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Abstract 

Background: While the development of in vivo imaging techniques constitutes a 

significant advance in biomedical science and cancer diagnosis, their limited spatial 

resolution has limited their application to small animals and hindered early carcinogenic 

tumour detection. Numerous attempts were made to achieve high-quality SPECT imaging 

using the collimator and pinhole concepts; however, these concepts suffer from restricted 

sensitivity and poor resolution, requiring high radiological doses and longer acquisition 

times. Focusing X-rays optics, originally developed for high-energy astronomical imaging, 

is a way out to overcome the compromise between resolution and sensitivity for imaging 

small objects with submillimeter resolution. 

Materials and Methods: This thesis aims to tackle the constraints associated with 

the current SPECT imaging designs by introducing the notion of x-ray focusing by diffraction 

and by developing a means of performing x-rays imaging of small objects that doesn’t rely 

on parallel or pinhole absorptive collimators. This novel approach relies on the Laue lens as 

the focusing element. To thoroughly examine the behaviour of a SPECT system augmented 

with a Laue lens, I developed several case studies in MATLAB using one and three spherical 

point sources with a radius of 0.03 𝑚𝑚, where the radiation points were equivalent 

to 0.1 𝑚𝐶𝑖 activity. Also, another spherical point source filled with 𝑇𝑐99 with 0.1 𝑚𝐶𝑖 

activity was modelled in the GAMOS and GEANT4 experiments for validation purposes. A 

significant contribution of this work is the design and optimisation of the first Laue lens for 

the intended application as being incorporated into a SPECT imaging system. Moreover, this 

work presents the implementation of a tracking Monte Carlo simulation, the first of its kind, 

in different toolkits for the envisioned system (in MATLAB, GAMOS, and GEANT4). The 

designed environments incorporate a realistic physical interaction that accounts for possible 

absorption and attenuation phenomena. The gradual development of the system is discussed. 

I first introduce the first realization of a novel ultra-high-resolution single lens-based SPECT 

and conduct its Monte Carlo simulation, then analysis. Aiming to boost sensitivity, I proposed 

a second geometry, a single lens-based SPECT system fitted with partially curved detector 

modules and Laue lens arrays. I call it modular lens-based SPECT. The Laue lenses are 

positioned in inclined planes in a modular fashion, forming the detector geometry. The multi 

lens-based SPECT is a more complicated geometry consisting of an array of diffraction 
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lenses placed at the pinhole centres of a multi-pinhole SPECT collimator. A customized 3D 

reconstruction algorithm was developed for the different configurations to calculate an 

accurate 3D radioactivity distribution from the acquired projections tailored to the focused 

Laue lens projections. To validate the 3D reconstruction algorithm, I conducted validation 

studies that addressed two essential parameters: the mapping of the depth and shift 

information in the 3D reconstructed images and the sensitivity mapping over the field of view 

(FOV).  

To examine the authenticity of the argument stated throughout the thesis, it was 

necessary to study the designed system's behaviours with the complete diffraction process in 

a Monte Carlo simulation toolkit. In this work, I present the first attempt to model X-rays and 

gamma rays focusing based on Laue diffraction in the GEANT4 toolkit in the form of a plug-

in that I developed, using an advanced example. It is expected that the Laue diffraction plug-

in and the example will be made available as an open-source code in the GEANT4 toolkit 

after the GEANT4 developers’ approval. 

Results: The single lens-based SPECT simulation detected one hit per 42 source 

photons, corresponding to a sensitivity of 27 𝑐𝑝𝑠/𝑀𝐵𝑞, equivalent to 790 𝑐𝑝𝑠 𝜇𝐶𝑖⁄ . The 

modular lens-based SPECT detected three hits per 42 source photons for a source placed at 

the centre, corresponding to a sensitivity of 81 𝑐𝑝𝑠/𝑀𝐵𝑞,  equivalent to  2,373 𝑐𝑝𝑠 𝜇𝐶𝑖⁄ . 

The array of Laue lenses placed in a planer fashion in the multi-Laue lens geometry detected 

one hit per 20 source photons, roughly comparable to a sensitivity of  57 𝑐𝑝𝑠/𝑀𝐵𝑞, 

equivalent to 1,670 𝑐𝑝𝑠 𝜇𝐶𝑖⁄ . Based on the generated 3D reconstructed images, the 

reconstructed spatial resolution was found to be 0.1 mm at full width at half maximum 

(FWHM). The proposed system allows discrimination between adjacent volumes as small as 

0.113 𝑛𝐿, which is substantially smaller than what can be imaged by any existing SPECT or 

PET system. For detailed comparison and rigorous evaluation, the 3D reconstructed images 

of the proposed design were compared against the existing parallel SIEMENS LEHR and 

multi-pinhole (5-MWB-1.0) Inveon SPECT. The achievable spatial resolution of the 

proposed system is decoupled from its sensitivity, which is in stark contrast to the existing 

collimators that suffer from the resolution-sensitivity trade-off. The proposed system 

achieved comparable sensitivity compared to the existing SPECT used in clinical 

applications. However, it outperformed the conventional SPECT in terms of system 
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resolution, achieving 0.1 𝑚𝑚 resolution compared to the 2 𝑚𝑚 resolution of current clinical 

SPECT systems.  

Implications: The research findings highlight the significant implications and 

practical applications of a lens-based SPECT imaging system. The introduction of a lens-

based focusing technique has the potential to revolutionize SPECT imaging by combining 

elements of tomosynthesis and lightfield imaging. Applying a similar concept to SPECT 

imaging using a lens-based system allows for multiple projections of the radiotracer 

distribution within the body. Additionally, incorporating the concept of lightfield imaging 

enables capturing spatial and directional information about gamma rays, leading to more 

accurate localization and characterization of the radiotracer distribution.  

The lens-based SPECT system also offers unparalleled sub-millimetre spatial 

resolution, which is crucial for studying small animal models and improving the accuracy of 

image interpretation. By overcoming the limitations of conventional SPECT, such as 

restricted resolution and sensitivity, the lens-based system has the potential to detect and 

visualize small, early-stage tumours, improving cancer detection at the most treatable and 

curable stage. Furthermore, the experiments with low activity phantoms demonstrate the 

system's ability to detect abnormalities with reduced doses of radiotracer, which could benefit 

patients by reducing the amount of injected radioactive substances. The development of an 

advanced example and plug-in in GEANT4 for the Laue diffraction process adds to the 

existing knowledge and provides researchers with a tool to simulate and study gamma 

diffraction phenomena for various applications. Overall, these findings contribute to the field 

of SPECT imaging and offer a foundation for further exploration and improvement of the 

lens-based SPECT system design. 

Conclusion: A conceptual lens-based SPECT imaging system was designed and 

evaluated in industry-standard simulation environments; these are MATLAB, GAMOS, and 

GEANT4 toolkits. Physical principles governing the design of this system are also presented, 

along with a series of measurements analysing various characteristics of the generated 

projections and 3D reconstructed images. The proposed design could lay the foundation for 

a new SPECT imaging technology akin to a combination of tomosynthesis and lightfield 

imaging, not requiring moving parts. The system's novelty relies on the ability to view the 

data from every lens separately to capture a specific view of the object, or it can be integrated 

to generate a three-dimensional image from the three modules, including accurate 
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information about the object's size and location. The achieved resolution is outstanding and 

would open SPECT to other applications like oncology, thyroid, breast, and infant SPECT 

imaging, with new possibilities for the sub-organ-level study and early detection of lesions.  

Future Work: Fabricating a physical prototype of this miniature Laue lens should 

be a major source of future investigation. The scale of the 40 mm diameter lens falls outside 

the scope of conventional fabrication techniques, with 3D printing and micromachining being 

too coarse and lithography and nano-fabrication techniques too fine. A hybrid approach needs 

to be developed. The Monte Carlo model can be applied for further studies on the 

development and evaluation of the system and to optimize forward projection and 3D image 

reconstruction methods. Based on the achieved resolution, future work can be devoted to 

designing a dedicated Laue lens for thyroid and breast cancer detection by optimizing the 

lens for I123 radiation energy. Further bio-chemical applications can be in the imaging of 

proteins and viruses. Non-medical applications of the Laue lens, which are currently limited 

to astronomical imaging, can be envisioned when miniature versions can be manufactured, 

such as enhanced radiological detectors and surveying equipment.  
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The mind, once stretched by a new idea, never returns to 
its original dimensions." 

Ralph Waldo Emerson  

This quote resonates with me the most, expressing that when we come across 

novel concepts that broaden our comprehension of the universe, they permanently 

transform our thinking patterns and modify how we perceive and engage with the 

environment. 

  



   

 

xiii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

To Myself….. 

Completing a PhD is a transformative and deeply personal journey, just 

like delivering a baby. It encompasses years of dedication, hard work, and 

emotional investment.  

But, for me, the culmination of my PhD elicits a mix of emotions, 

including fear and apprehension about letting go…… 

Throughout the PhD journey, we pour our hearts and souls into our 

research, nurturing it with countless hours of work, intellectual exploration, and 

personal sacrifices. It becomes a part of us, intertwined with our identity and 

aspirations. 

While the act of letting go is so scary to me, it is also an act of trust in 

ourselves and in the value of our work. We have honed our skills, expanded our 

intellectual horizons, and contributed to the body of knowledge in our respective 

fields. By sharing our research and findings with the world, we contribute to the 

collective growth of academia and society at large. 

Alaa Barhoum  

9th of June 2023 

 

 



   

 

xiv 

 

Acknowledgments 

 
Gratitude fills every fibre of my being as I embark on expressing the profound depth of 

appreciation I have for my primary supervisor, Dr. Murat Tahtali. Words seem inadequate to 

capture the immense impact he has had on my academic journey.  

Your dedication to my growth as a researcher and your mentorship have profoundly 

influenced both my academic and personal development. I still remember our initial meetings, 

where you patiently listened to my research ideas and answered my countless questions. The 

weekly meetings have been a cornerstone of my progress. They served as a platform for fruitful 

discussions, brainstorming and a space to express my thoughts and concerns freely. Beyond the 

academic realm, I am grateful for the personal support and understanding you have shown to me. 

You have been there to lend an ear during moments of stress and offer encouragement when I 

felt overwhelmed. Beyond the countless hours invested in advising and mentoring me, you 

consistently went above and beyond to nurture my intellectual curiosity, which also imparted 

valuable life lessons, which have become an integral part of who I am today. The transformative 

impact of your mentorship extends far beyond the completion of this thesis; I am now equipped 

with a lifelong toolkit of skills and knowledge thanks to your guidance.  

Murat, I am forever grateful for your presence in my life, not just as a supervisor, but 

as a mentor and a friend, I will be immensely beholden to you till no life. And every word penned 

here falls short of capturing the depth of respect I hold for you.  

To my co-supervisor and supervisor in the causal academic duty, Prof. Andrey 

Miroshnichenko, I am deeply humbled and overwhelmed with gratitude for the invaluable 

guidance and care for my wellbeing. Thanks for giving me the chance to tutor a course with you. 

Working closely with such a knowledgeable and inspiring mentor like you has been an honour. 

The trust you placed allowed me to contribute to the teaching process, and it has been an 

invaluable experience for my professional development. 

To my external supervisor, Dr. Riccardo Camattari, your technical expertise, and 

dedication have been a tremendous asset to my research. I am grateful for your willingness to 

share your expertise and always ensuring that I had the necessary tools to tackle the technical 

aspects of my research, and I still remember all the professional, timely and accurate replies to 

my countless email, thanks for your patience.  

I am deeply grateful for the invaluable guidance and mentorship provided by my 

esteemed mentor, Professor Susanna Guatelli, even amidst her own demanding commitments. 



   

 

xv 

 

Prof. Michael Barlow (Spike), Prof. Sean O'Byrne, and Dr. Ugur Turhan, you 

showed genuine care for my wellbeing. Your kindness, empathy, and willingness to lend an ear 

during moments of personal difficulty meant the world to me.  

A special thanks to my fellow colleague Dr. Manu Francis for his encouragement and 

guidance during this journey.  

I am grateful to UNSW Canberra for providing the Postgraduate Research Scholarship 

to support my PhD. Special thanks to my fellows and colleagues in the Optica student chapter 

members, thanks for all the support I received during my role as the president. 

I find solace in expressing my deepest gratitude to my beloved father, Hamdan 

Barhoum, who has passed away. Daddy, even when I doubted myself, you propelled me forward 

and instilled in me a love for learning, an unyielding work ethic, and the courage to pursue my 

dreams relentlessly. Daddy, you are not here to witness the completion of this thesis, but I am 

today as you always wanted me to be.  

My mother, Raghda AbuSaid, her nerves mirrored my own. Her genuine concern for 

my wellbeing and success acted as a reminder of the significance of this undertaking. I owe my 

achievements to her unconditional love. Love you, Mom.  

My Brothers, you are the best friend I ever had. Through the good and bad times, you 

have been my confidant and my rock.  

To my wonderful four children, I love you to the moon and back. You have been my 

constant motivation and source of inspiration. As you continue to grow, I hope my dedication to 

my studies serves as an example for you to pursue your own passions and dreams. I want you to 

know that no matter what path you choose in life, I will always support and encourage you, just 

as you have done for me. Your patience during times when my attention was divided between 

my studies and family responsibilities have meant the world to me. You have shown remarkable 

resilience and maturity beyond your years, and I am immensely proud of each one of you.  

To my loving husband, this thesis represents not only my academic achievements but 

also our entire family's collective efforts and sacrifices. It is a testament to the love and support 

we share. Thanks for being by my side through the highs and lows of life. Your patience, 

understanding, and willingness to take on added responsibilities at home have allowed me to 

dedicate the time and focus needed for my research. I am deeply grateful for your role in this 

journey, and your love. 

 

 



   

 

xvi 

 

 

 

 

 

 

 

  



   

 

xvii 

 

 

List of Publications 

The work presented in this thesis has produced the following publications and 

conference presentations. 

Journal Papers  

1. A. Barhoum, M. Tahtali and R. Camattari, " Review Article: Recent Advances in 

SPECT Design and the History of Laue Lens in Gamma Focusing: Recent Trends 

in SPECT Based on Light Field" Medical physics (2022). This article is under 

review. 

2. A. Barhoum, M. Tahtali, R. Camattari, and Susanna Guatelli " Feasibility Study of 

Multi-Lens-Based SPECT with a Dedicated Laue Reconstruction Algorithm: A 

First Monte Carlo Study" Scientific Reports (2023). This article is under review. 

3. A. Barhoum, M. Tahtali, R. Camattari, and Susanna Guatelli " Ultra-High-

Resolution Lens-Based SPECT Based on Laue Gamma Diffraction: A First 

GAMOS/GEANT4-MATLAB Monte Carlo Study" Physica Medica (2023). This 

article is under review. 

Conference Papers:  

1. Barhoum, A., Francis, M., Camattari, R., & Tahtali, M. (2021, October). Design 

and Evaluation of a Novel Ultra High-Resolution Lens-Based SPECT: Insight to 

Light Field Imaging. In 2021 IEEE International Conference on Systems, Man, and 

Cybernetics (SMC) (pp. 1436-1442). IEEE.  

2. Barhoum, A., Tahtali, M., & Camattari, R. (2022, October). Feasibility Study of a 

Lens-Based SPECT With a Tiled Lens and Detector Geometry for Animal 



   

 

xviii 

 

Research: Simulation Results. In 2022 IEEE International Conference on Systems, 

Man, and Cybernetics (SMC) (pp. 3143-3149). IEEE.  

3. A. Barhoum, M. Tahtali and R. Camattari and Susanna Guatelli. (2022, October). 

The GEANT4-Gamma Diffraction Code Based on Laue lens Modelling: Design 

Foundation and Implementation of the First Set of Models in GEANT4. In 2022 

Fourth GEANT4 International User Conference at The Physics-Medicine-Biology 

Frontier.  

  



   

 

xix 

 

 

Scientific Contributions 

• Contributed to extending GAMOS functionality by developing a GAMOS based 

detector simulation example for Laue lens diffraction as a first attempt. The 

example is to be approved for GAMOS 6.3. version by Professor Pedro Arce, 

CERN.  

• Contributed to extending GEANT4 functionality by developing a GEANT4 based 

detector simulation as an advanced example for Laue lens diffraction as a first 

attempt. The extended example is to be approved by Prof. Susanna Guatelli, UOW 

academic director of the Bachelor of Medical and Radiation Physics.  

• Invited to submit an abstract for the 26th GEANT4 Collaboration Meeting (24th to 

the 26th of October 2022).  

  



   

 

xx 

 

 

 

List of Awards and Honors 

• Faculty top three winners, 3MT UNSW Australia, 2022. 

 

• The PhD research and Novel idea I proposed was nominated and selected as one of 

the top research projects to compete in the Idea to Impact project, as a competitive 

program for innovators managed by Canberra Innovation Network, Canberra, 2023. 

 

• Based on the research outcome and the 3MT thesis competition, I have been 

selected as a mentor and a judge for the "Responsible Development and innovation 

projects: rHACK" workshop for the Australian National University engineering 

students, hosted by Canberra Innovation Network.  



   

 

xxi 

 

Table of Contents 

Originality Statement iv 

Copyright Statement vi 

Authenticity Statement vi 

Abstract  vii 

Quote  xii 

Quote xiii 

Acknowledgements xiv 

List of Publications xvii 

Scientific Contributions xix  

List of Awards and Honors xx 

List of Nomenclature xxxiv  

List of Abbreviations xxxvi  

 

1. INTRODUCTION 1 

1.1 NUCLEAR MEDICAL IMAGING 3 
1.1.1 History of Nuclear Imaging 3 
1.1.2 Positron Emission Tomography (PET) 4 
1.1.3 History of PET 8 
1.1.4 Single Photon Emission Computed Tomography (SPECT) 10 
1.1.5 History of SPECT 10 
1.1.6 Physics of SPECT 12 
1.1.7 SPECT Radiotracers 13 
1.1.8 Single Photon Detection: Data Collection 14 
1.1.9 SPECT Collimators 16 

1.2 TECHNICAL PITFALLS AND LIMITATIONS OF COLLIMATOR-BASED 

SPECT: SPECT IN ANIMAL RESEARCH 19 
1.2.1 Statement of the Problem 20 

1.3 LIGHTFIELD IMAGING 23 

1.4 RESEARCH OBJECTIVES AND MOTIVATION 24 

1.5 RESEARCH CONTRIBUTIONS TO KNOWLEDGE 25 

1.6 THESIS ORGANIZATION 29 

2. LITERATURE REVIEW 31 

2.1 SPECT COLLIMATOR AND DETECTOR OPTIMIZATION METHODS 32 
2.1.1 Collimator Optimization Methods 32 
2.1.2 Adaptive SPECT 36 



   

 

xxii 

 

2.1.3 Multiplexed SPECT Imaging 39 
2.1.4 Synthetic SPECT 42 
2.1.5 Task Based SPECT 43 

2.2 DETECTOR OPTIMIZATION METHODS 44 

2.3 CODED APERTURE: SPECT 49 

2.4 GAMMA FOCUSING METHODS 51 
2.4.1 History of Gamma Focusing Based on Laue Lens Diffraction 52 
2.4.2 Gamma Focusing in Medical Applications 53 
2.4.3 Grazing Mirrors: Medical Imaging 54 
2.4.4 Laue Lens Application: Medical Imaging 56 
2.4.5 Laue lens Applications: Radiotherapy 59 

2.5 RECENT TRENDS IN SPECT IMAGING: LIGHTFIELD IMAGING 61 
2.5.1 The Next Paradigm in SPECT Imaging: Lens-Based SPECT Imaging 64 

2.6 3D IMAGE RECONSTRUCTION 64 
2.6.1 Central or Projection Slice Theorem 68 
2.6.2 Reconstruction Methods 68 
2.6.3 Iterative Reconstruction Methods 70 

2.7 CHAPTER SUMMARY 71 

2.8 ACKNOWLEDGEMENT 71 

3. METHODOLOGY 72 

3.1 MONTE CARLO TOOLKITS 72 
3.1.1 MATLAB Toolkit 73 
3.1.2 GEANT4 Toolkit 74 
3.1.3 GAMOS Toolkit 74 

3.2 THE DEVELOPED ENVIRONMENTS FOR THE THESIS WORK 74 
3.2.1 MATLAB Implementations 75 
3.2.2 GAMOS Implementations 76 
3.2.3 GEANT4 Implementations 77 
3.2.4 GEANT4 Implementations extended to GAMOS Users (Plugin) 78 
3.2.5 Simulation Tools: 3D Image Reconstruction 79 

3.3 LIMITATIONS AND CHALLENGES ASSOCIATED WITH THE 

METHODOLOGY 80 
3.3.1 Computation Time and Code Optimization 80 
3.3.2 MATLAB Environment 80 
3.3.3 GAMOS Environment 80 
3.3.4 GEANT4 Environment 81 

3.4 CHAPTER SUMMARY 81 

4. A NOVEL ULTRA HIGH-RESOLUTION LENS-BASED SPECT: INSIGHT TO 

LIGHTFIELD IMAGING: MATLAB MONTE CARLO STUDY 83 

4.1 INTRODUCTION 84 

4.2 LIGHTFIELD IMAGING 86 
4.2.1 Lens-Based SPECT: A Paradigm Shift for Lightfield Imaging 86 

4.3 METHODOLOGY 89 
4.3.1 Study of System Characteristics 90 

4.4 LAUE LENS DESIGN 91 
4.4.1 The Gamma Diffractive Lens 91 



   

 

xxiii 

 

4.4.2 The Dedicated Lens Design for SPECT Imaging 92 

4.5 SINGLE LENS-BASED SPECT 97 
4.5.1 Detector Coupling with the Laue Lens 99 

4.6 SIMULATION DESIGN AND EXPERIMENT SETUP 99 
4.6.1 Forward Projection 100 

4.7 3D RECONSTRUCTION ALGORITHM 102 

4.8 SIMULATION RESULTS 103 
4.8.1 The Projection and 3D Reconstructed Images 103 
4.8.2 System Validation: Phantom Depth and Shift in the 3D Reconstructed Images 106 
4.8.3 Resolution Analysis 111 
4.8.4 Sensitivity Analysis 117 
4.8.5 Comparative Analysis: Single Lens-Based SPECT VS LEHR Parallel SPECT 118 

4.9 CHAPTER SUMMARY 120 

4.10 ACKNOWLEDGEMENT 121 

5. MODULAR AND MULTI LENS-BASED SPECT GEOMETRIES WITH 

DEDICATED 3D RECONSTRUCTION ALGORITHM: MONTE CARLO STUDY 122 

5.1 METHODOLOGY 123 
5.1.1 Study of System Characteristics 124 

5.2 SENSITIVITY BOOSTING: MODULAR LENS-BASED SPECT 125 
5.2.1 Simulation Design and Experiment Setup 127 
5.2.2 Phantom Studies 128 
5.2.3 3D Reconstruction Algorithm: Modular Lens-Based SPECT 128 
5.2.4 Experimental Results 130 
5.2.5 System Validation: Sensitivity Mapping Over the FOV 130 
5.2.6 Sensitivity and Resolution Analysis 133 
5.2.7 Comparative Analysis: Modular Lens-Based SPECT VS Parallel LEHR SPECT 133 

5.3 FURTHER STEP FOR GEOMETRY AND PERFORMANCE 

OPTIMIZATION: MULTI LENS-BASED SPECT 134 
5.3.1 Simulation Design and Experiment Setup 136 
5.3.2 Phantom Studies 136 
5.3.3 3D Reconstruction Algorithm: Multi Laue Lens-Based SPECT 137 
5.3.4 Experimental Results 142 
5.3.5 System Validation: Depth and Shift Validation 145 
5.3.6 Sensitivity and Resolution Analysis 146 
5.3.7 Multi Lens-Based SPECT: Capturing Views from Different Angles. 150 
5.3.8 Comparative Analysis: Multi Lens-Based SPECT VS SIEMENS LEHR Parallel Hole and 

Inveon Multi-pinhole SPECT. 151 

5.4 CASE STUDY: LESION DETECTION 153 

5.5 CHAPTER SUMMARY 155 

5.6 ACKNOWLEDGEMENT 156 

6. DETECTOR ANALYSIS GEANT4/GAMOS: SINGLE AND MULTI-LENS-

BASED SPECT 157 

6.1 INTRODUCTION 158 

6.2 MATERIAL AND METHODS 159 
6.2.1 Geometry Setup and Visualization 160 
6.2.2 Source Generator: Diffracted TXT File 161 



   

 

xxiv 

 

6.2.3 GAMOS Monte Carlo Simulation: Physics and Running Parallel Jobs 161 

6.3 GAMOS SIMULATIONS: SINGLE LENS GEOMETRY WITH NO-

DETECTOR EFFECTS 162 
6.3.1 Geometry 162 
6.3.2 Source Generator 163 
6.3.3 3D DOSE Analysis 164 
6.3.4 Deposited Energy 165 
6.3.5 Reconstructed Hits 169 
6.3.6 Step and Track Data Histograms 170 
As set up in the simulation of source position at the origin, the histograms of event generator particles 

may confirm the generated radiation positions. 170 
6.3.7 Reconstructed Hits 3D Reconstruction 172 

6.4 CASE STUDY WITH DETECTOR EFFECTS. 172 
6.4.1 Deposited Hits: Detector effects 173 
6.4.2 Reconstructed Hit: Detector Effects 175 
6.4.3 Reconstructed Hits 3D Reconstruction: Detector Effects. 176 

6.5 CASE STUDY WITH THREE-POINT SOURCE. 177 
6.5.1 Deposited Hit and Track Data Results. 179 
6.5.2 Validation Error! Bookmark not defined. 

6.6 MATLAB CALIBRATION AGAINST GAMOS: SYSTEM RESOLUTION 180 

6.7 GAMOS SIMULATIONS: MULTI LENS GEOMETRY WITH NO-

DETECTOR EFFECTS. 181 
6.7.1 Geometry 181 
6.7.2 Deposited Hits and Reconstructed Hits 183 
6.7.3 Deposited Hits 184 
6.7.4 Reconstructed Hits 185 
6.7.5 3D Reconstruction 185 
6.7.6 Validation 186 

6.8 CHAPTER SUMMARY 190 

6.9 ACKNOWLEDGEMENT 192 

7. DESIGN FOUNDATION AND IMPLEMENTATION OF THE FIRST SET OF 

MODELS IN GEANT4 FOR LAUE LENS DIFFRACTION: LAUE LENS 

MODELLING 193 

7.1 INTRODUCTION 193 

7.2 INVESTIGATIONS ABOUT MANUFACTURING OF THE LAUE LENS 194 
7.2.1 What’s Next? 195 

7.3 GEANT4 TOOLKIT 196 
7.3.1 What Is GEANT4 196 
7.3.2 Flexibility of GEANT4 197 
7.3.3 Diffraction in GEANT4 Functionality 198 

7.4 GEANT4 VERSION 198 
7.4.1 Resources 198 

7.5 IMPLEMENTATION OF THE LAUE LENS GAMMA DIFFRACTION 

PROCESS IN GEANT4 199 
7.5.1 Diffraction Code 199 
7.5.2 Requirements to develop the Diffraction GEANT4 Example 200 
7.5.3 Simplifications and Assumptions 202 
7.5.4 Volume Definition and Input Parameters. 204 



   

 

xxv 

 

7.6 CODE FLEXIBILITY 206 
7.6.1 The Scale Factor 206 
7.6.2 Detector Position 207 
7.6.3 Photon Interactions 209 

7.7 RESULTS 209 
7.7.1 Histograms 209 

7.8 RUN THE GEANT4 DIFFRACTION EXAMPLE 210 
7.8.1 To Call the Diffraction Process 210 
7.8.2 The Primary Generator 211 
7.8.3 Compilation 211 
7.8.4 Steps to Visualization 212 
7.8.5 To Set Up Customized Case Studies 216 

7.9 THE DESIGNED EXPERIMENTS IN GEANT4 217 
7.9.1 Simulations Protocol 218 
7.9.2 Inveon SPECT 219 
7.9.3 Lens-Based SPECT/Inveon 222 

7.10 CRITICAL DISCUSSION ABOUT THE CASE STUDIES RESULTS 

PRESENTED IN SECTIONS 7.9.2 AND 7.9.3 224 

7.11 CHAPTER SUMMARY 226 

7.12 ACKNOWLEDGEMENT 227 

7.13 SCIENTIFIC CONTRIBUTIONS 227 

8. FIRST SET OF MODELS IN GAMOS FOR THE LAUE LENS DIFFRACTION 

(PLUGIN) 228 

8.1 METHODOLOGY 229 
8.1.1 Study of System Characteristics 229 
8.1.2 Proposed Detector Configuration 230 
8.1.3 Source Definition 230 
8.1.4 GAMOS Generator 230 
8.1.5 Extending the GEANT4 Example Functionality to GAMOS 231 

8.2 CONFIGURATION 1: SINGLE LENS COLLIMATOR 231 
8.2.1 One-Point 𝑻𝑪𝟗𝟗 Source Case Study 231 
8.2.2 Three-point 𝑻𝑪𝟗𝟗 Source Case Study 235 

8.3 MULTI-LENS COLLIMATOR 237 
8.3.1 One-Point Source Case Study 239 
8.3.2 Three-Point Source Case Study 240 

8.4 LEHR SPECT GEOMETRY 242 
8.4.1 Geometry 242 
8.4.2 Reconstructed Hits 243 
8.4.3 3D Image Reconstruction 246 

8.5 CHAPTER SUMMARY 248 

8.6 ACKNOWLEDGEMENT 248 

8.7 SCIENTIFIC CONTRIBUTION 249 

9. CONCLUSIONS, SUMMARY AND FUTURE WORK 250 

9.1 INTRODUCTION 250 

9.2 KEY RESEARCH FINDINGS 251 



   

 

xxvi 

 

9.2.1 Implications of Research Findings 253 
9.2.2 Highlights of Chapter 1: Introduction 255 
9.2.3 Highlights of Chapter 2: Literature Review 255 
9.2.4 Highlights of Chapter 3: Methodology 256 
9.2.5 Highlights of Chapter 4: A Novel Ultra High-Resolution Lens-Based SPECT: Insight to 

Lightfield Imaging: MATLAB Monte Carlo Study 256 
9.2.6 Highlights of Chapter 5: Modular and Multi-Lens-Based SPECT Geometries with Dedicated 

Reconstruction Algorithms: Monte Carlo Study 256 
9.2.7 Highlights of Chapter 6: Detector Analysis GEANT4/GAMOS: Single and Multi-Lens-Based 

SPECT 259 
9.2.8 Highlights of Chapter 7: Design Foundation and Implementation of the First Set of Models in 

GEANT4 for Laue Lens Diffraction: Laue lens Modelling 260 
9.2.9 Highlights of Chapter 8: First Set of Models in GAMOS for the Laue Lens Diffraction (Plugin) 

with detector modelling 261 

9.3 RESEARCH LIMITATIONS AND CHALLENGES 262 

9.4 FUTURE WORK 263 
9.4.1 Application: Thyroid and Breast Cancer Detection 263 
9.4.2 3D Image Reconstruction Algorithm Optimisation 263 
9.4.3 Phantom Studies 264 
9.4.4 Geometry Optimization. 264 

9.5 FINAL DISCUSSION AND CONCLUSIONS 264 
 

  



   

 

xxvii 

 

List of Tables 

TABLE 1.1 THE RADIOISOTOPES USED IN NUCLEAR IMAGING FOR DIAGNOSTIC PURPOSES....................................................... 13 
TABLE 4.1 FEATURES OF THE GENERATED SPECT LAUE LENS USING THE GENETIC MONTE CARLO ALGORITHM. ......................... 96 
TABLE 4.2 DISTINCTIVE BRAGG’S ANGLES ....................................................................................................................... 97 
TABLE 4.3 SIMULATED AND RECONSTRUCTED PHANTOM PIXEL LOCATIONS AT VARIOUS DEPTHS FROM THE LAUE LENS FOCAL. .... 109 
TABLE 4.4 SENSITIVITY AND RESOLUTION COMPARISON BETWEEN SINGLE LENS-BASED SPECT AND PARALLEL LEHR COLLIMATOR

 ................................................................................................................................................................... 119 
TABLE 5.1 THE STEP AND VIEW ANGLES OF THE MODULAR LENS-BASED SPECT .................................................................. 128 
TABLE 5.2 SENSITIVITY MAPPING OVER THE FOV FOR DIFFERENT AXIAL SHIFTS OF THE SOURCE ............................................. 132 
TABLE 5.3 SENSITIVITY OF THE MODULES IN MODULAR LENS-BASED SPECT ....................................................................... 133 
TABLE 5.4 COMPARATIVE STUDY BETWEEN MODULAR LENS-BASED-SPECT AND THE SINGLE LENS-BASED SPECT AND LEHR SPECT

 ................................................................................................................................................................... 134 
TABLE 5.5 COMPARISON BETWEEN THE APPLIED XY PHANTOM SHIFTS IN THE CASE STUDIES AND THE DETECTED SHIFT IN THE 3D 

RECONSTRUCTED IMAGES. ............................................................................................................................... 146 
TABLE 5.6 THE SENSITIVITY COUNTER FOR THE NINE LAUE LENSES. ................................................................................... 149 
TABLE 5.7 THE COMPARISON BETWEEN THE DIFFERENT GEOMETRIES OF LEHR, INVEON, AND THE LENS-BASED SPECT IN TERMS OF 

SYSTEM'S RESOLUTION AND SENSITIVITY. ............................................................................................................ 152 
TABLE 6.1 STORED VARIABLE OF THE DEPOSITED TRACKS ON THE SENSITIVE DETECTOR ......................................................... 183 
TABLE 7.1 THE INITIAL SET LAUE LENS PARAMETERS IN THE ALGORITHM ............................................................................ 204 

 

 

 

  



   

 

xxviii 

 

List of Figures 

FIGURE 1.1 BASIC PET IMAGING PRINCIPLE: RADIONUCLIDE DECAY, POSITRON EMISSION, MULTIPLE SCATTERING, ELECTRON 

ANNIHILATION, AND THE GENERATION OF TWO COLLINEAR 511 KEV PHOTONS [29]. ..................................................... 5 
FIGURE 1.2 THE TRANS-AXIAL ILLUSTRATION OF A PATIENT AND A RING OF DETECTORS ILLUSTRATE THE FORMS OF COINCIDENTAL 

INCIDENTS. (A) TRUE COINCIDENCE, (B) RANDOM (ACCIDENTAL) COINCIDENCE, (C) SCATTERED COINCIDENCE. IN THE SECOND 

TWO SITUATIONS, THE ANNIHILATIONS REPRESENTED WITH SOLID BLACK DOTS DO NOT OCCUR ALONG THE IDENTIFIED LINE-
OF-RESPONSE, RESULTING IN INCREASED SYSTEMIC NOISE IN THE DATA [29]. ................................................................ 6 

FIGURE 1.3 THE GAMMA CAMERA DIAGRAM AND THE PROCESS OF PHOTON DETECTION [85]. ................................................ 14 
FIGURE 1.4 SPECT COLLIMATORS. (A) PARALLEL HOLE, (B) CONVERGING [98]. ................................................................... 17 
FIGURE 1.5 SPECT COLLIMATORS. (A) DIVERGING COLLIMATOR, (B) PINHOLE COLLIMATOR [98]. ........................................... 18 
FIGURE 2.1 (A) PROTOTYPE OF THE CONE-SHAPED PINHOLES IN A PARALLEL-HOLE COLLIMATOR [9], (B) MONTE CARLO 

SIMULATIONS FOR PARALLEL-HOLE COLLIMATOR WITH CONE SHAPED PINHOLES [143]. ................................................ 33 
FIGURE 2.2 ULTRA-HIGH SENSITIVITY COLLIMATOR DESIGNED WITH DIFFERENT PINHOLE OPENING ANGLES [144]. ..................... 34 
FIGURE 2.3 THE SIMULATION ENVIRONMENT FOR THE HEXAGONAL-PINHOLE COLLIMATOR AND THE INITIAL PROTOTYPE [145]. .... 35 
FIGURE 2.4 (A) GEOMETRY OF SPECT ACQUISITION, (B) SIMULATED CONFIGURATIONS WITH DIFFERENT PINHOLE DIAMETERS 

[147]. ............................................................................................................................................................ 35 
FIGURE 2.5 SPECT COLLIMATOR-LESS ARRANGEMENT OF DETECTORS, WHERE A IS THE DISTANCE BETWEEN TWO LEAD SEPTA, B IS 

THE ROW OF DETECTORS, AND C IS THE SPETA BETWEEN DETECTOR ROWS.[138]. ....................................................... 36 
FIGURE 2.6 (A) APERTURES WERE DRILLED INTO A TUNGSTEN SHEET, (B) PINHOLE SLIDING MOVEMENT IS CONTROLLED BY A MOTOR, 

(C) A SKETCH OF VARIABLE PINHOLE COLLIMATOR WITH VARIOUS DRILLED APERTURE SIZES [151]. .................................. 37 
FIGURE 2.7 (A) CONVENTIONAL PINHOLE-DETECTOR MOVEMENT, (B) PROPOSED VARIABLE PINHOLE SPECT MOVEMENT [151]. . 38 
FIGURE 2.8 (A) CUSTOMIZED PINHOLE INSERTION IN GEAR, (B)THE ADJUSTMENT OF PINHOLE DIAMETER IS ACHIEVED BY ROTATING 

THE PIECE AROUND THE APERTURE, (C) COMBINING MULTIPLE MODULES INTO ONE MULTI-PINHOLE ASSEMBLY ALLOWS FOR 

MULTIPLEXING, AS WELL AS SINGLE PINHOLE IMAGING TO RESOLVE MULTIPLEXING AMBIGUITIES [155]. .......................... 39 
FIGURE 2.9 THE APERTURE PLATE AND THE APERTURES RING WITH THE ROTATING COMPONENTS [157]. .................................. 39 
FIGURE 2.10 (A) MULTI-PINHOLE SPECT WITH HIGHLY MULTIPLEXED REGIONS IN THE DETECTOR PLANE, (B) REPRESENTATION OF 

THE ACTIVE SEPTA IMPLEMENTED IN SPECT GAMMA CAMERA, (C) COLLIMATOR-DETECTOR GEOMETRY GENERATED USING 

GEANT4 [164]. ............................................................................................................................................. 41 
FIGURE 2.11 (A) PINHOLE ARRAY FOR THE PROPOSED DESIGN HAVING SELECTABLE PITCH WHILE KEEPING THE U & V DISTANCES 

UNCHANGED, (B) THREE SIMULATED PINHOLE ARRAY CONFIGURATIONS WITH DIFFERENT DEGREES OF OVERLAPPING [163].
...................................................................................................................................................................... 42 

FIGURE 2.12 SYNTHETIC SPECT [166]. ......................................................................................................................... 43 
FIGURE 2.13 MULTI-PINHOLE COLLIMATOR DESIGNED SPECIFICALLY TO STRIATUM IMAGING [167]. ......................................... 44 
FIGURE 2.14 (A) SIDE VIEW OF THE STATIONARY SINGLE PINHOLE-DETECTOR SPECT MODULE, (B) GATE GENERATED ASSEMBLY OF 

42 PINHOLE-DETECTOR GEOMETRIES ARRANGED IN THREE DIFFERENT RINGS [170]. .................................................... 45 
FIGURE 2.15 COLLIMATOR-PINHOLE CZT-PIXEL MATCHING WITH (A) CIRCULAR HOLES, (B) HEXAGONAL HOLES, (C) SQUARE HOLES 

[171]. ............................................................................................................................................................ 46 
FIGURE 2.16 THREE RINGS OF HEMI-SPHERICAL DETECTORS SURROUNDING PATIENT HEAD [177]. ........................................... 47 
FIGURE 2.17 THREE RINGS OF HEMI-SPHERICAL DETECTORS SURROUNDING PATIENT HEAD [178]. ........................................... 47 
FIGURE 2.18 PIXELATED MOVING CZT DETECTORS [179]. ................................................................................................ 48 
FIGURE 2.19 (A) SCINTILLATOR WITH MICRO-LENS ARRAY, (B) SCINTILLATION LIGHT PATH DIFFERENCE IN SCINTILLATOR WITH (LEFT) 

AND WITHOUT (RIGHT) MICROLENS ARRAY [188]. .................................................................................................. 49 
FIGURE 2.20 EIGHT RING CZT DETECTOR, EACH DETECTOR CAN ROTATE INDEPENDENTLY AROUND THE PATIENT [189]. .............. 49 
FIGURE 2.21 SIMULATED IMAGES OF A SOURCE EMITTING GAMMA RAYS WITH ENERGIES OF 30, 140, 180, AND 350 KEV. THE TOP 

ROW SHOWS THE RECONSTRUCTED IMAGES. THE BOTTOM ROW SHOWS THE CORRESPONDING SHADOWGRAMS [199]. .... 51 
FIGURE 2.22 GEOMETRY OF THE NESTED MIRRORS FOR FOCUSING GAMMA RAYS IN SMALL ANIMAL IMAGING [233]................... 55 
FIGURE 2.23 A SCHEMATIC ILLUSTRATION OF A GAMMA RAYS LENS WITH THREE NESTED MIRRORS, THE PARAMETERS THAT 

DETERMINE THE SYSTEM’S RESOLUTION AND FIELD OF VIEW [233]. ........................................................................... 55 
FIGURE 2.24 FRONT AND SIDE VIEW OF THE LAUE LENS SHOWING ALL 14 CONCENTRIC RINGS OF CRYSTALS. EACH CRYSTAL IS 4 MM 

BY 4 MM  AND 2-4 MM THICK [239]. .................................................................................................................. 58 
FIGURE 2.25 (A) THE LAUE CRYSTAL LENS TEST FACILITY, (B) DRAWING ILLUSTRATING THE ELEMENTS OF THE LENS TEST FACILITY. 

THE SOURCE IS AT THE BOTTOM, THE LENS IN THE MIDDLE AND THE DETECTOR AT THE TOP [239]. ................................. 58 
FIGURE 2.26 SCHEMATIC OF A RADIOTHERAPY SYSTEM EMPLOYING A LAUE LENS [246]. ........................................................ 60 



   

 

xxix 

 

FIGURE 2.27 CONCEPTUAL ILLUSTRATION OF THE CRNR SYSTEM WHERE AN X-RAY LENS CONVERTS A DIVERGING BEAM INTO A 

CONVERGING BEAM, PRODUCING A LOCALIZED DOSE PEAK WITHIN A TARGET [252]..................................................... 61 
FIGURE 2.28 PINHOLE ACTING AS A LENSLET [254]. ........................................................................................................ 62 
FIGURE 2.29 (A) DUAL-HEAD L-SPECT SYSTEM, MODELLED IN GATE, (B) 100 BY 100 ARRAY OF 0.48 MM X 0.48 MM PSPMTS, 

AND (C) BEHIND EACH PINHOLE, AN ARRAY OF 10 BY 10 PIXELS WITH EACH ARRAY CORRESPONDING TO A PSPMT [256]. 63 
FIGURE 2.30 THE PRINCIPLES OF TOMOGRAPHIC ACQUISITION AND GEOMETRIC CONSIDERATIONS [263]. ................................ 66 
FIGURE 2.31 ILLUSTRATION OF THE 2D CENTRAL SLICE THEOREM [281]. ............................................................................ 68 
FIGURE 2.32 CENTRAL SLICE THEOREM: EACH VIEW ADDS A LINE IN THE FOURIER SPACE. THE 2D INVERSE FOURIER TRANSFORM 

RECONSTRUCTS THE ORIGINAL IMAGE [281]. ........................................................................................................ 69 
FIGURE 2.33 A SIMPLE REPRESENTATION OF FILTERED BACK PROJECTION. (A) ACQUISITION OF THREE PROJECTIONS, (B) BACK 

PROJECTED PROJECTIONS, (C) FILTERED BACK PROJECTED PROJECTIONS [147]. ........................................................... 69 
FIGURE 3.1 THE MATLAB ENVIRONMENTS. .................................................................................................................. 77 
FIGURE 3.2 THE GEANT4 ADVANCED EXAMPLE AND ENVIRONMENTS. ............................................................................... 79 
FIGURE 3.3 THE EXTENDED WORK GEANT4 ENVIRONMENT TO GAMOS ........................................................................... 79 
FIGURE 4.1 LIGHTFIELD IMAGING BASED ON MLA [323]. ................................................................................................ 87 
FIGURE 4.2 NOVEL LAUE LENS-BASED SPECT [134]. ...................................................................................................... 88 
FIGURE 4.3 DIFFRACTION GEOMETRICAL STRUCTURES. (A) THE BRAGG’S GEOMETRY: THE DIFFRACTED BEAM EMERGES FROM THE 

IDENTICAL CRYSTAL SURFACE AS THE INCIDENT BEAM, (B) THE LAUE GEOMETRY: THE DIFFRACTED BEAM EMERGES FROM THE 

OPPOSITE SURFACE THAT THE INCIDENT BEAM STRIKES [249]. .................................................................................. 92 
FIGURE 4.4 SCHEMATIC DIAGRAM FOR THE DIFFRACTION PROCESS IMPLEMENTED USING LAUE LENS, R IS THE RADIUS, L IS THE FOCAL 

LENGTH [332]. ................................................................................................................................................ 94 
FIGURE 4.5 FRONT VIEW OF THE DESIGNED AND OPTIMIZED LAUE LENS FOR LENS-BASED PECT. THE PLOT WAS GENERATED WITH 

MATHEMATICA. ............................................................................................................................................... 96 
FIGURE 4.6 (A) ILLUSTRATION OF THE SINGLE LENS-BASED SPECT GEOMETRY, (B) THE LENS AND DETECTOR GEOMETRY SHOWING 

THE FOCUSED RAYS OF ONE LAUE LENSES FOR 3-POINT SOURCES. ............................................................................. 98 
FIGURE 4.7 ILLUSTRATION OF LAUE COLLIMATOR WITH ONE LENS INSIDE A PINHOLE. ............................................................. 98 
FIGURE 4.8 THREE DIFFERENT SCENARIOS FOR THE RADIATIONS ARE EITHER ABSORBED (RED), TRANSMITTED (YELLOW), AND 

DIFFRACTED (BLUE) AT THE LAUE LENS CRYSTALS. ................................................................................................ 101 
FIGURE 4.9 IN THE FORWARD PROJECTION ALGORITHM. (A) THE GENERATED RAYS (GREEN) AND THE FOCUSED RAYS BY DIFFRACTION 

(BLUE), (B) THE ABSORBED RAYS (RED) AT THE LAUE LENS PLANE, (C) THE GENERATED RAYS TOWARDS THE LAUE LENS 

(GREEN) AND THE TRANSMITTED RAYS (YELLOW), (D) THE FORWARD PROJECTION EXPLANATION. ................................ 102 
FIGURE 4.10 PSEUDO-CODE FOR THE LENS-BASED SPECT FORWARD PROJECTION. ............................................................ 102 
FIGURE 4.11 FLOW CHART OF THE 3D RECONSTRUCTION ALGORITHM DEDICATED FOR THE SINGLE LENS-BASED SPECT ............ 104 
FIGURE 4.12 SINGLE LENS-BASED SPECT PROJECTIONS USING PHANTOM OF 3 SPHERES, ROTATED AT 10° STEP ANGLE. THE X-AXIS 

AND Y-AXIS REPRESENT THE COLUMN AND RAW INDICES OF THE PIXELATED PROJECTION IMAGE, RESPECTIVELY. .............. 105 
FIGURE 4.13 RECONSTRUCTED IMAGES (A) THE 2D XZ SLICE OF THE 3D RECONSTRUCTED IMAGE, (B) THE 2D YZ SLICE OF THE 3D 

RECONSTRUCTED IMAGE, (C) THE 3D RECONSTRUCTED IMAGE GENERATED USING MATLAB, (D) TOP VIEW OF THE 3D 

RECONSTRUCTED IMAGE GENERATED USING VOLUME VIEWER. UNITS ARE IN MM (MEASUREMENTS ARE BASED IN PIXEL 

LOCATIONS). ................................................................................................................................................. 106 
FIGURE 4.14 DEPTH AND SHIFT VALIDATION. (A) THE PROJECTION OF 3 SPHERE PHANTOM OF RADIUS 0.03MM PLACED AT SHIFTS IN 

X & Y OF 0.1 MM AND -0.1 MM FROM THE LAUE LENS AXIS, (B) THE X-Z SLICE OF THE RECONSTRUCTED IMAGE FOR 3 

SPHERES OF RADIUS 0.03MM PLACED AT SHIFTS IN X & Y OF 0.1 MM AND -0.1 MM FROM THE LAUE LENS AXIS. UNITS ARE 

IN MM .......................................................................................................................................................... 107 
FIGURE 4.15 DEPTH VALIDATION. (A) THE PROJECTION IMAGE OF A SPHERE FOR A POINT SOURCE OF RADIUS 0.03 MM PLACED AT 

DEPTH +5 MM AS SEEN BY ONE LAUE LENS, (B) THE X-Z SLICE OF THE RECONSTRUCTED SPHERE FOR A POINT SOURCE OF 

RADIUS 0.03 MM PLACED AT DEPTH +5 MM. UNITS ARE IN MM ............................................................................. 108 
FIGURE 4.16 DEPTH AND SHIFT VALIDATION. (A) THE PROJECTION OF 3 SPHERE PHANTOM OF RADIUS 0.03MM PLACED AT SHIFTS IN 

X & Y OF 0.1 MM AND -0.1 MM FROM THE LAUE LENS AXIS, (B) THE X-Z SLICE OF THE RECONSTRUCTED IMAGE FOR 3 

SPHERES OF RADIUS 0.03MM PLACED AT SHIFTS IN X & Y OF 0.1 MM AND -0.1 MM FROM THE LAUE LENS AXIS. UNITS ARE 

IN MM. ......................................................................................................................................................... 108 
FIGURE 4.17 PHOTON DISTRIBUTION IN THE FOCAL PLANE (DETECTOR) AS A FUNCTION OF A LATERAL SHIFT OF THE SOURCE. ..... 110 
FIGURE 4.18 PHOTON DISTRIBUTION IN THE FOCAL PLANE (DETECTOR) AS A FUNCTION OF A LATERAL SHIFT OF THE SOURCE. ..... 111 
FIGURE 4.19 PHOTON DISTRIBUTION IN THE FOCAL PLANE FOR A LENS PLACED AT THE PINHOLE CENTRE FOR (0,0.1,0), (0,0.3,0), 

(0.5,0,0) AND (0.25,0,0). ............................................................................................................................. 111 
FIGURE 4.20 (A) PROJECTION IMAGE OF A POINT SOURCE OF 0.03 MM RADIUS PLACED AT THE LAUE LENS FOCUS, (B) THE XY SLICE 

OF THE RECONSTRUCTED IMAGE OF A POINT SOURCE OF 0.03 MM RADIUS, (C) THE XZ SLICE OF THE RECONSTRUCTED IMAGE 



   

 

xxx 

 

OF A POINT SOURCE OF 0.03 MM RADIUS. THE X-AXIS REPRESENTS THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE 

RAW INDEX OF THE PIXELATED PROJECTION IMAGE. ............................................................................................... 114 
FIGURE 4.21 (A) THE 3D RECONSTRUCTED IMAGE OF A POINT SOURCE OF 0.03 MM RADIUS PLACED AT THE LAUE LENS FOCUS, (B) 

THE 3D RECONSTRUCTED IMAGE OF A POINT SOURCE OF 0.03 MM RADIUS PLACED AT THE LAUE LENS FOCUS GENERATED 

USING VOLUME VIEWER. ................................................................................................................................. 114 
FIGURE 4.22 FWHM RESOLUTION. (A) FITTED GAUSSIAN OF THE PROJECTION IMAGE, (B) FITTED GAUSSIAN OF THE 

RECONSTRUCTED IMAGE. ................................................................................................................................. 114 
FIGURE 4.23 PHANTOM RESOLUTION ANALYSIS. (A) THE PROJECTION IMAGE FOR THREE SPHERES OF RADIUS 0.03 MM DISTANCE 

FROM CENTER TO CENTER IS 0.1 MM, (B) THE PROJECTION IMAGE FOR THREE SPHERES OF RADIUS 0.03 MM DISTANCE FROM 

CENTER TO CENTER IS 0.05 MM. THE X-AXIS REPRESENTS THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX 

OF THE PIXELATED PROJECTION IMAGE. ............................................................................................................... 115 
FIGURE 4.24 PHANTOM RESOLUTION ANALYSIS. (A) THE X & Z SLICE OF THE RECONSTRUCTED 3 SPHERES FOR A PHANTOM WITH 

0.03 MM RADIUS DISTANCE FROM CENTER TO CENTER IS 0.1 MM, (B) THE X & Z SLICE OF THE RECONSTRUCTED 3 SPHERES 

FOR A PHANTOM WITH 0.03MM RADIUS DISTANCE FROM CENTER TO CENTER IS 0.05 MM. THE X-AXIS REPRESENTS THE 

COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE PIXELATED PROJECTION IMAGE............................ 116 
FIGURE 4.25 (A) 3D IMAGES OF THE RECONSTRUCTED THREE-POINT SPHERES FOR A PHANTOM WITH 0.03 MM SPHERE RADIUS 

SPACED BY 0.1 MM, (B) THE 3D IMAGES OF THE RECONSTRUCTED THREE-POINT SPHERES FOR A PHANTOM WITH 0.03 MM 

SPHERE RADIUS SPACED BY 0.05 MM. ................................................................................................................ 116 
FIGURE 4.26 FOCUSED LAUE PROJECTIONS FOR THREE SPHERES PLACED AT SHIFTS OF 0,0,0), (0.1,0,0) AND  (-0.1,0,0) MM FROM 

THE LENS AXIS. UNITS OF MEASUREMENTS ARE IN MM. ......................................................................................... 117 
FIGURE 5.1 PROPOSED GEOMETRY FOR THE MODULAR LENS-BASED SPECT. ...................................................................... 127 
FIGURE 5.2 THREE-SPHERE PHANTOM. ........................................................................................................................ 129 
FIGURE 5.3  3D RECONSTRUCTION. (A) THE RAYS ARE PROJECTED BACK THROUGH THE LAUE LENS CENTER TOWARDS THE VOXEL 

VOLUME, (B) RECONSTRUCTION FOR DIFFERENT NUMBER OF ROTATIONS AT DIFFERENT STEP ANGLES ON PARALLEL BASIS. 130 
FIGURE 5.4 FORWARD PROJECTION. (A) THE PROJECTION IMAGE OF ONE MODULE, (B) THE PROJECTION IMAGE OF THE THREE 

MODULES AT 10° ROTATION, (C) THE PROJECTION IMAGE OF THE THREE MODULES AT 90° ROTATION. THE X-AXIS 

REPRESENTS THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE PIXELATED PROJECTION IMAGE. ... 131 
FIGURE 5.5 3D RECONSTRUCTION. (A) THE XY SLICE OF THE RECONSTRUCTED IMAGE FOR THREE SPHERES OF 0.03 MM RADIUS AND 

0.1 MM DISTANCE BETWEEN THE SPHERES’ CENTRES, (B) THE XZ SLICE OF THE RECONSTRUCTED IMAGE FOR THREE SPHERES 

OF 0.03 RADIUS MM AND 0.1 MM DISTANCE BETWEEN THE SPHERES’ CENTRES, (C) THE 3D RECONSTRUCTED IMAGE FOR 

THREE SPHERES OF 0.03 MM RADIUS AND 0.1 MM DISTANCE BETWEEN THE SPHERES’ CENTRES, (D) TOP VIEW OF THE 3D 

RECONSTRUCTED IMAGE GENERATED USING VOLUME VIEWER. THE X, Y AND Z MEASUREMENTS ARE IN MM .................. 132 
FIGURE 5.6 ILLUSTRATION OF THE MULTI LENS-BASED SPECT SHOWING THE FOCUSED RAYS FROM NINE LAUE LENSES AT THE 

PINHOLE CENTRES AND THE DETECTOR. ............................................................................................................... 136 
FIGURE 5.7 CYLINDRICAL RESOLUTION PHANTOM (SAGITTAL VIEW). .................................................................................. 137 
FIGURE 5.8 MULTI LAUE LENS FORWARD PROJECTION (A) THE LENS-BASED SPECT DEFINED DETECTOR, LAUE COLLIMATOR AND 

THE VOXEL VOLUME, (B) THE BACK PROJECTED RAYS BASED ON THROUGH THE LAUE LENS VOLUME, (C) THE BACK-PROJECTED 

RAYS BASED ON THE LAW OF LAUE LENS DIFFRACTION; THE RAYS CONVERGE AT THE VOXEL VOLUME. ............................ 140 
FIGURE 5.9 3D RECONSTRUCTION ALGORITHM. ............................................................................................................. 141 
FIGURE 5.10 MULTI LAUE LENS PROJECTIONS OF THREE SPHERES PLACED AT 0.1 MM FROM CENTER TO CENTER ROTATED AT 10-

DEGREE STEP ANGLES. THE X-AXIS REPRESENTS THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE 

PIXELATED PROJECTION IMAGE. THE STEP ANGLES ARE INDICATED BELOW EACH FIGURE. ............................................. 144 
FIGURE 5.11 3D RECONSTRUCTION IMAGES. (A) THE 2D XZ SLICE OF THE 3D RECONSTRUCTED IMAGE FOR THREE SPHERES OF 0.03 

MM RADIUS AND 0.1 MM DISTANCE BETWEEN THE SPHERES’ CENTERS, (B) THE 2D XY SLICE OF THE 3D RECONSTRUCTED 

IMAGE FOR THREE SPHERES OF 0.03 MM RADIUS AND 0.1 MM DISTANCE BETWEEN THE SPHERES’ CENTERS, (C) THE 2D YZ 

SLICE OF THE 3D RECONSTRUCTED IMAGE FOR THREE SPHERES OF 0.03 MM RADIUS AND 0.1 MM DISTANCE BETWEEN THE 

SPHERES’ CENTERS. UNITS OF MEASUREMENTS ARE IN MM .................................................................................... 145 
FIGURE 5.12 MULTI LAUE LENS 3D RECONSTRUCTED IMAGES. (A) THE 3D RECONSTRUCTED IMAGE FOR THREE SPHERES OF 0.03 

MM RADIUS AND 0.1 MM DISTANCE BETWEEN THE SPHERE’S CENTERS, (B) THE SURFACE PLANE OF THE 3D VOLUME OF THE 

RECONSTRUCTED IMAGE GENERATED USING VOLUME VIEWER. UNITS OF MEASUREMENTS ARE IN MM .......................... 145 
FIGURE 5.13 POINT SOURCE ANALYSIS. (A) THE PROJECTION IMAGE OF A POINT SOURCE USING THE MULTI LENS-BASED SPECT, (B) 

THE XY SLICE OF THE 3D RECONSTRUCTED POINT SOURCE, (C) THE 3D RECONSTRUCTED IMAGE FOR THREE SPHERES OF 0.03 

MM RADIUS AND 0.1 MM DISTANCE BETWEEN THE SPHERE’S CENTRES, (D) TOP VIEW OF THE 3D RECONSTRUCTED IMAGE 

GENERATED USING VOLUME VIEWER. THE X-AXIS REPRESENTS THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW 

INDEX OF THE PIXELATED PROJECTION IMAGE. ...................................................................................................... 147 
FIGURE 5.14 FWHM ANALYSIS. (A) THE GAUSSIAN FITTED POINT SOURCE OF 0.03 MM RADIUS OF THE PROJECTION IMAGE, (B) 

THE GAUSSIAN FITTED POINT SOURCE OF 0.03 MM RADIUS OF THE PROJECTION IMAGE. ............................................. 148 



   

 

xxxi 

 

FIGURE 5.15 TOP VIEW OF THE 3D RECONSTRUCTION OF THE 3 CYLINDERS. ...................................................................... 148 
FIGURE 5.16 LENSES ORDER IN THE MULTI-LAUE LENS GEOMETRY. ................................................................................... 149 
FIGURE 5.17 LENSES’ DIFFERENT VIEWS (A) MULTI LENS-BASED PROJECTION IMAGE OF POINT SOURCE, (B) ZOOMED VIEW OF THE 

WHITE HIGHLIGHTED PROJECTION, (C) ZOOMED VIEW OF THE RED HIGHLIGHTED PROJECTION, (D) ZOOMED VIEW OF THE 

GREEN HIGHLIGHTED PROJECTION. THE X-AXIS REPRESENTS THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX 

OF THE PIXELATED PROJECTION IMAGE. .............................................................................................................. 151 
FIGURE 5.18 PROJECTION IMAGE OF A SPHERE PHANTOM INSIDE A CYLINDER, (A) PROJECTION IMAGE BEHIND THE CENTRED LENS, 

(B) XY SLICE OF THE 3D RECONSTRUCTED IMAGE, (C) 3D RECONSTRUCTED IMAGE GENERATED USING VOLUME VIEWER. THE 

X AND Y AXIS MEASUREMENTS ARE IN MM. ........................................................................................................ 154 
FIGURE 6.1 PROPOSED FLOWCHART FOR STUDYING THE DETECTOR RESPONSE DUE TO THE DIFFRACTED PHOTONS USING MATLAB 

AND THE GAMOS/GEANT4 MONTE CARLO TOOLKIT. ....................................................................................... 159 
FIGURE 6.2 TXT FILE FORMAT USED AS SOURCE GENERATOR IN GAMOS. ......................................................................... 160 
FIGURE 6.3 THE WORLD AND DETECTOR VOLUMES FOR THE LENS-BASED SPECT SYSTEM, FRONT, AND SIDE VIEW. .................. 163 
FIGURE 6.4 THE PARTICLE TRACKING OF THE FOCUSED RAYS OF THE GENERATOR SOURCE. .................................................... 163 
FIGURE 6.5 GENERATED SOURCE RADIATIONS USING THE IMPORTED DATA OF THE DIFFRACTED PHOTONS. (A) THE SPOT OF THE 

FOCUSED PHOTONS ON THE DETECTOR, (B) THE DIFFRACTED RADIATIONS ON THE SCINTILLATOR PLANE. ........................ 164 
FIGURE 6.6 THE XY DOSE DISTRIBUTION IN THE DETECTOR VOXELS FOR A FOCUSED LAUE LENS PROJECTION. ALL MEASUREMENTS 

ARE IN MM. ................................................................................................................................................... 165 
FIGURE 6.7 (A) DIFFRACTED PHOTONS THAT REPRESENTS THE DETECTOR HITS, (B) SPOT FOR THE FOCUSED RAYS ON THE DETECTOR 

PLANE (HIGHLIGHTED RED) AND THE BACK SCATTERED RAYS FOR THE ONE LAUE LENS. ................................................ 166 
FIGURE 6.8 HITS ENERGY DEPOSITION (A) X POSITIONS HISTOGRAMS, (B) Y POSITIONS HISTOGRAMS, (C) Z POSITIONS HISTOGRAMS.

