agents in them. Left shows normal tissue and a non-leaky
capillary. Right shows tumour with leaky capillaries. The contrast agent in this situation can now
move into the extracellular spaces changing the relaxation properties of the tissue.

As well as effecting the T, relaxation for images, gadolinium can also have an effect on spectroscopic
data, causing a broadening in spectral peaks. It is advised to perform spectroscopy before the
injection of contrast agents during an examination. This does have a trade-off though, due to the

exact location of the disease often being difficult to see without contrast.

SE T, weighted image pre-contrast SE T1 weighted image post-contrast

Figure 42 — Example coronal T; weighted spin echo images of a patient with a glioblastoma
multiforme before (left) and after (right) the administration of a paramagnetic contrast agent. The
tumour has more permeable vessels such that contrast agent accumulates in the extracellular space.
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3.4 Diffusion Weighted Imaging (DWI)

Diffusion weighted imaging is a useful tool for neurological imaging and is generally acquired as part
of a routine head examination. It can add additional information for the differential diagnosis of
cases such as cerebral abscess versus glioblastoma multiforme (47) and is also extremely sensitive
to ischemic changes for the detection of stroke (48). DWI can also provide useful information on

treatment response in tumours (49).

3.4.1 Principles

Le Bihan (50) and Merboldt et al (51) both pioneered diffusion weighted imaging, with the first
papers presented in 1985. Le Bihan determined that the net diffusion of water was likely to vary
between different pathological tissues, and that by utilising magnetic gradient pulses, could
sensitise the MR sequence to the diffusion of water (b-factor). Unfortunately, the sequences
available in the 1980’s were slow and highly sensitive to motion, however, when implemented using
echo planar imaging in the 1990’s, the images could be acquired much more rapidly. This
subsequently led the development of diffusion tensor imaging (DTI)(52) and intravoxel incoherent

motion (IVIM)(53).

Current day DWI still uses an echo planar sequence to measure the change in MR signal produced
by the random molecular movement of water molecules (Figure 43), known as self-diffusion (53).
From MR diffusion measurements, an insight into tissue structure and organisation can be gained.
The advantage of echo planar imaging is the rapid acquisition time, which means movement
artefacts are reduced and signal averaging can be applied. In order to produce a diffusion weighted
image, a pulsed gradient spin echo (PGSE) method (Figure 44) consisting of a 90°-180° spin-echo

pair of RF pulses with large and equal gradients placed on either side of the 180° pulse is applied.
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B=1000mm3s

Figure 43 - EPI image with no diffusion weighting applied (b=0mm2s)(left) and an EPI image of the
same slice with a diffusion weighting applied (b=1000mms)(right) both windowed identically. Note
the global decrease in signal once a diffusion weighting is applied.
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Figure 45 demonstrates how the use of rapid gradient switching can be used to measure the signal

loss due to self-diffusion.
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Figure 45 - Application of a diffusion gradient to a selected spatial region (left). This is called the
labelling phase. Following self-diffusion during a set period of time, an inverse gradient is applied to
the same region (right). When no diffusion is present, 100% of the signal is recovered because all of
the spins rephrase correctly; however, if diffusion is present, the amount of signal rephased is
reduced as the spatial location of the labelled spins alters, causing the signal to be incorrectly
refocused, and subsequently reduced.
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By controlling a series of parameters (strength of the gradient, pulse width and the centre to centre
spacing) one can control the degree of weighting more commonly known as the b-value.

b = y?8%G*(4 — g) Equation 24
where y = gyromagnetic ratio, 6 = gradient duration, G = gradient amplitude, A = time between
gradients.

In DWI more mobile molecules have lower signal intensities while the more static molecules provide
a higher MR signal (Figure 46). The signal strength can be described by the equation.

log (Z_S) = —bD Equation 25
Where in this case S is the signal strength using the b-value and S is the signal strength at b =0,
b is the b-value and D is the self-diffusion coefficient otherwise known as the apparent diffusion
coefficient (ADC) in MR. This model assumes that the diffusion measured is a mono-exponential

model and that no perfusion effects are present.

ADC x 103 mm3s!
L 2

.
0,"’
1 - “"
® e 0000

O T T T 1
0 50 100 150 200

Signal [A.U.]

Figure 46 - Synthesised data showing that decreased signal results in higher apparent diffusion
values. The b-value was set to 1000mms and So was 350.
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DW!I works on the basis of all the molecules moving in a random motion with unique phase changes.
This ideally results in a net loss of signal intensity for each voxel provided enough diffusion weighting
is applied (Figure 46). Pure water is said to be isotropic, meaning that the movement of molecules
is completely random and not biased in any direction. This in turn should mean that a gradient could
be applied in any direction with no change in results. The diffusion behaviour in the human body is
partially anisotropic however, meaning the diffusion paths are more favourable in certain directions

(Figure 47)(Table 3).

A1 A

<

X

Figure 47 — Ellipsoids created from the 3 eigenvalues derived from the diffusion tensor, representing
isotropic diffusion with no principal diffusion direction (A1=A;=As) (left), and anisotropic diffusion
(A1>A22A3) (right).

Table 3 - Differences in diffusion direction cannot be seen using ADC values.

Isotropic Diffusion Anisotropic Diffusion
ADC,= 1 mm?/sec ADC,= 0.8 mm?/sec
ADC, =1 mm?/sec ADC, = 1.4 mm?/sec
ADC,=1 mm?/sec ADC,=0.8 mm?/sec
Mean ADC = 1 mm?/sec Mean ADC = 1 mm?/sec
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3.4.2 Measurement of ADC

The apparent diffusion coefficient can be calculated from two or more images with differing b-
values. Standard implementations of diffusion weighted sequences collect signal from three
principal axes, X, Y, Z, before averaging the signal. The units of ADC are mm?/s and represent the
magnitude of the diffusion occurring. ADC values are also known to change according to the cellular
conditions within a volume of excitation with the signal predominately arising from the extracellular
component (Figure 48). Restricted diffusion happens where physical barriers like cell membranes
occur. A higher ADC value implies more self-diffusion and therefore a lower cellularity. Without
knowledge of the diffusion direction it is possible for the ADC to be the same in both isotropic and

anisotropic situations.

- @%i@\@/

High ADC Net diffusion of water molecule Low ADC
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Figure 48 - Examples of mean diffusion in different tissues. Left - low cellularity in necrosis for
example allows the water to move freely and uninterrupted, meaning the diffusion signal is very low
once the readout gradient is applied and subsequently the apparent coefficient value is high. Middle
— Diffusion in normal tissue results in some reduction of signal and a subsequent intermediate ADC
value. Right - In solid tumour, there is increased cellularity so the the water molecules do not move
very far and as a result, more signal is retained. Low ADC values are associated with this tissue type.
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3.4.3 Diffusion Tensor Imaging (DTI)

Diffusion Tensor Imaging shares the same basic set of principles as DWI. It differs by using more
sampling gradients to measure the rate of diffusion (minimum of 6 diffusion weighted directions)
(54). The differing gradients subsequently allow the measurement of the tensor. The advantage of
using this method to measure diffusion includes access to calculations for the fractional anisotropy
(FA), a measure of diffusion directionality, as well as potentially improved accuracy of ADC
measurements due to a higher number of diffusion measurements. Diffusion tractography is a tool
to visualise the white fibre tracts in the brain, identified by their high FA values. By measuring
diffusion in multiple directions, the additional benefit of increased SNR due to signal averaging is
added. The main limitation of DTl is time, with the number of gradients used being the main
determinant of acquisition time. In diffusion tensor imaging an ellipsoid is used to describe the

direction of the diffusion. This relies on knowing the three major vectors and their angles.

3.4.3.1 Calculations of ADC and FA from DTI

As previously stated, once diffusion weighted images are acquired for six or more directions, it is
possible to calculate the orientation in which diffusion is occurring for any given voxel. The more
directions used, the higher the accuracy of the orientation is likely to be. From the diffusion tensor,
3 eigenvalues (A1, A2 and A3) are produced regardless of the number of gradient directions which are
the principal diffusion components. The two most commonly calculated parameters from diffusion
tensor imaging can be seen below.

Apparent Diffusion Coefficient (ADC) [x103mm?/sec]

ADC:M Equation 26
Fractional Anisotropy (FA) [A.U.]
_ [3 [A1-4DC)2+(A,-ADC)2+(25-ADC)? .
FA—\E\/ FRIVICIvI Equation 27
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3.4.4 Diffusion Artefacts

3.4.4.1 Chemical Shift Displacement

Chemical shift misregistration is an artefact that can occur in diffusion weighted imaging. By
examining a phantom experiment of ethanol, it is possible to demonstrate how chemical shift
occurs. Ethanol comprises of three different chemical groups (CH2, CHs and OH), with each group
resonating at a slightly different frequency due to changes in the B, field experienced as a result of
electron shielding. These chemical shifts subsequently produce bands (Figure 49) of the three

different chemicals peaks as they are excited in differing spatial locations.

Chemical shift artefact in a uniform ethanol Chemical shift artefact in ethanol phantom
phantom reduced by changing the centre frequency of
the scanner

P
— mm—

Figure 49 - Example of Chemical Shift in Ethanol at b = 200 mm?s® (left). Example of Ethanol at b =
200 mm? st with no chemical shift following a change in centre frequency (right)

Normally MR scanners are set to scan using a centre frequency relating the resonances present.
However for ethanol, the spectrum produced is not symmetrical, which causes the banding. The
solution being to manually change the RF to focus on the third peak, that of the CHs. This peak has
largest resonance related to having the highest number of hydrogen protons. With the chemical

shift corrected for, the phantom now has a more uniform appearance.
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3.4.4.2 Susceptibility Artefacts

Figure 50 shows an example of EPI susceptibility artefacts seen in the brain. The cause for such
artefacts is due to the magnetic susceptibility interface between the bone and tissue. The interface
causes the dephasing of spins and a subsequent frequency shift which causes the bright and dark
regions adjacent to the interface. The level of distortion can worsen depending on the two
substances and how large the difference in magnetic susceptibility is at the interface (e.g. water and

air).

Figure 50 — Isotropic diffusion weighted image from a glioma patient. This image shows two areas
with prominent susceptibility artefact generated from the interface between the petrous bone and
the tissue of the temporal lobes.

Old blood products with large amounts of hemosiderin such as bleeds can also cause susceptibility
artefacts which destroy characteristic information about the surrounding tissue. These areas often

appear with low signal intensities for both the b = 0mm?2s* and the higher b-value images.
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3.4.4.3 Eddy Currents

Eddy currents are another type artefact that EPI is particularly sensitive to due to the rapid gradient
switching. These currents can distort the image causing a combination of shear, scale and shift
effects. The rapid gradient switching and strong diffusion gradients induce currents in the hardware
which subsequently produce additional smaller magnetic fields. This causes a non-uniform magnetic
field as the pulse sequence runs and subsequently the pulse shapes differ to the desired shape
causing distortions. Figure 51 is an example of the geometric distortion caused by the eddy currents.
This problem can make the registration of EPI to spin or gradient echo sequences problematic. Pre-

emphasis and/or active shielding are used to reduce the effects of eddy currents.

T.FSPGR+GAD _ o DWI B=Omm%s

Figure 51 - Axial post-contrast T; weighted FSPGR from a glioma patient (Left). The red line denotes
the edge of the brain as defined by this sequence. A T, weighted b=0 s/mm? (right) was overlaid with
the same red edge mask. The anterior aspect of the diffusion imaging can be seen to be elongated
as a result of eddy currents.
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3.5 Dynamic Contrast Enhanced MRI (DCE)

Dynamic Contrast Enhanced MRI is a T; weighted perfusion technique that directly measures the
effect of the contrast agent bolus passing through vessels of the tissue (Figure 52). A selected
volume is imaged rapidly before and during the contrast agent injection allowing a time course to
be built for each pixel (Figure 53). DCE can be quantified in two ways, firstly empirical techniques
which exams the area of the curve at a set time or the steepness of the initial upslope and the
downslope. Secondly, pharmacokinetic (PK) modelling, pioneered by the likes of Tofts, Kermode,
Larsson and Brix (55-58), where the concentration of contrast is considered in order to estimate the
exchange of the agent between tissue compartments. Using PK models it is possible to measure the
capillary permeability (K"") and the extracellular volume (ve). A rate constant (kep) is also used to

describe the interaction between the extravascular, extracellular space (EES) and the blood plasma.

51 with the window levels constant. The scan interval was 5 seconds per phase. Contrast agent was
injected at the end of the 4" phase.
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Figure 53 - Example time courses for two areas of enhancement in a brain. An enhancement curve
from a high grade glioma can be seen on the left while an arterial input function (AIF) curve from
the central sinus can be seen on the right.

The most common pharmacokinetic model used to describe the interaction between plasma and

the ESS is the two-compartment model (56) (Figure 54). This simplistic model measures the K"
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and kep to calculate the ve. It is possible to add additional terms onto this model to measure the
plasma volume (vp) (59). However, calculation of v, also requires identification of an arterial input
function (AIF). In order to calculate a good AIF, a sequence with a high temporal resolution is
required. Quantitative analysis of K™ requires an estimation of a baseline Ty, and tissue constants

for tissue density and haematocrit.
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Figure 54 - Diagram of two-compartment model

For a DCE sequence to be successful the following criteria must be met:
e A high temporal resolution for AIF identification
e Heavily T; weighted (short TE and TR)

e Sufficient scan time to observe washout from slow leaking vessels

With DCE, the user must decide between spatial and temporal resolution. Temporal resolution is
needed in order to correctly estimate an AIF while spatial resolution is needed to reduce partial

volume effects.
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3.5.1 DCE Artefacts

When examining dynamically acquired data it is important to examine the quality of the time course.
Errors with the acquisition of the data, such as motion lead to non-sensical parameter maps once
processed. Figure 55 shows two cases where the time courses acquired were not suitable for

guantification due to acquisition problems.
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Figure 55 — (Top) The time course has two large increases in signal which was caused by a pump
injector delivering the contrast agent in two parts due to a back pressure problem. The bottom time
course was taken from a patient with obvious motion, with an unusual drop in signal seen at around
150 second. A standard deviation map of the time course also shows gross artefacts.
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3.5.2 DCE to Visulise Gadolinium Enhancement in the Presence of Blood Products

Traditionally, pre- and post-contrast T; weighted images are acquired to assess whether tissue
shows signal enhancement following the administration of gadolinium. However, this may require
the patient to be removed from the scanner to administer the contrast agent and relies on the
patient not moving. The compression of the pads within the head coil and the interval between the
two sequences normally means that subtracted images can contain high levels of artefact. With DCE
however, both pre- and post-contrast T; weighted images are acquired sequentially, which improves
contrast visualisation (Figure 56) whilst minimising the effect of motion. This, combined with a high
temporal resolution, allows images to be motion corrected post-acquisition to allow for any small

movements in the scanner. The administration of the contrast agent with an injector pump also

reduces the opportunity for patient motion.

Figure 56 —Postoperative imaging of a gliosarcoma with gadolinium (A). Demonstration of
enhancement and blood products on the post-contrast T; weighted imaging. Pre-contrast imaging
(B) shows blood in the acute stage which is bright on T; weighted imaging, however, the post
contrast imaging (left) fails to delineate the enhancing tumour from the blood products. On the DCE
Ve map scaled between 0 and 0.75 ml of space/ml of tissue (C) contrast enhancement is apparent
with no sign of the blood product. A region of interest contoured from the DCE (C) around the
enhancing portion of the tumour can be seen to fit around a select section of the T, post-contrast
imaging (D).

This enhanced visualisation of gadolinium uptake has the potential to improve radiotherapy
planning in patients with blood products following an acute bleed. Likewise, tumours which present

with a bleed could also be better visualised using this method.
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3.6 Dynamic Susceptibility Contrast Imaging (DSC)

Dynamic susceptibility contrast, otherwise known as T,* perfusion imaging, is a method for
measuring the blood supply to tissue. First described in the 1980’s by Villringer et al (60), DSC is able
to measure the cerebral blood flow (CBF)[ml/minute/100 gram], cerebral blood volume (CBV)
[mI/100 gram] and mean transit time (MTT)[seconds]. These are often used in relation to normal
appearing contralateral tissue or a fixed area of tissue, and given the prefix ‘r when appropriate to

represent these are relative values.

DSCis a T,* weighted acquisition relying on the susceptibility effect caused by the bolus of contrast
as it passes through blood vessels (Figure 57). In order to ensure contrast is administered at a fast
rate to maintain a tight bolus, a pump injector is often used with the added benefit that contrast
can be administered remotely from the scanner control room. Due to the high temporal nature of

this type of acquisition, the spatial resolution is often reduced to allow a greater volume of coverage.
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Figure 57 - Example DSC time course from a high grade glioma measured with a 2 second temporal
resolution.
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The simplest way to interrogate a DSC dataset is by an integration of the bolus once converted to a

concentration curve (Figure 58).

Figure 58 - Example DSC map showing the area under the curve (AUC) white matter normalised and
scaled between 0 and 7.5 [A.U.].

However, a one compartment model can also be applied in order to describe the blood volume

purely based upon the flow and mean transit time (MTT).

Volume = Flow x Mean Transit Time Equation 28

In magnetic resonance, the venous tracer concentration is not directly measured, instead the

amount of contrast in the surrounding tissue being used as in indication.

The shape and size of the bolus can be used to roughly estimate characteristics about the blood
vessels. Bolus height is comparable to CBF, bolus area representative of CBV and the time over which
the bolus occurs being the MTT (Figure 59). Further analysis can be carried out using
pharmacokinetic modelling in which the arterial input function (AIF) is measured from one of brains

major arteries.
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CBF

T,* signal time course during
contrast injection

Figure 59 - Representation of cerebral blood volume (CBV), cerebral blood flow (CBF) and mean
transit time (MTT) calculated from the first pass of a T>* dynamic time course following an injection
of gadolinium.

There are many challenges associated with absolute DSC quantification, including the correct
identification of the AIF, partial volume effects when measuring the AIF and having a good
knowledge of tissue specific constants. Partial volume effects caused by different tissue types is also
important to resolve if white matter is to be used for normalisation (61). The benefits of absolute
guantification are strong however, with most papers in publication now using absolute

guantification.

In DSC, it is possible for both T; and T>* dominant leakage to occur once the BBB is disrupted
depending on a multitude of factors including field strength, tumour type, sequence parameters
and contrast dose (62). T: dominant situations cause underestimation of CBV while T,* dominant
leakage leads to an overestimation the CBV value (12) and subsequent calculations of the MTT (63).
Pre-loading of the tissue prior to DSC injection can reduce the concentration gradient of the contrast
agent, which subsequently reduces the amount of contrast leakage from the vessels (64). By
accounting for leakage, greater statistical differences can be found when predicting tumour

response (65).

Both spin echo (SE) and gradient echo (GE) echo planar imaging (EPI) sequences can be used for
DSC, each with their own advantages. SE sequences have better spatial resolution for a set period

of time and are sensitive to small changes, for instance in capillaries, as well as being less prone to
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susceptibility effects. GRE on the other hand offers the opportunity to measure larger vessels which
can occur in tumours. It is believed that vessel size supplying the tumour may give some prognostic
indicator (66). The use of a hot-spot approach also has limitations in a similar way to absolute
guantification. Primarily, finding the correct reference tissue can be difficult especially in cases such

as butterfly gliomas or tumours with large amounts of mass effect.

An effective DSC protocol requires:

e Rapid bolus injection

e T,* gradient echo or spin echo single shot echo planar sequence

e High number of sampling points during the bolus (high temporal resolution)
The signal intensities reported following a DSC acquisition can be converted to contrast agent
concentration. Where C(t) is concentration, S(t) is signal intensity and So is the baseline signal

intensity.

C(xXARZ*(t) Equation 29
ARZ*{t)o{-]n(%) JTE Equation 30
0

The CBV can be defined as the area under the tissue concentration curve during the first pass (bolus).
CBF arises from the height of the tissue concentration curve after any corrections. Finally the MTT

can be calculated as a ratio of the CBV/CBF.
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3.6.1 DSC Artefacts

As stated, DSC relies on a contrast bolus to cause a local susceptibility effect which decreases the
signal of tissue according to the amount of contrast in the vessels. However, the bolus cannot be
visualised when the signal is already low (in the noise floor). One reason for low signal is due to iron
contained in hemosiderin which is a residual product of blood (Figure 60). This can cause a gross

underestimation of the tumour blood volume (Figure 61).
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Figure 60 — (Top left) example DSC acquisition where large amounts of hemosiderin are present. A
small ROI can be seen on the tumour cavity rim with low signal. The subsequent time course (top
right) has very little signal change. The bolus is also poorly defined. (Bottom left) the same ROl was
moved to the contralateral tissue. The time course (bottom right) shows a greater baseline signal as
expected with a much larger bolus as the local susceptibility effect can be observed.
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Figure 61 — Hemosiderin, blood product and tumour seen on morphological imaging (top left and top
right). The rCBV map (bottom left) scaled between 0 and 7.5 shows no blood volume in the rim of
the tumour cavity due to the hemosiderin destroying the local susceptibility effect caused by the
contrast bolus. K™ (0-0.2min™) the same location shows enhancement on the rim of the cavity to
which the DSC was insensitive to.

Metal objects such as surgical clips also cause local susceptibility artefacts which destroy the bolus
effect from the contrast agent. This limits the use of DSC for detecting residual tumour within the
first week of surgery due to blood products and surgical clips. Since the sequence is susceptibility
weighted, regions adjacent to a tissue-air interface are often lost. The underlying echo-planar

sequence is also subject to the same eddy current problems as experienced with DWI.
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3.7 Magnetic Resonance Spectroscopy (MRS)

Magnetic resonance spectroscopy is a technique for interrogating metabolic information for a given
volume of tissue. In order to visualise the metabolites in a spectrum, the water must be sufficiently
suppressed, since the high concentration at which it exists, produces a peak several magnitudes
greater than that of the metabolites of interest. Each metabolite produces a unique spectral pattern
of peaks which appear at a specified frequency along the chemical shift axis, a property which is

used to help identify them.

3.7.1 Sequences

The two clinically available spectroscopy sequences are STEAM (90°-90°-90°) and
PRESS (90°-180°-180°), each with their own advantages. PRESS (spin echo) is more commonly used
since it has up to twice as much SNR compared to STEAM (stimulated echo). This can be explained
by the second 90° pulse that STEAM uses, which causes the direction of magnetisation to be split
into two. Once refocused with the third 90° pulse, only half of the original magnetisation is realigned
and thus only half the signal remains. Unfortunately there is no classical explanation for the reason
why STEAM only produces % the SNR and so quantum mechanics must be used instead. PRESS uses
a similar technique, but the use of two 180° pulses ensures realignment of all the spins.

Due to the three 90° pulses STEAM uses, it can produce sharper slice profiles than PRESS. The higher
bandwidths available with 90° pulses also result in less chemical shift displacement error. Another
clinical consideration is that STEAM is more susceptible to motion effects than PRESS (34) especially
if the mixing time (TM) is long. Historically STEAM was used to reach shorter echo times that PRESS
was not capable of achieving. In this thesis only PRESS was used, and so STEAM is not mentioned in

more detail.
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3.7.1.1 Point RESolved Spectroscopy (PRESS)

PRESS is a Spin Echo sequence, designed by Paul Bottomley in 1987 (67) while working for General
Electric. In PRESS, a 90° pulse is followed by two 180° pulses, so that the primary magnetisation can
be refocused again by the third pulse. In practice at 3.0T, flip angles of 137 ° are used for the
refocusing pulses due to the need for a larger excitation bandwidth, in an effort to minimise
chemical shift artefacts, and SAR. Each pulse has a slice selective gradient on one of the three
principal axes, so that only protons within the voxel at the intersection are subject to all three RF
pulses. The signal intensity depends on the pulse spacing and relaxation times. Additional phase

encoding gradients can be added to enable multivoxel acquisitions.
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In Bottomley’s original paper (67), he describes the advantages of using PRESS, saying it “yields
sharply defined volumes localised in all three dimensions”, though later going on to describe the
limitations stating that the metabolites to be examined must possess a sufficiently long T, relaxation

value in order for detection.
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3.7.2 Single Voxel Spectroscopy (SVS)

The simplest way to acquire spectroscopic data is in the form of a single localised voxel (volumetric
pixel) using three mutually orthogonal slice selective pulses to excite the volume of tissue where all
slices intersect. To stop unwanted signal from outside of the voxel, crusher gradients are used with
the addition of six saturation bands which encompass the prescription box. Additional saturation
bands can also be used to stop signal interference caused by areas of susceptibility such the nasal
cavity, or bone from the skull base. The effectiveness of crusher gradients and the quality of spatial
localisation needs to be highly efficient when considering the size of the voxel in relation to overall
volume of tissue in a brain. SVS has utility when investigating focal abnormalities (Figure 63) and,
depending on the pathology in question, several echo times may also be used. SVS has the
advantage of being able to produce high SNR data by spectroscopic standards compared to
multivoxel techniques. Some of limitations though of the technique include the poor spatial
coverage, and relies heavily on the user to optimally place the voxel. Partial volume effects are
another issue with SVS given the typical voxel size is between 3-8ml at 3.0T. Due to the higher
number of signal averages over the same time, single voxel spectroscopy produces higher SNR

spectra for a given voxel, however is less efficient compared to multivoxel techniques.
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Figure 63 - Example prescriptions for single and multivoxel spectroscopy in a high grade glioma (left).
Note how the voxel is entirely encompassed within the abnormality. This minimises the amount of
normal tissue contaminating the spectrum. Prescription of 2D-multivoxel magnetic resonance
spectroscopic imaging is also demonstrated (right).The red box shows the oversized prescription box
implemented to improve the effective slice profile of the PRESS excitation box. The grid is positioned
to avoid contamination from the skull while sampling the tumour and contralateral tissue. Additional
saturation bands are not shown for the prescriptions but were used.

3.7.3 Magnetic Resonance Spectroscopic Imaging (MRSI)

Multivoxel spectroscopy has the advantage of being able to measure spectra from multiple
locations simultaneously. This has several benefits, including contralateral tissue for comparison,
and the ability to investigate heterogeneous pathologies. Typical volume of interest for 2D-MRSI
are 60-100mm in any in-plane direction with a nominal voxel size of up to 1.5cm3. Larger nominal
voxel sizes yield higher SNR spectra but compromise the spatial resolution. The thickness of the box
also plays a role in the SNR of the acquisition, with thicker boxes having a higher SNR, but are subject

to partial volume effects when the box can extend beyond the region of interest.

Figure 63 shows a typical 2D-MRSI prescription with the abnormality encompassed by the PRESS
volume of interest whilst also encompassing apparently normal contralateral tissue but avoiding

subcutaneous lipid from the skull which could contaminate the useful spectra.

83



When the number of phase encodings is too low in a given direction, the point spread function of
large resonances can become an issue and bleed into adjacent voxels causing artefactual peaks. To
resolve the issue, a higher number of phase encodings should be used even if the resulting grid
extends beyond the head. Whilst this could be classed as “dead time”; it does reduce the point
spread function of large resonances. MRSl is subject to positional limitations given the cuboid shape
is not ideal for fitting within the brain; because of this, it is possible to have spectra contaminated

by lipid from the fat around the skull if due care is not taken.

3D-MRSI has the advantage of having superior coverage and potentially being more time efficient
compared to multiple 2D-MRSI acquisitions, given the reduced number of prescriptions, shims and
a prescans. However, the downfall of 3D-MRSI is the long acquisition time, required for phase
encoding in all directions. A typical 3D-MRSI with 12x12x8 phase encodings, TR=1s and 1 NEX would
take nearly 20 minutes using a conventional k-space encoding scheme. This risks the patient
becoming restless during acquisition and potential ruining the entire acquisition. However, the
continuous extended coverage has the potential to pick up disease beyond the abnormality on
conventional imaging. If the number of phase encodings was to be reduced in one direction to speed
up the acquisition, the effect of the point spread function would also be more prominent in that

direction.
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3.7.4 EchoTime

The echo time (TE) used to acquire a spectrum heavily influences the apparent concentrations
(Figure 64 & Figure 65). This is due to the differing T, relaxation times of each metabolite. N-
acetylaspartate, creatine and choline all have relatively long T, relaxation times (>200ms) meaning
they are visible on spectra for a large range of echo times (short and long). In comparison, myo-
inositol, glutamine, glutamate and lipids all have short T, relaxation times which results in the
observed signal, decaying quickly as a function of relaxation time, subsequently meaning they are
not visible at longer echo times. Short TE spectra potentially also have more visible metabolites due
to increased SNR associated with shorter echo times. However, whilst lipid is a useful metabolite
that is visible at shorter echo times, it can also affect the baseline of a spectrum, potentially altering

metabolite quantification.
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Figure 64 - Example 35ms PRESS single voxel acquired from a high grade glioma. Notable peaks at
this echo time include myo-inositol (3.55pm), choline (3.24ppm), creatine (3.06), glutamine
(2.45ppm), glutamate (2.35ppm), N-acetylaspartate (2.02ppm), alanine (1.46ppm), lactate
(1.33ppm) and lipid (2.00, 1.30 & 0.90ppm)
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Data of: Centre for MR Investigations, University of Hull

Ref.: Magn. Reson. Med. 30:672-679 (1993).

21-June-2011 14:34

LCMedel {Version 6.2-3) Copyright: S.W. Provencher.

14E+06

1.8E+07

fPCh  Metabolite
11%  1.799 Ala

4%  1.030 cr

12%  2.032 GIn
0,988 Glu

2% 1.000 BCh

8%  2.851 Lao

11% 1.599 mT

0.279 HAR
0.105 NARG
Scylle
—CrcHz2
00 Gua
HARANAAG
GlutGln

00 Lipl3a
Liplib
02 Lip0d
05 MMOS

Lip20

4.617

3 Lipl3a+Lipl3b
4.821 23 MM144Lipliatl
0.960 66 5.ZE-02 MMOS4Lip0%
0.730  63% 7.3E-02 MMIO+Lip20

DIAGROSTICS
Doing Water-Scaling

MISCELLANEOUS CUTPUT
FUHM = 0.048 ppm 5/M = 17
Data =hift = 0.038 ppm

Ph: 4 deg -2.7 deg/ppm

4.2 4.0 38 3.6 34 a2 3.0 28 26

1.0

080 D0E0 D0.40

1
2.4 22 20
Chemical Shift (ppm)

1.8

INFUT CHANGES

deltat= Z.000=-04

domcc= T
144.00
* fopt/LCModel/ . lomodel-6.2

echot=

Figure 65 - Example 144ms PRESS single voxel spectrum acquired from the same patient as Figure
64 from tissue found to be a high grade glioma. Notable peaks at this echo time include choline
(3.24ppm), creatine (3.06), N-acetylaspartate (2.02ppm), alanine (1.46ppm) and lactate (1.33ppm).
Due to the AX; coupling of lactate and alanine the doublets produced appear in the anti-phase

position at the 144ms echo time.

3.7.5 TE-Averaged PRESS (TEA-PRESS)

TEA-PRESS is a spectroscopic sequence capable of acquiring spectra at multiple echo times in a single

acquisition (Figure 66). The advantage of this technique is that it is possible to accurately measure

the T, relaxation times for a range of metabolites in a single sequence. Additionally, the use of

multiple echo times means it is possible to simultaneously excite metabolites with both short and

long echo times in the same acquisition cutting down on overall scan time rather than repeating the

same spectroscopic examination using several echo times. The final advantage of TEA-PRESS, is that

the evolution of coupled metabolites can be followed, and coupling effects observed (Figure 66).
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Figure 66 - Example TEA-PRESS spectra (right) from an abscess showing the 40-280ms frames. Note
how the resonance at 1.3ppm decays quicker than the choline signal due to its short T, relaxation
time. Combined spectra (right) of all echo times shows a short echo weighted spectra with improved
baseline and cancellation effects due to the longer echo spectra. Note the doublet that evolves over
the time course at 1.33ppm (lactate).

3.7.6 Lactate-Editing

Neuro-radiologists and oncologists are constantly looking for improved means to characterise brain
tumours and assess response to treatment. The concentration of lactate in gliomas could potentially
act as a prognostic biomarker for patients. The level of lactate in tumours is a marker of elevated
glycolysis which in turn could be an indication that the tumour is becoming stressed by its
environment, and is likely to initiate a proliferative response (11). Lipid and lactate are known to
commonly coexist in gliomas, yet both resonate at around 1.3ppm. Unfortunately the large amounts
of lipid often found in high grade gliomas obscure the smaller lactate signal causing cancellation
effects in the lipid peak and total loss of quantification for lactate. However, at 144ms echo times,
lactate presents as an inverted doublet due to J-coupling while lipid can be seen as an upright

singlet, providing a mechanism to separate them using a simple editing scheme.
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Star-Lack et al, first published the use of BASING pulses in 1997 (68) where they were implemented
for water and lipid suppression. Since then, lactate editing using BASING pulses has been
successfully demonstrated to work in tissue with a high lipid content (69). One of the first
implementations dates to 2005 in which it was used as part of a 3D-MRSI sequence using the BASING

pulses to undertake J-difference editing in brain tumours (70).

In our institution, a similar sequence has been developed where the frequency of the BASING pulses
was alternated between OHz (on) and -198Hz (off) from water to minimise movement effects.
Broadband pulses of 180" (71) replaced the 137" refocusing pulse used in the standard 3.0T PRESS
sequence reducing the effects of chemical shift displacement and ensuring full excitation of both
lactate regions given their differing spectral separation from the centre frequency. By summing or
subtracting the BASING off and on data, it is possible to produce singlet only and coupled only

spectra.

3.7.7 Spectroscopic Processing Techniques

Instead of an image, spectroscopy produces a number of echoes which require additional processing
for interpretation. When the data is acquired using a phased array coil, the signal from each element
requires combing appropriately using the correct weightings to maximise the SNR. This is achieved
using a coil combine algorithm, where a weighted average of the signal is calculated enabling the
signals from all elements to be combined into a single signal. The calculation is based on a weighting
factor determined by the SNR produced by each element within the coil (72), and is mainly
dependent on the distance of that element from the VOI. The combined signal can be converted to
a spectrum following fast Fourier transformation. However, to optimise the visualisation of a
spectrum, the following steps can be used to improve the appearance of spectra and are ordered

according to how SAGE (GE Healthcare, USA) processes spectroscopic data.
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3.7.7.1 Spectral Apodisation

This filter can be applied to the line shape of a signal by utilising a Gaussian or Lorentzian apodisation
function to preferentially suppress noise at the tail of the signal, potentially making metabolite
peaks more apparent, as the noise becomes smoothed and thus improves the apparent SNR. The
trade off from the SNR increase is the broadening of the spectral peaks and a reduction of spectral
resolution. Spectral apodisation can also reduce truncation artefacts by forcing the tail of the signal

to zero at the end of the acquisition window.

3.7.7.2 Spatial Apodisation

Spatial apodisation is the application of a truncation filter in the spatial domain of the signal.
Subsequently as a result, it is possible to reduce any voxel bleed effects that are particularly
predominant in MRSI. This type of apodisation is applied by multiplying all the spatial dimensions of
the data by a Fermi filter; however, the disadvantage of this is the reduction in the true spatial
resolution. The Fermi filter decreases the point spread function in all dimensions from a voxel by

reducing the residual excess signal to a circular distribution around the point.

3.7.7.3 Spectral Zero Filling and Spatial Zero Filling

A spectral zero fill increases the number data points in the signal by appending (N x data length)
zeroes to the tail of the signal. This technique results in an increase in spectral resolution once
Fourier transformed. A spatial zero fill can be done simultaneously and interpolates the data prior

to FFT which is the optimal stage for any interpolation steps.

3.7.7.4  Fourier Transformation (FT)

A FT is a mathematical operator which is able to take both the real and imaginary components of
the signal and convert them into a complex spectrum. By carrying out a FT on a signal it is able to
convert the signal which is based in the time domain, into a spectrum that exists in the frequency

domain. Spatial and spectral FFTs are applied sequentially in SAGE.
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3.7.7.5 Phase Correction

Phase shifts occur in spectroscopy due to various hardware and sequence settings. After a FT the
phase shifts cause signal to be arbitrarily distributed between the real and imaginary channels.
Phase correction attempts to separate the absorption and dispersion modes as best as possible.
Phase can be corrected by zero-order phase correction which is a constant, and by first order phase

order correction which is a function of frequency.

3.7.7.6 Baseline Correction

This tool can be applied when looking to quantify peak areas. Due to noise, the baseline in a
spectrum can sometimes be incorrect for the integration of peak areas. When comparing peak areas
between subjects, having both spectra starting from zero signal intensity makes the areas directly
comparable. Baseline correction is carried out using a cubic spline fit to account for effects of water

and macromolecules which distort it.
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3.7.8 Spectroscopy Processing Software

3.7.8.1 SAGE

Developed by General Electric, SAGE (Spectral Analysis by General Electric, GE Healthcare, USA) is a
complete spectral processing package, able to process raw P-files (GE’s file format) into spectra.
Figure 67 shows a spectrum processed using GE’s spectral processing program, SAGE. Quantification
can be done through the calculation of peak amplitudes or areas. More advanced quantification can
be achieved using Marquardt fitting where a priori information about peak positions and lineshape

is generated and fitted against the data.
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Figure 67 - Single voxel processed with SAGE using 2.5Hz spectral apodisation. Data was acquired on
a 3.0T scanner using 144ms PRESS in normal appearing white matter.
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3.7.8.3 Linear Combination Model (LCModel)

An advanced alternative to quantifying data using SAGE, is using specialist line fitting software such
LCModel (73). Since 1993 when LCModel was released, it has been cited nearly two thousand times
and is acknowledged as a standard for spectroscopy quantification. The software uses frequency
domain rather than time domain fitting, however SAGE is still required to provide the necessary
spatial Fourier transform for multivoxel data (74). Subsequently, LCModel uses a separately
acquired basis set to fit the data with a priori data which is field strength, sequence and echo time
specific. A basis set is a collection of model spectra acquired from a phantom of known
concentrations under specific conditions. As well as line fitting, LCModel also has statistical
descriptors built into it, describing the quality of the fit using Cramer-Rao lower bounds. As
demonstrated in Figure 68 and Figure 69, LCModel individually fits each peak independently before

combining the fits into a single profile (Figure 69).

Data of: Centre for MR Investigations, University of Hull
LCMadel {Version 6.2-3) Copyright: S.W. Provencher. Ref.: Magn. Reson. Med. 30:672-679 (1993). 13-September-2013 11:25
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Figure 68 - Example fit for choline observed in a single voxel spectrum acquired using PRESS 144ms
at 3.0T processed and processed with LCModel.
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peak of NAA at 2.6ppm. The combined lineshape for all metabolites can be seen in the bottom image.
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3.7.9 Ready Brain

Ready Brain is a General Electric (GE) automatic slice positioning tool built into the scanner platform
to allow repeatable slice orientation (75) (Figure 70). The concept of this technique is to use a line
from the anterior commissure (AC) to the posterior commissure (PC) to decide slice orientation.
There is literature supporting the standardisation of neuroimaging, where it is concluded that
adoption of Talairach space (AC-PC line) to prescribe images would lead to more reproducible
images that are easier to interpret (76). Ready Brain acquires a 3D volume of the head that is
planned from a standard localizer sequence. This volume scan can be acquired in less than 15
seconds and is automatically processed by the scanner. Subsequent imaging is then linked to the
processed Ready Brain sequence which provides the option of whether the image sequence is to be
prescribed axially, sagitally, or coronally to the AC-PC line. A second example of Ready Brain, and its

potential for low grade glioma monitoring can be seen in Appendix B (pg. 324).

Time Point 1 Time Point 2 Time Point 3

7T

/

Time Point 4 Time Point 5 Time Point 6

Figure 70 - Ready Brain prescribed FLAIR imaging from a low grade glioma patient scanned every 4
months starting from top left to bottom right. Note the subtle expansion of the T, abnormality.
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4 Review of MR Studies

4.1 Relevant Methods, Novel Techniques and Limitations

This review is designed to highlight the use of advanced magnetic resonance techniques in the brain,
and more specifically brain tumours, to demonstrate the range of sequences and processing
methods in use, as well as the data sampling schemes currently used in this area of research. The
main topics of advanced neuro-oncological MR covered are: differential diagnosis, outcome
prediction and monitoring response to therapies. This chapter also includes literature on novel
methods which relate to these fields. Within each of these main sections, the topics have been
divided into their fundamental groups which are: morphological imaging, diffusion, perfusion,
magnetic resonance spectroscopy and finally multiparametric studies that utilise two or more of the

techniques.

4.2 Advanced MR Techniques for the Diagnosis of Gliomas

4.2.1 Diffusion Studies

In a large study of 275 patients with brain tumours, mean apparent diffusion coefficient (ADC)
measurements were taken using a multi b-value diffusion scheme (77), with values ranging from 0
to 1000s/mm? in steps of 250s/mm?2. Using regions of interest (ROIs) drawn from post contrast T,
imaging, ADC values were reported to be significantly different for a range of differential diagnoses,
such as lymphoma versus glioblastoma. However, there was still significant overlap between the
more difficult differentials such as glioblastoma multiforme versus metastatic carcinoma. Whilst this
study clearly demonstrated the potential of diffusion weighted imaging (DWI) for differential
diagnoses, the ROl approach used was user dependant and so the reproducibility of the sampling
scheme used in this study could be questioned. The quality of the data should also be considered

given potential volume averaging effects caused by using 7.5mm thick diffusion slices acquired at
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1.5T. Given the b-value intervals, perfusion effects were not accounted for, which could lead to an

incorrect calculation of the ADC.

In an alternative approach to tumour region of interest measurements, Tozer et al (78) applied
histogram analysis to split low grade gliomas into subtypes. These subtypes were
oligodendroglioma, oligoastrocytoma and astrocytoma (WHO ll). Significant differences in the ADC
values were observed between subtypes of low grade gliomas (LGG) (peak location of astrocytoma
versus oligodendroglioma, P=0.027), suggesting histogram analysis may aid in tumour diagnosis in
cases where a tissue sample is not available. This study benefited from whole tumour
measurements. Expanding on this research, Khayal et al (79) implemented a red-green-blue (RGB)
colour map scheme derived from the ADC histograms. In this paper, different components of the
ADC maps were assigned a colour based on their diffusion characteristics and the mixed tissue types
within a given voxel (Figure 71). Overall an effective technique for the subtyping of low grade
gliomas purely based upon visual inspection was created. Whilst the work appeared to be
particularly good for the grade 2 cases examined, this method may be potentially insensitive to high
grade transformations, where areas of lesion become more cellular and consequently simulate

normal appearing tissue as the ADC decreases with increasing cellularity.
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Figure 71 — This figure shows the mapping a normalised ADC map (1) to an RGB map (2). The colours
are representative of probabilities of the voxel belonging to one of the three tissue groups.
OD-=oligodendroglioma, AC=astrocytoma, NAWM-=normal appearing white matter. Reproduced
from (79).
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Histogram analysis may also yield significant differences between populations where mean
measurements are not appropriate in heterogeneous tissue. A prime example is low grade versus
high grade gliomas and the use of ADC values. Low grade lesions are normally characterised by high
ADC values while high grade gliomas contain a mixture of very high and very low ADC measurements
which can average out to be the same as those of low grade gliomas. By using histogram analysis
(80), a sensitivity of 86% and a specificity of 89% was achieved in differentiating between high and
low grade glioma groups. The advantage of a histogram based analysis for tumour measurements is
that the whole abnormality is sampled rather than user based subsampling, meaning measurements

should theoretically be more reproducible and potentially automatable.

Central nervous system lymphoma is sometimes indicated as a differential for glioblastoma
multiforme due to its strong enhancement characteristics. Using high b-value diffusion
(4000s/mm?), lymphoma (minimum ADC = 0.390+0.081x103mm?s?) and glioblastoma (minimum
ADC = (0.617£0.098%x10*mm?s) were differentiated (81) with 91% sensitivity and 92% specificity
when using an ADC cut-off value of 0.5x103mm?s%. The differences in minimum ADC were greater
with a b-value of 4000 than of 1000 s/mm?, suggesting that a mono-exponential model for diffusion

may not be suitable for this disease.

Whist diffusion weighted imaging appears unable to detect the difference between glioblastoma
multiforme and metastasis, diffusion tensor imaging (DTI) does appear to. Rather than examining
the ADC of the tumours, by looking at the fractional anisotropy (FA) in the lesion and the
surrounding tissue it is possible to differentiate the two histologies with 92% sensitivity and 100%
specificity. This can be explained by way that the two types of tumours grow, with metastasis
displacing tissue as the lesion expands, whist glioblastoma multiforme infiltrates the surrounding

brain (82). A continuation of the use DTI to differentiate between glioblastoma multiforme and
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metastasis uses parameters such as p (isotropic component), g (anisotropic component) and

fractional anisotropy (FA) to successfully split the two histologies (83).

Price et al (84), have published research identifying tumour infiltration using diffusion tensor
imaging. By splitting the diffusion tensor into the isotropic (p) and anisotropic (q) components,
disrupted white matter tracts can be successfully identified, with the ratio of p and q, otherwise
known as the relative anisotropy (RA) being used to characterise tissue properties. In contrast,
Goebell et al (85) investigated the differences in tumour architecture between grade Il and Il
gliomas using DTI. When comparing 23 gliomas, no differences in fractional anisotropy ratios (FA of
pathology / FA of contralateral tissue) were apparent between the central regions of the tumours.
Significant differences were however seen in the tumour borders with grade Ill gliomas having a
median FA ratio of 0.44910.137 compared to grade Il gliomas which had a median tumour border

FA ratio of 0.733+0.307 (P=0.01).

Finally, Jenkinson et al (86) have investigated the potential link between cellularity and ADC in
different oligodendroglial genotypes by sampling the tumour multiple times during biopsy;
however, no relationship was found between cellularity and ADC in this study. Higher grade lesions
were found have a more cellular appearance though. From a study with a larger cohort (87), it was
possible to predict whether an oligodendroglial lesion was grade 3 with 83.3/81.0%
specificity/sensitivity based on the dichotomisation of the ADC or the appearance of both
enhancement and calcification. The suggested threshold for grade 3 lesions was ADC values below

0.925x103 mm?s™.
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4.2.2 Perfusion Studies

Emblem et al (88) have shown glioma grading to be possible using histogram analysis of blood
volume heterogeneity derived from dynamic susceptibility contrast (DSC) blood volume maps. Fifty-
three glioma patients were imaged at 1.5T and graded by 4 different neuroradiologists using ROI
and hotspot methods. In this study histogram analysis demonstrated higher levels of agreement
between radiologists than the hotspot technique. An Increase in diagnostic accuracy was also
observed in this study when using the histogram method for grading. In a similar study (89)
investigating whether histogram analysis versus region of interest (ROI) analysis should be used in
the grading of gliomas with DSC imaging, it was found that the relative cerebral blood volume (rCBV)
tumour histogram was just as effective as the maximum rCBV region when correlated with tumour
grade. The paper did comment, that inexperienced operators could get comparable results using

histogram techniques compared to experienced operators using ROl methods.

DSC perfusion can not only be used to determine tumour grade, but also predict chromosome
deletion. Law et al (90) demonstrated that higher blood volume measurements (rCBV) in gliomas
were associated with the deletion of the 1p chromosome segment (10.54+2.93 vs. 4.84+2.43,
P=0.012)). Loss of hetrozygosity has been shown to improve responsiveness to chemotherapy and
subsequently improved survival. It is worth noting the small cohort of 16 patients in this preliminary

study.

When differentiating lymphoma from glioblastoma, CBV measurements derived from DSC have
proved useful along with leakage corrected CBV and K; (63). However, because lymphoma had such
a high leakage rate, CBV was underestimated in this lesion type and actually aided in differentiating
from Glioblastoma. The use of leakage correction has been shown to improve the ability of DSC to

differentiate to between glioma grades (12).
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Perfusion weighted imaging has been shown to differentiate glioblastoma multiforme from single
brain metastases. In a cohort of forty three patients, 27 proved to be glioblastomas while the
remaining 16 were brain metastases. It was found that the average peak height (maximum point on
a DSC concentration curve) was higher in the peritumoural region of glioblastomas compared to
brain metastases. The mean signal recovery in the enhancing portion of the lesion was also

significantly higher in glioblastoma multiforme compared to a single brain metastasis (91).

Blood volume can also be measured using T: weighted dynamic contrast-enhanced MRI (DCE). In a
study (92) of 27 patients with gliomas that underwent DCE MRI, CBV and K" were calculated and
found to correlate with histological grade and survival respectively. DCE can also be used to estimate
tumour grade. Both CBV and K" were found to correlate with tumour grade in a study of 39 glioma
patients (93). This study used a temporal resolution of 5 seconds and a 1.5T magnet. Regions of
interest were taken from 3 slices of the enhancing portions of the tumours, suggesting suboptimal

sampling of the DCE MRI.

With the development of techniques such as arterial spin labelling (ASL), perfusion does not have to
be carried out using contrast agent. Perfusion imaging produced by ASL has been correlated with
histopathologic vascular density. ASL is most commonly used to derive the cerebral blood flow (CBF)
in absolute units. Furthermore, ASL has be used to distinguish between high and low grade gliomas
based on the vascular densities (94). One limitation of the technique is that it cannot derive the
cerebral blood volume and therefore cannot generate a mean transit time (MTT) either. ASL also
has the benefit of being a repeatable perfusion sequence if motion or technical failures occur during

an initial acquisition.
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4.2.3 Spectroscopic Studies

Magnetic resonance spectroscopy is a tool that has been in the transition to clinical use for many
years now, but is still considered a research tool because of the acquisition time, interpretation
problems and the necessary skills needed to make full use of its capabilities. Garcia-Gomez et al (95)
investigated spectroscopy as a clinical tool with the publication of their paper entitled:
‘Multiproject-multicenter evaluation of automatic brain tumour classification by magnetic
resonance spectroscopy’. As part of a 5 year study called eTUMOUR, scientists were able to report
90% accuracies using short echo single voxel spectroscopy for diagnosis in an automated fashion
using the INTERPRET learning technique. The only problematic differential was the glioblastoma
multiforme versus metastatic carcinoma, which appears to be a repeating theme throughout

neuroradiology.

Automated assessment of spectroscopy is a topic that has been of keen interest for some time now.
McKnight (96) proposed an automated technique for quantitative assessment of 3 dimensional
magnetic resonance spectroscopic imaging (3D-MRSI) in glioma patients in 2001. This technique
used an iterative z-score method to categorise voxels into normal or abnormal based on the amount
of choline and N-acetyl aspartate (NAA) present. The limitation with this
Z-score method is the tendency to overestimate abnormal voxels on healthy brains due to the

iterative method behind it.

Spectroscopy is a non-invasive tool for tissue characterisation, which is why it has grown to be
popular with researchers. Paediatric brain tumours are one cohort of patients who particularly
benefit from the non-invasive nature of the technique. Short echo single voxel spectroscopy has
been shown to be of use in a group of 60 paediatric tumours. From Panigrahy et al (97), it can be
noted that in medulloblastomas, taurine can be found to be significantly higher than all other

histologies. Creatine can be found in its lowest concentrations in pilocytic astrocytomas, while
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guanidinoacetate was found to be reduced in low grade and anaplastic astrocytomas. Overall
conclusions from the paper suggest that preoperative spectroscopy could improve non-invasive

diagnoses.

Pilocytic astrocytomas are unusual compared to other astrocytic lesions, being the only WHO grade
| tumour from this cell type that is known to take up contrast agents, a property not usually
associated with other low grade brain tumours. Spectroscopically they have also been reported to
be slightly different to other low grade gliomas. Hwang et al (98) used a short echo stimulated echo
acquisition mode (STEAM) and a longer echo point resolved spectroscopy (PRESS) single voxel

sequence in 8 paediatric pilocytic astrocytomas and found lactate present in all of them.

Proton magnetic resonance (MR) spectroscopy has also been used to differentiate between
neoplastic and non-neoplastic brain lesions following stereotactic radiotherapy. Schlemmer et al
(99) investigated this topic examining 66 lesions in 50 patients, with choline/creatine and

choline/NAA ratios found to differ between the two types of lesion.

Metabolic profiling of brain tumours is thought to provide the ability to differentiate tumours with
similar imaging characteristics. Grade Il astrocytomas were reported as having consistently higher
choline than grade Il astrocytomas but the amount of choline in glioblastomas varied by a large
amount (100). Higher levels of choline and creatine correlated with low amounts of lactate and lipid
indicating metabolite levels are diluted by necrosis in high grade gliomas. Macromolecules, lipid and
lactate are all thought to increase with tumour grade as hypoxic tissue turns necrotic. Interestingly
metabolic profiling of brain metastases has also been able to differentiate the original primary in
vivo at 3.0T. By using principal components analysis (PCA) it has been shown that lung and breast

derived lesions are significantly different (101).

As previously mentioned, one of the most difficult discriminations in MR is between glioblastoma

multiforme and single brain metastasis. Fan et al (102) used single voxel spectroscopy to do so in
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their 2004 paper. The results show differences between the choline to creatine ratio in the
peritumoural region which agrees with conceptual ideas based on glioblastoma multiforme invading
the surrounding tissue, while metastases not doing so. The study also reports differences in the

myo-inositol and glutamine/glutamate to creatine ratios in tumoural tissue.

The question of echo time (TE) selection is one for consideration, due to advantages and trade-offs
for each echo time. Longer echo times (144-288ms) are more robust and less susceptible to lipid
and large molecules which affect the baseline; however, shorter echo times (25-35ms) contain more
spectroscopic information about metabolites with shorter T, relaxation times and improves the SNR
of the acquisition. In a paper (103) comparing short and intermediate echo time sequences at 3T
using single voxel spectroscopy, choline to creatine and choline to NAA ratios were significantly
lower at the shorter echo times regardless of tumour grade. Short TE spectroscopy was found to be
slightly more accurate than intermediate echo times, possibly due to the SNR increase associated
with shorter echo times. The discussion refers to the poor lactate inversion at intermediate echo
times at 3T being enough reason to consider the use of shorter echo times, however, if lipid is

present then splitting the 1.3ppm resonance is still difficult.

Majos et al (104) have also done work comparing short and long echo times for the classification of
proton MR spectroscopy (Figure 72). After observing 151 spectroscopic studies, nine metabolites
were identified using short (30ms) and long (136ms) echo times. Using a leave one out method,
short echo correctly identified 81% of tumours compared to long echo which correctly classified
78% of cases. Overall short echo spectroscopy was found to be better for tumour classification with
the exception of meningioma which was easier to identify using long echo spectra which

demonstrated alanine in the anti-phase doublet at 1.46ppm caused by J-coupling effects.
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Figure 72 — Mean spectra at short TE (TE =30) of the five tumour types included in the study (right),
Mean spectra at long TE (TE =136) of the five tumour types included in the study (left).Reproduced
from (104).

Additional work with single voxel short echo time spectroscopy has been investigated, in an effort
to improve the discriminatory power of spectroscopy in brain lesions. Weis et al (105) used short
echo times to take advantage of the additional information available spectroscopically, from
metabolites with short T, relaxation times such as lipids and macromolecules, it was found that the
mean difference spectra between LCModel fits and the raw data were best for classification of grade
I, Il and IV gliomas. The mean spectra of the lipid and macromolecules (1.4 - 0.0 ppm) were also

useful for the classification of tumour grade.

Spectroscopy can also be used to differentiate between brain tumour reoccurrence and radiation
injury. 2D-MRSI was carried out on 29 patients with a new enhancing lesion post-treatment for a
malignant neoplasm. Spectroscopy was successful in 97% of cases with choline to creatine and
choline to NAA ratios being significantly higher in tumour reoccurrence than radiation induced
changes (106). In a similar cohort of 25 brain tumour patients receiving treatment (107), choline to
NAA and choline to creatine ratios were used to successfully differentiate between progression and

radiation injury. The area under the receiver operator curve (ROC) was reported at 0.98. The
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increased spatial resolution of the multivoxel acquisition appears to benefit the statistical

significance of the spectroscopy due to the reduction in partial volume effects.

As with all techniques, spectroscopy needs to be correlated and validated with a gold standard
which in this scenario is a tissue sample. Dowling et al (108) compared voxels acquired using 3D-
MRSI retrospectively centred on the biopsy sites for 79 specimens. The study showed that tissues
with similar imaging properties could have differing spectral characteristics which were accredited
to a range of histologies including astrogliosis, necrosis and neoplasm. The test-retest reliability and
reproducibility of short echo time spectroscopy has been examined using 3T (109). Twenty-one
healthy subjects volunteered for short echo 2D-MRSI with NAA, creatine, choline and myo-inositol
(ml) concentrations all found to be highly reproducible. The coefficients of variation were lower
than those reported at 1.5T which is in keeping with the increased signal to noise ratio expected at

3T.

One of the advantages of multivoxel spectroscopy is its increased spatial coverage and resolution
compared to single voxel spectroscopy. Sijen et al (110) took advantage of this to characterise
human brain tumours and the surrounding oedema using proton 2D-MRSI. Different tissue types
were assessed using two different repetition times (TR) to subsequently calculate the T, relaxation
of metabolites. Two echo times were also used to calculate the T, relaxation times subsequently. In
the study it was found that the T, relaxation times of choline and NAA in tumour were significantly
reduced while in oedematous tissue the T, relaxation times of choline and creatine were also
reduced. T; relaxation times of metabolites were found not to differ between normal appearing
brain tissue, tumour or oedema. It is suggested that shorter echo times would be better due to the
T, of choline measured in tumour and oedema shortening, and so be more sensitive to changes in

concentration.
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Further work on the T, relaxation times of brain tumours was performed by Opstad et al (111). This
research concentrated on the relaxation times of the 1.3 and 0.9 ppm lipid peaks found in high grade
gliomas and brain metastasis. The study revealed that brain metastases had a significantly longer T,

relaxation time for the 1.3ppm lipid peak resulting in a higher 1.3/0.9 ppm lipid ratio.

One paper describes a differential for glioblastomas and brain metastases using the ratio of lipid
peaks using short echo single voxels spectroscopy at 1.5T. The lipid peak area ratio (1.3 / 0.9 ppm
peak areas) was able to provide 80% sensitivity and specificity. Further optimisation of the protocol

could lead to better differentiation in this difficult to diagnose cohort (112)(Figure 73).
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Figure 73 — Box plots of L1 (1.3 peak area), L2 (0.9 peak area), and lipid peak area (LPA) for tumour
groups. The plots show the median values for each group () with the box representing the 75th,
50th, and 25th percentile values from top to bottom, respectively. GBM, glioblastoma; MET,
metastasis. Reproduced from (112).

Limitations of in vivo spectroscopy include the comparatively low field strengths compared to small
bore NMR machines and the total scan time patients can tolerate. Wright et al (113) used high-
resolution magic angle spinning to perform more accurate metabolic quantification of brain tumour
tissue samples. Using a 14.1T nuclear magnetic resonance (NMR) spectrometer it was possible to

identify 29 MR visible metabolites from 65 different brain tumour samples. At this increased spectral

resolution, the total choline seen at in vivo spectroscopy can be resolved into its different
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subcomponents leading to increased differentiation between histologies. Interesting glioblastomas

were found to contain significantly more creatine, glutamine and hypo-taurine than metastases.

Gliomatosis cerebri (WHO grade 1ll) is another histological type benefiting from the use of MR
spectroscopy for diagnosis. This type of tumour differs from other gliomas by infiltrating the brain
but maintaining the brain’s original structure. The diffuse nature of the disease makes defining
tumour boundaries very difficult as is gaining prognostic information from conventional imaging
techniques. Due to rarity of the disease, large cohorts are difficult to accumulate. One research
group examined 7 gliomatosis patients pre-therapy to investigate survival prediction. It was found
there was a significant inverse correlation between the choline to creatine ratio and overall survival.
The NAA to creatine ratio was also found to be significantly reduced compared to normal volunteers

(114).

Researchers have also been able to find significant differences in NAA and choline between grade 2
and 3 lesions using high spatial resolution spectroscopy with a nominal voxel size of
0.67x0.67x10mm?3, suggesting that Cho/NAA has utility in tumour grading (115). Given the size of

the voxels and 1.5T magnet used, it is important to consider the SNR when interpreting the paper.

Spectroscopy used in a serial manner can also be useful for the monitoring of lesions. Taillibert et a/
(116) present the case for serial MR spectroscopy in lymphoma patients, one of the differentials for
glioma patients. In their paper they are able to conclude that the addition of MR spectroscopy

increases the sensitivity when diagnosing lymphoma on MR.
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4.2.4 Multiparametric Studies

In some situations, brain tumour patients are not able to receive contrast agents due to renal
impairment, previous adverse reactions or inability to find venous access to the patient. Therefore
contrast free imaging solutions are always of interest. Park et al (117) have conducted a clinical
feasibility study using diffusion and susceptibility weighted imaging instead of contrast to diagnose
brain tumours compared to traditional contrast MR exam methods with the addition of DSC.
Seventy-three patients with intra-axial brain tumours were recruited and scanned at 3T. The study
found non-contrast MR with the addition of DWI and susceptibility weighted imaging (SWI) to have
a similar sensitivity and specificity to that of contrast MR. A combination of DWI, SWI and DSC in
addition to conventional MR was found to have the most significant differential diagnoses (High- vs.
low-grade gliomas, non-contrast protocol — P=0.0057, contrast protocol - P=0.0015, contrast + ADC
+ SWI protocol - P=0.0002) (Glial vs. non-glial tumours, non-contrast protocol — P=0.0295, contrast

protocol - P=0.0252, contrast + ADC + SWI protocol - P=0.0012).

