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Abstract

Metastasis as the major reason for 90 % of cancer-related deaths, occurs when cancerous
cells detach from their primary tissue and spread to the other part of the body through blood
vessels or the lymphatic system. Detection of these malignant lesions in their early stages
can increase the patient’s survival rate by taking proper treatment strategies. Due to their low
sensitivity, conventional PET scanners cannot detect metastatic lesions in the early stages.

In 2019, a new Total-Body PET (TB PET) scanner called uEXPLORER with higher sensi-
tivity thanks to the full detector coverage along the patient’s body was constructed. The main
obstacle in the worldwide utilization of this generation of scanners is their higher construction
and maintenance price. Since 2013, there has been continuous research to develop a novel
economic type of PET scanner named Jagiellonian Positron Emission Tomography (J-PET)
based on plastic scintillators. This technology, by providing a cost-efficient solution in the
construction of the Total-Body PET scanners opens possibilities for worldwide utilization of
these systems and improves the survival rate of patients significantly with precise diagnosis.
The research presented in this thesis evaluated the lesion detectability of Total-Body J-PET
scanners by accomplishing the GATE simulation from XCAT anthropomorphic digital phan-
toms. This thesis’s main aim is to investigate the lesion detectability of the Total-Body J-PET
scanner and improve this feature by optimizing event selection criteria and the spatial resolu-
tion of the tomograph. The liver is the organ under study to determine the lesion detectability
of Total-Body J-PET.

For the case of the presented thesis, a series of simulations with point sources and cylindrical
phantoms has been performed for the determination of optimum characteristics of Total-Body
J-PET. The second group of the simulations has been performed by utilization of human-grade
XCAT anthropomorphic phantoms. The results of the simulations have been analyzed by Gate
Output J-PET Analyzer (Goja) which has been developed by the J-PET collaboration. Due
to the unique configuration of the J-PET-based scanners and their special detection principle,
conventional image reconstruction software could not be compatible. In the case of the image
reconstruction Quantitative Emission Tomography Iterative Reconstruction (QETIR) in collab-
oration with the Medisip research group from Gent, Belgium has been used.

The results showed that the Total-Body J-PET tomograph can detect centimeter-grade le-
sions in the various ranges of the XCAT phantoms with different body mass index (BMI).
However applying acceptance angle criteria to remove the contribution of the most oblique
coincidences in the image reconstruction, provided the possibility of detecting sub-centimeter
(5mm) lesions in a higher number of the iterations of image reconstruction.
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1 Introduction

The aim of this thesis is to assess the detectability of the lesions by means of the cost-effective
Total-Body PET scanner based on plastic scintillators [1–5].

Metastasis as the major reason for 90 % of cancer-related deaths, occurs when cancerous cells
detach from their primary tissue and spread to the other part of the body [6]. This transmission
proceeds via the circulatory system or lymphatic vessels [7]. Larger lesions can be diagnosed based
on their symptoms or by means of non-invasive clinical-imaging modalities such as MRI, CT, and
PET scans. Contrast-enhancedMRI is typically the preferred choice because of its higher sensitivity
and specificity; PET/CT, which is highly accessible and has lower operating costs, is used more
widely [8]. Although these imaging modalities can detect large lesions caused by metastases, they
are not offering the necessary sensitivity to detect smaller lesions that are in their early stages.

Localizing lesions in organs helps plan personalized treatment procedures to achieve the best
results for the patient. A new Total-Body PET (TB PET) scanner was designed and constructed at
California University (USA), the first TB PET scanner with 2m axial FOV, called EXPLORER [9].
It can cover the whole patient’s body at once and has a sensitivity that is 40 times larger than current
clinical PET scanners. Utilization of this generation of PET scanners provides the possibility for
accurate and personalized diagnosis as the essential steps for successful treatment procedures. [10].

The main constraint of TB PET scans such as EXPLORER is the construction cost of these
scanners, which limits public accessibility [11]. Since 2013, there has been continuing research to
develop a novel type of PET scanner named, Jagiellonian Positron Emission Tomography (J-PET).
J-PET technology is based on plastic scintillator strips arranged parallel with the axial axis of the
scanner, where each end of the strip is equipped with SiPM [3]. Exclusive principle of detection,
the arrangement of SiPM, and electronic readouts alongside plastic scintillators make it possible to
extend axial FOV without adding any detection modules, just by increasing the length of the plastic
scintillator to prepare the large area of detection. Total-Body J-PET, as the newest prototype of
J-PET technology, will provide 2m axial FOV [1].

In this thesis, a series of simulations with the GATE software has been performed to assess the
lesion detectability of Total-Body J-PET. GATE is software used to simulate interactions between
radiation and matter [12]. It is well adapted to nuclear medicine imaging principles and widely
simulates a set of tomography geometries with various sources and phantoms, such as XCAT digital
phantoms [13].

The XCAT anthropomorphic phantom has been developed to provide virtual patients with med-
ical imaging. Users can define numerous parameters to create normal and abnormal anatomical
and motion variations to generate patient populations for medical imaging research [13]. In the
presented thesis, studies of lesion detectability are performed. As the example, the liver has been
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chosen to investigate the lesion detectability of Total-Body J-PET. due to the high mortality rate of
liver cancer-related death. To achieve this goal, characteristics of the J-PET technology in view of
small lesion detection as an essential early diagnostic indication will be elaborated. For this case
lesions with 5 mm (as small lesions), 10 mm (as minimum considerable dimensions for lesions in
clinics), and 20 mm (as the large lesions) with 8:1 amounts of activity in comparison to the back-
ground tissue, will be investigated.

The main aim of this research is to determine J-PET lesion detection characteristics as a function
of properties of detectors such as the configuration of the scanner, cross-section of the plastic strips,
axial and radial position resolution, lesion size, and the patient’s body mass index (BMI). For this
case, the first set of the simulation was performed to determine optimal detector parameters. By
fixing the condition, lesion detectability of the Total-Body J-PET is investigated by XCAT anthro-
pomorphic phantoms. Figure 1 is a schematic illustration of the workflow conducted to investigate
the first group of simulations.

Due to the specific arrangement of the detector with multilayer geometry in the TB J-PET scan-
ner, the currently available image reconstruction software could not be used to reconstruct images
with this geometry. For this reason, we are developing a new image reconstruction software (called
QETIR) in collaboration with Medisip Ghent University Hospital [14].

Figure 1: A schematic illustration of the workflow of performed simulations image reconstruction
and analysis. The electron-positron annihilation density distribution in the patients was simulated
using XCAT software. The emitted gamma photons from the simulations of the tomograph have
been performed using the GATE package. The simulated data were analyzed by means of GOJA
software. As a result, the list-mode including the position and time of the gamma photons was
generated. The selected list-mode data were used to reconstruct images by QETIR software. The
reconstructed images were visualized by Amide software.
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In the presented thesis, two groups of investigations have been performed, first to determine
optimum characteristics of the Total-Body J-PET, then lesion detectability of aforesaid scanner by
XCAT anthropomorphic phantoms as shown in Figure 1. To determine the optimum acceptance
angle cut in the Total-Body J-PET, 10 series of simulation has been performed. Each of the outputs
has been analyzed with 11 different analysis conditions. From the results of each separate analysis,
list-mode data has been extracted and the 24 number of the reconstruction has been performed
for each one of them. After fixing the condition of Total-Body J-PET, five XCAT phantoms have
been chosen to investigate the lesion detectability of the Total-Body J-PET. The lesion detectability
of Total-Body J-PET has been determined by the analysis of 126 reconstructed images of XCAT
phantoms.

The basics of cancer and its classification are described in Chapter 2, where the anatomy and
physiology of the liver, oncological abnormalities, and its diagnostic methods as an organ of the
study have been characterized. The principle operations of the J-PET technology and its advantage
as a promising alternative for conventional tomographs are described in Chapter 3. The simulation
toolkit, event selection criteria, and characteristics of the utilized XCAT phantoms are described in
Chapter 4. The results obtained in this simulation-based study have been presented in Chapter 5.
The conclusion of the proposed simulation-based study and methods to enhance lesion detectability
of the Total-Body J-PET are described in Chapter 6.

3
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2 Basic of the cancer and its classification

2.1 Cancer

Cancer, known as one of the main reasons of death worldwide, originates from failure during cell
duplication procedures [15]. Cells can be introduced as the smallest living structure in the body,
and their accumulation forms tissue and organs [7]. According to its natural physiology, the human
body constantly generates new cells while older cells fall in their mortality cycle. This process is a
part of the body’s normal physiology for repairing and growing [16].

According to the aforesaid continuous duplication process, the production of any abnormal cells
can provide the possibility of duplication of a series of cells with abnormality. The accumulation
of dedicated cells in an organ creates an object called a tumor [17]. There is many reasons for such
abnormal cell production cycle, such as family history, alcohol, smoking, lack of physical activity,
inappropriate living style, etc. Involving the person with one or more parameters mentioned above
will not lead to cancer necessarily, but they can boost the probability by affecting the human body’s
immune system [18].

The tumors can have different physiology, such as growth rate and pattern, differentiation from
background tissue, etc. Based on these characteristics, tumors can be classified into two groups:
benign and malignant [19].

2.1.1 Benign tumor

Benign tumors refer to masses of abnormally duplicated cells with slow-growing patterns and dif-
ferentiable structures from surrounding tissue. These tumors, categorized as noncancerous tumors,
are noninvasive and remain in their primary location without spreading to other organs (Figure 2). In
most cases, a patient with a benign tumor has no symptoms. These tumors are primarily diagnosed
for some unrelated reasons during ultrasound or radiography [20].

Figure 2: Schematic illustration of the benign tumor in a capsulized shape, including a single lesion
(left) and multiple lesions (right). The figure is adopted from [21].

While benign tumors do not show aggressive behavior, in some cases, if the treatment is not
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performed, they can spread to the body’s other organs. Depending on the hosting organ of the benign
tumor, the specialist decides what type of treatment is necessary. Surgery is the most common
procedure of treatment for benign tumors [22].

2.1.2 Malignant tumor

Malignant tumors refer to tumors with aggressive behavior and a fast growth rate. The structure
of their textures is indistinguishable in very early cases, reducing the chance of diagnosing the
malignant tumor in irrelevant examinations [23]. They can involve nearby tissue or spread into the
farther organs in the body under the procedure known as metastasis [24]. A schematic illustration
of the formation of a malignant lesion and its spread to other organs via the blood vessels system is
shown in Figure 3 [25].

