
i 
 

 
 
 
 

A Simple PET Imaging 
Educational Demonstrator 

 
 
 
 
 

SHABB IR  HUSSA IN  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Master of Science Thesis in Medical Engineering 
Stockholm 2012 



ii 
 

  



iii 
 

  
 
 
 
 
 
 
 

A Simple PET Imaging Educational 
Demonstrator 

 
En Enkel PET Avbildning Utbildnings 

demonstratör 
 

 
 
 
 

S h a b b i r  H u s s a i n  
( m a k e n @ k t h . s e )  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Master of Science Thesis in Medical Engineering 
Advanced level (second cycle), 30 credits 

Supervisor at KTH: Hamed Hamid Muhammed 
Examiner: Massimiliano Colarieti-tosti 

School of Technology and Health 
TRITA-STH. EX 2012:97 

 
 
 

Royal Institute of Technology 
KTH STH 

SE-141 86 Flemingsberg, Sweden 
http://www.kth.se/sth 



iv 
 

  



v 
 

 
 
 
Abstract 
 
 
 
 
 
Recent interests in computer based tools and simulations for PET imaging studies have been a 
leading source for many new developments. A strong emphasis in these studies has been to 
develop and optimize the PET scanners for superior image quality and quantification of related 
system parameters. In this project, we made an effort to create a Matlab tool intended to be of an 
educational character for the new students. This gives them a computer tool to perform some 
useful demonstrations for PET-like imaging in an easy and quick way. This demonstration tool 
utilizes a high resolution, voxel based digital brain (Zubal) phantom as the main object for the 
PET studies. A tumor of variable size can be defined by the user on a chosen slice of the 
phantom. The output images from this tool show the exact location of the predefined tumor. The 
algorithm attempts to determine the positron emission direction, positron range distribution and 
photon detection in a circular geometry. We made further attempts to estimate some other 
related PET parameters against a certain amount of radiotracer uptake. These include spatial 
resolution, photons count, signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) of the 
final PET image. Dependence of these estimated results on different input parameters of the 
system has also been discussed.  
 
 
Keywords: Emission Tomography, FDG-PET, Monte Carlo Method, Digital Head Phantom, 
Tumor, Sinogram, Contrast-to-Noise Ratio (CNR), Spatial Resolution, GUI. 
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Chapter 1  
 
Introduction 
 
 
Positron Emission Tomography (PET) is an established emission modality in diagnostic 
imaging and is a widely employed research tool in the field of nuclear medicine. It is a 
non-invasive diagnosis technique used for the study of metabolic activities of different tissues 
and organs inside a human body.  
 
Emission tomographic modalities are functional imaging techniques mainly being used for 
preoperative staging of cancers, differentiation between residual tumors and scarring, 
monitoring response to treatment, prognosis and treatment planning in radiotherapy. Such 
imaging modalities also cover diagnosis and treatment of head, neck, breast, lung and 
esophageal cancers [1, 2]. Research interests in this field got a boost in 1970s when positron 
emitting radiopharmaceuticals, like FDG (fluorodeoxyglucose), were successfully 
administered to humans. In 2000, the PET/CT scanner was named as the medical invention of 
the year by Time Magazine [3]. PET is currently being viewed as one of the most powerful 
diagnostic tools in the field of clinical imaging. 
 
Use of PET and other hybrid imaging modalities throughout the world has seen an almost 
exponential growth during the last two decades.  At the same time, it has become quite 
expensive and time consuming to run such scan systems. A PET scan requires a positron 
emitting radioactive isotope which requires a cyclotron facility for its production. Furthermore, 
repeated use of radioactive isotope can cause side effects on human cells. All this enhances the 
importance of need for education and training in this field. In this regards, simulation tools and 
computer based demonstrations are of much help in physical and clinical research. They do not 
need a physical system and a real patient to do different experiments [1, 2]. This project work is 
an effort to develop such a basic tool to perform computer based studies resembling PET 
imaging.   
 
 
1.1 Thesis Structure 
 
This report contains four main parts. First part covers an introduction, problem statement and 
describes some previous research trends in the field of computer simulations in emission 
imaging. Also described in it are the project goals and digital phantoms utilized in this task. 
The second part describes in detail all the key steps involved in design and implementation of 
the algorithm used for this project. The third part of the report covers some of the results in the 
form of images and statistics while the final chapter presents an overview of the project, 
concluding remarks and some recommendations for future studies. At the end of this report, we 
added a descriptive appendix (A). It is a step by step guide for users to operate the 
demonstration software. Another appendix (B) contains the software’s code as a Matlab 
function.  



2 
 

1.2 Computational Algorithm – The Monte Carlo Method 
 
Monte Carlo Method (MCM) is a statistical method which lies among the class of those 
computational algorithms that utilize repeated random sampling to produce the desired results. 
It helps in simulating those statistical procedures which follow some natural stochastic 
processes like emission of radiation from atoms. It is a comprehensive simulation tool and is 
been utilized since 30 years in dosimetry [4]. Among many other application areas, the Monte 
Carlo method has been used in understanding the performance of 3D cylindrical positron 
tomographs [5], the absorption and scattering of photons [6] and to simulate the physical 
characteristics of a scintillation camera [7]. The MCM based simulation strategy is mostly 
adopted for those types of problems where analytical and experimental techniques do not 
provide the desired results by a clear and the low-cost way. Random numbers are of vital 
importance in statistical computational studies. For some applications like primality testing, 
where unpredictability is noteworthy, MC methods do not always require true random numbers 
to generate useful results. Even then a lot of the demonstration tasks based on MC methods do 
require deterministic and well randomized sequences in order to reproduce and test different 
results. In this PET demonstration exercise, we will use a random number generator to 
determine positron ranges, annihilation density distributions, positron directions (angles), 
photons transport and detection angles. The implementation of these processes has been 
described in chapter 2. 
 
 
1.3 Computer Based Demonstrations in Emission Tomography 
 
Research and development of computer based demonstrators in imaging started about a couple 
of decades ago. Earlier studies in emission tomography revolve around the needs for effective 
scanner design, protocol optimization, image reconstruction, (scatter) corrections, dosimetry 
(for image guided radiotherapy), etc. Later in nineties and early twenties, about fifteen different 
codes were developed. These include SimSET, SIMIND, GEANT, EGS and GATE. 
 
Today, the most established object-oriented simulation tool in imaging research is GATE 
(Geant4 Application for Tomographic Emission) [8]. This Monte Carlo based software is 
composed in C++ and can be run on different platforms (e.g. Linux, UNIX, and MacOs). It is 
being used for PET, CT (Computed Tomography) and SPECT (Single Photon Emission 
Computer Tomography) demonstrations [9-11]. A related educational tool (QGATE) has 
recently been reported [12]. It serves as a help for users to learn and perform the nuclear 
medicine imaging simulations with GATE. Many other object-oriented techniques [13, 14] 
have been proved as a powerful research tool for performance estimation in 3D positron 
tomography. 
 
 
1.4 Problem Statement 
 
An extreme high simulation time is the leading drawback of GATE and GEANT4 based 
imaging systems.  More than 17000 h CPU are needed to simulate a realistic whole body PET 
scan with such programs. Also, when simulations for a large number of particles are to be 
executed, the detection efficiency becomes much small (in SPECT, about 1 out of 10 000 and in 
PET, about 1 out of 200 are detected) [6, 15].  Current research interests are driven towards 
development of some better MCM based simulation systems, where one can overcome this 
problem of low detection efficiency. Another issue with the commonly used PET 
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demonstration solutions is of a variety of users (students, medical physicists, physicians, 
research scientists etc.) involved, who may not have a strong background in radiation and 
particle physics. 
 
In order to find solutions to this and other similar problems, researchers are interested in 
developing those demonstration tools which are straightforward, low-cost and less time 
consuming. This thesis project is an attempt to develop such a solution to address the above 
mentioned issues. The first model has been developed by a previous thesis student [16] at 
school of technology and health (STH). We want to do improvement to this model. The 
algorithm will be modified to include appropriate amounts for radiotracer uptakes and a fair 
procedure will be introduced for positron range distribution. Another purpose of this task is to 
introduce some additional features which were not present in the previous model. Further 
description of these features is given in section 1.6. 
 
 
1.5 Goal Description 
 
The main objectives of this thesis project are: 
 
1. To develop a basic demonstration tool for PET imaging. The software may serve 

as a learning tool for new students in the field of tomographic imaging. It should 
show them how the PET image quality is affected by changing the PET system 
parameters like diameter of the scanner ring, number of sensing elements 
(crystals), each crystal size, radiotracer amount injected and acquisition time. 

 
2. This demonstration environment should provide a low cost and effective tool 

which could help in understanding some of the key features involved in PET 
imaging. 

 
3. The demonstration results should be repeatable as many times as needed. 
 
4. The tool should be flexible enough that the experiments can be performed for 

different phantoms with as many experimental PET design parameters as needed. 
 
5. The software should not require powerful computational resources to run it. The 

user should be able to perform different demonstration experiments with an 
average laptop in a short period of time. 

 
To fulfill the stated objectives, we will work on a basic algorithm (provided by my supervisor) 
and implement it in Matlab. We strictly follow the model design and the algorithm as described 
by Yu [16]. The validity of his model is not discussed here and is out of the scope of this thesis. 
This project is solely concerned about the modification, improvement and inclusion of 
additional features to the model adopted by Yu. The algorithm is based on Monte Carlo method. 
It covers some of the PET parameters like scanner ring radius, crystal size, activity uptake, data 
acquisition time and positron range. This means that other PET processes like attenuation 
correction, activity uptake dependence on time and dead time of the detection system are not 
being modeled by this demonstration tool. This easy-to-follow and operate demonstration tool 
will generate PET-like images and other related statistical results. The user will not require 
high skills in programming to operate it. It will come with a neat user-friendly graphical 
interface (GUI) in Matlab where one can easily incorporate the input parameters and observe 
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the output results. The users will be able to incorporate different input parameters (radius, 
crystal size, injected activity and acquisition time) and would be able to observe qualitative 
trends of resulting output parameters. This tool will allow users to perform a comparison of 
different experimental setups. This tool will not generate the most realistic PET results like 
other tools (e.g. GATE) as there is no intention to implement all the physics and technology 
behind a PET scanner in a profound way. 
 
 
1.6 Suggested Modifications and Improvements  
 
As mentioned earlier, this project work is based on an already completed thesis by Sciong Yu 
[16] of School of Technology and Health (STH) at KTH. Listed below are the proposed 
modifications and improvements to be carried out in his model. The motive behind these 
alterations is to make the demonstrations more accurate towards a practical PET system. A tool 
where one can perform experiments using medically acceptable input parameters. Also listed 
are the additional features (not present in Sciong’s work) to be introduced in the new 
demonstrator.  
 

1. Radiation Dose: In the previous version, the radiotracer amount injected is such that the 
FDG activity (in MBq) distribution is 27.5 x weight/min. During an average scan of 20 
minutes, this delivered dose becomes much higher than the amount prescribed by the 
latest EANM guidelines [17] for PET imaging. We will try to implement the radiotracer 
amounts recommended by these guidelines. Description of the same can be found in 
section 1.8.  

