DOCTORAL DISSERTATION
FAacuLTty OF PHYSICS, ASTRONOMY AND APPLIED COMPUTER
SCIENCE
JAGIELLONIAN UNIVERSITY, KRAKOW, POLAND

|~ %)

% .

N
Y

Development of Metabolic and Positronium Lifetime
Imaging with the Modular J-PET Scanner

Manish Das

Supervisor:
prof. dr hab. Pawel Moskal
Auzrallary Supervisor:
dr Sushil Sharma

Krakow, 2026






Wydzial Fizyki, Astronomii i Informatyki Stosowanej
Uniwersytet Jagiellonski

Oswiadczenie

Ja, nizej podpisany Manish Das (nr indeksu: 1200461), doktorant Wydzialu Fizyki As-
tronomii i Informatyki Stosowanej Uniwersytetu Jagiellonskiego, oswiadczam, ze przedtozona
przeze mnie rozprawa doktorska pt. ,, Rozwdj obrazowania metabolicznego oraz obrazowania
czasu zycia pozytonium przy uzyciu modutowego skanera J-PET” jest oryginalna i przedstawia
wyniki badan wykonanych przeze mnie osobiscie, pod kierunkiem prof. dr hab. Pawla Moskala
oraz dr. Sushil Sharma. Prace napisalem samodzielnie.

Os$wiadczam, ze moja rozprawa doktorska zostala opracowana zgodnie z ustawg o prawie
autorskim i prawach pokrewnych z dnia 4 lutego 1994 r. (Dz.U. 1994 nr 24 poz. 83 z pdzn.
zm.).

Jestem swiadomy, ze niezgodnos¢ niniejszego o$wiadczenia z prawda ujawniona w dowolnym
czasie, niezaleznie od skutkéw prawnych wynikajacych z ww. ustawy, moze spowodowaé

uniewaznienie stopnia naukowego uzyskanego na podstawie tej rozprawy.

Krakéw, dnia Podpis autora pracy






In loving memory of my grandfather
$p. Krishnachandra Das

“Watching our grandchildren study is more fulfilling than visiting a Tirth (pilgrimage site)”







Acknowledgements

I would like to express my deepest gratitude to my supervisors, Prof. Pawel Moskal, Prof.
Ewa Stepieni, and Dr. Sushil Sharma, for their invaluable guidance, patience, and technical
expertise throughout my PhD journey, and for being like a family away from home. I am
especially grateful to Dr. Sushil Sharma for his exceptional supervision, for introducing me to
the field of research, and for his constant support, both academic and personal. His guidance,
encouragement, and willingness to help at any time have meant far more to me than words
can express. I would also like to sincerely thank Dr. Reimund Bayerlein from University of
California, Davis for his excellent supervision and for introducing me to the field of medical
imaging research.

My sincere thanks go to the senior faculty members of the J-PET group. I am especially
grateful to Dr. hab. Magdalena Skurzok, Dr. Eryk Czerwinski, Dr. Szymon NiedZwiecki, and Dr.
Alessio Porcelli for their mentorship and for providing the resources and scholarly environment
necessary to complete this work. Additionally, I would like to thank my colleagues from Warsaw
Medical University, the Krakow University Hospital, the Institute of Nuclear Chemistry and
Technology, the Heavy Ion Laboratory at the University of Warsaw, the Hevesy Laboratory
in the Department of Health Technology at the Technical University of Denmark, and the
University of California, Davis for their contributions to this research. I am equally grateful to
my friends and colleagues who supported me throughout this journey.

To my family: thank you for your unwavering support and for being my foundation. To
my mother, father, brother, my beloved Dadi, and my late grandfather, thank you for the
sacrifices you made to prioritize my education and for always encouraging me to aim higher. I
could not have reached this milestone without your love and your constant reminders of what
I am capable of achieving.

Finally, to Akriti, my lifelong partner. Thank you for being my constant motivation and
for your endless patience through every deadline and late-night grind. You’ve been the steady
light through all the highs and lows of this journey, and this achievement is as much yours as

it is mine.



The studies of this thesis is supported by the National Science Centre of Poland through
grants MAESTRO no. 2021/42/A/ST2/00423, OPUS no. 2021/43/B/ST2/02150, OPUS24+LAP
no. 2022/47/1/NZ77/03112 and SONATA no. 2023/50/E/ST2/00574, the Ministry of Science
and Higher Education through grant no. IAL/SP/596235/2023 and SPUB/SP/627733/2025,
the SciMat and qLife Priority Research Areas budget under the program Excellence Initiative
— Research University at Jagiellonian University, the Research Support Module as part of the
Excellence Initiative — Research University program at Jagiellonian University, Furopean Union
within the Horizon Europe Framework Programme (ERC Advanced Grant POSITRONIUM
no. 101199807), European Union’s Horizon 2020 research and innovation programme under
grant agreement No 101008571 (PRISMAP) and PRISMAP via Project_1729020993_aniX3.
I would also like to acknowledge Polish high-performance computing infrastructure PLGrid
(HPC Center: ACK Cyfronet AGH) for providing computer facilities and support within
computational grant no. PLG/2024/017688 and PLG/2025/018762.



Abstract

This thesis presents the development and evaluation of two-gamma metabolic PET imaging
and Positronium Lifetime Imaging (PLI) using the Modular J-PET scanner, the first PET
scanner based on plastic scintillator. Its modular, lightweight, and cost-effective design, combined
with triggerless data acquisition, enables both conventional metabolic imaging and PLI.

The first part focuses on two-gamma coincidence PET imaging, including the data
processing and image reconstruction framework. Three dedicated correction techniques were
developed: a CT-based bilinear transformation for attenuation correction, a delayed time-
window method for random correction, and a Monte Carlo—-based method for scatter correction.
These techniques were validated using a NEMA Image Quality (IQ) phantom measurement,
where qualitative and quantitative assessments demonstrated comprehensive improvements
in background uniformity, shape recovery, and contrast, along with a reduction in residual
lung error and material artifacts. The methods were subsequently applied to the first clinical
trials at Krakow and Warsaw Medical Hospitals, where semi-quantitative analysis using
activity concentration ratios (ACR) showed good agreement between the Modular J-PET and
commercial PET/CT scanners.

The second part addresses the development of PLI. PLI exploits the fact that ~40% of
positrons form a positronium (Ps) atom before annihilation and the lifetime shortening of
the ortho-positronium (o-Ps) serve as a complementary tissue-microenvironment biomarker.
However, implementing PLI requires 47 radionuclides emitting an additional prompt gamma
photon as a Ps formation timestamp. However, standard clinically used isotopes (%3Ga, 82Rb,
and '?*I) have low prompt gamma yields. This work presents the first experimental demon-
stration of PLI using three novel 3+ + v emitters: 44Sc, °Co, and 52Mn, in phantom studies.
44Sc emerges as the optimal candidate due to its high 3+ 4 v branching ratio (~94%). ®>Co is
a strong secondary candidate, yielding a superior peak-to-background ratio (~133) compared
to 52Mn (~87). Finally, clinical feasibility of PLI was evaluated in patients administered with
68Ga-DOTA-TATE, revealing organ-specific variations in mean positron lifetime between the
patients despite the low prompt gamma yield of %Ga.

These studies demonstrate that plastic-scintillator-based J-PET scanner is capable of
performing metabolic imaging, which represents an important step toward the next-generation
cost effective Total-Body J-PET. The planned 2.5 m long axial field-of-view scanner is ex-
pected to enhance sensitivity, enabling faster scans, lower radiation doses, and broader clinical
application of PLI as a biomarker for disease assessment and characterization.






