Contents

Preface  ix
Acknowledgments  xi

1 Introduction to Digital Image Processing 1
1.1 DigitalImages 1
1.2 Image Quality 2
1.3 BasicImage Operations 4
131  Gray Level Transformations 4
1.3.2  Multi-image Operations 5
133  Geometric Operations 7
134 Filters 8
1.34.1 LinearFilters 8
1342 Nonlinear Filters 13
135  Multi-scale Image Processing 13

2 Radiography 15
2.1 Introduction 15
22 Xrays 15
221  Bremsstrahlung 15
222  Characteristic Radiation 15
23 Interaction with Matter 17,
231  Interaction of Photons with Matter 17
232  Interaction of an X-ray Beam with
JTissue -, 17 :
24 Xray Detectors 18
241  Screen-Fjim Detector 19
2411 Serden 19
2412 Film 19
242  Image Intensifier 20
243  Detectors for Digital Radiography 20
243.1 Storage Phosphors 20
2432 Active Matrix Flat Panel
Detectors 21
2433 PhotonCounting 23
25 Image Quality 23
251 Resolution 23
252 Contrast 23
253 Noise 23
254  Artifacts 24
26 Equipment 24
2.7 (linicalUse 26
2.8 Biological Effects and Safety 28
29 Future Expectations 31