2. Positron Range Distribution: In the previous version, positron annihilation position 
distribution is being achieved by normally distributed pseudorandom numbers. It is not 
fully in accordance with the actual distribution patterns and results in over estimation of 
the range distribution. We want to introduce a better distribution model which is based 
on the method of generating exponential variates. The implementation of this model 
has been explained in the section 2.3. 
 

3. Photon Count: In this demonstration, we intend to introduce a method to track and 
count all photons being detected during the entire scanning duration. We want to 
compare this count with the one mentioned by the EANM guidelines. Further 
description is given in sections 2.4 to 2.6. 
 

4. Noise and Contrast Ratios: In this software we want to introduce a method for 
estimation of signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) for the 
reconstructed output images. Further details of the method are found in sections 2.7. 

 
5. Multiple Slice Examination: With the current version the users are only able to run the 

program for single-slice at a time. We intend to modify the code so that one can run it 
for several slices in a single examination.  
 

6. Lesion Location and Size: We want to give the user flexibility of marking the lesion 
areas on several different slices (of Zubal phantom) in single run. Furthermore, the user 
should be able to specify one or more such affected regions of variable size and shape.  
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7. Different Phantoms: We want to make the tool flexible enough that it can, not only 
demonstrate the Zubal phantom data but some other single-slice phantoms as well. For 
example, we will test it for a chessboard image and an image consisting of two closely 
spaced points. Detailed analysis of these phantoms is reported in section 1.7 and 3.1.   
 

8. Spatial Resolution Estimation: Spatial resolution is a fundamental parameter in PET 
studies. From a given set of input parameters (crystal size, the ring size and the positron 
range), we will attempt to estimate the imaging system’s spatial resolution capability. It 
will be done using a straightforward theoretical calculation and is entirely independent 
of the Monte Carlo model which is adopted for other results. Further description is 
given in section 2.8.  

9. Graphical User Interface (GUI):  In order to make the usage of this demonstrator easy 
and undemanding, we intend to design a user-friendly Matlab GUI. It may consist of 
separate portions where the user may select a study phantom and provide appropriate 
PET input parameters. The GUI should have a separate section to display the resulting 
output images and the related statistical results from the imaging system. Further details 
about this GUI are found in the user guide given as appendix A in this report.      

 
 
1.7 Phantoms 
 
Voxel-based digital 
phantoms serve a vital 
role for computer based 
demonstration, 
modeling and simulation 
calculations. They are 
most suitable in 
demonstrating photon 
transport trajectories 
representing either 
therapeutic or diagnostic 
conditions [18]. During 
last three decades, many 
phantoms have been 
developed whose 
primary purpose is to 
approximate the 
dimensions and location 
of the internal organs of 
a human body [19-22]. 
In this project, we have 
mainly employed Zubal phantom as an input object under study. Additionally we will test the 
new demonstrator by using a chess-board phantom and a two-point phantom. 

 
Zubal [18] is a digital head phantom. This well segmented MRI based phantom is formed by a 
high resolution data from a healthy brain of 35 years old man. The entire human brain phantom 
has been created from 124 volumetric MRI based slices. The manual segmentation of these 

Figure 1.1:  The original Zubal Phantom (all 128 slices) 
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(a) (b) 

slices resulted in a 256×256×128 byte matrix as shown in figure 1.1. All the slices are stacked 
in such a way that top of the head is represented by slice number 124 and roof of the mouth by 
slice number 1. Each slice has an isotropic (in x, y, z - directions) voxel dimensions of 1.5 mm 
(1.5 x 1.5 x 15 mm3). These voxels are made of mixed tissue content and each of them contains 
at least one of 62 index numbers designating anatomical, neurological and taxonomical 
structures as given in the table 1.1 [18]. 

 
Although most of the Zubal phantom consists of cerebrum but it also includes other structures 
inside the human head, such as nose, ears, eyes, skull, etc. as evident in the figures 1.1 & 1.2.  
 

 
 

 
Figure 1.2: Zubal Phantom’s original (a) slice 25 and (b) slice 75 

 
0   outside phantom 
1   skin 
2   cerebral fluid 
3   spinal cord 
4   skull 
5   spine 
9   skeletal muscle 
15   pharynx 
16   esophagus 
22   fat 
23   blood pool 
26   bone marrow 
29   trachea 
30   cartilage 
63   lesion 
70   dens of axis 
71   jaw bone 
72   parotid gland 
74   lacrimal glands 
75   spinal canal 
76   hard palate 

77   cerebellum 
78   tongue 
81   horn of mandible 
82   nasal septum 
83   white matter 
84   superior sagittal sinus 
85   medulla oblongata 
88   artificial lesion 
89   frontal lobes 
91   pons 
92   third ventricle 
95   occipital lobes 
96   hippocampus 
97   pituitary gland 
98   fat 
99   uncus (ear bones) 
100   turbinates 
101   caudate nucleus 
102   zygoma 
103   insula cortex 
104   sinuses/mouth cavity 

105   putamen 
106   optic nerve 
107   internal capsule 
108   septum pellucidum 
109   thalamus 
110   eyeball 
111   corpus collosum 
112   special frontal lobes 
113   cerebral falx 
114   temporal lobes 
115   fourth ventricle 
116   frontal portion eyes 
117   parietal lobes 
118   amygdala 
119   eye 
120   globus pallidus 
121   lens 
122   cerebral aqueduct 
123   lateral ventricles 
124   prefrontal lobes 
125   teeth 

 
Table 1.1: Index numbers and their associated biological structures in Zubal Phantom [18] 
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Two additional phantoms are going to be used study objects. An image (256x256) having black 
background and two tiny bright points near each other to evaluate the detail resolution and a 
chess board image (256x256) having dark gray and light gray boxes to evaluate 
contrast-to-noise ratio (CNR). These test phantom objects are shown in the figure 1.3. The dots 
and boxes are modeled to represent different amounts of radioactive dose and their effects have 
been discussed in section 3.1. 
  

 
 
 

Figure 1.3: Test phantoms (a) a chess board image having adjacent dark gray & light gray 
boxes (b) Single slice input image with two bright points. 

 
 

1.8 Radiotracer 
 
Many in vivo functional studies are being performed after tagging different tracers with 
positron emitting isotopes. Glucose is used all through the human body and is the primary food 
source for the brain tissues. In order to measure the glucose utilization in a certain tissue, 
tracers (analog of glucose) are being used. An efficient tracer is one which (1) follows a 
detectable pathway, (2) does not alter the system it is going to measure and (3) can be measured 
in vivo. Based on these characteristics, most popular radiopharmaceutical used in PET imaging 
modality is fluorodeoxyglucose abbreviated as FDG or 18F-FDG. Fluorine-18 in 18F-FDG 
works as a substitute for hydrogen [23]. Most popular radiotracers and their applications are 
given in the table 1.2. According to standardized acquisition protocol [17] for FDG-PET, the 
data acquisition is started at least 30 minutes after the radioisotope injection. Under optimized 
limits, a longer interval between radioisotope administration and data acquisition may result in 
a better contrast among different tissue types (e.g. white matter, gray matter, and tumor). 
 
After nuclear isotope injection, the body begins to uptake the labeled compounds. In this 
demonstration task, we use fluorodeoxyglucose (18F-FDG) as a radiotracer to be injected to 
the object under examination. This tracer is easy to synthesize and shows a similar metabolic 
behavior as glucose in vivo. It differs from the normal glucose in the sense that it does not give 
out carbon dioxide and water but remains inside the tissue. This characteristic is of FDG is of 
much importance in oncology because cancer cells have a higher rate of glucose metabolism 
than that of a healthy tissue [24]. 
 

(b) (a) 
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Isotope Half-li
fe 
(min) 

Max. 
Positron 
Energy  

Production 
Method 

Tracer 
Compound 

Typical 
Application 

Physiological 
Process or 
Function 

Example 
Reference 

11C 20.3 0.96 
(MeV) 

Cyclotron Methionine Oncology Protein synthesis Hellman et 

al (1994) 

Flumazenil Epilepsy Benzodiazepine 
receptor antagonist 

Burdette et 

al (1995) 

 

Raclopride Movement 
disorders 

D2 receptor 
antagonist 

Antonini et 
al (1997) 

 

13N 9.97 1.19 
(MeV) 

Cyclotron Ammonia The Myocardial 
perfusion 

Blood perfusion Kuhle et al 
(1983) 
 

15O 2.03 1.7 
(MeV) 

Cyclotron Water Brain activation 
studies 

Blood perfusion Huang et al 
(1983) 
 

Carbon 
dioxide 

Brain activation 
studies 

Blood perfusion Kanno et al 
(1992) 
 

18F 109.8 0.64 
(MeV) 

Cyclotron FDG Neurology, 
Cardiology 

Glucose 
metabolism 

Brock et al 
(1997) 
 

Fluoride ion Oncology Bone metabolism Hawkins et 
al (1992) 
 

Fluoro-mizo
nidazole 

Oncology - 
response to 
radiotherapy 

Hypoxia Koh et al 
(1995) 
 
 

 
Table 1.2: Commonly used radio-tracers in PET imaging and their applications [24] 
 
 
1.8.1 Recommended Dose 
 
The amount of radiotracer to be administrated to a patient body is of utmost importance. In this 
regard, we follow the EANM (European Association of Nuclear Medicine) guidelines for 
FGD-PET brain imaging. It recommends a total activity of 300 – 600 MBq (typically 370 MBq) 
for a 2-D PET scan and 125 – 250 MBq (typically 150 MBq) in a 3-D PET scan, for normal 
adults [17]. The scanner designed in a 3-D mode is preferred at clinics as it can acquire same 
amount of data with a lower amount of injected radiotracer. Due to the natural radioactive 
decay, activity level of the radiotracer will decrease with the passage of time. This may affect 
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the scanner’s output signal intensity. Different tissues in brain absorb different amount of 
isotope. The amount absorbed by gray matter tissues is four times higher than that of white 
matter tissues while the amount absorbed by tumor regions is five times higher than that of 
white matter [25] as given in table 1.3 below. 
 

Gray Matter White Matter Cerebral Spinal Fluid 
 

Tumor Regions 

 
4 

 
1 

 
0 

 
5 times that of white 

matter 
 
Table 1.3: The radiotracer’s uptake ratios as mounted in the test phantom 
 
The algorithm is formulated to choose an activity number for each type of voxel (74 MBq for 
gray matter, 18.5 MBq for white matter and 370 MBq for tumor area). It is designed in such a 
way that the radiotracer amount delivered becomes = activity number x acquisition time. We 
want to get realistic images and make sure that the dose delivered during the whole scanning 
time does not exceed the above mentioned limits. The compatibility of the number of photons 
generated against a certain amount of the injected dose is crucial in this regard. This has been 
evaluated and discussed further in the results section of this report. 
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Chapter 2 
 
Implementation  

 
 
This chapter describes significant operational steps of the adopted demonstration algorithm 
implemented in Matlab. 
 