Combinations of diffusion, perfusion and spectroscopy have been used to improve the accuracy of
brain tumour diagnoses. Law et al (118) looked retrospectively at 160 tumour patients who had
undergone MR perfusion and spectroscopy. When differentiating between low and high grade
gliomas, they found perfusion techniques in combination with MR spectroscopic ratios yielded a
sensitivity of 93%, specificity of 60%, positive predictive value of 88% and negative predictive value
of 79%, when using an rCBV cut-off of 1.75. Significant differences were seen in the relative cerebral
blood volume, choline to creatine, choline to NAA and NAA to creatine measurements between low
and high grade gliomas (P<0.0001, 0.0121, 0.001, and 0.0038). Di Costanzo et al (119) have also
conducted a 3.0T multiparametric study to assess the grade and extent of brain tumours. Thirty-one
tumour patients were recruited as part of the study and underwent diffusion, perfusion and
spectroscopy prior to surgery. Using these techniques, three main categories of tissue were able to

be identified. They were; tumour which had low apparent diffusion coefficient values, high relative
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blood volume measurements and abnormal choline to NAA ratios. Oedema was found to have
normal choline to NAA ratios with increased ADC values and decreased perfusion. Lastly mixed
oedema and tumour tissue showed intermediate ADC and rCBV values and abnormal choline to NAA
ratios. The authors of the paper felt that multiparametric MR could discriminate between vasogenic
oedema, infiltrating tumour or normal tissue, and differentiate between low and high grade lesions.
Whilst the results of the study were promising, the use of General Electric’s Functool suite suggests
the processing methods were suboptimal, with MRSI analysed from ‘postage stamp’ DICOM images.

Additionally no attempts to correct leakage effects were made for the DSC.

As with all types of imaging, validation is important. Gupta et al (120) investigated the relationship
between choline MR spectroscopy, apparent diffusion coefficient and histopathology. In this paper
they hypothesised a relationship between the choline signal, cell density and ADC values. Following
a study involving 18 brain tumour patients, 2 sides of this triangle were realised. Significant
correlations were found between the choline signal and ADC values as well as the ADC and cell
density. However the choline signal and cell density did not significantly correlate in this paper,
probably due to the small number of patients. Gupta et a/ (121) have also previously published solely
on the subject of an inverse correlation between choline magnetic resonance spectroscopy signal
intensity and the apparent diffusion coefficient in glioma patients. This study used data from 20
glioma patients to demonstrate choline as a marker for cell density by correlating it with ADC
measurements. Another group were keen to correlate the choline level measured using MR
spectroscopy with the Ki-67 labelling index in gliomas. In a cohort of 26 glioma patients, surgical
specimens were correlated with MR spectroscopic measurements. Significant correlations were
found between the choline and Ki-67 measurements in homogeneous gliomas but not in
heterogeneous lesions (29). This outcome was potentially related to tissue sampling and the

averaging of choline concentrations which is less of a problem in homogenous tumours.
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Calvar et al (122) have completed a similar study using spectroscopy, diffusion weighted imaging
and Ki-67 labelling index for characterisation of brain tumours. In this study 47 patients were
recruited and received short echo single time voxel spectroscopy and diffusion weighted imaging as
part of a MR examination. A correlation between ADC values and Ki-67 labelling index was found to
be significant and relative ADC values were found to show good discrimination between low and

high grade gliomas.

Following this work, Khayal et al (123) continued to investigate the relationship between apparent
diffusion coefficient values and the amount of choline. Thirty-seven low grade gliomas and 28
glioblastomas were scanned at 1.5T. No significant correlations were found in the low grade cohort
either on a voxel by voxel basis or for the whole region. In the high grade group, there was a
significant relationship when the whole region of interest was analysed. Bian et a/ (124) conducted
a study involving the multiparametric characterisation of grade 2 glioma subtypes using MR
spectroscopy, perfusion and diffusion weighted imaging. In their study, 56 newly diagnosed low
grade gliomas were evaluated with advanced MR techniques. The 75" percentile rCBV and median
ADC were found to be significantly different between oligodendrogliomas and astrocytomas.

Spectroscopically there were no significant differences found between groups.

Research has been conducted, combining diffusion weighted imaging with magnetic resonance
spectroscopy to make the distinction between recurrent glioma and radiation injury. Fifty-five
patients with a new contrast enhancing lesion in the vicinity of a previously resected and radiated
lesion were included. In recurrent gliomas choline to creatine and choline to NAA ratios were
significantly higher. Relative ADC measurements compared to contralateral tissue were also found
to be higher in radiation injury than glioma (125). Fink et al (126) also compared glioma recurrence
with post treatment effects using diffusion, perfusion and MR spectroscopy in a group of 40

patients, concluding multivoxel spectroscopy outperformed single voxel spectroscopy with the
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maximum choline to NAA peak height and choline to creatine peak areas providing the highest area
under the curve (AUC) values. A similar AUC was obtained by using the CBV ratio. The ADC ratio did
not perform well in distinguishing between glioma and radiation injury. It is speculated that partial
volume effects and voxel positioning were the main causes behind the single voxel spectroscopy’s
poor diagnostic power. Overall, perfusion and multivoxel spectroscopy should be used for

differential cases of this type (Figure 74).
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Figure 74 - Box plot displays for multivoxel (MV) Cho/Cr peak-area (a), multivoxel Cho/NAA peak-
height (h), CBV ratio, and ADC ratio observed cases of glioma recurrence (Yes) and cases of post-
treatment injury (No). Reproduced from (126).

Proton MRS and diffusion weighted imaging has been combined to discriminate between brain
abscess and necrotic brain tumour. Fourteen patients underwent MR examinations at 1.5T including
diffusion weighted imaging and single voxel spectroscopy. Additional peaks were found in most
abscesses which included acetate, alanine and succinate. Lipid and lactate were found in most
gliomas and abscesses ruling them out as discriminators. ADC differences were also seen on imaging

with abscesses having much lower ADC values in the centre (47).
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4.3 Prediction of Glioma Response and Progression

4.3.1 Morphological Studies

The extent of resection is believed to be a significant biomarker for survival. In a review paper
assessing the extent of resection and its impact on patient outcome, Sanai et al (2) examined all
major clinical publications from an 18 year period. After reviewing 28 papers on high grade
resection, and 10 papers on low grade resection, the meta-analysis revealed more extensive
resections are associated with longer life expectancy. In order to assess resection, early
postoperative MR imaging in gliomas is often used to make the initial assessment. When predicting
tumour growth, Ekinci’s group (127) found 91% sensitivity and 100% specificity using early
postoperative MR imaging (24 hours post-surgery) with a thick linear-nodular enhancement pattern

present in 9 out of the 10 tumours which reoccurred.

The prognostic value in detecting recurrent glioblastoma multiforme (GBM) in surgical specimens
taken from patients post radiotherapy in a cohort of 54 patients revealed that tissue samples could
no longer aid in predicting outcome or dictating further patient management. Therefore advanced
and robust imaging techniques needed to be developed to assist with patient management in those

who have undergone radiotherapy (128).

Low grade gliomas are sometimes resected when pressure symptoms or mass effect are present.
The advantages of resection also include a definitive tissue diagnosis as well as pressure relief for
the patient. In a cohort of 42 low grade gliomas that underwent resection, it was found that lesions
that extended to more than one lobe were the strongest predictors of malignant transformation,
functional status and overall survival (3). Tumour progression also occurred in 67% of patients
during an average follow up period of 31 months. The study also found that the extent of tumour

volume pre or postoperatively had no significant effect on overall survival, suggesting that
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preoperative tumour volume reflects the tumour’s biological properties that remain unaltered

following resection.

Tofts et al (129) showed quantitative analysis of whole-tumour gadolinium enhancement histogram
predicted malignant transformation. In a small cohort of 21 patients, tumours were outlined using
fluid attenuated inversion recovery (FLAIR) imaging. Pre- and post- contrast T; imaging were
registered and subtracted following a double dose injection of gadolinium to produce a percentage
enhancement (%E) map. Histograms for each tumour were generated with a threshold of %E greater
than 10% used. Baseline enhancing volumes were higher in transformers and patients with less than

4ml of enhancing of tissue showed significantly higher 5 year survival.

The growth of 27 untreated low grade gliomas was followed in an attempt to predict transformation
(130). Patients with higher tumour growth rates were found to transform sooner than slower
growing lesions. The paper highlights the need for proper measurements of tumour volume in order

to detect tumour transformation.

Monitoring response to radiotherapy in gliomas is an important clinical goal. One group investigated
the predictive value of morphological imaging response criteria, one month after concurrent
chemotherapy and radiotherapy in patients with glioblastoma (131). Tumour volumes were
delineated on post contrast T: images before and after radiotherapy. Clinical progression was
classified as when chemotherapy management was changed based on clinical and/or radiological
progression. Thirteen of the twenty-five patients who completed the trial showed signs of early
radiological progression, with 5 of those patients being pseudo-progressors after remaining
radiologically stable for 6 months. Volumetric data was shown to be the most predictive
measurement of overall survival when using ROC analysis. This study shows some of the difficulties

in distinguishing glioma growth from pseudo progression.
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4.3.2 Diffusion Studies

As well as ROI based DWI measurements, functional diffusion maps (fDMs) can be used to predict
response to cytotoxic and anti-angiogenic treatments in high grade gliomas (132). fDMs were
generated for areas of high T, signal on FLAIR imaging. In this paper (132), changes were observed
in the fDMs before conventional imaging methods. The limitations of fDMs are related to quality of
the registration that can be achieved prior to subtraction. Functional diffusion maps appear to be
an early predictor for tumour progression, time to progression and overall survival in both cytotoxic
and anti-angiogenic treatments making it a suitable tool for monitoring and predicting response to

a new wave of cancer therapies.

One of the first functional diffusion maps papers comes from Moffat et al (133) who used it as a
biomarker for early prediction of cancer treatment outcome. Using implanted 9L type brain tumours
in rodents, they were able to prove the concept of functional diffusion maps as a marker for cell kill
following chemotherapy. They found changes to correlate with drug dose and saw diffusion changes

prior to T, imaging changes.

Subsequently, functional diffusion maps have become increasingly popular, as a surrogate imaging
biomarker for early prediction of therapeutic response and survival (134). Forty-six glioma patients
underwent diffusion imaging before and during therapy. In responders ADC values were found to
increase in a larger portion of the tumour than in non-responders. Responders identified using fDMS
also showed significantly longer survival. In a similar functional diffusion map study (135), 60
patients with high grade gliomas were assessed during treatment using diffusion weighted imaging
at 1, 3 and 10 weeks. Tumours which showed the biggest increase in ADC on the fDMs had the

longest survival (Figure 75).
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Figure 75 —Functional diffusion map analysis over time. Maps at (A) 1, (B) 3, and (C) 10 weeks for
two patients treated with fractionated radiation therapy. The patient on the left was scored as
responsive by fDM at 3 weeks but progressive disease by radiologic response at week 10 and had
overall survival (OS) of more than 33 months. The patient on the right was scored as nonresponsive
by fDM at 3 weeks but stable disease by Macdonald criteria and OS of 7 months. Red voxels indicate
regions with a significant rise in apparent diffusion coefficient (ADC) at each time point compared
with pre-treatment, green regions had unchanged ADC, and blue voxels indicate areas of significant
decline in ADC. The scatter plots display data for the entire tumour volume and not just for the
depicted slice at each time point, with the pre-treatment ADC on the x-axis and post-treatment ADC
on the y-axis. The central red line represents unity, and the flanking blue lines represent the 95% Cls.
Reproduced from (135).

Continuing with the concept of functional diffusion maps, Ellingson et al (136), have developed
graded function diffusion maps to predict overall survival in recurrent glioblastoma treated with
bevacizumab. In the study, it was found that restricting the fDM to between 0.25 - 0.4 x10° m?/ms
increased the predictive power compared to traditional fDMs. This work also supports the mounting
evidence that techniques like diffusion may be more suitable for monitoring advanced therapies

compared to traditional morphological imaging techniques such as pre- and post- contrast imaging.
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An extension of diffusion weighted imaging (DWI) is diffusion tensor imaging (DTI) in which diffusion
gradients are applied in at least 6 directions in order to determine diffusion directionality. Price et
al (137) took advantage of DTl to observe subtle disruption in the white matter tracts due to tumour
infiltration. A cohort of 26 glioma patients was imaged 2 years after the initial treatment or at the
time of reoccurrence. By splitting the tensor into the isotropic (p) and anisotropic (q) components,
infiltration could be visualised. When the boundaries of p exceeded those of q infiltration was

present but when the boundaries matched, the tumour was stable.

Other groups have expanded on the idea of functional diffusion maps to include diffusion tensor
imaging. Paldino et al (138) used fDMs to look at survival following bevacizumab in recurrent
glioblastoma. In a small cohort of 15 patients, serial DTl was undertaken at 1 and 3 days before
treatment and 6 weeks into the treatment regime. Nine patients showed ADC changes within the
FLAIR signal abnormality at the last time point. Four patients had increased ADC while 5 had
decreased ADC values. It was found that patients who had ADC changes had a significantly shorter
survival than patients who showed no ADC changes. The fractional anisotropic changes showed no
significance in this study. Diffusion tensor imaging has also been seen to correlate well with clinical
motor findings in patients with glioblastomas (139). Overall, fibre density and fractional anisotropy
was lower in patients with motor deficits. ADC, FA and fibre density were all found to correlate with

clinical score.

Yamasaki et al (140), investigated the prognostic value of ADC for glioma patients with
postoperative chemoradiotherapy, looking at 33 patients over an 8 year period and measuring the
ADC values before therapy. After exploring the mean, minimum and maximum values in the tumour,
it was found the strongest statistical parameter was the extent of tumour resection followed by the
minimum ADC, when correlated with overall survival. The minimum ADC was also the most powerful

predictor in patients who did not receive surgery as part of their treatment. ADC measurements are
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becoming increasingly more complex as scientists’ understanding of the histology grows. One group
(19) have published results demonstrating that bi-modal histograms predict tumour response in
newly diagnosed glioblastoma treated with bevacizumab. By looking at the lower of the two mean
ADC values gathered from the 2 compartment histogram model, researchers were able to stratify
progression-free survival. It was also found that lower ADC values were associated with tumour
MGMT promoter methylation which is thought to explain the more favourable outcome seen in

tumours with the lower mean ADC in the left sided histogram (Figure 76).
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Figure 76 - A Box-and-whisker plot of ADC, values in MGMT promoter methylated and unmethylated
tumours. Mean values are significantly different between the 2 groups (P =0.01). Reproduced from

(19).

Previous work in a cohort of 46 patients receiving bevacizumab to treat recurrent glioblastoma also
used ADC histograms to predict response. Using a bi-modal histogram analysis it was found that pre-

treatment ADC values more accurately stratified 6 month progression than the change in enhancing

tumour at the first follow up scan (141).
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4.3.3 Perfusion Studies

Relative cerebral blood volume (rCBV) measured by DSC has been shown to be a predictor of patient
clinical response in low grade gliomas. Thirty-five patients were recruited for the study, revealing
that patients with a rCBV of less than 1.75 had a median progression time of 4620 days compared

to patients who progressed median a mean time of 245 days (142).

Multi-institute studies can prove valuable when validating a new technique. In one particular study
(143), DSC was used in a multi-centre study to predict patient outcome in a group of low grade
glioma patients. Sixty-nine patients from 2 institutions were recruited for the study. There was a
significant relationship between rCBV and time to progression. The threshold for survival also being
a rCBV of 1.75 in this case. The other important aspect of this study is that rCBV appears to be

consistent between centres.

Galbdn (144) reports that parametric response maps (PRM) of rCBV were more significant than rCBV
measurements in predicting overall survival based on scans 1 and 3 weeks into radiotherapy. The
study population consisted of 44 HGGs, of which 36 were GBMs. Patients were imaged before and
during treatment to produce the PRMs. However, it appears none of the patients underwent
debulking meaning tissue remodelling was not as much of a problem. This treatment though could

be considered suboptimal compared to patients who receive tumour resection.

In a small study of 13 patients, rCBV values were used to predict transformation from LGG to HGG
up to 12 months in advance of traditional imaging techniques (145). It is worth noting that only 6

patients progressed during the study with lesions sampled using a minimum of six small ROls.
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4.3.4 Spectroscopic Studies

The prognostic value of choline and creatine was investigated in low grade gliomas with positive
results. Forty-five glioma patients underwent MR spectroscopy of their tumours. Normalised
creatine values were found to be predictive of progression and malignant transformation. While
choline showed similar tendencies the overlap between the two groups was too large. Grade Il
gliomas with a tumour/normal tissue creatine ratio less than 1 were found to progress after a longer

time interval (146).

Kuznetsov et al (147) published results in 2003 describing how proton magnetic resonance
spectroscopy can predict the length of survival in patients with supratentorial gliomas. Using a leave
one out logistic regression model featuring maximum choline and lipid values, number of voxels
with low NAA and the number of voxels with increased lipid they were able to correlate survival
with the model (r? = 0.81%). The MRSI data had an r value of 0.77 and median survival error was 1.7

months for the 54 patients who took part.

Magnetic resonance spectroscopy has also been shown to be predictive of proliferative activity in
grade Il diffuse low grade gliomas. Eighty-two patients underwent single voxel spectroscopy at 1.5T
at short and long echo times before tissue sampling (148). Ki-67 is a marker for cell proliferation
used in the World Health Organisation’s (WHO) guide to grading brain tumours. Therefore validating
spectroscopic finds against this marker is justified. Findings from the paper include tumours with a
Ki-67 of less than 4% being free from lactate and lipid in the spectra. Tumours with lactate peaks
but no lipid were found to have a Ki-67 between 4 and 8%. Lesions with a Ki-67 greater than 8%
were found to have the highest choline to NAA ratio as well as containing peaks from lipid in the

spectra.
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4.3.5 Multiparametric Studies

Saraswathy et al (149) evaluated MR biomarkers to predict survival in glioblastoma patients prior to
adjuvant therapy, in a population of 68 patients imaged at either 1.5T or 3.0T before and during
fractionated radiotherapy and chemotherapy. MR spectroscopy was acquired along with diffusion
and perfusion imaging, finding patients with larger lesions based on anatomic imaging, spectroscopy
and blood volume measurements had a higher chance of poorer outcome. High levels of lipid and
lactate found in the lesion also lead to a higher likelihood of poor survival. Thirty-five patients from
this study also received lactate-edited spectroscopy in which the lipid and lactate signals are able to
be separated; revealing lipid signal was more likely to arise from the enhancing tissue rather than
the non-enhancing component of the lesion. Maximum lactate values from any part of the lesion

were found to be a significant factor in survival.

Spectroscopy has been used to predict changes in perfusion in a group of low grade gliomas (150).
Thirty-one patients were enrolled in the study with participants receiving dynamic susceptibility
perfusion and single voxel proton spectroscopy. Significant correlations were found between the
maximum relative cerebral blood volume and the following ratios: lactate to creatine, choline to
NAA and lipid to creatine. Researchers were able to discriminate between tumours with a rCBV of

1.7 or more using the lactate to creatine ratio with a sensitivity of 75% and a specificity of 95%.

The relationship of preoperative imaging parameters has been investigated in relation to survival
within a cohort of untreated glioblastoma patients (39). Fifty-six glioblastomas were scanned
immediately before surgery receiving perfusion, diffusion and multivoxel spectroscopy as part of
their MR exam. A median survival time of 517 days were reported. The tumour volume based on
anatomical imaging was not a significant predictor of survival but the volume of necrosis and
contrast enhancing tissue as a percentage of the overall T, abnormality was linked to poorer survival.

The volume of tissue with an increased choline to NAA was also found to be linked to survival.
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Tumours with a larger region of ADC values that were 1.5 times higher than normal white matter

also had less favourable outcomes.

One group that reports different results to the growing trend of functional imaging being more
useful than conventional imaging is Caseiras et al (151). In their study of low grade glioma
transformation, they found six month tumour growth to be a stronger predictor of transformation
than diffusion and perfusion weighted imaging along with the tumour volume at admission. Thirty-
four patients were recruited for this study and were scanned every 6 months with a median follow
up time of 2.4 years. The authors point out that volume measurement can easily be obtained from
normal clinical MR exams now, and changes in volume are the strongest predictors of progression.
This relies on clinicians delineating the lesion on all slices, which is time consuming, and that the

volumetric sequence acquired shows the lesion which is not always the case with T; SPGR.

Hlaihel et al (152) have looked at the predictive power of conventional, perfusion and spectroscopy
in anaplastic transformation of low grade oligodendrogliomas. This relatively small study cohort had
5 of the 21 patients recruited progress during follow up. A choline to creatine ratio of above 2.4 was
associated with an 83% risk of transformation after an average delay of 15.4 months. The
spectroscopy was found to be better than DSC and morphological imaging at detecting anaplastic
transformation with a sensitivity of 80% and a specificity of 94%. The mean annual growth rate was
3.65mm in this cohort with tumours growing more than 3mm a year having a greater risk of
transformation. Spectroscopy is thought to be able to predict anaplastic progression before

perfusion changes with a predictive score of 83%.
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4.4 Monitoring of Gliomas during Follow Up and Therapy

4.4.1 Morphological Studies

In a review of MRI in treatment of adult gliomas, the topic of tumour size measurement arises.
Gliomas often have irregular shapes so cross sectional measurements usually have quite high errors
associated with them. The presence of cystic areas also complicates the tumour measurement since
these areas do not respond to treatment. The use of computer aided volumetric analysis may be
more accurate in measuring early changes previously not seen using cross sectional methods.
Tumour heterogeneity is another problem when assessing glioma response to therapy so
techniques that may delineate tumour margins better such as MRSI and DWI (153) are of keen

interest.

A comparison study of 1D vs. 2D vs. 3D techniques (154) for the measurement of recurrent gliomas
has been carried out in 70 patients who received chemotherapy. The tumour response was assessed
by the volumetric method, as well as bi- and uni-dimensional measurements. These results were
then correlated with the survival data. The findings of the study showed that only 3D measurements
accurately reflected changes in the tumour and that only a volumetric approach could significantly
predict overall survival. Volumetric analysis of conventional MR has been used to assess the
response to chemotherapy in glioblastoma patients with a limited degree of success (155). Fluid
attenuated imaging and post contrast MR were used to try and predict progression-free survival and
overall survival. It was found that the volume of hyperintense T, signal pre and post therapy has no
predictive power. The initial post contrast imaging was predictive of progression-free survival but
not overall survival. However, the ratio of the FLAIR to post contrast imaging was shown to be

predictive of both the progression-free and overall survival.
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Ensuring a tumour is fully covered by the radiotherapy field is being seen as increasingly important
if the therapy is to be successful. In a brief paper, Shukla et al (156) looked for T, changes between
pre-therapy MR and images taken at 5 weeks into radiotherapy. They found in 20% of patients that
the tumour had grown during the time of therapy (3/15 patients). Therefore they suggest boost
dosages based on mid-therapy imaging. It is also commented that postoperative contrast MR to

assess the resection of enhancing tissue could lead to better treatment planning.

In treated glioblastoma patients, the question of tumour progression vs. radionecrosis occurs
regularly. In a study (157) examining the difficulties separating the two pathologies, 50 patients
receiving chemoradiotherapy were reviewed with 30% of the group showing some signs of clinical
or radiological worsening. Seventy percent of reoperations for progression showed some form of
tumour reoccurrence or progression leaving 3 patients without signs of tumour. The authors went
on to conclude that with the introduction of chemoradiotherapy, early radionecrosis is possible
given temozolomide is a known radiosensitiser, and pseudoprogression being a recognised
consequence of chemoradiotherapy in glioblastoma multiforme. In a cohort of 104 patients, 26%
showed signs of radiological progression using MR contrast imaging, and of this sub-cohort, 32% of
patients actually had pseudoprogression rather than recurrent disease. This paper highlights the
limitations in assessing the response to chemoradiotherapy using conventional MR methods and
how this can lead to unwarranted changes in therapy for the cohort of pseudo progression patients

(158).

Occasionally low grade gliomas are given radiotherapy. The question of how to monitor the
response exists since these tumours do not normally enhance on T; weighted imaging. In a cohort
of 21 low grade glioma patients who underwent radiotherapy as part of their treatment, response
was measured by fitting an ellipsoidal model of the tumour to computer tomography (CT) and T,

images. It was found that low grade gliomas are moderately radio-responsive but the method used
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to measure tumour volume over-estimated the number of partial responders unless a volume
reduction of greater than 50% was seen. The paper concludes that better ways of measuring the

response in low grade gliomas is needed (159).

One method of tumour volume measurement includes automated tissue segmentation. Constantin
et al (160), demonstrate one method for segmentation using a combination of FLAIR and T; pre and
post contrast imaging. The abnormal region was defined by the hyperintense T, region of the FLAIR.
The enhancing part of the tumour was delineated by the post contrast T;. Necrosis was assigned to
the hypointense region on the T; imaging and hyperintense on the FLAIR. This way CSF should be
dark on both weightings. Better tumour segmentation should ultimately lead to better volumetric

measurements and subsequently better sensitivity to small volumetric changes early into therapy.
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4.4.2 Diffusion Studies

One of the first papers to use ADC histograms to demonstrate changes due to treatment was that
by Ross et al (161). Their paper entitled “Evaluation of cancer therapy using diffusion magnetic
resonance” highlights changes in mouse and human brain tumours following both radiotherapy and
chemotherapy. It was one of the first papers to show diffusion weighted imaging could be
successfully used as a biomarker to treatment response. One report attempting to validate the
functional diffusion maps, appears to show that the ADC changes observed in fDMs are a true

reflection of the cellular conditions in the tissue of interest (162).

If ADC maps are to be used regularly in assessing therapeutic response, then a histogram based
classification using Gaussian mixture modelling may be better suited to assessing glioblastoma
treatment response (163). By taking into account to two main types of tissue in a glioblastoma (solid
and necrotic) the histogram fit is better and the two components may be used separately to

measure response.

Price et al (164), highlight the potential for assessing white matter tract invasion using diffusion
tensor imaging in their 2003 paper. In this paper they use the relative anisotropy index (RAI) to
measure white matter organisation throughout the brain of tumour patients, finding the
abnormality on RAl maps often exceeded changes seen on conventional T, weighted images as seen
in Figure 77. It was also suggested that DTI could help with radiotherapy planning if used with due

Care.
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Figure 77 — To-weighted (a) and RAI (b) images acquired in June 2000 of a 23 year-old man who had
undergone a frontal lobectomy for a WHO grade IV glioma. There is no evidence of mass effect.
There are focal defects in the genu of the corpus callosum (arrows). The RAI changes extend from
the right frontal area of T,-weighted abnormality, across the corpus callosum; to the normal left
frontal lobe. Subsequent imaging in June 2002 demonstrated T2-weighted abnormalities (c) and
gadolinium enhancement (d) across the corpus callosum. Reproduced from (164).

Due to the heterogeneous nature of high grade gliomas effective measurement of the fractional
anisotropy can be difficult. In a paper using diffusion tensor imaging to measure temporal changes
in schwannomas, fractional anisotropy was able to show decreased values following stereotactic
radiosurgery before other imaging sequences could see changes. This evidence helps support the

hypothesis that fractional anisotropy could be a good way to measure solid tumour response

following radiotherapy (165).
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4.4.3 Spectroscopic Studies

While a lot of positive literature exists about spectroscopy for monitoring and prediction, occasional
papers report contradicting results. One group conducted a study (166) in 14 low grade gliomas
with multivoxel spectroscopy with the aim of predicting transformation. Compared to baseline
spectroscopy, they classified progression as a 20% increase in the choline to NAA ratio or more.
During the trial 7 patients showed signs of progression on imaging and 5 of those also showed
spectroscopic progression. Four of the 5 patients with spectroscopic progression went on to have
surgery with 3 cases being reported as high grade glioma while one case remained low grade. Of the
7 patients remaining stable, 4 showed spectroscopic progression but imaging features remained the
same. This paper therefore concluded spectroscopy had no additional value for predicting
transformation. Some of the pitfalls of this study include the very small cohort and the limited tissue

samples available with only 4 patients sampled.

With the addition of carmustine wafers (Gliadel®) to the oncologists’ choice of treatments, it is
important to understand how to monitor the response to this new alternative treatment using MR.
In a small study (167) of 3 patients the effect of the Gliadel wafers was measured in the peritumoural
region with multivoxel spectroscopy which was seen as a decrease in the choline to NAA ratio and
an increased NAA to creatine ratio. The study demonstrated the feasibility to use spectroscopy to

monitor patients with implanted Gliadel wafers.
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4.4.4 Multiparametric Studies

Alternative ways of monitoring brain tumours are always of interest. When looking at gene therapy
induced apoptosis, diffusion and MR spectroscopy were used in rodent glioma models (168). In this
study they found small changes in the levels of mobile lipid proceeded changes in ADC and indicated
the initiation of tumour shrinkage. Correlations between some types of lipid and the apparent
diffusion coefficient were found in this study as well. Serial imaging of Glioblastoma patients (169)
before and after radiotherapy was carried out using perfusion and diffusion imaging in conjunction
with conventional imaging techniques. Significant predictors were found for diffusion, perfusion and

volume measurements.

Multivoxel spectroscopy was used in conjunction with diffusion tensor imaging to show regions of
tumour infiltration. This 1.5T study (170) acquired the DTI with 12 directions and 50 2.8mm thick
slices while the 2D-MRSI was spatially zero filled to produce a grid of 7.5mm? voxels. The authors
found the two methods to be complimentary techniques with the diffusion tensor imaging providing
a higher spatial resolution while the spectroscopy provided metabolic confirmation of proliferating

cells.
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4.5 Defining a Region of Interest
Defining a region of interest around a glioma is an unusually complicated problem. Gliomas are
renowned for their poorly defined margins and oedematous regions. This section looks to the

literature to help define the regions of interest for this thesis.

Yamasaki’s 2005 paper measuring the ADC values of brain tumours (77) examines the use of manual
ROI placements on the enhancing portion of the tumour, and hyperintense areas in non-enhancing
lesions using a FLAIR sequence. Cystic areas were excluded using a criteria of hyperintense on T,
weighted imaging and hypointense on FLAIR imaging. Necrosis was defined as the interior section
of a lesion on T; gadolinium enhancing imaging. In this paper only the ‘solid’ portions of the tumour

were compared.

Khayal examined the relationship between ADC and spectroscopy in 2008 (123), using a semi-
automatic approach to define the different areas of the lesion. These were the contrast enhancing
lesion (CEL), necrotic regions (NEC), T, hyperintenese region (T2 ALL) and the non-enhancing legion
(NEL), which was defined as (T2 ALL — CEL — NEC). 3D-PRESS grids were then compared to these
different regions by reducing the effecting resolution of the conventional imaging. This method for
lesion segmentation was subsequently used in Sarawathy’s 2009 paper (149) on the prediction of
newly diagnosed glioblastoma survival. Gupta’s paper in 2000 relating choline and ADC (120) is the
first paper in which ADC maps were reduced in resolution down to the same in-plane resolution of
the multivoxel spectroscopy for correlation. In this paper, only tissue which was subsequently

resected was evaluated.

In 2009, Wang et al (83) investigated the role of alternative DTl parameters such as p, g, Land FA in
the imaging of gliomas. Their method for ROIs was to highlight the gross tumour as well as the
peritumoural oedema. Areas of necrosis and haemorrhage were excluded in this paper. Again a

combination of T, weighted imaging and post contrast T; images were used to define regions. All
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ROIs were registered to the b=0 sec/mm? diffusion slices and visually inspected. The gross tumour
volume was expanded by 5 voxels then subtracted from the T, region to leave the peritumoral
margin behind. Regions were also mirrored for normalisation in some situations. The method of
Price et al in their paper (137), predicting glioma reoccurrence patterns relies on T,-weighted and
Ti-weighted pre- and post-gadolinium imaging to define regions of the tumour and follows a similar

approach with the DTI by registering it to T,~weighted anatomical imaging.

Di Costanzo’s multiparametric paper (119) on tumour extent and malignancy, published in 2006,
used a normalisation scheme for the spectroscopy in which the ROl around the tumour was
normalised to a symmetrical contralateral ROl. The T>* perfusion was processed with a similar
normalisation scheme which was applied to contralateral tissue. ROls consisted of the non-cystic,
non-necrotic regions of the tumour as well as the tumour margins and areas of abnormal T, signal

around the lesion.

In a study by Rees in 2008 (130) looking at low grade lesions and the risk of transformation, ROIs
were defined by the extent of the T, hyperintense signal using a FLAIR protocol. The reason for the
simplistic ROl approach relates to the fact that most low grade lesions do not enhance so separation

of the solid tissue from the surrounding oedema is difficult especially in diffuse lesions.

Henson's review of the use of MRI in the treatment in adult gliomas (153) alludes to the difficulties
in measuring tumour volume in clinical trials. The volume of disease is believed to be of particular
significance when predicting malignant transformation, with tumour heterogeneity also providing a

significant problem when measuring and defining tumour boundaries.

Finally, in Law’s paper investigating T,*-weighted perfusion from 2006 (142), two methods were
applied for defining the ROI. For anatomical imaging a combination of T,- and post-gadolinium T,—

weighted imaging was used to define tumour boundaries, whilst radiologists defined relative rCBV
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using contralateral normal appearing white matter. Furthermore, ROIs in the lesion were chosen by

the high CBV values.

4.6 Conclusions

Currently in oncological neuroimaging, there appears to no consensus as to the most appropriate
method for sampling data, whether this is region or volume of interest based and which tissue types
to include or exclude. While there are a host of advanced MR imaging techniques available (Table
4), most are yet to enter routine clinical practice guidelines with the exception of diffusion.
Interpretation is just one of the barriers between research and clinical practice whilst the additional
acquisition time of such sequences is still to be justified. Absolute quantification is the other issue,
with cut-offs and thresholds not used routinely to influence patient management. Therefore in this
thesis, a multiparametric approach for measuring treatment based changes is required with a view

to providing thresholds for treatment response in this cohort of patients.

Key points from the literature to consider and potentially influence my work include:

e The use of histogram analysis as a less subjective method for tumour sampling

e Gaussian Mixture Modelling for statistics of multiple populations

e Leakage correction when measuring blood volume in gliomas

e Many of the MR sequences not being fully exploited when processed

e Most studies not investigating the most common and optimal treatment pathway, which is
resection and chemoradiotherapy

e Functional diffusion maps have only been demonstrated in non-resected lesions

e Tissue separation appears to be important when sampling gliomas
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Table 4 - A summary of the use of different MR techniques and the role they play oncological

management in the brain.

2D/3D-MRSI (96, 106-

108, 110)

MR Modality Diagnosis Prediction Monitoring Response
DWI (77-79, 81, 86) DWI (49, 132-136, DWI (138, 161)
DTI (82, 83, 85, 164) 140, 144, 162, 171-
Diffusion
173)
DTI (137)
DSC (12, 63, 88, 89, DSC (142-145) DSC (65)
91) DCE (174)
Perfusion
DCE (92)
ASL (94)
SVS (95, 97-100, 103- | SVS (146, 148) 2D/3D-MRSI (166,
105, 112) 2D/3D-MRSI (147) 167)
Spectroscopy

Multiparametric

DWI+SWI+DSC (117)
DSC+MRS (118)
DWI+DSC+MRS (119,
124, 126)

DWI+MRS (47, 122,

123, 125)

DWI+DSC+MRS (39,
149)

DWI+DSC (151)
DWI+MRS (150)

DSC+MRS (152)

DWI+MRS (168, 170)

DWI+DSC (169)
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5 Study Overview

This study was a clinical investigation designed to follow patients with gliomas, a type of primary
brain tumour, using imaging. Importantly, this project was designed only to observe changes in
these tumours using MRI and MRS, with no additional intervention to individual patients. Ethics for
the study entitled ‘Survival prediction and treatment planning for brain tumours using advanced
guantitative magnetic resonance imaging (MRI) and spectroscopy (MRS)‘ was approved in
September 2010 by a local ethics committee (REC Ref: 10/H1307/27) and the regional NHS trust

granted permission for research, with the study beginning to recruit patients in November 2010.

All study scans were carried out within the Hull-York Medical School’'s Centre for Magnetic
Resonance Investigations (CMRI) at Hull Royal Infirmary, using a 3.0T MR750 Discovery system (GE
Healthcare, Milwaukee, USA), software releases DV22.0/24.0 with an 8 channel phased array head

coil. The study had two separate arms as is detailed in this chapter.
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5.1 Declaration of Contributions

Lawrence Kenning: Attended multi-disciplinary team meetings. Patient Recruitment. Maintained
patient database. Scanned majority of patients. Booked patients for repeat scans. Processed all
data. Drew all volumes of interest. Created multiparametric registration scheme. Created white

matter normalisation scheme. Processed all spectra.

Martin Lowry: Attended multi-disciplinary team meetings. Patient Recruitment. Coded DIVA (DTI,
PK modelling, DSC models). Multi-flip and DCE motion correction scheme. Scanned any patients LK

did not. Study Design. Chief Investigator

Martin Pickles: Protocol, logistics and statistical advice. Patient Consent. Principal Investigator

Lindsay Turnbull: Patient Consent. Cannulation. Screening

Martine Dujardin: Cannulation. Screening

Julie Pounder: Cannulation. Power injector setup and connection. Screening

Daniel Siddons: Power injector setup and connection. Screening
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5.2 Inclusion Criteria

Patients diagnosed with high grade intracranial tumours to be treated by surgery,
chemotherapy and radiotherapy

e Patients diagnosed with low grade intracranial tumours and not to be treated by surgery

e Patients must be aged between 18 and 80 years

e Tumours should be of the glioma type, low or high grade, and not metastases or

meningiomas

5.3 Exclusion Criteria

Patients under 18 years of age will not be recruited into this study because of issues with

informed consent from minors

e Patients with high grade tumours treated using Gliadel® will be excluded

e Standard MRI exclusion criteria relating to patient proximity with a 3 T magnetic field (e.g.
cardiac pacemakers, neurological implants, metal fragments in the eyes) will be applied.

e Asthmatics and atopic patients or those with known allergic reactions to Gadolinium based

MRI contrast agents will be excluded.

5.4 High Grade Arm

This arm of the study examined the preoperative MRI and MRS to identify prognostic information
about the tumour and then compared pre- and post- chemoradiotherapy imaging to identify
prognostic biomarkers relating to progression-free survival. The aim of the study, was to potentially
help improve future individual patient management as well as providing improved means of non-

invasive tumour grading.
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5.4.1 Recruitment

Following presentation, whilst on a ward, patients were approached by a senior clinician about
participating in the study, and told what participating involved. Following initial discussions,
research members from the MRI centre went to explain further about the study and answer any
arising questions. Consent was not taken until the patient arrived from the ward to the scanner
preparation area sometime later, allowing as much time as possible for patient to make the decision

to participate or not.

During the study, three main issues arose regarding consent:

5.4.1.1 Capacity

The first and most important issue regarding recruitment was the patient’s capacity to consent.
Often patients with brain tumours present very acutely with varying levels of dysphasia. Only
patients with the capacity to consent were spoken to about the study. This decision was made by a

senior clinician, with researchers having no involvement at this stage.

54.1.2 Travel

Due to the epilepsy often associated with having a brain tumour, patients are encouraged to
surrender their driving licence. This meant that returning for follow up scans was a potential issue.
The referral area for neuro-oncological treatment at this Trust (Figure 78), with which the research
was done in collaboration, is quite large due to the sparse population density. Since the scans were
for research purposes only, patients did not qualify for hospital transport meaning some patients

could not commit to follow-up scans.
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5.4.1.3 Time to Surgery & Scanner Availability
Due to the aggressive nature of high grade gliomas, patients were often scheduled for surgery in a
matter of days. Allowing enough time for patients to make an informed decision was important if
the study was to remain ethical. The other implication of having a short period of time was booking
scanner time at such short notice. The scanner used in this study had clinical lists during the day so
the solution was to scan patients in the evening slots on the day prior the surgery. This meant our
recruitment was limited to the number of patients we could scan in an evening session which was

approximately 2 hours.
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Figure 78 - Map of the referral area for neuro-oncology at Hull Royal Infirmary (175)
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5.4.2 Scanning Interval
The high grade arm of the study involved having 3 scans for patients who were undergoing tissue

sampling, either from biopsy or debulking, followed by chemoradiotherapy.

The 3 scans were:

1. Preoperative (Week 0). Patients were scanned as close to surgery as possible meaning the
MR imaging should have been representative of the lesion.

2. Pre-chemoradiotherapy (Week 3). Patients were normally scanned during the week prior to
receiving their first adjuvant treatment. This was to allow as much time as possible for post-
surgical changes to settle down. Ideally patients would have been scanned within forty eight
hours of surgery using the research protocol but this was not possible due to scanner time
limitations and a lack of inpatient slots. In terms of clinical care and radiotherapy planning,
patients received postoperative scans elsewhere in the hospital at 1.5T.

3. Post-chemoradiotherapy (Week 10). Patients were invited back during their treatment
break for a final research scan so the pre- and post-chemoradiotherapy imaging could be

compared.
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5.5 Low Grade Arm
This side of the study was set up to identify and predict the transformation of radiologically
diagnosed low grade gliomas to grades Ill or IV over time and whether advanced MR techniques

could be identify transformation prior to conventional imaging methods.

5.5.1.1 Recruitment

Similar to the high grade gliomas, patients were approached by a senior clinician about participating
in the study and told what was involved. These conversations often happened in outpatient clinics
instead of wards. Again, consent was not taken until the patient arrived on the day for the initial

scan, allowing as much time as possible for patient to make the decision.

Travelling was the main issue for low grade glioma patients who also had to surrender their driving

licences.

5.5.1.2 Scanning Interval

Patients were scanned every 4 months for the duration of the study rather than every 6 months to
a year following the trusts guidelines, with emphasis on spotting the transformation earlier when
using a shorter time interval. Following progression, and when suitable, patients were then moved

to the high grade arm of the study.

During the study, some patients elected for surgery while others required it due to mass effect and
pressure symptoms. Once therapeutic treatment was given they were scanned according to the high
grade glioma protocol otherwise they finished the study and were continued to be scanned by the

NHS.
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5.6 Imaging Protocol for Study Patients

Both low and high grade gliomas received the same imaging protocol as it was felt that the

sequences in the study were suitable for both arms.

5.6.1 Scan Order
The order in which the protocol was run was particularly important, and was considered for some
time, as to how to optimally accommodate all of the sequences. A complete running order can be

seen in Table 5 (page 145).

The extended localiser sequence was to provide sagittal and coronal T, imaging to help plan the
spectroscopic sequences later. These were the only sagittal images in the protocol. Ready Brain (75)
was used for repeatable planning in which the same obliquity (AC-PC line) was used for each patient
between scans (see Appendix B, pg. 324). This was done to minimise the amount of registration

required, and preserve as much of the original data as possible.

The T, FLAIR was the first detailed sequence to be run as it was required to plan the spectroscopic
sequences later. Following this, the DTl was acquired as it also needed to be pre-contrast, and
provided time to prescribe to multivoxel spectroscopy onto the FLAIR imaging. The two
spectroscopic sequences were acquired next to minimise the time between the FLAIR imaging being

acquired for planning and prescription, and the spectroscopic pulse sequences being played out.

Coronal T; imaging was acquired at the request of neuro-radiologists and done close to the time
when contrast was given. The multi-flip angle volumes were done immediately prior to the T
dynamics. This is because the multi-flip data was used to calculate the T, of the tissue which was
required for the PK modelling of the T DCE. By running a high resolution 3D T, FSPGR, the clinical
requirements were met for surgery and it provided time for the amount of contrast to equalise

between the brain tissue compartments. This meant the tissue was preloaded for the DSC, reducing
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leakage effects. Finally post-contrast T, coronal images were collected so there was pre- and post-
imaging acquired from the same location. A full breakdown imaging parameters can also be seen in

Table 5 (page 145).

5.6.2 Prescription

Following the 3-plane localiser and ASSET calibration scans, FLAIR imaging was prescribed co-planar
to the ACPC line as determined by the Ready Brain sequence. The DTl was then planned coplanar to
the FLAIR. 2D-MRSI was prescribed onto FLAIR imaging (Figure 79) with the volume of interest
positioned to cover the largest in-plane T, abnormality given the constraints of susceptibility and
skull shape. Saturation bands were used to help optimise the acquisition by supressing skull based
lipid and the propagation of susceptibility artefacts. Higher order shimming was also used for the
multivoxel spectroscopic acquisitions. The single voxel TE-averaged PRESS was then prescribed to
cover the most abnormal area of tissue based on FLAIR imaging. T1 SE imaging was prescribed

coronally, perpendicular to the ACPC line using Ready Brain.

Figure 79 - Typical MRS
prescription with the yellow
squares  showing  complete
voxels while the red line denotes
the edge of the VOI. This buffer
zone extends the slice profile of
the volume and ensures full
excitation of the yellow voxels.
The 2D-MRSI was prescribed
onto the slice with the largest T,
abnormality containing a solid
tissue component and the MRSI
grid was made as large as
possible to cover contralateral
tissue while avoiding
subcutaneous lipid from the
skull.
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Multi-flip angle volumes were prescribed using the axial setting on Ready Brain for the 3° flip and
subsequently copied for the other flip angles. Due to the temporal resolution versus spatial coverage
trade-off, the T1 dynamics were limited to 16 slices which were concentrated over as much of the
T, abnormality as possible. The T; dynamic volume was also prescribed from the multi-flip angle
prescription since it was required to have the same coverage. Patients received an injection
(0.075ml/kg) of Dotarem® (Gadoteric acid 0.5mmol/ml) followed by 20ml of saline flush was

delivered by pump-injector at 4ml/s following the 4" phase of the T; dynamics.

The high resolution T1 volume was next planned coplanar to the AC-PC line with sufficient coverage
of the whole head to avoid wrap. The DSC planning was linked to the FLAIR prescription whilst
ensuring the coverage was limited to a single acquisition. Again patients received an injection of
Dotarem® (0.075ml/kg) followed by saline flush, this time after the 6™ phase of the acquisition.

Finally post gadolinium coronal images were linked to the pre-contrast prescription.

5.6.3 Spectroscopic Parameters and Considerations

Three different spectroscopic sequences were acquired during this study. These were: single voxel
TE-averaged PRESS, 2D multivoxel spectroscopy and 2D lactate-edited multivoxel spectroscopy. The
2D lactate-edited spectroscopy replaced the product 2D MRSI sequence during March 2012 as

planned for in the ethics application.

5.6.3.1 TE-Averaged PRESS

Single voxel TE-averaged point resolved spectroscopy (TR=1200ms, 24 echoes, initial TE=40.18ms,
TE step=9.984ms, 12 signal averages per echo time) was acquired from a voxel in the centre of
lesions based upon FLAIR imaging, avoiding areas showing cystic cavities. The sequence scan time
was 5.50 minutes, with voxel volumes ranging from 3.38-8.00ml depending on lesion size. No water

reference frames were acquired as this would have considerably increased the acquisition time.
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5.6.3.2 2D Multivoxel Spectroscopy (MRSI)

Two dimensional multivoxel point resolved spectroscopy (TR=1000ms, TE=144ms, 16x16x1 phase
encodings, 16x16 field of view, 1 NEX) was acquired from a single slice covering the largest T,
abnormality based upon FLAIR imaging whilst avoiding contamination from skull based lipid and
susceptibility effects along with a half voxel buffer zone to improve slice profile. The sequence scan
time was 4.20 minutes, with a slice thickness of 10mm for a nominal voxel volume of 1ml. No water
reference frames were acquired with the MRSI, however up to two additional VSS saturation bands

were used to help supress susceptibility and spurious signal.

5.6.3.3 2D Lactate-Edited Spectroscopy (MRSI)

Two dimensional lactate-edited point resolved spectroscopy (TR=1000ms, TE=144ms, 16x16x1
phase encodings, 16x16 field of view, 0.8 NEX) subsequently replaced the vendor’s product 2D
multivoxel sequence. Interleaved BASING pulses (68) were used to modulate the AX coupled lactate
whilst minimising potential movement effects simultaneously. By alternating the frequency of the
BASING pulses between 0OHz (on) and -198Hz (off) from water it is possible to control the modulation
of AX coupled metabolites between the inphase and antiphase positions. Broadband pulses (71)
replaced the 137" refocusing pulse used in the standard 3.0T PRESS sequence reducing the effects
of chemical shift displacement and ensuring full excitation of both lactate regions given their
differing spectral separation from the centre frequency. The advantages of broadband pulses
include better excitation of the whole volume while removing the risk of unintentionally exciting
skull based lipid. Consequently there is no requirement for voxel oversizing techniques such as
OVERPRESS as used in some other spectral editing sequences. Data was still acquired from a single
slice covering the largest T, abnormality based upon FLAIR imaging. The sequence scan time was
7.00 minutes due to the effective NEX equalling 1.6. In a similar manner to the previous MRSI

sequence, the nominal voxel volume remained at 1ml.
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5.6.3.4 High Order Shim

The purpose of a high order shim (HOS) is to minimise any inhomogeneity in the B, field for a specific
area of acquisition. Normally an AutoShim would work in three planes, X,Y,Z and is referred to as a
first order shim. While this is sufficient for some sequences at 3.0T, a second order or high order
shim must be used for more sensitive sequences like spectroscopic and echo planar imaging, which
are more susceptible to off-resonances effect which in turn can lead to blurring and signal loss from
the magnet. The higher order shim contains the additional terms; XY, X%-Y2, ZX, ZY, 7%, and Z3 (176).
By utilising a gradient echo sequence, HOS is able to measure and optimise the magnetic field over
the correct VOI, this is done by recalculating the By field for a given area and then attempting to

correct the Bofor the VOI selected (Figure 80).

BO Bo BO

2z 2 22

Figure 80 - lllustration of how higher order shimming is able to correct the field inhomogeneities
using additional shimming terms
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5.6.4 Imaging Protocol for Study Patients

Table 5 - Imaging parameters for a typical study examination. Contrast injections occurred during the T; weighted DCE and T,* DSC sequences. The total
scan time does not include prescan times or the time taken to set up the higher order shimming volume.

SEQUENCE 2D/3D | TE(ms) | TR(ms) | FLIP ANGLE (°) | NEX | FOV (mm) | FREQUENCY | PHASE | THICKNESS (mm) | GAP (mm) | SLICES TIME
3-Plane Localiser 2D 78.1 475 90 0.55 | 240x240 384 160 8 4 30 00:00:21
Asset Calibration Scan 2D 21 150 50 1 300x300 32 32 6 0 36 00:00:06
Ready Brain 3D 0.6 2.8 10 1 280x280 72 72 3 0 64 00:00:14
T, FLAIR 2D 192.2 9000 90 1 220x220 512 224 5 1 24 00:03:36
Diffusion Tensor Imaging 2D 87.4 6000 90 2 240x240 128 128 3 0 44 00:06:42
PRESS editing sequence 2D 144 1000 90 1.6 160x160 16 16 10 0 1x2 00:07:00
TE-Averaged PRESS 1D 40-278 1200 90 1 240x240 1 1 15-20 0 1 00:05:50
T1SE 2D 10 400 90 1 240x180 384 224 5 1 27 00:02:20
Multi-flip TW FSPGR 3D 1.6 5 3,5, 10, 20, 40 2 240x190 192 96 4 0 5x16 | 00:01:41
T:W FSPGR DCE 3D 1.6 5 20 1 240x190 192 96 4 0 16 00:05:05
T1W FSPGR post contrast 3D 31 8.1 30 1 300x300 256 256 13 0 120 00:04:19
T,* GRE-EPI DSC 2D 30 2000 60 1 220x220 128 128 7 0 21 00:01:40
Ti1 SE post contrast 2D 10 400 90 1 240x180 384 224 5 1 27 00:02:20
00:41:14
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5.7 Limitations and Pitfalls

This section details some of problems and limitations that were seen during this study.

5.7.1 The Patient

Ultimately, patient welfare came above all other issues relating to this study. Therefore, standard
treatment options were not always optimal to the patient and so they become ineligible for this
study. It was the decision of a senior clinician, whether a patient was eligible for the study and if

they were fit to give consent.

The severity of having a brain tumour and the acute nature of them often means patients are
admitted to hospital following a seizure and proceed to surgery following a CT scan within a matter
of hours. This made recruiting patients a difficult task due to time scales involved in treating a
patient. This also made reserving a slot on the MR scanner difficult due to recruitment process
associated with this cohort, and the high demand for MR imaging throughout most oncological

cohorts.

Patients admitted with brain tumours often have serious symptoms due to the mass effect of a
tumour which can lead to the loss of a range of functions including mobility, memory and speech.
In order to image these patients, a compromise about imaging time and patient compliance has to
be reached. Currently two of the biggest limitations of MR imaging are the acquisition time, and the
rate at which imaging quality degrades due to patient motion, whether this is due to respiratory

motion or the patient moving during the acquisition.

Overall this lead to a portion of patients being excluded because they could not comply with the

study criteria.
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5.7.2 Data Acquisition

The signal to noise ratio (SNR) fundamentally governs magnetic resonance imaging and
spectroscopy. Users of magnetic resonance must therefore decide a trade-off between acquisition
time, data quality, coverage and resolution. Some techniques such as spectroscopy are particularly
dependant on SNR, due to the metabolites of interest producing signals approximately 10,000 times
small than that of water. The field strength of a magnet is the main factor that governs the SNR of
all sequences and in this study a 3.0T scanner was used. This was the highest field strength available
in the region and also the upper limit for clinical imaging. Compared to 7.0T systems or higher, this
could be seen as a limitation but these scanners are still heavily under development, with vendors
still working to solve B; issues. 3.0T also has several advantages compared to higher field strengths
such as the volume of literature in existence, reduced chemical shift artefact and less problems with
SAR. Gradient performance also has the potential to limit the temporal resolution of dynamic data
as well as the acquisition times of most echo-planar sequences, however compared to field strength,

this is a minor limitation.

5.7.3 Computational Limits

Without having access to a computer cluster at the MRI centre, computation time was a limiting
factor when considering registration/modelling pipelines for the post processing steps applied to
the data. Therefore all post processing had to be achievable on a high end workstation (Intel i7 -

3.2GHz, 4 cores, 8 logical cores, 12GB RAM).
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5.7.4 Screening Failures
Over the course of this study, several patients were recruited and subsequently excluded following
screening failures. Two of the more likely differential diagnoses for glioblastoma multiforme are

brain metastasis and cerebral abscess.

5.7.4.1 Cerebral Abscess

The first case (Figure 81) shows a typical presentation for a high grade tumour, with an enhancing
walled lesion surrounded by oedema. Only following diffusion and/or spectroscopy (Figure 82) could
the diagnosis of abscess be made from imaging, with the lesion containing a restricted centre which
is representative of proteinaceous fluid caused by an infection and the presence of acetate at
1.92ppm in the spectrum. Subsequently the prognosis and treatment for the patient differs for that

of a glioma patient.

T:1 FSPGR + GAD

Figure 81 - Example of a cerebral abscess. On post-contrast imaging (left), the lesion was suggestive
of an aggressive tumour, however the ADC map scaled 0 to 2.5x10°mm?s™? (centre) showed
restricted diffusion in the centre of the lesion and no increased perfusion scaled 0-7.5 (right) as
commonly seen in abscesses.

Given the case was a histologically proven abscess; it provides the opportunity to examine the effect
of oedema on healthy brain tissue without the concern of tumour infiltration. In Figure 83, it can be
clearly seen that the oedema causes a decrease in the fractional anisotropy giving an artificial
impression that the fibres have been destroyed or infiltrated. This is because the oedema is
appearing to influence the directionality of the diffusion caused by tissue swelling, providing more

of an isotropic weighting to each voxel. By excluding the effect of isotropic diffusion and only
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examining q (the anisotropic component of diffusion), it can be seen that the fibre tracts are in fact

still present.

Lipid
Acetate
Lipid
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3 2 1
Frequency (pprm)

Figure 82 - TE-averaged PRESS spectrum from an abscess shows a range of metabolites not
commonly seen in the brain such as acetate (1.92ppm) not to be confused with NAA (2.02ppm), and
alanine (1.46ppm).

Figure 83 - Diffusion tensor imaging maps for FA 0-0.6 (left) and q 0-0.85 (right). It is worth noting
than on the FA map, the white fibre tracts have a decreased fractional anisotropy where the oedema
was present, however on the q map (anisotropic component of diffusion) the white fibre tracts
appear largely intact and predominantly displaced. This example helps demonstrate that oedema
has an effect on FA maps, even when there is no tumour, whilst on g maps oedema has a reduced

effect.
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5.7.4.2 Brain Metastasis

This is one of the most difficult differential diagnoses to consider when examining a potential
glioblastoma multiforme. Over the course of this study, four patients with brain metastasis were
included believing the lesion was a primary glial tumour following a normal staging CT scan. In all
cases the tumour was a solitary lesion which made the differential even harder. An example brain

metastasis can be seen in Figure 84.

Figure 84 — From top right to bottom left, T, FLAIR, T; post-contrast, ADC 0-2.5x10°mm?s™, FA 0-0.6,
g 0-0.85 and Boxerman rCBV 0-7.5, of a representative slice from a lung metastasis patient. Note the
enhancing rim lesion with necrotic core presenting in a similar manner to glioblastoma multiforme.
The oedema gives the impression of possible tumour invasion based on the FA map which appears
less likely on the g map suggesting oedema is lowering the FA not infiltrating tumour, which agrees
with how metastases grow (expanding rather than invading). Metastases are also thought to have
lower overall perfusion as seen on the DSC CBV map.
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6 Image Processing, Sampling and Registration

MR studies of the brain are increasingly producing more images to examine. This, coupled with the
increasing frequency of scans for patients on trials, and the aggressive nature of gliomas means
assessing treatment response due to subtle differences and changing image obliquities can prove
challenging. This chapter demonstrates a method for potentially observing subtle changes and
sampling multiparametric data in glioma patients. This section describes the processing methods

used in this thesis and explains the decisions made regarding different methods.

6.1 Image File Formats - Neuroimaging Informatics Technology Initiative & FSL

With the availability of increased computational power, retrospective motion correction was
applied to all ‘functional’ datasets in the study. This decision was made in an attempt to optimise
the data where possible given the additional processing time available outside of the clinical
environment. The datasets suitable for this were the DTI, DCE and DSC 4D volumes. Functional MRI
of the Brain Software Library (FSL)(177) was chosen as the tool for motion correction and
registration given its well established reputation and citations in key papers from the literature

review making use of its registration capabilities for similar tasks (136, 162).

FSL is a software package freely available to MR researchers and specialises in brain registration and
segmentation. In order to present the data however, DICOM (Digital Imaging and Communications
in Medicine) images needed to be first converted to the NIfTI (Neuroimaging Informatics Technology
Initiative) format. Rather than each image having a combined data header file as is the case with
DICOM, NIfTI generates one volume of data containing the entire image stack from the sequence
and a single header file for the entire volume. From this section, all imaging data was stored and

processed using the NIfTI format.
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6.2 Diffusion Tensor Imaging

The diffusion tensor imaging (DTI) was one of the longer sequences (6 minutes 42 seconds) used in
this study and so benefited from retrospective motion correction (Figure 85) & (Row 1 - Table 7,
page 172). FSL contains a script called Eddy Current Correct which applies a linear registration
(FLIRT)(178) with 12 degrees of freedom (dof). These additional degrees of freedom help to account
for the geometric distortions that echo planar imaging generates. Importantly, Eddy Current Correct
uses the b=Omm?/sec image as the target for registration since it has the highest SNR. Due to the
way in which diffusion imaging works; images with no diffusion weighting will always have the

highest signal.

Following the Eddy Current Correct script, the diffusion data were pre-processed using FSL’s brain
extraction tool (BET). Skull removal from the volume was beneficial in two ways. Firstly, the number
of pixels to process was reduced, speeding up the processing time; and secondly, the brain
extraction would help with subsequent registration of the diffusion data to morphological imaging

later in the processing.

