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Abstract

Functional Magnetic Resonance Imaging (FMRI) is a non-invasive method of
imaging brain function in-vivo. However, images produced in FMRI experiment
almost invariably contain imperfections, known as artifacts. These artifacts can
result from, for example, rigid-body motion of the head, magnetic field inhomo-
geneities, chemical shift and eddy currents.

To investigate these artifacts, with the eventual aim of minimising or removing
them completely, a computational model of the FMR image acquisition process
was built which can simulate all of the above mentioned artifacts. The simula-
tor uses a geometric definition of the object (brain), Bloch equations (to model
the behaviour of the magnetisation) and a model for the Blood Oxygen Level
Dependent (BOLD) activations. Furthermore, it simulates rigid-body motion of
the object by solving Bloch equations for an object moving continuously in time
(as opposed to assuming movement only between the acquisition of consecutive
images). This is a novel approach in the area of MRI computer simulations.
With this approach it is possible, in a controlled and precise way, to simulate the
full effects of various rigid-body motion artifacts in FMRI data (e.g. spin-history
effects, B0-motion interaction and within-scan motion blurring) and therefore for-
mulate and test algorithms for their reduction. This thesis presents the develop-
ment of the model for the simulator, its numerical implementation and solutions
for the computational issues, and the validation of the simulator by comparing
its outputs with existing theoretical and experimental results.

Finally, the simulator is applied in a number of diverse applications. These
applications include: comparing different acquisition techniques for eddy-current
compensation; reproducing and extending experiments in neuronal current imag-
ing; quantifying the performance of motion correction software; quantitatively
evaluating the impact of stimulus correlated motion artifacts; and investigating
the performance of Independent Component Analysis (ICA) as a tool for quanti-
fying motion-related artifacts.
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I. Drobnjak, D. Gavaghan, E. Süli, M. Jenkinson. Application of an FMRI

simulator in modelling the spin history effects In Proceedings of the 11th In-

ternational conference for Functional Mapping of the Human Brain, (Toronto,

Canada), 2005.

R. Nunes, I. Drobnjak, S. Clare, P. Jezzard, M. Jenkinson. Quantitative

Simulation of Affine Registration for Correction of Eddy Current Distortions

in Diffusion-Weighted Images. In Proceedings of the International Society for

Magnetic Resonance in Medicine 13th Scientific Meeting, (Miami, USA), 2005.

I. Drobnjak, M. Jenkinson. Modelling FMRI Motion Artifacts Using a Sim-

ulated Scanner. In Proceedings of the International Society for Magnetic Reso-

nance in Medicine 12th Scientific Meeting, (Kyoto, Japan), 2004.

I. Drobnjak, M. Jenkinson. FMRI Simulator and its application in modelling

the interaction of motion and B0 inhomogeneities. In Proceedings of the 10th

International conference for Functional Mapping of the Human Brain, (Budapest,

Hungary), 2004.

The MIDAS Consortium: Boada, Collins, Drobnjak, Eddy, Evans, Griffin,

Jenkinson, Noll, Pike, Shi, Shroff, Stenger, Worsley MIDAS-A Multi Site fMRI

Simulator Consortium. In Proceedings of the 10th International conference for

Functional Mapping of the Human Brain, (Budapest, Hungary), 2004.



Contents

Acknowledgements iii

Related Publications v

List of Figures xiii

List of Tables xv

List of Abbreviations 1

1 Introduction 3
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Scope and objectives . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 The outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . 7

2 Principles of FMRI 11
2.1 Physical principles of image generation . . . . . . . . . . . . . . . 12

2.1.1 Magnetisation Vector: µ → M . . . . . . . . . . . . . . . . 14
2.1.2 RF pulse: M → Mxy . . . . . . . . . . . . . . . . . . . . 22
2.1.3 Signal Detection: Mxy → S(t) . . . . . . . . . . . . . . . . 25
2.1.4 k-space: S(t) → S(k) . . . . . . . . . . . . . . . . . . . . . 27
2.1.5 Image reconstruction: S(k) → I(x) . . . . . . . . . . . . . 32

2.2 Imaging system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.1 Imaging hardware . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.2 Pulse sequence . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2.3 Scanning parameters . . . . . . . . . . . . . . . . . . . . . 38

2.3 Physiological principles of BOLD imaging . . . . . . . . . . . . . 44
2.4 Imaging artefacts . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.4.1 Magnetic-susceptibility-induced B0 inhomogeneities . . . . 46
2.4.2 Rigid-body motion . . . . . . . . . . . . . . . . . . . . . . 47
2.4.3 Chemical shift . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.4.4 Eddy Currents . . . . . . . . . . . . . . . . . . . . . . . . 53

vii



viii CONTENTS

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3 Simulator model development 55
3.1 Existing simulation strategies . . . . . . . . . . . . . . . . . . . . 56
3.2 Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.3 Magnetic-susceptibility-induced B0 inhomogeneities . . . . . . . . 65
3.4 Motion Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.5 BOLD model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.6 Signal evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.7 Additions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.7.1 Chemical Shift . . . . . . . . . . . . . . . . . . . . . . . . 72
3.7.2 Eddy Currents . . . . . . . . . . . . . . . . . . . . . . . . 73
3.7.3 Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4 Simulator implementation 75
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.2 Inputs to the simulator . . . . . . . . . . . . . . . . . . . . . . . . 77

