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Single Photon Emission Computed Tomography (SPECT) is an established imaging
modality that is undertaken using a parallel-hole collimator. This technique suffers from
clinical limitations as it has less reliability in detecting small lesions (less than one
centimeter in diameter) due to trade-off between sensitivity and resolution.

Instead of a collimator, this study proposes a coded aperture (CA) based SPECT imaging
system where a mask is attached to a typical clinical gamma camera. This imaging
method investigates different patterns of the Modified Uniformly Redundant Array
(MURA) masks and mosaic MURA masks by a simulating point source, planar source,
and the 3D realistic anthropomorphic female breast phantom. For the breast phantom,
simulations were repeated for different lesion sizes and the tumor-to-background ratio
(TBR).

The proposed CA-based SPECT camera employs a mosaic MURA mask and antimask
combined with the Maximum Likelihood Expectation Maximization (MLEM)
algorithm. The antimask reconstructed images are subtracted from the mask images to
suppress the background noise and minimize the non-uniformity in the background slice
by slice. The reconstructed slices are stacked to give a 3D image. Mosaic MURA mask
antimask subtraction has improved the quality of reconstructed images, allowing
visualization of 3 mm diameter breast lesions using 10:1 TBR.

The purpose of this research is to prove the feasibility of 3D reconstruction, and the
aforementioned background could be shielded either through proper physical shielding
and/or through the particular detection angle of a gamma camera. Ultimately, this study
has proved that 3D reconstruction of the breast phantom is possible using CA-based
SPECT imaging. Moreover, 3D reconstruction can be achieved from a single projection
instead of a sinogram. This study has successfully detected a lesion of 3 mm diameter
with TBR 10:1. The chest, heart, and lung background radiation effects are not included
in this study and can be investigated in future.
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SISTEM PENGIMEJAN SPECT 3D BERASASKAN APERTUR BERKOD
UNTUK PENGESANAN AWAL KANSER PAYUDARA
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Pengimejan Komputer Tomografi Pelepasan Foton Tunggal (SPECT) adalah salah satu
kaedah yang diterimapakai yang dijalankan menggunakan kolimator lubang selari.
Teknik ini mempunyai pengehadan klinikal kerana kurangnya kebolehpercayaan dalam
mengesan imej lesion kecil (iaitu untuk diameter kurang daripada satu sentimeter)
disebabkan oleh pertukaran antara sensitiviti dan resolusi.

Sebagai ganti kepada kolimator, kajian ini telah mencadangkan sistem pengimejan
SPECT berasaskan Apertur Berkod (CA) di mana topeng dipasang pada kamera gamma
klinikal. Kaedah pengimejan ini mengkaji corak-corak yang berbeza pada topeng
Tatasusunan Lewah Seragam Terubahsuai (MURA) dan topeng MURA mozek dengan
mensimulasikan sumber titik, sumber planar, dan antropomorfik realistik 3D fantom
payudara wanita. Untuk fantom payudara, simulasi tersebut diulang untuk saiz lesion dan
nisbah tumor berbanding latar belakang (TBR) yang berbeza.

Kamera SPECT berasaskan CA yang dicadangkan ini menggabungkan topeng MURA
mozek dan antitopeng mozek dengan algoritma Pemaksimuman Jangkaan
Kebolehjadian Maksimum (MLEM). Imej-imej antitopeng yang dibina semula ditolak
daripada imej topeng untuk menyekat hingar dan meminimumkan ketidakseragaman
pada latar belakang, secara berperingkat. Kepingan berperingkat yang dibina semula
akan disusun untuk membentuk imej 3D. Penolakan antitopeng daripada topeng MURA
mozek telah meningkatkan kualiti imej yang dihasilkan, membolehkan visualisasi lesion
payudara berdiameter 3 mm dengan menggunakan TBR pada nisbah 10:1.

Tujuan penyelidikan ini adalah untuk membuktikan kebolehlaksanaan pembinaan
semula 3D, dan latar belakang yang disebutkan di atas boleh dilindungi sama ada melalui
perisai fizikal yang sesuai dan/atau melalui sudut pengesanan tertentu kamera gamma.
Akhirnya, kajian ini telah membuktikan bahawa pembinaan semula 3D fantom payudara



adalah boleh dicapai dengan menggunakan pengimejan SPECT berasaskan CA. Selain
itu, pembinaan semula 3D boleh dicapai daripada satu unjuran dan bukannya sinogram.
Kajian ini telah berjaya mengesan lesion berdiameter 3 mm dengan nisbah TBR 10:1.
Latar belakang kesan sinaran untuk bahagian dada, jantung dan paru-paru tidak
termasuk dalam kajian ini dan boleh dikaji pada masa hadapan.



ACKNOWLEDGEMENTS

All praises and thanks to All-Mighty “Allah,” the most merciful, the most gracious, the
source of knowledge and wisdom endowed to mankind, who conferred me with the
power of mind and capability to take this research thesis to the exciting ocean of
knowledge. All respect is for my most beloved Holy Prophet, “Hazrat Muhammad
(Peace Be Upon Him),” who is forever a torch of guidance for humanity.

I wish to express my sincere appreciation to my supervisor, Prof. Ts. Dr. M Igbal Saripan,
for the continuous support, expert guidance, motivation, encouragement, and patience
throughout the progress of this research. He always helped me and encouraged me to
solve the challenges in the way of this research. Besides this, | am also very grateful to
my supervisory committee members, Prof. Rozi Mahmud, Dr. Wan Azizun Wan Adnan,
and Dr. Mohammed Ali Alnafea, for their expert opinions and valuable support all the
time during this research period. | sincerely express my heartiest gratitude Dr. Djeloul
Mahboub for his friendly guidance and sincere help during the tough time of the research.
I also thank Dr. Dong Xianling for supporting me in developing MCNP Monte Carlo
simulations and MATLAB codes for the initial SPECT study.

I want to express my gratitude to Higher Education Commission, Pakistan, for providing
the financial support to pursue my Ph.D. study.

I would also like to thank my respected mother, brothers, wife, daughters, and son for
always supporting me during this research. They always give me the courage all the way
through, spiritually supporting me throughout my life and constantly encouraging me to
pursue higher education.