Mean B=1000mm2s image Mean B=1000mms image
with no motion correction with motion cerrection
)

Figure 85 - (Left) Registration target (Bo image). (Centre) Mean of the diffusion weighted images
following patient motion. (Right) Mean of the registered diffusion weighted images. Note that the
contrast in the frontal grey matter appear higher and the hyperintense regions in the lesion appear
brighter as the signal has been correctly alligned. The blue arrow points to a region where the
structure of the tumour appears to be closer to the B, image following registration.
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The diffusion tensor was calculated from the b=0sec/mm? image and the 32 directionally different
internally registered b=1000sec/mm? images using in-house software (DIVA, Lowry). The tensor of
these producing 3 eigenvalues (A; > A; > A3) which were then used for multi-slice 2D calculations

(179, 180) of:

Apparent Diffusion Coefficient (ADC) [x103mm?/sec]

ADC’:/M';—ZJ”13 Equation 31
Fractional Anisotropy (FA) [A.U.]
_ |3 |(11-ADC)2+(22-ADC)?+(A3-ADC)? .
FA= \ﬁ\/ PRIV Equation 32
Isotropic Component of Diffusion (p) [x10mm?/sec]
A+ .
=7 Equation 33
Anisotropic Component of Diffusion (q) [x103mm?/sec]
g=+/(A41-ADC)? + (A,- ADC)? + (13 — ADC)? Equation 34
Relative Anisotropy (RA) [A.U.]
RA=% Equation 35
Longitudinal Diffusion (4;) [x10mm?/sec]
A=A Equation 36
Radial Diffusion (Ag) [x10°mm?/sec]
Ap = (A,+43)/2 Equation 37

These parameter maps were then combined into a single 4D volume which could be interogated

using a NIfTI viewer.
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Example DTl parameter calculated maps using the diffusion formulas previously described are

displayed in Figure 86.

Figure 86 - Example DTl parameter maps from a single slice from
a study patient with a glioma following registration and
processing. Top left — apparent diffusion coefficient 0-2.5x10
3mm?s, top centre — fractional anisotropy 0-0.6, top right —
isotropic component of diffusion 0-4x10°mm?s™, middle left —
anisotropic component of diffusion 0-0.85x10mm?s™, middle
centre — relative anisotropy 0-0.6, centre right — longitudinal
diffusion 0-3x10°mm?s™, bottom left — radial diffusion 0-3x10
mm?s™.
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6.3 Dynamic Contrast Enhancement Imaging

6.3.1 R; Mapping

In order to correctly estimate the amount of gadolinium in each voxel, R; mapping was completed,
allowing for absolute quantification when using pharmacokinetic (PK) modelling of tissue
compartments. Images were acquired with 5 different flip angles; 3°,5°10°20° and 40°.
Retrospective motion correction was applied to the multi-flip angle data for optimal R; calculation;
with the 10° flip angle volume chosen as the registration target given the high SNR and good tissue
contrast required to aid the registration process. Rigid registration (FLIRT) using FSL was used with
6 degrees of freedom given the volumes were already spatially close together, and contained

minimal geometric distortion.

The FSL brain extraction tool (BET) was applied to the 3° flip angle images based the well-defined
margins between the brain and skull. A mask of the brain was created simultaneously, that was then

applied to the remaining multi-flip angle volumes following spatial registration (Figure 87).

Using in-house software (DIVA, Lowry), maximum intensity projection (MIP), proton density (PD) R:

and T1 maps were generated as a 4D dataset (X, Y, Z, and parameter).

Figure 87- Example T; FSPGR slices through a glioma with varying flip angle all windowed to the
same level (0-1250 A.U.). From left to right - 3, 5, 10, 20 and 40 degree flip angles.
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The signal (S) measured from FSPGR images can be described by the expression

s (1—exp TRR1)sin(a)
So  1-cos(a)(exp~TRR1)

Equation 38
where S is a constant; and a is the changing flip angle. The effect of flip angle (a) can be seen in

Figure 88.

6% -

5%

4%

3%

2%

Signal intensity (A.U.)

1%

0%

0 10 20 30 40 50 60 70 80 90 100
Flip Angle (°)

Figure 88 - Theoretical signal intensity curves for both white matter (T1=900ms) (red) and grey
matter (T1=1600ms) (blue). For this simulation TR was set to 5 milliseconds, the same value as the
data acquired in this study. The points along the two curves show where the flip angles chosen for
this study fit.

T, maps were generated from the measured R; values from each curve produced from the multi-flip

angle data using:

T, = = Equation 39

Ry
Filtering of non-physiological T values (<500ms or >4000ms) was applied to the Ry maps then
masked back onto the remaining volumes. This ensured that artefactual values were removed and

not included for any further registration processes. Sample maps can be seen in Figure 89.
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Figure 89 - Example maps from processed multi-flip imaging. From top left to bottom right: MIP,
proton density, R (0-2s) and absolute T; value (0-4s).
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6.3.2 Dynamic T, FSPGR
All phases of the T1 dynamic were registered to the 10° multi-flip angle volume previously acquired
(Figure 90). This subsequently allowed the same brain mask that was previously generated for the

multi-flip angle data to be applied to the volume, removing the skull for all phases.

T1 FSPGR + GAD - T1 FSPGR + GAD

Single Phase : A Mean Signal of Time Coursé"-* g

Figure 90 - Example slices through a glioma from T; weighted dynamic FSPGR data following contrast
injection. Left shows an example post contrast phase while the right image shows the mean of the
entire dynamic phase following registration. Visual inspection suggests there is no apparent motion
over the time course following registration.

Pharmacokinetic (PK) modelling using a two compartment Tofts-Kety model (56) and a population
AIF (181) was applied to the time course signal curves, of the T: dynamic contrast enhanced data.

The difference in signal due to changing tissue T; values can be described by:

AR, (t) = R1(t) — Ry pasetine =11 " C(¢) Equation 40

Where R; is the tissue relaxation rate (Ti), r: is the relaxivity of contrast agent and C is the
1

concentration of the contrast agent in the tissue.
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The following assumptions were made for the pharmacokinetic model (DIVA, Lowry):

e Relaxivity at 3.0T and 37°C of the contrast agent = 4.01(sTmM?)
e Dose =0.075(mMol/kg)

e Haematocrit = 0.42(ml cells/ml blood in capillaries)

The concentration of the contrast agent in the tissue C; can be described using a Tofts-Kety model:

Cc =K - (AIF @ e ¥er't) + v, - AIF Equation 41
_ Ktrans _ vp
where kep T Y. and vy = 1-haematocrit ~

DIVA uses a function called MPFIT (182) to fit the data with the model.

Whilst this processing scheme worked, the fitting of up to 100,000 voxels took just under 1 hour
using a 2.8GHz i7 processor in IDL. To improve the processing time, principal components analysis
of the signal-time course curves was performed to reduce the noise in the data, by only
reconstructing the curves from the principal components that accounted for 98% of the variance.
The noise reduced curves for each voxel were then clustered into a maximum of 160 groups using a
k-means algorithm. Subsequently, PK modelling was then performed on the median curve of each
clustered time course. This reduced the computation time for the dynamic volume whilst improving
the SNR of each curve shape. Each slice of the volume was processed on a different CPU thread to

speed up the overall process (up to 8 simultaneous slices / 4-5 seconds per slice).
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The following maps were subsequently generated as part of the processed DCE volume using in-

house software (DIVA, Lowry):

e Maximum Intensity Projection

e C(Clustered Proton Density

e C(Clustered R;

e Bolus Arrival Time

e Leakage Rate (K™") (Figure 91)

e Extracellular Volume (ve) (Figure 91)

e Blood Volume (vs) (Figure 91)

Ktra ns

Figure 91 - Sample T; FSPGR post-contrast, K" (0-0.2min™), ve (0-0.75) and vy, (0-0.15) maps in a
glioma patient spatially registered together.
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6.4 Dynamic Susceptibility Contrast Imaging

Given the DSC in this study was a GRE-EPI sequence; the data was initially treated in a similar manner
to the diffusion tensor imaging. Datasets were retrospectively motion corrected
(Figure 92) using FLIRT with 12 degrees of freedom by registering all the data to the 4th phase image
where the image contrast was representative of the entire 4D volume, in preference to the first
phase which had not reach saturation. Brain extraction (BET) used the first phase to remove the

skull due to the higher SNR caused by the PD weighting.

T,* GRE EPI T>* GRE EPI -

No Motion Correction Retrospective Motion Correction

Figure 92 - Mean signal intensity for the time course for a single T,* DSC slice in a glioma
patient with moderate movement (left). Motion corrected mean signal intensity image (right).
Note the reduction in tramline artefact along the midline.

One approach to quantifying DSC is the use of a gamma variate fit of the concentration-time curve.
The advantage of using a gamma variate function, is that recirculation effects of the tracer can be
excluded from estimation of cerebral blood volume (183). An example gamma variate fit can be
seen in Figure 93. It is important to note that this plot shows AR2* rather than signal. When the
blood-brain barrier (BBB) becomes disrupted (i.e. in pathology) the contrast agent may accumulate
in tissue causing the time course to not return to the baseline, and an incorrect estimation of blood
volume. In this situation, the Boxerman model (12, 64) which attempts to correct for T, and T,*

dominant leakage can be used (Figure 94).
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Figure 93 - AR* time course from DSC data. Raw data points can be seen in blue whilst a gamma
variate fit of the data is shown in red. Note how the gamma variate returns to baseline prior to the
data which displays signs of recirculation of the contrast agent.
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Figure 94 - AR,*time course from DSC data. Raw data which shows T; dominant leakage, can be seen
in blue whilst a gamma variate fit of the data is shown in red. The Boxerman model is displayed in
green whilst the leakage function (K3) is shown in purple. The corrected data is displayed as aqua.
Note how the corrected data now returns to baseline following the correction of leakage effects.
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The following maps were generated as part of the processed DSC volume using in-house software

(DIVA, Lowry).

e Maximum Peak Concentration

e Area under the curve (AUC)

e Gamma variate fit cerebral blood volume (CBVeve) (183, 184)
e Gamma variate fit mean transit time (CBVwurr)

e Gamma variate fit cerebral blood flow (CBFgve)

e Boxerman Model cerebral blood volume (CBVsox) (12)

e Boxerman value 1 (K)

e Boxerman value 2 (Kj)

Boxerman'’s expression for CBV (12), calculated from a dynamic signal intensity curve is as follows:

AR2*(t) = —% n%? Equation 42

AR2* = K, ARZ*(t) — K, [, ARZ*(t")dt’ Equation 43
CBV = [ AR2*(t) Equation 44

CBV,orr = CBV + K, [ dt" [, BR2*(t")d¢’ Equation 45

Where CBV is the uncorrected blood volume, AR2* is the whole brain average of signal change

and K; is the leakage effect. K; is a scaled CBV map. Key images can be seen in Figure 95.
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Figure 95 - Key Images from the DSC processing methods. Top left shows the white matter mask used
for normalisation. Top right shows the rCBV map using a gamma variate fit (0-7.5). Bottom left
shows the rCBV using the Boxerman model (0-7.5) which accounts for leakage. Bottom right shows
the leakage map, with blue voxels being T.* dominant leakage, red being T; dominant leakage and
the green/black pixels containing voxels where the time course returned back to zero following the
bolus injection. Where leakage is high, the gamma variate fit (top right) can fail as seen in the rim of
the tumour resulting in a black pixel where no fit was achieved. The apparent leakage in normal
appearing parenchyma is possibly a combination of recirculation effects, bolus dispersion and very
small vessels.
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Given that absolute quantification of the T,* dynamics was not possible due the absence of an AlF
when using the Boxerman model (12), perfusion volumes were normalised to the global white
matter. This was an automated process following the curve fitting routine. All pixels from the
Boxerman fitted CBV maps were split into two populations using a Gaussian mixture model (GMM)
(185). The assumption being made at this point is that grey matter has a higher cerebral blood
volume than white matter. From this, the population with the lowest mean rCBV was then
processed again using a GMM. This time, the aim being to separate white matter from partial
volume grey/white matter. Mean parameter values from the largest three-dimensionally connected
region of white matter was used to normalise the blood volume maps. The same mask for the white

matter was then used to normalise all other CBV and CBF maps (Figure 96).

W

Time Point 5 Time Point 6 Time Point 7 Time Point 8

Figure 96 — Unregistered white matter normalisation maps as defined by two sequential Gaussian
mixture models, for a single slice in one patient during 8 sequential scans. The white region shows
the largest continuous 3D region of white matter to which cerebral blood volume measurements
were normalised.
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Figure 97 - Leakage corrected relative cerebral blood volume maps in a patient at 8 time points. All
maps were windowed to the same level and were registered together via 3D FSPGR images acquired
during the same exams. Window levels were identically scaled between 0 and 7.5 [A.U] following
white matter normalisation.

As seen in Figure 97, there is strong visual agreement between the relative blood volumes observed
in both grey and white matter structures. This method for normalisation is fully automated and can
be included at the time of DSC processing. This method accounts for any potential dose changes and
attempts to correct for biological variation when looking for subtle changes. The limitation of this

method is that it is dependent on whole brain coverage in order to generate the white matter mask.

6.5 MR Spectroscopy

Analysis of the magnetic resonance spectroscopy (MRS) datasets was not included in this thesis, due
to the single slice/voxel acquisition not complementing the whole tumour measurement approach
used with other sequences. One exception to the exclusion of MR spectroscopy was in the section,
Preoperative MR for Tumour Grading, in which single voxel TE-averaged PRESS was processed with

LCModel (pg.221).
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6.6 A Summary of Parameters

Table 6 has been included to show the parameter maps which have been included in the final 4D
volume for further analysis. The T, weighted FLAIR was included as it was the only T, weighted
morphological sequence and was required to draw the volume of interest (VOI) for the entire
abnormality. Likewise the T; post contrast FSPGR, was included as a morphological sequence was

needed in order to delineate the enhancing portion or the tumour.

From the processed diffusion data sets; ADC, FA, g, RA, A, and Az were chosen to be included in the
final 4D volume. P was excluded as it is a v/3 scaled version of the more commonly recognised ADC
map, however it was required for the calculation of RA. The red, green and blue maps (A1, A2 and A;)
as seen in Table 6 were produced in order to visualise the directionality of fibre tracts but were not

useful for quantification.

The multi-flip angle data produced several maps however R; was the only quantifiable parameter
map which was used in the quantification of the DCE. Given that PK modelling applied to the DCE
only, K™, v. and v, were extracted for the final 4D volume. The remaining images were used for a

visual quality assurance of the data.

Initial interrogation of the DSC data focused on the rCBVeyr produced using the gamma variate fit,
and rCBVgox and K> which were both produced using the Boxerman model (12). Parameters such as
maximum peak concentration and area under curve were also excluded as they were potentially

less quantitative. CBF and MTT maps were generated for any future work involving the DSC data.
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Table 6 — The parameters produced by each type of raw data. Highlighted cells show the parameters which are to be included in the final 4D dataset for

further interrogation.

T2 FLAIR T, FSPGR + Gad DTI Multi-flips DCE DSC
1 S S.I. ADC MIP Max Enhancement MASK
2 FA P.D. Clustered P.D Max Peak Conc.
3 p R1 Clustered R; AUC
4 q T Bolus Arrival Time rCBVevr
5 RA Mask Ktrans MTTeve
6 AL Blank Ve rCBFavr
7 AR Chi sQ. Vb rCBVgox
8 R Cluster Number K4
9 G Status K>
10 B Mask CHI sQ.
11 Chi sQ.
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6.7 Registration

With internal motion correction already discussed for each type of functional data, and brain
extraction happening simultaneously, using the Functional MRI of the Brain Software Library (FSL)
Brain Extraction Tool (BET) (186) (Row 2 - Table 7, page 172), parametric registration was the next

step.

6.7.1 Parametric Registration

Following the individual parameter processing steps (Row 3 - Table 7), parametric volumes were
created by registering the T, FLAIR, T; post-contrast, ADC, FA, g, RA, Ay, A, R1, K", ve, Vb, rCBVavr,
rCBVeox, and K; into a single 4D volume (X, Y, Z and parameter) (Figure 98). This was achieved by
first applying a 6 dof rigid registration (FLIRT) of the T, post contrast images to the FA volume
(Rows 4/5 - Table 7, page 172), thus producing a T1 post-contrast volume of the same nominal voxel
size as the diffusion acquisition (0.9375mm x 0.9375mm x 3mm). The DTl was chosen as the global
voxel size as the slice thickness was close to the median slice thickness of all datasets while ensuring
whole brain coverage unlike the DCE. The R; volume was registered to the T; post-contrast volume
with 6 dof since they shared the same tissue contrast characteristics (Row 6 - Table 7, page 172).
With the T1 dynamic volume in the same space as the R; mapping volume, the same transformation
matrix was applied to the K", v, and v, volume (Row 7 - Table 7, page 172). The FA volume was
then registered using 12 dof and FLIRT to the T; post-contrast volume given the similar appearance
of white matter. The T, post-contrast volume was also the target for the FLAIR images which were

thus resampled to the same resolution (Row 6 - Table 7, page 172).

The unregistered ADC volume was registered to the 1st phase of the T>* dynamics with 12 dof. This
was done because of the similar contrasts. Following this, the rCBV maps were registered back to

the ADC using the inverse transformation matrix of ADC to 1st phase DSC registration. The FAto Ty
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post-contrast volume matrix was then applied to produce rCBV volumes now in the same space as

the registered diffusion.

With all volumes now in the same space as the Ti1 post-contrast volume, fsimerge was used to
combine parameter and anatomical imaging into a single combined volume

(Row 8 - Table 7, page 172).

The advantages of this method include a degree of data reduction. By registering the different types
of maps together, radiologists and researchers can cross examine areas of abnormality with ease
using any NIfTI reader. Volumetric regions of interest drawn on a single type of anatomical imaging
can also be used to sample all functional parameters simultaneously. Subtle changes are more likely
to be identified on images that are co-planar, thus benefiting researchers and patients greatly.
Subtraction of paired volumes can be used to create functional parameter maps to assess treatment

response.
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Figure 98 - Example slice from the 4D volume showing all 15 parameters spatially registered ready
for temporal registration or sampling. From top left to bottom right: T, FLAIR, T post contrast, ADC
(0-2.5x10°mm?s?), FA (0-0.6), q (0-0.85x10°mm?s2), RA (0-0.6), A (0-3x10°mm?s?), Ag (0-3x10°
3mm?s), Ry (0-2s571), K'"5(0-0.2min), ve(0-0.75), vi (0-0.15), rCBVesve(0-7.5), rCBVsox(0-7.5), and K(-
3.3-0.7).
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Table 7 - The steps taken in generating a combined 4D volume of parameters for a single scan. Row 1 shows what type of motion correction (ECC=eddy
current correct, MC=motion correct) was applied to the data and the target image/phase (T=?). Row 2 shows which image the brain extraction (BET)
was run on. Rows 1 and 2 were completed as a single task using a linux script. Row 3 shows the name of the desired maps and button in DIVA needed to
generate them. This step was manually completed. Rows 4-7 were completed as a single linux script with wait points inserted to allow its completion
(XFM=transform data to target space). Row 8 was another script which combined the volumes into a single 4D dataset.

Multi-flips DCE DSC DTI T1 FSPGR + GAD FLAIR
MC (T=10°) . . .
1 e aw MC (T=10°) ECC (T=4) ECC (T=b0)
2 BET (T=3°) Apply Multi-flip BET BET (T=1) BET (T= b0) BET BET
Mask
3 Process - R1 Process - PK Process -CBV Process - ADC/FA
Calc. T1 Volume Process DCE +PCA Process DSC Process DTI
4 Extract T=FA
5 XFM (T=FA)
6 XFM (T=T1 Vol.) XFM (T=T1 Vol.) XFM (T=T1 Vol.)
Apply XFM .
7 (T=T1 Vol XFM (T=ADC)
8 Merge Parameters
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6.7.2 Temporal Registration

Patients who completed three study scans had all subsequent 4D volumes registered together. Time
point 2 (pre radiotherapy) was chosen as the registration target as it represented the middle set of
imaging in the study and had the lowest amount of tissue remodelling between each set of adjacent
scans. Each volume [time point 1 (preoperative) & 3 (post-therapeutic)] was registered to time point
2 using FLIRT with 6 degrees of freedom and a least squares cost function between the
corresponding T1 post-contrast volumes. The transformation matrix was then applied to the entire

4D parametric volume. An example dataset can be seen in Figure 99.
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Time Point 1 Time Point 2 Time Point 3

Fractional Anisotropy (0-0.6)
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Time Point 1 Time Point 2 Time Point 3

Longitudinal Diffusion (A.) (0-3x103mm?s?)

0.0

Rdial Diffusion (Ag) (0-3x103mmZs?)
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Time Point 1 Time Point 2 Time Point 3
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Time Point 1 Time Point 2 Time Point 3

Boxerman Model K; ‘leakage’ (-4.0 — 1.0)

Figure 99 - Example of a complete registered data set with all parametric maps residing in the same
space. This figure helps demonstrate not only the within scan registration but also the quality of the
temporal registration. When examining the registration it is important to consider tissue remodelling
and the effects of both steroids and radiotherapy. Time point 1 represents preoperative imaging.
Time point 2 is prior to therapeutic treatment. Time point 3 is during the treatment break following
chemoradiotherapy.
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6.8 Data Sampling
With parametric maps existing in a single space for each patient, a single set of volumes of interest
(VOI) could be drawn based upon morphological imaging to sample the functional data without

biasing the selection.

6.8.1 Volumes of Interest

Following the protocoled registration and processing methods as detailed in this chapter, volumes
of interest were contoured on all slices which contained evidence of disease on morphological
imaging. This process was carried out using in-house software (DIVA, Lowry) using a combination of
Otsu (187) and manual contouring tools. Up to 4 volumes of interest were drawn for each dataset

(Figure 100). These were:

Taan - which was defined from hyperintense regions as seen on T, weighted FLAIR imaging

Tian — The hyperintense region as defined from the post-contrast 3D FSPGR

NEC - cystic and necrotic regions as defined from the T, hypointense regions from the post-contrast
3D FSPGR. These VOlIs were drawn by inverting the image signal producing bright pixels more suited

to Otsu techniques.

HMG - hyperintense regions as defined from the pre-contrast R1 maps which were considered as

haemorrhage

From these 4 volumes of interest (Tzai, Tian, NEC and HMG), 3 final volumes of interest were

generated for sampling the processed 4D volume of each patient (Figure 100).

TUM - This VOI was representative of the entire volume of disease and potentially included both

solid and infiltrating tumour as well as oedema. It was defined as TUM = T, + T1a1 — NEC — HMG.
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NEL — This was the non-enhancing component of the lesion. It was calculated by subtracting the
enhancing component from the total tumour VOI TUM as previously defined.

NEL= TUM = Tzan

CEL — This VOI represented only the enhancing component of the lesion and was calculated using

the following VOlIs. CEL = T1a1 — NEC — HMG

Each parameter was sampled with the 3 VOIs (TUM, CEL and NEL). Standard statistical descriptors
were then calculated for each VOI, assuming a Gaussian distribution. These descriptors were: mean,

standard deviation, skew, kurtosis, median, minimum and maximum.

Figure 100 — (Top) Source MR
images for volume of interest
generation. (Middle) Different
VOIs based on tissue signal
intensities. (Bottom) - Example
volumes of interest observed at
a single slice for the 3 different
types of volume of interest.
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6.8.2 Gaussian Mixture Model

Given that many of lesions studied in this thesis were heterogeneous, it could be considered
inappropriate to analyse parameters generated from them as a single population using statistics for
a normal distribution. Therefore a Gaussian mixture model (GMM) (185) was also applied (DIVA,
Lowry) for each VOI, splitting each sample into two populations. An example GMM fit can be seen
in Figure 101. In this study the GMM was limited to two populations (0 and 1) to make sure all
parameters were comparable between patients. Populations were also always ordered by the

mean.
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Figure 101 - Example Gaussian mixture model fit of a tumour histogram from a post-contrast
FSPGR T; weighted volume. The white line is the raw data, while the yellow and green lines show
the two populations decided by the model. The red line is the sum of the two populations and
should be similar to the raw data.
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Example scenarios where Gaussian mixture modelling may be appropriate within this study

include:

* Non enhancing volume of interests (NEL)

— separation of the low grade tumour/infiltrating component from ocedema
* Enhancing volume of interests (CEL)

— removal of small areas of necrosis or partial volume effects

— separation of vessels from tumour
*  Whole tumour volumes of interest (TUM)

— redefining boundaries between enhancing and non-enhancing regions if
registration was potentially poor

— conventional imaging led to poor boundary definitions

The 3 VOIs were processed using a separate Gaussian mixture model (GMM) for every parameter

(Figure 102). This was based on the hypothesis that using a GMM may be able to tease apart two

populations within a given VOI, whether it was tumour versus oedema, or a higher grade component

versus a lower grade region. Statistical descriptors were calculated for the two Gaussian probability

distributions which were: standard deviation, skew, kurtosis and median. Given the perfect

Gaussian distributions of the GMM, mean and median were synonymous in this situation.
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T1 FSPGR + GA?

rC BVgsox

Figure 102 - Example GMM fits of 4 different parameter volumes from a GBM patient
with the volume of interest shown on a single slice. In all cases it can be seen that the
data (white) is of a non-Gaussian appearance and so at least 2 populations exist. Due
to the unknown number of populations in each parameter and patient the GMM
(vellow) was limited to 2 populations (red and green) to ensure the ability to directly
compare different parameters with grade and response.
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7 Preoperative MR for Tumour Grading

This chapter details findings from the preoperative MR scans of the study patients (Time Point 1). In
this NHS trust, preoperative MR plays a vital role in the radiological diagnosis of brain neoplasms.
Imaging is discussed at a multi-disciplinary team (MDT) meeting where key decisions are made
regarding patient treatment. MR is further involved preoperatively, with imaging often used to
guide surgeons before and during resection. Thus it is important to understand how imaging reflects

the underlying pathology.

Patient inclusion criteria for this chapter:

e written consent obtained prior to 1% scan
e dataset for time point 1 (processed and registered as described in Chapter 6, pg. 151)
e histology available

e astrocytic or oligodendroglial cell type

Fifty eight patients with histologically proven glial tumours were identified; however, 3 datasets
could not be processed due to excessive motion. This meant that 55 patients with a median age of
59 years (27-78) were selected for the final analysis in this chapter. A breakdown of patient age,
gender and histology can be seen in Table 8. In most cases, dexamethasone (a steroid treatment)

was prescribed to patients upon diagnosis to reduce brain swelling.

In this chapter, correlations between MR parameters are initially examined (7.1) before differences
in MR parameters and glioma grade are explored (7.2). A model for grading gliomas is also presented
(7.3). The single voxel TE-averaged PRESS is subsequently analysed separately due to the reduced
coverage and an independent logistic regression model is developed (7.4). Finally case studies are

presented to demonstrate the limitations of both MR and tissue sampling (7.5).
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Table 8 - Patient demographic information

ID Gender Age Histology Grade
1 F 54 Gliosarcoma 4
2 M 60 Gliosarcoma 4
3 M 71 Glioblastoma Multiforme 4
4 F 33 Anaplastic Oligodendroglioma 3
5 M 74 Anaplastic Oligodendroglioma 3
6 F 68 Anaplastic Oligodendroglioma 3
7 M 71 Glioblastoma Multiforme 4
8 M 66 Glioblastoma Multiforme 4
9 M 45 Glioblastoma Multiforme 4
10 M 59 Glioblastoma Multiforme 4
11 M 38 Glioblastoma Multiforme 4
12 F 67 Glioblastoma Multiforme 4
13 F 48 Anaplastic Oligodendroglioma 3
14 F 69 Glioblastoma Multiforme 4
15 M 70 Glioblastoma Multiforme 4
16 F 63 Anaplastic Astrocytoma 3
17 F 67 Glioblastoma Multiforme 4
18 M 66 Glioblastoma Multiforme 4
19 M 42 Anaplastic Astrocytoma 3
20 M 66 Glioblastoma Multiforme 4
21 M 40 Diffuse Astrocytoma 2
22 M 29 Oligoastrocytoma 2
23 F 30 Anaplastic Astrocytoma 3
24 M 57 Glioblastoma Multiforme 4
25 M 72 Glioblastoma Multiforme 4
26 M 33 Diffuse Astrocytoma 2
27 F 70 Glioblastoma Multiforme 4
28 F 57 Anaplastic Oligodendroglioma 3
29 M 29 Anaplastic Astrocytoma 3
30 F 66 Glioblastoma Multiforme 4
31 F 55 Anaplastic Oligodendroglioma 3
32 F 39 Oligodendroglioma 2
33 M 49 Anaplastic Astrocytoma 3
34 M 63 Glioblastoma Multiforme 4
35 F 64 Glioblastoma Multiforme 4
36 M 56 Glioblastoma Multiforme 4
37 M 64 Glioblastoma Multiforme 4
38 M 52 Glioblastoma Multiforme 4
39 F 27 Glioblastoma Multiforme 4
40 F 65 Glioblastoma Multiforme 4
41 M 61 Glioblastoma Multiforme 4
42 F 63 Oligodendroglioma 2
43 M 70 Glioblastoma Multiforme 4
44 M 39 Oligodendroglioma 2
45 F 57 Glioblastoma Multiforme 4
46 M 40 Oligoastrocytoma 2
47 M 60 Glioblastoma Multiforme 4
48 F 31 Diffuse Astrocytoma 2
49 F 37 Diffuse Astrocytoma 2
50 M 50 Glioblastoma Multiforme 4
51 F 39 Oligodendroglioma 2
52 M 67 Glioblastoma Multiforme 4
53 F 78 Glioblastoma Multiforme 4
54 M 53 Glioblastoma Multiforme 4
55 F 61 Anaplastic Oligoastrocytoma 3
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7.1 Correlations Between MR Parameters

7.1.1 Introduction

This initial section briefly examines the correlations between mean MR parameters sampled from
glioma patients using a TUM VOI as detailed on pg. 178. Significant correlations between similar
parameters (e.g. rCBV vs. v,) may help demonstrate the robustness of the processing scheme.
Likewise, replication of previously reported correlations may also help validate future findings from

this study.

7.1.2 Methods

Multiparametric MR data was acquired from 55 patients with histologically confirmed gliomas.
Following subsequent registration and image processing (Chapter 6), a 4D multiparametric volume
(ADC, FA, g, RA, Ay, A, Ry, K'™@™, v, v, rCBVayvr, rCBVsox, and K;) created from DTI, DCE and DSC data

sets for each patient, was sampled using a TUM VOI contoured by the author.

7.1.3 Statistics

Mean parameter values were tested with a Pearson’s correlation test in SPSS 20 (IBM, USA). Given
the large number of pixels, median = 18157 (2617-63907), included in each VOI, measurements of
mean values were considered suitable for describing the populations. Correlations with P<0.05 were

treated as significant.

7.1.4 Results

Table 10 shows the R values and respective p-values of the correlations between differing MR
parameters. Notable results include correlations between diffusivity parameters (ADC, AL and Ag)
and DSC derived parameters, and the DCE with DSC parameters. Within acquisition groups, all
diffusivity, DCE and DSC parameters significantly correlated with each other. Fibre directionality

parameters (FA, g and RA) did not all significantly correlate with diffusivity parameters (ADC, A, and

185



Ar) despite being derived the same initial 3 eigenvalues. Given the normalisation process used to

calculate fractional anisotropy and relative anisotropy (pg. 152), one might expect FA and RA to

decrease in voxels where ADC is high.

Results are coloured coded according to the source of the data using the scheme in Table 9. This

was implemented to improve the visualisation of trends with results.

Table 9 — Colour coding for different MR sequences and the parameters derived from them in this

study.

DTI Diffusion

DTI Directionality

T1
Maps

DCE MRI

DSC MRI

ADC‘ A ‘ Ar

Ry

Ktrans ‘

Ve

‘ Vb

rCBVeve

rCBVgox

Kz
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Table 10 - Correlations between mean MR parameters sampled using a TUM VOI in 55 gliomas. Significant results are in bold whilst the strength of the
correlation is visualised using a red-yellow-green colour chart where red are strong negative correlations and green are strong positive correlations.

A Ar FA q RA R1 Ktrans Ve Vb rCBVeve rCBVgox K2

R 0.979 0.994 -0.593 0.112 -0.588 -0.288 -0.017 -0.002 0.058 -0.521 -0.466 0.353
Apc Sig. 0.001 0.001 0.001 0.415 0.001 0.033 0.902 0.989 0.674 0.001 0.001 0.008
R 0.950 -0.423 0.311 -0.418 -0.218 0.033 0.049 0.085 -0.539 -0.486 0.323
M Sig. 0.001 0.001 0.021 0.001 0.111 0.812 0.720 0.539 0.001 0.001 0.016
R -0.673 0.005 -0.668 -0.321 -0.043 -0.029 0.043 -0.502 -0.447 0.362
M Sig. 0.001 0.974 0.001 0.017 0.755 0.834 0.756 0.001 0.001 0.007
R 0.709 0.999 0.388 0.179 0.178 0.038 0.214 0.178 -0.357
i Sig. 0.001 0.001 0.003 0.191 0.193 0.782 0.117 0.194 0.008
R 0.708 0.273 0.254 0.262 0.134 -0.190 -0.187 -0.093
a Sig. 0.001 0.043 0.061 0.053 0.331 0.165 0.171 0.499
R 0.380 0.173 0.174 0.032 0.212 0.176 -0.365
RA Sig. 0.004 0.205 0.205 0.816 0.120 0.197 0.006
R 0.241 0.192 0.126 0.070 0.044 -0.198
. Sig. 0.076 0.160 0.360 0.612 0.752 0.147
e R 0.932 0.794 0.436 0.448 -0.458
: Sig. 0.001 0.001 0.001 0.001 0.001
R 0.783 0.391 0.395 -0.468
v Sig. 0.001 0.003 0.003 0.001
R 0.393 0.385 -0.489
. Sig. 0.003 0.004 0.001
R 0.984 -0.567

rCBVevr
Sig. 0.001 0.001
R -0.578

rCBVsox
Sig. 0.001
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7.1.5 Discussion

The high number of significant correlations between MR parameters suggests that the processing
and registration scheme implemented in this thesis is a systematic process for analysing gliomas.
Catalaa et al (188) previously reported a significant negative correlation between rCBV and ADC
values, which were observed in both the contrast enhancing (CEL) (R=-0.89, P=0.001), and non-
enhancing regions (NEL) (R=-0.90, P=0.001) of grade IV gliomas. However, their correlations used
data from only 9 patients compared to the 55 patients in Table 10. In this study, data from all grades
was tested, and used a TUM VOI instead of CEL and NEL, meaning the volumes of interests used
here were probably more heterogeneous than the VOIs used by Catalaa et al, explaining the lower

R values observed in the results (R=-0.521, P=0.001).

Values of K, had significant correlations with K", ve, vy, rCBVev and rCBVgox. With further
investigation of K5, it may be possible to determine the importance of this parameter, which also
correlated with diffusivity measurements. Given K; is a correction factor for vessel leakage, K" is
probably the most comparable parameter in terms of physiological meaning. Correlations between
parameters derived from T; and T,* dynamics have previously been described (66, 189, 190) in intra-
axial tumours, and it is encouraging that the same trends are apparent using this methodology. The
intra sequence correlations for the DCE parameters were similar to those reported by Mills et al

(191) suggesting the model chosen was also robust for the estimations of PK parameters.

Other useful insights gained from the correlation table, include the absence of a relationship
between ADC and g, which are derived from the same acquisition data (DTI), indicating the two
parameters are independent, and thus both may contain usable diagnostic information, unlike FA

and ADC which were strongly correlated.

Whilst a high number of parameters demonstrated significant correlations, it is important to

recognise how much variation in one parameter can be explained by the other parameter. Only
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variables derived from the same raw data came close to fully explaining all of the variance within

any given parameter (e.g. ADC, A, and Ag).

7.1.6 Conclusion

Although there appears to be considerable overlap between parameters, and subsequently the
information contained, some encouragement can be gained by the replication of trends reported in
other studies. The absence of correlations for some parameters such as g and R; is also noteworthy
as the information contained is unrelated to that of other parameters and potentially useful in a
multiparametric situation. Whilst it is not possible to ascertain which parameters from each
sequence are optimal for the purposes of glioma grading or any subsequent survival prediction, the
presence of similar trends from different sequences suggests the method for sampling data is

systematic.
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7.2 Associations of MR Parameters with Histology

7.2.1 Introduction

Multiple studies have demonstrated associations between MR parameter and grade (12, 45, 77, 92,
93, 100, 104, 108, 115, 118, 188, 192, 193), in some cases using several MR modalities. This study
used 3 different types of functional MR (DTI, DCE and DSC), with volumes of interest (VOIs) used
rather than the regions of interest (ROls)/single slice analysis used to analyse some previous studies,
to assess which parameters were best for glioma grading. Given gliomas are thought to become
more heterogeneous with grade (194), descriptors such as standard deviation, skew and kurtosis
may yield more significant relationships. Likewise, as data becomes potentially multimodal or shift
in distribution (log normal), Gaussian mixture modelling (GMM) may be a more appropriate way to

sample subpopulations within these lesions (141).

7.2.2 Methods

Initially patients were categorised according to the WHO grade (6) defined by the histology. Cell
type was not considered for this section given the initial size of the cohort. Up to three different
volumes of interest (TUM, CEL & NEL as detailed on pg. 178) were generated for each lesion using
the 4D multiparametric volume (ADC, FA, g, RA, A, Ag, R1, K™, ve, Vb, rCBVevr, rCBVsox, and Ka),
depending on whether it contained a contrast enhancing component as defined by the post-contrast
imaging. Standard statistical descriptors (mean, standard deviation, skew, kurtosis, median,
minimum and maximum) were generated for each type of VOI for every lesion. Gaussian mixture
modelling was also applied generating a further two sets of statistical descriptors for each type of
VOI where, VOl is the Gaussian subpopulation with the lowest mean and VOI; is the population
with the highest mean (TUM, TUM, and TUM,)/(CEL, CEL, and CEL;)/(NEL, NEL, and NEL;). Non-
parametric significance tests (Kruskal-Wallis) were used to examine the heterogeneity between

different glioma grades, given the non-normal distribution of glioma grades ruling out the use of
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correlations. If differences between glioma grades could be identified, then further analysis could
be carried out to model the interactions between MR parameters and grade. Whilst this chapter is
primarily for hypothesis generation, Bonferroni and non-corrected p-values (P<0.05) are both
reported. Given the large number of statistical tests in this chapter, Bonferroni correction may be
too strict a test given a is divided by the number of tests and potentially may remove truly significant
results. Therefore, the false discovery rate (FDR) (195) for each type of VOI was also calculated using
g-values generated from the p-values of the Kruskal-Wallis tests as a more conservative estimate of

false positives.

7.2.3 Results

Results for the entire abnormality as defined by the TUM VOI (pg. 178) can be seen over the
following pages (Table 34-Table 40). A breakdown of tumour grade revealed 10 grade Il lesions, 12
grade Ill lesions and 33 grade IV lesions. ADC, FA, q, RA, AL, Ag, R, K", ve, vi,, rCBVgyr, rCBVgox, and
K2 were all tested for relationships with tumour grade. From 195 statistical tests, 103 significant p-
values (P<0.05) were found. Subsequent g-value analysis revealed a false discovery rate (FDR) of
2.5%, resulting in 3/103 significant values likely to be false positives. Ten of 26 minimum and
maximum parameter values were also associated with grade. A summary table of significant results

using the TUM VOI can be seen in Table 12.

Results for the associations of the multiparametric data sampling using the contrast enhancing VOlIs
(CEL) with grade were summarised into a single table (Table 13). A breakdown of tumour grades
revealed 4 grade Il lesions, 6 grade Il lesions and 33 grade IV lesions with an enhancing component
on morphological imaging. Minimum and maximum values were not investigated with this VOI (CEL)
as the values were reported using the TUM VOI. Of the 195 Kruskal-Wallis tests, 73 significant p-
values (P<0.05) were reported. Subsequent g-value analysis revealed a FDR of 6.5%, indicating 5/73

significant values were likely to be false positives.
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A summary of the NEL VOI defined results can be seen in Table 14. All tumours contained a non-
enhancing portion and so shared the same cohort of patients as the TUM VOI. From 195 statistical
tests, 80 significant p-values (P<0.05) were found. Subsequent g-value analysis revealed a FDR of

4.1%, resulting in 3/80 significant values likely to be false positives.

Associations between mean parameter values and glioma grade (Table 34)

Mean tumour measurements of A, showed no significant differences between tumour grade, whilst
only TUM, of ADC values displayed a significantly negative trend (P=0.012) (Figure 103). The radial
diffusivity (Ar) however, was significant for both TUM, (P=0.003) and TUM; (P=0.042) populations
(Figure 103); despite the TUM VOI not showing a significant association with grade. The TUM, Az
measurements showed a significantly negative trend with glioma grade, however Az measured with

TUM; was found to be lower in grade Il lesions than tumours of grade Il and IV.

All diffusion parameters sensitive to directionality (FA, g, RA) were significantly related to grade
(P<0.05), with directional diffusion found to increase with grade (Figure 104). Mean R; values using
TUM and TUM, were also related to tumour grade, displaying an increasing trend (Figure 105). All
mean PK parameters derived by the DCE (K™", ve, vy) were significantly associated with grade
(P<0.001), demonstrating an increasing trend with grade (Figure 106). From the DSC derived
cerebral blood volume maps, TUM and TUM; VOlIs yielded significant positive trends when trying to
associate rCBVeyvr and rCBVgox with grade (Figure 107). K, as defined by the Boxerman model
sampled using TUM and TUM, VOIs had a negative appearing trend with grade (Figure 108). After
Bonferroni correction, all volumes of interest for K™, v, and v, were still found to be significant

(P<0.001).
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Figure 103 - Boxplot of mean parameter/VOI values clustered by grade using diffusivity based
parameters. Clear circles show outliers (larger than the upper quartile plus 1.5 times the interquartile
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Standard deviations of parameter values between glioma grades (Table 35)(Figure 109)

Standard deviations of ADC values for the TUM and TUM; VOIs both showed a significant difference
between tumour grades, with grade Ill tumours having a lower standard deviation than grade Il and
IV lesions. FA, g and RA all showed significant increasing trends between standard deviation and
grade using TUM,. Longitudinal and radial diffusivities also showed significant differences between
standard deviation measurements and grade using the TUM VOI with grade Il lesions once again
reporting lower standard deviations than grade Il and IV tumours. The standard deviation of radial
diffusivity values was significantly different between grades for the TUM; population which upon
closer examination of the data appears to be caused by the difference in standard deviation of grade
Il tumours compared to grades Il and IV. The standard deviation of R; values sampled using TUM
and TUM; VOiIs also showed significant differences between glioma grade though no trend is
apparent. K", v, vi,, rCBVevr, rCBVeox and K; all produced significantly increasing trends with grade
for at least 1 of the VOI types. In some cases, such as K5, the standard deviation increase appears to

following the mean.

Skew of parameter values between glioma grades (Table 36)

The skew of the fractional anisotropy (FA) values for the TUM and TUM, VOlIs was significantly
different between tumour grades with the biggest difference occurring between grade Ill and IV
gliomas. Relative anisotropy (RA) values showed similar findings though these were not as
significant. The skew of g measured using TUM, was also significantly different between glioma
grades. ADC, A, \r were all non-significant as were rCBVgox and K,. Most PK parameters (K™, ve, vp)
still show significant differences as observed with mean and standard deviation measurements;
however, this was not to the same level of significance with no linear trend apparent. The TUM;

rCBVevr did show a significant increasing trend with skew values increasing with grade.
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Kurtosis of parameter values between glioma grades (Table 37)

Notable significant differences between the kurtosis of parameters sampled using a TUM VOI and
tumour grade, included all FA populations, as well as TUM and TUMo of v., TUMp and TUM; of vy,

and K, measured using TUM,.

Median parameter values between glioma grades (Table 38)

Median TUM measurements showed similar results to mean TUM measurements. The median
number of pixels for a VOl was in the order of 18000, thus mean and median values had the potential
to be similar. Given the GMM fits Gaussian curves to the data, mean and median were the same for
TUM, and TUM,. Small differences in the level of significance were observed for the median g and

K2 TUM VOls.

Results for the minimum and maximum parameter values between glioma grades (Table 39 and

Table 40)

These results are only taken from the TUM VOI as the GMM produces a probability distribution
where it is impossible to determine the maximum value of the lowest distribution, likewise, the
minimum value of the highest distribution. Maximum values of K", v, v, and rCBVgsvr were all
significantly associated with grade, however this is not a linear trend with the largest differences
appearing between grade Ill and IV gliomas. Minimum ADC, A, Az and K, were also found to be
significantly related to grade, however the minimum diffusion measurements approach non-
sensical values most likely caused by vessels, calcium or blood products. The minimum K, values
(maximum T2* dominant leakage) were highly significant but were probably influenced by the large

decrease in values between grade Il and IV tumours.
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7.2.3.1 CEL VOI (Table 13)

Mean parameter values between glioma grades (Table 41)

Mean parameter values for using a CEL VOI were largely non-significant with the exception of K",
Ve, Vb and Kz which all reflect tumour vascularity and leakage. In most parameters there is a small
increase between grade Il and Il tumours and a much larger increase for grade IV tumours. R; was
also significantly associated with grade for some VOIs with values increasing with grade. CEL, CELg
and CEL; were all significant for K", v, v, and K,, while R; was significantly associated with grade

using CEL and CEL;.

Standard deviations of parameter values between glioma grades (Table 42)

For all parameters, the standard deviation of at least one VOI (CEL, CEL, or CEL;) was significantly
different (P<0.05) between tumour grade, with most parameters having two or three significant
differences. The standard deviation of Ry values using CEL and CEL; were the most significant results

of all CEL based VOI measurements (P<0.001).

Skew of parameter values between glioma grades (Table 43)

All three VOIs (CEL, CELy, and CEL,) for v, significantly differed between tumour grade using the
Kruskal-Wallis test, however the difference in median values was much larger between grade Ill and
IV tumours than that of grade Il and Ill. RA sampled using CEL and longitudinal diffusivity sampled
using CEL; also showed significant differences between grade, however these were nonlinear

trends.

Kurtosis of parameter values between glioma grades (Table 44)

The kurtosis of the RA sampled using the CEL and CEL, VOIs was significantly different between
gliomas grades but no trend was noted. K"" sampled using CEL was significant as was v, sampled

using CEL and CEL,. The median v, kurtosis was considerably high in grade IV lesions than those of
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grades Il and lll. The use of the CEL; VOI for rCBVgox and K; also found significant differences between

tumour grades, however no trend was present.

Median parameter values between glioma grades (Table 45)

The median values of parameters were found to be significant for the same VOls as when examining
the mean values of the contrast enhancing part of the lesions. In CEL, and CEL; VOlIs, the p-values

are the same as the mean data because of the Gaussian fitting process in the GMM.

7.2.3.2 NEL VOI (Table 14)

Mean parameter values between glioma grades (Table 46)

Twenty-three mean parameter measurements were significantly different between tumour grades
for the non-enhancing portion of tumours. NEL, was the only ADC population to significantly differ
between grades, demonstrating a negative linear trend with grade. All VOIs measuring FA, g and RA
showed significant differences between grades, with directional diffusion values increasing with
grade, except g measured with NEL where a trend was not noted. NEL and NEL, remained significant
after Bonferroni correction. Radial diffusivity was significantly different between tumour grades
when sampled with NELg and NEL, VOlIs. R; sampled using NEL and NEL, showed a significant linearly
increasing pattern with grade. All DCE derived parameters significantly differed between grades,
with K" and v. being more significant than v, in identifying differences between grades. This
measurement of significant differences in PK values between glioma grades from the apparently
non-enhancing tissue may seem strange. However, the contrast enhanced MR sequence which the
VOIs were contoured from was initiated 6 minutes after contrast agent delivery, allowing time for
the rapid wash out of contrast agent. A combination of contrast dose (0.075ml/kg) and the flip angle
(30°) of the T, FSPGR may explain the absence of enhancement, although interpolation effects from

the registration and normal vessels within the oedema cannot be excluded. rCBVeve and rCBVgox did
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not significantly differ between grades using NEL, NEL, or NEL;. K, of the DSC derived parameters

sampled with NEL, showed a significant negative pattern also.

Standard deviations of parameter values between glioma grades (Table 47)

K" and ve demonstrated the greatest level of significance between grades when examining the
standard deviation values within the non-enhancing portion of lesions. Other significant differences
included ADC sampled using NEL and NEL,, FA using NELo, q using NEL,, RA using NEL,, radial
diffusivity using NEL and R; with NELo,. NEL, and NEL; used to sample vy, both showed significant
differences between the standard deviation of values and tumour grade, however the differences
between grade IV tumours and lower grade lesions was quite large. rCBVesve and K; sampled using

NEL also significantly related with glioma grade.

Skew of parameter values between glioma grades (Table 48)

FA, g, RA, Ry, vy and rCBVeye all demonstrated significant differences between tumour grades.
However, none of these relationships were significant following Bonferroni correction, with no

linear patterns present in the data.

Kurtosis of parameter values between glioma grades (Table 49)

All VOIs used to sample FA values showed significant differences with grade, with NEL and NEL,
suggesting negative trends with grade. For RA only NEL; was significant, and with q showing no
significance at all. Other significant results were R; sampled with NEL; and v, sampled with NEL

and NELo, however trends are not apparent.

Median parameter values between glioma grades (Table 50)

Median parameter values sampled using NEL, NEL, or NEL; all showed significant results for the

same parameters as the mean values.
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Table 12 - Summary table of significant values, when using the TUM VOI to sample each parameter
and correlated with grade using Kruskal-Wallis test for P<0.05 and Bonferroni corrected for
P<0.00128 (0.05/39). Ten grade Il lesions, 12 grade Il lesions and 33 grade IV lesions contained a
non-enhancing component on morphological imaging.

Parameter Vol Mean Sig. S.D. Sig. Skew. Sig. Kurt. Sig. Med. Sig.
TUM 0.150 0.017 0.312 0.153 0.167
ADC TUMo 0.012 0.610 0.515 0.153 0.012
TUM; 0.089 0.016 0.179 0.641 0.089
TUM 0.003 0.199 0.001 0.009 0.002
FA TUM, 0.019 0.018 0.001 0.009 0.019
TUM; 0.046 0.893 0.401 0.010 0.046
TUM 0.002 0.237 0.059 0.426 0.001
q TUMo 0.006 0.003 0.004 0.327 0.006
TUM; 0.012 0.154 0.052 0.572 0.012
TUM 0.003 0.205 0.020 0.111 0.002
RA TUM, 0.002 0.001 0.015 0.097 0.002
TUM; 0.017 0.391 0.151 0.059 0.017
TUM 0.350 0.020 0.492 0.098 0.389
A TUMo 0.300 0.680 0.754 0.289 0.300
TUM; 0.606 0.064 0.061 0.352 0.606
TUM 0.100 0.019 0.129 0.128 0.102
AR TUM, 0.003 0.171 0.136 0.103 0.003
TUM; 0.042 0.048 0.907 0.109 0.042
TUM 0.019 0.010 0.019 0.190 0.014
R1 TUMo 0.012 0.012 0.015 0.425 0.012
TUM: 0.080 0.068 0.186 0.004 0.080
TUM 0.001 0.001 0.136 0.534 0.001
Kens TUMo 0.001 0.001 0.097 0.350 0.001
TUM; 0.001 0.001 0.669 0.872 0.001
TUM 0.001 0.001 0.001 0.001 0.001
Ve TUM, 0.001 0.001 0.001 0.001 0.001
TUM; 0.001 0.001 0.516 0.550 0.001
TUM 0.002 0.005 0.008 0.003 0.001
Vb TUMo 0.001 0.001 0.007 0.001 0.001
TUM; 0.001 0.001 0.041 0.198 0.001
TUM 0.025 0.001 0.901 0.371 0.518
rCBVevr TUM,o 0.126 0.525 0.857 0.318 0.126
TUM; 0.003 0.001 0.001 0.619 0.003
TUM 0.024 0.001 0.555 0.274 0.319
rCBVgox TUMo 0.152 0.730 0.572 0.214 0.152
TUM: 0.013 0.021 0.133 0.817 0.013
TUM 0.001 0.001 0.096 0.084 0.035
Kz TUMo 0.001 0.003 0.286 0.683 0.001
TUM; 0.500 0.075 0.058 0.032 0.500
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Table 13 — Summary table of significant values, when using the CEL VOI to sample each parameter
and correlated with grade using Kruskal-Wallis test for P<0.05 and Bonferroni corrected for
P<0.00128 (0.05/39). Four grade Il lesions, 6 grade Il lesions and 33 grade IV lesions contained an
enhancing component on morphological imaging.

Parameter Vol Mean Sig. S.D. Sig. Skew. Sig. Kurt. Sig. Med. Sig.
CEL 0.667 0.002 0.714 0.283 0.799
ADC CELo 0.985 0.018 0.869 0.332 0.985
CELy 0.363 0.006 0.144 0.416 0.363
CEL 0.467 0.020 0.090 0.080 0.613
FA CELo 0.440 0.123 0.157 0.088 0.440
CELy 0.263 0.010 0.416 0.784 0.263
CEL 0.508 0.035 0.660 0.332 0.610
q CELo 0.958 0.140 0.777 0.584 0.958
CEL, 0.644 0.018 0.968 0.616 0.644
CEL 0.463 0.022 0.044 0.018 0.588
RA CELo 0.440 0.097 0.065 0.030 0.440
CELy 0.205 0.014 0.637 0.639 0.205
CEL 0.726 0.003 0.840 0.254 0.915
A CELo 0.901 0.030 0.684 0.442 0.901
CEL, 0.452 0.002 0.015 0.204 0.452
CEL 0.625 0.003 0.958 0.442 0.750
AR CELo 0.836 0.017 0.951 0.588 0.836
CELy 0.392 0.006 0.167 0.480 0.392
CEL 0.039 0.001 0.968 0.461 0.049
R1 CELo 0.071 0.002 0.835 0.420 0.071
CELy 0.019 0.001 0.173 0.785 0.019
CEL 0.008 0.006 0.138 0.035 0.009
Kens CELo 0.004 0.004 0.681 0.062 0.004
CELy 0.004 0.009 0.226 0.133 0.004
CEL 0.005 0.002 0.184 0.387 0.005
Ve CELo 0.006 0.008 0.233 0.329 0.006
CELy 0.002 0.001 0.573 0.323 0.002
CEL 0.028 0.037 0.006 0.002 0.035
Vb CELo 0.025 0.008 0.007 0.002 0.025
CELy 0.017 0.014 0.024 0.612 0.017
CEL 0.531 0.028 0.145 0.162 0.722
rCBVevr CELo 0.402 0.131 0.236 0.174 0.402
CELy 0.247 0.066 0.444 0.551 0.247
CEL 0.214 0.034 0.286 0.479 0.273
rCBVgox CELo 0.670 0.019 0.279 0.222 0.670
CEL, 0.174 0.071 0.937 0.019 0.174
CEL 0.019 0.025 0.058 0.050 0.013
Kz CELo 0.019 0.012 0.260 0.610 0.019
CELy 0.034 0.015 0.057 0.046 0.034
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Table 14 — Summary table of significant values, when using the NEL VVOI to sample each parameter
and correlated with grade using Kruskal-Wallis test for P<0.05 and Bonferroni corrected for
P<0.00128 (0.05/39). Ten grade Il lesions, 12 grade Ill lesions and 33 grade IV lesions contained a
non-enhancing component on morphological imaging.

Parameter Vol Mean Sig. S.D. Sig. Skew. Sig. Kurt. Sig. Med. Sig.
NEL 0.250 0.029 0.502 0.195 0.385
ADC NELo 0.003 0.240 0.670 0.144 0.003
NEL; 0.078 0.038 0.212 0.860 0.078
NEL 0.001 0.356 0.003 0.017 0.001
FA NEL, 0.001 0.023 0.004 0.016 0.001
NEL; 0.013 0.829 0.579 0.004 0.013
NEL 0.001 0.613 0.053 0.495 0.001
q NELo 0.001 0.004 0.004 0.353 0.001
NEL; 0.002 0.502 0.167 0.458 0.002
NEL 0.001 0.311 0.033 0.095 0.001
RA NEL, 0.001 0.011 0.043 0.082 0.001
NEL; 0.009 0.514 0.244 0.048 0.009
NEL 0.358 0.067 0.370 0.145 0.362
A NELo 0.579 0.431 0.862 0.345 0.579
NEL; 0.330 0.435 0.050 0.387 0.330
NEL 0.117 0.023 0.347 0.198 0.161
AR NELo 0.001 0.079 0.096 0.147 0.001
NEL; 0.026 0.158 0.909 0.211 0.026
NEL 0.007 0.060 0.021 0.139 0.006
R1 NELo 0.016 0.032 0.016 0.250 0.016
NEL; 0.072 0.189 0.614 0.006 0.072
NEL 0.001 0.001 0.793 0.625 0.001
Kens NEL, 0.002 0.004 0.801 0.714 0.002
NEL; 0.001 0.002 0.379 0.294 0.001
NEL 0.001 0.001 0.239 0.231 0.001
Ve NELo 0.005 0.005 0.223 0.181 0.005
NEL; 0.001 0.001 0.321 0.682 0.001
NEL 0.283 0.193 0.013 0.008 0.545
Vb NELo 0.050 0.036 0.014 0.004 0.050
NEL; 0.045 0.047 0.927 0.740 0.045
NEL 0.326 0.016 0.405 0.822 0.265
rCBVevre NELo 0.181 0.842 0.390 0.823 0.181
NEL; 0.226 0.078 0.004 0.484 0.226
NEL 0.289 0.135 0.758 0.980 0.173
rCBVeox NELo 0.091 0.616 0.629 0.981 0.091
NEL1 0.383 0.365 0.086 0.537 0.383
NEL 0.059 0.010 0.440 0.580 0.304
K2 NELo 0.044 0.171 0.172 0.301 0.044
NEL1 0.665 0.252 0.448 0.447 0.665
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7.2.4 Discussion

Apparent Diffusion Coefficient

Using the TUM VOI sampling scheme, mean ADC values of tumours were not significantly different
between glioma grades. However, the lower subpopulation of ADC values (TUMo) was significantly
related (P=0.012), with ADC values found to decrease with grade. This result agrees with previous
publications (77, 196, 197), reporting increased cellularity and subsequently lower ADC values
observed in higher grade lesions. A possible explanation for TUM and TUM; VOI measurements not
linked to grade, relates to the inclusion of oedema and lower grade components as defined by the
Toan VOI. The combination of GMMs and VOIs used in this study may have improved the
measurement of ADC values in gliomas compared to ROI techniques which had previously been
unable to distinguish tumour from oedema (198). Using a NEL VOI, the same statistical descriptors
of ADC were found to be associated with lesion grade. Given that DTl is an EPI sequence, tissue mis-
registration cannot be excluded, however, efforts were made to minimise the issue, such as thinner
acquisition slices, and 12 degrees of freedom used to register the fractional anisotropy maps to the

T, FSPGR volume.

The standard deviation of ADC values for the TUM, TUM;, CEL, CEL,, CEL;, NEL and NEL; VOlIs were
all significantly associated with grade, suggesting greater variation in the ADC values observed
between grades, however, this trend is not apparent from immediate examination of the standard
deviations values for each grade. Interestingly, when using the CEL VOIs (Tia1 — NEC — HMG),
standard deviation measurements were significantly different between tumour grades however,
mean and median ADC values were not. Subpopulations of the CEL VOI did not improve the
relationship between ADC values and tumour grade. Skew, kurtosis and maximum ADC value
measurements using TUM, CEL or NEL VOIs failed to demonstrate any significant differences
between grades. One reason for the smaller number of statistical descriptors that related to tumour

grade when using a CEL VOI, could be explained if the enhancing portion of the lower grade lesions
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actually represent higher grade transformation which was missed during tumour resection or tissue
sampling, alternatively perfusion effects may distort the ADC values observed in higher grade lesions
with enhancement. Minimum ADC values (most cellular voxels) did however distinguish between
tumour grades (P=0.024) which agrees with previous studies reporting increasing amounts of cell
proliferation in high grade gliomas (9) and decreasing minimum ADC values with tumour grade
(197), however the minimum ADC values in this thesis appear to be physiologically too low
(Grade 11=0.402, Grade Il = 0.408, Grade IV =0.099x10°mm?s) . Blood vessels, calcification, blood

products and noise could all cause a decrease in the observed minimum ADC value.

Longitudinal and Radial Diffusivity

Mean longitudinal A, and radial Ag diffusivities were also examined, with the GMM subpopulation,
TUMqo of the radial diffusivity significantly corresponded with grade. The rationale behind the radial
diffusivity being related, is most likely due to the parameter being weighted towards the lowest ADC
values which arise from eigenvalues 2 and 3 (A;and A3) of the diffusion tensor. Given previous studies
(77), which demonstrated the relationship between ADC and grade, it is maybe not surprising that
the radial diffusivity is also significantly related to grade. The longitudinal diffusivity is weighted
towards the fibre tract directionality (A1) and so the fact this parameter does not correlate with

grade is perhaps not unexpected.