Figure 3: Schematic illustration of the malignant lesion formation and its spread to other body
organs via blood vessels. The figure is adopted from Reference [25].

Malignant tumors are categorized as those which can cause cancers in the patient body. Usually,
specialists simultaneously apply hybrid treatment strategies, such as surgery and chemotherapy [26].
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2.1.3 Type of the cancers

Cancer in each organ can be classified depending on the origin of cancer. There is 2 group of
cancers, primary and secondary. Primary cancers in each specific organ refer to the condition that
occurs in that organ for the first time. Diagnostic of the primary cancers can enhance the patient’s
survival rate due to the possibility of a positive body response to a wide range of treatment planning.

Secondary cancers, as the consequence of the metastasis from different organs, result in growing
of the tumor in another organ [27].

Figure 4: Schematic visualization of the (a) primary malignant tumor and breaking down in its
structure and spreading via blood vessels. (b) These cells host in other organs and form lesions
categorized as secondary tumors. The figure is adopted from Reference [28].

Secondary cancer usually has been observed in cancer survivors, particularly in pediatric pa-
tients and young adults with long life expectancy’s who have been already treated for cancers [29].
This group of patients needs frequent whole-body monitoring for early diagnosis of any possible
tumors. The main worldwide obstacle to precise and routine monitoring is the cost of performing
corresponding diagnoses.
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2.1.4 Tumor grading

Tumors depend to their characteristics such as host organ, shape, size etc., have various behaviour.
This divergent emphasize on the importance of determination of a metric to categorize them. Tumor
grading are used to predict lesions behaviour and apply proper treatment planing by exchanging the
knowledge between the clinics [30]. Figure 5 is an exemplary grading diagram showing the cells’
structure in each different phase. The G1 where the normal cells with a major population have
a uniform structure in the tissue. From the G2 stage, the abnormal cells change their shape and
distribution of the cells. This procedure continues up to G5 where the abnormal cells become a
major population and affect the physiology of the tissue and organ.

Figure 5: An exemplary grading diagram of histological pattern of prostate adenocarcinoma that
structure of the cells changes in each different level. The figure is adopted from Reference [31].
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2.2 Liver

As a vital organ in the vertebrate body, the liver is responsible for several physiological processes,
including strengthening the immune system, clearing the blood of toxins, and actively participating
in the digestive system [32]. Furthermore, the liver is the glucose storage source in the form of
glycogen, which can provide the human body’s energy during the necessary fasting [33]. One of
the essential functions of the liver is the production of bile, which, by breaking parts of the fats,
facilitates their digestion [34]. One of the unique features of the liver is its self-healing ability. This
organ can growth even with 20% of its volume and form a normal size liver.

Figure 6: Schematic illustration of the liver in thorax cavity and nearby organs. The figure is
adopted from Reference [35].

The contribution of the liver to a wide range of essential physiology of the human body and its
location in contact with other organs in the abdominal cavity has caused exposure to a wide range
of diseases. According to the importance of the liver in the body, recognizing its exact structure and
physiology and the organs and blood vessels connected to it can speed up accurately diagnosing
possible abnormalities [36].

2.2.1 Anatomy of the liver

The liver, as the largest organ in the body, has an asymmetrical structure due to its position in the
upper part of the abdominal cavity. The liver is located in the upper part of the abdominal cavity
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near the diaphragm, and its other surfaces are next to the visceral organs [37, 38]. The movement
of the diaphragm during inhalation and exhalation affects the position of the liver.

Figure 7: A detailed schematic illustration of the liver’s nearby organs. The figure is adopted from
Reference [38].

The liver is generally divided into left and right lobes, which have veins and arteries. These
lobes are distinct by eight sections with independent vessels and arteries. This unique feature allows
regrowth after partial liver removal surgery [38].

Figure 8: The segmental anatomy of the liver and corresponding vessels. The figure adopted from
Reference [38].
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2.2.2 Physiology of the liver

The liver is a critical organ responsible for various functions such as the immune system, glucose
storage, digestive system, etc. Its wide range of metabolism causes a connection via the metabolic
network with many organs in the human body [39].

Any functional defect due to illness can threaten a person’s health. This fact emphasizes the
importance of monitoring in the early detection of any abnormality in the liver anatomy and physi-
ology.

2.2.3 Common disease of the liver

Any disorder in the liver’s functionality significantly influences other body organs and the patient’s
general health condition. According to the breathing pattern and novel precise diagnosis devices,
the number of patients diagnosed with liver issues is increasing [40]. Among the various diseases
that affect the liver, fatty liver, alcoholic liver disease, and carcinoma in liver cells can be mentioned
as the most common.

2.3 Tumors

Cell proliferation is a part of the standard organ cycle, in which new cells are replaced in the tissue.
Abnormal growth and proliferation of cells can lead to the formation of dense tissue from these
defective cells, called a tumor. The liver, the largest endocrine gland in the human body, is made up
of several different types of cells, each one of which can cause a tumor if it multiplies abnormally
[41].

In general, tumors can be categorise into two types, benign and malignant, which have different
invasive patterns depending on the type and origin of their formation. Diagnosis of the type of the
tumor and determination of its origin is vital in obtaining treatment planning [42].

2.3.1 Tumors in the liver

In addition to whether the tumor is benign or malignant as the general classification, other compo-
nents can be crucial in choosing the diagnosis method, appropriate treatment planning, and periodic
patient care monitoring. The most important of these characteristics are histological grade and tu-
mor stage. Benign tumors can generally result from liver repair in response to injury or abnormal
growth of neoplastic cells. These tumors can form all over the liver and even in the bile ducts and
are known as non-invasive tumors [43].

Nowadays, the incidence of benign liver tumors is increasing due to the widespread use of
imaging techniques, such as ultrasound. The most common kinds of benign liver tumors are heman-
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giomas, focal nodular hyperplasia (FNH), and hepatic adenoma (HCA). The benignity of tumors
can be determined using biopsy or advanced imaging techniques. The diameter of benign tumors
can vary from 1 cm to 10 cm. While these tumors are often asymptomatic, early action against them
in susceptible patients، can prevent them from becoming aggressive [44].

2.4 Diagnostic tools of livers tumor

The liver in cancerous patients is known as a high-risk organ for the formation of tumors due to its
anatomy andmulti-task physiology. Malignant tumors can be formed in the liver or due tometastasis
from other organs such colon, breast, etc. In these patients, frequent monitoring methods of the
liver for diagnosis of any malignant lesion, such as positron emission tomography (PET), magnetic
resonance imaging (MRI), computed tomography (CT), is recommended [45]. In the following,
the advantages and disadvantages of each of the methods mentioned above will be explained by
considering their reliability in monitoring high-risk patients.

2.4.1 Computed Tomography scan

Computed tomography, an imaging modality based on X-ray radiation, is one of the most com-
monly used imaging systems for various diseases. Transmission X-rays are attenuated due to their
interaction with matter. The non-uniform structure of the body caused different attenuation based
on the parameters such as the density of the tissue [46]. The CT scan, by performing 360-degree
projection from the patient’s body, can generate a high-quality image from the inner organs of the
human body [47, 48].

Figure 9: An example CT scan of a liver with an abnormal lesion (pointed with a red arrow). Figure
adopted from the Reference [48].

CT scan is a reliable diagnostic technique that operates with a low dose. It is able to detect lesions
with a minimum diameter of 2-3 mm, but the main disadvantage of this method is the inability to
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provide accurate physiological images that makes benign and malignant tumors indifferent to each
other [49]. Figure 9 illustrates a CT scan of the liver while an abnormal lesion (pointed with a
red arrow) is visible. Due to the lack of the lesion’s physiological data, specialists recommend
follow-up diagnosis with other imaging modalities.

Although methods such as CT scans provide the possibility of performing imaging by utiliza-
tion of contrast agent substance to differentiate benign tumors from malignant lesions, due to the
presence of the iodine in this material, it causes nephrological side effects in cancerous patients [48].

2.4.2 Magnetic Resonance Imaging

MRI is a non-invasive imaging method that is a suitable imaging modality for frequent patient
monitoring due to the lack of ionizing radiation during the imaging process. Dissimilar to a CT
scan that uses X-rays, the MRI utilized a strong external magnetic field around the patient’s body,
which does not have the side effects of ionizing radiation [50]. Figure 10 shows an example MRI
image from a liver including a tumor (pointed with a red arrow).

Although MRI imaging does not have side effects caused by ionizing radiation, it has unique
risks for operators and patients.

Figure 10: An MRI image of a patient with a considerable lesion in the liver marked with a red
arrow.

In patients with an implant or a pacemaker in their body, performing an MRI scan can cause
risks such as displacement of the implants and heating the tissue around them, as well as affect-
ing the performance of the pacemaker [51]. However, MRI can provide high-quality images to
detect tumors with sub-centimeter dimensions (5 mm lesions), which can provide necessary infor-
mation about the progress of the disease by performing periodic monitoring [52]. Contrary to the
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advantages of MRI, due to its weakness in accurately distinguishing malignant lesions from be-
nign tumors, patients diagnosed with abnormalities are referred to perform other scans, including
physiological data.

As mentioned, alongside the advantages of the aforementioned imaging modalities (CT and
MRI), these scanners have challenges in detecting oncological abnormal lesions. However, the
conventional PET scanners in clinics are a hybrid generation combined with this scanner, such
as PET/CT and PET/MRI. The PET scanners, by taking advantage of MRI and CT in the hybrid
modalities, broaden their applicability in a wide range of diagnosis fields.

2.4.3 Positron Emission Tomography scan

Positron Emissions Tomography (PET) scan is a molecular imaging modality based on detecting
the pair of gamma photons originating from the annihilation of the positron and electron. As a
significant part of the imaging procedure, this device, which starts with the injection of the radio-
pharmaceutic into the patient’s body, plays an essential role in diagnosing oncological abnormalities,
cardiovascular disease, psychological studies, etc [53]. Figure 11 shows a mass of the malignant
tumor in the liver marked by the red arrow.

Figure 11: PET images from the liver of a patient with a malignant tumor marked by the red arrow.
PET images, by providing physiological pictures of the organs, can differentiate malignant lesions
from benign tumors.