Khalid Hussain
March 2023



This thesis was submitted to the Senate of Universiti Putra Malaysia and accepted as a
fulfilment of the requirements for the degree of Doctor of Philosophy. The Members of
the Supervisory Committee were as follows:

M. Igbal bin Saripan, PhD
Professor Ts.

Faculty of Engineering
Universiti Putra Malaysia
(Chairman)

Rozi binti Mahmud, PhD

Professor

Faculty of Medicine and Health Science
Universiti Putra Malaysia

(Member)

Wan Azizun binti Wan Adnan, PhD
Associate Professor

Faculty of Engineering

Universiti Putra Malaysia

(Member)

Mohammed A. Alnafea, PhD
Associate Professor

Department of Radiologic Sciences,
King Saud University

Saudi Arabia

(Member)

ZALILAH MOHD SHARIFF, PhD
Professor and Dean

School of Graduate Studies
Universiti Putra Malaysia

Date: 10 August 2023

Vi



ABSTRACT
ABSTRAK

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

APPROVAL

DECLARATION
LIST OF TABLES
LIST OF FIGURES
LIST OF ABBREVIATIONS

CHAPTER
1 INTRODUCTION
1.1  Background
1.1.1  Breast Cancer
1.1.2  Detection and Recognition
1.1.3  Breast Cancer Imaging Modalities
1.2 SPECT Imaging Modality
1.3 Problem Statement
1.4  Research Aims and Objectives
1.5  Scope and Limitation
1.6 Thesis Contribution
2 LITERATURE REVIEW
2.1  Medical Imaging
2.2 Radiopharmaceuticals
2.3 SPECT Imaging
2.4  Gamma Camera
24.1  Collimator
2.4.2  Scintillation Detector
2.4.3  Photomultiplier Tubes
2.4.4  Signal Analysis and Processing
2.5  Coded Aperture Imaging Theory
25.1  Research Background
2.5.2  Coded Aperture Imaging History
253  Coded Aperture Image Formation
25.4  Geometric Parameters of Coded Aperture
255 Mask and Detector Configuration
25.6 Coded Aperture Patterns
2.5.7  Near-field Artifacts in Coded Aperture Imaging
2.6 Monte Carlo Simulation
2.6.1  Cross Sections
2.6.2  Photon Interactions
2.6.3 GATE Monte Carlo Simulation
2.6.4  MCNP5 Monte Carlo Simulation
2.7 Reconstruction Methods

271

Correlation Techniques

iX



2.8

2.7.2  Filtered Back Projection
2.7.3 lterative Reconstruction
Summary

MATERIALS AND METHODS

3.1

3.2
3.3
3.4

3.5

3.6

Design of SPECT Camera in Simulation Environment
3.1.1  Geometrical Structure of SPECT Camera
3.1.2  Point Source Simulation Using MCNP5
3.1.3  Point Source Simulation Using GATE\
3.1.4  Energy Windowing and Blurring Process
3.1.5  Model Validation

Near Field Coded Aperture Imaging

General simulation setup

Point Source Imaging Using MURA Mask

3.4.1  Point Source Simulation Setup

3.4.2  Two Point Sources

3.4.3  Planar Source

3.4.4  Near-field Correction

Design of SPECT Model for 3D Breast Imaging
3.5.1 Geometrical Structure

3.5.2  Modelling of Anthropomorphic Breast Phantom
3.5.3  Voxelized Breast Source Modelling

3.5.4  Anthropomorphic Breast Phantom Activity
3.55  Mosaic MURA Mask

3.5.6  Simulating the Breast Phantom

3.5.7  Image Reconstruction

3.5.8  Performance Evaluation

Summary

RESULTS AND DISCUSSION

4.1

4.2

4.3

4.4
45

Validation of the Simulated SPECT model

4.1.1 Intrinsic Spatial Resolution

4.1.2  Intrinsic energy resolution

4.1.3  System Spatial Resolution and Sensitivity

Coded Aperture imaging performance analysis

4.2.1 ldeal Point Source

4.2.2  Point Source Simulation Results using MURA
Mask

4.2.3  Two Point Sources

4.24  Point Source Simulation Results using Mosaic
MURA Mask

4.25 Near-field Correction

4.2.6  Planer source simulation results using MURA mask

Evaluating Beast Phantom Images

4.3.1 MURA Imaging Assessment

4.3.2  Mosaic MURA Imaging Assessment

4.3.3  Results Comparison of MURA vs. mosaic MURA
mask

4.3.4  Results analysis

Performance Analysis

Summary

50
51
52

53
54
55
55
56
57
57
60
61
63
63
64
65
66
66
66
69
72
73
73
76
76
78
79

80
80
80
82
82
84
85

85
87

90
91
92
94
95
102

115
119
119
120



5 CONCLUSION
51  Summary
5.2 Future work

REFERENCES
APPENDICES

BIODATA OF STUDENT
LIST OF PUBLICATIONS

Xi

121
121
122

123
140
141
142



Table

21

2.2

2.3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

41

4.2

4.3

4.4

4.5

LIST OF TABLES

Factors that affect the parallel-hole collimator performance

Specifications and functionality of many standard commercially
available parallel-hole collimators

Some important characteristics of the scintillators crystals that are
most often used for SPECT imaging

SIEMENS Symbia T SPECT camera specifications

Main simulation parameters of CA imaging using point source(s)
Breast SPECT simulation parameters

Material composition of all components used in the simulation
Ellipsoidal parameters for breast phantom models

Activity range translationTablefor breast phantom materials
Breast and tumor size for simulation

Specifications obtained by simulation and experiment provided by
the manufacturer

MURA mask/antimask results of CBR, PSNR, and MSE were
measured from a reconstructed breast phantom of lesion sizes of 8
mm, 6 mm, 4 mm, and 3 mm with TBR 10:1

Mosaic MURA mask/antimask results of CBR, PSNR, and MSE
were measured from a reconstructed breast phantom of lesion sizes
of 8 mm, 6 mm, 4 mm, and 3 mm with TBR 10:1

MURA mask results of CBR, PSNR, and MSE were measured from
a reconstructed breast phantom of lesion sizes of 8 mm, 6 mm, 4
mm, and 3 mm with TBR 10:1

