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Abstract
The aim of the work described in this thesis wasineestigate the value of
conventional, perfusion- and diffusion-weighted metic resonance imaging (MRI)
in patients with histology-proven low-grade gliom{&&G), and the potential role of
these methods in the management of patients wesetbrain tumours.
Thirty-six patients were studied at the National spital for Neurology and
Neurosurgery using conventional, perfusion-weighaed diffusion-weighted MRI
at study entry and 6 monthly intervals thereafftr.each visit, tumour volume,
maximum rCBV and ADC histogram measures were caftedl This is a unique
cohort, as patients were treatment free until malng transformation was diagnosed,
which translates the natural history of these bramours. It is unlikely to find such
a specific cohort as most of the patients recawatinent after the initial diagnosis
of low grade gliomas.
Chapters 1 and 2 of this thesis describe the thieatdasis of the MRI techniques
used, and summarise the natural history and imagspegcts of cerebral gliomas.
Chapter 3 describes a methodological study relating tumour perfusion
measurement: since the inclusion or exclusion dfaiomoural vessels may
influence the quantification of relative cerebréddd volume (rCBV), a study was
conducted to choose the best ROI placement tecarigbe used for the rCBV
measurements included in this thesis. It was shthah only the approach which
excluded intratumoural vessels demonstrated afgignt association between rCBV
values and tumour subtypes (astrocytomas, oligadghdmas and
oligoastrocytomas) and therefore this technique used in all subsequent rCBV

measurements.



In chapter 4, it was investigated whether rCBV isiseful outcome predictor in
patients with low-grade gliomas. We found that B& susceptibility-weighted MR
perfusion imaging not only allows differentiatiorettveen histological tumour
subtypes but also between two different outcomeggoMore importantly, rCBV at
study entry can be used to predict time to trams&ion in these patients.

To complement these studies we assessed the ofilit@BV in predicting clinical
response in 2 patient groups with low-grade gliomtudied at two separate
institutions. The results presented in chapterdggested that glioma rCBV correlates
with time to progression or death, independentlyinsititution, despite different
approaches to patient management at the two sites.

Finally, in chapter 6 we analyzed which quantitMRI measure (tumour volume,
rCBV and ADC) was the best predictor of outcomalf&, progressive disease or
death). We found that tumour volume at study erdty6 and at 12 months, and its
short-term changes were stronger predictors ofoongcin patients with low-grade
glioma than, and independent of, rCBV, diffusioatbgram parameters, age, gender,
histology and treatment. Moreover tumour growtls wee best predictor of time to
transformation and tumour volume was the only imselent predictor of time to
death. Since this parameter can readily be obtainedny MRI centre and be
guantifiedwith an automated method, it may become a usehgmmstic factor in

clinical practice.



Acknowledgements

| would like to thank my supervisors Dr. Rolf JagBrof. Tarek Yousry and Dr.
John Thornton for giving me the opportunity to déistPhD, for carefully reading
my thesis, and for their encouragement.

A special thanks to Dr. Olga Ciccarelli, for hewvatuable advice, support and
guidance, without which | would not have been ablevrite and finish my thesis,
and for being such good and supportive friend.

A warm thank you to Dr. Zhaleh Khaleeli, Dr. BengdeBodini and Dr. Tom
Jenkins, who gave me much appreciated support amtbeper knowledge in
neurology, and for the lessons in English and dtalculture, and especially tea
making.

Thanks to Mr. Chris Benton for scanning the pasieartd Dr. Daniel Altman for his
much needed statistical advice.

I would like to thank the patients, without whomsthhesis would not have been
possible. | truly appreciate their commitment afidrein helping the scientific field.
A big “obrigado” and love to all my family in Brdziand in London, for their
support, especially to my mother who inspired mpursue a career in academia and
to my father who inspired me to be a doctor.

Most of all | would like to thank my dear husbaralPfor his unconditional support,
for learning everything about brain gliomas, rCBADC and statistics, and for his
encouragement and listening skills. Finally, a mgvithank you to my sweet baby

daughter Beatriz for allowing me the time to finisly thesis.



Publications associated with this thesis

Brasil Caseiras G Thornton JS, Yousry T, Benton C, Rees J, Wald&dD., et al.
Inclusion or exclusion of intratumoural vesselsealative cerebral blood volume
characterization in low-grade gliomas: does it mak#fferenceAmerican Journal

of Neuroradiology 2008.

Caseiras GB, Chheang SBabb J, Rees J, Pecerrelli N, Tozer D, Benton @z@g
D, Johnson G, Waldman AD, Jager HR, Law R&lative Cerebral Blood Volume
Measurements of Low-Grade Gliomas Predicts Pat@otcome in a Multi-

institution SettingEuropean Journal of Radiology 2008.

Gisele Brasil Caseiras Olga Ciccarelli, Daniel R Altmann, Christopher ridan,
Daniel J Tozer, Paul S Tofts, Tarek Yousdgremy Reesidam D Waldman, and
Hans Rolf Jager. Tumour growth and volume predietigmt outcome in
conservatively treated low-grade gliomas betten tARC and rCBV measurements.

Submitted tdRadiology.

Jager HRCaseiras GB Rich PM. Grainger and Allison's Diagnostic Radp},

Chapter 56. 2007; 2: 1271-1294.

Danchaivijitr N, Waldman AD, Tozer DJ, Benton (Hasil Caseiras G Tofts PS,
et al. Low-grade gliomas: do changes in rCBV meamants at longitudinal
perfusion weighted MR imaging predict malignanhgf@rmation? Radiology 2008;

247:170-8.



Table of Contents

Declaration
Abstract
Acknowledgements

Publications associated with this thesis

Table of Contents
List of figures
List of tables

Abbreviations

Chapter 1. An introduction of the principles of MRI, diffusion-weighted
and perfusion-weighted imaging
1.1 Principles of MRI
1.1.1 Physics of MRI
1.1.2 Relaxation Process
1.1.2.1 T1 Relaxation
1.1.2.2 T2 Relaxation
1.1.3 MRI Pulse Sequences
1.1.3.1 Spin Echo Pulse Sequence
1.1.3.2 Gradient Recalled Echo Pulse Sequences
1.1.3.3 FLAIR (Fluid attenuated inversion recgye
1.1.3.4 Diffusion-weighted imaging

1.1.3.5 Perfusion-weighted imaging

Page

12
16

18

20

21
21
27
27
29
31
31
35
35
38

41



1.2. Conclusion

Chapter 2.  An introduction to brain gliomas and clnical
applications of magnetic resonance imaging
2.1. Brain Gliomas
2.1.1 Astrocytomas
2.1.1.1 Pilocytic astrocytomas (WHO grade )
2.1.1.2 Diffuse astrocytomas (WHO grade II)
2.1.1.3 Anaplastic astrocytomas (WHO grade IlI)
2.1.1.4. Glioblastoma multiformes (WHO grade V)
2.1.2 Oligodendrogliomas
2.1.2.1 Oligodendrogliomas (WHO grade II)
2.1.2.2 Anaplastic oligodendrogliomas
(WHO grade llI)
2.1.3 Oligoastrocytomas
2.1.3.1 Oligoastrocytomas (WHO grade II)
2.1.3.2 Anaplastic oligoastrocytomas

(WHO grade l11)

2.2 The use of advanced MR techniques in brain tumo
2.2.1 Diffusion-weighted imaging
2.2.2 Diffusion Tensor Imaging
2.2.3 Perfusion-weighted imaging
2.2.4 MR Spectroscopy

2.25PET

49

50

51

52

53

54

56

58

61

61

63

66

66

68

70

70

73

74

76

1



2.2.6 Functional MRI

2.3 Physiology-based MR imaging in the differenti@gnosis
and grading of glial tumours
2.3.1 Distinguishing between astrocytomas and
oligodendrogliomas
2.3.2 Distinguishing between low-grade and higldgra
gliomas

2.4 Controversies in the management of gliomas

2.5 Conclusion

Chapter 3. Methodological Study: Implication of irtratumoural
vessels in glioma perfusion imaging

3.1 Introduction

3.2 Technique and Results

3.3 Discussion

3.4 Conclusion

Chapter 4. Relative cerebral blood volume measurenmés predict
malignant transformation in patients with low-grade gliomas
4.1 Introduction
4.2 Methods
4.2.1 Patients
4.2.2 MRI protocol
4.2.3 MRI analysis
4.2.4 Statistical analysis

4.3 Results

78

78

78

79

80

83

84

85

86

89

92

93

94

95

95

96

97

99

101



4.4 Discussion 116

4.5 Conclusion 120

Chapter 5. Relative cerebral blood volume measuremés predict 121

malignant transformation in patients with low-grade gliomas, in a

two-institution setting.

5.1 Introduction 122
5.2 Methods 123
5.2.1. Patients 123
5.2.2 MRI protocol 124
5.2.3 MRI analysis 125
5.2.4 Statistical analysis 126
5.3 Results 128
5.4 Discussion 136
5.5 Conclusion 140
Chapter 6. Tumour volume and tumour growth predictoutcome in 141

patients with brain gliomas better than rCBV and ADC

6.1 Introduction 142
6.2 Methods 144
6.2.1 Patients 144
6.2.2 MRI Protocol 144
6.2.3 MRI Analysis 145

10



6.2.4 Statistical analysis 150

6.3 Results 152

6.4 Discussion 170

6.5 Conclusion 176
Conclusions 177
Future directions 179
References 181

11



List of Figures

Chapter 1

Figure 1.1.A collection of spinning protons with and without a
externally applied magnetic field.

Figure 1.2. A magnetic moment precessing around B

Figure 1.3.The effect of RF radiation on the net magnetizatio
Figure 1.4.Magnetization after a 90 degrees RF pulse.

Figure 1.5.Time taken for the magnetization to recover to 63%
of its equilibrium value.

Figure 1.6.Time taken for the transverse magnetization t@dro

to 37% of its initial size.

Figure 1.7.Formation of a spin echo.

Figure 1.8.Dephasing of the magnetization vector by T2* and
rephasing by a 180 degree pulse to form a spin.echo

Figure 1.9.Decay of signal with time in a spin echo sequence
Figure 1.10.Formation of FLAIR

Figure 1.11.Inversion recovery time is chosen so that thef0Se is
applied at the null point of fluid.

Figure 1.12.Basic pulsed gradient spin echo (PGSE) sequemce fo
diffusion-weighted imaging.

Figure 1.13.T2*-weighted image before the injection of a boddfis
gadolinium, T2* weighted with drop of signal intélystime graph

showing the arrival of the fist pass of the boltigadolinium and

12

Page

22

23

25

26

28

30

32

33

33

36

37

39

48



rCBV map.

Chapter 2

Figure 2.1.WHO grade Il astrocytoma.
Figure 2.2.WHO grade Il astrocytoma.
Figure 2.3.Glioblastoma multiforme.

Figure 2.4.WHO grade |l oligodendroglioma.
Figure 2.5.0ligodendroglioma: CT and MRI
Figure 2.6.WHO grade Il oligoastrocytoma.
Figure 2.7.WHO grade Il oligoastrocytoma.

Figure 2.8.Diffusion-weighted image and ADC map.

Chapter 3

Figure 3.1.T2*-weighted image during maximum arterial signal

intensity drop and rCBV map demonstrating methodad 2 for

calculation of rCBYV values.

Chapter 4

Figure 4.1.T2*-weighted image and rCBV map showing calculation
of rCBV.

Figure 4.2.Kaplan-Meier survival curve for time to transformoat

within groups with low and high rCBV.

13

55

57

60

63

65

67

69

72

87

98

114



Chapter 5

Figure 5.1.FLAIR, T2*-weighted image, contrast-enhanced
T1-weighted image and rCBV map on a stable patight a
initial rCBV of 1.24.

Figure 5.2.FLAIR, T2*-weighted image, contrast-enhanced
T1-weighted image and rCBV map on a stable patidht a
initial rCBV of 1.61.

Figure 5.3.FLAIR, T2*-weighted image, contrast-enhanced
T1-weighted image and rCBV map on a patient thesgmted

an adverse event.

Figure 5.4.Kaplan-Meier survival curves for time to progressi

within groups with low and high at both institutsn

Chapter 6

Figure 6.1.Semi automatic contour on Displmage for acquisitio
of tumour volume.

Figure 6.2.T2* -weighted image, T2*-weighted image during th
maximum arterial and venous contrast concentratiah rCBV
map demonstrating the position of a ROIs.

Figure 6.3. Acquisition of ADC histogram.

Figure 6.4.Graph showing association between tumour volume
at study entry (ml) and outcome categories.

Figure 6.5. Graph showing comparison of time to progression

14

131

132

134

135

146

147

149

158

167



between groups with small and large tumour growititisin 6
months.
Figure 6.6. Graph showing comparison of survival between 169

groups with small and large tumour volumes at sertyy.

15



List of Tables

Chapter 3

Table 3.1.rCBVmax obtained using methods 1 and 2

Table 3.2.rCBVmax for low- and high-grade gliomas

reported in previous DSC-MR perfusion studies.

Chapter 4

Table 4.1.Demographic data and rCBV values at study entry,

6 months and 12 months and its changes within 6l@andonths.

Table 4.2.Mean, median, standard deviation and range of rCBV

at each time point and of rCBV changes in 6 anchd@ths.
Table 4.3.Mean, median, standard deviation, and rangeC&V
values for patients with pathologically proved Ignade gliomas
in each histological category.

Table 4.4.Mean, median, standard deviation, and range &WrC
values for patients with pathologically proved Ignade gliomas
in each clinical-radiological category.

Table 4.5.0dds ratio, standard deviation, confidence inteana
p values of predictors of time to transformatioeath time point.
All tumour subtypes included

Table 4.6.0dds ratio, standard deviation, confidence inteawa

p values of predictors of time to transformationgatients

16

Page

88

90

103

104

106

107

111

111



with low-grade astrocytomas.
Table 4.7.0dds ratio, standard deviation, confidence interva
and p values of the predictors of time to transttion for

patients with low-grade oligodendrogliomas and adisfrocytomas

Chapter 5

Table 5.1.Mean and median relative CBVs for patients with
pathologically proven low-grade glioma in each iclah response

category.

Chapter 6

Table 6.1.Demographic data and MRI parameters at study entry
for all patients.

Table 6.2.Mean, standard deviation, median and range

values of tumour volume, maximum rCBV and ADC"8@ntile,

at each time point and of tumour growth within tingt 6 months.
Table 6.3.Mean, standard deviation, median and range valies o
ADC parameters, at each time point.

Table 6.4.Results from the ordinal logistic regression shawin
the ability of tumour volume in predicting patishbutcome at
each time point.

Table 6.5.Predictors of time to transformation

Table 6.6.Predictors of time to death

17

112

129

154

156

157

160

163

165



1H

BO

ADC

AC

Cl

CT

D

DSC-MRI

DWI

EORTC

FLAIR

FSE

GE-EPI

GBM

GRE

HGG

ION

LGG

M

MRI

MTT

NEX

NYUMC

NMR

Abbreviations
hydrogen nuclei
external magnetic field
apparent diffusion coefficient
astrocytoma
confidence interval
computed tomography
self diffusion constant of the tissue
dynamic susceptibility contrast MRI
diffusion-weighting imaging
European organization for research andnirexat of cancer
fluid-attenuated inversion recovery
fast spin echo
gradient-echo echo-planar imaging
glioblastoma multiforme
gradient recalled echo
high-grade glioma
Institute of Neurology
low-grade glioma
magnetization
magnetic resonance imaging
mean transient time
number of excitations
New York University Medical Centre

nuclear magnetic resonance

18



RF

OA

oD

PET

PGSE

rCBF

rCBvV

ROC

ROI

SD

SE

SE-EPI

SNR

SPGR

T1

TiW

T2

T2*

T2W

TE

TR

VEGF

WHO

radio frequency
oligoastrocytoma
oligodendroglioma

positron emisson tomography
pulse gradient spin echo
relative cerebral blood flow
relative cerebral blood volume
receiver operating characteristic
region of interest

standard deviation

spin echo

spin-echo echo-planar imaging
signal to noise ratio

spoiled gradient echo
longitudinal relaxation time

T1 weighted

transversal relaxation time

loss of phase due to inhomogeneity within itiegnetic field
T2 weighted

echo time

repetition time

vascular endothelial growth factor

World Health Organization

19



Chapter 1
An introduction of the principles of MRI, diffusieweighted and perfusion-weighted

imaging

20



1.1. Principles of magnetic resonance imaging (MRI)

1.1.1 Basic Physics of MRI

Nuclear magnetic resonance (NMR) provides a noasivwe means of constructing a
spatial representation human tissoevivo andrelies on the magnetic properties of
certain atomic nuclei. Nuclei with an odd numberpodftons and neutrons possess
the property of spin and, since atomic nuclei deetacally charged, their spinning
motion produces a magnetic moment in the direabbthe spin axis. The strength
of the magnetic moment is a property of the typaudleus: since hydrogen nuclei
(*H) possess the strongest magnetic moment and esenirin high abundance in
biological material*H-imaging is the most widely used MRI procedure.

In the absence of an externally applied magnegld fithermal motion causes the
magnetic moments of individual nuclei to have randwrientations (Figure 1.1 (a)).
However, if an externally supplied magnetic field B imposed, the magnetic

moments have a tendency to align with the extdrela ( Figure 1.1 (b)).
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Figure 1.1: (a) A collection of spinning protons in the abseraf an externally
applied magnetic field. The magnetic moments harelom orientations. (b) An

external magnetic field Bis applied which causes the nuclei to align théwesein

one of two orientations with respect tg. B
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The spin axes are not exactly aligned with Biey precess aroundoBwvith a

characteristic angular frequency as shown in Figuze

Figure 1.2: A magnetic moment precessing around IB path describes the surface

of a cone.

The angular precession frequency depends on tkagsir of the magnetic field
according to the Larmor equation:

w =7vBo

wherey is the gyromagnetic ratio of the nucleus;i8the external magnetic field
given in Tesla andis the precessional, or Larmor, frequency in nasliper second.
The equation shows that the precession frequencseases linearly with the

magnetic field strength.
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In order to detect a signal frontd nuclei, radio frequency (RF) energy must be
applied in the form of a magnetic field {)Botating at the Larmor frequency. This
causes M to rotate away from its equilibrium orédinin parallel to Btowards thex-

y plane.

The angle through which M has rotated away fromztaxis is known as the flip
angle: the flip angle is proportional to the striéngnd duration of B A 180 pulse
rotates M into an orientation anti-parallel te. B the B, field is applied indefinitely,

M tilts away from the z-axis, through the x-y plaogvards the negative z direction,
and finally back towards the x-y plane and z-awbdre the process begins again)

(McRobbie et al., 2005). Figure 1.3.
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Figure 1.3: Top: the effect of RF radiation on the net magrton M is to produce
a component of M, M, orthogonal to B M is tilted from its original longitudinal
z-axis orientation, parallel to the direction oé thxternal magnetic fieldgBinto the
transverse x-y plane. Bottom: an illustration gb tingle, which is the angle through

which M has rotated away from the z-axis. FiguteraMike Puddephat 2005.
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Figure 1.4 (a) shows the situation after a RF pidsapplied that causes the net
magnetization vector M to flip by 90 degrees. Mslia the x-y plane and continues
to precess about the) Birection. M will induce an electromotive forceo(tage) in a
receiver coil. This is the principle of NMR sigrdgtection. It is from this received
RF signal that an MR image can be constructed.r€igui(b) shows a graph of the
voltage or signal induced in a receiver coil verse®. Such a graph, or waveform,
is termed the free induction decay (FID). The magle of the generated signal
depends on the number of nuclei contributing to dpoe the transverse

magnetization and on the NMR relaxation times.

A
v-1 plane e I
o o : 1f||
3 0.5+ | f|-1"|.
2 J.i |‘ | f|l[| I I
E 0.0 ||!'I|!I|! i|!i|n| !1 I.Irl fhﬂ‘lﬂuri.lilunuﬂunl-m -
= Il HH “' Time
Receiver [° 5 0.5l ,ululul
Coil 2 Jiul
-1.0
(a) (b)

Figure 1.4: (a) After a 90 degree RF pulse, M lies in the plane and rotates about
the z-axis. The component of M in the x-y planeayscover time. An alternating
current, producing the voltage signal shown in Feg{b), is induced in the receiver

coil. Figure after Mike Puddephat 2005.
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1.1.2 Relaxation Processes

The return of M to its equilibrium state (i.e. alegl parallel to B following an RF
pulse is known as relaxation, which is influencgdhree processes: the longitudinal
T1 relaxation, transverse T2 relaxation and sigieday caused by magnetic field
inhomogeneities. T1 relaxation (also known as é$pitice relaxation) is the
realignment of spins (and so of M) with the extémagnetic field B (z-axis). T2
relaxation (also known as T2 decay, transversexaitan or spin-spin relaxation)

governs the irreversible decrease of the x-y corapbaf M.

1.1.2.1 T1 relaxation

Following termination of an RF pulse, nuclei wilisgipate their excess energy as
heat to the surrounding environment (or lattice)l aavert to their equilibrium
orientations. Realignment of the nuclei along, Birough a process known as
recovery, leads to a gradual increase in the lodgial magnetization. The time
taken for the nuclei to relax back to the equilinmi state depends on the rate that

excess energy is dissipated to the lattice. Figuse
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Figure 1.5: T1 is the time taken for the Mnagnetization to recover to 63% of its

equilibrium value following a 90pulse. M represents the component of the net

magnetization parallel to the main magnet fieyd B
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1.1.2.2 T2 relaxation

While nuclei dissipate their excess energy to #igck following an RF pulse, the
magnetic moments also interact with each othericgus decrease in transverse
magnetization. Each nucleus is influenced by thetflating magnet fields produced
by its neighbours, causing transient changes in_tienor frequency resulting in a
loss of phase coherence. The resulting decrealyifwhich does not involve the
emission of energy) is generally considered to exponential decay with time
constant T2: T2 is the time it takes for the traamse magnetization to decay to 37%
of its original magnitude in the absence of magnééld inhomogeneities. Figure

1.6.

It is virtually impossible to construct an NMR magrwith perfectly uniform g
Much additional hardware is supplied with NMR mands to assist in producing a
homogenous Bfield. However, it is inevitable that an NMR samplill experience
different By's across its body so that nuclei within the sanibiat exhibit spin) will
exhibit different precessional frequencies (acewydio the Larmor equation).
Immediately following a 90 pulse, all regions within the sample will havg.M
coherent. However, as time goes on, phase diffeeeacross the sample will evolve
due to nuclei precessing at different frequenciBisese phase differences will
increase with time and the vector addition of thesé of phase moments will

progressively reduce .

Therefore in addition to decay governed by the if2etconstant, there is an
additional contribution to the decay of the,Mrom magnetic field inhomogeneities,
and the overall signal decay is described by a tiorestant T2* which characterizes

dephasing due to bothy Bihomogeneity and transverse relaxation.
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Figure 1.6 T2 is the time taken for the transverse magnetinat drop to 37% of its

initial size in the absence of magnetic field inloganeities.