X-ray Computed Tomography 33
3.1 Introduction 33
32 X-ray DetectorsinCT 35

33

34

35
36

37

321
322

Energy Integrating Detectors 35
Photon Counting Detectors 35

Imaging 36

3.3.1

332

333

Data Acquisition 36

33.1.1 Projection and Radon
Transform 36

33.1.2 Sampling 37

2D Image Reconstruction 38

3.3.2.1 Backprojection 38

3322 Projection Theorem 39

3.3.2.3 Direct Fourier
Reconstruction 40

33.24 Filtered Backprojection
(FBP) 40

3325 Fan-beam Filtered
Backprojection 42

tmaging in Three Dimensions 44

3333 Single-sliceCT 44

3332 MultisliceCT 45

3333 VolumetricCT 46

Dynamic CT 49

341
342

CardiacCT 49
PerfusionCT 50

Multi-energy CT 51
Image Quality 55

36.1
362
363
364

Resolution 55

Noise 56

Contrast 56

Image Artifacts 56

364.1 Undersampling 56

3642 BeamHardening 56

3643 Scatter 57

3644 Nonlinear Partial Volume
Effect 57

3645 Motion 57

3646 Helical interpolation 58

364.7 System Inaccuracies 58

Equipment 58

371
372
373

Tomosynthesis 58
General-purpose Scanners 58
Dedicated Scanners 60

3.7.3.1 Oral and Maxillofacial CT 61
3.73.2 Interventional CT 61



4

Contents

38
39
3.0

374
375

3.7.33 BreastCT 61
Multiple X-ray Tubes 61
Electron Beam Tomography (EBT) 62

ClinicalUse 63
Biological Effects and Safety 64
Future Expectations 67

Magnetic Resonance Imaging 71
introduction 71
External Magnetic Field 71

4.
4.2

43

44
45

421

422

Angular Momenta and Magnetic

Moments 71

4211 AQualitative Description 71

42.1.2 Classical Description 72

42.1.3 Quantum Mechanical
Description 73

Dynamic Equilibrium: The Net

Magnetization Vector of Matter 74

Radio Waves 75

431

432

Disturbing the Dynamic Equilibrium: The
RF Field 75

Return to Dynamic Equilibrium:
Relaxation 76

4321 Spin-lattice Relaxation 76
4322 Spin-spin Relaxation 77

Signal Detection and Detector 78
Imaging 79

451
452
453

454

455

45.6
457

458

459

Introduction 79

Slice or Volume Selection 80

Position Encoding: The k-theorem 80

453.1 ktheorem 82

Dephasing Phenomena of Static

Spins 84

4.54.1 Undo Dephasing of Magnetic
Field Gradients 84

454.2 Undo Dephasing of Magnetic
Field Inhomogeneities 84

Basic Pulse Sequences 85

455.1 The Spin-echo Pulse
Sequence 85

455.2 The Gradient-echo Pulse
Sequence 87

Three-dimensional Imaging 88

Acquisition and Reconstruction

Time 89

Fast imaging Sequences 89

4581 Multi-slice Imaging 89

4582 Multiple Echoes per
Excitation 90

4583 Parallel Imaging 91

Phase-based imaging 92

459.1 Susceptibility-Weighted Imaging
(SwWh) 93

4.6

4.7
48
4.9

4592 Chemical Shift Imaging

csy 93
Dephasing Phenomena of Moving
Spins 94
Magnetic Resonance Angiography
(MRA) 96
45117 Inflow MRA 96
4.5.11.2 Phase-contrast (PC) MRA 97
4.5.11.3 Contrast-enhanced (CE)

MRA 97
Perfusion maging 99
Diffusion Imaging 100
Blood Oxygenation Level Dependent
Imaging (BOLD) 102
4515 Magnetic Particle Imaging (MPl) 103
Image Quality 105
46.1 Contrast 105

4510

4511

4512
4513
4514

462 Resolution 106
4.6.2.1 Resolution in the Fourier
Space 106
46.22 Resolution in the Image
Space 106
463 Noise 107
464  Artifacts 107

Equipment 110

Clinical Use 112

Biological Effects and Safety 112

49.1 Biological Effects 112
4911 RFwaves 112
49.1.2 Magnetic Gradients 113
49.1.3 Static Magnetic Field 114

492 Safety 115

4.10 Future Expectations 115

Nuclear Medicine Imaging 120

5.1
52
53

54

55

Introduction 120
Functional Imaging 120
Radioactive Decay 121
53.1  Nucleon Emission or Capture 121
532  Electron (87) Emission 121
533  Electron Capture (EC) 122
534  Positron Emission (81 Decay) 122
535  Statistics 122
Interaction of y-Photons and Particles with
Matter 123
54.1  Interaction of Particles with Matter 123
542  Interaction of y-Photons with
Matter 123
Data Acquisition 123
55.1 Detector 124
5.5.1.1 Detecting the Photon 124
55.1.2 Collimation 125
55.1.3 Photon Position 125
55.2  Number of Photons Detected 126



553 Energy Resolution 126
554 CountRate 126
56 Imaging 127
561  Planarimaging 127
562  Fourier Reconstruction and Filtered
Backprojection 127
563 [lterative Reconstruction 127
56.3.1 Bayesian Approach 128
5.6.3.2 Maximum-likelihood (ML) 128
5.6.3.3 Maximum-a-posteriori
Probability (MAP) 129
564 3D Reconstruction 129
5.64.1 Filtered Backprojection 131
5642 MLReconstruction 131
5643 Fourier Rebinning 131
5.7 Image Quality 131
571 Contrast 131
572  Spatial Resolution 131
573 Noise 132
574 Artifacts 132
58 Equipment 134
581 Gamma Camera and SPECT 134
582 PET 135
583 Time-of-flight (TOF) PET 137
584 Hybrid Imaging 138
584.1 PET-CTand SPECT-CT 138
5842 PET-MRI 139
59 (inical Use 140
5.10 Biological Effects and Safety 144
5.11 Future Expectations 144

Ultrasound Imaging 147
6.1 Introduction 147
6.2 Physics of Acoustic Waves 147
6.2.1  What Are Ultrasonic Waves? 147
6.2.2 Generation of Ultrasonic Waves 148
6.2.3  Wave Propagation in Homogeneous
Media 148
6.2.3.1 Linear Wave Equation 148
6.23.2 Interference 149
6.233 Attenuation 151
6.2.3.4 Nonlinearity and Higher
Harmonics 151
6.2.4  Wave Propagation in Inhomogeneous
Media 152
6.24.1 Reflection and Refraction 153
6.24.2 Scattering 154
6.2.5 Wave Propagation and Motion: The 7
Doppler Effect 154
6.3 Generation and Detection of
Ultrasound 156
64 Obtaining Spatial Information 156
6.4.1 Data Acquisition 156
64.1.1 A-mode 156