The unique features of PET not only have given it a particular function as a diagnostic tool
but also caused its wide application in preclinical research on small animals. This issue is essential
since it allows researchers to conduct more detailed studies to investigate the performance of various
types of radiopharmaceuticals and improve their efficiency for clinical applications. Alongside all
privileges of the PET scan, enhancement of the performance of this imaging system for precise
diagnosis both from hardware and software points of view has become a hot topic in the nuclear
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imaging society [3]. Before addressing this topic, for an accurate understanding of this imaging
system, the configuration and principle of operation of PET scan and the function of the radio-
pharmaceutics will be discussed.
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3 Basic of Positron Emission Tomography

Positron emission tomography consists of series of functions in which the PET device is the central
part. In molecular imaging facilities, this procedure begins with the production of the radioizotope
by a cyclotron and leads to image reconstruction as the final step. The radiopharmaceutical sub-
stance is distributed in the patient body and contributes to the physiology of the cells due to the
presence of glucose in its structure. The emitted positron from the radionuclide is annihilated with
an electron from surrounding tissue into two 511 KeV gamma photons [54].

As shown in Figure 12 according to the principle of conservation of momentum, gamma photons
move away from each other at an angle of 180 degrees. Detection of these photons allows for
determining where annihilation of the electron and positron pair occurred.

Figure 12: Schematic illustration of the 18F decays by emission of positron particle (green).The
blue and red circles indicates protons and neutrons, respectively. Positron interacts with an electron
(yellow) according to the pair annihilation process and emits two gamma photons with an energy
of 511 KeV.

These 511 keV gamma photons are being detected due to their interaction with matter. Gamma
photons with 511 keV, as high frequent ionization radiation, interact with the matter predominantly
by Compton and photoelectric effect. The virtual line, which connects two interaction point, called
the line of response (LOR), represent all possible place for allocating annihilation (Figure 13).

3.0.1 Components of PET scanner

The PET scan generally consists of 3 main components: gantry, patient bed, and data acquisition
system (DAQ). Each of the parts above comprises several sub-structure with an essential role in
PET scanning. Gantry is the host of the detector units known as the main part of the tomograph.
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Figure 13: (left) Schematic visualization of the detectingGamma photons emitted due to the electron
and positron annihilation. (Right) illustration of the scintillation crystal (red) and SiPMs (blue)
arrangments in conventional PET scanners.

Figure 14 is a schematic illustration of the PET scan and positioning of the patient inside the gantry
where the PET and CT are located [55].

Figure 14: Schematic visualization of the PET/CT scan and positioning of the patient inside the
scanner.

In the conventional PET scans to perform whole body scanning, due to the limited coverage
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of the gantry along patients, the bed is needed to move and position different parts of the patient
body inside the scanner. There is ongoing research for alternative approaches to increase detector
coverage along the patient’s body known as Total-Body PET scanners, which will be explained
explicitly in the following sections [11].

In PET/CT, the CT unit generates an attenuation map of the patient’s body for attenuation cor-
rection (AC). The CT consists of two main components: an external X-ray source and an array of
detectors. These arrays of sensors, by detecting transmitted X-rays, provide a volumetric matrix
that includes the attenuation factor of each part of the patient body. Figure 15 shows two different
types of CT scanners with stationary detector rings and detector arrays.

The main difference between these two configurations is the number of detector units. While
detector array-based CT has less number of detection units, it has complicated structure and engi-
neering due to the rotation of all components.

Figure 15: Schematic illustration of the CT scans, (Left) Stationary detector rings are fixed and
the X-ray source is rotating around patient body to generate it’s attenuation map from different
projections, (right) detector array based CT, where the detectors and X-ray tubes are rotating around
patients body.

Generating the CT scan in a clinically performed PET/CT scan is an essential step of the tomog-
raphy to reconstruct high-quality images which can be used to determine amount of attenuation in
a different part of the phantom or patient’s body [56]. However, in a simulation study, there is no
need for this procedure due to the precise knowledge about each specific part of the phantom.
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3.0.2 Radiopharmaceuticals

The procedure of a PET scan starts with the injection of the radiopharmaceuticals into the patient’s
vein, where it goes through the heart and distributes to all body parts. The fluorodeoxyglucose
(FDG) is the clinic’s most commonly utilized radiopharmaceutical. According to the short half-life
( 110 minutes), 18F-FDG is produced by cyclotron or linear accelerator in the clinic by bombarding
18O [57]. The short half-life made a suitable tracer for PET scan applications for both clinical and
pre-clinical applications [58]. In FDG structure, deoxyglucose is labeled with 18F, that by emission
of the positron decays to stable 18O [59].

The basic operation of the 18F-FDG PET is based on the difference in the physiology of the
malignant cells with normals. Cancer cells, due to the higher metabolism, has higher glucose con-
sumption. This phenomenon, allows differentiating between normal and malignant cells and can
be utilized as a metric to provide information about cell physiology, which is impossible with other
diagnostic methods [60].

The 18F-FDG not only is utilized in diagnosing of malignant lesions but also allows for quantifi-
cation of the metabolic activity of a tumor. This quantitive analytical method prevents unnecessary
actions against tumors by providing accurate information about tissue uptakes. This feature, by
grading malignant tumors, assists the specialist in performing a proper treatment strategy.

Figure 16: The decay scheme of the 18F. The figure is adopted from Reference [61].

According to the decay scheme illustrated in Figure 16, 18F decays by 96.9 % emission of a
positron and 3.1 % by electron capturing processes into the 18O. Due to their energy range, the
emitted positron has a maximum of 2.4 mm range in water [62]. Considering spatial resolutions
of the PET scanners, this distance made 18F-FDG an ideal tracer for the localization of malignant
lesions.
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3.1 Lesion detectability by PET scan

The promising performance of the PET scan as a molecular imaging modality motivates numerous
research groups to improve its performance. Lesion detectability as the main task of PET with the
ability the provide their activity concentration is a distinguishing feature of this device. PET scan
provides an image with the absolute distribution of the activity from those parts of the body covered
by the field of view of the tomograph [63].

The importance of accurate measurement of the activity concentration in the lesions can be
explained due to the utilization of this indicator as a metric not only to differentiate malignant
lesions from benign tumors but also for grading them as necessary indexing for further treatment
planning [64]

The sensitivity and spatial resolution are the major parameters that influence lesion detectability
by PET scan [65]. Nowadays, the conventional tomographs utilized in clinics have a limited AFOV,
which can perform only 20 cm images along patient’s body [5].

Biograph Vision PET/CT, as one of the advanced PET tomographs, provides 26.1 cm of AFOV
[66]. Thanks to the advanced utilizes technology based on the crystal scintillator, it has a sensitivity
of ∼ 120 (cps/kBq) at the center, as shown in Figure 66 in Appendix A. However, it is able to
cover a small fraction of the body, and a multi-bed position is required for full-body scanning. The
Biograph Vision, as the advanced version of PET generation, has the 3.6 and 3.5 mm in transverse
and axial transverse and axial spatial resolution, respectively.

The impact of these parameters on the system and methods to enhance them will be discussed
in further sections.

3.1.1 Sensitivity

The scanner’s sensitivity is a parameter that indicates the ability of the system to detect gamma
photons emitted from electron and positron annihilation. It is defined as the number of the 511 KeV
gamma quanta pairs, detected per time for the activity unit of the utilized source (cps/kBq) [11].

The sensitivity of the PET scanners depend on the geometrical configuration, detection effi-
ciency, time window and dead time of the system. The PET scanner with higher sensitivity provides
a higher probability of detecting photons. The photons from the annihilation of the positron-electron
are emitted isotropically, as shown in Figure 17. Therefore though, Biograph Vision PET/CT has
high sensitivity (∼ 120 (cps/kBq)), due to its limit AFOV (26.1 cm), only small fractions of the
patient body benefit from it.

As shown in Figure 17, due to the limited axial coverage of the detectors along patients’ bodies,
only a small fraction of the photons were detected by the scanner. Extending the axial coverage of
the PET scanners improves sensitivities by detecting the higher amount of photons. The impact of
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Figure 17: Schematic visualization of a patient inside a PET scanner (gray), which is detecting only
a fraction of the emitted gamma photons (red) While the rest escapes without detection (yellow)

enlarging the Axial Field-of-View (AFOV) of the tomographs will be discussed in further sections.

3.1.2 Spatial resolution

The spatial resolution can be defined as the minimum distingushable distance between two annihi-
lation points detected by a scanner. Based on the definition, to achieve high quality and detailed
image, a PET scanner with high resolution is needed [67]. The conventional PET scanners, with
the best achievable nominal spatial resolution (∼ 3.6 mm) are not a suitable option to detect small
lesions in the sub-centimeter grades due to their limited AFOV. The whole body images require
longer scan time and can cause patient motion as the consequences.

There is a list of the parameters that specify the spatial resolution of the PET scanners, such as
detector size, positron range, noncolinearity of the photons emitted from electron and positron an-
nihilation, and image reconstruction method [68]. By considering the parameters mentioned above,
optimizing the design of the detectors and utilization of the appropriate image reconstruction algo-
rithm enhance the spatial resolution of the PET scanner.

3.1.3 Obstacle in currant clinical PET scans

Currently, available PET scanners, due to their limited AFOV, cover a small fraction of the patient
body, and as a consequence, most of the photons escape without detection. Consequently, the lower
sensitivity of these generations of PET scanners reduces the chance of detecting smaller lesions
and low uptake tumors. Furthermore, for whole body scanning, multiple bed positioning methods
apply, which require longer scanning time and a higher dose for the patients [69].

Extending AFOV of PET scanner to provide larger detector coverage along the patient’s body
has been proposed as a solution since the nineties [70]. The specific configuration of the detec-
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Figure 18: (Left) Schematic illustration of an array of crystal scintillators coupled radially with
SiPM. (Right) arrangement a pair of the detectors and their interaction with gamma photons while
coupled radially with SiPMs.

tors with the crystal array coupled with the SiPM increases (Fig 18) the construction cost of the
large AFOV PET scanner. The considerable construction cost of the large AFOV PET scanners
based on the current technology will prevent their worldwide use in medical centers and research
institutions [11].

