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ABSTRACT

INVESTIGATION OF A DEFORMABLE MIRROR MICROWAVE
IMAGING AND THERAPY TECHNIQUE FOR BREAST CANCER
By

Kavitha Arunachalam

A novel deformable mirror microwave tomography technique for the nondestruc-
tive evaluation of non- or poorly conducting materials is investigated in this thesis.
The proposed tomography technique utilizes a fixed transmitter antenna and a contin-
uously deformable mirror with reflective coating to acquire multi-view measurements
for permittivity reconstruction. The concept of using adaptive reflector antenna for
medical imaging is introduced in this thesis with emphasis on breast cancer detection.
Numerical simulations of the proposed imaging technique investigated using finite
element boundary integral method and Tikhonov regularization technique for hetero-
geneous mathematical breast models indicate the feasibility of the new deformable
mirror microwave tomography for breast imaging. Besides the computational study
in the microwave regime, a simple experimental setup in the visible spectrum of elec-
tromagnetic radiation is also investigated to evaluate the merit in using mirror for
multi-view measurements for material property inversion. One dimensional inver-
sion results of material refractive index obtained using the proof-of-concept optical
prototype employing single perfectly reflecting mirror emphasize the merit in using
mirror for multi-view measurements and reinstates the feasibility of deformable mirror
tomography technique.

In addition to its use for imaging, the system can be used for breast cancer ther-
apy as well. A non-invasive thermal therapy technique employing dual deformable

mirrors is investigated for the treatment of localized breast tumors. The proposed



technique uses the deformable mirror to focus the incident electromagnetic radiation
at the target tumor for thermal therapy. The feasibility of the proposed technique
is evaluated via numerical simulations on two-dimensional breast phantoms. The
electric field maintained by the deformable mirror is modeled and estimated using
the boundary integral method. The EM energy deposited by the mirror is used in
the bio-heat transfer equation to quantify the steady state temperature distribution
inside the breast phantom. Computational studies on mathematical and MRI derived
patient models indicate preferential EM energy deposition and temperature elevation
inside the tumor with minimum collateral damage to the neighboring benign tissues.
Extended simulation studies for non-invasive tumor ablation appear promising and

indicate the prospects of a new applicator design.



To my beloved parents



ACKNOWLEDGMENTS

This Thesis, my first scientific accomplishment has significantly shaped my philo-
sophical and scientific perspective of life on this universe. Many individuals have
helped me achieve this.

This Thesis would not have been possible without the able guidance of my advisors
Dr. Lalita Udpa and Dr. Satish Udpa. Particularly, my very special thanks to Lalita
Udpa, who gave me a break from my mundane life as a software engineer into the
challenging and interesting world of science and engineering. I am grateful for her
intellectual and financial support, inspiration, freedom of work, invaluable advice and
above all trust that gave me the confidence and guided me to take the right decisions
throughout my graduate studies. I also sincerely thank my coadvisor Satish Udpa
for his intellectual guidance, discussions and encouragement in many aspects of my
graduate studies. I am glad to work with him. My advisors, Lalita Udpa and Satish
Udpa are not only great visionary scientists with renowned reputation but they are
also very kind and gentle individuals I have known. I have learned science and many
invaluable moral values working with them and I look forward to work with them in
future.

I am also very grateful to Dr. Edward Rothwell for teaching me electromagnetics
and its applications. His contribution has a huge influence on my Thesis and my
knowledge of electromagnetics. I would like to thank Dr. Rothwell for giving me the
opportunity as a Teaching Assistant in the Electromagnetics Laboratory at MSU. He

taught and guided me with the Lab equipments and experiments. His trust, guidance



and inspiration helped me and my friend Vikram to conduct microwave experiments
on concrete specimens and other dielectric samples in the EM Lab at MSU.

I also sincerely thank Dr. Shanker Balasubramaniam for his continued interest
in my Thesis and career. He taught me computational electromagnetics and much
more about electromagnetics, a key element in this Thesis. He is a passionate teacher
and he was always there to help me with my computational models and clarify my
questions. His guidance at the most important times of my Thesis helped me move
forward. Besides electromagnetics, I am also thankful for his encouragement and
invaluable advice that he provided over the years.

My sincere thanks to Dr. Gerald Aben, Department of Radiology at MSU. Eval-
uation of the computational algorithms on MR breast data would not have been
possible without the help of Dr. Aben. His help and guidance has been instrumental
in submitting and clearing the IRB application for the MR breast data. He completed
the lengthy and complicated IRB application form on my behalf and was always will-
ing to help me with my Thesis amidst his hectic schedule. I am grateful to him
for introducing me to Ms. Lori Hoisington, radiologist at MSU. I thank her for all
the de-identified MRI breast data I received with patient history. I also thank Ms.
Lori for explaining me the MR data acquisition procedures and teaching me how to
interpret the datasets.

I had the pleasure to work with many graduate students from all over the globe and
I thank them for the memorable get-together, intellectual discussions, fruitful project
meetings, team work and fun. My special thanks to my friend Vikram Melapudi for

the intellectual discussions, moral support and dedicated team work on the microwave

vi



experiments with concrete specimens. He introduced me to OpenGL and Latex. I
would also like to thank Naveen Nair for his help with Latex Beamer. I am thankful
to Bob Clifford for his help in building things for all my experimental work and I
thank Linda Clifford, our Lab secretary who took care of all paper works and pay
cheques in a timely manner.

I would like to thank my friends Praveena and Priva for their help with my
application to graduate school. My sincere thanks to my brother Sridhar, for his
help and guidance with my graduate school application. And to my sister, Geetha
Arunachalam for her company as my roommate during her Master’s studies which
made my student life more interesting at MSU.

Finally, I would like to thank my parents S. Arunachalam and A. Amirthaveni for
their unconditional support, love and caring which helped me with the journey of life

and graduate studies with humility and honesty. To them, I dedicate this Thesis.

vii



TABLE OF CONTENTS

LIST OF TABLES . . . . . . . e e XV
LIST OF FIGURES . . . . . . . . . . . e xvi
KEY TO SYMBOLS AND ABBREVIATIONS . . . ... ... ... ..... xxvii
CHAPTER 1
Introduction . . . . . . ... 1
1.1 Motivation & Objectives . . . . . .. .. ... ... ... ... 1
1.2 Scope of the Thesis . . . . . . . . .. . ... ... .. .. ... ... 2
1.3 Organization of the Thesis . . . . ... ... ... ... .. 3
CHAPTER 2
Breast Cancer . . . . . . . . . . e 5
2.1 Breast Cancer - Epidemic . . .. ... ... ... ... ........ 6
2.2 Breast Disease . . . . . . . . . . ... 7
2.2.1 Breast Cancer Types . . . . . . . . ... ... ... . ..... 11
2.3 Breast Cancer Screening . . . . . . . . . . ... ... 13
2.3.1 Screening Procedures . . . . . . . .. ... oL 13
2.3.2 Limitations - X-ray Mammography . . .. ... .. ... ... 14
2.4 Breast Cancer Imaging . . . . . . ... .. ... .. .. ... ... 16
2.4.1 Clinical Diagnostic Procedures . . . . . . .. .. ... ... .. 16
2.4.2 Complementary Diagnostic Methods . . . . ... . ... ... 17
2.5 Breast Cancer Treatment . . . . . . . .. . .. .. ... ... ..... 17
2.6 Contemporary Treatment Procedures . . . . . . .. ... ... .... 19
CHAPTER 3
Tissue Properties at Microwave Frequencies . . . . .. . ... ... ... ... 20
3.1 Maxwell’'s Equations . . . ... ... ... ... .. ... .. ... 20
3.2 EM Field Interaction with Tissues . . . . . . . . ... ... ... ... 22
3.3 Tissue Thermal Properties . . . . . . ... ... ... ... .. .... 22
3.4 Tissue Dielectric Properties . . . .. ... ... ... ......... 23
3.5 Dielectric Properties of Breast Tissue . . . . . ... ... ... .... 24

viii



CHAPTER 4

Time Harmonic Electromagnetic Fields . . . . . .. .. ... ... ... .... 27
4.1 Maxwell's Equations . . . .. .. ... .. ... ... ... ... 28
4.2 Constitutive Parameters . . . . . . .. .. .. ... .. .. ... 29
4.3 Boundary Conditions . . . . .. .. ... ... ... ... ... . 30
4.4 Powerand Energy . . . .. ... . ... ... 30
4.5 Fundamental Theorems . . . . . . . . ... .. ... ... .. ..... 32

451 Duality . ... . ... 32
4.5.2 Uniqueness . . . . . . . . ... 33
4.5.3 Reciprocity . . . ... ... e 35
4.5.4 Volume Equivalence Theorem . . . .. ... ... ....... 37
4.5.5 Surface Equivalence Theorem . . . . ... ... ... ..... 38
4.6 Wave Equations . . . . . ... .. .. 39
4.7 Vector Potentials . . . . ... . ... ... ... ... ... ... ... 41
4.7.1 Magnetic Vector Potential (A) . . . .. ... ... ... ..., 42
4.7.2 Electric Vector Potential (F) . . . ... ... ... ... .... 43
4.7.3 Solutions to Inhomogeneous Potential Wave Equations . . . . 45

CHAPTER 5

Time Harmonic Electromagnetic Wave Scattering . . . . . . .. ... ... .. 47
5.1 Electromagnetic Modes . . . . . . .. ... .. L . 47

5.1.1 Transverse Electric Wave . . . . . . .. ... .. ... ..... 47
51.1.1 TE*Fields ....................... 48

5.1.2 Transverse Magnetic Wave . . . . . .. .. ... .. ...... 48
5121 TM*FFields ... .. ... ... .. ... ....... 49

5.2 TM? Scattering from Conducting Cylinders . . . . .. ... .. ... 50
5.2.1 Differential Equation Solution - PEC Cylinder . . . . . .. .. 51
5.2.2 Electric Field Integral Equation - PEC Cylinder . . . . . . .. 52

5.3 TM? Scattering from Dielectric Cylinder . . . . .. ... ....... 53
5.3.1 Differential Equation Solution - Dielectric Cylinder . . . . .. 53
5.3.2 Electric Field Integral Equation - Dielectric Cylinder . . . . . 55

5.4 TM? Scattering from Dielectric and Conducting Cylinders . . . . . . 56
5.4.1 Differential Equation Solution . . . .. ... ... ... ..., 57
5.4.2 Integral Equation Solution . . . . . .. ... ... ....... 58

CHAPTER 6

Microwave Tomography . . . . . . . . . . ... ... ... 59
6.1 Tomography Evolution . . . . .. ... . ... ... .......... 60
6.2 Inverse Scattering . . . . . . . . . ... ... 62