Streszczenie

W niniejszej rozprawie doktorskiej przedstawiono rozwdj oraz ewaluacje dwukwantowego
metabolicznego obrazowania PET oraz obrazowania czasu zycia pozytonium (PLI) z wyko-
rzystaniem modularnego skanera J-PET, pierwszego skanera PET opartego na scyntylatorach
plastikowych. Jego modulowa, lekka i ekonomiczna konstrukcja, w potaczeniu z beztriggerowym
systemem zbierania danych, umozliwia zaréwno konwencjonalne obrazowanie metaboliczne,
jak i PLL

Pierwsza czeéé¢ pracy skupia sie na dwukwantowym obrazowaniu PET w ukladzie koin-
cydencji, w tym na strukturze przetwarzania danych i rekonstrukcji obrazu. Opracowano
trzy dedykowane techniki korekcyjne: transformacje dwuliniowg oparta na badaniu CT do
korekty thumienia, metode opdznionego okna czasowego do korekty koincydencji przypad-
kowych oraz metode opartg na symulacjach Monte Carlo do korekty rozproszen. Techniki
te zostaly zweryfikowane za pomoca pomiaréw fantomu jakosci obrazu NEMA (1Q), gdzie
ocena jakosciowa i iloSciowa wykazala wszechstronng poprawe jednorodnosci tta, odtworzenia
ksztaltu i kontrastu, a takze redukcje btedu szczatkowego w obszarze ptuc oraz artefaktéw
materialowych. Metody te zastosowano nastepnie w pierwszych badaniach klinicznych w
szpitalu medycznym w Krakowie i Warszawie, gdzie analiza poétiloSciowa z wykorzystaniem
wspélezynnikéw stezenia aktywnosci (ACR) wykazata dobra zgodnosé miedzy modularnym
skanerem J-PET a komercyjnymi skanerami PET/CT.

Druga czesé pracy dotyczy rozwoju obrazowania czasu zycia pozytonium. Technika PLI
wykorzystuje fakt, ze ~ 40% pozytonéw przed anihilacjg tworzy atom pozytonium (Ps), a skréce-
nie czasu zycia orto-pozytonium (o-Ps) stuzy jako komplementarny biomarker mikrosrodowiska
tkankowego. Implementacja PLI wymaga jednak uzycia radionuklidéw S* emitujacych do-
datkowy, natychmiastowy kwant gamma, ktéry stanowi znacznik czasu utworzenia pozytonium.
Standardowo stosowane w klinice izotopy (53Ga, 82Rb oraz '2*I) charakteryzuja si¢ niska
wydajnoscig emisji takich kwantéw. W niniejszej pracy przedstawiono pierwsza eksperymen-
talna demonstracje PLI z wykorzystaniem trzech nowych emiteréw typu 87 + v: 44Sc, ?Co
oraz ®>Mn w badaniach fantomowych. Izotop 4*Sc okazal sie optymalnym kandydatem ze
wzgledu na wysoki stosunek rozgatezienia S+ + v (~94%). **Co stanowil bardzo dobra al-
ternatywe, osiagajac wyzszy stosunek sygnatu maksymalnego do tta (~133) niz >>Mn (~87).
Ponadto oceniono kliniczng wykonalnoéé PLI u pacjentéw, ktérym podano radiofarmaceutyk
68Ga-DOTA-TATE, co ujawnilo specyficzne dla poszczegélnych narzadéw réznice w érednim
czasie zycia pozytonu miedzy pacjentami, pomimo niskiej wydajnosci emisji natychmiastowych
kwantéw gamma dla %Ga.

Zaprezentowane badania dowodza, ze skaner J-PET oparty na scyntylatorach plastikowych
jest zdolny do prowadzenia obrazowania metabolicznego, co stanowi istotny krok w kierunku
opracowania optacalnego ekonomicznie skanera J-PET nowej generacji na cate ciato. Opra-
cowywany skaner o dtugosci osiowego pola widzenia 2,5 m ma na celu zwiekszenie czutosci,
co pozwoli na skrécenie czasu skanowania, obnizenie dawek promieniowania oraz szersze zas-

tosowanie kliniczne PLI jako biomarkera do oceny i charakteryzowania stanéw chorobowych.
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Introduction

This thesis concerns the development of a cost-effective Positron Emission Tomography
system based on plastic scintillators [1,2] and the development of Positronium Lifetime
Imaging (PLI) [3H5].

[PET is a well-established nuclear imaging technique used to visualize and measure
metabolic and functional activity in the body [61(7]. It has significantly transformed modern
medical imaging by enabling the detection of diseases at very early stages, when molecular
and cellular alterations occur before measurable functional or structural changes appear [8.(9].

Despite its significant clinical value, the broad implementation of PET] remains constrained
by its high cost. The major contributors to this expense are the raw materials required for
detector construction, particularly inorganic scintillation crystals (such as LYSO, LSO, and
BGO) and the associated silicon-based readout electronics [10]. As a result, the cost of [PET]
systems cannot be substantially reduced with current technological approaches, restricting
access to this diagnostic modality for a large portion of the global population (see Table .
Significant cost reduction required the development of paradigm-changing technology |[2].

Table 1: Global distribution of PET scanners by UN region as of 07-06-2026 [11].

. . Countries with Population Number of PET scanners
UN Region Countries . .
PET scanners (mil) PET scanners (per 1 mil)
Africa 55 16 1,371 215 0.16
Americas 42 20 1,029 2,319 2.25
Asia 50 35 4,641 1,935 0.42
Europe 44 38 743 1,387 1.87
Oceania 16 3 43 107 2.49
Total 207 108 7,827 5,963 0.76

In addition to the financial cost, current state-of-the-art [PET] imaging faces clinical
limitation regarding diagnostic specificity [12]. Standard molecular tracers operate by mapping
altered metabolic activity or targeting specific cellular associated with disease. However,
because malignant tissue and inflammatory or infectious processes can exhibit overlapping
biological characteristics, conventional metabolic imaging frequently yields confounding signals
between active malignancies and benign lesions [13}/14]. This diagnostic ambiguity represents
a fundamental limitation of Standardized Uptake Value ([SUV])-based imaging approaches.
Therefore, a novel approach based on [PLI can resolve this issue by providing additional
diagnostic information regarding the tissue microenvironment. However, currently available
clinical isotopes (58Ga, 82Rb, and '?*I) are limited due to their low prompt gamma yield.
Consequently, the development of novel isotopes specifically optimized for [PLIl must also be

explored.
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To address these dual challenges of affordability and specificity, this thesis aims to achieve
two primary objectives. First, the aim is to develop and validate a comprehensive framework
for data processing, correction techniques, and image reconstruction for a plastic-scintillator-
based Jagiellonian Positron Emission Tomography (J=PET]) scanner. This is grounded in the
hypothesis that a plastic-based [J=-PET] scanner can be used to achieve cost-effective metabolic
imaging with a diagnostic performance comparable to state-of-the-art crystal-based [PET]
scanners. Second, the objective is to develop and evaluate [PLI using novel 81 4+~ emitters (*4Sc,
(o, and %2Mn) selected for their favorable physical properties, and to validate the developed
[PLI methodology in human subjects using the conventional clinical tracer 8Ga-DOTA-TATE.
This second objective is driven by the hypothesis that utilizing these specific radioisotopes
for [PLI will provide better statistics for [PLI, thereby improving the resolution and leading to
enhanced functional tissue characterization, which will ultimately improve diagnostic specificity
and enable better differentiation between malignant and inflammatory processes.