4.2.1 Object . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.2.2 The MR parameters . . . . . . . . . . . . . . . . . . . . . 79
4.2.3 Pulse sequence . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2.4 Slice profile . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.2.5 Motion sequence . . . . . . . . . . . . . . . . . . . . . . . 84
4.2.6 B0 inhomogeneities . . . . . . . . . . . . . . . . . . . . . . 86
4.2.7 Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.3 Bloch equation solver and the signal . . . . . . . . . . . . . . . . 87
4.3.1 Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.4 Image reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.5 Computational time . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.5.2 Computational speed ups . . . . . . . . . . . . . . . . . . 97
4.5.3 Parallelisation . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5 Simulator validation 105
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.2 Quantitative comparison of the simulator output with the theoret-

ical results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.2.1 Evaluation of the simulator performance for different object

voxel sizes . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.2.2 Image contrast . . . . . . . . . . . . . . . . . . . . . . . . 113
5.2.3 B0 inhomogeneities . . . . . . . . . . . . . . . . . . . . . . 114



CONTENTS ix

5.3 Quantitative comparison of the simulation results with the real
scan images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.3.1 Translation in z . . . . . . . . . . . . . . . . . . . . . . . . 118
5.3.2 Rotation about the y-axis . . . . . . . . . . . . . . . . . . 126

5.4 Qualitative comparison of the simulation results with real scan
images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6 Simulator applications 143
6.1 Quantifying the performance of a motion correction algorithm . . 143

6.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 144
6.1.2 MCFLIRT Algorithm . . . . . . . . . . . . . . . . . . . . . 147
6.1.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
6.1.4 Results and discussion . . . . . . . . . . . . . . . . . . . . 158
6.1.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.2 Quantifying motion artefacts with ICA . . . . . . . . . . . . . . . 169
6.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 169
6.2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
6.2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . 171
6.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 173

6.3 Evaluating Stimulus-Correlated Motion Artifacts . . . . . . . . . 174
6.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 174
6.3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
6.3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . 176
6.3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 178

6.4 Eddy Current Effects . . . . . . . . . . . . . . . . . . . . . . . . . 180
6.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 180
6.4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
6.4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . 183
6.4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 186

6.5 Direct MR imaging of neuronal activity . . . . . . . . . . . . . . . 188
6.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 188
6.5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
6.5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . 193
6.5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 198

6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

7 Conclusions and future directions 201
7.1 Development of the simulator . . . . . . . . . . . . . . . . . . . . 202
7.2 Applications of the simulator . . . . . . . . . . . . . . . . . . . . 204
7.3 Future development of the simulator . . . . . . . . . . . . . . . . 206
7.4 Final remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209



x CONTENTS

A Magnetic field calculations 211

Bibliography 215



List of Figures

1.1 The 3T Varian/Siemens magnetic resonance imaging system . . . 4

2.1 Currently used functional brain mapping techniques. . . . . . . . 12
2.2 Formation of the MR image. . . . . . . . . . . . . . . . . . . . . . 13
2.3 Nuclear precession. . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4 The solution of the Bloch Equation for a fat tissue sample. . . . . 19
2.5 Excitation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.6 Process of slice selection with sinc RF pulse. . . . . . . . . . . . . 29
2.7 Two dimensional k-space for Fourier transform samples. . . . . . . 31
2.8 MRI system hardware. . . . . . . . . . . . . . . . . . . . . . . . . 33
2.9 An example of a pulse sequence diagram. . . . . . . . . . . . . . . 35
2.10 Gradient echo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.11 Echo Planar Image. . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.12 Scanning parameters. . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.13 Different image contrasts of an axial brain slice at 3T. . . . . . . . 39
2.14 T1 recovery and T2 decay curves. . . . . . . . . . . . . . . . . . . . 40
2.15 The BOLD response. . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.16 Magnetic susceptibility artefacts in an EPI image. . . . . . . . . . 48
2.17 Motion artefact: position displacement. . . . . . . . . . . . . . . . 49
2.18 Motion-related artefacts in the FMRI data. . . . . . . . . . . . . . 50
2.19 Spin history artefact. . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.20 Blurring artefact. . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.21 Chemical shift artefact in an EPI image. . . . . . . . . . . . . . . 52
2.22 The effect of eddy currents on an ideal gradient waveform. . . . . 53
2.23 Image distortions due to eddy currents. . . . . . . . . . . . . . . . 53

3.1 Tissue templates. . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.2 Descriptive representation of the simulation process. . . . . . . . . 61
3.3 T ∗

2 variation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1 Descriptive representation of the simulation process. . . . . . . . . 76
4.2 Descriptive representation of the pulse sequence. . . . . . . . . . . 81

xi



xii LIST OF FIGURES

4.3 Examples of different slice profiles. . . . . . . . . . . . . . . . . . 83
4.4 Descriptive representation of the parallelisation. . . . . . . . . . . 102
4.5 Limitation of the parallelisation. . . . . . . . . . . . . . . . . . . . 103