The demonstrator is based on circular fan-beam tomographic geometry [26]. It is designed to 
match a common FDG-PET system for human brain studies currently being used at clinics. It is 
designed to keep the radius of the detection ring between 350 mm to 550 mm. While, the 
scintillator surface areas are mostly chosen from a range of 3 to 5 mm2  [27]. During a 
typical FDG-PET examination at a clinic, the scanning process usually starts 40 to 100 minutes 
after injecting [18F]FDG [23]. The program is designed to start when this time has already 
passed. If we consider the halflife of the isotope, the activity level will be reduced during this 
waiting time and the acquisition time. This phenomenon has though been ignored by this model. 
Furthermore, the algorithm is designed to ask its user to select a desirable data scanning (or 
acquisition) time which usually ranges from 15 to 30 min [17].  
 
 
2.1 Data Preprocessing 
 
The code starts by reading the phantom data as a binary file which is then transformed into a 
column vector. It is reshaped to create an array with the same elements as that of the column 
vector but re-arranged in easily utilizable size of 256-by-256-by-128 bytes. When user selects a 
slice number or multiple slices, to be examined, the algorithm takes out those layers or matrices 
from the big array. This image data contains skull and cerebral spinal fluid as well as shown in 
the figure 2.1.  

 
 

               Figure 2.1: The original slice (#45) selected from the Zubal Phantom data 
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The focus of this examination is to study the anterior portion of the human brain called 
cerebrum. So the algorithm is set to exclude the non-cerebral tissues (like skull, hair) from the 
selected slice data. The activity ratios (as mentioned in table 1.3) are set to this slice data. The 
algorithm will form an activity map for each of the selected slice. The above slice (#45) after 
these steps looks like the one shown in the figure 2.2. Further PET demonstration procedures in 
the experiment will be applied to this phantom data which includes only the cerebral tissues. 
 

 
 

Figure 2.2: The same brain slice (#45) after setting the isotope uptake values 
 
 
Each voxel of this test slice now attains a certain activity level. Its magnitude depends on the 
brain tissue type (gray or white matter) where the voxel is located. This activity level depends 
proportionally to the amount of isotope uptake in that region of the brain tissue. The 
demonstrator's ultimate PET image will represent the distribution of these uptakes or activity 
level in different regions of the brain slice.  
 
 
2.2 Tumor Region Selection 
 
The program will gives an option to define one or multiple tumors on a particular slice of the 
Zubal phantom. It can be any number from 1 to 128 and is to be defined by user while defining 
the input parameters at the start of a demonstration. At this stage, a new image window will 
pops up and the user is asked to mark a tumor area inside the slice using the mouse pointer. The 
isotope´s uptake distribution in the marked area is of Gaussian nature. Here the maximum 
voxel value is at the center and gradually reducing voxel value lies towards the edges of the 
marked area. The center of the tumor area has five times higher activity level as compared to 
the surrounding healthy brain tissues. This is apparant in figure 2.3.  
 
The user can specify more than one tumor of different sizes at different positions of the same 
slice. Furthermore, if the user wants, one can label few neighboring slices as well with or 
without tumor regions, in the same experiment.  
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Figure 2.3: Activity map (of slice 45) after selecting a tumor region 
 
 
The actual spatial resolution of the Zubal Phantom brain-image is 1.5×1.5mm2 (pixel size in 
each slice). The user, if desires can change this, for example, from 1.5×1.5 mm2 to 0.15×0.15 
mm2 by setting a parameter called ‘IE’ (Intensity Enhancement factor) in the GUI, from 1 to 10 
[16]. Each pixel of the slice gets multiplied by this factor. Higher the desired spatial resolution, 
longer the computational time and higher the photon count will be. This factor also defines the 
signal intensity in the ultimate PET-like image of the demonstration tool.   
 
 
2.3 Positron Annihilation Point Distribution  
 
Positron range is the distance from a point where the decay happened to the point where the 
corresponding positron annihilation happened. When an isotope decays, a positron comes out 
of its nucleus with a certain kinetic energy. The emitted positron does not travel in a straight 
line. It changes its path frequently and loses its kinetic energy by Coulomb interactions with the 
surrounding electrons inside the tissue. Ultimately it annihilates (disappears) along with an 
electron in the tissue. For 18F-FDG isotope, this distance has a maximum value of 2.3 mm in a 
water phantom [28, 29]. Positron range distribution in a water phantom for commonly used 
isotopes has previously been simulated by Thompson and Levin et al [30, 31] and is shown in 
figure 2.4.  
 
In this demonstrator, we achieve a similar decaying distribution of a large number of positron 
ranges. It is based on a method of generating exponential variates. We define a matrix 
containing pseudorandom values drawn from a standard uniform distribution (U) in an open 
interval (0, 1). In order to keep this interval limits between 0.0 – 2.3 and to generate the 
exponential variates, we use quantile function (inverse cumulative distribution function) for 
exponential random distribution [32]. The exponential variate is given by:  
 

𝑟 = 𝐹−1(𝑈),         (1) 
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Figure 2.4: (a) Positron range in water for common isotopes [30] (b) Simulated F-18 positron 
tracks from a point source in water [31]. 

(b) 

(a) 
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Where ‘r’ is the possible random positron range and 𝐹−1 is the quantile function. The function 
𝐹−1 is defined according to [32] as: 
 

𝐹−1(𝑝) =  −ln (1−𝑝)
𝜆

 0 ≤ p < 1    (2) 
 
Where ‘𝜆’ (> 0) is the parameter of distribution, called the rate or intensity parameter which 
defines the occurrence of random events.  Since the variate U has a uniform distribution in the 
interval [0, 1], so is 1 – U. The exponential variate in equation (1) becomes:  
 

r = −1
𝜆

ln (𝑈)          (3) 
 
For random distribution of events to become zero at maximum positron range limit of 2.3 mm, 
𝜆 = 10 and the above equation becomes: 
 

r = −0.1 ∙  2.3 ∙  ln (𝑈)    (4) 
 
In this way, we make sure that the demonstrator is set to randomly choose a range (r) for each 
positron from this distribution, with a maximum value up to 2.3 mm. This value of ‘r’ will be 
used in the next section to determine the coordinates of annihilation position. Its distribution is 
shown as a histogram in figure 2.5. This distribution behavior resembles the MC-simulation 
results already reported by Thompson and Levin et al [30, 31]. Here, we observe that more than 
90 % of positron emission events occur in the short range of 0.0 – 0.5 mm for F-18 isotope.     
 

 
 

Figure 2.5: The histogram of positron range distribution of F-18 isotope in the demonstrator 
 
 

2.3.1 Positron Emission Direction and Annihilation Position 
  
After randomizing the positron range (the distance from decay point to annihilation point), we 
choose a direction for the emitted positron. It can go in any random direction within the slice. 
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We randomly assign a cosine value of this direction angle equal to any number between -1 to 
+1 from the random number generator. This will include angles between 0˚ to 180˚ when sin θ 
≥ 0 [16]. We name the position where the decay happened as �𝐷𝑥,𝐷𝑦�. The coordinates of the 
final point after positron’s random distribution until annihilation is selected to occur, are 
defined as (𝑋𝐴,𝑌𝐴) and are given by the equations: 
 

  𝑋𝐴  =  𝐷𝑥 +  𝑟 cos𝜃 
𝑌𝐴  =  𝐷𝑦 +  𝑟 sin𝜃,  where 𝑟 is the positron range.  

 
The above set of equations is for the random number generated between 0 and +1 with the 
corresponding sinθ ≥ 0.  
 
Now, in order to include those positron emissions which happen between angles 180˚ - 360˚, 
the annihilation point is computed by: 
 

 𝑋𝐴  =  𝐷𝑥 +  𝑟 cos𝜃 
𝑌𝐴  =  𝐷𝑦 −  𝑟 sin𝜃 

 
The above set of equations is for the random number between 0 to -1 is generated. 
 
Above steps make sure that we considered all possible angles from 0˚ to 360˚ and identified the 
annihilation point(𝑋𝐴,𝑌𝐴), within the positron range (0 - 2.3 mm for FDG).  
 
 
2.4 Photon Transport and Detection 
 
When electron-positron annihilation happened, the two photons generated will move in 
opposite directions. In this part of the demonstration, we follow the direction and the pathway 
in which these photons travel to reach the surrounding scanner ring.  
 
We assume that the generated photons move exactly 180o apart in any direction. The angle of 
their transportation is chosen randomly by setting its cosine value between +1 to -1. This 
procedure is the same as is done above for the positron angle determination in a 2D-plane. As 
we already found the annihilation point (XA, YA), the slope (m) of the photon-line (straight) can 
be given by [16]:  
 

𝑚 =  𝑌− 𝑌𝐴
𝑋− 𝑋𝐴

   or  𝑌 = 𝑚(𝑋 −  𝑋𝐴) +  𝑌𝐴   (5) 
 
Here, (𝑋,𝑌) is a point on the photon-line.  

 
 

2.4.1 Intersection of Photon-Line and Scanner Ring 
 
This PET system is based on a circular geometry and if we set the origin of its detection ring 
as (𝑅,𝑅), where ‘R’ is the radius of the ring, the resulting circle (consisting of detector elements) 
can be described by the equation:     
 

(𝑋 − 𝑅)2 + (𝑌 − 𝑅)2 = 𝑅2   (6) 
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Substituting the equation of line (5) into the circle equation (6) will give us a quadratic equation 
of the form, 
 

𝑎𝑋2 +  𝑏𝑋 + 𝑐 = 0,                         (7) 
Where 
𝑎 = 1 + 𝑚2,   
𝑏 = −2{𝑚2𝑋𝐴 −  𝑚𝑌𝐴 + (𝑚 + 1)𝑅}, 
𝑐 = (𝑌𝐴 −  𝑚𝑋𝐴 −  𝑅)2. 
 
The solution of the quadratic equation (7) gives us following coordinates (𝐸𝐷𝑋 ,𝐸𝐷𝑌) of the 
detector-element (crystal) to which the photon entered.  

 
𝐸𝐷𝑋 = −𝑏 ±  �(𝑏2 −  4𝑎𝑐) 

 
By putting this value of 𝐸𝐷𝑋 in equation (5), we get: 

 
𝐸𝐷𝑌 = 𝑚(𝐸𝐷𝑋 −  𝑋𝐴) +  𝑌𝐴 

 
The real behavior of traveling photons is determined by the expression (𝑏2 −  4𝑎𝑐) within the 
square root. As the photon-line intersects the circle at two points, this expression always 
remains greater than zero. There are two photons generated after each annihilation event hence 
two detectors are activated simultaneously [16].  
 
 
2.5 Sinogram Formation 
 
Now we have coordinates of the annihilation position, the coordinates of the excited detector 
element (a crystal on the scanner ring which is activated after simultaneous photon capture) to 
which the photon entered and the coordinates (R, R) of origin of the scanner ring. With this 
information, we can determine the angle (α) between a line-of-response (LOR) and a detector 
line as shown in the figure 2.6.  

