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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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Pengerusi : Profesor Ts. M. Iqbal bin Saripan, PhD 

Fakulti  : Kejuruteraan 

 

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 
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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. 
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CHAPTER 1 

 

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. 

 

1.1.1 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 

et al., 2020). 

 

1.1.2 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). 

 

1.1.3 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

Diagnostic FusionNuclear Medicine

SPECT/

CT

SPECT/

MRI

PET/CT

PET/MRI

PETSingle Photon 

Imaging

Planar 

scintigraphy
SPECT

Mammography

Ultrasound

MRI

3D SPECT 

imaging using CA

 

Figure 1.1: An overview of breast cancer imaging techniques 

 

Mammography 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 
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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.) 
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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 (Mózo, 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. 
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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. Mammography 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. 
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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: 

 

• 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. 

• 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.  

• 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. 
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• The 3D breast imaging SPECT imaging systems using coded aperture 

technology are still under investigations. 

1.4 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: 

 

• To create and validate the simulated model of the SPECT SIEMENS Symbia T 

gamma camera using MCNP5 and GATE.  

• To design 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. 

• 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. 

 

1.5 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 360o 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 cm3 with 

a fixed hole size of 1 mm2 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 cm2, and was 

filled with NaI material with a density of 3.67 g/cm3 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 cm3. 
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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: 

 

• The development of the SIEMENS SPECT camera model in GATE and 

MCNP5 to validates the camera performance by comparing simulation results 

with the manufacturer's data. 

• The MURA and mosaic MURA CA masks have been used within the breast 

phantom simulation. An extensive analysis was done using point sources, two-
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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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