3.2 Total Body PET scans

The Total body PET scanner term refers to a new generation of tomographs with a large AFOV
capable of simultaneous imaging of the entire patient’s body [71]. Due to the large AFOV, total
body pet scanners have more sensitivity compared to conventional tomographs, which enhances the
possibility of detecting smaller lesions [72]. Total-Body PET scanners extended the applicability
of molecular imaging to a wider range of fields such as cardiovascular disease, multi-organ imag-
ing, physiological study, treatment monitoring, whole-body dynamic imaging, etc., which are not
possible with current tomographs due to their limited AFOV. The promising performance of the
Total Body PET scanners led to extending their utilization in both clinical and preclinical applica-
tions [11].
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3.2.1 Human grade Total Body PET scan

The greater coverage over the human body by Total Body PET scanners with respect to the standard
clinically available tomographs not only enhances the scanner’s sensitivity but also enables the
dynamic imaging [73].

The first Total-Body PET with 194.8 cm of AFOV has been constructed in California UC Davis
by utilization of crystal scintillators [9,10]. This scanner provides the sensitivity of∼ 230 (cps/kBq)
in larger flaten area (∼ 100 cm) along its AFOV as shown in Figure 66 in Appendix A, in compar-
ision to the Biograph Vision as a representative from conventional PET scanners [10].

This large AFOV in uEXPLORER has been provided by equipping scanners with multiple units
with large amounts of scintillation crystals, SiPM and electronics (as shown in Figure 19) which
increased significantly construction price in comparison to current clinical PET scanners [73] .

Figure 19: (Left) uEXPLORER Total-Body PET scaner. (Right) schematic illustration of the uEX-
PLORER Total-Body PET shows arrangement of the detectors. The figures is adopted from Refer-
ences [9] and [73].

The detection principle of current clinical tomographs and arrangement of scintillation crys-
tals and SiPMs prevents researchers from developing cost-effective TB PET scanners. TB PET
scanners can deliver excellent new diagnostics features such as parametric imaging, and dynamic
imaging, resulting in better specificity for distinguishing between cancer and inflammations. But
the construction cost is the main obstacle preventing uEXPLORER from broad dissemination in the
hospitals.

Alongside the wide range of applications and benefits of Total-Body PET imaging, the high
cost of employing per unit reduces the hopes for comprehensive usage in clinics. This problem
emphasizes the demand to find alternative technology for the development of affordable TB PET
to make it publicly available in clinics [3].

To map the substantial consequences of the high construction cost of TB PET with traditional
technology, it is important to consider it as the main barrier to the possible function of these types
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of scanners in medical research clinics.
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3.3 Tumor to background ratio

Tumor to background ratio (TBR) is a metric that expresses the lesions’ contrast to the surrounding
physiologically healthy tissue [74]. TBR is the ratio between the maximum standard uptake value
(SUVMax) of the detected lesions to the SUVMean of the healthy tissue from the same tissue, or
organ [75]. TBR is expressed according to the equation 1:

TBR =
SUVMax

SUVMean

(1)

To calculate TBR, first, a region of interest (ROI) will be drawn over the lesions in the recon-
structed image. This region includes all the tumors and a small margin to ensure that the lesion is
inside the ROI as shown in Figure 20.

Figure 20: Exemplary illustration of the ROI in the liver. The figure is adopted fromReference [76].

The SUVMax is calculated based on themaximumSUV inside the ROI of the tumor. To calculate
The SUVMean, a 50 mm diameter of the ROI in the normal region of the background tissue with
uniform physiological structure will be draw. The mean value of the SUV in this ROI will be used
as the SUVMean [76].

Figure 21: An example of the relation between TBR of various lesions with their intensity. The
figure is adopted from Reference [76].
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Amount of the accumulated radioactive tracer in the lesion, is an index to determine the phys-
iological activity of the tumor. This index also utilized as a metric to categorize aggressiveness
of the tumors. Figure 21 shows the relation of the TBR of the lesions with their intensity in the
reconstructed image.

3.4 Body mass index

Since performing imaging requires to be followed by a validated universal protocol, utilization of an
index that expresses the physical characteristics of the patient’s body becomes essential. Patients’
weight or height is not a reliable index to categorize the physical condition of their bodies by them-
selves. This issue emphasizes the importance of using the universal index to classify patients based
on the combination of their characteristics. Body mass index is a validated scale that represents
the patient’s physical condition based on the combination of their weight and height. BMI of the
patients is calculated as:

BMI =
W

(H)2
(2)

Where W is the patient’s weight (kg) and H is the height (m).
Based on the BMI value, each person can be categorized by a universal index into underweight,

normal, overweight, obese, or clinically obese, as shown in Figure 22 [77].

Figure 22: BMI value ranges of the various categories. The figure is adopted from dietary clinics
[78].
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4 The J-PET detector

The J-PET collaboration at Jagiellonian University presents novel methods in the designing of PET
scanners. In opposition to the conventional PET systems, while the array of the inorganic crystal
scintillators is arranged in radial configurations, J-PET utilizes an axial arrangement of the plastic
scintillator equipped with silicon photomultiplier at each end. The tomographs based on the J-
PET configuration allow significantly reducing the number of the required electronics and silicon
photomultiplier. These feature made J-PET as a cost-efficient competitor for PET imaging [2, 79–
83].

4.1 Principle of operation of the J-PET scanner

Interaction of the detected gamma photons by J-PET detectors generates optical photons that propa-
gate to each end of plastic scintillators. The photomultipliers at each end of the scintillators convert
the optical photons into voltage signals as shown in Figure 23.

Figure 23: Illustration of scintillators arrangements, principle of detection and reconstruction of
annihilation positions in the J-PET plastic scintillator based technology where the axially arranged
scintillator (blue) is readout by two photomultiplier of both ends (gray).

The arrival time of the signal to the up (or down) SiPM is used to determine the interaction
point of the gamma with the detector [2]. A similar process will evaluate the interaction point
of the second gamma quanta with the down detector. The green line is a line of response (LOR)
representing all possible places of the electron and positron annihilation. The annihilation point of
the electron and positron along LOR is determined based on the difference between the arrival time
of the gamma photons to the up and down detector.
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The data achieved in this process is utilized to determine not only the interaction point of the
gamma photons with scintillator materials but also further analysis can specify the annihilation point
of the electron and positron [2].

4.2 Prototypes of the J-PET scanner

The first human grade prototype of J-PET detector comprises three cylindrical layers of EJ-230
plastic scintillator strips with dimensions of 7 × 19 × 500 mm3 coupled with Hamamatsu R9800
vacuum tube photomultipliers (PMT) at each end, as shown in Figure 24. This generation of J-
PET scanners by 50 cm of AFOV was established to evaluate the scanners’ performance [5]. It
has been utilized to demonstrate the first positronium image [82], fundamental studies of discrete
symmetries in the decays of positronium atoms [81], and to study multi-particle entanglement of
photons originating from the decay of positronium [84].

Figure 24: The first human scale prototype of the J-PET detector consist of 3 layers of EJ-230
plastic scintillator coupled with PMT at each end .

The latest prototype of the J-PET collaboration is constructed from 24 independent detection
modules. Each module consists of 13 BC-404 axially arranged plastic scintillator strips with the
dimensions of 6×24×50 mm3 equipped with S13361-6674 Hamamatsu SiPMs (Silicon PhotoMul-
tipliers) with 1×4 matrix, to both ends as shown in the Figure 25. These modules are arranged in a
cylindrical configuration to compose a 50 cm long AFOV PET scanner called 24 Modular J-PET.

4.3 Total Body J-PET scanner

Adecade of experience designing, constructing, and developing tomographs based on plastic scintil-
lators allows J-PET collaboration to introduce a cost-efficient Total-Body PET scanner. In addition
to the lower construction price of Total-Body J-PET, large AFOV, higher sensitivity (as shown in the
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Figure 25: (Left) Photograph of the modules with the BC-404 plastic scintillator is axially located
next to each other and electronic readout at each end. (Right) The cylindrical configuration of the
24 Modular J-PET with 50 cm of AFOV.

appendix A), low dose, and single bed position imaging can benefit this type of scanner compared
to conventional PET scanners.

Total-Body J-PET scanner comprised of 2 layers of axially arrangedmodules as shown in Figure
26. Each layer consists of 24 detection units called Modules, including 16 EJ-230 plastic scintilla-
tors with the dimensions of 6 × 30 × 2000 mm3, as shown in Figure 26. This scanner has 200 cm
of AFOV, which provide full detector coverage along the patient’s body [1].

Figure 26: 3D rendered images of the Total-Body J-PET with dual layers of the axially arranged
Modules. One layer consists of 24 modules each comprising 16 scintillator strips with dimensions
of 6 × 30 × 2000 mm3 coupled with array of SiPM at each end.
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However, the long AFOV of Total-Body PET scanners improve sensitivity, but the contribution
of the oblique LORs, by increasing scatter coincidences, has a negative influence on their spatial
resolution [85].

For the case of the presented study, alongside the configuration mentioned above, another ar-
rangement of the plastic scintillator with a smaller cross-section has been utilized to investigate its
effect on the scanner’s performance. The proposed scanner has same geometrical dimensions as
illustrated in Figure 26.

The main difference between these two configurations of Total-Body J-PET scanners is the
division of the scintillator thickness in radial axes into the five smaller plastic scintillators named
Mini-Bar configuration (Figure 45).

Figure 27: (Left) Illustration of the Total-Body J-PET scanner comprised from 6× 30× 2000 mm 3

strips and (right) Mini-Bar Total-Body J-PET consist of 6× 6× 2000mm3 which has been repeated
five times in radial direction.

4.4 Aim of the thesis

The main aim of this thesis is to determine the minor detectable lesion by Total-Body J-PET scan-
ner and optimize this feature of tomograph. For this reason, spatial resolution and sensitivity of the
Total-Body J-PET as two key parameters determining the smallest detectable lesions will be inves-
tigated. Enhancing any of the parameters mentioned above improves lesion detection of Total-Body
J-PET. To estimate the clinical performance of the Total-Body J-PET, its lesion detectability will
be investigated in the liver (as one of the most common organs for the formation of lesions) of the
series of the XCAT anthropomorphic phantom. To investigate lesion detectability of the Total-Body
J-PET in a realistic clinical situation, a series of the XCAT phantoms with various ages, gender, and
BMI has been utilized.