Contents

64.1.2 M-mode 157
64.1.3 B-mode 157
64.2 Image Reconstruction 157
64.2.1 Filtering 157
64.2.2 Envelope Detection 157
64.2.3 Attenuation Correction 158
64.24 Log-compression 158
64.2.5 ScanConversion 158
643  Acquisition and Reconstruction
Time 158
6.5 Measuring Blood Flow and Tissue
Deformation 159
6.5.1  Data Acquisition 159
6.5.2 Reconstruction 160
6.5.2.1 Continuous Wave
Doppler 161
6.5.2.2 Pulsed Wave Doppler 161
6.5.2.3 Color Doppler 163
6.5.24 Speckle Tracking and
Strain 164
6.5.2.5 Elasticity Imaging 164
6.53  Acquisition and Reconstruction
Time 165
6.6 Image Quality 166
6.6.1  Spatial Resolution 166
6.6.1.1 Axial Resolution 167
6.6.1.2 Lateral and Elevation
Resolution 167
66.2 Noise 168
6.6.3 Image Contrast 168
6.64  Artifacts 168
6.64.1 SideLobes 168
664.2 Reverberations 169
6643 Aliasing 169
6.7 Equipment 170
6.7.1  One-dimensional Array
Transducers 171
6.7.2  Transducers for 3D Imaging 173
6.8 ClinicalUse 174
6.8.1  Structurallmaging 174
6.8.2 Blood Flow and Tissue Deformation
Mapping 176
6.83 Contrast Echography 177
6.9 Biological Effects and Safety 177
6.10 Future Expectations 178

Medical Image Computing 184
7.1 Introduction 184
7.2 Interactive Methods 185
7.3 Automated Image Computing 185
73.1  Complexity of the Image Data 185
732 Complexity of the Model or
Prototype 186

vii



viii

Contents

74

7.5

76

7.7

78
79

7321 Multimodal Analysis 186
7322 Multitemporal Analysis 187
Computational Strategies for Automated
Medical Image Computing 188
7.4.1  Building a Model or Prototype 188
742  Model-to-data Tuning 188
743  Low-level Methods 189
744  Model-based Methods 189
7441 Data
Classification/Regression 189
7442 Model Fitting 191
Data Classification/Regression 192
75.1 Pixel Labeling 192
7.5.1.1 Supervised Learning 192
75.1.2 Unsupervised Learning 193
75.1.3 Spatial Dependency 194
752  Pattern Recognition 195
Model Fitting 198
76.1  Model Fitting Using a Transformation
Matrix 200
76.1.1 Fitting Image Patterns 201
76.1.2 Fitting Shapes 203
76.2  Flexible Model Fitting 205
76.2.1 Fitting Flexible Image
Patterns 206
76.2.2 Fitting Flexible Shapes 208
76.2.3 Fitting Flexible Image Patterns
and Flexible Shapes 216
Hybrid Strategies 216
Validation 217
Future Expectations 218

8 Visualization for Diagnosis and Therapy 221

8.1
8.2
8.3

84
85
86

87
88

Introduction 221

2D Visuafization 223

3D Rendering 223

83.1 Surface Rendering 225
83.1.1 Surface Geometry 225
8.3.1.2 lfumination and Shading 226

832 VolumeRendering 229
83.2.1 Position-Independent Transfer

Functions 230
83.2.2 Position-Dependent Transfer
Functions 230

Virtual Reality 233

User Interaction 234

Intraoperative Navigation 234

86.1  Finding the Coordinates in the Surgery
Space 236

86.2 Calculating the Geometric
Transformation 238

Augmented Reality 242

Future Expectations 245

Further Reading 249

Index

251