 ................................................................................................................................................................... 167 
FIGURE 6.9 (A) NUMBER OF HITS ON THE DETECTOR, (B) THE DISTANCE BETWEEN HITS SELECTED TO BE ZERO. ........................ 167 
FIGURE 6.10 (A) THE PHI ANGLE OF THE HITS’ RADIATIONS. (DEG), (B) THE WIDTH OF PHI ANGLE OF THE HITS’ RADIATIONS. ...... 167 
FIGURE 6.11 (A) THE ENERGY SPECTRUM OF THE HITS AFTER COMPTON’S, ABSORPTION, AND SCATTERING EFFECTS, (B) THE 

DEPOSITED ENERGY FOR THE SIMULATED HITS, ENERGIES ARE STATED IN MKEV. ....................................................... 169 
FIGURE 6.12 RECONSTRUCTED HITS ENERGY DEPOSITION (A) WIDTH R3 CYLINDRICAL POSITIONS HISTOGRAMS, (B) WIDTH Z 

HISTOGRAMS. ................................................................................................................................................ 169 
FIGURE 6.13 (A) NUMBER OF RECONSTRUCTED HITS, (B) THE WIDTH OF PHI ANGLE OF THE HITS RADIATIONS IN (DEG), (C) THE 

ENERGY SPECTRUM OF THE HITS AFTER COMPTON’S, ABSORPTION, AND SCATTERING EFFECTS, .................................... 170 
FIGURE 6.15 STEP DATA FOR THE INITIAL GAMMA RAYS THETA DIRECTIONS........................................................................ 171 
FIGURE 6.16 TRACKING HISTOGRAMS OF THE SOURCE DATA. (A) INITIAL SOURCE X POSITIONS OF THE SIMULATED SOURCE, (B) 

INITIAL SOURCE Y POSITIONS OF THE SIMULATED SOURCE, (C) SOURCE ENERGY OF THE SIMULATED GAMMA RAYS, A PEAK AT 

140 KEV, (D) SIMULATED SOURCE SPOT ON THE DETECTOR PLANE. ......................................................................... 172 
FIGURE 6.17 2D XZ SLICE OF THE 3D RECONSTRUCTED IMAGE FOR ONE POINT SPHERE OF 0.03 MM RADUIS, (B) 2D XY SLICE OF 

THE 3D RECONSTRUCTED IMAGE FOR ONE POINT SPHERE OF 0.03 MM RADUIS, (C) SURFACE PLANE OF THE 3D VOLUME OF 

THE RECONSTRUCTED IMAGE FOR ONE POINT SPHERE OF 0.03 MM RADUIS. ............................................................. 173 
FIGURE 6.18 HITS ENERGY DEPOSITION: CASE STUDY WITH DETECTOR EFFECTS (A) X POSITIONS HISTOGRAMS, (B) Y POSITIONS 

HISTOGRAMS, (C) WIDTH Z HISTOGRAMS. .......................................................................................................... 174 
FIGURE 6.19 (A) NUMBER OF HITS ON THE SENSITIVE DETECTOR, (B) DISTANCE BETWEEN HITS SELECTED TO BE ZERO. .............. 174 
FIGURE 6.20 (A) WIDTH OF PHI ANGLE OF THE HITS RADIATIONS IN (DEG), (B) PHI ANGLE OF THE HITS’ RADIATIONS ................. 174 
FIGURE 6.21 ENERGY SPECTRUM OF THE HITS AFTER COMPTON’S, ABSORPTION, AND SCATTERING EFFECTS. ........................... 175 
FIGURE 6.22 (A) R3 CYLINDRICAL POSITIONS HISTOGRAMS, (B) Z POSITIONS HISTOGRAMS ................................................... 176 
FIGURE 6.23 (A) NUMBER OF RECONSTRUCTED HITS, (B) WIDTH OF PHI ANGLE OF THE HITS RADIATIONS IN (DEG). .................. 176 
FIGURE 6.24 (A) ENERGY SPECTRUM OF THE HITS AFTER COMPTON’S, ABSORPTION, AND SCATTERING EFFECTS, (B) PROJECTION 

IMAGE OF THE RECONSTRUCTED HITS, SHOWN IN XY SCATTER. ............................................................................... 176 
FIGURE 6.25 2D XZ SLICE OF THE 3D RECONSTRUCTED IMAGE, (B) THE 2D XY SLICE OF THE 3D RECONSTRUCTED IMAGE, (C) 

SURFACE PLANE OF THE 3D VOLUME OF THE RECONSTRUCTED IMAGE. .................................................................... 177 
FIGURE 6.26 THE PARTICLE TRACKING OF THE FOCUSED RAYS OF THE GENERATOR SOURCE, THE GAMMA FOCUS PROJECTS THREE 

DISTINCT FOCUSED BEAMS ONTO THE SMALL DETECTOR PLAN. THE FOCUSED BEAMS BELONG TO THE THREE SPHERES 

PROJECTIONS AND CONVERGES TO THREE SMALL SPOTS AS NOTED RED DOTS. ........................................................... 178 
FIGURE 6.27 (A) ZOOMED VIEW FOR THE DEPOSITED ENERGY FOR THREE-POINT SOURCE USING ONE LAUE LENS (THE RED ARROWS 

ARE POINTING TO THE CENTRE OF EACH PROJECTION), AND THE BACKSCATTERED RAYS DUE TO DETECTOR BACK SHIELDING, (B) 

DEPOSITED HITS ON THE DETECTOR PLANE........................................................................................................... 179 
FIGURE 6.28 (A) X POSITIONS HISTOGRAMS WITH THREE PEAKS PRESENTING THE DISTANCE BETWEEN THE SPHERE PHANTOM OF 0.1 

MM. 3 PEAKS AT THE DETECTOR SURFACE FOR THE SIMULATED HITS, (B) INITIAL Y POSITIONS OF X AND Y. .................... 179 



   

 

xxxii 

 

FIGURE 6.29 (A) SURFACE PLANE OF THE 3D VOLUME OF THE RECONSTRUCTED IMAGE FOR 1 LAUE LENS AND THREE-POINT 

SOURCES WITH NO DETECTOR EFFECTS, (B) SURFACE PLANE OF THE 3D VOLUME OF THE RECONSTRUCTED IMAGE FOR ONE 

LAUE LENS AND THREE-POINT SOURCES WITH APPLIED DETECTOR EFFECTS. ............................................................... 180 
FIGURE 6.30 (A) PROJECTION IMAGE OF THE GAMOS HITS, PLOTTED USING MATLAB, (B) GAUSSIAN FITTED POINT SOURCE OF 

0.03 MM RADIUS OF THE GAMOS PROJECTION IMAGE. ....................................................................................... 181 
FIGURE 6.31 (A) FRONT VIEW OF THE MODELLED DETECTOR, (B) SIDE VIEW OF THE MODELLED DETECTOR. ............................. 182 
FIGURE 6.32 PARTICLE TRACKING OF THE FOCUSED RAYS (A) PARTICLE TRACKING GENERATED FROM THE CENTRED LAUE LENS, (B) 

PARTICLE TRACKING GENERATED FROM CENTRED AND THE UPPER LAUE LENSES, (C) PARTICLE TRACKING GENERATED FROM 

THE THREE ADJACENT LAUE LENSES, (D) PARTICLE TRACKING OF THE FOCUSED PHOTONS FOR LARGE NUMBER EVENTS 

GENERATED FROM THE NINE LAUE LENSES. .......................................................................................................... 182 
FIGURE 6.33 (A) SPOT FOR FOCUSED RAYS ON THE DETECTOR PLANE AND THE BACK SCATTERED RAYS FOR THE CENTRED LAUE LENS, 

(B) SPOT FOR THE FOCUSED RAYS ON THE DETECTOR PLANE AND THE BACK SCATTERED RAYS FOR THE SECOND ADJACENT LAUE 

LENS, (C) SPOT FOR THE FOCUSED RAYS ON THE DETECTOR PLANE AND THE BACK SCATTERED RAYS FOR THREE ADJACENT LAUE 

LENS, (D) SIDE VIEW FOR THE FOCUSED GAMMA RAYS ON THE DETECTOR PLANE FOR THE NINE LAUE LENSES AND THE BACK 

SCATTERED RAYS. ............................................................................................................................................ 183 
FIGURE 6.34 ZOOMED VIEW FOR THE DEPOSITED HITS ON THE DETECTOR PLANE AND THE BACKSCATTERED RAYS. (A) ONE POINT 

SOURCE AND TWO LAUE LENSES, (B) ONE POINT SOURCE AND FIVE LAUE LENSES. ...................................................... 184 
FIGURE 6.35 HITS ENERGY DEPOSITION (A) X POSITIONS HISTOGRAMS, (B) Y POSITIONS HISTOGRAMS, (C) Z POSITIONS 

HISTOGRAMS, ................................................................................................................................................ 185 
FIGURE 6.36 PROJECTION IMAGE OF THE RECONSTRUCTED HITS, SHOWN IN XY SCATTER. ..................................................... 185 
FIGURE 6.38 X HITS POSITIONS FOR MULTI LAUE LENS WITH THREE-POINT SOURCE CASE STUDY, THE FOCUSED SPOTS BEHIND THE 

THREE LAUE LENSES REPRESENTS THE PROJECTION OF THE THREE-POINT SOURCES PLACED AT 5 MM FROM CENTRE TO CENTRE, 
PITCH WERE SET TO ZERO.................................................................................................................................. 187 

FIGURE 6.39 3D XY SLICE OF THE RECONSTRUCTED IMAGE FOR AN ARRAY OF LENSES AND THREE-POINT SOURCES. THE SPHERES 

WERE NOT PROPERLY RECONSTRUCTED, AND NO USEFUL INFORMATION WAS RECONSTRUCTED. ................................... 187 
FIGURE 6.40 PIXELATED PROJECTION IMAGES GENERATED FROM THE GAMOS DETECTOR HITS. THE X-AXIS REPRESENTS THE 

COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE PIXELATED PROJECTION IMAGE. THE STEP ANGLE IS 10° 

BETWEEN EACH FRAME. ................................................................................................................................... 189 
FIGURE 6.41 3D RECONSTRUCTION OF THE GENERATED GAMOS HITS. (A) 2D YZ SLICE OF THE 3D RECONSTRUCTED IMAGE, (B) 

2D XY SLICE OF THE 3D RECONSTRUCTED IMAGE, (C) 2D XZ SLICE OF THE 3D RECONSTRUCTED IMAGE. THE X AND Y 

MEASUREMENTS ARE IN MM. ............................................................................................................................ 190 
FIGURE 7.1 ACTUAL LAUE LENS DESIGN WITH SEVEN RINGS. THE WHITE SPACES, INNER RADIUS RMIN AND OUTER RADIUS RMAX 

ARE NOTED .................................................................................................................................................... 203 
FIGURE 7.2 SIMPLIFIED LAUE LENS REPRESENTED AS A TUBE WITH INNER AND OUTER DIAMETERS (NOTED). THERE ARE NO EMPTY 

SPACES BETWEEN THE MINIMUM AND MAXIMUM LENS RADII. ................................................................................ 203 
FIGURE 7.3 LENGTH OF THE CRYSTALS ALONG THE RADIAL DIRECTION WITH RESPECT TO THE LENS (LENSLRAD) AND LENGTH OF THE 

CRYSTALS ALONG THE TANGENTIAL DIRECTION WITH RESPECT TO THE LENS (LENSLTAN). ............................................. 206 
FIGURE 7.4 PHOTON DISTRIBUTION AT THE LENS’ FOCUS. THE BLUE IS THE HALO, AND THE RED IS THE CENTRE. ........................ 208 
FIGURE 7.5 EXAMPLE COMPILING PROCESS ................................................................................................................... 212 
FIGURE 7.6 THE GUI OF THE GEANT4 LAUE LENS EXAMPLE. .......................................................................................... 213 
FIGURE 7.7 (A) THE GEOMETRY OF GEANT4 LAUE LENS EXAMPLE SHOWING THE LENS AND THE DETECTOR, (B) THE GUI FOR THE 

LAUE LENS SIMULATING ONLY THE DIFFRACTED PHOTONS. ..................................................................................... 214 
FIGURE 7.8 (A) GAMMA RADIATIONS FROM A TC99 POINT SOURCE DIRECTED TOWARDS THE LAUE LENS RINGS. THE YELLOW 

VOLUME IS THE SIDE VIEW OF THE LAUE LENS VOLUME, (B) DIFFERENT VIEWS FOR THE TRANSMITTED PHOTON, DIFFRACTED 

AND LAUE LENS VOLUME, (C) THE SPOT OF THE FOCUSED PHOTOS ON THE DETECTOR LANE. THE DETECTOR AND THE FOCUSED 

PHOTONS ARE MARKED WITH A RED ARROW, (D) SHOWS THE ZOOMED VIEW OF THE FOCAL SPOT ON THE DETECTOR PLANE 

FOR THE DIFFRACTED GAMMA RAYS AND THE TRANSMITTED RAYS............................................................................ 216 
FIGURE 7.9 NEMA NU-4 PHANTOM. ......................................................................................................................... 218 
FIGURE 7.10 (A) TOP AND BOTTOM VIEW OF THE ACTUAL SET UP OF THE INVEON SPECT 5-MWB-1.0 USED IN RESEARCH, (B) THE 

INVEON GEOMETRY DEVELOPED IN GEANT4, (C) THE PYRAMID PINHOLE HOLDER THAT IS ASSOCIATED WITH THE INVEON 5 

PINOLE COLLIMATOR, (D) ZOOMED VIEW FOR THE INVEON’S DETECTOR’S CRYSTALS. .................................................. 221 
FIGURE 7.11 INVEON SPECT (A) ENERGY HISTOGRAMS OF THE RECONSTRUCTED HITS, (B) WIDTH R3 OF THE RECONSTRUCTED 

HITS, (C) WIDTH OF PHI ANGLE OF THE RECONSTRUCTED HITS. ................................................................................ 222 
FIGURE 7.12 MULTI LENS-BASED SPECT DESIGN WITH THE LAUE COLLIMATOR INDICATED MODELLED IN GEANT4. ................ 223 
FIGURE 7.13 LAUE LENS/INVEON SPECT (A) ENERGY HISTOGRAMS OF THE RECONSTRUCTED HITS, (B) WIDTH OF R3 OF THE 

RECONSTRUCTED HITS, (C) WIDTH OF PHI ANGLE OF THE RECONSTRUCTED HITS. ........................................................ 224 



   

 

xxxiii 

 

FIGURE 8.1 THE TC99 FILLED WITH AIR AND ACTIVITY 109 BQ . THE RADIUS OF THE SPHERES IS 0.03 MM. SOLID (LEFT) AND 

WIREFRAME (RIGHT) VIEWS FOR THE SOURCE AND THE EMITTED GAMMA RADIATIONS. .............................................. 230 
FIGURE 8.2 LAUE LENS FEATURES ATTACHED TO PINHOLE VOLUME. .................................................................................. 232 
FIGURE 8.3 GEOMETRY OF THE SINGLE LENS-BASED SPECT AT DIFFERENT ROTATION ANGLES, SHOWING THE LENS AND THE 

DETECTOR. .................................................................................................................................................... 233 
FIGURE 8.4 GAMOS SCREEN GRAB SHOWING THE FOCUSED GAMMA RAYS AT DIFFERENT ROTATION ANGLES. FOR SOME REASON, 

GAMOS IS NOT WINDOWING THIS OUTPUT AND DISPLAYING IT ON TOP OF EVERYTHING. ........................................... 233 
FIGURE 8.5 (A) HITS SPOT ON THE DETECTOR PLANE, (B) ENERGY DEPOSITION OF THE X VS Y DIFFRACTED POINT ON THE PIXILATED 

DETECTOR PLANE. ........................................................................................................................................... 234 
FIGURE 8.6 (A) PIXELATED MAGE OF A TC99POINT SOURCES AND ONE LAUE LENS. THE X-AXIS REPRESENTS THE COLUMN INDEX, 

AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE PIXELATED PROJECTION IMAGE, (B) XY SLICE OF THE 3D 

RECONSTRUCTED IMAGE, (C) XZ SLICE OF THE 3D RECONSTRUCTED IMAGE. THE X AND Y MEASUREMENTS ARE IN MM. .. 235 
FIGURE 8.7 (A) SKETCH OF THE THREE-SPHERE PHANTOM, (B) WIREFRAME VIEW FOR THE THREE-POINT SOURCE AND THE 

RADIATIONS OF  TC99 FILLED WITH AIR AND ACTIVITY 109 BQ. THE RADIUS OF THE SPHERES IS 0.03 MM, AND THE 

DISTANCE BETWEEN THE SPHERES FROM CENTRE TO CENTRE IS 0.1 MM. .................................................................. 236 
FIGURE 8.8 ZOOMED VIEW OF THE HITS ON THE DETECTOR PLANE. ................................................................................... 236 
FIGURE 8.9 (A) PIXELATED IMAGE OF A TC99 THREE-POINT SOURCES AND ONE LAUE LENS. THE X-AXIS REPRESENTS THE COLUMN 

INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE PIXELATED PROJECTION IMAGE, (B) 3D RECONSTRUCTED IMAGE. 
THE X AND Y MEASUREMENTS ARE IN MM. ......................................................................................................... 237 

FIGURE 8.10 LAUE COLLIMATOR GEOMETRY WITH NINE LAUE LENSES. .............................................................................. 238 
FIGURE 8.11 GEOMETRY OF THE MULTI LENS-BASED SPECT AT DIFFERENT ROTATION ANGLES. ............................................ 238 
FIGURE 8.12 FOCUSED GAMMA RAYS AT DIFFERENT ROTATION ANGLES SHOW THE DIFFERENT FOCUSED BEAM’S DIRECTIONS 

DIFFRACTED TOWARDS DIFFERENT FOCAL POINTS OF DIFFERENT LENSES. .................................................................. 239 
FIGURE 8.13 TC99 ONE-POINT SOURCE RADIATIONS ARE DIRECTED TO THE NINE LAUE LENSES. ........................................... 239 
FIGURE 8.14 (A) PIXELATED IMAGE OF A TC99 ONE-POINT SOURCE FOR AN ARRAY OF NINE LAUE LENSES. THE X-AXIS REPRESENTS 

THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE PIXELATED PROJECTION IMAGE, (B) XY SLICE OF 

THE 3D RECONSTRUCTED IMAGE, (C) XZ SLICE OF THE 3D RECONSTRUCTED IMAGE. THE X AND Y MEASUREMENTS ARE IN 

MM. ............................................................................................................................................................ 240 
FIGURE 8.15 (A) PIXELATED IMAGE OF A TC99 THREE-POINT SOURCE FOR AN ARRAY OF NINE LAUE LENSES. THE X-AXIS REPRESENTS 

THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE PIXELATED PROJECTION IMAGE, (B) XY SLICE OF 

THE 3D RECONSTRUCTED IMAGE, (C) XZ SLICE OF THE 3D RECONSTRUCTED IMAGE. THE X AND Y MEASUREMENTS ARE IN 

MM. ............................................................................................................................................................ 242 
FIGURE 8.16 (A) MODELLED HEXAGONAL PINHOLES IN THE LEHR SPECT COLLIMATOR, (B) DEPTH OF THE HEXAGONAL TUBES OF 

PINHOLES IN THE LEHR SPECT COLLIMATOR, (C) MODELLED SYMBIA LEHR CAMERA HEAD. ..................................... 244 
FIGURE 8.17 (A) DIFFERENT ROTATION ANGLES FOR THE SYMBIA LEHR CAMERA HEAD, (B) THE TC99SOURCE RADIATIONS 

DIRECTED TOWARDS THE PARALLEL HOLE. ........................................................................................................... 245 
FIGURE 8.18 (A) TRANSMITTED RADIATIONS TO THE DETECTOR PLANE, (B) SPOT OF THE RECONSTRUCTED HITS ON THE DETECTOR 

PLANE. ......................................................................................................................................................... 246 
FIGURE 8.19 (A) PIXELATED PROJECTION IMAGE OF THE LEHR SPECT USING A  TC99 THREE-POINT SOURCE AND COLLIMATOR 

THICKNESS 24 MM. THE X-AXIS REPRESENTS THE COLUMN INDEX, AND THE Y-AXIS REPRESENTS THE RAW INDEX OF THE 

PIXELATED PROJECTION IMAGE, (B) PIXELATED PROJECTION IMAGE OF THE LEHR SPECT USING A  TC99 THREE-POINT AND 

COLLIMATOR THICKNESS 100 MM, (C) 3D RECONSTRUCTED IMAGE FOR THE THE 24 MM COLLIMATOR THICKNESS. THE X 

AND Y MEASUREMENTS ARE IN MM. .................................................................................................................. 247 

 

 
 



   

 

xxxiv 

 

Glossary 
The following is a list of nomenclature and abbreviations used throughout this 

thesis; most symbols do not have exclusive definitions as they are re-defined in context when 

necessary. 

Firstly, the Nomenclature: 

Symbols in straight bold are vector or matrix quantities whereas scalars and functions are in 

italics. The symbols are listed in approximate order of appearance in the text. 

Symbol  Description 

𝑰𝟏𝟐𝟑   Iodine -123 

𝑻𝒄𝟗𝟗   Technetium 99 

𝑭𝟏𝟖   fluorine-18 

𝑪𝟏𝟏   Carbon-11 

𝑵𝟏𝟑   Nitrogen-13 

𝑶𝟏𝟓   Oxygen-15 

𝑵𝒂𝑰(𝑻𝑰)   Thallium-doped Sodium Iodide 

𝑪𝒔𝑰(𝑻𝑰)   Thallium-doped Cesium Iodide 

𝒅   Pinhole diameter 

𝒉   The separation between the sensor plane and pinhole array 

𝑹𝒈    Collimator's Geometrical resolution 

𝝁𝑪𝒊   Microcurie 

𝑩𝒒   Becquerel 

𝒌𝒆𝑽   
kiloelectronvolt, the unit of energy used in atomic and nuclear 

physics  

𝒑(𝝎)   Fourier transform 

𝜽𝑩   Bragg's angle 

𝑷(𝒔)   The projection image  

 𝒇(𝝎𝒙, 𝝎𝒚)   2D Fourier transform 

𝒇   Focal length of the lens 

𝒁𝒇   The depth  

𝑳𝒔   The distance between the lens and the source 

𝑳𝒅   The distance between the lens and the detector  

𝑴   Magnification  

𝒕   Thickness 

𝒅𝒉𝒌𝒍    The distance between atomic planes 

𝝀   𝝀 is the monochromatic light wavelength, 

𝒉, 𝒌, and 𝒍   The planes' Miller indices of the Laue lens 

𝒏   The diffraction order 
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𝒅   The distance between consecutive atomic layers 

𝜽𝟐𝑰𝒏𝒄𝒊𝒅𝒆𝒏𝒕
   The angle between the diffracted beam and the crystalline 

planes that cause diffraction 

𝑷𝒊𝒙𝒆𝒍 𝑳𝒐𝒄𝒂𝒕𝒊𝒐𝒏𝑹𝒆𝒄𝒐𝒏𝒔𝒕𝒓𝒖𝒄𝒕𝒆𝒅
  The pixel location of the phantom in the reconstructed images  

𝒙   The minimum resolvable distance between two points 

𝒈   The recorded image 

𝑮   The Fourier transform of image  

𝒇   The input truth object 

𝑭   Fourier transform of 𝑓. 

𝒉   The PSF of the imaging instrument 

𝑯   Fourier transform of ℎ.  

𝑵   The number of detector modules 

𝑾   The width of each module 

𝑭   The distance between the source's center and the Laue lens 

module 

𝒅𝒊𝒓𝑿, 𝒅𝒊𝒓𝒀, 𝒅𝒊𝒓𝒁   The initial direction of the photons. in X, Y, and Z directions 

𝒂𝒛𝑺
   The azimuthal angle in a spherical coordinate 

𝒑𝒐𝒍𝑺
   The polar angle in a spherical coordinate 

𝒙𝑰𝒏𝒕𝒆𝒓, 𝒚𝑰𝒏𝒕𝒆𝒓, 𝒛𝑰𝒏𝒕𝒆𝒓  The interaction points with the lens in X, Y, and Z coordinates  
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Next, the Abbreviations: 

Abbreviation  Description 

ADC  Analogue to Digital Conversion  

CNR  Contrast-to-Noise Ratio 

DNA  Deoxyribo Nucleic Acid 

2D  Two Dimensional  

3D  Three Dimensional 

SPECT  Single Photon Emission Computed Tomography 

LOR  Line of Response 

CT  Computed Tomography 

cc  Cubic centimeter 

ROD  Rate of Dos 

FBP  Filtered Back Projection  

FOV  Field of View  

FWHM  Full Width at Half Maximum 

GAMOS  GEANT4-based Architecture for Medicine Oriented Simulations  

GEANT  GEometry ANd Tracking 

LEHR  Low-energy, High-resolution 

MRI  Magnetic Resonance Imaging 

MATLAB  MATrix LABoratory 

NEMA  National Electrical Manufacturers Association 

Na(TI)  Sodium Iodide 

PMT  Photomultiplier Tubes 

PSPMTS  Position sensitive Photomultiplier Tubes 

PET  Particle Emission Tomography 

PSF  Point Spread Function 

ROR  Radius of Rotation 

SNR  Signal to Noise Ratio 

MPH  Multi-pinhole  

MPI  Myocardial perfusion  

ROI  Region of interest 

MC  Monte Carlo 

LM-OSEM  List-mode ordered-subsets expectation- maximisation 

OSEM  Ordered subset expectation maximization 

ART  Algebraic reconstruction technique 

SAI  Small animal SPECT imaging 

CZT  Cadmium Zinc Telluride) detector 

CA  Coded aperture 

ESA  European Space Agency  

JDA  Japanese Space Agency 

SARIS  Small animal radionuclide imaging system  

TPS  Treatment planning systems 

VRT  Variance reduction techniques  

MLA  Micro Lens Array  
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LSPECT  Lightfield SPECT 
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1. Introduction 

In today's technological environment, sophisticated instrumentation and imaging 

systems have evolved into formidable instruments. Technological advances, quick data 

processing, image reconstruction, and pattern recognition have permitted the introduction of 

advanced research techniques that are now utilised in numerous scientific disciplines and 

application sectors. A significant number of technical innovations were initially generated in 

particle physics but have now extended to astrophysics, medicine, biology, and materials 

science, amongst other application disciplines, and of course, nuclear imaging [1].  

Imaging in nuclear medicine is a blend of numerous fields. These disciplines include 

chemistry, physics, mathematics, computer technology, and medicine. Nuclear medicine is a 

subspecialty of medicine in which radioactive chemicals are administered to patients for the 

purposes of diagnosis or treatment. Contrast this with the application of radiation in 

conventional radiology and radiotherapy, when it is often introduced from outside the body. 

Since its inception in the 1950s, it has progressed to the point where nuclear medicine 

departments can be found in most big and medium-sized hospitals [2]. In a nuclear medicine 

scan, a radiopharmaceutical is injected into the patient, and a radiation-detecting imaging 

device is used to detect biochemical changes inside the body. In contrast to imaging 

techniques that principally characterize anatomies like conventional ultrasound (US), 

computed tomography (CT), or magnetic resonance imaging (MRI); nuclear medicine 

imaging can provide crucial quantitative functional information about living subjects' normal 

tissues or disease conditions [3]. Nuclear imaging modalities such as positron emission 

tomography (PET) and single-photon emission computed tomography (SPECT) excel at 

depicting the biological function of the tissue. Unlike structural imaging techniques, they 

provide functional diagnostic information about brain tumours, stroke, neurodegenerative 
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disorders, epilepsy, cortical vision loss, and migraine. SPECT and PET can measure a wide 

range of biological activities and is cost-effective to operate. SPECT has been utilized 

extensively in evaluating stroke, subarachnoid haemorrhage, and head trauma [4]. SPECT 

and PET imaging emerged around the same time in the late 1970s. SPECT cameras, which 

were based on modified gamma cameras that could gather 360° of data and spin around the 

patient, rapidly found a place in medical imaging [5]. 

SPECT is a constantly developing discipline, and in the past few years, both its 

hardware technology and image-processing techniques have evolved substantially. There 

have been advancements in scintillators, photon transducers, and the availability of 

semiconductor technology at the component level. These technologies allow the production 

of smaller, more compact systems that can be tailored to specific purposes [6]. Improved 

methods for detecting the intensity, position, and timing of counts emitted by injected 

radiopharmaceuticals invariably lead to further advancements in the accuracy, safety, and 

convenience of the SPECT modalities. However, the efficiency and performance parameters 

of SPECT imaging are limited by the reliance on mechanical parallel-hole collimators, which 

results in low sensitivity and poor resolution [7]. For this reason, developing and adopting 

new technologies is necessary to improve SPECT imaging performance [8, 9]. 

This chapter discusses the research challenges associated with conventional SPECT 

imaging systems. This is followed by a detailed introduction to nuclear medicine imaging, 

including the two most common modalities, SPECT and PET. A brief introduction to optical 

light-field imaging is also provided, as its X-ray counterpart would have implications for the 

future of SPECT with the availability of an X-ray focusing element. The statement of the 

problem and study motivation for addressing the current SPECT limitations is clearly 

identified. Finally, the research contributions to knowledge are presented.  

This chapter is structured as follows: Section 1.1 introduces nuclear medical 

imaging and its history. Section 1.2 discusses the technical pitfalls and limitations of 

collimator-based SPECT. Section 1.3 presents the lightfield imaging concept and relates its 

association with new imaging trends in SPECT with this thesis' objective. Sections 1.4 and 

1.5 state the research objectives and the study's contributions, respectively. Finally, Section 

1.6 describes the thesis organization.  
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1.1 Nuclear Medical Imaging 

Nuclear medicine is the study and use of radioactive materials in diagnosing and 

treating human diseases. In the early 1920s, Georg Karl von Hevesy was the first to formulate 

the "tracer principle". The tracer concept studies the in vivo disposition of chemicals utilising 

trace amounts of non-pharmacologically active radioactive tracers. Today, externally 

sensitive imaging equipment is utilised to research many facets of physiology, including 

cellular metabolism, DNA (deoxyribonucleic acid) proliferation, blood flow in organs, organ 

function, receptor expression, and aberrant physiology utilising the same approach [10, 11]. 

Nuclear medicine is function-based. Because of this, it is known as functional imaging. 

Unlike X-ray imaging in radiology, nuclear medicine scans usually show the whole-body 

distribution of the radioactive chemical by acquiring a series of images over time representing 

the spatiotemporal distribution of the radiotracer inside the body [10]. 

The scientific findings during extensive research and technology advancements 

over the past six decades have altered the practice of medicine and laid the groundwork for 

the future of nuclear medicine and molecular imaging [12, 13]. Moreover, they produced 

various nuclear medicine applications that have significantly enhanced patient care. Nuclear 

medicine has expanded to become a $1.7 billion industry as nuclear medicine technologies 

and therapies have become indispensable to numerous medical subspecialties [14]. Today, 

nuclear medicine offers diagnostic, prognostic, predictive, and intermediate endpoint 

biomarkers in oncology, cardiology, neurology, and infectious and inflammatory disorders 

[12, 15]. Single Photon Emission Computed Tomography (SPECT) scans, and Positron 

Emission Tomography (PET) scans, are the two most prevalent imaging modalities in nuclear 

medicine [16]. 

1.1.1 History of Nuclear Imaging    

Blumgart and his colleague Otto C. Yens modified the cloud chamber to measure 

the arm-to-arm circulation time of blood in 1925, marking the beginning of nuclear medicine 

instrumentation [17]. They employed a blend of beta- and gamma-emitting radium decay 

products. Blumgart suggested several assumptions for constructing a detector or measuring 

technique that continue to hold in comparison to current requirements: the approach must be 

objective, non-invasive, and capable of automatically measuring the arrival of the drug [17, 
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18]. In 1951, Benedict Cassen created the rectilinear scanner to record the distribution of 

accumulated radioactivity in the human body [19]. 

In 1953, Hal Anger designed the first camera using a photographic X-ray film in 

contact with a NaI(Tl) intensifying screen. He projected the distribution of gamma rays onto 

the scintillation screen using pinhole collimation with a modest detector size. Initially, the 

camera was employed to scan patients who had 131I therapy [20]. The limited field of vision 

of the imaging equipment was the drawback of this prototype. In addition, good image quality 

was difficult to achieve without high doses and lengthy exposure durations. In 1958, Anger 

devised the first effective scintillation camera, which he named after himself, the Anger 

camera. Using a NaI(Tl) crystal, photomultiplier tubes (PMTs), and a broader field of view, 

he was able to significantly improve the detection efficiency [21, 22]. While most modern 

and commercially available gamma cameras are primarily based on Anger's original concept 

of employing sodium iodide crystals, successful new imaging systems are emerging to meet 

specialised imaging requirements or to improve image quality and diagnostic accuracy [23, 

24]. 

1.1.2 Positron Emission Tomography (PET) 

Positron Emission Tomography (PET) is a fundamental imaging modality within 

the field of nuclear medicine. It quantitatively measures biochemical and physiological 

processes in vivo by employing radiopharmaceuticals labelled with positron-emitting 

radionuclides such as 𝐶11, 𝑁13, 𝑂15, and 𝐹18 [25, 26]. PET employs a positron-emitting 

radionuclide tracer isotope that, on decay, emits a positron, the antiparticle to an electron, 

from its nucleus. This positron instantaneously collides with an electron in the medium, 

producing two gamma ray photons with opposite momentums [27], as depicted in Figure 1.1, 

which is called annihilation. It is the process by which particles and their corresponding 

antiparticles collide and are transformed into energy or other particles. When a particle 

collides with its antiparticle, it can mutually annihilate, converting its mass into energy, often 

in the form of high-energy photons (e.g., gamma rays) or other particles. The distance 

travelled by the positron is typically less than 2 𝑚𝑚, depending on the specific emission 

energy of the isotope and the tissue density. The annihilation generates two 511 𝑘𝑒𝑉 photons 

that travel in opposing directions at the speed of light and are nearly 180 degrees apart. The 

PET scanner captures these photons by their near simultaneous detection by the crystal array, 
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thereby pinpointing the annihilation site. Therefore, PET scanners do not image the source 

of positron decay but rather the location of positron-electron annihilation [28, 29].  

 

Figure 1.1 Basic PET imaging principle: radionuclide decay, positron emission, multiple scattering, 

electron annihilation, and the generation of two collinear 511 keV photons [28]. 

Figure 1.2a, Figure 1.2b, and Figure 1.2c depict the overall procedure of the PET 

technology. The positron-labelled tracers are typically injected intravenously into the patient 

and distributed throughout the body, exchanging between blood and tissue, then binding or 

participating in metabolic reactions, i.e., becoming localised under physiological conditions 

and decaying exponentially over time. The 511 𝑘𝑒𝑉 photons leave the annihilation site, 

travel through the body, and are detected by the scanner in an ideal scenario. The patient is 

surrounded by a ring of scintillation detectors in the scanner. When one photon enters a 

detector, it generates a small amount of light that is magnified into an electrical signal and 

detected as one count. After getting a single count from one detector, the system waits for a 

few nanoseconds for a second single count to occur in another detector. If two single counts 

occur inside this specified time interval, the system pairs these photons and saves them as a 

coincidental occurrence. This coincidence indicates that the antihalation event happened 

somewhere along the line connecting the two single detections. The line between two 

detectors is known as the line of response. (When time-of-flight detection is utilised, the 

difference in arrival times pinpoints the location of the annihilation event to within 10 cm) A 

single line-of-response effectively monitors the integral of annihilations along a single line 

through the patient after collecting many photons [30]. These lines in a single trans-axial 
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plane are arranged according to their azimuthal and radial angles and recorded in a 2D matrix 

termed a sinogram (a single annihilation site will map a sine wave in the sinogram domain). 

The sinogram is the Radon transform of the object's annihilation distribution and is 

conceptually the same data space employed by all tomographic modalities [31, 32]. 

   
(a) (b) (c) 

Figure 1.2 The trans-axial illustration of a patient and a ring of detectors illustrate the forms of 

coincidental incidents. (a) True coincidence, (b) Random (accidental) coincidence, (c) Scattered 

coincidence. In the second two situations, the annihilations represented with solid black dots do not 

occur along the identified line-of-response, resulting in increased systemic noise in the data [28]. 

The term pharmaceutical refers to any chemical compound intended for disease 

diagnosis, treatment, or prevention. Radiopharmaceuticals are medications that have been 

tagged with a radionuclide [33]. These radiopharmaceuticals are employed as tracers in 

nuclear imaging to diagnose and treat various diseases. Several tracers are utilised in various 

biochemical, pharmacological, and biophysical pharmacological processes in live organisms. 

Clinical applications of such tracers include neurology, cardiology, and cancer. Tracers 

utilised for PET imaging must meet particular characteristics, such as possessing a high 

specific activity. Specific activity refers to the activity per unit mass of a particular 

radionuclide. The most effective clinical PET radiopharmaceutical is the glucose analogue 

𝐹18 Fluoro-2-deoxyglucose (F18-FDG). 𝐹18  accumulates at high levels in metabolically 

active malignancies in the brain and myocardial tissue [34]. Even though the half-life of 

𝐹18 is only 110 minutes, it is available in unit doses wherever one has access to a cyclotron 

facility. Other PET radiopharmaceuticals potentially having a substantial clinical impact 

include deoxy-𝐹18  fluorothymidine (FLT) for tumour imaging, 𝐹18  fluorocholine for 

prostate cancer, 𝐹18 fluoradopa for brain receptor imaging, and 𝑁13 ammonia for cardiac 

perfusion imaging [28, 35-38]. 
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PET neuroimaging is based on the mechanism in which a highly radioactive area is 

correlated with increased brain activity, and that activity is quantified indirectly by the blood 

flow to various sections of the brain, which is generally assumed to be correlated with the 

uptake of the radiotracer O15 [39, 40]. PET scanners are composed of multiple rings of 

detector elements, which may or may not be split by thin annular rings or septa of photon-

absorptive material, often tungsten, which allow collimation. All data is collected in 2-

dimensional slices between septa using collimation. This acquisition technique is referred to 

as 2D despite the fact that the reconstructed image stack provides 3-dimensional information 

about the tracer uptake throughout the patient [41]. 

One of the essential aspects of a PET scanner is its sensitivity. It is a measure of the 

proportion of the annihilation gamma rays identified and validated by the system during the 

scan. Consequently, it affects the amount of radiotracer that must be administered to the 

patient and the duration of the imaging operation to get a quantitative and qualitative image. 

In modern clinical PET scanners, the axial coverage is approximately 25 𝑐𝑚, while the 

diameter is about 70 𝑐𝑚 [42]. The scanner's field of view (FOV) is defined by the solid angle 

covered by the detector rings. As a result of the isotropic emission from the tracer, a 

significant number of gamma rays escape this restricted FOV and are therefore lost. 

Furthermore, due to the detection effectiveness of the scintillator and the photodetectors, not 

all photons that reach the detector rings are registered. Coincident events pose a source of 

ambiguity. In addition to actual coincidences, it is possible to measure scattered, random, and 

numerous coincidences [42, 43]. The decision of whether to accept or reject these events is 

based primarily on the system's coincidence time window (to eliminate randoms) and energy 

resolution (to dismiss scattered events). Still, these filters accept some dispersion and 

unintentional coincidences, resulting in inaccurate positioning information and a reasonably 

homogeneous background that contributes to a contrast reduction [43, 44]. Multiple 

coincidences involving the simultaneous detection of three or more photons are typically 

detected directly [45]. 

The operational cost of PET scanners is one of its major downsides [46]. Moreover, 

in terms of the limitations of these imaging methods, it is possible, albeit uncommon, for 

radiopharmaceutical-induced allergic reactions to develop, causing mild pain and redness 

that normally decrease rather quickly [47]. Moreover, PET scanners may not be widely 
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available due to the need for a cyclotron facility nearby to create the short-lived radionuclides 

[48]. 

1.1.3 History of PET 

In 1951, two independent reports on the potential medical applications of coincident 

detection of positron absorption were published. Wrenn et al. from Duke University 

recommended the use of coincidence detection [49]. At the same time, Sweet from Boston 

University mentioned it in a more general report on the use of nuclear disintegrations in the 

diagnosis and treatment of brain cancers [50]. Brownell and Sweet from Massachusetts 

General Hospital (MGH) published in 1953 a comprehensive article on implementing the 

coincidence detection method for localising brain tumours. A pair of sodium iodide detectors 

were positioned on either side of the head and scanned rectilinearly to determine the 

radioactivity distribution [51]. 

The objective was to scan the distribution of the positron emitter, which leaks 

through the blood-brain barrier disruption induced by the tumour. In 1961, a group at the 

Brookhaven National Laboratory created a head-encircling ring of 32 sodium iodide-based 

coincidence detectors [52]. Anger, who devised the gamma camera at the Donner Laboratory 

of the University of California, Berkeley, utilised it in conjunction with a reference detector. 

In the late 1960s, the MGH team led by Brownell created the hybrid scanner by building 

static two-dimensional (2-D) arrays of individual coincident detectors to image the brain [53, 

54]. The image was captured with substantially greater sensitivity, albeit predominantly two-

dimensional, compared to a single pair of scanning probes. In the early 1970s, the MGH team 

created a positron camera with a 27 − 30 𝑐𝑚 field of vision. Unique to the system created 

by Burnham and Brownell was a coding scheme that enabled smaller sodium iodide crystals 

to be encoded by fewer, larger photomultipliers, hence decreasing cost and enhancing spatial 

resolution [55]. 

Chesler rotated the MGH positron camera to acquire several views, which were 

subsequently filtered and back projected to generate trans axial tomographic images. Chesler 

also captured a transmission image using an external source of 𝐺𝑎68, which provided an 

accurate attenuation correction for each line-of-response between coincidence detectors for 

each projection. This allowed us for avoiding distortion in the 3D reconstructed image and 

the derivation of quantitative tissue radioisotope concentration estimates. In 1971, he 
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presented this method for the first time at the 18th annual meeting of the Society of Nuclear 

Medicine in Los Angeles, California [56]. And in 1972, at a meeting on tomographic imaging 

in nuclear medicine, the proceedings of which were published in 1973. He compared his 

computational method for eliminating out-of-plane activity with traditional tomography, in 

which the activity was blurred but not eliminated [57]. 

In St. Louis, Missouri, around 1974, TerPogossian, Phelps, Hoffman, and Mullani 

re-evaluated the physical properties of a positron tomograph to ensure the ability to quantify 

regional concentrations of the tracer in tissue. This was the next significant advancement in 

instrumentation. They concentrated on optimising the physical design of the scanner to limit 

the registration of unwanted coincidences and scattered events, as well as dead time losses 

caused by the high flux of incident gamma rays on the detectors. To overcome these 

obstacles, a hexagonal array of sodium iodide scintillation detectors was built around a single 

trans axial plane and shielded with substantial side shielding. Similar to the MGH positron 

camera, apertures made of lead were installed before each detector to improve spatial 

resolution. To ensure proper sample inside the plane, they also adopted the MGH group's 

technique of physically moving the detector heads one inter crystal distance in discrete stages 

and slowly rotating the assembly around the trans axial plane [58, 59].  

The St. Louis team demonstrated the ability to conduct quantitative measurements 

of the restricted tissue content of a positron-emitting radionuclide by minimising the impact 

of scattered coincidences acquired in their scanner design [60, 61]. These quantitative 

measurements have proven to be a significant characteristic of PET, where tissue uptake 

obtained from image voxels can be measured in absolute units of radioactivity. This can be 

accomplished by cross calibrating a phantom filled with radioactive fluid that is scanned in 

the scanner and aliquot samples taken from the phantom that is quantified in a well-counter 

or dose calibrator.  

The most significant advantage of PET imaging over SPECT is its substantially 

better sensitivity. In SPECT, physical collimators reject photons outside a narrow angular 

range to estimate the incidence angle [62]. Both techniques have seen setbacks in recent years 

due to radiopharmaceutical supply issues, and both have advantages and disadvantages. The 

question of which modality will dominate in the future remains unanswered. However, the 

operational costs of PET scanners are one of the major downsides [46]. In addition, PET's 

application is constrained by the expensive supporting infrastructure. This includes the 
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requirement for an on-site cyclotron to produce positron emitters with a short half-life. 

Moreover, the imaging process is lengthy [47]. The benefit of SPECT is that it can conduct 

investigations over a more extended period due to more widely available equipment and 

routinely used radionuclides having a longer half-life [63]. 

1.1.4 Single Photon Emission Computed Tomography (SPECT) 

Single Photon Emission Tomography (SPECT) is a well-established, non-invasive 

nuclear medicine imaging modality frequently used in hospital studies to diagnose diseases. 

Cardiology, cancer, and neurology are the most significant diagnostic applications of SPECT. 

SPECT can noninvasively visualise and analyse metabolic and functional processes 

prevailing in a particular organ [64, 65]. SPECT imaging has undergone significant 

transformations due to technological improvements and improved therapeutic alternatives. It 

has arisen not only as a diagnostic tool but also as a prognosis instrument that can provide 

information on myocardial perfusion, ventricular function, and viability from a single test. In 

contrast to PET, SPECT physics theoretically permits images with high spatial resolution and 

the capacity to track tracer uptake over extended time intervals, such as hours or days. Due 

to the short half-lives of most tracers, PET imaging lacks this quality. In contrast to PET 

scanners, dual tracer imaging is simply achievable using SPECT compounds and a gamma 

camera system combined with a multichannel analyser using SPECT compounds [64]. 

The administration of a modest amount of a radiolabelled tracer to a patient enables 

SPECT imaging to visualise both anatomical and physiological processes. Depending on its 

bio-kinetic qualities, this labelled tracer is dispersed throughout the body to reveal the 

functional status of the organ of interest [65, 66]. The acquisition period and the tracer dose 

influence the raw data count density, and the patient's body impacts attenuation and scatter. 

The detector and collimator characteristics influence the procedure's resolution and 

sensitivity. These physical and technical limitations degrade the obtained data, typically 

resulting in reconstructed images with pixel values that do not accurately represent the 

activity concentrations [64]. 

1.1.5  History of SPECT 

The discovery of radioactive elements marks the beginning of SPECT's history. The 

French physicist Antoine-Henri Becquerel's ground-breaking innovation on X-ray and the 
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discovery of radiation laid the groundwork for numerous early twentieth-century scientific 

studies. In 1896, he discovered hazy apparitions on a photographic plate held near non-

phosphorescent uranium salts. Then, he discovered that this was the result of radiation 

emanating from uranium salts [67]. Nevertheless, the term radioactivity was coined by 

Becquerel's PhD student Marie Curie, who, along with her husband Pierre Curie, began 

researching this phenomenon. In 1903, due to their contributions to the discovery of 

radioactivity, the trio was awarded the Nobel Prize in Physics. Marie Curie was awarded the 

Nobel Prize in Chemistry in 1911 for her contributions to the study of radioactivity. The 

Hungarian physicist George de Hevesy established the concept of radioactive tracing. It is 

based on the theory that because the human body cannot discriminate between radioactive 

and nonradioactive isotopes of an element at the molecular level, the radioactive isotope can 

reach the same organs as the element itself [68, 69]. Hevesy's innovative test contains 

growing a plant in a radioactive solution and tracking the radioactive solution to examine the 

plant's progress. Following his ground-breaking work, he discovered that radioisotopes could 

pass through physiological processes like any other molecule. He also observed that the plant 

absorbed only the amount of lead it needed. He realised that absorption is highly selective as 

a result. His concluding observations from this experiment concerned the durability of lead, 

which did not last forever and deteriorated at a definite rate [45]. Irene and Frederic Joliet-

Curie created the first synthetic radioisotopes in 1934 by blasting nuclei with high-energy 

atomic particles. In 1935, they received the Nobel Prize in Chemistry for this achievement. 

After discovering new radioactive elements, Hevesy's study revealed that radioisotopes could 

also be localised in specific animal organs. This unconventional research paved the way for 

current nuclear medicine applications, for which he was awarded the Nobel Prize in 

Chemistry in 1943 [70]. 

Ernest Lawrence, the American physicist who developed the cyclotron, who was 

awarded the 1939 Nobel Prize in Physics, conducted additional pioneering work in 

developing biologically relevant radiotracers at the University of California, Berkeley. 

A cyclotron is a particle accelerator that produces high-energy particles to bombard 

material to produce isotopes [71]. In pursuing this breakthrough, his colleagues produced 

many of the most prevalent radiotracers used in nuclear medicine today, including 

Technetium-99m (𝑇𝑐99). The discovery of 𝑇𝑐99 by Seaborg and Serge in 1938 inaugurated 

the age of SPECT imaging [72]. Radioisotopes were initially used for therapeutic purposes, 

but their use was limited by the unavailability of detecting methods for high-energy photons 
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[58]. During the golden period of nuclear medicine, the most prevalent and rudimentary 

technology was planar imaging. Hofstadter's 1948 discovery of the NaI(TI) scintillation 

crystal, the scintillator most commonly employed in SPECT systems today, was a 

significant event. In 1949, the first image using an isotope was captured by a CaWO4 

scintillator [73, 74]. The first focused collimators were introduced in 1952, and the first 

positron annihilation image was published in 1956 [75, 76]. The development of an imaging 

device did not commence until 1951. American physicist Benedict Cassen's revolutionary 

invention of a scintillation scanner paved the way for imaging equipment, where he 

demonstrated the dispersion of iodine radioisotopes throughout the thyroid gland [77]. In 

1953, physicist Gordon Brownell and physician William Sweet created a detector that could 

catch gamma ray photons that were captured in synchronicity. This finally paved the way 

for another imaging approach in nuclear medicine, PET, which was already discussed [51, 

78]. In 1954, David Kuhl devised a photo-recording scanner to detect the radiotracers' 

distribution. He made the first of many contributions to the field of medical imaging 

through this breakthrough [79]. 

Kuhl was among the first to develop a SPECT system based on a stationary 

scanner location and patient rotation [80]. This system was equipped with a computer for 

data processing and revolving scanners, while the patient's position remained stationary. 

This method led to the development of the modern SPECT scanner. While there is no 

definite inventor of the first SPECT machine, Kuhl is undoubtedly credited for its invention 

[81]. Based on the collimator and scintillation detector advancements, modern SPECT 

scanners have come a long way since their invention in the late 1950s. 

1.1.6  Physics of SPECT 

SPECT acquisition of the projection images is accomplished by rotating a gamma 

camera around the patient while collecting information into the digital matrix of a computer 

from all sampled angles. According to CT theory, just 180° of arc of projection views are 

necessary for accurate reconstruction [82]. However, the nuclear medicine gamma camera is 

not an ideal imaging technology; competing viewpoints are not identical. First, as the distance 

between the gamma camera and the subject being imaged increases, the camera's resolution 

declines. Second, a portion of Compton scatter is interpreted as photopeak gamma rays due 

to the camera's limited energy resolution. Thirdly, a part of an object's produced gamma rays 

is attenuated (absorbed) when they pass through an attenuating medium, such as a patient. 
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This phenomenon varies based on the attenuating medium's depth between the item and the 

gamma camera. Opposing projection views in clinical SPECT will never be identical. 

Therefore, most SPECT investigations require a full 360° rotation for accurate reconstruction 

[83]. 

1.1.7  SPECT Radiotracers 

Radioactive decay is the natural process through which the nucleus of an unstable 

nucleus loses energy by the spontaneous emission of ionising radiation [84]. Radioactive 

decay modes include alpha decay, beta decay (divided into beta-minus and beta-plus decay), 

gamma decay, electron capture, and isomeric transition decay. These phenomena are critical 

in nuclear science and have practical applications in fields such as radiotracer studies and 

medical imaging  [85]. Radionuclides or radioisotopes are unstable atoms exhibiting the 

property of radioactive decay and can be naturally occurring or artificially produced. 

Technetium-99m is one of the most frequently used radioisotopes in SPECT. It decays to 

technetium-99 via the emission of gamma rays of 140 𝑘𝑒𝑉 of energy. Technetium-99m 

(𝑇𝑐99) is usually produced by the longer-lived molybdenum-99 permitting on-site 

availability of the isotope for medical use [86]. Table 1.1 shows the typical radiotracers used 

in diagnostic nuclear imaging.  

Table 1.1 The radioisotopes used in Nuclear Imaging for Diagnostic purposes. 

Nuclide Radiotracer 
Decay 

Mode 
𝑻𝟏

𝟐⁄  Energy 𝒌𝒆𝑽 Modality Function 

𝑇𝑐99 NaTcO4 IT 6.02 h 140.5 SPECT General purpose 

𝐺𝑎67 
Ga citrate, Ga 

nitrate 
EC 78.3 h 93, 185, 300 SPECT Tumour detection  

𝐼𝑛111 I salt EC 67.8 h 171, 245 SPECT Brain study  

𝐼123 NaI EC 13.2 h 159 SPECT Thyroid study  

𝑇𝑖201 Tl salts EC 73.1 h 135,167 SPECT 

Diagnosis of 

coronary artery 

disease 

𝐹18 
FDG, F-

DOPA 
𝛽+ 109 min 511 PET Oncology  

𝑂15 O2, CO2, CO 𝛽+ 2 min  511 PET Neurology  

𝐶11 
CO2, CO, 

HCN, CH3I 
𝛽+ 20.4 min 511 PET Cardiology  

𝑁13 NH3 𝛽+ 10 min 511 PET Cardiology  
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1.1.8 Single Photon Detection: Data Collection   

A gamma camera with single or several detector heads is utilised to detect photons 

emitted by the radiotracer. The active component of the detector head is typically 

a scintillation crystal capable of capturing incident photons not absorbed by the material of 

the physical collimator placed in front of the crystal [84, 87]. A collimator is made from lead 

or tungsten with a high probability of photon contact and many holes to restrict photon access 

to the direction parallel to the holes. Photons arriving at the collimator from other directions 

have an extremely high possibility of being absorbed by the collimator's septa [88]. Figure 

1.3 shows the process of photon detection [81]. 𝑋 and 𝑌 represent the position signals and 

𝑋𝑑 and 𝑌𝑑are the detected positions in the projection image as the output of PMTs. As photons 

are emitted from regions of radiopharmaceutical uptake at various depths within the body, 

they may experience a variety of interactions with matter. Consequently, photons will reach 

the gamma camera detector heads either unimpeded or after being deflected from their initial 

emission direction [84]. Only photons that reach the detector in directions parallel to the 

collimator's holes will interact with the crystal, resulting in the crystal's ionisation. An 

appropriate crystal material must have a high interaction probability with incident photons. 

Typically, sodium iodide doped with thallium, NaI(TI), is used in gamma cameras. As a 

scintillation crystal, NaI(TI) has suitable properties for high efficiency in detecting photons 

in the energy range used in conventional nuclear medicine. In contrast, other materials may 

be better suited for detecting higher energies, such as the 511 𝑘𝑒𝑉 annihilation photons in 

PET [7, 89].  

 

Figure 1.3 The gamma camera diagram and the process of photon detection [84]. 
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De-excitation of the scintillation crystal happens by the emission of lower energy 

visible light photons, which can be detected by the photomultiplier tubes (PMTs) positioned 

behind the crystal. PMTs are devices that can transform scintillation light into an electrical 

pulse. The photocathode of the PMT converts the scintillation light from the crystal into 

electrons. These electrons will be accelerated by the electric potential between the metallic 

anodes of the PMT, causing gradually more electrons at each anode, thereby amplifying the 

initial signal into an electric pulse that the gamma camera's electronics can detect. The pulse 

processing by the system's electronics will determine the energy and position of the incident 

event, its acceptance within the predefined energy window and, following analogue to digital 

conversion (ADC), the event's coordinates inside the image matrix [7]. The calculation of the 

finer 𝑥, 𝑦 coordinates from the coarser PMT array typically involves a technique known as 

"position reconstruction." In particle physics, PMT arrays are frequently utilized to detect 

and measure the energy and position of particles such as electrons, photons, and ions. When 

a particle passes through a material, the PMT array produces and detects a cascade of photons. 

Each PMT produces a signal proportional to the number of particles it detects [90]. The 

signals from all PMTs are then combined to create the aggregate signal. Using a mathematical 

algorithm, the signals from the PMTs are analysed to determine the position of the particle. 

A prevalent technique is known as ”centroiding”. This requires calculating the PMT signals' 

centre of mass in both the x and y directions. Consider the centre of mass to be the average 

location of all particles detected by the PMT’s. The mass centre can be determined using a 

weighted sum of the PMT signals. The weight ascribed to each PMT signal is proportional 

to its distance from the array's centre. PMTs closest to the array's centre are assigned a greater 

weight, while PMTs further away are assigned a smaller weight [91]. 