 
Figure 2.6: The sinogram buildup process. 
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Here, (𝑋𝐴,𝑌𝐴) is the point where annihilation happened, (𝑅,𝑅)is the origin of PET scanner 
ring,(𝐸𝐷𝑋 ,𝐸𝐷𝑌) is the excited detector coordinates, α is an angle between detector-line and 
photon-line, β is an angle formed by detector-line while γ is an angle formed by photon-line. 
The slope of these two lines (photon-line and detector-line) is given by tan γ and tan β 
respectively as: 
 

tan 𝛾 =  
𝐸𝐷𝑌 −  𝑌𝐴
𝐸𝐷𝑋  −  𝑋𝐴

 

and 

tan𝛽 =  
𝐸𝐷𝑌 −  𝑅
𝐸𝐷𝑋  −  𝑅

 

 
From this formulation, the angle α can be calculated as: 
 

tan𝛼 =  tan𝛾−tan𝛽
1+tan𝛾𝛾𝛾𝛾𝛽

 , 
 

𝛼 =  arctan � tan𝛾−tan𝛽
1+tan𝛾𝛾𝛾𝛾𝛽

�. 
 
We set the value of angle α to remain positive while the photon-line moves anti-clockwise from 
the detector-line and negative when the photon-line moves clockwise from the detector-line 
(considering one crystal position at a time) [16]. We repeat the process for all existing detector 
elements (or crystals) at the scanner ring.  
 
We will use angle β to determine which detector-element was excited in relation to a particular 
photon collection event. The total number of detector elements (𝑇𝑁𝐷) forming such angles (β) 
is given by:  
 

𝑇𝑁𝐷 =
2𝜋𝑅
𝐸𝐷𝑆

 
 

Here, ‘R’ is the radius of the PET scanner and ‘EDS’ is the surface area of each detector 
element present on this scanner ring. In this way, we divide the whole circle of detectors 
into‘TND’ parts, each of which forming certain angle (β) for the detector line. First we find the 
quadrant of the detector and then use angle (β) information to determine the detector number 
for each event registered in different quadrants as following: 
 
For detectors in the first quadrant: detector number = β × 𝑇𝑁𝐷 / 360˚   
For detectors in the second quadrant: detector number = (180˚-β) × 𝑇𝑁𝐷 / 360˚  
For detectors in the third quadrant: detector number = (180˚+β) ×  𝑇𝑁𝐷 / 360˚  
For detectors in the fourth quadrant: detector number = (360˚-β) × 𝑇𝑁𝐷 / 360˚   
 
All these steps are repeated for a total number of generated 511 keV photon-pairs and 
coincidence information is stored in the sinogram matrix. In this way, we fulfilled the 
definition of a sinogram i.e, how many photon-pairs reach a certain detector (by using β) in a 
certain angle (by using 𝛼) [16]. The number of recorded photon-pair events is proportional to 
scan time and amount of injected radioisotope. 
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2.6 Image Reconstruction 
 
In the sinogram matrix formed above, we saved two key parameters; the detector number to 
which the photon hit and the angle (α) between photon-line and detector-line. From this 
information, we reconstruct the image by back projecting (without filtering) the data stored 
earlier in the sinogram matrix. In order to achieve this we follow exactly the same algorithm as 
described by Yu [16]. The reconstructed images are shown and discussed in chapter 3.  
 
 
 2.7 Noise (Poisson) 
 
The demonstrator is set to simulate the Poisson noise present in output images. The Poisson 
blurring is evaluated simply by counting the total number of photon-pairs being generated and 
detected by the system.  
 
 
2.7.1 Signal-to-Noise Ratio (SNR) 
 
The signal-to-noise ratio (SNR) is an engineering term used to represent the ratio between a 
signal (meaningful information) and the background noise. Higher SNR value from an imaging 
system means the output image will be stable and less noisy. In this demonstration system, this 
ratio is given by dividing mean number of detected photons (i.e. the magnitude of the signal) to 
the standard deviation (PN) of the signal. The standard deviation is calculated by taking the 
square root of the mean number of detected photons. While in order to know the number of 
detected photons (TP), the algorithm will counts all the detection events at each and every 
crystal of the scanner ring. The ratio will be calculated as:  
  

𝑆𝑁𝑅 =  𝑇𝑃
𝑃𝑁

             (8) 
 
The SNR values are usually expressed in terms of a logarithmic decibel scale. We measure the 
above SNR in decibels as: 
 

𝑆𝑁𝑅𝑑𝐵  = 20 𝑙𝑜𝑔10 �
𝑇𝑃
𝑃𝑁
�     (9) 

 
 
2.7.2 Contrast-to-Noise Ratio (CNR) 
 
CNR is used as a measure for assessing the ability of an imaging system to generate clinically 
useful image contrast. The measure of image contrast only is not precise enough to qualify an 
image. We need contrast ratio to noise in order to have a better measure of the image quality as 
compared to that of SNR. The CNR is more suitable for those images which possess a 
significant amount of bias, such as haze. We can say that it gives an objective measure of useful 
contrast.  
 
In the field of image processing, if an image possesses high SNR ratio, it alone cannot be 
declared much useful unless there exists a high enough CNR ratio too. A higher CNR value is 
necessary in order to distinguish among different tissue types, and in particular between a 
healthy tissue and a pathological tissue.  
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In order to define the CNR value from this imaging system, we rely on the measurement of the 
detected photon flux from different portions of the output image. We calculate CNR value by 
subtracting SNR value in region one from that of region two. The two regions (considered to be 
of homogeneous nature) are always chosen with equal dimensions as shown in figure 2.7.  
 

CNR = SNR1 – SNR2          (10) 
 
In logarithmic decibel scale, it is given as: 
 

𝐶𝑁𝑅𝑑𝐵  = 20 𝑙𝑜𝑔10(𝑆𝑁𝑅1 − 𝑆𝑁𝑅2)      (11) 
 

 
 

Figure 2.7: An ultimate PET image for explanation of the contrast-to-noise ratio (CNR) 
measurements. 

 
 

2.8 Spatial Resolution Estimation 
 

Spatial resolution is a fundamental parameter in PET studies. It is of much interest to know 
what system configuration one should adopt in order to develop a high-resolution PET scanner. 
The spatial resolution in PET imaging is affected by many factors such as positron range, 
detector size, annihilation photon non-collinearity, Compton scattering, off-axis detector 
penetration and patient motions during examination. Overall system resolution is a convolution 
of these factors. This makes it crucial to understand that reducing detector element surface area 
alone will cause only limited improvement in the system’s spatial resolution [31].  
 
This estimation method is totally independent of the random numbers (MC) based model (used 
for the processes described in earlier sections 2.4 to 2.7). The estimated measurement by this 
model will remain certainly unaffected by the chosen simulation conditions. It will solely be 
dependent on the given fixed values of the three contributing components, as explained below.   
 
Among the several independent components that contribute to the overall point source spatial 
resolution attained in PET systems, we took following three principal blurring factors to 
estimate the resolving capability of this PET demonstrator: 
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(A): Detector Element Surface Area (D): There is no clear information about where within a 
detector element a particular annihilation photon entered. In this regard, the detector’s width in 
any given direction plays an pivotal role for the measurement of spatial resolution. Detection 
sensitivity is maximum at the detector centre and falls off to zero at the edges. This detector 
sensitivity factor (D) is described by a triangular response function (Hoffman et al 1982) with 
its full-width at half-maximum (FWHM) equal to one-half the detector element’s (crystal’s) 
surface area (EDS) [31]. 
 

𝐷 =  𝐸𝐷𝑆
2

      (12) 
 
(B) Annihilation Photon non-Collinearity (N): As the centre of mass of the positron and atomic 
electron system is not always at rest, the annihilation photons created are not always 180o apart. 
This effect is modelled as a Gaussian distribution 𝑁(𝑥) centred at the origin: Where FWHM = 
3.35𝜎 = 0.0022 x 2 x R with ‘R’ being the scanner radius (in mm) [31]. The adopted code is not 
implementing this photon non-collinearity effect but for spatial resolution estimation it uses the 
above mentioned FWHM value along with the input parameter value of scanner radius.  
 
(C) Positron Range (P): Among the factors that contribute to resolution broadening an imaging 
system, positron range is the most dominant (with certain isotopes), poorly understood and 
quite uncertain factor [31]. As mentioned in section 2.3, 18F-FDG is the isotope used here and 
we will use its positron’s maximum  range (P) value, which is 2.3mm. 
 
The most unavoidable physical limitations of PET system spatial resolution are due to these 
three factors. Other factors like the source size and its motiona, depth of interaction, detector 
effects do leave blurring effects but have been assumed negligible in these simulations. So the 
overall system spatial resolution for a point source,  is being calculated in the PETSim 
algorithm by taking integral convolution of the above mentioned three principal physical 
blurring functions D, N and P [31]:  
 

Spatial Resolution (SR) = D ⨂ 𝑁 ⨂ 𝑃   (13) 
 
This resolution estimation model may not always generate accurate results. It gives reasonably 
correct measurements when used for the scanners having a relatively larger radius (between 
400 to 600mm) values for the detection ring. At the other hand, it generates unrealistic results 
when used for the imaging systems having smaller (below 250mm radius) scanning rings.  
 
The spatial resolution estimation can be done by another method: using FWHM analysis of the 
images being reconstructed by the demonstrator. The implementation of this method and its 
comparison with the adopted method was considered out of the scope of this thesis project 
though.      
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Chapter 3 
 
Results 
 
 
The PET demonstrator is implemented as a Matlab function, namely PETSim. To implement it 
easily, an elaborated graphical user interface is formed. In the beginning, it requires the user to 
select a phantom file as an object to be studied. Subsequently, it requires the user to specify 
eight input parameters, which are: (1) Scanner Ring Radius ‘R’ (radius of the detection ring of 
PET scanner), (2) Surface area of Each Detector Element (crystal) ‘EDS’, (3) Slice for Tumor(s) 
Selection ‘SWT’ (slice number at which tumor is to be defined), (4) Number of Tumors ‘NT’ 
(i.e. the number of those regions registered with a high isotope uptake), (5) Start Slice Number, 
(6) End Slice Number, (7) Data Acquisition Time ‘ST’ and (8) Resolution Enhancement Factor 
‘IE’ (defined in section 2.2). A user can set these parameters in the user interface by filling the 
adequate numbers for each parameter. Further explanation of these parameters and related 
instructions to run the demonstrator are described in appendix A. 
 
When the program completes a demonstration, the Matlab function generates the following 
output images: the initially selected original slice, the activity maps (which represent the 
distribution of the accumulated isotope amount or the activity level in different regions of the 
phantom) before and after adding the tumor, the sinogram and the reconstructed ultimate PET 
image. 
 
The second part of the output section covers statistical results generated from the 
demonstration. These are: Total Number of Detector Elements, Field of View (mm), Phantom’s 
Original Resolution (mm), Enhanced Resolution (mm), Total Number of detected Photons, 
Signal-to-Noise Ratio (SNR), Contrast-to-Noise Ratio (CNR) and the FDG Activity uptake 
amount in MBq. It also shows the calculated spatial resolution (mm) of the system.       
 