Field gradients and spatial localisation

In MR, a field gradient is a linear variation iy Broduced by pulsing current in
special gradient coils, which can produce fielddggats in 3 orthogonal directions
corresponding to the x, y and z axes. Since thenbarfrequency is linearly
dependent on & the application of field gradients causes then@rfrequency to be

dependent upon position: this is the basis of apdiscrimination in MRI.
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1.1.3 MRI Pulse Sequences

A pulse sequence is an appropriate combinationngf ar more RF pulses and
gradients with intervening periods of recovery. élse sequence is characterized by
several parameters, of which the main ones aré )& E, flip angle, the number of

excitations (NEX), bandwidth and acquisition matrix

1.1.3.1 Spin Echo Pulse Sequence

In order to obtain signal with a T2 dependenceerathan a T2* dependence, the
spin-echo (SE) pulse sequence is used which revetee effects of B
inhomogeneity on M,. The SE sequence is the most commonly used pedgeesce

in clinical imaging. It comprises 2 RF pulses - tB@ pulse that creates the
detectable magnetization and the 4p0Ise that refocuses it at TE. The selection of

TE and TR determines resulting image contrast.

The SE sequence is shown pictorially in Figuresahd 1.8. Figure 1.7 is a graph of
pulsed RF and received signal verses time, whder€i 1.8 is a phase diagram of the
magnetization vector M. After a ®@ulse, a signal is produced which decays with
T2* characteristics. This is illustrated by the toght ellipse in Figure 1.7 which
shows three spins at different phases due to tli#érent precessional frequencies.
The fastest spin is labelled f and the slowesttsinde TE/2, an 180pulse is applied

to the sample (see bottom left ellipse in Figu® Which causes the three spins to
be reflected about the x axis. After this, the oraiethe spins is reversed with the
fastest lagging behind the others. At time TE, shans become coherent again so

that a signal (known as the spin echo) is produced.
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If a further 180 pulse is applied at time TE/2 after the peak digifidahe first spin
echo, then a second spin echo signal will formrae tTE after the first spin echo.
The peak signal amplitude of each spin echo isaedldrom its previous peak
amplitude due to T2 dephasing which cannot be sexeby the 180pulses. Figure
1.9 shows how the signal from a spin echo sequéecays over time. A line drawn
through the peak amplitude of a large number af sphoes describes the T2 decay,

while individual spin echoes exhibit T2* decay.

Signal strength decays with time to varying degrdepending on the different
materials in the sample. Different organs haveedsfit T1s and T2s and hence

different rates of decay of signal.

1 80°
Q)"
|
RE -
Ry - T
- T -
A |'| f 1
signal T ."|I|' P
|LI,I ) N\ |LII |u'l i
spin echo

Figure 1.7: Formation of a spin echo at time TE after 8 @ise. Figure after Mike

Puddephat 2005.
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90° pulse dephasing

BRI

after 180" pulse rephased echo dephasing

Figure 1.8: Dephasing of the magnetization vector by T2* amghasing by an 180

pulse to form a spin echo. Figure after Mike Pudhdé¢[2005.

{

1“ spin echo 2™ spin echo 3" spin echo

Figure 1.9: Decay of signal with time in a spin echo sequeiegure after Mike

Puddephat 2005.
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Spin-echo sequences can produced both T1- or T@htexl contrast according to
the choice of TR and THhe repetition time (TR) is the time between 2 eausive
90° RF pulses and determines the amount of T1 relaxatccurring between them.
The longer the TR, the more the longitudinal maigaébn is recovered. For short
TRs (< 1s), tissues with short T1 have greateradigmensity than tissues with a
longer T1 at a given TR. A long TR allows more metgration to recover and thus
reduces the degree of T1l-weighting in the imagedraseh Thus a pulse sequence
with short TR and short TE produces a T1l-weightedge. Conversely, a long TE
and long TR will allow almost complete T1-relaxatidut allow considerable T2

signal decay, resulting in a T2-weighted image.

In short TR T1-weighted images, tissues that h&weetsI'1 relaxation times (such as
fat) present as bright signal. Tissues with longrélhxation times (such as cysts,
cerebrospinal fluid and oedema) show as dark si¢gmal2-weighted images, tissues

that have long T2 relaxation times (such as fluagg)ear bright.

In cerebral tissue, differences in T1 relaxationes between white and grey matter
permit the differentiation of these tissues on ligaVl-weighted images. Proton
density-weighted images also allow distinction difite and grey matter, with tissue
signal intensities mirroring those obtained on Téghted images. In general, T1-
weighted images provide excellent anatomic detdilile T2-weighted images are

often superior for detecting pathology.
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1.1.3.2 Gradient Recalled Echo Pulse Sequences
Gradient recalled echo (GRE) sequences, which igrafisantly faster than SE
sequences, differ from SE sequences in that tiseme .80 refocusing RF pulse. In
addition, the single RF pulse in a GRE sequencsuslly switched on for less time
than a 90 pulse, in order to obtain an adequate signal-ieen@tio (SNR) despite a
short TR used to reduced the total scan time. Ddipgrupon the TE and TR, the
GRE sequence produces T1- or T2*-weighted contittshe expense of the SNR
which drops due to incomplete relaxation and magrsetsceptibility variations. At
the interface of bone and tissue or air and tisthexe is an apparent loss of signal
that is heightened as TE is increased. Neverthel&R& sequences are widely used
for obtaining T1-weighted images for a large numdieslices or a volume of tissue
in order to keep scanning times to a minimum. GRgusnces are often used to
acquire T1l-weighted 3D volume data that can bermedtted to display image

sections in any plane.

1.1.3.3 FLAIR (Fluid attenuation inversion recovery
FLAIR uses a variation on the SE sequence calledetsion recovery”, which has
an extra 180° RF pulse separated by the invergicovery time (TI) before the 90°

pulse.

The action of the inversion RF pulse is to invbed starting magnetization, which
then returns to its equilibrium value gMaccording to T1 relaxation (Figure 1.10).
Tl is chosen so that when the 90° pulse is appliezte is no longitudinal

magnetization to be flipped into the x-y plane fribguid (Figure 1.11).
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Figure 1.10: (a) Initially the nuclear spins arg¢d along z and (b) a 180° pulse
inverts the magnetization. Note that no transvenagnetization is produced at this
stage (c,d) T1 relaxation occurs and at the chasesrsion time Tl a 90° pulse is

applied to generate the MR signal.
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Figure 1.11: Tl is chosen so that the 90° pulsgied at the null point of fluid.

Thus fluid signals are suppressed in FLAIR imagimganing that in brain imaging,

CSF appears dark, and does not produce a strongl slgat may contaminate that

from adjacent parenchyma.
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1.1.3.4 Diffusion-weighted imaging
Diffusion phenomena are the consequence of a nuopis random molecular
motion, known as Brownian motion. Due to molecukermal energy, each particle
in a fluid is constantly moving and is occasionatyuck by other molecules. With
every hit, a particle changes direction randomtyttsat, over time, its path can be
described as a random walk. In free water, molecditusion is isotropic, i.e.
independent of direction. In biological tissues #itiation is different because
diffusing molecules may be reflected, or have thewobility interrupted, by the
interactions with the cell membranes and otheragdlular and extracellular
structures. Therefore, water diffusion becomes aarapic, meaning that the
molecular motion is restricted or hindered by dalstructures in a geometrically-
dependent manner.
The most common method for producing diffusion-vaéggl contrast is the pulse
gradient spin echo (PGSE) method. It consists @°a- 180° pair of RF pulses (i.e.
an SE sequqgnce) with large and equal field graslipidced on either side of the
180° pulse (Figure 1.12).
The first 90° pulse excites the sample, whilst seeond 180° pulse reverses the
phase of the spins and refocuses the magnetizdtiothe absence of motion or
diffusion of the water molecules, the dephasing thecurs after during the first
gradient pulse is exactly rephased after the 18@8epand the signal will be
unchanged. If, instead, there is a random motiath@fspins between dephasing and
rephasing, then the refocusing of the spins ismmdete and there is a loss in the
transverse magnetization and a reduction in theasigmplitude (Schaefer et al.,
2000). The extent of this attenuation depends prhd diffusion properties of the

tissue and 2) the magnetic field and the time duwhich the diffusion process takes
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place. As a result, where there is free water m@rgnfor example, cerebral spinal
fluid or in areas of vasogenic oedema, there isop ah signal. Where there are
regions of water trapping, for example within swallcells in areas of cytotoxic
oedema, there is an increase in signal. In sumnsryctures with fast (high)

diffusion are dark, because they are subject tatgresignal attenuation, whereas

structures with slow (low) diffusion are bright (Béhan et al., 1992).

RF

GM

GS

GP

Figure 1.12: Basic pulsed gradient spin echo (PGS&fuence for diffusion-
weighted imaging (DWI). Diffusion-weighting gradisrof strengtliGpi¢, durationo,
and spacing\ are applied during each TE/2 period. The diffusmmghted echo is
sampled at the time=TE when the spin echo is formed. The diffusioermtiation is
only dependent on the paramet&is«, A, andd but does not depend an Large
gradient amplitudes are highly advantageous bedheseuse means that the TE can

be minimized reducing signal loss by T2 decay. féqfter Mike Puddephat 2005.
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Since the signal change with DWI is also dependenthe underlying T2-weighted
signal, it is not possible to use DWI signal changdone to quantify diffusion
process. Instead the gradient of the signal intgieditained with different degree of
diffusion-weighting (b value) is plotted. This yiksl the diffusion coefficient, which
is a measure of all random motional processes asicliffusion and incoherent flow.
In practice what we measure in PGSE is not thevirater (unrestricted) diffusion
coefficient: since diffusion is frequently reduckyg microscopic tissue structures
which hinder the free motion of eater moleculessivo we usually refer to apparent
diffusion coefficient (ADC).

In areas of increased diffusion (vasogenic oedeh&g is an increase in ADC, and
DWI signal intensity is decreases. In areas ofrictetl water diffusion (e.g.
cytotoxic oedema) ADC decreases and DWI signahsitg increases. To reiterate: a
high value of D (the self diffusion constant of tiesue) or ADC implies rapid
motion and therefore low signal in DWI. The cormasging ADC map will be bright

(McRobbie et al., 2005).
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1.1.3.5 Perfusion-weighted imaging

Perfusion is a term that has different meanings different professionals.
Biotechnologists use it to mean the process of ikgepissues alive in a solution
containing all the vital nutrients. In cardiologyerfusion means the use of artificial
blood pumps to propel open-heart surgery patidhwsd through their body tissue,
replacing the function of the heart while the cacdsurgeon operates imaging,
perfusion is the process of nutritive delivery dkaal blood to a capillary bed in the
biological tissue (McRobbie et al., 2005).

There are three measures commonly used to qua@rfysion using MRI or other
imaging techniques: cerebral blood volume (CBV)gebeal blood flow (CBF) and
mean transit time (MTT). Often these terms areipeefwith “r’ (rCBV, rCBF and
rMTT), since it is difficult to quantify them absdély and it is usually preferable to
find a ratio between the ipsi- and contra-lateid¢s.

There has been much development in the study afdbllow in animals. Since the
late 1960s the use of plastic, radioactive micresgh was introduced for
measurement of regional organ perfusion (Rudolpth ldaymann, 1967). In 1968
Makowski et al.(Makowski et al.,, 1968) the microsph method was used
extensively to measure regional blood flow in latory animals. Small diameter
microspheres injected into the left atrium disttéothroughout the body and become
trapped in capillaries of target tissue based agioral blood flow patterns. The
quantity of microspheres lodged in the tissue dérest is proportional to the
reference blood flow sample and allows the calaabdf regional blood flow in
ml/g/min (Bartoli et al.,, 2008). Using this techné radioactive-labelled

microspheres have been used to determine relatoad dlow in both acute and
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chronic preparations. In acute experimentationsehenicrospheres may slightly
underestimate relative blood flow due to the ddfere in density between
radioactive-labelled microspheres and erythrocyttse et al., 1988). Fluorescent-
labelled microspheres are more useful for chromipeamentation, do not pose
health risks for investigators, and avoid the hdgdposal costs of radioactive tissues
and cadavers (Hale et al., 1988; Hoffmann et 8022.

In the neurological field, numerous imaging teclueis| have also been developed
and applied to evaluate brain hemodynamics. Then maiaging techniques
dedicated to brain hemodynamics are positron eamsgimography (PET), single
photon emission computed tomography (SPECT), dyoagperfusion computed
tomography (PCT), MRI dynamic susceptibility costrgDSC), MRI dynamic
contrast enhanced (DCE) and arterial spin labdWsl) (Wintermark et al., 2005).
All these techniques give similar information abbtdin hemodynamics in the form
of parameters such as cerebral blood flow (CBRyevebral blood volume (CBV).
They use different tracers diffusible or non difhle, endogenous or exogenous and
have different technical requirements.

Positron emission tomography is able to quantifyod! flow and different PET
tracers are available. Among them) labeled-water has the major advantage of
being freely diffusible and its short half-life {2.min) allows sequential
measurements with a low radiation dose for patiemtswever, it has the
disadvantage of a poor signal-to-noise ratio, wihnictders its use in clinical routine
(Merlet et al., 1993). It is mainly used to assagscardial blood flow (Sheikine and
Di Carli, 2008).

Single photon emission computed tomography (SPEGSihg technetium-99m

hexamethylpropylene amine oxini@{Tc-HMPAO) is a well-recognized method of
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detecting changes of cerebral perfusion (Lee e28D3). SPECT perfusion agents
such as [123I1]IMP, [99MTc]HMPAO, [99mTc]ECD haveebesuccessfully used to
detect various cerebrovascular diseases such akestParkinson disease,
Huntington's disease, epilepsy, dementia, and peych disorders (Saha et al.,
1994). Furthermore, a reduction in blood flow ie fharietal and temporal regions is
considered to be the definitive SPECT finding irzl#dimer disease (Nitrini et al.,
2000).

Dynamic CT perfusion imaging uses equipment alklain most radiology
departments to measure the first pass of a bolusdofated contrast medium. The
method has been used to study the hemodynamicsuite atroke and has been
validated in animal and human studies (Nabavi.etl8B9; Wintermark et al., 2001).
Perfusion CT provides an imaging correlate for tumeascularity that can be used
to discriminate benign and malignant lesions, iathdumour aggressiveness, reveal
occult tumour and improve the delineation of tunsoduring radiotherapy planning,
and can also be used as a functional assessmdnotolr response to therapy
(Miles, 2006). Perfusion CT is used for preopermtivading of gliomas with relative
CBV being the best parameter correlating with ghognades (Ellika et al., 2007). A
study showed good correlation between CT and MIERKF and MTT abnormalities
(Eastwood et al.,, 2003).However, dynamic CT perfusion studipeesently are
limited to either a 1-cm- or a 2-cm-thick sectafrtissue per acquisition, depending
on whether a single-sli€gT scanner or a multislice CT scanner is used.
Perfusion-weighted imaging (PWI) methods can beiddy into three main
categories depending on the type of imaging usedtdoire the data. First, dynamic
susceptibility contrast MRI (DSC-MRI) is a first @ technique that uses rapid

measurement of T2- or T2*-weighted signal changerahjection of a bolus of
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paramagnetic compound (i.e. gadolinium-based csintraaterial). This technique
will be described with more detail bellow. Secondiliynamic contrast enhanced
MRI (DCE-MRI) is based on the T1-weighted signakwcbe produced after an
interval of 5-10 minutes following injection of galchium-based contrast material.
Thirdly, arterial spin labeling (ASL) uses water adreely diffusible endogenous
tracer of the blood’s entry into the imaging volu(@enkinson et al., 2007). It tags
proton in the arterial blood supply with a magnélabel”, then images the required
slices with or without the labelling. When images then acquired from slices in the
brain, there will be a very small signal loss coneglawith unlabelled images. This is
because there is an inflow enhancement even ircdpélaries (McRobbie et al.,

2005). The label decays in only 4-5 seconds dudltarelaxation of the blood

protons, so EPI id used for the image acquisitidmere are several different ASL
techniques, differing mainly in the way they apfhe labelling and control pulses,
one of them is flow-sensitive alternating inversi@tovery (FAIR). In the FAIR

labelled images, an inversion pulse is appliedvéovwhole brain before a single-slice
EPI image is acquired. For the control experimbatihversion pulse is applied only
to the imaged slice. In the labelled image, invéfeotons in the arterial supply are
carried into the capillary bed of the imaged sbeel exchange with protons in the
tissues. It has been shown that the FAIR signal meyend on hemodynamic
parameters other than perfusion, the most importeuat being transit delays of
labelled spins to the observed tissue. (Schepeg.,e2004).Although a slower

technique with poor signal to noise ratio, it ismgetely non-invasive and can be
repeated as often as required without having tot Viai the excretion of the

gadolinium (McRobbie et al., 2005) (Tofts, 2004)thaugh recent developments at
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3T have improved results, ASL has been slow to geas a technique sufficiently
robust for clinical use.

Since DSC-MRI was the technique used in this thdkis method will now be
described in greater detail. DSC-MRI required dgprepeated multi-slice imaging
during the first pass of a gadolinium bolus: a woduof tissue, usually only a few
slices, is imaged repeatedly using an echo-planaging (EPI) sequence. After a
few images have been collected to establish anlilegum baseline, a bolus of
gadolinium is injected as rapidly as possible. Dgrthe first pass through the
intracranial circulation the high concentration gddolinium in the vasculature
causes a reduction of T2 and T2* in the surroundsgue, which is seen as a drop
in signal intensity on T2-weighted or T2*-weightedages (Figure 1.13 A, B and
C). This drop in signal is proportional to the centation of the contrast agent and
the tissue vascularity. The whole imaging sequeéakes no more than 2-3 minutes.
The signal intensity curve is used to determiner@®V, the relative cerebral blood
flow (rCBF), the time of arrival, the time to peakd the mean transient time (MTT)
of the contrast—agent (Chaskis et al., 2006). Tine to peak is not often used in
brain tumours since, unlike in infarcts, there lsare much of a delay in blood flow
within tumours (Price, 2007). In the evaluatiohintracranial mass lesions, CBV
appears to be thenost useful parameter (Cha et al.,, 2002) and this be
emphasized in this thesis.

The passage of gadolinium causes changes in bo#imd 2 2* so that both spin-echo
and gradient-echo echo-planar imaging sequencesgdproobust measurements of
CBV. Originally gradient-echo EPI sequences weredu®r DSC-MRI since they
are most sensitive to changes in T2*. When a pagaset& contrast agent such as

gadolinium passes through the cerebral vasculaemsysit induces differences in
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local magnetic susceptibility between vessels d&edsurrounding tissue. Although
the vascular space is a small fraction of the taisdue blood volume, this
compartmentalization of contrast agent causes tedgparamagnetism within the
intravascular spins as well as the surroundingsspithin a given voxel. Thus, both
intravascular and extravascular spins experienssdaction of T2* that leads to a
large transient signal loss of approximately 25%normal white matter with a
standard dose of contrast (0.1 mmol/kg of body igigT2-weighted spin-echo
images are less sensitive and require double an quadruple the contrast agent
dose to give substantial signal changes durindtihes passage. On the other hand,
gradient-echo sequences are more prone to magneteeptibility artefacts. Thus,
when imaging lesions near brain-bone-air interfemgsh as the temporal lobes or
posterior fossa where these artefacts are moreoprnmed, spin echo sequences may
be preferable. However, artefacts in gradient-ectames can be overcome to a large
extent by reducing the slice thickness (Cha, 2004).

There should be at least five images in the basedaction for analysis purposes:
since a bolus injection in the antecubital veinidgfly takes 8-10 seconds to reach
the brain, the injection should be started sooer dfte start of the imaging sequence.
It is useful to have a power injector as an infactiate of 3-5ml s-1 is necessary to
achieve a good bolus which may be difficult by haR&peated imaging of the
volume should continue for a total of 2-3min.

In the absence of recirculation and contrast leek@&®BV is proportional to the area
under the contrast concentration-time curve (Figuré3). The effects of the
recirculation can be reduced by manually choosimg lieginning and end of the
bolus. While the area under the corrected contcasicentration-time curve is

proportional to the CBV, this approach does noldyan absolute measurement. It is
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therefore necessary to express the measuremetiveeta a standard reference,
usually contralateral white matter. We refer te ths relative CBV (rCBV).

In order to determine absolute values of CBV and-@Bs necessary to deconvolve
the arterial input function (AIF) from the tissuesponse curve, in order to account
for variations in the bolus shape and timing. Hogrevthe unambiguous
determination of an appropriate AIF is challengitigg calculations may be sensitive
to the details of the analysis method, and the ssacg assumptions regarding the
relationship between contrast agent concentratoinsggnal intensity may be hard to
support in the atypical microvascular environmeihtmany tumours (Calamante et
al., 1999). For this reason absolute quantificabbthese haemodynamic measures
was not attempted in the present work. In thisihee will consider only the use of

rCBV acquired with DSC MRI.
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Figure 1.13: T2*-weighted image before the injectof a bolus of gadolinium, B)
T2* weighted with drop of signal intensity, durinige first pass of the gadolinium
bolus, C) signal-intensity/time graph showing theval of the first pass of the bolus
of gadolinium (closed arrow) and peak height (opeow). D) rCBV map of a right

frontal low-grade glioma.
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Analysis of DSC-imaging cerebral perfusion datafresquently performed at a
clinical workstation using proprietary software. $licsoftware produce pixel-by-
pixel maps of the required parameters and use cslmales for display (Figure 1.13

D).

1.2. Conclusion

This chapter has described the basic physics of MidIthe most relevant sequences
used within this thesis. Chapters 3, 4, 5 and 6ewntescribe the application of
conventional, perfusion- and diffusion-weighted MRaging in patients with
histology proven low-grade gliomas in order to pdevfurther insight into their role

in the management of patients with these brain tuso
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Chapter 2
An introduction to brain gliomas and clinical amaliions of magnetic resonance

imaging
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2.1 Brain Gliomas

The World Health Organization (WHO) classificatiqileihues et al., 1993;
Kleihues P, 2000; Louis et al., 2007) classifieaibrtumours in: neuroepithelial
tumours, cranial nerves tumours, meningial tumolysphoma and haemopoietic
tumours, germ cell tumours, tumours of the selégion and metastatic tumours.
The fourth edition of the World Health Organizatig@/HO) classification of
tumours of the central nervous system, publishe2v/, lists several new entities,
including angiocentric glioma, papillary glioneusdntumour, rosette-forming
glioneuronal tumour of the fourth ventricle, pagilt tumour of the pineal region,
pituicytoma and spindle cell oncocytoma of the adsmpophysis. However when
the work of this thesis was performed, WHO clasatfion of 2000 was used. In the
2000 edition the main contribution to brain gliomaas the recognition of the
emerging role of molecular diagnostic approachesinoour classification, as in the
distinct subtypes of glioblastoma and the alrealiyically useful 1p and 19q
markers for oligodendroglioma.

In this thesis the main attention will be givenglioomas, which are the commonest
neuroepithelial tumours. They can be divided imieé¢ types, depending on the cell
type they originate from: astrocytomas, oligodegtioonas and oligoastrocytomas
(Behin et al., 2003). These gliomas can be subed/id low (WHO grades | and II)
and high-grade tumours (WHO grades Il and IV),leefng their biological

behavior.
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Caution should be taken when interpreting the wodks for each subtype of
astrocytoma, oligodendroglioma and oligoastrocytosiace histologic sampling
error and inter- or intrapathologist variability utd result in tumour

misclassification.