6.2.1 Inhomogeneous Scalar Wave Equation . . . .. ... ... .. 62

ix



6.2.2 Integral Equation Solution . . . .. ... ..o 0oL L. 64

6.3 Diffraction Tomography - Linearized inverse scattering . . . .. . .. 65

6.3.1 Born Approximation . . . ... ... ... ... ........ 66

6.3.2 Rytov Approximation . . .. .. ... ... ... . ...... 66

6.3.3 Limitations . . .. ... ... ... ... ... ... 67

6.3.4 Fourier Diffraction Theorem . . . . . . ... ... .. .. ... 68

6.4 Reflection Tomography . . . . . . ... ... ... ... .. ...... 71

6.5 Nonlinear Inverse Scattering . . . . . . . ... ... ... ....... 72
CHAPTER 7

Active Mirror Technology . . . . . .. . . . ... . ... . ... ... ..... 75

7.1 Adaptive Optics . . . . . . . . . . ... ..o 76

7.1.1 Segmented Mirrors . . . . . ... ... Lo 76

7.1.1.1 Digital Micromirror Device . .. ... ... ... .. 7

7.1.2 Deformable Thin-Plate Mirrors . . . . . . ... ... ..... 79

7.1.3 Monolithic Active Mirrors . . . . . ... .. ... .. ..... 80

7.1.4 Membrane Mirrors . . . . .. ... ... ... ... .. ..., 80

7.2 Membrane Deformable Mirror . . . . . . ... .. ... L. 81

7.2.1 Mirror Design . . . .. .. ... oo 81

7.2.2 Mirror Deformation . . . . ... ... oL, 82

7.2.3 Mirror Applications . . . . .. ... ... L. 84

7.3 Adaptive Mirrors in Microwave Regime . . . . . . ... ... .. ... 85
CHAPTER 8

Proof of Concept with Nondiffracting Sources . . . . . .. ... ... .. ... 86

8.1 X-ray Tomography . .. ... ... ... ... .. ... ... ... 87

8.1.1 X-ray Projections . . . . . ... ... ... .. . 87

812 X-rayCT .. .. . ... . e 89

813 X-ray CT Imaging .. ... ... ... ... ... ....... 90

8.2 Conventional X-ray CT . . . . . ... ... ... ... ... ...... 91

8.2.1 Numerical Simulations . . . . .. ... ... .. ........ 91

8.3 Mirrorbased X-ray CT . . . . . .. ... ... ... ... . ...... 94

831 SystemModel . . . . ... ... Lo 94

8.3.2 Kaczmarz Reconstruction . . . .. ... .. .. ... ..... 95

8.3.3 Numerical Simulations . . . ... ... ... ... ...... 96

8.3.3.1 LFOV Mirror CT for 14 Source Locations . . . . . . 97

8.4 Deformable Mirror Vs Conventional CT . .. ... ... .. .. ... 101

8.4.1 System Advantages . . . . ... ... ... ... ... ... 101

8.4.2 Comparison - CT Reconstructions . . . . . ... .. ...... 101

8.4.2.1 LFOV CT with 90° Coverage and 1° Spacing . . . . 102
8.4.2.2 LFOV CT with 90° Coverage and 6° Spacing . . . . 102



8.5 Mirror based Radiation Therapy . . . . . ... ... .. ... ..... 105

8.5.1 Focusing for Therapy . . . . . . . ... ... ... ..., 105

8.5.2 Numerical Simulations . . .. ... .. .. ... ........ 108

8.6 Implementation Issues . . . . .. . . ... ... ... ... ... 108

87 Conclusions . . . .. .. .. 109

CHAPTER 9

Optimal Mirror Deformations For Microwave Tomography . . .. .. ... .. 110

9.1 Deformable Mirror Tomography Setup . . . . ... ... ... .... 110

9.2 Frequency Selection For Breast Imaging . . . .. ... ... ..... 111

9.2.1 Plane Wave Penetration Inside Breast Tissue. . . . . . .. .. 112

9.2.2 Excitation Frequency . . . . . . ... ... ... 114

9.3 Need for Optimal Mirror Deformations . . . . .. ... ... ..... 116

9.3.1 Bezier Curve Representation . . . . ... ... ... ...... 116

9.3.2 TMP? Scattering from Mirror . . . . .. ... ... .. .. ... 120

9.3.3 E-field Inside Imaging Region . . . . ... ... ... ..... 121

9.4 Admissible Mirror Deformations . . . . . . ... ... ... ... ... 122

9.4.1 Selection Criteria . . . . . .. ... ... . ... ........ 122

9.5 Redundancy Elimination . . . . ... .. ... ... .......... 123

9.5.1 Feature Extraction . . . ... .. ... ... .......... 124

9.5.1.1 Correlation Coefficient . . . . .. ... ... ..... 125

9.5.1.2 Distance Metrics . . . . . ... .. ... ... ..., 125

9.5.2 Clustering . . . . . ... .. 129

9.52.1 Contrast Enhancement . . . . .. ... ... ... 130

9.5.2.2 Nearest Neighbor Clustering . . . ... ... .. 130

9.6 Implementation of Mirror Deformations . . . . . .. ... ... .... 131

9.7 Conclusions . . . . .. . . . .. 133
CHAPTER 10

Microwave Breast Imaging Using Deformable Mirror . . . . .. ... ... .. 135

10.1 Theory . . . . . . . . . e 136

10.2 Forward Problem - Data Acquisition . . . ... .. ... ... .... 137

10.2.1 Field Equationsin2D . .. ... ... ... ... ...... 138

10.2.2 Computational Method . . . . . . . .. .. ... ... ..... 142

10.2.2.1 FEBI Formulation . . ... ... ... ........ 142

10.3 Inverse Problem - Breast Imaging . . . . . ... .. ... .. ..... 147

10.3.1 Permittivity Inversion . . ... .. ... ... ... ...... 147

10.3.2 Regularization. . . . . . . .. . ... 150

10.4 Tomography - Simulations . . . . . ... ... ... ... .. ..... 151

10.4.1 Piecewise Continuous Scatterer - Model A . . . . . . .. ... 151

xi



10.4.1.1 Mlultiple Mirror Deformations - Model A . . . . . .. 152

10.4.2 Piecewise Continuous Scatterer - Breast Model B . . . . . .. 153
10.4.2.1 Inversion - Noise Free Measurements . . . . . . . .. 158
10.4.2.2 Inversion - 2% Noise Measurements . . . . . . . . . . 160
10.4.3 Continuous Scatterer - Breast Model C . . . . . . .. ... .. 163
10.4.3.1 Inversion - Noise Free Measurements . . . . . . . .. 163
10.4.3.2 Inversion - Noisy Measurements . . . . . .. ... .. 167
10.4.3.3 Choice of regularization parameter,y . . . . . . . .. 167
10.5 Discussions . . . . . . . .. e 170
10.6 Potential Applications . . . . . . .. ... ... ... ... ..., 174
10.6.1 Layered Media - Discontinuous Strong Scatterer . . . . . . .. 174
10.6.2 Continuous Profile - Weak Scatterer . . . . . . ... ... ... 175
10.6.3 Continuous Profile - Strong Scatterer . . . . . . .. ... ... 180
10.6.4 Conclusions . . . . . . . ... 180
CHAPTER 11
Breast Cancer Thermotherapy Using Deformable Mirror . . . . .. . . . . .. 186
11.1 Deformable Mirror Therapy Setup . . . . . .. ... ... ... .... 188
11.1.1 Single Deformable Mirror Assembly . . . . . .. ... ... .. 190
11.1.2 Dual Deformable Mirror Assembly . . . .. .. ... ... .. 190
11.2 Electric Field Equations . . . . . .. ... ... ... ... ...... 192
11.2.1 Computational Model . . . . ... .. ... ... ... .... 192
11.2.2 Computational Method . . . . . . . ... ... ... ... ... 196
11.2.3 Single Mirror Therapy Model . . . .. . ... ... ... ... 198
11.2.4 Dual Mirror Therapy Model . . . . .. ... 0. .. ... 199
11.3 Electric Field Focusing . . . . . ... .. ... .. ... ... ... 201
11.3.1 Focusing Strategy . . . . . . . ... ... L. 201
11.3.2 Mirror Shape Estimation . . . . . . .. .. ... ... ..... 202
11.3.3 Electric Field Inside Therapy Tank . . . . . . ... ... ... 207
11.3.3.1 Frequency Selection . . . . ... ... ... ..... 208
11.4 Tissue Thermal Map . . . . . . . .. .. ... ... ... .. ..... 210
11.4.1 Steady State BHTE . . . ... ... ... ... ... ..... 210
11.4.2 Computational Method . . . . . .. .. .. ... ... ..... 212
11.4.3 Temperature Elevation For Therapy . . . . . ... ... .. .. 212
11.5 Computer Simulations - Breast Cancer Therapy . . . ... ... ... 213
11.5.1 Computational Breast Models . . . . . .. ... ... ..... 213
11.5.2 Single Vs Dual Mirror Therapy Model . . . . . .. ... ... 217
11.5.3 Dual Mirror Hyperthermic Simulations . . . . . ... ... .. 223
11.5.4 Dual Mirror Ablation Simulations . . . . . . . ... ... ... 224
11.6 Conclusions . . . . . . . . .. ... 236

xii



CHAPTER 12
Therapy Case Study using MRI Breast Data . . . . ... ... ... ......

12.1 Magnetic Resonance Imaging . . . . ... .. .. ... ... .....

12.2 MR Mammography . . . . . . . . ... ... ... .. ...
12.2.1 Diagnostic Breast Imaging . . . . . ... . ... ... .....
12.2.2 Paramagnetic Contrast Materials . . . . . . .. ... ... ..
12.2.3 Fat Saturation Techniques . . . . . .. . . ... ... .....
12.2.4 T2 weighted Sequences . . . . . .. ... ... ... ......

12.3 MR Mammography - Diagnostic Criteria . . . . . . .. ... ... ..
12.3.1 Morphology . . . . . . . . .. ...
12.3.2 Contrast Kinetics . . . . . . . .. ... . L.
12.3.3 Contrast Dynamics . . . . .. ... .. ... .. ... .....

12.4 Sectional Planes in Human Body . . . . ... ... ... ... ....

12.5 MRI Image Postprocessing . . . . . . . . . .. .. ... .. ......
12.5.1 Image Segmentation . . . . ... . .. ... ... .. ... ..
12.5.2 Permittivity Map . . . . .. ... . .. ... ... ...

12.6 Patient Case Study I . . . . . . . ... ... . ... ..
12.6.1 Clinical History . . . . . ... .. ... ... ... .. ...,
12.6.2 MRIfindings . . ... .. .. ... ... ... ... .. ...