In Single Photon Emission Computed Tomography (SPECT), transverse images of 

the activity distribution within the body are derived from a series of planar projections 

acquired with the gamma camera from various angles around the patient [92]. Each planar 

image acquired at a specific camera rotation angle, known as a projection, provides all the 

details at each pixel regarding the integral of counts over the body. Typically, to create cross-

sectional images of the activity distribution throughout the body, a sequence of projection 

data over the whole rotation of the camera around the subject is necessary. This is 

accomplished using image reconstruction methods [84, 87, 93]. 
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1.1.9 SPECT Collimators  

Comparable to the range of lenses available for reflex cameras, the design of SPECT 

collimators is highly variable and must be suited to the imaging challenge at hand [94].  

Parallel Hole Collimators: The honeycomb is an ideal analogue for the most 

popular type of collimator, the parallel-hole collimator. Collimators are composed of several 

parallel channels that are generally long and narrow and arranged in a dense and regular 

lattice, as shown in Figure 1.4a. The channels are lengthy and narrow to confine the view of 

the imaged item from each detector element: Ideally, the detector should only observe the 

activity along a single straight line across the object through each channel. This is comparable 

to stating that activity in each portion of the object will only be imaged at a single position 

on the detector, as defined by how the collimator produces the object's projection. 

Scintigraphy (and, by extension, SPECT) derives its fundamental piece of information from 

the overall activity present along the line of response (LOR). This is quite similar to computed 

tomography, in which the essential data acquired is the total X-ray attenuation along the LOR 

formed by a detector element and the focal spot of the X-ray tube [92]. The collimator 

channels have a finite width and length; thus, photons from approximately parallel lines are 

detected. This has two consequences. First, because larger and shorter channels allow more 

photons to pass, sensitivity increases; this improvement enhances the counting statistics and, 

consequently, reduces image noise. Second, broader and shorter channels have a larger 

acceptance angle, meaning they loosely define the LORs, diminishing spatial resolution. This 

compromise leads to the initial design decision: high resolution or high sensitivity [94, 95]. 

Converging Collimators: Magnification is one of the most distinguishing 

characteristics of SPECT collimators. When all channels are parallel, the object is projected 

in parallel lines onto the detector. Therefore, the object's projection is the same size as the 

object. However, it is not the case if the collimator's holes converge, as shown in Figure 1.4b. 

The distance between the focal locus and the collimator is called the collimator's focal length. 

At the focal locus, magnification relies on the object's distance from the collimator and is 

greatest. Under typical circumstances, both fan and cone beam collimators amplify. In a fan-

beam collimator, magnification occurs along only one of the collimator's two dimensions, 

often the transverse direction, whereas a cone-beam collimator also magnifies along the axial 

dimension. 
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Diverging Collimators: The diverging collimator is designed in such a way that 

the holes diverge away from the crystal, as shown in Figure 1.5a. This can potentially increase 

the field of view but, by default, also reduces the image size. Diverging collimators are used 

to image objects whose size exceeds the field of view of a detector equipped with a parallel 

hole collimator. As it is a collimator with variable-angle holes, the field of view increases as 

the object moves away from the collimator. Also, resolution (depth) suffers a minor 

degradation and worsens as the distance from the collimator's face increases. The diverging 

collimator is utilised on smaller field-of-view cameras and is beneficial for imaging the lungs, 

liver, and bones [96]. 

      

(a) 

 

(b) 

Figure 1.4 SPECT collimators. (a) Parallel hole, (b) Converging [97].  

Pinhole Collimators: The pinholes function similarly to a pinhole camera (camera 

obscura). The pinhole produces a mirrored and inverted image of the object, which must be 

considered during image reconstruction. Only photons that can pass through the pinhole 

without being absorbed by the collimator are considered as incident. Pinhole collimators were 

the earliest designs; they are experiencing a resurgence because of the recent popularity of 

small animal imaging. Pinholes and cone-beam collimators share the same beam geometry, 

as shown in Figure 1.5b. A crucial distinction is that sensitivity is most remarkable, and the 
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field of view is lowest next to the collimator. Because a modest FOV is sufficient, these 

features have made pinholes particularly useful in imaging small animals [98, 99]. But they 

have limited their utility in human investigations. A noteworthy exception is the imaging of 

therapeutic dosages of I131 for which pinholes are particularly appealing because they can be 

fabricated from specific materials, and their geometry is more resistant to penetration than 

collimators based on septa [100, 101]. 

      

(a) 

 

(b) 

Figure 1.5 SPECT collimators. (a) Diverging collimator, (b) Pinhole collimator [97].  

Multi-pinhole Collimators: Recently, this technology has been refined to include 

multi-pinhole collimators, resulting in sensitivity gains that scale linearly with the number of 

pinholes. In these setups, each pinhole forms a projection on the detector’s plane. This 

method allows the acquisition of data with the exact resolution while increasing the overall 

sensitivity of the measurement. With multi-pinhole imaging, it is essential to ensure that the 

design of the collimator does not permit a considerable overlap of the projected data, or that 

processing software is available to compensate for the multiplexing effect of the overlapping 

images. Even with a sophisticated compensation algorithm, it is impossible to entirely 

eliminate all overlap artefacts for objects of all sizes inside the imaging field of view [102, 

103]. 
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1.2 Performance Parameters 

Sensitivity and resolution are critical performance parameters that underpin imaging 

quality and reliability. Sensitivity assesses the system's ability to detect and capture signals 

accurately, while resolution determines its capacity to distinguish closely spaced objects, 

especially relevant in fields like microscopy and radiology. These parameters form the basis 

for quantitatively evaluating the imaging system's capabilities [104].  

1.2.1 Sensitivity  

In nuclear medicine or PET imaging, sensitivity can be defined as the ratio of true 

counts detected by the system to the actual number of emitted gamma-ray events from a 

radioactive source: 

𝑠 =
𝑇𝑃

𝑇𝑃 − 𝐹𝑁
 

where Sensitivity (S) represents the measure of the imaging system's ability to 

correctly detect and capture true positive cases. True Positives (TP) are the cases where the 

imaging system correctly identifies and captures the signal or target of interest. False 

Negatives (FN) are the cases where the signal or target is present but not detected by the 

imaging system. 

1.2.2 Resolution 

Resolution in imaging can be defined in different ways, depending on the specific 

application and modality. One common aspect of resolution is spatial resolution, which 

focuses on the ability to distinguish between two closely spaced objects. It is often 

characterized by the Full Width at Half Maximum (FWHM) of the Point Spread Function 

(PSF). The FWHM represents the width of the PSF at half of its maximum intensity and is 

related to the minimum resolvable distance. Mathematically, the spatial resolution can be 

described as: 

𝑅 = 𝐹𝑊𝐻𝑀 = 2.355. 𝜕 
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where 𝑅 is the resolution (spatial resolution), 𝐹𝑊𝐻𝑀 is the Full Width at Half 

Maximum, and 𝜕 represents the standard deviation of the Gaussian function characterizing 

the PSF. 

1.3 Technical Pitfalls and Limitations of Collimator-Based SPECT: 

SPECT in Animal Research 

This section explores the technical pitfalls and limitations encountered when 

employing collimator-based SPECT in the context of animal research, which explicitly states 

the research’s problems.  

1.3.1 Statement of the Problem 

Nuclear medicine techniques, PET and SPECT, offer a non-invasive alternative to 

studying biological processes in vivo. The same animal may be used for multiple longitudinal 

investigations before and after particular pharmacologic or experimental manipulations, few 

animals are used, and each animal can act as its control [82, 103]. Small laboratory animals 

have been given access to anatomic imaging technologies like ultrasonography, CT, and MRI 

[104]. 

Technical issues and limitations with spatial resolution arise due to the size of the 

animals involved. Therefore, if animal imaging studies match the quality of human research, 

the spatial resolution of the animal studies must be 10 times higher [63]. Despite the reduction 

in the size of volume resolution components from 1 𝑐𝑚 to 1 𝑚, the signal per voxel element 

should be roughly the same between experimental and human investigations so that the 

system's overall sensitivity remains appropriate. Increasing efforts have been made to adapt 

SPECT and PET methods for imaging small animals [63]. SPECT generally have 50-100 

times less detection sensitivity and 3 − 4 times less spatial resolution than PET [105]. 

Another significant disadvantage of SPECT is its temporal resolution or count rate 

capabilities [106]. This refers to the system's ability to respond quickly to changing 

physiologic events across time. The spatial resolution of small objects positioned at the 

collimator opening can be significantly enhanced using a pinhole collimator. Therefore, 

designing a pinhole SPECT imaging system for tiny animals might be beneficial. However, 

a significant downside is lower sensitivity or count efficiency, which necessitates more 

significant radioactivity or more extended acquisition periods [107].  
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The SPECT image is obtained by rotating the camera's head around the object or by 

rotating the animal in front of the camera. In order to boost spatial resolution, non-

commercially accessible pinhole apertures as narrow as 1.0 𝑚𝑚 have been evaluated for 

research purposes, resulting in spatial resolution of 1 − 2 𝑚𝑚. The ensuing drop in 

sensitivity can be compensated by increasing the number of camera heads and employing 

larger quantities of radiopharmaceutical or higher specific radioactivity [108-110].  

Human studies typically only require parallel hole collimators for clinical SPECT, 

as the resolution is not a relevant consideration. Clinical imaging technologies lack the 

required resolution and sensitivity to capture images of animals that are significantly smaller 

than humans. However, better-resolution images are essential in preclinical mouse studies to 

visualise minuscule structures and their physiological processes. To image objects of this 

scale, a different technology is necessary; pinhole collimation has become an absolute 

necessity. Although this technology applies to clinical systems, it is currently primarily used 

in preclinical SPECT imaging systems [111]. 

The rapidly advancing knowledge of molecular biology has encouraged the 

exploration of innovative therapeutics targeting specific sites in molecular pathways 

associated with cardiac illnesses, neurodegenerative disorders, cancer, and numerous other 

pathological processes [112]. Identifying the role of a molecule in an in vitro model of a 

disease process does not necessarily translate to knowledge of its interactions with other 

molecular processes in vivo. Furthermore, due to logistical and ethical considerations, few 

disease processes can be thoroughly researched in human patients [113]. 

Small-animal models provide a linkage between molecular discoveries and the 

implementation of clinically appropriate diagnostics or therapies. Increasing emphasis is 

placed on the necessity for these models to adequately represent the disease and the 

environment in which the critical molecular processes occur. Xenograft mice models of 

cancer, for instance, are simple to construct but are not regarded as very useful for 

understanding the molecular connections underlying carcinogenesis. Transgenic models 

employing oncogene activation or tumour suppressor inactivation have advanced to the point 

where tumours can be produced spatially and temporally by deleting specific genetic 

sequences [113-115]. Studies using small-animal models rely on tissue sectioning and 

microscopy or, in the case of radionuclide-based assays, tissue g-counting and 

autoradiography for a significant amount of time following euthanasia. These technologies 
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restrict researchers' potential to investigate a single animal longitudinally and necessitate the 

laborious assembly of histologic or autoradiographic sections. In essence, it is considered that 

the compilation of several images from various animals adequately represents a continuous 

biochemical process [113]. 

Using molecular imaging to examine dynamic biological processes in small animal 

disease models is overcoming these constraints. SPECT and PET provide numerous benefits 

in these applications, including a variety of radionuclide half-lives, relatively simple 

radiolabelling chemistry, low cost, and wide availability. Nuclear imaging follows these 

tracers at nanomolar and picomolar concentrations to explain molecular interactions critical 

to the diseases' onset and progression and investigate the biological relevance of drug 

candidates and potential imaging agents in streamlined development methodologies [113, 

116]. Over the past decade, the expansion of these nuclear imaging applications has further 

prompted the academic and corporate development of SPECT and PET systems tailored for 

small-animal imaging.  

However, the spatial resolution of these approaches is restricted to 1-2 mm [117-

119]. Due to the small size of rat subjects, spatial resolutions must be at least ten times greater 

than humans. In addition, the sensitivity must be sufficient to provide an acceptable image. 

Cancer is caused by a small number of cells undergoing malignant change. However, current 

nuclear imaging technology cannot detect such a small change. It would be impossible to 

investigate and prevent the crucial early phases of oncogenesis. As a result, there is a pressing 

need to improve spatial resolution, as most research interests require less than 

0.1 𝑚𝑚 precision. An enhanced spatial resolution would improve the SNR and would be 

better at pinpointing the location of tiny lesions.  

The amount of effort devoted to achieving high spatial resolution for brain SPECT 

is testament to its significance. It would benefit the clinical evaluation of brain lesions and 

physiological investigations to understand the functioning of the brain [120]. Several 

commercial multi-head devices were explicitly designed for SPECT brain imaging, and 

various research prototypes and commercial brain imagers have been introduced [121-123]. 

However, the need to minimize patient injections while generating diagnostically valuable 

SPECT images exceeds the requirements of conventional SPECT and necessitates unique 

concepts in both the diagnostic and therapeutic realms. Even when covering a large region, 

detectors with a higher resolution remain prohibitively expensive [118]. Multi-pinhole and 
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pinhole SPECT mitigates the constraints of the detectors' resolution by substantially 

amplifying the object on the detector to project an adequately enlarged image of a broad 

region of the object. However, a large detector surface area is needed. To prevent projections 

from overlapping, a restricted number of pinhole cameras are used to encompass the object 

being imaged. The resulting cumbersome camera with a small number of pinholes is rotated 

around the object to obtain projections at an appropriate increment of angles. Recent 

developments in detector resolution have drastically altered the requirements for pinhole and 

multi-pinhole devices. High-resolution detection technologies necessitate a lower 

magnification [124-126]. Focusing the gamma rays through the pinholes is a realistic method 

for taking advantage of the most advanced detector technologies. This could be achieved by 

augmenting SPECT with a focusing element that focuses the radiation onto a focal point on 

the detector's crystals. However, gamma rays cannot be focused using traditional refractive 

optics [127]. Reflective grazing angle focusing is successfully used where there are no space 

constraints, such as the Chandra x-ray space telescope [128]. A refractive focusing lens, the 

Laue lens, originally developed for astronomical x-ray imaging, is a promising option.  

1.4 Lightfield Imaging 

The concept of lightfield imaging goes back to integral photography first introduced 

by Lippmann in 1903 [129]. In 1936, Arun Gershun defined the lightfield as the light 

intensity moving through every point in space in every direction [130]. In 1991, Adelson and 

Bergen explicitly developed the seven-dimensional "plenoptic function" to describe the 

visible light emitted by all objects in the universe to the human eye [131]. This function is 

characterized by the camera's three-dimensional coordinates, the two dimensions (angular or 

cartesian) of the view direction, the wavelength, and the time. Lightfield cameras offer 

advanced features in postprocessing, such as refocusing after the image is being captured and 

point of view shift [132]. In currently available SPECT systems, it is impossible to refocus 

images at different angles after the patient is scanned.  

To apply the lightfield concept to current diagnostic SPECT imaging systems, there 

is a need for optics capable of focusing gamma rays. However, for high-energy photons 

focusing, the microlens array used in light field cameras cannot be used [133]. As a 

prospective insight to advanced SPECT imaging, I introduce a Laue lens SPECT based on 

gamma focusing by diffraction. The concept of lightfield imaging in the envisioned lens-

based SPECT is discussed in more detail in Section 4.2. Lightfield imaging, in this context, 
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involves capturing the intensity of the gamma rays and the direction from which they 

originate. This additional directional information can be utilized to extract depth or 3D 

information from the reconstructed images. 

By incorporating the lightfield concept into SPECT imaging through a Laue lens, it 

is anticipated that the spatial resolution and depth information of reconstructed images could 

be enhanced, leading to improved diagnostic capabilities. However, it's important to note that 

the practical implementation of such a system would necessitate significant technological 

advancements and further research to address challenges related to the design, fabrication, 

and integration of Laue lenses into SPECT imaging systems.  

1.5 Research Objectives and Motivation  

The Laue lens is a likely contender to tackle the constraints of conventional SPECT 

systems, as a possible means of enhancing resolution and sensitivity, breaking the trade-off 

between the two. The distinctive characteristics of crystal diffraction make it possible to 

design monochromatic imaging lenses sensitive to only a small band of gamma rays’ energy. 

The lens captures radiation from a relatively large solid angle and concentrates it on a small 

point on the sensor surface. 

Two distinctive features of the Laue lens are that, unlike conventional pinholes used 

in imaging systems, its effectiveness does not decline with the source size, and it can focus 

on microscopic objects. This renders the focusing apparatus highly insensitive to background 

noise caused by the scattering of the primary gamma rays in the body and other gamma ray 

sources. This monochromatic characteristic thus improves the signal-to-background ratio and 

enhances the ability to detect minute sources. The sensitivity of a single lens system is 

comparable to that of traditional systems for large sources. Nonetheless, it has lower 

background noise. Moreover, the lens system maintains the same overall efficiency and is 

considerably more effective when imaging sub-millimetre sources.  

Radionuclide imaging requires a paradigm shift due to the acknowledged limitations 

of current nuclear imaging techniques. In this current research, a unique system capable of 

imaging gamma rays without relying on absorbent collimation is developed to circumvent its 

primary effect on the resolution-sensitivity trade-off, which is a significant problem in 

existing nuclear imaging systems. A submillimeter resolution and exact source localization 
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could be attained by mounting the imagined Laue lens collimator on a mechanical 

system/arm that adjusts the focal length based on the desired depth.  

This dissertation aims to examine the proposed novel lens-based SPECT based on 

Laue lens gamma diffraction. The envisioned system has the potential to overcome the 

limitations of conventional SPECT for small animal imaging and tumour detection. The 

initial system design is demonstrated to be capable of detecting volumes in the nano-litre 

range at a substantially enhanced submillimeter resolution compared to the existing SPECT 

designs. For the proof of concept, several Monte Carlo SPECT simulations tailored to the 

application presented in this thesis were developed in stable and well-established platforms 

with realistic and high-fidelity physics. The three Monte Carlo toolkits are MATLAB, 

GAMOS and GEANT4. The performance characteristics of the novel lens-based SPECT 

augmented with a Laue lens and the associated problems for overcoming the inadequacies of 

the conventional SPECT are analysed. Based on the research findings, the proposed system 

has the potential to revolutionize SPECT imaging technology by combining tomosynthesis 

and lightfield imaging, eliminating the requirement for mechanical components. What makes 

this system unique is its ability to independently capture data from each lens, allowing for 

specific perspectives of the object to be obtained. Alternatively, by integrating the data from 

all three modules, a comprehensive three-dimensional image can be generated, providing 

precise details regarding the object's size and location. The achieved resolution is exceptional, 

leading to significant advancements in various SPECT applications such as oncology, 

thyroid, breast, and infant imaging. This innovation opens up new avenues for studying 

organs at a sub-organ level and enables the early detection of lesions. 

1.6 Research Contributions to Knowledge 

➢ A significant contribution of this thesis lies in investigating a novel lens-based SPECT 

design that incorporates a Laue lens instead of the pinhole. This research endeavour 

explicitly addresses the persistent challenge of reconciling the trade-off between 

resolution and sensitivity in conventional SPECT systems, focusing on their application 

in small-animal imaging and early tumour detection. By surpassing the limitations 

imposed by traditional in vivo imaging techniques, the findings of this study provide 

novel avenues for achieving enhanced spatial resolution and improved efficacy in 

identifying nano-volumes that represent tumours just at their early stages. Consequently, 
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this innovative SPECT design holds substantial potential for redefining the forefront of 

small-animal and cancer SPECT, thereby substantially impacting the respective domains.  

➢ One of this study's scholarly contributions involves identifying tailored parameters for 

the Laue lens, customized explicitly for medical imaging applications and specifically for 

SPECT imaging, specifically for the proposed novel lens-based SPECT system. While 

the design parameters of the envisioned lens bear similarities to those commonly 

employed in astrophysics applications, it is essential to note that the design process 

significantly diverges due to inherent differences between the two fields. In astrophysics, 

lens optimization primarily focuses polychromatic radiated hard X-rays originating from 

remote celestial sources, which are assumed to propagate in parallel. In contrast, nuclear 

imaging scenarios entail the emission of divergent monochromatic photons, exhibiting 

propagation in various directions. Consequently, the design of the lens for medical 

imaging necessitates a distinct set of considerations. In this study, the selection of 

materials for the lens elements was guided by applying a Monte Carlo simulation, 

enabling the evaluation of different single-crystal materials with preferable lattice plane 

orientations. 

➢ Another notable contribution of this thesis involves the development of a tracking Monte 

Carlo simulation environment using MATLAB. This simulation environment serves as a 

tool for predicting the distribution of focused photons. It has been specifically tailored to 

align with a SPECT gamma camera’s setting, enabling precise photon behaviour 

estimation. Additionally, the thesis proposes a novel system design encompassing three 

different geometries: single, modular, and multi lens-based SPECT. These configurations 

incorporate an array of Laue lenses positioned at the centres of the pinholes on a multi-

pinhole SPECT collimator. This innovative approach holds promise for advancing 

SPECT imaging techniques and provides valuable insights into the potential integration 

of Laue lenses in various system arrangements. 

➢ It is crucial to develop the appropriate 3D image reconstruction algorithms to evaluate 

the performance of each new imaging system. To this end, this thesis' noteworthy 

contribution lies in developing 3D image reconstruction algorithms customized for the 

lens-based SPECT system. While the developed algorithms for the lens-based SPECT 

would unquestionably differ from those presently used for conventional SPECT or other 

tomographic modalities, it should be possible to adapt existing techniques to interpret 
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images acquired with the Laue lens. In this study, I developed three different customized 

3D reconstruction methodologies as a first attempt to reconstruct 3D images from the 

Laue lens projections. These 3D reconstruction algorithms demonstrate the first effort to 

reconstruct a meaningful 3D image from Laue lens projections. Using the proposed 

algorithms, significant results have been observed from the lens-based SPECT data. 

➢ As a critical contribution of this thesis, the attained performance was critically evaluated 

compared to the SIEMENS parallel LEHR and Inveon multi-pinhole SPECT systems 

(which were modelled within the scope of this research), based on two figures of merit: 

resolution and sensitivity. Furthermore, the performance parameters were systematically 

assessed across the transverse and sagittal field-of-view (FOV) to enable comprehensive 

analysis and precise assessment. To validate the system's capacity for accurately mapping 

precise shifts and depths of on-axis and off-axis sources, the depth and shift observed in 

the 3D reconstructed images were meticulously compared to the experimental depth and 

shifts applied to the phantom. This rigorous evaluation enhances the understanding of the 

system's capabilities and provides valuable insights for future research and development 

in the field. 

➢ The challenge in developing new conceptual metrics to characterize the proposed system 

as a "conventional one" and to demonstrate how this concept applies to practical/clinical 

use is essential. Moreover, it is important to have a precise model of its response to 

accurately assess its performance and repeatability. In this thesis, different simulation 

environments were developed for the proposed lens-based SPECT design. The first 

implementation was in MATLAB, the second was in the GAMOS toolkit, and the third 

was in the GEANT4 toolkit. The obtained projection and 3D reconstructed images in 

each of the environments were calibrated against each other for the proof of concept. 

➢ Another contribution of this thesis involves addressing the challenge of developing novel 

conceptual metrics to characterize the proposed system as a "conventional one" and 

demonstrating its practical and clinical applicability. Moreover, it is important to have a 

precise model of its response to accurately assess its performance and repeatability. This 

thesis focuses on developing various simulation environments for the proposed lens-

based SPECT design to accomplish these objectives. The first implementation was in 

MATLAB, the second was in the GAMOS toolkit, and the third was in the GEANT4 

toolkit. The obtained projection and 3D reconstructed images from each environment 
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were calibrated against each other for the proof of concept to ensure the reliability and 

consistency of the simulated results across the different platforms. 

➢ A significant contribution of this thesis involves addressing the emerging interest in Laue 

gamma diffraction as a powerful technique for developing high-energy ray focusers. 

Conducting physical experiments on Laue lens behaviour presents itself as a fundamental 

tool for understanding physical issues and elucidating the main concept in gamma 

diffraction. However, Laue lens manufacture is quite challenging as it requires high 

precision in positioning and aligning diffractive crystals of various elements. Readily 

feasible alternatives to physical experiments are computer simulations of the Laue lens 

in a stable state-of-the-art high-energy physics simulation environment such as GEANT4. 

However, as of the start of this study, the Laue diffraction process was not implemented 

in any of the available Monte Carlo simulation platforms so far. To address this challenge, 

I contributed to extending GEANT4’s functionality by developing a GEANT4 plugin 

function to simulate Laue lenses. I designed and implemented the first set of Monte Carlo 

simulations in GEANT4 for a gamma diffraction example. By bridging the gap between 

theoretical concepts and practical experimentation, this thesis significantly contributes to 

the understanding and exploration of gamma diffraction through the application of 

advanced simulation techniques, the developed example presents the first attempt to 

model X-ray and gamma rays focusing based on Laue diffraction in the GEANT4 toolkit 

using an advanced example in its early conception. 

➢ Aspects of the newly proposed system are discussed, considering its possible clinical 

application as a tumour detection tool that takes maximum advantage of the unique 

properties of the Laue lens focusing capability. By placing the envisioned Laue collimator 

on a mechanical system/arm that adapts the focal length in response to the desired depth, 

a submillimeter resolution and precise source localization could be achieved.  

➢ Based on the simulated experiments and the research findings, the proposed system 

allows discrimination between adjacent volumes as small as 0.113 𝑛𝐿, which is 

significantly smaller than any conventional SPECT or PET designs can currently detect 

or resolve. Moreover, the 0.1 𝑚𝑚 achievable spatial resolution is decoupled from 

sensitivity, which is in stark contrast to the existing collimators that suffer from the 

resolution-sensitivity trade-off and are limited to a resolution of 2 𝑚𝑚.  
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1.7 Thesis Organization  

This dissertation is organized into nine chapters which are summarised briefly 

below. 

Chapter 2 examines the research body of evidence on SPECT collimator and 

detector design optimization. Moreover, the emerging trends in SPECT imaging based on 

lightfield imaging are reviewed in light of the most recent technological advancements, and 

the applications of the Laue lens from astronomy to nuclear imaging and radiotherapy are 

explored. The methodology followed in this work, the simulation tools, and the designed 

environment set-up are discussed in Chapter 3.  

Chapter 4 discusses the gradual development of the dedicated Mote Carlo 

simulation used for designing and optimizing the Laue lens tailored for the envisioned 

SPECT application. Moreover, it describes the initial design parameters and the tracking 

Monte Carlo models for the envisioned system. I started by proposing a single lens-based 

SPECT geometry.  

In Chapter 5, I report and elaborate on the attempts to establish a high-resolution 

SPECT technique augmented with a Laue lens with further optimized geometries. For the 

purpose of boosting sensitivity, I proposed a single lens-based SPECT system fitted with 

partially curved detector modules and Laue lens arrays, called modular lens-based SPECT. 

The multi lens-based SPECT is a more complicated geometry consisting of an array of 

diffraction lenses placed at the pinhole centres of a multi-pinhole SPECT collimator. This 

chapter thoroughly examines the imaging capabilities of these two novel geometries.  

In Chapters 4 and 5, the designed MATLAB environments incorporated realistic 

physical interactions, which count for the possible absorption and attenuation of the 

envisioned lens-based SPECT with three different geometries. However, it was running 

under ideal detector conditions. To ascertain the validity of the argument presented 

throughout this thesis, I started examining the possibility of designing a real detector design 

incorporated with the augmented collimator with a Laue lens.  

Chapter 6 extends this research by proposing an alternative method to simulate the 

effect of focusing the gamma rays at the sensor plane and simulate detector response due to 

the focused photons projection in the GAMOS/GEANT4 toolkit. However, the study was 
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limited because the simulation of waved-based properties as the diffraction process is not yet 

implemented in any of the available Monte Carlo toolkits. The methodology followed in this 

work is thoroughly discussed in this Chapter.  

Chapter 7 discusses the design foundation and implementation of the first set of 

models in GEANT4 for Laue lens diffraction as the first attempt to model X-ray and gamma 

rays focusing based on Laue diffraction in the GEANT4 toolkit using an advanced example 

in its early conception. This chapter presents the conducted case studies for the lens-based 

SPECT incorporated in a well-known SPECT configuration which is the SIEMENS Inveon 

multi-modality system.  

Chapter 8 presents the set of Monte Carlo models in GAMOS for the Laue lens 

diffraction. Several case studies are presented with the designed detector parameters. The 

first is a single lens in a pinhole with a one-point source. The second is a single lens in a 

pinhole with a three-point source. The third and fourth case studies are for multi Laue lens in 

multi-pinhole configuration with one and three-point sources, respectively. Moreover, for 

comparison purposes, I implemented the SIEMENS LEHR SPECT geometry currently used 

in clinical applications in GAMOS to compare the performance with the proposed lens-based 

SPECT based on the proposed detector configuration.  

Finally, Chapter 9 presents a comprehensive summary of the study's key 

components. It provides an overview of the research findings and their significance, 

highlighting the implications and practical applications derived from the results. Each 

chapter's main points are summarized, and their contributions to the research are outlined. 

The concluding remarks encapsulate the main takeaways and insights gained from the study. 

Furthermore, this chapter proposes implications for future improvement work, suggesting 

further exploration and development areas based on the research outcomes. 



   

 

31 

 

2. Literature Review   

Nuclear imaging is one of the leading medical imaging techniques. It is used for 

acquiring functional images of the body’s internal structures. It examines the organs’ 

physiological processes at the cellular and molecular levels. Nuclear imaging has been 

recognized as having a substantial impact on all medical fields, most prominently in detecting 

cancer in its early phases by identifying anomalies. Functional imaging is the backbone of 

particular disciplines, such as the early detection of heart illness and brain disorders.  

Single Photon Emission Computed Tomography (SPECT) is a functional nuclear 

imaging modality capable of non-invasively reconstructing the three-dimensional 

distribution of the injected radiotracer. Optimizing the collimator geometry for a given 

number of pinholes in a multi-pinhole (MPH) SPECT has proven to be a challenging task 

and motivated a number of researchers to develop a variety of SPECT designs. Optimizing 

and increasing the number of pinholes in the SPECT imaging collimator would lead to 

significant advances in early cancer detection. However, existing nuclear imaging techniques 

are hampered by several limitations that hinder image reconstruction quality. Initiatives have 

been undertaken to develop a SPECT imaging system with higher resolution. Researchers 

continued to design new collimators by optimizing the number of pinholes, their pitch, and 

their radius [134-136]. Collimator-free gamma cameras for SPECT applications were 

proposed [137]. The primary objective of these systems is to circumvent the considerable 

collimator influence on the resolution-sensitivity trade-off. However, none of these solutions 

was evaluated for an actual SPECT application. 

This chapter is structured as follows: Sections 2.1 and 2.2 thoroughly examine the 

corpus of research on SPECT collimator and detector design optimisation. It provides 

insights and expert comments on the direction and future of SPECT design research. 

Moreover, it investigates research that examines the impact of pinhole size, shape, material, 

and geometry on the performance and resolution of SPECT imaging in identifying the 

optimal collimator design and their effects on the final 3D reconstructed images. Section 2.3 

discusses the proposed techniques to mitigate the impact of multiplexing, coded aperture 

SPECT imaging, system tailoring, and task-based imaging technologies that gave rise to 

adaptive SPECT. The recently demonstrated technologies and geometry for SPECT detectors 
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and the approaches available to enhance the scintillator’s light extraction are also 

investigated. Section 2.4 discusses the gamma focusing methods. The emerging trends in 

SPECT imaging based on lightfield imaging are reviewed in light of the most recent 

technological advancements, and the applications of the Laue lens from astronomy to nuclear 

imaging and radiotherapy are explored in Section 2.5. Sections 2.6 and 2.7 present the 3D 

image reconstruction concept and the chapter summary, respectively. 

2.1 SPECT Collimator and Detector Optimization Methods 

2.1.1 Collimator Optimization Methods 

The collimator is principally responsible for the reconstructed images’ low 

sensitivity and resolution in current SPECT systems. Parallel-hole and pinhole collimators 

are two prominent collimator designs. By adjusting the thickness of the septa and the 

diameter of the pinhole, it is possible to design parallel and multi-pinhole collimators with 

different geometries [138]. A crucial aspect of collimator design is that the spatial resolution 

drops dramatically as the object’s distance increases. Nonetheless, the change in sensitivity 

is constant for parallel-hole collimators, which rises for converging collimators, and falls for 

pinhole and diverging collimators [139]. Thus, the collimator’s design parameters 

significantly affect the imaging system’s overall performance [140]. Particular attempts have 

utilized numerical ray-tracing techniques to analyse the penetration components in the 

collimator, including septal penetration and septal scatter, the penetration of photons through 

the collimator septa, and photon scattering in the collimator, respectively. Moreover, while 

designing the septal thickness, special care must be taken to ensure that the number of gamma 

photons that pass from one pinhole to the adjacent is negligible [141]. However, restricting 

photon penetration by increasing septal thickness would improve resolution at the expense 

of sensitivity. A parallel-hole collimator with cone-shaped holes was developed to combat 

photon penetration while retaining system sensitivity and resolution [142]. Figure 2.1a 

depicts the cone-shaped pinholes in a parallel-hole collimator with all the pinhole 

measurement and parameters presented, while Figure 2.1b shows Monte Carlo simulations 

for two-point sources with different source intensities and radiotracers positioned at various 

distances from the collimator. The performance of the developed collimator was compared 

to that of parallel-hole, high-energy, general-purpose collimators.  
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(a) 

 

(b) 

Figure 2.1 (a) Prototype of the cone-shaped pinholes in a parallel-hole collimator [9], (b) Monte 

Carlo simulations for parallel-hole collimator with cone shaped pinholes [142]. 
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Due to the significant drop in photon penetration, the proposed pinhole design has 

resulted in a sharper PSF than conventional collimators while maintaining superior image 

quality compared to the parallel collimator. The concern of the small animal imaging has 

imposed restrictions on the minimum accepted system resolution while keeping the 

sensitivity unimproved due to the sensitivity-resolution trade-off. Ivashchenko et al. 

developed a SPECT collimator design for an ultra-high sensitivity SPECT while maintaining 

a high submillimeter resolution system for small-imaging animals [143]. This was 

accomplished by increasing the magnification factor. As depicted in Figure 2.2, the pinholes 

of the collimator were designed with varying opening angles, hence different field of view. 

The proposed method obtained a high submillimeter resolution while keeping the radiotracer 

dose to a minimum. The maximal sensitivity and resolution achieved were 1.3% and 

0.85 𝑚𝑚, respectively [143].  

 

Figure 2.2 Ultra-High sensitivity collimator designed with different pinhole opening angles [143]. 

Telikani et al. evaluated the influence of pinhole shape, size, material, and geometry 

on the overall SPECT imaging performance and resolution to discover the optimal collimator 

design [144]. As demonstrated in this work, using a gamma camera would considerably 

increase the sensitivity due to the ability to align the pinholes with the active detector element 

instead of projecting onto the inactive detector area. Simulations with GEANT4 for a dual-

head camera, hexagonal, square, and round pinholes revealed that the hexagonal hole 

outperformed the other pinhole geometries in maximising the imaging system’s resolution 

and sensitivity [145]. This conclusion demonstrates the significant impact of the pinhole 
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aperture’s compactness on enhancing system sensitivity. Figure 2.3 The simulation 

environment for the hexagonal-pinhole collimator and the initial prototype. 

 

Figure 2.3 The simulation environment for the hexagonal-pinhole collimator and the initial 

prototype [144]. 

Research on investigating the collimator parameter design impact on SPECT 

reconstructed images was initiated using an multi-pinhole collimator system with a triple-

head gamma camera [146]. Different pinhole diameters and projections were simulated for 

the system in three distinct scenarios. This design enables the acquisition of many projections 

at varying angles; Figure 2.4a shows the three head camera for SPECT acquisition, while 

Figure 2.4b illustrates the collimator's geometry featuring different configurations 

corresponding to the adjustments in pinhole diameters. The appealing aspect of this work is 

the ability to combine projections from different angular points to compensate for the 

artefacts of the reconstructed images during stationary data acquisition [146]. 

  

(a) (b) 

Figure 2.4 (a) Geometry of SPECT acquisition, (b) simulated configurations with different pinhole 

diameters [146]. 
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Due to the trade-off between resolution and sensitivity in collimator-based imaging 

systems, the investigation into the possibility of substituting the collimator in SPECT 

imaging systems continued. Akbari-Lalimi-et al. conducted exclusive simulation research for 

a collimator-less SPECT imaging system depicted in Figure 2.5, the row of detector are 

shown where A is the distance between two lead septa, B is the row of detectors, and C is the 

Speta between detector rows [137]. The primary goal of the design is to eliminate the need 

for a collimator by utilising a series of detectors with varied fields of view of the phantom. 

Using Monte Carlo software, 98 detectors in a zigzag geometry were simulated to conduct 

the study. Sixty projections were obtained by rotating sensors around the radioactive source 

emitting 140.5 𝑘𝑒𝑉. The obtained projections showed that most of the information contained 

in the source radiations was revealed on the detector side. This is demonstrated by the 

comparable sensitivity levels of the proposed device and a conventional gamma camera with 

a collimator. However, photon behaviour was not accounted for in the simulation. 

 

Figure 2.5 SPECT Collimator-less arrangement of detectors, where A is the distance between two 

lead septa, B is the row of detectors, and C is the Speta between detector rows.[137]. 

2.1.2 Adaptive SPECT 

Investigating the benefits and drawbacks of adaptive SPECT was a concern that 

prompted several research studies. Hesterman designed the first adaptive SPECT imaging 

system; the suggested architecture kept the standard configuration of the four stationary 

gamma cameras [147]. However, slots were added to the pinhole apertures to allow a smooth 

transition between pinhole apertures in response to the study’s aim. The appropriate number 

of pinholes and geometry allowed for system optimization and task-based imaging systems. 

The study sparked empirical investigation towards adaptive SPECT. Freed et al. built a 

prototype for adaptive single-pinhole SPECT. The suggested SPECT allows for the selection 

of four distinct pinhole diameters. In addition, it enables the pinhole-object and pinhole-
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detector lengths to be altered [148]. By building numerous rings of detectors around 

customizable pinhole apertures, the prototypes for AdaptiSPECT and FastSPECT were 

developed. Multiple configurations of a one-step optimization for an adaptive SPECT system 

were designed [149]. Despite the system’s capacity to acquire projection images for all 

viewing angles in a single frame, the insufficient number of angles had a significant impact 

on the estimation results. A unique variable pinhole SPECT collimator was developed in 

order to build a collimator capable of adjusting the acceptance angle based on the region of 

interest (ROI) being studied [150]. Having a minimal configurable distance between the 

collimator and the target will thereby increase the system’s sensitivity. 

In contrast, earlier adaptive SPECT systems varied the pinhole width, object-to-

pinhole distance, and pinhole detector distance while keeping the pinhole acceptance angle 

constant [151, 152]. Figure 2.6a, Figure 2.6b, and Figure 2.6c show the tungsten sheet with 

the drilled pinholes, the motor-controlled sliding motion of the pinholes and a sketch of the 

variable pinhole collimator with various drilled apertures, respectively.  

 

Figure 2.6 (a) Apertures were drilled into a tungsten sheet, (b) pinhole sliding movement is 

controlled by a motor, (c) a sketch of variable pinhole collimator with various drilled aperture 

sizes [150]. 

Figure 2.7a and Figure 2.7b show the conventional pinhole-detector movement and 

the early prototype of the collimator for different rotation angles , respectively. 
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Figure 2.7 (a) Conventional pinhole-detector movement, (b) proposed variable pinhole SPECT 

movement [150]. 

Using the GEANT4 toolkit, the system was simulated by its authors, and the 

maximum-MLEM technique was utilized to reconstruct the projected images. Despite 

obtaining a significant gain in sensitivity compared to traditional SPECT, the suggested 

system is restricted to a pinhole design and must be expanded to allow multi-pinhole 

collimators. Moreover, the proposed technique is not cost-effective due to the requirement to 

develop and construct a complex actuation system, which, in turn, increases the device’s cost 

relative to existing SPECT collimators. AdaptiSPECT-C SPECT for brain imaging is 

designed using a keel-edge with multiple pinholes [153]. The imaging system was modified 

in response to variations in the pinhole diameter and the height of the keel-edge. The initial 

prototype comprised 23 hexagonal detectors categorized into three distinct ring levels. The 

sensitivity and photon penetration of 159 𝑘𝑒𝑉 energy sources were examined. The 

projections were reconstructed using a custom-built MLEM reconstruction technique. The 

study concluded that the optimal keel-edge height for limiting penetration and maximizing 

sensitivity is between 0.375 − 0.75 𝑚𝑚. 

According to the results obtained from the various simulated schemes, the keel-edge 

pinholes improved brain imaging with a high degree of separation between complicated 

structures. In 2018, an adaptive SPECT prototype with real-time adjustable pinhole geometry 

was disclosed. System resolution and sensitivity may vary based on the shape of each 

individual pinhole [154]. In addition, the multiplexing effect is modulated in the study by 

mixing several pinhole modules. Figure 2.8a, Figure 2.8b, and Figure 2.8c show the 

customized pinhole insertion in gear, the adjustment of the pinhole diameter is achieved by 

rotating the piece around the aperture and combining multiple modules into one multi-
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pinhole assembly, which allows for multiplexing, respectively. Developing a real-time 

customizable pinhole SPECT imaging system has made it possible to achieve customizable 

sensitivity and resolution for each acquisition instance. Despite resolving the optimal number 

of collimator pinholes for brain SPECT in Adaptive SPECT, the overlapping issue impaired 

the quality of the reconstructed images [155]. 

As shown in Figure 2.9, a dynamically adjustable SPECT was developed to 

facilitate dynamic imaging. This was accomplished by modifying the sensitivity and 

resolution in real time based on system needs. The apertures of the pinhole are fine-tuned 

using the Arduino microcontroller [156]. 

  
 

(a) (b) (c) 

Figure 2.8 (a) Customized pinhole insertion in gear, (b)The adjustment of pinhole diameter is 

achieved by rotating the piece around the aperture, (c) Combining multiple modules into one 

multi-pinhole assembly allows for multiplexing, as well as single pinhole imaging to resolve 

multiplexing ambiguities [154].  

 

Figure 2.9 The aperture plate and the apertures ring with the rotating components [156]. 

2.1.3 Multiplexed SPECT Imaging 

While multi-pinhole SPECT imaging improves sensitivity and range of view, the 

MPH design is constrained by the multiplexing. Multiplexing occurs when projections from 

distinct pinholes in a multi-pinhole collimator overlap on the detector plane [157]. It is 



   

 

40 

 

regarded as the greatest constraint on the functionality and parameter design of multi-pinhole 

collimator SPECT [158]. This overlap causes confusion regarding the pinhole from which a 

photon comes, resulting in an artefact in image reconstruction [88]. 

Recent research has focused on incorporating two key features into traditional 

SPECT systems: SPECT adaptability and multiplexing in the projection plane. Permitting 

more pinholes would boost system sensitivity and, thus, the signal-to-noise ratio at the 

expense of increased projection multiplexing. This dilemma prompted researchers to devise 

various strategies to circumvent the multiplexing effect in MPH SPECT collimators. 

Mohammed et al. focused on reconstructing SPECT images by specifying overlapping and 

non-overlapping to varying degrees [159]. In several multiplexed projections, the acquired 

results revealed a decrease in noise level and, thus, an increase in SNR while maintaining 

spatial resolution. In a study for brain SPECT imaging with changeable multi-pinhole and 

multiple detectors, the size of the aperture opening, and the determination of which pinhole 

opens are implemented to accommodate various configurations and degrees of overlapping 

projections [88]. Based on simulation results, the original AdaptiSPECT-C with a high 

degree of multiplexing and five pinhole apertures for each detector produced a reconstructed 

image comparable to the standard image of the brain fusion phantom. However, photon 

scattering was not modelled for the investigation in that work. In addition, the study did not 

include a statistical analysis of the various simulated configurations. 

According to research, multiplexing provides ambiguous data for reconstructions, 

resulting in non-unique image reconstruction solutions. Therefore, multiplexing systems 

require complicated algorithms to counteract the overlapping effect [160]. However, the 

researchers hypothesised that spatial resolution might be improved for highly multiplexing 

systems while noise is reduced. Ilisie et al. invented a multi-pinhole SPECT with a high 

degree of multiplexing and enhanced sensitivity [161]. This is accomplished by designing an 

active septum to detect the coordinates of the photons transmitted. The proposed septa 

concurrently function as a collimator and a scintillator to calculate the photons’ x and y 

coordinates. Additionally, it prevents photons from entering the overlap. The problem of 

artefacts in reconstructed images due to multiplexing would presumably be eliminated by 

pinpointing the photon’s real point of origin. It is determined through a Monte Carlo 

simulation what the septa and actual detector spatial resolutions are. The projection images 

were reconstructed with the LM-OSEM (list-mode ordered-subsets expectation- 
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maximisation) technique. The presented novel multi-pinhole SPECT offered a one-of-a-kind 

solution to the highly multiplexed issue associated with multi-pinhole collimators. In 

addition, simulation studies have demonstrated a considerable increase in system sensitivity 

compared to conventional SPECT. Figure 2.10a and Figure 2.10b show the conventional 

multi-pinhole geometry with highly multiplexed regions on the detector plane and the design 

of the functional septa, respectively. The active septa acts like a septa and a detector 

simultaneously that prevents gamma rays from being detected by the radiation-sensitive 

material, thus preventing overlapped projections. Figure 2.10c shows the geometry of the 

collimators and detectors. The active radiotracer dose limitation and low SNR of the existing 

SPECT imaging system were the incentives for developing an adaptive and highly 

multiplexed SPECT design for an MPH collimator [162]. This concept is predicated on 

utilising both flexible and non-stationary pinhole modules. 

 

(a) (b) 

 

(c) 

Figure 2.10 (a) Multi-pinhole SPECT with highly multiplexed regions in the detector plane, (b) 

Representation of the active septa implemented in SPECT gamma camera, (c) Collimator-Detector 

geometry generated using GEANT4 [163]. 

These systems were simulated using MATLAB code and GEANT4 and tested with 

physical SPECT systems. Figure 2.11a shows the pinhole array design of the proposed 

system. Each array of pinholes has its own geometry, which results in a variable pitch. The 

distances between the collimator and the object and the collimator and the detector remain 
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unchanged. Figure 2.11b shows the simulation that examined three setups. The projected 

images were reconstructed by altering the geometry of the pinhole arrays and considering the 

various degrees of multiplexing. The study demonstrated a significant increase in sensitivity. 

However, no comparable analysis using typical SPECT imaging equipment was provided. In 

addition, the simulated phantoms produced photons with energy of 40 𝑘𝑒𝑉, whereas the 

energy range of standard SPECT radiotracers is between 90 − 190 𝑘𝑒𝑉. 

 

 

(a) 

 

(b) 

Figure 2.11 (a) Pinhole array for the proposed design having selectable pitch while keeping the U 

& V distances unchanged, (b) three simulated pinhole array configurations with different 

degrees of overlapping [162]. 

2.1.4 Synthetic SPECT 

In response to concerns over the complexity of image reconstruction in multiplexed 

multi-pinhole SPECT imaging systems, researchers have sought potential approaches for 

resolving the ambiguity of photon origin. In a highly multiplexed SPECT system, synthetic 

collimation was the first technology capable of compromising the introduced artefact in the 

overlapped system and the quality of the reconstructed images. Wilson et al. introduced 

synthetic collimation to standard SPECT systems [164]. By introducing a revolutionary 
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SPECT imaging system with synthetic collimation-based three-dimensional reconstruction;  

obtaining projections through two distinct detectors provides novel insights for task-based 

imaging. In addition, it allows the acquisition of a tomographic image without using a 

stationary pinhole detector. As a result, the related artefacts in the reconstructed images of 

moving systems are avoided. This is accomplished by acquiring various projections with 

varying pinhole collimator distances. Lin et al. designed a synthetic SPECT collimation 

system with two detectors situated at two distinct distances from the multi-pinhole SPECT 

collimator in an effort to solve the multiplexing problem [165]. Figure 2.12 demonstrates that 

the first detector-pinhole layout prohibits overlapping (Silicon detector), whereas the second 

geometry supports a high degree of multiplexing (Germanium detector). Several 

computational strategies were employed to overcome the undesired effect of multiplexing by 

employing non-multiplexing detector information. Mean squared Wiener error was the 

desired measure of merit. Using various configurations, a comparison analysis is undertaken 

between the pinhole and multi-pinhole conventional SPECT systems. Those are acquired by 

adjusting the degree of multiplexing and the distance between the detector and the collimator. 

Results indicated that the synthetic collimator is superior to conventional SPECT collimation. 

Moreover, research demonstrated that synthetic collimation SPECT has the potential for task-

based imaging due to its dual detectors and variable projection angles. 

 
Figure 2.12 Synthetic SPECT [165]. 

2.1.5 Task Based SPECT 

Several organ-specific designs were introduced by optimising the SPECT imaging 

settings based on the examined organ. A collimator design targeting the “striatum  was 

proposed [166]. The intended resolution was 8 𝑚𝑚, and the field of view was 200 𝑚𝑚. 

Simulations demonstrated the capacity to resolve two rods measuring 7.9 − 6.4 𝑚𝑚 with the 
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desired resolution and higher image quality than conventional parallel collimators. Figure 

2.13 depicts the MPH collimator used for imaging the striatum. 

 
Figure 2.13 Multi-pinhole collimator designed specifically to striatum imaging [166].  

Si et al. developed an MPH collimator optimised and adapted for myocardial 

perfusion (MPI) and small animal SPECT imaging (SAI). The pinhole geometry-imposed 

design constraints were applied to reduce truncation and multiplexing effects [167]. 

However, only one gamma camera was considered for the intended multi-pinhole collimator, 

unlike standard dual-head imaging systems. In this investigation, no photon scattering, nor 

attenuation were examined.  

SPECT imaging dedicated to the brain employing a stationary parallel-hole 

collimator was presented to overcome image quality degradation caused by system rotation 

[168]. Using simulations based on Monte Carlo in one of the Monte Carlo toolkits called, the 

GEANT4 Application for Tomographic Emission (GATE), the system could reconstruct a 

sampling without artefacts. Nonetheless, the stated immobile design restricts the minimal 

size of the collimator required to cover the complete body. In addition, the simulations that 

were done only accounted for parallel-hole collimators with a more straightforward 

simulation. 

2.2 Detector Optimization Methods 

The detector technology of SPECT gamma cameras has drawn tremendous interest 

in the field of research. Several investigations examined novel detecting technologies. Others 

utilized traditional detector technology but emulated the system with several detectors instead 

of a single detector. The need for high-resolution SPECT imaging in a clinical study 
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prompted the exploration/research of novel technologies and detector geometries. As 

depicted in Figure 2.14a and Figure 2.14b, the authors presented a stationary single-pinhole 

SPECT system for imaging small animal and brain with numerous pixelated CZT detector 

modules. Each pinhole-detector module is regarded as a gamma camera. As proof of concept, 

a resolution of 0.1 𝑚𝑚 and a sensitivity of 0.0009% were produced [169].  

The system in [170] obtained a resolution of 1.1 𝑚𝑚 and a sensitivity of 

0.09 percent without requiring any rotation of the collimator or detectors. The unique 

technology provided has shown promise and has the ability to return a system with great 

sensitivity and resolution. In addition, based on the simulation results, detecting the different 

fields of view without rotating the modules would necessitate further design consideration or 

implementation. A study targeted building a collimator adequate for use with radiotracers of 

varying energies while ensuring low penetration through the collimator’s pinholes was 

proposed. 

 
 

(a) (b) 

Figure 2.14 (a) Side view of the stationary single pinhole-detector SPECT module, (b) Gate 

generated assembly of 42 pinhole-detector geometries arranged in three different rings [169]. 

The study simulated a parallel hole collimator with the perfect matching between 

the collimator pinhole and the CZT detector pixels for the case of circular, hexagonal, and 

square pinholes, as shown in Figure 2.15a, Figure 2.15b, and Figure 2.15c. The primary 

objective of the matching is to minimise the dead area on the detector plane generated by the 

septa. While maintaining the collimator’s independence from photon energy, the system’s 

simulations demonstrated a higher detection efficiency while retaining the collimator’s 

independence. However, additional evaluation studies are required to test the system’s ability 

to maintain the target efficiency at higher photon energies. 

Researchers in [171-173] developed new detector technologies to enhance the 

performance of SPECT imaging systems by using newer scintillators, photomultipliers, and 
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electronic circuits. Researchers in [174] proposed using pixelated detectors to restrict the 

spread of scintillation light. However, this technology demands a significant design 

constraint, especially when submillimeter pixel resolution is considered [169]. 

Focusing the radiation onto the scintillator could be one of the unique future 

solutions to the issue of light scattering on the detector plane. Massari et al. suggested a novel 

method for reconstructing the high-frequency content of various SPECT images [175]. The 

resolution of the parallel hole collimator SPECT imaging system has increased significantly 

due to the SSR technique. In addition, the method benefited from the independence and 

homogeneity of the field of view (FOV) in parallel hole collimators, as opposed to pinhole 

or multi-pinhole collimators. In [176], a SPECT system for imaging the brain was described 

using a square and hexagonal multidetector and a multi-pinhole system for each detector 

module. A method of shutters was devised to allow photons to flow through a series of several 

pinholes selectively. The multiplexing effect was considered by permitting overlapping 

projections on the detector module. Figure 2.16 shows the three hemispherical rings of 

detectors. The simulation results indicated the diameter of the detector module for 

performance and sensitivity optimisation. Despite a comparative investigation between the 

various detector modules and varied pinhole geometry through the shutters, a comparative 

study with a conventional SPECT imaging system is lacking. 

 

Figure 2.15 Collimator-pinhole CZT-pixel matching with (a) circular holes, (b) hexagonal holes, 

(c) square holes [170]. 
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Figure 2.16 Three rings of hemi-spherical detectors surrounding patient head [176].  

This study inspired/sparked further research into the squared and hexagonal detector 

rings, as shown in Figure 2.17. The fundamental objective of this suggestion is to modify the 

irradiation hexagonal and squared detector rings by applying the shuttering approach and 

enabling the rotation of the detector rings [177].  

Several pixelated detectors proposed to develop a unique digital SPECT showed a 

significant improvement in image clarity and contrast compared to conventional SPECT 

imaging systems [178]. The small design of pixelated digital detectors makes it possible to 

effectively utilise the overall projection area on the detector plane [179]. 

 

Figure 2.17 Three rings of hemi-spherical detectors surrounding patient head [177].  

The proposed system is comprised of pixelated moving CZT detectors installed on 

the camera gantry with radial rotation to scan the target region. Figure 2.18 illustrates this 

proposed design configuration. 
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Figure 2.18 Pixelated moving CZT detectors [178]. 

Despite improvements to the imaging system’s sharpness and sensitivity, additional 

work is required to address some of the study’s limitations, such as the inability of the human 

eye to evaluate images and the difference in FOV size between the analogue and digital 

SPECT systems. 

In SPECT imaging, detector technology is essential for extracting dynamic light 

from the scintillator. Nonetheless, several factors limit the light extraction effectiveness of 

the scintillator and result in complete internal reflection within the scintillator. Due to the 

internally reflected light absorption effect within the scintillator, this considerably reduces 

light output [180, 181]. Several solutions to this dilemma were offered, including plasmonic 

lattices [182] and photonic crystals [182, 183]. Despite the enhanced effectiveness of light 

extraction employing these approaches, its application in scintillators is limited by their 

reliance on the light’s wavelength [184]. By presenting a scintillator design with micro-lens 

arrays at the top of the scintillator, a possible solution to the wavelength dependency 

challenge is provided. Employing microlenses to determine radiation directional information 

was examined, and the setup was tested using Monte Carlo ray-tracing techniques [185-187]. 

Figure 2.19a depicts the suggested system architecture, whereas Figure 2.19b illustrates the 

influence on the light path and directionality with and without the microlenses covering the 

scintillator. The system simulation demonstrated an increase in light output and SNR. The 

refractive index and form of each microlens substantially influence the enhancement of light 

extraction and impose design constraints on the intended microlens arrangement. 
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(a) (b) 

Figure 2.19 (a) Scintillator with Micro-lens array, (b) Scintillation light path difference in 

scintillator with (left) and without (right) microlens array [187]. 

A full-ring SPECT system with eight large-area CZT cameras was proposed in 

[188]. Each detector is independently spun around its rotation axis. It has a radial motion for 

changing aperture sizes that may be matched to varying sizes of the image volume, as 

depicted in Figure 2.20. Compared to the typical scanning time, the system’s acquisition time 

has been reduced by threefold. 

 

Figure 2.20 Eight ring CZT detector, each detector can rotate independently around the patient 

[188]. 

2.3 Coded Aperture: SPECT 

Typically, imaging is accomplished via lenses and mirrors at optical wavelengths. 

In contrast, the energy level of hard X-rays and gamma rays is too high to be reflected or 

refracted. Therefore, they pass right through the lenses and mirrors of optical instruments. X-

rays and gamma rays imaging systems use coded apertures (CA) because these high-energy 

rays cannot be focussed using lenses or mirrors designed for visible light [189]. The data 

obtained by the multi-pinhole coded aperture collimator must be post-processed to be 

decoded. Different images from multiple apertures will overlap on the detector array of a 

coded aperture camera, which is more advanced than a pinhole camera. Consequently, it is 

necessary to reconstruct the original image by a computer process. This way, acquiring a 

sharp image without a lens is possible.  
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In nuclear medicine, coded apertures were introduced as an alternative to traditional 

tomography in order to increase the sensitivity of gamma cameras while keeping the system’s 

spatial resolution [189-195]. In these systems, the collimator is replaced with a mask 

containing a large number of holes, which acquire several copies of the object, some of which 

are distinct from one another and others which overlap. The data obtained by the multi-

pinhole CA collimator must be post-processed in order to be decoded. For Nuclear medicine 

applications, where the object being studied should be placed as close to the detector plane 

as possible, the near-field artefacts created by such proximity pose significant challenges, 

necessitating the use of mask and anti-mask techniques to partially circumvent this issue 

[196]. Additionally, the projected image is deformed when a multiple-pinhole CA is used. 

The data is comprised of multiple overlapping projections, making it difficult to decode the 

overlaps. Mu et al. proposed an innovative CA SPECT reconstruction technique [197]. The 

imaging of hot sources and cold lesions was examined using near-field CA. With the 3D 

MLEM technique, the CA images were reconstructed. The generated images exhibit 

enhanced Contrast-to-Noise Ratio (CNR) and root-mean-square when compared to 5-pinhole 

images. In addition, the noise aberration was more prominent in pinhole images than in CA 

images. However, the resolution remained essentially unchanged. The comparisons were 

restricted to small-pinhole-count multi-pinhole images. In order to obtain more generalised 

conclusions, it is necessary to increase the pinholes and conduct additional research. A study 

published in 2020 revealed the capabilities of a system based on a coded aperture mask and 

a hybrid pixel Timepix detector with a CdTe sensor to monitor SPECT radiotracers with a 

resolution of 1 𝑚𝑚 [198]. At higher energies, however, the image quality declines due to 

diminished detection efficiency and collimator absorption. This exacerbates the 

reconstruction artefacts that become obvious for gamma photons at approximately 180 keV. 

Figure 2.21 displays CA-reconstructed images for various sources of energy. Shadowgrams 

refer to the reconstructed images or patterns obtained through the process of decoding the 

information collected by the coded aperture. These shadowgrams are intermediate images 

that represent the distribution of radiation sources or objects in the field of view, before 

further processing to obtain the final image [199]. 
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Figure 2.21 Simulated images of a source emitting gamma rays with energies of 30, 140, 180, and 

350 keV. The top row shows the reconstructed images. The bottom row shows the corresponding 

shadowgrams [198]. 