33



34



5 Methodology

5.1 Simulations of the Total Body J-PET scanner

As a cost-effective method, simulation plays an essential role in the design, development, and per-
formance improvement of molecular imaging systems. In this regard, GATE software, which is a
simulation platform based on the Monte Carlo method, has been able to be in line with the trend of
experimental systems through a development process over the last decades [12].

Nowadays, GATE is a validated simulation toolkit that can simulate a wide range of diagnostic
and treatment systems based on radiation; it has become a comprehensive and specialized open-
source software.

For the case of the presented thesis, Total-Body J-PET as the main scanner has been simulated.
This scanner comprises 24 axially arranged detection panels in a cylindrical configuration with a
length of 200 cm. Each panel consists of 2 modules where an array of wavelength-shifting (WLS)
strips is located between them. The module as the detection unit includes 16 EJ-230 plastic scintil-
lation strips with a dimension of 6× 30× 2000 mm3 while coupled with silicon photomultiplier at
both ends [85] as shown in Figure 28.

Figure 28: (Left) Visualization of the Total Body J-PET scanner. (Middle) illustration of the panel
composed of two modules. (Right) Transvers illustration of the detection panels and WLS (hash
line pattern) in between.

5.1.1 Utilized materials in simulation

GATE simulation software utilizes an adjustable database of various materials and elements. This
database is used as the primary method, which contains all the information GATE requires to assign
nuclear properties from the GEANT4 dataset and is easily modified by the user. Figure 29 shows
the exemplary form of the implementation materials in the GATE database.

For the case of the presented thesis, the latest version of the GATE material database which is
compatible with the J-PET application has been utilized [86].
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Figure 29: An exemplary illustration of the GATE material database.

5.1.2 GATE output

Users can enable several types of output data files at the pre-acquisition level. GATE can generate
various types of the output files such as ASCII, ROOT, Interfile, Sinogram, etc. ROOT is an object-
oriented program and library designed by CERN and tailored to its needs to analyze particle physics
data. ROOT’s excellent performance led to its development using software such as GEANT4 and
GATE in other fields. For the case of the presented thesis, all the simulation has been performed
and saved in the ROOT format for further analysis.

5.2 Analysis of the GATE output

The ROOT file as the results of the GATE simulations, includes all the information about detected
events, such as annihilation position, detection time and coordinates energy deposition, etc. To
analyze these raw ROOT outputs, GATE Output J-PET Analyzer (GOJA) was used. It is a soft-
ware developed by the J-PET Collaboration [87]. Alongside many capabilities that GOJA has, it
can pre-select events and produce a listmode format (LMF) file, which may be used for image re-
construction. GOJA’s LMF includes information about positions and times of the intraction and
annihilation points, type of the coincidences, energy deposition etc [88].

5.2.1 Energy window

The term of the coincidences refers to the pair of the 511 keV photons that were emitted from a
single electron-positron annihilation and detected in a 3 ns of the fixed time window, where there are
exactly 2 interactions with the minimum 200 keV (as the energy threshold) deposited energy. [87].
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5.2.2 Coincidences categorising

All of the detected coincidences in GATE simulation package categorised into the four types: true,
phantom scattered, detector scattered, and random (Figure 30) [87].

Figure 30: Schematic illustration of the (A) true, (B) phantom scatter, (C) detector scatter, and (D)
accidental coincidences. Besides true, the rest of the coincidences results in wrong annihilation
point reconstruction and contributes destructively to the image quality. The blue arrows are the
path of the 511 keV gamma photons, and the red dashed lines are the wrong line of the response,
giving a noncorrect annihilation position in the reconstructed images.

True coincidences refer to the detection of 2 photons emitted from a single e+ e− annihila-
tion under the condition that none of them was scattered before detection. In phantom scattered
coincidences, at least one of the detected photons was scattered in a phantom before the detec-
tion [88]. Random coincidences are events where each one of the gamma photons is from two
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different (electron-positron) annihilations. Detector scattered coincidences called to those pairs of
the detected gamma photons, that at least one of them scattered in the detector before final detec-
tion [88].

PET scanners determine the actual annihilation position of the electron and positron based on
the detecting pair of the 511KeV gamma photons along LOR. Among all four types of coincidences,
only in true the LOR results in the the reconstruction of the actual position of the annihilation. In
the rest of the situation, the LOR demonstrates the non-correct annihilation position. Based on
this fact, true coincidences contribute constructively in image reconstruction, while random and
scattered coincidences decrease the image quality [87].

5.2.3 Acceptance angle

The long AFOV in Total-Body PET scanners causes new challenges in data acquisition and conse-
quently in image reconstruction. While detecting more coincidences improves the sensitivity of the
scanner, the most oblique coincidences are contributing negatively to the spatial resolution of the
scanner due to the unknown depth of interaction. Due to the longer path of the oblique LOR in the
body of the patients and strong attenuation, the amount of scatter coincidences increases, which had
a negative effect on the final reconstructed image. This issue forces to define new event selection
criteria such as acceptance angle to prevent the contribution of oblique coincidences in the image
reconstruction.

Figure 31: Schematic cross section view of TB J-PET scanner. The dark green strips are plastic
scintillators whereWLS illustrated with light green located between them. Each plastic scintillators
equiped with SiPM (red) at each ends. The pink cone is created by the maximal angle θMax. The
θAA denotes an exemplary acceptance angle.
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The AA can be defined as the maximum polar angle of the coincidences as event selection
criteria are taken into the final image reconstruction (Figure 31). This criterion which depends
on the geometrical configuration of the PET scanners can be defined as acceptance angle-based
(J-PET) or ring difference-wise (conventional tomographs). Applying such cuts improves spatial
resolution with the cost of losing part of the sensitivity. This issue points to the importance of
making a tradeoff between spatial resolution and sensitivity of the scanner, by determining the
optimal acceptance angle cut. [85].

Two types of simulations have been performed using described geometry to investigate the
determination of the optimum acceptance angle. The first simulation has been performed with a 183
cm line source with a 1mm diameter and the total activity of the 1 MBq. The study was conducted
with a centrally located (parallel to the axial axes of the scanner) cylindrical phantom to evaluate the
contribution of phantom coincidence events in all registered types of events. A cylindrical shape
water-filled phantomwith a diameter of 20 cm and length of 183 cm, first cold, then hot (with a 10:1
target/tumor background activity ratio) has been simulated. The second group of simulations has
been performed by using a 1 MBq point-like source inside an air-filled cylindrical phantom with a
diameter of 20 cm and axial length of 20 cm (with a 10:1 target/tumor background activity ratio).

5.3 Digital XCAT anthropomorphic phantoms

Performing accurate simulation of the medical imaging device is an essential condition in the es-
timation of the performance of the scanner in a realistic scenario. GATE simulation toolkit, by
providing a Mont-Carlo-based method, allows for accurate modeling of the tomographs. On the
other hand, there was a need for accessibility to the human-grade detailed phantom to be utilized
in the simulation-based research. In addition, the main advantage of such phantoms is the lack of
obstacles in human studies (Figure 32).

The XCAT phantoms, by providing virtual patients, opened a new horizon in detailed medical
imaging simulation-based research. This software includes a series of anatomically precise male
and female phantoms with various ages, races, gender, and physical characteristics. The XCAT gen-
erated phantoms by including thousands of the defined anatomical structures with the abilities such
as heart beating and breathing. Alongside these features, the user can implement any abnormality
in each specific organ for further studies [13].

These phantoms have the ability to be used as a phantom in GATE simulations. During the
simulation, GATE software simulates all physical processes which exist in real scenarios, such
as the annihilation of the electrons and positrons, interactions of 511 keV gamma photons with the
tissue of the XCAT phantoms, and interactions of gamma photons with scintillators in the detectors.
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Figure 32: Visualisation of the (A) male and female XCAT phantom with the possibility of respi-
ratory motion (B) and heart beating (C). The figure is adopted from the XCAT user guide by Duke
University.

5.4 QETIR image reconstruction software

The new Quantitative Emission Tomography Iterative Reconstruction (QETIR) software has been
developed by the MEDISIP group at the Ghent University in Belgium [89]. Initially, the software
included only an MLEM reconstruction algorithm and was used only for local purposes. QETIR
is created with C++ object-oriented programming and built with CMake tools. The input of the
software is a TOF and non-TOF LM data, that can be transformed to TOF or non-TOF sinograms
if necessary. One of the important features of QETIR is the possibility to parallelize reconstruction
process on several processor cores with Message Passing Interface (MPI) system.

5.4.1 QETIR configuration files

QETIR consists of 4 main libraries. The ”config” library provides a reading of the parameters of the
configuration files set by users. The ”core” library is responsible for data input and output. It also
generates a sensitivity map of the scanner (a collection of all possible lines of response (LORs) for
the normalization). The scanner’s geometry should be described by the user in a configuration file.
The ”ext” library provides additional functionality for image reconstruction, such as image post-
filtering, image analysis, and a raytracing method. Finally, the ”recon” library loops over events
presented in the LM file and performs reconstruction. Currently, QETIR does not have a graphical
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user interface (GUI), so users have to use the command line to start reconstruction. Users also have
to describe configuration files. These files are simple text files: one for the scanner’s geometry
and another for reconstruction parameters. If necessary, the user can change the C++ code to add
custom parameters and change the functionality of QETIR (Figure 33).

Figure 33: Main page of the QETIR image reconstruction software including short userguide about
its utilization.

5.4.2 List-Mode data

There are 3 basic files that should be provided to the QETIR software as input data. The first file is
an LM data file. QETIR works with binary files with 6 (non-TOF) or 7 (TOF) float numbers. Each
line of this file corresponds to one coincidence event:

x1, y1, z1, x2, y2, z2, dt
Where x1, y1, z1 are the coordinates in mm of the first event in a coincidence, x2, y2, z2, are the

coordinates in mm of the second event in the coincidence, dt is the time difference of the events in
ps which can be as positive as well as negative. The reconstruction can be done either way, taking
dt into account or not. For non-TOF PET scanners, the LM data file is the same, except absence of
the dt (Figure 34).