12.6.3 Therapy Simulations . . . . . ... ... ... ... ... ..

12.7 Patient Case Study II. . . . . . . ... ... ... .. ... .....
12.7.1 Clinical History . . . . . . .. .. ... .. ... ... .....
1272 MRIfindings . . ... ... .. ... . ... ... ... . ...
12.7.3 Therapy Simulations . . . . . .. ... .. ... ... .....

12.8 Patient Case Study IIT . . . . .. ... ... ... ... .. ......
12.8.1 Clinical History . . . . . . .. .. ... ... ... ......
12.82 MRIfindings . . ... .. ... ...
12.8.3 Therapy Simulations . . . . . . . .. ... ... ... .....

12.9 Patient Case Study IV . . . . . . . ... .. ... ... o,
12.9.1 Clinical History . . . . . . ... .. .. ... ... ... ...,
12.9.2 MRIfindings . . . .. .. ... .. ... .. ... .. ..
12.9.3 Therapy Simulations . . . . . ... ... .. ... ... ....

12.10Patient Case Study V.. . . . . . . .. .. .. ... ...
12.10.1Clinical History . . . . . . .. . . ... ... .. .. ......
12.102MRI findings . . . . . . . .. ...
12.10.3 Therapy Simulations . . . .. .. ... ... ... .. .....

12.11Noninvasive Ablation - Feasibility Study . . . . ... ... ... ...

12.12Conclusions . . . . . . ...

Xiil



CHAPTER 13
Mirror based Optical Prototype . . . . . . . . . . . .. ... ... .. .....

13.1 Geometrical Optics . . . . . . . . ... .. ... ...
13.1.1 Equation of Light Rays . . . . . . ... ... ... . ......
13.1.2 Laws of Reflection & Refraction . . . . . ... ... ... ...

13.2 Ray Tracing - Essentials . . . . . .. ... ... ... ... .. ....
13.2.1 Specular Reflection . . . . .. ... ... ... ... ..., .
13.2.2 Diffuse Reflection . . . . . . . ... ... ... ... ... ...
13.2.3 Specular Transmission . . . . .. .. ... ... .. ......
13.2.4 Diffuse Transmission . . . . . . . . .. ... ... .. .. ...
13.2.5 Reflectance and Transmittance Coefficients . . . . . . .. . ..

13.3 Ray Tracing Model . . . . . ... ... ... ... ... ... ... .
13.3.1 Light Ray . . . . . . .. . ... .. .. .
13.3.2 Ray-Object Intersection . . . ... ... ... ... ......

13.3.2.1 Ray-Plane Algorithms . . . .. .. .. ... .. ...
13.3.2.2 Ray-Quadratic Surface Algorithms . . . . . .. ...
13.3.3 Recursive Ray Tracing . . .. .. . ... ... ... ... ...

13.4 Optical Experimental Setup . . . . .. ... ... ... .. ......
13.4.1 Optical System . . . . . ... ... .. ... ... ... ..
13.4.1.1 System Design . . ... ... ... ... .......

13.4.1.2 System Implementation . . .. .. ... .. .. ...

13.4.1.3 System Operation . . . ... ... ... .......

13.4.2 Numerical Model . . . . ... .. ... ... ... ......
13.4.3 Calibration Procedure . . .. ... . ... ... .. ......

13.5 Inversion Experiments . . . . .. ... .. ... ... ... ...,
13.5.1 Experiment I - Refractive Index Estimation . . ... ... ..
13.5.2 Experiment II - Refractive Index & Block Width Estimation .
13.5.3 Experiment III - 1D Refractive Index Profile . . . . . . . . ..

13.6 Discussions . . . . . . . ...

CHAPTER 14
Summary . ...

14.1 Concluding Remarks . . . . . . . ... ... ... ... .......
14.1.1 Microwave Breast Imaging . . . . . ... .. ... ... ....
14.1.2 Microwave Thermal Therapy . . . . . . . .. .. .. ... ...

14.2 Thesis Contribution . . . . . . . . . . . . . ... ..
14.3 Future Work . . . . . . . . . ..

BIBLIOGRAPHY . .. . . ..

Xiv

324
326
329



Table 4.1
Table 4.2
Table 4.3
Table 8.1

Table 8.2

Table 10.1

Table 10.2

Table 10.3
Table 11.1
Table 11.2

Table 11.3
Table 11.4
Table 12.1
Table 12.2

Table 12.3

Table 12.4

Table 12.5

Table 13.1
Table 13.2

LIST OF TABLES

Boundary conditions [27] . .. ..o Lo Lo oo
Dual equations for electric and magnetic currents [27] . . . . . . .
Dual quantities for electric and magnetic currents [27]. . . . . . .

Summary of the reconstruction error for conventional X-ray CT
with 1° rotational spacing. . . . . . . . .. ... .. ... ... ..

Image reconstruction error of Kaczmarz algorithm for X-ray Mirror
CT. e

Permittivity values of the inhomogeneous breast model using De-
bye dispersion model [163] (¢ background permittivity). . . . ..

Permittivity values of the inhomogeneous breast model [47] (e
background permittivity). . . . . ... ... Lo

2D Dielectric scatterer models. . . . . .. . .. ... ... ...

Breast models used in the therapy computational feasibility study.

Dielectric and thermal properties of breast tissue [47], [42], [196]-
(197)(e = e — jo/we(). ec=43.76-j22.82, ¢;=4000, T, = 37°C,
F=500MHZ) .« © « o oo

Steady state temperature in the breast models for Ty = 32°
Steady state temperature in the breast models for Ty = 37°
Multi-factor evaluation protocol for malignancy [201]. . . . . . . .

Specific absorption rate inside MR breast tissue models for hyper-
thermia adjuvant therapy using dual deformable mirrors. . . . . .

Steady state thermal statistics for hyperthermia adjuvant therapy
for breast cancer using dual deformable mirrors. . . . . . ... ..

Specific absorption rate inside MR breast tissue models for nonin-
vasive ablation using dual deformable mirrors. . . . . . ... ...

Steady state thermal statistics for noninvasive ablation of breast
cancer using dual deformable mirrors. . . . . . . ... ... L.

LED technical specifications [206]. . . . ... ... ... ... ..

Model estimation error in the object width. . . . .. .. .. ...

Xv

298



Figure 2.1
Figure 2.2
Figure 2.3

Figure 2.4

Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8

Figure 3.1

Figure 4.1
Figure 4.2

Figure 4.3

Figure 5.1

Figure 5.2

Figure 5.3

Figure 6.1
Figure 6.2

Figure 6.3

Figure 6.4
Figure 7.1
Figure 7.2
Figure 7.3

LIST OF FIGURES

Estimated cancer statistics in the United States [1]-[10]. . . . ..

Overall five year survival rate for US individuals with cancer [1]-[10].

Estimated incidence of cancer cases amongst women in United
States [1)-[10]. . . . . . . . ...

Estimated mortality caused by lung/bronchus and breast cancers
amongst US women [1)-[10]. . . . ... ... .. ... ... ...

Distribution of cancer cases and deaths reported for 2005 [1]. . . .
Breast Anatomy [12]. . . . . . . .. ... . Lo L L
Broad distribution of breast cancer types. . . . .. ... ... ..

Property of breast tissue in X-ray regime (a) X-ray attenuation (b)
Mammographic contrast. . . . . . . ... ... ... ... ..

Dielectric spectrum of benign and malignant human breast tissue
[6]-[47). . . . .

Geometry for boundary conditions at material interface. . . . . .

Illustration of volume equivalence theorem [27] (a) Actual (b)
Equivalent model. . . . . . . ... ... ... ... . ...

Nlustration of surface equivalence theorem [27] (a) Actual (b)
Equivalent model (¢) Love's equivalent model. . . . . . ... ...

TM? scattering from a two dimensional perfectly conducting cylin-
der (a) 3D (b) 2D computational Model. . . . . . ... ... ...

TM? scattering from a two dimensional dielectric cylinder (a) 3D
(b) 2D computational Model. . . . .. ... ... ... ... ..

TM? scattering from a two dimensional dielectric and perfectly
conducting cylinders. . . . . ... ... ... ... ... ...

X-ray projections. . . . . . . ... Lo

Commonly used Diffraction tomography setup (a)-(b) Transmis-
sion or forward scattered (c) Reflection or back-scattered.

Fourier Diffraction Theorem (a)Schematic illustration (b)Fourier
space filling. . . . . . .. ...

Reflection tomography setup using linear antenna array. . . . . .
Segmented Mirrors [116] (a)Piston only (b)Piston and tilt. . . . .
Schematic of Texas Instruments two DMD mirrors [126]. . . . . .

Continuous thin-plate mirrors [116](a)Discrete position actuators
(b)Discrete force actuators (¢)Bending moment force actuators.

xvi

oo

79



Figure 7.4

Figure 7.5
Figure 8.1
Figure 8.2

Figure 8.3

Figure 8.4
Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

Figure 8.9

Figure 8.10

Monolithic mirror with piezoelectric actuator [116](a)Side view
(D)Top view. . . . . .. . . .. ...

Membrane mirror schematics (a)[133] (b)[135]. . . . . . . ... ..
X-ray projection along a a direction 8. . . . . ... ... .....

Schematic illustration of different generations of X-ray CT scan
geometries. (a) First generation, translate-rotate pencil beam ge-
ometry. (b) Second generation, translate-rotate fan beam geometry
(¢)Third generation, rotate-only geometry [151] (d) Fourth genera-
tion rotate/stationary fan beam geometry (e) Fifth generation cone
beam cylindrical geometry [152). . . . ... ... ... .. .. ..

CT reconstruction results of conventional methods. (a) 81x81 Mod-
ified Shepp-Logan head phantom image. (b) Kaczmarz reconstruc-
tion at 60" iteration. (c) Kaczmarz reconstruction at 300t" iter-
ation. (d) FBP with Ram-Lak filter and spline interpolation. (e)
FBP with Hamming filter and spline interpolation. (f) FBP with
Shepp-Log filter and spline interpolation. . . . . . . . .. ... ..

Schematic diagram of mirror based X-ray CT. . . . . .. ... ..

Kaczmarz reconstruction results for the deformable mirror based
X-ray CT technique (a) 81x81 Modified Shepp-Logan head phan-

tom image (b) Reconstruction at 100th iteration (c) Reconstruction
at 30087 iteration. . ... ... ...

Central transects of the reconstructed phantom at 100" iteration
of Kaczmarz algorithm. (a) Horizontal line scan. (b) Vertical line

Convergence of the iterative reconstruction for X-ray mirror CT (a)
reconstruction and (b) error at 100" iteration; (c) reconstruction
and (d) error at 300t" iteration; (e) reconstruction and (f) error at
500tR iteration. . . .. ...

LFOV reconstruction results of conventional methods. (a) 81x81
Modified Shepp-Logan head phantom image (b) Kaczmarz recon-
struction at 60t" iteration (c¢) Kaczmarz reconstruction at 250th
iteration (d) FBP with Ram-Lak filter and spline interpolation (e)
FBP with Hamming filter and spline interpolation (f) FBP with
Shepp-Log filter and spline interpolation. . . . . .. .. ... ...