The [J-PET] research group addressed these challenges by building the first [PET] scanner
made of plastic scintillators [1},[15,[16]. The Modular J=PET] scanner consists of 312 axially
positioned plastic scintillator strips, each read out with silicon photomultiplier (SiPM), making
it inexpensive, lightweight (under 60 kg), portable, and equipped with a modular imaging
volume which can be reconfigured [4]. The scanner operates in a triggerless data-acquisition
mode, in which photons associated with the same annihilation event can be registered [17].
This enables conventional two-photon coincidence metabolic imaging as well as [PLIL

Unlike conventional [PET] detectors that use dense inorganic scintillators to absorb 511 keV
photons by the photoelectric effect, the J=PET] detector uses low-Z plastic scintillators where
the annihilation photons interact by Compton scattering [1,/18]. Two main differences arise
from this novel approach: First, the energy deposited by each interaction is only a fraction
of 511 keV and thus requires specific signal-identification. Second, the detector geometry of
the elongated scintillator strips, each read out from both ends is quite different from the well
established pixelated crystal arrays of conventional [PET] scanners [4]. Thus, all reconstruction
as well as all correction techniques, developed for the crystal-based [PET] detectors, cannot be
used directly for the [l=PET] detector and have to be newly developed.

In this context, the first part of this thesis focuses on the development and validation of
a complete two-gamma coincidence imaging pipeline for the Modular [J=-PET] scanner. This
includes the implementation of data selection criteria for coincidence identification, a TOF-based
iterative reconstruction framework [19-21], and dedicated correction techniques for attenuation,
random coincidences, and scatter [22,23]. To validate the developed methods, a National
Electrical Manufacturers Association (NEMA]) Image Quality (IQ) phantom measurement
was performed, providing the first standardized assessment of image quality for the [J=PET]
system. The results are quantitatively and qualitatively checked against the corresponding
[NEMAI protocols [24]. Furthermore, the developed pipeline was applied to determine the first
clinical two-gamma coincidence [PET] images of human subjects acquired with the Modular
[J-PET] scanner at the Warsaw Medical University and the University Hospital in Krakow.
The obtained images were compared in qualitatively as well as semi quantitatively manner to
images acquired with a clinical [PET]/CT scanner at both hospitals.
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The second part of the thesis concerns [PLIl [3-5]. In contrast to conventional two-gamma
coincidence [PET] the [J=PET] detector system is able to make use of the multiphoton de-
tection [17] capability for the extraction of additional diagnostic information of the tissue
microenvironment. In [PLIl the lifetime of the bound state of positron and electron, i.e. the
positronium, is used as a probe for the molecular surrounding of the tissue. This method,
which has stimulated considerable interest in the scientific community following the demon-
stration of the first ez-vivo [PLI study [25] and the first in-vivo measurement in the human
brain [4], is currently being explored in the context of both clinical and preclinical scanners
worldwide [4}25H39).

A primary requirement for [PLIlis the use of radioisotopes that emit an additional prompt
(de-excitation) photon alongside the positron emission (8% + 7 emitters) [40,l41]. The prompt
photon carries information on the formation time of the positronium, while the following
annihilation photons provide information on the decay time of the positronium. However,
B+ + v emitters currently used in clinical PET] imaging (®Ga, ®2Rb, '?4I) and in in-vitro
experiments (?2Na) [25,|42-50] are limited either by a low yield of prompt gamma emission
or by an unfavourable clinical half-life [5]. Various alternative isotopes have been proposed
for [PL [5,/40,/51], but had not been experimentally explored for this purpose prior to this
work. Among them, 44Sc is endorsed as one of the most promising candidates by Moskal et
al. [52]. In this thesis, the first experimental demonstration of [PLI] using **Sc is presented,
performed with the [J-PET] scanner using a [NEMA]IQ phantom [41]. In addition, two novel
long-lived BT + ~ emitters, namely >>Mn and ®°Co, which are of interest for applications
requiring extended imaging times (such as immuno-imaging with monoclonal antibodies),
have been investigated for [PLIl for the first time. These measurements were performed using
certified reference materials with known mean ortho-positronium lifetime and human tissue
samples [53].

Furthermore, given the limited clinical availability of 3% + + emitters with a high prompt-
gamma yield, the feasibility of performing [PLI] using clinically available radiotracers was also
investigated. In this context, [PLIl studies were conducted in patients injected with %¥Ga-DOTA-
TATE radiopharaceutical.

Thesis Structure

This thesis is divided into nine chapters. Chapter [1I| provides a general overview of two-
gamma coincidence imaging, including the principles of iterative reconstruction and correction
methods, and introduces the foundations of [PLIl together with a brief history of the field.
Chapter [2] describes the [J-=PET] prototypes, the Modular [J=PET] scanner and its working
principle, as well as the data acquisition and low level data processing methods. Chapter [3]
details all measurements conducted for two-gamma coincidence imaging and [PLI] in the
context of this thesis. Chapter [4] presents the development of correction techniques for the
[J-PET] scanner and the complete reconstruction pipeline for two-gamma coincidence imaging.
Chapter [5] reports the results of the first phantom and clinical two-gamma coincidence images
obtained with the [J-PET] scanner, together with quantitative and qualitative validation of
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the correction techniques. Chapter |§| presents the first [PLI study using **Sc, one of the most
favourable 3T + ~ emitters, performed with the [J=PET] scanner. Chapter 7| presents the first
[PLI studies with two novel long-lived 87+~ emitters, ®>Mn and ®>Co. Chapter |8 examines the
feasibility of [PLI with human subjects in a clinical setting. Chapter [J] concludes the thesis and
provides future perspectives on two-gamma coincidence imaging and [PLI with the upcoming
Total-Body [J=PET] scanner.
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The author also developed a toy Monte Carlo simulation to estimate purity and efficiency
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Chapter 1

Two-gamma coincidence PET (Metabolic)

and Positronium Lifetime Imaging

1.1 Two-gamma coincidence PET (Metabolic) imaging

[PET] is a well-established, non-invasive molecular imaging technique that maps the spatial
and temporal distribution of metabolic activity in the body by detecting pairs of gamma
photons emitted indirectly from positron-emitting radionuclide. This enables the quantitative
visualization of physiological, biochemical, and molecular processes [8,/54]. This capability
makes [PET] a valuable diagnostic tool across multiple areas of medicine, including the diagnosis

of cancer, neurological disorders, cardiovascular diseases, and skeletal disorders [81|9].
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Figure 1.1: Schematic diagram of an annihilation event and the resulting coincidence detection. A
positron emitted from a radionuclide annihilates with an electron in the surrounding tissue, producing
two 511 keV photons emitted in opposite directions. These coincident photons are registered by detector
pairs. The simultaneous detection defines a LOR, enabling localization of the annihilation site.

For diagnostic purposes, the patient is administered a positron-emitting radiotracer intra-
venously. This radiotracer typically consists of a 87 emitter conjugated to a molecule that
targets a specific biological process, known as a radioligand. The choice of radiotracer depends
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on the type of tissue or disease under investigation. For example, some of the most commonly
used radiotracers in oncology include [*®F]-Fluoro-deoxy-glucose (EDG) [55], which is widely
used to image tissues with high glucose metabolism. For prostate cancer, a highly specific
radiotracer is [%®Gal]-Prostate-Specific Membrane Antigen (PSMAI), which binds to [PSMAI
receptors that are overexpressed on prostate cancer cells [56]. Similarly, [3Ga]-DOTA-TATE
binds to somatostatin receptors in Neuroendocrine Tumors (NETY) [57].