5.1 Validation graph. . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.2 Optimal voxel size. . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.3 Spin history effects. . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.4 Image Contrast. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
5.5 B0 field inhomogeneities. . . . . . . . . . . . . . . . . . . . . . . . 117
5.6 Translation in z: Input object. . . . . . . . . . . . . . . . . . . . . 120
5.7 Translation in z: Perturbation field. . . . . . . . . . . . . . . . . . 121
5.8 Translation in z: Motion. . . . . . . . . . . . . . . . . . . . . . . . 122
5.9 Translation in z: Analysis. . . . . . . . . . . . . . . . . . . . . . . 123
5.10 Experimental results. . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.11 Spin history results. . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.12 Rotation about y-axis: Input object . . . . . . . . . . . . . . . . . 128
5.13 Rotation about y-axis: Perturbation field. . . . . . . . . . . . . . 128
5.14 Rotation about the y-axis: Motion. . . . . . . . . . . . . . . . . . 129
5.15 Rotation about the y-axis: Result 1. . . . . . . . . . . . . . . . . 132
5.16 Rotation about the y-axis: Result 2. . . . . . . . . . . . . . . . . 133
5.17 Rotation about the y-axis: Result 3. . . . . . . . . . . . . . . . . 134
5.18 Rotation about the y-axis: Result 4. . . . . . . . . . . . . . . . . 135
5.19 Ghosting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.20 Chemical Shift. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
5.21 EPI with B0 field distortions. . . . . . . . . . . . . . . . . . . . . 139
5.22 Eddy Currents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.23 Within-scan motion. . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.1 Motion types. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.2 Level1 motion used in the simulations. . . . . . . . . . . . . . . . 150
6.3 Level2 motion used in the simulations. . . . . . . . . . . . . . . . 151
6.4 Level3 motion used in the simulations. . . . . . . . . . . . . . . . 151
6.5 RMS diff: Translations. . . . . . . . . . . . . . . . . . . . . . . . . 159
6.6 RMS diff: Rotations. . . . . . . . . . . . . . . . . . . . . . . . . . 160
6.7 RMS diff: All. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
6.8 Group4 and Group5 simulations: RMS error. . . . . . . . . . . . . 164
6.9 MCFLIRT summary. . . . . . . . . . . . . . . . . . . . . . . . . . 165
6.10 ICA: Rotation about the z-axis. . . . . . . . . . . . . . . . . . . . 170
6.11 IC with motion-B0 effect. . . . . . . . . . . . . . . . . . . . . . . . 171
6.12 A bar-chart with std values. . . . . . . . . . . . . . . . . . . . . . 172
6.13 The correlation coefficients. . . . . . . . . . . . . . . . . . . . . . 172
6.14 Stimulus correlated motion. . . . . . . . . . . . . . . . . . . . . . 177
6.15 Eddy Currents: DW sequences. . . . . . . . . . . . . . . . . . . . 181



LIST OF FIGURES xiii

6.16 Simulated Images displaying eddy current effects. . . . . . . . . . 184
6.17 Sum of squares of the residuals after affine registration. . . . . . . 185
6.18 Phantom used in the experiments. . . . . . . . . . . . . . . . . . . 191
6.19 Input object and the B0 inhomogeneity field. . . . . . . . . . . . . 192
6.20 Images representing the signal change when the current is on. . . 194
6.21 Sensitivity to the current amplitude. . . . . . . . . . . . . . . . . 195
6.22 Signal change in a 9 by 9 patch. . . . . . . . . . . . . . . . . . . . 195
6.23 Results of the “walk-through” experiment. . . . . . . . . . . . . . 197





List of Tables

4.1 MR parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.2 Computational time. . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.1 Accuracy of the estimated parameters. . . . . . . . . . . . . . . . 153
6.2 Accuracy of the application of the transformation. . . . . . . . . . 157
6.3 Error in applying the final transformation in MCFLIRT. . . . . . 166

xv





List of Abbreviations

BOLD Blood Oxygenation Level Dependant
CSF Cerebro-Spinal Fluid
DWI Diffusion-Weighted Imaging
EPI Echo Planar Imaging
FID Free Induction Decay
FLASH Fast Low-Angle SHot
FLIRT FMRIB Linear Image Registration Technique
FMRI Functional Magnetic Resonance Imaging
FMRIB Oxford centre for fMRI of the Brain
FSL FMRIB software library
FOV Field Of View
FT Fourier Transform
GE Gradient-Echo
GM Grey Matter
ICA Independent Component Analysis
MCFLIRT Motion Correction using FLIRT
MIDAS MR Imaging Data Acquisition Simulator
MRI Magnetic Resonance Imaging
NMR Nuclear Magnetic Resonance
POSSUM Physics Oriented Scanner Simulator Utility for MRI
RF Radio-Frequency
ROI Region-Of-Interest
SCM Stimulus Correlated Motion
SE Spin-Echo
SNR Signal-to-Noise Ratio
TE Echo Time
TR Repetition Time
WM White Matter

1




