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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.
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