5.4.3 Sensitivity map

The sensitivity map is another required file by QETIR for image reconstruction purposes. This
map is utilized by QETIR to normalize the geometrical efficiency of the scanner. One of the main
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Figure 34: Schematic illustration of the LM file required by QETIR for image reconstruction appli-
cation. (Yello) cordinate of the first hit, (green) coordinates of the second hit, (red) time difference
between two hits.

advantages of QETIR image reconstruction software is its ability to generate a sensitivitymap stand-
alone. This feature makes QETIR an independent image reconstruction software that only requires
LMF to operate. To generate a sensitivity map by QETIR, the user needs to execute sensitivity map
configuration, which includes information about sensitivity map size, voxel size, number of back-
to-back photons per voxel, etc. Figures 35 and 36 are an example sensitivity map of Total-Body
J-PET, generated by QETIR image reconstruction software.

The generated sensitivity map is the sum of all the possible lines of the response from each
specific voxel registered by the pair of detectors. A total number of the generated line of the response
is defined by the user. As shown in Figure 35 the intensity of the line of the responses that represent
detection probability is maximum at the center of the scanner (green), while by getting closer to the
edge of the scanner first decreasing (lite blue) then increased due to the higher number of the line
of responses in two neighbors modules and correspond strips.

Figure 35: Transverse visualization from sensitivity map of Total-Body J-PET, generated by QETIR
software. The black dashed circle indicates the inner part of the Total-Body J-PET.
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Figure 36: (Left) coronal and (right) sagittal visualization from sensitivity map of Total-Body J-
PET.The black dashed lines indicate the inner part of the Total-Body J-PET.

5.5 AMIDE software

Amide’s a Medical Image Data Examiner (AMIDE) is a free multimodality software for medical
image analysis applications. It is user-friendlywith a graphical user interface (GUI) for visualization
and analysis of the 3D medical volumetric images and data sets such as PET, CT, and MRI [90]. All
of the datasets mentioned above can be manipulated or customized by users with AMIDE software.
In the presented thesis, AMIDE was used to visualize and analyze all the reconstructed images.
Figure 37 illustrates the road map and essential requirements in the image reconstruction.
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Figure 37: Schematic illustrations of the input files to QETIR software and visualisation of the
reconstructed images.
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6 Results

6.1 Acceptance angle of Total-Body J-PET

Several simulations have been performed to determine the optimum acceptance angle (AA) in the
Total-Body J-PET scanner. The dependence of the different types of coincidences on the various
value of the acceptance angle has been investigated. For this case, seven additional value between
10◦ up to 69◦ (maximum achievable angle) with the steps of the ten degrees has been examined. In
addition to these degrees, 18 ◦ (as the maximum possible by conventional PET scanners), 45 ◦ and
57 ◦ (as the utilized criteria in Total-Body PET scanners), and 65 ◦ (as the maximum AA by other
Total-Body PET scanners) has been investigated [85, 91, 92].

As shown in Figure 38, by enlarging AA, the total number of the different types of coincidences
is increasing due to the higher detection probability. However, the increment rate of the total number
of coincidences was decreased by choosing larger AA. Figure 38(Left) shows the percentage share
of different types of coincidences as the function of the AA for a 1 MBq line source with a total
length of 183 cm which is the average height of the male in the Netherlands (as the country with
tallest people in the world). Figure 38 (Right) illustrates the same parameter in the presence of the
20 cm diameter cylindrical hot background (8:1, source to background activities ratio) phantom.

Figure 38: Percentage shares of the different types of coincidences as a function of the AA for
a 183 cm line source (Left) and for the same line source inside a 20 cm diameter cylindrical hot
background phantom (right).

Four types of coincidences have been shown in Figure 38, true (red square), detector scatters
(blue circle), accidental coincidences (green triangle), and phantom scatter (violet inverse triangle),
and the sum of all type of coincidences (black diamond). The characteristics and categorizing logic
for each type of coincidence mentioned above have been illustrated in Figure 30.

As shown in Figure 38 the percentage share of the coincidences increases by applying a larger
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acceptance angle. While in the absence of the phantom, the percentage of true coincidences (red
square) is larger than other types of coincidences, but in the presence of the phantom, the phantom
scatters (violet inverse triangle) constitute the highest percentage among all types of coincidences.

Fraction of the different types of coincidences with a 1MBq activity line source in the presence
of the 20 cm diameter cold (activity less phantom) background phantoms with 183 cm length, has
been investigated as shown in Figure 39 with similar behavior as the Figures 38.

Figure 39: Percentage share of the different types of coincidences in cold phantom as a function of
AA.

As shown in Figure 39, the percentage share of the coincidences is similar to Figure 38. How-
ever, the percentage of true coincidences (red square) in the phantom with cold background (Figure
39) is slightly less than what has been shown in Figure 38. This difference is due to the true coin-
cidences from the uniform distribution of the activity as background in the hot phantom.

Since applying the acceptance angle changes the total count of the detected coincidences, this
parameter has a direct influence on the sensitivity of the scanner as a parameter that explains the
detection probability of the tomograph. In the second step, the effect of the AA on the sensitivity
of the Total-Body J-PET has been investigated. In general, the sensitivity of the scanners refers to
the fraction of the registered events divided by the activity per slice. To evaluate the influence of
the utilization of AA on the scanner, total sensitivity (the mean values of the sensitivity for every
slice) and sensitivity at the center (sensitivity at the central slice) of the Total-Body J-PET were
investigated as shown in the Figures 40 and 41.

As shown in Figures 40 and 41, there is an obvious impact of the AA on the sensitivity of Total-
Body J-PET, that enlarging AA, a higher number of the coincidences with larger polar angles are
taking into account. Contributions of the oblique coincidences by enlarging AA cause the increment
of the scanner’s sensitivity. To investigate the effect of this event selection criteria on the spatial
resolution of the scanner, 45 ◦ and 57 ◦ of AA were investigated explicitly based on the condition in
similar Total-Body PET scanners. Two vertical lines in gray have been drawn in Figures 38, 39, 40
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Figure 40: Dependence of the total sensitivity to the various values of the AA with a line source
(left) and a line source located inside the cylindrical phantom (right) with (black square and red
circle) and without (blue triangle and green inverse triangle) background activity.

Figure 41: (Left) Dependence of the sensitivity of the Total-Body J-PET at the central slice to the
various values of the AA. (Right) Sensitivity at the center of the Total-Body J-PET for all types of
coincidences in the presence of the warm background phantom.

and 41, to indicate 45◦ and 57◦ as two under-investigation acceptance angles for spatial resolution.
For the considered 45◦ and 57◦ of AA, 24.3% ( 22.7%) losses for all (true) type of coincidences
has been observed.

6.2 Spatial Resolution

Spatial resolution, as one of the critical parameters in the performance of PET scanners, has a signif-
icant impact on the detection of small lesions. The point spread function (PSF) is the recommended
approach to determine the spatial resolution of the tomograph. The PSF is the full width at half
the maximum of the intensity profile over the point in the reconstructed images (Figure 42). A
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point source inside of a hot background air-filled phantom with a ratio of 10:1 has been utilized to
investigate the effect of the applying AA cut on the spatial resolution of the Total-Body J-PET.

Figure 42: (Left) Exemplary line intensity profile over the reconstructed image of a single point
source. (Right) the PSF values (blue stars) of the reconstructed images fitted with the Gaussian
function (red line).

Figure 43 shows the PSF of the 1st iteration with 25 subsets reconstructed images for different
AA. As shown in (Figure 43 left), choosing more extensive AA decreases the quality of the recon-
structed image, especially in the axial direction. It shows that axial PSF equal to ∼ 5mm at 45◦ of
AA is increases to ∼ 9 mm at 69◦ of AA.

The degradation of axial resolution in more extensive AA is due to the uncertainty in hit position
determination from lack of depth of interaction (DOI). The calculated PSF values provide a solution
to reduce the negative effect of lacking DOI with the cost of losing 25% of the sensitivity as the
consequence of applying AA and removing most oblique coincidences.

As shown in Figure 40 the total sensitivity of the scanner by applying 45 and 57 degrees of ac-
ceptance angle are∼20 and∼ 25 (cps/kBq) respectively. However, as shown in Figure 43 (bottom),
the axial resolution of the scanner by applying 45 degrees of acceptance angle has been improved
by a factor of about two, compared to the 57◦ cut.

6.3 Sensitivity

To evaluate the sensitivity of the Total-Body J-PET scanner, a 200 cm line source with 1 MBq of
activity has been simulated in the central axis of the tomograph. To investigate the effect of the
removing contribution of the oblique coincidences by applying the acceptance angle, 57◦ cut was
utilized as well. Figure 44 shows the sensitivity profile of the Total-Body J-PET with (black) and
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Figure 43: (left) Axial (black) and transverse (red) PSF values of a point source as the function of
the AA. (Right) Transverse PSF values for 45◦ (red) and 57◦ (black) based on the number of the
iteration.

without (red) acceptance angle. Due to the larger angular coverage by the detector at the center of
the scanner, this region is sensitive to the applying acceptance angle cut.

6.4 DOI capable Total Body J-PET

Degradation of the axial resolution caused by the contribution of oblique coincidences, known as
parallax error, led to defining AA cut. As shown in section 5.3, the cost of applying AA is losing
the scanner’s sensitivity. This is a comprehensive issue in all large AFOV PET scanners. The
sensitivity of the scanner has a direct impact on the ability of the tomograph in the detection of
smaller lesions.

One of the approaches to overcome this issue is providing depth of interaction capable detectors.
For this case, a new configuration of the Total-Body J-PET with DOI capability called Mini-Bar
Total-Body J-PET has been simulated for further investigation. This tomograph was designed based
on the EJ-230 plastic scintillator with a smaller cross-section (6× 6× 2000 mm), as shown in Fig-
ure 45.

49



Figure 44: Sensitivity profile of the Total-Body J-PET with (black) and without (red) 57◦ of accep-
tance angle.

Figure 45: GATE visualisation of a single module of Mini-Bar Total-Body J-PET.

The Mini-Bar-based scanner has similar geometrical dimensions to the Total-Body J-PET. The
only difference between these two scanners is the radial division of the plastic scintillator to mini-
mize cross sections. The main aim of Mini-Bar configuration utilization in Total-Body J-PET is to
improve axial resolution by reducing the uncertainty of the registered pulse. Figure 46 is a schematic
visualization of Mini-Bar configuration and conventional J-PET strips.