1.1.1 Physics of Positron Emission
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Figure 1.2: (A) Schematic representation of a detector ring registering coincident gamma photon pairs
from positron—electron annihilation events, shown for both Time of Flight (TOF)-enabled detection
(green) and conventional non{TOF] detection (red). (B) Probability distribution of the estimated
annihilation location along the LOR in [TOFHPET], demonstrating spatial localization provided by
timing information. (C) Uniform probability distribution of the annihilation position along the LOR in

conventional (non{TOF) PET]
In [PET] the radio-tracers undergo the 3% decay in which an unstable nucleus transforms

a proton into a neutron, emitting a positron (e*) and an electron neutrino (v):

p—nt+et +u, (1.1)

The emitted positron travels a short distance in tissue. Depending on the isotope the
positron range varies typically on the order of a few millimeter. The positron then loses its
kinetic energy through interactions with surrounding medium. Eventually, the thermalized
positron encounters an electron, resulting in a process known as annihilation. In this process,
the mass of the positron and electron is converted into energy, producing two back-to-back

photons, each with an energy of 511 keV:
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et +e — 2y (511 keV each) (1.2)

This back-to-back emission of annihilation photons then passing through the human body
and is registered by the detector pairs (see Figure , which is typically made of inorganic
crystals such as LYSO, BGO, or LSO due to their high absorption efficiency. These two photons
are then sorted by applying a Coincidence Time Window (CTWI) (about a few nanoseconds)
and an energy window to select the 511 keV photons.

The line connecting the two detected photons is called the Line of Response (LORI),
along which the annihilation event is assumed to have occurred as shown in Figure In
conventional [PET] scanners, reconstruction algorithms typically assume that the annihilation
is likely to occur anywhere along the [LORl This simplification reduces the Signal-to-Noise
Ratio (SNR]) and leads to lower overall image quality. To enhance [PET] image quality and
improve the [SNR], additional [TOF] information is recorded for each detected photon. [TOF]is
defined as the difference between the interaction times of two photons in the [PET] detector.

[TOTF measurements allow for more accurate localization of the annihilation point along the

[LORI (see Figure [58,59].

1.1.2 PET Data Formats

In [PET], the detected coincidence events (LORE) are stored in raw data formats prior to
image reconstruction. The two primary formats for handling this raw data are Sinogram or
List-Mode file.

Sinogram

In sinogram-based [PET] data representation, detected coincidence events are organized
according to their corresponding [LORk, which are parameterized using a pair of variables: the
radial distance (s) and the projection angle (¢) (see Figure . The radial coordinate defines
the perpendicular distance of the [LORI from the center of the Field of View (EQV]), while the
angular coordinate (projection angle) specifies its orientation.

To construct the sinogram, the continuous radial coordinate is discretized into finite
intervals known as radial bins. Each detected event is assigned to a bin based on its calculated
radial position, and all events falling within the same radial and angular projection bin are
accumulated. Using this information, the projection data can be represented as a sinogram, as
shown in Figure [I.3] for a circular object. This discretization process converts the continuous
detection geometry into a structured two-dimensional histogram, where each bin represents

the number of coincidences recorded for a specific [LORI (detector pair).

List-Mode Data

List-mode is a [PET] data acquisition format in which each detected coincidence event
is recorded individually. For every event, information such as the event time (time stamp),
detector IDs, [TOF information, necessary correction factors (Random Factors, Scatter Factors,
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List-Mode File
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Figure 1.3: The illustration depicts two methods of organizing raw data obtained from a [PET] scan:
the list-mode format and the sinogram format. On the left, an circular object is shown inside the
detector, where a coincidence event is recorded as a [LOR] between two detectors (t1, ID1) and (to, 1Ds),
characterized by its radial distance (s) and angle (¢). This raw spatial information can be processed
into either a list-mode file or a sinogram. The list-mode file (top right) acts as a chronological ledger,
recording each individual event’s arrival time, detector IDs, [TOF] information, and necessary correction
factors (RF, SF, NF, ACF, etc.). In contrast, the sinogram (bottom right) organizes these events into a
two-dimensional histogram of angular and radial bins.

Normalization Factors, Attenuation Correction Factors, etc.), and energy can be stored. This
approach preserves the complete set of measured data without prior grouping or compression,
as shown in Figure|[l.3

Because list-mode retains event-level information, it enables flexible post-processing,
including rebinning, temporal framing, and the implementation of various reconstruction
and correction methods. However, this format requires substantial storage capacity and

computational resources due to the large volume of data.

1.1.3 Iterative reconstruction in PET

In the context of [PET] reconstruction of annihilation points in early [PET] scanners relied
primarily on analytical methods [60], most notably Filtered Back Projection (EBP) [61].
This approach is based on the direct inversion of the Radon transform [62] and was widely
adopted in early emission tomography because of its computational efficiency and relatively
straightforward implementation. In [FBPl projection data are first filtered in the frequency

10
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domain and then backprojected to generate the reconstructed image. However, analytical
methods suffer from several important limitations. They tend to amplify high-frequency noise
and do not account for the poisson statistical nature of [PET] data. Moreover, they cannot
accurately incorporate key physical effects such as attenuation, scatter, random coincidences,
and detector response, all of which are essential for quantitative imaging . These limitations
motivated the development of statistical iterative reconstruction methods based on maximum
likelihood estimation .

The iterative reconstruction process consists of mainly five steps. First, an initial estimate
of the image is defined (a guess). Second, forward projections of this estimated image are
computed using the system model. Third, the predicted projections are compared with the
experimentally measured projection data. Fourth, the differences between the calculated and
measured projections are evaluated to quantify the data—model discrepancies, and appropriate
correction factors are determined. Finally, the corrected information is backprojected to
generate an updated image estimate. This procedure is repeated iteratively until a predefined

convergence criterion is satisfied, as illustrated in Figure [T.4]

Initial @ J—— e
Guess Compare Acquired
......... T oo pl’OjeCtion 1
. data
[ PR Error correction v y
Backpr ojection in projection Residuals
 to generate an domain between
updated image - simulated and
e - acquired data

Figure 1.4: Five-step iterative reconstruction process including initialization, forward projection, com-
parison with measured data, correction, and backprojection with convergence control.

Maximum Likelihood Expectation Maximization (MLEM)

The Maximum Likelihood Expectation Maximization (MLEM]) algorithm is one of the
most widely used iterative reconstruction techniques in nuclear medicine imaging, particularly
in [PET] [20]. It aims to find the distribution of radioactivity in a voxel that maximizes the
likelihood of producing the observed projection data, while accounting for the statistical
(Poisson) nature of the measured data.