Kaczmarz reconstruction for conventional CT with LFOV scan con-
figuration similar to the MMDM based CT technique. (a) 81x81
Modified Shepp-Logan head phantom image. (b) Kaczmarz recon-
struction at 200th iteration for parallel beam X-ray source. . . . .

Rowland circle geometry for localized radiation therapy. . . . . .

xvii

100



Figure 8.11

Figure 9.1

Figure 9.2
Figure 9.3
Figure 9.4
Figure 9.5

Figure 9.6

Figure 9.7

Figure 9.8

Figure 9.9

Figure 9.10
Figure 9.11

Figure 9.12

Figure 9.13

Figure 9.14
Figure 9.15
Figure 10.1

Figure 10.2
Figure 10.3

Figure 10.4
Figure 10.5

Adaptive focusing of high energy X-ray photons for radiation ther-

apy using deformable X-ray mirror. . . . . ... ... oL L. 107
Schematic diagram of deformable mirror microwave tomography

SELUD. « v v vt e e e e e e e e e e e e e e e e e e e 111
Planar Breast Tissue Model. . . . . . .. ... ... ... ..... 112
Skin depth of normally incident plane wave inside breast tissue . 115
Bezier curve example. . . . . . .. .. ... ... 118

Representation of higher order curve using two lower order Bezier
CUIVES. « o v v v v e it e e e e et e e e e e e e e 118

Bezier curve examples (a) Mirror shapes generated by sliding con-
trol points, pé and p% (b) Mirror shapes generated by simple rotation.119

Two dimensional computational model for deformable mirror to-

mography. . . . . . .. 119
Field pattern, Z - 5(;lf,y.z;t = () maintained by different mirror
shapesin 3. . . .. ... oo o000 0oL 121
- &(z,y.2;t = 0) maintained by deformations f(u) that satisfy
(9-7),(9.12). . . . e 123
Correlation coefficient matrix for useful mirror shapes. . . . . .. 126
Normalized Chebychev distance metrics for (a)Re{E;} (b)
Sm{Ez} . . 126

Normalized power distance of E; for (a) p = 2,7 = 7 (b) p =
3,r=T7(c)p=2,r=4and (d) p=3,r =4 of the useful mirror
deformations. . . . . .. .. Lo 127

Field pattern and features computed for Mirror deformations 1, 3,
17 and 54 (a) Re(E;) and (b) Sm(E;) for Mirror 1, (c) Re(E;)
and (d) Sm(Ey) for Mirror 3 (e) Re(E;) and Sm(E;) for Mirror
17, (g) Re(E;) and Sm(E;) for Mirror 54 (p=2 and r=7 in 9.13c¢). 128

Feature contrast enhancement for mirrorsaand b. . . ... ... 129
Iterative procedure for estimating the mirror actuator potentials. 132

Illustration of deformable mirror microwave tomography system in

2D. . e 138
Two-dimensional computational model. . . . . . .. .. ... ... 139
Finite element and interpolation functions (a) Linear triangular

element (b) N (c) No1® (d) N§. . . ... ... .. ... .. ... 143
Iterative permittivity reconstruction procedure. . . . .. ... .. 148
Two dimensional mesh of the heterogeneous breast. . . . . . . .. 152

xviii



Figure 10.6 Reconstruction at 68" iteration. (a) € (b) € of true solution; (c)
¢/ (d) ¢’ for 8 mirrors; (e) € (f) €’ for 12 mirrors; (g) €’ (h) €” for
16 mirrors [167). . . . . ... ..

Figure 10.7 Reconstructed permittivity profile along x=0 for 8, 12 and 16 mir-
ror deformations. . . . . ... ..o

Figure 10.8 Reconstructed permittivity profile along y=-0.304 for 8, 12 and 16
mirror deformations. . . . . . ... ... 0oL L

Figure 10.9 Reconstructed permittivity profile along the diagonal for 8, 12 and
16 mirror deformations. . . . ... . ... .. ... ... ... ..

Figure 10.10Permittivity reconstruction of noise free measurements for the reg-
ularized problem (a) ¢’ and (b) -€” for the true distribution, (c) ¢’
and (b) -¢’/ estimated reconstruction [166]. . . . ... .. ... ..

Figure 10.11Reconstruction error for the noise free measurements. . . . . . . .

Figure 10.12Reconstructed permittivity profile for noise free measurements
along x=0. . .. ..

Figure 10.13Reconstructed permittivity profile along y=-0.304. . . ... . ..

Figure 10.14Reconstruction results with 2% additive random noise (a) true €’

distribution (b) true -¢” distribution (c) €’ and (d) -¢” for L1 (e)
e and (f)-¢" for L2. . . . ... ... ... .. ... ... ... ..

Figure 10.15Reconstruction error for L1 in the presence of 2% additive random
NOISE. . .« v v v i e e e e e e e e

Figure 10.16 Permittivity distribution of a scatterer with smooth profile, € =
1
€ — J€ e

Figure 10.17Tomographic reconstruction of noise free measurements using 16
mirror shapes (a) ¢/ and (b) -€”’ of the true profile, (c) ¢’ and (d)
-€’’ of the reconstructed profile (epgnd = 16.50 — j3.85) (173].. . .

Figure 10.18 Tomography reconstruction in the presence of 1.5% additive ran-
dom noise (a) ¢’ and (b) -€” of the true distribution, (c) ¢/ and (d)
-€"’ of the reconstructed distribution. . . . . ... ... ... ...

Figure 10.19Tomography reconstruction in the presence of 5% additive random
noise (a) €/ and (b) -’ of the true distribution, (c) € and (d) -¢”
of the reconstructed distribution. . . . ... . ... ... ... ..

Figure 10.20Reconstruction error in the presence of 5% additive random noise.

Figure 10.21 Tomography reconstruction in the presence of 10% additive random
noise (a) € and (b) -¢” of the true distribution, (c) ¢’ and (d) -€¢”
of the reconstructed distribution. . . . . ... ... .. ... ...

Figure 10.22L-curve test for 5% noisy measurements [173]. . . . . .. ... ..

Xix

160

166

172



Figure 10.23Permittivity inversion for two-layer dielectric cylinder (a)

Riesoln —ept () Segomn —€pt (¢ Rfeest —ep}  (d)
S {€est — €p}: €p : background permittivity. . . . .. ..o

Figure 10.24 Permittivity inversion for two-layer dielectric cylinder after post-

processing(a) R {eso1, — €} (b) S{esoimn — €} () R {€est — €p}
(d) S {€est — €p}; €p : background permittivity. . . . .. ... ..

Figure 10.25Permittivity inversion for weak dielectric cylinder (a) R {€5.,,} (b)
S{esoint (€) Ricest} (d) S{eesth; e =€ —je’ ep=10.. .. ..
Figure 10.26 Reconstruction error for a 2D weak dielectric cylinder. . . . . ..

Figure 10.27Permittivity distribution of strong scatterer (a) Model III,
R {esoin} (b) Model III, S{egpp,} (¢) Model IV, R {e5o1n} (d)
Model IV, S{egorn}- - - - o o oo o oo

Figure 10.28 Estimated permittivity distribution of strong scatterer (a) Model
I, R {501} (b) Model 1T, S {1, } (¢) Model IV, R {eegt} (d)
Model IV, S {eest}; €est =€ — g€’ . . . L.

Figure 10.29Permittivity reconstruction for 6% measurement noise (a) Model
'E’, R{eest} (b) Model, 'E* S{eest} - - - v v v oo oo

Figure 10.30Reconstruction error for Model 'E’ in the presence of 6% noise.
Figure 11.1 Computational modules in therapy simulations. . . . . . ... ..

Figure 11.2 Schematic illustration of the deformable mirror therapy model for
breast cancer thermotherapy (a) single mirror model (b) dual mir-
rormodel. . . . ...

Figure 11.3 Equivalent scattering problem for the field maintained by the two-
dimensional deformable mirror therapy model. . . . . . . .. . ..

Figure 11.4 Domain discretization for computational method (a) penetrable
scatterer (b) perfectly conducting strip. . . . . .. ... ... ...

Figure 11.5 Basis functions (a) pulse basis (b) pyramidal basis. . . . ... ..

Figure 11.6 Single mirror therapy setup (a) 2D computational model (b) Model
geometry. . . . . ... e e e e

Figure 11.7 Dual mirror therapy setup (a) 2D computational model (b) Model
geometry. . . .. ..o

Figure 11.8 Field focusing using ray tracing. . . . . .. ... ... .. .....

Figure 11.9 Surface tangents and normals within the search space determined
foragiven ps(r)and pg(r). . ... ... ... L.

Figure 11.10Mirror surface estimated using ray tracing for field focusing. . . .

Figure 11.111Iterative minimization procedure to determine the actuator poten-
tial for the estimated mirror deformation. . . ... ... ... ..

XX

178
179

183
184
189



Figure 11.122D single mirror therapy model for E-field focusing. . . . . . . .. 209

Figure 11.13Field pattern, |Ez| inside therapy tank for single mirror model (a)
500 MHz (b) 700 MHz and (c) 900 MHz (ec=43.76 j22.82). . . . . 209

Figure 11.14Feedback control for tumor temperature elevation. . . . . . . . .. 214

Figure 11.15Computational breast models with tumors of varying size and
shapes at different spatial locations (skin thickness = 2mm). . . . 215

Figure 11.16 Computational model of (a) single mirror and (b) dual mirror setup.218

Figure 11.17Tissue specific absorption rate in CN10 (W/kg/m) (a) single mirror

and (b) dual mirror setup. . . . . ... ... L L 218
Figure 11.18 Transects through the tumor in the breast models. . . . ... .. 219
Figure 11.19Steady state temperature distribution in CN10 for Ty = 32°C/(a)

single mirror and (b) dual mirror setup. . . . ... ... ... .. 219
Figure 11.20Steady state temperature distribution in CN10 for Ty = 37°C/(a)

single mirror and (b) dual mirror setup. . . . ... ... ..... 220

Figure 11.21 Comparison of the steady state temperature in CN10 between sin-
gle and dual mirror setup for Ty = 32°C (a) Ly (b) Lg (c) Lg (d)
Lge o oo e 220

Figure 11.22Comparison of the steady state temperature in CN10 between sin-
gle and dual mirror setup for Ty = 37°C (a) Ly (b) Lg (¢) Lg (d)

Figure 11.23Steady state temperature elevation in CN10 for dual mirror setup
for Tg=37°C (a) Ly (b) Lo (¢) Lg (d) Lg. . . . . . . . . . .o .. 222