The SPECT collimator and detector design poses a major concern in nuclear 

medicine; reviewing past studies in the literature reveals research gaps that have yet to be 

addressed. 

2.4 Gamma Focusing Methods  

Mirrors or lenses can be used to bend the pathways of photons and concentrate 

visible light to a single location. This makes the image sharper and brighter [200]. Gamma 

rays focusing is a challenging task. When a gamma ray collides with matter, the interaction 

destroys or drastically modifies the gamma energy. This means that conventional mirrors and 

lenses cannot be used to focus gamma radiations [201]. In the introduction to X-ray 

telescopes, X-rays were focused using “grazing incidence” mirrors, which cause incoming 

photons to skim across the mirror’s surface. Gamma rays are more energetic than X-rays; 

hence they must enter at an even shallower angle, rendering grazing incidence mirrors 

unsuitable for gamma ray astronomy [202]. In reality, gamma rays telescopes lack adequate 

focusing lenses. Instead, scientists have developed alternative approaches to determine the 

source of gamma rays in the sky. Gamma ray astronomy commonly employs collimators, 

anti-coincidence shields, and coded aperture masks [203].  

Low energy focusing telescopes up to 70–80 keV have been successfully 

constructed, but beyond 100 𝑘𝑒𝑉, crystal diffraction looks to be the most efficient way to 



   

 

52 

 

concentrate photons [204]. Gamma rays focusing optics are also essential for enhancing the 

angular resolution, with the best results currently obtained with coded mask telescopes (about 

15 arcmin ) [205]. Today, focusing telescopes in the soft gamma rays band are crucial for 

overcoming the sensitivity limitations of the present generation of gamma rays telescopes 

that observe the sky [206]. Several attempts have been made to develop a diffraction lens, 

namely a Laue lens, with a broad energy passband 100 − 600 𝑘𝑒𝑉and a long focal length 

(up to 20 𝑚 and beyond) for astrophysics [207]. 

2.4.1 History of Gamma Focusing Based on Laue Lens Diffraction 

During World War II, many changes were instigated in daily living. The 

introduction of high-energy photon sources was one of them [208]. This is the result of the 

development of fission reactors for electrical generation and scientific study, which made 

available numerous radioactive isotopes that generated high-energy gamma rays and the 

advent of energetic X-ray sources increased the availability of photons of medium energy 

[208]. The applications were extensive in medicine and industry. These sources led to the 

development of techniques for detecting cancer in humans, monitoring production lines, 

testing welds for cavities or flaws, and an array of novel imaging technologies, ranging from 

chest X-rays to computerized axial tomography scans. These efforts led to the invention of 

numerous novel detectors for high energy photons. The demand for detecting tiny tumours 

and weaker sources prompted the design of detectors with improved sensitivity [209]. In most 

instances, this was addressed by increasing the size of the detector. The astrophysics 

community made its first flight of high-energy gamma rays detectors to observe gamma rays 

and energetic X-rays from distant astrophysical sources at the beginning of the space era. As 

the investigations progressed, astrophysicists began to examine gamma rays from sources in 

our galaxy and galaxies in the distant universe [210]. Due to their large distances, these 

sources are considerably weaker. Therefore, in perspective, they began to consider crystal 

diffraction lenses as a potential solution to the extremely low luminosity of these sources. 

Substantial design considerations are required for X-rays detection with high 

efficiency. Some non-focusing techniques for X-rays detection utilizing collimators as 

geometric optics have been developed [211]. However, when background noise increases, 

the effectiveness of geometrical optics diminishes. Quantum optics is an additional non-

focusing technique proposed in [212]. On the other hand, Laue lens-based focusing 

approaches have the potential to overcome the constraints of non-focusing detection 
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methods. Examples include the Compton telescope [213], the gamma rays imager [214], and 

the hard X-ray telescope research [215]. 

A new interest in X-rays and gamma rays from astrophysical sources was sparked 

by the success of the Einstein Observatory satellite X-ray telescope [216-218]. This telescope 

comprises a series of concentric reflecting shells that focus X-rays with energy up to 5 𝑘𝑒𝑉. 

This introduced a new field of astrophysics and raised the question of how energetic photons 

could be focused. During the 1980s, the Argonne group investigated the types of crystals 

(mosaic and bent) that may be utilized in crystal lenses and the various forms of crystal lenses 

[219-225]. Moreover, they conducted several research projects for examining various Laue 

lens crystal designs for focusing intense photons in the realm of astrophysics [201, 208, 225, 

226]. 

In the late 1980s, the Argonne group ended up producing a full-size lens for the 

Treaty Verification programme in the late 1980s. It consists of eight rings containing 600 

germanium crystals [208]. The success of this lens led to a partnership with the Toulouse-

based group led by Ballmoos to use the lens in balloon flight research [227]. A new lens 

based on the Argonne design was developed. The lens utilized novel mosaic crystals set to 

deflect 170 𝑘𝑒𝑉 X-rays from the Crab Nebula and was utilized in two balloon flights to 

demonstrate that this technique could be used to see gamma rays from astrophysical sources 

[228]. 

2.4.2 Gamma Focusing in Medical Applications 

The necessity to compensate for the resolution/sensitivity trade-off in conventional 

collimation SPECT systems by employing focusing optics for energetic gamma photons was 

the main purpose for studying the effects of X-rays focusing and reflective optics. Absorptive 

collimation is used in current SPECT imaging techniques, which sets efficiency against 

resolution. Conventional SPECT methods are effectively limited to a spatial resolution of 

less than 2 mm due to efficiency constraints, limiting the examination of several major areas 

of biomedical research [229].  

Using recent breakthroughs pioneered by the high-energy astrophysics community 

for focusing X-rays and gamma rays optics provides a method to break the paradigm that sets 
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resolution against efficiency and offers a path to imaging small animals with sub-millimetre 

resolution. 

2.4.3 Grazing Mirrors: Medical Imaging 

Wolter proposed the first symmetric X-rays optics designs just over fifty years ago 

[230]. He found that a practical optic could be made utilising pairs of conoids to build a short-

wavelength microscope for biological research (i.e., hyperbolas, parabolas, and ellipses). The 

functioning angles for grazing incidence systems (also called Wolter optics) are typically a 

few degrees or fewer to achieve the critical angle needed for total external reflection of light 

[208]. Wolter’s prospective microscopes were not realized due to limitations in optical 

production and coating procedures. His ideas went untested until the late 1960s, when the X-

rays astronomy community embraced grazing incidence designs for the first generation of X-

ray telescopes [231]. To boost efficiency by collecting light from a bigger aperture, a 

significant invention was to nest numerous pairs of mirrors inside, much like Russian dolls 

fit inside one another. Since the first X-ray telescope was launched onboard the Einstein 

Observatory in 1978, NASA, the European Space Agency (ESA), and the Japanese Space 

Agency (JSA) have constructed and launched 10 more X-rays astronomy satellites at the cost 

of several billion dollars ($US) [118]. 

Based on grazing incidence mirrors for the focusing of energetic photons, a small 

animal radionuclide imaging system (SARIS) was proposed [232-234]. The research 

developed a high-resolution imaging system for small animals based on reflecting optics. The 

shape of the stacked mirrors used to focus gamma rays is depicted in Figure 2.22 and Figure 

2.23. The focal length f is indeed the sum of the distances between the middle of the optic 

and the mouse 𝑓1 and the middle of the optic and the detector 𝑓2: 

𝑓 = 𝑓1 + 𝑓2 2.1 

And the magnification 𝑀 of the optics is expressed as: 

𝑀 =
𝑓2

𝑓1
 2.2 
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Figure 2.22 Geometry of the nested mirrors for focusing gamma rays in small animal imaging [232]. 

 

Figure 2.23 A schematic illustration of a gamma rays lens with three nested mirrors, the parameters 

that determine the system’s resolution and field of view [232]. 

The prototype optics demonstrated the feasibility of  X-rays optics for small animal 

imaging: a four-reflection symmetric prototype and a two-reflection asymmetric optic with 

unity magnification. The study couldn’t fabricate substrates specifically for biomedical 

imaging due to financial restrictions. Instead, it employed thermally generated substrates 

initially designed for astronomical telescopes. Using a dedicated Monte Carlo simulation, the 

study demonstrated that practical optics have efficiencies of 10−5, which is comparable to 

pinhole systems with 0.75 𝑚𝑚  resolution, and spatial resolution at least an order of 

magnitude better than state-of-the-art pinhole collimators, for gamma photons with an energy 

of 27.5 𝑘𝑒𝑉. 
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Another study was initiated to develop a small animal radionuclide imaging system 

that uses grazing incidence optics to focus the low-energy gamma rays in the energy range 

of 17 − 20 𝑘𝑒𝑉 or 27.5 𝑘𝑒𝑉 (the primary energy emitted by 𝐼125) [118, 232]. With present 

detectors and a reasonable efficiency, the best spatial resolution feasible with a pinhole 

collimator is 1 𝑚𝑚. Given the limitations of absorptive collimation techniques, the focusing 

methods based on grazing incidence represent a potential solution for sub-millimetre 

resolution. 

However, using reflecting gamma rays optics for small animal imaging has 

drawbacks. First, increasing the number of lenses is the only method to boost the system’s 

sensitivity. Second, a single lens will consist of tens of nested mirror pairs, resulting in a far 

higher production cost than a single collimator element [232]. Moreover, this method is 

impractical for 𝑇𝑐99 radionuclide imaging that emits gamma rays in the energy range of 

100 − 200 𝑘𝑒𝑉, due to the inverse relationship between the angle of reflection and photon 

energy. With separation distances between the small animal and the detector in the order of 

a few metres, a complete focusing system will require more laboratory space than an 

absorptive collimation system. 

2.4.4 Laue Lens Application: Medical Imaging 

Enhancing image resolution and sensitivity is imperative to detect cancers at their 

earliest stages. Focusing is the only option to increase sensitivity, as there is nothing more 

that can be done to detectors already capable of detecting single events. However, it is 

impossible to focus gamma rays using conventional refractive optics [235]. Consequently, 

bringing the concept of diffractive focusing to nuclear imaging via the Laue lens is a 

promising strategy for enhancing resolution. A Laue lens is a collection of crystals capable 

of focusing high-energy photons using diffraction [236]. Thus, the Laue lens could focus a 

large number of intense gamma photons into a small focal area on the detector plane, enabling 

high-resolution radionuclide imaging of small animals and the brain. The primary distinction 

between imaging with an array of crystals lens and a collimator is that the lens permits the 

decoupling of angular resolution and collection power or sensitivity. This is especially crucial 

for the astrophysics lens, where relatively large crystals can be used in a large lens without 

affecting its angular resolution. 
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In the 1990s, the Argonne crystal diffraction group took the initial step in 

investigating the potential application of Laue lens diffraction, focusing on nuclear imaging. 

A high SNR was attained due to the detector’s small surface area [209]. In addition, the 

detection effectiveness remained high even when dealing with small radiation sources. Using 

the concept of diffraction, an imaging system for detecting gamma rays between 100 −

200 𝑘𝑒𝑉 was proposed later in 2005 [237, 238]. By constructing the first lens system capable 

of focusing 140.5 𝑘𝑒𝑉 gamma rays from 𝑇𝑐99, the researchers began to investigate the 

viability of using diffracting lenses to scan radioactivity. In the study, a Laue lens with 13 

rings comprised of 900 copper crystals was presented for nuclear imaging. Figure 2.24 shows 

a schematic of the designed Laue lens. The primary objective of this technique was to further 

investigate suspected tumour masses as small as 2 − 3 𝑚𝑚 after a body scan. On a purposely 

built stand, the designed Laue lenses were evaluated by placing the detector on top, the Laue 

lens in the middle, and the source at the bottom. The photo and the conceptual drawing of the 

experiment’s stand are shown in Figure 2.25a and Figure 2.25b, respectively. Argonne 

researchers continued to investigate the use of Laue lenses in medical imaging. Using the 

notion of diffraction, an imaging system for detecting gamma rays in the range of 100 −

200 𝑘𝑒𝑉 was developed in 2006 [238]. 

The best achieved resolution using this lens was 3 𝑚𝑚, which is less or almost 

equivalent to the current pinhole collimators. Based on the Laue lens diffraction approach, 

Paterno et al. developed a gamma ray focusing investigation for gamma photons. The 

research’s major objective was to produce a high-resolution image on the detector plane [78]. 

Even though the Laue lens design made its way into the nuclear medicine field, no evidence 

was found in the literature to support how to combine the Laue lens geometry with a typical 

gamma camera hardware system.  
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Figure 2.24 Front and side view of the Laue lens showing all 14 concentric rings of crystals. Each 

crystal is 4 mm by 4 mm  and 2-4 mm thick [238].  

  

(a) (b) 

Figure 2.25 (a) The Laue crystal lens test facility, (b) Drawing illustrating the elements of the lens 

test facility. The source is at the bottom, the lens in the middle and the detector at the top [238].  

 

Gaps still exist in exploring possible uses of the Laue lens as a component of the 

gamma camera hardware for small medical imaging. The use of Laue lens diffraction in 

nuclear medicine prompted numerous researchers to suggest multiple concepts for 

radiotherapy systems based on the same principle. 
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2.4.5 Laue lens Applications: Radiotherapy 

Approximately 60% of cancer patients undergo radiation therapy, primarily in the 

form of high-energy photons (2 − 20𝑀𝑒𝑉), as part of their disease management [239]. Due 

to their penetrating power and ionization nature, they inflict damage on healthy and malignant 

tissue alike, so these high-energy photons pose numerous challenges [240]. Twenty years 

ago, the accuracy with which radiation therapy for cancer treatment could be used to precisely 

tailor the radiation dose around a patient’s tumour was an order of magnitude lower than it is 

today [241]. 

For effective therapy, the overall dose delivered to the tumour must be greater than 

the dose to the surrounding tissue (the “therapeutic ratio”), so it would kill the tumour cells 

without harming healthy tissue [242]. Currently, a proper ratio is obtained by directing the 

beam in several directions at the tumour, either by scanning the beam or directing several 

beams at the tumour. Using this technique, the locations where the beams cross receive a 

larger radiation dose than the healthy tissue they must pass over on their path. Compton 

Scattering by electrons causes a rapid decrease in beam intensity as the beam passes through 

healthy tissue. For instance, by the time an X-ray beam reaches the centre of the brain, its 

intensity would have decreased to around 20% of what it was at the skin’s surface. To restore 

the flux at the brain’s centre to the still non-lethal level at the skin, irradiation from five 

different directions would be required. The approach is challenging because a proper ratio of 

tumour to skin exposure requires irradiation from many different directions [243].  

The use of X-rays beams is a well-known technique for targeting deeper tissues 

[244]. The depth dose deposited by X-rays beams reach a maximum at the site of the targeted 

tissue, followed by a prolonged exponentially diminishing curve caused by tissue absorption. 

Recently, several methods for obtaining a convergent X-rays beam for radiotherapy 

applications have been developed. One of these methods relies on magnetic and electric field-

applying equipment to precisely adjust the trajectory of an electron beam from a linear 

accelerator (LINAC) [245]. Using an X-rays tube with a polycapillary lens as a focusing 

device is another way to obtain a convergent X-rays beam for radiation applications [246]. A 

polycapillary lens utilises multiple complete reflections of X-rays within numerous hollow 

glass tubes to focus the high-energy photons beam on a target.  
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However, due to the fact that the critical angle for the entire reflection is inversely 

related to photon energy, this method is only effective for photons with energies up to 80 keV 

[247]. In addition, the depth of irradiation is normally restricted to 5 cm due to the limited 

radius of the channels. The focal spot is between 100 − 200 𝑚𝑚 wide. Such a narrow focal 

region suggests that even a 1 𝑐𝑚3 tumour would necessitate an extremely time-consuming 

beam scan for uniform irradiation. A Laue lens is an optical component that could circumvent 

these restrictions. It is a focusing element capable of concentrating a photon beam on a target 

volume that would pave the way for a novel radiotherapy technique [248]. Paterno et al. 

proposed a radiotherapy system using an X-rays tube instead of a LINAC as the X-rays 

source [245]. The tumour is located at the focus at a depth of Zf within the patient’s body. 

The designed Laue lens was capable of diffracting a beam with standard energy ranging from 

tens to hundreds of 𝑘𝑒𝑉𝑠. Such lenses can be designed for specific treatments. The proposed 

system is shown in Figure 2.26. The lens focuses a portion of the X-rays released by the X-

ray tube on a target volume that contains the tumour within the patient’s body. The collimator 

positioned just in front of the patient and the beam stopper positioned in the centre of the lens 

prevent the direct beam and Compton-scattered photons from reaching the patient. 

Consequently, only the diffracted beam should ideally reach the patient. In the study, 

80 𝑘𝑒𝑉 was considered as the minimum energy, which is greater than the maximum energy 

a polycapillary lens can accommodate. 

 

Figure 2.26 Schematic of a radiotherapy system employing a Laue lens [245].  

Camattari et al. [249] initiated a feasibility study that was conducted on the 

placement tolerances of crystalline optical elements. It was demonstrated that a Laue lens can 

be utilized efficiently in the context of radiotherapy to treat tumours if the mounting errors 

were less than specific values, which are attainable with contemporary micromechanics. 
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Another study presented a potential method for generating a converging beam that preserves 

the skin by spreading the radiation exposure across a vast area. This is similar to the notion 

described in [250]. However, instead of a mechanical system with various sources and 

collimation, it employs an X-ray lens system. This is also distinct from polycapillary optics, 

which operate at a lower energy level and are hence inapplicable to deep-seated malignancies 

[251]. In the proposed Convergent Radiotherapy and RadioSurgery (CRnR) system, the 

converging beam geometry, as illustrated in Figure 2.27, exhibits an increase in dose up to 

the focal spot and then a decrease in dose as the beam becomes diverging. This is in contrast 

to the typical dose decrease with depth after the initial build-up region (orthovoltage build-

up is negligible).   

 

Figure 2.27 Conceptual illustration of the CRnR system where an X-ray lens converts a diverging 

beam into a converging beam, producing a localized dose peak within a target [251]. 

2.5 Recent Trends in SPECT Imaging: Lightfield Imaging 

Lightfield cameras provide imaging systems with an increased level of efficiency. 

The primary driving force and incentive for lightfield imaging are post-image processing and 

focusing of the acquired image [252]. These are determined by analysing the directional and 

spatial distribution of light rays in every direction in space. Applying lightfield imaging to 

medical imaging systems based on X-rays and gamma rays, such as PET, SPECT, and CT 

have remained a difficult task for years, due to the difficulty of locating microlenses that can 

focus X-rays and gamma photons. Tahtali [253] proposed the application of the lightfield 

imaging concept to CT imaging. The proposed setup employed a multi-pinhole array instead 

of a lenslet array used in optical lightfield imaging to obtain simultaneous projections from 

numerous X-ray sources. Figure 2.28 depicts a pinhole acting as a lenslet, where 𝐿 is the field 
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of view, ℎ is the distance between the detector an the collimator, 𝛼 is the opening angle, and 

𝑡 is the pinhole depth [253].  

  

Figure 2.28 Pinhole acting as a lenslet [253]. 

Following this innovative pinhole concept, Saha et al. investigated the feasibility of 

a lightfield CT system along with suitable reconstruction algorithms for the type of sparse 

data produced by such a system [254]. The width of the X-ray beams in the proposed system 

is assumed to be equal to the size of the pinhole aperture. The system’s maximum capacity 

to store directional ray data is predicted to be 20 × 20 projections beneath each pinhole using 

existing pixelated X-ray cameras. However, as it is the case with optical lightfield imaging, 

the number of useful projections would be reduced due to vignetting at the boundaries of 

each pinhole.  Different from conventional multi-pinhole systems, the pinhole array is 

positioned at a minimum distance from the sensor plane to avoid multiplexing. Different 

configurations were simulated to establish the ideal angular projections in terms of enhanced 

image reconstruction quality while keeping an acceptable distance between the source and 

the detector and the least radiation dose required. Despite the ability of the described 

acquisition system to record active X-rays from many sources concurrently, the pinhole 

collimator is responsible for a significant amount of X-rays flux attenuation, which would 

have a considerable impact on system sensitivity. In addition, the dispersion effect was not 

taken into account in the study. Therefore, several of the reconstructed images contained 

artefacts. Based on the light-field imaging technique, Rahman et al. [255] investigated an 

array of 100 multi-pinhole collimators to increase the sensitivity and FOV while maintaining 

the spatial resolution. The GEANT4 Applications for Tomographic Emission (GATE) 

simulation software was used to model and test the initial system performance. Figure 2.29a, 
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Figure 2.29b, and Figure 2.29c show the modelled L-SPECT (Lightfield SPECT) system in 

the GATE environment, the 100 𝑥 100 array of PSPMTs (Position Sensitive PMTs) and the 

pixels array behind each pinhole, respectively. The system’s fundamental properties were 

examined in accordance with NEMA (National Electrical Manufacturers Association) 

standards. The proposed design can provide high resolution, system sensitivity, and count 

rate for SPECT imaging. This detector module could be utilized in a variety of scientific and 

clinical investigations. However, a specified design constraint was imposed in the presented 

study to evaluate only non-multiplexed projections. This is mostly due to the requirement of 

an expensive, high-resolution detector to avoid overlapping the large number of pinhole 

projections described in this work. Avoiding multiplexing would substantially impact the 

resolution and SNR of SPECT systems. The primary objective of considering multiplexing 

is to improve SNR while maintaining system sensitivity. Noting that developing a high-

resolution imaging approach remains essential for the accurate and efficient early detection 

of malignant tumours. However, existing SPECT imaging systems suffer from a physics-

imposed trade-off between resolution and sensitivity. With the multiplexing (overlapping) of 

the pinhole projections, a multi-pinhole system can increase sensitivity at the expense of 

increasing complexity. Consequently, this also increases the complexity of image 

reconstruction methods [256].  

  
(a) (b) 

 
(c) 

Figure 2.29 (a) Dual-head L-SPECT system, modelled in GATE, (b) 100 by 100 array of 0.48 mm x 

0.48 mm PSPMTs, and (c) behind each pinhole, an array of 10 by 10 pixels with each array 

corresponding to a PSPMT [255]. 
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2.5.1 The Next Paradigm in SPECT Imaging: Lens-Based SPECT 

Imaging 

Introducing the notion of the Laue Lens into nuclear imaging systems would boost 

resolution substantially. In addition, it can potentially focus a large number of intense gamma 

rays released by energy sources within the patient’s body into a small focal area on the 

detector plane. This would result in radionuclide imaging with a significantly enhanced 

resolution, including small animals and humans, with high SNR [209]. To address the 

challenge of low sensitivity in smaller SPECT detectors, which is crucial for early cancer 

detection, larger detectors are employed. However, as the background's square root increases, 

the signal-to-noise ratio (SNR) decreases. Consequently, enlarging the detector size would 

lead to a reduction in SNR [209, 257]. By utilising focusing qualities, this issue could be 

resolved.  

2.6 3D Image Reconstruction 

 CT image reconstruction is a mathematical procedure that builds tomographic 

images using X-rays projection data gathered from many angles surrounding the subject. It 

fundamentally affects both image quality and radiation dose [258]. Two primary 

classifications of reconstruction methods are: analytical reconstruction and iterative 

reconstruction (IR). The most prevalent analytical reconstruction method in commercial CT 

scanners is the filtered back projection (FBP), which applies a 1D filter to the projection data 

before back projecting (2D or 3D) [259]. The computational efficiency and numerical 

stability of FBP-type methods are the primary reasons for their widespread adoption. Various 

FBP-type of analytical reconstruction methods were developed for different generations of 

CT data-acquisition geometries, including 2D parallel- and fan-beam CT in the 1970s and 

1980s, helical and multi-slice CT with narrow detector coverage in the late 1990s and early 

2000s, and multi-slice CT with a wide detector coverage (up to 320 detector rows and 16 cm 

width). Scanners with more than 16 detector rows often employ 3D-weighted FBP algorithms 

[260]. Clinical applications dictate the selection of the reconstruction kernel. For instance, 

smooth kernels are typically used in brain examinations or liver tumour evaluations to reduce 

image noise and improve low contrast detectability. However, sharper kernels are typically 

used in medical imaging examinations or scans, such as X-ray, CT (computed tomography), 

or MRI (magnetic resonance imaging)  to evaluate bone structures due to the clinical 

requirement for higher spatial resolution [261]. 
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 In SPECT imaging, the image captured at one viewing angle is the projection of 

the three-dimensional (3D) distribution of the radionuclide onto the two-dimensional (2D) 

detector plane. Due to the projection operation, no information is provided regarding the 

depth at which disintegrations occur. Furthermore, activities originating from distinct 

structures may overlap on the detector plane, and the contrast may be low [262]. With only 

one image of the projection, it is difficult to detect the activity distribution because an endless 

number of distributions can produce the same projection. However, the overlap visible in the 

projections depends on the detector’s relative positions and the body’s structures [262]. As 

shown in Figure 2.30, the radioactivity distribution data are projected onto the detector from 

each angle. Note that the location of any scintillation on a crystal reveals the direction of the 

incident photon (the dashed line) but not the distance between the detector and the photon’s 

emission site. 

The detector rotates around the object of interest and acquires projections of the 

emission pattern in its field of vision from many angles. The number of scintillations detected 

at any point 𝐬 along the detector when the detector head is positioned at an angle is defined 

as 𝐠(𝐬, 𝛉), as shown in Figure 2.30. The quantity 𝐟(𝐱, 𝐲) is alternatively defined as the 

estimated number of photons emitted at any position (𝐱, 𝐲) in the transverse slice in the field 

of view [262]. The function 𝐠 is the projection of 𝐟 onto the crystal as permitted by the 

collimator. This indicates that 𝐠(𝐬, 𝛉) represents the whole of the radioactive counts collected 

at a specific point during a given time span when the detector is at an angle 𝛉. The collimator 

defines the kind of projection (e.g., an orthogonal projection for parallel collimators) and 

determines the direction of the incident photon for any scintillation in the crystal. 

SPECT technique reconstructs 3D tomographic images from a sequence of 2D 

planar scintillation camera readings, where each image corresponds to a part of the body. 

Image reconstruction is necessary to acquire tomographic images from a series of SPECT 

projections [262, 263]. The filtered back-projection (FBP) method has been the most used 

approach to date. This process is quick and straightforward. However, some image 

processing is required due to the generally noisy data from scintillation cameras, and this is 

frequently accomplished by using a low-pass filter. The Butterworth filter is an often-used 

filter whose cut-off frequency and order can be used to define the filtering amplitude [264].  
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Figure 2.30 The principles of tomographic acquisition and geometric considerations [262]. 

The iterative approaches, particularly the MLEM/OSEM (The Maximum 

Likelihood Expectation Maximization/ Ordered Subsets Expectation Maximization) 

methods, are a group of reconstruction techniques that have attracted increasing attention. 

These approaches are based on an initial estimate of a reconstructed image and a step in 

which an estimated projection derived using knowledge of how a SPECT system works is 

compared to a measured projection [265]. A bin-by-bin error projection is generated, and the 

results are back-projected to produce an error image. After comparing data from all angles of 

projection, the original estimate is updated by multiplying the first estimate by the error 

image. This revised image can then be applied to calculating new error images. These 

iterations continue until the estimated-to-measured discrepancy is within an acceptable range. 

MLEM is the most widely used method for SPECT and PET since it was derived from 

Poisson statistics [262]. The slow convergence of MLEM has hindered the method’s clinical 

implementation. However, Hudson and Larkin released the OSEM  approach in 1994 [266]. 

OSEM is similar to MLEM in many ways, but only a small number of selected angles are 

utilized to produce the error image prior to the update. MLEM uses data from all 64 

projections to build the error image, but OSEM only uses a selection (usually four) before 

updating the image. This means that the initial image will be updated 16 times per iteration, 

whereas the MLEM will only receive a single update. Therefore, the results will converge 

much more quickly, and the process has been improved [266]. 
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Due to the inherent difference in data handling between FBP and iterative 

reconstruction (IR), IR images may have a different appearance in terms of noise structure. 

Moreover, the spatial resolution in a local region of IR-reconstructed images highly depends 

on the surrounding structures’ contrast and noise, resulting from the non-linear regularisation 

term and other optimization-related factors [267]. Contrast- and noise-dependent spatial 

resolution has been measured using various commercial IR techniques [268, 269]. Due to 

this dependence, the amount of potential radiation dose reduction permitted by IR is 

dependent on the diagnostic task, as the subject’s contrast and the exam’s noise vary 

considerably in clinical examinations [270]. Several phantoms and human observer studies 

on multiple commercial IR methods demonstrated that only marginal or a small amount of 

radiation dose reduction is permissible for low-contrast detection tasks [271-273]. Before IR 

can be used routinely, careful clinical evaluation and reconstruction parameter optimization 

are required [274, 275]. Active research has been conducted on task-based image quality 

evaluation using model observers to quantify image quality and dose reduction objectively 

and efficiently [276, 277]. 

While post-reconstruction filters are utilized to eliminate noise, they also diminish 

spatial resolution and contrast and tend to blur the image’s edges. This noise can also be 

decreased by employing the Bayesian approach or median root prior (MRP), a new Bayesian 

reconstruction algorithm utilized primarily in PET and later enhanced for pinhole SPECT. In 

image reconstruction, the ordered subset expectation maximization (OSEM) technique with 

a functionality dependent on the number of subsets and iterations is utilised. Even though its 

processing time is just 2.5 times longer than the FBP approach for one iteration and eight 

subsets, it provides much greater image quality while suppressing streak artefacts and non-

amplifying noise [278]. According to reference [262], OSEM IR has become the preferred 

method for IR processing, in which data are grouped into subsets that enable more rapid and 

accurate data convergence than previous systems. OSEM images provide higher image 

clarity and more image contrast than FBP images [262]. Due to insufficient projection data 

collected from a single circular pinhole, blurring occurs. In contrast, a pinhole SPECT 

utilising two circular orbits and a three-dimensional OSEM can offer complete projection 

data and eliminate blurring edges in the reconstructed image. It can eliminate axial blurring 

and increase image resolution consistency. It has the potential to become the standard 

instrument for quantifying physiological activities in vivo in small animal imaging [279]. 
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2.6.1  Central or Projection Slice Theorem 

The central slice theorem is the fundamental basis of tomography. It has also known 

as the projection slice theorem and the Fourier slice theorem [280]. The central slice theorem 

in two dimensions (2D) states that the 1D Fourier transform 𝐩(𝛚) of the projection 𝐩(𝐬) of 

a 2D function 𝐟(𝐱, 𝐲) is equal to a slice (i.e., a 1D profile) through the origin of that function’s 

2D Fourier transform 𝐟(𝛚𝐱, 𝛚𝐲) which is parallel to the detector, as depicted in Figure 2.31 

 

Figure 2.31 Illustration of the 2D central slice theorem [280]. 

2.6.2 Reconstruction Methods 

If the detector is rotated around the object for at least 180 degrees, the corresponding 

“central slice” in the 2D Fourier transform  𝐟(𝛚𝐱, 𝛚𝐲) will rotate synchronously and cover 

the entire 2D Fourier space, that is, the x-y plane, as shown in Figure 2.32. In other words, 

by rotating the detector 180 degrees, the entire 2D Fourier transform 𝐟(𝐱, 𝐲) is “measured.” 

Once 𝐟(𝐱, 𝐲) is available, the original 2D function 𝐟(𝐱, 𝐲) can be easily obtained by the 2D 

inverse Fourier transform is a mathematical procedure [280, 281]. 

Back projecting projection data at one view is the same as adding a “central slice” 

of 𝐟(𝛚𝐱, 𝛚𝐲) in the x-y plane (i.e., the Fourier space). Back projection of more than 180 

degrees fully reconstructs the 2D Fourier transform 𝐟(𝛚𝐱, 𝛚𝐲). Because of the Fourier pair 

property, the original function 𝐟(𝐱, 𝐲) can be identified [280]. 
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Figure 2.32 Central slice theorem: Each view adds a line in the Fourier space. The 2D inverse 

Fourier transform reconstructs the original image [280]. 

Filtered back projection (FBP) is one of the most prevalent reconstruction 

algorithms derived from the central slice theorem. This theory relates the 2D image to its 1D 

Fourier domain projections. The FBP consists of ramp-filtering and back projection steps. 

The filtering algorithm can be implemented as a multiplication in the Fourier domain or 

convolution in the spatial domain [282]. 

In 2D acquisition, each row of projections reflects the sum of all counts along a 

straight line through the depth of the object being scanned. The back projection technique 

redistributes the number of counts at each specific position back along the line from which 

they were originally detected. This procedure is performed for all pixels and angles. As a 

result of the limited number of projection sets, a star artefact and image blur were created, 

the algorithm is explained in Figure 2.33a, Figure 2.33b, and Figure 2.33c. To avoid this 

issue, the projections are filtered before being back projected into the image matrix. It should 

be noted that the back projection process takes place in the spatial domain, whereas data 

filtration takes place in the frequency domain [283].  

   

(a) (b) (c) 

Figure 2.33 A simple representation of filtered back projection. (a) Acquisition of three 

projections, (b) Back projected projections, (c) Filtered back projected projections [147]. 
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The filters used in FBP are essentially mathematical formulae that alter with 

frequency. The filters employed in SPECT imaging might vary to meet goals such as star 

artefact reduction, noise suppression, or signal augmentation and restoration. The selection 

of a filter for a given image reconstruction task is typically a balance between the level of 

noise reduction and fine detail suppression as well as the spatial frequency structure of the 

image data of interest [262, 283, 284]. 

2.6.3   Iterative Reconstruction Methods 

Iterative algorithms are gaining popularity in medical image reconstruction due to 

the increasing availability of more powerful processors. The imaging problem is described 

as a system of linear equations, and an image is reconstructed by minimizing an objective 

function [283, 285]. Numerous algorithms are available for solving linear equations or 

minimizing an objective function. The likelihood function can be used to define the goal 

function,  including prior knowledge about the image. In the projection measurements, the 

likelihood function models the noise distribution. The MLEM algorithm, also known as the 

OS-EM algorithm, is the most widely used iterative image reconstruction algorithm in 

emission tomography, and it has received major attention. Many noise-control solutions are 

presented. This chapter also discusses a recent research hotspot: image reconstruction with 

significantly under sampled data, often known as compressed sensing, which is simply 

another application of Bayesian image reconstruction [283, 286]. 

Iterative reconstruction begins with an approximation of the image [44]. Most of the 

time, the initial estimate is relatively basic, such as a uniform activity distribution. The initial 

estimate is then used to estimate a set of projection data via a mathematical method known 

as the forward projection. The generated projections are compared to the recorded 

projections, and the disparities between the two are used to update the estimated image. The 

iterative process is performed until the disparities between the computed and measured values 

are less than a predetermined value. Iterative reconstruction approaches include algebraic 

methods such as the algebraic reconstruction technique (ART) and statistical algorithms [82, 

262]. 
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2.7 Chapter Summary 

This chapter thoroughly examined the different proposed designs of SPECT 

collimator and detector design optimization approaches from the perspective of the most 

recent advancements. Studies that would provide insights and expert comments on the 

direction and future of SPECT design research were presented. A comprehensive literature 

on the impact of pinhole size, shape, material, and geometry on the performance and 

resolution of SPECT imaging in identifying the optimal collimator design and the effect on 

the final 3D reconstructed images was discussed. Moreover, the proposed techniques to 

mitigate the multiplexing impact, system tailoring, and task-based imaging technologies that 

gave rise to adaptive SPECT were examined. The recently demonstrated technologies and 

geometries for SPECT detectors and the approaches available for enhancing light extraction 

are explored. In the light of the most recent technological advancements and the emerging 

trends in SPECT imaging based on lightfield is explored. The history of Laue lens uses in 

astronomy, and the extended applications to nuclear medicine are thoroughly reviewed.  
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3. Methodology  

This methodology chapter serves as a critical component of my research study, as it 

outlines the systematic approach employed to gather, analyse, and interpret data. It also 

provides a roadmap for the research process. In this chapter, I delve into the specific research 

methods and procedures employed in this study and the methodology followed in this thesis 

by describing the simulation tools and the designed environment set-up. Additionally, I 

briefly discuss the potential limitations and challenges associated with the chosen methods 

followed in this study and the steps taken to mitigate them. 

This chapter is structured as follows: Section 3.1 discusses different aspects of the 

Monte Carlo methods as a simulation tool. Section 3.2 presents the developed environments 

for the thesis work and the 3D reconstruction tools. Section 3.3 discusses the limitations and 

challenges associated with the methodology, such as the computation time and code 

optimization. Section 3.4 concludes the chapter.  

3.1 Monte Carlo Toolkits  

The Monte Carlo approach is a technique for tackling issues involving random 

variables by designing a physical system of interest. Monte Carlo models processes and 

system interactions by randomly selecting the a priori probability density function for the 

occurrence of particular phenomena. H.O. Anger initially employed this technology to model 

the physical response of his innovative scintillation camera [287]. Since then, Monte Carlo-

based simulations have gained popularity in the realm of nuclear medicine due to their ability 

to realistically simulate the random nature of radiation emission, detection, and transport.  

In the late 1970s, Monte Carlo techniques began to gain popularity in medical 

physics, specifically for the modelling of imaging systems in nuclear medicine, the 

characterization of particle beam accelerators in radiotherapy, and the calculation of the 

absorbed dose in patients for treatment planning [288-291]. Since then, Monte Carlo 

simulations have become a prominent research and development (R&D) method for the 

design of nuclear imaging systems and dose calculation engines in treatment planning 

systems (TPS) [292, 293]. 
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Technological developments in the field of Monte Carlo simulations have resulted 

in the emergence of generic computer codes, allowing the user to simulate a wide variety of 

particles, energies, geometrical elements, and physical interactions; for example, EGSnrc 

[294], MCNPX [295], Penelope [296], Fluka [297], GEANT4 [298, 299], Gate [300-302]. In 

addition to new experimental data, the accuracy of the underlying physical models and cross-

section databases has been continuously enhanced. Inefficiency of Monte Carlo simulation 

approaches" refers to the fact that traditional Monte Carlo simulations can be computationally 

intensive and time-consuming. Monte Carlo simulations involve random sampling and can 

require a large number of iterations to achieve a desired level of precision or accuracy in the 

results. To combat the inefficiency of Monte Carlo simulation approaches, variance reduction 

techniques (VRT) have been developed [288, 303]. They are still being proposed to improve 

computation times at a given level of precision [292]. 

As the several software packages used for this research have their rootsin Monte 

Carlo simulations of particle behaviour, a brief discussion is presented in the next section of 

how Monte Carlo techniques are applied in this thesis and the different developed 

environments in three different toolkits used for this purpose. 

3.1.1 MATLAB Toolkit 

MATLAB is a licensed inter-programming language and quantitative computing 

environment created by MathWorks. Matrix manipulation, graphing of functions and data, 

algorithm implementation, construction of user interfaces, and connecting with programmes 

written in other languages are all possible with MATLAB. Although MATLAB is primarily 

meant for numeric computation, an optional toolbox employing the MuPAD symbolic engine 

enables symbolic computation [304]. Simulink is a supplementary programme that adds 

multi-domain graphical simulation and model-based design for dynamic and embedded 

systems.  

MATLAB version R2020a was used for the thesis work to run the developed 

environment and the implemented reconstruction algorithms. The machine learning and 

image processing toolboxes were used alongside several other toolboxes. 
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3.1.2 GEANT4 Toolkit 

GEANT4 (for GEometry ANd Tracking) is a platform that uses Monte Carlo 

methods to simulate "the movement of particles through matter." It is the successor to The 

GEANT4 collaboration's GEANT series of software toolkits and the first to employ object-

oriented programming (in C++) [305]. The multinational GEANT4 Collaboration is 

responsible for its development, upkeep, and user assistance. High energy physics and 

nuclear experiments, medicinal, accelerator, and space physics research are examples of 

application areas. Many international research projects use this programme [306]. GEANT4 

version 10.07.0 was used for this thesis work to run the developed environment.  

3.1.3 GAMOS Toolkit  

GAMOS stands for GEANT4 Based Architecture for Medicine-Oriented 

Simulations. It is a GEANT4-based framework that is both user-friendly and adaptable [307]. 

The extensive scripting language makes it simple to implement the most frequent 

requirements of a medical physics application without the need for C++ programming. The 

plug-in technology, together with a careful modular design, detailed documentation, and a 

set of examples and tutorials that explain in detail how to extend the framework in various 

directions, enables the full flexibility of GEANT4 to be exploited by creating new user code 

or by reusing any piece of GEANT4 code and integrating it seamlessly with the existing 

GAMOS components [308]. GAMOS version 6.2.0 was used for this thesis work to run the 

developed environment.  

3.2 The Developed Environments for the Thesis Work 

In this thesis work, I have developed three different environments for the proposed 

lens based-SPECT design in different Monte Carlo toolkits. The first implementation was in 

the MATLAB platform, the second was in GAMOS, and the third was in GEANT4.  

The obtained projection image in each environment was calibrated against each 

other for the proof of concept. Moreover, the performance analysis parameters, including 

sensitivity and resolution, were compared in the three developed Monte Carlo 

implementations for the proposed lens-based SPECT. 
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3.2.1 MATLAB Implementations 

Modified Monte Carlo environments tailored to the lens-based SPECT  were 

developed to simulate the desired behaviour and response of the SPECT system augmented 

with a Laue lens. Several case studies were run using different types of phantoms. Several 

geometrical shapes were considered for the simulated source phantom.  

Phantom dimensions and the system parameters are stored as input parameters to be 

changed for different case studies. The developed environment assumes ideal conditions for 

initial system evaluation and performance parameters analysis. The MATLAB developed 

Monte Carlo study did not consider scatter, attenuation, and absorption effects at the detector 

level. However, the designed environment incorporates realistic physical interactions, and 

nuclear event counts for possible absorption and attenuation phenomena within the Laue lens 

volume. I started by proposing the very initial geometry of the design by proposing a single 

lens-based SPECT geometry. Then, a single lens-based SPECT system fitted with partially 

curved detector modules and Laue lens arrays to boost sensitivity. I call it modular lens-based 

SPECT. The multi lens-based SPECT was the third geometry. For each of them, I developed 

a first Monte Carlo study devoted to each geometry requirement for the single and modular 

lens-based SPECT. The 3D images were reconstructed in both configurations. For the single 

lens, the validation study was based on assessing the detected depth and shift in the 3D 

images. However, for the modular one, the validation was based on mapping the sensitivity 

through the FOV. Performance parameters provide critical insights into how effectively a 

system operates and helps evaluate its efficiency, identify bottlenecks, prospect limitations 

and challenges and make informed decisions for design improvement. In this thesis work, 

resolution and sensitivity were the considered metrics for studying the envisioned system’s 

performance. For both systems, I conducted a comparative study. In the single lens case, it 

was contrasted against the existing SIEMENS LEHR parallel SPECT. For the modular lens 

and since I reported progress on the single lens [133], I further compared it against the single 

lens-based and the SIEMENS LEHR parallel SPECT [309]. The multi lens-based SPECT 

was a more advanced geometry and more complicated in terms of developing forward 

projection and 3D reconstruction algorithms for a highly multiplexed system with an array 

of Laue lenses. A novel 3D reconstruction algorithm was developed as the first of its kind. 

The system's performance was contrasted against the SIEMENS LEHR parallel and Inveon 

multi-pinhole conventional SPECT systems. The flow of the work is described in Figure 3.1. 

This work is described in more detail in Chapters 4 and 5.  
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3.2.2 GAMOS Implementations 

The lens-based SPECT analysis relies on simulating and modelling the gamma-

focusing by diffraction process in a Monte Carlo environment. GAMOS is one of the most 

powerful and available Monte Carlo simulation toolkits for the movement of particles 

through matter. It is utilized in medical and space research as well as in high energy, nuclear, 

and accelerator physics [39]. As the process of diffraction is not yet implemented in the 

GAMOS toolkit yet, it does not support the modelling of wave-based properties; hence, the 

influence of wave nature cannot be simulated. Thus, I suggested an alternate method for 

simulating the effect of focusing gamma rays on the sensor plane and simulating detector 

response due to the focused projection in GAMOS. It’s worth noting that the various detector 

effects were considered in the GAMOS implementations. Four case studies were considered, 

the single lens-based SPECT with single and three-point sources, and multi lens-based 

SPECT with single and three-point sources. The incident radiation field was modelled using 

the phase space file obtained from the MATLAB simulation described previously. The output 

of the MATLAB-based calculations was a phase space file with the energies, positions, and 

momenta of the diffracted photons, which were then used as input to the GAMOS 

environment. The proposed solution is based on simulating the detector response due to the 

diffracted gamma photons. Further details for the implemented environment for the phase 

space data will be discussed in Chapter 5. This work will be described in more detail in 

Chapter 6.  
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Figure 3.1 The MATLAB environments. 

3.2.3 GEANT4 Implementations 

Laue lens manufacturing is challenging due to the high precision in positioning and 

aligning diffractive crystals of diverse elements. Computer simulations of the Laue lenses in 

reliable, cutting-edge high-energy physics simulation environments are a readily accessible 

alternative to physical experiments. However, the Laue diffraction process has yet to be 

integrated with any of the available Monte Carlo simulation platforms, and the wave 

character of the phenomenon cannot be correctly modelled using any of the available 

platforms. This is one of the most significant challenges researchers have when attempting 

to model the Laue lens in a realistic particle tracking system. 

I wanted to move further in this research, so I decided to develop the Laue 

diffraction process in one of the most stable and realistic Monte Carlo toolkits and compile 

it in GEANT4 and start with its very initial version.  

Throughout this thesis work, I developed my own advanced example in GEANT4. 

I am presenting the first effort to model X-rays and gamma rays focusing based on Laue 

diffraction in the GEANT4 toolkit using an advanced example in its initial conception. It 

explains the essential components of the implemented Laue lens advanced example 

developed as part of the GEANT4 collaboration. Based on a Monte Carlo simulation, the 

developed example models the wave-based characteristics of gamma rays’ and predicts 
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diffracted, transmitted, and absorbed gamma rays locations on the detector plane. The model 

makes it easy to customize different input settings for various Laue lens designs. 

The GEANT4 Laue diffraction project was envisioned to establish an open-source 

simulation software fully integrated within the GEANT4 Monte-Carlo simulation toolkit to 

simulate gamma rays diffraction based on the Laue lens focusing effect. Its functionality and 

features continue to grow while its performance improves. The necessary practical 

knowledge for developing and running the application that will be utilized in real experiments 

was acquired from the user's guide for Application Developers, Rev 6.0: GEANT4 Release 

11.0, 10th. This implementation simulates the complete diffraction process starting with the 

source and ending with the detector response. Moreover, all detector effects and different 

phantom’s volumes were considered to run in several case studies. The flow of the work is 

described in Figure 3.2. A thorough discussion of the developed advanced example is 

discussed in Chapter 7. 

3.2.4 GEANT4 Implementations extended to GAMOS Users (Plugin) 

After the successes in developing and validating the diffraction process (More 

details are discussed in Chapter 7) and running it as a GEANT4 advanced example, I decided 

to make it available for the GAMOS toolkit, which is a toolkit dedicated to a GEANT4-based 

architecture for medicine-oriented applications. The extension of the work and development 

of the Laue diffraction process makes it easy for GAMOS users to simulate the Laue lens 

diffraction by designing different geometries under various detector effects without any need 

for C++ coding. The flow of the work is described in Figure 3.3. A thorough discussion of 

the GAMOS case studies with the extended functionality is discussed in Chapter 8.  
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Figure 3.2 The GEANT4 advanced example and environments. 

  

Figure 3.3 The extended work GEANT4 environment to GAMOS  

3.2.5 Simulation Tools: 3D Image Reconstruction 

In this work, I developed different 3D reconstruction algorithms specifically tailored 

to the three proposed geometries of the novel lens-based SPECT. These reconstruction 

algorithms demonstrate the first effort to reconstruct a meaningful 3D image from Laue lens 

projections. Thus, it was crucial to validate the developed algorithms. To this end, I ran 
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several Monte Carlo simulations with various case studies for validation purposes. MATLAB 

version R2020a was utilized for this purpose. The machine learning and image processing 

toolboxes were used alongside several other toolboxes. This 3D reconstruction algorithms 

are discussed in further detail in Chapters 4 and 5.  

3.3 Limitations and Challenges Associated with the Methodology 

3.3.1 Computation Time and Code Optimization 

This section briefly discusses the limitations encountered during this thesis work in 

developing the environments for the envisioned lens-based SPECT in the three different 

Monte Carlo toolkits. Moreover, I discuss the optimization methods used to mitigate these 

challenges and limitations. 

3.3.2 MATLAB Environment 

MATLAB, as opposed to compiled languages, executes code line by line, 

interpreting and executing each statement at runtime. Compared to compiled languages that 

directly transform code into machine instructions, this interpretative method may result in 

slower execution speeds [310].  

To address the issue, I first identified the computationally extensive loops and 

executed them in parallel using parfor loop [311]. Moreover, with an isotropic source 

(radiating in all directions) defined as the particle generator in the MATLAB environment, 

only the gamma rays hitting the Laue lens lane were considered. This is achieved by directing 

the rays based on the angles that define the maximum and minimum deviation angles from 

the lenses plane. This is discussed in further detail in Chapter 4, Section 4.6.1.  

3.3.3 GAMOS Environment 

The computation time in GAMOS simulations is mainly impacted by the physics 

models and interactions that relies in GEANT4; these models are computationally extensive 

[299].   

To minimize the length of the computational process, I modified the code to work 

with parallel job processing. This method allows the execution of simulations using multiple 

processors and computing resources. This would reduce the overall execution process as the 
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jobs will be distributed among multiple processing units. This code optimization is discussed 

in further detail in Chapter 6, Section 6.2.3.  

3.3.4 GEANT4 Environment 

The high computation time in GEANT4 simulations was significant and presented 

one of the main challenges in this research [312]. The number of particles can be vast in high-

energy physics experiments or complex detector geometries. Consequently, simulating the 

trajectories and interactions of all these particles can consume significant computational 

resources and time. Furthermore, the precision and practicality of the GEANT4 simulations, 

including many events and various real detector effects, also contribute to increased 

computation time [313].  

To alleviate the problem, I optimized the code using the General Particle Source 

tool (GPS) in GEANT4 [306]. This is done by defining the energy, direction, and primary 

source properties, and most importantly, the distribution of the gamma rays. I set the source 

distribution angle based on the lens-based SPECT's defined geometry. Moreover, the 

distribution angle of the primary generator was tweaked to be directed only towards the Laue 

lens/pinhole plane in order to avoid generating unnecessary particles. 

3.3.4.1 Running in a High-Performance Computer: NCI 

Several simulations related to this thesis work were run utilizing Australia's 

preeminent computing facility the National Computational Infrastructure (NCI). However, 

several problems were encountered due to exceeding the limited execution time per run, 

which resulted in either terminating or killing the process of the running simulations. 

To address this problem, it was essential to redesign the simulations with time 

constraints and consider the impact of process termination. Moreover, some of the codes were 

modified to save the data periodically during the execution process (checkpointing).  

3.4 Chapter Summary  

This chapter provided an overview of the research approach and the applied 

methods. The simulation tools and the different developed dedicated Monte Carlo 

environments in MATLAB, GAMOS, and GEANT4 toolkits were introduced. 
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Acknowledging the limitations and potential biases that may have influenced this research 

methodology is vital. To this end, I also discussed the limitations and challenges encountered 

associated with the method and the available tools as well as the measures implemented to 

address them, including the code and computation time optimization processes.   
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4. A Novel Ultra High-Resolution Lens-

Based SPECT: Insight to Lightfield 

Imaging: MATLAB Monte Carlo Study 

Developing nuclear imaging systems for diagnostic purposes is one of the most 

promising research fields. Optimizing the collimator's geometry for a given number of 

pinholes in a SPECT collimator has been challenging, prompting several researchers to 

suggest various SPECT collimator designs. Moreover, the pinhole geometry of the collimator 

has a significant consequence on the sensitivity and resolution of the imaging system [88]. 

One of the significant drawbacks of the conventional SPECT systems is the trade-off between 

resolution and sensitivity, or in other words, the sensitivity is not decoupled from system 

resolution. To tackle the constraints associated with the current SPECT imaging designs, this 

chapter presents a novel SPECT imaging method by introducing the notion of gamma 

focusing by diffraction [133]. The work described in this chapter represents the first 

realization of a novel Ultra-High-Resolution Lens-Based SPECT that does not require 

parallel collimators or pinholes. It also conducts a first-of-its-kind Monte Carlo analysis in 

this field. The proposed design would potentially lay the foundation for new SPECT imaging 

technology that can be extended to lightfield imaging. 

This chapter discusses the initial and gradual development of the dedicated Monte 

Carlo simulation used for designing and optimizing the Laue lens tailored for the lens-based  

SPECT application. Moreover, it describes the initial design parameters and the tracking 

Monte Carlo models for the envisioned system. I started by proposing the initial idea of a 

single lens-based SPECT geometry. The designed environment incorporates a realistic 

physical interaction that accounts for possible absorption and attenuation phenomena.  

Optimizing the lens for SPECT applications and detector geometries using 

simulations based on raytracing or Monte Carlo algorithms is time-consuming due to the 

need to vary many system parameters. As an efficient alternative, I developed a separate 

Monte Carlo environment to first optimize the lens design in Mathematica, and then tested 

its application in the SPECT gamma camera environment developed in MATLAB.  
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A 3D reconstruction algorithm that is customized to the focused Laue lens 

projections is also described in this chapter. The purpose of the reconstruction algorithm is 

to calculate an accurate 3D radioactivity distribution from the acquired projections. Thus, 

rigorously validating the reconstruction algorithm for a newly proposed SPECT design is 

crucial. To this end, I conducted validation studies that addressed two essential parameters, 

the mapping of the depth and shift information in the 3D reconstructed images of the lens-

based SPECT and the sensitivity mapping over the field of view (FOV). For detailed 

comparison and rigorous evaluation, the lens-based SPECT parameters were downscaled to 

have comparable characteristics with current LEHR SPECT systems. The 3D reconstructed 

images of the proposed design were assessed against the existing parallel LEHR and multi-

pinhole Inveon SPECT. 

This chapter is structured as follows: Section 4.1 presents an introduction, then 

Section 4.2 gives a brief idea on lightfield imaging and discusses a prospective insight into 

advanced SPECT imaging using the focusing lenses instead of the conventional pinholes. 

Section 4.3 describes the methodology and the study of system characteristics. Section 4.4 

discusses the Laue lens’ design parameters and the developed environment for optimizing its 

function. Section 4.5 introduces the geometry and parameters of the proposed single lens-

based SPECT design. Section 4.6 presents the experimental setup for the proposed system. 

Section 4.7 discusses the developed 3D reconstructing algorithm for the single lens-based 

SPECT. The findings and experimental results are presented in Section 4.8. The chapter 

concludes with a summary in Section 4.9.  

4.1 Introduction 

The spatial resolution and sensitivity influence the performance of SPECT systems. 

These two factors are determined by the collimator properties when the size and functionality 

of the detectors are identical across systems [314, 315]. Many collimators confine the 

incidence direction of gamma rays, where they strike the scintillation crystal to identify the 

radiation source. In SPECT imaging, many collimators are utilized depending on the 

application [98]. The parallel-hole collimator is often used for clinical imaging because of its 

excellent sensitivity and adequate spatial resolution for general clinical cases [88]. In small 

animal imaging, where spatial resolution is the most critical factor, the pinhole collimator is 

often employed to boost the system resolution [99, 316]. Despite the significant 

advancements in SPECT imaging technology over the past three decades, the fundamental 
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design of imaging equipment has remained the same. In the past decades, the demand for 

high-resolution and high-sensitivity SPECT scanners triggered several efforts to design and 

optimize the collimator and detector parameters.  

As we approach a new era of digital lightfield imaging and as the technology heads 

towards new fields, it is crucial to reflect on the developments and trends in what has become 

a thriving interdisciplinary field combining optical imaging, image processing, computer 

vision, and computer graphics. In light of existing SPECT systems’ technical pitfalls and 

recent improvements that were recounted in Chapters 1 and 2, I propose an off-centre 

collimation system by exploiting the use of the Laue lens. Using this novel collimator would 

potentially open SPECT imaging to new imaging techniques, such as lightfield imaging. This 

reinterpretation in SPECT design would potentially provide a new perspective in changing 

traditional nuclear imaging. 

Presently, nuclear medicine tools are often implemented using Monte Carlo (MC) 

methods. Monte Carlo simulations are an essential tool in SPECT and PET modelling, and 

they are ideal techniques because of the stochastic nature of radiation emission. The 

optimization of SPECT and PET cameras and the study of the significance of various 

physical processes involved in image generation can benefit significantly from MC 

simulations [317]. It contributes to system design and streamlining imaging and processing 

procedures. A variety of Monte Carlo simulation toolkits are currently accessible for 

simulating SPECT and PET configurations [318]. The available toolkits can be utilized to 

model the transport of photons and electrons in any material and account for many physical 

processes. The Monte Carlo approach allows researchers to comprehend the physics 

underlying the formation of images and aids them in developing enhanced processes. The 

impacts of phenomena such as Rayleigh and Compton scattering, fluorescence photons, and 

electron transport can be investigated independently of one another [317, 318]. Moreover, 

mathematical modelling is required to evaluate various parameters in nuclear medical 

imaging systems, since there is no analytical solution to the transport equation representing 

the interaction of photons with nonuniformly attenuating body structures and complex 

detector geometries [317]. 

This chapter presents a Monte Carlo simulation study for designing a Laue lens 

tailored to nuclear imaging applications and for assessing the feasibility of the novel SPECT 
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nuclear imaging system proposed for imaging small animals and brain, based on 

incorporating the Laue lens as part of a multi-pinhole collimation system. 

4.2 Lightfield Imaging 

The lightfield concept is an established idea that has emerged in recent years due to 

the development of digital and optical technologies and a better knowledge of how the human 

visual system perceives and interprets the world [132, 319]. In contrast to a photograph, 

which represents visual information as a projection of light onto a 2D image plane, a lightfield 

portrays the world around us as a collection of light rays that fill the 3D space it represents 

[319]. Lightfield imaging's significant contribution is that a reframing of the conventional 

photographic imaging approach that separates the process of imaging a scene capture, from 

the actual realization of image synthesis, makes it possible for post-processing capabilities. 

The underlying concept is that the lightfield capture method enables intermediate processing 

that goes well beyond standard image processing. Modern cameras are sophisticated 

computers that execute complex algorithms to produce high-quality 2D images. However, 

lightfield imaging is growing beyond this generation by challenging existing optical systems 

to facilitate recording high-dimensional data sets, including rich scene information. The 2D 

visuals provided to the human observer are processed reproductions of the higher-

dimensional data gathered by the sensor, which only the computer can see in its unprocessed 

form. This partial substitution of computers for physics facilitates the post-capture 

customization of images on an unprecedented scale [132, 320]. 

Lightfield cameras offer significant postprocessing capabilities, such as refocusing 

the image after it has been collected and shifting the point of view. Figure 4.1 illustrates the 

lightfield concept using a Micro Lens Array (MLA) camera. A plenoptic camera is not 

substantially different from a conventional one, except that a microlens array is placed right 

in front of the imaging sensor, allowing the directions and intensities of light rays to be 

concurrently recorded.  

4.2.1 Lens-Based SPECT: A Paradigm Shift for Lightfield Imaging   

At the start of this research, I was inspired by my supervisor's patent [253], where 

he proposed a 3D X-rays CT method based on lightfield imaging, and I then had the vision 

to propose a SPECT imaging system akin to the lightfield camera. However, finding a 
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microlens array that operates for gamma rays to replicate the lightfield imaging concept 

remains challenging [321], as the they cannot be used for focusing photons with high energies 

that are emitted by SPECT radiotracers [127]. 