The use of diffusion- and perfusion-weighted imaggihas been used widely in the
study of brain gliomas. Section 2.2 of this chaptal further consider this

technigue and its neuroimaging characteristics lvélbiscussed in detail.

2.1.1 Astrocytomas

Astrocytomas account for approximately 75% of giiahours. They can be divided
into four histological grades, according to the WHEI@ssification, ranging from the
benign pilocytic astrocytomas (Grade 1) to gliolbbesa multiforme (Grade V),
which is the most malignant astrocytic tumour. Ti@dence of the various types of
astrocytic tumours varies with age. In children,siof these are relatively benign
tumours (pilocytic or low-grade astrocytomas), irougg adults low-grade
astrocytomas predominate, whereas anaplastic ggirmas have a peak incidence
around 40 years and glioblastoma multiforme usuatiyurs after 40 years (Behin et

al., 2003).
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2.1.1.1 Pilocytic astrocytomas (WHO grade )
These are well-circumscribed, potentially reseadésions with a low proliferative
potential and a predilection for the posterior gos¥hey are primarily seen in
children and are rare in adults. Infratentorialogytic astrocytomas in adults are
frequently mistaken for haemangioblastomas, whiateha similar appearance and
represent the commonest primary intra-axial tunimlow the tentorium cerebelli in
adults (Jager et al., 2007).

Clinical Features

Seizures are uncommon, since the tumour does nallysnvolve the cerebral
cortex. These tumours produce focal neurologicéicitle such as macrocephaly,
headache, endocrinopathy or increased intracrgmedsure. Other focal deficits

could be present, depending on the location ofuheour.

Neuroimaging

Pilocytic astrocytomas are primarily a paediat@oplasm and rare in adults. They
are well circumscribed tumours and have a preddedbr the posterior fossa, optic
nerves and hypothalamus. Infratentorial pilocytstrecytomas in adults may be
mistaken for haemangioblastomas. On computed taapbgr(CT) they often appear
as a cystic lesion with an eccentric mural nodul strongly enhances after the
administration of contrast agent. On MRI, low-graalgtrocytomas are typically
hyperintense on T2-weighted images. They usuallyeha significant cystic
component and show enhancement which can be noolulang-like (Dixon et al.,

2007).
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2.1.1.2 Diffuse astrocytomas (WHO grade II)

Diffuse astrocytomas are infiltrating low-grade twums which occur typically in the
hemispheres of young adults, involving cortex ardtevmatter. However, focal,
grossly circumscribed lesions can also occur. Tiheye less well defined borders
than pilocytic astrocytomas and contrast enhancemersually absent. WHO grade
Il astrocytomas show a low mitotic activity but leas propensity to progress to a
higher histological grade. They represent 10 to 1&%all astrocytomas and the
median survival time is 10 years (Osborn, 1994).

Clinical Features

Seizures are a common manifestation of the tumOthrer abnormalities could be
present, such as speech difficulties, changes msasen, vision or some motor
changes as well. The focal deficit will depend ba tocation of the tumour. With
frontal lobe tumours, changes in behaviour or paabty may be the presenting
feature.

Neuroimaging

CT and MRI: These tumours appear as an iso- ordgmse mass on CT and could
show calcification in up to 20% of cases. MRI (apecifically a FLAIR sequence)
is better in defining the extent of the low-grademas, which are hyperintense on
FLAIR and T2-weighted images (Figure 2.1.) and Hgmintense on T1-weighted
images. The margins of many tumours are poorlyndatied. Cystic degeneration
may happen, but necrosis is usually absent. Had&ager is also unusual and the
surrounding oedema is generally kept to a minim@sbprn, 1994). Gadolinium
enhancement is not common in low-grade diffusenagtomas, but tends to appear
during tumour progression. Low-grade astrocytomawveh higher ADC than

oligodendrogliomas (Tozer et al., 2007).
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Figure 2.1. WHO grade Il astrocytoma. Axial T2W (&LAIR (B) images showing

a left frontal hyperintense mass lesion with wedfited borders and small cystic
areas. On the trace-weighted DWI (C) the tumounds very conspicuous as T2
effects and diffusion effects cancel each other Gutthe ADC map (D) the glioma

is easily identified as an area of increased diftys compared to normal brain

parenchyma.
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2.1.1.3 Anaplastic astrocytomas (WHO grade I11)

WHO grade Ill astrocytomas represent 33% of astooogs and they are usually
present in patients from 40 to 60 years old (Oshbd®94). They have an increased
mitotic activity and may arise from low-grade asgitmmas, but are also diagnosed
at first biopsy, without indication of a less malant precursor lesion. The prognosis
is poor, with a medium survival of 2 years (Osbadrfi94). These tumours have a
tendency for malignant progression to glioblastamatiforme.

Clinical Features

Symptoms are similar to those of patients withudi#f astrocytoma. Not infrequently
there are signs of a recurrent glioma, followingiah resection of a diffuse low-
grade astrocytoma. These signs could be increasngological deficits, seizures
and/or intracranial pressure.

Neuroimaging

The tumour can appear very heterogeneous, with dwabagic areas within the
tumour and show more extensive infiltration of gei-tumoural tissues than WHO
Grade 1l lesions (Wilms et al., 2005; Young and Kpo2006). This leads to a
mixed density and intensity on both CT and MRI (Fe& 2.2). These tumours
usually have moderate mass effect. Contrast enh@ardes usually observed and a
rapid tumour growth with development of oedema nead to mass shifts and
increased intracranial pressure (Figure 2.2). Aaetpl astrocytomas typically spread
through white matter tracts. In most cases, tumoells can be found in the
oedematous areas and beyond it as well (Earnatt 088; Watanabe et al., 1992).
These tumours can also spread along the ependyeptonieninges and the

cerebrospinal fluid (Grabb et al., 1992).
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Figure 2.2. WHO grade Il astrocytoma. Coronal TpW@sét-contrast image (A) of a
frontal irregularly enhancing mass with some cystceas, which appears
inhomogeneous on T2W images (B). The latter showilsg associated vasogenic
oedema at the posterior margin of the tumour. Thenmarked mass effect with
midline shift. The trace-weighted DWI (C) and ADC am (D) appear

inhomogeneous with cystic areas and more restrdit@gsion peripherally.
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2.1.1.4 Glioblastoma multiforme (WHO Grade V)
Glioblastoma multiformes (GBMs) show poorly diffateated, often highly
pleomorphic glial tumour cells with vascular preli&tion and necrosis.
Unfortunately it has the worst prognosis and isoalke commonest primary
intracranial neoplasm in adults (Nelson and Ch#&320 These rapidly growing,
highly mitotic tumours may arise from pre-existitgyver grade astrocytomas or
occur de novo (particularly in older patients) (Beét al., 2003).

Clinical Features

Unless the neoplasm has developed from a WHO gihdemour, the clinical
history is usually less than 3 months in more th@% of cases (Kleihues P, 2000).
Patients can present with seizures and non-spew@ficological symptoms, but the
most aggressive aspect is the rapid developmeantidased intracranial pressure.

Neuroimaging

This tumour may arise from pre-existing lower gradgocytomas or occur de novo
(primary), particularly in older patients (Behinat, 2003). Vasogenic oedema and
contrast enhancement are usually much more exgn#ilan in anaplastic
astrocytomas. These tumours have a mixed densityToand a mixed signal mass
in MRI.

Tumour necrosis is a hallmark of GBM and appearsMiRl as areas of non-
enhancing T1 hypointensity, frequently surroundgdalring-like zone of contrast
enhancement (Figure 2.3). Studies have showedthimatcontrast area does not
represent the outer tumour border, as infiltraghgma cells can be easily identified
within a 2cm margin (Burger and Bigner, 1988). Brdaament is usually strong and
very inhomogeneous. Intratumoural haemorrhageftdrdint ages contributes to the

heterogeneous MR appearance of GBM. Their usuatitot is the cerebral white
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matter, particularly the frontal and temporal labBasal ganglia involvement may
be present. GBMs have a rapid, infiltrative growatid tend to extend through the
corpus callosum into the contralateral hemisphereating the image of a bilateral
symmetrical lesion, known as “butterfly glioma”. gmall number of GBMs may
show evidence of subarachnoid seeding.

The presence of true multiple independent glionsasantroversial. Post-mortem
studies may not show a connection between appgrentltifocal gliomas, as the
infiltrating cells are often small and undiffereated. However, this type of tumours
can only be proven by molecular markers which wailbw a distinction between

tumours of common or independent origin (Kleihue2®D0).
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Figure 2.3. Glioblastoma multiforme. Axial T2W (Ahd FLAIR (B) images show a
large fronto-temporal glioma hyperintense on bahuences. It is predominately
solid with central necrotic area and ring-like cast enhancement seen on the T1W
post-gadolinium show central enhancement (C). tRel&€BV map (D) shows areas
of high perfusion corresponding to the enhancemegion. DWI (E) and ADC map
(F) show an area of increased diffusion in the otecrarea and restricted diffusion

around it.
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2.1.2 Oligodendrogliomas

The most recent World Health Organization (WHO)sslcation system divides
oligodendrogliomas into low-grade (Grade 1l) andhgrade (Grade lll, anaplastic)
tumours. These neoplasms account for up to 33% aflaltgliomas (Perry, 2001 )

and have a longer survival. Prayson et al showedvarall survival for

oligodendrogliomas of 5- and 10-year of 71% and 6B8%pectively (Prayson et al.,
2000). The majority of the tumours occur in adwith a peak incidence of thd"5

and 8" decade. They are diffusely infiltrating neoplaswisich are found almost
exclusively in the cerebral hemispheres, most contynm the frontal lobes, and
typically involving subcortical white matter andrtex. Both low- and high-grade
oligodendroglial tumours may contain regions ofr@ased vascular density with
finely branching capillaries that have a “chickeirei appearance (Jager et al.,

2007).
2.1.2.1. Oligodendrogliomas (WHO grade II)

They are typically located in the cerebral hemispbeand are well-differentiated,
diffusely infiltrating tumours. Although oligodemayliomas can arise in any cerebral
lobe, the frontal lobe is involved in 50-65% of {hetients (Kros et al., 1994).

Clinical Features

The most common signs are seizures and headadientBanay present with a long

pre-operative history of neurological sings and gtoms.
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Neuroimaging

Typically on CT scan, oligodendrogliomas appeardugnse or isodense (Margain
et al.,, 1991). On MRI the lesions appears well dgmarcated hypointensity in T1
and hyperintense in T2W images, usually locatetthéncortex and subcortical white
matter. Peritumoural oedema is usually mild or abseystic changes and tumour
haemorrhages may also be seen. Up to 90% of oligivdgliomas contain visible
calcification on CT, which can be central or pea@l. (Ricci, 1999) On MRI, areas
of calcification may be more difficult to appre@adue to the variable appearance of
calcification. Intratumoural calcification appeatgpically T2 hypo- and T1
hyperintense but intratumoural haemorrhage, whiattus uncommonly in
oligodendrogliomas, may have a similar appearanégontrast enhancement is
variable and often heterogeneous. In general WH&degrll tumours do not
infrequently exhibit some contrast enhancement edeer WHO grade |l
oligodendrogliomas may not enhance (White et &Q5). However many studies
have used contrast enhancement as a radiologic&emaf malignancy in gliomas
(Daumas-Duport et al., 1997; Mihara et al., 199%rdfini et al., 1997). Relative
CBV measurements derived from DSC MR imaging wegaifscantly higher in

low-grade oligodendrogliomas than in astrocyton@isa(et al., 2005) (Figure 2.4).
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Figure 2.4. WHO grade Il oligodendroglioma. Axi&W image (A) and colour

rCBV map (B) showing areas of increased rCBV (yelbind red areas) within the

inhomogeneous left frontal tumour.
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2.1.2.2 Anaplastic oligodendrogliomas (WHO grade 1)

These tumours are defined as an oligodendroglioittafacal or diffuse histological
features of malignancy and a less favourable preign@hey manifest preferentially
in adults in the 8 decade.

Clinical Features

The signs are similar to those of oligodendrogliemdowever some patients may
present with long standing signs suggesting a pistieg tumour of lower grade.

Neuroimaging

Due to the presence of necrosis and cystic degamerantratumoural calcification
and haemorrhages, these tumours may have heteoagepatterns. Cysts appear
hypointense in TIW and hyperintense in T2W imagekereas intratumoural
calcification (as well as some stages of haemoghapgpears typically T2 hypo- and
T1 hyperintense. The MRI appearances of these elsmme the same as for

oligodendrogliomas. Contrast enhancement on CTMRUis usual (Figure 2.5).
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Figure 2.5. Oligodendroglioma, grade Ill: T2W (ApdaFLAIR (B) show a large
right frontal tumour that involves the cortex. dtpredominantly solid with irregular
enhancement, seen on the T1W after the use ofasin(C) and cystic areas,
hyperintense on T2W and FLAIR and hypointense oWTACBV map (D) shows
areas of high perfusion on the periphery of thedurrand around the cystic areas.
DWI and ADC maps (E, F, respectively) demonstragas of increase diffusion

corresponding to the cysts and reduced diffusionrad it.
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2.1.3 Oligoastrocytomas

Oligoastrocytomas are heterogeneous tumours that haolecular features that
overlap with either oligodendrogliomas or astrooy&s. It has been reported that at
least half of the tumours that were originally siied as oligodendrogliomas would

have astrocytic cells in it (Ruseell and Rubisté®89; Russell and Rubistein, 1989).

2.1.3.1 Oligoastrocytomas (WHO grade II)
Specific data on oligoastrocytomas are rare arfacdif to interpret because of their
imprecise definition, especially on the proportmioligodendroglial and astrocytic
cell population required to make their diagnosisl &ecause in most trials, these
tumours were studied together with anaplastic diggmirogliomas or astrocytomas.
Their chemosensitivity seems similar to that foa@lastic oligodendrogliomas (Kim
et al., 1996).

Clinical Features

The symptoms and signs are similar to those destritor astrocytomas and
oligodendrogliomas, most commonly epileptic seigure

Neuroimaging

These tumours demonstrate no special featuresvthad allow a reliable distinction
from oligodendrogliomas. On MRI the lesions appeas hypointensity mass in T1
and hyperintense in T2W images, usually locatedth@ cerebral hemisphere.

Calcifications and contrast enhancement may beepteBigure 2.6.
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Figure 2.6. WHO grade Il oligoastrocytoma. Axial\WW2(A), FLAIR (B)

images showing a right parietal hyperintense mesi®h.T1W post contrast

(C) shows hypointense lesion without enhancement.
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2.1.3.2 Anaplastic oligoastrocytomas (WHO grade 1)

These tumours also have a mixture of two distinebphastic cell types that
morphologically resembles the tumour cells in aligodroglioma and astrocytoma.
In addition they have histological features of muadincy, such as increased
cellularity, nuclear atypia, pleomorphism and irmsed mitotic activity.

Clinical Features

In some cases, the clinical history of patientshwi¥HO grade Il may be long
before diagnosis, especially with the presenceeuses, suggesting a pre-existing
low-grade glioma.

Neuroimaging

On MRI the lesions appears as hypointense in T1W lyperintense in T2W
images, usually located in the cerebral hemispheseially these tumours show

contrast enhancement on CT and MRI. Figure 2.7.
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Figure 2.7. WHO grade Il oligoastrocytoma. Axia2W (A), FLAIR (B) images
showing a hyperintense mass lesion in the left teaiplobe. Sagittal (C) and

coronal T1W (D) shows hypointense lesion which eclea after the use of contrast

(D) .
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2.2 The use of advanced MR techniques in brain tunuos

In this section information will be given about thew techniques used to assess
brain tumours. Diffusion- and perfusion-weightedaging were used routinely in

this thesis so more details will be given to thiesdniques.

2.2.1 Diffusion-weighted imaging

One of the commonest applications of diffusion-vaéggl imaging (DWI) in the
assessment of tumours is in differentiating betwggres of cystic lesions. It is
particularly useful in distinguishing between epideids, where the thick content of
the cyst restricts the diffusion of water, and hramd cysts where diffusion is free
(Hakyemez et al., 2003). Similarly, the viscous teoh of abscesses can be
differentiated from cystic tumours (Lai et al., 200

Both the cellularity and matrix composition of tuanowill influence ADC values.
Studies have shown that tumours frequently havieenidDC values compared with
normal brain (Bulakbasi et al., 2003; Kono et 2001b). The regions with the
highest ADC values are within cysts or areas ofoms.

Sugahara et al. (Sugahara et al., 1999a) showeédumaur cellularity correlated
well with the minimum ADC value of the gliomas atidt diffusion-weighted MRI
with EPI is a useful technique for assessing timeotuwr cellularity and grading of
gliomas. It has been shown that there is an invesisgionship between cellularity
and ADC (Kono et al., 2001b; Sugahara et al., 1p9Sgnificant differences have
been reported between the ADC values of low- argh-grade gliomas. These
differences appear to be partly related to difeerences in cell density of these

tumours (Guo et al., 2002; Kono et al., 2001a; Sagaet al., 1999a). Additionally,
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a substantial portion of the tumour volume is mapef extracellular matrix. One of
the components of the extracellular matrix is a nmo@olecule called
glycosaminoglycan, which have been localized to tbenour cell-associated
extracellular matrix of astrocytic glial tumours wivo (Sadeghi et al., 2003). The
glycosaminoglycans are highly hydrophilic and tendattract sodium, whicls
osmotically active, causing the shift of large amsu of water. Therefore,
glycosaminoglycans are thought to influetice water content of the extracellular
matrix and thus the valugf ADC. In the same study (Sadeghi et al., 2003) the
author showed that the extracellular matrix in mlés likely contributes to
differences in the ADC values between high- and-¢wade glial tumours. In high-
grade tumours there is also vasogenic oedema peddiie to defects in the blood -
brain barrier, which causes an increase in the AD& a decrease in the DWI signal
(Figure 2.8).

Several studies have sought to characterize tursloitype and grade using ADC
values. Minimum tumour ADC has been shown to digtish histological tumour
grade (Kono et al., 2001a; Tozer et al.,, 2007).sTddvanced technique provides
further information which contributes towards thinical management of brain

gliomas.
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Figure 2.8: Diffusion weighted brain image (A) ahbC map (B) showing a right
lesion with well defined borders with increaseduifon causing hypointensity on

DWI and high signal on the ADC map in the basalgijan
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2.2.2 Diffusion Tensor Imaging (DTI)

Diffusion tensor imaging is a modification of DWAdt is sensitive to the preferential
diffusion of brain water along white matter tracenisotropic diffusion). This

technigue was not included in this thesis, sinaeai$ not available at our institution
at that time.

DTI can detect subtle changes in white-matter $racthe brain (Le Bihan, 2003). In
brain tumours, DTI can be used to differentiatenmadrwhite matter, oedematous
brain tissue, and enhancing tumour margins (Sirthal.22002), provide a useful
method of detecting occult white matter invasiongbgmas (Price et al., 2003) and
is also able to delineate the tumour margins agés (Price et al., 2006). Diffusion
anisotropy is reduced in cerebral lesions due éldlss of structural organisation
(Price et al., 2003). The measurement of fracti@masotropy allows prediction of
histological characteristics such as cellularitgsaularity, or fibre structure in
gliomas (Beppu et al., 2003). In addition, DTI ntaslp determine if the fibres are
displaced, infiltrated, or disrupted by the tumdWitwer et al., 2002). Such

knowledge could contribute to the selection of &algindications. Ideally, DTI can

be combined with functional neuroimaging methodsir(¢$s et al., 2001) to allow

mapping of individual anatomofunctional connectiviThis information would be

useful for surgical planning of patients with brgiroma.
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2.2.3 Perfusion-weighted imaging

In order to grow, tumours must develop networks vakcular supply. The
development of neoangiogenic networks is promotgdt interactiorof various
pro- and antiangiogenic tissue factors. One impoftector is vascular endothelial
growth factor (VEGF). Its expressias promoted by nutrient-deficient states, such
as tissueéhypoxia or hypoglycemia, that occur as tumour cellsapidly growing
pathologic tissues expand beyond the limits ofugifin of nutrientérom the native
capillaries (Shweiki et al., 1992). VEGF promotesvgh of newendothelial cells by
stimulating cell division (Provenzale et al., 20@6) has been demonstrated to be a
prognostic marker in gliomas (Abdulrauf et al.,, 89Glioma progression is
strongly dependent on the development of new vascoketwork that occurs
primarily by angiogenesis (Jouanneau, 2008). Howebhe newessels formed in
tumours are characteristically abnormal, havingdased tortuosity (Jain et al.,
2002), lack of maturity (as evidenckg decreased amounts of perivascular cells)
and increased permeabilityy macromolecules due to the presence of large
endothelial cell gaps (Hashizume et al., 2000). fEsailt is that the neovessels often
have both abnormdlow characteristics and abnormal permeability tbah be
exploitedas potential surrogate markers for the evaluatioturmour growth. Thus,
regions of high rCBV arthought to reflect areas of high capillary densithjch is a
reflectionof tumour aggressiveness.

The use of MR perfusion is ideally suited to neanzology where imaging studies
of angiogenesis and tumour vasculature furthemuaderstanding of tumour biology.

In gliomas, perfusion MRI has been used to charaeteVHO grade (Cha et al.,
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2005), tumour genotype (Jenkinson et al., 2006)eghiopsy (Cha et al., 2002) and
provide prognostic information (Law et al., 2006a).

Most studies in the literature have focused orrtie of perfusion MRI to determine

pathology grade in mixed gliomas or astrocytomaslu¥s of rCBV correlate well

with conventional angiographic assessment of tumwascular density and

histopathology measures of angiogenesis such a®wegsel density and vascular
endothelial growth factor expression, (Maia et d@D05; Sugahara et al., 1998)
which reflects the histopathological finding of ieasing neovascularization with
grade. Relative cerebral blood volume tends toeim®e with increasing tumour
grade (Law et al., 2003; Lev et al., 2004). Howelaw-grade oligodendrogliomas
can have significantly higher rCBV when comparedldw-grade astrocytomas,
reflecting the increased vascularity and “chickeineivvessels seen on histology
(Cha et al., 2005). In studies of mixed gliomag t&BV in oligodendrogliomas

may render perfusion MRI-based tumour grading éessirate (Lev et al., 2004; Xu
et al., 2005).

Caution should be taken with extravascular lealadggadolinium through defective

tumour vessels as it can influence rCBV measuresndriie choice of the cut-off
points in the analysis of the time-signal-intengityrve is important to minimize

confounding effects of contrast leakage (Cha e2aD2).