Mosaic MURA mask/antimask results of CBR, PSNR, and MSE

were measured from a reconstructed breast phantom of lesion sizes
of 8 mm, 6 mm, 4 mm, and 3 mm with TBR 5:1

Xii

Page

19

20

21
56
64
67
68
71
73

76

84

102

108

110

112



Figure

11

1.2

13

1.4

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

LIST OF FIGURES

An overview of breast cancer imaging techniques

MRI has a high resolution, and it can be revealed by comparing (2)
mammaography screening with (b) MRI screening

Mammography and MRI diagnosis, (a) mammography missed
lesion, (b) while the lesion is clearly visible in MRI examination

Gamma camera imaging vs. mammography, (a) left craniocaudal
mammogram, (b) right craniocaudal mammogram, (c) left
craniocaudal gamma imaging, and (d) right craniocaudal gamma

Block diagram of the literature review
SIEMENS Symbia T SPECT Camera
Schematic diagram of gamma camera showing various components
Various diagrams of collimator used in gamma camera, (a) parallel
hole, (b) pin-hole, (c) diverging-hole, and (d) converging hole

collimator

Schematic diagram of wire mesh collimator designs, (a) WMC1, (b)
WMC?2, (c) multihole collimator

Profile of multi-hole collimator. The FWHM is used to measure
resolution

Schematic diagram of Scintillation counter consisting of a crystal
coupled with a PMT

The basic concept behind a pinhole camera
Multiple pinholes camera based on coded aperture mask

A random array of 41x41 size and its PSF, (a) a mask developed
from the random array with 41x41 elements, (b) reconstructed
object depicting the noise in random array mask, (c) 3D plot of the
random array point spread function, (d) profile of the decoded
image.

Non-redundant array and its 3D response function: (a) a non-
redundant array binary pattern with 19x19 elements (b) a 3D plot of
its point spread function representing the non-ideal imaging
characteristics

Xiii

Page

12

14

15

16

17

18

21

25

25

27

28



212

2.13

214

2.15

2.16

217

2.18

2.19

2.20

221

2.22

2.23

The geometric array of L shape binary pattern and the 3D response
of its PSF, (a) a binary pattern of 9x9 L shape array elements, yellow
corresponds to 1, the open area and blue corresponds to 0, the close
area(b) a 3D plot of PSF representing the non-ideal imaging
characteristics.

The geometric array of X shape binary pattern and the 3D response
of its auto-correlation function, (a) a binary pattern of 9x9 X shape
array elements, blue represent 0’s and yellow represent 1’s, (b) a 3D
plot of point spread function representing the non-ideal imaging
characteristics.

Binary pattern of URA CA mask and its point spread function: (a)
URA binary pattern of 61x59 elements where yellow represents 1°s
and blue represents 0’s, (b) 3D plot of its correlation function.

Binary MURA mask of 101x101 size and its point spread function:
(@) a binary MURA mask of 101x101 elements, where yellow
represents 1’s and blue represents 0’s, (b) 3D point spread function
of a decoded image showing a perfect point spread function

Binary NTHT mask of 82x82 size and its point spread function: (a)
NTHT binary mask developed from basic 41x41 MURA pattern
where yellow represents 1’s and blue represent 0’s, (b) 3D point
spread function of a decoded image showing a perfect point spread
function

A schematic illustration of point source coded aperture imaging

Fundamental geometry of CA imaging depicting the point of
intersection of a ray traveling from ro to ri

Geometric parameters of the coded aperture: (a) measuring the
magnification factor, (b) measuring the geometric resolution of the
mask

A simple geometry representing the imaging FoV

Geometric parameters of coded aperture: (a) linear relationship
between geometric resolution and FoV, (b) geometric resolution
against magnification factor

The three potential mask camera configurations are as follows: (a)
both the camera and mask have the same dimensions, (b) the
detector is bigger than the mask, and (c) the mosaic mask of 2x2 of
basic pattern, which is bigger than the detector

The MURA CA mask and its response function, (a) the binary

pattern of the MURA mask, (b) the 3D response function (PSF) of
an ideal (no noise) binary MURA mask correlation.

Xiv

28

29

30

30

31

32

33

33

34

35

36

38



2.24

2.25

2.26

2.27

2.28

2.29

2.30

231

2.32

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Mosaic mask and its 3D PSF, (a) the mosaic MURA binary mask
with 82x82 elements, blue color denotes o’s while yellow color
denotes 1’s, (b) the PSF of the mosaic MURA, it shows additional
copies of the source object that may help to increase the image
contrast.

Principles of Monte Carlo simulations of an imaging system

Plots of attenuation coefficients for Nal

Particle interaction types flowchart

Comparative significance of two primary forms of X-ray
interaction. The line depicts the Z and photon energy levels at which
the photoelectric and Compton effects are equal

Diagram of photoelectric effects mechanics explaining the
photoelectric effect

An illustration of GATE's layered architecture

The digitizer is structured as a series of modules that start from the
hit and end with the single, which represents the physical observable
viewed by the detector

Block diagram of the iterative image reconstruction method

The main workflow of the proposed methodology

Geometrical Structure of SPECT Camera developed using MCNP5

Geometrical Structure of SPECT Camera developed using GATE

Pencil beam source simulation for measuring intrinsic spatial
resolution of scintillation camera

A General representation of the coded aperture projection
geometery

Attenuation coefficient as a function of mask thickness for lead and
tungsten material for incident photons with energy of 140 keV

Schematic GATE Monte Carlo simulation diagram using a point
source with 108 particles. The MURA CA mask consists of 97x97
elements in near-field imaging geometry

Planar source simulated geometrical structure using GATE

Visualization of geometrical structure for breast phantom
simulation using GATE

XV

39

41

42

44

45

46

48

49

51

54

55

57

59

61

62

64

65

67



3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

4.1

4.2

4.3

4.4

4.5

4.6

An illustration of real breast anatomy
The Anthropomorphic breast phantom with 8 mm diameter tumor

The 3D background mixture of breast phantom, (a) a = 1, (b) a =
2

The skin layer (a), and ductal network (b) of the female
anthropomorphic breast phantom

The MURA binary mask and PSF of its auto-correlation function,
(a) mask patterns of 83x83 elements, in (a) blue color denotes o’s
while yellow color denotes 1°’s, (b) the 3D PSF of the auto-
correlation function of mask.