Consider an image represented as a matrix of voxels with unknown activity values A;,
where j =1,..., N and N is the total number of voxels. The measured projection value p; in

11
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sinogram bin ¢, where ¢ = 1,..., M, is modeled as
N
pi =Y Aij)j, (1.3)
j=1

where A;; is the system matrix element describing the probability that an emission originating
from voxel j is detected in projection bin i. Assuming Poisson statistics for the measured data,

the MLEM] update equation for voxel j at iteration k + 1 is given by
M .
il A . Pi
=141 N (k)
N\ (R) > A A ‘ (1.4)
! ! Sy Ay

In a realistic [PET] system, the measured projection data consist of true, scattered, and

random coincidence events, so the forward model can be written as

N
Di = ZAij/\j + 8; + 714, (1.5)
j=1
where s; and r; are the expected scatter and random contributions in bin %, respectively. The
corresponding IMLEM]| update becomes
Ml Aij N b (k)
1=
N+ (R) Dy Aup Ay it
J 7 M q
i=141ij

(1.6)

For list-mode data, each detected coincidence event is treated individually and indexed by
n=1,..., Nevents, Where Nevents 1S the total number of detected events. The total number of
possible [LORE in the system is denoted by M. Including scatter and random contributions,
the list-mode [64,65] update for voxel j is

A,

Zchlcnts < ’ﬂj(k)
n= S An '/>\-/ +snt+rn
A 30 21 AngtH ’ (L.7)
€j
where the voxel sensitivity is

M
Ej == ZAU (18)

i=1

where A,; is the system matrix element for event n, and s,, and r,, are the scatter and random
contributions associated with event n.

For [TOFHPETI [58|, each detected event n has an associated [TOFE] coordinate t,, along its
[LOR! Including scatter and random contributions, the [TOH list-mode MLEM] update becomes

TOF
ZNevlents x A"j -
Ak _ by T S AT st
(o4 _ 36, , (1.9)
€j

where AE]-OF is the [TOFlweighted system matrix element, s, is the scatter contribution for
event n ((TOE] dependent), ry, is random contribution , and ¢; is the sensitivity summed over
all possible LORk. A schematic breakdown of Eq. [T.9]is presented in Figure [I.5]

12
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Figure 1.5: Computational scheme of the update equation. The current activity estimate
is forward projected using the [TOF] system matrix, corrected for scatter and random contributions,
weighted event-wise by the likelihood ratio, backprojected over all detected events, normalized by voxel
sensitivity, and multiplicatively applied to obtain the updated image estimate.

As shown in Figure the main advantage of [TOFHPET] is the improved localization
of the annihilation point along the [LORl In conventional [PET] (see Figure (C)), the
annihilation position is assumed to be uniformly distributed along the [LOR], leading to spatial
uncertainty. In contrast,[TOFHPET] (see Figure[L.2](B)) uses the measured arrival time difference
between the two annihilation photons (TOH difference), resulting in a Gaussian-like probability
distribution centered at the most likely emission point [58,59]. This timing constraint reduces
spatial uncertainty for each detected event, improves the [SNR], and accelerates convergence
of the iterative reconstruction. The [TOF}weighted system matrix elements AEJOF in Eq.
explicitly contain this probabilistic localization.

Ordered Subsets Expectation Maximization (OSEM)

The Ordered Subsets Expectation Maximization (OSEM)]) algorithm is an accelerated
version of the standard [MLEM] method, designed to reduce the computational time of iterative
[PET] reconstruction [21]. Instead of updating the image using the entire dataset at each
iteration, divides the projection data (or detected events in list-mode [PET]) into several
subsets. Each subset is used sequentially to update the image estimate, and the result from
one subset serves as the starting point for the next. A single iteration is considered
complete after all subsets have been processed. By updating the image more frequently,
typically reaches an acceptable reconstruction in fewer iterations compared with standard
[MLEM] while maintaining the statistical modeling of the measured data.

In list-mode [PET] data, the algorithm accelerates convergence by dividing the
detected events into S subsets, S1,...,Sg, and performing an update on each subset sequen-
tially [66]. For each subset, the image estimate is updated using only the events in that subset,
while the overall voxel sensitivity remains the same as in standard list-mode [MLEM] After all

13



CHAPTER 1. TwWO-GAMMA COINCIDENCE PET (METABOLIC) AND POSITRONIUM
LIFETIME IMAGING

subsets are processed, one full [OSEM] iteration is complete, and the resulting image serves as
the starting estimate for the next iteration.
Mathematically, for voxel j and subset s of iteration k, the list-mode [OSEM] update is

2 ones oy
neos N (k,s)
k) Do Ang Ay snctrn

J .
€j

(k,s+1)
A (1.10)

1.1.4 Coincidences in PET

In the context of PET] imaging, coincidences are defined as the two photons registered
by a detector pair within a defined These two interactions are used to form an [LOR]
and perform [PET] reconstruction. However, in reality, several physical processes can influence
the detected coincidences. Therefore, coincidences are commonly divided into three types:
True, Random, and Scatter, as illustrated in Figure The data registered in a [PET] scanner
(prompts) consist of these three types of coincidences:

Prompts(P) = Trues(T') + Randoms(R) + Scatters(S). (1.11)
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Figure 1.6: Classification of the three primary coincidence events recorded by a PET scanner. (A) True:
Simultaneous detection of a photon pair originating from the same annihilation site. (B) Random: A
false coincidence created by the coincidental arrival of two unrelated photons from distinct events. (C)
Scatter: An event where at least one photon is scattered within the scanned object before reaching the
detector (red arrow).

True Coincidences

True coincidences occur when both 511 keV photons originating from the same positron—electron
annihilation are detected without undergoing any interaction or energy loss before reaching the
detectors in the defined [CTW] as shown in Figure (A) These events contain reliable infor-
mation crucial for the accurate quantification of radiopharmaceutical distribution, contributing
to enhanced image quality.
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Random Coincidences

Random coincidences occur when two photons originating from two independent annihila-
tion events are detected within the defined [CTW]Figure [1.6(B)]. In such cases, one photon
from each annihilation may remain undetected due to attenuation or limited detector efficiency,
while the other two photons are registered together as a coincidence event. As a result, a
false [LOR] is formed, leading to an incorrect estimation of the annihilation location. These
coincidences introduce uniform noise in the reconstructed image and increase background
bias, thereby degrading image quality and quantitative accuracy [67]. Such events must be
estimated and corrected during reconstruction.

Scatter Coincidences

Scattered photons pose a major challenge in [PET]imaging. As illustrated in Figure (C),
scatter coincidences occur when either one or both photons experience Compton scattering
within the patient or nearby objects prior to reaching the detectors. In such cases, the resulting
[LORI does not correspond to the true source location, thereby introducing noise into the image
and reducing contrast. To address this issue, reliable scatter correction techniques are essential.

1.1.5 Correction techniques in PET

As discussed in the previous section, various effects contribute to the degradation of
image quality in [PET] imaging and require dedicated correction techniques. In addition to the
two effects discussed earlier (randoms and scatters), attenuation of photons also significantly

reduces image quality and requires dedicated correction.

Attenuation Correction

Attenuation of annihilation photons occurs when they are absorbed as they pass through
tissue. The degree of attenuation depends on the distance the photons needs to travel before
reaching the detector. Photons originating near the center of the body experience the highest
attenuation due to the longer path length through the surrounding tissue, resulting in an
underestimation of tracer distribution in the inner part of the body, whereas photons from
peripheral regions are less affected, leading to an apparently higher tracer concentration, as
seen in the non-attenuation-corrected image in Figure (A) To ensure accurate imaging,
attenuation correction must be applied to the acquired data during reconstruction.