Even though perfusion has been widely used in thdysof brain tumours, the

choice of inclusion or exclusion of intratumouradsgels is often not explicitly
stated. As this can have a confounding effect, digmificance of intratumoural

vessels upon rCBV measurements was investigatelabipter 3 of this thesis.
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2.2.4MR Spectroscopy

Proton MR Spectroscopy (MRS) analyses the biochemes a brain tumour and
provides semiquantitative information about majatabolites (Law, 2004; Vlieger
et al., 2004). A common pattern in brain tumoura decrease in N-AcetylAspartate
(NAA), a neuronspecific marker, and Creatine (Grjl an increase in choline (Cho),
Lactate (Lac), Lipids (L). The concentration of Gba reflection of the turnover of
cell membranes (due to accelerated synthesis astdudigon) and is more elevated
in regions with a high neoplastic activity. Lactdlieac) is the end product of
nonoxidative glycolysis and a marker of hypoxiatumour tissue. This is of
increasing interest as tumour hypoxia is now reteghas a major promoter of
tumour angiogenesis and invasion. Lac is probalsyoaated with viable but
hypoxic tissue, whereas mobile Lipids are thoughtdflect tissue necrosis with
breakdown of cell membranes.

The choice of echo time (TE) is a important techh@onsiderations for performing
MRS. It can be short (20 to 40ms), intermediate5(i8 144 ms) or long (270 to
288ms). MRS with a short TE has the advantage ohomstrating additional
metabolites which may improve tumour charactesatisuch as myo-Inositol,
glutamate/glutamine (GIx) and lipids, but is hangoeby baseline distortion and
artefactual NAA peaks. Intermediate echo times ravetter defined baseline and
guantification of NAA and Cho is more accurate agproducible. Long echo times
lead to a decrease of signal to noise.

MRS is presently a sensitive but not very speciiechnique. Single voxel
acquisition provides good quality spectra but isnerto sampling errors. Chemical
shift imaging is technically more demanding but@wva larger volume of tissue.

MRS was not used in the work of this thesis.

76



2.25PET

Imaging of brain tumours witffF-FDG was the first oncologapplication of PET
(Di Chiro et al., 1988; Patronas et al., 1982; Weh@l., 2002}°F-FDG is actively
transporteccross the BBB into the cell, where it is phosplated.*®F-FDGuptake
is generally high in high-grade tumours. The pratgicvalue of ®F-FDG uptake is
well established: High uptake @ previously known low-grade tumour establishes

the diagnosisf anaplastic transformation (De Witte et al., 1996

However, recent studies have demonstrated amind B&T tracers are more
sensitive thar®F-FDGin imaging recurrent tumours and in particular reent low-
gradetumours. They are also promising in differentiatb&ween recurretitimors

and treatment-induced changes (Chen, 2007).

Amino acid PET tracers are important for the imggnf brain tumours because of
the high uptaken tumour tissue and low uptake in normal brairsues and it is
generally increased in malignant transformatiorsgllsacher, 1972). The best-

studiedamino acid tracer i5C-methionine (Herholz et al., 1998).

One of the main application of PET in brain tumasrio differentiate radiation
necrosis and tumour re-growth (Langleben and Se220l0). In previously treated
patients®!F-FDG PET can be helpful in differentiating recutteamor from

radiation necrosis. Amino acid tracers are prongisinthat they are more sensitive
in imaging brain tumors. Amino acid tracers mayadis usefuin distinguishing
recurrent tumors from radiation necrogibhough further studies are needed (Chen,

2007).
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2.2.6 Functional MRI

Blood oxygen level-dependent (BOLD) imaging detettanges in regional cerebral
blood flow during various forms of brain activitifaradigms using motor tasks,
language and speech productions, and memory aee tabshow activation of
relevant cortical areas. The main use of fMRI iméwr imaging is the pre-operative
localization of eloquent cortical regions which nfewe been displaced, distorted or
compressed by the tumour (Vlieger et al., 2004)s Tdan improve the safety of
surgery and allow for a more radical resectiompadssible fMRI should be combined
with DTI in order to minimise intra-operative injuto white matter tracts connected
to eloquent cortical areas.

The use of fMRI was not included in this thesis.

2.3 Physiology-based MR imaging in the differentiadiagnosis and

grading of glial tumours

2.3.1 Distinguishing between astrocytomas and oligendrogliomas

As mentioned before, there is evidence that perfusiand diffusion-weighted
imaging can help to differentiate low-grade asttmcyfrom oligodendroglial
tumours. WHO grade Il oligodendrogliomas have isicgmntly higher rCBV than
WHO grade Il astrocytomas (Cha et al., 2005) whichcurs with the histological
findings of increased vascular density in oligodegtiomas. Measurement of the
ADC, using a whole tumour histogram analysis, appearomising for the
differentiation of astrocytomas from oligodendroghas. The latter have
significantly lower ADC values than astrocytomasflaecting a higher cellular

density and differences in tumour matrix compositidozer et al., 2006).
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2.3.2 Distinguishing between low-grade and high-gde gliomas

As already stated in this chapter several studmestigated the potential of
advanced MR imaging to distinguish between low- high-grade gliomas. Studies
have shown (Yang et al., 2002) that mean maxinfDBMW values correlated closely
with histological grades. A recent study of 160wary cerebral gliomas showed that
rCBV measurements significantly increased the $eitgi and positive predictive
value of conventional MR imaging in glioma gradifigw et al., 2003). Perfusion-
weighted imaging had a sensitivity of 95% and pesipredictive value of 87% for
distinguishing low-grade from high-grade gliomasewran rCBV threshold of 1.75
was used (Law et al., 2003).

The role of DWI in differentiating high-grade frotow-grade gliomas remains
unclear. Initial reports were encouraging and wsdtblower ADC measurements in
high-grade lesions (Sugahara et al., 1999a; Yaa},2002) but these have not been

confirmed in subsequent studies (Sadeghi et 8030
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2.4 Controversies in the management of gliomas

The treatment of malignant gliomas is still veryalkdnging. Despite considerable
progress in the treatment of these tumours with bioations of surgery,
radiotherapy, and chemotherapy, these efforts mmiebeen curative (Dunn and
Black, 2003). Brain gliomas are characterized bygresgsive proliferation and
expansion and tumour invasion into distant brassue, which makes it more

difficult to find an effective treatment.

At time of presentation, most patients requirettresnt with corticosteroids because
of peritumoral edema and resultant mass effect (§Jd®98). Also, dexamethasone
has been shown to inhibit or stimulate growth ¢fdagliosarcoma and decrease the
expression of vascular endothelial growth factoEGF), an important mediator of

tumor-associated angiogenesis (Badruddoja et@03;2Maia et al., 2005). Because
of the potential for long-term complications of toosteroids, the lowest therapeutic

dose should be used. In our cohort none of patrectsved corticosteroids.

Early studies used either whole brain radiatiomemional fields. Although proven
effective, these methods did increase the incideridate radiation-induced brain
injury (Vick and Paleologos, 1995). Newer technasgsuch as conformal fields
with 3-dimentional planning and intensity-modulatediation therapy delivers the
desired dose of radiation to the target, limitingp@sure to the surrounding normal
brain parenchyma. The limitation of radiotherapy tigt ideally it has to be
administrated only at once, and finding the basing remains a challenge in the

management of these patients. However, there ¢ alglence for the beneficial
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effect of radiosurgery on the survival of patiewith high-grade gliomas (Szeifert et

al., 2007).

The use of chemotherapy for the treatment of mahgrbrain tumours remains
controversial. A study published in 2002 (Stewa@)2) showed that the addition of
chemotherapy to radiation demonstrated signifidamt modest improvement in
survival at one year of 6 percent. The Medical Regde Council (MRC) in the
United Kingdom performed a large randomized triaimparing radiation therapy
alone with radiation treatment followed by adjuvatreatment with PCV
(procarbazine, CCNU and vincristine) (MRCBT, 200Despite enrolling 673
patients, no difference was detected in survivawben the two groups. A more
recent study showed that concurrent use of temord® with external beam
radiation followed by adjuvant temozolomide treatinkeas proven to be better than
radiation alone and is now the standard of carep&drents with newly diagnosed

GBM (Gilbert and Armstrong, 2007).

Finally there are also controversies between omgiste, neurosurgeons and
pathologists in the surgical management of patiemith brain glioma. The
indications of resection still remain a matter @bdte, especially because of the
frequent location of these tumours within eloguleratin areas - thus with a risk to
induce a permanent postoperative deficit (DuffaO0&). Oncologists are often
worried that a resection might damage these eldqgaeyas and pathologists are
concern that the whole tumour might not be remaagadnost tumours recur within
2cm from the enhancing edge (Hochberg and Pri@&0). However, all those risks
can be minimezed by the use of neuronavigation fuitictional MRI and diffusion

tensor imaging during the surgical treatment. Asvimusly described, the main use
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of intra operative fMRI is the localization of elegnt cortical regions which may
have been displaced, distorted or compressed byutheur. DTI can be used to

delineate glioma margins and regions of infiltratio

Previous work has shown that surgical resection mmgoyove outcome (Gilbert and
Armstrong, 2007). The study by LaCroix evaluated 4£bnsecutive patients with
malignant gliomas who underwent tumour resectioti e pre-operative intent to
perform a complete resection (Lacroix et al., 20@Her accounting for prognostic
factors such as age and performance status, thaydfdhat patients who had
undergone at least a 98% resection by volumetrialyars had a statistically

significant improvement in overall survival.

The cohort of patients used in this thesis had dianesurvival of 3.76 years. This
survival is much shorter than in other centrest aall be discussed in the following
chapters. Patients from our cohort only receivedtinent when transformation was
diagnosed. Since early surgical treatment have siiowmprove survival in patients

with brain glioma, it would be interesting to comii this in our centre.
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2.5 Conclusion

Magnetic resonance imaging plays an important irokbie detectiomnd evaluation

of brain tumours. Conventional MR imaging has ppally served the role of
showing the neoplasm, distinguishing tumduosn other pathologic processes, and
depicting basic signs of tumouesponse to therapy, such as change in size and
degree of contrastnhancement. In the past few years, however, a eurab
advanced MR imaging techniques have been develtmdorovide newnethods

for the assessment of brain tumours. Diffusion- @edfusion-weighted imaging
provide additional physiological information, helgi to differentiate tumour
subtypes and grades and may even provide progrnogticnation, contributing to

the management of brain gliomas.
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Chapter 3
Methodological Study: Implication of intratumousadssels in glioma perfusion

imaging
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3.1 Introduction

As described in the previous chapters, dynamic epigility contrast-enhanced
(DSC) MR perfusion imaging has become an import@ectinique for studying brain
tumours.

The choice of techniques for data acquisition, jpostessing and analysis may
influence rCBV quantification. Gradient-echo egdlanar imaging (GE-EPI) pulse-
sequences are more sensitive to larger vesselssghiarecho (SE) EPI methods and
provide better differentiation between histopatiyatal tumour grades (Sugahara et
al., 2001).

Wetzel et al (Wetzel et al., 2002) found interd amtra-observer reproducibility for
intratumoural rCBV was best when the highest CBdM several regions of
interest was chosen, and highlighted the importasfcexcluding large vessels.
Inclusion or exclusion of intratumoural vesselsften not explicitly stated in glioma
perfusion studies, some investigators focussingxatusion of peri-tumoural vessels
(Sugahara et al.,, 2001). The significance of inotradural vessels for rCBV
measurements has, to our knowledge, not been flyraxamined.

In this short chapter we studied the influence mdfatumoural vessels on rCBV
characterization in three histological categories l@w-grade glial tumours:

astrocytomas (ACs), oligodendrogliomas (ODs) amgbalstrocytomas (OAS).
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3.2 Technique and results

34 patients with low-grade gliomas, comprising 2LsA8 ODs and 5 OAs had DSC
imaging using gradient-echo EPI (TR =1200 ms, T&E)=ms, flip angle 20°, 26 cm
FOV, 96x128 matrix; slice thickness 5 mm) at 1.51&adGE Healthcare, Waukesha,
WI) with a bolus of 0.1mmol/kg body weighgadoterate meglumine at 5 ml/sec.
Colour maps of rCBV were generated with FuncTod® IGE Healthcare,
Waukesha, WI) and analyzed by 2 neuroradiologistaching a consensus for
placement of regions of interest (ROIs). At le@dsbtratumoural ROI with a size of
9 pixels were placed over areas showing most eddv@BV on colour perfusion
maps. Blood vessels within the tumour were idesttion unprocessed perfusion
images acquired between the time points of maxinaumtarial and venous signal
drop. Slices above and below intratumoural vessedse  viewed to identify
potentially confounding partial volume effects frolarge vessels. We used 2
different methods for selecting the ROI with thexmaum intra-tumoural CBV:
method 1 included and method 2 excluded ROIs sitbaver intratumoural blood
vessels and associated partial volume effects.rCiBdmax was then obtained by
dividing the highest intra-tumoural CBV by the me2BV obtained from a contra-

lateral normal appearing white matter ROI. Figure 3
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Figure 3.1.T2*-weighted image during maximum arterial signatensity drop 4)

and rCBV map B) in low-grade OD, demonstrating the position of IR@Qsed to
calculate rCBVmax. Method Iofgen arrowhead, posterior ROI in the left cerebral
hemisphere, overlying an intratumoural vessel) arethod 2 ¢losed arrowhead,
anterior ROI in the left cerebral hemisphere, lymgside intratumoural vessels).
The mean CBV from contralateral normal-appearingtevimatter (ROI in the right
cerebral hemisphere) was used to normalize thefdatach method. White circles
have been superimposed on the original colour-cédels generated by FuncTool.

Mean rCBVmax obtained for each group with each wethre shown in Table 1.1.
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Table 3.1 rCBVmaxobtained using methods 1 and 2 [Mean (range)].

(AC=astrocytoma, OA=oligoastrocytoma, OD=oligodermliama).

ALL AC (N=21) OA (N=8) OD (N=5)
TUMOURS
Method |4.01 (154 -3.30 (154 533 (3.07 4504 (2.74 -
1 6.99) 6.65) 6.65) 6.99)
Method | 1.63 (0.704 1.44 (0.70 {153 (1.26 221 (147 -
2 3.51)* 2.46) 1.94) 3.51)

* p <0.001 method 1 vs. method 2; Wilcoxon test

Method 1 yielded higher mean values and wider rartgan Method 2 in all 3
histological tumour types, particularly in OA andOFor the patient group as a
whole, there was a significant difference betweesamrCBVmax obtained using
each method (p < 0.001, Wilcoxon test). Ordinake@sgion was used to assess the
relationship of rCBVmax and tumour histology, categed in 3 groups (0: OA, 1
AC, 2 OD). Only method 2 showed a significant aggan between rCBVmax and
the risk of being in a histological category witighrer ordinate. Using method 2, the
odds-ratio of being in a higher category was 4284 Confidence interval, lower
1.19 and upper 15.149r each additional unit rCBV increment (p=0.02@ethod 1
did not demonstrated a significant association betwrCBVmax and the risk of

being in a higher category (p= 0.638).
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3.3 Discussion

Several studies have demonstrated increased rCBNgimgrade gliomas compared
to low-grade tumours (Cha et al., 2005; Hakyemed.e2005; Law et al., 2003; Lev
et al., 2004; Spampinato et al., 2007; Sugahaah,e2001; Yang et al., 2002). There
Is, however, considerable variation in the repor@éBV values for low- and high-
grade tumours (Table 3.2). In SE-EPI DSC imagirgpdverse relaxation rates peak
at a vessel diameter of 1uPn whereas in GE-EPI DSC imaging they plateaut 3
um and then remain independent of vessels size,hwduplains the lower rCBVs
found with SE techniques (Sugahara et al., 200Djfferences may also be due to
variations in the histological types of LGG exanarend inclusion or exclusion of

intratumoural vessels in the analysis, often netsjed.
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Table 3.2.rCBVmax for low-grade (LGG) and high-grade (HGGipmas reported

in previous DSC-MR perfusion studies.

AUTHOR N | LGG MEAN HGG MEAN HISTOLOGY |TECHNIQUE
(REFERENCE) RCBVMAX RCBVMAX
(RANGE) (RANGE)
Law (Law et al., 160| 2.14 5.18 Histology not | GE-EPI
2003) (0.77-9.84) (0.96-9.80) specified
Law (Law et al., 35 | 241 AC, OA, OD GE-EPI
2006a) (0.37-5.96)
Sugahara (Sugaharp25 | 1.21 4.86 AC, OD, GE-EPI
etal., 2001) (0.43-1.34) (0.61-9.71) GBM* SE-EPI
1.22 2.90
(0.54-2.31) (0.56-9.30)
Hakyemez 33 | 3.32 6.50 AC, OA, OD, | GE-EPI
(Hakyemez et al., (1.40-8.68) (2.39-18.60) GBM
2005)
Yang (Yangetal., |17 | 1.74 6.10 AC. OA,0D, SE-EPI
2002) (1.17-2.45) (1.70-16.17) | GBM
Cha (Cha et al., 25 | 0.92(0.48-1.34) AC and OD GE-EPI
2005) AC
3.68 (1.29-9.24) GE-EPI
oD
Spampinato 22 | 161 5.45 OD and OA GE-EPI

(Spampinato et al.,

2007)

AC: astrocytoma, OA: oligoastrocytoma, OD: oligodesglioma, GBM:
glioblastoma multiforme, GE-EPI: gradient-echo eghenar imaging, SE- EPI:
spin-echo echo-planar imaging. N: number of pasiehAll low-grades were

astrocytomas
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We demonstrated that inclusion of large intraturabuessels significantly increases
rCBVmax values in all types of LGG. Their idertdition may be difficult on rCBV
colour maps alone and necessitates reviewing ofogepsed perfusion data. The
size of intratumoural vessels clearly identifialde GE-EPI source data lies in
millimetre range (approximating the size of peri@heleptomenigeal vessels),
whereas neo-angiogenetic vessels of gliomas inalmmdels measure between 40-
250um (Sugahara et al., 2001).

In concordance with previous investigators we folwgher rCBVmax in tumours
with oligodendral elements than in purely astracyttimours (Lev et al.,, 2004),
explained by the “chicken wire” hypervascularitgsen the former. Cha et al. (Cha
et al., 2005) chose intratumoural ROIs with aromé#ted method targeting areas of
maximum signal decrease during the first pass ef gadolinium-based contrast
bolus. This method is likely to have incorporataettatumoural vessels and yielded
mean rCBYV for ODs of 3.68. Spampinato et al (Spaiaoi et al., 2007) presented
one of the few reports specifying exclusion of &rgtratumoural vessels for ROI
analysis. Their mean rCBV measurement for a moedip of low-grade OA and
OD (1.61) lies between our group mean rCBV measeantsnof OA (1.53) and OD
(2.21) using Method 2. We were able to demonssmgaificant association between
maximum intratumoural rCBV values and histopathaal classification as AC,
OD, and OA, but only when using method 2. The ifice of intratumoural vessels
on rCBV measurements in high-grade gliomas, whrehnaturally subject to greater

variability, was not part of this study and thisittdbbe addressed in future studies.
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3.4 Conclusion

Our findings highlight the importance of using ansistent ROI placement
technique, particularly if rCBV data are to be mmbin multi-centre studies. As a
preferred technique we therefore recommend exclusio intratumoural vessels
when determining maximum intratumoural rCBV from -GBI DSC derived data.
On the following chapters we use method 2 whenyairaj rCBYV as it proved to be

a consistent and reliable technique.
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Chapter 4
Relative cerebral blood volume measurements pregitignant transformation in

patients with low-grade gliomas
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4.1 Introduction

Adult supratentorial low-grade gliomas (WHO gradle2D00) are a heterogeneous
group of diffusely infiltrating primary brain tumeasi They grow slowly for several
years but, at an unpredictable time, almost aljmss to high-grade (WHO grade IlI
or IV) gliomas, which carry a poor prognosis.

The management of low-grade gliomas (LGG) remaiostroversial. Although
some centres treat these lesions aggressivelyaghakis, large population-based
studies and prospective trials have not producedeage of improved survival
following radical surgery or early radiotherapy l{danesen et al., 2003; van den
Bent et al., 2005), particularly in young patiept®senting with well-controlled
epilepsy.

A change in appearance on imaging frequently pescetinical deterioration, and
the development of areas of focal contrast-enhaanem the most commonly used
sign of tumour progression in clinical practicejstthas proved a more reliable
indicator of malignancy in gliomas than border ditibn, mass effect, necrosis and
haemorrhage (Daumas-Duport et al., 1997; Miharalet1995; Pierallini et al.,
1997). However, up to one third of malignant gliemo not enhance (Scott et al.,
2002) and, certain sub-types of low-grade gliomlasws enhancement; typically
gangliogliomas and pilocytic astrocytomas, and sxelly oligodendrogliomas
(White et al., 2005).

Vascular proliferation (angiogenesis) is an impatrtdistological hallmark of
malignancy in glial tumours. Pathological contrashancement in tumours indicates
local disruption of the blood brain barrier; thésan indirect marker of angiogenesis

as the walls of the new vessels may be deficietitnaore permeable.
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As described in chapter 2, MR perfusion imagingaisensitive marker of the
microvascular density and histological grade obmias. Relative cerebral blood
volume (rCBV) measurements correlate closely witiagraphic and histological
markers of tumour vascularity (Sugahara et al. 81.98nd are more elevated in high-
grade than in low-grade gliomas (Aronen et al., 49Ponahue et al., 2000;
Sugahara et al., 1998) (Law et al., 2003; Lev gt2004; Sugahara et al., 2001,
Yang et al.,, 2002). A correlation between rCBV ahd expression of vascular
endothelial growth factor (VGEF) has been demotetdia using
immunohistochemical staining of surgical specim@viaia et al., 2005). A recent
study of patients referred for preoperative assessmf low-grade gliomas showed
that baseline rCBV measurements made prior to sprggrrelated inversely with
the time to subsequent tumour progression (Lavi.,e2@06a).

Thus, the purpose of this chapter was to analyagitiodinal MR perfusion imaging
of conservatively treated low-grade gliomas to deiee whether rCBV is a

predictor of malignant transformation.

4.2 Methods

4.2.1 Patients

Thirty five patients were recruited sequentiallgrfr the neuro-oncology clinic of the
National Hospital of Neurology and NeurosurgerylL.andon. The inclusion criteria
were: (i) histologically confirmed WHO grade Il ginas (Kleihues P, 2000); (ii) no
previous treatment except biopsy (surgery, radraihye or chemotherapy) and (iii)
age> 18 years. Patients underwent conventional andugieri imaging at study

entry, 6 months and 12 months later. For the redesirof the study they were
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assessed clinically and conventional MR imaging padormed every six months.

The study was approved by the local research ettoosmittee and all patients

provided informed consent.

4.2.2 MRI protocol

All MR data were acquired with a clinical 1.5 T s&m (Signa LX, GE Medical

Systems, Milwaukee, WI, USA). The following imagesre acquired:

1)

2)

3)

3D Coronal Spoiled gradient echo (SPGR) sequencaalpeters:
TE=6.4ms; TR=14.4ms; TI=650ms; flip angle 15°; 25866 matrix; 24cm X
18cm FOV (3/4 phase FOV); slitkickness 1.5 mm, contiguous sections],
pre- and post-contrast (0.2mmol/kg of gadoteratglumeine (Dotarem ®)).

2D Coronal oblique fast spin echo (FSE) fluid-atteted inversion recovery
(FLAIR) [TE=161ms; TR=8774ms; T1=2192ms; 256x192c@nstructed to

256x256) matrix; 24cm x 24cm FOV; slice thicknesg and gap 1.5mm].