Figure 11.24Specific absorption rate in breast models (W/kg/m) (a) CNO5 (b)
CN10 (c) CMO6 (d) CMO8 (e) EN06x2 (f) EN10x5 (g) EMO8x5 (h)
EMI0x5. . . . . . o o e 224

Figure 11.25Steady state temperature in breast models for T = 32°C (a) CN05
(b) CN10 (c) CM06 (d) CMO8 (e) EN06x2 (f) EN10x5 (g) EMO08x5
() EMI0XS. .« « o o oo oo e 925

Figure 11.26Steady state temperature in breast models for Ty = 37°C (a) CN05
(b) CN10 (c) CM06 (d) CMO8 (e) EN06x2 (f) EN10x5 (g) EM08x5
(D) EMIOX5. « o o o oo e e e e e e e e 226

Figure 11.27Steady state temperature in CNO5 (a) Ly (b) Lo (¢) Lg (d) Lg. . 227
Figure 11.28Steady state temperature in CN10 (a) L (b) Lo (c) Lg (d) Lg. . 228
Figure 11.29Steady state temperature in CM06 (a) Ly (b) Lo (c¢) L3 (d) Lg. . 229
Figure 11.30Steady state temperature in CM08 (a) Ly (b) Lo (c¢) L3 (d) Lg. . 230
Figure 11.31Steady state temperature in EN06x2 (a) Ly (b) Lg (¢) Ly (d) Lg. 231

xxi



Figure 11.32Steady state temperature in EN10x5 (a) Ly (b) Lo (¢) L3 (d) Lg.
Figure 11.33Steady state temperature in EM08x5 (a) Ly (b) Lg (c) L3 (d) Lg.
Figure 11.34Steady state temperature in EM10x5 (a) Ly (b) Lo (c) L3 (d) Ly.
Figure 11.35CN10 ablation simulations for (T = 32°C) (a) SAR (W/kg/m)

(b) Steady state temperature (C). . . . . . .. ... ... .....

Figure 11.36CN10 ablation simulations for (T = 37°C) (a) SAR (W/kg/m)
(b) Steady state temperature (C). . . . . . ... ... .. ... ..

Figure 11.37Steady state thermal profiles in CN10 (a) Ly (b) Lo (c) L3 (d) Lg.

Figure 12.1 Proton precession in the presence of an external static magnetic
field [199]. . . . . . . .

Figure 12.2 Proton relaxation due to RF burst (a) disruption (b) relaxation. .
Figure 12.3 Bi-lateral breast surface coil [200]. . . . . . . . ... ... ... ..
Figure 12.4 Dedicated MR breast scanner [200]. . . . . . . ... ... .. ...
Figure 12.5 Determination of initial signal increase after CM intake [201].

Figure 12.6 Determination of post-initial signal increase after CM administra-
tion [201]. . . . . ..

Figure 12.7 Sectional planes in human body [203]. . . ... ... .. ... ..

Figure 12.8 Sectional planes of a woman’s breast (a) Transverse (b) Coronal
(c) Sagittal. . . . . . .. ..

Figure 12.9 Illustration of histogram threshold on breast MR image. . . . . .

Figure 12.10Segmentation and identification of soft tissue regions using his-
togram threshold and edge detection (a) Breast segmentation (b)
Breast Contour (c) Tumor segmentation (b) Tumor contour. . . .
Figure 12.11T2-weighted post-contrast MR breast image. . . . . . .. ... ..
Figure 12.12Permittivity map for breast tissue at 500 MHz using (12.1) and
[47], [42] (a) Relative permittivity, er(z,y) (b) Loss tangent, ‘*’UTO'
Figure 12.13Sagittal slice of MR breast image with abnormal enhancement mea-
suring 15x13mm. . . . . . ... oL

Figure 12.14Sagittal slice of MR breast image with abnormal enhancement mea-
suring 30x10 mm. . . . . . . ...

Figure 12.15Sagittal slices of MR breast image with abnormal enhancement. .

Figure 12.16Coronal slices of MR breast image with abnormal enhancement. .

xxii

[NTE NG (]
Lo W
[SCT ]

34

235

236
237

240
241
242
242
245

245
248

249

251
253

254

255
256
257



Figure 12.17Coronal slice of MR data, Ia used in therapy simulations at 500
MHz (a) Relative permittivity, e7(z,y) (b) Loss tangent, D‘Z—O (¢)
T2-weighted postcontrast MR image (d) Tissue specific absorption
rate (W/kg/m). . . . .. ... .

Figure 12.18Steady state temperature distribution for Ia (a) Tq = 32° C and
(b) Tg = 37° C. 1D Thermal profiles along (¢) x = z, and (d)

Y=Y - v v v v e e e e e e e e e e e e e e e e e e e e e e e e

Figure 12.19Coronal slice of MR data, Ib used in therapy simulations at 500

MHz (a) Relative permittivity, er(z,y) (b) Loss tangent, D%(‘) (c)

T2-weighted postcontrast MR image (d) Tissue specific absorption
rate (W/kg/m). . . . . .. .. o

Figure 12.20Steady state temperature distribution for Ib for transects passing
through tumor center marked '+’ (a) Tq = 32° C and (b) Ty = 37°
C. 1D Thermal profiles along (¢) z =2,y and (d) y = ye1. - - - -

Figure 12.21Steady state temperature distribution for Ib for transects passing
through secondary tumor marked '+’ (a) Tg = 32° C and (b)

262

Tq = 37° C. 1D Thermal profiles along (¢) z = 29 and (d) y = y2.263

Figure 12.22Coronal slice of MR data, Ic used in therapy simulations at 500
MHz (a) Relative permittivity, e(x,y) (b) Loss tangent, &.— (c)
T2-weighted postcontrast MR image (d) Tissue specific absorption

rate (W/kg/m). . . . . . ...

Figure 12.23Steady state temperature distribution for Ic (a) Tq = 32° C and
(b) Tq = 37° C. 1D Thermal profiles along (¢) * = ¢ and (d)

Figure 12.24Sagittal slice of left breast MR data indicating two lesions. . . . .

Figure 12.25Coronal slice of MR left breast image with a lesion measuring 19x17

Figure 12.27Sagittal view of MR left breast images with two lesions. . . . . .

Figure 12.28 Coronal slices of the left breast with abnormal enhancement. . . .
Figure 12.29Coronal slice of tumor, /|’ in MR data Ila used in therapy simula-
tions (a) Relative permittivity, er(z,y) (b) Loss tangent, w—‘za (¢)
T2-weighted postcontrast MR image (d) Tissue specific absorption
rate (W/kg/m). . . . .. ..

Figure 12.30Steady state temperature distribution for Ila (a) Tg = 32° C and
(b) Tq = 37° C. 1D Thermal profiles along (c) z = x¢ and (d)

xxiil



Figure 12.31Coronal slice of tumor, /| in MR data IIb used in therapy simula-
tions (a) Relative permittivity, e-(z,y) (b) Loss tangent, w—‘;a (c)
T2-weighted postcontrast MR image (d) Tissue specific absorption
rate (W/kg/m). . . . ... ...

Figure 12.32Steady state temperature distribution for IIb(a) T4 = 32° C and
(b) Tq = 37° C. 1D Thermal profiles along (¢) x = z, and (d)
Y=Y - - -« o o e e e e e e e e e e e e e e e e e e e e e e e

Figure 12.33Coronal slice of tumor, /|| in MR data Ilc used in therapy simula-
tions (a) Relative permittivity, er(x,y) (b) Loss tangent, WLGO (c)
T2-weighted postcontrast MR image (d) Tissue specific absorption
rate (W/kg/m). . . . . ...

Figure 12.34Steady state temperature distribution for Ilc (a) T4 = 32° C and
(b) Tq = 37° C. 1D Thermal profiles along (¢) * = z, and (d)

Figure 12.36 Post-contrast T2-weighted sequences of left breast with an abnor-
mal lesion. . . . . . . ..

Figure 12.37Right breast with an abnormal lesion measuring 23x12 mm.
Figure 12.38Coronal slices of the right breast with a palpable lesion. . . . . .

Figure 12.39Coronal tumor data, III used in therapy simulations (a) Relative
permittivity, ep(z,y) (b) Loss tangent, -~ (c) T2-weighted post-
contrast MR image (d) Tissue specific absorption rate (W/kg/m).

Figure 12.40Steady state temperature distribution for III (a) T4 = 32° C and
(b) Tq = 37° C. 1D Thermal profiles along (¢) z = z, and (d)

Y=Y - - - v o v e e e e s e e s e e e e e e e e e e e e e e e e e

Figure 12.41Postcontrast T2-weighted sequences of right breast indicating sig-
nal enhancement near the post surgical bed. . . . . ... ... ..

Figure 12.42Right breast with post-contrast enhancement of the post-surgical
bed. . . . . .

Figure 12.43Right breast near the post-surgical bed. . . . . .. ... ... ..

Figure 12.44Coronal image sequences indicating two small foci of suspicious
signal enhancement within the right breast adjacent to the chest
wall. . . e

Figure 12.45Coronal slice of tumor data, IV near the chest wall (a) Relative
permittivity, er(x,y) (b) Loss tangent, ‘%0 (c) T2-weighted post-
contrast MR image (d) Tissue specific absorption rate at 500 MHz

(W/kg/m). . . ..o

Xxiv

281

282

283



Figure 12.46Steady state temperature distribution for IV (a) Tg = 32° C and
(b) Tg = 37° C. 1D Thermal profiles along (c) z = x¢ and (d)

Figure 12.47Coronal images indicating fluid collection in the left breast and
ductal enhancement in the right breast. . . . . . .. ... ... ..

Figure 12.48 Ductal enhancement from nipple to the inferior portion of the right

Figure 12.49Ductal enhancement in the inferior portion of the right breast. . .

Figure 12.50T2 weighted postcontrast image sequences indicating ductal en-
hancement from nipple to the inferior portion of the right breast.

Figure 12.51 Coronal slice of tumor in patient data, V used in therapy simula-
tions (a) Relative permittivity, e(x,y) (b) Loss tangent, w—‘zﬁ (¢)
T2-weighted postcontrast MR image (d) Tissue specific absorption

rate at 500 MHz (W/kg/m). . . . . .. . ... ... ... ... ..

Figure 12.52Steady state temperature distribution for V (a) Tq = 32° C and
(b) Tq = 37° C. 1D Thermal profiles along (¢) z = x¢ and (d)

Figure 12.53Steady state temperature distribution inside patient model, Ia cal-
culated using noninvasive ablation simulations (a) T4 = 32° C and

(b) Tq = 37° C. 1D Thermal profiles along (¢) = z¢ and (d) y = y¢.294

Figure 12.54Noninvasive ablation using deformable mirror for patient model III
(a) Tg = 32° C and (b) Tq = 37° C. 1D Thermal profiles along
(x=zcand (d) y=we. - - - o o o oo

Figure 12.55Steady state ablation temperature distribution inside patient
model V (a) Tq = 32° C and (b) Ty = 37° C. 1D Thermal profiles
along (c)zx=zcand (d)y=9e.. . . . . . . . ...