A smaller cross-section of the scintillator in the Mini-Bar configuration leads to allocating the
interaction point of the gamma photons with the scintillator with higher precision. This configura-
tion can be known as a DOI-capable detector, which minimizes the effect of the parallax error. The
main benefit of utilizing Mini-Bar Total-Body J-PET is achieving the highest possible sensitivity
of the scanner without applying any acceptance angle.

To investigate the effect of the Mini-Bar configuration on the percentage share of the coinci-
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Figure 46: Schematic illustration of the registration of pulse in strips and Mini-Bar Total-Body J-
PET.

dences, a 70 cm cylindrical phantom with a diameter of 20 cm and a 70 cm line source has been
simulated. As shown in Figure 47 percentage share of the coincidences in both scanners has the
same value.

Figure 47: Percentage share of the coincidences in standard (left) and Mini-Bar (right) Total-Body
J-PET.

To investigate the effect of the utilization of a smaller cross-section of the plastic scintillator in
DOI capable Total-Body J-PET, the scatter fraction of this scanner has been calculated and compared
with the standard Total-Body J-PET. For this porpose, two simulations has been performed for each
one of tomographs, first with a 70 cm line source according to the NEMA NU-2-2018 standards,
then with a 2m line as the adjusted source length for Total-Body PET tomographs. Table 1 shows
the scatter fraction of these scanners based on the single slice rebining algorithm (SSRB) and true
Mont Carlo methods.
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Method
70 cm

line source
200 cm

line source
Standard Geometry DOI Geometry Standard Geometry DOI Geometry

SSRB 36.71 ± 0.03 [%] 36.62 ± 0.03 [%] 35.9 ± 0.03 [%] 35.84 ± 0.03 [%]
True MC

Ph. Scat. + Det.Scat. 59.17± 0.05 [%] 59.01 ± 0.05 [%] 63.93 ± 0.06 [%] 64.03 ± 0.06 [%]

Ture MC
Ph. Scat. 54.85 ± 0.06 [%] 54.83 ± 0.06 [%] 60.92 ± 0.07 [%] 61.02 ± 0.07 [%]

Table 1: Scatter fraction values of the standard and DOI capable Total-Body J-PET.

To compare the performance of the Mini-Bar with standard Total-Body J-PET, additional simu-
lations to estimate the sensitivity of these two scanners has been accomplished. As shown in Figure
48, the sensitivity profiles of these two scanners before and after applying the acceptance angle are
the same.

Figure 48: Sensitivity profile of the standard (black) and Mini-bar (red) Total-Body J-PET before
(solid line) and after (dotted line) applying acceptance angle cut.

The main aim of introducing Mini-Bar Total-Body J-PET was to improve axial resolution with-
out losing sensitivity by applying an acceptance angle. For this case, a point source in various
cylindrical phantom which mimics different BMI has been simulated, and corresponding axial res-
olutions were calculated. Figure 49 shows the axial resolution of the point source for various BMI
for Mini-Bar and standard Total-Body J-PET but with and without acceptance angle criteria.

Figure 49 illustrate a comparison between standard (black), DOI (red), and Standard with 45o
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Figure 49: Dependance of the axial resolution of Standard (black) DOI geometry (red) and Standard
after applying acceptance angle cut, to the BMI values of the phantoms.

AA(blue) based on their axial resolution as the function of the various BMI (in the form of cylin-
drical phantoms). As shown in Figure 49, applying AA cut over the coincidences to remove the
contribution of the oblique coincidences in the reconstructed image caused an improvement in the
axial resolution by the factor of ∼ 2. While the Utilization of DOI geometry provided better ax-
ial resolution compared to the Standard geometry, the achieved results based on the AA had an
optimized performance.

Among all of the investigated criteria, the 45o acceptance angle (Figure 43 and Figure 49) had
an optimized performance. For the case of this thesis, the lesion detectability of the Total-Body
J-PET scanner, based on the standard geometry with 45 o of AA, will be investigated.

6.5 Lesion Detectability in XCAT Phantoms

In the presented thesis, 11 XCAT phantoms from both genders with various body mass index (BMI)
and ages have been utilized. The BMI is a metric that represents the fatness of adults. This metric
is utilized to classify people into different groups based on their fatness, as shown in Figure 50. The
BMI is one of the major parameters in selecting the phantoms for this study. The characteristics of
the utilized XCAT phantoms such as their ages, gender, BMI, etc., has been expressed in Table 2.
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Figure 50: (Left) radar plot of the BMI values of the male (blue) and female (green) XCAT phan-
toms. (Right) numerical representation of the various category of the BMI and corresponding val-
ues.

Patient ID Age (years) Gender Weight (Kg) Height (cm) Ethnicity
Pt-77 31 Male 77.9 185.2 Asian
Pt-150 18 Male 62.0 176.0 White
Pt-159 64 Male 106.1 175.3 White
Pt-163 67 Male 103.3 181.9 White
Pt-164 67 Male 89.9 178.5 White
Pt-171 64 Male 84.2 180.0 White
Pt-184 50 Male 120.0 177.8 White
Pt-71 27 Female 55.6 172.7 Black
Pt-143 52 Female 72.0 179.0 Withe
Pt-147 57 Female 105.5 165.1 Black
Pt-176 52 Female 86.0 153.0 White

Table 2: Characteristics of the utilizes XCAT phantoms.

6.6 lesion implementation within XCAT phantoms

XCAT software can generate a series of anthropomorphic digital phantoms without any abnormal-
ities. The presence of the lesions in these series of phantoms is necessary to perform a reasonable
study. For this purpose, XCAT software generates adjustable spherical lesions, while the amount of
the activity, dimension, and location in the phantoms can be customized by the user. The induced
lesions by XCAT software merge with the main phantom to produce a “cancerous phantom.” Figure
51 is a XCAT generated 31 years old male phantom with the BMI of 22.71 Kg/m2.

In the presented thesis, the liver has been chosen as the target organ to determine lesion de-
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Figure 51: Illustration of the XCAT phantom in transverse (up) coronal (bottom left) and sagital
(bottom right) planes.

tectability of the Total-Body J-PET. For this case, spherical lesions as the tumor have been imple-
mented inside the liver of the XCAT phantoms. Figure 51 is an example illustration of the different
visual cross sections where a red sphere is the lesions indicated by a white arrow inside the liver.
This example (which is the activity distribution of the phantom) has been visualized by AMIDE
software before the simulation to show the position of the lesion inside the body.
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To investigate lesion detectability of the Total-Body J-PET, three series the simulation with
various BMI of the XCAT phantoms, lesion dimension, and their uptake value, has been performed.
To determine the dimensions of the detectable lesions, a 67 years old male XCAT phantom with a
BMI of 28.22 (kg/m2), which is the average BMI of the male in the EU [93], has been selected. The
spherical lesions with a diameter of 5, 10, 15, 20, 25, and 30 mm and (TBR= 8:1) located in the
liver have been simulated separately.

Figure 52 shows the total amount of the different types of coincidences (true, phantom scat-
ter, detector scatter, and random coincidences) as a function of the dimensions of the lesions for
mentioned above XCAT phantom. While larger lesions have a higher amount of accumulation of
activity in a lesion area, as shown in Figure 52 this parameter does not have any influence on the
percentage share of the coincidences in different simulations.

Figure 52: Share of different types of coincidences as the function of the lesion dimensions.

Figure 53 is an example of reconstructed image of this patient with the 30 mm lesions in the
liver indicated by a white arrow. The figure shows the cross section of the reconstructed images in
transverse (up), sagittal(bottom left) and coronal (bottom right).
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Figure 53: Illustration of the reconstructed image of a male XCAT phantom with a 30 mm lesion
in the liver (marked by a white arrow).
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The TBR values has been calculated based on the method explained in the 2.8 section (Tumor to
background ratio). Figure 54, is an example illustration of how the region of interest has been chosen
to include whole lesion’s (red circle) and the tissue from liver (green circle) as the background.

Figure 54: Illustration of a XCAT phantom (transverse image) with two lesions in its liver. One
of the tumors selected (indicated by red circle) as the target, and a region from healthy part of the
tissue (green circle) has been chosen to calculate TBR values.

Figure 55 shows the TBR values of the lesions with various dimensions. All the values are
expressed as the mean (from a maximum of the intensity profiles in all corresponding voxels) ±
standard deviation. To evaluate the effect of the number of iteration on the TBR values, the first,
third, and sixth iteration has been investigated. The TBR values presented in Figure 55 are for the
reconstructed image by contributing all detected coincidences without acceptance angle cut.

Figure 55: The TBR of the lesions with various diameters for 1st (black), 3rd (blue), and 6th (red)
iterations without AA cut. In the presented Figure, lesions with the 8:1 ratio have been utilized.

As shown in Figure 55 all the lesions in the liver of the XCAT phantom with the BMI of 28.22
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(kg/m2) were visible and corresponding TBR values have been calculated. The results indicate that
there is a direct relation between lesion size and TBR values. The presented results in Figure 55
also show that a higher number of iterations improves the TBR as well, especially in larger lesions.

To evaluate the effect of the acceptance angle (AA) cut on the TBR values of the lesions, the
pre-reconstruction data of the phantom presented in Figure 55 has been used and a 45o of AA cut
was applied to the coincidences to remove the contribution of the most oblique coincidences in the
image reconstruction. Figure 56 shows the achieved TBR values as the function of the size of the
lesions for the male XCAT phantom with a BMI of 28.22 (kg/m2).

Figure 56: The TBR of the lesions with various diameters for 1st (black), 3rd (blue), and 6th (red)
iterations with 45o of AA cut. In the presented Figure, lesions with the 8:1 ratio have been utilized.

As shown in Figure 56, the higher number of iterations causes obtaining larger TBR values,
same as the Figure55. However, the main advantage of applying 45o of AA cut improves the TBR
values in comparison to the results without AA cut.

Another series of these simulations have been performed to investigate lesion detectability of
Total-Body J-PET by TBR ratio in XCAT phantoms with various BMI. For this case, three lesions
with diameters of 5, 10, and 20 mm and a ratio of 8:1 (the ratio of the activity in spherical lesion to
the activity of the liver) have been simulated. Figure 57 is the illustration from the raw file (before
the GATE simulation and reconstruction) of the XCAT phantom, including three lesions with the
8:1 uptake ratio, indicated by the white arrows.