Axial Dynamic susceptibility-weighted perfusion ¢m@st-enhanced images
using a T2*-weighted gradient-echo echo-planar eege were acquired
during the first pass of a 0.1lmmol/kg bolus of gadate meglumine
(Dotarem ®), injected at a rate of 5 ml/sec [TEG=mMs; TR =1200 ms; flip
angle 90°; 128 x 92 matrix; 26cm x 26cm FOV; sltbeckness 5 mm,
contiguous sections]. These images were acquiriadbthe post-contrast T1

weighted images from sequence 1.
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4.2.3 MRI analysis

1)

2)

Pre- and post-contrast spoiled gradient echo (SR@&&jes were analyzed
by visual inspection in order to assess whetherotunenhancement was
present and/or different from that visible on tmeages acquired at the

previous time point, using Agfa IMPAX PACS system.

Dynamic susceptibility-weighted perfusion imagesraverocessed off-line
on Advantage Workstation commercial processing wsof (Functool,
General Electric Medical Systems, WI, USA). Theibemg and end of the
first pass bolus was determined by inspectionroéisignal intensity curves,
and care was taken to exclude any recirculaticated| signal. For rCBV
calculations, only the area under the curve of fir pass bolus was
considered. Colour-coded rCBV maps were generdied.each slice, one
region of interest (ROI) of 9 pixels was placedhivitthe tumour, on the area
showing the most elevated CBV on colour perfusicapsy and one more
ROI was positioned in the contralateral normal wintatter. Attention was
given not to include intra-tumoural or peri-tumduasteries and veins in a
ROI, as described elsewhere (Brasil Caseiras e2@08). The maximum
CBV value of all intra-tumoural ROIs and the med&\of the contralateral
ROIs were calculated (Figure 4.1). The rCBV valuese then expressed as
a ratio of the maximum intra-tumour CBV and the me@BV in the
contralateral normal appearing white matter. Tippraach has been shown
to provide the best inter-observer and intra-obsergproducibility (Law et

al., 2003; Wetzel et al., 2002).
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Figure 4.1: T2*-weighted image during maximum aalecontrast signal intensity
drop (A), and rCBV map (B). Note that for the cd#tion of maximum rCBV value,

intra- or peri-tumoural vessels were not includepgef arrow). An ROI was placed
on the area showing the most elevated CBV (closedwa and also on the
contralateral white mater. The maximum CBV valuehaf intra-tumoural ROIs and

the mean CBYV of the contralateral ROIs were catedla
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4.2.4 Statistical analysis

Analysis was performed using Stata 9 (Stata CotjmoraCollege Station, TX USA)

and p<0.05 was considered to be significant.

At the last individual available follow-up visit,apents were classified into three
categories of roughly equal sizes: 1) Stable: ptiwithout radiological evidence of
malignant transformation. These patients’ MRI stgdishowed either no
enhancement or stable enhancement of the tumouparech to study entry (n=11),
2) Progressive: patients with radiological eviderafemalignant transformation

showing one or more new areas of contrast enhamteonancrease of previously

stable enhancement (n=13), and 3) Death (n=11).

1. ChangesinrCBYV over time

The Friedman test was used to analyze the diswibuif rCBV at study entry, 6
months and 12 months, and to assess whether tleeesignificant changes of the
mean values between these three time points aaatseen the changes of rCBV

within 6 and 12 months.

2. Differences between groups
The Mann-Whitney test was used to determine whethere was a significant
difference in the median of rCBV values between tywoups. The Kruskal-Wallis

test was used when more than two independent gmeeresinvolved.

a) Histological groups

Relative CBV at each time point were used as deg@nhriables. Firstly, tumour

histology was used as the grouping variable and dinaded into two groups: the
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first included tumours with oligodendroglial elenen(oligodendrogliomas and
oligoastrocytomas; total number=13); the secondigrocluded pure astrocytomas
(total number=22). Secondly, tumour histology wasedi again as a grouping
variable, but it was divided into three groups:ol)godendrogliomas (n=8), ii)

astrocytomas (n=22) and iii) oligoastrocytomas (n=5

b) Outcome groups

Relative CBV at each time point were used as deg@neariables. Outcome (used
as the grouping variable) was divided into two grEitthose patients without adverse
event (stable patients, n=11) and those who prederdn adverse event

(transformation and death, n= 24).

3. Association with transformation

To investigate if rCBV at study entry, 6 and 12 misnwas associated with
transformation, independently from histology, agel gender, an ordinal logistic
multiple regression analysis was repeated for éawh points (i.e. study entry, 6 and
12 months). Additionally the ordinal logistic aysik was also applied to investigate
whether changes of rCBV in 6 months or in 12 monttese associated with
transformation.  Firstly, rCBV was modelled indivally. Then the rCBV
parameters that remained significant were modetigdther with histology (using 2
tumour subtypes and 3 tumour subtypes), age artkgen

The dependable variable was classified in two gsppatients that transformed and

those who did not. The covariate was rCBV andh&anges at each time point.
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4. Time to transformation analysis

A Cox regression curve was used to investigate libst predictor of time to
transformation. Time was measured as years fromysémtry to transformation.
Stable patients were censored at last follow-upe Gbvariates at each time point
were: rCBV values, histology (first using 2 tumasubtypes and then 3 tumour
subtypes), age and gender. The same analysis peated using changes of rCBV
between study entry and 6 months and also betwadg entry and 12 months.

The same analysis was performed in a subgroupdmgupure astrocytomas and

another one including oligodendrogliomas and olggascytomas.

Kaplan Meier curve for the strongest predictor

A Kaplan Meier curve was produced for the strongpstdictor of time to
transformation.

A receiver operating characteristic (ROC) analysmss applied to assess which
variable cut-off at study entry was able to alldwe differentiation between patients

who progressed to high-grade gliomas and thosedihnot.

4.3 Results

Patients

Demographic data are shown on table 4.1.

Thirty-five patients (mean age: 42; standard dema(SD) 13.05 ; 24 males and 11
females) with histology proven WHO grade Il gliom#&®2 astrocytomas, 8
oligodendrogliomas and 5 oligoastrocytomas) wengdistl for a median total
follow-up length of 2.9 years (range 0.4 — 5.6). 28 patients had MRI studies at 6

months after study entry, while 4 (11%) patientkethto attend the 12 months scan
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(1 patient died, 1 patient went abroad for treatmemd 2 patients clinically
progressed and dropped out). Of the patients vadotilese MRI studies, perfusion
iImaging was not available in 1 patient at studyryer2 patients at 6 months and 4
patients at 12 months, due to technical problems.

Eleven out of 35 patients (31.4%) remained stabiend the follow-up, while 13
patients (37.1%) progressed and 11 (31.4%) dielddedths were related to tumour
progression. The median length of follow-up wasy&4rs for the stable (range: 0.5
— 5.3 years) and 2.0 years for the progressivepgadupatients (range: 0.5 — 5.5
years). Patients who died were radiologically fekal-up for a median of 2.0 years
(range: 0.5 — 3 years), but were clinically stud@dionger (median 3.9 years; range
1- 4.8).

Stable patients only received palliative treatm@m&inly anti-epileptic medication)
during the study. Patients did not receive any @gglve treatment until progression
to a high-grade glioma had occurred. Twenty-two @u85 patients (68.5%) were
treated after transformation, which included swyger9 patients, radiotherapy in 16
patients and chemotherapy in 8 cases. The medmnftom study entry to treatment
was 2.4 years (range: 0.6 — 5.5). Only two patieztsived treatment within the first
year of the study, but both cases were treatmeetdt study entry and 6 months; no

further MRI data were available after the first 6nths in these two cases.
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Table 4.1: Demographic data and rCBV values atlysentry, 6 months and 12

months and its changes within 6 and 12 months.

Pat | Histology | Age | Gender | rtCBV | rCBV at | rCBV rCBV
ID at 6m Changes| rCBV | Changes
study in 6 at in 12m
entry months | 12m
1 O 30 | F 2.02 3.01 0.99 3.44 0.43
2 A 51 | M 2.46 2.82 0.36 - -
3 A 30 | M 2.00 3.74 1.74 na na
4 O 57 | M 1.94 2.07 0.13 3.29] 1.22
5 OA 25 | M 1.28 1.77 0.49 1.86/ 0.09
6 A 37 | M 0.99 1.78 0.79 na na
7 A 30 | M 0.94 1.94 1.00 - -
8 O 56 | M 2.53 2.86 0.33 3.15] 0.29
9 A 38 | M na 1.66 1.66 1.51| -0.15
10 | OA 48 | M 1.26 2.23 0.97 - -
11 | A 56 | M 1.04 2.66 1.62 2.25] -041
12 | OA 42 | F 1.91 2.54 0.63 3.320 0.78
13 | A 58 | M 2.24 na na na na
14 | A 29 | F 2.38 na na na na
15 | A 41 | M 1.04 1.24 0.20 1.72| 0.48
16 | A 34 | M 1.56 2.03 0.47 2.3 0.27
17 | A 47 | F 1.09 1.35 0.26 159 0.24
18 | O 28 | F 2.81 4.62 1.81 4.1 -0.46
19 | A 35 | M 0.91 1.76 0.85 1.37| -0.39
20 | OA 65 | F 1.28 1.57 0.29 1.52 -0.05
21 | A 30 | M 1.91 2.17 0.26 2.5 0.33
22 | O 24 | M 1.59 2.14 0.55 2.15 0.01
23 | A 52 | M 1.37 1.94 0.57 243 0.49
24 | O 53 | F 1.84 2 0.16 2.01] 0.01
25 | O 63 | F 1.47 1.96 0.49 1.9 0.02
26 | O 36 | M 3.51 4.24 0.73 7.9 3.66
27 | A 60 | F 1.14 1.53 0.39 2.7 1.17
28 | A 38 | M 0.80 1.43 0.63 154 0.11
29 | OA 69 | M 1.94 2.35 0.41 235 O
30 | A 29 | F 1.18 1.73 0.55 1.31 -0.42
31 | A 32 | M 1.61 2.66 1.05 291 0.25
32 | A 57 | F 1.49 2.34 0.85 2171 -0.17
33 | A 32 | M 1.42 1.5 0.08 2.17| 0.67
34 | A 39 | M 1.79 2.23 0.44 - -
35 [ A 29 | M 0.70 1.51 0.81 1.68| 0.17

F: female, M: male, A: astrocytoma, O: oligodendi@ga, OA: oligoastrocytoma,
na: not available due to technical problems, @}ignt failed to attend follow up.
S: stable, P: progressive, D: death.
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1. ChangesinrCBYV over time

There were significant changes in the mean valtieSBV between study entry, 6 and 12
months. (all p values were < 0.001) and also betviee changes of rCBV within 6 and 12
months (p=0.03).

The median, mean values, standard deviation argeraivrCBYV for each time point and the
change of these parameters within the first 6 @chanths after study entry are given in

Table 4.2.

Table 4.2. Mean, median, standard deviation anderarf rCBV at each time point and of

rCBV changes in 6 and 12 months.

Time point Mean | Median | Minimum | Maximum | Std Deviation
Study Entry rCBV 1.63 1.53 .70 3.51 .63
6m rCBV 2.22 2.03 1.24 4.62 79
12m rCBV 2.49 2.17 1.31 7.90 1.30
Changes of rCBV .68 .55 .08 1.81 A7
between SE and 6 months

Changes of rCBV .89 71 -.94 4.39 .87
between SE and 12 months

Std: Standard deviation
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2. Differences between groups

a) Histological groups

At study entry, there was a significant differer{(pes0.01) in the median values of rCBV
between patients with tumours with oligodendroglelements and those with pure
astrocytomas. There was also a significant diffeedmetween these two groups at 6 (p=0.02)
and 12 months (p=0.04).

Similarly there was a significant difference (p=D.tn the median values of rCBV at study
entry between patients with oligodendrogliomas;cgagtomas and oligoastrocytomas. There
was also a significant difference between theseetlyroups at 6 (p=0.04) and 12 months
(p=0.05).

Astrocytomas had the lowest rCBV values whereagodikndrogliomas had the highest

rCBV values and the rCBV of oligoastrocytomas laypetween. Table 4.3.
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Table 4.3. Mean, median, standard deviation, andaaf rCBV values for patients with

pathologically proved low-grade gliomas in eaclidiggical category.

Histology | Time point | N | Mean | Median | Minimum | Maximum Std

Deviation

OD | StudyEntry] 8| 2.21 1.98 1.47 3.51 .69
rCBV

6mrCBV| 8| 2.86 2.50 1.96 4.62 1.05

12mrCBV| 8| 3.51 3.22 1.98 7.90 1.94

AC | Study Entry| 22| 1.43 1.37 .70 2.46 53
rCBV

6m rCBV | 22| 2.00 1.86 1.24 3.74 .61

12mrCBV| 22| 2.01 2.17 1.31 291 51

OA | StudyEntry] 5| 1.53 1.28 1.26 1.94 .36
rCBV

6mrCBV| 5| 2.09 2.23 1.57 2.54 41

12mrCBV| 5| 2.26 2.11 1.52 3.32 .78

AC: astrocytomas OD: Oligodendrogliomas, OA: oligipacytomas, N: number of cases,

Std: standard.

b) Outcome groups
There is a borderline significant difference (p%).t the median values of rCBV at study
entry between patients who had an adverse evanistarmation or death) and those who did
not. Relative CBV values at 6 or 12 months wereaté to differentiate patients between
these two groups.
Table 4.4 shows the mean, median, standard devjatia range of rCBV values for patients

in each clinical-radiological category.

106



Table 4.4. Mean, median, standard deviation, andaaf rCBV values for patients with

pathologically proved low-grade gliomas in eachickl-radiological category.

Radiological- Time N | Mean | Median | Minimum | Maximum Std
Clinical Point Deviation
Outcome
Stable Study 11| 1.32 1.42 .70 1.94 40
Entry
rCBvV
6m 11| 1.93 1.94 1.43 2.66 42
rCBvV
12m 11| 2.09 2.17 1.31 291 .53
rCBV
Progressive Study | 13| 1.99 1.89 .99 3.51 12
Entry
rCBvV
6m 13| 2.52 2.07 1.57 4.62 .97
rCBV
12m 13| 3.08 2.43 1.51 7.90 1.80
rCBV
Dead Study 11| 155 1.28 91 2.38 54
Entry
rCBvV
6m 11| 2.16 2.17 1.24 3.74 T7
rCBV
12m 11| 2.09 1.86 1.37 3.32 .67
rCBV

Std: standard; N: number of cases
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3. Association with transformation

Relative CBV at study entry significantly predictednsformation (p= 0.05), with an odds
ration of being a transformer of 2.82 for each SDGBV [Standard deviation (SD): 0.62,

95% Confidence Interval (CI): 0.98 — 7.96]. Howeutedid not survive when histology, age
and gender were added to the model.

Relative CBV at 6 and 12 months were not able ¢aliot transformation (p values= 0.14 and
0.27, respectively), neither did the changes of VOietween study entry and 6 months

(p=0.48) nor the rCBV changes between study emtdyl® months (p = 0.22).

4. Timeto transformation analysis

a) Using variable at study entry

a.1) When astrocytomas and oligodendroglial tumours were analyzed together

We found that rCBV at study entry was a predictbtime to transformation. The risk of
becoming a progressive during the study was 1.§feniper each additional SD of rCBV at
study entry (p value = 0.026, SD: 0.62, 95% CI51:®.33). These results were independent

of the other covariates in the model: histologye agd gender. Table 4.5.

a.2) When only astrocytomas wer e analysed

Relative CBV at study entry was a predictor of titndransformation. The risk of becoming
a progressive during the study was 2.09 higheepeh additional SD of rCBV at study entry
(p value = 0.01, SD: 0.52, 95% CI: 1.13 — 3.88)eSéhresults were independent of age and

gender. Table 4.6.
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a.3)When only oligodendrogliomas and oligoastr ocytomas wer e analysed

Relative CBV at study entry was not a predictotimie to transformation (p=0.33).

b) Using variable at 6 months

b.1) When astrocytomas and oligodendroglial tumours were analyzed together

Relative CBV at 6 months follow up predicted tinoariansformation. The risk of becoming a
progressive during the study was 1.62 higher peh ealditional SD of rCBV at 6 months
follow-up (p value = 0.028, SD: 0.78, 95% CI. 1:02.50). However it did not survive when
other variables were considerate in the model.&4l8.

Changes of rCBV between study entry and 6 monttiandt predict time to transformation

(p=0.5).

b.2) When only astrocytomas wer e analysed
Neither rCBV at 6 months follow up or changes oBKkCbetween study entry and 6 months

predicted time to transformation (p=0.23 and p 40r8spectively).

b.3) When only oligodendrogliomas and oligoastrocytomas wer e anal ysed

Relative CBV at 6 months follow up did not prediate to transformation (p=0.07).
Changes of rCBV between study entry and 6 monttigpokdict time to transformation. The
risk of becoming a progressive during the study @&& higher per each additional SD of
changes of rCBV within 6 months (p value = 0.02; 834, 95% CI: 1.14 — 6.14). However

it did not survive when age was considerate imtloelel. Table 4.7.
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¢) Using variables at 12 months

c.1) When astrocytomas and oligodendroglial tumours were analyzed together

Relative CBV at 12 months follow up predicted titodransformation. The risk of becoming
a progressive during the study was 1.51 higheepeh additional SD of rCBV at 12 months
follow-up (p value = 0.03, SD: 1.29, 95% CI: 1.02.22). However it did not survive when
other variables were considerate in the model.&4l3.

Changes of rCBV between study entry and 12 monthsiat predict time to transformation

(p=0.3).

¢.2) When only astrocytomas were analysed
Relative CBV at 12 months did not predict timeremsformation (p=0.37)
Changes of rCBV between study entry and 12 monthaat predict time to transformation

(p=0.49).

c¢.3) When only oligodendrogliomas and oligoastrocytomas wer e analysed

Relative CBV at 12 months follow up predicted titodransformation. The risk of becoming
a progressive during the study was 2.08 higheepeh additional SD of rCBV at 12 months
follow-up (p value = 0.04, SD: 1.71, 95% CI: 1.0841). However it did not survive when
other variables were considerate in the model.&4ly.

Changes of rCBV between study entry and 12 monthpredict time to transformation. The
risk of becoming a progressive during the study @&6 higher per each additional SD of
changes of rCBV within 12 months (p value = 0.04): 9.14, 95% CI: 1.03 — 4.13).

However it did not survive when other variablesavadded in the model. Table 4.7.
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Table 4.5. Odds ratio, standard deviation, confidemterval and p values of predictors of

time to transformation at each time point. All twmgubtypes included

PREDICTOR | ODDS RATIO |STANDARD CONFIDENCE P VALUE
DEVIATION INTERVAL

rCBV 1.57 0.62 1.05-2.33 0.026

at SE

rCBV 1.62 0.78 1.05-2.50 0.028

at émonths*

rCBV 151 1.29 1.02-2.22 0.03

at 12 months*

SE: study entry. * Results did not survive whereotvariables were added in the model.

Table 4.6. Odds ratio, standard deviation, confidemterval and p values of the only

predictor of time to transformation for patientshwow-grade astrocytomas

PREDICTOR | ODDS RATIO |STANDARD CONFIDENCE | P VALUE
DEVIATION INTERVAL
rCBV at SE 2.09 0.52 1.13-3.88 0.01

SE: study entry.
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Table 4.7. Odds ratio, standard deviation, conftgeimterval and p values of the predictors

of time to transformation for patients with low-de oligodendrogliomas and

oligoastrocytomas.

PREDICTOR ODDS RATIO |STANDARD | CONFIDENCE | P VALUE

DEVIATION | INTERVAL

Changes of rCBV | 2.65 0.44 1.14-6.14 0.02
between SE and

6 months*

rCBV 2.08 1.71 1.00-4.11 0.04

at 12 months*

Changes of rCBV | 2.06 1.14 1.03-4.13 0.04
between SE

and 12 months *

SE: study entry. * Results did not survive whereotvariables were added in the model.

112



Kaplan Meier curve for the strongest predictor

When all tumour subtypes were included rCBV at gtaedtry showed to be the strongest
predictor of time to transformation among otherdimoints. It was then entered in the
analysis with the ROC curve. The analysis showed the rCBV value at study entry
associated with the highest specificity was 1.84isTtut off was based on high specificity.
At 90% specificity on the ROC curve, we get thieesholds (1.84, 1.91 and 1.94), but 1.84
was chosen because a similar number was previasgy in the literature (Law et al.,
2006a).

When the entire cohort was analysed using thisevakia threshold, we found a borderline
significance difference in time to transformatioatween patients with rCBV smaller than
1.84 and those with rCBV equal or above this ctifjof= 0.06) (Figure 4.2.A). Median time
to transformation was 2.63 years (95% CI: 1.2203}for patients with rCBV at study entry
less than 1.84, compared with 1.58 years (95%90I=-.2.16) for patients with rCBV greater
than or equal to 1.84.

When only astrocytomas were included in the anslys@ found a significant difference in
time to transformation between patients with rCB¥a#ler than 1.84 and those with rCBV
equal or above this cut-off (p = 0.03) (Figure B)2Median time to transformation was 2.63
years (95% CI: 1.44 — 3.81) for patients with rCB¥Vstudy entry less than 1.84, compared
with 0.99 years (95% CI: 0.07 — 1.91) for patienith rCBV greater than or equal to 1.84.
When only oligodendrogliomas were analysed there measignificant difference in the time

to transformation between groups with low and higBV (p=0.8).
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Figure 4.2: A) Analysis using entire cohort. Kapheier survival curve for time to
transformation within groups with low (<1.84) angylin >1.84) rCBV. Patients with low-
grade gliomas with low rCBV had a median time togsession of 2.63 years. Patients with
low-grade gliomas with high rCBV had a median tiimgrogression of 1.58 years.

B) Analysis using subgroup of astrocytomas. KaN#eier survival curve for time to
transformation within groups with low (<1.84) angylin >1.84) rCBV. Patients with low-
grade astrocytomas with low rCBV had a median timprogression of 2.63 years. Patients
with low-grade gliomas with high rCBV had a mediane to progression of 0.99 years.

C) Analysis using subgroup of oligoastrocytomas arigoolendrogliomas. There was no
significant difference in the time to transformatioetween groups with low (<1.84) and high

(>1.84) rCBV.
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4.4 Discussion

Perfusion MRI in gliomas has mostly been used @alist the histological grade (Cha et al.,
2005; Law et al., 2003; Sugahara et al., 1998)mark recently tumour genotype (Jenkinson
et al., 2006). Law et al (Law et al., 2006a) usasdetine rCBV measurement in patients with
low-grade gliomas, who underwent aggressive treatnte obtain prognostic information
about survival and tumour progression.

In this chapter we used serial perfusion MR imagigr a one year period in a cohort of
patients with conservatively treated gliomas taeassvhether serial rCBV measurements and
its changes between time points can predict outcome

We found significant differences in rCBV betweemei points. This could be explained by
the fact that values of rCBV correlate well withsealar endothelial growth factor (VEGF)
(Maia et al., 2005). The expression of VGEF is poted by nutrient-deficient states, such as
tissuehypoxia or hypoglycemia, that occur as tumour cellgapidly growingpathologic
tissues expand beyond the limits of diffusion dfriemtsfrom the native capillaries (Shweiki
et al.,, 1992). This hypothesis is corroborated bgrevious study of longitudinal rCBV
measurements in a smaller cohort of patients vairdrade glioma that showed a dramatic
rCBV increase closer to the point of transformatiora high-grade tumour (Danchaivijitr et
al., 2008).

