Contents

1 Introduction 1
1.1 Gliomas . . . . . . o 1
1.1.1 Epidemiology and Classification . . . . . . . . .. . ... . ... ... ... 1

1.1.2  Clinical Management . . . . . . . . . . ... L L 1

1.2 Tumour Growth Modelling . . . . . . . .. . . . 3
1.2.1  Motivations . . . . . . . .. e 3

1.2.2  Overview . . . . . . L e 3

1.2.3  The Reaction-Diffusion Model . . . . . . . . . ... ... ... oo 3

1.2.4 The Mass Effect Model . . . . . . . . . . . .. 6

1.3 Objectives . . . . . . . . oL e 8

2 Brain Domain 9
2.1 Motivations . . . . . . .. e 9
2.2 Brain Regions . . . . . . . . L 9
2.2.1 Normal Brain Tissues . . . . . . . . .. 9

2.2.2 Tumour Sub-Regions . . . . . . . . . . L 10

2.3 Magnetic Resonance Imaging . . . . . . . . . ... Lo 11
2.3.1 Principles . . . . . .. 11

2.3.2 Acquisitions . . . . . ... 18

2.4 Segmentation . . . . .. 20
2.4.1  Skull Stripping . . . . . . .. 20

2.4.2 Normal Brain Tissues . . . . . . . . . . e 21

2.4.3 Tumour Sub-Regions . . . . . . . . .. L 26

244 Brain Map . . .. ..o e 28

2.5 Concluding Remarks . . . . . . . . .. L 29

3 Diffusion Tensor 30



3.1 Motivations . . . . . . .. e e e 30
3.2 Diffusion Tensor Imaging . . . . . . . . . . . L 30
3.2.1 Principles . . . . . .. e 30
3.2.2  Acquisitions . . . . ... 33
3.2.3 Distortion Correction . . . . . . . . . ... 33
3.2.4  Water Diffusion Tensor . . . . . . . .. ... L 35
3.3 Tumour Cell Diffusion Tensor . . . . . . . . . . .. . 35
3.3.1 White Matter . . . . . . . . .. 35
3.3.2 Grey Matter . . . . . . . e 36
3.3.3 Diffusion Tensor Field . . . . . . . . . ... ... ... 37
3.4 Concluding Remarks . . . . . . ... L 38
Proliferation Rate 40
4.1 Motivations . . . . . . ..o e e 40
4.2 Tumour Cell Proliferation Rate . . . . . . . . . . .. .. .. .. ... ... .. 40
4.3 PET Imaging . . . . . . . . . . 0 e 41
4.3.1 Principles . . . . ..o e 41
4.3.2 PET Imaging of Gliomas . . . . . . . .. .. ... ... 42
4.3.3 Amino Acid Tracer Uptake and Proliferation . . . .. . ... ... ... ... ... 43
4.4 Amino Acid Transport . . . . . . . . . .. e 44
4.4.1 Facilitative Transport . . . . . . . . . . .. 44
4.4.2  Accumulative Transport . . . . . . . . ... L 45
4.4.3 Obligatory Exchange . . . . . . . . . . . 45
4.4.4 LATY .. oo e 46
4.4.5 Blood-Brain Barrier . . . .. . .. . L 46
4.4.6 Amino Acid Transport in Gliomas . . . . . . . .. . ... ... ... ... ... 46
4.5 Pharmacokinetic Modelling . . . . . . . . . .. L 48
4.5.1 Essential Amino Acid Transport Model . . . . . ... ... ... ... ... ... 48
4.5.2 PET Tracer Transport Model . . . . . . .. . ... ... ... ... ... ..... 49
4.5.3 Simulations . . . . . ... 52

ii



4.5.4 DISCUSSION . . v v v v v e e e e e e e 53

4.6 Clinical Study . . . . . . . . o e 54
4.6.1 Background . . . ... 54
4.6.2 Material and Methods . . . . . . . .. ... L oL o o6
4.6.3 Results . . . . . e 63
4.6.4 Discussion . . . . . . ..o e 69

4.7 Concluding Remarks . . . . . . . . . L 71

Initial Conditions 73

5.1 Motivations . . . . . . L. e 73

5.2 Background . . . ... 73

5.3 Experimental Study . . . . . ... 74
5.3.1 Material and Methods . . . . . . .. ... Lo 74
5.3.2 Results . . . . . e 79
5.3.3 Discussion . . . . . ..o e 83
5.3.4 Conclusion . . . . . .. e 85