Radial diffusivity measured using NELo, and NEL; was significantly different between tumour grades,
however, mean radial diffusivity using any variation of a CEL VOI did not significantly differentiate
between grades. Min et al (199) examined ADC, FA, A, and Ar values of oedema caused by a range
of neoplasms, reporting the regression coefficient of Az vs. A, to be significantly higher in high grade
gliomas than non-infiltrating lesions such as meningiomas and metastases. As discussed in the ADC
results, the absence of relationship between CEL ADC values and grade could be related to tissue

perfusion increasing the ADC values in high grade lesions, enhancement in apparent low grade
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lesions actually representing higher grade transformation or a mismatch between the VOlIs and the
correct region on the DTI due to excessive geometric distortion. Mean values using NELy were also

significantly associated with grade in a similar manner to TUM,.

Standard deviations of radial diffusivity for TUM were significantly different between grades,
possibly relating to tumour heterogeneity again. However, grade lll tumours had lower standard
deviations than grade Il and IV tumours. This may be related to the volume ratio of tumour to
oedema associated with the grade Ill tumours. Alternatively, this could relate to the pathology
classification of tumours, given oligodendroglial tumours are only classified as grades Il and lll, whilst
astrocytic tumours and reach grade IV. Grade IV tumours normally have macroscopic necrosis
present, unlike grade Il lesions, which subsequently increases the apparent diffusivity and thus the
standard deviation. Skew and kurtosis of radial and longitudinal diffusivity values were not related
to grade, and in a similar manner to ADC measurements, minimum values of longitudinal and radial
diffusivities correlated significantly with grade, though values are more likely to represent artefact
or blood products than tumour. Standard deviations of both longitudinal and radial diffusivities
significantly differed between grades for CEL, CEL, and CEL;. Examination of the standard deviation
values revealed an increasing trend with grade indicating higher levels of heterogeneity in more
malignant lesions. One possible explanation could be that the diffusion imaging is more sensitive to
regions of necrosis starting to form within the enhancing part of the tumour which is more likely in
higher grade lesions. It is known that tumours can initiate cell death by autophagy to allow the

peripheral regions to continue to grow and maintain sufficient blood supply.

Fractional Anisotropy, Anisotropic Component of Diffusion and Relative Anisotropy

Mean FA and RA values (fibre directionality) were both significantly related to lesion grade using the
TUM VOI. Both of these parameters increased with grade with similar findings shown using NEL.

Subpopulations of the TUM VOI also followed this trend (TUMo and TUM;) with GMM

208



subpopulations of g also following this pattern. This can be explained by the increased amounts of
oedema associated with higher grade lesions causing more normal appearing white matter to be
included in the T, VOL. It is possible that oedema does not decrease the measured values of fibre
directionality as much as solid tumour, and so FA and RA, appear to increase with grade. Inoue et a/
(196) have previously reported increased FA and decreased ADC associated with increasing glioma
grade. Catalaa et al (188) also observed the same findings in the non-enhancing region of gliomas
when examining RA. When comparing non-enhancing gliomas, FA was previously found to be higher
in high grade gliomas compared to lower grade gliomas when examining the T, abnormality in a
similar manner to the TUM VOI (200). Mean CEL values of FA, g or RA did not correlate with grade

in this study.

Standard deviation values of FA, g and RA were only significantly different for the lowest population
(TUMy), which also increased with grade. This may be due to increased heterogeneity caused by
tumour infiltration. CEL, CEL; and NEL; VOlIs produced significant results for all three diffusion
directionality parameters. Skew gave rise to more significant results for TUM and TUM, FA. The
same pattern was observed with the relative anisotropy; however, only TUM, of q showed
significant differences between tumour grades. Despite the close relationship between all 3
parameters only significant differences between the kurtosis of FA measurements and the lesion
grade were found. This significance was observed for all three populations (TUM, TUM, and TUM,).
Minimum and maximum values of FA, g and RA were found to have no significance when examining
the relationship between MR parameter and grade. Given these parameters are measured from
tissue that could potentially contain oedematous tissue (very low anisotropy) and highly directional
white matter (very high anisotropy); it is not unexpected that minimum or maximum values did not

show significance differences between grades.
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R: Measurements

Measurements of mean R; using TUM VOIs were found to relate to the tumour grade as did
measurements of Ry from TUM,, with similar patterns seen for CEL, CEL;, NEL and NEL,. Historical
data measuring glioma T; relaxation times at 1.5T (201) shows a similar trend once the reciprocal of
the R; was calculated, however the values measured are quite different due to field strength, ROI
size and measurement technique. The standard deviations of R; from TUM and TUMq did not show
a trend with grade, however mean CEL and NEL VOI values did significantly increase with grade
suggesting R; measurements could be used for grading of new lesions. Skew was significant for the
whole TUM and TUM,, while the kurtosis of TUM; was found to be significantly related to tumour

grade.

Dynamic Contrast Enhanced Parameters

The most significant set of results relating MR findings to grade stems from the DCE datasets. K",
Ve and v, were all significantly associated with grade (P<0.001) for all populations (TUM, TUM, and
TUM,) (Figure 106), with standard deviations of each parameter also showing significant differences
between grades. This may be related to the range of values; whereby large mean values are also
more likely to have larger standard deviations. This has previously been described as measurement
error proportional to the mean (202, 203). Previous studies also report significant correlations
between K™" and tumour grade (66, 92, 93, 204, 205). Whilst Jung et al (205) showed encouraging
results, questions regarding the available SNR should be raised when the data was acquired at a
temporal resolution of 2.25s and 3mm thick slices. Skew and kurtosis values of these parameters
were mainly found to be significant as well, however no linear trend is visible. The DCE data suggests
tumour vasculature increases with grade; however this increase is quite heterogeneous within the
lesion and between grades. Maximum values of K", v. and vy, significantly differed between glioma

grades (P<0.001). Statistical descriptors of PK parameters sampled with CEL were also significant

210



between with grades. Given contrast enhancement is associated with higher grade gliomas (194), it
is maybe not surprising that DCE parameters sampled with CEL were associated with tumour grade.
A possible reason for the higher p-values compared to TUM relates back the number of patients
who have a glioma with contrast enhancement, which caused the lower grade groups to have N
reduced. The potential of an imaging-histology mismatch would also cause an increase in the p-

values for the CEL based statistical descriptors.

Relative Cerebral Blood Volume Measurements

Upon examination of the DSC derived blood volume, rCBV and rCBVgox; the mean values from the
TUM and TUM; VOlIs significant increased with grade as expected (12, 88, 188, 192). However, given
our DSC data was acquired after a contrast agent preload (% dose of gadolinium), the differences
between rCBV and rCBVgox are not as apparent in our data as with Boxerman’s study (12).
Alternative sampling schemes may also help to explain the differing values between this study, when
compared to those of the literature. TUMy of this parameter may actually represent apparently
normal brain tissue which is why it does not correlate with glioma grade. Leakage defined by K; was
also found to relate to grade, with more negative values (T,* dominant leakage) observed in high
grade lesions. Standard deviation measurements of these 3 parameters followed the same trend as
the mean measurements. Skew and kurtosis were not related with the exception of the TUM; K,
kurtosis values. Maximum rCBV was significantly linked to grade, while minimum K, was also
significantly related to grade. Friedman (192) reports a similar correlation for maximum normalised
rCBV with GlI, GllI, GIV = 745, 4+1, 12+7, r=0.557, P<0.0001, compared to the maximum rCBV of GlI,
Glll, GIV = 8.5, 11.7, 16.4, P=0.003 in this study. Cha (206) also reported a significant difference
between glioma grades with their Kruskal-Wallis test for rCBVmax (P=0.03). Differences arise
however, in the choice of statistical test. This study used Kruskal-Wallis to test between groups
which are non-uniformly distributed; whist Friedman used a Spearman rank correlation. The values

Friedman reports are means rather than the median values used in this study, which are considered
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more appropriate for reporting values for small non-Gaussian populations. The spearman rank
correlation test used to test grade vs. maximum rCBV value may be inappropriate given the
distribution of cases between the various grades, with 35/47 cases being grade IV. Interestingly,
mean/median CBV measurements made using a CEL VOI did not significantly differ between glioma
grades. A possible explanation could relate to the geometric distortion present in the DSC datasets.
Given rim enhancement observed in gliomas is usually quite linear as a result of the necrotic centre
in high grade gliomas, any mismatch between the VOI and the DSC data would result in incorrect
sampling of the desired tissue. In conjunction with this, the DSC measures the local susceptibility
effect in tissue adjacent to the vessels meaning CBV maps may not align correctly, even if a non-EPI

sequence was used.

7.2.5 General Comments on the Methodology

From this section, it has been demonstrated that a volume of interest approach can be used for
glioma grading without the necessity of identifying hotspots or small ROIs (198). This means that
automated volumes of interest could be generated in the future for subsequent automatic tumour
grading. The advantages of a VOI approach include a methodology that could be used in multi-centre
trials whist not being as subjective as a hotpot ROl approach. In general, from examination of the
summary tables, parameters generated from the diffusion tensor imaging showed more significant
differences between grades using a NEL VOI. DCE and DSC derived parameters, however, performed
better when using the TUM VOI. The use of a single VOI, either TUM or NEL to sample a 4D volume
appears promising based on the number of significant results generated in this section. This could
have large time saving benefits in future studies as well as being easy to implement in image analysis
software. The single VOI approach is extremely useful for interrogating large datasets, which MR
will continue to produce for the foreseeable future. It also has utility in sampling spatially lower

resolution data such as CBF maps derived from arterial spin labelling.

212



The use of Gaussian mixture modelling (GMM) to identify subpopulations is worthy of further
investigation. One example where a GMM improved the differentiation between MR parameter and
tumour grade was the mean radial diffusivity values. Mean values measured using TUM did not
significantly differ with grade. However, once the GMM was applied and subpopulations of the
parameter generated, both TUM, and TUM; showed differences between tumour grades. The
significant differences between MR parameters derived from EPI sequences and lesion grade also
suggest the registration process employed in this study does not destroy differences in tissue
parameters. Likewise, the motion correction scheme implemented in this study can also be used to

examine gliomas.

Finally, it is worth noting that previous studies (80, 88, 118, 193, 207, 208) of glioma grading report
differentiation of low and high grade gliomas (Il vs. lll & IV). This grouping mechanism may enable
higher sensitivity and specificity values to be produced. In this thesis however, gliomas of differing
grades as categorised by the World Health Organisation (6) were treated independently. This
decision was made, based on the expected survival times associated with each grade of glioma as

well as the potentially different treatment regimens associated with each pathology.
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7.2.6 Conclusions

e The combination of processing and sampling methods for the DCE, DSC, and DTl as detailed
in chapter 6 produced multiple significant differences between glioma grades.

e At least 1 statistical descriptor for each MR parameter found differences between grades.

e The TUM VOl yielded the highest number of significant results when relating MR parameters
to tumour grades (103/195) and also had the lowest False Discovery Rate (2.5%).

e Mean, median and standard deviation produced the greatest number of significant results
when using the TUM VOI.

e The use of Gaussian mixture modelling to exam sub-populations within tumours can

improve glioma grading e.g. mean radial diffusivity.

Parameter Specific Comments

e TUMpo and NEL, were the most useful VOIs to measure mean/median ADC values for glioma
grading
o Perfusion effects may artificially increase ADC values within CEL
o TUM; and NEL; are more likely to represent oedema and low grade disease. Mean
values did not correlate with grade
e Radial diffusivity appears to be a more significant parameter for glioma grading than ADC
values
o NEL is the optimal type of VOI to measure mean/median radial diffusivity values
for glioma grading.
o Radial diffusivity excludes A1 (which normally represents normal white matter
tracts) from the diffusion calculation improving grading.
e Longitudinal diffusivity does not appear to be a useful parameter for glioma grading

e TUM and NEL are the best VOlIs to assess tumour grade using FA, g and RA.
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o p-values of q using TUM were more significant than those of FA and RA
o Using NEL and NEL,, FA, g and RA all showed more significant differences between
tumour grades (P<0.001)
Mean R; using TUM VOIs were found to significantly differ between tumour grades
Mean/median K™, v. and v, all significantly associated with grade (P<0.05) for all
populations ((TUM, TUM, and TUM;)/(CEL, CEL, and CEL;)/(NEL, NEL, and NEL;)), with most
populations P<0.001.
o p-values were higher (less significant) in CEL VOIs than TUM and NEL VOIs for PK
parameters.
o Ve produced more significant results than K™ and vy,
rCBV and rCBVsox produced the highest number of significant differences when sampled
using TUM and TUM;.
o Maximum rCBVsox values distinguished between tumour grades whilst maximum
rCBVevr values did not.
K2 showed the most significant associations with tumour grade from the DSC derived

parameters.
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7.3 Logistic Regression of Multiparametric MR for Glioma Grading

7.3.1 Introduction

As previously demonstrated in this chapter, multiple preoperative MR parameters significantly
differed between tumour grades. This is particularly important for non-resectable lesions, or
tumours located in eloquent regions of the brain which can only be partially resected. This section
uses logistic regression to combine parameters into a single model to enable multiparametric
grading, which has previously been demonstrated in the prostate using T, weighted imaging in
conjunction with DCE and DWI (209), and the brain using morphological imaging (210) and blood

volume measurements (66).

7.3.2 Methods

Initially data was processed in the same manner as section 7.2.2, with the most significant results
for each parameter providing input for a logistic regression model using a backward Wald
methodology. A two-step decision tree was used to predict lesion classification. The first logistic
regression model was to split grade IV lesions from lower grade tumours (Il and Ill). Following this,
a second logistic regression model was used to split grade Il and Ill lesions. The most significant VOI

for each parameter was retained when multiple VOIs showed significant associations with grade.

7.3.3 Results

Following non-parametric Kruskal-Wallis tests, 29/39 parameter means significantly differed
between grades. Table 15 shows the list of parameters and the volume of interests (VOI), which
served as input to the logistic regression model. These were the most significant VOIs for each
parameter as defined by TUM. Using multiparametric MR, 82.8% of cases were correctly classified
(Table 17) using the two-step logistic regression model decision tree. Key parameters for the first
logistic regression model, which split grade IV lesions from grade Il and Ill lesions (Table 16) were q,

Ar, K™ and ve, (Equation 46) whilst ADC allowed the distinction between grade Il and Ill tumours.
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Table 15 - Kruskal-Wallis tests comparing differences between tumour grades and MR parameters.
The values in the parenthesis denote the number of patients in each group while the number outside
is the tumour grade.

2 (10) 3(12) 4 (33) .

PARAM. vol Median Median Median Sig. P=
ADC TUMo 1.206 1.061 1.003 0.012
FA TUM 0.165 0.186 0.206 0.003

q TUM 0.295 0.285 0.341 0.002
RA TUMo 0.099 0.111 0.138 0.002
AR TUMo 1.067 0.982 0.891 0.003
R1 TUMo 0.600 0.654 0.753 0.012
Ktrans TUM 0.028 0.036 0.087 <0.001
Ve TUM 0.039 0.051 0.158 <0.001

Vb TUMo 0.020 0.019 0.034 <0.001
rCBVeve TUM, 2.573 2.801 3.629 0.003
rCBVzox TUM, 2.432 2.795 3.244 0.013
K> TUMo -1.010 -1.379 -1.956 0.001

Table 16 - Logistic regression model 1, split grade IV lesions from lower grade tumours (left). Logistic
regression model 2, split grade Il lesions from grade Il tumours (right).

Predicted Predicted
3 Grad o Grade
gl e % | % Correct S8 % Correct
o © 243 | 4 ] o 2|3
8| G 8| 0G
3 243 | 20 | 2 90.9 e 2|73 70.0
4| 2 31 93.9 3/3|9 75.0
Overall % 92.7 Overall % 72.7

Output for logistic regression analysis for grades 2+3 vs. 4 with 0.5 cut-off utilising a backward
Wald methodology

-1.223 + (19.291*q_TUM) + (-6.887* Ag_TUM,) + (-163.500*K""s_TUM) + (124.824*v._TUM)

Equation 46

Output for logistic regression analysis for grades 2 vs. 3 with 0.5 cut-off utilising a backward
Wald methodology

8.009 + (-7.034*ADC_TUM,) Equation 47
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Table 17 — Combined tumour classification using 2-stage logistic regression model

Predicted Group Membership
Grade 2 3 4 Total
2 8 2 0 10
Count | 3 5 6 1 12
f al 1 1 31 33
-c‘é: 2| so0% 20% 0% | 100%
% 3 42% 50% 8% 100%
4 3% 3% 94% 100%

82.8% of original grouped cases correctly classified.

7.3.4 Discussion

The multiparametric MR acquired in this study can be used to classify lesion grade. Parameters
derived from DTl and DCE (ADC, q, Ar, K" and v.) appeared to be the most useful for this cohort of
patients. DSC parameters may have been too similar to DCE parameters to be used in the final model
as described in section 7.1 - Correlations Between MR Parameters, page 185. The initial p-values of
DCE parameters were much smaller than those of the DSC and the logistic regression model may
have reflected this. These findings are the reverse of Law et al (66) from 2004 which found rCBV to
correlate with tumour grade better than K", Differences between this study and the paper by Law
et al include reclassification of tumour grades (GBM were WHO Il at the time of print in 2004),
increased field strengths (3.0T vs. 1.5T), calculation of K" from T; dynamic data rather than T»*
whilst rCBV was calculated from T,* data in both studies and a shift to volumetric analysis compared
to user defined ROls. Law et al used a much higher temporal resolution (1 second compared to the
2 second temporal resolution employed in this study) for the DSC data and 5 second temporal
resolution for the T: dynamic imaging, however they failed to correct for leakage effects by
preloading the tissue with gadolinium. There is less literature about q and Ar as historically DWI was

used in favour of DTI due to lower field strengths and subsequently the longer acquisition time
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required for DTI. Even in studies that utilised DTI, FA was often used due to the availability of

parameter maps produced by scanner manufacturers.

Disappointingly, 42% of grade Il lesions were classified as grade Il using the logistic regression model
developed by the data. This possibly reflects the ability of MR to detect small regions of
transformation within a larger grade Il tumour. The VOI approach chosen in favour of a hotspot
methodology will contribute to some of this under-grading, with the grade Il component being more
prominent in the volume histograms. A further consideration for the poor differentiation of grade Il
and Il lesions relates to considerable overlap in source data (Table 15) which saw closely paired
data between grade Il vs Ill or grade Il vs IV values for 6/12 parameters. A greater number of grade
Il and 1l lesions may have improved the model for separating the two pathologies, however the
number of patients in each group was a fair reflection of the split of glioma grades seen at this
institution. As discussed, the spatial resolution of the MR data and the volumetric approach means
this methodology is most likely not going to be sensitive to small regions of cellular change which
would cause a tumour to receive a higher grade than the MR would suggest, due to partial volume
effects and the statistical processes employed in this study. However, the advantage of this
methodology is that it can be easily automated in the future for a potential computer aided

diagnosis (CAD).

Higher values of g, the anisotropic component of diffusion, possibly relate to the greater volume of
oedema associated with higher grade lesions. The ability to identify grade IV lesions using
multiparametric MR appears to be excellent (94%). This work demonstrates that multiparametric
MR could be used to grade lesions where tissue samples are unavailable. The same parameters

could also be used to identify transforming lower grade lesions.

Interestingly, radial diffusivity and anisotropic component of diffusion were useful parameters for

logistic regression modelling which are not available using conventional DWI. Therefore DTl should
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be used instead of DWI for the grading of gliomas. This would also results in maps of the fibre tracts
being available for surgeons to reduce surgical morbidities when operating in eloquent regions of

the brain.

With key sequences identified for tumour grading, further efforts can be spent optimising the
sequences further by correcting for geometric distortion and IVIM in the diffusion datasets as well
as optimising the slice thickness and number of directions in the protocol. Methods for accelerating
the DCE further whilst extending the spatial coverage should also be further investigated as

techniques such as compressed sensing continue to develop.

7.3.5 Conclusions

To summarise, quantitative preoperative MR parameters can predict glioma grade with 83%
accuracy. DTI, DSC and DCE were all shown to have added value for glioma grading when used
individually, however for improved grading using logistic regression modelling; only DCE and DTl are
required. Further efforts should be made to develop these sequences further. Grade IV lesions were
identified with 94% accuracy which could be of use to clinicians when determining scan frequency

and adjuvant treatment.
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7.4 Single Voxel TEA-PRESS

7.4.1 Introduction

Short echo time spectroscopy (25-40ms) has been shown to have clinical utility for glioma grading
given the increased sensitivity to metabolites with shorter T, relaxation times such as lipids and
myo-inositol (37, 100, 105, 211) (Figure 110). However, acquisitions at shorter echo times are also
more sensitive to eddy currents and macromolecules, often resulting in poor baselines. TE-averaged
PRESS acquires spectra using a range of echo times, allowing the generation of a short echo time
weighted spectrum with an improved baseline. This flatter baseline can be used for improved

quantification to allow lesion grading.
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Figure 110—- 3.0T T, relaxation curves for NAA, creatine, choline and lipid. These show how increasing
the echo time will attenuate the signal for all metabolites but at varying decay rates. The figure also
demonstrates the necessity of short echo times to measure metabolites with a short T, relaxation
time. The values used to generate the curves were taken from (212) (300,180,220ms for NAA,
creatine and choline). Lipid T, was estimated to be in the order of 60ms based on the author’s
experience.
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7.4.2 Methods

Atotal of 55 histologically proven gliomas had single voxel spectroscopy prescribed as part of a more
extensive multiparametric study. All data were acquired prior to surgery using a 3.0T MR750
Discovery system (GE Healthcare, Waukesha, WI, USA) and an 8 channel phased array head coil.
Whole brain, oblique axial, T» weighted FLAIR imaging. Echo time averaged point resolved
spectroscopy (TE-averaged PRESS, TR=1200ms, 24 echoes, initial TE=40.18ms, TE step=9.984ms, 12
signal averages per echo time) was used to prescribe a voxel in the centre of lesions based upon
FLAIR imaging attempting to avoid areas showing cystic cavities. Spectra were processed using
Spectral Analysis by General Electric (SAGE), version 7 (GE Medical Systems, USA). Signal from each
element was combined in the time domain using a signal weighting algorithm that scaled each
element according to the average magnitude of the first 5 points of each echo. Averaged spectra of
the 24 different echo times were presented to LCModel for quantification through the SAGE-
LCModel interface (73, 74). Spectra were fitted with a TE=35ms basis set, ‘tumor’ (sic) control file
and a calibration factor of 0.33. To make the data easier to manage, the output of each voxel (.tab

file) was tabulated into a comma separated value (.csv) file.

Metabolites extracted for analysis were; myo inositol (ml), choline (Cho), creatine (Cre), glutamine
and glutamate (GIx), N-acetylaspartate (NAA), lactate (Lac) and lipids (Lip1.3 & Lip0.9). Ratios are
metabolites were also examined; Cho/NAA, Cho/Cre, Lip1.3/Cho, Lip1.3/0.9 and NAA/Cre. Non-
parametric significance was determined using Kruskal-Wallis tests to examine any relationships
between grade and MR parameter. The significant results were then the input for logistic regression
models using a backward Wald methodology. A two-step decision tree was used to predict lesion
classification. The aim of the first logistic regression model was to split grade IV lesions from lower
grade tumours. Following this, a second logistic regression model was used to split grade Il from Il
lesions. Spectroscopic and imaging parameters were subsequently combined and re-entered into a

logistic regression model to see if a combination of imaging techniques improved glioma grading.
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7.4.3 Results

In one case data was not acquired due to the excessively high line width reported during the auto
prescan stage whilst attempting to acquire a spectrum from a temporal lobe gliosarcoma. Of the 54
datasets acquired, two spectra were of insufficient quality to quantify. One case was observed in a
grade |l oligodendroglioma which contained calcification and subsequently resulted in poor quality
data with no observable metabolites. The other case was due to partial volume of a large cystic
component associated with a GBM. This left 52 cases of sufficiently quality for analysis. Example
spectra can be seen in Figure 111 and Figure 112. Interestingly, Figure 112 demonstrates the
variability of the spectra produced by glioblastoma as lesions progress through various stages of

necrosis caused by autophagy.

The results of the Kruskal-Wallis tests which examined the relationships of tumour grade with
spectroscopic concentration and ratios can be seen in Table 18 with significant results (P<0.05)
highlighted in red. Significant differences between glioma grade and metabolite concentrations
were observed for myo-inositol, creatine, NAA, lactate and lipid (0.9 and 1.3ppm) concentrations.
The ratios of lipid (1.3ppm) to choline, and lipid 1.3 to 0.9ppm concentrations were also significantly
different between grades. NAA/Cre ratios were also determined to be significantly different
between glioma grades. Kruskal-Wallis tests were also repeated for the data reclassified by cell type
in Table 19 and Table 20. The small sample groups increased the p-values observed and skew the
distributions of the data. The Kruskal-Wallis tests which examined the differences between tumour
grade of astrocytic tumours with spectroscopic concentration and ratios can be seen in Table 19
with significant results (P<0.05) highlighted in red. The results are very similar to Table 18 given most
tumours were of an astrocytic nature (40/52). Tumours which contain an oligodendrocytic
component (oligodendroglioma, oligoastrocytoma, anaplastic oligodendroglioma and anaplastic
oligoastrocytoma) were compared to spectroscopic parameters in Table 20, with only lactate and

Glx significantly linked to grade.
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Figure 111 - Example LCModel fits of spectra and the respective voxel locations of grades I, Ill and
IV gliomas (top, middle, bottom). The top case is a grade Il oligodendroglioma, middle case is a grade
Il anaplastic oligodendroglioma whilst the bottom case is a glioblastoma (grade 1V).
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Figure 112 - Example LCModel fits of spectra and the respective voxel locations in 3 GBM patients.
This figure demonstrates the variability of the spectra produced by glioblastoma as lesions progress
through various stages of necrosis caused by autophagy.
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Table 18 - Kruskal-Wallis test comparing metabolite concentrations with glioma grade. The values
in parenthesis next to glioma grade denote the number of patients in each group.

WHO II (N=9) WHO Ill (N=12) WHO IV (N=31)
MET. Sig.
Min Med Max Min Med Max Min Med Max

ml 0.157 | 2.074 3.041 0.381 | 2.057 8.968 0.000 0.102 4.579 0.001
Cho 4.048 | 5.166 7.610 1.998 | 5.689 23.754 0.561 3.672 9.855 0.132
Cre 5.313 | 6.874 | 12.540 | 3.179 | 9.223 15.984 0.000 3.748 16.625 0.022
Glx 0.000 | 3.856 | 10.269 | 2.147 | 5.045 12.511 0.000 4.355 14.594 0.330
NAA 2.185 | 4.727 10.268 | 0.997 | 5.921 10.708 0.000 1.694 9.841 0.002
Lac 0.000 | 0.312 2.268 0.000 | 0.000 2.266 0.000 5.226 73.208 0.001

Lip1.3 4.638 | 5.827 11.983 1.191 | 6.820 152.926 | 4.888 | 63.497 221.481 0.001

Lip 0.9 2.583 | 3.498 7.121 1.030 | 3.255 14.546 1.509 10.526 26.322 0.001

Cho/NAA 0.420 | 1.182 3.221 0.285 | 0.897 23.825 0.000 1.401 3341.074 0.178

Cho/Cre 0.412 | 0.782 1.169 0.409 | 0.709 2.059 0.000 0.866 6.690 0.428

Lip1.3/Cho | 0.648 | 1.128 2.708 0.486 | 1.167 34931 0.847 15.232 311.843 0.001

Lip1.3/0.9 1.148 | 1.740 2.675 0.968 | 2.251 10.513 2.607 5.171 16.338 0.001

NAA/Cre 0.363 | 0.643 1.170 0.086 | 0.736 1.438 0.000 0.335 2.366 0.049

Table 19 — Relationships between metabolite concentrations and astrocytic tumours. The values in
parenthesis next to glioma grade denote the number of patients in each group.

WHO Il (N=4) WHO Il (N=5) WHO IV (N=31)
MET. Sig.
Min Med Max Min Med Max Min Med Max

ml 1.360 2.695 3.041 0.381 1.266 3.735 0.000 0.102 4.579 0.009
Cho 4.048 6.313 7.610 1.998 5.494 8.874 0.561 3.672 9.855 0.461
Cre 6.020 9.017 12.540 3.179 7.331 9.902 0.000 3.748 16.625 0.167
Glx 3.856 6.174 10.269 2.147 3.069 11.121 0.000 4.355 14.594 0.434
NAA 2.185 5.774 9.636 3.670 6.148 10.708 0.000 1.694 9.841 0.012
Lac 0.000 0.000 0.000 0.000 1.220 2.266 0.000 5.226 73.208 0.006
Lip 1.3 4.650 7.147 9.760 1.191 4.781 7.163 4.888 63.497 | 221.481 | 0.001
Lip 0.9 2.583 3.605 4.049 1.030 2.067 6.422 1.509 10.526 26.322 0.001
Cho/NAA 0.420 1.149 3.221 0.285 0.577 1.443 0.000 1.401 | 3341.074 | 0.107
Cho/Cre 0.412 0.644 1.169 0.409 0.749 0.896 0.000 0.866 6.690 0.404
Lip1.3/Cho 0.648 1.110 2.312 0.486 0.870 1.617 0.847 15.232 | 311.843 | 0.001
Lip1.3/0.9 1.148 2.270 2.675 0.968 1.527 4.642 2.607 5.171 16.338 0.001
NAA/Cre 0.363 0.560 0.981 0.621 1.154 1.438 0.000 0.335 2.366 0.037
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Table 20 — Relationships between metabolite concentrations and oligo- and oligoastroglial cell type
gliomas. The values in parenthesis next to glioma grade denote the number of patients in each

group.

WHO II (N=5) WHO Il (N=7)
Metabolite Sig.
Min Med Max Min Med Max

ml 0.157 1.243 2.765 1.296 2.066 8.968 0.223
Cho 4.383 4.789 7.290 4.378 7.077 23.754 0.223
Cre 5.313 6.126 9.307 4.651 11.535 15.984 0.062
Glx 0.000 1.972 5.446 4.656 7.817 12.511 0.018
NAA 3.006 4418 10.268 0.997 4.297 9.371 0.808
Lac 0.312 0.824 2.268 0.000 0.000 1.157 0.035
Lip 1.3 4.638 5.827 11.983 6.733 8.337 152.926 0.223
Lip 0.9 2.901 3.475 7.121 2.738 3.687 14.546 0.935
Cho/NAA 0.427 1.226 1.650 0.509 1.613 23.825 0.291
Cho/Cre 0.471 0.812 1.061 0.480 0.703 2.059 0.465
Lip1.3/Cho 1.054 1.128 2.708 0.488 1.178 34.931 0.935
Lip1.3/0.9 1.335 1.683 2.571 1.790 2.261 10.513 0.062
NAA/Cre 0.551 0.793 1.170 0.086 0.584 0.944 0.123

Logistic Regression of Glioma Grade

The significant metabolite concentrations and ratios from the Kruskal-Wallis tests as detailed by
Table 18 were input into a backward Wald logistic regression model which attempted to split grades
2/3 and 4 gliomas. Subsequent splitting of grade Il and Il gliomas was not possible using the logistic
regression as no parameters were kept by the model. Logistic regression of grades Il and Il vs. IV
gliomas resulted in 81% of cases correctly classified (Table 21), however 7/13 parameters appear to
have similar values between grade Il and lll lesions which reduces the correct classification
ultimately. Following a joint logistic regression of spectroscopic and imaging parameters, all

spectroscopic parameters were excluded from the model, producing the same results as section 7.3.

Grade 2+3 vs. 4 with 0.5 cut-off

-7.404 + (-0.162*Lip 1.3) + (1.174*Lip 0.9)+(1.553*Lip 1.3/0.9) Equation 48
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Table 21 - Logistic Regression of TEA-PRESS parameters, and the ability to determine lesion grade.

Predicted
° Grade
%’ 3 % Correct
Q © 243 4
3 | o
o) 243 | 18 | 6 86
4 4 24 77
Overall % 81

7.4.4 Discussion

Voxel Positioning

Spectroscopic data was acquired prior to contrast agent administration, given the potential of
contrast agents to alter the apparent T; and T, relaxation times of metabolites in the brain. As a
result, voxel positioning was determined by T, weighted FLAIR imaging, where the enhancing
portion of a lesion is not usually apparent. Whilst efforts were made to sample the solid component
of each lesion, regions of oedema and necrosis were included in some cases. Rotation of the
spectroscopic voxel is not possible on a GE scanner at present (DV24.0), which also limits the quality
of the prescription. Given the stated drawbacks of the voxel positioning, the under grading of lesions
is perhaps not surprising. Seven out of 53 lesions were predicted to be a least 1 grade lower than
the histology. In some cases this may have been due to voxel positioning errors, possibly missing
the most malignant region the tumour, whilst on other occasions it may have been that the area of
transformation was only apparent at a cellular level and the size of the voxel were simply too large

to be sensitive to changes in small volumes of tissue.

Voxel Size

The acquisition of multiple echo times with sufficient SNR already requires a considerable amount
to time (5-6 minutes). The implication of spatially encoding a second direction, is that the acquisition
time increasing beyond clinical acceptable times, and hence the decision to remain with a single

voxel approach. The drawback of the single voxel acquisition scheme is that the volume of tissue
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required is greater than that of a multivoxel acquisition scheme, and so partial volume effects are

present in this data.

Basis Set

Given the multiple echo times used in TEA-PRESS, a bespoke basis set would have been required for
absolute quantification, however, the metabolite relaxation times in the brain metabolite phantom
which belongs to the Centre for MR Investigations were quite different to those in vivo, rendering
its use invalid. This resulted in a short echo time basis (35ms @ 3.0T) being chosen on the
understanding that the values would not be comparable to those in the literature. However, for the
purposes of this study, a systematic process for metabolite quantification was still possible. The
guantification of J-coupled metabolites using this method should be viewed with caution due to
averaging process employed in this methodology and cancellation effect on metabolites which

demonstrate a signal evolution as a function of echo time (myo-inositol, lactate and Glx).

Relationships with tumour grade

The Kruskal-Wallis tests as shown in Table 18 highlighted significant relationships between glioma
grade and myo-inositol, creatine, NAA, lactate and lipid (0.9 and 1.3ppm) concentrations. The ratios
of lipid (1.3ppm) to choline, and lipid 1.3 to 0.9ppm concentrations were also significantly different
between tumour grade as were NAA/Cre ratios. An increase in myo-inositol has previously been
reported in low grade gliomas (213) which subsequently decreased with higher tumour grades (40).
Likewise, increased lipid concentrations have been associated with high grade gliomas (37, 100,
214). However, Figure 112 demonstrates the lipid variability in glioblastomas and underlines the
difficulty in using MRS to grade lesions. Howe et al. (100) reported increased choline concentrations
between grade Il and lll gliomas with variable amounts of choline reported in grade IV lesions.
Similar trends were found in this study, hence the high p-value and absence of relationship between

the 3 different grades of glioma and choline concentration.
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Oligodendrogliomas have previously been shown to have lower ADC values than astrocytomas (78,
79), suggesting they are a more cellular type of lesion compared to astrocytomas. Since choline is a
marker of cell proliferation and density, oligodendrogliomas have the potential to have very high
concentrations of choline (Figure 111) as a result of densely packed cells rather than increased cell
proliferation. As a consequence, as seen in this study, choline may not differ with glioma grade,
although in some multivoxel studies it was shown to correlate (188, 193). In some cases, choline
was higher in grade Il lesions than grade Il lesions (Figure 114). The absence of a choline-grade
relationship in this study also influenced ratios such as Cho/NAA and Cho/Cre, and their association
with grade. Previous work suggests Cho/NAA can be used to identify lesion grade and extent (96,
118, 215), however this was not reflected in this study. One of the major limitations of assessing
tumour grade using the total choline visible from proton MR, is the difficulty in distinguishing
between phosphocholine (PC) and glycerophosphocholine (GPC). PC is known to relate to cell
density and is normally the largest choline resonance in low grade gliomas, whilst GPC is
representative of proliferation in tumours and increases in high grade gliomas (32). At 7.0T and
below, resolving the 3 types of choline is impossible as the chemical shift separation which is

proportional to the field strength is minimal between the 3 resonances (Figure 113).
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Figure 113 - Spectrum from a non-enhancing portion of an anaplastic astrocytoma acquired using a
500Hz (11.8T) scanner. The 3 choline resonances seen are glycerophosphocholine (GPC),
phosphocholine (PC) and free choline which overlap even at high field strengths. Reproduced from
(32).
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Figure 114 - Example spectra and the voxel prescription in two grade Il gliomas (top & middle) and
one grade Il glioma (bottom). The top case is a diffuse astrocytoma, whilst the middle case was an
oligodendroglioma. The bottom case was an anaplastic oligodendroglioma (grade Ill). Despite the
difference in cell type and grade, all of the above spectra share a similar appearance.
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Logistic Regression to determine glioma grade

Lipid resonances at 1.3 and 0.9ppm and the ratio of the 2 peaks were determined as the significant
components used to identify grade 4 lesions. This suggests that both the concentration of lipid and
the chain length of the lipid molecules which is reflected in the 1.3/0.9 ratio can be used for to
identify grade 4 lesions. Opstad et al (112) have previously described a technique for differentiating
glioblastomas and brain metastases from the ratio of lipid peaks using short echo single voxels

spectroscopy at 1.5T.

Using the logistic regression model, 81% of cases were correctly classified. These findings relate to
the amount of necrosis that MR is sensitive to, with one of the manifestations being an increase in
the number of lipid droplets within tissues. In normal brain tissue, lipid is not measurable in vivo
using MR due to the limited mobility of the molecules, however, following cell death the membranes
of the cell breakdown, releasing mobile lipid droplets into the extracellular, extravascular space
which are then detectable by *H MRS Figure 112. Lipid detected using proton spectroscopy has been
shown to be the result of cell necrosis (36, 37) and importantly, the amount of lipid observed is
proportional to the extent of necrosis (38) in the tissue. The presence of detectable lipid
concentrations preoperatively has also been shown to correlate with higher grade tumour (39).
However, the presence of lipid resonances in the spectrum of Figure 115 caused a complete

overestimation of the lesion grade (predicted 1V) which was histologically found to be grade Il.

Due to the small grade Il and Il populations, in combination with the cell types contained with each
grade, a logistic regression model was unable to identify grade Il lesions from grade Il lesions as
seen in Figure 114. Further consideration is needed for the WHO grading of different cell types.
Astrocytic tumours can be graded up to IV whilst oligodendrogliomas only reach grade lll, therefore
a necrotic anaplastic oligodendroglioma would still be graded as a lll despite appearances of a grade

V.
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The addition of single voxel spectroscopy does not improve the ability to grade gliomas when added
to functional imaging parameters. The limited coverage, removal of heterogeneity and pre-contest
voxel prescription all limit the quality of the spectroscopic data compared the volumes of interest
contoured for the other parameters which encompassed the whole abnormality. In the future,

multivoxel spectroscopy may perform more favourably as tumour heterogeneity is retained.
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Figure 115 - Example case where logistic regression analysis failed to correctly identify lesion grade.
Histology revealed the lesion to be a grade Il oligoastrocytoma, however, the resonance at 1.3 and
0.9 ppm were identified as lipid causing the spectra caused it to be classified as a grade 1V lesion
using the model.

7.4.5 Conclusions

The quantification of the TEA-PRESS using an averaged spectrum and LCModel, produced mixed
results, some of which was comparable to multiparameter MR data where grade IV lesions were
mainly able to be correctly identified (81% accuracy). Grade Il and lll lesions were more difficult to
distinguish most likely due to voxel placement, partial volume effects, and the considerable overlap
in concentrations between grade Il and Ill lesions (7/13 parameters had similar values). Improved
spatial resolution is needed to correctly identify focal regions of anaplasia within these
heterogeneous tumours in order to reflect the WHO grade they subsequently receive. 3D-MRSI is
one solution to the issue of heterogeneity, however the technique has its own issues with planning

and quantification.
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7.5 Case Studies
This section details cases from the study where MR imaging and histology appeared to show levels
of disagreement or resulted in suboptimal data acquisition. These cases have been chosen to show

the pitfalls of both MR and histology, and the subsequent mismatch in grading that is possible.

In the first case presented (Figure 116), the histology of the lesion was found to be a grade Il diffuse
astrocytoma. However, the patient only received a partial resection meaning the higher grade cells
may not have been sent to neuropathologist for grading. From the preoperative imaging, a small
region of enhancement was present in the deeper aspect of the tumour which also shows restricted
diffusion and a small focus of increased rCBVgox. Sampling of this small region may have result in an
increased grade. During the clinical scans at 6, 9 and 12 months, various small enhancing foci around

the surgical cavity were observed.

The second case (Figure 117) shows a large diffuse bilateral abnormality initially thought to be
gliomatosis cerebri. No visible contrast enhancement was observed on the preoperative scans,
whilst ADC values were increased throughout the lesion and no obviously increased rCBV values in
the lesion. Histology of lesion was found to be an anaplastic astrocytoma grade lll due to the
presence of mitotic figures and a focus of increased cellularity. The 3mm slice thickness of the DTI
in combination with noise and resolution meant that MR would not have been sensitive to small

focal regions of increased cellularity.

The final case (Figure 118) presented shows some of the problems of MR spectroscopy and voxel
placement prior to the acquisition of contrast enhanced images. The proteinaceous necrotic fluid
meant that the signal was not supressed on the FLAIR imaging, giving the impression of solid tissue.
Following data acquisition and retrospective analysis, the PRESS box can clearly been seen to only

include necrosis and no active tumour. Whilst this is fine if grading a known untreated glial lesion,
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once treatment is given, radiation necrosis would prevent lesion grading using spectroscopy as no

active tumour was present in the prescription box.

7.5.1.1 Case 1. Tissue sampling limitation
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Figure 116 - This example shows a study patient with a WHO grade Il lesion, classified using tissue
sampling from a partial resection (ADC=0-2.5x10°mm?s* and rCBVzox=0-7.5). However, MR shows
contrast enhancement in the deep aspect of the tumour coupled with decreased ADC and a small
region of increased rCBVsox. All the MR imaging suggests transformation to a higher grade however,
it is most likely that the enhancing tissue portion was never sent to the neuropathologist. During the
clinical scans at 6, 9 and 12 months, various small enhancing foci around the surgical cavity have
also been observed.
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7.5.1.2 Case 2. MR insensitive to high grade transformation

T, FLAIR

Figure 117 - Example case of a grade Ill glioma which appeared to be lower grade based on MR, but
was found to be high grade on histology resection (Scalings: ADC=0-2.5x10°mm?s and
rCBVsox=0-7.5). The preoperative MR (top) shows an extensive hyperintense region on FLAIR imaging
(left), absence of contrast enhancement throughout the entire abnormality (centre left), increased
ADC values (centre right) and normal to low rCBV values (right). The 1 month post-surgical imaging
(bottom) shows the extent of surgical resection, and indirectly the tissue sample which the
pathologist received. Retrospective analysis of the imaging shows no high grade features in the
section of tissue resection. A focus of higher cellularity with mitotic figures in a small region of the
sample caused this lesion to be labelled as an anaplastic astrocytoma WHOIIl. The 3mm slice
thickness may have been the limiting issue for the MR.
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7.5.1.3 Case 3. Suboptimal Single Voxel Positioning

T2 FLAIR T1 FSPGR POST-CONTRAS

lacta

s
H s T
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Chemical Shift (ppm)

Figure 118 - This example shows a study patient with a WHO grade 1V lesion. Single voxel TEA-PRESS
was prescribed using only T, weighted FLAIR imaging (top left). Subsequent retrospective analysis
revealed the prescription had been centred over the necrotic core of the lesion (top right) which
contained no apparently active tumour as observed by the spectrum (bottom). The large resonance
at 1.3ppm is representative of lipid droplets released as part of cell breakdown. Whilst the spectrum
could still indicate a grade IV lesion, it would not be able to differentiate the lesion from a solitary
brain metastasis.
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7.6 Chapter Conclusion

The image processing scheme described in chapter 6 was successfully used to identify functional
MR parameters that relate to glioma grade. Three different types of VOI were implemented with
TUM and NEL VOIs producing a higher number of significant results. In gliomas, sampling
multiparametric data from VOIs derived from the enhancing portion of lesion (CEL) does not appear

to be an effective way of identifying lesion grade, partially because not all lesions enhance.

Individually, DTI, DCE and DSC all showed significant differences between tumours of different
grade. Mean and median parameters produced the most significant differences between grades
followed by standard deviation, then skew and kurtosis. Minimum and maximum values are also
useful identifiers of lesion grade when the parameters are fully understood (e.g. low ADC and K;
values relate to higher grades). When mean values sampled using a TUM VOI were input into a 2-
stage logistic regression model, DTl and DCE parameters were found to produce the most predictive
model for glioma grade. DSC parameters did not contain enough additional value for the logistic

regression model. Further efforts should be made to optimised DTl and DCE in the brain.

Compared to histology, MRI and MRS have relatively poor spatial resolution despite advances in
field strength and sampling schemes. Ultimately this means that MR is unable to identify the focal
regions of cellular change which cause tumours to be classified as a higher grade than imaging
suggests. Likewise, it is difficult to prove MR has identified small regions of transformation, given
the difficulty in excising brain tumours. This means for the foreseeable future, there will continue

to be a level of disagreement between imaging and pathology.

Given the promising results in this chapter to identify lesion grade using imaging, the same

methodology should be able to be employed to predict progression-free survival in gliomas.

238



8 Prediction of Progression-Free Survival in Patients Diagnosed with

Gliomas using MR Derived Parameters

8.1 Introduction

This chapter explores the ability of quantitative MR parameters derived from diffusion tensor
imaging, dynamic contrast enhanced MRI and dynamic susceptibility contrast MRI to potentially
predict progression-free survival at set time points prior to and during the early stages of adjuvant
treatment in gliomas. If quantitative MR could identify patients likely to have a shorter progression
interval, then surveillance imaging could be acquired more frequently, with the potential of a second
surgical intervention closer to the time of reoccurrence. Alternatively, more aggressive treatments

where a higher risk can be justified due to the potential benefit in patients likely to progress early.

Questions explored in this chapter are:

e Can preoperative MR parameters predict progression-free survival?

e Can MR parameters of residual disease prior to therapeutic treatment predict progression-
free survival?

e Can changes observed in MR parameters as a result of treatment predict progression-free
survival?

e Can MR parameters measured from the residual disease following treatment predict

progression-free survival?

Finally, Cox regression models were generated for the different volumes of interests in both pre-

and postoperative cohorts to identify the key MR parameters predictive of survival.
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8.2 General Methodology
Multiparametric MR data was acquired from patients with histologically proven gliomas at three

time points. As discussed on pg. 138, the 3 time points were:

1. Preoperative MR (Time Point 1 - Week 0).
2. Pre-chemoradiotherapy MR (Time Point 2 - Week 3).

3. Post-chemoradiotherapy MR (Time Point 3 - Week 10).

Volumes of interest (TUM and CEL) as detailed on pg. 178 were contoured for each lesion using the
morphological imaging in the 4D multiparametric volume (FLAIR, T; FSPGR, ADC, FA, q, RA, AL, A, Ry,
K'a"s, ve, Vb, rCBVevr, rCBVgox, and K>). The TUM VOI was selected based on the results of chapter 7,
where TUM VOIs showed a greater number of significant differences between grades than NEL and
CEL VOlIs, whilst contrast enhancement is a key indicator used in the ‘Response Assessment in

Neuro-Oncology’ criteria (RANO) (216) and therefore CEL VOIs were also investigated.

Mean and standard deviations were generated for each MR parameter of each lesion. This was
based on the results of the previous chapter where mean/median values produced the greatest
number of significant differences between differing grades of glioma, followed by standard
deviation. Given the similarities between mean and median in large populations, mean was chosen

as it compliments standard deviation measurements.

Gaussian mixture modelling was also applied; generating a further two sets of statistical descriptors
for TUM (TUM, and TUM;) and CEL (CEL, and CEL;). Patients were dichotomised using the median

of mean or standard deviations for each parameter and VOI population.

A critical event was classed either as tumour progression on conventional non-study MR imaging
(increased volume of enhancement or oedema), a clear clinical deterioration as noted by a member

of the care team or disease related death before 210 days. Censored data was defined as
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radiologically stable MR imaging and/or clinical performance at 210 days from surgery or the closest

follow up appointment. Kaplan-Meier survival analysis was calculated using IBM SPSS 20 for all

dichotomised groups. Log rank tests were used to test for significant differences in survival interval

noted between the dichotomised MR parameters.

Results are colour coded according to source of the data using the scheme in Table 22. This is

implemented to improve the visualisation of trends within the results.

Table 22 — Colour coding for different MR sequences and the parameters derived from them in this

study.

DTI Diffusion

DTI Directionality

Maps

DCE MRI

DSC MRI

ADC’ A ‘ AR

Ry

e | v | =

rCBVeve

rCBVgox

Kz
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8.3 Can Preoperative MR Parameters Predict Progression-Free Survival?

(Time point 1)
This section examines whether quantitative preoperative MR can predict progression-free survival
at 210 days from the initial study scan. With information about the likelihood of disease progression,

patient’s management could be changed to accommodate this new information.

8.3.1.1 Section Specific Methods

The same cohort of patients as investigated in chapter 7, (pg. 183) was used to examine whether
preoperative MR parameters could be used to predict progression-free survival. Kaplan-Meier
survival analysis was conducted twice; once for the entire cohort of 55 patients and once for the
high grade lesions (45 patients). The second analysis was to rule out data biasing by including grade
Il lesions which are known to remain stable for a longer period of time. The enhancing portion (CEL)
of the high grade tumours was also examined to see if MR parameters were predictive of
progression-free survival. Cox regression survival analysis was implemented with the addition of
grade, age and cell type, which are clinically relevant parameters, in order to determine the most
useful parameters for clinicians to examine when identifying patients that might have disease
progression shortly after treatment. To prevent the over-parameterisation of the Cox regression
model, factor analysis was used to identify the principal components that explained the greatest
amount of variance in the data. To approximately normalise the values between different MR
parameters, in order to identify small changes, PK parameters were multiplied by 100, whilst all
other MR parameters were multiplied by 10. Principal components analysis was calculated from the
correlation matrix of MR parameters retaining components with eigenvalues greater than 1 (SPSS
default). From the component matrix (i.e. the correlation between MR parameters and principal
components) generated by SPSS, the two parameters which explained the most variance of each
principal component were selected as the input for the Cox regression analysis. A backward Wald

methodology was used to submit the factor analysis identified data to the Cox regression model.
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The change in risk associated with a unit increase of imaging parameter was calculated as Hazard
Ratio-1. The resulting sign determines the direction of risk change (i.e. 0.75-1 = -0.25 (-25%)), which

means a unit increase in imaging parameter results in a 25% decreased risk.

8.3.1.2 Results

Entire Cohort Results

Using the mean TUM VOl for the 55 patients (grade Il = 10, grade 11l =12, grade IV = 33), 20 significant
parameters were found to predict progression-free survival (Table 51). The false discovery rate was
calculated to be 3.5% indicating 1 false positive result. Using the standard deviations of parameters
instead found 21 significant results (Table 52) with a FDR of 1.2% which suggested 0 false positives
in the data. Notable significant results include all mean FA, g, RA, K" and ve TUM populations, and
selected ADC, Ar v, and K> mean populations. Selected standard deviations of all parameters expect
ADC, A, and Ar were also significant predictors of progression-free survival. The volume of tumour

abnormality was not a significant predictor of progression-free survival.

High Grade Results

When analysing only high grade gliomas (grades Il and IV) (N=45), mean TUM VOIs showed 10
significant parameters capable of predicting progression-free survival at 210 days (Table 53). The
results had a FDR of 11.4% indicating 1 false positive present in the results. Significant mean
parameters were found for ADC, q, Ag, K™, ve and K, with 7 of the 9 significant MR results arising
from GMM derived populations (volume was 10%" result). The standard deviations of parameters
were equally predictive of progression-free survival in high grade gliomas from preoperative imaging
(Table 54), with 11 significant results with a FDR of 5.4% and 1 false positive. Significant predictors
of progression-free survival were g, RA, Ry, K™, ve and rCBVgy:. In the high grade cohort, the

preoperative tumour volume was predictive of the progression-free survival interval.
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Figure 119 - Example Kaplan-Meier survival charts showing 2 examples of significant predictors of
progression free survival in high grade gliomas using data sampled from the pre-operative MR scans.
Mean values from K" TUM; (p=0.005)(left) and K> TUM, (p=0.016)(right) are shown above.

Of the 45 high grade lesions, contrast enhancement was present in 39 cases. Mean CEL values (Table
55) found 5 parameters to be significant predictors of progression-free survival with a false
discovery rate of 27.6%. Populations of Ri, v, and K; as well as the volume of enhancing tumour
were significant predictors. For the standard deviations of CEL (Table 56), 5 parameters were also
shown to be significant with a FDR of 16.4%, suggesting 1 parameter was a false positive. Of the 5
significant standard deviations that were predictive of progression-free survival, all were derived

from GMM subpopulations.
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Cox Regression Survival Analysis of High Grade Lesions

Factor analysis of the 21 significant predictors found using TUM to predict progression-free survival
in high grade gliomas using preoperative imaging revealed 5 principal components (Table 23). The
two variables that explained the most variance of each component were chosen as input for the Cox
regression model using a backward W3ald methodology (Table 24). The mean radial diffusivity
measured with TUM, was found to be predictive of progression-free survival with every 0.1x103
mm?2st increase in the mean TUM, population of a tumour found to reduce the risk of a shorter
progression-free survival interval by 34% (1-0.66). The volume of the tumour abnormality TUM was
also found to be a predictor of progression-free survival with each 1ml increase in tumour
abnormality before surgery being associated with a 1% increased risk in a shorter progression-free
survival interval. The increased risk associated with a grade 1V glioma compared to a grade Ill glioma

was 179%.

The same methodology was repeated for the high grade CEL group which contained 39 patients,
compared to 45 of the TUM cohort. Factor analysis of the 10 significant results found 3 principal
components (Table 25). The top two parameters from each component were entered into the Cox
regression analysis along with the clinical parameters (Table 26). A 0.1x103s? increase in mean R
values was associated with 23% decreased risk of tumour progression at 210 days from surgery
whilst a 1% increase in blood volume fraction was found to increase the risk of a shorter progression-

free interval by 9%.
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Table 23 - Magnitude values of the correlations between the 21 parameters and each principal
component. The input for the factor analysis were the significant predictors of progression-free
survival identified using the Kaplan-Meier survival analysis of high grade glioma (N=45) parameters
at time point 1 sampled using a TUM VOI. The cells highlighted in red show the parameters input
into the Cox regression model.

Parameter Stat. VOI Component
1 2 3 4 5

ADC Mean TUMo 0.20 0.73 0.48 0.12 0.29
q Mean TUM; 0.20 0.66 0.46 0.09 0.36
Ar Mean TUMo 0.16 0.75 0.43 0.03 0.39
Ktrans Mean TUM 0.92 0.02 0.20 0.05 0.04
Ktrans Mean TUMo 0.81 0.14 0.16 0.36 0.22
Ktrans Mean TUM, 0.92 0.10 0.07 0.00 0.10
ve Mean TUM 0.92 0.00 0.10 0.00 0.05
ve Mean TUM, 0.91 0.14 0.08 0.08 0.13
K2 Mean TUM, 0.36 0.55 0.11 0.51 0.36
Volume Volume TUM 0.38 0.03 0.48 0.33 0.06
q S.D. TUM 0.32 0.46 0.52 0.27 0.23
RA S.D. TUM;, 0.06 0.77 0.42 0.13 0.01
R: S.D. TUMo 0.38 0.30 0.41 0.54 0.08
Ktrans S.D. TUM 0.88 0.14 0.08 0.20 0.20
Ktrans S.D. TUM, 0.84 0.11 0.08 0.31 0.18
Ktrans S.D. TUM, 0.87 0.13 0.01 0.06 0.16
Ve S.D. TUM 0.94 0.11 0.07 0.24 0.07
Ve S.D. TUMo 0.72 0.00 0.23 0.32 0.08
Ve S.D. TUM, 0.91 0.12 0.11 0.20 0.09
rCBVeve S.D. TUMo 0.09 0.52 0.47 0.38 0.40
rCBVeve S.D. TUM, 0.54 0.32 0.31 0.23 0.34

Table 24 - Final model from a 210 day progression-free Cox regression survival analysis using the
parameters identified using factor analysis of significant Kaplan-Meier results for 45 high grade
gliomas sampled with TUM VOlIs at time points 1.

. Hazard 95.0% ClI for Hazard Ratio
Time point Parameter Stat. vol B Sig. .
Ratio Lower Upper
TP1 AR Mean TUM, -0.42 0.020 0.66 0.46 0.94
TP1 Volume Volume TUM 0.01 0.006 1.01 1.00 1.02
TP1 Grade Grade TUM 1.02 0.075 2.79 0.90 8.61
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Table 25 - Magnitude values of the correlations between the 10 parameters and each principal
component. The input for the factor analysis were the significant predictors of progression-free
survival identified using the Kaplan-Meier survival analysis of high grade glioma (N=39) parameters
at time point 1 sampled using a CEL VOI. The cells highlighted in red show the parameters input into
the Cox regression model.

Parameter Stat. VOI Component
1 2 3
R: Mean CEL 0.20 0.94 0.19
R: Mean CEL, 0.14 0.94 0.14
Vb Mean CEL, 0.92 0.06 0.17
Kz Mean CEL 0.55 0.24 0.50
Volume Volume CEL 0.69 0.34 0.19
RA S.D. CEL, 0.41 0.26 0.34
Ktrans S.D. CEL; 0.78 0.04 0.40
Ve S.D. CEL; 0.84 0.02 0.23
Vb S.D. CEL; 0.89 0.05 0.34
Kz S.D. CEL, 0.60 0.29 0.60

Table 26 - Final model from a 210 day progression-free Cox regression survival analysis using the
parameters identified using factor analysis of significant Kaplan-Meier results for 39 high grade
gliomas sampled with CEL VOlIs at time points 1.

Hazard | 95.0% Cl for Hazard Ratio
Time point Parameter Stat. VOI B Sig. .
Ratio Lower Upper
TP1 R1 Mean CELo -0.32 0.035 0.73 0.54 0.98
TP1 Vb S.D. CEL, 0.09 0.035 1.09 1.01 1.18
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8.3.1.3 Discussion

Entire Cohort (N=55)

Functional parameters derived from preoperative MR appear to predict progression-free survival at
210 days from time point 1. From the mean measurements using the TUM VOlI, all fibre directionality
parameters (FA, g, RA) were found as significant predictors of progression-free survival, with tumour
abnormalities that contained high levels of directionality found to progress more rapidly. This result
is consistent with the observations in chapter 7, where increased directional diffusion was found in
high grade lesions using mean TUM measurements (pg. 308). As suggested previously in this thesis,
this observation is explainable by the increased amounts of oedema associated with higher grade
lesions causing more apparently normal appearing white matter be included in the T, VOI, and
subsequently the directional diffusivity appears increased in high grade lesions. This has also be
observed by Inoue et al (196) and Liu et al (200), reporting increased FA and decreased ADC values
with increasing glioma grade. Furthermore, the high directional diffusion present within the VOI
suggests neurons are encompassed by the disease which is more likely to be infiltrating, rather than

displacing normal brain making resection more difficult and reoccurrence more likely.

The lower GMM population (TUMo,) of the diffusion measurements was also found to be predictive
of progression-free survival, with ADC and radial diffusivity both producing significant results. These
results show that lower diffusivity values are associated with a shorter progression-free interval,
suggesting the region of the tumour displaying low ADC and Ag values is most likely to have high
levels of cell proliferation. The use of T; and T,* dynamic imaging to derive parameters such as K",
Ve and K; should be considered for preoperative MR assessment in these patients. From the data, it
appears that tumours with high levels of vessel leakage progress more rapidly than less well

perfused lesions and could be used as a surrogate for the extent of VEGF up regulation.
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The use of Gaussian mixture modelling appears to improve the ability of MR to predict disease
progression. For 8 out of 9 parameters, GMM subpopulations of parameters were better predictors
of disease progression than whole tumour volumes of interest (TUM). This process is fully
automated requiring no hot-spot techniques and accounts for the entire volume of abnormality.
These results suggest the presence of non-Gaussian populations in these tumours and their
parameter distributions, such that statistical descriptors such as mean and standard deviation
should be used with caution for whole tumour measurements. Functional preoperative MR could
be used to influence how radical surgical resection should be, as well as the scan interval and

chemotherapeutic regimes for patients with high levels of vessel permeability.