Figure 13.1 Specular reflection and transmission in geometrical optics.

Figure 13.2 Ray optics at non-specular surface (a) Diffuse reflection (b) Diffuse
transmission. . . . . ... L oLl Lo

Figure 13.3 Illustration of ray tracing process. . . . . . . . ... .. .. ....
Figure 13.4 Representation of a light ray in ray tracing module. . . . . . . ..
Figure 13.5 Schematic representation of the optical experiment. . . . . . . . .
Figure 13.6 Experimental setup. . . . . . ... ... ... ... ........

Figure 13.7 Light characteristics of the LED [206] (a) Spectral distribution (b)
Spatial distribution. . . . .. .. ... oL

Figure 13.8 Connection diagram for the LED circuit. . . . . .. ... ... ..

Figure 13.9 Light intensity measured by the 3000 element linear CCD array. .

XXV

318



Figure 13.10CCD measurements for different mirror rotation. . . . ... . .. 320
Figure 13.111llustration of the ray tracing process implemented in the model. . 322
Figure 13.12Apodization function for varying values of m in (13.28a). . . . . . 323
Figure 13.13Model versus normalized CCD measurements for m =42.. . . . . 323

Figure 13.14Comparison between ray tracing model and CCD measurements
for, negt = 1.41 ()0 +2° (b)8; —2° (c)0,. . .. ... ... .. 325

Figure 13.15Normalized CCD measurement for the plastic slab with opaque
object (a) Object I, d = 0.65mm (b) Object II, d = 1.3mm (c)
Object I11, d = 2.10mm (e) Object V,d =1.25mm. . . . . . . .. 327

Figure 13.16 Comparison between ray tracing model and normalized CCD mea-
surements of the plastic slab with Object I for negy = 1.41,degt =
0.60mm (a) 6 +2° (b) 6 — 2° (c) Estimated width profile for
Object I.. . . . . . . . 328

Figure 13.17Comparison between ray tracing model and normalized CCD mea-
surements of the plastic slab with Object II for negt = 1.41,degt =
1.2mm (a) 6 + 2° (b) ) — 2° (c) Estimated width profile for
Object II. . . . . . . .o 330

Figure 13.18Comparison between ray tracing model and normalized CCD mea-
surements of the plastic slab with Object III for negp = 1.41,degt =
1.9mm (a) 6, (b) 6 — 2° (c) Estimated width profile for Object

Figure 13.19Comparison between ray tracing model and normalized CCD mea-
surements of the plastic slab with Object IV for nogp = 1.41,degt =
1.2mm (a) 0 +2° (b) 8 —2° (c) Estimated width profile for Ob-

ject IV. o o L 332
Figure 13.201llustration of experimental setup for layered medium. . ... .. 333
Figure 13.21CCD measurements of layered medium for (a) 8, —2° (b) 6 +2°
mirror rotations. . . .. ... ... oL oL L 334
Figure 13.22Comparison between filtered CCD measurements and ray tracing
model for {ny,n9,n3}¢5t. . ... 335
Figure 13.23Inversion results (a) Reconstructed 1D refractive index profile (b)
Reconstruction error. . . . . . .. ... L. 336

Xxvi



KEY TO SYMBOLS AND ABBREVIATIONS

EM: Electromagnetics

TE: Transverse Electric

TM: Transverse Magnetic

FEM: Finite Element Method

FEBI: Finite Element Boundary Integral

MOM: Method of Moments

MEMS: Micro-electro-mechanical Systems

CMOS: Complementary Metal Oxide Semiconductor

MDM: Membrane Deformable Mirror

SAR: Specific Absorption Rate

BHTE: Bio-heat Transfer Equation

MR: Magnetic Resonance

CCD: Charge Coupled Device

1D: One Dimensional

2D: Two Dimensional

XxXVvii



CHAPTER 1

INTRODUCTION

1.1 Motivation & Objectives

Breast cancer is the second leading cause of cancer deaths amongst women in the
United States. The five-year survival rate for breast cancers diagnosed prior to meta-
stasis has been reported as 97%. Thus, regular health examinations at an early age
could help detect cancer and increase the survival rate. The need for early stage
cancer detection with high levels of specificity and sensitivity has led to the develop-
ment of several diagnosis and treatment methods. Unfortunately, even in the case of
well-established X-ray mammography techniques, about 5-15% of breast cancer cases
are improperly diagnosed and biopsy outcome corroborating the findings of X-ray
mammogram has been reported to range between 10-50%. X-ray mammography is
poor in screening radiographically dense breast, involves the use of ionizing radiation
and requires painful breast compression.

The limitations of X-ray mammography have led to an interest in alternate breast-
imaging methods. Amongst the complementary methods, microwave breast imaging
is very promising because of the very high contrast between the electrical properties
of cancerous and benign breast tissues. Moreover, microwave breast imaging does
not involve radiation exposure or breast compression and is a safer alternative non-
invasive imaging method. Conventional microwave tomography for biological bodies
involves illumination at different angles/positions for imaging and often require an-
tenna switching mechanisms, antenna compensation algorithms and at times increase
in the number of antennas for more multi-view field measurements.

This gives the impetus to explore alternate techniques for microwave imaging that

can exploit the advantages of microwaves for breast imaging. A new active microwave



imaging system employing a continuously deformable mirror is proposed in this work
as an alternative strategy. The membrane deformable mirror in the proposed sys-
tem steers the incident field for multi-view illumination without the need for antenna
switching and compensation. Besides imaging, the deformable mirror could also be
used to deliver electromagnetic thermal therapy to treat localized breast tumors. The
deformable mirror with reflective coating functions as an adaptive focusing mirror and
preferentially deposit thermal energy at the tumor site inside the breast. The pro-
posed hyperthermia technique is devoid of the complexities associated with conven-
tional electromagnetic thermal treatments that require optimization of the amplitude

and phase of multiple antenna elements for focusing.

1.2 Scope of the Thesis

This thesis aims to evaluate the feasibility of the deformable mirror microwave to-
mography and therapy technique using numerical models and proof of concept optical
prototype. Electromagnetic wave interaction with biological objects and operational
principles of adaptive mirrors essential to investigate system feasibility are explained
in detail using numerical models. Systematic computational studies involving the-
ory, system functionality and mathematical equations that govern data acquisition,
imaging and therapy delivery are also explained.

The computational feasibility study also include devising and testing efficient tech-
niques and algorithms to identify optimal mirror shapes for information rich multi-
view data for tomographic reconstruction. The performance of proposed techniques
are extensively evaluated using 2D breast models with varying permittivity distribu-
tions. Techniques developed for automated estimation of mirror shape for efficient
delivery of thermal dose at the tumor site with minimal superficial skin heating and
collateral tissue damage are evaluated using bio-heat transfer equation. The bio-heat

transfer model uses the EM energy deposited within the tissue to calculate the steady



state temperature distribution inside breast phantoms. A quantitative analysis of the
mirror based thermal therapy technique is evaluated using MRI data of patients with

different histological and pathological history.

1.3 Organization of the Thesis

A brief introduction of breast cancer and current clinical diagnostic and treatment
procedures available for symptomatic women are covered in chapter 2. In order to
develop diagnostic techniques it is essential to understand the interaction of EM waves
with biological tissues. Chapter 3 summarizes EM ficld interaction with tissues in
the radio and microwave frequency spectrum. Chapter 4 briefly reviews the basics
of time harmonic EM field necessary to understand EM radiation and scattering
phenomenon in the deformable mirror based microwave tomography and therapy
technique. Differential and integral solutions to EM wave scattering are derived
in chapter 5 for TM and TE modes. A literature survey related to the evolution
of microwave tomography and the underlying theory of different inverse scattering
techniques are briefly covered in chapter 6. An overview of the development and
role of active mirrors in adaptive optic systems and the different types of active
mirrors, their design and applications are discussed in chapter 7. The design and
mathematical theory that governs the mirror functionality, the key element of the
thesis are also covered in chapter 7. Preliminary proof of the proposed mirror concept
for breast cancer is investigated in chapter 8 via simulations neglecting diffraction and
scattering.

The design and functionality of the proposed deformable mirror microwave to-
mography setup is presented in chapter 9 with detailed explanations on the choice of
operating frequency and mirror deformations for microwave tomography. The math-
ematics and numerical implementation of breast permittivity reconstruction using

deformable mirror setup are detailed in chapter 10 via numerical simulations on two



dimensional heterogeneous breast models. Other potential applications of the pro-
posed mirror based tomography technique are also briefly covered in chapter 10. In
addition to its use for imaging, the system can be used for therapy as well. Computa-
tional feasibility of an alternative mode of EM thermal therapy employing deformable
mirrors for localized breast tumors is investigated in chapter 11. In chapter 11, bio-
heat transfer model is used to quantify the steady state temperature maintained by
dual mirror therapy technique inside 2D breast phantoms with varying tumor size.
Computational feasibility of dual mirror therapy technique is investigated in chapter
12 using high resolution MRI data of women reported to have breast malignancy.
The optical prototype system discussed in chapter 13 serves as a proof of concept
for the deformable mirror microwave tomography technique. Refractive index esti-
mation of non-opaque objects using light measurements for different mirror rotations
presented in chapter 13 sets the stage for potential use of deformable mirror in mi-
crowave regime for tomography. Thesis contributions, concluding remarks and future

work are presented in chapter 14.



CHAPTER 2

BREAST CANCER

Introduction

Cancer is a disease caused due to malfunctioning of mutated genes that control cell
growth and division. Cancer has been reported to be the second leading cause of
deaths in the United States of America and it accounts for 1 in every 4 deaths [1].
Approximately 5% to 10% of cancers have been reported to be hereditary with the
remaining due to mutations caused by internal factors such as hormones or external
factors such as tobacco, alcohol, chemicals and sunlight [1]. The cause of cancer is
not clearly understood and the uncontrolled growth of the cancerous cells leads to
death. In the United States, the probability of an individual to succumb to or die
from cancer is little less than 1 in 2 for men and little more than 1 in 3 for women
[1]. Between 1990-2004, 18 million new cancer cases have been diagnosed and about
1,372,910 new cases were expected to be diagnosed by 2005 [1, 2].