In the mosaic MURA binary mask with 166x166 elements, blue
color denotes 0’s while yellow color denotes 1’s. The basic 83x83
MURA pattern was used to build this mosaic configuration.

The PSF of the mosaic MURA, it shows additional copies of the
source object that may help to increase the image contrast

3D reconstructed breast phantom with 8mm tumor (a) planer view
and (b) 3D view

ROI and background region in the planar view of the 3D
reconstructed breast phantom with 8mm lesion

Generated image and its profile through the center fitted by
Gaussian function using (a) GATE and, (b) MCNP5

Comparison between the proposed simulated image profile and
Guassian function

Energy spectrum with Gaussian function fitted over the data

Generated image of point source and its profile through the center
fitted by Gaussian function using (a) GATE and, (b) MCNP5

Comparison between the simulated point source image profile and
Gaussian function

The characteristics of a MURA coded aperture mask have perfect
correlation properties. (2) The MURA mask consists of binary
patterns of 97 x 97 elements, (b) an ideally decoded image of the
point source, i.e., the cross-correlation of the mask (a) with its
decoding function G, (c) a 3D plot of an ideal point source decoded
image, (d) an ideal image profile through its center

XVi

70

70

71

72

74

75

75

77

78

81

81

82

83

84

85



4.7

4.8

4.9

4.10

411

412

413

4.14

4.15

4.16

Monte Carlo simulation of a point source, (a) the raw projection
(shadowgram) of the mask on the detector, (b) the decoded image
of the point source, i.e., the cross-correlation of the simulated raw
projection image, (a) with its decoding function G, (c) decoded
image profile through its center

Reconstructed point source image and its profile using MURA CA
mask and reconstructed with MLEM iterative reconstruction
algorithm

A Monte Carlo simulation of two off-axis point sources (a) the raw
projection image of the mask on the detector; (b) the decoded image
of two point sources, i.e., the cross-correlation of the simulated raw
projection image, point sources' centers are separated by 10 mm
distance (a) with its decoding function G; (c) 3D plot of decoded
images; and (d) the decoded image profile through its center.

Monte Carlo simulation of two off-axis point sources separated by
1.9mm (a) ) decoded image of two point sources, i.e., the cross-
correlation of the simulated raw projection image, (b) the decoded
image profile through its center, two points are not clearly visible.

Monte Carlo simulation of two off-axis point sources separated by
1.9mm (a) reconstructed image of two point sources using MLEM
reconstruction, (b) reconstructed image profile through its center,
two points are clearly visibly

Reconstructed point source image and its profile using mosaic
MURA CA mask and reconstructed with MLEM algorithm

Projection of the simulated point source (a), corrected projection
after near-field correction (b), and the reconstructed image of the
point source without correction (c) and with correction (d).

Decoded image of a planar source using correlation method, (a)
decoded image, (b) image profile through the center

Reconstructed image of a planar source using MLEM method, (a)
decoded image, (b) image profile through the center

Ideal breast slices of 1 mm thickness taken from the different depths
of tumor, (a) ideal breast slice at 12.5% depth of tumor, (b) ideal
breast slice at 25% depth of tumor, (c) ideal breast slice at 37.5%
depth of tumor, (d) ideal breast slice at 50% depth of tumor, (e) ideal
breast slice at 62.5% depth of tumor, (f) ideal breast slice at 75%
depth of tumor

XVii

86

87

88

89

90

91

92

93

93

96



4.17

4.18

4.19

4.20

421

4.22

4.23

MURA CA reconstructed slices of an 8 mm tumor from 12.5% to
37.5% depth, and each slice has a thickness of 1 mm : (a)
reconstructed slice at 12.5% depth of tumor using mask, (b)
reconstructed slice at 12.5% depth of tumor using antimask, (c)
difference between mask and antimask, (d) breast phantom
reconstructed slice at 25% depth of tumor using mask, (e) breast
phantom reconstructed slice at 25% depth of tumor using antimask,
(F) difference between mask and antimask at 25% depth of tumor,
(g) breast phantom reconstructed slice at 37.5% depth of tumor
using the mask, (h) breast phantom reconstructed slice at 37.5%
depth of tumor using antimask, (i) difference of mask and antimask
at 37.5% depth of the tumor. The TBR used is 10:1.

MURA CA reconstructed slices of an 8 mm tumor from 50% to 75%
depth; each slice has a thickness of 1 mm : (a) reconstructed slice at
50% depth of tumor using mask, (b) reconstructed slice at 50%
depth of tumor using antimask, (c) difference of mask and antimask,
(d) breast phantom reconstructed slice at 62.5% depth of tumor
using mask, (e) breast phantom reconstructed slice at 62.5% depth
of tumor using antimask, (f) difference of mask and antimask at
62.5% depth of tumor, (g) breast phantom reconstructed slice at
75% depth of tumor using mask, (h) breast phantom reconstructed
slice at 75% depth of tumor using antimask, (i) difference of mask
and antimask at 75% depth of the tumor. The TBR used is 10:1.

Breast phantom reconstructed images using MURA mask/antimask
with (@) 8 mm tumor, (b) 6 mm tumor, (c) 4 mm tumor, and (d) 3
mm tumor. The TBR used is 10:1.

Breast phantom vertical profile through the center of tumor using
MURA mask/antimask with a diameter of 8 mm (a) and 6 mm (b)

Breast phantom vertical profile through the center of tumor using
MURA mask/antimask with a diameter of 4 mm (a) and 3 mm (b)

Mosaic MURA CA reconstructed slices of an 8 mm tumor from 12.5
% to 37.5 % depth, and each slice has a thickness of 1 mm : (a)
reconstructed slice at 12.5 % depth of tumor using mask, (b)
reconstructed slice at 12.5 % depth of tumor using antimask, (c)
difference of (a) and (b), (d) reconstructed slice at 25 % depth of
tumor using mask, (e) reconstructed slice at 25 % depth of tumor
using antimask, (f) difference of (d) and (e) slices, (g) reconstructed
slice at 37.5 % depth of tumor using mask, (h) reconstructed slice at
37.5 % depth of tumor using antimask, (i) difference of (g) and (h)
slices. The TBR used is 10:1.