High Grade Only Cohort (N=45)

Within the high grade population, TUM, mean ADC and Ag values were found to be significant
predictors of progression-free survival. Mean g values measured with TUM; were also a significant
predictor from the DTI derived parameters. Lower diffusivity values were associated with a shorter
progression-free interval, which can be related to increased cellularity (120) and elevated cell
proliferation rates. Previous work (39) has shown the volume of tumour with a normalised ADC less
than 1.5 to be predictive of survival in glioblastoma patients. All mean K™" TUM populations
significantly predicted progression-free survival, with TUM and TUM; of v. also being significant. In
all cases, higher PK parameter values were associated with a shorter progression-free interval, with
increasing values previously been shown to correlate with grade (93, 204). This may relate to an up-
regulation of VEGF in the tumour, or reduced drug delivery through the new tumour vasculature.
Mill et al (92) have previously reported a high K" as poor prognostic indicator in gliomas, despite
only sampling 3 slices of tumour at 1.5T in each patient. The TUM, population of K; in tumours was
found to be a significant predictor of PFS with the parameter representing leakage, which is thought
to be physiologically similar to K" which represents permeability. Figure 120 shows two

glioblastoma tumours with similar appearances on post-contrast T; FSPGR imaging; however, the K;
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values throughout the tumours are quite different, with more T,* dominant leakage in the tumour
that progressed more rapidly. T>* dominant leakage (% peak recovery) measured at 1.5T was found
to be non-significant in predicting survival (39), however the author’s felt the DSC acquisition could
have been improved by using a phased array coil to increase the through plane coverage. The
volume of tumour abnormality (TUM) was also predictive of tumour progression, with larger
tumours at presentation more likely to progression 210 days later. This may be related to the
difficulty in resecting larger lesions which are more likely to have invaded eloquent structures in the
brain as well as potentially containing more spatially distinct mutations (217) which will respond to

treatment differently.

The standard deviations of g sampled with TUM and RA sampled with TUM; were predictive of
progression-free survival, but all other DTI measurements were not. In both parameters, it would
appear that a greater standard deviation is associated with a worse survival. This probably relates
to the amount of white matter encompassed by the tumour abnormality, with infiltrative tumours
progressing more rapidly than tumours that displace the brain. The standard deviation of all
populations of K" and v. proved to be significant predictors of progression-free survival at 210
days. The higher standard deviation suggests more heterogeneously enhancing tumours reoccur
after a shorter period of time. The standard deviation of the non-leakage corrected TUM, and TUM;
populations of rCBVesve show increased blood volume heterogeneity in patients who progressed
more rapidly following surgery, which is similar to the DCE results which showed increased

heterogeneity was associated with poorer outcomes.
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Progressed

Stable

Figure 120 — Two patients with glioblastoma WHO IV tumours. Post-contrast T; FSPGR imaging is
shown on the left, whilst K; maps (red pixels are more negative) are on the right to demonstrate the
range of T.* dominant leakage values observed. The top patient progressed before 210 days and
had a TUM, K> value of -5.162 compared to bottom patient who remained stable at 210 days
following surgery, with a TUM, K, value of -1.288.

From the 39 high grade gliomas which demonstrated an enhancing component (CEL), no mean
diffusion parameters from preoperative imaging were found to be significant predictors of
progression-free survival. As discussed on page 206, factors such as geometric distortion have the
potential to cause a VOI-data mismatch whilst perfusion effects may also lead to diffusion
measurements using CEL being non-predictive. However, mean values for CEL and CEL, of Ry, CEL;
of v, and CEL of K, were all significant predictors of progression-free survival. Tumours which

displayed a greater level of T>* dominant leakage were more likely to have a shorter progression-
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free interval, possibly indicating how advanced the disease is at presentation. The volume of
enhancing tissue was also predictive, with tumours that contained more than 12.36ml of enhancing
tissue more likely to have some type of progression before 210 days. Possible reasons include the
amount of tumour that is surgically removable, and the number of mutations likely to have occurred

in larger tumours.

From the standard deviations of diffusion tensor derived parameters sampled with CEL, only RA
measured using the CEL; VOI showed significant differences in progression-free survival. Standard
deviations of K", v, v, and K, were all significant using CEL;, suggesting a wider range of vascular
tissues present in the tumours which progressed more rapidly. These MR parameters are possible
surrogates for activity of VEGF present in the tumour. Given HIF1a activation is a precursor to VEGF
up-regulation, increased vascularity could be used to predict tumours likely to infiltrate the
surrounding tissue rapidly. HIF1a is normally used by the body to control the invading properties of

cells and is also involved in cell migration.

Cox Regression

From 10 MR parameters, age, grade and cell type entered into the Cox regression model for high
grade tumours measured using the TUM VOI sampling scheme, only 3 parameters were retained.
These were radial diffusivity, volume and grade. The mean radial diffusivity measured with TUMg
was found to predictive of progression-free survival with every 0.1x10 mm?2stincrease in the mean
of the TUM, population of a tumour found to reduce the risk of a shorter progression-free survival
interval by 34%. As previously discussed, lower diffusivity values can be related to increased
cellularity (120) and an elevated cell proliferation index. Whilst O°®-methylguanine-DNA
methyltransferase (MGMT) status was not available in this study, higher ADC values in glioblastomas
have been associated with MGMT promoter methylation and a more favourable outcome (218,

219).
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The volume of the tumour abnormality TUM was also found to be a predictor of progression-free
survival (P=0.020) with each 1ml increase in tumour abnormality before surgery being associated
with a 1% increased risk of a shorter progression-free survival interval. As discussed, this may be
related to the difficulty in resecting larger lesions which are more likely to have invaded eloquent
structures as well as potentially containing more spatially distinct mutations (217). lliadis et al (220)
examined preoperative glioblastoma tumour volumes and found the volume of T, abnormality to
have a non-significant hazard ratio for overall survival and progression-free survival. Only
performance score and the volume of enhancing tissue preoperatively were significant predictors

of progression-free survival in the published study.

The difference between being diagnosed with a grade Ill and IV glioma was found to have 179%
increased risk of a shorter progression-free survival interval. This agrees with literature (6), which

associates shorter survival times with high grade lesions.

For the high grade CEL group, the top two components of each parameter were entered into the
Cox regression analysis along with age, cell type and grade. Two significant parameters remained in
the model, with a 0.1x103s? increase in mean R; values associated with 23% decreased risk of
tumour progression at 210 days from surgery and a 1% increase in blood volume fraction standard
deviation found to increase the risk of a shorter progression-free interval by 9%. These results
appear to suggest that useful information can be gained about the tissue conditions of the
enhancing portion of the lesion. The longitudinal relaxation rate (R1) appears to be lower in patients
who progressed more rapidly. Likewise, the increase in v, standard deviation most likely relates into
higher v, values within the certain regions of the enhancing portion of the tumour which

subsequently causes an increase in the observed standard deviation.
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Limitations

Whilst efforts were made to acquire the most representative data for the brain tumour cohort of
this geographical region, there was some selection bias due to age and performance status at
presentation. In this region, patients up to the age of 25 are referred to another medical centre
which has additional expertise for the care of young adults with brain tumours, therefore no patients

between 18 and 25 were recruited to the study.

Regarding performance status, if the patient was confused or dysphasic then consent to the trial
was not possible despite treatment still potentially being offered on the grounds of best interest.
This could cause a bias in the survival data given performance status is a known prognostic indicator

(220).

It could be argued that the VOIs in this study are contoured by a physicist (the author) rather than
a neuroradiologist, which could cause some small errors in the tumour boundaries. However, in
most cases the boundaries of the T1and T, abnormalities were well defined which made contouring
with the Otsu (187) tool relatively simple. The large number of pixels involved in each tumour’s
measurement will have removed some of the small differences between scientist and clinician

drawn VOls.

In terms of the MR data, the interpolation of some of the higher slice thickness sequences
(DSC=7mm, FLAIR=5mm) and geometric distortion in the EPI images (DTl and DSC) are probably the
main sources of measurement error. The interpolation of the T, FLAIR imaging will affect the T
VOI with over- and underestimations of the boundaries most likely, whilst the interpolation of the
DSC data means linearly enhancing structures are less likely to correctly align, which will have had
more effect on the CEL VOlIs. As described on page 169, 12 DOF were used to register the DTl and
DSC datasets to the T1 FSPGR volume in an effort to align the data correctly whilst reducing image

warping. Page 304 details fully how the data acquisition could be improved if another prospective
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study was repeated. However, in terms of VOI generation switching the 2D T, FLAIR sequence for a
3D T, FLAIR volume would yield an immediate improvement, with only an additional 3 minutes of

scan time.

8.3.1.4 Conclusions

Preoperative MR can predict progression-free survival at 210 days in high grade gliomas. When
examining the cohort of 55 patients that included low and high grade tumours, 20 significant
differences for mean MR parameters were evident between tumours that progressed or remained
stable when sampled with the TUM VOI. A further 21 significant differences were evident using the

standard deviations.

A more detailed analysis of only the high grade tumours using TUM by Cox regression revealed radial
diffusivity, volume of tumour abnormality and grade to be the best indicators of progression-free
survival at 210 days following Cox regression analysis. The use of Gaussian mixture modelling to
identify the lower population of ADC values within the tumour appears to be a suitable alternative
to arbitrary cut-offs as used by Crawford et al (39). Using the CEL VOI, measures of R; and vy, appear

to better than grade or cell type at predicting which tumours are likely to progress after surgery.

Individually, DTI, DSC and DCE all showed significant predictors for progression-free survival using
CEL or TUM with either mean or standard deviation as statistical descriptors. Longitudinal diffusivity
was non-significant throughout this section. Less common parameters such as q and K; produced

multiple significant predictions and are worth investigating further.

The use of advanced MR parameters, as identified in this section could be used to recognise patients
who would benefit from more frequent scan regimes or for the inclusion of novel therapeutics

where the likelihood of progression before 210 days after surgery was high.
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8.4 Can Functional MR Parameters of Residual Disease Prior to Adjuvant Therapeutic

Treatment Predict Survival Outcome? (Time point 2)

8.4.1.1 Introduction

This time point examines the MR parameters of residual tumour following surgery and whether it is
possible to predict the time to progression in glioma patients. Scans at time point 2 were all
immediately prior to chemoradiotherapy. Significant predictors of progression-free survival could
influence treatment management in the future through increased scan intervals or alternative

therapeutic options.

8.4.1.2 Section Specific Methods

Multiparametric MR data was acquired and processed in the same manner as section 8.2 for 33
patients with histologically proven gliomas. Patients were only included in this analysis if they
completed scans at time point 2 and time point 3 so the data from time points could later be
compared. Ten critical events were found to have occurred before 210 days after recruitment
(approximately 180 days/6 months from time point 2). Of the cohort of 33 glioma patients, 28
gliomas had contrast enhancement present in both examinations, thus statistics relating to CEL had
a reduced number of critical events (9) compared to TUM. All VOIs were contoured by the author,
with care taken to exclude all regions of haemorrhage. Sample images of the registered data and
VOlIs can be seen in Figure 121. Note the hemosiderin present on the FLAIR imaging which may have

had an effect on the DSC quantification.

Kaplan-Meier survival analysis was calculated for all dichotomised groups. The tumour volume
within the VOI was also compared with outcome. Within tables, significant results are highlighted

in red for the Kaplan-Meier survival analysis.
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T1 POST.CONTRAST

Figure 121 - Sample postoperative, pre-chemoradiotherapy imaging at 3 weeks after surgery. FLAIR,
T: FSPGR post-contrast, ADC (0-2.5x10°mm?s), R; (0-2s), ve (0-0.75) and rCBVgox (0-7.5) images
can from seen from top left to bottom right. Part of the TUM VOI can be seen on the FLAIR imaging
whilst a section of the CEL VVOI can be seen on the T; FSPGR post-contrast imaging. Note the exlusion
of the post-surgical cavity from the analysis in the same manner as necrosis.

8.4.1.3 Section Specific Results

Kaplan-Meier survival analysis (Table 57) was calculated for each parameter and VOI combination.
Out of 40 dichotomised parameters, 8 were found to have a p-value less than 0.05. Following
calculation of the FDR, 26% of cases were likely to be false discoveries which equated to 2
parameter-VOI combinations. Significant parameters (p<0.05) found using the Kaplan-Meier
survival analysis were longitudinal (Figure 122) and radial diffusivity from the DTI and all PK
parameters derived from the DCE. No DSC parameters significantly correlated with progression-free

survival at this time point.
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Figure 122 - Kaplan-Meier survival plot showing the prediction of progression free survival in high
grade gliomas using the mean TUM; population of the longitudinal diffusivity (p=0.003) measured
at time point 2.

Kaplan-Meier survival analysis of the standard deviation values measured using the TUM VOI for
each parameter found 5 significant results (Table 58) with a FDR of 17.2% indicating 1 result in the
table was likely to be a false discovery. Significant discoveries were found using the standard

deviations of A, K", v, and K, (Figure 123).
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Figure 123 - Kaplan-Meier survival plots showing the prediction of progression free survival in high
grade gliomas using the standard deviations of the vy, TUM,y (p=0.003)(left) and K, TUM
(p=0.009)(right) populations measured at time point 2.
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Mean parameters values sampled using CEL (Table 59) were calculated for each parameter and VOI
combination. Forty dichotomised parameters were input into the Kaplan-Meier survival analysis,
with 5 parameters found to have a p-value less than 0.05. Following calculation of the FDR, 25.5%
of cases were likely to be false discoveries which equated to 1 parameter-VOIl combination.
Significant parameters (p<0.05) found using the Kaplan-Meier survival analysis were q from the DTI
and vp calculated from the DCE. Once again, no DSC parameters significantly correlated with

progression-free survival at time point 2.

Finally, the standard deviation values measured using the CEL VOI for each parameter revealed 4
significant results (Table 60) with a FDR of 29% indicating 1 result in the table was likely to be a false

discovery. Significant results arose from DTl and DCE data only.
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8.4.1.4 Section Specific Discussion

VOIs

Once the blood-brain barrier is disrupted, contrast enhancement around a surgical cavity is usually
difficult to interpret, reducing the accuracy of the CEL VOIs. Only by scanning patients within 48
hours of surgery can contrast enhancement be considered as residual tumour. However, the
availability of 3.0T in-patient slots ruled out scanning at this time interval. By using the TUM and CEL
VOlIs in combination with the Gaussian mixture modelling, the intention was that different tissue
groups (e.g. tumour or oedema) could be distinguished independently without the need for user

defined sub-VOls.

DTl

Longitudinal diffusivity (A) measured using TUM; was found to be a significant predictor of
progression-free survival prior to chemoradiotherapy. Patients with a A, higher than the median
remained stable for significantly longer periods than patients with a lower A.. This parameter may
have been sensitive to inflammation and oedema which has the potential to decrease following
steroids. The higher diffusivity values may also indicate an absence of tumour infiltration and
subsequently reduced progression. Radial diffusivity (Az) measured using TUM, was also found to
be a significant predictor for progression-free survival. Patients that had a lesion with high radial
diffusivity faring better. This relates to some of the earlier findings in this study (pg. 185) which
reported lower grade lesions to have higher ADC values than those of higher grade tumours, which
means the cells are less dense or proliferating slower. Yamasaki’s 2010 study (140) also reported
diffusion derived parameters to be significant predictors of survival when using minimum ADC
values. However, the mean ADC values in this study were found to be non-significant and were
measured from the whole VOI rather than in Yamasaki’s study which used multiple small ROls. Given
the result of surgery introducing artefact and the potential for solid tumour, infiltration, oedema,

hemosiderin and inflammation, it is perhaps not surprising that mean ADC values could not predict
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progression-free survival at this time point. In terms of measured values, median ADC values in this
study were found to be comparable to those in a similar pre-chemoradiotherapy study (149) which
reported median ADC values to be 1.09x103mm?s? for the whole T, abnormality compared to
1.14x103mm?s? in this thesis. Diffusion was not used to predict progression-free survival in the
published study (149). In recurrent GBM, Ellingson et al (221) were able to demonstrate that the
lower population of ADC values derived using a Gaussian mixture model was able to predict whether
patients would responded to Bevacizumab. However, when predicting response to chemotherapy

in recurrent GBM, ADC was non-significant in the published study.

When examining the distribution of parameter values within a given population of the tumour
abnormality, the standard deviation of longitudinal diffusion within TUM, was found to be a
significant predictor of progression-free survival, with tumours with a smaller standard deviation
progressing more rapidly. At this time point, all TUM parameters relating to diffusion directionality
were non-significant in predicting progression-free survival. This may be related to the sampling
method which used a single VOI rather than a detailed examination of the data trying to identify

any potential regions of infiltration; a sign of tumour progression (137, 164).

Patients with a mean tumour value of g higher than the median, measured with a CEL VOI (CEL and
CEL;) demonstrated a significantly shorter time to progression. Given the scan interval one might
speculate that q values may be able to differentiate between inflammatory enhancement and
tumour enhancement, with inflammatory enhancement having lower q values caused by a higher
degree of isotropic diffusion due to acute swelling. The cohort with the highest standard deviations
of FA and g values, measured with CEL; and CEL respectively from the enhancing portion of the
lesion also had a significantly shorter progression-free interval. Increased standard deviations of FA

and q suggest a greater level of heterogeneity within the contrast enhancing component of the
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tumour, a possible indication the tumour is becoming more necrotic due to micro-environmental

stresses.

DCE

At least one TUM VOI from each of the PK parameters significantly predicted progression-free
survival. A high K", v, or v}, all suggested the patient would progress quicker than a patient with a
tumour which displayed low PK parameter values. Previously high K" and v, values have been
associated with higher grade lesions (92). This has been observed in both this study (pg. 308) and
the 2006 publication by Mills et al (92). The high K™ in glioma patients could be considered a
biomarker for an angiogenic switch (possibly suggesting HIFla is up regulated), where
neoangiogenesis is promoted and tumours continue to grow quicker, ultimately resulting in a
shorter progression-free time. It would appear that despite increased vessel permeability, increased
drug delivery is not possible, possibly due to increased flow, or abnormal vessel growth preventing
drugs being able to diffuse through the tumorous tissue. The TUMg and TUM; fractional volume of
extravascular extracellular space (ve) were both significant predictors of progression-free survival in
glioma patients, with a high ve meaning patients are likely to progress quicker. Interestingly, the
TUM VOI was not a significant predictor for ve which suggests there may be two v. populations
existing at this time point. Mills et al (222) has previously proposed that ADC values would correlate
with ve values given both are measures of the extravascular extracellular space, however this was
found to be non-significant in the publication. A similar situation is present in this study, with low
diffusivity values (ADC and radial diffusivity) suggesting patients will progress quicker, while v is

high in patients who progress more rapidly.

Increased standard deviation of K" (TUMy) and v, (TUMp & TUM,) produced significant predictions
about a more rapid progression of the disease. The increased standard deviations of PK parameters

suggests that tumours with a wider range of vessel conditions are present (different degrees of
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leakage and blood volume), and potentially have more mutations or an up regulated HIFla, thus

they are less likely to respond to treatment.

Mean measurements of PK values using CEL, revealed vy, to be a significant predictor of progression-
free survival using all populations of CEL. In TUM, v, was also significant as previously described. A
value higher than the dichotomised mean v, in the residual enhancing tumour indicates a more
rapid regrowth of the disease in glioma patients. The standard deviation of the TUM, vy also
predicted a reduced progression-free survival interval, with increased variation being associated

with a worse outcome.

DSC

The absence of significant results using mean TUM DSC derived parameters is perhaps not surprising
given the recent surgery in patients; with hemosiderin and other blood breakdown products likely
to destroy the MR signal at all points along the DSC time course. Therefore, rCBV estimations of the
residual disease have the potential to be incorrect at the time of the scan, given the interval from
surgery (3-4 weeks); and that post-surgical effects can persist for several months within the brain.
Previously in this study, rCBV correlated with grade whilst K, appeared to predict progression-free
survival from the preoperative MR. Whilst mean K, did not predict outcome from post-surgical
imaging, the standard deviation of K, values did. No DSC parameters measured with a CEL VOI

predicted progression-free survival.

263



Residual Tumour Volume

A previous study (149), imaging glioma patients before chemoradiotherapy, found the volume of
the T, abnormality to be highly predictive of patient survival. However, in this study the volume of
residual disease as measured using a TUM VOI was not able to significantly predict progression-free
survival, despite the extent of resection being shown to be relate to survival (2). One explanation
could be the inclusion of oedema/infiltration as defined on the T>-weighted FLAIR in the residual
volume calculation, however this was also included in the study by Saraswrathy et al (149). It is
worth noting that the volume of residual disease was 2 times larger in this study 51+36ml vs.
24+15ml. An alternative explanation could be that as tumours become larger, more oncogenes
become active. This means that at the point of resection, multiple tumour mutations have occurred
and the tumour will continue to grow rapidly regardless of the residual disease. Likewise, with these
mutations present, the tumour is most likely to have infiltrated some distance from the enhancing
portion of the lesion and the tumour will reoccur equally quick regardless of the residual volume.
The volume of enhancing tissue defined by CEL was also found to be non-predictive of outcome,
possibly due to two types of enhancement (inflammatory and pathological) being present during

the time point 2 scans, with median volume of enhancing tissue after surgery found to be 9.30ml.

In terms of clinical management, patients should receive the same chemoradiotherapy treatment
regardless of residual tumour volume (TUM and CEL) given that volume seemingly makes no
difference. Other functional parameters should be employed instead to determine candidates for

further treatment or increased scan frequency.

264



Limitations

The biggest limitation of this section is the scan interval itself. As previously discussed, it was not
feasible to scan patients within 48 hours of surgery. Subsequently some of the enhancement
present is likely to be inflammatory with reactive changes also seen in the size of hyperintense T,
abnormality. Figure 61 on pg. 79 demonstrates the effect of blood products on the DSC data and
the inability to detect increased blood volume in any potential residual disease. The same effect is

also present in the DTI data to a lesser degree.

Tumour regrowth is another issue which cannot be excluded from the volume calculations of the
residual disease. In one study, 53% of tumours grew between surgery and radiotherapy (223) with
tumour growth measured at between 0.3-18.3ml of new tissue in the four week interval until

therapy.

8.4.1.5 Section Conclusions

The results from this cohort of patients, suggest that mean PK parameters derived from DCE MRI
following surgery can predict progression-free survival. K™, v, and v, were all associated with
quicker tumour progression, suggesting HIFla is up regulated and poorer outcomes will be
associated with these patients. The implementation of DCE prior to chemoradiotherapy could be
beneficial in 2 ways. Firstly, contrast enhancement could be identified amongst blood products as
seen in Figure 61 on pg. 79, to aid radiotherapy planning. Secondly, the PK parameters could also
be used to identify patients who would benefit from more frequent scans given the likelihood of
early tumour progression. At this time point it would appear that it is not worth conducting DSC

examinations based on the blood products present and the more quantitative DCE approach.
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8.5 Can Changes Observed in MR Parameters as a Result of Adjuvant Treatment

Predict Progression-Free Survival? (Time point 3 — Time point 2)

8.5.1.1 Introduction

This section examines how changes in MR parameters measured from the residual tumour before
and after chemoradiotherapy, could predict progression-free survival (PFS) in this cohort of glioma
patients. Scans at time point 3 were acquired 2 weeks after the end of chemoradiotherapy whilst

the time point 2 scans were acquired 1 week before chemoradiotherapy.

If patients with a shorter PFS interval could be identified then proactive action could be taken either
in the form of increased scan frequency, allowing progression to be identified earlier or
alternatively, a second line treatment could be prescribed instead, given the patient is likely to be
non-response to first line therapies. Hopefully, by identifying longer-term treatment response

earlier, patient care can be moved towards a more personalised approach.

8.5.1.2 Section Specific Methods

Multiparametric MR data was acquired from the same 33 patients with histologically proven gliomas
as for time point 2. Patients were only included in this analysis if they completed scans at time point
2 and time point 3. Ten critical events were found to have occurred before 210 days after
recruitment (approximately 180 days from time point 2). All VOIs (TUM and CEL) were contoured
by the author as detailed on pg. 178. Mean and standard deviation values of each VOI were then
subtracted (time point 3 — time point 2) in order to assess changes. Of the cohort of 33 glioma
patients, only 28 gliomas had contrast enhancement present in both examinations, thus statistics

relating to CEL had a reduced number of critical events (9) compared to TUM.

Kaplan-Meier survival analysis was calculated for all 40 dichotomised groups [(3 VOIs x 13

parameters) + volume] for each VOI. The volume of tumour in the VOI was also compared with
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outcome. In each table, significant results for the Kaplan-Meier survival analysis are highlighted in

red.

8.5.1.3 Section Specific Results

Kaplan-Meier survival analysis (Table 61 - Table 64) was calculated for the difference of each
statistical descriptor, parameter and VOI combination. When examining the difference in mean
parameter values measured using TUM following treatment (Table 61), 7 parameters were found
to have a p-value less than 0.05. Following calculation of the false discovery rate (FDR), 11% of cases
were likely to be false discoveries, equating to 1 parameter-VOI combination. Significant parameters
(p<0.05) were all related to diffusivity measurements using the DTl and the change in volume. No
DCE or DSC parameters significantly correlated with progression-free survival at this time point. The
differences in standard deviation values measured using the TUM VOI for each parameter revealed
4 significant results (Table 62) however; the FDR was 53% suggesting half of all results in the table

were false discoveries. All significant results were generated from the diffusion tensor imaging data.
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Figure 124 - Kaplan-Meier survival plots showing the prediction of progression free survival in high
grade gliomas using the mean change in the radial diffusivity TUM, (p=0.007)(left) and change in
TUM volume measured between time points 3 and 2 (p=0.004)(right).

The contrast enhancing portion of the lesion (CEL) was also assessed to see if changes in the residual
enhancing portion of the tumour could predict progression-free survival (Table 63). In the same

manner as the TUM measurements, the change in mean parameter values was initially assessed
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with 3 significant results arising from the ve and K, parameters. The FDR for the mean change in
parameters using a CEL VOI was calculated to be 19.3% suggesting 1 parameter may be a false
positive. The differences in standard deviation values measured using the CEL VOI for each
parameter revealed 8 significant results (Table 64) with a FDR of 18% suggesting 1 or 2 results in the
table were false discoveries. Significant results were generated from all three imaging types (DTI,

DCE and DSC).

8.5.1.4 Section Specific Discussion

VOIs

As discussed in time point 2 (section 8.4.1.4), due to the scan interval in relation to that of surgery,
VOlIs were contoured with less certainty than time point 1, given the difficulty in distinguishing the
surgical and inflammatory changes from any possible residual tumour. For this section, the values
of independently contoured VOIs were compared rather than a pixel wise subtraction as carried out
for functional diffusion maps (49, 162, 171, 172). The rationale behind this decision was due to the
tissue remodelling which occurs following surgery and potential of mass effect causing subtraction
artefacts. Previously most fDMs have been calculated in patients with recurrent disease where

surgery had not recently occurred.

From the Kaplan-Meier survival analysis, a change in the volume of the tumour abnormality, defined
as: TUM = T + T1a1— NEC— HMG, was found to be a significant predictor of progression-free survival
(P=0.004), with a decrease in volume more than 3012 pixels (7.94ml) found to be a predictor that
the residual disease will remain stable for longer. The change in enhancing volume (CEL) was not
found to be a significant predictor of progression-free survival however; this could be related to the
possibility that some of the contoured enhancement represented inflammatory enhancement

rather than residual disease.
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DTl
Mean measurements of the change in diffusivity (ADC, A, and Ag) over treatment were all significant
predictors of progression-free survival when measured using both TUM and TUM, VOlIs. However,
the direction of the change in diffusivity was opposite to the expected change. Previously, in solid
tumours, ADC values have been shown to increase in tumours that respond to treatment (224)
following reduced cell proliferation and increased cell death. In this study however, increasing ADC
values of the whole abnormality (TUM) were found to be associated with a shorter progression-free
survival interval. This observation may be due to the data sampling scheme used, whereby the
whole abnormality was analysed rather than only the enhancing portion of the tumour. If the
volume of oedema was to increase whilst the solid tumour remained the same, then the mean ADC
of the lesion would increase. Thus, when using the methodology employed in this thesis to assess
tumour response, changes in ADC values may be considered biomarkers for reactive changes in the
surrounding brain due to tumour growth/infiltration rather than a direct measure of a solid
tumour’s response to therapy. Alternatively, the increase in ADC values could relate to tumour
progression with firstly, increased amounts of micro-necrosis present throughout the active tumour
(Figure 125) and secondly the potential of artificially elevated ADC values due to intravoxel

incoherent motion (IVIM) (50, 225).

Changes in the standard deviation of ADC, FA, q and radial diffusivity values were all found to be
significant predictors of progression-free survival. Increasing standard deviation values of diffusivity
were associated with poorer outcomes, suggesting less ‘normal’ tissue exists within the VOI. The
presence of necrosis increases ADC and Ar values whilst solid, rapidly dividing tumour decreases
values within local regions within the volume of interest. Overall this increases the overall standard

deviation of the VOI.
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Figure 125 — Example images before and after chemoradiotherapy from a patient with an anaplastic
oligoastrocytoma (ADC values scaled between 0-2.5x10°mm?s™). Pre- and post-treatment images
are not registered in this figure to show image quality, and the native ready brain prescription angle;
however skull removal was performed. ADC values were observed to increase within the lesion
following treatment (necrosis was excluded). The patient died 205 days after recruitment to the
study. Importantly, the scan interval (2 weeks after therapy) was too short for treatment induced
pseudo-progression.

From the enhancing portion of the tumour, a change in mean diffusion measurements was not
predictive of progression-free survival for any DTI parameters in this study. However, decreasing
standard deviation values of diffusivity within CEL were associated with poorer outcomes,
suggesting that as the enhancing potion of the tumour becomes more homogeneous, progression
occurs more rapidly. At a cellular level, this might suggest that the tumour can sustain itself without
the need for autophagy and is displaying increased amounts of cell proliferation. This finding may
also relate to cases where the chemoradiotherapy has not caused necrosis in the enhancing portion

of the tumour, effectively where the treatment has failed.
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DCE
Changes in mean PK parameters measured using TUM VOIs for each patient were not significant
predictors of PFS. This pattern was also observed with changing standard deviation values of PK
parameters using TUM. However, using a CEL VOI, changes in the mean and standard deviation
values of ve were highly significant predictors of PFS, with increasing mean and standard deviation
values of ve observed over the course of treatment, being associated with a shorter progression-free
interval. Previously, v. values have been shown to increase with glioma grade, as demonstrated in
this study (pg. 195) and the literature (191, 204). Given increased grade is considered a poor
prognostic indicator; an increasing v. could also be considered as a poor prognostic biomarker
(Figure 126). The increasing EES may be an indication that the tumour cells are under stress, with
HIFla and autophagy up regulated in order to sustain the tumour. Since high v. values have

previously been found in necrotising component of glioblastoma (226). An alternative explanation

is that the increasing ve values represent continued tumour progression regardless of treatment.

POST — . il e A
Figure 126 - Example of patient with a high grade glioma (ADC scaled 0-2.5x10°mm?s™). Note the
increase in enhancement and elevated v. throughout the lesion following treatment (scaled 0-0.75).
The patient died 126 days after recruitment into the study. Images are temporally registered to show
how the tumour changed. It is also worth noting the amount of enhancement present using the DCE
at time point 2 not seen on the FSPGR.
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Changes in K™" and v, were not significant using any type of VOI and may relate to the early scan
interval after treatment being too early to observe changes. Despite strong correlations existing
between K™ and v (pg. 187), it would appear changes in ve can be observed prior to K™ and v,
following treatment in gliomas. This could be due to v. being a measure of the interstitial space
which describes the cellular environment whilst K" and vy, are descriptors of tumour vasculature
which may alter at a later time point. Alternatively, chemoradiotherapy may actually have little
effect on the tumour vasculature and thus the PK parameters don’t change with treatment, possibly

explaining why gliomas normally reoccur.

DSC

Much like the DCE parameters in this section, changes in DSC derived parameters sampled using a
TUM VOI were not significant predictors of progression-free survival. However, changes in the mean
and standard deviation values of K, measured with CEL were significant predictors of progression-
free survival. An increasingly more negative mean K; value within CEL was found to be a poor
prognostic indicator. Patients with an increasing standard deviation of K, values within the
enhancing portion of the tumour were also found to have a shorter progression-free survival
interval. K; indicates T, or T,*dominant leakage with a negative K; value being a T>* dominant effect,

i.e. sufficient EES (ve) to allow trapping of the contrast agent.

Limitations

When comparing scans over the course of treatment, it is always difficult to measure parameters
from the same volume of tissue at each time point. Therefore in this section, the same volume of
interest methodology was employed at time point 2 and time point 3. Due to the evolution of the
tumour cavity and tissue remodelling following surgery, some voxels of tissue may not have been
included at both sections. If previously solid tumour had turned into obvious necrosis then it was

excluded from analysis at the 3™ time point even though it could represent a treatment response.
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Currently there is no imaging modality which can confidently differentiate treatment induced

necrosis (apoptosis) from autophagy.

Radiotherapy can also induce T, changes in the brain, especially in white matter. This means the
calculation of the TUM volume potentially could have been effected by tumour infiltration, oedema,
solid tumour, radiation changes and steroid dose. Steroids can reduce the mass effect and swelling
caused by tumours in the brain and subsequently the volume of T, change. Scanning within 2 weeks
of the end of chemoradiotherapy should have minimised the amount of T, change caused by

radiotherapy (227).

As discussed following the time point 2 data analysis, the scan interval could have had a profound
effect, with inflammatory changes present even before treatment started as a result of surgery
(Figure 127). This may explain why the change in volume of enhancing tumour was not a significant
predictor of progression-free survival given the potentially false baseline caused by post-surgical
enhancement. The evolution of blood products could also artificially change some tumour

parameters as regions of susceptibility resolve.

The quality of the multiparametric volume registration could have an impact on the results, with
VOlIs defined using morphological imaging, meaning that incorrect registration would result in the
sampling of undesired tissue such as necrosis, CSF or normal brain. Given this section examines
differences in the mean values, robust registration was crucial. Examples of the registration quality
(between sequences and time points) have been shown throughout this thesis to indicate the

quality and confidence in the registration.
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Figure 127 — Pre- and post-chemoradiotherapy images showing reduced enhancement. From left to
right, contrast enhanced Ti-weighted FSPGR, R; (0-2s) and fractional anisotropy (0-0.6) images. On
the pre-chemoradiotherapy imaging contrast enhancement was present despite the lesion not
enhancing prior to resection. The reduction in enhancement 2 weeks after the end of
chemoradiotherapy most likely represents reduced inflammation around the surgical cavity rather
than a reduction in enhancing tumour. Only by imaging patients within 48 hours of surgery can
postoperative enhancement be ruled out. Note that the fractional anisotropy maps show no change.

Regarding the limitations of the diffusion parameters, perfusion and blood products followed by
geometric distortion remain the main factors which could affect the measured values. Perfusion
effects can cause artificially elevated ADC values due to intravoxel incoherent motion (IVIM) whilst
hemosiderin has the potential to completely destroy the MR signal. Geometric distortion associated
with echo-planar imaging can cause issues with the correct sampling of tissue, especially in frontal
lesions where the distortion is greatest. Efforts to minimise this during the image processing scheme
were employed, by utilising 12 degrees of freedom for registering the FA maps to the T;-weighted
volume. The two main limitations of the DCE data were coverage (Figure 128), which was limited to
an 80mm thick slab through the lesion and SNR of data given the temporal resolution of 5 seconds.
Unlike the other imaging sequences which included the whole brain, the DCE was restricted to
encompass only the lesion and the immediate brain tissue.
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Figure 128 — Example of the limited through-plane coverage of the DCE visualised using FSL. The top
row shows the T; FSPGR post-contrast imaging interpolated to 3mm thick slices in a glioblastoma
patient. The bottom set of images shows a registered v. volume interpolated from 4mm to 3mm slice
thickness and overlaid on the T; FSPGR imaging.
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Figure 129 - Example of patient with a glioblastoma multiforme. Parameters are identically scaled
between scans (ADC=0-2.5x10°mm?s, ve=0-0.75, rCBVsox=0-7.5). Note the increase of ve throughout
the lesion following treatment whilst rCBVgox decreases. The patient died 89 days after recruitment
into the study. Images are temporally registered to show how the tumour changes.
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The DSC was the least quantitative of the 3 imaging modalities used in this section and is reliant on
the white matter masks produced to normalise the CBV values for comparison of values between
scans and patients. As seen in Figure 129, the rCBV values appear similar in the normal appearing

brain whilst appearing to change in the lesion.

8.5.1.5 Section Conclusions

The mean change of the apparent diffusion coefficient, longitudinal diffusivity and radial diffusivity
measured using TUM and TUMy populations were all significant predictors of progression-free
survival with a mean increase being associated with a shorter progression-free interval. An increase
in the standard deviation values of ADC, g and Ax measured using TUMp and a decrease in the FA
measured with TUM were all significant predictors of a shorter progression-free survival. Changes
in the mean whole tumour measurements of DCE and DSC parameters are not significant predictors
in this cohort. However, when examining the enhancing portion (CEL) of the tumour at both time
points, changes in mean v. and K, measurements using CEL significantly predict progression-free
survival. An increase in ve or a decrease in K, over the course of treatment should be considered as
a poor prognostic indicator in gliomas. The change in the volume of enhancing tumour (CEL) was
not predictive of the progression-free survival interval. Changes in the standard deviations of ADC,
AL, Ar R1 using CEL are however predictive, with all parameters becoming more homogenous in
patients who progressed quicker. Standard deviation measurements of veand K, measured with CEL
were also predictive of progression-free survival with increasing standard deviations found to have

short progression-free intervals.
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8.6 Can MR Parameters Measured from the Residual Disease Following

Chemoradiotherapy Predict Progression-Free Survival? (Time point 3)

8.6.1.1 Introduction
This section examines the residual tumour after surgery and chemoradiotherapy, and whether MR
parameters can predict the time to progression in this cohort of glioma patients. Scans at time point

3 were acquired 2 weeks after the end of chemoradiotherapy.

8.6.1.2 Section Specific Methods

Multiparametric MR data was acquired from the same 33 patients with histologically proven gliomas
as for time point 2. Patients were only included in this analysis if they completed scans at time point
2 and time point 3 so the efficacy of different time points could later be compared. Ten critical
events were found to have occurred before 210 days after recruitment (approximately 180 days
from time point 2). All TUM VOlIs were contoured by the author. Kaplan-Meier survival analysis was
calculated for all dichotomised groups. In each table, significant results for the Kaplan-Meier survival

analysis are highlighted in red.

8.6.1.3 Section Specific Results

Kaplan-Meier survival analysis (Table 65) was calculated for each parameter and VOI combination.
Out of 40 dichotomised parameters, 8 were found to have a p-value less than 0.05. Following
calculation of the FDR, 9.4% of cases were likely to be false discoveries which equated to 1
parameter-VOI combinations. Significant parameters (p<0.05) found using the Kaplan-Meier
survival analysis were radial diffusivity from the DTI, K™ and v. PK parameters derived from the

DCE and K; from the DSC parameters (Figure 130).
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Figure 130 - Kaplan-Meier survival plots showing the prediction of progression free survival in high
grade gliomas using the mean K" TUM (p=0.002)(left) and K, TUM (0.011) populations measured
at time point 3 (right).

Standard deviations of MR parameters sampled with TUM, were found to have a FDR 10.4%, with 1
out of 6 significant results likely to be a false discovery. Significant progression-free survival
predictions were found for K", ve, rCBVgox and K,. Mean values of CEL, showed 7 significant
parameters with a FDR of 13.0%. Significant parameters were found for all populations of K™" and
Ve as well rCBVsox sampled with CEL. Notably, ve sampled using CEL, correctly identified the 9

patients who progressed before 210 days. These gliomas all had a mean CEL v, greater than 0.215.
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Figure 131 - Kaplan-Meier progression free survival plots for high grade gliomas using the mean v.
CEL (p=0.004)(left) and q CEL (0.004) standard deviation measured at time point 3 (right).

When examining the standard deviations of CEL sampled parameters, 5 significant results were
found for g, K", ve and rCBVgox populations. In this section, the FDR was only 2.9%, suggesting no

false discoveries within the significant results.
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8.6.1.4 Section Specific Discussion

DTl

At this time point, only longitudinal diffusion measured using TUM was found to be a significant
predictor of progression-free survival using DTI, with higher mean longitudinal diffusivity values
found to indicate a more rapid progression for patients. ADC measured with TUM, suggested that
lower diffusivity values were associated with poorer outcomes but the p-value did not reach
significance. FA and g showed suggestive results with increased fibre directionality values observed
within the TUM VOI being associated with worsened outcomes, which goes against a priori
predictions (84, 137, 164). However, these did not reach significance. None of the standard
deviation measurements of the TUM VOI were significant predictors of progression-free survival
either. DTl parameters sampled using CEL were generally not predictive of progression-free survival
with the exception of standard deviations of q within the CEL VOI which showed g to be highly

predictive (P=0.004 and P=0.008 for CEL and CEL; populations).

DCE

Mean values of K" and ve measured using all populations of the TUM VOI were found to
significantly predict progression-free survival. In all cases, high K" and v. were associated with a
shorter progression-free survival interval. These findings mirror the observations of PK parameters
at time points 1 and 2. Interestingly, v, was no longer a significant predictor of progression-free
survival despite all populations being significant at time point 2. A possible loss of significance for vy
could relate to administration of chemoradiotherapy, and disruption of the tumour capillary
network, changing the observable v,. Standard deviations of K" and v. for TUM were also found
to be highly significant using the whole tumour abnormality VOI, where increased heterogeneity

related to a shorter progression-free survival interval.
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As expected, given the relationship between contrast enhancement and PK parameters, mean K"
and v. parameters were significant predictors of progression-free survival in both TUM and CEL,
with higher values associated with a shorter progression-free interval. Mean v, values sampled using
CEL correctly identified all patients who progressed before 210 days. The standard deviations of

K" and ve for CEL, were also found to be significant.

DSC

The mean K; value for TUM was found to be a significant predictor for progression-free survival.
Given the parameter is associated with vessel leakage, much like K", it is not surprising that a
similar result is present. With much of the blood products dispersed at this time point, regions of
local susceptibility would be expected to be reduced allowing more technically successful
measurements of T,* perfusion of the residual tumour. Standard deviations of rCBVgox and K, were
found to significantly predict progression-free survival. Mean and standard deviations of rCBVsox
proved to be significant when sampled with CEL. K; was no longer a significant predictor of
progression-free survival when sampled with CEL, possibly due to the slice thickness the DSC was

acquired with, or blood products which may have degraded the DSC data.

Residual Tumour Volume

In a similar manner to time point 2, the volume of residual disease as measured using a TUM or CEL
VOI was not able to significantly predict progression-free survival. As previously proposed in this
thesis, the initial tumour volume at time point 1 may result in a greater number of oncogenes,
resulting in a poor prognosis regardless of the amount residual disease. Examination of the Kaplan-
Meier results at this time point suggest residual volume has some influence on the time to

progression, however it was found to be non-significant.
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Limitations

The limitations of this section are comparable to the time point 2 limitations with tissue remodelling
and surgical cavity evolution likely to still be present, with the possibility of inflammatory changes
still causing some enhancement surrounding the surgical site. As previously discussed, radiotherapy
can also induce T, changes in the brain, especially in white matter. This means the calculation of the
TUM volume potentially could have been effected by tumour infiltration, oedema, solid tumour,
radiation changes and steroid dose. However, scanning within 2 weeks of the end of radiotherapy
should have minimised the amount of T, change caused by radiotherapy with is often a delayed

effect.

Similar problems with imaging, processing and registration exist at this time point given the identical
protocol to time points 1 and 2. However, hemosiderin induced susceptibility should be reduced at

this time point as well as less acute blood products caused by the surgery.

8.6.1.5 Section Conclusions

Mean and standard deviations of K" and ve sampled using TUM and CEL VOlIs, were all significant
predictors of progression-free survival for 210 days. Elevated PK parameters at 2 weeks post-
chemoradiotherapy were predictive of progression-free survival. DTl in isolation has no prognostic
value at this time point, whilst K; sampled with TUM and rCBVgox sampled with CEL are still worth
investigating. The blood volume fraction at this scan interval also has no prognostic value and K"

and ve are more useful predictors at this time point.
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8.7 Cox Regression Survival Analysis
In order to reduce the number of significant results, to a few clinically useful parameters, Cox
regression survival analysis was employed on the TUM and CEL cohorts of time points 2 and 3 as

well as the change in parameter values between time points.

8.7.1.1 Methods

The significant results from the Kaplan-Meier survival analysis at time points 2, 3-2 and 3 (Sections
8.4.1.3,8.5.1.3 and 8.6.1.3) were used to indicate which parameters served as the input for the Cox
proportional hazard ratios test. Due to the high number of significant results and the potential of
overlap between similar parameters and over parameterisation, the magnitude of the factor
correlations from the factor analysis was used to identify which of the significant parameter/time
point/GMM population/statistical descriptors contributed most to each of the principal
components (see pg. 242). This was done separately for the TUM and CEL groups due to the differing
numbers of patients. Cox regression survival analysis was calculated using the parameter with the
greatest factor correlation of the parameter/time point/GMM population/statistical descriptors
from each factor analysis component. All identified parameters were initially entered into the Cox
regression model and subsequently removed using a backward Wald methodology. Clinical factors,
which were age, grade and cell type, were simultaneously entered into the model at this point. In
order to approximately normalise the values between different MR parameters, to identify small
changes, PK parameters were multiplied by 100, whilst all other MR parameters were multiplied by

10.

8.7.1.2 Results
Factor analysis of the cohort sampled using the TUM VOI (N=33) revealed 8 principal components
with eigenvalues greater than 1. (Table 27). The maximum absolute factor correlation values are

identified in red and were selected as the input for Cox regression. The Cox model for TUM
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parameters sampled during time points 2 and 3 (Table 29), shows a reduction in the number of
significant MR parameters from 8 to 2, with a 0.1x10mm?s increase in mean ADC values for TUM
between scans found to be associated with a 101% (3-291%) increased risk of a shorter progression-
free survival interval, whilst a 0.01min? increase in mean K" within the TUM VOI at time point 3

also found to have a 31% (9-57%) increased risk of a short progression-free survival interval.

The same process was repeated for the CEL VOIs (N=28) (Table 28). Table 30 shows a reduction in
the number of significant parameters from 7 to 3. Both changes in R; and ve standard deviations of
CEL during treatment were significant predictors of progression-free survival. An increase in the
standard deviation of R; values in CEL was found to reduce the risk of progression by 80% (37-93%)
per 0.1s? increase, whilst an increase in the standard deviation of the CEL ve increased the risk of
progression before 210 days by 33% (5-68%) per 1% increase in extravascular extracellular space
per volume of tissue. A 0.01min? increase in mean K" of the CEL VOI was also found to be
associated with a 110% increased risk of a shorter progression-free survival. Patient age at
presentation showed an 8% decreased risk per year, however, the confidence interval and p-value

suggest it may have no effect. Cell type and tumour grade were not retained by the model.

283



Table 27 - Magnitude values of the correlations between the 38 parameters and each principal
component. The input for the factor analysis were the significant predictors of progression-free
survival identified using the Kaplan-Meier survival analysis of time points 2 and 3 sampled using
TUM VOis.

. . . Component
Parameter Statistic VoI Time Point 1 2 3 a 5 6 7 3

A Mean TUM; TP2 0.01 0.09 0.03 0.33 0.04 0.04 0.00 0.02
Ar Mean TUM,p TP2 0.07 0.12 0.00 0.43 0.00 0.20 0.05 0.00
Ktrans Mean TUMo TP2 0.55 0.06 0.20 0.02 0.03 0.05 0.01 0.02
Ve Mean TUM, TP2 0.46 0.07 0.05 0.04 0.00 0.18 0.06 0.00
Ve Mean TUM, TP2 0.15 0.01 0.12 0.07 0.35 0.01 0.05 0.14
Vp Mean TUM TP2 0.59 0.20 0.12 0.02 0.00 0.00 0.00 0.01
Vp Mean TUM,p TP2 0.60 0.06 0.00 0.09 0.01 0.08 0.03 0.01
Vp Mean TUM; TP2 0.58 0.18 0.14 0.02 0.02 0.00 0.00 0.02
A S.D. TUM, TP2 0.05 0.03 0.01 0.55 0.03 0.01 0.10 0.01
Ktrans S.D. TUM TP2 0.55 0.06 0.20 0.02 0.03 0.05 0.01 0.02
Vp S.D. TUM, TP2 0.60 0.06 0.00 0.09 0.01 0.08 0.03 0.01
Vp S.D. TUM, TP2 0.58 0.18 0.14 0.02 0.02 0.00 0.00 0.02
K> S.D. TUM TP2 0.27 0.00 0.00 0.03 0.21 0.00 0.03 0.22
ADC Mean TUM TP3-TP2 0.12 0.75 0.01 0.04 0.00 0.00 0.00 0.03
ADC Mean TUM, TP3-TP2 0.12 0.71 0.08 0.01 0.00 0.00 0.01 0.01
A Mean TUM TP3-TP2 0.11 0.73 0.02 0.07 0.00 0.00 0.00 0.01
A Mean TUM, TP3-TP2 0.03 0.39 0.06 0.00 0.18 0.01 0.22 0.00
AR Mean TUM TP3-TP2 0.12 0.71 0.00 0.02 0.00 0.01 0.00 0.05
AR Mean TUM, TP3-TP2 0.16 0.68 0.05 0.01 0.01 0.00 0.00 0.03
Volume Volume TUM TP3-TP2 0.23 0.04 0.05 0.03 0.22 0.02 0.19 0.03
ADC S.D. TUM, TP3-TP2 0.47 0.00 0.13 0.12 0.09 0.01 0.00 0.02
FA S.D. TUM TP3-TP2 0.09 0.23 0.14 0.03 0.01 0.00 0.00 0.08
q S.D. TUM, TP3-TP2 0.04 0.37 0.00 0.05 0.04 0.15 0.00 0.02
Ar S.D. TUM, TP3-TP2 0.27 0.24 0.05 0.20 0.01 0.02 0.05 0.02
A Mean TUM TP3 0.03 0.18 0.18 0.10 0.10 0.19 0.05 0.02
Ktrans Mean TUM TP3 0.81 0.02 0.06 0.00 0.01 0.01 0.04 0.00
Ktrans Mean TUM, TP3 0.72 0.00 0.12 0.00 0.03 0.06 0.01 0.01
Ktrans Mean TUM, TP3 0.80 0.04 0.01 0.00 0.02 0.00 0.03 0.02
Ve Mean TUM TP3 0.75 0.00 0.08 0.01 0.02 0.01 0.05 0.00
Ve Mean TUM, TP3 0.14 0.01 0.11 0.08 0.25 0.19 0.00 0.01
Ve Mean TUM, TP3 0.77 0.00 0.01 0.06 0.01 0.00 0.03 0.04
K> Mean TUM TP3 0.38 0.05 0.42 0.01 0.01 0.00 0.00 0.00
Ktrans S.D. TUM TP3 0.70 0.06 0.00 0.00 0.02 0.05 0.03 0.05
Ktrans S.D. TUM, TP3 0.76 0.01 0.07 0.00 0.06 0.04 0.01 0.01
Ve S.D. TUM TP3 0.73 0.01 0.00 0.03 0.00 0.05 0.05 0.03
rCBVgox S.D. TUM TP3 0.43 0.05 0.03 0.00 0.10 0.01 0.13 0.06
K> S.D. TUM TP3 0.57 0.04 0.23 0.00 0.01 0.02 0.01 0.01
K> S.D. TUM, TP3 0.47 0.02 0.14 0.00 0.01 0.05 0.08 0.00

284



Table 28 — Magnitude values of the correlations between the 38 parameters and each principal
component. The input for the factor analysis were the significant predictors of progression-free
survival identified using the Kaplan-Meier survival analysis of time points 2 and 3 sampled using CEL

VOis.
. . . Component
Parameter Statistic VoI Time Point 1 2 3 a 5 6 7

q Mean CEL TP2 0.38 0.00 0.20 0.01 0.00 0.17 0.08

q Mean CEL; TP2 0.24 0.04 0.30 0.05 0.10 0.04 0.10

Vp Mean CEL TP2 0.61 0.24 0.07 0.00 0.01 0.02 0.01
Vp Mean CELo TP2 0.52 0.34 0.00 0.04 0.01 0.02 0.01
Vp Mean CEL; TP2 0.49 0.14 0.10 0.00 0.00 0.13 0.01
FA S.D. CEL; TP2 0.06 0.02 0.19 0.01 0.09 0.11 0.00

q S.D. CEL TP2 0.35 0.00 0.26 0.15 0.00 0.03 0.01

A S.D. CELo TP2 0.01 0.22 0.15 0.12 0.04 0.01 0.26

Vp S.D. CELo TP2 0.45 0.41 0.02 0.02 0.02 0.01 0.00
Ve Mean CEL TP3-TP2 0.63 0.14 0.04 0.01 0.04 0.02 0.04
Ve Mean CELo TP3-TP2 0.65 0.07 0.02 0.05 0.03 0.10 0.00
K> Mean CEL TP3-TP2 0.41 0.03 0.21 0.17 0.05 0.02 0.00
ADC S.D. CEL TP3-TP2 0.12 0.62 0.06 0.00 0.15 0.05 0.00
A S.D. CEL TP3-TP2 0.07 0.58 0.05 0.00 0.23 0.04 0.00
AR S.D. CEL TP3-TP2 0.15 0.63 0.04 0.00 0.12 0.04 0.00
R1 S.D. CEL TP3-TP2 0.02 0.01 0.37 0.08 0.04 0.17 0.01

Ve S.D. CEL TP3-TP2 0.28 0.16 0.00 0.02 0.00 0.03 0.28
Ve S.D. CELo TP3-TP2 0.65 0.13 0.03 0.00 0.01 0.06 0.00
K> S.D CEL TP3-TP2 0.55 0.02 0.08 0.11 0.07 0.01 0.07
K> S.D. CEL; TP3-TP2 0.11 0.07 0.22 0.25 0.03 0.04 0.08
Ktrans Mean CEL TP3 0.81 0.01 0.07 0.04 0.01 0.01 0.00
Ktrans Mean CELo TP3 0.89 0.00 0.02 0.00 0.01 0.01 0.00
Ktrans Mean CEL; TP3 0.76 0.02 0.08 0.03 0.00 0.03 0.02
Ve Mean CEL TP3 0.84 0.00 0.04 0.00 0.04 0.01 0.03
Ve Mean CELo TP3 0.84 0.00 0.02 0.00 0.01 0.00 0.01
Ve Mean CEL; TP3 0.80 0.02 0.06 0.00 0.02 0.02 0.00
rCBVgox Mean CEL TP3 0.31 0.21 0.07 0.01 0.31 0.01 0.00
q S.D. CEL TP3 0.02 0.02 0.28 0.49 0.05 0.00 0.01

q S.D. CEL; TP3 0.04 0.05 0.22 0.38 0.01 0.02 0.05
Ktrans S.D. CELo TP3 0.84 0.00 0.08 0.04 0.00 0.00 0.01
Ve S.D. CELo TP3 0.81 0.01 0.12 0.02 0.01 0.00 0.00
rCBVsox S.D. CEL TP3 0.34 0.29 0.00 0.00 0.16 0.01 0.01
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Table 29 - Final Model from a 210 day progression-free Cox regression survival analysis using the
parameters with a p-value less than 0.05 as calculated during the Kaplan-Meier survival analysis of
33 patients sampled with TUM VOIs at time points 2 and 3.

Hazard | 95-0% ClI for Hazard Ratio
Time Point Parameter Stat. VOl B Sig. R
Ratio Lower Upper
TP3-TP2 ADC Mean TUM 0.70 0.041 2.01 1.03 3.91
TP3 Ktrans Mean TUM 0.27 0.003 131 1.09 1.57

Table 30 - Final Model from a 210 day progression-free Cox regression survival analysis using the
parameters with a p-value less than 0.05 as calculated during the Kaplan-Meier survival analysis of
28 patients sampled with CEL VOIs at time points 2 and 3.

95.0% ClI for Hazard
Time Point Parameter Stat. VOl B Sig. H::;:d Ratio
Lower Upper
TP3-TP2 Ry S.D. CEL -1.59 0.006 0.20 0.07 0.63
TP3-TP2 Ve S.D. CEL 0.29 0.016 1.33 1.05 1.68
TP3 Ktrans Mean CELo 0.74 0.007 2.10 1.22 3.62
Age Age Age Age -0.09 0.058 0.92 0.84 1.00

8.7.1.3 Discussion

From the Cox proportional hazard ratios test, the mean change in ADC values for the entire lesion
was found to be predictive of the progression-free survival interval. The results suggest that an
increase in the mean ADC values of TUM between time points 2 and 3 could be used as a prognostic
indicator of a shorter progression-free survival interval. As commented on in section 8.5.1.4, these
results go against previous studies (135, 144, 171, 172) that show increasing ADC values to be
markers of solid tumour response. Possible explanations include an increase in perfusion (50, 225),
subsequently increasing the observed ADC values or an increase in the volume of oedema for TUM
which would result in higher ADC value observed in the VOI (Figure 132). Due to tissue remodelling,
functional diffusion maps were not explored in this thesis, given most patients received some form
of surgical resection. Higher values of K" measured at time point 3 were found to be predictive

of a shorter progression-free survival interval. This is perhaps not surprising given high K"
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correlates with the presence of contrast enhancement. This increased enhancement is subsequently
reported as progression by the radiologist at the next clinical MR examination. An example of this
can be seen in Figure 133. The elevated K" suggests tumour angiogenesis is present and

unregulated allowing the tumour to grow rapidly and the disease to progress.

T: FSPGR + GAD
oy

[]

Figure 132 - Example T; FSPGR post-contrast and ADC images (0-2.5x10°mm?s) from a patient with
a glioblastoma multiforme. Note the increased volume of oedema and increased of ADC values in
the restricted region of the lesion following treatment. The patient died 89 days after recruitment
into the study. Images are temporally registered to show how the tumour changes.
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Figure 133 — Spatially registered images acquired at time points 2 and 3 (TP2, TP3), and the
subsequent clinical MR acquired after the imaging study. A high K™ (scaled 0-0.2min™) at time
point 3 was followed by considerable tumour growth by the time the patient was clinically scanned
2 months later and reported as tumour progression by a neuroradiologist compared to the 48hrs
postoperative imaging (not shown). Note the increased midline shift on the clinical scan compared
to the study scans which also favours disease progression rather than pseudoprogression.
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Changes to the standard deviations of R1 and ve values measured from the enhancing portion of
tumours were shown to be predictive of progression-free survival. Standard deviations of v. have
been noted to differ between grades, as demonstrated in this study (pg. 195), with mean values of
Ve also shown to increase in the literature (191, 204). Given the association between grade and ve
values, an increasing v. could also be considered as a poor prognostic biomarker. High v. values have
previously been found in necrotising component of glioblastoma (226), thus increasing EES may be
an indication that the tumour cells are under stress, with HIF1a and autophagy up regulated in order
to maintain the tumour. Alternatively the increasing v. values may represent continued tumour

progression regardless of treatment (Figure 134).

Despite K™, ve and v, values all being significantly associated with a shorter progression-free
survival interval at time point 2, none of the PK parameters featured in the final Cox regression
model. This is partially a result of the factor analysis which only extracted the largest contributor for
each component, and partially due to time point 3 parameters providing superior prognostic
information. The problem with the Cox regression model is that there is no way to weight the time
points within the model. Whilst knowing which tumours were likely to progress quicker at time point

3 is useful, knowing 2 months earlier at time point 2 is even more important.
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Pre-treatment (TP2) Post-treatment (TP3)

Figure 134 - Post-contrast T; weighted imaging of a glioblastoma at two different slice locations
before and after chemoradiotherapy with ve maps (scaled 0-0.75) of the same locations shown
below. Note the increased range of v. values shown by the tumour following therapy, which partially
related to the increase of enhancing tissue within the tumour.
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8.7.1.4  Conclusions

If using TUM VOls, clinicians may want to examine the change in ADC values for the entire lesion
before and after chemoradiotherapy as well as K™ values at the end of chemoradiotherapy to
identify patients likely to progress rapidly. However, if examining only the enhancing portion of the
lesion (CEL) then clinicians may want to focus on the change in R; and ve standard deviations during
treatment, and K™ values following treatment at time point 3 as a guide to which tumours are
likely to have a shorter progression-free survival interval. Institutions may look to include DCE and

DTl into clinical brain tumour protocols to potentially identify tumours likely to progress rapidly.
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8.8 Conclusions
In this chapter, prediction of progression-free survival using quantitative MR was explored at time
points 1, 2 and 3. The change in MR parameter values during treatment was also explored (time

point 3 —time point 2).

Initially at time point 1, TUM and CEL VOIs were used to generate mean and standard deviations for
each parameter of the preoperative 4D multiparametric MR datasets. From the cohort of 45 high
grade gliomas, TUM VOI means showed 21 significant parameters capable of predicting progression-
free survival at 210 days (Table 53 and Table 54), whilst mean and standard deviations of CEL
sampled parameters (Table 55 and Table 56) found 10 significant predictors of progression-free

survival.