The estimated incidence of new cancer cases and mortality due to all types of
cancer in both sexes in the United States since 1997 is shown in Figure Figure 2.1
[1]-[10]. The 5-year survival rate for individuals treated for cancer reported during
1997-2005 is shown in Figure Figure 2.2. Figure Figure 2.2 indicates a steady increase
in survival rate due to increased awareness and early stage screening [1]-[10]. Reports
indicate that about 76% of all cancers are diagnosed only at age 55 or older. Regular
health examinations will increase the survival rate by detecting most of the commonly
occurring cancers at an early stage [1]. Early stage cancer is small in size, localized and
is less likely to spread to the neighboring tissues and can be effectively treated. The
need for early stage cancer detection with lower false alarm has led to the development

of several diagnostic and treatment methods for cancer such as X-ray mammogram,
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X-ray computed tomography (CT), nuclear medicine, magnetic resonance imaging
and ultrasound imaging [11].

This chapter gives a brief introduction of breast cancer and covers the current
clinical diagnostic and treatment procedures available for symptomatic women. The
statistics compiled over the years for breast cancer is summarized in section 2.1.
In section 2.2, the occurrence and types of breast cancer depending on the physical
location and the tumor stage are explained with respect to the female breast anatomy.
The early stage breast cancer screening guidelines advocated for asymptomatic women
and limitations of the widely used X-ray mammography are discussed in section 2.3.
The conventional and contemporary diagnostic procedures available to confirm the
findings of breast screening are briefly covered in section 2.4. The clinical treatment
options available for symptomatic women depending on the location, size and stage
of the cancer and other complementary therapy techniques are covered in sections 2.5

and 2.6 respectively.

2.1 Breast Cancer - Epidemic

Amongst'the different types of cancers, women in the United States and else where in
the world are more prone to the breast cancer disease. In the United States, the most
common cancer diseases diagnosed amongst women include the cancer of the lung
and breast. The incidence of new cases of lung and breast cancer compared to the
other 43 types of cancer cases reported since 1997 is summarized in Figure Figure 2.3
(1]-[10]. Figure Figure 2.4 shows the estimated number of the cancer deaths amongst
the US women reported since 1997. On an average, Figures Figure 2.3-Figure 2.4
indicate that breast cancer accounts for one in every three cancer cases diagnosed
and is the second leading cause of deaths amongst women in the United States next
to lung cancer. Breast cancer is broadly classified into invasive and in-situ depending

on the proliferation of malignant cells to the neighboring benign cells. Figure Figure
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Figure 2.1. Estimated cancer statistics in the United States [1]-[10].

2.5 shows the 2005 statistics for breast cancer incidence and mortality reported by
the American Cancer Society. In 2005, the number of new cases was estimated to
be 211,240 for invasive and 58,490 for in-situ breast cancer with the total breast
cancer mortality equal to 40,140 [10]. It is anticipated that one in every 8 women
will succumb to breast cancer during their life time. The incidence and mortality
rates reported for breast carcinoma is of utmost public health concern in the United

States.

2.2 Breast Disease

Carcinoma or cancer of the breast is a disease caused by mutations in cell growth
inside the breast tissue. A typical anatomy of a mature female breast is shown in
Figure Figure 2.6. Typical female breast tissue comprises of milk producing glands

also named as the lobules, ducts that carry the milk from the lobules to the nipple,
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fatty connective tissue called the stroma, blood vessels and lymphatic tissues [13, 14].
The lobules are surrounded by fibrous and fatty/adipose tissue as shown in Figure
Figure 2.6. The lobules composed of ductules and intra-lobular ducts is the smallest
unit in the breast. The milk carrying ducts are the most common site for carcinoma.
Early stage malignant cells in the breast are often small and localized and mostly
occur inside the milk ducts. Early stage cancer if unattended ruptures the cell walls
and begins to spread to the surrounding benign tissue. The invasive carcinogenic
cells can potentially be transported to a distant site through the lymph nodes and
can manifest as a meta-state cancer. The different types of breast cancer categorized

depending on the location, size and growth of the lesion are discussed below.
2.2.1 Breast Cancer Types

Ductal Carcinoma In-situ (DCIS) refers to the local occurrence of cancer inside
the milk duct of the breast tissue. DCIS is the most common type of non-invasive
breast cancer that accounts for 25% - 30% of mammographically detected breast
cancers [13]. With increased usage of X-ray mammography, the incidence of DCIS
increased and it accounted for 85% of the in-situ breast cancer diagnosed from 1998
2002 [1]. The largest occurrence of DCIS was observed to be in women aged 50 and
above [1, 14].

Lobular Carcinoma In-situ (LCIS) also called as lobular neoplasia is another
type of early stage cancer that appears inside the milk glands and are contained
inside the walls of the lobules. LCIS has been reported to occur exclusively in women
older than 40 years [1, 15]. It is less likely to occur than DCIS and accounts for
approximately 12% of the in-situ breast cancers in women [1].

Invasive Ductal Carcinoma (IDC) is the most common breast cancer that
accounts for 80% of the invasive cancers. The malignant cells inside the duct pene-
trates the ductal walls to the surrounding fatty tissue and can metastasize through

the lymphatic tissues and blood vessels at a distant site. Genetic similarity between
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Figure 2.7. Broad distribution of breast cancer types.

the histology of DCIS and IDC in many cases indicates DCIS as a precursor to IDC
[13).

Invasive Lobular Carcinoma (ILC) is infiltrating carcinoma that starts at
the lobules and invades the surrounding fatty tissue and could eventually spread
to a distant site via meta-stasis. Though it is infiltration of LCIS, most invasive
breast malignancies that follow LCIS are often of ductal histology [15]. Thus, ILC
is less common and accounts only for 5% of the invasive breast cancer. The other
less common breast cancers include inflammatory, medullary, tubular and mucinous
cancers, paget’s disease and phyllodes tumor [13]. The different types of breast cancer
discussed in this section are broadly classified as in-situ or invasive. The ratio of
incidence of new cancer cases based on the lesion growth estimated for 2005 is shown
in Figure Figure 2.7. Almost 80 % of the new cases diagnosed have been reported to

be invasive which is an impeding factor to extend the patient survival rate.



2.3 Breast Cancer Screening

Cancer is commonly perceived as a group of malignant cells that begins to multiply
and spread to the surrounding tissue thereby damaging the benign cells. The rampant
growth of the malignant cells in the breast might result in meta-stasis spreading to
the lungs thereby leading to death. As indicated in Figure Figure 2.7, only 20% of
the breast cancer cases diagnosed are reported to be in-situ or localized. The five
year survival rate for individuals with localized breast cancer is approximately equal
to 98% [1]. Thus, early stage screening is key to detect and control the growth of
localized tumor cells before they mature to regional or meta-stasis state. The most
popular and commonly used breast screening methods include X-ray mammography,
clinical breast examination (CBE) and breast self examination (BSE) [1, 13, 16]. Age
dependent guidelines advocated by the American Cancer Society and health care

professionals for early detection of breast cancer include:
e Age 20-39
o Monthly Breast Self Examination (BSE)
o Clinical Breast Examination (CBE) once in every three years
e Age 40 and above
o Monthly BSE

o Annual CBE
o Annual Mammogram
2.3.1 Screening Procedures
X-ray Mammography is the well established and widely used screening tool for

early stage breast cancer detection [1], [13]-[15]. In X-ray mammogram, radiographic

projections of the compressed breast are obtained along different planes of view. On
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an average, X-ray mammography is estimated to detect 80-90% of breast cancers in
asymptomatic women with 10-15% incorrect diagnosis [1].

CBE is conducted by trained personnel for screening asymptomatic women and
for diagnosing individuals with breast complaints. With the advent of X-ray mam-
mography, the prevalence of CBE has diminished. CBE is recommended for women
less than 30 years at least once in every three years as a part of the regular health
examination [1]. In addition to X-ray mammography, annual CBE is recommended
for women above 40 to detect smaller breast masses that could be missed by mam-
mography.

BSE is widely promoted by hospitals and health care clinics to increase public
awareness for early stage breast cancer detection. Regular practice of the BSE tech-
niques taught by certified medical health professionals enable individuals to detect
anamolies. Though subjective, BSE techniques are advantageous in that they are
easy and simple to apply, non-intrusive and inexpensive.

2.3.2 Limitations - X-ray Mammography

The low-cost, well established and widely used X-ray mammography is fraught with
limitations. It suffers from poor sensitivity, specificity and detects only 80-90% of
breast cancer. About 5-15% of breast cancer cases are improperly diagnosed and
require additional tests. Breast biopsy outcome corroborating the findings of X-ray
mammogram has been reported to range between 10-50% (11, 17]. These limitations
are mainly due to the poor density contrast between the benign and cancerous tis-
sues of the breast in the X-ray regime. Figure Figure 2.8 shows X-ray attenuation
coefficient in different breast tissues and the contrast between benign and malignant
breast tissues over the clinical diagnostic X-ray energy range. In Figure Figure 2.8, it
can be observed that the density contrast between tumor and normal tissue is higher
at energy level near 15 keV and is poor above 35 keV. Even at lower energy levels,

the tissue density contrast between benign and malignant tissue is less than 12% .
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Besides low contrast, the higher X-ray absorption at these energy levels require longer
exposure of the breast to the ionizing X-ray radiation to obtain mammograms. In
practice, the radiation dose and absorption at lower energy levels is minimized by a
painful breast compression during screening.

Besides breast compression, the poor contrast in X-ray attenuation property be-
tween the fibro-glandular and cancerous tissue shown in Figure Figure 2.8 results in
poor sensitivity and specificity in screening women with radiologically dense breast.
Thus, X-ray mammogram has been reported to be less accurate in screening asymp-
tomatic pre-menopausal women with dense breast tissue. The accuracy of X-ray
mammogram is higher for screening post-menopausal women who tend to have more
adipose tissue than fibrous tissue. X-ray mammography involves imaging of the com-
pressed breast by illuminating the breast under ionizing radiation and high quality
mammograms depend on optimal breast compression to reduce image blurring caused
by scattering and higher absorption at lower energy levels. Hence, other limitations
include patients tolerance to breast compression, variability in radiological interpre-

tation and radiation dosimetry.

2.4 Breast Cancer Imaging

2.4.1 Clinical Diagnostic Procedures

The incidence and mortality rates of breast cancer necessitates the need for breast
imaging techniques with high sensitivity and low false calls to diagnose asymptomatic
women both pre and post menopause. Several non-invasive imaging techniques are
used in practice to diagnose lesions detected by clinical findings. The imaging meth-
ods include diagnostic X-ray mammography, ultrasonography, magnetic resonance
imaging, X-ray computed tomography, digital subtraction angiography, radionuclide
imaging and diaphanography [11], [18]. All imaging methods exploit the physical, op-

tical or electrical differences between the cancerous and normal breast tissues to the
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penetrating energy source. The key requirement of these different imaging modalities
is to provide early stage detection with high specificity, sensitivity and low negative
calls for improved treatment and higher patient survival rate.