Mosaic MURA CA reconstructed slices of an 8 mm tumor from 50
% to 75 % depth, and each slice has a thickness of 1 mm : (a)
reconstructed slice at 50 % depth of tumor using mask, (b)
reconstructed slice at 50 % depth of tumor using antimask, (c)

Xviii

97

98

99

100

101

103



4.24

4.25

4.26

4.27

4.28

4.29

4.30

431

4.32

difference of (a) and (b), (d) reconstructed slice at 62.5 % depth of
tumor using mask, (e) reconstructed slice at 62.5 % depth of tumor
using antimask, (f) difference of (d) and (e) slices, (g) reconstructed
slice at 75 % depth of tumor using mask, (h) reconstructed slice at
75 % depth of tumor using antimask, (i) difference of (g) and (h)
slices. The TBR used is 10:1.

Breast phantom reconstructed images using mosaic MURA
mask/antimask with (a) 8 mm tumor, (b) 6 mm tumor, (c) 4 mm
tumor and (d) 3 mm tumor. The TBR used is 10:1.

Breast phantom vertical profile through the center of tumor using
mosaic MURA mask/antimask with a diameter of 8 mm (a) and 6
mm (b)

Breast phantom vertical profile through the center of tumor using
mosaic MURA mask/antimask with a diameter of 4 mm (a) and 3
mm (b)

Breast phantom reconstructed images using mosaic MURA mask
with (a) 8 mm tumor, (b) 6 mm tumor, (c) 4 mm tumor, and (d) 3
mm tumor diameter. The TBR used is 10:1

Breast phantom vertical profile through the center of tumor using
mosaic MURA mask with diameter of 8 mm (a), and 6 mm (b)

Breast phantom vertical profile through the center of tumor using
mosaic MURA mask with a diameter of 4 mm (a) and 3 mm (b)

Mosaic MURA mask/antimask CA reconstructed slices of an 8 mm
tumor from 12.5 % to 37.5 % depth, and each slice has a thickness
of 1 mm : (a) reconstructed slice at 12.5 % depth of tumor using
mask, (b) reconstructed slice at 12.5 % depth of tumor using
antimask, (c) difference of (a) and (b), (d) reconstructed slice at 25
% depth of tumor using mask, (e) reconstructed slice at 25 % depth
of tumor using antimask, (f) difference of (d) and (e) slices, (g)
reconstructed slice at 37.5 % depth of tumor using mask, (h)
reconstructed slice at 37.5 % depth of tumor using antimask, (i)
difference of (g) and (h) slices. The TBR used is 5:1.

Breast phantom reconstructed images using mosaic MURA
mask/antimask with (a) 8 mm tumor, (b) 6 mm tumor, (c) 4 mm
tumor, and (d) 3 mm tumor diameter. The TBR used is 5:1

Breast phantom vertical profile through the center of tumor using

mosaic MURA mask/antimask with a diameter of 8 mm (a) and 6
mm (b). TBR 5:1

XiX

104

105

106

107

108

109

110

111

112

113



4.33

4.34

4.35

4.36

4.37

Breast phantom vertical profile through the center of tumor using
mosaic MURA mask/antimask with a diameter of 4 mm (a) and 3
mm (b). TBR 5:1

Comparison of PSNR of MURA mask/antimask, mosaic MURA
mask, and mosaic MURA mask/antimask for lesions of 8 mm, 6
mm, 4 mm, and 3 mm. TBR is 10:1.

Comparison of CBR of MURA mask/antimask, mosaic MURA
mask, and mosaic MURA mask/antimask for lesions of 8 mm, 6
mm, 4 mm, and 3 mm. TBR is 10:1.

Comparison of MSE of MURA mask/antimask, mosaic MURA
mask, and mosaic MURA mask/antimask for lesions of 8 mm, 6
mm, 4 mm, and 3 mm. TBR is 10:1.

Error bars of CBR and PSNR for mosaic MURA mask/antimask
with TBR 10:1

XX

114

116

116

117

118



LIST OF ABBREVIATIONS

pCi Micro Curie

2D Two-dimensional

3D Three-dimensional

CA Coded Aperture

CAI Coded Aperture Imaging

CAIS Coded Aperture Imaging System
CBR Contrast-to-background Ratio
CNR Contrast-to-Noise Ratio

cpm/ puCi Counts per Minutes per nCi

CZT Cadmium Zinc Telluride

FCFV Fully Coded Field of View

FOV Field of View

FWHM Full Width at Half Maximum

GATE Geant4 Application for Tomographic Emission
IAEA International Atomic Energy Agency

keV Kilo Electron Volt

LEGP Low-Energy General-Purpose

LEHR Low-Energy High-Resolution

LEHS Low-Energy High-Sensitivity

LEUHR Low-Energy Ultra-High-Resolution

LSF Line Spread Function
MBq Mega Becquerel
mCi Milli Curie

MCNP5 Monte Carlo N-Particle code version 5

XXi



MHC

MIBI

MLEM

MRI

MSE

MURA

Nal

NEMA

NFC

NMSE

OS-EM

PDF

PET

PMT

PSF

PSNR

PTRAC

RMSE

ROI

SD

SNR

SPECT

TBR

Tc-99m

Multihole Collimator

Sestamibi

Maximum Likelihood Expectation Maximization
Magnetic Resonance Imaging

Mean Square Error

Modified Uniformly Redundant Array
Sodium lodide

National Electrical Manufactures Association
Near-field correction

Normalized Mean Squared Error

Ordered Subsets Expectation-Maximization
Probability Density Function

Positron Emission Tomography
Photomultiplier Tubes

Point Spread Function

Peak Signal-to-Noise Ratio

Particle Track Output Card

Root Mean Square Error

Region of Interest

Standard Deviation

Signal-to-Noise Ratio

Single Photon Emission Computed Tomography
Tumor-to-Background Ratio

Technetium-99m

xXii



CHAPTER 1

INTRODUCTION

1.1 Background

The first chapter is divided into six sections. The first section of this chapter focuses on
the basics of breast cancer, detection and recognition, and imaging techniques that may
help with a diagnosis. The second part provides a high-level overview of SPECT
imaging, while the third explains the problem statement. The next three sections discuss
the study goals and objectives, the scope and limitations, and the thesis contribution.