DTI, DSC and DCE all showed significant results for identifying progression-free survival using either
VOI (Table 31). Longitudinal diffusivity was non-significant at time point 1. Less commonly used
parameters such as q and K; produced multiple significant predictions that are worth investigating
further. The use of advanced MR parameters, as identified in this section could be used to recognise
patients who would benefit from more frequent scan regimes or for the inclusion of novel

therapeutics where the likelihood of progression after surgery before 210 days was high.

A Cox regression model was generated for each type of VOI at time point 1 to identify prognostic
parameters for clinicians to use. From the TUM model, the key prognostic indicators were radial
diffusivity, volume and grade. The mean radial diffusivity measured with TUM, was found to be
predictive of progression-free survival with every 0.1x10® mm?s? increase in the mean for the TUM,
population of a tumour found to reduce the risk of a shorter progression-free survival interval by
34%. The volume of the tumour abnormality TUM was also found to be a predictor of progression-
free survival (P=0.020) with each 1ml increase in tumour abnormality before surgery being

associated with a 1% increased risk of a shorter progression-free survival interval, whilst the
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difference between being diagnosed with a grade Il and IV glioma was found to have 179%

increased risk of a shorter progression-free survival interval.

From the high grade CEL VOIs, two significant parameters were identified; with a 0.1x103s increase
in mean R; values associated with 23% decreased risk of tumour progression at 210 days from
surgery whilst a 1% increase in blood volume fraction standard deviation was found to increase the

risk of a shorter progression-free interval by 9%.

At time point 2, the results suggest that PK parameters derived from DCE MRI following surgery can
predict progression-free survival (Table 32). Elevated values of K", v, and v, were all associated
with a short progression-free survival interval, suggesting the up regulation of HIFla, with v,
producing the most significant results. The implementation of DCE prior to chemoradiotherapy has
the potential to be beneficial in 2 ways. Firstly, contrast enhancement can be identified amongst
blood products as seen in Figure 61 on pg. 79, to aid radiotherapy planning. Secondly, the PK
parameters can also be used to identify patients that would benefit from more frequent scans given

the likelihood of early tumour progression.

Between time points 2 and 3, the mean change of the ADC, longitudinal diffusivity and radial
diffusivity measured using TUM and TUMj, populations were all significant predictors of progression-
free survival with an increased mean being associated with a shorter progression-free interval. An
increase in the standard deviation values of ADC, g and Az measured using TUMo and a decrease in
the FA measured with TUM were all significant predictors of a shorter progression-free survival.
Changes in the TUM measurements of DCE and DSC parameters are not significant predictors in this
cohort. However, using CEL, changes in mean ve and K, measurements using CEL significantly
predicted progression-free survival. The change in the volume of CEL was not predictive of the
progression-free survival interval. Changes in the standard deviations of ADC, A, Az R using CEL are

however predictive, with all parameters becoming more homogenous in patients who progressed
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quicker. Standard deviation measurements of ve and K, measured with CEL were also predictive of
progression-free survival with increasing standard deviations found to have short progression-free

intervals.

Following chemoradiotherapy at time point 3, mean and standard deviations of K™ and ve.sampled
using TUM and CEL VOlIs were all significant predictors of progression-free survival for 210 days.
Mean DTI parameters have little prognostic value at this time point, however, K, sampled with TUM
and rCBVsox sampled with CEL were significant. The blood volume fraction at this scan interval has

no prognostic value with K" and ve the more useful predictors at this time point.

Cox regression models for TUM and CEL VOIs were developed to reduce the number of significant
results to a few clinically useful parameters. In the TUM model, the mean change in ADC values for
the tumour between time points 2 and 3 was found to be a significant predictor of progression-free
survival, with a 0.1x103 mm?s ! increase in mean ADC between scans found to be associated with a
101% increased risk of a shorter progression-free survival interval. A 0.01min™ increase in mean
K'a"s within the TUM VOI at time point 3 found to be associated with a 31% risk of a shorter
progression-free survival interval. CEL also identified K™ from time point 3 being clinically useful
at predicting progression-free survival (110% increased risk per 0.01min increase in mean) as well

as identifying changes in standard deviations of Ry and v. as prognostic biomarkers.
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Table 31 - Visual summary of the Kaplan-Meier survival analysis test p-values generated for time
point 1 using different MR parameters, statistical descriptors and sub-populations for 210 days
progression-free survival from time point 1. Parameter colours are as follows: diffusivity = orange,
directionality = aqua, tissue relaxation = purple, PK parameters = green and DSC derived parameters
= blue. Red results were significant for P<0.05.

STAT PARAM vol e
TUM CEL

MEAN ADC vol 0.455 0.925
MEAN ADC VOl 0.041 0.324
MEAN ADC vol, 0.978 0.920
SD ADC vol 0.083 0.211
SD ADC VOl 0.188 0.312
SD ADC Vol 0.052 0.794
MEAN FA vol 0.651 0.884
MEAN FA VOl 0.117 0.125
MEAN FA Vol 0.147 0.161
SD FA vol 0.207 0.932
SD FA VOl 0.690 0.230
SD FA Vol 0.260 0.731
MEAN q vol 0.249 0.924
MEAN q VOl 0.058 0.832
MEAN q VOl 0.002 0.850
SD q vol 0.014 0.434
SD q VOl 0.266 0.326
SD q VoI, 0.148 0.242
MEAN RA vol 0.301 0.938
MEAN RA VOl 0.129 0.161
MEAN RA Vol 0.420 0.161
SD RA vol 0.147 0.484
SD RA VOl 0.316 0.230
) RA VoI, 0.003 0.040
MEAN A vol 0.177 0.970
MEAN A VOl 0.376 0.643
MEAN A VOl 0.220 0.769
SD A vol 0.112 0.591
SD A VOl 0.750 0.926
SD A VOI, 0.501 0.714
MEAN A vol 0.455 0.925
MEAN A VOl 0.041 0.313
MEAN A VOl 0.867 0.383
SD A vol 0.164 0.211
SD A VOl 0.085 0.144
SD A VOI, 0.081 0.794
MEAN R: vol 0.978 0.011
MEAN R VOl 0.684 0.001
MEAN R VoI, 0.621 0.852
SD R vol 0.950 0.369
SD R VOl 0.011 0.376
SD R VOI, 0.950 0.458
MEAN = vol 0.040 0.277
MEAN K VOl 0.012 0.381
MEAN K VOl 0.005 0.355
SD K vol 0.010 0.138
SD K VOl 0.002 0.204
SD K Vol 0.000 0.003
MEAN Ve vol 0.007 0.418
MEAN Ve VOl 0.062 0.138
MEAN Ve VOl 0.034 0.128
SD Ve vol 0.002 0.384
SD Ve VOl 0.050 0.119
SD Ve VOI, 0.013 0.033
MEAN Vo vol 0.179 0.186
MEAN o VOl 0.082 0.230
MEAN o VOl 0.180 0.038
SD Vo vol 0.187 0.474
SD Vo VOl 0.918 0.409
SD Vo VOI, 0.066 0.003
MEAN rCBVovr vol 0.602 0.930
MEAN rCBVovr VOl 0.748 0.889
MEAN rCBVovr VOl 0.354 0.660
SD rCBVove vol 0.331 0.148
SD rCBVovr VOl 0.035 0.525
SD rCBVovr VOI, 0.022 0.059
MEAN rCBVaox vol 0.689 0.959
MEAN rCBVaox VOl 0.629 0.791
MEAN rCBVsox VOl 0.200 0.803
SD rCBVsox vol 0.073 0.255
SD rCBVsox VOl 0.363 0.260
SD ICBVaox Vol 0.075 0.141
MEAN K vol 0.401 0.011
MEAN K VOl 0.016 0.244
MEAN K VOl 0.839 0.205
SD K Vol 0.114 0.521
SD K VOl 0.066 0.943
SD K, VOl 0.339 0.016
VoL VoL VoI 0.031 0.014
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Table 32 - Visual summary of the Kaplan-Meier survival analysis test p-values generated for time
points 2 and 3 using different MR parameters, statistical descriptors and sub-populations for 210
days progression-free survival from time point 1. Parameter colours are as follows: diffusivity =
orange, directionality = aqua, tissue relaxation = purple, PK parameters = green and DSC derived
parameters = blue. Red results were significant for P<0.05.

STAT PARAM vol P2 TP3 TP2 LLes
TUM CEL TUM CEL TUM CEL
MEAN ADC vol 0.506 0.744 0.030 0369 0.103 0.850
MEAN ADC VOl 0.212 0.888 0.023 0.101 0.086 0528
MEAN ADC vol, 0.060 0.639 0.068 0.228 0.648 0341
sD ADC vol 0.835 0.865 0.058 0.027 0.673 0350
sD ADC VOl, 0.147 0.193 0.325 0.638 0.066 0452
sD ADC VOl 0.814 0.360 0.300 0.612 0.860 0.493
MEAN FA vol 0519 0.183 0303 0360 0.855 0336
MEAN FA VOl, 0.986 0.329 0.135 0.421 0.091 0.706
MEAN FA Vol 0.820 0.183 0.119 0.892 0308 0.706
sD FA vol 0.119 0.183 0.182 0.257 0,553 0.263
sD FA VOl, 0.375 0.083 0.259 0.943 0.154 0.294
SD FA VOl 0.403 0.035 0.521 0.912 0.136 0.469
MEAN a vol 0.488 0.024 0.118 0566 0.169 0.053
MEAN a VOl, 0.915 0.053 0.094 0.984 0.070 0.109
MEAN a Vo, 0.566 0.012 0.095 0.124 0.122 0.864
sD a vol 0551 0.008 0.419 0773 0.784 0.004
sD a VOl, 0.183 0.053 0.510 0.614 0.169 0.110
D q VO, 0.586 0.171 0.078 0.377 0.601 0.008
MEAN RA vol 0519 0.183 0303 0360 0.855 0336
MEAN RA VOl, 0.947 0.329 0.135 0.421 0383 0.706
MEAN RA vol, 0.134 0.134 0.356 0.892 0332 0.706
sD RA Vol 0.056 0.183 0.182 0.257 0,553 0.263
sD RA VOl 0.555 0.083 0.182 0.943 0580 0.294
D RA Vo, 0.913 0.102 0.615 0.430 0214 0336
MEAN A vol 0.089 0.639 0.040 0.228 0.042 0.850
MEAN A VOl 0.204 0.888 0.038 0.701 0.068 0.070
MEAN A VoI, 0.003 0.591 0.052 0.336 0.634 0.599
sD A vol 0.955 0.865 0.214 0.046 0.989 0350
sD A VOl 0.024 0.048 0.778 0.339 0382 0350
D A Vo, 0.109 0.619 0.215 0.527 0.666 0.471
MEAN A vol 0.506 0.744 0.030 0.915 0.186 0473
MEAN A VOl 0.038 0.347 0.007 0.446 0344 0791
MEAN A Vo, 0.074 0.639 0.068 0.228 0.854 0.086
sD A vol 0.885 0.865 0.254 0.027 0673 0350
D A VOl 0.078 0.193 0.254 0.310 0.132 0452
D A VoI, 0.788 0.360 0.540 0.183 0.894 0.493
MEAN R vol 0.595 0.602 0.064 0.459 0.158 0.218
MEAN R VOl 0.616 0.194 0.209 0.571 0.244 0.242
MEAN R Vo, 0.144 0.744 0.325 0.318 0.608 0363
sD R vol 0.066 0.091 0.476 0.019 0.132 0.998
sD R VOl 0.365 0.965 0.090 0.724 0.120 0.198
sD R, VoI, 0.610 0.065 0.719 0.537 0.447 0.431
MEAN K vol 0.116 0.107 0.306 0.463 0.002 0.036
MEAN K VO, 0.038 0.278 0.946 0.162 0.024 0.011
MEAN K VoI, 0.130 0.245 0433 0.577 0.005 0.015
sD K™ vol 0.168 0486 0.628 0.684 0.005 0.153
sD K™ VOl, 0.038 0.092 0.628 0.393 0.024 0.007
D [ Vo, 0.168 0.274 0.628 0.847 0.060 0.153
MEAN Ve vol 0.146 0.889 0.071 0.002 0.002 0.004
MEAN Ve VOl 0.033 0.266 0.140 0.009 0.013 0.021
MEAN Ve Vol 0.047 0.791 0.856 0.096 0.006 0.015
sD Ve vol 0.227 0.486 0.424 0.036 0.002 0.075
sD Ve VOl 0.163 0.586 0.938 0.015 0.076 0.015
D Ve VoI, 0.149 0.943 0.624 0.964 0.120 0.539
MEAN o vol 0.028 0.023 0.909 0.967 0.276 0.224
MEAN v, VOl 0.002 0.008 0.077 0.653 0.053 0.096
MEAN v, Vol 0.028 0.008 0.218 0.503 0.053 0.096
sD v, vol 0.145 0.068 0.370 0.584 0211 0.153
sD Vo VO, 0.003 0.008 0370 0317 0.053 0.096
D Vi VoI, 0.028 0.068 0.170 0.468 0.139 0.137
MEAN 1CBVoyr vol 0.065 0.131 0.910 0.367 0.139 0.185
MEAN rCBVovr VOl 0.428 0.768 0.335 0.235 0,585 0505
MEAN rCBVour VoI, 0.352 0.638 0.704 0.320 0.446 0.683
sD YCBVove vol 0325 0.638 0.122 0.190 0.095 0.276
sD TCBVove VOl 0.265 0.768 0.079 0.235 0.095 0505
D 1CBVovr VOl 0.265 0.638 0.789 0.564 0.139 0.276
MEAN 1CBVaox vol 0.163 0.216 0.814 0.434 0.139 0.031
MEAN 1CBVaox VOl 0.434 0.723 0.720 0.382 0.669 0.266
MEAN TCBVaox VoI, 0352 0.468 0.274 0.122 0.139 0.266
sD TCBVsox vol 0.364 0.658 0.460 0.052 0.024 0.011
sD TCBVsox VOl 0.227 0723 0.460 0.486 0.095 0.883
D rCBVaox VOl 0.849 0.468 0.961 0.865 0.139 0.137
MEAN K. vol 0.452 0.216 0.156 0.026 0.011 0.060
MEAN K, VOl 0.697 0.100 0.070 0.121] 0.061 0.205
MEAN K, VoI, 0.906 0.637 0.056 0.121 0.604 0319
sD K vol 0.009 0.131 0.459 0.005 0.007 0.205
sD K. VOl 0.201 0.100 0.873 0.191 0.017 0.124
sD K. VoI, 0.229 0.471 0.459 0.009 0.155 0.282
VoL VoL Vol 0513 0.203 0.004 0.109 0.177 0.116
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9 Conclusions and Future Works

9.1 Research Summary
In this thesis, a method for multiparametric image registration was implemented, with a view that
the same acquisition and post-processing methodology could be used to identify lesion grade or

predict progression-free survival in a cohort of glioma patients.

The image processing scheme described in chapter 6 was successfully used to identify functional
MR parameters that relate to glioma grade. Individually, preoperative measurements using DTI, DCE
and DSC all showed significant differences between grades. Mean and median parameters values
produced the greatest number of significant differences between grades followed by standard
deviations. When mean values sampled using a TUM VOI were the input to a 2-stage logistic
regression model, DTl and DCE parameters were found to produce the most predictive model for
glioma grade. DSC parameters did not contain enough additional value to be included in the
resulting logistic regression model. The model correctly graded 94% of grade IV lesions, however
found considerable overlap between grade Il and Il gliomas resulting in only 70% and 75%
respectively being correctly identified. Compared to histology MR has poor spatial resolution
despite advances in field strength. Consequently, spatial resolution may explain some of the
disagreement observed between imaging and pathology, with averaging effects also playing a role.
Single voxel spectroscopy performed less accurately at glioma grading than imaging methods due
to limited coverage and partial volume effects. The implications of chapter 7 are that the grading of
grade IV lesions in eloquent regions of the brain is possible. However, when trying to identify grade
Il lesions, MR is only moderately successful; and should only be used in conjunction with a targeted

biopsy for grading.
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From the preoperative MR, the volumes of TUM and CEL were predictive of progression-free
survival using Kaplan-Meier analysis, however considerably more MR parameters were predictive

of PFS when using TUM VOlIs rather than CEL VOls.

Cox regression analysis of the preoperative MR parameters in high grade gliomas found the mean
radial diffusivity measured with TUM, to be predictive of progression-free survival with every
0.1x10° mm?2s? increase in the mean of the TUM, population of a tumour found to reduce the risk
of a shorter progression-free survival interval by 34%. Grade and volume were also found to be
significant predictors of PFS. From the CEL measurements, two significant parameters remained in
the Cox regression model, with a 0.1x103s? increase in mean R; values associated with 23%
decreased risk of tumour progression at 210 days from surgery and a 1% increase in blood volume

fraction standard deviation found to increase the risk of a shorter progression-free interval by 9%.

From pre-chemoradiotherapy scans, the results suggest that PK modelling parameters derived from
DCE MRI following surgery can predict progression-free survival. The acquisition of DCE prior to
chemoradiotherapy may be beneficial in 2 ways. Firstly, contrast enhancement can easily be
identified amongst blood products to aid radiotherapy planning, and secondly, PK parameters can
also be used to identify patients who would benefit from more frequent scans given the likelihood

of early tumour progression.

Following chemoradiotherapy, the mean change of the apparent diffusion coefficient, longitudinal
diffusivity and radial diffusivity measured using TUM and TUM, populations were all significant
predictors of progression-free survival. Changes in the mean whole tumour measurements of DCE
and DSC parameters are not significant predictors in this cohort. When examining the CEL VOI of
the tumour at both time points, changes in mean v. and K; measurements significantly predict

progression-free survival. An increase in ve or a decrease in K; over the course of treatment should
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be considered as a poor prognostic indicator in gliomas. The change in the volume of CEL was not

predictive of the progression-free survival interval.

Mean and standard deviations of K" and ve sampled using TUM and CEL VOls at time point 3, were
all also significant predictors of progression-free survival for 210 days. Elevated PK parameters at 2
weeks post-chemoradiotherapy were predictive of progression-free survival. DTl in isolation has no

prognostic value at this time point.

Cox regression models of postoperative MR parameters for TUM and CEL VOIs were developed to
reduce the number of significant results. In the TUM model, the mean change in ADC values for the
tumour between time points 2 and 3 was found to be a significant predictor of progression-free
survival as was the mean K™ within TUM at time point 3. CEL identified K" from time point 3
being clinically useful at predicting progression-free survival as well as identifying changes in

standard deviations of R; and ve as prognostic biomarkers.
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9.1.1

9.1.1.1

9.1.1.2

9.1.1.3

9.1.1.4

Recommendations

Glioma Grading
From preoperative imaging, diffusion tensor imaging in conjunction with dynamic contrast
enhanced MR could be used to help radiologically grade gliomas. The logistic regression of

multiparametric MR found ADC, Ag, g, K" and v. could be used to grade gliomas

Prediction of Progression-Free Survival
Preoperative MRI was also found to be predictive of progression-free survival with Ag, R:
and v, calculated from the DTl and DCE found to contain prognostic information following
Cox regression analysis
From the post-surgical imaging, before and after chemoradiotherapy, measures of ADC, Ry,

K" and ve, derived from the DTl and DCE predicted progression-free survival

Sequence Choice for Neuro-imaging
DCE and DTI datasets contain significant prognostic information about gliomas at all stages
of treatment
In the presence of DCE and DTI, DSC does not add additional information

Multiparametric MR is better at glioma grading than single voxel MRS

VOIs and Gaussian Mixture Modelling
Differences between tumour grades were observed using TUM, CEL and NEL, however
TUM and CEL showed more significant differences
Subpopulations of MR parameters sampled using Gaussian mixture modelling contained

additional value
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9.2 Future Work

A logical next step for the study described in this thesis would be the expansion of the high grade
arm into a multi-centre trial. By including other sites, the number patients involved would greatly
be improved and image phenotyping may be possible. It would also be interesting to compare the
parameter values produced from different scanner vendors and establish universal MR values
between vendors. The cohort followed in this study went through the optimal treatment pathway
of surgery followed by chemoradiotherapy which is the same in all geographical regions of the UK
and so recruitment would be relatively simple provided appropriate amounts of scanner time exist.

In order to ensure consistency within the data, all image analysis would happen at a single site.

A first alternative use for the methodology described in this thesis, would be to follow patients
undertaking second line chemotherapy treatments. With surgical changes less apparent, blood
products would be less of an issue for EPI sequences, however given the serious nature of tumour

reoccurrence or progression, patient capacity, and subsequently recruitment could be an issue.

Multiparametric MR is not restricted to the brain, hence a second use of the approach described in
this thesis, could be to move to other relatively rigid organs such as the prostate. Diffusion weighted
imaging and DCE are already common place in the prostate and thus the registration scheme could

be adapted with relative ease.

A final use for the multiparametric registration approach to monitor treatment response, would be
to examine a cohort of patients undertaking stereotactic radiosurgery (SRS). SRS is a relatively
common treatment for brain metastases and meningiomas with a volume less than 20ml of
enhancing tissue. If MR could predict which lesions would respond to SRS then patient management
could be altered to reflect this new information, with surgery being an alternative treatment for

some of the non-responsive lesions.
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9.3 The Future of Neuro-oncological Imaging

This section briefly describes some of the new MR sequences which are starting to be available to

radiologists and researchers.

Given MR’s sensitivity to motion and how rapidly image quality degrades due to motion, methods
for minimising this effect are very much of clinical interest. Vendors currently have 2 methods for
dealing with various degrees of patient motion. The first is k-space oversampling scheme in which
the centre of k-space is oversampled compared to the outside of k-space. This results in good image
contrast information, whilst any motion which is likely to affect the spatial frequencies at the edge
of k-space is less influential in the final image construction. The trade-off of this approach is that
over-sampling schemes can take longer to acquire, and due to the reduced number of spatial
frequencies, images can appear slightly blurred. In order to improve the image resolution in patients
who move, sequences with prospective motion correction are starting to appear on scanners for
selected sequences. By interleafing the standard acquisition sequence with a navigator echo
sequence, the scanner can alter the acquisition plane to accommodate for motion. When motion is
present, the scanner can subsequently replace lines of k-space with motion free data to improve

the final image.

Phased array coil technology is another field which will directly benefit neuroimaging by decreasing
the acquisition times of sequences through parallel imaging. With most imaging centres routinely
using parallel imaging methods to speed up imaging time, it is now a question of how many receive
elements scanners will support. Currently for neuroimaging, 8 channel head coils are common,
however vendors are now starting to produce 32 head coils with some scanners supporting up to

64 and 128 receive channels.
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One fast growing field which is becoming an attractive prospect to researchers and eventually
clinicians is compressed sensing (228) (sparse sampling), in which k-space is pseudo randomly
under-sampled in order to reduce scan times. The reduction in scan time can subsequently be
utilised to improve either the spatial or temporal resolution of MR data, whilst also improving the
SNR. Compressed sensing of MR sequences such as DCE (229, 230) and MRSI (231, 232) are currently
hot topics for further investigation. The disadvantage of compressed sensing is that the
reconstruction time required to regenerate a full sampled k-space is highly time consuming (in the
order of hours). Moving the reconstruction of such sequences to GPU reconstruction engines may

be one possible solution to reconstruct images in clinically viable times.

Another rapidly growing research area is that of multiband echo planar imaging (233). Rather than
acquiring EPI data following a single excitation, multiple RF excitations are used to excite multiple
slices simultaneously. Using a coil sensitivity map, the signal received from each channel can be used
to reconstruct multiple slices through unaliasing the data. The implications are that EPI data can be
further accelerated by factors of up to 16 given an appropriate number of receive elements in the

coil.

With a huge number of neuroimaging techniques being developed for MR, it is impossible to
describe all of them. However scan time reductions due to improved parallel imaging methods and
reduced k-space sampling schemes will result in sequences which were previously research only due
to long acquisitions (e.g. diffusion spectrum imaging), entering clinical practice due to clinically

viable scan times.
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9.3.1 If the study was to be repeated....

If a similar brain tumour study was to be repeated, then several changes could be made to improve
the study. Whilst the diffusion tensor imaging was successfully employed and produced multiple
significant results, uncontrollable factors such as perfusion effects and geometric distortion may
have significantly altered some parts of the data. In the future, field mapping could be included in
order to unwarp EPI distortion (234) and improve the subsequent registration. Secondly, intravoxel
incoherent motion (50) should be considered to estimate any perfusion effects, potentially elevating
ADC values in the enhancing portion of tumours. Currently, the diffusion tensor model assumes a
mono-exponential decay of signal when a diffusion gradient is applied. However, there is sufficient
evidence to suggest it is actually a bi-exponential decay. A diffusion acquisition scheme similar to
diffusion kurtosis imaging (235) which utilises multiple b-values in at least 15 directions could be
used to estimate both perfusion and diffusion fractions in tumours whilst maintaining information

about fibre tract directionality and infiltration.

The DCE data also provided a host of significant results and excelled in tumour grading and
prediction of progress free survival, however, coverage was the major limiting factor. In the future,
compressed sensing (228-230) could be utilised to expand the DCE to whole brain coverage, or
improve the temporal resolution of the data to produce better AIF estimations for pharmacokinetic

analysis.

Slice thickness was the limiting factor of the DSC data. Whilst the SNR of the data was high, large
partial volume effects would have been present in the data. The 7mm thick slices appeared subject
to a greater level of geometric distortion of the front of the head and subsequently the data was
potentially over interpolated during the registration process. In the future, AIF estimation may be
necessary for DSC data; however the white matter mask scheme seemed a robust choice in

processing. Developments in accelerating DSC such as CAIPIRINHA (multiband-EPI)(236) could lead
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to improved blood volume estimations in the brain and a reduction of slice thickness due to high

acceleration factors available with the technique.

Arterial spin labelling is a sequence that became available after the start of this study. The addition
of another measure of blood volume (237) may have clinical utility and is suitable for patients who
have renal impairment or poor venous access. The low spatial resolution of the images could be a
limiting factor when registering the data, so morphological imaging of the same voxel size would
probably be required if the CBV maps were to be incorporated into the multiparametric volume.
The spin-echo read used for ASL would make the sequence suitable for imaging blood flow and

volume in tissue containing regions of increased susceptibility.

MRSI is another sequence that benefits from compressed sensing (231, 232). With compressed
sensing, acceleration factors of up to 10 are potentially useful, allowing the number of phase
encodes to be increased to approximately 32x32 to allow whole brain coverage. The higher number
of phase encodings reduces the point spread effect of lipid contamination, which would be present
even with saturation bands covering the subcutaneous lipid in the skull. EPI-flyback (238) is another
alternative method for accelerating MR spectroscopy to enable whole brain coverage. The flyback
accelerates the MR spectroscopy by reducing the number of phase encoding directions by 1 and for

further acceleration can be combined with compressed sensing (239).

In terms of registration, thinner slices of the same thickness for all sequences would help with the
registration process. This would minimise the amount of interpolation required within a
multiparametric volume. A move from 2D to 3D acquisitions would be possible for some of data
series such as the FLAIR. Whilst 3D DWI (240, 241) is possible, no commercially available sequence
exists for our scanner platform. Thinner datasets would also enable more accurate delineation of
the tumour abnormality; however given the increase number of slices, automated VOI selection

may be necessary. Automated VOIs would require uniform signal intensities throughout the brain
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which is not currently possible on our scanner due to B; inhomogeneity shading artefacts; however,
the installation of a multi-transit system would improve image uniformity. Furthermore, if more
computational power was available, a constrained non-rigid registration could be implemented to
correct for tissue remodelling and enable potentially more accurate functional diffusion maps, with

the same technique being applied to the other functional parameters.

Finally, the question of the scan frequency and intervals arises. Ideally patients would be scanned
more frequently to observe treatment induced changes earlier; however the practicality of this is
guestionable given the already restricted scanner availability and the transport issues that exist for
glioma patients. If study patients were to be scanned within 48hrs of surgery, the problem of surgical
clips would arise, potentially destroying all local EPI data whilst still having a reduced effect on the
other datasets. An additional scan time point another 1-2 months after time point 3 would have

been interesting to observe any delayed treatment effects.

A sample MR protocol incorporating many of the suggested improvements can be seen in Table 33.

This protocol sacrifices reconstruction time for improved resolution and coverage.

Table 33 - Potential MR Protocol for a future glioma study, given all possible improvements. Total
scan time is in the region of 50 minutes.

SEQUENCE 2D/3D | FOV (mm) | FREQ. | PHASE | THICKNESS /GAP (mm) | SLICES TIME
3-Plane Localiser 2D 240x240 384 160 8/4 30 00:00:22
Ready Brain 3D 280x280 72 72 3/0 64 00:00:20
T, FLAIR CUBE 3D 240x240 256 256 1.5/0 140 00:06:00
T1 IR-FSPGR 3D 240x240 256 256 1.5/0 140 00:03:30
DTI (16 dir, 4 b-values) 2D 240x240 128 128 3/0 44 00:06:45
CS PRESS editing sequence 3D 240x240 32 32 12/0 8 00:13:00
3D ASL 3D 240x240 128 128 3/0 44 00:07:00
CS Multi-flip T\W FSPGR 3D 240x240 192 128 3/0 10x44 | 00:02:00
CS DCE 3D 240x240 192 128 3/0 44 00:05:50
T, IR-FSPGR post-contrast 3D 240x240 256 256 1.5/0 140 00:03:30
T,* MULTIBAND DSC 2D 240x240 128 128 3/0 44 00:01:45
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10 Appendices

10.1 Kruskal Wallis Tables
All the tables for section entitled ‘Associations of MR Parameters with Histology’ can be found

over the following pages.

These cover TUM, CEL and NEL volumes of interest, and statistical metrics including mean,

standard deviation, skew, kurtosis, median, maximum and minimum for time point 1.
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Table 34 - Mean values from the TUM VOI for each parameter, Kruskal-Wallis tested for P<0.05 and
Bonferroni corrected for P<0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO Iil (N=12) WHO IV (N=33)
Parameter Vol Sig.
Medi: Median Maximum Minimum Median Maximum
TUM 1.078 1.257 1.350 0.823 1.116 1.523 0.808 1.169 1.432 0.150
ADC TUM, 0.940 1.206 1.321 0.805 1.061 1.299 0.707 1.003 1.244 0.012
TUM; 1.240 1.468 1.955 1.038 1.226 1.988 0.976 1.376 1.849 0.089
TUM 0.133 0.165 0.235 0.130 0.186 0.269 0.175 0.206 0.317 0.003
FA TUM, 0.075 0.117 0.197 0.108 0.131 0.210 0.059 0.158 0.280 0.019
TUM, 0.214 0.249 0.377 0.202 0.294 0.391 0.207 0.300 0.459 0.046
TUM 0.202 0.295 0.407 0.256 0.285 0.408 0.230 0.341 0.395 0.002
q TUMo 0.127 0.185 0.354 0.165 0.227 0.287 0.081 0.287 0.352 0.006
TUM, 0.300 0.404 0.592 0.342 0.417 0.492 0.281 0.469 0.764 0.012
TUM 0.111 0.138 0.200 0.107 0.157 0.230 0.148 0.173 0.277 0.003
RA TUM, 0.062 0.099 0.168 0.091 0.111 0.177 0.097 0.138 0.246 0.002
TUM; 0.186 0.215 0.356 0.169 0.257 0.391 0.204 0.273 0.483 0.017
TUM 1.261 1.477 1.604 1.034 1.367 1.731 1.001 1.424 1.708 0.350
A TUM, 1.009 1.397 1.564 0.999 1.261 1.523 0.842 1.196 1.621 0.300
TUM: 1321 1.584 2.512 1.265 1.534 2.203 1.157 1.627 2.292 0.606
TUM 0.986 1.144 1.239 0.718 1.005 1.419 0.671 1.065 1.295 0.100
A TUM, 0.907 1.067 1.214 0.656 0.982 1.215 0.612 0.891 1.128 0.003
TUM: 1.173 1.398 1.932 0.930 1.063 1.894 0.876 1.256 1.860 0.042
TUM 0.345 0.677 0.964 0.441 0.750 0.904 0.632 0.820 1.449 0.019
R1 TUM, 0.261 0.600 0.937 0.383 0.654 0.867 0.509 0.753 1.381 0.012
TUM; 0.355 0.775 1.185 0.616 0.896 1.078 0.633 0.904 1.506 0.080
TUuM 0.021 0.028 0.058 0.028 0.036 0.179 0.021 0.087 0.179 0.001
Ktrns TUMo 0.016 0.020 0.031 0.017 0.026 0.054 0.016 0.057 0.108 0.001
TUM; 0.027 0.044 0.093 0.040 0.059 0.266 0.032 0.136 0.457 0.001
TUuM 0.026 0.039 0.077 0.032 0.051 0.261 0.026 0.158 0.322 0.001
Ve TUMo 0.017 0.026 0.034 0.018 0.029 0.154 0.016 0.050 0.245 0.001
TUM; 0.040 0.064 0.163 0.043 0.088 0.399 0.038 0.245 0.694 0.001
TUuM 0.024 0.031 0.045 0.028 0.036 0.061 0.021 0.046 0.102 0.002
Vb TUMo 0.014 0.020 0.026 0.014 0.019 0.031 0.014 0.034 0.060 0.001
TUM; 0.032 0.051 0.096 0.037 0.052 0.103 0.029 0.099 0.240 0.001
TUmM 1.075 1.409 1.720 0.916 1.702 5.218 1.043 1.919 5.064 0.025
rCBVevr TUMo 0.919 1.098 1.441 0.632 1.281 2.599 0.648 1.046 2.955 0.126
TUM; 1.708 2.573 3.833 2.129 2.801 6.897 1.957 3.629 8.179 0.003
TUM 1.052 1.456 1.685 1.100 1.692 5.082 1.053 1.887 4.650 0.024
rCBVgox TUMo 0.805 1.104 1.450 0.704 1.325 2.420 0.611 1.009 3.137 0.152
TUM; 1.575 2.432 3.535 2.234 2.795 6.295 1.841 3.244 6.135 0.013
TUM -0.747 -0.455 -0.235 -1.688 -0.637 -0.141 -3.060 -0.943 -0.169 0.001
K2 TUMo -1.394 -1.010 -0.523 -3.346 -1.379 -0.390 -5.162 -1.956 -0.579 0.001
TUM: -0.512 -0.307 -0.123 -0.984 -0.393 -0.079 -1.474 -0.372 -0.120 0.500
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Table 35 — Standard deviations from the TUM VOI for each parameter, Kruskal-Wallis tested for
P<0.05 and Bonferroni corrected for P<0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO Iil (N=12) WHO IV (N=33)

Parameter Vol Sig.

inil Medi: Maxi inil Median Maximum Minimum Median Maximum
TUM 0.169 0.265 0.389 0.136 0.210 0.487 0.146 0.288 0.492 0.017
ADC TUM, 0.130 0.195 0.270 0.112 0.173 0.348 0.073 0.183 0.365 0.610
TUM; 0.104 0.302 0.507 0.112 0.195 0.529 0.112 0.321 0.815 0.016
TUM 0.074 0.097 0.128 0.056 0.093 0.129 0.081 0.107 0.146 0.199
FA TUM, 0.028 0.043 0.075 0.034 0.047 0.073 0.025 0.059 0.114 0.018
TUM, 0.082 0.113 0.144 0.068 0.110 0.159 0.078 0.112 0.177 0.893
TUM 0.117 0.142 0.204 0.096 0.136 0.190 0.095 0.155 0.225 0.237
q TUMo 0.037 0.064 0.121 0.051 0.071 0.118 0.027 0.101 0.144 0.003
TUM, 0.109 0.147 0.220 0.101 0.142 0.222 0.083 0.163 0.283 0.154
TUM 0.065 0.087 0.114 0.048 0.083 0.129 0.071 0.097 0.144 0.205
RA TUM, 0.023 0.036 0.067 0.028 0.041 0.068 0.029 0.053 0.105 0.001
TUM; 0.074 0.105 0.158 0.059 0.105 0.188 0.070 0.110 0.206 0.391
TUM 0.202 0.290 0.401 0.182 0.239 0.485 0.153 0.324 0.495 0.020
A TUM, 0.078 0.195 0.300 0.070 0.183 0.396 0.092 0.193 0.411 0.680
TUM: 0.108 0.313 0.437 0.119 0.224 0.524 0.127 0.291 0.985 0.064
TUM 0.169 0.266 0.403 0.141 0.226 0.497 0.152 0.291 0.516 0.019
A TUM, 0.125 0.225 0.281 0.079 0.175 0.339 0.087 0.185 0.290 0.171
TUM: 0.100 0.316 0.560 0.142 0.225 0.491 0.146 0.331 0.729 0.048
TUM 0.056 0.166 0.239 0.110 0.167 0.224 0.123 0.193 0.261 0.010
R1 TUM, 0.008 0.094 0.141 0.049 0.084 0.110 0.060 0.111 0.376 0.012
TUM; 0.051 0.174 0.424 0.112 0.164 0.291 0.122 0.220 0.401 0.068
TUuM 0.007 0.017 0.043 0.016 0.023 0.163 0.010 0.054 0.209 0.001
Ktrns TUMo 0.004 0.007 0.017 0.005 0.012 0.026 0.004 0.025 0.062 0.001
TUM; 0.006 0.022 0.052 0.016 0.027 0.162 0.010 0.062 0.258 0.001
TUuM 0.013 0.029 0.078 0.019 0.039 0.184 0.017 0.105 0.270 0.001
Ve TUMo 0.005 0.011 0.018 0.005 0.014 0.090 0.004 0.031 0.142 0.001
TUM; 0.012 0.033 0.078 0.017 0.048 0.181 0.017 0.116 0.264 0.001
TUuM 0.014 0.022 0.045 0.015 0.026 0.054 0.011 0.036 0.135 0.005
Vb TUMo 0.003 0.007 0.011 0.003 0.006 0.014 0.003 0.016 0.030 0.001
TUM; 0.014 0.025 0.058 0.015 0.027 0.068 0.011 0.052 0.203 0.001
TUM 0.510 0.832 1.361 0.774 1.088 3.269 0.613 1.633 5.299 0.001
rCBVevr TUMo 0.314 0.466 0.726 0.357 0.498 1.288 0.326 0.532 1.165 0.525
TUM; 0.620 1.181 1.936 1.092 1.373 2.804 1.024 1.961 5.322 0.001
TUM 0.479 0.776 1.285 0.667 1.119 2.708 0.557 1.466 3.787 0.001
rCBVgox TUMo 0.198 0.448 0.633 0.344 0.471 1.007 0.300 0.482 1.060 0.730
TUM; 0.551 1.057 1.856 0.875 1.368 2.361 0.685 1.673 3.617 0.021
TUM 0.260 0.414 1.057 0.286 0.621 1.551 0.212 1.082 3.252 0.001
K2 TUMo 0.387 0.651 1.578 0.564 0.928 1.968 0.398 1.174 3.411 0.003
TUM: 0.128 0.180 0.342 0.120 0.227 0.658 0.084 0.287 0.808 0.075
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Table 36 — Skew values from the TUM VOI for each parameter, Kruskal-Wallis tested for P<0.05 and
Bonferroni corrected for P<0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO Iil (N=12) WHO IV (N=33)

Parameter Vol Sig.

inil Medi: Maxi inil Median Maximum Minimum Median Maximum
TUM 0.015 0.901 2.651 -0.682 0.281 2.457 -0.278 0.646 2.797 0.312
ADC TUM, 0.199 1.654 2.833 0.328 1.356 2.774 0.243 1.632 3.161 0.515
TUM; -1.142 -0.903 -0.258 -1.718 -1.176 0.243 -1.504 -0.930 0.209 0.179
TUM 0.744 1.450 2.016 0.486 1.353 1.875 0.406 0.974 1.628 0.001
FA TUM, 1.689 2.150 2.603 1.363 2.087 2.499 1.268 1.830 2.298 0.001
TUM, -1.047 -0.845 -0.499 -1.188 -0.917 -0.526 -1.191 -0.888 -0.244 0.401
TUM 0.531 0.989 1.772 0.454 1.015 1.797 0.300 0.843 1.900 0.059
q TUMo 1.602 1.800 2.391 1.586 1.902 2.456 0.973 1.674 2.507 0.004
TUM, -1.089 -0.838 -0.324 -1.163 -0.929 -0.597 -1.190 -1.024 -0.161 0.052
TUM 0.910 1.963 2.426 0.720 1.596 2.403 0.621 1.287 2.359 0.020
RA TUM, 1.767 2.543 2.949 1.561 2.263 2,921 1.385 2.030 2.897 0.015
TUM; -0.959 -0.805 -0.341 -1.158 -0.879 -0.419 -1.155 -0.886 -0.348 0.151
TUM -0.069 0.728 1.303 -0.975 0.318 1.200 -0.436 0.361 1.910 0.492
A TUM, 0.109 1.563 2.008 0.294 1.236 1.583 0.111 1.414 2.371 0.754
TUM: -1.240 -0.634 0.182 -1.887 -1.128 0.168 -1.591 -1.088 0.121 0.061
TUM -0.210 0.862 2.929 -0.521 0.207 2.540 -0.176 0.693 2.370 0.129
A TUM, 0.094 1.600 3.118 0.214 1.128 2.845 0.401 1.621 2.717 0.136
TUM: -1.146 -1.045 -0.582 -1.633 -0.820 -0.084 -1.467 -0.980 0.097 0.907
TUM 0.221 0.621 1.895 0.333 0.748 2.158 -0.393 0.381 2.042 0.019
R1 TUM, 0.642 1.519 2.490 1.152 1.705 2.722 -0.219 1.332 2.646 0.015
TUM; -1.199 -0.834 -0.258 -1.098 -0.877 -0.511 -1.279 -0.647 0.159 0.186
TUuM 0.669 1.824 3.120 0.783 1.867 4.650 0.401 1.369 7.535 0.136
K'rns TUM, 1.650 2.442 3.551 1.747 2.459 4.885 1171 2.123 7.704 0.097
TUM; -1.120 -0.716 -0.276 -1.057 -0.626 -0.039 -1.202 -0.757 1.316 0.669
TUmM 0.847 1.521 2.669 0.482 1.867 4.381 -0.201 1.079 3.318 0.001
Ve TUMo 1.792 2.244 3.143 1.532 2.493 4.609 0.864 1.821 3.731 0.001
TUM; -1.064 -0.602 -0.022 -1.005 -0.589 -0.116 -1.261 -0.686 0.518 0.516
TUmM 1.011 2.247 3.912 1.313 1.889 6.265 1.197 2.903 8.781 0.008
Vb TUMo 1.910 2.755 4.168 2.061 2.424 6.331 1.943 3.337 8.512 0.007
TUM; -0.870 -0.374 0.539 -1.002 -0.376 0.686 -1.095 -0.684 5.164 0.041
TUum 0.914 2.002 2.821 0.172 2.238 2.886 0.286 1.927 5.559 0.901
rCBVevr TUMo 1.706 2.575 3.294 0.885 2.799 3.351 1.517 2.556 5.778 0.857
TUM; -1.104 -0.881 -0.707 -0.931 -0.789 -0.568 -1.017 -0.616 -0.076 0.001
TUM 0.855 1.578 3.005 0.433 1.968 3.175 0.158 1.668 5.347 0.555
rCBVgox TUMo 1.600 2.243 3.454 1.571 2.575 3.599 1.453 2.330 5.593 0.572
TUM; -1.146 -0.850 -0.156 -1.092 -0.750 -0.346 -1.277 -0.675 0.071 0.133
TUM -5.060 -3.071 -2.676 -7.387 -2.575 -0.899 -6.362 -2.352 -0.288 0.096
K2 TUMo -1.335 0.614 0.806 -2.776 0.600 0.973 -1.225 0.244 1.314 0.286
TUM: -5.285 -3.510 -3.149 -7.578 -3.034 -1.726 -6.395 -2.822 -1.283 0.058
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Table 37 — Kurtosis values from the TUM VOI for each parameter, Kruskal-Wallis tested for P<0.05
and Bonferroni corrected for P<0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO Iil (N=12) WHO IV (N=33)

Parameter vol Sig.

ini Medi: Maxi inil Median Maximum Minimum Median Maximum
TUM 0.131 2.079 19.745 -0.556 0.406 16.367 -0.980 1.162 13.800 0.153
ADC TUM, 0.143 2.590 20.281 -1.075 0.722 17.062 -0.830 1.244 14.823 0.153
TUM; -1.855 -0.194 1.010 -1.210 -0.415 1.480 -1.759 -0.488 2.195 0.641
TUM -0.108 3.096 6.430 -0.239 2.598 4.584 -0.323 1.230 4.493 0.009
FA TUMo 0.270 4.051 7.382 -0.074 3.498 5.691 -0.299 1.885 5.319 0.009
TUM; -1.410 -1.224 -0.762 -1.540 -1.264 -0.759 -1.517 -1.044 -0.085 0.010
TUM -0.627 1.534 5.356 0.061 1.047 5.806 -0.514 0.975 5.768 0.426
q TUMo -0.125 2.234 6.231 0.450 1.654 6.592 -0.321 1.502 6.347 0.327
TUM; -1.382 -1.116 -0.230 -1.481 -1.094 -0.505 -1.583 -0.997 0.200 0.572
TUM 0.368 5.979 9.888 0.363 3.605 9.025 -0.086 2.493 11.046 0.111
RA TUM, 0.638 6.829 10.733 0.540 4.519 10.043 0.406 3.270 11.551 0.097
TUM; -1.429 -1.136 -0.580 -1.507 -1.335 -0.613 -1.655 -1.037 -0.277 0.059
TUM 0.294 1.804 7.082 -0.523 0.301 5.298 -1.103 0.912 9.560 0.098
A TUM, -0.512 1.490 3.702 -1.307 0.183 5.746 -0.833 0.907 9.883 0.289
TUM; -1.637 0.496 4.845 -1.671 -0.397 1.342 -1.679 -0.370 1.661 0.352
TUM 0.384 1.692 21.994 -0.441 0.321 16.936 -0.918 1.020 11.375 0.128
Ar TUM, 0.349 2.150 22.606 -0.971 0.504 17.648 -0.809 1.220 12.225 0.103
TUM; -1.791 -0.384 0.959 -1.154 -0.024 2.827 -1.714 -0.628 1.864 0.109
TUM -0.550 1.362 8.183 -0.395 0.269 6.426 -0.469 1.278 4.857 0.190
R1 TUM, -0.880 1.691 8.666 -0.054 0.745 7.544 -0.187 1.166 6.001 0.425
TUM; -1.416 -0.402 1.144 -1.562 -0.999 -0.419 -1.469 -0.143 2.639 0.004
TUM 0.058 4.288 16.298 0.278 5.170 39.715 -0.231 2.658 97.906 0.534
Ktrns TUMo 0.846 4.743 16.722 0.644 5.840 37.762 0.259 3.245 96.922 0.350
TUM; -1.685 -1.057 -0.547 -1.595 -1.022 2.547 -1.835 -0.883 15.988 0.872
TUM 0.613 2.781 11.715 -0.020 4.441 26.916 -0.952 1.156 23.049 0.001
Ve TUMo 1.452 3.571 11.747 -0.277 4.723 26.282 -1.091 1.464 23.272 0.001
TUM; -1.651 -0.920 0.688 -1.788 -0.900 0.640 -1.792 -0.998 2.042 0.550
TUM 0.890 6.990 23.641 1.281 4.749 61.653 1.556 11.946 112.299 0.003
Vb TUMo 1.748 6.897 22.503 2.063 4.569 58.405 1.727 12.707 103.002 0.001
TUM; -1.455 -0.285 3.659 -1.515 -0.766 7.771 -1.817 -1.088 61.148 0.198
TUM 1.239 8.413 14.352 -0.771 8.103 16.343 -0.741 5.250 44.169 0.371
rCBVevr TUMo 1.716 9.358 14.888 -0.158 8.691 16.575 -0.391 6.018 44.100 0.318
TUM; -1.541 -1.103 -0.670 -1.503 -1.013 0.004 -1.605 -1.018 1.212 0.619
TUM 0.561 5.117 17.245 -0.664 6.479 19.727 -0.545 3.851 39.810 0.274
rCBVgox TUMo 1.282 5.815 17.668 -0.215 7.223 19.490 -0.334 4.651 40.213 0.214
TUM; -1.410 -1.083 -0.404 -1.293 -1.027 1.011 -1.644 -1.040 0.882 0.817
TUM 9.723 18.232 53.095 0.569 13.046 147.928 -0.830 9.024 61.591 0.084
Kz TUMo -1.226 -0.265 16.330 -1.420 -0.760 58.231 -1.422 -0.264 11.574 0.683
TUM; 10.308 18.736 50.433 0.515 13.562 147.719 -0.515 8.191 58.065 0.032
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Table 38 — Median values from the TUM VOI for each parameter, Kruskal-Wallis tested for P<0.05
and Bonferroni corrected for P<0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO Iil (N=12) WHO IV (N=33)

Parameter Vol Sig.

Medi: Median Maximum Minimum Median Maximum

TUM 1.066 1.234 1.336 0.817 1.105 1.522 0.779 1.123 1.457 0.167

ADC TUM, 0.940 1.206 1.321 0.805 1.061 1.299 0.707 1.003 1.244 0.012
TUM; 1.240 1.468 1.955 1.038 1.226 1.988 0.976 1.376 1.849 0.089

TUM 0.104 0.146 0.214 0.120 0.161 0.258 0.150 0.189 0.310 0.002

FA TUMo 0.075 0.117 0.197 0.108 0.131 0.210 0.059 0.158 0.280 0.019
TUM; 0.214 0.249 0.377 0.202 0.294 0.391 0.207 0.300 0.459 0.046

TUM 0.160 0.259 0.385 0.226 0.257 0.405 0.217 0.322 0.367 0.001

q TUMo 0.127 0.185 0.354 0.165 0.227 0.287 0.081 0.287 0.352 0.006
TUM; 0.300 0.404 0.592 0.342 0.417 0.492 0.281 0.469 0.764 0.012

TUM 0.086 0.120 0.178 0.098 0.132 0.216 0.124 0.156 0.263 0.002

RA TUM, 0.062 0.099 0.168 0.091 0.111 0.177 0.097 0.138 0.246 0.002
TUM; 0.186 0.215 0.356 0.169 0.257 0.391 0.204 0.273 0.483 0.017

TUM 1.205 1.465 1.574 1.021 1.352 1.723 0.975 1.376 1.756 0.389

A TUM, 1.009 1.397 1.564 0.999 1.261 1.523 0.842 1.196 1.621 0.300
TUM; 1.321 1.584 2.512 1.265 1.534 2.203 1.157 1.627 2.292 0.606

TUM 0.976 1.121 1.229 0.711 1.001 1.427 0.649 0.995 1.317 0.102

A TUM, 0.907 1.067 1.214 0.656 0.982 1.215 0.612 0.891 1.128 0.003
TUM; 1.173 1.398 1.932 0.930 1.063 1.894 0.876 1.256 1.860 0.042

TUM 0.345 0.650 0.944 0.401 0.722 0.872 0.619 0.798 1.415 0.014

R1 TUM, 0.261 0.600 0.937 0.383 0.654 0.867 0.509 0.753 1.381 0.012
TUM; 0.355 0.775 1.185 0.616 0.896 1.078 0.633 0.904 1.506 0.080

TUuM 0.018 0.024 0.046 0.022 0.029 0.123 0.018 0.066 0.125 0.001

Ktrns TUMo 0.016 0.020 0.031 0.017 0.026 0.054 0.016 0.057 0.108 0.001
TUM; 0.027 0.044 0.093 0.040 0.059 0.266 0.032 0.136 0.457 0.001

TUuM 0.022 0.034 0.045 0.025 0.040 0.224 0.020 0.128 0.295 0.001

Ve TUMo 0.017 0.026 0.034 0.018 0.029 0.154 0.016 0.050 0.245 0.001
TUM; 0.040 0.064 0.163 0.043 0.088 0.399 0.038 0.245 0.694 0.001

TUuM 0.018 0.024 0.034 0.019 0.027 0.038 0.017 0.036 0.067 0.001

Vb TUMo 0.014 0.020 0.026 0.014 0.019 0.031 0.014 0.034 0.060 0.001
TUM; 0.032 0.051 0.096 0.037 0.052 0.103 0.029 0.099 0.240 0.001
TUM 0.958 1.207 1.472 0.698 1.455 4.703 0.788 1.323 3.564 0.518
rCBVevr TUMo 0.919 1.098 1.441 0.632 1.281 2.599 0.648 1.046 2.955 0.126
TUM; 1.708 2.573 3.833 2.129 2.801 6.897 1.957 3.629 8.179 0.003

TUM 0.967 1.254 1.477 0.812 1.477 4.784 0.786 1.345 3.728 0.319

rCBVgox TUMo 0.805 1.104 1.450 0.704 1.325 2.420 0.611 1.009 3.137 0.152
TUM; 1.575 2.432 3.535 2.234 2.795 6.295 1.841 3.244 6.135 0.013

TUM -0.534 -0.336 -0.146 -1.477 -0.482 -0.091 -1.834 -0.629 -0.123 0.035

Kz TUMo -1.394 -1.010 -0.523 -3.346 -1.379 -0.390 -5.162 -1.956 -0.579 0.001
TUM; -0.512 -0.307 -0.123 -0.984 -0.393 -0.079 -1.474 -0.372 -0.120 0.500
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Table 39 — Minimum values from the TUM VOI for each parameter, Kruskal-Wallis tested for P<0.05

and Bonferroni corrected for P<0.0038 (0.05/13) to examine differences between grades.

WHO Il (N=10) WHO Iil (N=12) WHO IV (N=33)

Parameter \e]] Sig.
Median Median Median

ADC TUM 0.402 0.408 0.099 0.024
FA TUM 0.015 0.023 0.017 0.650
q TUM 0.030 0.039 0.025 0.203
RA TUM 0.012 0.019 0.015 0.466
A TUM 0.501 0.538 0.067 0.022
AR TUM 0.121 0.276 0.063 0.029
R1 TUM 0.090 0.356 0.059 0.163
Ktrans TUM 0.010 0.010 0.010 0.970
Ve TUM 0.010 0.010 0.010 0.160
Vb TUM 0.010 0.010 0.010 0.074
rCBVevr TUM 0.011 0.011 0.010 0.170
rCBVgox TUM 0.011 0.026 0.010 0.049
Kz TUM -6.350 -7.543 -13.520 0.002

Table 40 — Maximum values from the TUM VOI for each parameter, Kruskal-Wallis tested for P<0.05

and Bonferroni corrected for P<0.0038 (0.05/13) to examine differences between grades.