In our cohort, rCBV at study entry, 6 and 12 monfolow up was not only able to
differentiate tumours with oligodendroglial eleme@ind those with pure astrocytomas but
also between oligodendrogliomas, astrocytomas digdastrocytomas. This is in keeping
with the literature where maximum tumour rCBV measwents derived from DSC MR
imaging were significantly higher in low-grade adgndrogliomas than in astrocytomas
(Cha et al.,, 2005). In addition we demonstratechiBa@antly higher rCBV values in

oligoastrocytomas compared to pure astrocytomas.fifldings of our cohort and available
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literature suggest that rCBV can be used to distsig low-grade gliomas subtypes.
However, no previous publications have studied #@issociation of rCBV with tumour
subtype at different time points. Interestingly,or study the significance is higher at study
entry than at other time points. This could be tuehe overall raise in rCBV over time,
which we found in all subtypes, as the tumour grawd angiogenesis increases. Histological
classification and the influence of longitudinalBXC changes on the ability to predict low-
grade gliomas subtypes would have to be clarifea bigger cohort.

Law et al (Law et al., 2006a) have shown that rOB&& also able to differentiate patients
that had an adverse event (transformation or ddeih) those who did not. In that study
patients that transformed or died had a higher rCBVen though we used a different
definition for transformation, we showed a bordezlidifference in the study entry rCBV
values between patients that presented an adwasefeom those who did not.

Finally we have showed that rCBV at study entrynsgigantly predicted time to
transformation, independent of histology, age aeddgr. At time points 6 and 12 months
rCBYV is still predictive, but loses its significamgvhen compared to the other variables in the
model. When only astrocytomas were analyzed rCB&fwaty entry was the only predictor of
time to transformation. Interestingly, changes©@BY between study entry and 6 and study
entry and 12 months did not predict transformatidren all tumour subtypes were included.
However it did predict transformation when onlygoldendroglial tumours were analyzed.
This subgroup analysis suggests that values aty statty are most useful in astrocytic
tumours, whereas changes in rCBV over a short gesiotime may be more helpful in
tumours with oligodendroglial elements, which hgeaerally a wider range of rCBV values.
In a previous study it has been shown that rCBV wasignificant predictor of adverse
outcome (transformation or death) (Law et al., 20G#d in a different publication the same

author showed that low rCBV values were associaididlonger time to progression (Law et
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al., 2006a). None of the previous publications tessed if rCBV measurements at different
time points were also able to predict time to tfamsation. The same author used an rCBV
threshold of 1.75 to compare the group with higiBv¥Cand the group with low rCBV in
terms of time to progression/death (Law et al.,6%)0Lesions withiCBVs that were more
than 1.75 had a median tirte progression/death of 245 days, whereas lesiotisr@BVs
less than 1.75 had a median time to progressioti'a#d620 days. In our cohort there was a
significant difference in time to transformationtWween patients with rCBV smaller and
greater than 1.84. Median progression time was §es88s for patients with rCBV greater
than or equal to 1.84 compared with 2.63 yearg#dients with rCBV at study entry less
than 1.84. When only astrocytomas where analysedlso found a significant difference in
time to transformation between patients with rCB¥Wafler and greater than 1.84. Median
progression time was 0.99 years for patients WAillB\Y greater than or equal to 1.84
compared with 2.63 years for patients with rCB\satdy entry less than 1.84. When only
oligodendroglial elements were analysed, therenaas significant difference between these
two groups. This in keeping with our previous résuhs rCBV at study entry did not predict
time to transformation in this subgroup. It is imjamt to note that on our analysis we used
transformation as end point whereas Law et all ussstsformation/death as end point. This
could already explain differences in time to transfation and time to transformation/death
between the groups. The former group demonstratgltbeer time to progression/death in
patients with high rCBV when compared with our stuthis could also be explained by the
fact that we used different definitions of timettansformation. Law et al (Law et al., 2006a)
used decline in neurologic status or Karnofsky saorincrease in tumour size by more than
25% at MR imaging. When relying on clinical sigmse can assume that transformation is
detected at a later stage, as changes in imagipgaggnce precede clinical deterioration.

Focal contrast-enhancement has proved to be a rebable indicator of malignancy in
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gliomas than border definition, mass effect, nasraad haemorrhage (Daumas-Duport et al.,
1997; Mihara et al., 1995; Pierallini et al., 199%&)e therefore selected contrast enhancement
as criterion for the classification of malignarartsformation.

In our cohort few patients presented decline inrolegic status after being classified as
transformers. In contrast, our cohort shows a shairne to progression in patients with low
rCBV when compared to the former group. This cdagcexplained because the former study
also included paediatric patients, which have aéonsurvival time and that low-grade
gliomas receive aggressive treatment (i.e. surggmmotherapy or radiotherapy) prolonging
their survival, whereas in our cohort we only réed adults and these patients are
conservatively treated until a transformation tdiigher grade occurs. Moreover on the

former study the average follow up was 4.2 yealereas on ours it was 2.9 years.
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4.5 Conclusion

In this chapter we have shown that rCBV is an irtgrdr variable when assessing brain
gliomas. It contributes towards the understandihthe natural history of brain gliomas, and
helps to differentiate between tumour subtypesasa much needed prognostic information
on these patients. Relative rCBV can be used tondigsh between patients that had an
adverse event from those who did not, but more mapdly it can be used to predict time to
transformation, which it is important when plannitigatment. It would be very useful to
assess if these results could be replicated inr attstitutions, which will be assessed in

following chapter.
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Chapter 5
Relative cerebral blood volume measurements predidignant transformation in patients

with low-grade gliomas, in a two-institution segfin
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5.1 Introduction

Low-grade gliomas (LGG) account for approximateB#®2 of central nervous system glial
tumours and, in the United States, approximate§0l&w cases of LGG are reported each
year. As outlined in chapter 4 most of these tumowansform into more aggressive
phenotypes at some point in their natural histbowever this malignant transformation has
been difficult to predict so far.

Multiple studies have assessed factors presemagmaklis that may predict tumour behaviour
(Bauman et al., 1999; Medbery et al., 1988; Pigreittal., 2002). In a multi-institutional
study of 401 patients, aged less than 40 yearh, epilepsy as the presenting symptom, and
absence of contrast enhancement on CT, all weoeiassd with improved survival (Bauman
et al., 1999).

Histopathology remains currently the standard exfee for determining the glioma biology.
Primary brain tumours are classified accordingheirt predominant cell type and graded
based upon the presence or absence of standaaquathfeatures, such as necrosis, mitotic
figures, nuclear atypia, and endothelial cell peo&tion. Low-grade astrocytomas have
increased cellularity and atypia; but no mitosesdoghelial proliferation, or necrosis.
Although there is an established system of clasgfyand subclassifying these low-grade
tumours, the prognostic value of defining subcatiegoof gliomas is based upon mitotic
activity, proliferation and/or necrosis is stillrdooversial. One study evaluated the utility of
the WHO classification of childhood supratentoatrocytic tumours in 340 children and
found that the presence or absence of endothebéfgration, necrosis, and mitosis but not
other histologic features was inadequate to chastiese neoplasms into prognostically

homogenous groups (Gilles et al., 2000).
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Central nervous system histopathology is limitedshynpling error, in which case the most
aggressive portion of the tumour may be missedjnbgr- and intraobserver variability
(Coons et al., 1997; Prayson et al., 2000) andhbydlynamic nature of gliomas, whereby
tumours can de-differentiate into more aggressivenptypes (Jackson et al., 2001). In the
later study it was shown a discrepancy betweendibgnosis made from small biopsy
samples and the diagnosis from resected specirtiemsuld be greatly beneficial to clinical
teams to have an additional method of predicting blehaviour of gliomas which can
overcome some of these limitations of histopathplaigd is also reproducible and reliable.
Measurement of rCBV has been shown to predict timdransformation in our cohort
(chapter 4) and in another study (Law et al., 200®%he aim of this chapter is to assess
whether rCBV measurements can be used to predignpautcome in a multi-institution

setting.

5.2 Methods

5.2.1 Patients

69 consecutive patients with low-grade glioma niet inclusion criteria for this study.
Inclusion criteria were (i) histologically confirrdebrain gliomas, (ii) patients who were
referred for preoperative assessment for intraaladnmours and (iii) patients who did not
show evidence of systemic malignancy or immune 2gon.

Patients underwent conventional and perfusion ingagvery 6 months at the Institute of
Neurology (ION) and every 3 months at the New Yddkiversity Medical Centre
(NYUMC). At these time points, clinical assessm&as also performed.

The study was approved by the institutional revima&rd and local research ethics committee

and all patients provided informed consent.
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5.2.2 MRI protocol

At the ION, studies were acquired with a 1.5 T egs(Signa LX, GE Medical Systems,
Milwaukee, WI). The following sequences were acedimpre- and post-contrast
(0.2mmol/kg) coronal spoiled gradient echo (SPG&juence with TR/TE 14.4/6.4
(repetition time msec/echo time msec), Coronal FRANith 8774/161/2192 (repetition

time msec/echo time msec/inversion msec) and Tghed (6000/102).

At the NYUMC, imaging was also performed at 1.5SIefnens Vision or Symphony;
Siemens, Erlangen, Germany). The following segeemere obtained: pre- and post-
contrast (0.2mmol/kg) transverse T1-weighted sphoewith 600/14; transverse fluid-
attenuated inversion recovery (FLAIR), with 900@2500; and T2-weighted (3400/119)

MR imaging.

At both centres, dynamic susceptibility-weightedfypgon contrast-enhanced MR images
were acquired with a gradient-echo echo-planar intagequence during the first pass of a
standard-dose (0.1 mmol/kg) bolus at a rate of $au)/except for the 5 patients in the 0-16
year age group, in whom the injection rate was ceduo 3 ml/sec. The contrast used was
gadoterate meglumine (Dotarem ®) at the ION andpedtetate dimeglumine (Magnevist;
Berlex Laboratories, Wayne, NJ) at NYUMC. Six tosEEtions were positioned to cover the
tumour based on T2-weighted and FLAIR images. AtIAN the imaging parameters were:
1200/40; field of view, 260 x 260 mm; section tmeks, 5 mm, contiguous sections; matrix,
128 x 92; flip angle, 90°. For the NYUMC, imagingrameters were as follows: 1000/54;
field of view, 230 x 230 mm; section thickness, Bipmatrix, 128 x 128; in-plane voxel size,

1.8 x 1.8 mm); intersection gap, flip angle, 30°.
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Contrast-enhanced T1-weighted MR imaging was jp¢stormed at both centres after the

acquisition of dynamic susceptibility-weighted pesibn contrast-enhanced imaging data.

5.2.3 MRI analysis

1) Relative cerebral blood volume measurements

The procedure used to calculate relative cerelboalbvolume (rCBV) from the dynamic
susceptibility-weighted perfusion contrast-enhand&limaging data was based on standard
algorithms that have been previously described éR@s al., 1991; Rosen et al., 1990). A
summary of the analysis was published elsewhere @taal., 2006a).

At the ION data processing was performed off-liseng Advantage Workstation commercial
processing software (Functool, General Electric iEdSystems). At the NYUMC, it was
performed at a workstation (Unix; The Open Grougn $rancisco, Calif) with programs
developed in house in the C and Interactive Dateglage programming languages. In each
case colour overlay maps of rCBV were producedinijgrove the signal-to-noise ratio the
rCBV measurements used in this study were calaliem ROIs of 15-20 pixels placed in
regions of highest rCBV on colour overlay maps.légst four separate ROl measurements
were made, and the maximum rCBV value of these neasrded. This method had been
shown to provide the highest intra- and interobsereproducibility of rCBV measurements
(Wetzel et al., 2002). Large peri- or intratumdwessels were avoided when placing the

ROIs, as they can be an important confoundingfg@rasil Caseiras et al., 2008).
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5.2.4 Statistical Analysis

Analysis was performed in Stata 9 (Stata Corponat@ollege Station, TX USA) and p<0.05
was considered to be significant.

At the last individual follow-up visit patients weerclassified into four categories: 1)
Complete response: MR image with no visible tumand no new neurologic deficit; 2)
Stable: no change in the neurologic examinatiodaynofsky score, a change in tumour size
of less than 25% at MR imaging; 3) Progressive: gdefthed as a decline in neurologic status
or Karnofsky score, an increase in tumour size ofenthan 25% 4) Death. This classification
was based in part on the method described by Letinal (Levin et al., 2003).
The mean, standard deviation, and median of thevr@iasurements were obtained for

patients in each clinical-radiological responsegaty.

1. Differences between clinical-radiological outcome groups
The Mann-Whitney test was used to determine whetiexe was a significant difference in
the median of rCBV values between patients thatgred a complete response and the ones

that remained stable. The same analysis was repbat@een progressive patients who died.

2. Differences between groups with adver se and non adver se event

The Mann-Whitney test was used to determine whetiexe was a significant difference in
the median of rCBV values between two independemifgs. The grouping variable was the
presence of adverse event (progressive diseaseabih)dand non adverse event (complete

response and stable).
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3. Association of rCBV with adverse event

To investigate if rCBV at study entry was assoclatéth adverse event, a logistic regression
analysis was performed. Firstly, rCBV was modeliedividually. Then it was modelled
together with histology, age and gender. Centre alss added in to the model to assess if
the results were significantly independent of thsetitution (i.e. ION or NYUMC). The
dependable variable was adverse or non adversd. eMam covariate was rCBV at study

entry.

4. Association of rCBV with time to progression

Kaplan-Meier survival curves and log-rank test wesed to characterize and compare the
group with high ¥ 1.75) and low rCBV (< 1.75) in terms of time toogression. This
threshold value had previously been found to gheedptimal sensitivity and specificity for
differentiating low-grade from high-grade gliomdsa@ et al., 2003). Time to progression
was defined as the time from the study entry aiahsurgical diagnosis until progression
was reached. Data for those patients with compéstponse and stable disease at the time of
most recent follow-up were appropriately censokaplan Meier survival curves and log-
rank test were then applied to compare the timérdansformation in the two groups of
patients defined by the cut-off. Differences betwehe two groups defined were tested

using the log-rank test.
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5.3 Results

Patients

Sixty-nine patients (23 female and 46 male patientxdian age, 40 years; range, 4-80 years)
were studied for a median total length of 396 da@gsge from 63 to 2009). Five patients
were in the 0 — 16 years age group. The patholaiggnoses were: 34 low-grade
astrocytomas, 20 low-grade oligodendrogliomas, @doade mixed oligo-astrocytomas, 1
ganglioglioma, and 5 with indeterminate histolo@irty-five patients were followed up at
the Department of Radiology, NYUMC, whereas 34 welewed up at the ION.

Four out of 69 patients (5.7%) were defined as detapesponse, 32 (46.3%) as stable while
13 (18.8%) were progressive during the follow-ug & (24.6%) died. In 3 cases the clinical
outcome was not known because the patients droppeaf the study and went abroad.
These patients were excluded from the analysis usecaf lack of clinical information.
Thirty-four out of 69 patients were classified &sbée or progressive using only the clinical
criteria whereas the remaining used both radiokdgiad clinical, as described previously.

At the ION the low-grade gliomas were treated coreevely until there was clinical or
radiological evidence of disease progression. Rotlg this, 22 patients received treatment
(surgery: 10; radiotherapy: 14 and chemotherappatents). At the NYUMC cohort 29
patients received treatment during the study, whictiuded surgery in 27 patients,
radiotherapy in 20 and chemotherapy in 19 patients.

The median, mean, and standard deviation for séundyy rCBV in each of the four clinical

response categories are represented in Table 5.1.
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Table 5.1. Mean and median relative CBVs for pasienith pathologically proven low-

grade glioma in each clinical response category.

Outcome Mean rCBV + SD Median rCBV
Complete Response (n=4) 1.41+£0.13 1.44
Stable (n=32) 1.75+0.91 1.53
No Adverse Event (n=36) 1.71+£0.86 1.49
Progressive (n=13) 3.21+1.81 3.09
Death (n=17) 2.06 +1.06 1.79
Adverse Event (n=30) 2.56 +£1.52 2.38

N=number of subjects. SD: standard deviation

129



1. Differences between clinical-radiological outcome groups

Thirty-six patients demonstrated no adverse eweinéreas 30 patients had an adverse event.
There was no significant differendetween the median rCBV of patients with complete
response (n=4) and those with stable disease (nféR&8ures 5.1 and 5.2). However, a
significant difference was found between those wpitbgressive disease (n=13) and those

who died of disease (n=17) (p value = 0.03).
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Figure 5.1. 26-year-old male with pathology provew-grade astrocytoma with a low
baseline rCBV (1.24), which remained stable.

Top Row : A, Axial FLAIR image; B, Axial T2*-weigleid image shows increased signal
within the middle frontal gyrus on the right side, Contrast-enhanced axial T1-weighted
image demonstrates no appreciable enhancement tiblapgith an imaging and pathologic
diagnosis of LGG. D, Gradient-echo axial DSC MRhge with rCBV colour overlay map,
shows a lesion with low initial perfusion with abBV of 1.24 more in keeping with a LGG.
Bottom Row: E, Axial FLAIR image at 376 days followp. F, Axial T2-weighted image
shows a stable appearance to the right frontal LGGContrast-enhanced axial T1-weighted
image demonstrates no change in the appearandeeoflibma with no enhancement to

suggest malignant transformation.
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Figure 5.2: 32-year-old male with pathology prowight frontal low-grade astrocytoma,
which remained stable. Coronal FLAIR image (A) akdal T2-weighted image (B) shows
increased signal in the right frontal lobe. C) Gast-enhanced coronal T1l-weighted image
demonstrates no appreciable enhancement compatilte an imaging and pathologic
diagnosis of LGG. D) Gradient-echo axial DSC MREame with rCBV colour overlay map,

shows areas of highest perfusion within the tumdZiBV at study entry was 1.61.
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2. Differences between groups with adverse and non adver se event
There is a significant difference in the median YCt#alues between patients that had an
adverse event from those who did not (p=0.01))dtter having lower rCBV values than the

former.

3. Association of rCBV with adver se event

Relative CBV at study entry was significantly asated with an adverse event,
independently from age, gender or centre (p = GlpIe odds ratio of detecting an adverse
event was 2.19 (standard deviation: 1.24; 95% denfte interval: 1.15 — 4.16) for each per

standard deviation of rCBV at study entry. (Figtr8).
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Figure 5.3: 28-year-old female with pathology pnoveleft frontal low-grade
oligodendroglioma, which presented an adverse e@bnal FLAIR image (A) and Axial
T2-weighted image (B) shows increased signal inl¢ftefrontal lobe. C) Contrast-enhanced
coronal T1-weighted image demonstrates enhance®nCBV map shows areas of highest

perfusion within the tumour. rCBV at study entrysna81.
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4. Association of rCBV with time to progression

Thirty-six patients showed a baseline rCBV < 1.@&npared to 30 with a baseline rCBV
1.75. Relative CBV was significantly negatively asated with time to progression or death
(p=0.0059, 0.0057 for numeric and binary represamts, respectively). The median time to
progression among subjects with rCBV > 1.75 was@Hfs, 95% confidence interval: 355 to
742 days, while the median time to progression arsubjects with rCBV < 1.75 could not
be estimated (since more than 50% of these subjests progression-free at time of last
observation). However, there is 95% confidence thatmedian in this cohort was at least

889 days (Figure 5.4).
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Figure 5.4. Kaplan-Meier survival curves for tineeprogression within groups with low (<
1.75) and high (rCBV > 1.75) at both institutiofatients with low-grade glioma with low
rCBV at baseline had a probable median time tonessjon of 889 days, whereas the median

time to progression among subjects with high rCBA5\865 days.
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5.4 Discussion

In this multi-institution study we demonstratedigngicant difference in mean rCBV values
between patients with progressive disease and tivbsedied, and were also able to detect
the presence of an adverse event using rCBV ay statty, independently from histology,
gender, age or centre.

Previous studies have also shown that patients anttadverse event had a significantly
higher rCBV than did patients who did not have daease event and also that rCBV was
significantly negative associated with survival \{Lat al., 2006a). Aronen et al (Aronen et
al., 1994) demonstrated that patients with braionghs with rCBV> 1.5 were more likely to
develop into high-grade gliomas. Similarly, Tzikaaé(Tzika et al., 2004) demonstrated that
blood volume measurements could be used to disshgoetween progressive and stable
tumours in paediatric patients. These higher rCBlU®s in certain patients with low-grade
glioma could be explained by the fact that theyhhagready have high-grade components at
the time of the histopathologic assessment orrfDBY is possibly higher in patients that are
undergoing malignant transformation. Whatever#geson, it appears that LGGs with higher
rCBV are more likely to behave as high-grade tumpwhereas LGGs with lower rCBV
values are more likely to behave as a true low-@glbma (Law et al., 2006a).

An important finding was the significant negativesaciation of rCBV with time to
progression. Patients with low-grade gliomas aigth hCBV (> 1.75) had a median time to
progression of 365 days, whereas in patients vath ICBV (< 1.75) there was a 95%
confidence that the median time was 889 days. Afjhocaution should be taken when
adopting a threshold value, this cut-off has presip been found to give the optimal
sensitivity and specificity for differentiating lewfrom high-grade gliomas at a single

institution (Law et al., 2003).
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Other studies have shown similar results. Lev €Lal et al., 2004) demonstrated a mean
survival time of 24 months for patients with rCBV1>/5 and Law et al (Law et al., 2006a)
presented a median survival time of 8 months fdrepts with rCBV > 1.75. However
Leighton et al (Leighton et al., 1997) reviewed th#écome of patients with pathologically
confirmed low-grade glioma and showed a median toheurvival for patients with low-
grade glioma of 10.5 years and a median progredsstensurvival of 4.9 years. This
difference could be explained by the fact that gesnin rCBV might be an indicator of
imminent or occurring malignant transformation;eaftatively it may reflect histological
sampling error and inter- or intrapathologist vhailiy leading to erroneous classification of
a high-grade glioma as a low-grade tumour.

One limitation of a multi centre study is the udeddferent MR systems in each centre.
However in this study the MR sequences used in betitres for Dynamic Susceptibility-
weighted Perfusion Contrast-enhanced MR Imaging\weghly comparable, with both using
a gradient echo technique. This is an importansicanation as DSC MRI using spin-echo
techniques generally yields lower rCBV values ($aga et al., 2001).

Another important factor for successful multi-centstudy is to standardize the post
processing methods. In this study it was agreadéothe highest rCBV value of several ROI
placements, as previously described by Wetzel (et al., 2002) and to exclude large
intra- and peri-tumoural vessels from the rCBV nueasients (Brasil Caseiras et al., 2008).
There were differences in the definition criterifmm malignant transformation. The current
clinical practice at the ION is to use contrastarmdement as a criteria for transformation,
which has been shown to be a more reliable indicatanalignancy in gliomas (Daumas-
Duport et al., 1997; Mihara et al.,, 1995; Pierallet al., 1997). At the NYUMC
transformation is defined by clinical criteria abg an increase in tumour volume, but

enhancement is not included as a radiological $tgnthe purpose of this multi-centre study,
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it was decided by senior ION and NYUMC members dopa the NYUMC criteria of
transformation. One of the reasons to exclude erd@mant as an additional criterion for
malignant transformation was that many of the NYUpkients had extensive surgery at an
early stage and that post operative enhancemeld baue been a confounding factor.