 

Figure 4.1 Lightfield imaging based on MLA [322]. 

To apply the lightfield concept to existing diagnostic imaging systems, optics 

capable of focusing gamma rays are required.  

The underlying aim for exploring the effect of X-rays focusing and reflective optics 

was the requirement for focusing optics for intense gamma photons. Several attempts used 

grazing incidence optics to focus gamma rays. As discussed in Section 2.4, due to the inverse 

relationship between the angle of reflection and photon energy, gamma focusing using 

reflective ray optics is impractical for imaging radionuclides that generate gamma rays with 

energies between 100 − 200 𝑘𝑒𝑉. A complete focusing system will require more laboratory 

space than an absorptive collimation system since separating the small animal and the 

detector is equivalent to a few metres. Considering all the previous means of gamma focusing 

optics, their use will not be practical for SPECT applications. Consequently, bringing the 

concept of diffractive focusing to nuclear imaging via the Laue lens is a promising strategy 

for focusing energetic gamma photons and enhancing resolution. 

As a glimpse into the future of improved SPECT imaging, I present a Laue lens 

SPECT that is based on gamma focusing by photon diffraction [133]. The proposed system 

has been designed and optimized for the 140.5 𝑘𝑒𝑉  photon emitted by 𝑇𝑐99. The Laue lens 
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would collect high-energy photons from a vast area and then focus them onto its focal point 

on the detector plane; the placement of the focal point is determined by the source's shifts 

relative to the lens' axis. For any source shift from the lens axis, the same shift will be 

duplicated in the opposite direction on the detector plane, just like an optical lens. The 

projections of the Laue lens dependent on source shifts from its axis are depicted in Figure 

4.2. Using a Laue lens in a SPECT system would potentially permit radiation sampling by 

decoding the angular resolution with a higher spatial resolution. With this method, SPECT 

images would potentially be refocused while maintaining their resolution. 

 

Figure 4.2 Novel Laue lens-based SPECT [133]. 

The Laue crystal lens acts similarly to a simple convex lens for visible light. The 

basic relationship is: 

𝐹 ≅ 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡  × 𝐸 Eq. 4.1 

where 𝐹 is the focal length and 𝐸 is the energy of the gamma rays. This relation 

holds as long as the sine of the Bragg angle is equal to its tangent. The Bragg angles are only 

a few degrees for the high-energy photons in the 100 − 150 𝑘𝑒𝑉 energy range that this lens 

is designed to focus. Thus, this approximation is accurate. The above equation can also be 

expressed as:  
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1
𝐿𝑠⁄ +  1 𝐿𝑑⁄ =  1

𝐹𝑜𝑐𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ⁄   Eq. 4.2 

where  𝐿𝑠 is the distance from the source to the lens, 𝐿𝑑 is the distance from the lens 

to the detector.  

4.3 Methodology 

This section describes the methods used to model and characterise the design of the 

proposed single lens-based SPECT system. To model and study the envisioned system 

behaviour, I developed two different studies in Mathematica and MATLAB. The 

Mathematica-based study was developed for designing and optimizing the Laue lens tailored 

for a SPECT medical imaging application using a genetic algorithm [323]. The second one 

was developed to model the behaviour of the SPECT system augmented with a Laue lens in 

a gamma camera dedicated environment using MATLAB [133].  

Whereas the forward projection and 3D reconstruction algorithms developed for the 

single lens-based SPECT would definitely differ from those currently utilized for the 

conventional parallel LEHR or the multi-pinhole SPECT and other tomographic modalities, 

it is possible to adapt existing techniques to analyse images acquired with the Laue lens. To 

this end, I developed a tailored forward projection and 3D reconstruction 

approaches/algorithms to analyse the acquired images from a lens-based SPECT system. The 

Monte Carlo simulations were based on the forward projection and ray tracing concept. 

Furthermore, I developed a customized 3D image reconstruction algorithm in MATLAB to 

reconstruct the projection images resulting from the focused photons. The purpose of the 

reconstruction algorithm is to calculate an accurate 3D radioactivity distribution from the 

acquired projections.  

Validating the reconstruction algorithm for the new proposed SPECT design is 

crucial. To this end, I conducted validation studies that addressed two essential parameters, 

the mapping of the depth and shift information in the 3D reconstructed images and the 

sensitivity mapping over the field of view (FOV). The performance parameters of the 

proposed design were assessed against the existing parallel LEHR SPECT based on two 

figures of merits, sensitivity, and resolution, which were inferred based on standard methods. 
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I used simple phantoms for the initial characterisation of the system, the first was a single-

sphere phantom, and the second was a three-spheres phantom.  

4.3.1 Study of System Characteristics  

The single lens-based SPECT scans were performed for 360° rotation at 10° steps. 

I used a one-point and a three-point phantom. The activity of the different point sources or 

volumes was selected to imitate cases of a suspicious mass or tumour in its initial stage 

compared to the background. The different activity simulates the cancerous tumour with 

higher radio tracer absorption of the gamma rays. The one-point phantom consists of the 

same spherical sources of 0.03 𝑚𝑚 radius. The three-sphere phantom consists of spherical 

sources spaced by 0.1 𝑚𝑚 from centre to centre. Each sphere has an activity of 0.1 𝑚𝐶𝑖. 

Sub-millimetre sized spheres were chosen because the proposed crystal lens system has lower 

background noise and maintains the same overall sensitivity for small sources; thus, it should 

provide higher sensitivity than existing full-body scanners for small sub-millimetre sources 

[209, 257]. 

The resolution of the Laue lens for a particular radiation wavelength depends on the 

crystals’ mosaicity. To this end, the spatial resolution study was performed using two 

different approaches; the first was based on the FWHM of the point spread function generated 

from the Gaussian distribution of the 3D reconstructed image of a single sphere point source. 

The second method used a three-point sphere. I ran several case studies to examine the 

minimum distance between three spheres the Laue lens can resolve. More details for the 

resolution analysis method are described in Section 4.8.3.  

A point source of 0.03 𝑚𝑚 radius radiating 100,000
𝑝ℎ𝑜𝑡𝑜𝑛

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛
 was used to 

evaluate the sensitivity. The work was performed with Monte Carlo simulations implemented 

in MATLAB. The sensitivity was studied by placing the three-sphere phantom at various 

axial shifts and distances from the Laue lenses’ axis with respect to its centre within the 

lenses’ FOV to represent different experimental scenarios. The actual sensitivity is calculated 

considering that the radioactive source is isotropic. More details for the sensitivity analysis 

method are described in Section 4.8.4. 

In order to evaluate the proposed design and conduct a comparative analysis with 

conventional SPECT imaging systems, the parameters of the proposed system have been 
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downscaled to those of the existing LEHR parallel and Inveon SPECT systems. In addition, 

MATLAB was used to model a LEHR parallel hole SPECT with two different geometries.  

4.4 Laue Lens Design 

4.4.1  The Gamma Diffractive Lens  

In crystalline materials, parallel atomic planes generate a coherent effect known as 

X-rays diffraction. Each crystal can be viewed as a miniature mirror that redirects gamma 

rays from the incident beam to a focal point via Bragg reflection. Each crystal diffuses an 

energy spectrum proportional to the size of its mosaic (also called mosaicity) [324]. Placing 

the crystals on concentric rings around an optical axis and selecting the inclination angle on 

each ring allows the construction of a broad-band gamma rays lens with continuous energy 

coverage over a given band [325]. In a crystal, incident photons are scattered by the electrons. 

Reflected waves interfere constructively, resulting in a diffracted beam, provided their paths 

through the crystal result in a wavelength-multiple phase shift [326]. This condition is met 

when Bragg's law is fulfilled as in: 

2𝑑ℎ𝑘𝑙  sin 𝜃𝐵 = 𝜆  Eq. 4.3 

where 𝑑ℎ𝑘𝑙 is the distance between atomic planes, 𝜃𝐵 is the angle between the 

incoming photon trajectory and the diffracting lattice planes, and 𝜆 is the radiation's 

wavelength. The Bragg’s angle, 𝜃𝐵, is dependent on the orientation of the lattice planes. The 

distance between surfaces for a crystal with a conventional cubic cell may be represented as: 

𝑑ℎ𝑘𝑙  =
𝑎

√ℎ2 + 𝑘2 + 𝑙2 
  Eq. 4.4 

where 𝑎 is the crystal's lattice constant and ℎ, 𝑘, and 𝑙 are the planes' Miller indices. 

Two possible diffraction geometries are available. The first one is referred to as Bragg’s 

geometry, as shown in Figure 4.3a. In this instance, the diffracted beam emerges from the 

same crystal surface as the incident beam. In contrast, in the Laue geometry, as shown in 

Figure 4.3b, the diffracted beam emerges from the surface opposite to the incident beam. The 

Bragg angle is exceptionally narrow for high-energy photons, such as those emitted by a 
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radiotracer, and a large crystal is required to diffract even a small beam. For this rationale, 

the Laue geometry seems to be the most practical option for the envisioned lens-based 

SPECT design. 

 
 

(a) (b) 

Figure 4.3 Diffraction geometrical structures. (a) The Bragg’s geometry: the diffracted beam 

emerges from the identical crystal surface as the incident beam, (b) The Laue geometry: the 

diffracted beam emerges from the opposite surface that the incident beam strikes [248]. 

The intensity of the diffracted beam relies on the crystal characteristics. The 

reflectivity of a crystal is defined as the ratio of the intensity of the diffracted beam to the 

intensity of the incident beam. Instead, the diffraction efficiency is defined as the ratio of the 

intensity of the diffracted beam to the intensity of the transmitted beam in the absence of 

diffraction. An extensive study of Laue lens features at the crystal level is presented in highly 

specialized review articles [257, 327, 328]. In this thesis, just the concepts pertinent to 

studying a Laue lens are examined.  

4.4.2  The Dedicated Lens Design for SPECT Imaging 

The primary goal of this research is to identify the characteristics of the Laue lens 

adapted for the lens-based SPECT. The design and operating mechanism of the crystal 
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diffraction lens in this work were derived from the crystal lens telescope system intended to 

focus intense gamma rays between 300 − 700 𝑘𝑒𝑉 using crystal diffraction [329].  

Even though the Laue lens' design parameters are comparable to those utilized in 

astrophysics applications, the design phase for each application is substantially different. 

Polychromatic parallel hard X-rays are emitted from distant galaxies and astronomical 

sources. This is contrary to what occurs in nuclear imaging when the patient is emitting 

gamma rays in all directions. Thus, it is vital to deal with monochromatic and divergent- not 

parallel - gamma rays. 

The design of the lens is tailored to focus a restricted range of energies, in this case, 

the 140.5 𝑘𝑒𝑉 gamma rays emitted by 𝑇𝑐99. The incoming photons will be diffracted by a 

unique set of crystalline planes for each ring. The radius of each ring is adjusted such that all 

rings concentrate the same photon energy at the same focal point. Each ring's radius is given 

by:   

𝐶𝑅 =  𝐿𝑑  ×  𝜃𝐵 Eq. 4.5 

[330] 

where 𝐶𝑅 is the crystal ring radius. Crystal diffraction is the coherent reflection of 

a photon by successive layers of atoms in a crystal. If the diffraction angle, also known as the 

Bragg angle, is precisely optimal, the wavefronts from each reflection will be coherent, and 

their amplitudes will accumulate. The intensity of diffracted radiation is proportional to the 

square of its amplitude. For gamma rays with energies more than 100 𝑘𝑒𝑉, the diffraction 

process involves many thousands of atomic layers; accordingly, the intensity of the diffracted 

beam is many thousands of times greater than the sum of the individual reflections from the 

crystal layers. The following equations define the requisite diffraction conditions: 

n λ=  2 ×  𝑑 ×  sin 𝜃 Eq. 4.6 

[330] 

𝜃1𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡  =  𝜃2𝐷𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑒𝑑 Eq. 4.7 
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where 𝑛 is the diffraction order, 𝜆 is the monochromatic light wavelength, 𝑑 is the 

distance between consecutive atomic layers, and 𝜃 is the Bragg angle. 𝜃1𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the angle 

between the direction of incoming radiation and the surface of the crystalline planes that 

induce diffraction, whereas 𝜃2𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the angle between the diffracted beam and the 

crystalline planes that cause diffraction. The diffraction response of crystals in a Laue lens 

relies on the crystal's material, crystallographic orientation, and position. For X-rays 

diffraction, it may be beneficial to integrate various materials and crystallographic 

orientations to maximize integration while flattening the energy dependence of the collected 

photons. Figure 4.4 shows a schematic diagram of the diffraction process implemented by 

the Laue lens, 𝑟 is the radius of the Laue lens,  𝐿 is the focal length, and 𝜃 is the divergence 

angle.  

This study implemented a tracking Monte Carlo genetic algorithm [40] to optimize 

the Laue lens for the intended application. Using a custom-built Monte Carlo technique in 

Mathematica, diffraction is characterized. Depending on the application, the precise 

characteristics of a Laue lens may vary significantly. To ensure the program's generalizability 

and adaptability, the user can give a variety of initial configurations. These features consist 

of the focal length for the energy band, the size of the crystals, the minimum and most 

effective radius of the Laue lens, the crystal material, and the diffracting planes [323]. 

 

Figure 4.4 Schematic diagram for the diffraction process implemented using Laue lens, r is the 

radius, L is the focal length [331].  

Once the initial parameters have been defined, the number of crystals in each ring, 

the thickness of diffracting planes, the material type, and the crystal configurations are 
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computed. As a result of the code, the optimal Laue lens turned out to be comprised of seven 

rings of mosaic crystals, as seen in Figure 4.5. The lens’ features are outlined in Table 4.1. 

As a function of focal length, the formula for obtaining the lowest lens radius is as follows: 

𝑅 =   tan 𝜃𝐵 ×  𝐹 Eq. 4.8 

where 𝑅 is the radius, 𝐹 and is the focal length. The Laue lens was generated by 

taking into account initial input parameters, such as the focal length and the photon energy. 

It was restricted to having a small focal length to fit in the SPECT application. Moreover, 

gaining the highest possible efficiency was one of the primary considerations. The lens 

comprises 𝐴𝑙 and 𝐶𝑢, and each of its seven rings has a unique number, arrangement, and 

crystalline composition. The reason behind selecting 𝐴𝑙 and 𝐶𝑢 is that they are found to be 

the best in obtaining a small focal length combined with the best-achieved efficiency. It is 

assumed that the crystals in each ring are identical in material. However, as indicated in Table 

4.1, each ring is created with various crystals. There are 606 crystals in total. The crystals' 

plane focuses photons on a detector 50 cm from the source. In this research work, a symmetric 

Laue geometry and the alignment of a perfect crystal were considered. Thus, the source-to-

lens distance is equal to the lens-to-detector distance. Miller indices are a notation system 

used in crystallography to describe the orientation and planes of crystal lattice structures. 

There are four Miller indices: [111], [200], [220], and [311]; they were explicitly chosen 

using Monte Carlo simulation because they allow us to obtain the desired focal spot with the 

highest efficiency. The crystal size is 1 𝑚𝑚 × 1 𝑚𝑚, and the optimal crystal thickness for 

SPECT applications is 1 𝑚𝑚. While Figure 4.5 depicts the optimised Laue lens with default 

parameters, Table 4.1 details the lens' designed characteristics including the Miller indices in 

column one. Each ring of the proposed lens would have a distinctive Bragg’s angle, as shown 

in Table 4.2.  

Depending on the application, the properties of Laue lenses vary considerably. As a 

necessary consequence and to ensure the adaptability of the design to different nuclear 

applications, a scaling factor was added to the developed MATLAB Monte Carlo simulation 

in an attempt to scale the lens parameters for flexibility in design and as an additional feature 

for adapting the lens design to various nuclear applications. It is worth noting that the angles 
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will still be the same for different scale factors. Hence, Bragg’s law is still valid for all 

crystals. The scale factor is discussed in more detail in Chapter 7, Section 7.6.1.  

 

 

Figure 4.5 Front view of the designed and optimized Laue lens for lens-based PECT. The 

plot was generated with Mathematica. 

Table 4.1 Features of the generated SPECT Laue lens using the genetic Monte Carlo algorithm. 

Material Reflectivity 
Thickness 

(mm) 

Ring Radius 

(mm) 

Number of 

Crystals/Ring 

Al (111) 37.42% 5.50 9.47 53 

Al (200) 35.50% 6.36 10.94 62 

Cu (200) 26.96% 1.81 12.25 70 

Al (220) 29.64% 9.08 15.47 90 

Cu (220) 24.30% 2.04 17.23 102 

Al (311) 26.14% 10.77 18.35 108 

Cu (311) 22.44% 2.20 20.33 121 
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Table 4.2 Distinctive Bragg’s angles 

Ring Number Bragg’s angle 

Ring1 𝜃𝐵 𝑓𝑜𝑟 𝐴𝑙 𝑎𝑡 140 𝑘𝑒𝑉 = 0.01894 𝑟𝑎𝑑 

Ring2 𝜃𝐵 𝑓𝑜𝑟 𝐴𝑙 𝑎𝑡 140 𝑘𝑒𝑉 = 0.02187 𝑟𝑎𝑑 

Ring3 𝜃𝐵 𝑓𝑜𝑟 𝐶𝑢 𝑎𝑡 140 𝑘𝑒𝑉 = 0.02450 𝑟𝑎𝑑 

Ring4 𝜃𝐵 𝑓𝑜𝑟 𝐴𝑙 𝑎𝑡 140 𝑘𝑒𝑉 = 0.03093 𝑟𝑎𝑑 

Ring5 𝜃𝐵 𝑓𝑜𝑟 𝐶𝑢 𝑎𝑡 140 𝑘𝑒𝑉 = 0.03456 𝑟𝑎𝑑 

Ring6 𝜃𝐵 𝑓𝑜𝑟 𝐴𝑙 𝑎𝑡 140 𝑘𝑒𝑉 = 0.03093 𝑟𝑎𝑑 

Ring7 𝜃𝐵 𝑓𝑜𝑟 𝐶𝑢 𝑎𝑡 140 𝑘𝑒𝑉 = 0.04046 𝑟𝑎𝑑 

4.5 Single Lens-Based SPECT 

This section discusses the initial design parameters and considerations for the 

proposed single lens-based SPECT system. The intended system comprises one Laue lens 

positioned at the pinhole centre in a geometry similar to that of a pinhole collimator, 

excluding the clinical collimator, the lens is positioned at equal distances from the detector 

and source planes, which was selected to be 50 cm.  

Figure 4.6a shows the schematic diagram for the single lens-based SPECT Laue 

collimator with a lens at the pinhole’s centre. Figure 4.6b shows the focused rays of one 

Laue lens for 3-point sources phantom. The Laue has radius of  20.3 𝑚𝑚 placed in a planer 

plane with 42 𝑚𝑚 𝑥 42 𝑚𝑚 dimensions. Figure 4.7 shows the measurements of a lens 

inside a pinhole.  

As this is the first initiative to propose the architecture of the lens-based SPECT 

system, and as it has been developed from the foundation, the baseline parameters are kept 

simple. In addition, the concept considers the computational resources currently available 

to work with the computationally intensive Monte Carlo simulation. 
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(a) 

 
(b) 

Figure 4.6 (a) Illustration of the single lens-based SPECT geometry, (b) The lens and 

detector geometry showing the focused rays of one Laue lenses for 3-point sources. 

 

 

Figure 4.7 Illustration of Laue collimator with one lens inside a pinhole.  
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4.5.1 Detector Coupling with the Laue Lens 

A gamma ray detector is a technology that can detect the presence of gamma 

radiation. Additionally, it may count the number of gamma rays hitting the detector. In the 

case of an imaging detector, it measures the direction of the incoming gamma radiation. The 

detector must be sensitive to the photon-to-matter energy transfer throughout all interaction 

processes. Numerous figures of merit characterise the detector: sensitivity and efficiency, 

energy resolution, response function spatial resolution, and response time. 

Since the original purpose of a Laue lens in diagnostic nuclear medicine is to provide 

high-resolution functional images, the detector must have a greater spatial resolution than the 

lens not to compromise the imaging performance of the latter. The size of the detector 

constrains the field of view. The active area of the detector module is matched to the 

envisaged Laue-collimator, which has a 42 × 42 𝑚𝑚2 active area. The collimator of the 

lens-based SPECT design is intended to be simple yet practical. 

4.5.1.1 Detector Shielding 

By means of diffraction, the individual Laue lens will focus the rays that diverge 

and emerge in diverse directions from the object being observed. The rays can be transmitted, 

absorbed, or diffracted at the Laue lens plane. While absorbed photons will be stopped at the 

Laue lens plane, diffracted and transmitted photons will arrive at the detector plane at 

different locations. Therefore, appropriate shielding of the Laue lens is essential to prevent 

the sensor from detecting the stray photons. To this end, I set the forward projection and 

detection algorithms in such a way that all transmitted photons won't be detected by the 

detector and stopped from reaching the sensor plane. However, in a realistic experiment, 

physical detector shielding is necessary. 

4.6 Simulation Design and Experiment Setup 

As discussed in Chapter 3, the lens-based SPECT design was modelled in three 

different Monte Caro toolkits. In this chapter, I am presenting the MATLAB Monte Carlo 

environments that I developed for the single lens-based SPECT.  
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4.6.1 Forward Projection 

The forward projection algorithm is a mathematical model to simulate the path of 

gamma rays and calculate their probability of detection by the gamma camera [332]. This 

generates expected data that can be compared to actual measurements to reconstruct the 

phantom’s internal activity distribution [333]. A Laue lens is situated between the phantom 

and the detector. Tracing of rays is conditional on identifying the radiations to be traced based 

on Bragg's angle requirement. The algorithm generates random points within the spherical 

phantom. Then the algorithm uses a custom function to generate random azimuthal and polar 

angles for every arbitrary point. These angles are essential for identifying the cosine 

directions of the radiations. The angle between the randomly generated rays and the outer 

and inner rings determines the maximum and minimum divergence from the lens axis. 

It is essential to propagate the rays according to the designated deviation limits to 

generate rays that only strike the Laue lens. In this simulation configuration, only the emitted 

radiation towards the lens is evaluated to reduce simulation time. Using algebraic equations, 

the ray vector for random radiations from those sites towards the Laue lens is determined; 

the deviation of the line from the lens axis must be less than the maximum deviation and 

more than the minimum deviation. At this point, the algorithm calculates the probability that 

a gamma photon will be transmitted, absorbed, or diffracted based on the angle of incidence 

on the Laue rings or the intersection angle. There are distinct probabilities for diffraction, 

absorption, and transmission. 

The incident angle on the Laue rings - also known as the Bragg’s angle- is calculated 

based on straight-line mathematical equations. As shown in Figure 4.8, if a ray struck any of 

the Laue rings with an incidence angle equal to Bragg's angle for that ring, it would be 

diffracted towards the detector with an angle equal to the diffraction angle. If not, it will be 

absorbed or transmitted. Figure 4.9a shows the generated rays in green and the focused rays 

in blue. Figure 4.9b shows absorbed rays in red at the Laue lens plane. Figure 4.9c shows the 

generated rays towards the Laue lens in green and the transmitted in yellow. Figure 4.9d 

shows an explanation for the forward projection algorithm starting from the source and 

ending on the detector plane.  

Determining the pixel counts of the final focused rays on the detector identifies the 

intersection points of the beams with the sensor. The constructed Laue lens is shielded, 
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therefore blocking transmitted rays. By mapping these intersections to pixel positions, the 

projection images are formed. Every time a diffracted ray strikes a pixel in the sensor plane, 

the image pixels of the projection images are incremented by one.  

The lens/detector assembly is rotated around the phantom to obtain various view 

angles dependent on the angle shift/increment, also known as step angle. This process is 

performed for all radiations to develop a complete projection for a specific viewing angle. 

The procedure is continued by increasing the viewing angle until the entire object has been 

scanned in 360 degrees to generate sufficient 1 D projection images. The image output is in 

MAT format. The pseudo-code for the forward projection algorithm is given in Figure 4.10.  

 

Figure 4.8 Three different scenarios for the radiations are either absorbed (Red), transmitted 

(Yellow), and diffracted (Blue) at the Laue lens crystals. 
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(a) (b) 

  

(c) (d) 

Figure 4.9 In the forward projection algorithm. (a) The generated rays (green) and the focused 

rays by diffraction (blue), (b) The absorbed rays (red) at the Laue lens plane, (c) The generated 

rays towards the Laue lens (green) and the transmitted rays (yellow), (d) The forward projection 

explanation. 

 

Figure 4.10 Pseudo-code for the Lens-based SPECT forward projection.  

4.7 3D Reconstruction Algorithm  

The first effort to reconstruct images from a Laue lens is presented in this section. I 

developed the 3D reconstruction algorithm (for more details see Chapter 2 Section 2.6.2) for 
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the single lens-based SPECT's initial geometry. The 3D reconstructed images were generated 

using a dedicated algorithm for the focused Laue projections. The scanned phantom is 

reconstructed by projecting the diffracted points onto the detector plane using the ray tracing 

approach. The pixels behind each Laue lens determine the location of focused photons. When 

there are shifts from the lens axis, the spot will also shift.. From each non-zero projection 

pixel along the scanning axis, a perpendicular ray is generated towards the cube of interest. 

Then, Siddon's ray tracing algorithm is used to trace the rays that intersect the cube of interest 

[334]. This trace will include the number of intersecting voxels as well as the length of the 

intersection. The length of the intersected voxels is traced using a rapid voxel traversal 

algorithm and Siddon's tracing algorithm. 

The values of intersecting voxels are updated using the product of the origin 

projection pixel value multiplied by the normalised intersection length. This procedure will 

be performed for all projection pixels as well as the acquired projection images with varying 

step angles. The flowchart for 3D reconstruction is shown in Figure 4.11. 

4.8 Simulation Results 

This section presents the initial single lens-based SPECT system performance 

results. To demonstrate and attest the validity of the proposed method, various case studies 

were conducted to ascertain the system's ability to preserve the depth and shifts in the 3D 

reconstructed images.  

4.8.1 The Projection and 3D Reconstructed Images 

Figure 4.12 shows a sampling of the 36 projection images of a single lens-based SPECT 

obtained by rotating the lens around three-point sources with a 10° step angle around a three-

point source phantom. The x-axis and y-axis represent the column and raw indices of the 

pixelated projection image, respectively. 
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Figure 4.11 Flow chart of the 3D reconstruction algorithm dedicated for the single 

lens-based SPECT 
 

  
0° 20° 
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50°  80° 

  
100°  210° 

  
270° 360° 

Figure 4.12 Single lens-based SPECT projections using phantom of 3 spheres, rotated at 10° step angle. The 

x-axis and y-axis represent the column and raw indices of the pixelated projection image, respectively.  

Figure 4.13a and Figure 4.13b show the 2D XZ and the 2D YZ slice of the 3D reconstructed 

image, respectively. Figure 4.13c and Figure 4.13d show the 3D reconstructed image 

generated using MATLAB and the 3D reconstructed image generated using Volume 

Viewer, respectively.  
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(a) (b) 

        

(c) (d) 

Figure 4.13 Reconstructed images (a) The 2D XZ slice of the 3D reconstructed image, (b) The 2D 

YZ slice of the 3D reconstructed image, (c) The 3D reconstructed image generated using 

MATLAB, (d) Top view of the 3D reconstructed image generated using Volume Viewer. Units are 

in mm (measurements are based in pixel locations). 

4.8.2  System Validation: Phantom Depth and Shift in the 3D 

Reconstructed Images 

This is the first attempt to reconstruct images from the Laue lens projections. Thus, 

it is crucial to ascertain the validity of the 3D reconstruction algorithm. In order to obtain in-

depth knowledge about the lens’ imaging properties when it is augmenting the conventional 

gamma camera design, several case studies were simulated by varying the lateral shift from 

the lens axis and depth of the simulated spherical sources. The depth is considered as the 

displacement of the source along the Z-axis, and the shift is the lateral displacement with 

respect to the lens’ axis. The Laue projections for the different configurations were 

reconstructed based on the back projection of the focused radiations. 
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The phantom depth and shift information were determined using the pixel 

coordinates and voxel size in the 3D reconstructed image. The voxel volume was 

256 × 256 × 256, with a range of bounds from −5 𝑡𝑜 5 𝑚𝑚 in both directions. The 

equation to calculate the shifts and the depths in the 3D reconstructed image is: 

𝑆𝑥,𝑦/𝐷𝑧 = 𝐵𝑀𝑖𝑛 +  𝑃𝑖𝑥𝑒𝑙𝐿𝑜𝑐𝑅𝑒𝑐(𝑥,𝑦,𝑧)  −
𝐵𝑚𝑖𝑛−𝐵𝑚𝑎𝑥

𝑉
 Eq. 4.9 

where 𝑆 is the shift in (x,y), 𝐷 is the depth in (z), 𝐵𝑚𝑖𝑛 and 𝐵𝑚𝑎𝑥  are the minimum 

and maximum bounds, respectively. 𝑃𝑖𝑥𝑒𝑙𝐿𝑜𝑐𝑅𝑒𝑐  is the pixel location of the phantom in 

the reconstructed images.   

For the proposed system, the reconstructed depth information in the 3D 

reconstructed images was up to ±30 𝑚𝑚 for one Laue lens inside a pinhole. Figure 4.14a 

and Figure 4.14b show the X and Y slices and pixel locations of the reconstructed images 

for a sphere placed at +1 mm depth, respectively. Figure 4.15a and Figure 4.15b show the 

X and Y slices and pixel locations of the reconstructed images for a sphere placed at +5 mm 

depth, respectively.  

  
(a) (b) 

Figure 4.14 Depth and shift validation. (a) The projection of 3 sphere phantom of radius 0.03mm placed 

at shifts in X & Y of 0.1 mm and -0.1 mm from the Laue lens axis, (b) The X-Z slice of the reconstructed 

image for 3 spheres of radius 0.03mm placed at shifts in X & Y of 0.1 mm and -0.1 mm from the Laue 

lens axis. Units are in mm 
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(a) (b) 

Figure 4.15 Depth validation. (a) The projection image of a sphere for a point source of radius 0.03 mm 

placed at depth +5 mm as seen by one Laue lens, (b) The X-Z slice of the reconstructed sphere for a point 

source of radius 0.03 mm placed at depth +5 mm. Units are in mm 

Figure 4.16a and Figure 4.16b show, for one case study, the projection image of 

three spheres of radius 0.03 𝑚𝑚 placed at a shift in X & Y 0.1 𝑚𝑚 and −0.1 𝑚𝑚 from the 

Laue lens axis and the corresponding X-Z slice of the reconstructed image. Table 4.3 

compares the estimated depth of the reconstructed images to the true depth of the phantom.  

 
 

(a) (b) 

Figure 4.16 Depth and shift validation. (a) The projection of 3 sphere phantom of radius 0.03mm placed 

at shifts in X & Y of 0.1 mm and -0.1 mm from the Laue lens axis, (b) The X-Z slice of the reconstructed 

image for 3 spheres of radius 0.03mm placed at shifts in X & Y of 0.1 mm and -0.1 mm from the Laue 

lens axis. Units are in mm. 

The detected depth in the reconstructed phantoms for the off-axis sources was 

verified against the source-applied depth with high accuracy. For a sphere with a 0.1 𝑚𝑚 X-

shift from the lens axis and 1 𝑚𝑚 Z-depth, the pixel locations in the reconstructed image 

were recovered as 131 and 155 pixels, respectively. Using the conversion formula in Eq. 
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4.9, the reconstructed shift and depth are 0.103 𝑚𝑚 and 1.005 𝑚𝑚, respectively. The 

observed depth and shift in the reconstructed images of the lens-based SPECT projections 

were consistent with the experimental phantom depth and shifts. 

For the proof of concept, the 3D reconstructed phantom's depth (displacement of 

the phantom along the Z-axis) information from the photon distribution in the focal 

plane/detector was contrasted against the applied experimental depths of the source 

phantom, as shown in Table 4.3.  

Similar work was repeated for the 3D reconstructed lateral shifts (with respect to 

the Laue lens axis); information from the photon distribution in the focal plane/detector was 

contrasted against the applied experimental lateral shifts of the source phantom. Figure 4.17 

shows the photon distribution in the focal plane as a function of a lateral shift of the  source 

for 0, 0.25, 0.5, and 0.75 mm shifts in the x-axis. Figure 4.18 shows photon distribution in 

the focal plane as a function of a shift of the source along the Z-axis. The photon distribution 

in the focal plane for a lens placed at the pinhole centre for various indicated shifts are shown 

in Figure 4.19. 

Table 4.3 Simulated and reconstructed phantom pixel locations at various depths from the Laue lens 

focal.  

Source 

Depth of The 

Simulated 

Phantom 

Pixel 

Location 

Voxel 

size 

Upper & Min 

Bounds 

Depth of the 

reconstructed 

phantom 

Accuracy 

1 sphere Z=1mm 155 10/256 -5 -5 1.005 mm 99.995% 

1 sphere Z=5mm 254 10/256 -5 -5 5.000 mm 100% 

1 sphere Z=10mm 252 20/256 -10 10  9.9700 mm 99.97% 

1 sphere Z=15mm 252 30/256 -15 15  14.9670 mm 99.967% 

1 sphere Z=30mm 252 30/256 -15 15  29.9660 mm 99.97% 
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0.0 mm shift 0.2 mm shift 

  
0.5 mm shift 0.75 mm shift 

Figure 4.17 Photon distribution in the focal plane (detector) as a function of a lateral shift of the 

source. 

 

  
5 mm shift -5 mm shift 
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10 mm shift -10 mm shift 

Figure 4.18 Photon distribution in the focal plane (detector) as a function of a lateral shift of the 

source. 
  

  

 

  
(0,0.1,0) (0,0.3,0) 

  
(0.5,0,0) (0.25,0,0) 

Figure 4.19 Photon distribution in the focal plane for a lens placed at the pinhole centre for 

(0,0.1,0), (0,0.3,0), (0.5,0,0) and (0.25,0,0). 

4.8.3  Resolution Analysis 

According to the Raleigh criterion, the minimum resolvable power of an optical lens 

system is given by [335]:  
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𝑥 = 1.22
𝜆𝑑

𝐷
 Eq. 4.10 

where 𝑥 is the minimum resolvable distance between two points, 𝑑  is the distance 

from the object to the lens, 𝐷 is the lens diameter, and λ is the wavelength of the rays. 

However, this law is valid for optical lenses and is not applicable in the case of the Laue lens. 

The Laue lens resolution for a given radiation wavelength is constant and dependent on the 

mosaicity0F

i of the crystals. To find the minimum resolvable distance between multiple source 

points that the Laue lens system can separate, several case studies were simulated. The 

resolution study was conducted in two distinct ways: the first one by using the point spread 

function's FWHM (Full Width at Half Maximum) analysis using the 3D reconstructed 

images, while the second was through using a resolution phantom.  

4.8.3.1 FWHM 

The point spread function (PSF) is the impulse response of an imaging system, or 

how a bright point source is distributed through the imaging system [127]. Therefore, it is a 

measure of its resolving ability, and the narrower the PSF, the higher the resolution. The 

following convolution equation describes a perfect imaging system devoid of noise: 

𝑔(𝑥, 𝑦) = 𝑓(𝑥, 𝑦) ∗ ℎ(𝑥, 𝑦) Eq. 4.11 

In the Fourier domain, the convolution becomes a multiplication: 

𝐺(𝑢, 𝑣) = 𝐹(𝑢, 𝑣) × 𝐻(𝑢, 𝑣) Eq. 4.12 

 where 𝑔 is the recorded image, 𝐺  is its Fourier transform, 𝑓 is the input truth object, 

𝐹 is its Fourier Transform, and  ℎ  is the PSF of the imaging instrument, and  𝐻  is its Fourier 

transform.  

The uncertainty information relating to the origin of detected photons is modelled 

by thePSF, which, in the literature, is typically assumed to be a Gaussian function whose 

FWHM is proportional to the standard deviation. In the first approach, to determine the 

spatial resolution of all slices of the reconstructed images in each direction (x, y, z), each 

 

 
i Mosaicity The term "mosaicity" refers to the precision or regularity with which crystal lattices align within a crystallographic 

sample. It describes the distribution of crystal orientations around a given average orientation. 
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count profile was fitted with a Gaussian function, and its FWHM value was used to calculate 

the resolution along the specified direction. The mean of the reconstructed image is initially 

determined using samples from the reconstructed image. The centre row of the central slice 

is then extracted from the mean reconstructed image, plotted against the row location, and 

the FWHM calculated. 

Figure 4.20a shows the projection image of a point source of 0.03 mm radius placed 

at the Laue lens focus. Figure 4.20b and Figure 4.20c show the XY slice and the XZ slice of 

the reconstructed image of a point source of 0.03 mm in radius, respectively. Figure 4.21a 

and Figure 4.21b show the 3D reconstructed image generated using MATLAB and the 3D 

reconstructed image generated using volume viewer, respectively.  

Figure 4.22a and Figure 4.22b show the fitted Gaussian of the projection image and 

reconstructed image, respectively. Based on the obtained fitted Gaussian, the FWHM is 

found to be approximately 0.07 𝑚𝑚 for the projection image and 0.11 𝑚𝑚  for the 3D 

reconstructed image. The FWHM of the system is determined based on the 3D reconstructed 

image.  

 

  
(a) (b) 
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(c) 

Figure 4.20 (a) Projection image of a point source of 0.03 mm radius placed at the Laue lens focus, 

(b) The XY slice of the reconstructed image of a point source of 0.03 mm radius, (c) The XZ slice of 

the reconstructed image of a point source of 0.03 mm radius. The x-axis represents the column 

index, and the y-axis represents the raw index of the pixelated projection image. 

 

  
(a) (b) 

Figure 4.21 (a) The 3D reconstructed image of a point source of 0.03 mm radius placed at the Laue 

lens focus, (b) The 3D reconstructed image of a point source of 0.03 mm radius placed at the Laue 

lens focus generated using Volume Viewer. 

 

  
(a) (b) 

Figure 4.22 FWHM resolution. (a) Fitted Gaussian of the projection image, (b) Fitted Gaussian of 

the reconstructed image.  
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4.8.3.2 Resolution Phantom 

I employed two distinct case study phantoms to validate and ascertain the 

consistency of the system's resolution results.. A three- sphere phantom of 0.03 𝑚𝑚 in 

radius, the first set is spaced by 0.1 𝑚𝑚 and the second one spaced by 0.05 𝑚𝑚. Figure 

4.23a and Figure 4.23b show the point spread function and the photon intensity on the focal 

spot for these two sets of phantoms, respectively. Figure 4.24a and Figure 4.24b show the 

XZ slice of the reconstructed image for three spheres of 0.03 𝑚𝑚 in radius and 0.1 𝑚𝑚 

and 0.05 𝑚𝑚 distance between the sphere’s center, respectively. The 3D images of the 

reconstructed three sphere phantom with 0.03 mm sphere radius spaced by 0.1 𝑚𝑚 and 

0.05 𝑚𝑚 are shown in Figure 4.25a and Figure 4.25b, respectively.  

Figure 4.26 shows the focused Laue projections for three spheres placed at shifts 

of (0,0,0), (0.1,0,0) and (-0.1,0,0) mm from the lens axis. The resolution of the single lens-

based SPECT was obtained based on the simulation of several case studies. The results 

indicated that the system could completely resolve two-point and three-point sources with 

a radius of 0.03 𝑚𝑚 spaced by 0.1 𝑚𝑚 from center to center.   

  
(a) (b) 

Figure 4.23 Phantom resolution analysis. (a) The projection image for three spheres of radius 0.03 

mm distance from center to center is 0.1 mm, (b) The projection image for three spheres of radius 

0.03 mm distance from center to center is 0.05 mm. The x-axis represents the column index, and 

the y-axis represents the raw index of the pixelated projection image. 

 



   

 

116 

 

  
(a) (b) 

Figure 4.24 Phantom resolution analysis. (a) The X & Z slice of the reconstructed 3 spheres for a 

phantom with 0.03 mm radius distance from center to center is 0.1 mm, (b) The X & Z slice of the 

reconstructed 3 spheres for a phantom with 0.03mm radius distance from center to center is 0.05 

mm. The x-axis represents the column index, and the y-axis represents the raw index of the 

pixelated projection image. 

 

  
(a) (b) 

Figure 4.25 (a) 3D images of the reconstructed three-point spheres for a phantom with 0.03 mm 

sphere radius spaced by 0.1 mm, (b) The 3D images of the reconstructed three-point spheres for a 

phantom with 0.03 mm sphere radius spaced by 0.05 mm.  
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Figure 4.26 Focused Laue projections for three spheres placed at shifts of 0,0,0), (0.1,0,0) and  

(-0.1,0,0) mm from the lens axis. Units of measurements are in mm. 

4.8.4  Sensitivity Analysis 

A point source of 0.03 𝑚𝑚 radius radiating 100,000 photon/projection equivalent 

to 0.1 𝑚𝐶𝑖 (0.113 𝑛𝐿 volume) was used to evaluate the sensitivity. The system is validated 

using different lens configurations by running the Monte Carlo simulation for the lens-based 

SPECT. For one Laue lens system combined in a SPECT gamma camera configuration, the 

total focused gamma rays’ ratio to the total number of incident rays on the Laue lens’ crystal 

surface was found to be 2.4%. This obtained sensitivity of one Laue lens is comparable to 

the expected theoretical sensitivity of 3% stated in the realized prototypes in the literature 

[209]. The sensitivity is given by : 

𝑆𝐿𝑎𝑢𝑒 = 𝑑 𝑖⁄  Eq. 4.13 

where 𝑆𝐿𝑎𝑢𝑒 is the sensitivity of the Laue lens and 𝑑 is the diffracted photons, and 𝑖 is the 

incident photons. The diffracted photons on the detector plane are the focused rays by the 

lens, i.e., the hit counts. In contrast, the incident photons are the ones that fall on the lens, 

from the total emitted by an isotropic source in all directions.  Thus, the sensitivity of the 

Laue lens at a distance 𝐿𝑠 from the point source is calculated by multiplying the efficiency 

of the lens by the fraction of the captured gamma rays from the total emitted in all directions. 
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As isotropic radiation spreads as a spherical front, the law of inverse squares dictates that 

the fraction of gamma rays captured by the lens is the ratio of the solid angle subtended by 

the lens (
𝐴𝐿𝑒𝑛𝑠

𝐿𝑠
2 

) to the total solid angle of a sphere (4π), the ratio is: 

𝛺𝑆 =  
𝐴𝐿𝑒𝑛𝑠

4𝜋𝐿𝑠
2 

 Eq. 4.14 

 where 𝐴𝐿𝑒𝑛𝑠 is the active area of the lens excluding the white spaces between 

the rings, and  𝐿𝑠 is the distance from the lens to the source. We can recognize that the 

denominator of this ratio is the surface area of the spherical front with radius 𝐿𝑠, which is 

4𝜋𝐿𝑠
2. The sensitivity of the Laue lens at a distance 𝐿𝑠 from an isotropic source is then equal 

to 𝑆𝐼𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐(𝐿𝑠): 

𝑆𝐼𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐(𝐿𝑠) = 𝑆𝐿𝑎𝑢𝑒 ×  
𝐴𝐿𝑒𝑛𝑠

4𝜋𝐿𝑠
2 

 
Eq. 4.15 

The sensitivity of the Laue lens can also be expressed in becquerels, as counts per 

second. Based on the Monte Carlo simulation of an isotropic point source of 0.1 𝑚𝐶𝑖, the 

lens-based SPECT sensitivity is estimated using the below expression: 

 

𝑆 = 3 × 10−5 𝐻 𝐸  ≅ 27 𝑐𝑝𝑠 𝑀𝐵𝑞⁄⁄  Eq. 4.16 

where H are the diffracted and E are the isotopically emitted radiations from an 

isotropic point source. 

4.8.5  Comparative Analysis: Single Lens-Based SPECT VS LEHR 

Parallel SPECT 

In order to assess the proposed design and perform a comparative analysis with 

conventional SPECT imaging systems, the parameters have been downscaled to be match 

those of the existing LEHR parallel SPECT. MATLAB was used to model a LEHR parallel 

hole SPECT with 39 ×  39 pinholes, pinhole diameter of 1.2 𝑚𝑚, pinhole pitch of 0.2 𝑚𝑚, 
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and a collimator thickness of 35 𝑚𝑚. In both systems, the collimator and detector sizes were 

kept comparable. In the lens-based system, the distances between the collimator/lens-to-

detector and the source-to-collimator/lens were fixed. In contrast, the parallel SPECT 

simulation is conducted by varying both distances. To get the maximum attainable resolution, 

the collimator-to-detector distance was varied between 20 − 10 𝑚𝑚, while the source-to-

collimator distance was simulated at 25 𝑚𝑚. A second geometry for parallel hole SPECT 

was simulated with 121 ×  121 pinholes of 0.4 𝑚𝑚 diameter, 0.2 𝑚𝑚 pitch, and 

35 𝑚𝑚 collimator thickness. As discussed in Chapter 1, the design and geometry of the 

collimator parameters directly impact the resolution and sensitivity of the SPECT system. 

The following equation determines the resolution of a parallel hole collimator [336]: 

𝑅𝑒𝑠𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝑑 ×
(𝑎+ℎ)

𝑎
  Eq. 4.17 

where 𝑑 is the diameter of the hole, ℎ is the perpendicular distance between the 

point source and the detector, and 𝑎 is the collimator thickness or pinhole depth. The 

following equation determines the sensitivity of a parallel hole collimator [88]: 

𝑆𝑒𝑛𝑠𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =  
√3

8𝜋
 
𝑑2

𝑎2
 

𝑑2

(𝑑 + 𝑡)2
 Eq. 4.18 

where t is the septal thickness. The sensitivity and resolution findings for parallel 

LEHR and single lens-based SPECT are listed in Table 4.4. The sensitivity and resolution of 

the LEHR collimator are illustrated for several collimator setups by altering the pinhole depth 

and diameter. The resolution sensitivity trade-off restricts the capabilities of the parallel hole 

collimator, as an increase in system resolution would result in a decrease in system 

sensitivity. Reducing the diameter of the pinhole and expanding its length would increase the 

resolution, but the sensitivity would be drastically diminished. In contrast, increasing the 

diameter of the pinhole increases the acquired sensitivity at the expense of resolution. 

However, the Laue lens-based system's sensitivity is independent of lens geometry [337]. 

This constitutes an additional benefit.  

Table 4.4 Sensitivity and Resolution Comparison Between single lens-based SPECT and Parallel 

LEHR Collimator 
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System Configuration 
Resolution 

(mm) 

Sensitivity 

(𝒉𝒊𝒕𝒔 𝒆𝒎𝒊𝒕𝒕𝒆𝒅)⁄  

*Parallel SPECT 

(LEHR) 

39 × 39 Pinholes 

Pinhole diameter 1.2 mm, septal 

thickness 0.2 mm, pinhole depth 35 

mm, source-to-collimator distance 25 

mm.  

1.9 3 × 10−5 

*Parallel SPECT 

(LEHR) 

39 × 39 Pinholes 

Pinhole diameter 1.2 mm, septal 

thickness 0.2 mm, pinhole depth 30 

mm, source-to-collimator distance 20 

mm. 

2.5 3.2 × 10−5 

*Parallel SPECT 

(LEHR) 

121 × 121 Pinholes 

Pinhole diameter 0.4 mm, septal 

thickness 0.2 mm, pinhole depth 30 

mm, source-to-collimator distance 20 

mm. 

0.8 1.2 × 10−5 

Single lens-based 

SPECT 

One lens 

Laue lens diameter 41.66 mm, 

thickness 1 mm, source-to-lens 

distance 500 mm. 

0.1  2.9 ×  10−5 

*Collimator set is simulated in present study. 

4.9 Chapter Summary 

A novel lens-based SPECT design for high resolution molecular imaging  was 

simulated. The lens-based SPECT combines a collimator with a Laue lens and a moving 

detector setup. The focusing feature significantly improves the proposed system over 

conventional collimation methods. The characterization of the initial performance of the 

system based on sensitivity and resolution was evaluated for different phantom experiments. 

The attained resolution is unmatched by any of the previous conventional SPECT systems. 

The focused imaging enables studying a specific region of interest with improved sensitivity. 

The simulation experiments and ideas given in these results presented in this chapter may 

provide insight for further advancements beyond the existing state-of-the-art in small animal 

SPECT imaging.  

For the sake of enhancing the sensitivity, in the following chapter, I present and 

elaborate on the attempts to develop a high-resolution SPECT system with a Laue lens by 

investigating the performance parameters of a lens-based SPECT system with partially 

curved detector modules and Laue lens arrays. I then moved on further and proposed a more 
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complicated geometry consisting of an array of diffraction lenses placed at the pinhole centres 

of a SPECT multipin hole collimator, which is the multi lens-based SPECT. 
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5. Modular and Multi Lens-Based SPECT 

Geometries with Dedicated 3D 

Reconstruction Algorithm: Monte Carlo 

Study 

 As demonstrated in Chapter 4, the single lens-based SPECT guarantees high spatial 

resolution imaging with comparable sensitivity with existing SPECT. However, the detection 

efficiency of the single lens-based SPECT system is inevitably reduced due to having only 

one diffraction lens, which limits the number of focused gamma rays needed for sufficient 

3D image information. 

In this chapter, I report and provide an in-depth analysis to establish a high-

resolution system based on augmenting an existing SPECT technique by introducing 

diffraction focusing using a Laue lens [133]. For the purpose of boosting sensitivity, I 

proposed a second geometry, a single lens-based SPECT system fitted with partially curved 

detector modules and Laue lens arrays. I call it modular lens-based SPECT. The Laue lenses 

are positioned in inclined planes in a modular fashion and with detector geometry so that 

their fields of view converge. Having an array of lenses in a plane was the next level I aimed 

to examine. The multi lens-based SPECT is a more complicated geometry consisting of an 

array of diffraction lenses placed at the pinhole centres of a multi-pinhole SPECT collimator. 

In this chapter, I am thoroughly examining the imaging capabilities of these two novel 

geometries. For the two envisioned geometries, customized 3D reconstruction algorithms 

tailored to the focused Laue lens projections is presented and utilized to generate the 3D 

images as a first attempt. 

This chapter is organized as follows: Section 5.1 describes the methodology and the 

study of system characteristics. Section 5.2 represents a feasibility study of the modular lens-

based SPECT. This section encompasses various subtopics that contribute to the overall 

assessment of the system. The simulation design, experimental setup and phantom case 

studies are discussed in Sections 5.2.1 and 5.2.2, respectively. The 3D reconstruction 

algorithm dedicated to modular lens geometry and the experimental results are discussed in 

Sections 5.2.3 and 5.2.4, respectively. The system validation and the sensitivity analysis are 

discussed in Sections 5.2.5 and 5.2.6, respectively. The modular lens geometry is evaluated 
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against the existing designs and based on two figures of merit: system resolution and 

sensitivity in Section 5.2.7. 

In a similar manner, Section 5.3 provides a comprehensive analysis of the multi 

lens-based SPECT system. This section is divided into several subsections that discuss 

different aspects of the study. The simulation design, experimental setup along with phantom 

case studies are discussed in Sections 5.3.1 and 5.3.2, respectively. The 3D reconstruction 

algorithm dedicated to multi lens geometry, and the experimental results are discussed in 

Sections 5.3.3 and 5.3.4, respectively. The system validation and the sensitivity analysis are 

discussed in Section 5.3.5 and 5.3.6, respectively. In order to validate the system's ability to 

detect tumours, Section 5.3.7 is dedicated to a case study called "Lesion Detection." This 

case study focuses on assessing the system's performance in identifying and localizing 

tumour lesions using the modular lens-based SPECT system. The multi lens geometry is 

evaluated against the existing designs and based on two figures of merit: system resolution 

and sensitivity in Section 5.3.8. 

5.1 Methodology 

This section describes the methods used to model and characterize the design of the 

proposed modular and multi-lens-based SPECT systems. To model and study the envisioned 

systems behaviour, I developed dedicated Monte Carlo simulations for the envisioned 

SPECT in MATLAB for Laue lenses positioned in inclined planes in a modular fashion, 

representing the modular lens-based SPECT.  

A module typically refers to a discrete, self-contained unit within the overall 

detector system. Each module contains a set of individual detector elements or sensors that 

work together to capture data, while tilt in detector geometry refers to the angle at which a 

detector module or the entire detector system is positioned relative to the object being imaged. 

I used the same Laue lens design I proposed to be augmented with the single lens-

based-SPECT (discussed in Chapter 3). The Monte Carlo simulations for the ray propagation 

were based on the ray tracing concept. However, in this work, the forward projection 

algorithms developed for both of the envisioned modular and multi lens-based geometries 

were tweaked differently. The forward projection algorithm in the case of the modular lens-

based geometry has the same concept I followed for the single lens-based SPECT; however, 
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it was modified to account for the modules placed in a circumferential ring. This is in contrast 

to the dedicated forward algorithm for the multi lens-based SPECT, which was revised to 

accommodate the behaviour of an array of Laue lenses in a planer plane. Furthermore, I 

developed a customized 3D image reconstruction algorithm in MATLAB to reconstruct the 

projection images resulting from the focused photons. For the modular lens-based SPECT, 

the 3D reconstruction algorithm was similar to the one developed for single-lens-based 

SPECT. However, I had to design a novel 3D reconstruction algorithm for the multi-lens-

based SPECT, considering that having a highly multiplexed system (overlapping of 

projections) where each lens can diffract projections behind other Laue lenses.  

Validating the reconstruction algorithm for the new proposed SPECT design was 

the next step. To this end, I conducted validation studies that addressed two essential 

parameters: the mapping of the depth and shift information in the 3D reconstructed images 

in the case of the multi lens geometry. For the modular geometry, the validation is based on 

mapping the sensitivity through the FOV. 

The performance parameters of the proposed design were assessed against the 

existing parallel LEHR and multi pinhole Inveon SPECT based on two figures of merits, 

sensitivity, and resolution, which were inferred based on standard methods.  

5.1.1 Study of System Characteristics  

The modular and multi-lens-based SPECT scans were simulated for 360° rotation 

with 10° step angle. A one-point and three-point source, a resolution phantom consisting of 

cylindrical capillaries inside a cylindrical volume, and a customized cylinder-sphere phantom 

were used. The geometry of the phantoms will be described in the coming sections. The 

activity of the different point sources or volumes was selected to imitate cases of a suspicious 

mass or tumour in its initial stage compared to the background. As mentioned earlier, the 

resolution of the Laue lens for a particular radiation wavelength depends on the crystals’ 

mosaicity. To this end, the spatial resolution study was performed using two different 

approaches; the first was based on the FWHM of the point spread function generated from 

the Gaussian distribution of the 3D reconstructed image of a single sphere point source. The 

second method used the customized resolution phantoms.  
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5.2 Sensitivity Boosting: Modular Lens-Based SPECT 

After the success in reconstructing 3D images from a single lens, and before I 

proceeded further, I had to step back and think of proposing a more efficient lens-based 

SPECT with improved performance parameters. By exploring the pioneering work 

introduced in several designs and the concept of hemispherical system design, where modular 

cameras were setup in a hemispherical geometry surrounding the patient’s head and attached 

with a multiple-pinhole collimator [338], similarly, I decided to study the behaviour of a 

SPECT system equipped with modular partially curved detectors and Laue lens arrays. The 

Laue lenses and their detectors are placed in tilted planes in a modular fashion such that their 

fields of view converge. 

By proposing the modular lens design, I demonstrate that combining the effects of 

more than one lens would offer an interesting approach for the future ultrahigh-resolution 

lens-based SPECT imaging design without sacrificing system sensitivity and FOV. I utilized 

the same Laue lens as for the single lens-based SPECT design. As described previously, the 

Laue lens is adjusted to diffract 140.5 𝑘𝑒𝑉 gamma rays. The Laue lens comprises seven 

concentric rings, each containing a unique set of diffraction planes. The lens is composed of 

aluminium and copper, and each of its seven rings has a distinct number, arrangement, and 

crystalline composition. The crystals in each ring are identical in terms of design and 

dimensions. However, each ring is distinctive in terms of the number of crystals. The ring's 

radius is modified so the diffracted beam is focused on a focal point. Gamma rays emitted 

inside the solid angle of a lens are focused on the sensitive area of the detector. Modules of 

the lenses were mounted 500 mm from the source. The initial conception of the modular lens-

based SPECT consists of one ring and three modules, with one Laue lens per module 

mounted on a partial ring. The minimum width of the tile is modified to match the diameter 

of the Laue lens. The modules are placed in a circumferential ring. Figure 5.1 depicts the 

proposed geometry.  

The total view angle covered by the modular partial ring detector is proportional to 

the perpendicular distance between the module where the lens is located, the object's center, 

and the module's width. The width of the module is 42 𝑚𝑚, and 500 𝑚𝑚 separates the 

module's center from the central axis, where the object is positioned. If the system is intended 

for stationary applications, 24 stationary full-ring modular cameras are planned. In the 

suggested modular SPECT approach, the individual camera tiles are grouped in a ring 
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geometry to cover the whole transverse field of view. Utilizing extra rings to cover the entire 

phantom can expand the axial field of view. The total view angle of the modular partial 

detector is determined as follows: 

𝑉𝑖𝑒𝑤 𝐴𝑛𝑔𝑙𝑒 =2𝑁 𝑡𝑎𝑛−1 𝑊

𝐹
  Eq. 5.1 

where 𝑁 represents the number of detector modules, 𝑊 represents the width of each 

module, and 𝐹 represents the distance between the source's center and the Laue lens module, 

which equals the lens's focal length. The number of scans or camera rotations required for a 

complete object scan is: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑐𝑎𝑛 = 360° 𝑉𝑖𝑒𝑤 𝐴𝑛𝑔𝑙𝑒⁄   Eq. 5.2 

 For the detector shielding and detector coupling with the Laue lens, I followed the 

same criteria mentioned in Chapter 4, Section 4.5.  
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Figure 5.1 Proposed geometry for the modular lens-based SPECT.  

 

5.2.1 Simulation Design and Experiment Setup 

In this section, I am discussing the experimental setup for the modular lens-based 

SPECT geometry.  

5.2.1.1 Forward Projection  

Although the forward projection algorithms developed for single lens-based SPECT 

would undoubtedly differ from the approach for modular lens-based SPECT, I tweaked the 

method to analyse the acquired images from the Laue lenses in a partial ring. The concept is 

similar to what I discussed in Section 4.6.  

The partial ring of the modular lens-based SPECT environment was modelled using 

a tracking Monte Carlo method. The algorithm aims to estimate the pattern of high-energy 

photons diffraction using the Laue lens paradigm of diffraction. In numerous ways, rays can 
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be transmitted, absorbed, or diffracted at the Laue lens plane. All projections of the modular 

partial ring detector modules are simulated by rotating one module by the set step angle, as 

given by:  

𝑆𝑡𝑒𝑝 𝐴𝑛𝑔𝑙𝑒𝑀𝑜𝑑𝑢𝑙𝑒 = 2 𝑡𝑎𝑛−1
𝑊

2𝐹
 Eq. 5.3 

where 𝑊 is the width of the module (the Laue lens diameter), and 𝐹 is the distance 

between the object centre to the detector module. 

Based on the above given equations, the step and view angles for the modular lens-

based SPECT are calculated as shown in Table 5.1.  