As mentioned in chapter 2, the original input slice (# 45) from the Zubal brain phantom data 
shown in figure 2.1, is the main study object. Figure 3.1 shows the resulting images from the 
PETSim demonstrator when it is run with a suitable set of input parameters. For this 
demonstration, one tumor area was selected, and the data collection time was set to 20 minutes. 
It delivered a moderate dose equivalent to that of 370 MBq to the test object. The active brain 
regions appear red in the final image. When a tumor is present inside the brain, the selected 
area is registered for higher absorption (of isotope amount) level in the brain. Higher number of 
photons will be generated at that area as compared to other areas inside the brain phantom. This 
is evident in the figure 3.1(b).       
 
While generating the final PET-like image (figure 3.1b), the demonstrator was loaded with the 
following input parameters: R (sensor ring radius) = 500 mm, EDS (scintillator surface area) = 
2 mm, IE (resolution enhancement factor) = 1, SWT (slice number) = 45, ST (scanning time) = 
20 min. During this scanning time, we delivered a clinically acceptable radioactive dose values 
commonly prescribed for a young, healthy patient. With this setting, we delivered dose 
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(b) (a) 

equivalent to an activity level of 370 MBq (EANM [17] range is 300 - 600 MBq for a normal 
adult) and the scanner’s detector elements (1571 in total) registered approximately 37 million 
photons to develop the sinogram in the figure 3.2. This amount of detection events is lower 
than the range (50 to 200 million) of detected events during acquisition time of 15 to 30 
minutes as mentioned by EANM guidelines [17]. Contrast-to-noise ratio (CNR) between two 
homogeneous regions of the final image 3.1(b) is recorded to be 58.5 dB. While, the theoretical 
spatial resolution (as described in section 2.8) achieved in this demonstration is 5.06 mm.     
  

   
 

Figure 3.1: Activity map of a brain slice (a) after choosing a tumor region (b) The resulting 
final PET image of the same 

 
 

 
 
Figure 3.2: The sinogram formed in this demonstration of the brain slice having one tumor  
 
 
3.1 Evaluation of PETSim with Different Single-Slice Phantoms 
 
Example 1: 
In order to evaluate a comprehensive resolution capability of the demonstrator, we operated it 
for a single slice image containing two diagonally separated bright points P1(125, 125) and 
P2(127, 127) as visible in the figure 3.3(a). The activity level at these points is kept equal to 
that of gray matter in the brain. Image in figure 3.3(b) is the output image from this phantom. 
The demonstrator’s (PETSim) input parameters (explained in the first paragraph of this chapter) 
for this examination are set as: R = 500 mm, EDS = 2 mm, IE = 2, ST = 20. The two points 
appear separated in the reconstructed image quite well. We detected 5920 photons from the two 
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(b) (a) 

point sources. The theoretical system spatial resolution (as described in the section 2.8) 
achieved is 2.2 mm and the measured Signal-to-Noise Ratio (SNR) is 37.7 dB. SNR values 
above 20 dB represent an acceptable image quality [33]. The two points appear 2.1 mm away 
(diagonally) from each other in the PET reconstructed image 3.3(b).   
  

          
 
Figure 3.3: (a) Input image with two radioactive points (b) the resulting output image after the 

PET scanning process 
 
Now in order to evaluate the detailed resolution of multiple points, the demonstrator is operated 
for a single slice image having closely separated bright points all along the diagonal as shown 
in the figure 3.4(a). All these bright points are located one pixel away from each other. The 
activity level at these points is kept equal to that of gray matter in the brain. Image at 3.4(b) is 
the output image from this phantom. PETSim input parameters for this evaluation are set as: R 
= 500 mm, EDS = 2 mm, IE = 3, ST = 20. The bright points, as seen in the reconstructed image, 
appear reasonably separated in the center while the points away from the center are poorly 
resolved. We detected 144000 photons from these radioactive points. The theoretical system 
spatial resolution (according to the method described in 2.8) achieved is 2.2 mm and the 
measured Signal-to-Noise Ratio (SNR) is 51.58 dB.    
 

         
 
 
Figure 3.4: (a) Input image with radioactive points along the diagonal (b) the resulting output 

image after the PET scanning 

 

(b) (a) 



24 
 

 
Example 2: 
The second test object is a chessboard image containing dark gray and light gray boxes (figure 
3.5a). The dark gray boxes are set to receive an activity levels equivalent to that of the gray 
matter. The light gray boxes are set to obtain an activity level equivalent to that of the white 
matter, in the brain phantom. When the demonstrator is run for a scanning time of 10 minutes 
(activity 185 MBq), a spatial resolution of 3.5 mm is achieved (method explained in 2.8). 
During this time, we collect information in the sinogram form more than 32 million photons. 
Furthermore, a contrast-to-noise ratio (CNR) of 49.6 dB is recorded between a light gray and a 
dark gray region. These statistics were recorded when the demonstrator was run at following 
input parameters: R = 800 mm, EDS = 2 mm, IE = 1, ST = 10.   

 
 
 
Figure 3.5: (a) A chessboard image as an input object (b) and the resulting output image after 

PET scanning 
 

 
3.2 Validation and Comparison  
 
In order to validate the PETSim software, we compare its coincidence data from a point source 
phantom with a point source coincidence data acquired from a GATE setup. The Na point 
source used in the GATE simulation has radius of 0.15 mm and is positioned at the center of the 
axial FOV. We use the coincidence data form the phantom located at 0 mm from the center 
along the x-axis. This data was acquired with following design (small animal PET [34]) 
parameters of the GATE point source system: 
 
Camera: radius = 77 mm; detector size = 50x50x12 mm; crystal size = 1.27x1.27x12 mm. 
Source: Na point source (radius=0.15mm), activity = 3.4e4 Bq, acquisition time = 120s 
        
These parameters are implemented in the PETSim algorithm and the results generated by them 
are described below. 
 
 

 
(b) (a) 
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Figure 3.6: (a) Coincidence scatter of Na point source from the GATE design (b) reconstructed 

image of the same 
 
The above figure (3.6a) represents coincidence events taken from the central slice of 10 
cylindrically arranged detectors in the GATE design. We develop a sinogram from these 
coincidences and the reconstruct (with the PETSim design) the point source, shown in figure 
(3.6b). The PETSim demonstration algorithm calculated the system’s Spatial Resolution 
(Theoretical) to be 0.27 mm. This is unrealistic as the best achievable resolution by ANY 
algorithm would be 0.93mm [35]. One may adopt visual inspection (as in example 1 above) to 
estimate resolution for such a case.  
 

  
 
Figure 3.7: (a) Coincidence scatter of point source (single slice phantom with one radioactive 

point at the center) from PETSim design (b) reconstructed image of the same 
 
The above figure (3.7a) represents coincidence events from single slice phantom having one 
radioactive source at the center of FOV. We develop a sinogram from these coincidences and 
reconstruct (with the back projection algorithm described in section 2.6) the point source, 
shown in figure (3.7b). The gap among scattered coincidence events present in figure 3.7a is 
strange and could not be sorted out. A presumed reason for such a behavior can be the fact that 
this reconstruction algorithm takes into account the tangent values of the detector angle. So the 
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detector elements located at the angle 0 may have been ignored by the incident photons. Other 
statistical results recorded by the PETSim demonstration system from this experiment are: 
 
Number of Detected Photons = 4080 
System’s Spatial Resolution (Theoretical) in mm = 0.2732 (unrealistic) 
Radiotracer amount injected = 0.0340 MBq 
Total number of detector elements/crystals involved in the data acquisition = 302 
 
The coincidences scatter patterns shown in figure 3.6(a) and figure 3.7(a) reveal the fact that 
probably there were two different types of detection designs used in the small-animal PET 
experiment [34] and in the PETSim tool. The other difference between the two PET designs 
can be the fact that the photons detected by the PETSim system are unfiltered while the 
detected events recorded by the small-animal PET design are all true coincidences. 
Furthermore, the PETSim tool generates unrealistic results when too small input parameters 
(crystal size, detector radius and acquisition time) are used.      
 
 
3.3 Analysis of the Statistical Results 
 
This section presents an analysis of the statistical results obtained from many experiments 
using the PETSim tool. The behavior of different parameters and their dependence upon each 
other are discussed here. The spatial resolution variations are studied as a function of the 
detector radius, crystal size and acquisition time (or FDG activity) while the noise ratio’s (SNR 
and CNR) dependence on the acquisition time (or FDG activity) is also studied. 
    
When the demonstrator is run for different values of detector radius, keeping the crystal size 
(2mm2) and acquisition time (20 min) constant, the theoretical spatial resolution values 
(according to the method in section 2.8) increase proportionally with increasing detector radius 
values as shown in figure 3.8. The FDG activity uptake amount (370 MBq) and the estimated 
SNR (73.1 dB) & CNR (66.2 dB) values remain constant during these experiments.  
 

 
Figure 3.8: Spatial resolution as a function of detector radius at a constant crystal size (2mm2) 

and a constant acquisition time (20 min) 
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When the demonstrator is run for different values of crystal size, keeping the detector radius 
(40cm) and acquisition time (20min) constant, the spatial resolution again shows proportional 
dependence to the crystal size. This is evident in figure 3.9. The smaller the crystal size, the 
better becomes the resolution. The FDG activity uptake amount (370 MBq) and the estimated 
SNR (73.1 dB) & CNR (66.2 dB) values again remain constant during these experiments. 
 

 
Figure 3.9: Spatial resolution as a function of crystal size at a constant detector radius (400 

mm) and a constant acquisition time (20 min) 
 
The graph in figure 3.10 shows that the theoretical spatial resolution estimated by the PETSim 
demonstrator does not vary with acquisition time. During these acquisition times, we were able 
to deliver an increasing FDG activity uptake amounts from 185 to 740 MBq.    
 

 
Figure 3.10: Spatial resolution as a function of acquisition time at a constant detector radius 

(400 mm) and a constant crystal size (4 mm2) 
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When we run the demonstrator with an increasing values of the acquisition time (and hence the 
activity uptake) while keeping the detector radius (40cm) and crystal size (4 mm2) constant, the 
noise ratios (SNR and CNR) increase quickly at smaller acquisition times and tend to saturate 
towards the higher acquisition times.  This behavior is shown in figure 3.11. The estimated 
spatial resolution values remain constant (8.096 mm) while the FDG activity uptake varies 
from 185 to 740 MBq during these experiments.  
 

 
 

Figure 3.11: The noise ratios (SNR and CNR) as a function of acquisition time at a constant 
detector radius (400 mm) and a constant crystal size (4 mm) 

 
 
From these results (in figures 3.8 to 3.11), we observe that the demonstrator’s estimate for 
spatial resolution depends both on the crystal size and the detector radius while the noise ratio 
estimation is affected by the changing acquisition time (or the injected amount of 
radioactivity). These resolution measurements, estimated by the PETSim demonstrator are 
twice bigger than those of the clinical brain-dedicated PET scanner having similar dimensions 
[36]. Such machines usually possess detection diameters between 400 to 500 mm and crystal 
sizes between 2 to 4 mm2. As compared with whole-body PET/CT scanners, these parameters 
values are kept smaller for brain imaging systems in order to increase spatial resolution, 
sensitivity, and image quality as reported by Sun Lee [36]. For example, the Siemens HRRT 
PET scanner has a ring diameter of 470 mm with an axial field-of-view (FOV) of 252 mm and 
gives a trans-axial spatial resolution of below 2.5 mm. One reason for the higher spatial 
resolution values generated here can be the fact that we took into account a fixed (maximum) 
positron range (2.3 mm) while calculating this theoretical parameter as described in section 
2.8. While in reality, more than 90 % of the positron emission events occur in a range of 0.0 – 
0.5 mm for F-18 isotope as described in the section 2.3.          
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Chapter 4  
 
Summary and Conclusions 

 
 
The final chapter of the report covers a brief summary of the code work carried out in this thesis. 
It points out some distinctive features before we draw some conclusions. It ends with some 
suggestions for the possible future work. 
 