In stand-alone [PET] systems, attenuation maps were traditionally obtained from transmis-
sion scans using an external radioactive source to measure attenuation along many projection
paths around the subject, allowing estimation of attenuation coefficients for correction of
emission data [69H73|. Because these transmission measurements were performed at photon
energies comparable to those of [PET] emissions and directly sampled the patient’s attenuation,
they have long been considered the gold standard for attenuation correction in [PETL

With the introduction of integrated [PET/ICT] systems [74}[75], CT based Attenuation
Correction ([CTAC) [76] has rapidly evolved and is considered the clinical gold standard to
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Figure 1.7: [CT}based attenuation correction of [PET] images. (A) Fused and non-attenuation-
corrected [PET] data, showing artificially high signals at the edges of the torso and underestimated
signals in the central regions. (B) The corresponding attenuation-corrected [PET] image provides a more

accurate representation of the radiopharmaceutical distribution. Figure adapted from , licensed
under CC BY 4.0.

date. Early methods, as described in and clinically validated in , demonstrated the
feasibility of using [CT]images to replace radioactive transmission scans by converting Hounsfield
units (HU) into 511 keV attenuation coefficients (11). However, these early approaches faced
significant limitations in accurately modeling bone and high-density materials; because the ratio
of photoelectric to Compton interactions differs between bone and soft tissue at energies, a
single linear scaling factor often led to an underestimation of activity in skeletal structures [77].
Furthermore, these methods were sensitive to variations in tube voltage (kVp), which
could introduce quantitative biases if not specifically calibrated. Carney et al. addressed
these issues by introducing a kV p-dependent bilinear scaling method, which applies distinct
linear transformations above and below the density of water. This refinement standardized
as a golden standard in modern [PET)/ICT] scanners, enabling fast, low-noise, and reliable
attenuation correction in clinical protocols as can be seen in Figure [l.7(A-B). This established
method has also been implemented in the [I-PET] scanner [22], and is described in details in
Chapter [4

Current research in [PET] attenuation correction focuses on [CTlHree methods, including
deep learning—based map generation, joint activity—attenuation reconstruction (MLAA) and
utilization of detector scattered photons for attenuation map reconstruction . These
approaches aim to reduce radiation dose and improve flexibility, but are still largely in research
development and not yet standard in clinical practice.
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Random Correction

Random coincidences in [PET] scanners can be estimated and corrected using three ap-
proaches. The first is the singles rate (SR) method [83-85], a mathematical technique based
on the rates of individual photon detections (singles). The rate of random coincidences (R;;)

between two detectors ¢ and j is calculated as
Rij :2T'Si‘Sj, (1.12)

where 7 is the [CTW] and S; and S; are the singles rates of detectors ¢ and j, respectively.

An extension of this approach is the singles—prompts (SP) method [86], which incorporates
both singles and prompt coincidence information to improve random estimation. By modelling
pile-up and count-rate effects, the SP method provides more accurate random estimates than
the conventional SR method, particularly at high activity levels. However, this method is not
currently used in clinical practice.

The third approach is the Delayed Time Window (DTWI]) method [83]/84], currently
regarded the gold standard in clinical PET] imaging. It is a hardware-based technique in which
coincidences are recorded within a delayed time window shifted with respect to the true
Since true coincidences cannot occur in this delayed window, the measured events represent
only random coincidences, which can then be directly subtracted from the prompt coincidence
data. This method is also implemented on the [J=PET] scanner [22] and is described in detail in
Chapter [4

Scatter Correction

“Scatter is the enemy.” — E. J. Hoffman

Scatter coincidences are one of the major challenges in [PET] imaging, as scattered co-
incidences degrade image contrast and quantitative accuracy by mispositioning [LORk. One
commonly used technique to compensate for scatter coincidences is Single Scatter Simula-
tion (SSS) [87.[88], which analytically estimates the contribution of scatter to every [LOR] using
the Klein—Nishina formula for the Compton scattering cross-section together with attenuation
information from the y-map. Although [SSSlis computationally efficient and widely implemented
in clinical systems, it assumes that single scattering dominates. This approximation may become
inaccurate for oblique [LORk, where the probability of multiple scatter increases, particularly
in the context of Large Axial Field-of-View (LAFOV]) scanners increasingly introduced into
clinical practice.

To address these limitations, Monte Carlo-based techniques have been developed [89] to
simulate all possible photon interactions within tissue, including multiple Compton scattering
events and detector effects. While these approaches require substantially greater computational
power, they may provide improved scatter correction accuracy [90], especially in [LAFOVI
systems such as the uEXPLORER [91] and the upcoming Total-Body [J=PET] [92]. Monte
Carlo-based scatter correction is also developed and applied to the J=PET] scanner [22] and is
described in detail in Chapter [
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1.2 Positronium Lifetime Imaging

The two-gamma coincidence [PET] imaging quantifies tracer uptake by detecting two
511 keV photons in coincidence. It relies solely on the spatial and temporal coincidence of
annihilation photons to reconstruct the tracer distribution, as described in the previous section,
but this approach doesn’t provide any insights into the underlying tissue microenvironment.
[PLI is an emerging , , extension of [PET] that complements the capabilities
of a conventional [PET] scanner by exploiting the formation and decay characteristics of
Positronium ([Ps) atoms, which are bound states of an electron and a positron created prior to

annihilation.

1.2.1 Principle of Positronium Lifetime Imaging

During a [PET] examination, approximately 40% of positrons form a [P atom, within
the human body. This phenomenon, which has long remained largely unexplored in clinical

imaging, can now be measured and characterized in-vivo .
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Figure 1.8: Schematic representation of the principle of PLIl A 8% + ~ emitter (e.g., #4Sc) emits a
prompt gamma photon immediately after positron emission, which serves as the start signal for lifetime
estimation. The emitted positron either annihilates directly into two 511 keV photons emitted in
opposite directions or forms positronium with an electron in the surrounding medium. Depending on
the spin configuration, positronium is formed as para-positronium (p-Ps), which annihilates into two
511 keV photons, or ortho-positronium (o-Ps), whose lifetime in matter is reduced due to pick-off or
spin-exchange processes. The registration time of annihilation photons serve as the stop signal for

positron lifetime estimation.

A positron emitted from a 31 emitter can either annihilate directly into two back-to-back
511 keV photons, which occurs in roughly 60% of cases, or form a [Pg atom by binding with
an electron from a nearby molecule. [Pd exists in two spin states: para-Positronium (p-Ps),
a short-lived state with a mean lifetime of 125 ps in vacuum, and ortho-Positronium (o-Ps),
a longer-lived state with a mean lifetime of about 142 ns in vacuum . In materials and
biological tissues, the [o-Pd lifetime is significantly reduced due to interactions with surrounding

molecules 49].
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There are several processes which are responsible for the shortening of the [o-Pdl lifetime.
One key process is pick-off annihilation, in which the positron in [o-Pg annihilates with an
electron from nearby molecules, producing predominantly two photons [95,/96]. The pick-
off rate depends on the local electron density and cavity size, making the [o-Pd lifetime a
sensitive indicator of nanoscale free-volume structures. Oxygen concentration is another critical
factor; paramagnetic oxygen molecules can collide with [o-Pd and convert it to [p-Ps|, further
shortening its lifetime [97,/98]. A third pathway, oxidation, involves chemical quenching of [o-Psl
via electron transfer to reactive species such as free radicals or certain biomolecules, forming
short-lived complexes [95,/99]. The typical scheme showing the formation of [Ps atoms and
dominant decay channels in medium (e.g., tissue environment) is summarized in Figure .
Measuring the mean lifetime in tissues therefore provides a direct and quantitative probe
of the microenvironment, including hypoxia (the body or a specific tissue does not receive
enough oxygen to function properly), and can enable [PLI| as a novel biomarker for tissue
characterization, early disease detection, assessment of malignancy, and improved differentiation
between healthy and pathological tissues [97.98}/100].
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Figure 1.9: Schematic diagram of an event and the resulting coincidence detection for [PLIl 5T + ~
emitter is shown for [PLIl studies, emitting one prompt photon immediately after positron emission.
The positron then forms [P with a surrounding electron and subsequently annihilates, producing two

511 keV photons emitted in opposite directions.