The reconstructed images after the GATE simulation, event selection, QETIR image reconstruc-
tion, and AMIDE visualization, have been shown in Figure 58 as an example, where white arrows
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Figure 57: Illustration of the XCAT phantom in transverse (up) coronal (bottom left) and sagital
(bottom right) planes, while three tumors in the liver indicated by white arrows.
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have indicated the lesions. All the lesions have been implemented in XCAT phantom in the same
sagittal plane to be able to visualize them at the same time.

Figure 58: Illustration of the reconstructed image of a XCAT phantom and CT as the attenuation
image, including three lesions with a diameter of 5, 10, and 20 mm in the liver with the 8:1 ratio .

61



Figure 59 shows the TBR values of the lesions in the XCAT phantoms with different BMI. As
shown in Figure 59, there are no TBR values for the 5 mm diameter lesion for the XCAT phantoms
with a higher BMI than 22.5 kg/m2. This is due to the invisibility of the 5 mm lesions in the liver
of the phantoms with larger BMI.

Figure 59: The TBR values of the lesions with the 8:1 uptake ratio in the Liver of the XCAT
phantoms with different BMI.

The TBR values presented in Figure 59 have been calculated based on the 1st iteration of the re-
constructed image without an acceptance angle cut. To investigate the effect of pre-selecting events
in the lesion detectability of Total-Body J-PET additional reconstruction by considering optimized
parameters has been performed. For this case, another series of the reconstruction after applying
45o of AA has been performed. The TBR values of these reconstructions have been shown in Fig-
ure 60. As shown in Figure 60, applying AA cut, improved detectability of the lesions with 5 mm
dimensions slightly than what has been presented in 59.
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Figure 60: The TBR values of the lesions with the 8:1 uptake ratio in the Liver of the XCAT
phantoms with different BMI after applying acceptance angle cut.

The effect of the higher number of the iteration in the obtained TBR values of the 5, 10, and 20
mm lesions in the XCAT phantoms with different BMI also has been investigated. Figure 61 and
Figure 62 show the TBR values before and after applying the acceptance angle cut, respectively, in
the third iteration of the reconstructed images.
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Figure 61: The TBR values of the lesions in the Liver of the XCAT phantoms with different BMI
before applying the acceptance angle cut for the third iteration.

Figure 62: The TBR values of the lesions in the Liver of the XCAT phantoms with different BMI
after applying of 45o acceptance angle cut for the third iteration.
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As shown in Figure 62, a higher number of the iteration provided the visibility of a 5 mm lesion
in the XCAT phantom with a higher BMI. For this case, to investigate the visibility of the 5 mm
lesions in the phantoms, the TBR values of the 6th iteration of the reconstructed image have been
calculated before and after applying the acceptance angle cut, as shown in Figure 63 and Figure 64,
respectively.

Figure 63: The TBR values of the lesions in the Liver of the XCAT phantoms with different BMI
before applying the acceptance angle cut for the sixth iteration.
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Figure 64: The TBR values of the lesions in the Liver of the XCAT phantoms with different BMI
after applying of 45o acceptance angle cut for the 6th iteration.

The performed investigation regarding lesion detectability of the Total-Body J-PET, in theXCAT
phantoms with various BMI, emphasized the importance of the event selection. While 5 mm le-
sions as the smallest lesions in this thesis were not visible in the XCAT phantoms with higher BMI
(Figure 59), applying event selection criteria along with proper reconstruction parameters, caused
to detect of 5 mm lesions in all of the under investigating XCAT phantoms.
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7 Summary and Discussion

The main aim of this thesis was to investigate the lesion detectability of the Total-Body J-PET by
XCAT anthropomorphic digital phantom. This study has been conducted by the GATE simula-
tion toolkit, advanced validated software for simulating medical imaging modalities. The GATE
software is a simulation of all the physical processes and interactions between radiation and mat-
ter during real scan procedures. The results of the conducted simulation in this platform, contain
all the necessary information such as the coordinates of the annihilations of electron-positron, the
interaction of gamma quanta with scintillators, energy deposit, time, etc.

For the case of the presented thesis, all the output data has been stored as ROOT files, where
all the data are in the form of histograms. These output files were raw file and there was needed
to analyse them to apply predefined event selection criteria such as AA. For this case, the GOJA
analyzer toolkit which has been developed by J-PET collaboration has been utilized. The list-mode
file as the main output of the GOJA analyzer contains information on each coincidence such as
interaction positions, time, deposited energy, type of the coincidences, etc. QETIR as the image
reconstruction software requires list-mode data set. For this case, the list mode analyzed by GOJA
software is used as the input file for QETIR image reconstruction software. All the reconstructed
image has been visualized and analyzed by AMIDE software.

To enhance lesion detectability of the Total-Body J-PET scanner, sensitivity and spatial resolu-
tion as two critical parameters in the performance of the tomograph have been evaluated. While the
large axial field-of-view (AFOV) in Total-Body PET scanners provides higher detector coverage
along patients, these systems suffer from degradation of the axial resolution due to parallax error.
Various acceptance angles cut as event selection criteria have been tested to overcome this issue
(Figures 40, and 44). Among all the investigated values, 45o of the acceptance angle had optimized
performance by improving the axial resolution value by the factor of 2 (Figures 43 and 49).

The lesion detectability of the Total-Body J-PET scanner in XCAT phantom has been investi-
gated both based on the diameter of the lesions (Figure 55) and the BMI of the phantom (Figure
59). As one of the most common organs with malignant lesions, the liver has been chosen as the
host tissue for the lesions.

The detectability of the Total-Body J-PET as the function of the lesion size has been evaluated
by utilization of an XCAT male phantom with a BMI of 28 kg/m2 (as the average BMI of the male
in the EU). Each lesion was implemented separately, three different iterations were evaluated, and
the TBR value was calculated.

As shown in Table 3, applying the 45o of acceptance angle increases the TBR ratio compared
to without any acceptance angle scenario.

Applying the acceptance angle also significantly impacted the detection of the 5 mm lesions
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1st Iteration 3rd Iteration 6th Iteration
5 mm +48.97 % +34.09 % +27.74%
10 mm +42.42% +40.45% +110.79%
15 mm +60.39% +43.94% +116.93%
20 mm +35.89% +29.49% +84.29%
25 mm +58.86% +30.28% +46.71%
30 mm +32.34% +23.94% +54.81%

Table 3: Percentages of the change in the TBR ratios of the lesions with acceptance angle cut to all
types of coincidences.

in the XCAT phantom with higher BMI. While 5 mm diameter lesions were not visible for the
phantoms with BMI> 26(kg/m2) (Figure 59), applying the 45 o of acceptance angle along with
a higher number of iterations caused improved detection of the 5 mm lesions (as sub-centimeter
grades lesions) even in the class II obesity patients (35<BMI<39.9) as shown in the Figure 64.
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8 Conclusion

This thesis show that utilising extensive AFOV scanner than conventional PET, provide larger de-
tector coverage and higher sensitivity as one of the key parameters in lesion detectability of PET
tomographs (see Appendix A). The presented results by focusing on one of the challenges in large
AFOV scanners which has been discussed as unknown DOI in Total-Body J-PET, investigated dif-
ferent event selection criteria (AA) and correction in the detector configurations. Based on the
achieved results, AA in the standard Total-Body J-PET has been chosen as the final condition for
rest of the research.

For the case of the presented thesis, series of human grade XCAT anthropomorphic phantoms
with different BMI has been utilised to investigate lesion detectability of Total-Body J-PET. To
determine lesion detectability of Total-Body J-PET in human grade XCAT phantom, the liver as
the under investigation organ, has been chosen. For this reason, lesions with various dimensions
(5-30 mm with the steps of five millimetres) has been implemented inside the liver with 8:1 tumor
to background ratio.

Considering the challenges in detecting small lesions in obese people, 5, 10 and 15mm spherical
lesions in the series of XCAT phantoms with various range of the BMI has been investigated. The
results show that utilization of 45 o AA cut along with higher number of the iteration, causes to
detect the even 5 mm lesions in obese peoples by Total-Body J-PET.

As the final conclusion, the presented results in this thesis shows the ability of the Total-Body
J-PET scanner in the detection of the lesions at their early stages. This feature, along with accu-
rate localisation of tumors, can assess specialist to perform precise treatment planing and enhance
survival rate of the patients.
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Appendix

Appendix A
The high price of Total-Body PET scanners encouraged trials to find alternative cost-efficient

solutions. Utilization of the BGO scintillation crystals instead of the LYSO or LSO due to the lower
cost is one of the solutions. But due to the radial configuration of the detectors in conventional
tomographs, this solution only reduces the price of the scintillator crystals. At the same time, the
number of electronics is similar [3]. While utilization of the BGO instead of the LYSO reduces the
portion of the price related to the scintillation crystals, the number of the SiPM and electronic units
remain the same, and the final construction and maintenance price will not change significantly.
The other recently suggested approach is the utilization of the sparse configuration in tomographs,
where the total number of detectors reduces by half due to the adding intervals between detectors
in axial axes as shown in Figure 65.

Figure 65: GATE visualisations of (I) uEXPLORER scanner with 194.7 cm AFOV and (II) sparse
confirmation with 194.7 cm AFOV.

In the best possible scenario, this solution reduces final construction cost by half while provid-
ing nonuniform sensitivity due to its specific configuration. Since the sensitivity of the scanners
represents their ability to detect smaller lesions, a series of simulations to compare the sensitivity
of the existing and under investigation Total-Body PET systems has been performed. Figure 66
shows the sensitivity profiles of all existing and under investigation Total-Body PET scanners by
performing GATE simulation with a 2.5 m line source located at their central axial axes.

Utilization of the acceptance angle cut is necessary for crystal-based Total-Body PET scanners
such as uEXPLORER. As shown in Figure 65, these types of scanners are composed of several rings
located next to each other to provide larger axial FOV. For this case, non-J-PET-based Total-Body
scanners apply ring-wise cut to improve their axial resolution.
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Figure 66: Sensitivity profiles of the all possible and under investigation Total-Body PET scanners.

The effect of applying cut on the scanner presented in Figure 66 has been investigated as well.
Figure 67 shows the sensitivity profiles of these scanner after applying cut to remove most oblique
coincidences.
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Figure 67: Sensitivity profiles of the all possible and under investigation Total-Body PET scanners
after applying cut over the oblique coincidences.
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