 
4.1 Summary 
 

The aim of developing this Matlab function (PETSim) was to perform PET-like imaging of 
Zubal and other voxel-based phantoms. Main steps of the adopted algorithm are 
summarized here: 

 
1. Pre-processing of segmented MRI data of Zubal brain phantom to convert it into 

multiple slices and separation of area of interest from external organs. 
 

2. Assigning index numbers to different brain structures and division of regions into gray 
matter, white matter and CSF structures.  

 
3. Radiotracer injection, lesion region marking and distribution of positron ranges. 

 
4. Generation of PET-like data from the activity distribution and the detection of photon 

capture points at the detector ring. 
 

5. Sinogram build up and the image reconstruction. 
 

6. Comparision of resulting PET-like image with the original absorption level map. 
 

7. Estimation of MC (Monte Carlo) based parameters like photon count, SNR, CNR and 
the calculation of theoretical spatial resolution using a non MC model.   

 
 
4.2 Concluding Remarks 
 
In this project work, we developed a basic demonstration tool for PET imaging. The software 
works efficiently to reconstruct PET-like images both from the single-slice and the multi-slice 
phantoms. It includes preprocessing of phantom data, appropriate amount of radioactive dose 
uptakes, positron range distribution and, noise level measurements. It also includes a 
theoretical model for spatial resolution estimation. 
 
The generated output PET-like images and the other parametric results are an evidence of a 
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successful implementation of the demonstration algorithm. It formulated the positron range 
distributions and the photon detection positions at the detection ring  quite efficiently. Along 
with images, the tool presents experimental statistics like photon count, number of detector 
elements involved, image noise levels (as SNR and CNR), the uptake value of injected 
radioactivity and an estimate of spatial resolution of the imaging system. With the typical 
clinical PET input parameters (for human brain imaging), it takes around 20 minutes to 
complete a demonstration experiment with this software. 
 
Primarily, the demonstrator is designed to study high resolution brain data (Zubal Phantom). 
However, it has been tested further to produce valid results form other similar input phantoms 
like a 2D chessboard image and a black background image consisting of two closely spaced 
bright points. The software is not complex from the operational point of view and generates 
efficient results in a short period of time. One can run it on a common laptop with mediocre 
specifications. 
 
 
4.2.1 Model Limitations 
 
With this software one can study and trust the qualitative trends of CNR and spatial resolution 
with scanner radius, crystal size, activity level and acquisition time. At the same time, we 
observed that this model does not generate very true results when extremely small values for 
the crystal size and the detector radius are used as the input parameters. Certain limitations of 
this model are: 
 

(a) Infinitely thin detectors with 100% intrinsic efficiency 
(b) No attenuation  
(c) An assumed annihilation photon non-collinearity (only modeled according to the 

estimation method of Levin and Hoffman [31], described in the section 2.8B). 
 
 

4.3 Recommendations for Future Work  
 
This research work can be enhanced in many ways. Some of the recommendations are 
mentioned below: 
 

1. This demonstration software is not a 3D PET reconstruction system as it does not take 
into account the oblique lines-of-response (LORs) formed by the detected coincidences. 
This can be achieved by either designing a cylindrical scanner geometry or a scanner 
consisting of several detector rings adjacent to each other. This may enable to generate 
output images showing effects of radiotracer distributions in the adjacent cross-sections 
of the target object.  

2. More efficient methods should be explored in order to improve the detection sensitivity 
and accuracy by the detector crystals. The parallax error may be reduced by introducing 
small size crystals in the detection system.   

3. The quality of the results can be enhanced by introducing more efficient random 
number generator. Different filters can be introduced in the code (which may nullify the 
effect of low energy photons by not allowing them to reach at detection ring) to 
overcome the attenuation and scattering artifacts in PET imaging. 
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4. Full width at half maximum (FWHM) should be calculated for the reconstructed 
images in order to estimate the spatial resolution capability of the system in a better 
way.   

5. The algorithm can generate more accurate results if one introduces time dependent 
processes involved in a PET scan like:  

(a) Alteration of radiotracer distributions over the passage of time. 
(b) The detector and the patient motions during data acquisition. 
(c) Radioactive decay i.e. activity as a function of time. 
(d) Dead time of the detector. 
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Appendix A 
 
User Guide to Operate the PETSim GUI 
 
 
The demonstration program, PETSim is a Matlab function and is operated by a dedicated 
graphical user interface (GUI). The Matlab version should have image processing and 
geometric transformation toolboxes installed in it.  
 

 
Figure A: PETSim Graphical User Interface 
 
 
A complete step-by-step guide to operate it is given below: 
 
 
Step 1 Choosing the Phantom Data  
In the beginning, the GUI requires its user to select a 
phantom data to be demonstrated e.g. Zubal Phantom.  

 
 
Step 2 Setting the Input Parameters  
Then it asks the user to select the scanner dimensions and other input parameters as shown in 
the below image. These parameters are:  
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(1) Scanner Ring Radius ‘R’ (radius of 
the detection ring of the PET scanner), 
usually between 300 to 600mm for brain 
imaging. 
(2) Surface area of Each Detector 
Element ‘EDS’, usually chosen between 
2 to 5mm2.  
(3) Slice for Tumor(s) Selection ‘SWT’ 
(slice number at which tumor is to be 
defined) is preferably chosen from 25 to 
95 for the Zubal phantom data.  
(4) Number of Tumors ‘NT’ (i.e. the 
number of those regions registered with a 
high isotope uptake), user can ask for any 
number (0, 1, 2, 3…) of tumor areas to be 
shown in a single slice  
(5) Start Slice Number, preferably 
chosen from 25 to 95 for Zubal Phantom.  
(6) End Slice Number, to be chosen 
preferably from 25 to 95 for Zubal 
Phantom.   
(7) Data Acquisition (Scan) Time ‘ST’, this time is usually kept between 15 to 45 min.  
(8) Resolution or Intensity Enhancement Factor ‘IE’, from 1 to 10. 
All these parameters and their functions in the program have been described in chapter 2 and 3. 
Some of them are explained below: 
 
‘R’ represents the radius of the circular PET scanning geometry and “EDS” is the surface area 
of each detector element in this ring. ‘ST’ is the scan time of the PET scanning process i.e., the 
data collection period. It is always kept between 15 to 45 minutes. When a larger ‘ST’ number 
is given, the total demonstration time increases proportionally. 
 
‘NT’ represents the number of tumor regions registered with higher absorption of injected 
isotopes. It is kept greater than or equal to zero. With ‘NT’ chosen greater than zero, the user 
can select multiple regions as tumor in the brain slice. When ‘NT’ is chosen to be equal to 0, it 
means the brain is healthy and there is no malfunction of the tissue. When ‘NT’ is chosen 
bigger than 0, there pops up an image window. The PC mouse will change to a cross sign to let 
the user draw a mark on the image, as a tumor region. When the area is selected, the PC mouse 
will switch back to the normal arrow sign. When ‘NT’ is set larger than 1, the image window 
will pop up again, after few seconds, for users to choose another area as tumor. While choosing 
the tumor areas, one can also select areas outside the brain. In this case, the tumor may not 
appear inside the brain tissues. The program will not proceed further in such a case. Thus the 
user should make sure that the tumor areas are only marked inside the brain. 
 
‘IE’ is the factor introduced for enlargement of the original brain image resolution. It makes the 
demonstration results more accurate and also enhances the image intensity. It may be chosen 
from 1 to 10, and then the resolution will be 1.5 to 0.15 mm. With higher ‘IE’ number, it will 
require more time for the demonstration to be completed.  
 
The other two parameters are: start slice number and end slice number. In principle, these 
numbers can be chosen from 1 to 128. But not all of them can be used in these demonstrations. 
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In Zubal Phantom, it starts to show the gray matter from slice 15, and the white matter from 
slice 22. So, from slice 25 to slice 95, any/all can be chosen for a demonstration experiment. 
The original slice chosen for the most of results in this report is slice 45 i.e. the demonstrator 
was run from slice 45 to 45. 
 
 
Step 3 Starting the Program 
After choosing the appropriate values for all of the input 
parameters, the user is ready to run the demonstration. It 
is done by a single click to the “Simulate” tab as shown 
here.  
 
 
 
Step 4 Marking the Tumor   
A few seconds after pressing the start tab, an 
image window will pop up where the user will 
introduce the tumors of any size and number in 
the selected brain slice as shown here. A double 
click on the marked rectangle will enable the 
program to proceed further. 
 
 
Step 5 Completion of a Run 
The demonstration completion time depends on the chosen set of input parameters. Normally it 
takes around 20 minutes to reach the end, for an appropriate set of values e.g. R=500 mm, 
EDS=2 mm, NT=1, IE=2, ST=20 on a home pc 
with the configuration of Inter(R) Core(TM)2 Duo 
CPU T5550 @ 1.83 GHz 1..83 GHz, 3.00 GB of 
RAM. When the demonstration ends a message will 
pop up at the bottom of GUI as shown here. 
 
 
Step 6 Output Images 
In the center part of the GUI, there exists five tabs (shown 
below) to view the different images of the slice under 
examination. Other than the original slice, the sinogram 
and the subsequent reconstructed PET image, the slice 
images showing activity levels before and after the 
addition of tumor region can also be viewed and 
compared. An example of the final reconstructed 
PET-like image by the program is shown at next page.  
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An example of the final reconstructed PET-like image by the PETSim tool 

 
 
Step 7 Experimental Statistics 
In the statistical results section, as shown here 
one can read the generated measurements of 
sensor ring size, number of sensor elements 
involved, the original and the enhanced 
resolution of input data, total number of detected 
photons, values for noise ratios (SNR and CNR), 
activity level achieved against the given 
radiotracer amounts and the spatial resolution 
(theoretical) estimated by the PETSim program 
under a particular set of input values. 