5.4 Tlustrations . . . . . . .. L. 86
5.4.1 Non-Guaranteed Existence of Iso-Contours . . . . . .. ... ... ... ...... 86
5.4.2 Effects of Treatment . . . . . . . . . . ..o 86

5.5 Proposed Method . . . . . . . . .. 87

5.6 Concluding Remarks . . . . . . . . . L 90

Solving the Model 92

6.1 Motivations . . . . . . . . L 92

6.2 Finite Difference Method . . . . . . . . . . ... 92
6.2.1 Principles . . . . . . .. e 92
6.2.2 Implementation . . . . . . . .. Lo 100
6.2.3 Fictitious Case Simulation . . . . . . . . ... L oL 100

6.3 Finite Element Method . . . . . . . . . .. 103
6.3.1 Principles . . . . . .. e 103
6.3.2 Implementation . . . . . . . . .. L 108

iii



6.3.3 Fictitious Case Simulation . . . . . .

6.4 CompariSOm . . . . . . . o e e e e e

6.5 Concluding Remarks . . . . . . .. . L

7 Applications

7.1 Motivations . . . . . . o v o

7.2 In Silico Studies . . . . . . .

7.2.1 Diffusivity vs. Proliferation Rate . .

7.2.2  Diffusivity in White vs. Grey Matter

7.2.3 Diffusion Anisotropy in White Matter

7.2.4 Proliferation Rate Field . . . . . ..

7.2.5 Initial Conditions

7.3 In Vivo Studies . . . . . . . .

7.3.2 Case 2 . . . o e e e

7.3.3 Case 3 . . . .o e

7.4 Concluding Remarks . . . . . . . . .

7.2.6 Temporal Evolution . .. ... ...
7.4.1 Achievements & Scope . . . . . . ..
7.4.2 Limitations & Perspectives . . . . .

8 Conclusions
8.1 Accomplished Work . . . . . . . . .
8.2 Recommendations . . . . . . ...
8.3 Perspectives & Future Work . . . . . . ..o Lo
8.3.1 Application to Radiotherapy . . . . . . . . . . ... ... ... ...
8.3.2 Integration of Additional Imaging Techniques . . . . . . . . . ... ... ... ...

8.3.3 Advanced Models

8.3.4 Extension to Hepatocellular Carcinoma . . . . . . ... .. ... ... .. .....

A DTI Data Processing

iv

115

115

115

116

118

119

120

121

121

123

123

125

126

127

127

127

130

130

131

131

131

131

132

133

134



A1 FSL Bash Script . . . . . . . o 134

B Amino Acid Transport Model 136
B.1 Transporter Models. . . . . . . . . . . e 136
B.1.1 Facilitative Transport . . . . . . . . . . . . 136

B.1.2 Accumulative Transport . . . . . . . . . ... 140

B.1.3 Exchange . . . . . . . . . . e 144

B.1.4 Exchange of Multiple Substrates . . . . . .. .. ... ... ... ... 148

B.2 Compartmental Model . . . . . . . . ... 151
B.3 Model Constants . . . . . . . .. . e 152
B.3.1 Voxel Vessel Fraction . . . . . . . . . . ... 152

B.3.2 Vessel Blood Fraction . . .. .. ... .. ... ... 0 o 152

B.3.3 Tissue Extracellular Fraction . . . .. .. ... ... ... ... ... . ... 153

B.3.4 Number of LAT1 Exchangers . . . . . . . . . . ... ... ... . ...... 153

C Dynamic ['1C]MET PET Study 154
C.1 Patient Characteristics . . . . . . . . . . . . 154
C.2 Spill-Out Estimation . . . . . . . . . . 154
C.2.1 Methods . . . . . . . . e 154

C.2.2 Results . . . . . o e e 156

C.23 Discussion . . . . . . . . e e e 157

C.3 Overlapping frames . . . . . . . . . . . e e 157
C.3.1 Methods . . . . . . . o e 157

C.3.2 Results . . . . . e 158

C.3.3 Discussion . . . . . .. . e 159

C.4 PET Data Analysis . . . . . . . . . . e 159

D MRI/Histological Study 163
D.1 Slicer Design . . . . . . . . e 163
D.2 Deep Learning-Based Nuclei Counting . . . . . . . ... . ... ... ... ... . 164
D.3 In Vivo to Ex Vivo Registration . . . . . . . . .. .. ... L 165



D.4 Pathology Results

vi