Table 5.1 The step and view angles of the modular lens-based SPECT 

𝑆𝑡𝑒𝑝 𝐴𝑛𝑔𝑙𝑒𝑀𝑜𝑑𝑢𝑙𝑒 2 𝑡𝑎𝑛−1 41.6

2∙500
 = 4° 

𝑉𝑖𝑒𝑤 𝐴𝑛𝑔𝑙𝑒 2 × 3 𝑡𝑎𝑛−1 41.6

500
° 

5.2.2 Phantom Studies  

Several case studies with various phantoms have been conducted. As I mentioned 

earlier in Section 4.8.3, the criterion for determining the system resolution for optical lenses 

does not apply to Laue lenses; for the Laue lens, the resolution at a given wavelength depends 

only on the diffracting crystals’ mosaicity. The three-sphere phantom shown in Figure 5.2 

was used to evaluate the system's resolution and collect reliable performance data. The three-

sphere phantom of 0.03 mm radius each, spaced by 0.1 𝑚𝑚 from centre to centre.  

5.2.3 3D Reconstruction Algorithm: Modular Lens-Based SPECT 

To demonstrate the potential of this simulated SPECT system, I developed a 

reconstruction technique as the next step of this study, with a similar concept to what I did 

for the single lens-based SPECT. A phantom consisting of three spheres 0.03 𝑚𝑚 in radius 

arranged along the z-axis of the detector. The scanned phantom is reconstructed using the 

ray-tracing concept by projecting the diffracted points back to the volume of interest in 

parallel. A perpendicular ray towards the cube of interest is formed from each nonzero 
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projection pixel on the detector plane. All generated beams are contained within the scanning 

axis. The intersecting rays within the cube of interest are traced using Siddon's technique for 

ray tracing. This tracing will output the index and length of the voxels that are intersected, as 

shown in Figure 5.3a. The values of the crossed voxels are modified by multiplying the 

original projection pixel value by the normalised intersection length. This technique is carried 

out for all projection pixels and acquired projection images with varying degrees of step. 

Figure 5.3b depicts the process of back projecting rays from the sensor plane to the voxel 

volume. The procedure is repeated for each module rotation to generate the entire number of 

projection angles. Individually, the images were reconstructed from each module. Therefore, 

the projection images generated by the three modules were combined to create a single 

projection image. Practically, the projections of the multiple modules will be combined on 

the detector plane.  

 
Figure 5.2 Three-sphere phantom.  

. 

 
(a) 
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(b) 

Figure 5.3  3D reconstruction. (a) The rays are projected back through the Laue lens center towards the 

voxel volume, (b) Reconstruction for different number of rotations at different step angles on parallel basis. 

5.2.4 Experimental Results 

This section presents the preliminary testing data for the modular lens-based SPECT 

system. 

5.2.4.1 Projection and 3D Reconstructed Images 

The projection images of the modular lens-based SPECT are generated by rotating 

the Laue lens modules around the three-point sources with a 10° step angle. Figure 5.4a 

shows the projection image behind a single module, which represents the projection of a 

single Laue lens. Figure 5.4b and Figure 5.4c show the projection images for all three 

modules of the partial ring for three-point spheres at step angles of 10° and 90°, respectively.  

Figure 5.5a and Figure 5.5b show the XZ and the YZ slice of the reconstructed 

image for three spheres of 0.03 mm radius and 0.1 mm distance between the spheres’ centers, 

respectively. The 3D reconstructed image and the top view of the 3D reconstructed image 

generated using the volume viewer are shown in Figure 5.5c and Figure 5.5d, respectively. 

5.2.5 System Validation: Sensitivity Mapping Over the FOV 

As I did for the single lens-based geometry, I have conducted a validation study for 

the Modular SPECT as well. But, in this case, I mapped the sensitivity over the FOV for 

different axial shifts of the source for each module separately, and after that, I evaluated the 

combined sensitivity for the three modules for the modular lens-based SPECT geometry. 

Table 5.2 shows the sensitivity mapping over the FOV for different axial shifts of the source 
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for each module separately and the combined sensitivity for the three modules of the modular 

lens-based SPECT. 

 
(a) 

 
(b) 

 
(c) 

Figure 5.4 Forward projection. (a) The projection image of one module, (b) The projection image 

of the three modules at 𝟏𝟎° rotation, (c) The projection image of the three modules at 90° rotation. 

The x-axis represents the column index, and the y-axis represents the raw index of the pixelated 

projection image. 
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(a) (b) 

  

(c) (d) 

Figure 5.5 3D reconstruction. (a) The XY slice of the reconstructed image for three spheres of 

0.03 mm radius and 0.1 mm distance between the spheres’ centres, (b) The XZ slice of the 

reconstructed image for three spheres of 0.03 radius mm and 0.1 mm distance between the 

spheres’ centres, (c) The 3D reconstructed image for three spheres of 0.03 mm radius and 0.1 

mm distance between the spheres’ centres, (d) Top view of the 3D reconstructed image generated 

using volume viewer. The X, Y and Z measurements are in mm 

 

 

 

Table 5.2 Sensitivity mapping over the FOV for different axial shifts of the source 

Axial shift of 

the source 

Efficiency of 

Module 1 

Efficiency of 

Module 2 

Efficiency of 

Module 3 

Efficiency of 

the three 

Modules 

 

Sensitivity 

hits/emitted 

 

X=+0.1, Y=0. 2.20% 2.00% 1.98% 6.20% 7.8 × 10−5 

X=+0.3, Y=0 1.96% 1.91% 1.85% 5.72% 7.2 × 10−5 

X=+0.5, Y=0 1.86% 1.81% 1.80% 5.47% 6.9 × 10−5 

X=+0.7, Y=0 1.78% 1.76% 1.67% 5.21% 6.6 × 10−5 

X=+0.9, Y=0 1.67% 1.66% 1.63% 4.95% 6.2 × 10−5 

X=0, Y=+1.5 1.56% 1.50% 1.40% 4.46% 5.7 × 10−5 

X=0, Y=+2 1.39% 1.36% 1.32% 4.07% 5.2 × 10−5 
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X=+2.5, Y=0 1.23% 1.20% 1.09% 3.52% 4.6 × 10−5 

X=+3, Y=0 0.98% 0.92% 0.90% 2.80% 3.8 × 10−5 

*The efficiency is calculated based on the percentage of the diffracted photon to the emitted ones by the source. 

*The sensitivity is approximated based on the Monte Carlo simulation of an isotropic point source. 

5.2.6 Sensitivity and Resolution Analysis  

A fully optimized lens is expected to have a diffraction efficiency of 3% [209]. 

Using the sensitivity obtained in earlier work conducted at the beginning of this 

endeavour[133, 309], the sensitivity of a single lens system for small sources is 2.4%. The 

total sensitivity for the three modules cannot be approximated by simply multiplying the 

sensitivity of each module, as it is highly dependent on the source shift from the lens's axis. 

Thus, it was deduced based on Monte Carlo simulations. Table 5.3 Shows the sensitivity for 

a single lens, the cumulative sensitivity for the three proposed modules. 

Table 5.3 Sensitivity of the modules in modular lens-based SPECT 

𝑆𝑖𝑛𝑔𝑙𝑒 𝐿𝑒𝑛𝑠 𝑃𝑙𝑎𝑛𝑒𝑟 3 ∙ 10−5 ℎ𝑖𝑡𝑠/𝑒𝑚𝑖𝑡𝑡𝑒𝑑 

𝑀𝑢𝑙𝑡𝑖 𝑀𝑜𝑑𝑢𝑙𝑒 𝐿𝑒𝑛𝑠𝑀𝑜𝑑𝑢𝑙𝑎𝑟 9 ∙ 10−5 ℎ𝑖𝑡𝑠/𝑒𝑚𝑖𝑡𝑡𝑒𝑑 

   

Small sources with low activity would be detected at a higher count rate compared 

to the parallel LEHR collimator with such activity. 3.7 ∙ 104 gamma rays per second are 

emitted by a single micro-Curie source. With the proposed geometry, the lens system’s count 

rate is 4  𝑐𝑜𝑢𝑛𝑡𝑠 ⁄ 𝑠𝑒𝑐𝑜𝑛𝑑. 

Since the resolution of the Laue lens cannot be estimated using the Rayleigh 

criterion, which is only applicable to optical lenses, the resolution of the system was deduced 

based on the smallest distance between adjacent spheres that could be resolved, which is 0.1 

mm.  

5.2.7 Comparative Analysis: Modular Lens-Based SPECT VS Parallel 

LEHR SPECT 

In a similar manner to what I presented in Chapter 4, Section 4.8.5, I conducted a 

comparative study with the existing LEHR parallel SPECT, and the previously proposed 
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geometry for the Signal Lens-Based SPECT. The comparative study is based on two figures 

of merits, resolution, and sensitivity. The comparative analysis is shown in Table 5.4.  

5.3 Further Step for Geometry and Performance Optimization: Multi 

Lens-Based SPECT 

The modular lens-based SPECT geometry enhanced the sensitivity compared to the 

single lens and preserved the submillimeter resolution. Moreover, by placing the lenses in a 

modular plane, each lens in the array will be positioned 50 𝑐𝑚 away from the patient and 

mounted such that all three lenses will be gazing at the same area, but from various angles. 

The data from each lens can be examined independently or fed into a matrix to generate a 

three-dimensional image. 

Table 5.4 Comparative study between modular lens-based-SPECT and the single lens-based SPECT 

and LEHR SPECT 

System Configuration 
Resolution 

(mm) 

Sensitivity 

(𝒉𝒊𝒕𝒔 𝒆𝒎𝒊𝒕𝒕𝒆𝒅)⁄  

*Parallel SPECT 

(LEHR) 

𝟑𝟗 × 𝟑𝟗 Pinholes 

Pinhole diameter 1.2 mm, septal 

thickness 0.2 mm, pinhole depth 35 

mm, source-to-collimator distance 25 

mm.  

1.9 3 × 10−5 

*Parallel SPECT 

(LEHR) 

𝟑𝟗 × 𝟑𝟗 Pinholes 

Pinhole diameter 1.2 mm, septal 

thickness 0.2 mm, pinhole depth 30 

mm, source-to-collimator distance 20 

mm. 

2.5 3.2 .× 10−5 

*Parallel SPECT 

(LEHR) 

𝟏𝟐𝟏 × 𝟏𝟐𝟏 

Pinholes 

Pinhole diameter 0.4 mm, septal 

thickness 0.2 mm, pinhole depth 30 

mm, source-to-collimator distance 20 

mm. 

0.8 1.2 ×  10−5 

Single Lens-Based 

SPECT 

One lens 

Laue lens radius 20.83 mm, thickness 

1 mm, source-to-lens distance 500 

mm 

0.1  2.9 ×  10−5 

Modular Lens-

Based SPECT 

Three modules, 

each module with 

one Laue lens 

Three modules, each module consists 

of a Laue lens radius 20.83 mm, 

thickness 1 mm, source-to-lens 

distance 500 mm.  

0.1  9 × 10−5 

*Collimator set is simulated in present study. 
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However, the FOV in the case of the modular lens-based SPECT is small. Thus, I 

had to take a step forward and propose an alternative for a prospective ultrahigh-resolution 

lens-based SPECT imaging without sacrificing the system FOV. 

Functional imaging based on multi-pinhole (MPH) geometry has witnessed a 

tremendous change over the last decade. Several research initiatives were triggered to 

propose optimized designs for MPH SPECT [160, 339, 340].  Enhancing the performance 

parameters further was the driving force to study the behaviour of multi-Laue lens in a 

SPECT environment. The preliminary conceptualization of the multi lens-based SPECT 

geometry is shown in Figure 5.6.  

The envisaged system consists of nine Laue lenses, placed at the pinhole centres in 

a geometry similar to a multi-pinhole collimator with the clinical collimator removed. The 

lenses are placed in  3 × 3 array for the initial geometry. The Laue-collimator is positioned 

at equal distances from the source and the detector plane. The pitch or the distance between 

the centres of one Laue lens and the adjacent one equals the lens’s diameter to minimize blind 

areas.  It is worth mentioning that the multi lens-based SPECT is a highly multiplexed 

system. The Laue lens would collect high-energy photons from a wide area and focus them 

onto its focal points on the detector plane; the location of the focal points is determined by 

the source’s shifts from the lens axis. Any shift in the source’s position relative to the lens 

axis is replicated on the detector plane but in the opposite direction. For larger shifts from the 

lens axis, one Laue lens would project on the adjacent lens’ focal spot, resulting in a 

multiplexed projection. The active area of the detector module is matched to the envisaged 

Laue-collimator, which has a 150𝑥150 𝑚𝑚2 active area. The Laue collimator is linked to 

150𝑥150𝑥10 𝑚𝑚3 crystals in the detector module and 0.48 𝑥0.48 𝑥10 𝑚𝑚3 pixelated 

scintillator. However, to keep track of the shifted projection from the off-axis sources, it is 

kept slightly bigger. 
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Figure 5.6 Illustration of the multi lens-based SPECT showing the focused rays from nine Laue 

lenses at the pinhole centres and the detector. 

5.3.1 Simulation Design and Experiment Setup 

In this section, a description of the simulation set-up for the multi Laue lens-based 

SPECT is presented. 

5.3.1.1 Forward Projection 

The forward projection algorithm presented in Chapter 4; Section 4.6.1 was revised 

to meet/accommodate the behaviour of an array of Laue lenses in a planar plane. The source 

distribution method was adjusted to ensure that it covers the nine lenses plane while 

simultaneously optimizing the simulation time. The procedure presented in Section 4.6.1 is 

repeated for all radiations and Laue lenses in order to generate an entire projection for a given 

view angle. The lens/detector assembly is rotated around the phantom in accordance with the 

angle increment, referred to as the step angle. This rotation is repeated until the entire object 

is scanned 360 degrees. The output image is in MAT format. 

5.3.2 Phantom Studies 

I used one-point and three-point sources, a resolution phantom consisting of 

cylindrical capillaries inside a cylindrical volume, and a customized cylinder-sphere 

phantom for the multi lens-based SPECT experiments. The sphere phantom was used to 

determine the quality of the projection and reconstructed images by assessing the FWHM 

of the point spread function, which is the main parameter in spatial resolution. The three 

spheres phantom and a resolution phantom with three small cylinders were used to validate 



   

 

137 

 

the system resolution and provide consistent performance information. The desired goal of 

this work is the ability to detect tumours at the submillimeter range. A case study for 

studying the system performance in lesion detection using the customized cylinder-sphere 

phantom is presented. The sphere simulates the typical lesion characteristics by emitting six 

times the radiation compared to the background area inside the cylinder [337]. The 

cylindrical phantom is shown in Figure 5.7. 

                                   
Figure 5.7 Cylindrical resolution phantom (sagittal view). 

5.3.3 3D Reconstruction Algorithm: Multi Laue Lens-Based SPECT 

It is crucial to develop the appropriate 3D image reconstruction algorithm and 

evaluate the performance of each new imaging system. This study developed a dedicated 3D 

Laue reconstruction algorithm as a first attempt to reconstruct 3D images of projections of an 

array of Laue lenses in a planer plane. Various forms of phantom data were generated with 

the application of Monte Carlo simulations. Based on the reconstructed images' quality, the 

systems' performances are evaluated. Given the geometry and data acquisition protocol for 

the multi lens-based SPECT, it is impossible to project the rays back to the voxel volume in 

a straightforward manner. However, a precise and reliable reconstruction technique is 

required to account for the effect of diffraction in the acquisition protocol and the diffraction 

angles of the focused rays. The Laue lenses would collect high-energy photons from a wide 

area and focus them onto their focal points on the detector plane; the locations of the focal 

points are determined by the sources’ shifts from their respective lens’ axis. Any shift in the 

source’s position relative to the lens axis is replicated on the detector plane but in the opposite 
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direction. For more significant shifts from the lens axis, one Laue lens would project on the 

adjacent lens’ focal spot, resulting in a highly multiplexed projection. 

The projections overlapping poses challenges and places additional constraints on 

developing a practical 3D reconstruction algorithm for an array of Laue lenses geometry. 

This was the primary challenge of this study and the first attempt to successfully reconstruct 

the array projection of Laue lenses in three dimensions. The point of focus will be changed 

for varied lens axis shifts. The technique determines the nonzero sensor plane pixels and 

converts their row and column coordinates to XYZ coordinates. Next, random points are 

generated within each lens. This is followed by generating radiations back projected towards 

the random points within the Laue lens plane by assigning each XYZ point on the sensor 

plane with a randomly generated azimuthal and polar angle using a custom-made random 

function comparable to the one used for the forward projection. These angles are essential 

for establishing the cosine directions of the emitted radiations. It is necessary to propagate 

the rays in accordance with the set deviation limits so that they converge to the Laue lens 

collimator plane. At the Laue lens plane, the algorithm identifies two primary important 

radiation conditions. First, determines which lens the radiation is emanating from. The 

second step is determining the likelihood that the back-projected beams reaching the lens will 

be absorbed, diffracted, or transmitted based on their direction. The direction probability 

entails looking for the likelihood angle for generated lines pointing towards the cube of 

interest, with a unique fit based on the Laue lens ray propagation behaviour. Those rays 

satisfying the requirement of hitting the Laue crystals at an angle equal to the Bragg’s angle 

would have a high probability of being diffracted by this particular lens. Once a potential 

diffracted beam has been detected, the algorithm doesn’t project back the rays in a complex 

manner. Instead, it projects back to the cube of interest based on the Bragg’s angle condition. 

If the rays do not satisfy the Bragg’s angles, they are immediately disregarded and assumed 

to be diffracted by another lens. A fast voxel traversal approach and Siddon's tracing 

algorithm are utilized to trace the intersected voxel ray intersection lengths. The tracing will 

return the index of intersecting voxels and the intersection's length. Figure 5.8a shows the 

multi lens-based SPECT defined detector, the nine lenses inside a multi-pinhole collimator, 

and the voxel volume. Figure 5.8b shows the back-projected rays through the Laue lens 

centre. Figure 5.8c shows the voxel volume and the back-projected rays based on the Laue 

law of diffraction algorithm. The back-projected rays converge at the voxel volume. The 3D 

reconstruction flowchart is shown in Figure 5.9. 
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(a) 

 
(b) 
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(c) 

Figure 5.8 Multi Laue lens forward projection (a) The Lens-Based SPECT defined detector, 

LAUE collimator and the voxel volume, (b) The back projected rays based on through the Laue 

lens volume, (c) The back-projected rays based on the Law of Laue lens diffraction; the rays 

converge at the voxel volume. 
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Figure 5.9 3D reconstruction algorithm.  
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5.3.4 Experimental Results 

This section presents the initial system performance results. Moreover, for a 

rigorous comparison, the achieved performance parameters were contrasted against the 

existing parallel LEHR and multi-pinhole Inveon SPECT imaging modalities. 

The conducted phantom experiments to prove the initial system performance are 

discussed in this section. The phantoms were placed at various shifts and depths within the 

lenses’ FOV. The distribution of the reconstructed single point source phantoms was used to 

determine system resolution. The sensitivity was determined for the array of Laue lenses. A 

series of point-source acquisitions were performed using the scanning pattern to compare 

the proposed SPECT sensitivity and resolution with a conventional scanner. The radius of 

the point source is 0.03 𝑚𝑚, which is equivalent to a 0.113 𝑛𝐿 volume, and the radiation 

points were equivalent to an activity of 0.1 𝑚𝐶𝑖. 

5.3.4.1 Projection and 3D Reconstructed Images 

Figure 5.10 shows part of the 36 projection images of the multi lens-based SPECT 

generated by rotating the Laue collimator around the three-point sources with a 10° step 

angle. Figure 5.11a, Figure 5.11b, and Figure 5.11c show the 2D XZ, 2D XY, and the 2D 

YZ slice of the 3D reconstructed image, respectively. Figure 5.12a and Figure 5.12b show 

the 3D reconstructed image for three spheres of 0.03 mm radius and 0.1 mm distance 

between the sphere’s centres and the surface plane of the 3D volume of the reconstructed 

image generated using Volume Viewer, respectively. By referring to the phantom in Figure 

5.2 and the clearly 3D reconstructed images in Figure 5.12b, the multi lens-based SPECT 

allows resolving adjacent volumes as small as 0.113 𝑛𝐿, which has a significantly smaller 

size compared to any conventional SPECT system. Figure 5.12a shows a top view while 

Figures 5.12c and 5.12d shows the spheres from different axis.  
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Figure 5.10 Multi Laue lens projections of three spheres placed at 0.1 mm from center to center 

rotated at 10-degree step angles. The x-axis represents the column index, and the y-axis represents 

the raw index of the pixelated projection image. The step angles are indicated below each figure.     

  
(a) (b) 
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(c) 

Figure 5.11 3D reconstruction images. (a) The 2D XZ slice of the 3D reconstructed image for three 

spheres of 0.03 mm radius and 0.1 mm distance between the spheres’ centers, (b) The 2D XY slice 

of the 3D reconstructed image for three spheres of 0.03 mm radius and 0.1 mm distance between 

the spheres’ centers, (c) The 2D YZ slice of the 3D reconstructed image for three spheres of 0.03 

mm radius and 0.1 mm distance between the spheres’ centers. Units of measurements are in mm 

 

  
(a) (b) 

Figure 5.12 Multi Laue lens 3D reconstructed images. (a) The 3D reconstructed image for three 

spheres of 0.03 mm radius and 0.1 mm distance between the sphere’s centers, (b) The surface plane 

of the 3D volume of the reconstructed image generated using Volume Viewer. Units of 

measurements are in mm 

5.3.5 System Validation: Depth and Shift Validation  

The validation methods conducted in Chapter 4; Section 4.8.2 were used to 

estimate the 3D reconstructed depth and shifts in the case of modular geometry. Table 5.5 

shows the applied/experimental phantom shifts and depth versus the detected ones in the 

3D reconstructed images XY and XZ slices.   
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Table 5.5 Comparison between the applied XY phantom shifts in the case studies and the detected 

shift in the 3D reconstructed images. 

 

Phantom 

Shift (x) 

 

(mm) 

Shift in the 

reconstructed 

image (x) 

(mm) 

Phantom 

Shift (y) 

 

(mm) 

Shift in the 

reconstructed 

image (y) 

(mm) 

Phantom 

Depth 

(z) 

 

(mm) 

Depth in the 

reconstructed 

image (z) 

(mm) 

Study 

1 
0.08 0.080 0.08 0.080 1 1.000 

Study 

2 
-0.10 -0.098 0.10 0.098 3 3.000 

Study 

3 
0.30 0.300 0.30 0.300 5 4.97 

Study 

4 
0.50 0.496 0.50 0.496 10 9.967 

Study 

5 
0.70 0.687 0.70 0.687 15 14.967 

Study 

6 

-1.0 -0.980 1.0 0.998 30 29.987 

 

5.3.6 Sensitivity and Resolution Analysis  

For determining the system's resolution, the two approaches conducted in in 

Chapter 4, Section 4.8.4 were used. The first one was the FWHM method which is based 

on point source analysis. Figure 5.13a and Figure 5.13b show the projection image of a point 

source for nine Laue lenses and the XY slice of the 3D reconstructed image, respectively. 

Figure 5.13c and Figure 5.13d show the 3D reconstructed image for three spheres of 

0.03 𝑚𝑚 radius and 0.1 𝑚𝑚 distance between the sphere’s centres and the top view of the 

3D reconstructed image generated using volume viewer, respectively.  
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(c)  (d) 

Figure 5.13 Point source analysis. (a) The projection image of a point source using the multi lens-

based SPECT, (b) The XY slice of the 3D reconstructed point source, (c) The 3D reconstructed 

image for three spheres of 0.03 mm radius and 0.1 mm distance between the sphere’s centres, (d) 

Top view of the 3D reconstructed image generated using volume viewer. The x-axis represents the 

column index, and the y-axis represents the raw index of the pixelated projection image. 

Figure 5.14a and Figure 5.14b show the fitted Gaussian of the projection and the 

reconstructed images, respectively. Based on the FWHM analysis, the resolution is deduced 

to be 0.1 𝑚𝑚. The plateau signal around the spinous process of the Gaussian fitted curve is 

a distribution of the background region in the phantom. Using a Laue lens thus reduces 

blurring caused by radiation penetration and scattering in the aperture edge material that is 

common in conventional collimators. This is evident from the sharp-fitted Gaussian of the 

projection and the 3D reconstructed images.  

A resolution phantom of three small cylindrical capillaries as small as 0.03 𝑚𝑚 in 

radius and separated by 0.1 𝑚𝑚 was distinguished clearly in the reconstruction. Figure 5.15 

shows the top view of the 3D reconstruction of the 3 cylinders. In terms of phantom 

volumes, the lens-based SPECT allows resolving adjacent volumes as small as 0.113 𝑛𝐿 

approximately, which is substantially smaller than any conventional SPECT system can 

resolve. 
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(a)  (b) 

Figure 5.14 FWHM analysis. (a) The Gaussian fitted point source of 0.03 mm radius of the 

projection image, (b) The Gaussian fitted point source of 0.03 mm radius of the projection image. 

 

 

Figure 5.15 Top view of the 3D reconstruction of the 3 cylinders.  

As mentioned in Chapter 4, Section 4.8.4, the real sensitivity of a Laue lens system 

is calculated by dividing the number of diffracted photons by the emitted gamma rays. 

However, to conclude/ascertain the sensitivity for an array of nine Laue lenses combined in 

a SPECT gamma camera configuration, a ray counter at the entrance and at the exit of the 

Laue lens plane was setup to determine the total number of incident rays over the diffracted 

beams from the crystals. The final sensitivity of the Laue collimator is deduced by taking 

into account the contribution of the array of Laue lenses for both on-axis and off-axis 

sources. Knowing the contribution of each Laue lens to the image acquisition is crucial in 

optimizing the geometry customized for the desired imaging application in future work. The 

lens counter determines the below ratio: 
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𝐶𝑜𝑢𝑛𝑡𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 =  
𝐷𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑒𝑑 𝐺𝑎𝑚𝑚𝑎 𝑅𝑎𝑦

𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝐺𝑎𝑚𝑚𝑎 𝑅𝑎𝑦𝑠𝐼𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐
 Eq. 5.4 

The order of the Laue lenses is shown as in Figure 5.16: 

 

Figure 5.16 Lenses order in the multi-Laue lens geometry.  

The counter records for the diffracted photons per each lens are listed in Table 5.6: 

Table 5.6 The sensitivity counter for the nine Laue lenses. 

Rotation  Lens 1 Lens 2 Lens 3 Lens 4 Lens 5 Lens 6 Lens 7 Lens 8 Lens 9 

0° 16421 27837 16736 26523 198398 26810 16528 27842 16709 

10° 16734 27313 16470 26998 199243 26736 16590 27504 16773 

20° 16709 27718 16845 26828 201613 26776 16539 27298 16702 

30° 16624 27434 16640 26948 205783 26895 16551 27448 16708 

40° 16602 27566 16477 27480 211376 27077 16733 27296 16790 

50° 16755 27349 16864 27026 219444 27085 16700 27199 17024 

60° 16718 27135 16543 27094 229940 27140 16500 27396 16534 

70° 16523 26960 16698 27080 243868 27169 16582 27258 16760 

80° 16617 27242 16728 27275 260324 27299 16496 27013 16593 

90° 16514 27182 16561 27043 270405 27158 16699 26889 16504 

100° 16665 27170 16597 27007 260328 27114 16563 27018 16599 

110° 16775 27268 16213 26947 243789 26899 16655 27351 16626 

120° 16605 27356 16638 26967 230065 27076 16372 27067 16713 

130° 16701 27637 16623 27323 219228 26850 16603 27117 16572 

140° 16606 27378 16439 26932 211230 27080 16633 27475 16465 

150° 16745 27319 16591 27189 205735 26990 16824 27972 16669 

160° 16655 27149 16445 26808 201535 26793 16452 27342 16498 

170° 16765 27800 16593 26689 198977 26985 16691 27467 16568 

180° 16766 27150 16506 26867 198438 26830 16527 27534 16532 

190° 16406 27280 16823 27142 199148 27017 16549 27582 16675 

200° 16262 27599 16755 27154 201585 26930 16855 27824 16533 

210° 16459 27614 16747 26878 205503 26889 16635 27792 16748 
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220° 16777 27218 16681 27052 211443 27000 16673 27060 16725 

230° 16718 27231 16869 26897 219610 27159 16700 27427 16614 

240° 16798 26867 16807 27153 229855 27346 16635 27201 16602 

250° 16607 27071 16728 27154 243996 27383 16483 27051 16611 

260° 16793 27171 16599 26941 260794 27117 16538 26994 16609 

270° 16622 27166 16384 27350 270130 27483 16592 26794 16576 

280° 16672 26930 16541 27128 260737 27265 16780 26965 16765 

290° 16571 27340 16616 27133 243723 26935 16478 27407 16604 

300° 16378 27123 16616 27247 230345 27088 16860 27096 16530 

310° 16824 26783 16718 26933 219675 26828 16592 27370 16693 

320° 16387 27261 16738 26987 211347 27244 16688 27215 16878 

330° 16582 27564 16620 27178 205763 26818 16572 27346 16898 

340° 16783 27667 16633 26823 201501 26847 16415 27300 16729 

350° 16845 27420 16773 26900 198945 27006 16324 27327 16487 

Based on the Monte Carlo simulations, the sensitivity of the multi lens-based 

SPECT using an array of nine Laue lenses in a planer plane and an isotropic source radiating 

gamma rays in all directions was found be 6.2 𝑒−5 (ℎ𝑖𝑡𝑠/𝑒𝑚𝑖𝑡𝑡𝑒𝑑), which is equivalent to 

57 𝑐𝑝𝑠 𝑀𝐵𝑞⁄ .  

5.3.7 Multi Lens-Based SPECT: Capturing Views from Different 

Angles.   

As stated in Chapter 4, Section 4.2, the proposed system is envisioned to be akin to 

a lightfield camera, with each lens looking at a different view from the organ. The data from 

each lens can be viewed independently or can be entered into a matrix that can, subsequently, 

produce a 3D image containing precise information on the size of the tumour and its location. 

Figure 5.17a and Figure 5.17b show the projection images for multi lens-based 

SPECT for a point source, and the zoomed projection image behind the white highlighted 

projection, respectively. Figure 5.17c and Figure 5.17d show the zoomed image projection 

image for the red and green highlighted projections, respectively. The projection image 

behind each lens represents a different view of the scanned object. Based on these resultswith 

each lens looking at the same target but from different angles [133]. It is worth mentioning 

that the multi-lens-based SPECT is a highly multiplexed system, one Laue lens would project 

on the adjacent lens’s focal spot for larger shifts from the lens axis, resulting in a multiplexed 

projection. The Laue lenses would collect gamma rays from a wide area and focus them onto 

their respective focal points on the detector plane; the locations of the focal points are 
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determined by the source’s shifts from the lenses’ axes. Any shift in the source’s position 

relative to a lens axis is replicated on the detector plane but in the opposite direction.  

  
(a) (b) 

  
(c) (d) 

Figure 5.17 Lenses’ different views (a) Multi lens-based projection image of point source, (b) 

Zoomed view of the white highlighted projection, (c) Zoomed view of the red highlighted 

projection, (d) Zoomed view of the green highlighted projection. The x-axis represents the column 

index, and the y-axis represents the raw index of the pixelated projection image. 

By encoding the angular resolution with a higher spatial resolution, Laue lenses in 

SPECT systems enable sampling of the radiation in 4D. This method allows for the 

refocusing of SPECT images while preserving the spatial resolution, in an approach akin to 

lightfield imaging (see Chapter 4, Section 4.2.1, Figure 4.2). 

5.3.8 Comparative Analysis: Multi Lens-Based SPECT VS SIEMENS 

LEHR Parallel Hole and Inveon Multi-pinhole SPECT. 

To provide a quantitative  performance assessment and to evaluate the proposed 

system’s performance, a comparative study with conventional SPECT was conducted. Table 

5.7 shows the comparison between the different geometries of LEHR, Inveon, and the lens-
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based SPECT in terms of system's resolution and sensitivity. The lens-based SPECT, 

whether it is with single, modular or multi geometry, outperformed the existing systems in 

terms of resolution while having a comparable sensitivity in the case of single lens-based 

SPECT. However, the sensitivity is improved in the case of multi, and modular Laue lenses 

geometry compared to the conventional SPECT. CPS/MBq is used to express the detector's 

counting rate per unit of radioactivity, where CPS represents the rate at which a radiation 

detector and MBq is a unit of radioactivity.  

Table 5.7 The comparison between the different geometries of LEHR, Inveon, and the lens-based 

SPECT in terms of system's resolution and sensitivity. 

System Configuration 
Resolution 

FWHM (mm) 

Sensitivity 

cps/MBq 

Parallel SPECT 

(LEHR) * 

*Pinhole diameter 1.2 mm, septal thickness 

0.2 mm, pinhole thickness 34 mm, source-to-

collimator distance 2.5 cm [341].  

1.9 33.5 

*Pinhole diameter 1.2 mm, septal thickness 

0.2 mm, pinhole thickness 30 mm, source-to-

collimator distance 2 cm [341]. 

2-2.5 33.5 

Inveon SPECT** 

Mouse Collimator  

Single pinhole 

Inveon 1-MHR-0.5, single pinholes Mouse 

collimator, source-to-collimator distance 2.5 

cm [342]. 

0.7 70 

Rat Collimators  

Single pinhole 

Inveon 1-RGP-1.5 single-pinholes rat 

collimator, SPECT Pinhole diameter 1.5 mm, 

source-to-collimator distance 50 cm [342]. 

1.6 90 

Multi-pinhole 

Inveon 3-RWP-1.2 single-pinholes rat, 

SPECT Pinhole diameter 1.2 mm, source-to-

collimator distance 50 cm collimator [342]. 

1.2 95 

Multi lens-based 

SPECT 

 

Nine Laue lenses, Laue lens radius 20.83 mm, 

thickness 1 mm, lens to detector distance 50 

cm. 
0.1 57 
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Modular lens-based 

SPECT 

Three modules, each module consists of a 

Laue lens of radius 20.83 mm, thickness 1 

mm, lens to detector distance 50 cm.  
0.1 81 

Single lens-based 

SPECT 

One Laue lens, Laue lens radius 20.83 mm, 

thickness 1 mm, lens to detector distance 50 

cm. 
0.1 27 

*: Experiment was simulated in this study 

**: Measured form the literature 

5.4 Case Study: Lesion Detection 

A customised cylinder-sphere phantom was used to study the system's 

performance in lesion detection. It consists of a sphere with 0.03 𝑚𝑚 radius (representing 

a defect) placed inside a cylinder (representing the background) with is 0.5 𝑚𝑚 height and 

0.5 𝑚𝑚  diameter. The sphere activity is three times higher than in the rest of the cylinder. 

The different activity simulates the cancerous tumour with higher radio tracer absorption, 

thus with higher activity. The phantom experiments were conducted twice using different 

activities and sphere sizes. A tomographic acquisition with 36 projections at 

50 𝑐𝑚 rotation radius was used. Figure 5.18a shows a projection image for the phantom 

on the detector plane. Figure 5.18b and Figure 5.18c show the XY slice of the 3D 

reconstrued image and the 3D reconstructed image, respectively. The different activity 

highlighting the cancerous tumour with higher radiotracer absorption, thus higher gamma 

counts, was detected clearly by the Laue lenses. 

A 0.1 𝑚𝐶𝑖 source gives off  3.7 × 106 gammas per second. With such activity and 

multi lens SPECT efficiency of 6.2 × 10−5, based on Monte Carlo simulations, the 

radiation count rate is found to be 299 𝑐𝑜𝑢𝑛𝑡𝑠 𝑠𝑒𝑐𝑜𝑛𝑑⁄ . 

Clinically, organs that contain a large amount of blood retain approximately 2.2 

𝜇𝐶𝑢 per cc (cubic centimeter). A malignancy contains approximately six times this 

amount, or about thirteen 𝜇𝐶𝑢 per cc  [209].  
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(a) 

 
(b) 

 
(c) 

   Figure 5.18 Projection image of a sphere phantom inside a cylinder, (a) Projection image 

behind the centred lens, (b) XY slice of the 3D reconstructed image, (c) 3D reconstructed image 

generated using Volume Viewer. The X and Y axis measurements are in mm. 
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5.5 Chapter Summary  

In this chapter, I introduced and elaborated upon the proposed system together with 

an appropriate validation method and evaluated the high-resolution capabilities of the 

improved lens-based SPECT geometries. I started by introducing the modular lens-based 

SPECT system design and assessed its performance parameters. The Laue lenses are placed 

on tiled planes in a modular fashion and with the detector geometry in such a way that their 

fields of view are converging. The feasibility of the proposed system is demonstrated by the 

Monte Carlo simulation. Given the new geometry and data acquisition protocol for the 

modular multi lens-based SPECT, the FOV cannot be determined in a straightforward way. 

The overall FOV of the system is the portion of the potential FOV, which can be 

reconstructed by having sufficient  or scans and enough disparity between the acquired 

projection data of the views. Hence, the FOV was determined based on the module width and 

the lens' focal length. The performance parameters were contrasted against the existing 

SPECT for system validation purposes. Moreover, the sensitivity mapping over the modules’ 

FOV showed a gradual degradation; however, it still outperforms the parallel LEHR. The 

lens has two distinguishing features: first, its effectiveness does not diminish when the size 

of the source decreases, as it happens in many existing imaging systems. Second, it can locate 

and identify objects with millimetre resolution. The preliminary evaluation of the system 

using 3-point sources is presented. By scanning the source with multiple lenses that look at 

the same volume from different angles, one can generate a three-dimensional image. Monte 

Carlo simulations were used to accurately model and evaluate the proposed concept and 

design. Furthermore, a dedicated image reconstruction algorithm was developed and 

validated for the system. 

Then, I moved further and described the development and analysis of a new multi 

lens-based SPECT in a planer plane geometry that would potentially provide improved 

performance compared to conventional SPECT. Physical principles governing the design of 

this system are presented, along with a series of measurements analysing various 

characteristics of the generated projection and 3D reconstructed images. 
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6. Detector Analysis GEANT4/GAMOS: 

Single and Multi-Lens-Based SPECT  

 As demonstrated in Chapters 4 and 5, the single, modular and multi lens-based 

SPECT guarantee submillimeter resolution imaging with improved sensitivity in the cases of 

multi and modular versions. I designed and programmed MATLAB environments that 

incorporate realistic physical interactions and account for possible absorption and attenuation 

effects for the envisioned lens-based SPECT with three different geometries. However, the 

MATLAB model was running under ideal detector conditions. To ascertain the validity of 

the argument presented throughout this thesis, it was necessary to build up on the previous 

work and further study the response of a real detector design to the focused gamma rays in a 

stable Monte Carlo environment dedicated to medical physics applications. To this end, I 

started examining the possibility of incorporating a real detector design to a collimator 

augmented with a Laue lens, the work presented in this chapter focuses on introducing and 

discussing this novel approach.  

This chapter is structured as follows. It begins with an introduction in Section 6.1, 

providing an overview and context for the subsequent sections. Section 6.2 focuses on the 

material and methods employed in the study. Within this section, subsections include the 

geometry setup and visualization (6.2.1), the source generator using a diffracted TXT file 

(6.2.2), and the GAMOS Monte Carlo simulation framework, including physics modelling 

and parallel job execution (6.2.3). Section 6.3 delves into the GAMOS simulations, 

specifically investigating the single lens geometry without considering any detector effects. 

This section is further subdivided into subsections covering aspects such as the geometry 

(6.3.1), source generator (6.3.2), 3D DOSE analysis (6.3.3), deposited energy (6.3.4), 

reconstructed hits (6.3.5), step and track data histograms (6.3.6), and reconstructed hits' 3D 

reconstruction (6.3.7). The subsequent sections, including Section 6.4 and Section 6.5, 

present case studies involving detector effects and a three-point source, respectively. In 

Section 6.4, the focus is on studying the system performance considering the presence of 

detectors. In Section 6.5, the three-point source scenario is analysed. 
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Section 6.6 entails a MATLAB calibration against GAMOS, specifically examining 

the system resolution. Finally, Section 6.7 encompasses GAMOS simulations using a multi-

lens geometry without considering detector effects. By following this chapter structure, the 

reader gains insights into the introduction, materials and methods, GAMOS simulations in 

various scenarios, case studies with different configurations, system calibration, and multi-

lens geometry simulations. 

6.1 Introduction  

The lens-based SPECT analysis depends upon imitating and modelling the gamma 

focusing by the diffraction process in a Monte Carlo simulation. One of the available and 

most powerful Monte Carlo simulation toolkits for the movement of particles through matter 

is GEANT4. It is used in high energy, nuclear, and accelerator physics, as well as medical 

and space scientific research [299]. However, it does not support the simulation of wave-

based interactions, hence the process of diffraction is not implemented yet. This was one of 

the main limitations that I encountered in this work. Thus, I proposed an alternative method 

to simulate the effects of focusing the gamma rays at the sensor plane, and then simulate the 

detector response separately in GAMOS/GEANT4. I developed a custom-made Monte Carlo 

code in MATLAB that simulates the Laue lens behaviour placed at the centre of a 

conventional SPECT pinhole and generated the coordinates and the momentums of the 

diffracted photons. Those coordinates and momentums were used to set up the TXT files 

exported to GAMOS and then used as inputs for the source generator. GAMOS has different 

generators where the user can choose various particles and generator distributions or define 

customized source data that reads primary particles from a TXT file. In GAMOS, the detector 

hits were generated by running a random number of events for different step angles. The hits 

are utilized to set up the projection images. The projection images were exported back to 

MATLAB for image reconstruction and further analysis. The GAMOS geometry was used to 

characterize the detector. The GmGeneratorFromTextFile command defines the input text 

file for the focused beams at the detector surface [343]. This file was used as a particle 

generator in the input script. Figure 6.1 shows the proposed solution for studying the detector 

response in GAMOS/GEANT4. 
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Figure 6.1 Proposed flowchart for studying the detector response due to the diffracted photons 

using MATLAB and the GAMOS/GEANT4 Monte Carlo toolkit. 

6.2 Material and Methods 

Monte Carlo simulations were used as a supplementary tool to characterize and 

optimize certain medical imaging systems. This was accomplished using GAMOS 

(GEANT4-based Architecture for Medicine-Oriented Simulations) [343]. 

The format of the TXT files that is used as a source generator is shown in Figure 

6.2. It is programmed in GEANT4 and covers different medical applications, from radiation 

therapy to nuclear medicine, including specific application packages for PET and SPECT 

[307]. It has code, libraries, and particle transport techniques identical to those produced by 

GEANT4 and includes nuclear medicine-specific applications. The version of GAMOS 

used is V6.2.0 on a cluster that has two computers, each one with 4 cores, type i7 CPU at 

2.8 GHz with 4GB RAM. The images were obtained after executing the files as WRL 

outputs and displayed using the Deep View viewer (version 6.3.1.7961) and ParaView.  
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Figure 6.2 TXT file format used as source generator in GAMOS.  

6.2.1 Geometry Setup and Visualization 

The description of the geometries is based on tags [343]. The Laue-collimator 

plane is generated using a single placement, whereas the Laue SPECT detector crystals were 

placed using the square parametrization placement. The parent volume, XYZ position and 

the rotation matrix must be defined before placing any volume inside the SPECT box 

volume. The verbosity level was set to 99, and it serves to print the hierarchical tree of 

geometry volumes. VRML was used for 3D visualization, visVRML2FILE.in file will 

generate one file for the geometry and another one for the tracks. This is done by adding the 

following entry to the GAMOS script file: 

/control/execut/visVRML2FILE.in 

The label: VOLU defines a GEANT4 logical volume and, PLACE is used for the 

placement of a volume, PLACE_PARAM is used for a parameterized placement, which can 

be linear, square or circle [343]. The number of radial and tangential crystals are defined as 

parameters: 

: P  NCrystaLax No 

: P  NCrystaLtran No 

To associate a GAMOS sensitive detector with a logical volume, the following 

command is used: 

/gamos/SD/assocSD2LogVol GmSDSimple Scatterer DETECTOR_LOGICAL_ NAME  

/gamos/SD/assocSD2LogVol GmSDSimple Absorber DETECTOR_LOGICAL_ NAME  
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GAMOS supports several data analysis formats. The ROOT format was selected. 

The histogram analysis is performed using the ROOT software. 

6.2.2 Source Generator: Diffracted TXT File 

GAMOS has different generators that are generic and allow the user to choose 

from various particles and generator distributions [343]. In this work, the primary source 

generator was defined in a text file. The format is based on assigning a different line to 

primary particle variables. The event ID, the initial XYZ coordinate of the gamma 

particles, and the photon XYZ momentum were specified for all particles. This is done by 

calling the GAMOS user action: 

             /gamos/generator GeneratorFromTextFile 

The user action GmTrackDataTextFileUA may be used to generate a file of this 

type using the following list of data: EventID Particle InitialPosX InitialPosY InitialPosZ 

Initial- MomX InitialMomY InitialMomZ InitialTime InitialWeight. In the lens-based 

SPECT GAMOS simulation, the thirty-six data files were used as input files to define the 

GAMOS generator from a TXT file, each file contains the focused photon coordinates and 

momentums for each detector rotation angle. Around 100,000 primary photons were 

considered. In this simulation, I utilized the PENELOPE physics lists for photons, 

electrons, and positrons. 

6.2.3 GAMOS Monte Carlo Simulation: Physics and Running Parallel 

Jobs 

The physics list illustrates the most frequently seen processes using gamma rays, 

electrons, and positrons, along with optical photons [307]. The following command is 

used to access this physics list: 

/gamos/physicsList ttmEMPhysics 

GEANT4 user actions define how a user can interface with a task at the start/end 

of each run, event, track, or step [305]. They allow the user to create a class that inherits 

from one of the abstract GEANT4 user action classes, and GEANT4 will handle the user 

code call. In this work, several GAMOS user actions were used to produce the output files: 

/gamos/userAction ttmCountTracksUA 
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/gamos/userAction ttmHitsWriteUA 

/gamos/userAction ttmHitsHistosUA 

In the proposed lens-based SPECT, the Laue collimator and the detector planes 

are rotated with a radius of rotation of 500 𝑚𝑚 rotated and a step angle of 10 degrees 

over the 360 degrees. The obtained thirty-six projections and the saved output files provide 

the coordinates of the focused photons and momentum. GEANT4’s random number 

management or the GAMOS method was utilized in this work to execute several tasks with 

identical configurations but distinct random seeds. The initial random seeds were set in 

the input file. Initializing the random number seeds, GAMOS provides a single command 

to specify a distinct beginning random seed for each job, ensuring statistical independence 

of the results: 

/gamos/random/setSeeds INITIAL SEED N RANDOM NUMBERS 

Where two integers are specified to ensure the results are random. INITIAL 

SEED is the initial random seed, and N RANDOM NUMBERS is the number of times the 

initial random seed is sampled before initiating the simulation. This is activated by 

including the below command in the input file: 

/gamos/random/setSeeds 1111 1111. 

6.3 GAMOS Simulations: Single Lens Geometry with No-Detector 

Effects 

6.3.1 Geometry 

The analysis of a single lens system is crucial in validating, predicting, and 

determining the initial system parameters. This is the first attempt to propose a collimator 

SPECT augmented with a Laue lens, and it has been developed from scratch, thus the initial 

system geometry and parameters are kept simple. The scintillator is connected to a 100 × 100 

array of 0.48 mm × 0.48 mm Position Sensitive Photomultiplier Tubes (PSPMTs). The 

maximum active imaging region is 48 mm × 48 mm, and the energy range detectable is 20 

keV to 160 keV. The detector is shown in Figure 6.3.  
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Figure 6.3 The world and detector volumes for the Lens-Based SPECT system, front, and side 

view. 

6.3.2 Source Generator 

The TXT files for the different rotation angles with the focused photons coordinates 

are exported and converted to TXT files readable by GAMOS. Those files are employed as 

the source generator. Figure 6.4 shows the particle tracking of the focused rays of the 

generator source. Figure 6.5a and Figure 6.5b show the spot of the focused photon on the 

detector plane, and the focused photons by diffraction on the scintillator plane, respectively. 

 

               Particle Propagation Direction  

Figure 6.4 The particle tracking of the focused rays of the generator source.  
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(a) (b) 

Figure 6.5 Generated source radiations using the imported data of the diffracted photons. (a) The 

spot of the focused photons on the detector, (b) The diffracted radiations on the scintillator plane. 
 

6.3.3 3D DOSE Analysis  

GAMOS batch jobs for the 36 angles were run, and hits files were generated in TXT 

format. The position-dependent point-source sensitivity within the Laue lens axis was 

measured using the same scanning point source as used for system calibration. Using 

GAMOS utilities and selecting the scorer GmG4PSDoseDeposit, the score dosage or the XY 

dose distribution in the detector voxels can be detected. The standard output from the dose 

analysis represents the dose by event deposited in each voxel. The generated output files for 

the diffracted gammas are text files with the dose, and the dose errors in each voxel are 

calculated. The number of voxels in the X, Y and Z directions, the array of voxel boundaries 

in the X, Y, and Z directions, the array of dose values and the array of dose relative error 

values are listed in the generated text files. The projection images for the point source are 

generated based on the dose distribution. Figure 6.6 shows the XY dose distribution on the 

detector voxels for a focused Laue lens projection. 
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Figure 6.6 The XY dose distribution in the detector voxels for a focused Laue lens projection. All 

measurements are in mm. 

6.3.4 Deposited Energy 

Figure 6.7a and Figure 6.7b show the diffracted photons that are detected, and the 

spot for the focused rays on the detector plane and the back scattered rays for the one Laue 

lens, respectively. 
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(b) 

Figure 6.7 (a) Diffracted photons that represents the detector hits, (b) Spot for the focused rays 

on the detector plane (highlighted red) and the back scattered rays for the one Laue lens. 

Histograms are graphical representations of the distribution of specific features or 

characteristics of produced particles, such as their energy, moments, or locations. Any 

discrepancies or inconsistencies in the histograms indicate issues with the simulated 

geometry, such as incorrect dimensions, placement, or materials. This is important to ensure 

a more accurate representation of the physical system under investigation. The source 

position is the most critical to confirm, followed by the detector position and the phantom 

position. As set up in the simulation of source position at the origin (0,0,0) mm, the predicted 

source hits X, Y and Z positions are shown in Figure 6.8a, Figure 6.8b, and Figure 6.8c, 

respectively. This is in agreement with the exact source generator location in GAMOS. 

Figure 6.9a and Figure 6.9b show the total number of deposited energies accumulated on the 

detector crystals and the distance between hits as selected to be zero (as defined in the 

configuration), respectively.  

  
(a) (b) 
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(c) 

Figure 6.8 Hits energy deposition (a) X positions histograms, (b) Y positions histograms, (c) Z 

positions histograms. 

Hits have positions in space, their Z and phi are their cylindrical coordinates. PHI 

and Width phishown in Figure 6.10a and Figure 6.10b, respectively. SD stands for the 

standard deviation of the quantity plotted. It is a measure of the dispersion of a set of particle 

interactions. "ALL PHI" refers to the histogram that includes data for all particle interactions. 

Phi represents the azimuthal angle, which describes the rotation angle around the z-axis in a 

cylindrical coordinate system. WIDTH PHI is the maximum distance between two of these 

energy depositions, energy depositions of the hits. 

  
(a) (b) 

Figure 6.9 (a) Number of hits on the detector, (b) The distance between hits selected to be zero. 

 

  
(a) (b) 

Figure 6.10 (a) The phi angle of the hits’ radiations. (deg), (b) The width of phi angle of the hits’ 

radiations. 

 

The primary objective of this Monte Carlo simulation is to generate a realistic 

environment that closely reflects real-world experimental conditions. This model simulates 
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realistic physical interactions and takes into account all conceivable scattering and 

attenuation effects. Figure 6.11a shows the energy spectrum of the hits after encountering the 

scattering and attenuation effects, the dominant energy is at 40 𝑘𝑒𝑉. However, additional 

energy ranges from 40 − 130 𝑘𝑒𝑉(0.04 − 0.13 𝑀𝑘𝑒𝑉). Figure 6.11b shows the deposited 

energy for the simulated hits. The reconstructed impacts' energy spectrum after they have 

been subjected to scattering and attenuation effects; the primary energy is 40 𝑘𝑒𝑉. Additional 

energy, ranging from 40 − 130 𝑘𝑒𝑉, is available. These are reconstructed hits, so they merge 

the energy in a crystal of tracks for different events if they are in the measuring time window. 

So, we see 140 keV from one event and 40 keV from another. And the normalization is 

always per event (the default in GAMOS for all histograms). A "hit" is not the signal of one 

interaction. It is the energy collected in one crystal. So, there can be several interactions in 

one crystal, and all will be collected, and the energy summed up. Moreover, if we have a 

"measuring time" it means the detector cannot distinguish the events that arrive in that 

fraction of time as separated events so that all interactions of any of those events very close 

in time will be collected in a single hit. Apart from that, there is a second phase of "hits 

reconstruction," in which most detectors merge signals in a contiguous crystal to build a 

unique reconstructed hit (this is done because it is quite frequent that one particle leaves 

signals in contiguous crystals). So, a reconstructed hit can have energy much bigger than 140 

keV: if several 140 keV gammas left signals in contiguous detectors in times that are 

separated less than the defined "measuring time". 

 
(a) 
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(b) 

Figure 6.11 (a) The energy spectrum of the hits after Compton’s, absorption, and scattering effects, 

(b) The deposited energy for the simulated hits, energies are stated in 𝑴𝒌𝒆𝑽. 

6.3.5 Reconstructed Hits 

The predicted width R3 and width Z of the detector reconstructed hits are shown in 

Figure 6.12a and Figure 6.12b, respectively. The width R3 histogram represents the 

distribution of the radial distance or position in a three-dimensional Cartesian coordinate 

system, like the distance from the origin. The width Z histogram presents the distribution or 

variation of the Z-coordinate values of particles in a simulation. It represents the position and 

depth along the longitudinal axis of the detector geometry.  

 

 

  
(a) (b) 

Figure 6.12 Reconstructed hits energy deposition (a) Width R3 cylindrical positions histograms, 

(b) Width Z histograms. 

Figure 6.13a shows the number of deposited energy and reconstructed hits. The 

energy deposition histogram of the Width phi, is shown in Figure 6.13b. The Width phi 

histograms show the variation of the azimuthal angle, which is the angle of rotation around 

the z-axis in the cylindrical coordinate system. Figure 6.13c shows the energy spectrum of 

the reconstructed hits after encountering the scattering and attenuation effects. The dominant 



   

 

170 

 

energy spectrum is 40 𝑘𝑒𝑉. However, additional energy ranges from 40 − 130 𝑘𝑒𝑉. The 

description of the energy response shown in Figure 6.13c is described in Section 6.3.4.  

 

  
(a) (b) 

 
(c) 

Figure 6.13 (a) Number of reconstructed hits, (b) The width of phi angle of the hits radiations in 

(deg), (c) The energy spectrum of the hits after Compton’s, absorption, and scattering effects,  

 

 

 

6.3.6 Step and Track Data Histograms 

 As set up in the simulation of source position at the origin, the histograms of event 

generator particles may confirm the generated radiation positions.  

6.3.6.1 Step Data Histograms 

Figure 6.14 shows the initial theta direction of the generated gamma rays. The 

diffracted gamma rays by the Laue lens are focused at a spot on the detector plane. The initial 

direction theta histogram shows the distribution of the polar angle theta. The polar angle theta 

is the angle between the particle's initial direction and the positive Z-axis in a Cartesian 

coordinate system. When the simulations show that the Z-direction (dirZ) is much more 

significant than the direction (dirX) and direction (dirY). Particles predominantly moving or 
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being directed along the Z-axis suggests the initial directions of the particles are more aligned 

with the Z-axis compared to the X and Y directions, which indicates a focusing effect. This 

means that the particles tend to concentrate or converge towards the Z-axis as they move 

through the simulation. This confirms that the system configuration with the Laue lens truly 

focus the incident radiations. 

 
Figure 6.14 Step data for the initial gamma rays theta directions. 

6.3.6.2 Track Data Histograms  

Figure 6.15 shows the tracking histograms of the source data. The initial source X 

and Y positions are shown in Figure 6.15a and Figure 6.15b, respectively. The source energy 

of the simulated gamma rays, a peak at 140 𝑘𝑒𝑉, as seen in Figure 6.15c. The simulated 

source spot on the detector plane is shown in Figure 6.15d. The tracking histograms confirm 

the tracking of the source data starting at the origin as it was set in the experiment. Moreover, 

the focused photons all forming the spot on the detector plane. 

  
(a) (b) 
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(c) (d) 

Figure 6.15 Tracking histograms of the source data. (a) Initial source X positions of the simulated 

source, (b) initial source Y positions of the simulated source, (c) source energy of the simulated 

gamma rays, a peak at 140 keV, (d) simulated source spot on the detector plane. 

6.3.7 Reconstructed Hits 3D Reconstruction  

The generated GAMOS reconstructed hits were first exported as CSV files, then 

imported into MATLAB and saved in MATLAB’s native MAT format. The GAMOS hits 

were reconstructed to generate the 3D images by utilizing the developed 3D reconstruction 

algorithm, which was discussed in Chapter 4. Figure 6.16a, Figure 6.16b, and Figure 6.16c 

show the 2D XZ, the 2D XY slice of the 3D reconstructed image, and the surface plane of 

the 3D volume of the reconstructed image, respectively. 

6.4 Case Study with Detector Effects.  

There are a number of detector effects that can be simulated. The detector effects 

are applied to the reconstructed hits. These hits are meant to simulate the digitization and 

reconstruction process that happen in the detector. These detector effects are: 

• Energy Resolution 

The NaI(TI) based SPECT system has a typical energy resolution of 10% FWHM 

140 𝑘𝑒𝑉. 

• Dead Time 

A detector converts an energy deposit into an electronic signal in a finite amount of 

time. During that period, it is inactive and cannot account for any additional energy 

deposition. The activity should be low enough so that data loss because of camera dead time 

is negligible. 

• Energy Window 

A minimum hit energy threshold can be set to prevent hits from less energetic 

particles from being detected. The NaI(TI) based SPECT system has a typical energy 
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resolution of 15% FWHM 140 𝑘𝑒𝑉 and it allows good rejection of scatter photons. The 

advantage of NaI(Tl) detectors is that it has one of the best energy resolution values when 

compared with other available detector materials. 

  
(a) (b) 

 
(c) 

Figure 6.16 2D XZ slice of the 3D reconstructed image for one point sphere of 0.03 mm raduis, (b) 

2D XY slice of the 3D reconstructed image for one point sphere of 0.03 mm raduis, (c) Surface 

plane of the 3D volume of the reconstructed image for one point sphere of 0.03 mm raduis. 

6.4.1 Deposited Hits: Detector effects 

The predicted hits X, Y and Z positions with applied detector effects are shown in 

Figure 6.17a, Figure 6.17b, and Figure 6.17c, respectively. Figure 6.18a and Figure 6.18b 

show the total number of simulated hits and the distance between hits as selected to be zero, 

respectively. The histograms of the hits PHI and Width phi are shown in Figure 6.19a and 

Figure 6.19b, respectively. Figure 6.20 shows the energy spectrum of the hits after 

encountering the scattering, attenuation effects, and the applied detector effects. The 

dominant energy is 40 keV. However, additional energy ranges from 40-130 keV. All the 

parameters mentioned here, and the corresponding histograms have been explained in detail 

in Section 6.3.4. 
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(a) (b) 

 
(c) 

Figure 6.17 Hits energy deposition: Case study with detector effects (a) X positions histograms, (b) 

Y positions histograms, (c) Width Z histograms. 

 

 

  
(a) (b) 

Figure 6.18 (a) Number of hits on the sensitive detector, (b) Distance between hits selected to be 

zero. 

 

  
(a) (b) 

Figure 6.19 (a) Width of phi angle of the hits radiations in (deg), (b) Phi angle of the hits’ 

radiations 
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Figure 6.20 Energy spectrum of the hits after Compton’s, absorption, and scattering effects.  