 
 

 
 
Step 7 Reset 
If the user wishes to run it for another experiment, a graphical ‘reset’ button is there to help him 
kill all the exiting data and insert a new set of input values. Furthermore, near the bottom of the 
GUI, the user can always see the current demonstration status i.e. if a demonstration is ongoing 
(“In Process”) or it has been completed (“Processed”).   
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Appendix B 
 
PETSim Code as a Matlab Function 
 
 
The demonstration program, PETSim is a Matlab function developed with the following code. 
Details of the implementation of this algorithm have been described in chapter 2. Additionally, 
what is happening in different parts of the code has been commented in it for better 
understanding. 
  
function PETimage=PETSim(R,EDS,TR,IE,ST,SWT) 
  
%   It simulates Positron Emission Tomography (PET) processes for ZUBAL PHANTOM 
%   (digital equivalent of the brain) and generates activity map, sinogram and 
%   PET reconstructed images for the selected slice. 
%   Also it calculates related statistical results like photon count, spatial resolution, SNR, %   
CNR and radioactivity levels.   
%    
%   S=PET(SR,EDS,TR,IE,ST,SWT); 
%   R is the radius of the PET scanning system, in millimeter. 
%   EDS is the size of each detector element in the PET scanning system, in millimeter. 
%   TR is the number tumor(s)regions to be defined in a slice.  
%   IE is the time to enlarge the original image resolution and intensity. The original  
%   resolution is 1.5mm, but  
%   if for example, user wants to change it to 0.15mm, set IE=10. 
%   ST is the acquisition/scanning time period of the PET scan, in min. 
%   SWT is the slice(s) number from the whole dataset at which tumor(s) are 
%   to be selected, it can be set from 1-128, but for maximum cerebrum area 
%   coverage in this simulation, it should preferably be selected from 20-95. 
% 
%   Examples: 
%  
%   a=PET(); 
%   b=PET(500,5,2,3,15,45) 
  
%% Shabbir Hussain Maken, Spring 2011 
  
if nargin==0              % Number of input arguments 
R=500;                    % Radius of the PET system, in millimeter (usually between 40-50 cm) 
EDS=5;                    % Length of the detector, in millimeter (usually between 3-5 mm)  
TR=0;               % Number of tumor regions, if it is bigger than 1, one needs to wait % 
for 1 second before selecting the 2nd tumor spot. 
IE=1;          % (Image Enlargement or Expansion: IE) Time to enlarge the original resolution. % 
The original resolution is 1.5mm, e.g. if user wants to change it to 0.15mm, set N=10 
ST=1;                     % Data acquisition time (Scan Time: ST) of the PET scan, in min.  
SWT=[50];                 % Slice number(s) at which tumor(s) is(are) to be defined. The slice % 
number for an image from the whole dataset, it can be set from 1-128, but in this simulation % (just 
for better/maximum brain coverage), it should be from 30-75  
end                       
%% Loading the digital head phantom (ZUBAL PHANTOM) 
ZF=fopen('det_head_u2med.dat','r');         % Opens our brain phantom file for reading; opens % 
the file for read access, and returns an integer file identifier 
CV=fread(ZF);                               % Reads data from a binary file into column vector % 
'CV' and positions the file pointer at the end-of-file marker 
fclose(ZF);       % Closes an open file. ZF is an integer file identifier obtained from fopen. 
CV=reshape(CV,[256 256 128]);               % Returns an 256 (n)-dimensional array with the %same 
elements as 'CV' but reshaped to have the size 256-by-256-by-128. The product of the %specified 
dimensions, 256*256*128, must be the same as prod(size(CV)). 
A=squeeze(CV);     % Returns an array A with the same elements as 'CV', but with all singleton % 
dimensions removed. A singleton dimension is any dimension for which size(CV,dim) = 1 
for slices=SWT:SWT 



37 
 

    SN=A(:,:,slices);       % Chooses one or more of the slices to be the image for simulation 
  
% Generate the attenuation coefficient map & activity map for both white and gray matters 
ATCw=0.151;                                 % Attenuation coefficient of white matter 
ATCg=0.098;                                 % Attenuation coefficient of gray matter 
actw=round(18.5/IE);                        % Activity in white matter regions 
actg=round(74/IE);            % Activity in gray matter regions (4 times that of white matter) 
ATCMap=zeros(); 
AM=zeros(); 
for x=1:1:256 
for y=1:1:256 
if SN(x,y)==85                % Index number associated to medulla oblongata in Zubal phantom 
ATCMap(x,y)=ATCg;                           % Related attenuation coefficient map 
AM(x,y)=actg;                               % Related activity map 
elseif SN(x,y)==89            % Index number associated to frontal lobes in Zubal phantom 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==95                          %                           occipital lobes 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg;            
elseif SN(x,y)==96                          %                           hippocampus 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg;     
elseif SN(x,y)==97                          %                           pituitary gland 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==101                         %                           caudate nucleus 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==103                         %                           insula cortex 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==109                         %                           thalamus 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg;    
elseif SN(x,y)==112                         %                           special frontal lobes 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==113                         %                           cerebral falx 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg;     
elseif SN(x,y)==114                         %                           temporal lobes 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==117                         %                           parietal lobes 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==120                         %                           globus pallidus 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==124                         %                           prefrontal lobes 
ATCMap(x,y)=ATCg; 
AM(x,y)=actg; 
elseif SN(x,y)==83                          %                           white matter 
ATCMap(x,y)=ATCw; 
AM(x,y)=actw; 
elseif SN(x,y)==91                          %                           pons 
ATCMap(x,y)=ATCw; 
AM(x,y)=actw; 
elseif SN(x,y)==105                         %                           putamen 
ATCMap(x,y)=ATCw; 
AM(x,y)=actw; 
elseif SN(x,y)==107                         %                           internal capsule 
ATCMap(x,y)=ATCw; 
AM(x,y)=actw; 
elseif SN(x,y)==108                         %                           septum pellucidium 
ATCMap(x,y)=ATCw; 
AM(x,y)=actw;  
elseif SN(x,y)==111                         %                           corpus collosum 
ATCMap(x,y)=ATCw; 
AM(x,y)=actw; 
elseif SN(x,y)==115                         %                           fourth ventricle 
ATCMap(x,y)=ATCw; 
AM(x,y)=actw; 
elseif SN(x,y)==122                         %                           cerebral aquaduct 
ATCMap(x,y)=ATCw; 
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AM(x,y)=actw; 
elseif SN(x,y)==123                         % Index number associated to lateral ventricles 
ATCMap(x,y)=ATCw;                           % Related attenuation cofficient map 
AM(x,y)=actw;                               % Related activity map 
else ATCMap(x,y)=0;                         % For CSF structures 
AM(x,y)=0; 
end 
end 
end 
%% Adding tumor/s to the image 
rr=(SWT-slices); 
rr=prod(rr); 
if (rr==0) 
s=1; 
while s<=TR 
figure(s) 
[~,RT]=imcrop(AM);title('Image for defining tumer(s) region(s)');       % Displays the image %(AM) 
in a figure window and creates a cropping tool associated with this image. 
close(s); 
xm=round(RT(1)+RT(4)/2); 
ym=round(RT(2)+RT(3)/2); 
sigmar=round(RT(4)/4); 
sigmac=round(RT(3)/4); 
for x=round(RT(1)):round(RT(1)+RT(4)) 
for y=round(RT(2)):round(RT(2)+RT(3)) 
if x<1 
   x=1; 
elseif x>256 
       x=256; 
end 
if y<1 
   y=1; 
elseif y>256 
       y=256; 
end 
if ATCMap(x,y)~=0 
AM(x,y)=round(((370-AM(x,y))*exp(-((x-xm)^2/(2*sigmar^2)+(y-ym)^2/(2*sigmac^2)))+AM(x,y))/IE);   
end 
end 
end 
s=s+1; 
pause(1) 
end 
end 
%% Image Expansion/Resolution Enhancement 
AMexp=zeros(); 
for a=1:256*IE 
for b=1:256*IE 
AMexp(a,b)=AM(ceil(a/IE),ceil(b/IE)); 
end 
end 
clear AM; 
AMe=AMexp; 
%% Sinogram formation 
SinoG=zeros(); 
for TND=1:ceil(2*pi*R/EDS)       % total number of the detectors in PET system having radius R 
for HU=1:ceil(R*2/1.5)                                               
SinoG(HU,TND)=0; 
end 
end 
%% simulation of the PET process (for different parts of input slice/image) 
% To measure SNRs in different regions 
pt=1; 
t=1; 
rq=1; 
p=1; 
q=1; 
for p=1:(256*IE)/2 
for q=1:(256*IE)/2 
if AMe(p,q)~=0 
[p,q,pt,rq,t,SinoG]=phc(p,q,pt,rq,t,AMe,ST,IE,R,EDS,SinoG);     
end 
end 
end 
TPh1=(t-1)*(pt-1); 
SNR1=sqrt(TPh1); 
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for p=(256*IE)/2:256*IE 
for q=(256*IE)/2:256*IE 
if AMe(p,q)~=0 
[p,q,pt,rq,t,SinoG]=phc(p,q,pt,rq,t,AMe,ST,IE,R,EDS,SinoG);     
end 
end 
end 
TPh2=(t-1)*(pt-1); 
SNR2=sqrt(TPh2); 
clear SinoG; 
%% Sinogram formation 
SinoG=zeros(); 
for TND=1:ceil(2*pi*R/EDS)        % total number of the crystals in PET system having radius R 
for HU=1:round(R*2/1.5)                                               
SinoG(HU,TND)=0; 
end 
end 
%% simulation of PET the process(for the whole input slice/image) described in sections 2.3 to % 
2.5 of the report 
pt=1; 
for p=1:256*IE 
for q=1:256*IE 
if AMe(p,q)~=0 
% produce random number, rand: Uniformly distributed pseudorandom numbers 
rnd=rand(1,AMe(p,q)*ST);   % Returns an 1-by-AMe(p,q)*ST matrix containing pseudorandom values % 
drawn from the standard u distribution. 
rq=1;  
t=1; 
while (t<=AMe(p,q)*ST && AMe(p,q)~=0 ) 
    t = t + 1; 
% Positron Range 
if (rnd(rq)==0) 
    rnd(rq)=0.001; 
end 
d=-0.23*log(rnd(rq));   % exponential distribution of random variable (Positron Range) from a % 
uniformly distributed random variable 
pr=zeros(); 
pr(pt)=d; 
costheta=2*rand()-1; %random a positron elfa 0-180 degree, costheta is the cosine of elfa 
xspot=costheta*d;                   % the distance of the x value 
sintheta=2*randn()-1;           % change the positron elfa to 0-360 degree and get the y value 
if sintheta>=0 
yspot=p+sqrt(d^2-xspot^2);                                       
elseif sintheta<=0   
yspot=p-sqrt(d^2-xspot^2);  
end 
% anihilation spot 
xo=q+xspot;                % x-coordinate (of annihilation spot); p value after positron range 
yo=yspot;                  % y-coordinate (of annihilation spot); q value after positron range 
% to make sure (xo, yo) is not outside our image area 
if xo>=256*IE 
   xo=256*IE; 
elseif xo<=1 
       xo=1; 
end 
if yo>=256*IE 
   yo=256*IE; 
elseif yo<=1 
       yo=1; 
end 
% expand the image with detectors 
xo=xo+(R*IE/1.5-256*IE/2); 
yo=yo+(R*IE/1.5-256*IE/2); 
        