1.2.2 (' +~ emitters and their Properties for Positronium Lifetime imaging

A key requirement for [PLIlin [PET]is the use of an isotope that emits an additional prompt
gamma photon (37 + v emitters), which serves as a precise timestamp for positron creation
and marks the start of the lifetime measurement. Subsequent detection of annihilation photons,
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whether from direct positron annihilation or via [Pg decay, allows determination of the positron

or [Pd lifetime respectively, within the tissue.

Table 1.1: Key characteristics of selected 8 + « radionuclides relevant to [PLIl The listed parameters
comprise the half-life (T /2), positron emission branching ratio (Y g+ ), maximum positron energy (Emax),
and mean positron range in water (Rmean) [101]. Additionally, the table includes the prompt gamma-ray
energy (E,), prompt gamma branching ratio (Y.), branching ratio of pure % + v decays excluding
electron-capture contributions (Y g+ ) [102], the ratio Y g+, /Y g+, the average delay between positron
and prompt gamma emission, and the maximum electron energy resulting from Compton scattering
(Comp. E.) [511{103}|104]. Table, prepared by the author, is adapted from [5,40], licensed under CC BY
4.0.

Y+ Enax | Rimean E, Y, Yg+4~y | Yg+is/ | Delay | Comp. E.

Isotope | Ty2 (%) | (MeV) | (mm) | (MeV) | (%) (%) | Ygr (%) | (ps) (MeV)

22Na, 2.60y | 89.95 | 0.545 0.54 1.275 | 99.94 | 89.90 99.94 3.6 1.062
4gc 4.04h | 943 | 1.474 1.69 1.157 | 99.9 94.3 100 2.61 0.948
68Ga | 67.71m | 88.91 | 1.899 2.25 1.077 | 3.22 1.19 1.34 1.57 0.870
52Mn 56d | 29.40 | 0.575 0.58 1.434 | 100 30 100 0.78 1.217
0.936 | 94.5 29 98.69 6.7 0.735
0.744 90 29 98.69 41 0.553
60Cu | 23.7m | 9259 | 0.653 0.67 1.333 88 81 87.48 0.735 1.118
1.791 | 454 42 45.36 - 1.567
0.826 | 21.7 20.4 22.03 0.59 0.631
2As 1.1d | 878 | 3.33 4.27 0.834 81 71 80.81 3.35 0.638
82Rb 1.26 m | 95.36 | 3.382 4.34 0.777 | 15.1 13.5 14.16 4.45 0.584
5%Co | 17.53h | 75.89 1.5 1.72 0.931 75 59 77.74 8 0.731

0.477 20.2 13.5 17.79 37.9 0.311
1.409 16.9 11.3 14.89 37.9 1.192

1241 4.17d | 22.69 | 1.822 2.15 0.603 62.9 12 52.89 6.2 0.423
0.723 | 10.36 0.25 4.58 1.04 0.534
10¢ 19.3s | 9997 | 293 3.69 0.718 100 99.97 100 710 0.530

140 70.6s | 99.89 | 1.808 2.13 2.313 | 99.39 | 99.26 99.38 0.068 2.083

Several key properties of these isotopes determine their suitability for the clinical translation
of PLIL One of the most important factors are the branching ratios for 3% decay (Y +) and
for simultaneous §+ 4 ~ emission (Y g+ +~)- High values of these branching ratios are essential
for maximizing the number of detectable events for [PLIl which directly affects the statistical
reliability of lifetime measurements and the overall image quality. In addition to branching
ratios, the timing of the prompt gamma emission relative to the 8 decay is critical. Prompt
gamma rays should be emitted within a very short delay, typically a few picoseconds, for a
precise estimate of the positron lifetime. In addition to this, the energy of the prompt gamma
ray photons should exceed that of the annihilation photons in order to enable clear distinction
from background and high

The half-life (T, /) of the isotope must be compatible with the imaging protocol [40,/51].
Finally, the isotope should ideally emit only a single prompt gamma. While multiple prompt
gamma can increase the intensity of PLI events, they significantly contribute to the background
noise and complicate signal analysis. Overall, isotopes suitable for [PLIl should have a high 3%

20



CHAPTER 1. TWO-GAMMA COINCIDENCE PET (METABOLIC) AND POSITRONIUM
LIFETIME IMAGING

and ST + ~ branching ratios, short prompt gamma emission delay, favorable photon end-point
energy, appropriate half-life, and minimal additional gamma emissions.

Various isotopes that are feasible for [PLI] are listed in Table[I.I] This table summarizes all
relevant physical properties, including half-life, branching ratios, prompt gamma energies, and
other key characteristics. The decay schemes of these isotopes are illustrated in Figure [1.10]
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Figure 1.10: The decay schemes of the 3% 4+ emitters for the [PLIl These decay schemes exclusively
highlight the 8T decays followed by the emission of a prompt gamma. As a result, the branching
ratios displayed here may not match the total values given in the table. In the decay schemes, the
number shown in parentheses next to 8 denotes the positron emission branching ratio, EC indicates
Electron Capture contributions, and 7y represents the energy of the prompt gamma. Additionally, the
blue text represents the delay time, which is the average time between a positron and the prompt
gamma emission.

1.2.3 History and Current Developments

[PLI has been introduced recently [3] and gained considerable recognition and has stimulated
significant interest in its implementation in clinical PET]imaging 7. This growing interest has
also driven new developments in both clinical and preclinical [PET]scanners worldwide .

Currently, six [PET] scanners worldwide have been adapted to perform [PLIl studies. These
include the [J-PET] scanner in Krakow, Poland ; the Prism-PET scanner in New York City,
USA [26]; the Biograph Vision Quadra in Bern, Switzerland [27-29]; the PennPET Explorer in
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Philadelphia, USA [30-33|; the NeuroEXPLORER (NX) brain [PET] scanner in the USA [34];
and the brain-dedicated TOFHPET] scanner VRAIN in Chiba, Japan [35//36]. In addition, several
reconstruction algorithms for [PLI have been proposed in recent years [5,26},31133,/38,,/105-112].

However, radionuclide selection remains a major challenge limiting the clinical translation
of [PLl [5},40].

The first proof-of-concept experimental demonstration of spatially resolved [PLIlin biological
tissue was performed by the [J-PET] research group, using the [J-=PET] tomograph [25]. In this
experiment, 22Na was used as the positron-emitting source. This radionuclide is well suited
for ex-vivo [PLIl studies because it emits a 1275 keV prompt gamma photon in 99.94% of ST
decays. For this study, the biological tissues were excised from two patients, including cardiac
myxoma and adipose tissue. Each sample was cut into two pieces, and a 2?Na source was placed
between two tissue samples. The four samples were then positioned inside the [J=PET] detector
geometry for measurements. A clear difference in the mean lifetime of [o-Ps was observed
between cardiac myxoma and adipose tissue, with measured values of approximately 1.9 ns
and 2.6 ns, respectively [25].

In contrast to earlier studies employing ?Na in conventional Positron Annihilation Lifetime
Spectroscopy (PALS]), which provided only bulk-averaged lifetime values for small samples, the
[I-PET] research group demonstrated for the first time spatially resolved imaging of the [o-Pg
lifetime. This work provided the first proof-of-concept for [PLIl and directly demonstrated its
potential to distinguish tissue types based on differences in their molecular structure. However,
the long half-life of 2?Na (2.60 years) and its tendency to accumulate in bone tissue [113]
preclude its use for in-vivo applications. Therefore, ?2Na remains mainly a source of choice
for in-vitro and ez-vivo [PLI studies [25,[42/50], as well as for various fundamental physics
experiments involving [Pg [114-117].