In this chapter the time to event analysis usesstoaimation or death as the end point,
whereas in other chapters, where only data froml@i¢ was used, time to transformation
and death are analyzed separately. Despite usifggettit criteria and end points, the results
were independent from the centres and chaptersl & show consistent results regarding the
potential of rCBV for differentiating patients thead an adverse from those who did not.
Both chapters showed that rCBV at study entry is &b predict time to transformation or
time to transformation/death.

Finally, there were differences in the treatmerdt@eols between the two cohorts. At the
NYUMC patients received either stereotactic resectr biopsy, with or without radiation
therapy, as initial treatment. At the ION patieinésl a biopsy at study entry but only received
aggressive treatment after radiological evidencmalignant transformation was diagnosed,
using the enhancement criteria described aboves M@ans that all 34 ION patients were
initially treatment-free. Nevertheless, in both gpe the majority patients received treatment
at some point during the study (22 patients reckiveatment during the study at the ION
and 29 patients at the NYUMC). Despite these diffees in the timing of more aggressive
forms of treatment, rCBV proved to be a significamd independent predictor of patient
outcome in the combined data of the two centres.

The current standard reference for glioma gradsnigistopathology diagnosis. As mentioned
before, there are several limitations, includingngbing error. The triage, treatment and
survival statistics of low-grade gliomas based wtdpathology alone therefore, remain a

challenge. Measurement of rCBV are less subjesaiopling error as the entire tumour can
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be assessed by DSC MRI using appropriate slicetiposig. Measurements of rCBV
correlate with regional tumour vascularity and egsion of vascular endothelial growth
factor (VGEF) (Maia et al.,, 2005), which represemtportant biological aspects that
influence tumour behaviour.

The fact that rCBV measurements correlated welhwihe to progression or death, and that
these findings can be replicated between institgtigprovides an argument for the more
widespread use of rCBV measurements as an adjarittet pathology. We anticipate that
DSC MRI will play an increasing role in assessihg tisk of transformation in individual
patients and may contribute towards a tailored @gogr to low-grade glioma management

and treatment strategies.
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5.5 Conclusion

Despite differences in the MRI equipment and theudip approaches between the two
institutions rCBV at study entry has proved to hesaful predictor for time to transformation
or death. This demonstrates the potential useG&W measurements in larger scale multi-
centre study for low-grade gliomas. Such studiesl@valso allow looking at the outcome of
astrocytomas and oligodendrogliomas separatelyhdnfollowing chapter, we will test the
predictive value of rCBV measurements against oitin@ging parameters such as ADC and

tumour volume and growth.
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Chapter 6

Tumour volume and tumour growth predict outcompatients with brain glionsbetter

than rCBV and ADC
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6.1 Introduction

As described in chapter 4 the management of LGGirgsrcontroversial. However in a more
recent study (Smith et al., 2008) it has been destnated that patients with low-grade glioma
who underwent a at least 90% extent of resectawh3r and 8-year overall survival rates of
97% and 91% respectively. Similarly Claus et ab(Gl et al., 2005) demonstrated that the 5-
year age-adjusted and histologic-adjusted death fiat patients who underwent surgical
resection using intraoperative MRI guidance was%/.A randomised multi-centre trial
[European Organization for Research and Treatmie@aacer (EORTC)] showed that early
radiotherapy in adult LGG increases the mediansfoamation-free survival but not the
overall survival when compared with delayed rackodipy (van den Bent et al., 2005).

In view of the morbidity associated with surgerydamadiotherapy some centres, including
ours, adopt a “watch and wait” policy in neuroladlig intact patients, especially with
tumours in eloquent locations, and instigate agivestherapy at the time of malignant
transformation.

Magnetic Resonance Imaging (MRI) plays an importesie in diagnosing malignant
transformation in gliomas and imaging changes oftezcede clinical deterioration. On
conventional MR imaging the development of areadogfl contrast-enhancement is the
most commonly used sign of transformation to a {ggdde glioma, in clinical practice
(Mihara et al., 1995; Pierallini et al., 1997).

Conventional MRI images are also used to quantignges in tumour size, which are most
commonly obtained using linear measurements (Letiral., 2003). A serial study of
untreated oligodendrogliomas and mixed gliomas nomeas mean tumour diameters and
demonstrated a constant growth of these tumoursngluthe “premalignant” phase

(Mandonnet et al., 2003). The same group subseguanalysed growth rates of WHO
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Grade Il gliomas, based on tumour diameter, anchdoan inverse relationship between
individual growth rates and survival (Pallud et 2D06).

As discussed in previous chapters, perfusion-we@iMIR imaging has been successfully
used in the investigation of brain tumours. Measigets of rCBV correlate well with
histological measurements of tumour vascularitygéhara et al., 1999b) and presence of
vascular endothelial growth factor (VGEF) (Maia &t, 2005). DSC perfusion MRI
significantly improves on the specificity and seéngy of conventional MRI in
differentiating between high and low-grade glionflaaw et al., 2003) . In chapters 4 and 5 it
was demonstrated rCBYV is a useful predictor of timgransformation.

Apparent diffusion coefficient (ADC) measuremengsé been used for glioma grading, with
conflicting results (Cha, 2006). Two recent studasd pre-treatment ADC measurement in
high-grade astrocytomas (WHO grade Il and 1V) &fulk predictor of patient survival
(Higano et al., 2006; Murakami et al., 2007).

The purpose of this chapter was to identify radiaal markers of tumour behaviour and to
determine the best predictor of patient outcome.senise that this will help to stratify the
risk of early transformation and contribute to ™al decision making, particularly with
respect to timing of aggressive forms of therapgyeréfore we compared the tumour volume,
rCBV and ADC in a cohort of patients with consemvelly-treated low-grade glioma as
predictors of the overall patient outcome and theetto malignant transformation and to

death.
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6.2 Methods

6.2.1 Patients

All patients were recruited sequentially from theuro-oncology clinic of the National
Hospital for Neurology and Neurosurgery, in Londdrhe inclusion criteria were: (i)
histologically confirmed WHO grade Il gliomas (Kheies P, 2000); (i) no previous
treatment except biopsy (surgery, radiotherapyhmnwtherapy) and (iii) age 18 years.
Patients underwent conventional, perfusion andusién imaging at study entry, 6 months
and 12 months. For the remainder of the study p&tizvere clinically assessed and MR
imaging was performed at six monthly intervals. Td¢tady was approved by the local

research ethics committee and all patients providiedmed consent.

6.2.2 MRI protocol
All MR data were acquired with a clinical 1.5 T sym (Signa LX, GE Medical Systems,
Milwaukee, WI, USA). The following images were aced:

1) 3D Coronal Spoiled gradient echo (SPGR) sequesenentioned on chapter 4.

2) 2D Coronal oblique FSE fluid-attenuated invemsiecovery (FLAIR) as mentioned

on chapter 4.

3) Axial Dynamic susceptibility-weighted perfusieaguence, as mentioned on chapter 4.
4) Axial Diffusion-weighted images (DWI) using angle shot spin-echo EPI sequence
[TE=99.5ms; TR=10000ms; 128 x 96 matrix; 26cm xr2@e0V,; slice thickness 5mm,

contiguous sections]. Images were acquired at breDb&1000 s miby applying the
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diffusion gradients along three orthogonal axesptoduce three diffusion-weighted

images which were then co-added.

6.2.3 MRI analysis
1) The analyses of the pre- and post-contrast SPGBesnaas previously described on

chapter 4.

2) FLAIR images were analysed, blinded to clinicataills, on a Sun workstation
(Sunblade 150, Sun Microsystems, Mountain View, CSA) using Displmage v.
4.9 software (Plummer, 1992). Semi-automated ceoimguechnique was used to
calculate tumour volume at each time point (Figbr®). The intra-rate correlation
calculated on two separate measurements in 57 tsmeas 0.98 (95% CI: 0.97-

0.98).

145



Figure 6.1: A) Coronal FLAIR image showing rightorfital lobe low-grade
astrocytoma. B) Semi automatic contour on Displmimgedetermination of tumour

volume. The volume at entry study of this patieas\®3.30ml
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3) The analyses of dynamic susceptibility-weighpetfusion images was previously

described on chapter 4. Figure 6.2.

Figure 6.2: A) T2-weighted image showing a letintal low-grade oligodendroglioma. B)
T2*-weighed image during the maximum arterial arehaus contrast concentration. C)
rCBV map demonstrating the position of a ROI yietdmaximum CBVs within the tumour
(red ROI). Note that intra-tumoural vessels (yell&®I) were avoided while placing the

ROI. The mean CBV from contra-lateral white mata@aswsed to normalize the data.

147



4) ADC maps were generated using commercial imageegsing software (Functool 1.9,
General Electric Medical Systems). The tumour wastaured on each slice of the b=0
images and the saved regions were applied to th€ Atap using Displmage v 4.9

software. Whole tumour ADC histograms were gendratsing Displmage following

transfer of ADC maps onto a Sun Workstation. Thethnd has been described in detail
elsewhere (Tozer et al., 2007) (Figure 6.3). Tl#olgrams were normalized for the total
number of tumour pixels and bin width. The follogirhistogram parameters were
extracted and used in the statistical analysisk peaght (PH), peak location (PL), mean

value, 10th, 25th, 50th, 75th and 90th centile {s0in
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Figure 6.3. Determination of ADC histogram. Eaciméwr was contoured on all slices of the
b=0 sequence (A) and copied into the ADC map (Bwhole tumour ADC histogram was

generated from all pixels within the tumour con®(€).
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6.2.4 Statistical analysis
Analysis was performed in Stata 9 (Stata Corponat@ollege Station, TX USA) and p<0.05

was considered to be significant.

1. Changesin MRI parameters over time
The Friedman test was used to analyze the disibibbwf tumour volume, rCBV and ADC
values at study entry, 6 months and 12 monthstam$sess whether there were significant

changes of the mean values between these thre@adimts.

2. Ordinal logistic regression analysis

To investigate which MRI measure (tumour volun&BY and ADC histogram parameters)
at study entry, 6 months and 12 months was assdcvaith patient outcome, independently
from the others, and from histology, age and genaerordinal logistic multiple regression
analysis was repeated for each time point. Firgiedictors were modelled individually.
Secondly, the significant radiological predictorere modelled together to determine the set
of independent significant predictors.

The dependent variable was “patient outcome”, twhi@s classified at the last individual
available follow-up visit into three categories miughly equal sizes: 1) Stable: patients
without radiological evidence of malignant transfation. These patients’ MRI studies
showed either no enhancement or stable enhanceri#r tumour since study entry (n=12),
2) Progressive: patients with radiological evidentenalignant transformation showing one
or more new areas of contrast enhancement or sergapreviously stable enhancement
(n=13), and 3) Death (n=11). As mentioned in presichapters, contrast enhancement was

used as criterion for transformation.
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This ordinal variable was used as outcome in aiplelordinal logistic regression in order to
determine independent predictors. The followingac@mtes were used: tumour volume,
tumour rCBYV, diffusion histograms parameters, helyg, age and gender. Tumour histology
was first divided into two groups: the first groupluded tumours with oligodendroglial
elements (oligodendrogliomas and oligoastrocytontetsyl number=14); the second group
included pure astrocytomas (total number=22). Tiaemour histology was also divided into
three different groups: i) oligodendrogliomas (n=&8) astrocytomas (n=22) and iii)
oligoastrocytomas (n=6).

The same analysis was then repeated to determiath&rhchanges in tumour volume, rCBV
and ADC histogram parameters between 6 months talg entry and 12 months and study
entry were associated with patient outcome, indegetly from the other MRI changes,

histology, age and gender.

3. Timeto event analysis

To complete the analysis of the association betWédBh parameters and outcome, we also
investigated the best independent predictors of timtransformation and time to death. This
analysis allowed us to check whether the predictound to be significant in the ordinal

logistic regression analysis were also predictbtgree to transformation and time to death.

(i)Predictors of time to transformation

A Cox regression was used with time measured as yeam study entry to transformation.
Stable patients were censored at last follow-upe €bovariates at each time point were:
histology (including 2 tumour subtypes and 3 tumswistypes), gender, age, tumour volume,
rCBV, ADC parameters and changes of these param@te6 and 12 months. Firstly,

predictors were modelled individually. Secondlye gignificant radiological predictors were
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modelled together to determine the set of indepansignificant predictors. Treatment was
not added to the model because patients were teeafnee until transformation was reached.
We performed a subgroup analysis using only asti@taymours which represent 61% of our

cohort and of tumours with oligodendroglial elensgnthich represent 39% of our cohort.

(in)Predictors of time to death
The same analyses were repeated with time as freansstudy entry to death. However on
this analysis, the presence of treatment was attdl#te model as a covariate. Patients alive

at the time of latest follow-up were censored at thme.

Kaplan Meier curves for the strongest predictors

Kaplan Meier curves were produced for the strongestictors of time to transformation and
of time to death.

A receiver operating characteristic (ROC) analys#s applied to assess which variable cut-
off at study entry and at short-term changes hadhtghest accuracy of prediction to allow
the differentiation between patients who progredsdugh-grade gliomas and those who did
not, and between alive and dead patients, resedctikaplan Meier survival curves and log-
rank test were then applied to compare the tintetssformation and time to death in the two
groups of patients defined by the cut-off. Diffeces between the two groups defined were

tested using the log-rank test.
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6.3 Results

Patients

Demographic data are shown in Table 6.1.

Thirty-six patients (mean age: 42; SD 12.8 ; 24asand 12 females) with histology proven
WHO grade Il gliomas (22 astrocytomas, 8 oligodegtiomas and 6 oligoastrocytomas)
were studied for a median total follow-up lengtl2d years (range 0.4 — 5.5). All 36 patients
had MRI studies at 6 months after study entry, &vHil(11%) patients failed to attend the 12
months scan (1 patient died, 1 patient went abfoadreatment, and 2 patients clinically
progressed and dropped out).

Twelve out of 36 patients (33.3%) remained stahieng the follow-up, while 13 patients
(36.1%) progressed and 11 (30.5%) died. All deatlxe related to tumour progression. The
median length of follow-up was 2.4 years for thetbted (range: 0.4 — 5.3 years) and 2.0 years
for the progressive group of patients (range: 0.5.5 years). Patients who died were
radiologically followed-up for a median of 2.0 yeafrange: 0.5 — 3 years), but were
clinically studied for longer (median 3.9 yearqiga 1- 4.8).

Patients did not receive any treatment until margrtransformation. Twenty-two out of 36
patients (61%) received treatment during the stuehyich included surgery in 9 patients,
radiotherapy in 16 patients and chemotherapy iases. The median time from study entry
to treatment was 2.4 years (range: 0.6 — 5.5). Qnwatients received treatment within the
first year of the study, but both cases were treatrree at study entry and 6 months; no

further MRI data were available after the first 6nths in these 2 cases.
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Table 6.1. Demographic data and MRI parametersidy ®ntry for all patients

PATIENT | HISTOL |VOLU |RCBV MEDIAN | OUTCOME | YEARS OF
ID, oGY ME IN ADC FOLLOW
AGE AND ML UP
GENDER AT SE

1 |30|F|O 45.6 2.02 1131.5 P 3.1
2 |S1{M]A 93.3 2.46 1215.5 P 0.5
3 [30[M]A 83.4 2.00 1480.5 D 4.8
4 | 57|M| O 132.2 1.94 1205.5 P 3.6
5 | 25| M| OA 84.6 1.28 1149.5 D 1.6
6 [37[|M]|A 77.1 0.99 1289.5 P 5.6
7 |30[M]|A 77.0 0.94 1749.5 S 0.4
8 | 56|M| O 72.0 2.53 1229.5 P 4.6
9 [38|M]|A 73.9 na 1400.5 P 3.8
10| 48| M| OA 83.1 1.26 1450.5 D 3.0
11|56 | M| A 84.2 1.04 1169.5 D 2.9
12|42 | F | OA 101.0 1.91 1342.5 D 3.8
13|58 | M| A 169.3 2.24 1122.5 D 1.0
1429 F | A 59.0 2.38 1674.5 D 4.2
15|41 | M[A 136.9 1.04 2013.5 D 2.2
16| 34| M| A 58.7 1.56 1643.5 P 1.9
171471 F | A 75.0 1.09 1466.5 D 4.8
181 28| F | O 24.4 2.81 978.5 P 1.2
19|35 M[A 64.8 0.91 1669.5 D 4.2
200 65| F | OA 92.3 1.28 1649.5 P 4.0
21{30[ M| A 106.7 1.91 1504.5 D 4.1
22124 M| O 44.6 1.59 1241.5 P 2.0
23|52 M| A 40.4 1.37 1151.5 P 1.7
24| 53| F | O 94.9 1.84 1569.5 P 2.1
25| 37| F | OA 105.4 na 1369.5 S 1.5
26| 63|F | O 38.9 1.47 1322.5 S 3.5
27136 M| O 71.6 3.51 1291.5 P 1.3
28|60|F | A 47.5 1.14 1307.5 S 1.1
29138 M| A 79.1 0.80 1491.5 S 2.0
30|69 M| OA 37.4 1.94 1169.5 S 5.3
3129 F | A 43.8 1.18 1767.5 S 2.7
32({32|M| A 20.1 1.61 1256.5 S 2.4
33|57|F | A 72.3 1.49 1275.5 S 4.3
3432 M| A 42.9 1.42 1843.5 S 1.6
35[39[ M| A 30.8 1.79 1364.5 S 0.6
36[29| M| A 66.0 0.70 1724.5 S 3.7

SE: study entry, F: female, M: male, A: astrocyton@: oligodendroglioma, OA:
oligoastrocytoma, na: not available due to techrpcablems, S: stable, P: progressive, D:

death.

154



1. Changesin MRI parameters over time

There were significant changes in the mean valdethe tumour volume between study
entry, 6 months and 12 months and in the mean satieCBV between these time points
(all p values were < 0.001). There were significelmanges in the mean values of tumour
growth in 6 and 12 months (p<0.001) and in the mednes of changes in rCBV in 6 and 12
months (p=0.034). The whole tumour ADC histogranrapeeters did not show any
significant change between time points.

The mean values and standard deviation of tumolumve, rCBV and ADC for each time
point and the change of these parameters withirffitsie6 and 12 months after study entry
are given in Table 6.2. The mean values and stdrafariation of ADC parameters for each
time point and the change of these parametersmwitie first 6 and 12 months after study

entry are given in Table 6.3.
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Table 6.2. Mean, standard deviation, median anderaralues of tumour volume, maximum

rCBV and ADC 58 centile, at each time point and of tumour growtthimi the first 6 and 12

months.
TIME POINT / VOLUME | VOLUME | MAX. MAX. ADC 50™ ADC 50™
CHANGES MEAN MEDIAN | RCBV | RCBV (X10°MM?S") | (X10°MM*S*)
BETWEEN TIME | (SD) (RANGE) | MEAN | MEDIAN | CENTILE | CENTILE
POINTS (SD) (RANGE) | MEAN (SD) | MEDIAN
(RANGE)
At study entry (SE) | 73.06 3232) | 7311 1.63(0.63)| 1.53 1407.86 1353.50
(20.11- (0.70-3.51) | (240.72) (978.50-
169.31) 2013.50)
At 6 months 81.82 (35.15) | 81.94 2.22(0.79) | 2.03 1387.44 1319.50
(21.96- (1.24-4.62) | (258.94) (978.50-2013.50
186.77)
Change between| 8.76 9.18 0.47 (0.36) [ 0.34 -5.47 00
SE and 6 months (7.06) (-11.88- (0.08-1.81) | (74.67) (-246-180)
23.36)
Change between SH 2.69 1.62 0.89(0.87)( 0.71 -0.84 00
(3.68) (00-19.56) (-0.94 -4.39) | (80.63) (-221 — 257)

and 12 months

SE: study entry; SD: standard deviation; N: nundjesubjects

Mean and median values of volume are given in liniés.
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Table 6.3: Mean, standard deviation, median andaaralues of ADC parameters, at each

time point.

ADC parameters at Mean | Std Deviation | Median| Minimum | Maximum
each time point

Study entry ph .04 .01 .04 .02 .06
Study entry pl 1327.31 429.09( 1334.00 9.50 2113.50
Study entry mean* 1401.77 212.03| 1370.47] 1016.45 1885.33
Study entry 10" centile* | 1051.19 170.32| 1045.00 689.50]  1384.50
Study entry 25" centile* | 1216.75 202.53| 1171.50 818.50| 1673.50|
Study entry 50" centile* | 1407.86 240.72| 1353.50 978.50] 2013.50|
Study entry 75" centile* | 1593.97 256.58| 1596.00] 1158.50, 2173.50|
Study entry 90" centile* | 1798.42 308.75| 1778.00 1318.50 2629.50
6 months ph .04 .01 .04 .02 .06
6 months pl 1388.62 305.53| 1297.50 995.50| 2113.50
6 months mean* 1394.73 227.63| 1355.17] 1016.45] 1882.92
6 months 10" centile* 1052.15 180.70| 1003.00 718.50]  1529.50
6 months 28" centile* 1209.79 223.78] 1154.00 818.50|  1749.50|
6 months 50" centile* 1387.44 258.94| 1319.50 978.50] 2013.50
6 months 75" centile* 1561.56 262.99| 1536.00 1155.50, 2173.50|
6 months 90" centile* 1740.38 265.40| 1733.50, 1318.50, 2333.50
12 months ph .036 010 .035 021 .068
12 months pl 1384.88 307.63] 1366.00 879.50| 2113.50
12 months mean* 1411.08 214.87| 1391.89] 1003.23] 1885.33
12 months 18 centile* 1051.75 155.81| 1035.00 709.50]  1386.50
12 months 28’ centile* 1214.88 205.09| 1174.00 829.50| 1673.50|
12 months 50' centile* 1402.38 249.55| 1344.00 989.50] 2013.50
12 months 75’ centile* 1589.25 256.77| 1571.00] 1149.50, 2173.50|
12 months 90' centile* 1778.63 252.19| 1782.50] 1309.50]  2333.50|

* (x10° mnfst); ph: peak height; pl: peak location.
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2. Ordinal logistic regression analysis

Tumour volume obtained at study entry, 6 months aRdmonths significantly predicted
patient outcome, better than, and independentin fr€BV, ADC values, histology, age and
gender. In particular, the tumour volume showedigmifscant association with patient
outcome, with an odds ratio of being in a more sewitcome category of 3.15 [Standard
Deviation (SD): 32.32, 95% Confidence Interval (Cl1)42 - 7.00), p=0.005] at study entry
(Figure 5.4), 4.47 (SD: 35.14, 95% CI: 1.77 — 11240.001) at six months and 9.48 (SD:
58.39, 95% CI: 2.00 — 44.93, p=0.005) at twelve thenfor each additional SD of tumour
volume (Table 6.4). In contrast, neither rCBV ndd@ values were associated with outcome

at any time point (all p values > 0.05).
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Figure 6.4. Graph showing association between tunvolume at study entry (ml) and

outcome categories.
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Changes in tumour volume between study entry antbths and between study entry and
12 months were also significantly associated wéhemt outcome, independent of short-term
changes in rCBV and, of histology, age and genoke0.001 and p=0.004 respectively). The
odds ratio of being in a more severe outcome cayegas 6.68 (SD: 7.05, 95% CI. 2.26-
19.70) for each SD of tumour growth over the fésthonths and 93.24 (SD: 3.67, 95% CI:
4.13-2101.05) for each SD of tumour growth overfifgt 12 months. Table 6.4.