%% simulation of the photons transportation 
cosph=2*rand()-1;    % (-1,1) random a cosine value of the elfa for the photons transportation 
if cosph~=0 
ph=2*rand()-1; 
% slope of the photon transportation 
if ph<0 
m=sqrt(1-cosph^2)/cosph; 
elseif ph>0 
m=-1*sqrt(1-cosph^2)/cosph; 
end 
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% intersection points of the photon line and the detector circle                 
pa=2*rand()-1; 
% edx: photon detector point x value 
if pa<0 
edx=(m^2*xo+(m+1)*R*IE/1.5-m*yo-sqrt((m*yo-m^2*xo-(m+1)*R*IE/1.5)^2-(1+m^2)*(yo-m*xo-R*IE/1.5)
^2))/(1+m^2); 
elseif pa>0 
edx=(m^2*xo+(m+1)*R*IE/1.5-m*yo+sqrt((m*yo-m^2*xo-(m+1)*R*IE/1.5)^2-(1+m^2)*(yo-m*xo-R*IE/1.5)
^2))/(1+m^2); 
end 
% edy: photon detector point y value 
if m>0 
edy=R*IE/1.5+sqrt((R*IE/1.5)^2-(edx-R*IE/1.5)^2); 
elseif m<0 
edy=R*IE/1.5-sqrt((R*IE/1.5)^2-(edx-R*IE/1.5)^2); 
end 
% determine the elfa and the detector number of the photon transportation 
if edx~=round(R*IE/1.5) 
tangamma=(edy-yo)/(edx-xo); 
tanbeta=(edy-R*IE/1.5)/(edx-R*IE/1.5); 
gamma=atan(abs(tangamma)); 
beta=atan(abs(tanbeta));   
if edy<round(R*IE/1.5) 
if tanbeta>0 
TND=ceil(atan(tanbeta)*R/EDS); 
if tangamma==tanbeta 
elfa=0; 
HU=round(R/1.5); 
elseif (tangamma>tanbeta && tangamma>0) 
elfa=gamma-beta; 
HU=ceil((R/1.5)*(1-sin(elfa))); 
elseif (tangamma<tanbeta && tangamma>0) 
elfa=beta-gamma; 
HU=ceil((R/1.5)*(1+sin(elfa))); 
elseif (tangamma<0 && tanbeta>1) 
elfa=pi-gamma-beta; 
HU=ceil((R/1.5)*(1-sin(elfa))); 
elseif (tangamma<0 && tanbeta<1) 
elfa=pi-gamma-beta; 
HU=ceil((R/1.5)*(1+sin(elfa))); 
end 
elseif tanbeta<0 
TND=ceil(R*pi/EDS-atan(-1*tanbeta)*R/EDS); 
if tangamma==tanbeta 
elfa=0; 
HU=ceil(R/1.5); 
elseif (tangamma>tanbeta && tangamma<0) 
elfa=gamma-beta; 
HU=ceil((R/1.5)*(1+sin(elfa))); 
elseif (tangamma<tanbeta && tangamma<0) 
elfa=beta-gamma; 
HU=ceil((R/1.5)*(1-sin(elfa))); 
elseif (tangamma>0 && tanbeta<-1) 
elfa=pi-gamma-beta; 
HU=ceil((R/1.5)*(1+sin(elfa)));  
elseif (tangamma>0 && tanbeta>-1) 
elfa=pi-gamma-beta; 
HU=ceil((R/1.5)*(1-sin(elfa)));                                     
end 
else  
TND=ceil(R*pi/EDS); 
HU=ceil(R/1.5); 
end 
elseif edy>round(R*IE/1.5) 
if tanbeta>0 
TND=ceil(R*pi/EDS+atan(tanbeta)*R/EDS); 
if tangamma==tanbeta 
elfa=round(R*pi/EDS); 
HU=ceil(R/1.5); 
elseif (tangamma>tanbeta && tangamma>0) 
elfa=gamma-beta; 
HU=ceil((R/1.5)*(1-sin(elfa))); 
elseif (tangamma<tanbeta && tangamma>0) 
elfa=beta-gamma; 
HU=ceil((R/1.5)*(1+sin(elfa))); 
elseif (tangamma<0 && tanbeta>1) 
elfa=pi-gamma-beta; 
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HU=ceil((R/1.5)*(1-sin(elfa))); 
elseif (tangamma<0 && tanbeta<1) 
elfa=pi-gamma-beta; 
HU=ceil((R/1.5)*(1+sin(elfa))); 
end 
elseif tanbeta<0 
TND=ceil(2*pi*R/EDS-atan(-1*tanbeta)*R/EDS); 
if tangamma==tanbeta 
elfa=round(R*pi/EDS); 
HU=ceil(R/1.5); 
elseif (tangamma>tanbeta && tangamma<0) 
elfa=gamma-beta; 
HU=ceil((R/1.5)*(1+sin(elfa))); 
elseif (tangamma<tanbeta && tangamma<0) 
elfa=beta-gamma; 
HU=ceil((R/1.5)*(1-sin(elfa))); 
elseif (tangamma>0 && tanbeta>-1) 
elfa=pi-gamma-beta; 
HU=ceil((R/1.5)*(1-sin(elfa))); 
elseif (tangamma>0 && tanbeta<-1) 
elfa=pi-gamma-beta; 
HU=ceil((R/1.5)*(1+sin(elfa))); 
end 
else  
TND=ceil((3*R*pi/EDS)/4); 
HU=ceil(R/1.5); 
end 
end 
SinoG(HU,TND)=SinoG(HU,TND)+1;   
end 
else 
edx=xo; 
cpw=2*rand()-1; 
if xo==R*IE/1.5 
if cpw>0 
TND=ceil(3*(2*pi*R/EDS)/4); 
elseif cpw<0 
TND=ceil((2*pi*R/EDS)/4); 
end 
HU=ceil(R/1.5); 
else 
if cpw>0 
edy=round(k*(pdpx-napr)+mapr); 
elseif cpw<0 
edy=round(-1*k*(pdpx-napr)+mapr); 
end 
tanbeta=(edy-ceil(R*IE/1.5))/(edx-ceil(R*IE/1.5)); 
beta=atan(abs(tanbeta)); 
if edy<R*IE/1.5 
TND=ceil(atan(tanbeta)*R/EDS); 
elseif edy>R*IE/1.5 
TND=ceil(2*pi*R/EDS-(atan(tanbeta)*R/EDS)); 
end 
if (edx<R*IE/1.5 && edy<R*IE/1.5) 
elfa=beta; 
HU=ceil((R/1.5)*(1-sin(beta))); 
elseif (edx>R*IE/1.5 && edy<R*IE/1.5) 
elfa=beta; 
HU=ceil((R/1.5)*(1-sin(beta))); 
elseif (edx>R*IE/1.5 && edy>R*IE/1.5) 
elfa=beta; 
HU=ceil((R/1.5)*(1+sin(beta))); 
elseif (edx<R*IE/1.5 && edy>R*IE/1.5) 
elfa=beta; 
HU=ceil((R/1.5)*(1+sin(beta))); 
end      
end                       
SinoG(HU,TND)=SinoG(HU,TND)+1; 
end  
rq=rq+1; 
t=t+1; 
end 
pt=pt+1; 
end 
end 
end 
%% Reconstruction of the image (described in 2.6) 



42 
 

PETimage=zeros(); 
for f=1:R*2/1.5 
for g=1:R*2/1.5 
PETimage(f,g)=0; 
end 
end 
TND=1; 
HU=1; 
for TND=1:ceil(2*pi*R/EDS) 
for HU=1:ceil(R*2/1.5) 
if SinoG(HU,TND)~=0 
rectheta=TND/ceil(2*pi*R/EDS); 
recgama=asin((HU-(R/1.5))/(R/1.5)); 
xdet=round((R/1.5)*(1-cos(rectheta*2*pi))); 
ydet=round((R/1.5)*(1-sin(rectheta*2*pi))); 
tantheta=abs((ydet-R/1.5)/(xdet-R/1.5)); 
if TND>0 && TND<=ceil(2*pi*R/EDS)/4    
if HU>=0                   
phlinslop=(tantheta-tan(recgama))/(1+tantheta*tan(recgama)); 
elseif HU<0 
phlinslop=(tantheta+tan(recgama))/(1-tantheta*tan(recgama)); 
end 
elseif TND>ceil(2*pi*R/EDS)/4 && TND<=ceil(2*pi*R/EDS)/2 
if HU>=0 
phlinslop=-(tantheta+tan(recgama))/(1-tantheta*tan(recgama)); 
elseif HU<0 
phlinslop=-(tantheta-tan(recgama))/(1+tantheta*tan(recgama)); 
end 
elseif TND>ceil(2*pi*R/EDS)/2 && TND<=3*ceil(2*pi*R/EDS)/4 
if HU>=0 
phlinslop=(tantheta-tan(recgama))/(1+tantheta*tan(recgama)); 
elseif HU<0 
phlinslop=(tantheta+tan(recgama))/(1-tantheta*tan(recgama)); 
end  
elseif TND>3*ceil(2*pi*R/EDS)/4 && TND<=ceil(2*pi*R/EDS) 
if HU>=0 
phlinslop=-(tantheta+tan(recgama))/(1-tantheta*tan(recgama)); 
elseif HU<0 
phlinslop=-(tantheta-tan(recgama))/(1+tantheta*tan(recgama)); 
end 
end 
if xdet<1 
   xdet=1; 
elseif xdet>ceil(2*pi*R/EDS) 
       xdet=ceil(2*pi*R/EDS); 
end 
if ydet<1 
   ydet=1; 
elseif ydet>ceil(2*pi*R/EDS) 
       ydet=ceil(2*pi*R/EDS); 
end 
for f=1:R*2/1.5 
yphline=round(phlinslop*(f-xdet)+ydet);                 % Photon line equation 
if yphline<1 
   yphline=1; 
elseif yphline>R*2/1.5 
       yphline=R*2/1.5; 
end 
if (f-(R/1.5))^2+(yphline-(R/1.5))^2<=(R/5)^2 
PETimage(yphline,f)=PETimage(yphline,f)+SinoG(HU,TND); 
end 
end 
end 
end 
end 
  
%%% Results: Images 
figure,imshow(SN,[]),colorbar,title('Original slice'); 
figure,imshow(AMe,[]),colorbar,title('Activity map of the selected slices showing tumor region'); 
figure,imshow(SinoG,[]),colormap(jet),colorbar,title('Sinogram for the selected slices');  
figure,imshow(PETimage,[]),colormap(jet),colorbar,title('Final Image from PET scanner for the 
selected slices'); 
end 
%%% Results: Statistics 
% Photon count 
display('Mean Number of detcted Photon Events or the magnitude of the signal') 
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TPh=(t-1)*(pt-1) 
% SNR and CNR measurement (described in 2.7) 
PN=sqrt(TPh); 
display('Signal-to-Noise Ratio (SNR) in dB') 
SNR=20*log10(TPh/PN) 
display('Contrast-to-Noise Ratio (CNR) in dB') 
CNR=20*log10(SNR2-SNR1) 
% Spatial resolution estimation (described in 2.8) 
F=EDS/2; 
N=0.0022*2*R; 
G=conv(N,F); 
P=2.3; 
display('Spatial Resolution(SR) in mm') 
SR=conv(P,G) 
% Amount of injected radiotracer 
display('Radiotracer amount in MBq') 
RDD=18.5*ST 
end 
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