6.4.2 Reconstructed Hit: Detector Effects  

The predicted cylindrical and Z positions of the detector reconstructed hits with 

applied detector effects are shown in Figure 6.21a and Figure 6.21b, respectively. Figure 

6.22a shows the number of simulated and reconstructed hits. The cylindrical representation 

of the hits is shown in histograms of the Width phi in Figure 6.22b. Figure 6.23a shows the 

energy spectrum of the reconstructed hits after encountering the scattering and attenuation 

effects. Figure 6.23b shows the projection image on the detector plane for the reconstructed 

hits. It is essential to assess the system impact of the detector effect on particle interaction for 

any design. Histograms with applying detector effects consider the defined detector effects, 

in our case, it includes, energy deposition, energy loss, detector response that occur when 

particle interacts with the detector. By looking at the histograms shown above with applied 

detector effect, it can be noticed that there are distortions and fluctuations resulting from the 

real interaction with the detector material. Also are shown deviations from the idealized ones 

(without applied detector effect). All the parameters mentioned here, and the corresponding 

histograms have been explained and discussed in detail in Section 6.3.4. 

 

  
(a) (b) 
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Figure 6.21 (a) R3 cylindrical positions histograms, (b) Z positions histograms 

 

 

 
 

 

(a) (b) 

Figure 6.22 (a) Number of reconstructed hits, (b) Width of phi angle of the hits radiations in (deg). 

 

 

 
 

(a) (b) 

Figure 6.23 (a) Energy spectrum of the hits after Compton’s, absorption, and scattering effects, (b) 

Projection image of the reconstructed hits, shown in XY scatter. 

6.4.3 Reconstructed Hits 3D Reconstruction: Detector Effects. 

The generated GAMOS reconstructed hits with applied detector effects were 

converted into .MAT files and exported to MATLAB. The GAMOS hits were reconstructed 

to generate the 3D images by utilizing the developed LAUE reconstruction algorithm. Figure 

6.24a, Figure 6.24b, and Figure 6.24c show the 2D XZ slice of the 3D reconstructed image, 

the 2D XY slice of the 3D reconstructed image, and the surface plane of the 3D volume of 

the reconstructed image, respectively. The 3D reconstructed images with the applied detector 

effect provide a more accurate representation of the system behaviour. However, it shows 

variations and distortions because of the defined detector properties compared to the figures 

presented in Section 6.3.4. 
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(a) (b) 

 
(c) 

Figure 6.24 2D XZ slice of the 3D reconstructed image, (b) The 2D XY slice of the 3D 

reconstructed image, (c) Surface plane of the 3D volume of the reconstructed image. 

6.5 Case Study with Three-Point Source. 

A three-point sphere phantom with 0.03 𝑚𝑚 radius and 0.1 𝑚𝑚 distances from 

centre to centre was used to run this case study in order to calibrate the obtained results in 

MATLAB and GAMOS. Figure 6.25 shows the particle tracking of the focused rays of the 

generator source and the spot of the deposited hits and the backscattered rays. The zoomed 

view of the deposited energy for the three-point sources and the spots of the deposited 

energy on the detector plane are shown in Figure 6.26a and Figure 6.26b, respectively. We 

can see that the three spheres are resolved in the projection image on the detector plane.  
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               Particle Propagation Direction  

Figure 6.25 The particle tracking of the focused rays of the generator source, the gamma focus 

projects three distinct focused beams onto the small detector plan. The focused beams belong to 

the three spheres projections and converges to three small spots as noted red dots.  

 

 

 
(a) 

 
(b) 
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Figure 6.26 (a) Zoomed view for the deposited energy for three-point source using one Laue lens 

(the red arrows are pointing to the centre of each projection), and the backscattered rays due to 

detector back shielding, (b) deposited hits on the detector plane.  

6.5.1 Deposited Hit and Track Data Results.   

The histogram of the initial positions of X of the focused photons is shown in Figure 

6.27a. The predicted source hits X positions are shown in Figure 6.27b. "InitiaPosX" refers 

to the initial position of the primary particles along the X-axis. It represents the X-coordinate 

of the primary particle's starting position in the simulation geometry (the initial photon 

locations defined in the TXT file that is used as the source generator). 

The ability of the system to differentiate the associated peaks with each spot of the 

three spheres implies that generated histogram aligns with the expected or defined source 

generator data. In other words, the peaks observed in the system's histograms confirm that 

the emitted signals or radiation from each spot of the spheres correspond to the defined 

sources or properties for three-point source. 

 
 

(a) (b) 

Figure 6.27 (a) X positions histograms with three peaks presenting the distance between the sphere 

phantom of 0.1 mm. 3 peaks at the detector surface for the simulated hits, (b) Initial Y positions of 

X and Y.  

6.5.2 Experimental Results   

6.5.2.1 Reconstructed Hits 3D Reconstruction 

Figure 6.28a and Figure 6.28b show the surface plane of the 3D volume of the 3D 

reconstructed image for one Laue lens and three-point sources without and with applied 

detector effects, respectively. As expected, the number of events detected in the ideal case 

is much higher than the ones that was detected using a detector with realistic detector effects 

applied. The energy window effect (specified range or window of energy levels is selected 

for data acquisition or analysis) by itself has a significant impact on the quality of the 3D 

reconstructed images; it basically filters out unwanted energies, so it selectively considers 
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the interactions based on their energies. However, the image quality in Figure 6.28b is 

enhanced compared to the 3D reconstructed image without detector effects. This is due to 

filtering out of the background noise associated with the windowing effect. 

  
(a) (b) 

Figure 6.28 (a) Surface plane of the 3D volume of the reconstructed image for 1 Laue lens and 

three-point sources with no detector effects, (b) Surface plane of the 3D volume of the 

reconstructed image for one Laue lens and three-point sources with applied detector effects. 

6.6 MATLAB Calibration Against GAMOS: System Resolution 

To assess whether the resolution obtained in the idealized environment using 

MATLAB simulations (Chapters 4 and 5) can be replicated with the more realistic case 

studies, I sought to validate the results of the GAMOS study. Unlike the idealized setup in 

MATLAB, the GAMOS study incorporates the influence of real detector effects. In this 

section, the objective was to compare the attained resolution of the 3D reconstructed images 

between the two simulation approaches. Based on the respective 3D reconstructed images, 

the FWHM was 0.1 mm and 0.12 mm in MATLAB and GAMOS simulations, as shown in 

Figure 6.29a and Figure 6.29b, respectively. The close alignment of these figures further 

validates the reliability and effectiveness of the simulations performed using both 

MATLAB and the GAMOS toolkit. 

  
(a) (b) 
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Figure 6.29 (a) Projection image of the GAMOS hits, plotted using MATLAB, (b) Gaussian fitted 

point source of 0.03 mm radius of the GAMOS projection image. 

6.7 GAMOS Simulations: Multi Lens Geometry with No-Detector 

Effects. 

6.7.1 Geometry  

The detector was modelled accurately in terms of sizes and materials. The 

scintillator is coupled to a light guide, which in turn is connected to a 100 ×  100 array of 

0.48 𝑚𝑚 × 0.48 𝑚𝑚 Position Sensitive Photomultiplier Tubes (PSPMTs). The detectors 

are shielded by lead septa of 48 𝑚𝑚 × 48 𝑚𝑚 ×  10 𝑚𝑚. The maximum active imaging 

region is 48 mm 48 mm, and the energy range detectable is 20 keV to 160 keV. 

Figure 6.30a and Figure 6.30b show the front view and view of the modelled 

detector, respectively. Figure 6.31a, Figure 6.31b, Figure 6.31c, and Figure 6.31d show the 

particle tracking generated from the Laue lens, from  and  upper Laue lenses, from the three 

adjacent Laue lenses, and for large number of events generated from the nine Laue lenses, 

respectively. Figure 6.32a, Figure 6.32b, Figure 6.32c, and Figure 6.32d show the spot for 

focused rays on the detector plane and the back scattered rays for the centred Laue lens, for 

the second adjacent Laue lens, for three adjacent Laue lenses, and the side view for the 

focused gamma rays on the detector plane for the nine Laue lenses and the back scattered 

rays, respectively. These Figures provide a clear visual representation of the experimental 

results and provide valuable insights into the trajectory of photons through the lens 

arrangement, and it confirms having all the generated particles converting at the focal spot 

on the detect plane. 

  

(a) (b) 
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Figure 6.30 (a) Front view of the modelled detector, (b) Side view of the modelled detector. 

 

  
(a) (b) 

  
(c) (d) 

                                                      Particle Propagation Direction 

Figure 6.31 Particle tracking of the focused rays (a) Particle tracking generated from the centred 

Laue lens, (b) Particle tracking generated from centred and the upper Laue lenses, (c) Particle 

tracking generated from the three adjacent Laue lenses, (d) Particle tracking of the focused 

photons for large number events generated from the nine Laue lenses. 

 

 

  
(a) (b) 
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(c) (d) 

Figure 6.32 (a) Spot for focused rays on the detector plane and the back scattered rays for the 

centred Laue lens, (b) Spot for the focused rays on the detector plane and the back scattered rays 

for the second adjacent Laue lens, (c) Spot for the focused rays on the detector plane and the 

back scattered rays for three adjacent Laue lens, (d) Side view for the focused gamma rays on 

the detector plane for the nine Laue lenses and the back scattered rays. 

6.7.2 Deposited Hits and Reconstructed Hits 

The tracks' energy deposited on the defined sensitive detector is saved as GMHits. 

The GmHit stores the number of variables as long int. Table 6.1 lists the stored variables of 

the deposited tracks on the sensitive detector. The detection of hits and their conversion to 

digital signals is highly dependent on the detector. Typically, digital signals are processed so 

that they become "reconstructed hits" that contain sensible factors such as energy, time, etc.  

Table 6.1 Stored variable of the deposited tracks on the sensitive detector  

Variable Description 

G4int the EventID Identification of the touchable 

G4int the EventID Event number 

G4double theEnergy Total deposited energy on the sensitive detector 

A reconstructed hit's energy equals the total of the hits’ energies, while the position 

is equal to the weighted sum of the hits’ positions. As a result, GAMOS offers a general class, 

GmVDigitizer. Since this conversion relies on the defined parameters of the detector, 

GAMOS provides only a generic class, GmVRecHitBuilderFromDigits. Another class, 

GmVRecHitBuilderFromHits, is practical if the user wants to directly change the hits into 

reconstructed hits. Each time a hit is added, the position of the previous hit is reassessed. The 

reconstructed hit position can be calculated in one of two ways: by default, it is specified as 

the barycenter, the average position of all hits weighted by their energy. If the parameter 
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/gamos/set is set to SD:RecHit:PosAtBarycentre:SDTYPE 0, GAMOS assumes that the 

reconstructed hit position corresponds to the hit with the maximum energy. In this work, 

GmRecHitBuilder1to1 was used; where two hits are never combined, resulting in 

constructing a reconstructed hit for each hit. Figure 6.33a and Figure 6.33b show zoomed 

views for the deposited hits on the detector plane and the backscattered rays for two Laue 

lenses and five Laue lenses, respectively. 

  
(a) (b) 

Figure 6.33 Zoomed view for the deposited hits on the detector plane and the backscattered rays. 

(a) One point source and two Laue lenses, (b) One point source and five Laue lenses. 

6.7.3 Deposited Hits 

Figure 6.34a, Figure 6.34b, and Figure 6.34c show the X, Y, and Z histograms, 

respectively. The X and Y hits histograms show three peaks with significantly higher counts 

behind the centred Laue lens. The distance between the Laue lenses is 42 𝑚𝑚, which is also 

equal to the lens diameter; this is reflected in the same distances measured between the 

different peaks in the histograms. The higher peaks associated with the centred lens compared 

to the adjacent ones reflect the decrease in the sensitivity of the process when the radiation is 

captured from off-axis directions. These results suggest that the arrangement of the lenses 

and the associated geometry have a direct impact on the distribution of hits in the X and Y 

directions. The higher counts associated with the centred lens, in comparison to the adjacent 

lenses, highlight the decrease in sensitivity when capturing radiation from off-axis directions.  

  
(a) (b) 
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(c) 

Figure 6.34 Hits energy deposition (a) X positions histograms, (b) Y positions histograms, (c) Z 

positions histograms, 

6.7.4 Reconstructed Hits  

Figure 6.35 shows the reconstructed hits' ii projection image on the detector plane. 

The projection image captured on the detector plane exhibits the presence of precisely nine 

discernible spots, with each spot representing the focal point of an individual Laue lens. 

These nine Laue lenses are spatially arranged in a planar configuration.  

 
Figure 6.35 Projection image of the reconstructed hits, shown in XY scatter. 

 

6.7.5 3D Reconstruction  

Initially, the 3D reconstruction algorithm that I developed for the multi lens-based 

SPECT, discussed in Chapter 5, was used to reconstruct the multi Laue lens hits that were 

generated using GAMOS half process simulations, but did not return any meaningful results. 

Consequently, I had to revise the simulations and the 3D reconstruction algorithm, as follows. 

The work conducted in this chapter deals with a real pixelated detector in contrast to the 

 

 
ii Reconstructed hits: Refers to the detection and localization of particles or radiation within a particle detector system. 
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simulations I conducted in Chapter 4 based on MATLAB using an idealized environment 

and an ideal detector. Thus, to make it work for the case studies presented in this chapter, I 

added the exact pixel sizes designed in the GAMOS detector simulations. Moreover, I 

updated the code to convert the detector hits into pixilated images and then reconstruct and 

perform the 3D reconstructions.  

 

 

6.7.5.1 Deposited Hits Histograms 

 Figure 6.36 shows the X hit positions on the detector plane for the multi Laue lens 

case study with a three-point source phantom. The projection behind each Laue lens 

represents three focused projections. The distance between each spot is 5 𝑚𝑚, the distance 

between the point sources from centre to centre. The focused projection of each Laue lens is 

distanced 42 𝑚𝑚 from each other as the diameter of the Laue lens is equal to the pitch 

(42 𝑚𝑚). The geometry of the multi lens is the same as in Figure 5.16.  

6.7.6 Validation 

6.7.6.1 GAMOS Hits 3D Reconstruction     

Figure 6.37 shows the XY slice of the reconstructed image from an array of Laue 

lenses and three-point sphere using the initial LAUE 3D reconstruction algorithm. It is clear 

from the generated image that the three-point sphere phantom needed to be appropriately 

reconstructed. As I mentioned in Section 6.7.5, I had to modify the 3D reconstruction 

algorithm. I added the precise pixel sizes specified in the GAMOS detector simulations. 

Moreover, I made adjustments to convert the detector hits into pixilated images, enabling the 

subsequent reconstruction and analysis of 3D images. 
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Figure 6.36 X hits positions for multi Laue lens with three-point source case study, the focused 

spots behind the three Laue lenses represents the projection of the three-point sources placed at 

5 mm from centre to centre, pitch were set to zero. 

 

 

Figure 6.37 3D XY slice of the reconstructed image for an array of lenses and three-point 

sources. The spheres were not properly reconstructed, and no useful information was 

reconstructed.  

 Figure 6.38 shows the pixelated images generated from the GAMOS detector hits 

with 10° step angle between each frame. Figure 6.39a, Figure 6.39b, and Figure 6.39c show 

the 2D YZ, XY, and XZ slices of the 3D reconstructed images using the revised LAUE 

reconstruction algorithm, respectively.  
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𝟖𝟎 ° 𝟗𝟎 ° 

Figure 6.38 Pixelated projection images generated from the GAMOS detector hits. The x-axis represents the 

column index, and the y-axis represents the raw index of the pixelated projection image. The step angle is 10° 

between each frame. 
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(a) 

 
(b) 

 
(c) 

Figure 6.39 3D reconstruction of the generated GAMOS hits. (a) 2D YZ slice of the 3D reconstructed image, 

(b) 2D XY slice of the 3D reconstructed image, (c) 2D XZ slice of the 3D reconstructed image. The X and Y 

measurements are in mm. 

6.8 Chapter Summary 

6.9 In this chapter, I aimed to assess the validity of the claim stated 

throughout this thesis by expanding on the prior work and 

analysing the response of an actual detector design to the focused 
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Laue lens gamma rays in a stable Monte Carlo setting specialized 

for medical physics applications. However, none of the available 

Monte Carlo toolkits provides the simulation of wave-based 

properties since the diffraction process is not implemented in 

either. To this end, I proposed an alternative method to simulate 

the effect of focusing the gamma rays at the sensor plane and 

simulate detector response due to the focused projection in 

GAMOS/GEANT4, besides the MATLAB Monte Carlo 

simulations. I developed a customised Monte Carlo simulation in 

MATLAB that simulates the Laue lens behaviour placed at the 

SPECT pinhole and then generated the coordinates and the 

momentums of the diffracted photons. Those coordinates and 

momentums were used to set up the TXT files, which were 

imported to GAMOS and served as the source generator input. 

Moreover, the histograms of event generator particles may 

confirm the generated radiations positions were generated. Then, 

the hits were exported as CSV files and imported to MATLAB. 

The GAMOS hits were reconstructed to generate the 3D images 

by utilizing the developed LAUE reconstruction algorithm. To 

simulate a real detector behaviour, a number of detector effects 

were included to reflect the real detector design. Then the 3D 

image reconstruction algorithm was applied to the deposited and 

generated hits with imposed detector effects. The ability to 

replicate and confirm experimental outcomes, as seen in the 

consistent results in the previous chapters, adds a layer of 

confidence to the results,. At the same time, the validation 
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process ensures that our methods and data align with established 

standards and expectations. Acknowledgement  
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7. Design Foundation and Implementation 

of the First Set of Models in GEANT4 for 

Laue Lens Diffraction: Laue lens 

Modelling 

For many years, "theory" and "experiment" were the driving forces behind the 

scientific enquiry. However, in recent years a new technique has come into its own: 

simulation. Many fields of science and engineering have been innovated by computer 

simulations, and their increased use as a substitute for traditional, practical learning 

interactions with physical systems has been made possible by significant improvements in 

computer processing speeds and access to computing resources. Astrophysical environments, 

while offering unparalleled opportunity, are not without their challenges. Physics is an 

experimental science, and as such, the empirical basis for any physical theory is essential 

[344]. With advancements in computer and network technology and codes for energetic 

particle transport, thorough Monte Carlo (MC) simulation seems no longer a technique 

confined to research scientists but is increasingly being used as a critical engineering tool and 

would contribute to modelling new technologies in physics [345].  

7.1 Introduction  

Laue’s discovery of X-rays diffraction paved the way for two new disciplines of 

physics, crystallography and X-rays spectroscopy [346, 347]. These findings have generated 

a wave of new gamma rays’ facility proposals and programs. Presently, great interest and 

scientific expertise are available to push forward new technologies in gamma rays lenses 

[348]. Laue gamma diffraction has recently attracted considerable attention as a powerful 

method for developing a high-energy rays focuser. So, our team ( me and the supervisors) 

was also intrigued with the challenges of manufacturing a functional Laue lens for medical 

applications.  
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This chapter is structured as follows: In Section 7.1, an introduction sets the context 

and outlines the scope of the chapter. Section 7.2 focuses on investigations related to the 

manufacture of the Laue Lens, exploring the various aspects and considerations involved in 

its production. In Section 7.3, the GEANT4 toolkit is introduced, highlighting its flexibility 

and discussing its lack of diffraction functionality. Section 7.4 delves into the specific version 

of GEANT4 used in the study, along with available resources related to it. The 

implementation of the Laue lens gamma diffraction process in GEANT4 is detailed in Section 

7.5. This includes the diffraction code, requirements for developing the diffraction example 

in GEANT4, and the steps involved in the example development, such as geometry setup and 

physics list. Simplifications and assumptions made during the implementation are discussed 

in Section 7.5.3, followed by volume definition and input parameters in Section 7.5.4. Code 

flexibility is explored in Section 7.6, explicitly addressing the scale factor and detector 

position. Section 7.7 discusses the results obtained from the advanced example and guidelines 

on how to visualize these results effectively. Section 7.8 provides instructions on running the 

GEANT4 diffraction example, covering the steps for compilation and visualization. Section 

7.9 focuses on the designed experiments conducted using GEANT4. Section 7.10 offers a 

discussion of the results and limitations, providing insights and observations derived from 

the study. Finally, Section 7.11 concludes the chapter with a summary, highlighting the key 

points and findings.  

7.2 Investigations about Manufacturing of the Laue Lens 

Conducting physical experiments to study the Laue lens behaviour seems to be a 

fundamental tool for understanding the physical issue and elucidating the main concept in 

gamma diffraction [320]. However, Laue lens manufacture is quite challenging as it requires 

high precision manufacturing techniques to position and align diffractive crystals of various 

elements [321].  

I stand in need of manufacturing the Laue lens to test the proposed design using 

physical experiments. However, there are always two sides to every story. The main 

challenge lies in developing a fabrication method for a miniaturized version of the Laue lens 

where the crystal mosaics are deposited using advanced fabrication methods. That is why I 

sought collaboration partners to develop the fabrication method. I was looking to fabricate a 

cm-size Laue lens and, ultimately, an array of such lenses. After several meetings with 

experts in nanotechnology fabrication, I have been told that the maximum thickness they can 
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achieve is 200 𝑛𝑚. Most of the structures they use (which are designed for the visible 

spectral range) are relatively small, and the thicknesses they used were up to 1𝜇𝑚 (each 

layer), but the envisioned  Laue lens thickness is in the order of 2 − 11 𝑚𝑚. That was the 

first obstacle.  

The good news is that it is not necessary to use ablation to transform an amorphous 

phase into a crystalline one, thus I do not need to fabricate the crystals. There are experts in 

this field who manufacture the crystals. There are several companies like Mateck, Advatech, 

Epic-crystal, and Saint-Gobain who offer these crystals commercially.  

Nonetheless, fixing all the crystals in a frame is a challenging task. Also, 

maintaining the crystals at the right angle and alignment of the X-rays requires high precision 

in the diffraction plane in the order of 10 𝜇𝑟𝑎𝑑, which is very demanding. 

7.2.1 What’s Next?  

The Laue lens couldn’t be manufactured due to the reasons I stated in Section 7.1. A 

readily feasible alternative to physical experiments are computer simulations in a stable state-

of-the-art high-energy physics simulation environment such as GEANT4. However, the Laue 

diffraction process has not been implemented in any of the available Monte Carlo simulation 

platforms so far. In other words, the wave nature of the Laue diffraction phenomenon cannot 

be simulated accurately in any of the available Monte Carlo Toolkits. This is one of the 

primary obstacles researchers encounter in their attempts to model the Laue lens in a realistic 

particle tracking environment. 

The contribution presented in this chapter was basically inspired by the core aim of 

this research, and it is directly related to the argument being made throughout the thesis. To 

examine the authenticity/validity of the argument stated throughout the thesis, it was 

necessary to study the designed system's behaviours with the complete diffraction process in 

a Monte Carlo simulation toolkit. The lens-based SPECT analysis relies on simulating and 

modelling the gamma focusing by the diffraction process. However, as was mentioned in 

Chapter 6, the effect of wave nature cannot be simulated in any of the available Monte Carlo 

toolkits. Based on the outcomes of the  conducted experiments on the proposed lens-based 

SPECT, I developed a particle transport code for modelling the gamma rays focusing by a 

particular type of lens, named the Laue lens, with a focus on its application, SPECT oncology. 
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The developed diffraction GEANT4 plugin and example tool lays the groundwork for this 

ongoing project. More importantly, it presents a significantly improved tool over 

conventional engineering tools for simulating the diffraction of high energy particles. 

 In this chapter, I present the first attempt to model the X-rays and gamma rays 

focusing based on Laue diffraction in the GEANT4 toolkit using an advanced example in its 

early conception. This chapter discusses the critical aspects of the implemented Laue lens 

advanced example created as part of the GEANT4 partnership. The developed example 

models the wave-based properties of gamma rays and predicts the diffracted, transmitted, and 

absorbed gamma rays’ locations on the detector plane based on a Monte Carlo simulation. 

The model provides flexibility to control several input parameters for various Laue lens 

designs. GEANT4 functionality and capabilities carry on expanding at the same time as its 

performance is being improved. The manufacturing of the lens has been established as both 

reliable and feasible; however, our progress in the manufacturing process was impeded due 

to the unavailability of funding and the necessary facilities 

7.3 GEANT4 Toolkit 

7.3.1   What Is GEANT4 

GEANT is an abbreviation for "GEometry ANd Tracking" and is typically 

pronounced like the French word “géant”, which translates to "giant." Its beginnings can be 

traced back to the 1970s [305]. GEANT4 is a free software toolkit composed of tools that 

can accurately simulate the passage of particles through matter. Over the past several years, 

significant modifications have been made to the toolkit to satisfy the needs of these user 

communities and leverage the increase in processing power [349].  

All aspects of the simulation process are included in the toolkit: the geometry of the 

system, the materials involved, the fundamental particles of interest, the generation of 

primary events, the tracking of particles through materials and electromagnetic fields, the 

physics processes governing particle interactions, the response of sensitive detector 

components, the generation of event data, the storage of events and tracks, the visualization 

of the detector and particle trajectories, and the capture and analysis of simulation data at 

different levels of detail and refinement [350]. It was developed and maintained by an 

international partnership between physicists and software engineers. It is implemented in the 

C++ programming language. It has been employed in particle physics, nuclear physics, 
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accelerator design, astrophysics and space sciences, space engineering, and medical physics 

applications [305]. 

GEANT4 is based on the accumulated knowledge of several Monte Carlo 

simulations of physics detectors and physical processes. Even though geographically 

distributed software development and large-scale object-oriented systems are no longer 

novelties, the GEANT4 Collaboration, in terms of the size and scope of the code and the 

number of contributors, is one of the largest and most ambitious projects of this type. It has 

proved that rigorous software engineering approaches and object-oriented methods can be 

used profitably to construct a coherent and maintainable software product, even when faced 

with the rapidly changing and open-ended requirements of physics research [305].  

Two studies conducted at CERN and KEK investigated how computing techniques 

could enhance the GEANT43 programme [351][3], which served as a benchmark and a 

source of valuable ideas and experience. These two initiatives were integrated, and a proposal 

was submitted to the CERN Detector Research and Development Committee (DRDC) to 

develop an object-oriented simulation tool [305]. Approximately one hundred scientists from 

Europe, Russia, Japan, Canada, and the United States collaborated globally. The international 

GEANT4 Collaboration has managed GEANT4's production service, user support, and 

development since 1999 [352].  

7.3.2 Flexibility of GEANT4  

GEANT4's flexibility could be emphasized in numerous ways. It has many 

processes for different particles, such as slow neutron, optical photon, Parton string models, 

shower parameterization, and event biassing approach. In physics processes, for instance, a 

mixture of theory-driven cross-section tables and empirical formulas provides a considerably 

broader coverage of physics [353]. The polymorphism mechanism allows cross-sections and 

models to be arbitrarily merged into a single process. Everything in GEANT4 is available to 

the user, allowing them to select physics processes and models, magnetic/electric field 

integrators, GUI, visualization technologies, energy deposition, histogramming and 

persistence mechanisms based on their surroundings or preference. Because events and tracks 

are regarded as class objects, overlapping events, suspension of sluggish looping tracks, 

postponement of these tracks until the next event, and priority control of tracks in the stacks 
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are all possible without incurring any additional performance expense. In addition, because 

of abstraction and polymorphism, there are numerous sorts of geometrical descriptions.[354]. 

7.3.3 Diffraction in GEANT4 Functionality 

Users other than the GEANT4 collaboration can contribute to the software in a 

manner similar to that of open development. Contributor rights and responsibilities are 

comparable to those of a full GEANT4 member, with the primary differences being the size 

and complexity of contributions (these are limited to relatively small additions and bug fixes 

that do not require new expertise) and the absence of responsibilities related to sharing the 

collaborative effort necessary to maintain GEANT4. In the case of more advanced or 

significant developments, the user will be requested to become a full collaborator with 

maintenance responsibilities. The benefit of becoming a contributor is of actively developing 

new features or bug fixes and controlling and monitoring these developments directly.  

7.4 GEANT4 Version   

The version of GEANT4 that I used is 10.7.0. It was first released on 4 December 

2020 (patch-04, released on 9 September 2022), with dependencies on gcc/6.1, cmake/3.11.0. 

It was installed on a cluster of two computers, each one with 4 core type i7 CPU at 2.8 GHz 

with 4GB RAM.  

7.4.1 Resources 

The necessary practical knowledge for developing and running the application that 

will be utilized in real experiments was acquired from the user's guide for Application 

Developers, Rev 6.0: GEANT4 Release 11.0, 10th December 2021. The User's Guide for 

Toolkit Developers includes thorough information on the design of GEANT4 classes and the 

information necessary to extend the current functionality of the GEANT4 toolkit [355]. This 

manual is intended to provide a repository of information for those who want to understand 

or refer to the detailed design of the toolkit, and to provide details and procedures for 

extending the functionality of the toolkit so that experienced users can contribute code that is 

consistent with the overall design of GEANT4The contributor is presumed to be familiar 

with the functionality of the GEANT4 toolkit as described in the "User's Guide for 

Application Developers" and to have a working knowledge of C++ programming. Object-

oriented analysis and design knowledge also aid comprehension of this guidebook [355].  
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7.5 Implementation of the Laue lens Gamma Diffraction Process in 

GEANT4 

7.5.1  Diffraction Code 

The original diffraction algorithm for the Laue lens was written in Mathematica by 

Camattari [323]. I converted the code to C ++, in which GEANT4 is written. The code takes 

the source points and finds the hit points on a defined volume (call it the Laue lens). The rays 

emanate from various directions from the object under study and will be focused by the Laue 

lens via diffraction. Depending on the hitting points in the lens volume, the algorithm 

determines the three different possibilities: transmission, absorption, or diffraction at the 

Laue lens plane. The absorbed rays will be halted, while diffracted and transmitted photons 

will arrive at the detector plane at different places. Thus, adequate Laue lens shielding is 

critical to prevent the sensor from detecting the transmitted photons. For the diffracted 

photons, the code provides the interaction point in the lens, the direction towards the detector, 

and the hit points on the detector plane as (XD, YD, ZD). The resulting position of a diffracted 

photon at the focal plane depends on the source position, the photon direction, the photon 

energy, and the interaction point inside the crystal (not the interaction point on the lens, but 

on the single crystal it enters). Since the algorithm is simplified, this last point is not 

simulated. The photon distribution—due to the entire Laue lens—on a plane at a given 

distance from the lens results to be the sum of the contributions of all the crystals that 

constitute the lens. Moving the source along the x- or y-axis has no difference since the 

system has cylindrical symmetry. For the ray propagation, random points (𝑥𝑆, 𝑦𝑆, 𝑧𝑆) within 

the source are generated. This can be done in various ways, depending on the source type. 

The direction of the emitted photon, namely the azimuthal angle (𝑎𝑧𝑆 > uniformly distributed 

between 0 − 2𝜋) and the polar angle (we need a spherical coordinate system). In the 

generation of the polar angle (𝑝𝑜𝑙𝑆) attention must be paid as we cannot simply generate a 

number uniformly distributed between 0 and 𝜋, the below formula is used instead:  

𝑝𝑜𝑙𝑆 = cos−1{cos(𝑑𝑖𝑣𝑆𝑚𝑖𝑛) − [cos(𝑑𝑖𝑣𝑆𝑚𝑖𝑛) − cos(𝑑𝑖𝑣𝑆𝑚𝑎𝑥)] × 𝑟𝑎𝑛𝑑()} Eq. 7.1 

where the 𝑑𝑖𝑣𝑆𝑚𝑖𝑛 and 𝑑𝑖𝑣𝑆𝑚𝑎𝑥 limits, as mentioned in Section 4.6, are used to 

propagate the photons only towards the lens to shorten the computation time, since photons 

that don’t hit the lens are for sure not focused. 
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7.5.2  Requirements to develop the Diffraction GEANT4 Example  

To get the Laue lens diffraction process running in GEANT4, the code should 

satisfy the following: 

• The code must change primaries and/or generate secondaries. 

• The code should return distance travelled by a particle before it undergoes a given 

interaction (Mean Free Path).  

In this GEANT4 example, I followed the philosophy of the optical processes, thus, 

the code changes the primaries only. However, there were several limitations related to the 

mean free path, which will be discussed in below: 

7.5.2.1 The Mean Free Path 

The Laue lens diffraction  code for the Laue lens diffraction doesn’t generate the 

mean free path, which hindered developing the code in the GEANT4 toolkit since it is a 

requirement for any GEANT4 example. I endeavoured to devise a resolution to this issue. To 

this end, the team and I had several meetings with the GEANT4 developers (Prof. Susanna 

Guatelli and Prof. Pedro Arce) and discussed this obstacle.  

The mean free path is the distance travelled by a particle before it undergoes a given 

interaction. In my case, the particle will interact at a known position (Laue lens volume). So, 

my initial clue was provided by the developers  to set the mean free path to a very large 

number (DBL_MAX parameter in GEANT4) and put the logic as to whether a particle 

interacts in the PostStepDoIt (the final position parameter in GEANT4). In my code, I can 

just implement the process by defining the border where the photons are diffracted. In this 

case, the mean free path would be either a dummy number or a high value. In GEANT4, it is 

essential to tell the particle where to interact, as described in the logic in 

G4OpBoundaryProcess in source/process/optical. 

My subsequent clue was provided by the developers was to check the Step of the 

emerging photon from the lens. Then change the position and momentum of the particle as 

follows: 

G4Track *track = aStep->GetTrack(); 

track->SetPosition(vevtor_of_position); 
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track->SetMomentumDirection(vevtor_of_momentum) 

After several trials, I could set the mean free path to a high value. The code executes 

if the material has the LaueLens properties defined. The lines below show the solution I have 

done: 

G4double G4LaueLensProcess::GetMeanFreePath(const G4Track&, G4double, 

G4ForceCondition* condition) 

{ 

*condition = StronglyForced; 

return DBL_MAX; 

… 

… 

} 

 where DBL_MAX in C++ is the maximum finite representable floating-point number.  

7.5.2.2 Steps for Example Development  

To develop the first Laue lens diffraction code in GEANT4, generally, there are 

several crucial steps that must be followed.  

7.5.2.2.1 Geometry  

Create a simple geometry with default physics and then shoot optical photons. 

Throughout code developing, I followed the philosophy of optical physics. Thus, a good 

starting point was the GEANT4/extended/optical/OpNovice2 example. The geometry is 

simply a box. However, the geometry needs to be changed to a more appropriate one 

matching the Laue lens volume. 

However, in the developed example, the geometry is not needed. The process will 

run if the user sets the Laue lens properties to the material. I followed the optical processes’ 

philosophy of using a G4MaterialPropertiesTable, but I attached the process to a logical 

volume instead of checking if it has one. This is implemented in the code below:  

G4MaterialPropertiesTable* MPT = mate->GetMaterialPropertiesTable(); 

if( MPT ) { 

G4cout << "@@@FOUND MPT: " << G4endl; 

MPT->DumpTable(); 

G4cout << "............." << G4endl; 

if( MPT->GetProperty("AverageAbsorption",false) ) { 

//      Average absorption of a crystal for the given energy and crystal size 

bLaueVolFound = true; 

break; 
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} 

} 

7.5.2.2.2 Physics List  

The next step involves modifying the physics. I implemented a separate physics list 

for the Laue lens diffraction with G4LaueLensProcess. After that, I needed to implement the 

method in my OpBVoundaryProces and define the new particle direction. However, in my 

code, the Laue lens works by taking the properties of the volume, not the boundary properties. 

I used the Laue lens physics list and set the class variable to work with any momentum and 

generate New_Momentum for the diffracted photons.  

7.5.3 Simplifications and Assumptions 

Camattari [323] has developed a tracking Monte Carlo algorithm to predict the 

photon distribution of diffracted high energetic photons using the Laue lens diffraction 

concept. The LaueGen algorithm was used to design dedicated Laue lenses for different 

applications [323]. The material selection for the lens elements was based on a Monte Carlo 

analysis of different single crystal materials with preferable lattice plane orientations. In the 

current example, the study’s first goal is to determine the parameters of the Laue lens tailored 

to medical applications. However, the user can run different Lens configurations by 

modifying the user input parameters.  

Crystals are the core of the Laue lens. A Laue lens for radiotherapy is constituted of 

hundreds of mm-sized optical elements that require a positioning precision typical of 

micromechanics. The spaces between the Laue lens rings, namely the white spaces, are where 

there are no crystals, as shown in Figure 7.1. Still, the photons here are transmitted or 

absorbed at these spaces. Thus, shielding for the lens frame is needed. However, to keep the 

complexity of this example to a reasonable level, this is not considered in the development 

process. The algorithm in its current version doesn’t take into account the rings and the 

behaviour of the whole Laue lens consisting of seven rings was simplified by dealing with a 

tube with inner and outer diameters with average properties, as shown in Figure 7.2. There 

are also no empty spaces between the minimum and maximum Laue lens radii.   
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Figure 7.1 Actual Laue lens design with seven rings. The white spaces, inner Radius RMin and 

outer Radius RMax are noted 

 

 
Figure 7.2 Simplified Laue lens represented as a tube with inner and outer diameters (noted). 

There are no empty spaces between the minimum and maximum lens radii.   

 

The Laue lens algorithm is a simplification of the behaviour of the gamma rays 

hitting the Laue lens crystals. Its behaviour is controlled by the formulae given in the class 

G4LaueLensProcess, derived from G4VRestDiscreteProcess. This is included in the physics 

list ExLLPhysicsList, which is based on the “emstandard_opt0”. The physical interactions of 

the gamma rays in the Laue lens are not taken into account, as they are included in the Laue 

lens algorithm. For this reason, it is recommended to use a very thin Laue lens, as the exiting 

lens position is moved to be in the middle of the preStep and the postStep point. 
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The resulting position of a diffracted photon at the focal plane depends on the source 

position, the photon direction, the photon energy, and the interaction point inside the crystal 

(not the interaction point on the lens, but on the single crystal). Since the algorithm is 

simplified, this last point is not visible.  

7.5.4 Volume Definition and Input Parameters.  

7.5.4.1 Laue Lens Volume 

The Laue lens volume is represented as a tube of dimensions (mm): 𝑅𝑀𝑖𝑛 =

 8.9710−3  ×  𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟, 𝑅𝑀𝑎𝑥 =  20.83 × 10−3 ×  𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟, and 𝑍ℎ𝑎𝑙𝑓𝐷𝑖𝑚 =

 110−3 𝑚𝑚. These are the default dimensions; the set of default parameters are shown in 

Table 7.1. However, the user can control the Laue lens parameters by modifying the scale 

factor in the input file. Section 7.6 explains the procedure for designing a devoted Laue lens 

that suits the user’s application. When a gamma ray enters the lens, it is absorbed, diffracted 

or transmitted by the algorithm. Interactions in the Laue lens are included in the algorithm; 

therefore, the lens Z dimensions should be very small so that there is only one step in the 

lens, which ends at the track exiting the lens.  

Table 7.1 The initial set Laue lens parameters in the Algorithm 

Parameter Default Set Values (m) 

Inner Radius 8.9710−3 

Outer Radius 20.8310−3 

Focal Length 0.5 

Scale Factor 1 

Detector position (0,0,1) 

7.5.4.2 Input Parameter 

There are several parameters related to the Laue lens properties:  

• The tangential length of the crystal 𝐿𝑡𝑎𝑛 

• The radial length of the crystal 𝐿𝑟𝑎𝑑 

• The average absorption of a crystal for the given energy and crystal size 

𝐴𝑏𝑠𝑀𝑒𝑎𝑛 

• The outer radius 𝑅𝑀𝑎𝑥, and the inner radius 𝑅𝑀𝑖𝑛 
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Also, the focal length is a characteristic of the lens. The parameters related to the 

lens’ characteristics are not considered input parameter, instead, they are already defined in 

the code. However, the scale factor is a variable that I created to control several parameters, 

which are 𝑅𝑀𝑎𝑥 ,  𝑅𝑀𝑖𝑛, and the focal length 𝐿𝑑. The control of this parameter is discussed in 

detail in the section 7.6. 

 The lens properties are defined using a G4MaterialPropertiesTable, which is 

attached to the lens material. The following properties are defined: 

• /exLaueLens/LaueProperty/AverageAbsorption: the probability of the 

gamma to be absorbed. Values are provided for three energies: 

o 150-0.01keV: 0.3174 

o 150keV: 0.3174 

o 150+0.01keV: 0.3174 

As it is a G4MaterialPropertiesTable property, the AverageAbsorption will be the 

lowest energy value if the gamma kinetic energy is smaller than the lowest energy, and the 

highest value if it is highest.  

The following properties are defined by the 

command/exLaueLens/LaueConstProperty (with their default values):  

• LensLRad: length of the crystals along the radial direction with respect to 

the lens, on the lens plane. 

• LensLTan: length of the crystals along the tangential direction with respect 

to the lens, perpendicular to LensRad, on the lens plane. Figure 7.3 explains 

the LensLRad and LensLTan parameters.  

• VertexOnAxisLimit: 2D radius to define if photon vertex is on/off lens axis 

or not: 0.5 mm.  

• LensCenter: probability radius to define if the diffracted angle is calculated 

as "center" or "halo", when the photon vertex is on of lens axis: 0.3 

• Diffraction efficiency is defined with the formula: 

G4double effalg=(fDiffNorm1*exp(-pow(posR2*1.E0,2)/(2*pow(fDiffSigma1,2))) 

+fDiffNorm2*exp(-pow(posR2*1.E0,2)/(2*pow(fDiffSigma2,2)))) *exp(-

pow(posZ*1.E0,2)/(2*pow(fDiffSigma3,2))).  
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where posR2 and posZ are the transversal and Z positions of the gamma vertex, respectively. 

In the GEANT4 example, the xInter and yInter and the coordinate of the interaction point 

with the lens. 𝑥𝑆, 𝑦𝑆, 𝑧𝑆 are the coordinate of the source (S is source). 𝑥𝐷, 𝑦𝐷 and 𝑧𝐷 are 

the coordinates of the interaction point with the detector. 

The efficiency of a lens or a single crystal highly depends on how it is considered, 

and it is a matter of definition. For example, I obtained an efficiency of 95%  with a single 

crystal. But I used a perfectly collimated, very small beam, super monochromatic, highly 

aligned, the best possible conditions. If, for the efficiency, we consider only the photons that 

hit the lens, the efficiency increases. The efficiency decreases if we also consider the photons 

that don’t hit the lens. In this thesis, I considered the efficiency as the number of diffracted 

photons divided by the number of generated photons.  

 

Figure 7.3 Length of the crystals along the radial direction with respect to the lens (LensLRad) and 

length of the crystals along the tangential direction with respect to the lens (LensLTan). 

7.6 Code Flexibility 

7.6.1 The Scale Factor 

As I mentioned earlier, I aimed to have a more versatile and flexible code that can 

be used to design a Laue lens for different applications by either upsizing or downsizing the 
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Laue lens dimensions. To this end, I added to the code an input parameter, called the scaling 

factor.  𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟, is set as an input parameter so that the user can change the Laue lens 

design and apply the diffraction for different system designs and configurations. The default 

value for this parameter is set to 1. Changing the scaling factor would consequently modify 

the inner and outer radii of the lens, which are shown in Table 7.1. Moreover, it directly sets 

the focal length (where the detector should be placed) 𝐿𝑑, as well as the optimal distance 

from the source to the Laue volume 𝐿𝑠 will be automatically modified depending on the 

modified scale factor parameter, as shown in the equations below:  

𝑅𝑀𝑖𝑛 = 𝐷𝑒𝑓𝑎𝑢𝑙𝑡 𝑠𝑒𝑡 𝑉𝑎𝑙𝑢𝑒 × 𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟 Eq. 7.2 

 𝑅𝑀𝑎𝑥 =  𝐷𝑒𝑓𝑎𝑢𝑙𝑡 𝑠𝑒𝑡 𝑉𝑎𝑙𝑢𝑒 × 𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟. Eq. 7.3 

𝑅𝐹𝑜𝑐𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ =  𝐷𝑒𝑓𝑎𝑢𝑙𝑡 𝑠𝑒𝑡 𝑉𝑎𝑙𝑢𝑒 × 𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟 Eq. 7.4 

𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = 𝐿𝑑 = 𝐹𝑜𝑐𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ Eq. 7.5 

 It is worth mentioning that the source location (Ls) and the detector location (Ld) 

can be placed at any distance from the Laue lens centre. However, the optimal case is 

achieved by placing the source at a distance equal to the lens’s focal length, that is Ls=Ld. 

7.6.2 Detector Position  

The detector position is set at 2 × 𝐿𝑑. The code takes a gamma ray produced at 

(0,0,0), sends it towards the Laue lens and calculates the position on the detector plane. In 

the code, I have eliminated the detector, because the Laue lens only diffracts the gamma ray 

without knowing if there is a detector after it. I have substituted the detector with the lens 

focus since the focal length is the detecting area in the Laue lens case. This adds more 

flexibility as the user can choose to place the detector at any position other than the lens’s 

focus. The code in its current version has a detector placed at the focus position to count the 
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number of photons diffracted. It is a box of 6 mm half-length in X and Y and 0.510−3 in Z 

made of G4_Si (Silicone material implemented in GEANT4. It is filled by a grid of 

240 × 240 voxels. The user can change the detector position along the lens axis, and as a 

result, the efficiency would be smaller. If the source is displaced, the image on the detector, 

instead of a disk shape, will have a doughnut shape, which will be symmetrical for both -Z 

and +Z shifts. The detector is placed at a distance equal to the focal length from the source 

as in the following GEANT4 code:  

G4double LaueLens_posZ = fFocalLength; 

 G4RotationMatrix* rotLL = new G4RotationMatrix(); 

fLaueLens = new G4PVPlacement(rotLL, G4ThreeVector(0,0,LaueLens_posZ), fLaueLens_LV, 

"LaueLens", fWorld_LV, false, 0); 

The location at the lens is split into a halo and a centre. Given the source and the 

lens, the distribution is reproduced by using the halo and the centre locations. The blue is the 

halo, and the red is the centre, as shown in Figure 7.4. This is a practical trick to reconstruct 

the shape of the diffracted photons. 30% of the photons are of type "centre" and 70% of the 

photons are type "halo". The "centre" photons are centred in offset. The other photons are 

centred in -offsetR. This is produced with the following GEANT4 code:  

if(trkPosPerp > 0.5e-3) { // (*source in axis / not in axis*) 

if(CLHEP::RandFlat::shoot() <= 0.3){ //     If[rType==="center",(*if it is a point of the center, it is 

centered in trkPosPerp, otherwise in -trkPosPerp*) 

If trkPosPerp > 0.5*10^-3, the source is not on axis, otherwise the source is on axis 

           

 

Figure 7.4 Photon distribution at the lens’ focus. The blue is the halo, and the red is the centre.  
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When the gamma rays are propagated, it is possible that they will interact with the 

air in the middle or even with other materials if there are materials between the lens and the 

focus. This new gamma direction can be calculated as (𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛_𝑜𝑛_𝑓𝑜𝑐𝑢𝑠 −

 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛_𝑜𝑛_𝑙𝑒𝑛𝑠). In the code, there are interaction points with the lens, which are 𝑥𝐼𝑛𝑡𝑒𝑟, 

𝑦𝐼𝑛𝑡𝑒𝑟, and 𝑧𝐼𝑛𝑡𝑒𝑟. The 𝑥𝐼𝑛𝑡𝑒𝑟 and 𝑦𝐼𝑛𝑡𝑒𝑟 have values while 𝑧𝐼𝑛𝑡𝑒𝑟 is always zero, 

because the lens is approximated as a plane. 

7.6.3 Photon Interactions 

If the gamma ray enters the lens before it has deviated, it can suffer an interaction 

(Compton, photoelectric). In the developed code, the absorbed represents all the Compton 

and photoelectric effects, all the effects that are not diffraction. However, the transmitted 

photons experience no interactions. In the code, Efalg function takes into account all the 

interactions that the gamma rays undergo. 

A table of the run summary is printed at the end of the run with the proportion of 

the gamma rays diffracted, transmitted, and absorbed.  

7.7 Results  

7.7.1 Histograms  

There are several predefined 1D and 2D histograms:  

1. 1D histograms  

▪ 0 : X coordinate of diffracted gammas at lens focus 

▪ 1 : Y coordinate of diffracted gammas at lens focus 

▪ 2 : Theta angle of diffracted gammas at lens focus 

▪ 3 : Perpendicular coordinate of diffracted gammas at lens focus 

▪ 4 : Theta angle of gamma vertices 

▪ 5 : Phi angle of gamma vertices 

▪ 6 : Energy of primary particles entering Laue lens  

▪ 7 : Energy of secondary particles entering Laue lens  

2. 2D histograms: exLaueLens has several predefined: 

▪ 0 : X vs Y coordinates of diffracted gammas at lens focus, for gammas out of lens 

axis 
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▪ 1 : X vs Y coordinates of diffracted gammas at lens focus, for gammas on lens axis 

in beam center 

▪ 2 : X vs Y coordinates of diffracted gammas at lens focus, for gammas on lens axis 

in beam halo  

▪ 3 :  Perpendicular i coordinate vs theta angle of diffracted gammas at lens focus, for 

gammas out of lens axis 

▪ 4 : Perpendicular  coordinate vs theta angle of diffracted gammas at lens focus, for 

gammas on lens axis in the beam center 

▪ 5 :  Perpendicular  coordinate vs theta angle of diffracted gammas at lens focus, for 

gammas hitting the lens’s axis in beam halo  

▪ 6 : X vs Y coordinates of gammas at detector entrance 

▪ 7 : X vs Y pixel numbers of gammas at detector entrance 

The histograms are managed by G4Analysis classes. The name of the histograms file can be 

selected with the command: 

/analysis/setFileName  name 

All selected histograms will be written in a file name.root (default xrays.root). The user can 

choose the format of the histogram file: root (default), 

hbook, xml, csv, by using namespace in HistoManager.hh 

 Two macros are included:  

▪ xrays.mac: Shoots a gamma with the parameters defined. 

▪ vis.mac: same as xrays.mac but visualize with OGL. 

7.8 Run the GEANT4 Diffraction Example 

7.8.1 To Call the Diffraction Process 

In order to call the Laue lens diffraction process (the example that I developed)  to 

any defined volume in GEANT4, the user has to use the physics list of the Laue lens that is 

defined in the example and attach it to the volume so that it can behave as a lens. This process 

is only applicable for gamma rays, and for those volumes which have a 

G4MaterialPropertiesTable which contains the property "AverageAbsorption". 
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7.8.2 The Primary Generator 

The particle, energy, position, and direction are set in the PrimaryGeneratorAction 

class. The primary kinematics consists by default of a single 150 𝑘𝑒𝑉 gamma ray placed at 

position (0,0,0). Its direction is directed to interact with the lens (LensRmin and LensRmax 

define the gamma theta limits). Several macro commands can be used to change the default 

behaviour:  

▪ /exLaueLens/generator/position POS_X POS_Y POS_Z UNIT (default = 0 0 

2*focal_length mm) 

▪ /exLaueLens/generator/Nprimaries VAL. Defines the number of primary 

particles generated in each event. (default = 1) 

▪ /exLaueLens/generator/primaryXSepar VALUE UNIT. If 2 primary particles 

are selected, it sets the X distance between the two particles initial position. The set 

of X positions will be centred at 0. (default = 0.) 

▪ An extra generator command can be used to generate different initial random seeds 

(default = 1111) /exLaueLens/generator/setRandomSeed INITIAL_SEED  

• /exLaueLens/generator/primarySphereR: Defines the radius of the sphere inside 

which primary particles are randomly sampled (default = 0.0). 

It is worth noting that if the source is other than a point source, the Laue diffraction code 

will run for the extended source. The parameter "rSphereMax", which is the radius of the 

spherical source. Then, (𝑥𝑆, 𝑦𝑆, 𝑧𝑆) random points are generated inside the spherical 

source (they aren't always (0,0,0), as in the not extended case). If the user aims to run the 

code for a point source, the parameter rSphereMax has to be set to zero. 

7.8.3  Compilation 

Execute exLaueLens in 'batch' mode from macro files:  

% exLaueLens xrays.mac 

Execute exLaueLens in 'interactive mode' with visualization (it will execute the 

macro vis.mac): 

% exLaueLens 

Idle> type your commands 

Idle> exit 
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It will show the compiling process as in Figure 7.5:  

 

Figure 7.5 Example compiling process 

7.8.4  Steps to Visualization 

To open the GUI: 

• Build the example using build.  

• Make using ccmake. 

• Then type: ./ExLaueLens. 

Once the above steps are followed, it will display the GUI for the Laue lens 

developed example as in Figure 7.6. To run it: 

• Type:  /vis.open/ OGL. 

This will show a rotating geometry for the Laue lens and the detector placed at the focal 

length. Figure 7.7a shows the Laue lens geometry generated from the developed example. 

After that: 

• Type: control execute/ xrays/.mac. This command will execute the macro 

file and will start shooting photons.  

Figure 7.7b shows the GUI for the Laue lens simulating only the diffracted photons 

gamma radiations from a 𝑇𝑐99 point source directed towards the Laue lens. Figure 7.8a shows 

the GUI for the Laue lens simulating the diffracted, transmitted, and absorbed photons 

gamma radiations from a 𝑇𝑐99 point source directed towards the Laue lens. The yellow line 

is the side view of the Laue lens volume. The distribution angle of the source was optimized 
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to reduce the computation time. Figure 7.8b shows the transmitted and diffracted photons, 

and the Laue lens volume in a different view. Figure 7.8c shows the spot of the focused 

photons on the detector lane. The detector and the focused photons are marked with a red 

arrow. Figure 7.8d shows the zoomed view of the focal spot on the detector plane for the 

diffracted gamma rays and the transmitted rays.  

 

Figure 7.6 The GUI of the GEANT4 Laue lens example.  

 

 
(a) 
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(b) 

Figure 7.7 (a) The geometry of GEANT4 Laue lens example showing the lens and the detector, (b) 

The GUI for the Laue lens simulating only the diffracted photons.  
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(a) 

 
(b) 

 
(c) 
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7.8.5 To Set Up Customized Case Studies 

This example was developed to utilize the Laue lens diffraction process in different 

applications. Before the user starts to design customized case studies using the Laue lens 

diffraction code, several things should be taken into account, which will be explained in this 

section 7.6. 

The Generator: 

In the generator file in the Laue Lens Example, the user needs to define the desired 

source characteristics with paying attention to the source distribution angle. The rays must 

be directed towards the lens to reduce the computation time. In my case, I defined a 

𝑇𝑐99 point source, the radiotracer used in SPECT imaging.  

The Detector: 

The detector, up to now, is a thin disk; no interaction is produced. The user can 

change the detector material and dimensions in ExLLDetectorConstruction.cc file.  

 
(d) 

Figure 7.8 (a) Gamma radiations from a 𝑻𝒄𝟗𝟗 point source directed towards the Laue lens rings. The 

yellow volume is the side view of the Laue lens volume, (b) Different views for the transmitted photon, 

diffracted and Laue lens volume, (c) The spot of the focused photos on the detector lane. The detector 

and the focused photons are marked with a red arrow, (d) shows the zoomed view of the focal spot on 

the detector plane for the diffracted gamma rays and the transmitted rays. 
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Output Files:  

The code does not give any output file. To generate the desired output data, The user 

can follow the below steps:  

• Edit manysendjobs and put IOPT=1 

• bash manysendjobs 

• Edit manysendjobs and put IOPT=2 

• bash manysendjobs 

7.9 The Designed Experiments in GEANT4 

As I mentioned in Chapter 4, at the start of this research, I was inspired by my 

supervisor's publication [253], which proposed a 3D X-rays CT method based on lightfield 

imaging. The idea was extended to  SPECT imaging in [356]. They first introduced the 

lightfield SPECT (L-SPECT) by considering an array of pinholes as focusing elements 

instead the conventional collimator. Following GEANT4 simulations, preliminary phantom 

imaging experiments were conducted with an Inveon SPECT system modified to incorporate 

a tungsten pinhole array The results were inconclusive because certain physical parameters 

of the Inveon system were not accessible for proper calibrationsHaving thought of using the 

Laue lens as the focusing element, I aimed to pick up where they left off in the lightfield 

SPECT experiments and utilize the experiences I gained in GEANT4 to duplicate the real 

experiments they had done, but with the lens-based SPECT I proposed. The L-SPECT and 

lens-based SPECT both were the product of several attempts to reframe conventional nuclear 

imaging based on introducing new methods and technologies, such as lightfield imaging. 

However, I understand that the conventional planar performance metrics may not 

be applied to these theoretical systems. The challenging part has been to demonstrate how 

this concept applies to experimental practice.  The National Electrical Manufacturers 

Association (NEMA) has standardized the procedures for specifying instrument 

performance. Thus, to demonstrate the performance, I intended to conduct a series of case 

studies for the previously proposed L-SPECT, and the lens-based SPECT incorporated in a 

well-known SPECT configuration which is the SIEMENS Inveon Multi-Modality System 

“5-MWB-1.0” and having the NEMA NU-4 as the phantom. Figure 7.9 shows the NEMA 

NU-4 I developed in GEANT4.  
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Figure 7.9 NEMA NU-4 phantom.   

7.9.1 Simulations Protocol   

• The geometries are developed using the GEANT4 ASCII file format. 

• Primary generator is based on GEANT4 GeneralParticleSource. 

• I used the GEANT4 Standard electromagnetic physics list. 

The signal processing: 

• Hits are created in the logical selected volume (defined as a 

G4VSensitiveDetector). The position of each hit will be the centre of the 

volume (crystal). 

• The final signal (named reconstructed hit) will be provided from the hits 

taking into account the following: 

1. Crystal energy resolution 

2. Hits signal will be merged by a crystal block corresponding to the 

defined PMT: Crystal Anger logic will be used for positioning, and 

energy will be the sum of the energy of the hit. 

3. Paralyzable and non-paralyzable dead time will be taken into account. 

4. The hits and the reconstructed hits will be dumped into an ASCII file. 

5. If one of the final signals in PMTs has an energy close to the defined 

SPECT energy, a line will be built joining the detector centre with the 
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closest collimator centre. This line will be written to an ASCII file. 

7.9.2  Inveon SPECT 

7.9.2.1 Inveon Detector Properties  

The SPECT component of the Inveon system has a dual head detector and can be 

mounted on a rotating framework. Each detector contains a 68 × 68 pixelated scintillator 

array of 2 𝑚𝑚 × 2 𝑚𝑚 × 10 𝑚𝑚 NaI(Tl) crystals with a 0.2 𝑚𝑚 gap. It is combined with 

a position-sensitive photomultiplier tube readout [357]. 

7.9.2.2 Geometry 

The 5-multi pinhole collimator of pinhole aperture 1mm (5-MWB-1.0) was used for 

the Inveon SPECT model. The top and bottom views of the actual set up used in this work 

are shown in Figure 7.10a. Figure 7.10b shows the Inveon geometry I developed in GENAT4. 

Figure 7.10c and Figure 7.10d show the pyramid pinhole holder associated with the 

SIEMENS Inveon 5 pinole collimator and a zoomed view of the crystals of the Inveon’s 

detector, respectively.  

  
(top) (bottom) 

(a) 
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 (b) 

 
(c) 

Pyramid pinhole holder 
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(d) 

Figure 7.10 (a) Top and bottom view of the actual set up of the Inveon SPECT 5-MWB-1.0 used 

in research, (b) The Inveon geometry developed in GEANT4, (c) The pyramid pinhole holder 

that is associated with the Inveon 5 pinole collimator, (d) Zoomed view for the Inveon’s 

detector’s crystals.  

 

7.9.2.3 Deposited Hits Histograms Results 

Figure 7.11a shows the energy histogram using NEMA point source. Figure 7.11b 

and Figure 7.11c show the width R3 of the reconstructed hits in mm and the width phi angle 

of the reconstructed hits in deg, respectively.  