Changes in rCBV and ADC during the first 6 and 1éhths did not predict patient outcome.
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Table 6.4: Results from the ordinal logistic regres showing the ability of tumour volume

in predicting patients’ outcome at each time point.

TIME POINT |ODDS RATIO |SD CONFIDENCE | P VALUE
INTERVAL
Volume at| 3.15 32.32 1.42-7.00 0.005

Study Entry

Volume at 6| 4.47 35.14 1.77-11.24 0.001
Months
Volume at 12| 9.48 58.39 2.00 — 44.93 0.005
Months
Changes in| 6.68 7.05 2.26 -19.70 0.001

volume within

6 months

Changes in| 93.24 3.67 4.13 -2101.05 0.004
volume within

12 months

SD: standard deviation; n: number of subjects
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3. Timeto event analysis

(1) Predictors of time to transformation

a) Using variables at study entry

We found that tumour volume and rCBV were both petelent predictors of time to
transformation at study entry. The risk of transforg during follow up was 2.39 higher per
each additional SD of tumour volume at study er{@%% CI 1.36-4.20, p = 0.002, SD:
32.32) and 1.66 higher per each additional SD &\@t study entry (95% CI: 1.06 — 2.61, p
= 0.02, SD: 0.62). (Table 6.5).These results wadependent of the other covariates in the
model: histology, gender, and age. ADC histograreasnres were not significantly
associated with time to transformation.

Even when only astrocytomas were analyzed, tumolunve and rCBV at study entry were
still predictors of time to transformation. Thekriof transforming during follow up was 2.48
higher per additional SD of tumour volume at stedyry (95% CI 1.29 — 4.76, p= 0.006, SD:
33.64) and 4.23 higher per each additional SD &\Z@t study entry (95% CI 1.67-10.72, p

= 0.002, SD: 0.52).

b) Using variables at 6 months

A Cox regression analysis using all parameterslaai at 6 months (including the study
entry data) showed that changes in tumour volung 6vmonths was the only independent
predictor of time to transformation: the risk adnsforming during the study was 3.25 higher
per each additional SD of tumour growth within 6ntits (95% CI: 1.62 — 6.49, p value =

0.001, SD: 7.05).
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c) Using variables at 12 months

Tumour volume and changes in tumour volume betvegedly entry and 12 months were the
only independent predictors of time to transfororatat 12 months follow up. The risk of

transforming during the study was 4.73 higher @&headditional SD of tumour volume at 12
months (95% CI: 1.15 — 19.41, p = 0.03, SD: 58.3%k risk of transforming during the

study was 2.48 higher per each additional SD ofowmgrowth within 12 months (95% CI:

1.35 — 4.56, p = 0.03, SD: 3.67) (Table 6.5.).
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Table 6.5: Predictors of time to transformation

TIME PREDICTOR | ODDS SD Cl P VALUE
POINT RATIO
Study entry | Tumour 2.39 32.32 1.36-4.200 0.002
volume
rCBV 1.66 0.62 1.06 - 2.61] 0.02
6 months* | Changes in 3.25 7.05 1.62-6.49 0.01
tumour
volume
12 months | Tumour 4.73 58.39 1.15 -0.03
volume 19.41
Changes in 2.48 3.67 1.35 - 4.56| 0.03
tumour
volume

SD: standard deviation; CI. confidence intervalnomber of subjects when all parameters
are present.

* A Cox regression analysis using all parametemslable at 6 months (including the study
entry data) showed that changes in tumour voluntieinvé months, rather than volume and

rCBV at study entry, was the only independent mtediof time to transformation.
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(i) Predictors of time to death

a) Using variables at study entry

Tumour volume at study entry was the only indepangeedictor of time to death: thisk of
dying at any time of the study was 5.54 per eadhtiatial SD of tumour volume at study

entry (95% CI: 1.79 — 17.12, p value = 0.003, S?233) (Table 6.6).

b) Using variables at 6 months

Tumour volume and changes in tumour volume betvatedy entry and 6 months were the
only independent predictors of time to death atdhtins follow up. Theisk of dying at any
time of the study was 4.31 per each additional $fdmour volume at study entry (95% CI:
1.75 - 10.59), p value = 0.001, SD: 32.32. Tikle of dying at any time of the study was 2.46
per each additional SD of tumour growth within 6ntits (95% CI: 1.11 — 5.42, p value =

0.02, SD: 7.05) (Table 6.6).

¢) Using variables at 12 months

Tumour volume and changes in tumour volume betvegedly entry and 12 months were the
only independent predictors of time to death atbihths follow up. Theisk of dying at any
time of the study was 6.81 per each additional $fdmour volume at study entry (95% CI:
2.08 — 22.62, p value = 0.002, SD: 58.39). fikle of dying at any time of the study was 2.80
per each additional SD of tumour growth within 12nths (95% CI: 1.35-5.79, p value =

0.005, SD: 3.67) (Table 6.6).
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Table 6.6. Predictors of time to death

TIME PREDICTOR | ODDS SD Cl P VALUE

POINT RATIO

Study Entry | Tumour 4.31 32.32 1.75 +0.001
volume 10.59

6 months Tumour 4.51 35.14 1.81 +0.002
volume 11.22
Changes in 2.46 7.05 1.11-5.42 0.02
tumour
volume

12 months | Tumour 6.81 58.39 2.08 +0.002
volume 22.62
Changes in 2.80 3.67 1.35-5.79 0.005
tumour
volume

SD: standard deviation; Cl: confidence interval.
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Kaplan Meier curves for the strongest predictors

As tumour growth within the first 6 months and tumeolume at study entry were the best
independent predictors of time to transformatiod endeath, respectively, they were entered

in the analysis with the ROC curve.

a) Strongest predictor of time to transformation

This analysis showed that the tumour growth inftre# 6 months was associated with the
highest accuracy of prediction of time to transfation was 6.21ml (sensitivity: 83.3%;

specificity: 83.3%; correctly classified: 83.3%)sibg this value as a cut-off, we found a
significant difference in time to transformationtlween patients with tumour growth smaller
than 6.21ml and those with tumour volume equalbmva this cut-off (p = 0.003) (Figure

6.5). Mean time to transformation was 3.91 yeaB9/{Cl: 2.81 - 5.02) for patients with

tumour growth within 6 months less than 6.21 ml paned with 1.84 years (95% CI: 1.44 —

2.24) for patients with tumour growth greater tloarequal to 6.21 ml.
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Figure 6.5. Graph showing comparison of time tmgpession between groups with small (<
6.21 ml) and large>(6.21 ml) tumour growth within 6 months. Patientshwsmall tumour

growth mean time to progression of 3.91 years (lduee), whereas patients with large
tumour growth had a mean time to progression of ¥éars (red curve). Note that, after 3
years of follow up, all patients with large tumaynowth had transformed, whereas almost

60% of patients with small tumour growth did nantsform.
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b) Strongest predictor of time to death

A ROC curve showed that the tumour volume assatiatéh the highest accuracy of
prediction of time to death was 83.14ml (sensivei6.67%; specificity: 79.17%; correctly
classified: 75%). Using this value as a cut-off, fmend a significant difference in survival
between patients with tumour volume smaller thari83! and those with tumour volume
equal or above this cut-off (p = 0.0016) (Figur&)6Mean survival time was 5 years (95%
Cl: 4.52 — 5.48) for patients with tumour volumeéstady entry less than 83.14 ml compared
with 3.27 years (95% CI: 2.49 - 4.05) for patiewith tumour volumes greater than or equal

to 83.14 ml.
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Figure 6.6. Graph showing comparison of survivetiheen groups with small (< 83.14ml)
and large X 83.14ml) tumour volumes at study entry. Patienith wmall tumour volumes
had a median survival time of 5 years (blue curve)ereas patients with large tumour
volume had a median survival time of 3.27 yeard (arve). Note that, after almost 5 years
of follow up, all patients with large tumour volunaould probably be dead, whereas more

than 40% of patients with small tumour volume wostitl be alive.
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6.4 Discussion

We have, for the first time, investigated tumourlumee, rCBV and ADC histogram
parameters in a longitudinal study of patients veiimservatively treated low-grade gliomas
to determine the best MRI predictor of outcomevengs retrospective studies have explored
tumour volume (Mariani et al., 2004) and tumourvgio (Dempsey et al., 2005; Mariani et
al., 2004; Pallud et al., 2006) as individual pegalis of outcome and/or survival in patients
with brain gliomas. However, the novelty of the waresented in this chapter lies in the
prospective comparison of several MR variablesradiptors of outcome.

We found that tumour volume at study entry and tungyowth were the strongest predictors
of patient outcome, which was assessed using §ads (i.e. stable, progression and death).
These parameters remained significant when adgi&tinthe other MRI variables, histology,
age, gender and treatment. Furthermore when pdrfgran time to event analysis, tumour
growth in the first 6 months was the best indepah@esdictor of time to transformation and
tumour volume at study entry was the only indepangesdictor of time to death.

Our results are broadly in keeping with previousdss investigating tumour volume and
growth in low-grade gliomas. Mariani (Mariani et,&004) performed a retrospective study
of tumour volume over a 9-year-period and foundopegative tumour volume to be the
strongest predictor of overall survival. They afgated that tumour volume was the only
predictor of malignant transformation. However otigndrogliomas were not included and
all patients were treated surgically prior to ma#igt transformation.

Pallud et al (Pallud et al., 2006) found an inverggelation between individual growth rates
of low-grade gliomas and patient survival. Tumowsh a median growth rate below
8mm/year had a much better prognosis than tumoiths igher growth rates. This was a

large study (143 patients), but was retrospectigpanning a 12-year-period, with a large
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variation of the time interval between successivRIMtudies ranging from 3 to 219.3
months (mean, 33.4 months). In contrast to ourysttidere was a heavy bias towards
oligodendrogliomas, which accounted for two thicdstumours studied, perhaps reflecting
local differences in neuropathological criteria. dddition, measurements were based on
maximum tumour diameters in three planes rather theae volumetric calculations and some
patients had surgery before malignant transformatio

Based on our time to death analysis, it can beigetithat patients with a tumour volume
exceeding 83.14 ml are likely to die within 5 yeafpresentation. Other studies have shown
different survival rates. The EORTC work (van deenBet al., 2005) demonstrated that the
median survival for patients who received radicdpgr was 7.4 years compared with 7.2
years for patients who did not receive radiotherdiplgas also been demonstrated that WHO
grade Il gliomas survival rate is around 8 yearna(€ et al., 2005; Smith et al., 2008). This
could be attributed to the fact that in all thekel®es patients with low grade glioma received
surgery after the diagnosis, whereas our patieete Wweatment free until they progressed to
high-grade gliomas and only 25% underwent surgaringd the study.

Despite the fact that oligodendrogliomas have lreported to have a better outcome than
astrocytomas (van den Bent, 2007), we found thatliptors of patient outcome, time to
transformation and time to death were independeatt only from gender and age but also
from histology. One explanation could be the smalnber of pure oligodendrogliomas in
our cohort (n=8). However iéll tumours with oligodendroglial elements are taken into
account, they represent 39% of the cohort, makiveggroup roughly balanced with pure
astrocytomas.

As mentioned in previous chapters, parameters el@firom physiological MR imaging such

as rCBV and ADC measurements provide additionarmétion about tumour behaviour,
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which goes beyond morphological aspects. In thipter, we found that rCBV at study
entry is a predictor of time to transformation, hot as strong as tumour growth.

In our cohort 9 of 12 stable patients had low-grad&ocytomas. As it is known that this
tumour subtype have lower rCBV compared to oligablegliomas (Cha et al., 2005),
another Cox regression was used to investigat€®W remained a predictor of time to
transformation when only astrocytomas were consitlefhe results confirmed the potential
of rCBV in predicting time to transformation in teabgroup of purely astrocytic tumours.

As it was discussed in chapter 4, Law and colleaduaw et al., 2006a) demonstrated a
significant negative correlation between rCBV amdet to progression in a patient cohort
which differed from ours in several respects, prasly mentioned. Law et al did, however,
not compare rCBV with ADC and tumour growth or tumeolume at study entry. Using a
Cox regression survival model we were able to destrate that tumour growth within 6
months was in fact a stronger predictor for timerogression than rCBV. In addition, rCBV
was not a predictor of time to death or of patieatcome in the ordinal logistic multiple
regression analysis, when compared with other blesa In an earlier study Lev et al
showed a correlation of normalized CBV with sur¥j\aut this became non-significant once
age and histological grade were added to the n{tdelet al., 2004).

A recent MR perfusion study of low-grade gliomdsywed that rCBYV increases significantly
within 12 months prior to malignant transformati@anchaivijitr et al., 2008), which might
reflect neo-angiogenesis in low-grade gliomas #natevolving to a higher grade. It may be
that the predictive value of rCBV measurementgpgdrent outcome increases nearer the time
of transformation, but this will have to be confecchwith further studies.

With respect to the ADC measurements, we did mat $ignificant changes over time within
one year. This is not entirely unexpected as measemt of ADC has been, on the whole,

less promising than rCBV measurements (Cha, 200@)ifferentiating between low- and
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high-grade tumours. ADC parameters at each timet@oid changes in ADC between study
entry and 6 months and between study entry and drithm did not predict patient outcome
neither time to transformation or time to deathisTib in contrast with a retrospective study
(Higano et al., 2006). The author showed that perative ADC measurements were able to
predict the prognosis of anaplastic astrocytomad globlastomas. Tumours with a
minimum ADC above 0.90 x TOmnt se¢' had a better prognosis than those with lower
ADC values. However, this study used manual ROteaf@ent over solid tumour portions to
identify the lowest intratumoural ADC values, whichmore operator-dependent than the
histogram analysis we used. It also included paedipatients, who usually have a better

prognosis (Chandler et al., 1993; Devaux BC, 1$8¢cman et al., 1994).

Methodological considerations

In this thesis, tumour volume was calculated, matth@n using linear measurements of
tumour size. Dempsey et al (Dempsey et al., 28@8)compared volumetric, bidimensional,
and unidimensional measurements of tumour sizeOirpatients with recurrent malignant
glioma and showed that only the volumetric measergnwas found to be predictive of
survival in patients with brain gliomas. Additiohabther studies which compared linear
tumour measurements with clinical outcome yieldembnsistent findings (Chow et al., 2000;

Reeves and Marks, 1979; Wood et al., 1988).

We have chosen to outline the tumour volume on R_Ahages, as these have been
demonstrated to be more sensitive to subtiema tumour volume change than T2 WiI
(Connor et al., 2004). For our volume measurememesused the coronal FLAIR images

with an interslice gap of 1.5mm. Although this nti¢gad to less precise measurements than
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contiguous slices, the tumour volumes were big ghow consider the possible effect of
partial volume to be negligible.

In accordance with our current clinical practisee wsed contrast enhancement as
radiological criterion for transformation sincehid proved to be a more reliable indicator of
malignancy in gliomas than border definition, mas$ect, necrosis and haemorrhage

(Daumas-Duport et al., 1997; Mihara et al., 1996r&Hini et al., 1997).

Our patient cohort included a mixture of low-graalstrocytomas, oligoastrocytomas and
oligodendrogliomas, which is representative of tycal mix of histological subtypes seen
in neuro-oncological practice. The documented ckffiees in rCBV and ADC values

between low-grade oligodendrogliomas and low-gra$trocytic tumours may be a

confounding factor when analyzing the predictivdueaof these parameters in a mixed
group. Low-grade oligodendrogliomas tend to hawghér rCBV values (Cha et al., 2005)
and lower ADC values (Tozer et al., 2007) than naele astrocytic tumours. However when
only low-grade astrocytomas were analyzed, we dstnated that rCBV at study entry

proved to be a predictor of time to transformatittrmay be useful in future to look at the
predictive value of rCBV and ADC in astrocytomasl aiigodendrogliomas separately in a

larger patient cohort.

Of the statistical methods used, the time to tamsétion and death analysis are more
powerful at detecting associations between eaddiptor variables and outcome than the
logistic regressionThe logistic regression analysis provides infororatbout the likelihood

of patient status after a fixed time interval: aligh this is a simpler form of analysis, it can
be easier to interpret and apply in a clinicalisgitwhen a likely outcome may be more

important than its timingAnother statistical consideration regards the detextion of the
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thresholds for our time-to-event analyses (timeptogression and time-to death). The
thresholds of tumour volume and tumour growth waseained with the ROC analysis and
were based on the highest accuracy of predictimwedyver, a confidence interval was not
available, as is usually the case when working VRtAC analysis. Although the cut-off

acquired was the most successful threshold in olort, it is worth cautioning that the exact
optimal threshold determined from the ROC analf@isour dataset may not be generalized
to a different population. Whilst we would expedngarable datasets to show similar
prediction, slightly different cut-off thresholdsealikely to be obtained. Further studies are
required to investigate an optimal binary threshaddich may be used in daily clinical

practice.
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6.5 Conclusion

This chapter shows the result of an original prospe study which compares tumour
volume with other variables presented in previduspters (rCBV and ADC) in order to find
the best predictor of outcome in patients with Ignede glioma. After using different
statistics tests, tumour volume was not only asgediwith outcome, but also tumour growth
within 6 months was the best independent predictarme to transformation and tumour
volume at study entry was the only independentipredof time to death. Acquisition and
calculation of tumour volumes can easily perfornveith standard MRI equipment. The
incorporation of tumour volume measurements in® dragnostic work-up of patients with
brain gliomas may prove a useful adjunct in clihb@cision making and could influence the

timing of aggressive treatment.
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Conclusions

The aim of this thesis was to apply conventionakfysion- and diffusion-weighted MR
imaging in patients with histology proven low-gragkomas in order to provide further
insights into the biological behaviour these braimours, which could influence their
clinical management.

After comprehensive work using the analysis of rCEADC and conventional MRI in a
unique cohort, 1 have been able to show how theskniques can contribute to the
understanding of the natural history of low-gratiergas.

Although ADC is able to differentiate oligodendnoghas from astrocytomas (Tozer et al.,
2007) and is useful in the grading of gliomas ($uga et al.,, 1999a), ADC histogram
parameters were not able to demonstrate an assocwith patient outcome or with time
transformation or death. Further studies with biggehorts will be needed to verify the
utility of ADC as a predictor of outcome.

However, rCBV proved to be an important tool in ghedy of gliomas. Relative CBV is not
only associated with transformation but it is alable to predict time to malignant
transformation in our centre and also in a multitce cohort.

When ADC, rCBV and tumour growth and volume werenpared in order to find the best
MR predictor of patient outcome in patients witdwigrade glioma, tumour volume and
tumour growth at different time points were strangeedictors than rCBV and ADC and
also independent of age, gender, histology andniera. When a time to event analysis was
used comparing tumour volume, tumour growth, rCBM &DC, tumour growth proved to
be the best independent predictor of time to foansation and tumour volume was the only

independent predictor of time to death.
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These original results make an important contrdyutior the management of patients with
brain gliomas and provide additional informationiethmay help early decision making in
clinical practice.

In the National Hospital for Neurology and Neuragarny patients with low-grade glioma are
only treated once malignant transformation is diosga. However our survival and time to
transformation is much shorter than the ones desdrin the literature. This work lead
clinicians in this institution to question whethar not patients with brain glioma that had
tumours volume at study entry bigger than 83.14mdl /aor a tumour growth of 6.21ml in the
first 6 months should be regarded as high gradeotusn It may be appropriate that these

patients are managed more aggressively.
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Future directions

Previous chapters demonstrated the importance of pdRameters in understanding the
natural history and predicting prognosis in pasewith brain gliomas. There is scope for
further work, whereby rCBV and ADC may be usedmpiove the diagnosis and treatment
of these patients.

The acquisition of rCBV using DSC MRI remains sorhatvsubjective with inter and intra

observer variability. Young and al (Young et al00Z) also demonstrated that histogram
analysis of perfusion MR provides prediction ofogtia grade. Law et al (Law et al., 2007)
showed that rCBV acquired using histogram analisias effective as rCBVmax in the

correlation of glioma grade. The histogram methwdpgfies the analysis and may allow

inexperienced operators to obtain reproducible.dat@ould be interesting to implement this

method for future acquisitions of rCBV.

There is a need to provide imaging markers fortitneat response in patients with brain
gliomas. Chenevert et al (Chenevert et al., 200@wed that increased diffusion values
could be detected in human brain tumours shortsr &featment initiation. Another study has
demonstrated that regions within the 80% isodoseadiotherapy showed a reduction in
rCBV over a 3 month period (Price et al., 2007)firgon-weighted MRI allows in vivo
imaging of the overall tumour vascularity and agiiect assessment of tumour angiogenesis,
which is an essential indicator for tumour classifion and determination of biological
aggressiveness (Cha et al., 2002). Additionallffusiion-weighted MRI reflects pathologic
features, such as changes in cellularity (Provenealal., 2006), which is present as the
tumour progresses. In summary rCBV and ADC couldubed as potential markers for

treatment response. Changes in treatments coulthde if certain imaging markers have not
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changed over a period of time. It would be reasguto know that effective treatment is
mirrored by significant changes in MRI markers.

Another important application of these techniquedifferentiation of radiation necrosis from
tumour recurrence in patients with primary and s€aoy brain tumours.

Differentiation between tumour recurrence and tneatt-related brain injury is often difficult
with conventional MRI. It is unclear whether a pomsly reported increase of contrast
material uptake in patients with irradiated primangd secondary tumours are transient due to
the radiation itself or is due to tumour progressow necrosis. Diffusion-weighted imaging
appears helpful because water diffusion is grdateecrotic tumours than in tumour tissues
in recurrence. It has been demonstrated that #rersignificant differences in the maximal
ADC values between radiation necrosis and tumour recaer (Asao et al., 2005). It has also
been shown that there is a dose-related reductio@BY in normal brain after radiotherapy
(Price et al., 2007) and that rCBV is able to pregatient outcome and monitor radiation-
induced effects (Fuss et al., 2001; Fuss et alQOROHowever the best marker for
differentiating radiation necrosis from tumour pmegsion remains unclear. A long
radiological follow up would be needed as patientth a single brain metastasis have a
median survival in the range of 10-18 months (Meliet al., 2008) and that treated low-
grade glioma have 5-year survival rate of 97% (Breital., 2008) .

Finally, the use of diffusion tensor imaging (D'Mjpuld be extremely beneficial to plan
surgical treatment in these patients. DTI is abledentify subtle white matter disruptions
(Price et al., 2003) and also delineate margingioma (Price et al., 2006). Such techniques
can improve the delineation of surgery resectiash @so in planning radiotherapy treatment.
Ideally this sequence would be used in the neuigatien system improving the

respectability of brain tumours.
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