WHO Il (N=10) WHO Il (N=12) WHO IV (N=33)
Parameter \el} Sig.
Median Median Median

ADC TUM 2.900 2.327 2.863 0.120
FA TUM 0.744 0.685 0.785 0.247

q TUM 1.112 1.008 1.147 0.356
RA TUM 0.769 0.708 0.876 0.161
A TUM 3.330 2.543 3.221 0.057
Ak TUM 2.751 2.255 2.706 0.155
R1 TUM 1.456 1.448 1.799 0.018
Kans TUM 0.136 0.198 0.475 0.001
Ve TUM 0.240 0.312 0.724 0.001
Vb TUM 0.176 0.200 0.425 0.001
rCBVevr TUM 8.535 11.732 16.414 0.003
rCBVsox TUM 7.946 11.010 13.509 0.106
K2 TUum 0.841 0.952 1.098 0.765
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Table 41 — Mean values from the CEL VOI for each parameter, Kruskal-Wallis tested for P<0.05 and
Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=4) WHO Iil (N=6) WHO IV (N=33)

Param. Vol Sig.

ini di i Minimum Median Maximum Minimum Median Maximum
CEL 0.805 1.115 1.167 0.747 0.968 1.324 0.782 1.105 1.540 0.667
ADC CELo 0.735 1.009 1.125 0.709 0.932 1.293 0.682 0.982 1.474 0.985
CEL: 0.905 1.193 1.428 0.950 1.200 1.462 0.820 1.264 1.953 0.363
CEL 0.074 0.117 0.255 0.094 0.185 0.296 0.085 0.176 0.390 0.467
FA CELy 0.053 0.076 0.194 0.037 0.131 0.263 0.056 0.121 0.318 0.440
CELy 0.104 0.144 0.319 0.108 0.245 0.312 0.107 0.230 0.588 0.263
CEL 0.085 0.183 0.383 0.173 0.239 0.385 0.134 0.260 0.450 0.508
q CELy 0.065 0.165 0.306 0.073 0.166 0.313 0.083 0.166 0.408 0.958
CELy 0.106 0.269 0.463 0.196 0.296 0.473 0.214 0.349 0.717 0.644
CEL 0.060 0.097 0.216 0.077 0.155 0.251 0.070 0.148 0.350 0.463
RA CELy 0.043 0.062 0.164 0.030 0.110 0.244 0.047 0.102 0.266 0.440
CELy 0.086 0.119 0.273 0.089 0.206 0.281 0.087 0.197 0.504 0.205
CEL 0.864 1.283 1.386 0.896 1.210 1.452 0.977 1.265 1.699 0.726
A CELo 0.799 1.170 1.235 0.823 1.174 1.430 0.782 1.167 1.379 0.901
CELy 0.992 1.330 1.739 1.129 1.457 1.600 1.072 1.477 2.129 0.452
CEL 0.775 0.997 1.125 0.673 0.874 1.260 0.626 1.016 1.460 0.625
A CELo 0.710 0.889 1.120 0.637 0.799 1.198 0.372 0.887 1.378 0.836
CELy 0.880 1.111 1.333 0.903 1.095 1.364 0.691 1.186 1.880 0.392
CEL 0.612 0.624 0.657 0.365 0.729 0.941 0.552 0.786 1.459 0.039
R1 CELy 0.522 0.581 0.595 0.333 0.691 0.876 0.371 0.705 1.384 0.071
CELy 0.639 0.682 0.702 0.435 0.777 1.078 0.591 0.893 1.517 0.019
CEL 0.020 0.027 0.047 0.015 0.047 0.196 0.013 0.107 0.231 0.008
Ktrns CELo 0.014 0.022 0.033 0.013 0.029 0.129 0.012 0.076 0.136 0.004
CELy 0.028 0.054 0.073 0.021 0.086 0.275 0.013 0.155 0.480 0.004
CEL 0.031 0.040 0.059 0.026 0.064 0.285 0.016 0.204 0.444 0.005
Ve CELo 0.015 0.023 0.034 0.021 0.048 0.261 0.013 0.154 0.303 0.006
CELy 0.046 0.061 0.078 0.041 0.088 0.431 0.024 0.321 0.749 0.002
CEL 0.021 0.030 0.050 0.014 0.035 0.064 0.000 0.053 0.132 0.028
Vb CELo 0.015 0.021 0.037 0.013 0.025 0.042 0.000 0.039 0.075 0.025
CELy 0.027 0.060 0.114 0.020 0.046 0.105 0.000 0.110 0.262 0.017
CEL 2.106 2.538 2.735 1.252 2.698 6.273 0.837 3.156 8.074 0.531
rCBVevr CELy 1.421 1.959 2.285 0.462 0.766 2.739 0.228 1.323 4.270 0.402
CELy 2.587 3.327 5.418 1.889 3.291 7.684 1.285 4.478 11.735 0.247
CEL 1.399 2.389 2.674 1.426 2.593 6.007 1.164 3.106 7.145 0.214
rCBVgox CELo 1.068 1.947 2.042 0.819 2.187 2.597 0.082 2.217 4.800 0.670
CELy 1.594 3.493 5.271 1.577 3.354 6.687 1.436 4.638 9.363 0.174
CEL -1.072 -0.651 -0.341 -2.827 -2.426 -0.685 -6.036 -1.723 -0.104 0.019
K2 CELy -1.532 -1.059 -0.381 -5.389 -3.289 -0.902 -9.904 -3.239 -0.134 0.019
CELy -0.479 -0.381 -0.278 -2.652 -1.684 -0.310 -4.579 -1.050 -0.072 0.034
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Table 42 — Standard deviations from the CEL VOI for each parameter, Kruskal-Wallis tested for
P<0.05 and Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=4) WHO Iil (N=6) WHO IV (N=33)

Param. vol Sig.

ini di i Minimum Median Maximum Minimum Median Maximum
CEL 0.108 0.133 0.310 0.088 0.152 0.195 0.086 0.248 0.576 0.002
ADC CELo 0.068 0.088 0.118 0.063 0.105 0.170 0.017 0.151 0.269 0.018
CELy 0.100 0.135 0.357 0.034 0.186 0.237 0.045 0.329 0.687 0.006
CEL 0.035 0.039 0.098 0.043 0.070 0.123 0.029 0.092 0.150 0.020
FA CELo 0.011 0.014 0.056 0.008 0.035 0.078 0.014 0.044 0.081 0.123
CELy 0.032 0.040 0.092 0.035 0.059 0.128 0.026 0.092 0.136 0.010
CEL 0.032 0.059 0.135 0.074 0.098 0.147 0.055 0.122 0.170 0.035
q CELo 0.013 0.041 0.077 0.014 0.047 0.072 0.029 0.059 0.105 0.140
CELy 0.033 0.046 0.135 0.063 0.090 0.157 0.047 0.117 0.213 0.018
CEL 0.029 0.033 0.089 0.036 0.061 0.112 0.024 0.083 0.163 0.022
RA CELo 0.009 0.011 0.047 0.007 0.030 0.067 0.012 0.038 0.071 0.097
CELy 0.027 0.034 0.089 0.030 0.053 0.124 0.022 0.085 0.175 0.014
CEL 0.122 0.126 0.326 0.075 0.185 0.196 0.094 0.279 0.614 0.003
A CELo 0.057 0.078 0.138 0.062 0.116 0.177 0.059 0.156 0.594 0.030
CELy 0.103 0.118 0.364 0.064 0.162 0.256 0.041 0.334 0.824 0.002
CEL 0.113 0.139 0.317 0.107 0.144 0.226 0.090 0.258 0.563 0.003
AR CELo 0.071 0.099 0.124 0.030 0.088 0.194 0.016 0.159 0.286 0.017
CELy 0.103 0.148 0.372 0.075 0.177 0.234 0.051 0.345 0.633 0.006
CEL 0.053 0.084 0.143 0.056 0.063 0.128 0.044 0.164 0.310 0.001
R1 CELo 0.025 0.038 0.068 0.029 0.064 0.076 0.018 0.095 0.268 0.002
CELy 0.043 0.084 0.189 0.044 0.059 0.123 0.051 0.170 0.358 0.001
CEL 0.009 0.016 0.025 0.005 0.034 0.167 0.001 0.053 0.230 0.006
Ktrns CELo 0.002 0.007 0.012 0.002 0.011 0.050 0.000 0.032 0.059 0.004
CELy 0.004 0.015 0.043 0.003 0.030 0.163 0.000 0.063 0.254 0.009
CEL 0.017 0.024 0.035 0.010 0.031 0.183 0.005 0.104 0.290 0.002
Ve CELo 0.003 0.008 0.013 0.003 0.022 0.106 0.002 0.063 0.125 0.008
CELy 0.014 0.024 0.033 0.005 0.031 0.179 0.001 0.115 0.245 0.001
CEL 0.007 0.019 0.045 0.004 0.014 0.053 0.000 0.036 0.148 0.037
Vb CELo 0.003 0.007 0.015 0.001 0.006 0.016 0.000 0.017 0.042 0.008
CELy 0.004 0.016 0.081 0.000 0.015 0.058 0.000 0.052 0.205 0.014
CEL 0.496 1.308 1.670 0.667 1.517 3.355 0.204 2.252 5.536 0.028
rCBVevr CELo 0.272 0.448 0.745 0.180 0.415 1.004 0.139 0.742 2.333 0.131
CELy 0.574 1.360 2.304 0.510 1.222 2.654 0.139 2.191 5.250 0.066
CEL 0.381 0.918 1.736 0.463 1.013 2.628 0.195 1.786 3.516 0.034
rCBVgox CELo 0.186 0.409 0.706 0.144 0.615 1.004 0.050 0.993 1.678 0.019
CELy 0.327 0.868 2.354 0.410 0.913 2.285 0.082 1.891 3.400 0.071
CEL 0.194 0.542 0.752 0.351 1.193 2.337 0.053 1.417 3.619 0.025
K2 CELo 0.223 0.678 0.701 0.307 1.317 2.507 0.050 1.874 4.440 0.012
CELy 0.132 0.200 0.253 0.116 0.665 1.045 0.034 0.768 2.055 0.015
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Table 43 — Skew values from the CEL VOI for each parameter, Kruskal-Wallis tested for P<0.05 and
Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=4) WHO Iil (N=6) WHO IV (N=33)

Param. Vol Sig.

di Median Maximum Minimum Median Maximum
CEL 0.166 0.531 1.908 0.183 0.510 2.303 -0.211 0.886 2.706 0.714
ADC CELo 0.973 1.580 2.531 0.749 1.432 2.797 0.100 1.612 3.195 0.869
CEL: -0.964 -0.862 -0.745 -1.269 -1.000 -0.741 -1.216 -0.760 0.422 0.144
CEL -0.029 0.760 1.900 -0.267 0.372 1.284 0.370 1.040 2.969 0.090
FA CELy 1.341 1.750 2.532 1.008 1.528 2.082 1.492 1.877 3.407 0.157
CELy -0.980 -0.914 -0.804 -1.332 -0.929 -0.615 -1.199 -0.843 -0.218 0.416
CEL 0.316 0.997 1.583 0.225 0.673 1.303 0.140 0.763 2.041 0.660
q CELy 1.041 1.895 2.253 1.420 1.705 2.087 1.096 1.713 2.560 0.777
CELy -1.279 -0.894 -0.574 -1.293 -0.920 -0.612 -1.239 -0.990 0.027 0.968
CEL 0.009 0.869 1.940 -0.120 0.414 1.547 0.484 1.269 3.420 0.044
RA CELy 1.349 1.813 2.565 0.262 1.551 2.268 1.530 2.048 3.794 0.065
CELy -0.953 -0.850 -0.746 -1.308 -0.906 -0.370 -1.101 -0.838 0.193 0.637
CEL 0.015 0.597 1.544 -0.198 0.598 1.558 -0.410 0.829 2.772 0.840
A CELo 1.378 1.623 2.267 0.548 1.352 2.228 0.272 1.595 3.229 0.684
CELy -1.097 -0.926 -0.774 -1.456 -1.160 -1.007 -1.307 -0.819 -0.124 0.015
CEL 0.042 0.592 1.847 0.042 0.670 2.632 -0.120 0.693 2.538 0.958
AR CELo 0.151 1.635 2.494 1.262 1.550 3.101 0.207 1.634 3.051 0.951
CELy -1.010 -0.913 -0.077 -1.287 -1.066 -0.062 -1.222 -0.822 0.113 0.167
CEL 0.011 0.398 1.647 -0.599 0.602 1.160 -1.086 0.502 1.529 0.968
R1 CELy 1.407 1.429 2.347 1.073 1.635 1.997 -0.323 1.562 2.257 0.835
CELy -1.004 -0.797 -0.357 -1.453 -1.101 -0.737 -1.398 -0.860 -0.010 0.173
CEL 0.766 0.811 3.981 -0.887 0.757 2.289 0.000 1.168 7.830 0.138
Ktrns CELy 1.717 1.796 4.337 1.119 1.818 2.843 1.149 1.930 7.999 0.681
CELy -1.202 -1.075 -0.857 -1.661 -1.174 -0.245 -1.414 -0.976 -0.239 0.226
CEL 0.645 0.928 1.460 -0.477 0.396 1.295 -0.415 0.767 3.362 0.184
Ve CELy 1.671 1.820 2.192 0.304 1.520 2.079 1.137 1.675 3.769 0.233
CELy -1.125 -0.935 -0.125 -1.218 -1.031 -0.655 -1.274 -1.036 -0.326 0.573
CEL 0.043 1.026 4.532 0.574 0.907 1.894 0.000 2.559 5.462 0.006
Vb CELo 1.428 1.920 4.817 1.401 1.856 2.461 0.000 3.033 5.723 0.007
CELy -1.290 -1.146 -0.717 -1.195 -1.028 -0.407 -1.074 -0.718 1.544 0.024
CEL 0.495 1.407 2.276 -0.218 0.097 1.700 -1.070 0.931 3.276 0.145
rCBVevr CELo 1.346 2.160 2.825 1.286 1.418 2.388 1.148 1.807 3.695 0.236
CELy -0.987 -0.630 -0.259 -1.155 -0.957 -0.201 -1.683 -0.744 0.734 0.444
CEL 0.348 1.076 2.336 -0.362 0.376 2.257 -0.596 0.880 3.113 0.286
rCBVgox CELo 1.475 1.809 2.883 1.070 1.445 2.784 0.460 1.646 3.547 0.279
CELy -1.168 -0.943 -0.851 -1.319 -0.882 -0.221 -1.671 -0.948 0.119 0.937
CEL -1.615 -1.120 -0.106 -2.157 -0.434 -0.026 -4.354 -1.283 0.252 0.058
K2 CELy 0.385 0.586 0.906 0.007 0.938 1.185 -0.113 0.917 1.457 0.260
CELy -2.100 -1.953 -0.830 -2.742 -1.439 -0.338 -4.671 -1.955 -1.016 0.057
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Table 44 — Kurtosis values from the CEL VOI for each parameter, Kruskal-Wallis tested for P<0.05
and Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=4) WHO II (N=6) WHO IV (N=33)

Param. Vol Sig.

di Median Maximum Minimum Median Maximum
CEL -0.248 0.377 3.660 -0.681 0.293 6.804 -0.855 1.395 12.033 0.283
ADC CELo 0.032 0.824 4.734 -0.087 0.692 8.087 -0.634 1.873 12.789 0.332
CEL: -1.530 -0.765 -0.125 -1.756 -1.049 -0.089 -1.686 -0.833 5.389 0.416
CEL -0.624 0.076 4.662 -0.930 -0.004 1.370 -0.405 1.092 12.009 0.080
FA CELy -1.026 0.806 5.789 -0.667 -0.118 2.440 -0.476 1.365 12.671 0.088
CELy -1.524 -1.134 -0.501 -1.442 -0.962 0.464 -1.703 -0.929 0.018 0.784
CEL -0.476 1.418 3.646 -0.740 -0.060 1.853 -0.583 0.656 5.648 0.332
q CELy -0.103 1.925 4.668 -0.746 0.589 2.802 -0.856 1171 6.725 0.584
CELy -1.404 -0.972 -0.702 -1.360 -1.014 -0.672 -1.811 -0.892 0.765 0.616
CEL -0.599 0.369 4.904 -0.908 -0.028 2.489 -0.307 2.418 16.759 0.018
RA CELy -0.995 1.121 6.026 -0.636 0.136 3.566 -0.306 2.615 17.062 0.030
CELy -1.522 -1.125 -0.520 -1.471 -0.989 0.272 -1.710 -0.877 2.004 0.639
CEL -0.601 0.361 2.391 -0.673 0.571 4.867 -0.985 1.546 13.125 0.254
A CELo -0.850 0.903 3.500 -0.767 1.079 5.626 -1.320 1.718 14.088 0.442
CELy -1.493 -0.909 -0.334 -1.690 -0.993 -0.511 -1.834 -0.735 2.531 0.204
CEL -0.256 0.388 3.626 -0.727 0.567 8.738 -0.870 1.261 10.638 0.442
Ar CELo 0.172 0.782 4.761 -0.076 1.153 10.105 -0.879 1.602 11.397 0.588
CELy -1.558 -0.882 0.159 -1.805 -1.062 -0.119 -1.584 -0.840 3.223 0.480
CEL -0.757 0.423 2.763 -0.287 0.361 0.866 -0.365 0.681 4.083 0.461
R1 CELy -0.782 0.505 3.870 -0.860 0.605 1.978 -1.051 0.989 3.819 0.420
CELy -1.467 -0.459 0.017 -1.462 -0.852 0.936 -1.602 -0.481 4.309 0.785
CEL -1.063 -0.170 21.063 -1.018 -0.097 6.153 -2.750 2.543 100.336 0.035
Kirens CELo 0.397 0.931 22.182 -1.547 0.700 7.170 -1.000 3.090 99.883 0.062
CELy -1.642 -1.527 -1.289 -1.535 -1.227 0.997 -1.791 -1.144 0.512 0.133
CEL -0.767 0.316 2.126 -0.810 0.066 1.958 -1.428 0.530 25.770 0.387
Ve CELo 0.082 0.939 3.353 -0.870 0.323 2.935 -1.311 1.103 25.018 0.329
CELy -1.536 -1.419 -0.482 -1.445 -0.744 0.810 -1.718 -1.137 0.524 0.323
CEL -1.348 0.026 26.402 -1.395 0.437 4.195 0.000 9.545 45.560 0.002
Vb CELo -0.779 1.379 27.056 0.602 1.363 4.555 0.000 10.405 46.118 0.002
CELy -1.585 -1.436 -0.834 -1.568 -1.228 -0.808 -1.856 -1.246 11.583 0.612
CEL 0.653 1.967 6.733 -1.288 -0.781 4.085 -0.784 1.305 13.324 0.162
rCBVevr CELy 1.057 2.758 7.921 -1.223 -0.788 4.928 -1.609 1.839 14.343 0.174
CELy -1.654 -1.156 0.135 -1.578 -0.783 0.440 -1.732 -0.897 4.417 0.551
CEL -0.680 1.226 6.967 -0.766 0.013 9.734 -0.900 0.958 11.489 0.479
rCBVgox CELo -0.191 2.030 8.119 -0.857 0.093 10.601 -0.951 1.737 12.701 0.222
CELy -1.636 -1.472 -0.951 -1.292 -0.605 0.928 -1.675 -1.043 0.620 0.019
CEL -0.028 1.324 5.988 -0.837 0.498 4.799 -0.859 2.875 27.848 0.050
K2 CELo -1.395 -0.711 0.524 -1.720 -0.921 0.873 -1.730 -0.985 1.561 0.610
CELy 0.665 1.613 6.733 -0.345 0.843 6.158 -0.773 3.301 28.402 0.046
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Table 45 — Median values from the CEL VOI for each parameter, Kruskal-Wallis tested for P<0.05 and
Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=4) WHO Iil (N=6) WHO IV (N=33)

Param. vol Sig.

di Minimum Median Maximum Minimum Median Maximum
CEL 0.777 1.057 1.160 0.710 0.973 1321 0.722 1.048 1.487 0.799
ADC CELo 0.735 1.009 1.125 0.709 0.932 1.293 0.682 0.982 1.474 0.985
CELy 0.905 1.193 1.428 0.950 1.200 1.462 0.820 1.264 1.953 0.363
CEL 0.064 0.113 0.236 0.099 0.160 0.298 0.064 0.163 0.348 0.613
FA CELo 0.053 0.076 0.194 0.037 0.131 0.263 0.056 0.121 0.318 0.440
CELy 0.104 0.144 0.319 0.108 0.245 0.312 0.107 0.230 0.588 0.263
CEL 0.077 0.174 0.364 0.177 0.216 0.374 0.109 0.244 0.421 0.610
q CELo 0.065 0.165 0.306 0.073 0.166 0.313 0.083 0.166 0.408 0.958
CELy 0.106 0.269 0.463 0.196 0.296 0.473 0.214 0.349 0.717 0.644
CEL 0.053 0.092 0.197 0.081 0.132 0.252 0.053 0.134 0.297 0.588
RA CELo 0.043 0.062 0.164 0.030 0.110 0.244 0.047 0.102 0.266 0.440
CELy 0.086 0.119 0.273 0.089 0.206 0.281 0.087 0.197 0.504 0.205
CEL 0.833 1.266 1.314 0.851 1.205 1.453 0.918 1.232 1.702 0.915
A CELo 0.799 1.170 1.235 0.823 1.174 1.430 0.782 1.167 1.379 0.901
CELy 0.992 1.330 1.739 1.129 1.457 1.600 1.072 1.477 2.129 0.452
CEL 0.753 0.943 1.118 0.638 0.869 1.242 0.627 0.963 1.398 0.750
Ar CELo 0.710 0.889 1.120 0.637 0.799 1.198 0.372 0.887 1.378 0.836
CELy 0.880 1.111 1.333 0.903 1.095 1.364 0.691 1.186 1.880 0.392
CEL 0.585 0.617 0.661 0.348 0.729 0.912 0.547 0.755 1.426 0.049
R1 CELo 0.522 0.581 0.595 0.333 0.691 0.876 0.371 0.705 1.384 0.071
CELy 0.639 0.682 0.702 0.435 0.777 1.078 0.591 0.893 1.517 0.019
CEL 0.016 0.023 0.040 0.015 0.037 0.164 0.013 0.095 0.158 0.009
Kens CELo 0.014 0.022 0.033 0.013 0.029 0.129 0.012 0.076 0.136 0.004
CELy 0.028 0.054 0.073 0.021 0.086 0.275 0.013 0.155 0.480 0.004
CEL 0.026 0.033 0.054 0.024 0.059 0.293 0.016 0.184 0.413 0.005
Ve CELo 0.015 0.023 0.034 0.021 0.048 0.261 0.013 0.154 0.303 0.006
CELy 0.046 0.061 0.078 0.041 0.088 0.431 0.024 0.321 0.749 0.002
CEL 0.017 0.025 0.044 0.013 0.029 0.049 0.000 0.044 0.100 0.035
Vb CELo 0.015 0.021 0.037 0.013 0.025 0.042 0.000 0.039 0.075 0.025
CELy 0.027 0.060 0.114 0.020 0.046 0.105 0.000 0.110 0.262 0.017
CEL 1.748 2.241 2.397 0.899 2.672 6.460 0.520 2.988 6.817 0.722
rCBVevr CELo 1.421 1.959 2.285 0.462 0.766 2.739 0.228 1.323 4.270 0.402
CELy 2.587 3.327 5.418 1.889 3.291 7.684 1.285 4.478 11.735 0.247
CEL 1.359 2.165 2.222 1.435 2.483 6.078 0.992 2.927 6.403 0.273
rCBVgox CELo 1.068 1.947 2.042 0.819 2.187 2.597 0.082 2.217 4.800 0.670
CELy 1.594 3.493 5.271 1.577 3.354 6.687 1.436 4.638 9.363 0.174
CEL -0.849 -0.534 -0.330 -3.017 -2.006 -0.674 -5.383 -1.413 -0.099 0.013
Kz CELo -1.532 -1.059 -0.381 -5.389 -3.289 -0.902 -9.904 -3.239 -0.134 0.019
CELy -0.479 -0.381 -0.278 -2.652 -1.684 -0.310 -4.579 -1.050 -0.072 0.034
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Table 46 — Mean values from the NEL VOI for each parameter, Kruskal-Wallis tested for P<0.05 and
Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO IIl (N=12) WHO IV (N=33)

Param. Vol Sig.

ini di i Minimum Median Maximum Minimum Median Maximum
NEL 1.078 1.258 1.350 0.823 1.116 1.523 0.811 1.187 1.434 0.250
ADC NELo 0.945 1.211 1.321 0.805 1.063 1.299 0.750 0.993 1.279 0.003
NEL; 1.240 1.468 2.009 1.038 1.249 1.988 1.015 1.362 2.057 0.078
NEL 0.134 0.166 0.233 0.130 0.188 0.269 0.179 0.216 0.290 0.001
FA NELo 0.075 0.118 0.195 0.108 0.137 0.210 0.118 0.167 0.241 0.001
NEL; 0.214 0.249 0.384 0.202 0.293 0.391 0.245 0.308 0.442 0.013
NEL 0.204 0.297 0.409 0.256 0.291 0.408 0.239 0.366 0.474 0.001
q NELo 0.129 0.186 0.355 0.165 0.227 0.287 0.120 0.315 0.372 0.001
NEL; 0.300 0.404 0.597 0.342 0.419 0.496 0.291 0.490 0.672 0.002
NEL 0.112 0.139 0.199 0.107 0.157 0.230 0.150 0.183 0.250 0.001
RA NELo 0.062 0.099 0.166 0.091 0.116 0.177 0.099 0.145 0.209 0.001
NEL; 0.186 0.215 0.363 0.169 0.256 0.391 0.208 0.278 0.430 0.009
NEL 1.261 1.479 1.624 1.034 1.366 1.731 0.997 1.464 1.710 0.358
A NEL, 1.009 1.400 1.564 0.999 1.259 1.523 0.859 1.254 1.608 0.579
NEL; 1.321 1.584 2.587 1.265 1.534 2.203 1.164 1.644 2.683 0.330
NEL 0.986 1.144 1.239 0.718 1.008 1.419 0.687 1.041 1.298 0.117
A NELo 0.913 1.078 1.214 0.649 0.989 1.215 0.628 0.853 1.179 0.001
NEL; 1.173 1.398 1.932 0.928 1.104 1.894 0.975 1.232 1.867 0.026
NEL 0.345 0.679 0.964 0.442 0.784 0.904 0.621 0.842 1.448 0.007
R1 NEL, 0.261 0.601 0.937 0.384 0.680 0.867 0.257 0.745 1.378 0.016
NEL; 0.355 0.775 1.185 0.616 0.902 1.082 0.626 0.942 1.507 0.072
NEL 0.021 0.028 0.058 0.028 0.036 0.069 0.021 0.053 0.087 0.001
Kens NELo 0.016 0.019 0.031 0.017 0.026 0.037 0.016 0.031 0.063 0.002
NEL; 0.027 0.044 0.093 0.040 0.059 0.130 0.032 0.093 0.156 0.001
NEL 0.026 0.038 0.079 0.032 0.049 0.116 0.027 0.077 0.187 0.001
Ve NELo 0.017 0.026 0.034 0.017 0.029 0.046 0.016 0.037 0.151 0.005
NELy 0.040 0.065 0.164 0.043 0.089 0.186 0.038 0.131 0.263 0.001
NEL 0.024 0.031 0.045 0.023 0.036 0.046 0.021 0.036 0.068 0.283
Vb NELo 0.014 0.019 0.026 0.014 0.019 0.028 0.014 0.024 0.060 0.050
NELy 0.032 0.051 0.096 0.037 0.053 0.099 0.029 0.068 0.169 0.045
NEL 1.075 1.409 1.646 0.916 1.664 3.737 0.902 1.595 5.064 0.326
rCBVevr NELo 0.919 1.092 1.423 0.632 1.260 2.705 0.649 0.996 2.402 0.181
NEL; 1.708 2.558 3.590 1.925 2.801 5.206 1.637 3.050 8.179 0.226
NEL 1.052 1.456 1.667 1.100 1.692 3.778 0.823 1.490 4.650 0.289
rCBVgox NELo 0.805 1.097 1.436 0.704 1.295 2.598 0.606 0.975 2.328 0.091
NELy 1.575 2.418 3.214 1.811 2.774 5.658 1371 2.643 6.135 0.383
NEL -0.747 -0.453 -0.234 -1.565 -0.637 -0.141 -1.919 -0.760 -0.171 0.059
Kz NELo -1.394 -1.015 -0.520 -3.256 -1.276 -0.390 -3.698 -1.427 -0.520 0.044
NELy -0.512 -0.306 -0.119 -0.952 -0.387 -0.079 -1.313 -0.388 -0.121 0.665
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Table 47 — Standard deviations from the NEL VOI for each parameter, Kruskal-Wallis tested for
P<0.05 and Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO IIl (N=12) WHO IV (N=33)
Param. \'[e]] Sig.
ini di i Minimum Median i ) inii ) dii imum

NEL 0.169 0.267 0.390 0.136 0.213 0.487 0.139 0.271 0.445 0.029
ADC NELo 0.130 0.195 0.272 0.109 0.143 0.348 0.053 0.168 0.353 0.240
NEL; 0.105 0.302 0.507 0.132 0.202 0.536 0.106 0.274 0.864 0.038
NEL 0.074 0.098 0.128 0.056 0.093 0.130 0.077 0.105 0.156 0.356

FA NELo 0.028 0.042 0.075 0.034 0.047 0.073 0.034 0.057 0.079 0.023
NELy 0.082 0.113 0.148 0.068 0.109 0.159 0.075 0.111 0.165 0.829

NEL 0.117 0.142 0.205 0.096 0.136 0.191 0.088 0.148 0.230 0.613
q NELo 0.037 0.065 0.122 0.051 0.071 0.118 0.029 0.094 0.158 0.004
NELy 0.109 0.147 0.220 0.101 0.141 0.223 0.050 0.158 0.239 0.502

NEL 0.065 0.087 0.116 0.048 0.083 0.130 0.067 0.099 0.153 0.311

RA NELo 0.023 0.036 0.067 0.028 0.041 0.068 0.028 0.052 0.087 0.011
NEL; 0.074 0.105 0.163 0.059 0.104 0.188 0.067 0.108 0.195 0.514

NEL 0.202 0.290 0.401 0.182 0.250 0.485 0.150 0.295 0.476 0.067

A NELo 0.078 0.195 0.301 0.073 0.185 0.396 0.095 0.210 0.486 0.431
NEL; 0.109 0.312 0.434 0.119 0.224 0.531 0.115 0.268 0.657 0.435

NEL 0.169 0.267 0.405 0.141 0.223 0.497 0.143 0.279 0.444 0.023

A NELo 0.125 0.226 0.281 0.076 0.163 0.339 0.085 0.183 0.342 0.079
NEL; 0.100 0.317 0.560 0.142 0.222 0.497 0.141 0.274 0.798 0.158
NEL 0.056 0.166 0.247 0.112 0.174 0.224 0.093 0.186 0.259 0.060

R1 NELo 0.008 0.094 0.141 0.049 0.085 0.149 0.039 0.108 0.433 0.032
NELy 0.051 0.173 0.424 0.073 0.153 0.291 0.089 0.203 0.327 0.189

NEL 0.007 0.017 0.044 0.017 0.023 0.058 0.010 0.043 0.070 0.001
Kirens NELo 0.004 0.006 0.017 0.005 0.012 0.019 0.004 0.015 0.027 0.004
NELy 0.006 0.022 0.052 0.016 0.027 0.086 0.010 0.048 0.108 0.002

NEL 0.013 0.026 0.079 0.018 0.039 0.099 0.017 0.066 0.149 0.001

Ve NELo 0.005 0.011 0.018 0.005 0.014 0.027 0.004 0.019 0.070 0.005
NEL; 0.012 0.034 0.078 0.017 0.048 0.134 0.017 0.071 0.201 0.001

NEL 0.014 0.022 0.045 0.014 0.025 0.054 0.011 0.028 0.078 0.193

Vb NELo 0.003 0.007 0.011 0.003 0.006 0.014 0.003 0.010 0.025 0.036
NEL: 0.014 0.025 0.058 0.015 0.026 0.068 0.011 0.034 0.148 0.047

NEL 0.510 0.832 1.362 0.774 1.088 2.476 0.618 1.393 5.299 0.016

rCBVevr NELy 0.314 0.463 0.684 0.357 0.490 1.275 0.304 0.492 0.993 0.842
NELy 0.620 1.176 1.934 0.773 1.373 2.380 0.816 1.624 5.322 0.078

NEL 0.479 0.776 1.248 0.667 1.119 2.242 0.562 1.093 3.787 0.135
rCBVgox NELo 0.198 0.444 0.627 0.344 0.442 1.179 0.266 0.402 0.967 0.616
NEL: 0.551 1.052 1.719 0.670 1.367 2.251 0.604 1.312 3.617 0.365
NEL 0.260 0.417 1.057 0.286 0.586 1.527 0.214 0.757 2.002 0.010

K2 NELo 0.387 0.657 1.578 0.564 0.872 1.917 0.384 0.968 2.626 0.171
NEL: 0.128 0.180 0.342 0.120 0.225 0.639 0.084 0.272 0.730 0.252
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Table 48 — Skew values from the NEL VOI for each parameter, Kruskal-Wallis tested for P<0.05 and
Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO IIl (N=12) WHO IV (N=33)

Param. Vol Sig.

ini di i Minimum Median Maximum Minimum Median Maximum
NEL 0.015 0.902 2.651 -0.682 0.291 2.461 -0.300 0.392 2.942 0.502
ADC NELo 0.199 1.646 2.833 0.321 1.424 2.775 0.245 1.531 3.370 0.670
NEL; -1.144 -0.903 -0.258 -1.718 -1.145 0.274 -1.515 -0.910 0.214 0.212
NEL 0.744 1.475 2.016 0.486 1.353 1.874 0.283 1.007 1.699 0.003
FA NELo 1.689 2.150 2.603 1.413 2.087 2.499 1.052 1.896 2.369 0.004
NEL; -1.055 -0.845 -0.499 -1.186 -0.911 -0.526 -1.239 -0.883 -0.227 0.579
NEL 0.531 0.985 1.760 0.454 1.016 1.781 0.138 0.762 2.025 0.053
q NELo 1.602 1.800 2.383 1.586 1.902 2.444 0.517 1.606 2.513 0.004
NEL; -1.090 -0.836 -0.324 -1.163 -0.917 -0.597 -1.216 -1.015 0.011 0.167
NEL 0.910 1.965 2.426 0.720 1.596 2.385 0.390 1.321 2.665 0.033
RA NELo 1.767 2.563 2.949 1.650 2.263 2.907 1.157 2.110 3.055 0.043
NEL; -0.966 -0.805 -0.341 -1.150 -0.873 -0.419 -1.183 -0.894 -0.014 0.244
NEL -0.069 0.728 1.308 -0.975 0.318 1.363 -0.443 0.140 2.508 0.370
A NEL, 0.109 1.563 2.016 0.524 1.377 1.739 0.179 1.306 2,917 0.862
NEL; -1.239 -0.634 0.182 -1.887 -1.135 0.104 -1.597 -1.079 0.305 0.050
NEL -0.210 0.859 2.929 -0.521 0.189 2.527 -0.199 0.343 2.664 0.347
A NELo 0.094 1.598 3.118 0.229 1.128 2.826 0.234 1.491 3.051 0.096
NEL; -1.156 -1.066 -0.575 -1.633 -0.926 0.073 -1.459 -0.971 0.157 0.909
NEL 0.221 0.607 1.895 0.311 0.650 2.147 -0.638 0.293 2.318 0.021
R1 NEL, 0.642 1.533 2.490 1.212 1.691 2.713 -0.291 1.173 2.870 0.016
NEL; -1.199 -0.828 -0.236 -1.292 -0.877 -0.511 -1.470 -0.750 -0.276 0.614
NEL 0.669 1.810 3.116 0.778 1.867 4.650 0.401 1.888 7.395 0.793
Kens NELo 1.650 2.437 3.540 1.744 2.459 4.885 1.521 2.391 7.355 0.801
NEL; -1.120 -0.705 0.096 -1.057 -0.742 -0.039 -1.207 -0.428 1.852 0.379
NEL 0.847 1.787 2.669 0.520 2.076 4.381 0.416 1.697 4.578 0.239
Ve NELo 1.792 2.403 3.143 1.540 2.664 4.609 1.345 2311 4.771 0.223
NEL: -1.064 -0.591 -0.022 -0.928 -0.637 -0.116 -1.222 -0.406 0.367 0.321
NEL 1.011 2.247 3.168 1.154 1.778 6.265 1.068 3.081 8.043 0.013
Vb NELo 1.910 2.755 3.443 2.000 2.387 6.331 1.851 3.406 8.101 0.014
NELy -0.870 -0.372 0.591 -0.999 -0.305 0.686 -1.116 -0.524 3.205 0.927
NEL 0.914 2.025 2.821 0.192 2.236 2.886 0.336 2.277 4.059 0.405
rCBVevr NELo 1.706 2.575 3.294 0.791 2.798 3.351 1.533 2.759 4.392 0.390
NEL; -1.104 -0.881 -0.707 -0.878 -0.704 -0.277 -1.098 -0.667 0.494 0.004
NEL 0.855 1.587 3.005 0.504 1.968 3.175 0.147 1.936 4.581 0.758
rCBVeox NELo 1.600 2.250 3.454 1.627 2.575 3.599 1.447 2.548 4.699 0.629
NELy -1.146 -0.843 -0.156 -0.958 -0.683 -0.346 -1.177 -0.681 2.409 0.086
NEL -5.066 -3.093 -2.708 -7.387 -2.575 -1.058 -4.704 -3.047 -0.512 0.440
Kz NELo -1.367 0.616 0.806 -2.776 0.592 0.992 -1.641 0.304 1.259 0.172
NELy -5.286 -3.529 -3.177 -7.578 -3.034 -1.859 -5.008 -3.464 -1.447 0.448
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Table 49 — Kurtosis values from the NEL VOI for each parameter, Kruskal-Wallis tested for P<0.05
and Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO IIl (N=12) WHO IV (N=33)
Param. Vol Sig.
Minimum Median Maximum Minimum Median Maximum Minimum Median Maximum

NEL 0.131 2.076 19.745 -0.582 0.424 16.469 -1.215 1.085 15.057 0.195
ADC NELo 0.143 2.581 20.281 -1.075 0.744 17.162 -1.002 0.510 15.938 0.144
NEL; -1.855 -0.194 1.025 -1.360 -0.419 1.692 -1.768 -0.425 2.329 0.860

NEL -0.108 3.165 6.430 -0.239 2.598 4.555 -0.559 1.208 5.715 0.017

FA NELo 0.270 4.134 7.382 -0.074 3.498 5.662 -0.533 1.974 6.509 0.016
NEL; -1.410 -1.221 -0.762 -1.540 -1.282 -0.759 -1.505 -0.998 -0.372 0.004

NEL -0.627 1.505 5.356 -0.030 1.045 5.806 -0.690 1.031 7.576 0.495

q NELo -0.125 2.206 6.231 0.450 1.656 6.592 -0.637 1.421 8.475 0.353
NEL; -1.382 -1.117 -0.230 -1.481 -1.034 -0.505 -1.759 -0.984 1.113 0.458

NEL 0.368 5.969 9.888 0.363 3.605 8.841 -0.378 2.553 12.429 0.095

RA NELo 0.638 6.786 10.733 0.540 4.519 9.855 -0.274 3.107 13.460 0.082
NEL; -1.429 -1.132 -0.580 -1.505 -1.351 -0.613 -1.633 -1.018 0.467 0.048

NEL 0.294 1.800 7.082 -0.563 0.301 5.350 -1.168 0.936 12.460 0.145

A NEL, -0.512 1.481 3.749 -1.307 0.201 5.787 -1.122 0.774 13.338 0.345
NEL; -1.661 0.508 4.845 -1.736 -0.404 1.342 -1.785 -0.199 8.046 0.387
NEL 0.384 1.690 21.994 -0.441 0.519 16.862 -1.207 1.008 12.868 0.198

A NELo 0.349 2.154 22.606 -0.971 0.534 17.566 -0.979 0.955 13.320 0.147
NEL; -1.791 -0.384 0.746 -1.260 -0.024 3.079 -1.736 -0.494 1.477 0.211

NEL -0.550 1.262 8.183 -0.846 0.126 6.359 -0.327 1.227 7.234 0.139

R1 NEL, -0.880 1.586 8.666 -0.320 0.427 7.475 -1.620 1.056 8.231 0.250
NEL; -1.416 -0.402 1.130 -1.560 -0.999 -0.471 -1.476 0.107 3.964 0.006

NEL 0.058 4.195 16.298 0.275 5.393 39.715 -0.445 6.247 83.618 0.625

Kirens NELo 0.846 4.697 16.722 0.632 5.853 37.762 0.259 5.779 78.615 0.714
NEL; -1.685 -0.937 1.362 -1.595 -0.988 1.760 -1.756 -0.321 19.158 0.294

NEL 0.613 4.433 11.715 0.066 6.921 26.916 -0.732 3.996 29.190 0.231

Ve NELo 1.452 4.437 11.747 -0.241 7.409 26.282 -0.417 3.607 28.259 0.181
NELy -1.643 -0.962 0.688 -1.622 -0.852 0.640 -1.735 -0.742 2.974 0.682

NEL 0.890 6.944 18.217 0.749 4.118 61.653 0.148 16.717 88.655 0.008

Vb NELo 1.748 6.897 15.793 1.833 4.429 58.405 1.220 15.027 86.760 0.004
NEL: -1.455 -0.244 3.852 -1.585 -0.613 7.771 -1.514 -0.484 29.633 0.740

NEL 1.239 8.252 14.352 0.095 8.070 16.343 -0.078 8.274 35.382 0.822

rCBVevr NELo 1.716 9.194 14.888 0.235 8.651 16.575 -0.183 9.080 34.210 0.823
NELy -1.528 -1.103 -0.670 -1.503 -1.013 1411 -1.489 -0.952 7.639 0.484

NEL 0.561 5.166 17.245 -0.042 6.489 19.727 -0.293 5.240 43.128 0.980

rCBVeox NELo 1.282 5.874 17.668 0.290 7.184 19.490 -0.206 6.002 37.838 0.981
NELy -1.317 -1.071 -0.404 -1.293 -0.988 1.011 -1.583 -0.906 24.325 0.537

NEL 9.929 18.232 52.880 1.165 13.046 147.928 -0.602 16.719 48.306 0.580

Kz NELo -1.226 -0.286 16.509 -1.375 -0.769 58.231 -1.431 0.281 19.367 0.301
NEL; 10.533 18.736 50.143 1.729 13.562 147.719 0.203 15.184 48.355 0.447
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Table 50 — Median values from the NEL VOI for each parameter, Kruskal-Wallis tested for P<0.05
and Bonferroni corrected for P< 0.00128 (0.05/39) to examine differences between grades.

WHO Il (N=10) WHO IIl (N=12) WHO IV (N=33)

Param. Vol Sig.

di Minimum Median Maximum Minimum Median Maximum
NEL 1.071 1.243 1.336 0.817 1.108 1.522 0.772 1.166 1.470 0.385
ADC NELo 0.945 1.211 1.321 0.805 1.063 1.299 0.750 0.993 1.279 0.003
NEL; 1.240 1.468 2.009 1.038 1.249 1.988 1.015 1.362 2.057 0.078
NEL 0.105 0.146 0.211 0.120 0.166 0.258 0.158 0.200 0.287 0.001
FA NELo 0.075 0.118 0.195 0.108 0.137 0.210 0.118 0.167 0.241 0.001
NEL; 0.214 0.249 0.384 0.202 0.293 0.391 0.245 0.308 0.442 0.013
NEL 0.161 0.259 0.388 0.225 0.259 0.405 0.230 0.342 0.450 0.001
q NELo 0.129 0.186 0.355 0.165 0.227 0.287 0.120 0.315 0.372 0.001
NEL; 0.300 0.404 0.597 0.342 0.419 0.496 0.291 0.490 0.672 0.002
NEL 0.086 0.120 0.176 0.098 0.137 0.216 0.130 0.165 0.242 0.001
RA NELo 0.062 0.099 0.166 0.091 0.116 0.177 0.099 0.145 0.209 0.001
NEL; 0.186 0.215 0.363 0.169 0.256 0.391 0.208 0.278 0.430 0.009
NEL 1.211 1.465 1.583 1.021 1.350 1.723 0.971 1.475 1.764 0.362
A NEL, 1.009 1.400 1.564 0.999 1.259 1.523 0.859 1.254 1.608 0.579
NEL; 1.321 1.584 2.587 1.265 1.534 2.203 1.164 1.644 2.683 0.330
NEL 0.976 1.121 1.229 0.711 1.004 1.427 0.650 1.011 1.322 0.161
Ar NELo 0.913 1.078 1.214 0.649 0.989 1.215 0.628 0.853 1.179 0.001
NEL; 1.173 1.398 1.932 0.928 1.104 1.894 0.975 1.232 1.867 0.026
NEL 0.345 0.651 0.944 0.402 0.765 0.872 0.602 0.816 1.413 0.006
R1 NEL, 0.261 0.601 0.937 0.384 0.680 0.867 0.257 0.745 1.378 0.016
NEL; 0.355 0.775 1.185 0.616 0.902 1.082 0.626 0.942 1.507 0.072
NEL 0.018 0.024 0.047 0.022 0.029 0.049 0.019 0.041 0.082 0.001
Kirens NELo 0.016 0.019 0.031 0.017 0.026 0.037 0.016 0.031 0.063 0.002
NEL; 0.027 0.044 0.093 0.040 0.059 0.130 0.032 0.093 0.156 0.001
NEL 0.022 0.034 0.045 0.025 0.039 0.082 0.021 0.057 0.178 0.001
Ve NELo 0.017 0.026 0.034 0.017 0.029 0.046 0.016 0.037 0.151 0.005
NELy 0.040 0.065 0.164 0.043 0.089 0.186 0.038 0.131 0.263 0.001
NEL 0.018 0.024 0.034 0.019 0.027 0.035 0.017 0.027 0.064 0.545
Vb NELo 0.014 0.019 0.026 0.014 0.019 0.028 0.014 0.024 0.060 0.050
NELy 0.032 0.051 0.096 0.037 0.053 0.099 0.029 0.068 0.169 0.045
NEL 0.958 1.207 1.459 0.698 1.440 3.086 0.727 1.115 3.664 0.265
rCBVevr NELo 0.919 1.092 1.423 0.632 1.260 2.705 0.649 0.996 2.402 0.181
NEL; 1.708 2.558 3.590 1.925 2.801 5.206 1.637 3.050 8.179 0.226
NEL 0.967 1.253 1.467 0.812 1.456 3.339 0.688 1.151 3.728 0.173
rCBVeox NELo 0.805 1.097 1.436 0.704 1.295 2.598 0.606 0.975 2.328 0.091
NELy 1.575 2.418 3.214 1.811 2.774 5.658 1371 2.643 6.135 0.383
NEL -0.534 -0.335 -0.143 -1.122 -0.481 -0.091 -1.587 -0.498 -0.124 0.304
K2 NELo -1.394 -1.015 -0.520 -3.256 -1.276 -0.390 -3.698 -1.427 -0.520 0.044
NELy -0.512 -0.306 -0.119 -0.952 -0.387 -0.079 -1.313 -0.388 -0.121 0.665
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10.2 Kaplan-Meier survival analysis at Time Point 1

Table 51 - Results of the 210 day progression-free survival using Kaplan-Meier survival analysis.
Mean values from the TUM VOI for each parameter were dichotomised according to the median
value. Logrank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. VoI Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 1.197 27 8 189 175 203
TUM 0.072
< 1.197 28 15 172 155 190
>= 1.066 27 7 193 179 206
ADC TUM, 0.006
< 1.066 28 16 168 151 186
>= 1.376 27 9 184 169 199
TUM; 0.184
< 1.376 28 14 177 160 193
>= 0.199 27 15 173 156 189
TUM 0.050
< 0.199 28 8 188 173 204
>= 0.148 27 17 167 151 183
FA TUMo 0.003
< 0.148 28 6 194 179 208
>= 0.292 27 17 165 149 182
TUM; 0.002
< 0.292 28 6 196 182 209
>= 0.318 27 16 169 154 184
TUM 0.010
< 0.318 28 7 192 176 208
>= 0.243 27 16 169 153 185
q TUM, 0.012
< 0.243 28 7 192 178 207
>= 0.446 27 18 167 152 183
TUM; <0.001
< 0.446 28 5 194 179 209
>= 0.169 27 16 170 154 187
TUM 0.014
< 0.169 28 7 191 176 206
>= 0.128 27 16 169 153 186
RA TUMo 0.018
< 0.128 28 7 192 177 207
>= 0.266 27 16 166 149 184
TUM; 0.013
< 0.266 28 7 195 182 207
>= 1.425 27 8 189 175 203
TUM 0.072
< 1.425 28 15 172 155 190
>= 1.269 27 10 188 175 202
A TUMo 0.255
< 1.269 28 13 173 155 191
>= 1.622 27 14 173 155 190
TUM: 0.163
< 1.622 28 9 188 174 203
>= 1.068 27 8 189 175 203
TUM 0.072
< 1.068 28 15 172 155 190
>= 0.929 27 7 194 182 207
AR TUMo 0.002
< 0.929 28 16 166 149 184
>= 1.256 27 9 185 170 201
TUM; 0.145
< 1.256 28 14 176 159 192
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>= 0.800 27 12 184 169 198
TUM 0.828
< 0.800 28 11 177 160 195
>= 0.726 27 12 184 170 199
R1 TUMo 0.997
< 0.726 28 11 177 159 194
>= 0.894 27 12 184 171 198
TUM; 0.811
< 0.894 28 11 177 158 195
>= 0.063 27 15 171 154 187
TUM 0.024
< 0.063 28 8 190 175 205
>= 0.035 27 18 155 137 173
Krans TUM, <0.001
< 0.035 28 5 204 199 210
>= 0.100 27 18 156 139 173
TUM; <0.001
< 0.100 28 5 202 193 211
>= 0.104 27 16 165 147 183
TUM 0.004
< 0.104 28 7 195 183 207
>= 0.039 27 16 165 147 182
Ve TUM, 0.002
< 0.039 28 7 195 182 208
>= 0.163 27 18 158 141 176
TUM; <0.001
< 0.163 28 5 202 193 211
>= 0.042 27 13 176 159 193
TUM 0.219
< 0.042 28 10 185 169 200
>= 0.027 27 14 169 151 187
Vb TUMo 0.069
< 0.027 28 9 192 178 205
>= 0.080 27 15 169 152 186
TUM; 0.023
< 0.080 28 8 191 177 206
>= 1.677 27 12 177 160 194
TUM 0.585
< 1.677 28 11 184 169 199
>= 1.097 27 11 183 166 200
rCBVevr TUMo 0.705
< 1.097 28 12 178 162 194
>= 3.237 27 13 177 161 193
TUM, 0.265
< 3.237 28 10 184 168 200
>= 1.685 27 13 175 158 192
TUM 0.277
< 1.685 28 10 186 171 201
>= 1.092 27 10 184 168 199
rCBVgox TUM, 0.677
< 1.092 28 13 177 160 194
>= 3.072 27 13 178 162 194
TUM; 0.334
< 3.072 28 10 183 167 199
>= -0.735 27 7 193 181 206
TUM 0.008
< -0.735 28 16 168 150 185
>= -1.447 27 5 196 183 209
K2 TUMo 0.001
< -1.447 28 18 166 149 183
>= -0.346 27 10 180 162 197
TUM; 0.745
< -0.346 28 13 181 166 196
>= 47.87ml 27 14 172 154 190
Volume TUM 0.185
< 47.87ml 28 9 188 175 202
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Table 52 - Results of the 210 day progression-free survival using Kaplan-Meier survival analysis.
Standard deviation values from the TUM VOI for each parameter were dichotomised according to

the median value. Logrank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. \'Lel} Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 0.268 27 15 173 158 189
TUM 0.079
< 0.268 28 8 188 172 204
>= 0.183 27 10 192 182 202
ADC TUM, 0.178
< 0.183 28 13 169 150 189
>= 0.287 27 14 172 154 190
TUM; 0.160
< 0.287 28 9 189 175 202
>= 0.104 27 15 169 151 187
TUM 0.031
< 0.104 28 8 191 179 204
>= 0.055 27 15 171 155 187
FA TUMo 0.054
< 0.055 28 8 190 175 205
>= 0.112 27 13 172 154 191
TUM; 0.275
< 0.112 28 10 188 175 201
>= 0.148 27 16 168 152 185
TUM 0.004
< 0.148 28 7 191 177 206
>= 0.091 27 15 172 156 188
q TUM, 0.069
< 0.091 28 8 189 173 205
>= 0.160 27 15 170 152 188
TUM, 0.021
< 0.160 28 8 190 176 204
>= 0.094 27 15 169 151 188
TUM 0.036
< 0.094 28 8 191 178 204
>=  0.049 27 16 169 153 185
RA TUM, 0.013
< 0.049 28 7 192 177 207
>= 0.108 27 16 164 145 183
TUM, 0.006
< 0.108 28 7 197 186 207
>= 0.298 27 14 174 158 190
TUM 0.100
< 0.298 28 9 186 170 202
>= 0.192 27 12 185 171 199
A TUMo 0.874
< 0.192 28 11 176 159 194
>= 0.275 27 13 180 165 194
TUM; 0.473
< 0.275 28 10 181 164 199
>= 0.269 27 14 172 154 189
TUM 0.161
< 0.269 28 9 189 175 203
>= 0.198 27 9 193 182 203
AR TUM,o 0.087
< 0.198 28 14 169 150 188
>= 0.311 27 14 176 159 193
TUM, 0.269
< 0.311 28 9 185 170 201
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>= 0181 27 13 182 168 195
TUm 0.526
< 0181 28 10 180 161 198
>=  0.100 27 16 168 150 186
Ry TUMo 0.013
< 0.100 28 7 192 180 205
>=  0.201 27 12 179 163 195
TUM; 0.915
< 0201 28 11 183 167 199
>=  0.042 27 16 167 150 184
TUum 0.003
< 0042 28 7 193 180 207
>= 0017 27 18 157 140 175
Krans TUMo <0.001
< 0017 28 5 202 193 211
>=  0.047 27 17 162 144 180
TUM; 0.003
< 0047 28 6 199 188 209
>=  0.080 27 16 167 149 184
TUm 0.005
< 0.080 28 7 194 182 207
>= 0021 27 16 165 147 182
Ve TUMo 0.003
< 0021 28 7 196 183 208
>= 0079 27 18 159 141 177
TUM; <0.001
< 0079 28 5 202 193 210
>=  0.032 27 13 174 156 192
TUm 0.224
< 0032 28 10 187 173 200
>= 0011 27 13 175 158 191
Vb TUMo 0.268
< 0011 28 10 186 171 202
>=  0.042 27 15 169 152 186
TUM; 0.029
< 0042 28 8 192 178 206
>= 1387 27 16 165 147 183
TUM 0.002
< 1387 28 7 195 183 208
>= 0524 27 15 171 155 188
rCBVovr TUMo 0.043
< 0524 28 8 189 174 204
>=  1.679 27 16 168 151 185
TUM; 0.004
< 1679 28 7 192 178 206
>= 1273 27 16 166 148 183
TUum 0.006
< 1273 28 7 195 183 207
>=  0.482 27 13 177 160 194
rCBVaox TUMo 0.349
< 0482 28 10 183 168 199
>= 1516 27 16 169 152 186
TUM; 0.012
< 1516 28 7 192 178 206
>=  0.877 27 18 164 147 182
UM <0.001
< 0877 28 5 197 185 209
>=  1.053 27 17 171 155 187
Kz TUMo 0.006
< 1053 28 6 191 176 206
>= 0238 27 15 178 163 193
TUM; 0.156
< 0238 28 8 184 167 201
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Table 53 - Results of the 210 day progression-free survival using Kaplan-Meier survival analysis of
high grade lesions (N=45). Mean values from the TUM VOI for each parameter were dichotomised
according to the median value. Logrank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. VoI Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 1.164 22 10 177 160 195
TUM 0.455
< 1.164 23 13 170 151 190
>= 1.025 22 9 186 170 202
ADC TUM, 0.041
< 1.025 23 14 161 142 181
>= 1.343 22 11 170 151 189
TUM; 0.978
< 1.343 23 12 177 159 195
>= 0.205 22 13 177 161 192
TUM 0.651
< 0.205 23 10 172 151 193
>= 0.156 22 14 165 146 184
FA TUMo 0.117
< 0.156 23 9 183 165 200
>= 0.300 22 14 166 148 185
TUM; 0.147
< 0.300 23 9 181 163 200
>= 0.333 22 13 168 151 185
TUM 0.249
< 0.333 23 10 180 160 199
>= 0.264 22 14 163 145 180
q TUM, 0.058
< 0.264 23 9 184 166 203
>= 0.457 22 16 159 142 176
TUM, 0.002
< 0.457 23 7 189 171 207
>= 0.173 22 14 170 152 188
TUM 0.301
< 0.173 23 9 178 159 197
>= 0.134 22 14 166 147 184
RA TUMo 0.129
< 0.134 23 9 182 163 200
>= 0.270 22 13 171 154 188
TUM; 0.420
< 0.270 23 10 177 157 197
>= 1.380 22 9 180 162 197
TUM 0.177
< 1.380 23 14 168 148 187
>= 1.253 21 10 182 166 199
A TUMo 0.376
< 1.253 24 13 167 147 186
>= 1.622 22 14 165 146 185
TUM, 0.220
< 1.622 23 9 182 165 200
>= 1.065 22 10 177 160 195
TUum 0.455
< 1.065 23 13 170 151 190
>= 0.894 22 9 186 170 202
AR TUM,o 0.041
< 0.894 23 14 161 142 181
>= 1.240 22 11 171 153 190
TUM; 0.867
< 1.240 23 12 176 158 194
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>=  0.819 22 12 178 161 195
TUM 0.978
< 0819 23 11 170 150 190
>= 0736 22 11 179 162 196
Ry TUMo 0.684
< 0736 23 12 169 149 189
>=  0.901 22 11 183 169 198
TUM; 0.621
< 0901 23 12 165 144 186
>=  0.069 22 14 164 145 182
TUM 0.040
< 0.069 23 9 183 165 201
>=  0.040 22 14 157 136 177
Krans TUMo 0.012
< 0.040 23 9 189 175 203
>= 0122 22 15 156 136 176
TUM; 0.005
< 0122 23 8 190 176 204
>=  0.128 22 15 158 138 177
TUM 0.007
< 0128 23 8 189 173 204
>=  0.044 22 13 159 139 179
Ve TUMo 0.062
< 0.044 23 10 188 172 203
>=  0.189 22 14 163 145 182
TUM; 0.034
< 0189 23 9 183 165 201
>=  0.043 22 13 168 149 187
TUM 0.179
< 0.043 23 10 179 161 197
>=  0.029 22 13 163 143 183
Vb TUMo 0.082
< 0.029 23 10 184 168 201
>=  0.089 22 13 166 147 185
TUM; 0.180
< 0.089 23 10 181 163 199
>=  1.818 22 10 178 160 197
TUM 0.602
< 1818 23 13 170 151 189
>=  1.079 22 11 176 157 196
rCBVevr TUMo 0.748
< 1079 23 12 171 153 189
>=  3.362 22 12 173 156 191
TUM; 0.354
< 3362 23 11 175 155 194
>=  1.856 22 10 177 158 196
TUM 0.689
< 1.85 23 13 172 153 190
>=  1.083 22 10 178 160 196
rCBVeox TUMo 0.629
< 1.083 23 13 170 151 189
>= 3101 22 13 169 151 188
TUM; 0.200
< 3101 23 10 177 159 196
>=  -0.895 22 10 174 154 194
TUM 0.401
< -0.895 23 13 173 156 190
>=  -1.698 22 7 185 167 202
Kz TUMo 0.016
< -1.698 23 16 164 146 182
>=  -0.372 22 10 172 152 193
TUM; 0.839
< 0372 23 13 175 158 192
>=  46.69ml 22 15 160 140 180
Volume TUmM 0.031
< 46.69ml 23 8 187 172 202
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Table 54 - Results of the 210 day progression-free survival using Kaplan-Meier survival analysis of
high grade lesions (N=45). Standard deviations of the TUM VOI for each parameter were
dichotomised according to the median value. Logrank tests were used to test for significance at
p<0.05.

Estimate 95% Confidence Interval
Param. vol Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 0.268 22 15 166 148 183
TUM 0.083
< 0.268 23 8 183 164 202
>= 0.177 22 10 188 176 199
ADC TUM, 0.188
< 0.177 23 13 160 139 182
>= 0.285 22 15 160 140 180
TUM; 0.052
< 0.285 23 8 187 172 202
>= 0.105 21 13 165 144 187
TUM 0.207
< 0.105 24 10 181 166 197
>= 0.057 22 12 171 153 190
FA TUMo 0.690
< 0.057 23 11 176 157 195
>= 0.112 22 13 164 144 185
TUM; 0.260
< 0.112 23 10 183 167 198
>= 0.149 22 15 162 144 181
TUM 0.014
< 0.149 23 8 184 167 201
>= 0.095 22 13 167 150 185
q TUMo 0.266
< 0.095 23 10 180 161 199
>= 0.161 22 13 168 150 186
TUM, 0.148
< 0.161 23 10 179 160 198
>= 0.095 22 14 165 145 186
TUM 0.147
< 0.095 23 9 182 166 198
>= 0.051 22 13 169 151 187
RA TUMo 0.316
< 0.051 23 10 178 159 197
>= 0.109 22 16 154 134 175
TUM; 0.003
< 0.109 23 7 193 181 206
>= 0.300 22 14 166 149 184
TUM 0.112
< 0.300 23 9 181 162 200
>= 0.192 22 12 180 163 196
A TUMo 0.750
< 0.192 23 11 168 148 189
>= 0.273 22 13 173 156 190
TUM, 0.501
< 0.273 23 10 175 155 195
>= 0.269 22 14 164 143 184
TUM 0.164
< 0.269 23 9 184 168 200
>= 0.182 22 10 189 178 200
AR TUMo 0.085
< 0.182 23 13 159 138 181
>= 0.301 22 15 163 143 183
TUM; 0.081
< 0.301 23 8 185 169 201
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>=  0.185 22 12 180 166 194
TUm 0.950
< 0185 23 11 168 147 190
>=  0.100 22 16 159 139 179
Ry TUMo 0.011
< 0.100 23 7 188 173 203
>= 0212 22 12 172 153 190
TUM; 0.950
< 0212 23 11 177 158 195
>=  0.049 22 15 160 142 179
TUum 0.010
< 0.049 23 8 187 170 204
>=  0.020 22 15 152 132 173
Krans TUMo 0.002
< 0020 23 8 193 181 205
>=  0.058 22 17 151 132 170
TUM; 0.000
< 0058 23 6 196 184 209
>=  0.093 22 16 157 138 176
TUm 0.002
< 0.093 23 7 191 176 206
>=  0.025 22 13 159 139 179
Ve TUMo 0.050
< 0025 23 10 187 172 203
>=  0.096 22 15 157 136 178
TUM; 0.013
< 0.09% 23 8 191 177 204
>= 0034 22 13 166 145 187
TUm 0.187
< 0034 23 10 181 166 197
>= 0013 22 11 176 159 192
Vb TUMo 0.918
< 0013 23 12 172 152 193
>=  0.046 22 14 162 143 182
TUM; 0.066
< 0046 23 9 185 168 202
>=  1.588 22 12 169 149 189
TUum 0.331
< 1588 23 11 179 162 196
>= 0524 22 15 163 144 182
rCBVovr TUMo 0.035
< 0524 23 8 184 166 201
>= 1748 22 14 163 144 182
TUM; 0.022
< 1748 23 9 183 165 200
>= 1387 22 14 163 143 182
TUM 0.073
< 1387 23 9 184 167 201
>= 0482 22 13 170 151 189
rCBViox TUMo 0.363
< 0482 23 10 177 159 195
>=  1.603 22 14 164 145 184
TUM; 0.075
< 1.603 23 9 182 165 200
>=  0.994 22 14 170 153 187
UM 0.114
< 099 23 9 178 158 198
>= 1154 22 15 169 152 186
K2 TUMo 0.066
< 1154 23 8 179 159 199
>=  0.250 22 14 175 159 191
TUM; 0.339
< 0250 23 9 174 153 194
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Table 55 - Results of the 210 day progression-free survival using Kaplan-Meier survival analysis of
high grade lesions (N=39). Mean values from the CEL VOI for each parameter were dichotomised

according to the median value. Logrank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. \'Lel} Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 1.083 19 11 169 150 188
CEL 0.925
< 1.083 20 11 169 147 190
>= 0.982 19 10 174 153 195
ADC CELo 0.324
< 0.982 20 12 164 144 183
>= 1.264 19 11 165 144 187
CELy 0.920
< 1.264 20 11 172 152 192
>= 0.176 19 11 168 147 189
CEL 0.884
< 0.176 20 11 169 149 189
>= 0.121 19 13 159 139 179
FA CELo 0.125
< 0.121 20 9 177 157 197
>= 0.240 19 13 160 139 180
CELy 0.161
< 0.240 20 9 177 157 197
>= 0.259 19 11 165 144 186
CEL 0.924
< 0.259 20 11 171 151 191
>= 0.166 19 11 169 150 189
q CELo 0.832
< 0.166 20 11 168 146 190
>= 0.332 19 11 167 146 188
CELy 0.850
< 0.332 20 11 170 150 191
>= 0.148 19 11 168 147 189
CEL 0.938
< 0.148 20 11 168 148 189
>=  0.103 19 13 160 139 180
RA CELo 0.161
< 0.103 20 9 177 157 197
>= 0203 19 13 160 139 180
CELy 0.161
< 0.203 20 9 177 157 197
>= 1.260 19 11 168 148 187
CEL 0.970
< 1.260 20 11 169 148 191
>= 1.167 19 11 171 149 192
A CELo 0.643
< 1.167 20 11 167 147 187
>= 1477 19 11 163 141 185
CELy 0.769
< 1.477 20 11 174 155 193
>= 1.000 19 11 169 150 188
CEL 0.925
< 1.000 20 11 169 147 190
>= 0.880 19 10 174 154 195
AR CELo 0.313
< 0.880 20 12 163 142 183
>= 1.180 19 12 161 140 182
CELy 0.383
< 1.180 20 10 176 156 195
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>= 0786 19 8 188 175 202
CEL 0.011
< 078 20 14 148 126 170
>=  0.705 19 7 193 183 204
Ry CELo 0.001
< 0705 20 15 144 123 166
>=  0.879 19 11 176 161 192
CELy 0.852
< 0879 20 11 161 137 184
>=  0.107 18 12 166 147 185
CEL 0.277
< 0107 21 10 171 150 193
>=  0.075 19 12 169 151 187
Krans CELo 0.381
< 0075 20 10 169 147 192
>=  0.153 19 12 167 149 186
CELy 0.355
< 0153 20 10 170 148 192
>= 0197 19 12 168 150 186
CEL 0.418
< 0197 20 10 169 146 191
>=  0.151 19 12 158 136 180
Ve CELo 0.138
< 0151 20 10 178 161 196
>= 0310 19 13 162 143 181
CELy 0.128
< 0310 20 9 174 153 196
>=  0.051 19 12 161 140 182
CEL 0.186
< 0051 20 10 175 155 195
>=  0.037 19 12 166 149 184
Vb CELo 0.230
< 0037 20 10 170 148 193
>=  0.097 19 13 156 136 177
CELy 0.038
< 0097 20 9 178 158 198
>=  3.047 19 10 170 148 191
CEL 0.930
< 3.047 20 12 168 149 187
>= 1043 19 11 168 146 190
rCBVeve CELo 0.889
< 1043 20 11 168 149 187
>= 4370 19 11 166 145 187
CELy 0.660
< 4370 20 11 170 150 190
>=  3.027 19 10 169 148 191
CEL 0.959
< 3.027 20 12 169 149 188
>= 2217 19 11 169 147 190
rCBVgox CELo 0.791
< 2217 20 11 169 149 188
>= 4424 19 11 167 146 188
CELy 0.803
< 4424 20 11 169 149 189
>=  -1.760 19 7 185 168 202
CEL 0.011
< -1.760 20 15 153 132 174
>=  -3.239 19 8 171 149 194
Kz CELo 0.244
< -3.239 20 14 166 148 184
>=  -1.106 19 9 175 154 195
CELy 0.205
< -1.106 20 13 162 142 183
>=  12.36ml 19 14 149 126 171
Volume CEL 0.014
< 12.36ml 20 8 187 172 201
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Table 56 - Results of the 210 day progression-free survival using Kaplan-Meier survival analysis of
high grade lesions (N=39). Standard deviations of the CEL VVOI for each parameter were

dichotomised according to the median value. Logrank tests were used to test for significance at

p<0.05.