 
(a) 
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(b) 

 
(c) 

Figure 7.11 Inveon SPECT (a) Energy histograms of the reconstructed hits, (b) Width R3 of the 

reconstructed hits, (c) Width of phi angle of the reconstructed hits. 

7.9.3 Lens-Based SPECT/Inveon 

In this case study, I incorporated the lens-based SPECT configuration with the 

Inveon set up with identical detector properties mentioned in Section 7.9.2.1. 

7.9.3.1 Geometry    

Figure 7.12 shows the multi lens-based SPECT and the Laue collimator consisting 

of nine Laue lenses in a planer plane that I discussed in Chapter 5. 
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Figure 7.12 Multi lens-based SPECT design with the Laue collimator indicated modelled in 

GEANT4.  

7.9.3.2 Deposited Hits Histograms Results 

Figure 7.13a shows the energy histogram using NEMA point source. Figure 7.13b 

and Figure 7.13c show the width R3 of the reconstructed hits in mm and the width phi angle 

of the reconstructed in deg, respectively.  

 
(a) 

The Laue collimator  
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(b) 

 
(c) 

Figure 7.13 Laue lens/Inveon SPECT (a) Energy histograms of the reconstructed hits, (b) Width 

of R3 of the reconstructed hits, (c) Width of phi angle of the reconstructed hits. 

7.10 Critical Discussion about the Case Studies Results Presented in 

Sections 7.9.2 and 7.9.3 

In these case studies, it is essential to note that significant time was dedicated to 

developing and designing the geometries and environments from scratch. The process 

involved multiple iterations to ensure the validity and accuracy of both case studies. As a 

result, these studies focus primarily on the design and validation of the setups, and no specific 

analysis is presented regarding the image processing aspect.  

Following a similar approach as in Chapter 6, I utilized histograms of the deposited 

hits to examine the system's functionality. The histograms visually represented the 

distribution and frequency of deposited hits and reconstructed hits representing the gamma 

interaction on the scintillator. 
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Different energy histograms indicate variations in the energy distribution of 

reconstructed hits. The different number of peaks in the energy histogram indicates variations 

in the energy between the two systems. In some cases, multiple peaks in the energy 

histograms may be desirable and indicate the system's capability to resolve different energy 

levels or distinguish between various radiation sources. By examining Figure 7.11a and 

Figure 7.13a, it can be noticed that both systems cover different ranges of energies.  

The histogram of the width R3 histogram for the reconstructed hits represents a 

measure of the spread of reconstructed hits along the Z-axis in the coordinate system. It gives 

a benchmark for the dispersion of the deposited hits. It determines the system's ability to 

capture detector interactions in the third dimension [304]. Moreover, it indicates the system's 

resolution along the z-axis; the narrower the graph, the better the ability to distinguish 

different interactions in the Z coordinate. If the distribution of the R3 width histograms is too 

wide, adjustments can be made to the system's design to enhance the resolution in the z-axis. 

Upon analysing Figure 7.11b and Figure 7.13b, a noticeable observation is that the 

width of the R3 histogram is larger for the Inveon SPECT compared to the Laue lens/Inveon 

SPECT. This indicates that incorporating the array of Laue lenses with the Inveon detector 

resulted in an enhancement of the resolution along the Z coordinate. In simpler terms, the 

lens-based SPECT system would be capable of distinguishing finer details in the Z direction 

compared to the Inveon SPECT alone. 

The histogram of width phi (deg) represents a measure of the spread of the 

reconstructed hits in the azimuthal direction (around the axis perpendicular to the Z-axis). It 

represents the system's ability to distinguish between closely placed features with different 

azimuthal angles [304]. The narrower the width phi distribution, the higher is the resolution. 

In other words, it suggests the system has better angular precision to map the reconstructed 

hits in the azimuthal angle direction. 

Upon analysing Figure 7.11c and Figure 7.13c, comparing the Inveon SPECT and 

the Laue lens/Inveon regarding the width phi histogram, we observe that both systems cover 

a similar range of angular values as they have almost the same distribution width in the width 

phi histograms. However, there is a noticeable difference in the values on the y-axis 

occurrences. The Laue lens/Inveon system exhibits significantly higher counts or frequencies 

of detected events per angular range compared to the Inveon SPECT. This indicates that 
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within each angular range, the Laue lens/Inveon system detects a more significant number of 

events, suggesting that more events are detected within that range compared to other ranges, 

or in other words, it suggests that the Laue lens/Inveon has higher sensitivity in detecting the 

different angular ranges compared to Inveon SPECT. 

7.11 Chapter Summary   

In this chapter, I discussed the first attempt to model the focusing of X-rays and 

gamma rays based on Laue diffraction in the GEANT4 toolset, utilizing an advanced example 

and plugin that I developed. The GEANT4 Laue diffraction example was initiated with the 

goal of developing an open-source simulation software that seamlessly integrates into the 

GEANT4 Monte-Carlo simulation toolkit. Over time, the project has seen continual growth 

in its functionality and capabilities, accompanied by ongoing efforts to enhance its 

performance. Due to the object-oriented approach's adaptability, it is possible to simply 

integrate external simulation packages into the GEANT4 system as modules of physical 

processes. However, it is not trivial to focus X-rays with good efficiency, and the modalities 

of implementation of an X-rays concentrator still represent an open issue. The problem of 

focusing hard X-rays can be approached via a Laue lens. The designed GEANT4 example 

tool for diffraction serves as the foundation for this ongoing project. Moreover, it offers a 

simulation tool for high-energy particle diffraction processes that are vastly superior to those 

used in conventional engineering. 

For the proof of concept, I designed and customized the first experiments for two 

different configurations in GEANT4 utilizing the developed code. The first one is the 

commercial Inveon SPECT design, the second one is the Inveon SPECT augmented with 

a Laue lens. I utilized histograms of the deposited hits to examine the system's 

functionality. Based on analysing the difference in the width of the R3 histogram and the 

width of phi angles of the reconstructed hits for both Inveon and Laue lens/Inveon, I made 

a final conclusion on the results: the narrower width and distinctive properties of the 

histograms in the Laue lens/Inveon system compared to the Inveon SPECT demonstrate 

its advantages in improved angular precision and higher sensitivity to different angular 

ranges. These capabilities are valuable in applications where precise angular mapping and 

sensitivity to angular variations are essential for accurate imaging. 
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8. First Set of Models in GAMOS for the 

Laue Lens Diffraction (Plugin) 

Numerous disciplines of physics, such as high-energy physics, medical physics, 

space physics, etc., have adopted GEANT4 due to its extensive library of physics models 

and its exceptional geometry and visualisation tools. Nevertheless, using GEANT4 

frequently necessitates a lengthy learning curve, which demands a solid understanding of 

C++ and the GEANT4 code itself. GAMOS makes using GEANT4 easier by eliminating 

the need for C++ programming and offering a set of user commands instead. One of the 

unique features of GAMOS compared to other simulation environments is its adaptability, 

which makes it suitable for simulation in other physics domains [358]. This adaptability is 

facilitated by a vast array of geometrical configurations, primary generators, physics lists, 

and a comprehensive set of tools that enable the user to obtain precise information from 

the simulation via user instructions. The usage of plug-in technology contributes to this 

adaptability, enabling the framework to be extended to accommodate unanticipated 

additional functionality [308]. 

As discussed in Chapter 6, I ran several case studies to examine the detector 

response due to the focused photos. However, as stated before, the GAMOS study was 

limited because the diffraction process and the wave-based properties which can be used 

to simulate gamma diffraction were not implemented yet in any of the available Monte 

Carlo toolkits. In this chapter, I am extending the GAMOS functionality by developing a 

GAMOS-based detector simulation example for Laue lens diffraction as a first attempt. In 

other words, I extended the functionality of the GEANT4-developed example in Chapter 

7 and ran it in the GAMOS toolkit. In Chapter 7, I ran case studies by incorporating my 

design with the commercial Inveon SPECT detector configuration, in which I kept the 

original Inveon detector properties and design. However, I replaced Inveon’s collimator 

with an array of Laue lense instead of the pinholes.  

This chapter is structured as follows: Section 8.1 presents the methodology 

employed in the study. Subsequently, Section 8.1.1 focuses on studying system 

characteristics, while Section 8.1.2 shows the proposed detector configuration. Section 

8.1.3 defines the radiation source, and Section 8.1.4 discusses the GAMOS generator. The 
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chapter also covers extending the GEANT4 example functionality to GAMOS in Section 

8.1.5. The subsequent sections explore specific configurations and case studies, such as 

Configuration 1: Single Lens Collimator in Section 8.2, with further subdivisions for one-

point source and three-point source case studies. Section 8.3 delves into the Multi-Lens 

Collimator configuration, including one-point source and three-point source case studies. 

The LEHR SPECT Geometry is addressed in Section 8.4, followed by a chapter summary 

in Section 8.5, which provides a concise overview of the key points discussed throughout 

the chapter. 

8.1 Methodology 

This section describes the methods used to model and characterize the design of the 

conceptualized lens-based SPECT system in GAMOS. First, I extended the functionality of 

the GEANT4 example that I developed in Chapter 7 to GAMOS utilizing its plug-in 

technology. Then, I incorporated the proposed detector design into the lens-based SPECT 

system. Four geometries were considered and built in GAMOS. The first and second are 

single lens in a pinhole with one and three-point sources, respectively. The third and fourth 

case studies were the multi Laue lenses in multi-pinhole arrangements with single and three-

point sources, respectively. 

In order to assess the accuracy and practicality of the detector design that I 

developed for the proposed system, I employed the custom 3D reconstruction algorithm 

described in Chapters 4 and 5 to generate the 3D reconstructed images for each of the various 

configurations. For comparison purposes, I built the geometry of the conventional SIEMENS 

Symbia LEHR SPECT collimator and detector in GAMOS to evaluate its performance 

against the suggested lens-based SPECT with the proposed detector configuration. 

8.1.1 Study of System Characteristics  

I used the same source properties that were used in MATLAB simulations. This is 

to ensure accurate comparisons and evaluations of the envisioned system behaviour under 

various conditions, provide a reliable baseline for comparison, and confirm the 

reproducibility of the study's findings that I obtained in Chapters 4, 5 and 6. The one-point 

source is 0.03 𝑚𝑚  in radius consists of Tc99 sphere filled with air and activity of 109 𝐵𝑞, 
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and the three-point phantom with the same content and radioactivity, spaced by 0.1 𝑚𝑚. The 

scans were performed for full 360° rotation at 10° increments. 

8.1.2 Proposed Detector Configuration 

The scintillator is connected to an array of 100 × 100  Position Sensitive 

Photomultiplier Tubes (PSPMTs), 0.48 𝑚𝑚 × 0.48 𝑚𝑚 each. Each detector consists of a 

0.48 𝑚𝑚 × 0.48 𝑚𝑚 × 10 𝑚𝑚 pixelated scintillator array of 0.04 𝑚𝑚 × 0.04 𝑚𝑚 ×

10 𝑚𝑚 NaI crystals. The detectors are shielded by lead septa with dimensions of 

48 𝑚𝑚 × 48 𝑚𝑚 × 10 𝑚𝑚. The maximum active imaging region is 48 𝑚𝑚 𝑥 48 𝑚𝑚, and 

the detectable energy range is 20 − 160 𝑘𝑒𝑉. In this study, I implemented the identical 

detector design initially proposed by our research team for the L-SPECT geometry (see 

Figure 2.28) [255]. The detector properties are kept the same for all the case studies presented 

in this chapter.  

8.1.3 Source Definition 

When replicated experiments provide identical or consistent results as the original 

study, the findings gain increased credibility. To this end, I wanted to reproduce the study's 

findings I obtained in MATLAB, but in a more realistic environment using the code I 

developed in GEANT4 and the extended one to GAMOS. The source solid and wireframe 

views are shown in Figure 8.1.  

  
 

Figure 8.1 The 𝑻𝑪𝟗𝟗 filled with air and activity 𝟏𝟎𝟗 𝑩𝒒 . The radius of the spheres is 𝟎. 𝟎𝟑 𝒎𝒎. 

Solid (left) and wireframe (right) views for the source and the emitted gamma radiations.  

8.1.4 GAMOS Generator 

The definition of the source and the source distribution based on the tangent of 

angles is defined in GAMOS itself, not in the ExLLPrimaryGeneratorAction, as in the 

previous chapter, it uses the below command line: 
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/gamos/generator GmGenerator 

The process is called to GAMOS whenever a Laue lens volume is identified using the below 

command in ExLLPhysicsProcess: 

if(!MPT) 

   return G4VRestDiscreteProcess::PostStepDoIt(aTrack, aStep); 

8.1.5 Extending the GEANT4 Example Functionality to GAMOS 

When I first created the Laue lens geometry in GAMOS using the developed 

example, I faced one problem with changing the scale factor. The scale factor is only 

controlled in ExLLDetectorConstruction, which is the one that sets the ScaleFactor (see 

Chapter 7 Section 7.6.1) and defines the command for changing it. So, in the extended 

GAMOS example, a GEANT4 user command was added to change ExLLPhysicsProcess.cc 

to change the scale factor without writing any extra scripts.  

8.2  Configuration 1: Single Lens Collimator  

8.2.1 This section introduces the case study of a single lens 

configuration with one Tc99 point source utilising the GAMOS 

plugin code with the envisioned detector design. Integrating the 

lens-based SPECT into the detector design provides practical 

insights into the system's behaviour within a realistic 

experimental setup. One-Point 𝑻𝑪𝟗𝟗 Source Case Study 

8.2.1.1 Geometry 

For this case study, I defined one pinhole with a 20.83 𝑚𝑚 radius. It is defined as 

tubes but with attaching the Laue lens material and properties to the defined pinhole volume. 

The below lines place the pinhole (the Laue lens) at half of the distance between the source 

and the detector: 

:P LensFocus 500. 

:VOLU pinhole_matrix BOX $pinhole_N*$pinhole_pitch/2.+$pinhole_R  

$pinhole_N*$pinhole_pitch/2.+$pinhole_R $LL_Z/2. G4_AIR 

:PLACE pinhole_matrix 1 World RM0 0 0 $LensFocus. 
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The geometry of the lens inside a pinhole is shown in Figure 8.2. The geometry of 

the lens and the detector at different rotation angles is shown in Figure 8.3. The simulation 

for different rotation angles for single lens SPECT is shown in Figure 8.4.  

 
Figure 8.2 Laue lens features attached to pinhole volume. 
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Figure 8.3 Geometry of the single lens-based SPECT at different rotation angles, showing the lens 

and the detector.  

 

   

   

   

Figure 8.4 GAMOS screen grab showing the focused gamma rays at different rotation angles. For 

some reason, GAMOS is not windowing this output and displaying it on top of everything. 

8.2.1.2 Reconstructed Hits and 3D Image Reconstruction  

Figure 8.5a and Figure 8.5b show the hits spot on the detector plane and energy 

deposition of the X vs Y diffracted point on the pixilated detector plane, respectively.  
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(a) (b) 

Figure 8.5 (a) Hits spot on the detector plane, (b) Energy deposition of the X vs Y diffracted point 

on the pixilated detector plane.  

The 3D reconstructed images generated from the one Laue lens case study with one 

point source were reconstructed using the 3D reconstruction algorithm discussed in Chapter 

4. Figure 8.6a shows the pixelated image of a point source and one Laue lens. Figure 8.6b 

and Figure 8.6c show the XY and XZ slices of the 3D reconstructed images, respectively. 

The results demonstrate a level of consistency with previous case studies conducted under 

ideal and controlled conditions (Chapters 4 and 5), albeit with some observed distortions; the 

deviations from the ideal results are attributed to the applied detector effects. 
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(b) (c) 

Figure 8.6 (a) Pixelated mage of a 𝑻𝑪𝟗𝟗point sources and one Laue lens. The x-axis represents the 

column index, and the y-axis represents the raw index of the pixelated projection image, (b) XY 

slice of the 3D reconstructed image, (c) XZ slice of the 3D reconstructed image. The X and Y 

measurements are in mm.  

8.2.2 Three-point 𝑻𝑪𝟗𝟗 Source Case Study 

This section introduces the case study of a single lens configuration with a three 

Tc99 point source utilising the GAMOS plugin code with the envisioned detector design.  

8.2.2.1 Geometry 

The sketch of the three-sphere geometry is shown in Figure 8.7a. The defined 

geometry is exactly the same as the one described for the single lens with  𝑇𝐶99 one-point 

source, but with three-point sources instead, as shown in Figure 8.7b.  
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(a) 

 

(b) 

Figure 8.7 (a) Sketch of the three-sphere phantom, (b) Wireframe view for the three-point source 

and the radiations of  𝑻𝑪𝟗𝟗 filled with air and activity 𝟏𝟎𝟗 𝑩𝒒. The radius of the spheres is 0.03 

mm, and the distance between the spheres from centre to centre is 0.1 mm.  

8.2.2.2 Reconstructed Hits and 3D Image Reconstruction  

The zoomed view of the three spot projections on the detector plane is shown in 

Figure 8.8. 

 

Figure 8.8 Zoomed view of the hits on the detector plane. 
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Figure 8.9a shows the pixelated image of a 𝑇𝐶99 three-point source and one Laue 

lens. Figure 8.9b shows the 3D reconstructed images. 

 
(a) 

 
(b) 

Figure 8.9 (a) Pixelated image of a 𝑻𝑪𝟗𝟗 three-point sources and one Laue lens. The x-axis 

represents the column index, and the y-axis represents the raw index of the pixelated projection 

image, (b) 3D reconstructed image. The X and Y measurements are in mm.  

8.3 Multi-Lens Collimator  

For this multi-lens case study, I defined nine pinholes with 20.83 𝑚𝑚 radius each. 

And as for the single lens, I set the pinholes as tubes and attached Laue lens material and 

properties to the defined pinhole volume. The geometry of the Laue collimator with nine 

Laue lenses is shown in Figure 8.10. The geometry at different rotation angles is shown in 

Figure 8.11. The simulation for different rotation angles and the different focused rays based 

on Laue gamma diffraction are shown in Figure 8.12.  
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Figure 8.10 Laue collimator geometry with nine Laue lenses. 

 

   

 
 

  

Figure 8.11 Geometry of the multi lens-based SPECT at different rotation angles. 
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Figure 8.12 Focused gamma rays at different rotation angles show the different focused beam’s 

directions diffracted towards different focal points of different lenses.  

8.3.1 One-Point Source Case Study 

Figure 8.13 shows the 𝑇𝑐
99 one-point source radiations directed to the Laue 

collimator, where the nine lenses are located.  

 

Figure 8.13 𝑻𝑪𝟗𝟗 one-point source radiations are directed to the nine Laue lenses. 

8.3.1.1 3D Image Reconstruction 

Figure 8.14a shows the pixelated image of a 𝑇𝐶99 one-point source for an array of 

Laue lenses. Figure 8.14b and Figure 8.14c show the XY and XZ slices of the 3D 

reconstructed images for nine Laue lenses and 𝑇𝐶99 one point source, respectively. The 

projection image exhibits nine distinct points on the detector. Despite the non-controlled 

conditions and the imposed detector effects, the reconstruction process yielded satisfactory 

results in terms of getting successful at capturing multiple sources, which highlights the 

capabilities of the Laue lenses in accurately detecting and imaging the targeted object, and it 

provides compelling evidence of the effectiveness and viability of the detector configuration. 
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However, by looking at Figure 8.14c, the occurrence of the back rays can be noted; this is 

attributed to the back projection of the rays during the reconstruction process. 

   

(a) 

  

(b) (c) 

Figure 8.14 (a) Pixelated image of a 𝑻𝑪𝟗𝟗 one-point source for an array of nine Laue lenses. The x-axis 

represents the column index, and the y-axis represents the raw index of the pixelated projection image, (b) XY 

slice of the 3D reconstructed image, (c) XZ slice of the 3D reconstructed image. The X and Y measurements are 

in mm. 

8.3.2   Three-Point Source Case Study 

Using the multi-Laue lens geometry presented in Section 8.3, I repeated the case 

study but with a 𝑇𝐶99 three-point source.  
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8.3.2.1 3D Image Reconstruction  

Figure 8.15a shows the pixelated image of a 𝑇𝐶99 three-point source for an array of 

Laue lenses. Figure 8.15b and Figure 8.15c show the XY and XZ slices of the 3D 

reconstructed images for nine Laue lenses and a 𝑇𝐶99 three-point source, respectively. The 

multi lens-based case study confirmed the successful resolution of the spheres in the 3D 

reconstructed images under the proposed detector design, accounting for applied detector 

effects. Furthermore, it is in agreement with the obtained results and the idealized scenario, 

but with lower resolution. However, when using the GAMOS and GEANT3 simulation 

frameworks, the addition of detector effects can significantly degrade the image quality. One 

notable effect is the slight overlap between the reconstructed spheres in the 3D images, which 

is evident in Figure 8.15b and Figure 8.15c. The projection image shows that the spheres are 

still resolved, however, these effects align with both the acquired results and the expected 

idealized scenario; however, they do result in a reduced resolution. Notably, in the utilization 

of the GAMOS and GEANT3 simulation frameworks, introducing detector effects notably 

degrades image quality. One significant outcome of this degradation is the slight overlap 

observed between the reconstructed spheres 

 
(a) 

500 1000 1500 2000 2500 3000

500

1000

1500

2000

2500

3000



   

 

242 

 

  
(b) (c) 

Figure 8.15 (a) Pixelated image of a 𝑻𝑪𝟗𝟗 three-point source for an array of nine Laue lenses. The 

x-axis represents the column index, and the y-axis represents the raw index of the pixelated 

projection image, (b) XY slice of the 3D reconstructed image, (c) XZ slice of the 3D reconstructed 

image. The X and Y measurements are in mm.   

8.4 LEHR SPECT Geometry 

To establish a comparative study with existing conventional SPECT, SIEMENS'  

Symbia LEHR SPECT was modelled based on its system specifications and the collimator 

parameters. The SIEMENS Symbia T camera is a dual-head SPECT camera including a low-

energy high-resolution (LEHR) collimator, a scintillation crystal, a light path, and an array 

of photomultiplier tubes [359]. The low energy high resolution (LEHR) collimator consists 

of a slab filled with lead material and parallel hexagonal holes with cells measuring 0.111 𝑐𝑚 

in hole diameter, 0.016 𝑐𝑚 in septal thickness, and 2.405 𝑐𝑚 in height. The detector is 

comprised of sodium iodide NaI(TI) scintillation crystals and measures 0.9525 c𝑚 in 

thickness and 53.3 38.7 𝑐𝑚2 in area. The crystal dimensions are 59.1 𝑐𝑚 ×  44.5 𝑐𝑚 ×

 0.95 𝑐𝑚. Each cell’s dimensions in the crystal (pixels) are 0.1 𝑐𝑚 ×  0.1 𝑐𝑚 × 0.95 𝑐𝑚. 

The number of pixels inside the detector crystal is 591 × 591. 

8.4.1  Geometry 

Figure 8.16a shows different views for the LEHR collimator consisting of a slab 

filled with lead material and parallel hexagonal holes. Figure 8.16b shows the side view for 

the hexagonal tubes modelled in GAMOS. Figure 8.16c shows the SIEMENS Symbia LEHR 

camera head modelled in GAMOS. Figure 8.17a and Figure 8.17b show different rotation 

angles for the Symbia LEHR camera head and the source radiations directed towards the 

parallel hole, respectively. The radius of the sphere is 0.03 mm, and the distance between the 

spheres from centre to centre is 0.1 mm.  
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8.4.2 Reconstructed Hits 

Figure 8.18a and Figure 8.18b show the transmitted radiations to the detector plane 

and the spot of the reconstructed hits on the detector plane, respectively. 
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(b) 

 
(c) 

Figure 8.16 (a) Modelled hexagonal pinholes in the LEHR SPECT collimator, (b) Depth of the 

hexagonal tubes of pinholes in the LEHR SPECT collimator, (c) Modelled Symbia LEHR camera 

head. 
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(a) 

 

(b) 

Figure 8.17 (a) Different rotation angles for the Symbia LEHR camera head, (b) The 𝑻𝑪𝟗𝟗source 

radiations directed towards the parallel hole.  
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(b) 

Figure 8.18 (a) Transmitted radiations to the detector plane, (b) Spot of the reconstructed hits on 

the detector plane.  

8.4.3  3D Image Reconstruction 

The pixelated projection image of the LEHR SPECT using a 𝑇𝐶99 three-point 

source and collimator thickness 24 𝑚𝑚 is shown in Figure 8.19a. It is clear that the three 

spheres were not resolved using the LEHR collimator. Despite the fact that increasing the 

LEHR collimator thickness could potentially improve image resolution, several challenges 

arise that make this approach problematic and it is considered impractical. I ran a second case 

study with increasing the LEHR collimator thickness from 24 𝑚𝑚 to 100 𝑚𝑚. Figure 8.19b 

shows the pixelated projection image of the LEHR SPECT using a  𝑇𝐶99 three-point source 

with collimator thickness of 100 𝑚𝑚. Figure 8.19c shows the 3D reconstructed image for 

the 24 mm collimator thickness. The smallest detectable volume that can be resolved by 

LEHR SPECT typically ranges from approximately 0.1 − 0.2 𝑚𝐿 [360]. This level of 

resolution is achieved through the use of high-resolution collimators and advanced imaging 

techniques. While LEHR SPECT excels in achieving high-resolution in conventional 

imaging, its capability to detect minute volumes is limited. LEHR SPECT typically operates 

within the millilitre range [355]. Consequently, the detection and resolution of volumes 

smaller than this range, including the 0.113 𝑛𝐿 volumes detected by lens-based SPECT, is 

not feasible using LEHR SPECT, as demonstrated in Figure 8.19b. Therefore, lens-based 

SPECT stands out for ultra-sensitive applications requiring the detection of extremely small 

volumes. It is evident that increasing the LEHR thickness to 100 𝑚𝑚 was not an effective 
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solution for resolving the spheres, as seen in Figure 8.19b and Figure 8.19c. 

 
(a) 

 
(b) 

      
(c) 

Figure 8.19 (a) Pixelated projection image of the LEHR SPECT using a  𝑻𝑪𝟗𝟗 three-point source 

and collimator thickness 24 mm. The x-axis represents the column index, and the y-axis represents 

the raw index of the pixelated projection image, (b) Pixelated projection image of the LEHR 

SPECT using a  𝑻𝑪𝟗𝟗 three-point and collimator thickness 100 mm, (c) 3D reconstructed image for 

the 𝐭𝐡𝐞 24 mm collimator thickness. The X and Y measurements are in mm. 
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8.5 Chapter Summary  

In this chapter, the case studies were conducted using a detector concept designed 

with parameters specifically tailored for the envisioned lens-based SPECT. I conducted four 

case studies; the first configuration is a single lens in a pinhole with a single-point source. 

The second design is the single lens in a pinhole with a three-point sources. The third and 

fourth case studies concern multi-Laue lenses in multi-pinhole arrangement with single and 

three-point sources, respectively.  

To test the validity and the feasibility of the detector design that I proposed for the 

envisioned system, the 3D images were generated using the 3D reconstruction algorithm that 

I developed for each of the different configurations. 

In addition, for comparison purposes, I built the conventional LEHR SPECT 

collimator and detector geometry in GAMOS to evaluate its performance against the 

suggested lens-based SPECT based on the proposed detector configuration. Based on the 

visual assessment of the 3D reconstructed images, it can be concluded that the proposed lens-

based-SPECT has the ability to detect minute volumes with 0.1 𝑚𝑚 resolution. However, 

the three spheres were not resolved using the model based on the specifications of 

conventional SIEMENS Symbia LEHR SPECT. Moreover, the 3D reconstruction images 

presented in this chapter confirm the argument stated throughout the thesis and one of the 

main thesis objectives, which is the capability of the lens-based SPECT to detect volumes as 

small as 0.113 𝑛𝐿. The lens based SPECT exhibits a substantially smaller volume range of 

detection or resolution compared to the conventional parallel collimator SPECT. 
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8.7 Scientific contribution  

• Contributed to extending GAMOS functionality by developing a GAMOS based 

detector simulation example for Laue lens diffraction as a first attempt. The example 

has been reviewed by Professor Pedro Arce, CERN, GAMOS 6.3.0  
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9. Conclusions, Summary and Future 

Work 

 This chapter presents a comprehensive summary and reflection on the principal 

findings and conclusions derived from the extensive research undertaken within this thesis. 

Moreover, it discusses the broader implications in light of the evidence and experimental 

results presented in this thesis. The results provide valuable insights into the application of 

the Laue lens in SPECT imaging and have direct relevance to the research objectives I 

initially set out to address.  

9.1 Introduction  

The overarching objective of this thesis was to explore and investigate the 

development of an innovative lens-based SPECT system augmented with an array of Laue 

lenses. The aim was to leverage the capabilities of gamma focusing in SPECT medical 

imaging to attain an unparalleled level of submillimeter resolution without relying on the 

conventional pinhole concept. Moreover, it discusses the implications of the envisioned 

system improving a new paradigm in SPECT imaging. 

To accomplish this, several toolkits (MATLAB, GAMOS, GEANT4) were utilized 

to develop dedicated Monte Carlo simulations for the different geometries of the proposed 

lens-based SPECT system. In order to validate the feasibility of the proposed lens-based 

system, the obtained projection images in each environment underwent a rigorous calibration 

process. This calibration was performed to establish a consistent reference point for 

comparison across different environments. The calibration procedure involved aligning and 

normalizing the projection images from each environment, ensuring accurate and reliable 

performance analysis. Furthermore, a comprehensive evaluation of the system's sensitivity 

and resolution was carried out by comparing the three developed Monte Carlo 

implementations. These implementations were specifically designed for the proposed lens-

based SPECT, enabling an in-depth assessment of its performance characteristics. By 

quantitatively analysing sensitivity and resolution metrics, I aimed to evaluate the system's 

capability to accurately detect and resolve target features. This comparative analysis serves 

as a robust validation of the proposed lens-based SPECT and provides valuable insights for 

further optimization of the system.  
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Moreover, in this concluding chapter, I acknowledge the research limitations and 

challenges encountered throughout the study as a critical step toward fostering future growth 

and enhancing the quality of subsequent investigations of the lens-based SPECT system. 

Additionally, I present potential avenues for future work, indicating promising directions for 

further exploration and advancement. 

This chapter is organized as follows: Section 9.2 discusses the main research 

finding. Section 9.3 discusses the summary of the thesis work for each of the chapters 

separately. Sections 9.4 and 9.5 critically discuss the research limitations and challenges, and 

future work, respectively. Section 9.6 presents the final discussions and conclusions.   

9.2 Key Research Findings 

This thesis's culmination has yielded key findings that contribute to the 

understanding of the application of the Laue lens in SPECT medical imaging, which shed 

light on crucial aspects of SPECT imaging and the notion of focusing gamma rays via 

diffraction. 

One of the noteworthy findings of this research entails conceptualising a Laue lens 

tailored and optimized specifically for SPECT applications. While the design parameters of 

this envisaged lens bear resemblance  to those commonly employed in astrophysics, the 

design methodology employed in this study differs substantially. Unlike the scenario in 

astrophysics, where polychromatic radiated hard X-rays from distant celestial sources are 

presumed to be parallel, nuclear imaging involves the emission of divergent monochromatic 

photons. In this investigation, the choice of materials for the lens components was predicated 

by a Monte Carlo simulation encompassing diverse single-crystal materials with favourable 

lattice plane orientations. Notably, the specific lens design that resulted from this research 

represents a hitherto unexplored avenue in the existing scholarly discourse. 

One of the significant research contributions of this thesis is the development of the 

initial geometry for a lens-based SPECT system. This achievement involved realizing and 

understanding a novel geometry for effectively integrating a Laue lens within a SPECT 

gamma camera setup. I also systematically presented the progressive development and 

evolution of the lens-based SPECT system across three distinct geometries (single, modular 
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and multi). Throughout this iterative process, I consistently validated and optimized the 

performance parameters associated with each geometry. 

The methodology followed throughout this research was characterized by its 

adherence to standardized approaches. Furthermore, the utilized toolkits for Monte Carlo 

simulations are known as stable and reliable environments, ensuring the robustness of the 

analyses conducted. In this investigation, novel tracking Monte Carlo simulation frameworks 

were developed in three stable Monte Carlo toolkits. These simulation environments were 

meticulously tailored to accommodate the parameters of the SPECT gamma camera settings 

marking a pioneering approach in this research field. 

One of the notable findings and contributions of this research is the development of 

a 3D reconstruction algorithm to demonstrate the feasibility, viability of the design, and 

functionality of the visualized lens-based SPECT and to produce visual evidence of the 

system's ability to capture and reconstruct 3D information of the radiotracer accurately. The 

success in reconstructing the 3D images pushed this research further to benchmark the 

performance parameters, identify limitations, and explore potential opportunities for 

enhancement. 

One of this research's vital findings pertains to the results of the comparative study. 

The comparative study aimed to compare the performance of the proposed lens-based SPECT 

system against existing imaging modalities or approaches, such as SIEMENS LEHR parallel 

SPECT and multi-pinhole Inveon SPECT. It was found that the sensitivity of the lens-based 

SPECT is comparable to conventional SPECT imaging techniques. However, the system 

achieved an unprecedented level of resolution of 0.1 𝑚𝑚, surpassing the capabilities of 

existing systems. The single lens-based SPECT detected one hit per 42 source photons, 

corresponding to a sensitivity of  790 𝑐𝑝𝑠 𝜇𝐶𝑖⁄ . The modular lens-based SPECT detected 

three hits per 42 source photons, corresponding to a sensitivity of  2,373 𝑐𝑝𝑠 𝜇𝐶𝑖⁄ . The multi 

lens-based SPECT detected one hit per 20 source photons, comparable to a sensitivity of  

1,670 𝑐𝑝𝑠 𝜇𝐶𝑖⁄ . 

Furthermore, the lens-based SPECT system exhibited superior performance 

regarding the minimum detectable volume. Its abilities exceeded those of the existing 

systems, enabling the detection of volumes as low as 0.113 nL  with enhanced accuracy and 

precision. The system's ability to maintain sensitivity while achieving exceptional resolution 
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and improved detectability of smaller volumes positions it as a promising candidate for 

enhancing the capabilities of medical imaging in terms of early detection of cancer.  

Another significant finding was based on the conducted experiments using real 

detector properties and applied effects to achieve realistic and accurate results. By 

considering factors such as detector response, dead time, energy resolution, spatial resolution, 

and other relevant parameters, it was possible to simulate and reproduce the actual conditions 

encountered in practical scenarios in SPECT imaging detector behaviour and to enhance the 

realism and fidelity of the obtained results. 

The development of a Laue lens diffraction plug-in and an advanced example for 

the GEANT4 toolkit, which I hope to have it available as open source once I get the GEANT4 

developers’ approval, are amongst the main contributions. This example has paved the way 

for setting up realistic experiments and obtaining accurate results for the proposed lens-based 

SPECT system. 

9.2.1 Implications of Research Findings   

In this section, I am setting the stage for discussing the broader significance and 

practical applications of the stated research findings. The implications that I am discussing 

in this section are closely tied to the stated research questions and problems that kicked off 

the start of this thesis work. The findings of this thesis have important implications that extend 

beyond the boundaries of this study and have meaningful contributions to the field of SPECT 

imaging. 

The introduction of a lens-based focusing holds the potential to establish a new 

SPECT imaging technology that combines elements of tomosynthesis and lightfield imaging. 

Tomosynthesis is a technique that involves capturing multiple X-ray images from different 

angles and using them to reconstruct a three-dimensional representation of the imaged object 

[361]. By applying a similar concept to SPECT imaging with the lens-based system, it 

becomes possible to acquire multiple projections or views of the radiotracer distribution 

within the body. Furthermore, lightfield imaging refers to a method that captures both spatial 

and directional information of incoming light rays, allowing for post-acquisition refocusing 

and depth estimation [132]. Incorporating this concept into the lens-based SPECT system 

enables the capture of additional information about the radiotracer distribution, such as the 
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direction and angle of emitted gamma rays. This multidimensional dataset can provide more 

accurate localization and characterization of the radiotracer distribution, leading to enhanced 

diagnostic capabilities and more precise treatment planning [133, 309]. 

The spatial resolution of the conventional LEHR SPECT technique is restricted to 

1 − 2 𝑚𝑚 [117-119]. Due to the small size of rat subjects, spatial resolutions must be at the 

submillimeter levels. In addition, the sensitivity must be sufficient to provide an acceptable 

image. Submillimeter resolution is crucial for studying anatomical structures, physiological 

processes, and the distribution of radiotracers within small animal models. The outstanding 

resolution capabilities of a lens-based SPECT system that resulted from employing the 

focusing effect significantly contribute to both small animal and molecular research. The 

focusing effect of the lens-based SPECT system also contributes to the reduction of back-

scattered radiations, thus increased SNR leading to improved image quality. This enables 

researchers to improve the accuracy and reliability of image interpretation. 

Current imaging systems, such as conventional SPECT, encounter challenges and 

limitations in detecting cancer at early stages due to restricted resolution, sensitivity, and the 

inability to detect volumes in the sub 𝑚𝐿 range. These limitations hinder the identification of 

small, early-stage tumours when they are most treatable and potentially curable.  

Also, these limitations impact the system’s ability to distinguish small lesions 

compared to healthy background tissues. Cancerous cells proliferate and evolve within 

minute volumes before they become detectable by conventional SPECT or PET imaging 

techniques. Based on the findings and the visual evidence provided by the 3D reconstructed 

images, the lens-based SPECT presents a promising and feasible solution to overcome these 

limitations and improve early-stage cancer detection. 

The intention behind using low activity phantoms in the experiments presented 

throughout this thesis served to answer another specific research problem: whether the lens-

based SPECT would be effective in reducing the amount of injected radiotracers substances 

to the patients and to assess its capability to detect and visualize abnormalities with reduced 

doses of radiotracer administered to the patient. The experimental results show that the lens-

based SPECT can distinguish and differentiate small volumes in the range of 0.113 𝑛𝐿 with 

low activity.  
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Finally, the development of my own advanced example and plug-in in GEANT4 for 

the Laue diffraction process presents an important contribution to the existing body of 

knowledge. Moreover, it would provide researchers with a tool to simulate and study the 

gamma diffraction phenomena in a controlled and customizable environment for different 

applications, and it also provides us with a foundation for further exploration and 

improvement to the lens-based SPECT system design.  

9.2.2 Highlights of Chapter 1: Introduction  

In Chapter 1, an overview of the conventional medical imaging techniques, namely 

PET and SPECT, was provided, highlighting their strengths and pitfalls. The identified 

pitfalls and problems associated with these techniques established the existing gaps which 

guided this research. Furthermore, the research problems and motivations were presented, 

outlining the rationale for undertaking this study. Moreover, the research contributions were 

also clearly identified, 

9.2.3 Highlights of Chapter 2: Literature Review 

In Chapter 2, I examined in depth the many proposed designs of SPECT collimator 

and detector design optimization strategies in light of the most recent developments. 

Presented were studies that provided insights and expert commentary on the path and future 

of SPECT design research. The literature on the influence of pinhole size, shape, material, 

and geometry on the performance and resolution of SPECT imaging in determining the ideal 

collimator design and the effect on the final 3D reconstructed images is reviewed in detail. 

In addition, the strategies offered to minimize the effects of multiplexing, system 

customization, and task-based imaging technologies that gave rise to adaptive SPECT were 

investigated. The recently shown technologies and geometries for SPECT detectors, as well 

as the available strategies for increasing light extraction, are investigated. SPECT imaging 

based on the lightfield is evaluated in light of the most recent technological breakthroughs 

and emerging trends. The history of Laue lens applications in astronomy and their expanded 

use in nuclear medicine are thoroughly examined. Moreover, the simulation tools and specific 

Monte Carlo settings built for the MATLAB, GAMOS, and GEANT4 toolkits are described. 
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9.2.4 Highlights of Chapter 3: Methodology  

The Methodology chapter provided a comprehensive overview of the research 

approach and a roadmap for the research process. In this chapter, I delved into the specific 

research methods and procedures employed in this study and the methodology followed in 

this thesis by describing the simulation tools and the designed environment setups. 

Additionally, I briefly discussed the potential limitations and challenges associated with the 

designed methods, including all the limitations I encountered due to the long computation 

times and the steps taken to mitigate them. 

9.2.5 Highlights of Chapter 4: A Novel Ultra High-Resolution Lens-

Based SPECT: Insight to Lightfield Imaging: MATLAB Monte 

Carlo Study 

In Chapter 4, I demonstrated a new SPECT system that allows for molecular 

imaging of small objects with enhanced sensitivity and in high-resolution. The system is 

integrated with unique tools to boost focusing capabilities and associated sensitivity for 

imaging the animal's small areas and specific regions. The lens-based SPECT combines a 

collimator with Laue lenses and a moving detector setup. With the aid of the Laue lens 

focusing capabilities, the system design incorporates preselection of the field of view, 

enhancing the sensitivity. The new gamma focusing features significantly improve the 

proposed system over conventional collimation methods. The characterization of the initial 

performance of the system based on sensitivity and resolution were evaluated for different 

phantom experiments. The attained resolution is unmatched by any of the previous 

conventional SPECT systems. The focused imaging enables studying a specific region of 

interest with improved sensitivity. The simulation experiments and ideas given in these 

results presented in this chapter may provide insight for further advancements beyond the 

existing state-of-the-art in small animal SPECT imaging.  

9.2.6 Highlights of Chapter 5: Modular and Multi-Lens-Based SPECT 

Geometries with Dedicated Reconstruction Algorithms: Monte 

Carlo Study 

In Chapter 5, for the sake of enhancing the sensitivity, I introduced and elaborated 

upon the proposed system together with an appropriate validation method and evaluated the 
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high-resolution capabilities of improved lens-based SPECT geometries. I started by 

introducing the modular lens-based SPECT system design and assessed the initial 

performance parameters. The Laue lenses are placed in tiled planes in a modular fashion and 

with detector geometry in such a way that their fields of view converge. The feasibility of the 

proposed system is demonstrated by the Monte Carlo simulation. Given the new geometry 

and data acquisition protocol for the modular multi lens-based SPECT, the FOV cannot be 

determined straightforwardly. The overall FOV of the system is the portion of the potential 

FOV, which can be reconstructed by having enough number of views  and with enough 

disparity between the acquired projection data of the views. Hence, the FOV was determined 

based on the module width and the lens' focal length. The performance parameters were 

contrasted against the existing SPECT for system validation purposes. Moreover, the 

sensitivity mapping over the modules’ FOV showed a gradual degradation; however, it still 

outperformed the parallel LEHR. The lens has two distinguishing features: first, its 

effectiveness does not diminish when the size of the source decreases, as it is the case with 

many existing imaging systems. Second, it can locate and identify objects with millimetre 

resolution. The preliminary evaluation of the system using 3-point sources is presented. By 

scanning the source with multiple lenses that look at the same volume from different angles, 

one can generate a three-dimensional image. Monte Carlo simulations were used to 

accurately model and evaluate the proposed concept and design. Furthermore, a dedicated 

image reconstruction algorithm was developed and validated for the system. 

Then, I moved further and described the development and analysis of a new multi 

lens-based SPECT in a plane geometry that, through a novel approach to focused gamma 

rays, would potentially provide improved performance compared to conventional SPECT. 

Physical principles governing the design of this system are presented, along with a series of 

measurements analysing various characteristics of the generated projection and 3D 

reconstructed images. 

The multi lens-based SPECT system uses a novel design that enables high resolution 

image acquisition. The system is aimed to be adapted in the future for use in oncology, 

thyroid, and breast SPECT imaging to take advantage of its high-resolution feature for early 

detection of tumours. The proposed system offers an exceptional sensitivity/resolution trade-

off and is envisioned to be fitted with a field of view big enough to cover most vital mouse 

organs. The advantage of the focusing feature is that it allows for acquiring a significant 
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number of projections from a single point of focus. Extending the FOV is feasible by moving 

the object. This adjusts the Laue lenses to focus on different sections of the animal. Another 

desirability in using Laue lenses is the capacity to adjust the lens shape with ultra-high spatial 

resolution and sensitivity to identify sub-𝜇𝐶𝑖 sources as an example of the lens system’s 

customization in medical imaging. The Laue lens’ achievable resolution and sensitivity are 

decoupled from the geometry and depend solely on the size and orientation of the crystals, in 

contrast to the existing parallel SPECT systems that suffer from resolution-sensitivity trade-

off. The spatial resolution is boosted by a factor of two by scaling down the lens system by a 

factor of two, while the lens’s sensitivity to a small source is not affected because all angles 

remain constant [209].  

Furthermore, downsizing would lessen the background noise influence caused by 

residual activity in non-cancerous tissue by four and sixteen times, respectively. As a result, 

the signal-to-background ratio and the signal-to-noise ratio rise by four and sixteen times, 

respectively [209, 237], this is in contrast to the LEHR SPECT, where the septa are used to 

prevent septal penetration at the cost of sensitivity and resolution. However, conventional 

planar performance metrics may not be applied to the proposed system. The challenging part 

has been to demonstrate how this concept applies to practical/clinical use. The National 

Electrical Manufacturers Association (NEMA) has established procedures to standardize the 

specifications of instrument performance. These, however, apply only to conventional 

systems and may not apply to systems with an alternative design. Consequently, direct 

comparisons to conventionally required results acquisition are not always meaningful.  

Nonetheless, I aimed to conduct a series of case studies to demonstrate performance. 

The obtained performance parameters may lay a foundation for future performance metrics 

suitable for non-traditional instruments, such as the lens-based SPECT. The stated results 

indicate that, compared to the multi-pinhole Inveon and parallel LEHR collimators, the multi 

lens-based SPECT offers significantly higher spatial resolution (by a factor of about 10) and 

comparable sensitivity. In contrast to methods that rely on absorptive collimation like single- 

or multiple-pinhole cameras, the use of refractive optics decouples spatial resolution from 

sensitivity and efficiency. The conducted feasibility studies have refined and applied ray-

tracing routines to design focusing optics for small animal studies. This study aims to develop 

a means of performing gamma rays imaging of small animals that would not rely on parallel 

hole collimators, as a method of offering the best prospect for achieving sub-millimetre 
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spatial resolution. The novel approach relies on the Laue lens as a focusing element. The 

spatial resolution achievable is decoupled from the sensitivity and depends solely on the 

mosaicity and orientation of the crystals, in contrast to the existing collimators that suffer 

from resolution-sensitivity trade-off. However, despite the promising results, the work 

presented in this thesis bears several limitations. I believe that the multi lens-based SPECT 

is not performing optimally in its current configuration. While such a system might 

eventually be technically feasible, it is still uncertain whether it would be practical for 

biological applications. 

Additionally, I understand the limitations of this approach, and the task at handis to 

expand future work in the following ways: The conducted case studies demonstrate the 

system’s practicality to accurately map 3D images of the scanned small phantoms. However, 

there are definite limitations for high-resolution imaging of large objects that I will delineate 

more carefully in forthcoming publications. A future reconstruction algorithm that accounts 

for the probabilistic distribution behind each Laue lens will be considered. Furthermore, for 

the sake of reducing the uncertainty in the reconstructed image, I aim to develop a 

reconstruction algorithm for non-multiplexed projections by placing a slant between the Laue 

lenses.  

9.2.7 Highlights of Chapter 6: Detector Analysis GEANT4/GAMOS: 

Single and Multi-Lens-Based SPECT 

In Chapter 6, I aimed to assess the validity of the claim stated throughout this thesis 

by expanding on the prior work and analysing the response of an actual detector design to 

the focused Laue lens gamma rays in a stable Monte Carlo setting specialised for medical 

physics application. However, none of the available Monte Carlo toolkits provided the 

simulation of wave-based properties as the diffraction process was not implemented in any 

of them. To this end, I proposed an alternative method to simulate the effect of focusing 

the gamma rays at the sensor plane and simulate detector response due to the focused 

projection in GAMOS/GEANT4, besides the MATLAB Monte Carlo simulations. I 

developed a customised Monte Carlo model in MATLAB that simulates the Laue lens 

behaviour placed at the SPECT pinhole, generating the coordinates and the momentums of 

the diffracted photons. Those coordinates and momentums were then used to setup the TXT 

files, which were imported to GAMOS as the source generator inputs. The histograms of 
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the deposited and reconstructed hits were generated. Moreover, the histograms of event 

generator particles may confirm the generated radiations positions were generated. Then, 

the hits were converted into CSV files and imported to MATLAB. The GAMOS hits were 

reconstructed to generate the 3D images by utilising the developed LAUE reconstruction 

algorithm. For a realistic detector response, a number of detector effects were simulated to 

reflect the real detector design. Then I applied the 3D image reconstruction algorithm to 

the deposited and generated hits with imposed detector effects. 

9.2.8 Highlights of Chapter 7: Design Foundation and Implementation 

of the First Set of Models in GEANT4 for Laue Lens Diffraction: 

Laue lens Modelling 

In Chapter 7, I discussed the first attempt to model the focusing of X-rays and gamma 

rays based on Laue diffraction in the GEANT4 toolset, using an advanced example. The 

GEANT4 Laue diffraction project proposed to produce an open-source simulation software 

fully integrated into the GEANT4 Monte-Carlo simulation toolkit to simulate the diffraction 

of the gamma rays based on the Laue lens focusing effect. Its functionality and capabilities 

carry on expanding at the same time as its performance is being improved. It is written in 

C++ and exploits advanced software engineering techniques and object-oriented technology 

to achieve transparency. Due to the object-oriented approach's adaptability, it is possible to 

simply integrate external simulation packages into the GEANT4 system as modules of 

physical processes. However, it is not trivial to focus X-rays with good efficiency, and the 

modalities of implementation of an X-rays concentrator still represent an open issue. The 

problem of focusing hard X-rays can be approached via a Laue lens. The designed GEANT4 

example tool for diffraction serves as the foundation for this ongoing project. Moreover, it 

offers a simulation tool for high-energy particle diffraction processes that are vastly superior 

to those used in conventional engineering. 

As I mentioned in Chapter 3, at the start of this research, I was inspired by the 

lightfield-based CT imaging concept proposed by Tahtali [253]. I had the vision to propose 

a lens based SPECT imaging system using a Laue lens, instead of pinholes. The later 

proposed L-SPECT system was also based on the concept of lightfield imaging [356] where 

an array of pinholes was considered.  
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I aimed to pick up where they left off in the lightfield SPECT experiments and draw 

upon the experiences I gained in GEANT4 to duplicate the real experiments they had started. 

The lightfield SPECT and lens-based SPECT both were the product of several attempts to 

reframe conventional nuclear imaging based on introducing new methods and technologies, 

such as the lightfield imaging. 

However, I understand that the conventional planar performance metrics may not 

be applied to these theoretical systems. The challenging part has been demonstrating how this 

concept applies to practical and clinical practice.  The National Electrical Manufacturers 

Association (NEMA) has standardised the procedures for specifying instrument 

performance. Thus, to demonstrate the performance, I intended to conduct a series of case 

studies for the previously proposed LSPECT, and the lens-based SPECT incorporated in a 

well-known SPECT configuration which is the SIEMENS Inveon Multi-Modality System 

“5-MWB-1.0” and having the NEMA NU-4 as the phantom. Figure 7.9 shows the NEMA 

NU-4 that I modelled in GEANT4. For the proof of concept, I designed and customised the 

first experiments for two different configurations in GEANT4 utilising the developed code. 

[362], and the second is the incorporated Laue lens with Inveon SPECT. Based on analysing 

the difference in the width of the R3 histogram and the width of phi angles of the 

reconstructed hits for both Inveon and Laue lens/Inveon, I made a final conclusion on the 

results. The narrower width and distinctive properties of the histograms in the Laue 

lens/Inveon system compared to the Inveon SPECT demonstrate its advantages in improved 

angular precision and higher sensitivity to different angular ranges. These capabilities are 

valuable in applications where precise angular mapping and sensitivity to angular variations 

are essential for accurate imaging. 

9.2.9 Highlights of Chapter 8: First Set of Models in GAMOS for the 

Laue Lens Diffraction (Plugin) with detector modelling  

In Chapter 8, the case studies were conducted using a detector concept designed 

with parameters specifically tailored for the envisioned lens-based SPECT, as opposed to 

putting it into a commercial SPECT configuration. I conducted four case studies; the first 

configuration is a single lens in a pinhole with a single-point source. The second design is the 

single lens in a pinhole with a three-point source. The third and fourth case studies concern 

multi-Laue lenses in multi-pinhole arrangement with single and three-point sources, 
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respectively. In addition, for comparison, I designed the LEHR SPECT geometry in GAMOS 

to evaluate its performance against the suggested lens-based SPECT based on the proposed 

detector configuration. It can be concluded that the proposed lens-based-SPECT has the 

ability to detect nano-litre volumes with 0.1 mm resolution based on the obtained results from 

the three-point sphere studies. However, the three spheres were not resolved using the 

modelled conventional SIEMENS Symbia LEHR SPECT.  

9.3 Research Limitations and Challenges  

The absence of a readily available process for simulating diffraction in any of the 

existing Monte Carlo toolkits posed a significant challenge at the outset of this thesis. Thus, 

the initial conducted experiments were run under ideal detector conditions. After several 

attempts to develop an example for the Laue lens diffraction, I set it up and added its 

functionality to GEANT4, this marked a significant milestone in the research. 

The extensive computation times required for the Monte Carlo experiments, 

especially the ones in GEANT4 and GAMOS, brought about a significant impediment posed 

a significant challenge during this thesis work. To overcome this challenge, considerable 

effort was invested in optimising the computational codes. Several iterations of code 

optimisation were performed. It is worth noting that code optimisation is an ongoing 

endeavour, and further improvements could be made beyond the scope of this thesis work. 

However, optimising the codes significantly contributed to the successful execution of the 

Monte Carlo simulations and attaining the research objectives within the available resources 

and time constraints. 

The manufacturing of the Laue lens was not accomplished during this thesis work 

due to the challenges highlighted in Section 7.2. The need for conducting realistic physical 

experiments to push the boundaries of this research and expand its potential applications is 

acknowledged.  

Fortunately, the need for ablating an amorphous phase to transform it into a 

crystalline state is not necessary for the Laue lens fabrication. Therefore, the task of 

fabricating the crystals can be entrusted to experts in the field. Notably, companies like 

Mateck, Advatech, Epic-crystal, and Saint-Gobain specialize are manufacturing these 

crystals and offer them commercially. However, fixing all the crystals within a frame poses 
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a considerable challenge. Also, maintaining the crystals at the precise angle and alignment 

required for X-ray diffraction necessitates a high level of precision, within 10 micro radians. 

Achieving this level of precision is demanding and requires careful attention to detail and 

expertise. 

9.4 Future Work 

As for future work, there are several areas that can be explored to further enhance 

the capabilities and applications of lens-based SPECT imaging. These directions hold 

significant promise for improving the system design and addressing the associated 

limitations. 

On the basis of the findings of this study, the following are some potential future 

directions that could be pursued to expand this research. 

9.4.1 Application: Thyroid and Breast Cancer Detection   

Aspects of the newly proposed system are discussed, considering their possible 

clinical application as a tumour detection tool that takes maximum advantage of the unique 

properties of the Laue lens focusing capability. Based on the achieved resolution and the 

capacity of the lens-based SPECT to detect nano-litre volumes, future work will be devoted 

to designing a Laue lens for different applications. One of the applications I have in the plan 

is to develop a thyroid and breast cancer detection system by optimising the Laue lens for I123 

radiotracer. This requires optimising the Laue lens parameters to focus gamma rays at the 

energy range of 159 keV using the developed Monte Carlo environment.  

9.4.2 3D Image Reconstruction Algorithm Optimisation 

The development of dedicated 3D reconstruction algorithms for lens-based SPECT 

is of paramount importance. The developed Monte Carlo model will be applied for further 

case studies on the development and evaluation of the system and effort will be devoted to 

optimising the methods for image forward projection and 3D reconstruction. Exploring 

advanced iterative reconstruction techniques, statistical image reconstruction methods, and 

incorporation of anatomical methods could lead to further improvements in image quality, 

noise reduction, and quantitative accuracy and overcome the encountered limitations. 
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Moreover, the application of machine learning and artificial intelligence techniques could be 

applied to develop 3D reconstruction algorithm dedicated to the lens-based SPECT imaging.  

9.4.3 Phantom Studies 

To demonstrate the capabilities of the Laue lens for observing small sources with 

high spatial resolutions it is crucial to expand the scope of future investigations. In the future, 

it is essential to consider conducting case studies with more complicated source phantoms 

other than one and three-point sources to investigate the response of the lens and the effects 

of absorption and scattering that are expected from the body. 

9.4.4 Geometry Optimization. 

The phantom must be rotated to in order to acquire the projection images or the Laue 

lenses’ plane must be rotated, to enable precise source localisation and achieve submillimetre 

resolution. By placing the envisioned Laue collimator on a mechanical system/arm that adapts 

the focal length in response to the desired depth, a submillimetre resolution and precise source 

localisation could be achieved. Moreover, sensitivity is expected to improve considerably 

with an array of Laue lenses arranged in modular fashion at angled planes and detector 

geometry such that the field of view of the Laue lenses placed in various planes converges. 

By adjusting the angles between the modular planes, it would be feasible to view the phantom 

from multiple perspectives using projection images from the individual Laue lenses. 

9.5 Final Discussion and Conclusions 

I aligned the research findings with the research questions, the research problem, 

and the study's implications to address existing challenges and potentially open new avenues 

for further exploration and development in lens-based SPECT imaging.  

Throughout this thesis work, the progression of the research involved a shift from 

conducting ideal case studies to studying the system's behaviour in more realistic simulations 

with real scintillator design using custom GEANT4 example with realistic detector effects.  

The initial phase of this research involved modelling the lens-based SPECT in ideal 

environments using MATLAB (Chapters 4 and 5). This provided a foundation for studying 

the system's behaviour and assessing its performance under idealised conditions. By creating 
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a mathematical model, various system parameters and characteristics were explored and 

analysed in a controlled setting. The MATLAB modelling phase was significant in deducing 

a theoretical framework and understanding the fundamental principles for the lens-based 

SPECT. It provided proof of concept and the green light to go further with the formulated 

hypothesis.   

However, the next step of conducting physical case studies was hindered by the 

inability to manufacture the lens within the scope of this thesis. Nevertheless, the boundaries 

of the research were pushed by exploring new avenues. Initially, simulation case studies were 

conducted using the GAMOS toolkit (Chapter 6), still, the limitations arose due to the 

unavailability of wave-based properties implemented as a process in any of the existing 

Monte Carlo toolkits.  

To further advance the research, an example was developed in the GEANT4 toolkit 

to enable modelling of a real scintillator with applied detector effects, simulating the 

environment and response of a gamma camera SPECT system (Chapter 7). Once the 

GEANT4 example was developed, case studies were conducted, encompassing the entire 

process from source definition to scintillator setup.  

In a final attempt to advance the research in this thesis, case studies were conducted 

in GAMOS using the GENAT4 plugin code that I have developed. One notable distinction 

in the conducted case studies here (Chapter 8), which sets them apart from previous ones, is 

the utilization of the envisioned detector design. Combining the Laue lens with the proposed 

envisioned detector design aimed to explore the system's behaviour in a more practical setting 

that closely resembled the intended application and to bridge the gap between theoretical 

considerations and real applicability.  

It is worth noting that the results revealed significant differences in the images 

obtained with the inclusion of real detector effects compared to those obtained in the idealized 

environment. The observed distortions in the images highlight the influence of the detector's 

characteristics on the overall image quality. These discrepancies further emphasize the need 

to account for and address these effects when developing and evaluating imaging systems. 

Although the Laue lens manufacturing was not achieved, significant strides were 

made in exploring and understanding the impact of realistic detector effects on the obtained 

images from the lens-based SPECT.  
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