1.11 Breast Cancer

Cancer is a disease that starts with abnormal localized cell development and can infiltrate
or spread to other areas of the body rapidly. There are several types of cancer that all
start with the abnormal growth of cells that spread to adjacent regions of the body and/or
spread to other organs beyond their normal limits. Worldwide, cancer cases are around
19.1 million (Sung et al., 2021), with the highest at 2.3 million cases of female breast
cancer. The death recorded in 2020 worldwide due to cancer is 10.0 million, with 6.9%
due to only breast cancer (Sung et al., 2021). Breast cancer is the most common type of
cancer around the world. The other dominant types of cancers are colorectal, lung, liver,
and stomach cancer. High-income countries have more than 90% comprehensive
treatment availability for cancer patients, while low-income and developing countries
have less than 15%, which causes an increase in the death rate (Miller et al., 2021; Siegel
etal., 2020).

112 Detection and Recognition

The early detection of cancerous cells is vital for the successful treatment of the patient.
Cancer is often diagnosed at a later stage when it has disrupted the functions of one or
more critical organs and has spread throughout the body. Early detection methods are a
hot area of current research. Detecting cancer cells in their earliest stages is the most
crucial step in predicting the best prognosis. Several breast diagnostic techniques,
including mammography, ultrasound, magnetic resonance imaging, single photon
emission computed tomography, positron emission tomography, and biopsy, have been
studied. However, these methods have substantial downsides, including being expensive,
time-consuming, and unsuccessful for young women. It is crucial to create a method for
early breast cancer diagnosis with high sensitivity and speed. In the United States and
Europe, approximately one out of every eight women suffers from cancer at some point
throughout their lives. In emerging nations, the overall frequency and death rate due to
cancer has increased. However, breast cancer mortality has reduced in North America
and the European Union (EU), owing mostly to early detection and effective systemic
treatments. Although there is no obvious cause for breast cancer, some variables such as
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smoking, obesity, lack of physical exercise, alcohol, infections, and molecular and
genetic processes all raise the chance of the disease. Early identification techniques have
been shown in clinical trials to increase survival rates by up to 5 years (L. Wang, 2017).

113 Breast Cancer Imaging Modalities

In order to collect and see the continuously expanding number of diverse medical
structures with appropriate resolution and contrast, a constantly growing variety of image
modalities with varied imaging capture parameters has been developed. In the last two
decades, breast cancer detection and diagnosis have improved significantly. The two
well-established modalities for breast cancer screening are mammography and
ultrasound. The advancements in magnetic resonance imaging, nuclear medicine, and
the hybrid of both modalities have also improved breast cancer characterization
significantly. Each imaging modality has its own pros and cons. In Figure 1.1, the general
breast imaging modalities are summarized(Bansal et al., 2013; Devi & Anandhamala,
2018; Glunde et al., 2009). The dotted box represents the current work carried out in this
study.

Imaging Modalities
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Figure 1.1: An overview of breast cancer imaging techniques

Mammaography uses low-dose x-rays to examine the anatomical structures of the breast
and detect any abnormalities. It has been excessively used and has been a gold standard
for breast tumor imaging since 1960 (Devi & Anandhamala, 2018). However, factors
such as breast density, age, infection stage, and family history can affect sensitivity and
specificity (Shetty, 2010). As the breast density increases, it becomes more challenging
to detect breast cancer using mammography. Mammography is not recommended for
women under the age of 40 who have dense breasts or fibrocystic breasts. In



mammograms, dense breast tissue and cancer tumors have a similar appearance, making
it difficult to discriminate between the two masses (Shareef et al., 2016).

Ultrasound is another important diagnostic imaging modality after mammography since
it can further describe mammographically ambiguous masses. Ultrasound can diagnose
high-risk patients and women with a dense pattern of breast parenchymal for whom
mammography sensitivity is expected to be lower (Berg et al., 2008). With the
advancement of the digital platform, this approach has seen a significant improvement
in image resolution and detail. Ultrasound may be effective in distinguishing distinct
tumors from benign nodularity in thick glandular breasts, especially in young patients.
While a few relevant purposes include determining the difference between cystic and
solid masses, as well as evaluating palpable lesions that are not evident on
mammography (Kopans, 2004).

Magnetic resonance imaging is also used for breast cancer examination. It can detect the
lesion which may be missed by mammography, but the chance of a false positive is there
that can be minimized by using MRI with mammography (Mammogram and Breast
MRI: What’s the Difference?, n.d.). Many research topics have been investigated in order
to choose individuals for biopsy while avoiding needless surgical operations. MRI and
nuclear medicine imaging appear to be the most promising new breast imaging
modalities (Saadatmand et al., 2019).

Figure 1.2: MRI has a high resolution, and it can be revealed by comparing (a)
mammography screening with (b) MRI screening
(Breast MRI Is Better than Mammograpy, n.d.)



Figure 1.3: Mammography and MRI diagnosis, (a) mammography missed lesion,
(b) while the lesion is clearly visible in MRI examination
(Abbreviated Breast MRI Screening for Dense Breasts, n.d.)

Nuclear medical imaging is a type of medical imaging that generates functional images
of biological processes occurring at the cellular and subcellular levels. It works on the
principle of a tracer. A pharmaceutical, which is a physiologically active ingredient, is
chosen such that its spatial and temporal distribution throughout the body reflects a
certain bodily function or metabolism. In the presence of a lesion, the medicine will be
distributed unevenly throughout the body. The tracer is labeled with radionuclides that
emit gamma rays or positrons in order to produce images of the radioactive tracer
distribution. An external gamma camera sensitive to location can detect this radiation
once the tracer has been administered to the patient, forming an image of the radionuclide
distribution (M6zo, 2017).

Nuclear medicine, in comparison to previous imaging modalities, allows for highly
sensitive measurements of a wide variety of biological processes. Single photon imaging
(which includes SPECT and planar scintigraphy) and PET are the two most prevalent
types of nuclear medicine imaging modalities.