2.4.2 Complementary Diagnostic Methods

The limitations of X-ray mammography led to research in the development of com-
plementary imaging techniques that are noninvasive and non-radioactive for breast
cancer detection. Imaging methods that are currently being researched as a viable
complementary clinical breast imaging techniques include optical tomography [19, 20],
electrical impedance tomography [21, 22], elastography [23, 24] and microwave tomog-
raphy [25].

The significant contrast in the electrical property between benign and malignant
breast tissues reported in different regimes of the electromagnetic spectrum has mo-
tivated the use of electromagnetic waves as an alternative energy source for breast
cancer detection [25]. Besides the high contrast ratio, microwaves are non-ionizing
energy source that does not require breast compression for imaging. In the last decade
there has been tremendous research in the development of microwave theory and tech-
niques for imaging breast cancer. These noninvasive imaging techniques are yet to

become certified clinical procedures for breast imaging.

2.5 Breast Cancer Treatment

Pathological staging of the disease is essential to provide systematic treatment to
localized, regional and metastasized breast lesions [1], [13]-[15]. Depending on the
cancer stage, age and health factors; one or a combination of the following treatments

is prescribed.
e Surgery

e Radiation Therapy
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e Hormone Therapy
e Chemotherapy
e Biological Therapy

Surgery is the most common treatment prescribed for localized breast lesions. The
most commonly performed procedures are radical mastectomy and lumpectomy also
known as the breast conservation surgery. Surgery is frequently performed with ad-
juvant treatment techniques such as radiation therapy, chemotherapy and hormone
therapy to aid the surgical procedure.

Radiation Therapy is a non-interventional procedure that employs external
high energy X-ray radiations to destroy tumor cells. The procedure lasts few minutes
and is delivered on a regular basis as a primary treatment for breast cancer. It is also
used as an adjuvant technique to shrink the tumor size prior surgery and to destroy
remanent malignant cells bordering the lesion after surgery.

Hormone Therapy is given to individuals with breast cancer that is receptive to
estrogen. It involves intake of drugs that inhibit the effects of estrogen on tumor cells.
The drug inhibits production of estrogen and deprives estrogen supply to the tumor
which is essential for its growth. It is often prescribed for a long period of time after
breast surgery to prevent recurrence and is effective in both post and pre-menopausal
patients with cancers that test positive to hormone receptors.

Chemotherapy involves drug intake administered either intravaneously or orally.
A combination of drugs that slows down growth and kills cancerous cells are used
to destroy tumors that have metastasized to the lymph nodes. It is the primary
treatment for individuals not responsive to hormone therapy and who suffer from
metastasis. It is also used as an adjuvant therapy to shrink tumor prior to surgery.

Biological Therapy also called immunotherapy aims to improve the capability of

immune system to fight cancer with intake of drugs. The procedure is also combined
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with chemo or hormone therapy to improve the effectiveness of the treatment for

metastatic breast cancers.

2.6 Contemporary Treatment Procedures

Hyperthermia and RF ablation techniques are actively pursued as an alternative
to the conventional treatments for breast carcinoma. The application of electromag-
netic field in medicine for destruction and growth control of cancer cells dates back
to 1800s [26]. Electromagnetic therapy techniques are broadly classified into hyper-
thermia and ablation procedures. Experimental studies indicate that hyperthermia
induces transient physiological effects such as increase in blood circulation, tissue
vascularization and metabolic activity that shrinks the tumor size. Hyperthermia
involves prolonged exposure of the tissue to external EM radiation above 42°C com-
bined with radiation or chemotherapy for effective treatment of the malignant cells.
Ablation techniques leads to irreversible physiological effects such as vascular stasis,
protein denaturation resulting in tumor cell death. In RF ablation, the temperature
inside the tumor is elevated above 60°C for a few minutes for tumor tissue necrosis

using invasive EM applicators.
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CHAPTER 3

TISSUE PROPERTIES AT MICROWAVE FREQUENCIES

Introduction

The electromagnetic (EM) spectrum represents a wide range of frequencies ranging
from DC to frequencies, such as gamma and cosmic rays. The EM spectrum includes
X-rays, visible light, microwaves and radio frequencies. During the past 2 decades,
bioelectromagnetics is gaining significance in human medicine. The physical and
behavioral changes influenced by biological tissues in the presence of external EM
fields has led to the development of several diagnostic and therapeutic techniques
and systems employving RF and microwaves. In order to develop diagnostic tools it is
essential to understand the interaction of EM waves with biological tissues.

The EM field interaction with tissues in the radio and microwave frequency spec-
trum is summarized in this chapter. Maxwell’s equations that govern the behavior of
EM field in materials is presented in section 3.1. The thermal and athermal effects
induced in biological organs due to EM field interaction with tissue is covered in 3.2.
The Penne’s bio-heat transfer model that governs the tissue heating inside biological
systems exposed to near field EM energy is presented in section 3.3. The electri-
cal properties of various biological tissues and the parametric equations developed
based on experimental findings are discussed in section 3.4. Section 3.5, presents the
experimental results and analytical model for the dielectric property of benign and

malignant breast tissues analyzed by several investigators.

3.1 Maxwell’s Equations

Biological systems undergo physiological changes when exposed to radiofrequency

and microwaves. The interaction of electromagnetic fields with biological tissues
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has been investigated by several investigators in the past [26]. The study of EM
wave interaction with tissues has enabled harnessing of diagnostic and therapeutic
potentials of EM waves in medicine and has led to the development of standards for
safe operation of EM devices. The EM field interaction with biological systems is

given by the Maxwell's equations [27, 23],

OB
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E and H : electric and magnetic fields measured in (V/m) and (A/m)
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D and B : electric and magnetic flux densities measured in (C/m 2) and Tesla
-3 E . . ce . 3

J and Jy, : electric and magnetic current densities in (A/m °)

pe and pp, ¢ electric and magnetic charge densities (C/m 3)

Several numerical models using (3.1)-(3.2) and experiments on animal subjects and
freshly excised tissue specimens were investigated in the past to understand the phys-

iological effects induced by RF and microwave radiations in human and animal sub-

Jects.
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3.2 EM Field Interaction with Tissues

Investigations indicate that electrical properties of biological tissues are dispersive in
nature and vary between tissues. Variations in tissue electrical properties are often
characterized in terms of the percentage of water content. Tissues with high water
content exhibit higher constitutive parameters than those with lower water content
[29, 30]. Variations in tissue property inside biological systems result in a nonuniform
internal EM energy deposition when exposed to EM fields [31]-[33].

Investigations by Foster et. al. revealed the thermal and athermal effects, tissue
dielectric property, depth of penctration and power deposition inside biological tissues
exposed to RF and microwaves (29, 30]. The thermal and athermal effects induced by
EM waves result in various biological effects. It is known that the depth of penetration
of microwaves inside tissue decreases with increase in frequency. Besides frequency of
operation, signal attenuation in biological tissue also depends on tissue water content.
The attenuation of EM fields is relatively higher inside tissues with higher water
content. Attenuation of microwaves over the frequency range 1.8-2.7 GHz inside
human torso indicated the feasibility of employing microwave radiations for diagnostic
medical applications [34]. These studies clearly indicate the potential use of EM waves

in human medicine.

3.3 Tissue Thermal Properties

Irradiation of living tissues with microwaves or RF waves primarily results in tissue
heating. With modernization, human exposure to near field radiations from EM de-
vices and their potential hazards to living organisms gained importance to determine
the safe operation of the devices [33], [36]-[38]. EM energy deposition in biological
tissues is influenced by several factors such as tissue thermal conduction, thermal
convection due to blood flow and surface cooling of the tissue [35]. Tissue heating

inside biological systems exposed to EM field was studied using the Pennes's heat
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transfer equation [31], [35],

OT (x,y.t 9, .
PpCp'—(g}_t‘J“2 = KV2T(2,y,t) +wyey(Ty — T2, 9,8) + Q(, y,1) (3-3)

In (3.3),
T(zx,y,t) : temperature distribution in © C
pp. pp © tissue and blood density in (kg/cm 3y
cp, cp « specific heat of tissue and blood in (J/kg/ © C)
T}, : arterial blood temperature in © C
wp : volumetric blood perfusion rate (kg/s/ cm 3 )
K : tissue thermal conductivity in (W/em/ © C)
Q(z,y.t) : EM energy deposition in (W/cm 3 )

Temperature distribution inside tissues exposed to EM waves studied using (3.3) with
mathematical human models and experimental results helped determine the power

levels for safe device operation [39].

3.4 Tissue Dielectric Properties

A comprehensive literature survey on the electrical properties of different tissues re-
ported by several investigators over five decades is compiled in [40]. The electrical
properties of biological tissues over the frequency range 10 Hz-20 GHz in [41] consol-
idates the EM field interaction with various biological tissues. Parametric equations
based on experimental measurements led to the development of a parametric Cole-

Cole dispersion model of the form [28],

Aen o;
e(w) = €00 + + - 3.4
) = o0t ) G o) g .




for a variety of biological tissues [42]. In (3.4), 7 is the time constant, « is the
dispersion distribution parameter, o; is the static ionic conductivity, Aep = €son —
€s,n where eoo n 1s the tissue permittivity at higher frequency and es pn is the static
tissue permittivity for w — 0, €(w) = € — je’! where €’ is the diclectric constant and
e = 5‘:—0 and w is the angular frequency. Experimental data on different biological
tissues confirm the dispersion regions in the tissue dielectric spectrum studied by the
previous researchers (29, 30|, [41]. Experimental and parametric model studies on
the dielectric properties of pathological tissues indicate the potential of nonionizing
microwave radiation in medical diagnosis and therapy. The beneficial biological effects

induced by RF and microwaves has led to the development of several EM devices for

cancer diagnosis and therapy [43, 44].

3.5 Dielectric Properties of Breast Tissue

Limited research work is available on the dielectric properties of human breast in
the RF and microwave frequency spectrum. In 1984, Chaudhary et al reported the
average dielectric property of ex-vivo human breast tissues from 15 patients between
3MHz to 3 GHz frequency range [45]. The dielectric property of malignant tissues
was reported to be significantly larger than benign tissues indicating the potential
use of microwaves for cancer detection and local hyperthermia. The dielectric prop-
erties of cancerous and surrounding tissues of human breast reported over 20 kHz-100
MHz also indicated a pronounced dielectric contrast between the benign and malig-
nant tissues [46]. Dielectric property measurements of freshly excised breast tissue
over 50-900 MHz reported by Joines et al support the ex-vivo experimental findings
of other investigators [47]. Figure Figure 3.1 shows the dielectric spectrum of be-
nign and malignant breast tissues available in literature over a wide frequency range.
Despite the variations in tissue samples and experimental techniques, a significant dif-

ference exists between the dielectric property of cancerous and normal breast tissues
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Figure 3.1. Dielectric spectrum of benign and malignant human breast tissue [46]-[47].



at microwave frequencies. The significant contrast between the dielectric spectrum of
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