95% Confidence Interval

" Estimate .
Param. vol Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 0.236 19 13 159 139 180
CEL 0.211
< 0.236 20 9 178 158 198
>= 0.144 19 13 159 136 182
ADC CELo 0.312
< 0.144 20 9 178 160 195
>= 0.301 19 12 169 151 188
CELy 0.794
< 0.301 20 10 168 146 190
>= 0.090 19 11 167 146 188
CEL 0.932
< 0.090 20 11 170 150 190
>= 0.043 19 12 159 139 180
FA CELo 0.230
< 0.043 20 10 177 158 197
>= 0.091 19 12 166 145 187
CELy 0.731
< 0.091 20 10 170 150 191
>= 0.120 19 12 161 140 182
CEL 0.434
< 0.120 20 10 176 156 195
>= 0.056 19 12 163 143 184
q CELo 0.326
< 0.056 20 10 174 153 195
>= 0.113 19 13 160 139 181
CELy 0.242
< 0.113 20 9 177 158 197
>= 0.079 19 12 162 141 183
CEL 0.484
< 0.079 20 10 175 155 195
>= 0.037 19 12 159 139 180
RA CELo 0.230
< 0.037 20 10 177 158 197
>= 0.083 19 14 156 136 176
CELy 0.040
< 0.083 20 8 180 160 199
>= 0.248 19 12 164 143 186
CEL 0.591
< 0.248 20 10 172 153 192
>= 0.156 19 12 164 141 187
A CELo 0.926
< 0.156 20 10 173 155 191
>= 0.311 19 12 169 150 187
CELy 0.714
< 0.311 20 10 168 146 190
>= 0.241 19 13 159 139 180
CEL 0.211
< 0.241 20 9 178 158 198
>= 0.155 19 14 158 137 180
AR CELo 0.144
< 0.155 20 8 180 161 198
>= 0.309 19 12 169 151 188
CELy 0.794
< 0.309 20 10 168 146 190
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>=  0.149 19 10 176 158 195
CEL 0.369
< 0149 20 12 161 139 182
>=  0.090 19 12 162 142 182
R: CELo 0.376
< 0.090 20 10 175 154 196
>= 0157 19 9 175 157 193
CEL, 0.458
< 0157 20 13 162 139 184
>=  0.052 19 13 164 146 183
CEL 0.138
< 0052 20 9 172 150 195
>=  0.031 19 13 166 148 184
Krans CELo 0.204
< 0031 20 9 172 150 194
>=  0.058 19 15 152 132 171
CEL, 0.003
< 0.058 20 7 185 166 204
>=  0.098 19 12 164 143 185
CEL 0.384
< 0.098 20 10 173 153 192
>=  0.061 19 13 160 140 180
Ve CELo 0.119
< 0.061 20 9 177 157 196
>=  0.102 19 14 154 133 176
CELy 0.033
< 0102 20 8 183 165 200
>=  0.034 19 11 164 143 186
CEL 0.474
< 0034 20 11 171 152 191
>=  0.016 18 11 168 150 187
Vb CELo 0.409
< 0016 21 11 169 148 191
>=  0.047 19 15 151 131 170
CEL, 0.003
< 0047 20 7 185 167 204
>= 2163 19 12 160 140 181
CEL 0.148
< 2163 20 10 174 154 194
>=  0.682 19 12 167 147 188
rCBVovr CELo 0.525
< 0682 20 10 170 149 190
>= 2105 19 13 157 137 178
CELy 0.059
< 2105 20 9 178 158 197
>= 1701 19 12 163 142 183
CEL 0.255
< 1701 20 10 173 153 194
>=  0.947 19 12 165 147 184
rCBVaox CELo 0.260
< 0947 20 10 172 150 194
>= 1873 19 13 161 140 182
CEL, 0.141
< 1873 20 9 175 156 195
>= 1417 19 13 171 153 189
CEL 0.521
< 1417 20 9 167 144 189
>= 1553 19 12 178 163 193
Kz CELo 0.943
< 1553 20 10 160 136 184
>= 0742 19 14 155 136 174
CEL, 0.016
< 0742 20 8 180 160 200
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10.3 Kaplan-Meier survival analysis at Time Point 2

Table 57 - Results of the 210 day progression-free Kaplan-Meier survival analysis. Mean values from
the TUM VOI at time point 2 for each parameter were dichotomised according to their median. Log
rank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. VoI Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 1.139 16 4 195 182 209
TUM 0.506
< 1.139 17 6 190 173 207
>= 0.987 16 3 199 188 210
ADC TUM, 0.212
< 0.987 17 7 187 169 205
>= 1.461 16 3 205 199 211
TUM; 0.060
< 1.461 17 7 181 162 200
>= 0.180 16 6 190 172 207
TUM 0.519
< 0.180 17 4 195 182 208
>= 0.126 16 5 198 186 209
FA TUMo 0.986
< 0.126 17 5 188 170 206
>= 0.265 16 5 197 185 210
TUM; 0.820
< 0.265 17 5 188 170 206
>= 0.273 16 4 198 186 210
TUM 0.488
< 0.273 17 6 188 170 206
>= 0.183 16 5 194 181 207
q TUM, 0.915
< 0.183 17 5 192 175 209
>= 0.395 16 6 194 181 207
TUM; 0.566
< 0.395 17 4 192 175 209
>= 0.151 16 6 190 172 207
TUM 0.519
< 0.151 17 4 195 182 208
>=  0.107 16 5 200 191 209
RA TUMo 0.947
< 0.107 17 5 187 168 205
>= 0.242 16 7 187 169 204
TUM; 0.134
< 0.242 17 3 199 186 211
>= 1.360 16 3 201 191 211
TUum 0.089
< 1.360 17 7 185 167 203
>= 1.247 16 3 199 189 210
A TUMo 0.204
< 1.247 17 7 187 169 205
>= 1.656 16 1 208 204 212
TUM; 0.003
< 1.656 17 9 178 160 197
>= 1.032 16 4 195 182 209
TUM 0.506
< 1.032 17 6 190 173 207
>= 0.898 16 2 202 192 212
AR TUMo 0.038
< 0.898 17 8 184 166 201
>= 1.411 16 3 205 198 211
TUM; 0.074
< 1.411 17 7 181 163 200
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>=  0.811 16 191 176 206
TUM 0.595
< 0811 17 193 177 209
>= 0731 16 192 177 207
Ry TUMo 0.616
< 0731 17 193 177 209
>=  0.929 16 190 177 204
TUM; 0.144
< 0929 17 195 179 211
>=  0.062 16 186 168 204
TUM 0.116
< 0.062 17 200 189 211
>=  0.041 16 184 166 202
Krans TUMo 0.038
< 0041 17 201 190 213
>=  0.124 16 191 177 204
TUM; 0.130
< 0124 17 195 178 211
>=  0.116 16 184 166 202
TUM 0.146
< 0116 17 201 190 212
>=  0.059 16 182 163 201
Ve TUMo 0.033
< 0.059 17 203 195 212
>=  0.262 16 184 166 202
TUM; 0.047
< 0262 17 202 191 213
>=  0.036 16 185 170 201
TUM 0.028
< 0036 17 201 187 215
>=  0.023 15 176 157 196
Vb TUMo 0.002
< 0.023 18 208 204 212
>=  0.062 16 185 170 201
TUM; 0.028
< 0.062 17 201 187 215
>=  1.690 16 181 162 200
TUM 0.065
< 1.690 17 204 197 211
>=  1.029 16 189 174 205
rCBVevr TUMo 0.428
< 1.029 17 196 181 212
>= 3,002 16 185 166 204
TUM; 0.352
< 3.002 17 200 190 210
>= 1539 16 182 162 201
TUM 0.163
< 1539 17 204 196 211
>=  0.989 16 185 166 204
rCBVeox TUMo 0.434
< 0989 17 200 190 210
>= 2725 16 185 166 204
TUM; 0.352
< 2725 17 200 190 210
>=  -0.656 16 198 189 208
TUM 0.452
< -0.656 17 188 169 206
>=  -1.333 16 199 190 208
Kz TUMo 0.697
< -1.333 17 188 169 206
>=  -0.354 16 198 188 208
TUM; 0.906
< -0.354 17 188 169 207
>=  45.89ml 16 187 169 205
Volume TUmM 0.513
< 45.89ml 17 199 187 210
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Table 58 - Results of the 210 day progression-free Kaplan-Meier survival analysis. The standard
deviation values from the TUM VOI for each parameter were dichotomised according to their
median difference. Log rank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. VoI Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 0.339 16 5 195 181 208
TUM 0.885
< 0.339 17 5 191 174 208
>= 0.203 16 3 204 198 211
ADC TUM, 0.147
< 0.203 17 7 182 163 201
>= 0.432 16 5 194 180 207
TUM; 0.814
< 0.432 17 5 192 176 209
>= 0.103 16 7 184 165 203
TUM 0.119
< 0.103 17 3 201 192 211
>= 0.047 15 4 203 195 211
FA TUMo 0.375
< 0.047 18 6 184 166 202
>= 0.106 16 6 188 169 207
TUM; 0.403
< 0.106 17 4 198 187 208
>= 0.146 16 4 198 182 213
TUM 0.551
< 0.146 17 6 188 173 203
>= 0.072 16 7 191 178 205
q TUM, 0.183
< 0.072 17 3 194 177 211
>= 0.154 16 4 197 181 213
TUM, 0.586
< 0.154 17 6 189 175 204
>= 0.093 15 7 182 162 202
TUM 0.056
< 0.093 18 3 202 193 211
>= 0.041 16 6 192 176 208
RA TUMo 0.555
< 0.041 17 4 194 179 208
>= 0.103 16 5 194 178 210
TUM; 0.913
< 0.103 17 5 191 176 206
>= 0363 16 5 194 181 208
TUM 0.955
< 0.363 17 5 191 175 208
>= 0.214 16 2 205 199 212
A TUM,o 0.024
< 0.214 17 8 181 163 200
>= 0.462 16 2 202 192 212
TUM, 0.109
< 0.462 17 8 185 167 203
>= 0.352 16 5 195 181 208
TUum 0.885
< 0.352 17 5 191 174 208
>= 0.205 16 3 205 198 211
AR TUM,o 0.078
< 0.205 17 7 182 163 200
>= 0.406 16 5 193 179 207
TUM; 0.788
< 0.406 17 5 192 176 209
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>= 0213 16 185 167 202
TUm 0.066
< 0213 17 202 191 213
>= 0121 16 191 177 205
Ry TUMo 0.365
< 0121 17 194 178 211
>= 0241 16 196 186 207
TUM; 0.610
< 0241 17 190 171 208
>=  0.046 16 191 178 205
TUum 0.168
< 0.046 17 195 178 211
>= 0021 16 184 166 202
Krans TUMo 0.038
< 0021 17 201 190 213
>=  0.057 16 191 178 205
TUM; 0.168
< 0057 17 195 178 211
>=  0.106 16 192 178 205
TUm 0.227
< 0106 17 195 178 211
>=  0.038 16 187 169 205
Ve TUMo 0.163
< 0038 17 198 186 210
>= 0138 16 188 170 205
TUM; 0.149
< 0138 17 197 184 210
>=  0.026 16 190 176 204
TUm 0.145
< 0026 17 196 180 212
>=  0.009 16 178 159 196
Vb TUMo 0.003
< 0.009 17 208 204 212
>=  0.030 16 185 170 201
TUM; 0.028
< 0030 17 201 187 215
>= 1348 16 184 165 204
TUM 0.325
< 1348 17 201 192 210
>=  0.564 16 185 166 204
rCBVevr TUMo 0.265
< 0564 17 201 191 210
>= 1435 16 185 166 204
TUM; 0.265
< 1435 17 200 190 210
>=  1.099 16 186 168 205
TUum 0.364
< 1.099 17 199 188 211
>=  0.489 16 183 164 202
rCBVaox TUMo 0.227
< 0489 17 203 194 211
>=  1.287 16 190 173 208
TUM; 0.849
< 1287 17 195 182 208
>=  0.689 16 180 160 199
UM 0.009
< 0689 17 205 198 212
>= 0831 16 183 164 203
Kz TUMo 0.201
< 0831 17 202 193 210
>=  0.269 16 186 166 205
TUM; 0.229
< 0269 17 200 191 209
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Table 59 - Results of the 210 day progression-free Kaplan-Meier survival analysis. Mean values from
the CEL VOI at time point 2 for each parameter were dichotomised according to their median. Log
rank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. VoI Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 1.083 14 4 195 183 208
CEL 0.744
< 1.083 14 5 190 170 210
>= 0.935 14 4 192 177 207
ADC CELo 0.888
< 0.935 14 5 194 177 211
>= 1.328 14 5 190 175 205
CELy 0.639
< 1.328 14 4 196 179 213
>= 0.147 14 6 187 168 206
CEL 0.183
< 0.147 14 3 198 185 210
>= 0.093 14 5 190 175 205
FA CELo 0.329
< 0.093 14 4 194 177 212
>= 0.225 14 6 187 168 206
CELy 0.183
< 0.225 14 3 198 185 210
>= 0.199 14 7 185 170 199
CEL 0.024
< 0.199 14 2 201 185 217
>= 0.137 14 7 186 171 200
q CELo 0.053
< 0.137 14 2 201 185 217
>= 0.285 14 7 180 160 199
CELy 0.012
< 0.285 14 2 207 204 211
>= 0.124 14 6 187 168 206
CEL 0.183
< 0.124 14 3 198 185 210
>=  0.079 14 5 190 175 205
RA CELo 0.329
< 0.079 14 4 194 177 212
>= 0201 14 6 185 165 205
CELy 0.134
< 0.201 14 3 200 191 210
>= 1.300 14 5 190 175 205
CEL 0.639
< 1.300 14 4 196 179 213
>= 1.111 14 4 192 177 207
A CELo 0.888
< 1.111 14 5 194 177 211
>= 1.503 14 4 195 181 208
CELy 0.591
< 1.503 14 5 191 172 209
>= 0.992 14 4 195 183 208
CEL 0.744
< 0.992 14 5 190 170 210
>= 0.832 14 3 198 186 210
AR CELo 0.347
< 0.832 14 6 188 169 207
>= 1.273 14 5 190 175 205
CELy 0.639
< 1.273 14 4 196 179 213
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>= 0791 14 200 188 211
CEL 0.602
< 0791 14 186 166 205
>= 0710 14 201 189 212
Ry CELo 0.194
< 0710 14 185 166 204
>=  0.999 14 197 186 208
CELy 0.744
< 0999 14 189 169 208
>=  0.081 14 185 167 204
CEL 0.107
< 0081 14 201 189 213
>=  0.055 14 186 168 205
Krans CELo 0.278
< 0.055 14 201 189 213
>=  0.139 14 191 179 203
CELy 0.245
< 0139 14 195 176 214
>=  0.192 14 189 171 208
CEL 0.889
< 0192 14 196 183 209
>= 0115 14 181 161 201
Ve CELo 0.266
< 0115 14 206 201 210
>= 0325 14 195 183 206
CELy 0.791
< 0325 14 191 171 210
>=  0.031 14 179 159 199
CEL 0.023
< 0031 14 207 203 211
>=  0.022 14 179 159 199
Vb CELo 0.008
< 0022 14 207 202 212
>=  0.060 14 179 159 199
CELy 0.008
< 0.060 14 207 202 212
>= 1746 14 183 163 203
CEL 0.131
< 1746 14 203 195 211
>=  0.403 14 189 169 208
rCBVevr CELo 0.768
< 0.403 14 197 185 209
>= 2582 14 188 168 207
CELy 0.638
< 2582 14 198 186 210
>=  1.654 14 183 163 203
CEL 0.216
< 1654 14 203 195 211
>=  0.762 14 189 169 208
rCBVeox CELo 0.723
< 0762 14 197 185 208
>= 2793 14 187 168 207
CELy 0.468
< 2793 14 198 186 210
>=  -0.904 14 203 195 211
CEL 0.216
< -0.904 14 183 163 203
>=  -1.496 14 204 196 211
Kz CELo 0.100
< -1.49 14 182 162 202
>=  -0.540 14 202 194 210
CELy 0.637
< -0.540 14 184 164 204
>=  9.30ml 14 182 162 203
Volume CEL 0.203
< 9.30ml 14 203 195 211
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Table 60 - Results of the 210 day progression-free Kaplan-Meier survival analysis. The standard
deviations from the CEL VOI for each parameter were dichotomised according to the median

difference. Log rank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. \'Lel} Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 0.359 14 4 194 181 207
CEL 0.865
< 0.359 14 5 191 171 210
>= 0.159 14 3 200 191 210
ADC CELo 0.193
< 0.159 14 6 185 165 205
>= 0.388 14 4 197 185 208
CELy 0.360
< 0.388 14 5 189 170 208
>= 0.086 14 6 187 168 206
CEL 0.183
< 0.086 14 3 198 185 210
>= 0.035 14 6 182 162 202
FA CELo 0.083
< 0.035 14 3 202 193 211
>= 0.093 14 7 182 163 202
CELy 0.035
< 0.093 14 2 203 193 212
>= 0.100 14 8 181 163 200
CEL 0.008
< 0.100 14 1 205 195 215
>= 0.047 14 7 186 171 200
q CELo 0.053
< 0.047 14 2 201 185 217
>= 0.104 14 6 185 166 205
CELy 0.171
< 0.104 14 3 200 190 210
>= 0.077 14 6 187 168 206
CEL 0.183
< 0.077 14 3 198 185 210
>= 0.032 14 6 182 162 202
RA CELo 0.083
< 0.032 14 3 202 193 211
>= 0.088 14 6 184 164 204
CELy 0.102
< 0.088 14 3 201 192 210
>= 0.372 14 4 194 181 207
CEL 0.865
< 0.372 14 5 191 171 210
>= 0.191 14 2 203 195 212
A CELo 0.048
< 0.191 14 7 182 161 202
>= 0.394 14 5 197 186 208
CELy 0.619
< 0.394 14 4 189 169 209
>= 0367 14 4 194 181 207
CEL 0.865
< 0.367 14 5 191 171 210
>= 0.174 14 3 200 191 210
AR CELo 0.193
< 0.174 14 6 185 165 205
>= 0.390 14 4 197 185 208
CELy 0.360
< 0.390 14 5 189 170 208
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>=  0.185 14 189 174 203
CEL 0.091
< 0185 14 197 180 215
>=  0.103 14 195 183 207
Ry CELo 0.965
< 0103 14 190 171 210
>= 0211 14 183 163 203
CEL; 0.065
< 0211 14 203 193 212
>=  0.046 14 195 184 206
CEL 0.486
< 0.046 14 191 172 211
>= 0023 14 184 166 202
Krans CELo 0.092
< 0023 14 203 192 215
>=  0.057 14 193 181 205
CEL; 0.274
< 0057 14 195 176 214
>= 0130 14 195 184 206
CEL 0.486
< 0130 14 191 172 211
>=  0.060 14 193 181 205
Ve CELo 0.586
< 0.060 14 194 175 213
>= 0139 14 199 190 208
CELy 0.943
< 0139 14 186 165 207
>= 0023 14 188 173 203
CEL 0.068
< 0023 14 199 182 215
>=  0.008 14 179 159 199
Vb CELo 0.008
< 0.008 14 207 202 212
>= 0028 14 188 173 203
CEL 0.068
< 0028 14 199 182 215
>=  1.602 14 188 168 207
CEL 0.638
< 1602 14 198 186 210
>= 0309 14 189 169 208
rCBVevr CELo 0.768
< 0309 14 197 185 209
>=  1.509 14 188 168 207
CELy 0.638
< 1509 14 198 186 210
>=  1.250 14 189 171 207
CEL 0.658
< 1250 14 197 184 210
>=  0.485 14 189 169 208
rCBViox CELo 0.723
< 0485 14 197 185 208
>= 1302 14 187 168 207
CELy 0.468
< 1302 14 198 186 210
>=  0.895 14 183 163 203
CEL 0.131
< 0.895 14 203 195 211
>=  1.024 14 182 162 202
K2 CELo 0.100
< 1024 14 204 196 211
>= 0379 14 184 164 204
CELy 0.471
< 0379 14 203 195 210
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10.4 Kaplan-Meier survival analysis using differences between Time Points 3 and 2

Table 61 - Results of the 210 day progression-free Kaplan-Meier survival analysis. The difference in
mean values from the TUM VOI for each parameter was dichotomised according to the median
difference. Logrank tests were used to test for significance at p<0.05.

95% Confidence Interval
i D:
Param. VoI Median Difference N Events E:g:;a;'):e Lower (Days) Upper Sig.
Bound Bound
>= 0.027 16 8 182 163 201
TUM 0.030
< 0.027 17 2 203 194 212
>= 0.050 16 8 181 162 201
ADC TUMo 0.023
< 0.050 17 2 204 196 212
>= 0.078 16 7 183 166 201
TUM; 0.068
< 0.078 17 3 200 188 212
>= 0.014 16 6 186 168 205
TUM 0.303
< 0.014 17 4 199 187 210
>= 0.017 16 7 163 163 202
FA TUMo 0.135
< 0.017 17 3 195 195 211
>= 0.016 16 7 182 163 202
TUM; 0.119
< 0.016 17 3 203 194 211
>= 0.026 16 7 186 168 204
TUM 0.118
< 0.026 17 3 199 188 211
>= 0.037 16 7 185 166 204
q TUM,o 0.094
< 0.037 17 3 201 191 210
>= 0.060 16 7 183 164 202
TUM, 0.095
< 0.060 17 3 202 193 212
>=  0.012 16 6 186 168 205
TUM 0.303
< 0.012 17 4 199 187 210
>= 0.013 16 7 182 163 202
RA TUM, 0.135
< 0.013 17 3 203 195 211
>= 0.021 16 6 183 164 202
TUM, 0.356
< 0.021 17 4 202 194 211
>= 0.081 16 8 183 164 202
TUM 0.040
< 0.081 17 2 203 193 212
>= 0.068 16 8 182 163 201
A TUM, 0.038
< 0.068 17 2 203 194 212
>= 0.047 16 7 182 164 200
TUM; 0.052
< 0.047 17 3 201 189 212
>= 0.001 16 8 182 163 201
TUM 0.030
< 0.001 17 2 203 194 212
>= 0.044 16 8 178 159 197
AR TUM,o 0.007
< 0.044 17 2 206 200 212
>= 0.055 16 7 183 166 201
TUM, 0.068
< 0.055 17 3 200 188 212
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>= -0.088 16 201 190 213
TUM 0.064
< -0.088 17 185 168 202
>= -0.042 16 195 178 212
R1 TUMo 0.209
< -0.042 17 190 176 204
>= -0.059 16 198 185 210
TUM; 0.325
< -0.059 17 188 171 206
>= -0.006 16 192 179 205
TUM 0.306
< -0.006 17 194 177 211
>= -0.005 16 193 179 207
Krans TUM, 0.946
< -0.005 17 192 175 208
>= -0.016 16 197 185 210
TUM; 0.433
< -0.016 17 188 171 205
>= -0.001 16 185 167 203
TUM 0.071
< -0.001 17 201 190 213
>= -0.014 16 203 194 211
Ve TUM, 0.140
< -0.014 17 184 165 202
>= -0.026 16 197 185 210
TUM; 0.856
< -0.026 17 189 171 206
>= -0.001 15 198 186 210
TUM 0.909
< -0.001 18 188 171 205
>= -0.001 16 203 195 212
Vb TUMo 0.077
< -0.001 17 182 164 201
>= 0.000 16 200 188 211
TUM; 0.218
< 0.000 17 186 168 204
>= -0.054 16 199 190 208
TUM 0.910
< -0.054 17 188 169 207
>= -0.025 16 202 192 211
rCBVevr TUMo 0.335
< -0.025 17 184 166 202
>= -0.039 16 198 189 207
TUM, 0.704
< -0.039 17 189 170 207
>= -0.018 16 199 190 207
TUM 0.814
< -0.018 17 188 169 207
>= -0.077 16 197 187 207
rCBVgox TUM, 0.720
< -0.077 17 189 171 208
>= -0.036 16 192 179 205
TUM; 0.274
< -0.036 17 194 177 211
>= 0.012 16 197 180 214
TUM 0.156
< 0.012 17 191 178 204
>= -0.047 16 197 180 214
K2 TUMo 0.070
< -0.047 17 189 176 202
>= -0.003 16 197 180 214
TUM; 0.056
< -0.003 17 189 176 202
>= -7.94ml 16 177 158 196
Volume TUM 0.004
< -7.94ml 17 210 209 210
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Table 62 - Results of the 210 day progression-free Kaplan-Meier survival analysis. The difference in
standard deviation values from the TUM VOI for each parameter were dichotomised according to
the median difference. Logrank tests were used to test for significance at p<0.05.

Estimat 95% Confidence Interval
Param. vol Median Difference N Events stimate Sig.
(Days) Lower Upper
Bound Bound
>= -0.008 16 5 190 172 207
TUM 0.985
< -0.008 17 5 195 182 208
>= -0.006 16 7 180 161 199
ADC TUM, 0.036
< -0.006 17 3 205 198 211
>= -0.020 16 4 195 180 210
TUM; 0.760
< -0.020 17 6 191 176 207
>= 0.004 16 2 204 195 212
TUM 0.043
< 0.004 17 8 183 164 201
>= 0.004 16 6 183 164 202
FA TUM, 0.451
< 0.004 17 4 202 194 211
>= 0.009 16 4 190 171 209
TUM, 0.569
< 0.009 17 6 195 183 207
>= 0.000 16 5 187 168 205
TUM 0.834
< 0.000 17 5 199 188 210
>= 0.006 16 8 180 161 199
q TUM, 0.030
< 0.006 17 2 206 200 212
>= 0.006 16 7 182 162 201
TUM, 0.189
< 0.006 17 3 203 196 211
>= 0.004 16 4 194 180 208
TUM 0.803
< 0.004 17 6 191 175 208
>= 0.003 16 5 186 166 205
RA TUM, 0.867
< 0.003 17 5 199 190 209
>= 0.011 16 4 190 171 209
TUM; 0.516
< 0.011 17 6 194 182 206
>=  -0.010 16 6 185 165 204
TUM 0.388
< -0.010 17 4 200 191 210
>=  -0.006 16 7 183 164 203
A TUMo 0.092
< -0.006 17 3 202 194 210
>= -0.030 16 4 195 181 210
TUM; 0.568
< -0.030 17 6 190 174 206
>= -0.012 16 5 190 172 207
TUM 0.985
< -0.012 17 5 195 182 208
>= -0.008 16 8 176 157 195
AR TUM,o 0.002
< -0.008 17 2 208 205 211
>= -0.016 16 3 200 189 212
TUM, 0.221
< -0.016 17 7 186 169 203
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>=  -0.002 16 194 176 211
TUm 0.323
< -0.002 17 192 179 205
>=  -0.005 16 193 176 211
Ry TUMo 0.524
< -0.005 17 192 179 205
>=  -0.048 16 190 172 208
TUM; 0.567
< -0.048 17 195 183 207
>=  -0.006 16 186 168 205
TUum 0.565
< -0.006 17 198 187 210
>=  -0.004 16 193 179 207
Krans TUMo 0.946
< -0.004 17 192 175 208
>=  -0.003 15 198 185 210
TUM; 0.323
< -0.003 18 188 171 205
>=  0.001 16 186 168 204
TUm 0.226
< 0001 17 199 187 211
>=  -0.011 16 197 185 210
Ve TUMo 0.570
< 0011 17 189 171 206
>=  0.005 16 187 168 205
TUM; 0.607
< 0.005 17 198 186 210
>=  0.000 16 199 188 211
TUm 0.285
< 0.000 17 186 169 204
>=  -0.001 16 199 186 211
Vb TUMo 0.262
< -0.001 17 186 169 204
>=  -0.002 16 200 188 211
TUM; 0.227
< -0.002 17 186 169 204
>=  -0.080 16 199 190 208
TUM 0.947
< -0.080 17 188 169 207
>=  -0.016 16 197 187 207
rCBVevr TUMo 0.685
< -0.016 17 189 171 208
>=  -0.061 16 189 176 203
TUM; 0.061
< -0.061 17 198 182 214
>=  0.006 16 188 174 203
TUm 0.058
< 0.006 17 199 183 214
>=  -0.039 16 197 187 207
rCBVaox TUMo 0.720
< -0.039 17 189 171 208
>=  -0.005 16 187 172 202
TUM; 0.071
< -0.005 17 200 185 214
>=  0.005 16 190 177 203
UM 0.084
< 0.005 17 198 181 214
>=  0.064 16 187 174 201
K2 TUMo 0.094
< 0.064 17 197 181 214
>=  0.002 16 189 176 203
TUM; 0.058
< 0.002 17 198 181 214
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Table 63 - Results of the 210 day progression-free Kaplan-Meier survival analysis. The difference in
mean values from the CEL VOI for each parameter was dichotomised according to the median
difference. Logrank tests were used to test for significance at p<0.05.

Estimat 95% Confidence Interval
Param. \/e]] Median Difference N Events stimate Sig.
(Days) Lower Upper
Bound Bound
>= 0.045 14 3 196 179 214
CEL 0.369
< 0.045 14 6 190 175 204
>= 0.094 14 6 182 162 202
ADC CELo 0.101
< 0.094 14 3 203 195 211
>= 0.083 14 3 197 180 214
CELy 0.228
< 0.083 14 6 189 174 204
>= 0.005 14 4 199 189 210
CEL 0.360
< 0.005 14 5 186 166 206
>= 0.017 14 6 190 176 205
FA CELo 0.421
< 0.017 14 3 196 179 213
>= 0.011 14 5 193 179 207
CELy 0.892
< 0.011 14 4 192 174 210
>= 0.042 13 4 202 194 211
CEL 0.566
< 0.042 15 5 185 166 205
>= 0.030 14 5 194 180 208
q CELo 0.984
< 0.030 14 4 192 173 210
>= 0.034 14 3 203 195 211
CELy 0.124
< 0.034 14 6 182 162 203
>= 0.006 14 4 199 189 210
CEL 0.360
< 0.006 14 5 186 166 206
>= 0.014 14 6 190 176 205
RA CELo 0.421
< 0.014 14 3 196 179 213
>= 0.009 14 5 193 179 207
CELy 0.892
< 0.009 14 4 192 174 210
>= 0.068 14 3 196 179 214
CEL 0.228
< 0.068 14 6 190 175 204
>= 0.094 14 5 190 171 208
A CELo 0.701
< 0.094 14 4 196 183 210
>= 0.005 14 3 197 180 214
CELy 0.336
< 0.005 14 6 189 174 204
>= 0.045 14 4 190 171 210
CEL 0.915
< 0.045 14 5 195 184 207
>= 0.070 14 5 185 164 205
AR CELo 0.446
< 0.070 14 4 200 191 209
>= 0.032 14 3 197 180 214
CELy 0.228
< 0.032 14 6 189 174 204
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>=  -0.129 14 3 196 181 210
CEL 0.459
< -0.129 14 6 189 171 207
>=  -0.127 14 4 196 182 210
Ry CELo 0.571
< -0127 14 5 188 170 207
>=  -0.130 14 3 197 184 211
CELy 0.318
< -0130 14 6 188 170 207
>=  0.005 14 6 190 174 205
CEL 0.463
< 0.005 14 3 196 179 213
>=  -0.005 14 7 188 172 203
Krans CELo 0.162
< -0.005 14 2 198 181 215
>=  -0.004 14 6 193 179 207
CELy 0.577
< -0.004 14 3 192 174 211
>=  0.037 14 9 * * *
CEL 0.002
< 0.037 14 0 * * *
>=  0.018 14 8 177 158 197
Ve CELo 0.009
< 0018 14 1 209 208 211
>=  0.021 14 7 184 164 203
CELy 0.096
< 0021 14 2 202 192 212
>=  -0.002 14 5 197 184 210
CEL 0.967
< -0.002 14 4 189 170 208
>=  -0.003 14 5 194 182 206
Vb CELo 0.653
< -0.003 14 4 191 172 211
>=  -0.005 14 6 194 180 207
CELy 0.503
< -0.005 14 3 193 174 211
>=  -0.330 14 6 195 185 206
CEL 0.367
< -0.330 14 3 190 170 211
>=  -0.054 14 6 193 181 205
rCBVevr CELo 0.235
< -0.025 14 3 192 172 211
>=  -0.383 14 6 194 182 206
CELy 0.320
< -0.383 14 3 192 172 211
>=  -0.212 14 6 196 186 206
CEL 0.434
< 0212 14 3 190 169 211
>=  -0.087 14 6 194 183 206
rCBVaox CELo 0.382
< -0.087 14 3 193 173 212
>=  -0.186 14 7 192 180 204
CELy 0.122
< -0.186 14 2 195 176 214
>=  0.037 14 1 201 185 218
CEL 0.026
< 0037 14 8 186 171 201
>=  -0.272 14 2 198 181 215
Kz CELo 0.121
< 0272 14 7 188 172 203
>=  0.032 14 2 198 181 215
CELy 0.121
< 0.032 14 7 188 172 203
>=  -3.29ml 14 7 187 172 202
Volume CEL 0.109
< -3.29ml 14 2 201 184 217

*Confidence interval could not determined due to the correct prediction of PFS
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Table 64 - Results of the 210 day progression-free Kaplan-Meier survival analysis. The difference in
standard deviation values from the CEL VOI for each parameter were dichotomised according to
the median difference. Logrank tests were used to test for significance at p<0.05.

Estimat 95% Confidence Interval
Param. \/e]] Median Difference N Events stimate Sig.
(Days) Lower Upper
Bound Bound
>= -0.006 14 2 204 196 212
CEL 0.027
< -0.006 14 7 181 161 201
>= 0.025 14 5 192 174 210
ADC CELo 0.638
< 0.025 14 4 193 179 208
>= -0.008 14 4 192 173 211
CELy 0.612
< -0.008 14 5 193 180 206
>= 0.004 14 4 199 189 210
CEL 0.257
< 0.004 14 5 185 166 205
>= 0.004 14 5 193 179 208
FA CELo 0.943
< 0.004 14 4 192 173 210
>= -0.002 14 5 194 179 208
CELy 0.912
< -0.002 14 4 191 173 210
>= 0.012 14 5 195 184 207
CEL 0.773
< 0.012 14 4 191 171 210
>= 0.012 14 5 194 180 208
q CELo 0.614
< 0.012 14 4 190 172 208
>= 0.003 14 4 199 189 210
CELy 0.377
< 0.003 14 5 186 166 206
>= 0.002 14 4 199 189 210
CEL 0.257
< 0.002 14 5 185 166 205
>=  0.005 14 5 193 179 208
RA CELo 0.943
< 0.005 14 4 192 173 210
>= -0.002 14 4 196 182 210
CELy 0.430
< -0.002 14 5 188 169 206
>= -0.017 14 3 204 197 211
CEL 0.046
< -0.017 14 6 180 160 201
>= 0.017 14 6 190 172 208
A CELo 0.339
< 0.017 14 3 196 182 210
>= 0.010 14 3 198 186 211
CELy 0.527
< 0.010 14 6 187 168 205
>= 0.003 14 2 204 196 212
CEL 0.027
< 0.003 14 7 181 161 201
>= 0.018 14 3 201 190 211
AR CELo 0.310
< 0.018 14 6 184 165 204
>= -0.017 14 3 200 188 212
CELy 0.183
< -0.017 14 6 184 165 203
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>=  -0.028 14 206 199 213
CEL 0.019
< 0028 14 181 161 200
>=  -0.017 14 194 175 213
Ry CELo 0.724
< 0017 14 191 177 204
>=  -0.001 14 197 185 209
CEL; 0.537
< -0.001 14 187 168 207
>=  -0.001 14 188 168 207
CEL 0.684
< -0.001 14 198 187 209
>=  -0.002 14 188 173 204
Krans CELo 0.393
< -0.002 14 197 181 214
>=  -0.008 13 192 177 207
CEL; 0.847
< -0.008 15 193 176 210
>=  0.006 14 179 159 199
CEL 0.036
< 0.006 14 206 202 211
>=  0.008 14 179 159 199
Ve CELo 0.015
< 0.008 14 207 201 212
>=  -0.004 14 186 166 207
CELy 0.964
< -0.004 14 197 187 207
>=  -0.001 14 194 181 207
CEL 0.584
< -0.001 14 192 173 211
>=  -0.002 14 189 174 204
Vb CELo 0.317
< -0.002 14 197 180 214
>=  -0.005 14 194 180 207
CEL 0.468
< -0.005 14 193 174 211
>=  -0.134 14 193 181 204
CEL 0.190
< 0134 14 195 176 214
>=  -0.035 14 193 181 205
rCBVevr CELo 0.235
< -0.035 14 192 172 211
>=  -0.227 14 196 184 207
CELy 0.564
< 0227 14 191 172 211
>=  -0.218 14 185 170 200
CEL 0.052
< -0218 14 200 184 217
>=  -0.055 14 195 183 206
rCBVgox CELo 0.486
< -0.055 14 193 173 212
>=  -0.198 14 195 183 207
CELs 0.865
< -0.198 14 191 171 210
>=  0.082 14 177 158 196
CEL 0.005
< 0082 14 209 208 210
>= 0121 14 189 175 204
Kz CELo 0.191
< 0121 14 197 180 215
>=  -0.042 14 179 159 198
CELy 0.009
< -0.042 14 207 201 212
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10.5 Kaplan-Meier survival analysis using Time Points 3

Table 65 - Results of the 210 day progression-free Kaplan-Meier survival analysis. Mean values from
the TUM VOI for each parameter were dichotomised according to the median value. Logrank tests

were used to test for significance at p<0.05.

95% Confidence Interval
. Estimate (Days) .
Vol Med N Event: Sig.
Param. edian vents (Days) Lower Upper 8
Bound Bound
>= 1.171 16 6 181 163 200
TUM 0.103
< 1.171 17 4 201 191 212
>= 1.076 16 7 184 166 202
ADC TUMo 0.086
< 1.076 17 3 201 191 212
>= 1.487 16 4 200 191 209
TUM; 0.648
< 1.487 17 6 185 167 204
>= 0.205 16 5 193 176 210
TUM 0.855
< 0.205 17 5 192 178 206
>= 0.147 16 7 182 163 201
FA TUMo 0.091
< 0.147 17 3 203 195 212
>= 0.288 16 6 185 166 204
TUM; 0.308
< 0.288 17 4 200 190 210
>= 0.317 16 7 185 166 204
TUM 0.169
< 0.317 17 3 200 190 210
>= 0.254 16 8 183 165 202
q TUM, 0.070
< 0.254 17 2 202 193 212
>= 0.455 16 7 185 166 203
TUM; 0.122
< 0.455 17 3 200 190 211
>= 0.174 16 5 193 176 210
TUM 0.855
< 0.174 17 5 192 178 206
>= 0.127 16 6 185 166 204
RA TUM, 0.383
< 0.127 17 4 200 190 210
>=  0.258 16 6 186 167 205
TUM; 0.332
< 0.258 17 4 199 188 210
>= 1.403 16 7 182 164 200
TUM 0.042
< 1.403 17 3 202 191 212
>= 1.304 16 7 181 162 201
A TUM,o 0.068
< 1.304 17 3 204 196 211
>= 1.769 16 4 196 180 211
TUM: 0.634
< 1.769 17 6 190 175 205
>= 1.058 16 6 183 164 201
TUM 0.186
< 1.058 17 4 201 191 212
>= 0.948 16 6 189 173 205
AR TUM,o 0.344
< 0.948 17 4 196 182 210
>= 1.486 16 5 199 190 208
TUM; 0.854
< 1.486 17 5 186 167 205
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>= 0767 16 202 192 212
TUM 0.158
< 0767 17 184 166 202
>=  0.698 16 186 191 212
Ry TUMo 0.244
< 0698 17 199 167 203
>=  0.912 16 201 190 211
TUM; 0.608
< 0912 17 185 167 203
>=  0.050 16 178 159 197
TUM 0.002
< 0.050 17 207 200 213
>=  0.028 16 179 160 198
Krans TUMo 0.024
< 0028 17 207 204 211
>=  0.090 16 177 158 197
TUM; 0.005
< 0.090 17 208 203 212
>=  0.116 16 178 159 197
TUM 0.002
< 0116 17 207 200 213
>=  0.041 16 178 159 197
Ve TUMo 0.013
< 0041 17 206 200 213
>=  0.223 16 179 160 198
TUM; 0.006
< 0223 17 207 200 213
>=  0.029 16 189 174 204
TUM 0.276
< 0.029 17 197 182 212
>=  0.018 16 186 170 201
Vb TUMo 0.053
< 0018 17 201 187 215
>=  0.054 16 186 170 201
TUM; 0.053
< 0054 17 201 187 215
>= 1464 16 186 171 202
TUM 0.139
< 1464 17 200 187 214
>=  0.884 16 190 175 205
rCBVevr TUMo 0.585
< 0884 17 196 180 211
>= 2,639 16 190 175 205
TUM; 0.446
< 2639 17 196 181 212
>= 1461 16 186 171 202
TUM 0.139
< 1461 17 200 187 214
>=  0.901 16 190 175 205
rCBVeox TUMo 0.669
< 0901 17 196 180 211
>= 2510 16 186 171 202
TUM; 0.139
< 2510 17 200 187 214
>=  -0.715 16 208 203 212
TUM 0.011
< 0715 17 180 162 198
>=  -1.590 16 202 191 213
Kz TUMo 0.061
< -1.590 17 185 168 202
>=  -0.387 16 196 183 209
TUM; 0.604
< -0.387 17 190 172 207
>= 9941 16 186 168 204
Volume TUmM 0.177
< 9941 17 199 188 211
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Table 66 - Results of the 210 day progression-free Kaplan-Meier survival analysis. Standard
deviations from the TUM VOI of each parameter were dichotomised according to the median

value. Logrank tests were used to test for significance at p<0.05

Estimate 95% Confidence Interval
Param. VoI Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 0.338 16 4 195 181 208
TUM 0.673
< 0.338 17 6 191 174 207
>= 0.193 16 7 184 166 201
ADC TUM, 0.066
< 0.193 17 3 201 190 212
>= 0.439 16 5 197 184 209
TUM; 0.860
< 0.439 17 5 189 172 206
>= 0.108 16 6 191 173 208
TUM 0.553
< 0.108 17 4 194 181 208
>= 0.053 16 7 183 164 202
FA TUMo 0.154
< 0.053 17 3 203 194 212
>= 0.116 16 7 185 167 204
TUM; 0.136
< 0.116 17 3 199 188 210
>= 0.143 16 5 192 175 210
TUM 0.784
< 0.143 17 5 193 180 206
>= 0.091 16 7 185 166 204
q TUM, 0.169
< 0.091 17 3 200 190 210
>= 0.163 16 6 188 169 207
TUM, 0.601
< 0.163 17 4 196 185 208
>= 0.098 16 6 191 173 208
TUM 0.553
< 0.098 17 4 194 181 208
>=  0.046 16 6 187 168 205
RA TUM, 0.580
< 0.046 17 4 198 187 209
>= 0.115 16 7 186 168 205
TUM, 0.214
< 0.115 17 3 198 187 210
>= 0355 16 5 194 181 208
TUM 0.989
< 0.355 17 5 190 173 207
>= 0229 16 6 187 169 205
A TUMo 0.382
< 0.229 17 4 198 186 210
>= 0.429 16 4 197 184 210
TUM; 0.666
< 0.429 17 6 189 172 206
>= 0.340 16 4 195 181 208
TUum 0.673
< 0.340 17 6 191 174 207
>= 0.198 16 7 189 173 205
AR TUM,o 0.132
< 0.198 17 3 196 182 211
>= 0.430 16 5 198 187 209
TUM, 0.894
< 0.430 17 5 188 170 206
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>=  0.196 16 185 167 204
TUm 0.132
< 019 17 199 188 211
>= 0125 16 198 182 214
Ry TUMo 0.120
< 0125 17 187 173 202
>=  0.209 16 187 169 205
TUM; 0.447
< 0209 17 199 187 211
>=  0.041 16 183 168 198
TUum 0.005
< 0041 17 203 189 216
>= 0013 16 179 160 198
Krans TUMo 0.024
< 0013 17 207 204 211
>=  0.049 16 185 169 201
TUM; 0.060
< 0049 17 200 186 214
>= 0122 16 178 159 197
TUm 0.002
< 0122 17 207 200 213
>=  0.024 16 185 170 201
Ve TUMo 0.076
< 0024 17 199 185 214
>= 0139 16 183 164 203
TUM; 0.120
< 0139 17 202 193 210
>= 0023 16 189 173 204
TUm 0.211
< 0023 17 197 182 212
>=  0.006 16 186 170 201
Vb TUMo 0.053
< 0.006 17 201 187 215
>=  0.030 16 186 171 202
TUM; 0.139
< 0030 17 200 187 214
>=  1.063 16 186 170 201
TUM 0.095
< 1063 17 201 187 214
>=  0.504 16 186 170 201
rCBVevr TUMo 0.095
< 0504 17 201 187 214
>= 1320 16 186 171 202
TUM; 0.139
< 1320 17 200 187 214
>=  1.004 16 184 169 199
TUum 0.024
< 1.004 17 202 189 216
>=  0.497 16 186 170 201
rCBVaox TUMo 0.095
< 0497 17 201 187 214
>=  1.293 16 186 171 202
TUM; 0.139
< 1293 17 200 187 214
>=  0.834 16 182 164 199
UM 0.007
< 0834 17 205 195 215
>= 1110 16 181 163 199
Kz TUMo 0.017
< 1110 17 204 195 214
>= 0272 16 184 164 203
TUM; 0.155
< 0272 17 201 192 210
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Table 67 - Results of the 210 day progression-free Kaplan-Meier survival analysis. Mean values from
the CEL VOI for each parameter were dichotomised according to the median value. Logrank tests

were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. VoI Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 1.255 14 4 196 183 209
CEL 0.850
< 1.255 14 5 189 170 208
>= 1.075 14 5 187 168 206
ADC CELo 0.528
< 1.075 14 4 197 184 210
>= 1.431 14 3 201 191 211
CELy 0.341
< 1.431 14 6 185 165 204
>= 0.147 14 6 192 178 206
CEL 0.336
< 0.147 14 3 193 175 211
>= 0.113 14 5 192 178 207
FA CELo 0.706
< 0.113 14 4 192 174 210
>= 0.234 14 5 192 178 207
CELy 0.706
< 0.234 14 4 192 174 210
>= 0.244 14 7 186 171 200
CEL 0.053
< 0.244 14 2 201 185 217
>= 0.191 14 7 187 172 202
q CELo 0.109
< 0.191 14 2 201 184 217
>= 0.337 14 5 193 179 207
CELy 0.864
< 0.337 14 4 193 175 211
>= 0.124 14 6 192 178 206
CEL 0.336
< 0.124 14 3 193 175 211
>= 0.099 14 5 192 178 207
RA CELo 0.706
< 0.099 14 4 192 174 210
>= 0.208 14 5 192 178 207
CELy 0.706
< 0.208 14 4 192 174 210
>= 1.396 14 4 196 183 209
CEL 0.850
< 1.396 14 5 189 170 208
>= 1.276 14 7 181 161 201
A CELo 0.070
< 1.276 14 2 205 198 213
>= 1.600 14 4 196 182 210
CELy 0.599
< 1.600 14 5 189 171 208
>= 1.162 14 3 197 183 210
CEL 0.473
< 1.162 14 6 189 170 208
>= 0.994 14 5 188 169 207
AR CELo 0.791
< 0.994 14 4 196 183 210
>= 1.420 14 2 202 192 212
CELy 0.086
< 1.420 14 7 184 164 203

*Confidence interval could not determined due to the correct prediction of PFS
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>= 0727 14 201 190 212
CEL 0.218
< 0727 14 185 165 204
>=  0.603 14 202 191 212
Ry CELo 0.242
< 0603 14 184 164 204
>=  0.824 14 201 190 211
CELy 0.363
< 0824 14 185 165 204
>=  0.080 14 187 172 201
CEL 0.036
< 0080 14 201 185 218
>=  0.047 14 180 160 199
Krans CELo 0.011
< 0047 14 207 202 212
>=  0.116 14 179 159 199
CELy 0.015
< 0116 14 207 201 212
>= 0215 14 * * *
CEL 0.004
< 0215 14 * * *
>= 0119 14 180 161 200
Ve CELo 0.021
< 0119 14 207 201 212
>=  0.355 14 179 159 199
CELy 0.015
< 0355 14 207 201 212
>=  0.032 14 189 174 204
CEL 0.224
< 0032 14 197 180 214
>=  0.017 14 188 174 203
Vb CELo 0.096
< 0017 14 198 182 215
>=  0.054 14 188 174 203
CELy 0.096
< 0054 14 198 182 215
>= 1330 14 189 174 203
CEL 0.185
< 1330 14 199 182 215
>= 0376 14 190 172 207
rCBVeve CELo 0.505
< 0376 14 196 182 211
>= 2427 14 199 188 209
CELy 0.683
< 2427 14 187 167 208
>= 1343 14 180 161 200
CEL 0.031
< 1343 14 207 203 211
>= 0735 14 185 165 204
rCBVgox CELo 0.266
< 0735 14 202 191 212
>= 2424 14 185 165 204
CELy 0.266
< 2424 14 202 191 212
>=  -1.177 14 207 202 211
CEL 0.060
< -1177 14 180 161 200
>=  -2.169 14 203 195 211
K2 CELo 0.205
< -2.169 14 183 163 203
>=  -0.535 14 202 194 211
CELy 0.319
< -0.535 14 183 163 203
>= 1254 14 183 164 203
Volume CEL 0.116
< 1254 14 203 194 212
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Table 68 - Results of the 210 day progression-free Kaplan-Meier survival analysis. Standard
deviations from the CEL VOI of each parameter were dichotomised according to the median value.
Logrank tests were used to test for significance at p<0.05.

Estimate 95% Confidence Interval
Param. \'Lel} Median N Events (Days) Lower Upper Sig.
Bound Bound
>= 0.386 14 3 198 187 210
CEL 0.350
< 0.386 14 6 187 167 206
>= 0.180 14 3 197 184 210
ADC CELo 0.452
< 0.180 14 6 188 168 207
>= 0.406 14 4 198 188 209
CELy 0.493
< 0.406 14 5 187 167 207
>= 0.086 14 4 203 196 210
CEL 0.263
< 0.086 14 5 181 160 202
>= 0.038 14 6 190 175 204
FA CELo 0.294
< 0.038 14 3 196 179 214
>= 0.099 14 6 192 178 207
CELy 0.469
< 0.099 14 3 193 175 211
>= 0.112 13 8 178 158 198
CEL 0.004
< 0.112 15 1 206 199 213
>= 0.058 14 7 189 175 204
q CELo 0.110
< 0.058 14 2 197 179 215
>= 0.110 14 8 181 161 200
CELy 0.008
< 0.110 14 1 206 198 214
>= 0.078 14 4 203 196 210
CEL 0.263
< 0.078 14 5 181 160 202
>= 0.035 14 6 190 175 204
RA CELo 0.294
< 0.035 14 3 196 179 214
>= 0.095 14 6 192 178 206
CELy 0.336
< 0.095 14 3 193 175 211
>= 0.410 14 3 198 187 210
CEL 0.350
< 0.410 14 6 187 167 206
>= 0.194 14 3 198 187 210
A CELo 0.350
< 0.194 14 6 187 167 206
>= 0.409 14 4 198 185 210
CELy 0.471
< 0.409 14 5 188 169 207
>= 0.392 14 3 198 187 210
CEL 0.350
< 0.392 14 6 187 167 206
>= 0.194 14 3 197 184 210
Ar CELo 0.452
< 0.194 14 6 188 168 207
>= 0.392 14 4 198 188 209
CELy 0.493
< 0.392 14 5 187 167 207
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>=  0.166 14 197 185 209
CEL 0.998
< 0.166 14 188 168 208
>=  0.082 14 201 191 211
R: CELo 0.198
< 0082 14 182 163 201
>= 0182 14 191 177 206
CEL, 0.431
< 0182 14 194 176 212
>=  0.045 14 189 174 203
CEL 0.153
< 0045 14 198 181 215
>=  0.021 14 179 159 198
Krans CELo 0.007
< 0021 14 207 202 212
>=  0.047 14 189 174 203
CEL, 0.153
< 0047 14 198 181 215
>= 0130 14 181 161 200
CEL 0.075
< 0130 14 206 201 211
>=  0.063 14 179 159 199
Ve CELo 0.015
< 0063 14 207 201 212
>= 0125 14 190 172 208
CELy 0.539
< 0125 14 195 180 210
>=  0.023 14 189 174 203
CEL 0.153
< 0023 14 198 181 215
>=  0.005 14 188 174 203
Vb CELo 0.096
< 0.005 14 198 182 215
>=  0.026 14 189 174 203
CEL, 0.137
< 0.026 14 198 182 215
>= 1353 14 191 177 206
CEL 0.276
< 1353 14 195 178 212
>= 0297 14 190 172 207
rCBVeve CELo 0.505
< 0297 14 196 182 211
>= 1357 14 191 177 206
CELy 0.276
< 1357 14 195 178 212
>= 1108 14 180 160 199
CEL 0.011
< 1108 14 207 202 212
>= 0416 14 193 179 207
rCBVaox CELo 0.883
< 0416 14 193 174 211
>= 1154 14 189 174 203
CEL, 0.137
< 1154 14 198 182 215
>=  1.205 14 183 163 203
CEL 0.205
< 1205 14 203 195 211
>= 1315 14 182 162 203
Kz CELo 0.124
< 1315 14 203 195 211
>= 0442 14 184 164 204
CEL, 0.282
< 0442 14 202 193 211
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10.6 Low Grade Glioma Monitoring

This section briefly demonstrates benefits of automated planning to measure low grade glioma
growth and potential transformation. Unfortunately clinical practice changed shortly after the study
started, which saw most suspected low grade gliomas proceed to surgery rather than wait for signs
of radiological progression. Previously 6 month glioma growth has been shown to be a useful clinical
indicator of glioma transformation (151). Thick image slices in conjunction with differences in
prescription angulation can lead to measurement error, potentially resulting in small changes being

missed or underestimated.

In this glioma study Ready Brain (75), an automated planning tool was utilised for repeatable oblique
planning of the FLAIR imaging. To demonstrate the benefits of repeatable planning, and the
potential of improved sensitivity to small changes, the T, abnormality observed using FLAIR imaging
of a suspected low grade glioma imaged 7 times as part of the glioma study was contoured using an

Otsu algorithm (187) and converted into volume.

Given the patient was not on steroids, any change in size was likely to be pathological rather than
pharmacological. The same slice from the 7 different scans can be seen in (Figure 135) with the day
0 imaging subtracted from the most recent imaging to show differences. No retrospective
registration was used in this section. The volume of T, abnormality was then plotted against the

number of days from the first study scan (Figure 138).

From examination of the serial imaging, it appears automated slice positioning tools such as Ready
Brain can successfully be used to monitor slow growing lesions such as low grade gliomas and
meningiomas. The subtracted imaging shows good agreement between the two imaging sets
despite being acquired 2 years apart. The plot of T, abnormality volume versus time, shows an

increasing linear trend which is to be expected in a low grade glioma.

360



Figure 135 - Suspected low grade glioma imaged 7 times as part of the glioma study. Figure shows
one slice of the FLAIR dataset planned using Ready Brain at 4 month intervals. Between any two
subsequent scans, changes in the size of the abnormality could be missed, however serial volumetric
measurement confirmed the lesions is growing slowly, especially when comparing the first and last
scans where the difference in size is greatest.

The contoured VOIs depicted in Figure 136 show a more detailed view of the change in size of the
T, abnormality over time, with the medial and anterior aspects of the lesions appearing to grow
more rapidly than the lateral and posterior edges which abut grey matter rather than white matter.
The distances between 3 anatomical landmarks were measured in the RL and AP directions (Figure

137). No differences in distance were observed between scans.
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Figure 136 - T, abnormality contoured on the day of study recruitment (left), and a scan 700 days
later (right) showing the original VOI (red) and the contoured T, abnormality at 700 days (yellow)
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Figure 137 - The distances between 3 anatomical landmarks was measured in the RL (28.5mm) and
AP (34.9mm) directions. No differences in distance were observed between scans over 700 days.
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Figure 138 - Plot showing the size of T, abnormality measured from FLAIR imaging for a single
patient with a suspected low grade glioma versus the number of days since study recruitment.
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11 Abbreviations used in this Thesis

1H — Proton

2-HG - 2-Hydroxygluterate

AC — Anterior Commisure

ADC — Apparent Diffusion Coefficient
ASL — Arterial Spin Labelling

ASSET - Array Spatial Sensitivity Encoding
Technique

b - b Factor

BAT — Bolus Arrival Time

BET — Brain Extraction Tool
CBF — Cerebral Blood Flow
CBV — Cerebral Blood Volume

CEL — Contrast Enhancing component of the
lesion

CHESS — Chemical Shift Selective Suppression
Pulses

CHO / PCH/ GCP — Choline

COV - Coefficient of Variation

CR / CRE / PCR — Creatine

DCE - Dynamic Contrast Enhancement
DOF — Degrees of Freedom

DSC - Dynamic Susceptibility Contrast
DTI — Diffusion Tensor Imaging

DWI - Diffusion Weighted Imaging
ECC — Eddy Current Correct

EES — Extravascular Extracellular Space
EPI — Echo Planar Imaging

FA — Fractional Anisotropy

FDR — False Discovery Rate

FFT — Fast Fourier Transform

FID — Free Induction Decay

FLAIR — Fluid Attenuated Inversion Recovery
FSE — Fast Spin Echo

FSPGR — Fast Spoiled Gradient Recalled Echo
GE/GRE - Gradient Echo

GBM - Glioblastoma Multiforme

GMM — Gaussian Mixture Model

HGG - High Grade Glioma

HOS — High Order Shim

IVIM — Intravoxel Incoherent Motion

K> — Leakage Rate

K™ns — Volume Transfer Coefficient
LCModel - Linear Combination Model

LGG - Low Grade Glioma

MDT — Multi-Disciplinary Team

ml — Myo-inositol

MR — Magnetic Resonance

MRS — Magnetic Resonance Spectroscopy

MRSI — Magnetic Resonance Spectroscopic
Imaging

NAA - N-Acetylaspartate

NEC — Necrotic Region

NEL — Non-enhancing component of the lesion
NEX — Number of Experiments

PC — Posterior Commisure

PD - Proton Density
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PFS — Progression-Free Survival

PK — Pharmacokinetic

PPM — Parts Per Million

PRESS — Point Resolved Spectroscopy

g — Anisotropic Component of Diffusion

R: - Spin-lattice relaxation rate

R - Spin-spin relaxation rate

RA — Relative Anisotropy

rCBV — Relative Cerebral Blood Volume

RF — Radio frequency Pulse

ROI — Region of Interest

SAGE - Spectral Analysis by General Electric
SE - Spin Echo

SNR —Signal to Noise Ratio

STEAM — Stimulated Echo Acquisition Mode

SVS —Single Voxel Spectroscopy

SWAN — T, Star Weighted Angiography

T1 - Spin — lattice relaxation time
T, - Spin — spin relaxation time
TE — Echo Time

TM — Mixing Time

TR — Relaxation Time

TUM — Tumour Abnormality

vy — Blood Volume Fraction

Ve — Interstitial ~ Volume
(Extravascular Extracellular Space)

VOI — Volume of Interest
WHO — World Health Organisation
AL — Longitudinal Diffusivity

Ar — Radial Diffusivity

Fraction
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