Figure 1.4: Gamma camera imaging vs. mammography, (a) left craniocaudal
mammogram, (b) right craniocaudal mammogram, (c) left craniocaudal gamma
imaging, and (d) right craniocaudal gamma

(Breast Specific Gamma Imaging (BSGI), a New Imaging Modality, Proving Itself in
Detecting Breast Cancer, n.d.))

From Figure 1.4, it can be seen that gamma imaging has a superior resolution for breast
cancer detection than mammography. Mammaography suffers from detection deficiency
as the breast density increases, while gamma camera imaging can detect the breast lesion,
thus proving superiority over mammography.

Breast scintigraphy, also known as scintimammography, is a nuclear medicine imaging
method that employs radionuclides to examine malignant breast tumors. It involves the
patient receiving a single-photon-emitting radiotracer and imaging using a gamma
camera. The optimum scintimammography radiopharmaceuticals should have a high and
selective tumor uptake with little action in the normal breast (Schillaci et al., 2008).
Planar scintigraphy has been proven to be beneficial for evaluating patients with breast
cancer, especially when mammography is inconclusive and in women with dense breasts
(Schillaci & Buscombe, 2004). It has been used for over 40 years and is widely available
in hospitals across the world. Planar scintigraphy, on the other hand, only has a high
sensitivity for large tumors(Schillaci et al., 2007). Images of structures at one depth are
generally covered by overlaid images of overlaying and underlying structures in the
patient since it only offers a two-dimensional (2D) view of the patient from one specific
perspective.



Unlike planar scintigraphy, breast SPECT imaging does not face overlapping structures
in front or behind the imaging organ. Technetium-99m is a widely used diagnostic tool
with highly accurate detection of cancerous cells.

1.2 SPECT Imaging Modality

The major categories of imaging modalities are structural or functional imaging based
on the mechanism for providing physiological information about the organ being imaged
as well as its own advantages and limitations. Among the functional modalities, SPECT
and PET are state-of-the-art nuclear imaging modalities used for breast cancer diagnosis.
However, SPECT, a non-invasive molecular imaging modality, is cheaper and widely
used in modern hospitals. A lot of research has been done to advance the SPECT imaging
system to reduce the mortality rate of breast cancer (Lakshmanan et al., 2016; Poma et
al., 2019; Saad et al., 2011).

1.3 Problem Statement

SPECT imaging is undertaken using a parallel-hole collimator, but this technique suffers
from clinical limitations as it has less reliability in detecting small lesions (less than one
centimeter in diameter) due to trade-off between sensitivity and resolution. The
collimation part of the SPECT camera for radioactive tracer distribution is the key part
of the image formation that confines the particles into specific directions and stops the
out-focused radiation depending upon the attenuation of the material within the energy
window. The quality of the reconstructed images is severely affected by the design of
the collimator as the hole, and septa size directly affects the sensitivity and resolution.
Therefore, the collimator plays a vital role in the design of the SPECT gamma camera.
Among the collimators, the multi-hole collimator is a commonly used collimator with
thousands of holes to allow source particles to map unique points on the detector to form
the image. However, MHC is so bulky and difficult to handle due to the high path length
in the material and weight above 100 kg (Ogawa & Kato, 2002).

To address the weight of the collimator, two wire mesh collimator configurations were
proposed as an alternative to the conventional multihole collimator (Saripan et al., 2007,
2009). The wire mesh collimators WMC1 and WMC2, made of wire grids, have reduced
weights by 60.5% and 48.8% and have comparable performance to MHC.

The efficient alternative to the multihole collimator is a Coded Aperture (CA) for breast
tumor investigation. The CA imaging technique was first introduced for high energy x-
and gamma rays in far-field geometry in astronomy (Cannon & Fenimore, 1979;
Fenimore & Cannon, 1978; Fenimore & Scientific, 1978; Gottesman & Fenimore, 1989).
It was developed as a substitute for parallel hole collimators to improve spatial resolution
and increase sensitivity while keeping the patient dose at a minimum. The CA mask is
coupled with a standard clinical gamma camera in near-field imaging (M. A. Alnafea,
2021). The CA imaging technique used in nuclear medicine is due to its high sensitivity
and signal-to-noise ratio (SNR) (Accorsi & Lanza, 2001; J. Wang & Zhao, 2021).
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Moreover, its aim is to attain the high resolution of small pinholes while keeping the
signal throughput high. The fundamental idea is to overcome photon scarcity by opening
a large number of small pinholes rather than a single large one.

Varieties of coded mask designs, including binary fresnel zone plate, sinusoidal zone
plate, L and X shaped array, non-redundant array, uniformly redundant array (URA), and
modified uniformly redundant array (MURA) were investigated by Alnafea (M. A.
Alnafea, 2018). It has been demonstrated that the FZP, non-redundant, X, and L-shaped
have side lobes which cause image artifacts when used for reconstruction. Thus, these
are not considered for clinical application as optimal design choices. However, the cyclic
difference sets, such as URA’s and MURA's, have been explored as the most promising
patterns of coded aperture with high transmission characteristics (having 50% close/open
area, i.e., the area transparent to gamma particles and opaque to gamma particles is same)
and minimum side lobes. Moreover, the mosaic MURA, an anti-symmetric copy of the
basic MURA patterns, exhibits better performance, especially when the object is a thick
voxel source, and therefore, presents encouraging performance characteristics like
resolution, contrast, and SNR as compared to MURA, and it also minimizes the
background noise, the non-uniformity in the background.

Coded aperture-based SPECT imaging suffers from the noise that comes from various
sources, including decoding algorithms, improper detector, and mask sampling,
inappropriate shielding of detector and mask, background influence, and near-field
artifacts (Accorsi & Lanza, 2001). For image reconstruction, different methods have
been used, including convolution, correlation, and iterative reconstructions (Crockett &
Fessler, 2021; Whiteley et al., 2021; Zeng, 2001; Zeniya et al., 2004). The image
reconstruction using conventional correlation or convolution methods becomes noisy as
the number of source points increases, while iterative reconstructions can still give a
better-reconstructed image. The maximum likelihood expectation maximization
(MLEM) iterative reconstruction is considered a better choice for coded aperture-based
image reconstructions. However, 3D image reconstruction of the thick object is still
challenging.

From the above discussion, the problem statement and research gap can be summarized
below:

e The SPECT imaging is only carried out using a conventional multi-hole
collimator. Although WMC1 and WMC2 were proposed, they offered reduced-
weight collimator designs with comparable performance to that of the multi-
hole collimator. The detection of a small lesion of less than 10 mm is still
challenging using SPECT imaging camera commercially available.

e There has been no prior application of the mosaic MURA CA mask to 3D breast
SPECT imaging. Mosaic MURA mask/antimask dual image reconstruction
with maximum likelihood expectation maximization for 3D breast SPECT
imaging was not achieved previously, let alone from only one projection.

e Reconstruction of 3D breast images from single projection is yet challenging.
SPECT imaging with a multi-hole collimator uses a sinogram, a series of
projections, to recreate a 3D image.



e The 3D breast imaging SPECT imaging systems using coded aperture
technology are still under investigations.
14 Research Aims and Objectives

The primary objective of this research is to develop a 3D-coded aperture-based SPECT
imaging system for early breast cancer detection. The system should be capable of
reconstructing a 3D breast phantom with a minor lesion. GATE Monte Carlo software
will be used to simulate the proposed SPECT imaging system. Moreover, maximum
likelihood expectation maximization, an iterative algorithm, will be used for image
reconstruction. The following goals have been established to achieve the aforementioned
objective:

e To create and validate the simulated model of the SPECT SIEMENS Symbia T
gamma camera using MCNP5 and GATE.

e Todesign a coded aperture mask and optimize an imaging system based on CA
using a point source, a two-point source, and a planar source for performance
improvement, including mask patterns, thickness, and magnification factor.

e To simulate and test a modified MLEM iterative reconstruction algorithm for
reconstruction of real 3D breast phantom with tumors in various diameters and
TBR system.

15 Scope and Limitation

This study demonstrates the viability of 3D SPECT image reconstruction employing
coded aperture technology instead of parallel-hole collimator. Additionally, just one
projection of the data taken from the patient's lateral position can be used for the 3D
reconstruction of the breast phantom. Previously, coded aperture based imaging systems
are mainly used for planar imaging and/or thin 3D imaging. Although the collimator-
based SPECT scanners are available, they use sinograms by taking multiple projections
from 360° angles around the patient and then can reconstruct a 3D image. The proposed
SPECT camera using a coded aperture mask is a novel approach to the medical diagnosis
of breast cancer patients. For the simulation of SPECT imaging camera, GATE Monte
Carlo simulation software was used.

Significant effort was put into constructing a mosaic MURA mask used in the SPECT
camera to simulate a female breast phantom. The mosaic MURA CA mask was designed
using a basic 83 x 83 binary MURA and has dimensions of 16.6 x 16.6 x 0.15 cm?® with
a fixed hole size of 1 mm? and is made of tungsten, which has almost 99.4% typical
incident gamma attenuation at 140 keV energy. However, the scintillation detector was
made of sodium iodide with thallium doping and had an area of 66.4 x 66.4 cm?, and was
filled with Nal material with a density of 3.67 g/cm?® and a thickness of 0.9525 cm. The
backscattering compartment was made of Pyrex glass and had dimensions of 66.4 x 66.4
X 6.8 cmd,



For the aim of mimicking a clinical breast cancer examination, a half-ellipsoidal
anthropomorphic breast phantom is used to approximate the realistic breast. In the center
of the breast phantom is a lesion, and it is constructed by ductal networks, adipose tissues,
glandular tissues, and skin. The objectives and limitations of this study are briefly
discussed below.

The anthropomorphic breast phantom was simulated using a simulation setup with a
mosaic MURA CA mask for 20 mCi activity. The mosaic MURA mask/antimask
combined with MLEM iterative reconstruction generates a promising 3D breast image.
The tumor size varied from 8 mm, 6 mm, 4 mm, and 3 mm, but activity, tumor depth,
and TBR remained unchanged. Then, the experiments are repeated with TBR 5:1, and
the reconstructed images are analyzed. The standard deviation of the 3D breast images
was computed to assess and illustrate the error bars of the simulated tumor sizes. The
statistical uncertainty reduces as the number of photon histories grows.

This investigation does not take into account the effect of background radiation. It is
believed that the patient will be positioned in a lateral posture inside a breast housing
chamber made of lead or tungsten. In this chamber, the patient's entire body, with the
exception of the breast, will be shielded to prevent any background count contribution to
the reconstruction of the image. The chest, heart, and lung radiation contribution is a
subject of further work, which needs a bigger phantom and extensive computing
resources.

The softwares used in this study are GATE, MCNP5, MATLAB, and Python. GATE and
MCNP5 are used for simulating the SPECT camera, while MATLAB is used for the
post-processing of the projection image to reconstruct the source object. Python is used
to create variable parameter scripts that will be used to repeat the experiments.

1.6 Thesis Contribution

The most important contribution made by this study is the development of the SPECT
imaging camera based on a coded aperture mask for 3D breast cancer detection. This
SPECT imaging camera can reconstruct the 3D breast image from just a single angle of
patient scanning data. No study deals with the SPECT imaging cameras based on coded
aperture for the 3D breast phantom reconstruction. We developed a mosaic MURA CA
mask and an anthropomorphic breast phantom to simulate the natural female breast. The
details of research contributions are as follows:

e The development of the SIEMENS SPECT camera model in GATE and
MCNPS5 to validates the camera performance by comparing simulation results
with the manufacturer's data.

e The MURA and mosaic MURA CA masks have been used within the breast
phantom simulation. An extensive analysis was done using point sources, two-



point sources, and planar sources to optimize the performance of the CA
imaging system.

This study successfully developed a SPECT imaging system based on a coded
aperture for 3D breast imaging and reconstructed the 3D image from a single
projection instead of a sinogram. Moreover, the system “successfully detected
lesion of 3 mm diameter”.

A comparison among MURA mask/antimask, mosaic MURA mask, and mosaic
MURA mask/antimask has been made by evaluating their performance from
3D breast phantom reconstructed images. The compressed anthropomorphic
breast phantom is simulated with different lesion sizes and TBR for in-depth
analysis. For image reconstruction MLEM iterative algorithm was used with
mask/antimask.
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