Next, the [[-PET] research group demonstrated the first in-vivo [PLI of the human brain in a
patient injected with %GalPSMAland % Ga-DOTA-Substance-P [4]. This study was performed
using the second generation of the [[-PET] detector (the Modular [J-=PET] Scanner). However,
due to the low branching ratio (1.34%) of BT + + emission in %Ga, the statistics were limited.
Despite the low statistics, the study demonstrated the feasibility of applying [PLI] in clinical
applications by successfully imaging the mean [o-Pd lifetime [4]. Later validation studies using
a[PET)/CT] system with a [LAFOV] the Biograph Vision Quadra in Bern, Switzerland [37,[118]
and the PennPET Explorer in Philadelphia [33], explored additional clinically available 5% +
emitters that produce prompt photon emissions suitable for [PLIL

Two such isotopes are cyclotron-produced 241, frequently used for PET/ICT] thyroid staging
and dosimetry, and 82Rb, which is obtained from the 82Sr/%2Rb generator and commonly used
for PET] perfusion imaging to evaluate coronary artery disease. Phantom measurements and
in-vivo studies in a thyroid cancer patient [37,/118] using the 241 were conducted with the
Biograph Vision Quadra in Bern. Similarly, 82Rb was used for phantom experiments with the
PennPET Explorer in Philadelphia [33] and in-vivo imaging in patients |28] was performed
with the Biograph Vision Quadra in Bern. Although both isotopes are suitable for initial [PLI]
research, their effective clinical application faces notable challenges. The short half-life of 82Rb
(1.26 minutes) and its relatively low prompt gamma emission probability (13%) in 8 decays
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limit the achievable statistics. Similarly, the decay scheme of ?4I produces prompt gamma
emission in only about 12% of its 8T decays.

Recently, considerable efforts have been devoted to exploring novel 3T -+ ~ emitters
for PLIL Among the ongoing efforts to identify optimal radionuclides, 4*Sc has emerged as
a particularly compelling candidate [2]. This interest is primarily driven by its favourable
physical decay characteristics, including a clinically suitable half-life of 4.04 hours [119], an
extremely short de-excitation time of 2.61 picoseconds, and a high branching fraction of 94.3%
for positron emission accompanied by a high-energy prompt gamma of 1157 keV with an
emission probability of approximately 100%, as schematically shown in Figure Recent
phantom investigations carried out using the [J-PET] scanner in Cracow, Poland [39,41], which
constitute a key component of this thesis and are presented in detail in Chapter [6] together
with corresponding studies conducted on the PennPET Explorer in Philadelphia [33] and the
Biograph Vision Quadra in Bern [120], have collectively highlighted the potential of *4Sc as a
leading radionuclide for future clinical implementation of [PLIl

Although **Sc meets many of the key requirements for [PLI] its relatively short half-life
makes it unsuitable for labeling radiopharmaceuticals with slow pharmacokinetics, such as
monoclonal antibodies. Additionally, the diversity of production infrastructures across research
facilities, including generator and cyclotron-based routes, as well as variations in beam current,
can significantly affect the routine availability of particular radionuclides. Therefore, it is
necessary to explore alternative 87 + + emitters.

Several other radionuclides that have not yet been explored for [PLI] including 52Mn, °°Co,
60Cu, ™As, 10, and '°C, have been proposed due to their physical properties relevant for
[PLI [5,/40]. Among these candidates, 2 Mn and %°Co are particularly interesting long-lived
isotopes that may overcome some of the limitations associated with #4Sc. The isotope >>Mn
has a half-life of approximately 5.59 days and emits positrons in 29.4% of its decays. The
positron emission is followed by a cascade of prompt gamma photons with energies of 744 keV,
935 keV, and 1434 keV. These properties make 52Mn suitable for delayed imaging studies and
for labeling biomolecules with slower biological kinetics. Similarly, %>Co, with a half-life of
about 17.5 hours, emits positrons in approximately 76% of its decays, leading to excited ®°Fe
states that subsequently emit prompt gamma photons with energies of 477 keV, 931 keV, and
1409 keV, making °>Co another promising candidate for [PLIL Recently, these two isotopes,
2Mn and ®°Co, were investigated using the Modular [J-PET] scanner using phantom studies [53].
These studies constitute a major component of the research presented in this thesis and are
discussed in detail in Chapter [7}
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Chapter 2

J-PET (Jagiellonian Positron Emis-
sion Tomography)

The [J-=PET] scanner represents a significant advancement in [PET] technology, as it is the
first scanner constructed using plastic scintillators. It provids a cost-effective and highly versatile
alternative to the conventional [PET] scanners, which rely on inorganic crystal scintillators
(such as BGO, LYSO, and LSO). The [J=PET] scanner is also the first [PET] system capable
of multiphoton detection, which enabled the first ever demonstration of [PLIl in both ez-vivo
and in-vivo ,. In addition to [PLI, multiphoton detection is used for various studies in
fundamental physics . The [I-=PET] research group currently maintains two operational
prototypes: one based on vacuum Photomultipliers (PMTS) tubes (Figure 2.1(A)) and the
second generation is based on Silicon Photomultipliers (SIPMs) (Figure 2.1(B)). A Total-Body
[J-PET] scanner is presently under development .

2.1 Prototypes of the J-PET scanner

Figure 2.1: Prototype of the [I-PET] Scanner: (A) The first version of the [I-PET] prototype consisting
of 192 plastic scintillator strips arranged in 3 layers. (B) The second version of the [JZ=PET] prototype
known as Modular [JZ=PET] scanner consisting of 312 plastic scnitllator strips forming a single layer of 24
independent detection modules..

The first [J-PET] scanner was constructed using three cylindrical layers comprising a total
of 192 EJ-230 plastic scintillator strips , as shown in Figure (A) Each scintillator strip
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has dimensions of 7 x 19 x 500 mm?. In this prototype, the scintillators were read out at both
ends using Hamamatsu R9800 vacuum tube [PMTH [1]. The optical signals produced in the
scintillators and converted by the were processed in the voltage domain using dedicated
digital multi-threshold electronics, which sampled the signal at four separate thresholds [17,/121].
The Data Acquisition system operates in a triggerless mode, enabling continuous
recording of time-stamped data streams. This prototype enabled the demonstration of the first
ex-vivo positronium images of cardiac myxoma and adipose tissue [25]. Moreover, it has been
used to investigate discrete symmetry violations in positronium decays and to study multi-
photon quantum entanglement phenomena arising from positronium annihilation [114-117].

This prototype was built with vacuum tube [PMTs, resulting in a sparse configuration
with large distances between scintillator strips and a non-portable mechanical construction.

The second prototype of the [J-=PET] detector, known as the Modular [J=PET] Scanner (see
Figure 2.1 B)), addresses these limitations by introducing new detection modules in which
each scintillator is read out by an array of [SIPM4d allowing scintillators to be placed adjacent
to each other. Furthermore, the detector features a modular design that can be reconfigured
in different geometries depending on the application and easily transported to the hospital.
The work presented in this thesis is based on this version of the detector. More details about
the construction, data processing, and the characteristics of this detector are
described in the next section.

2.2 Modular J-PET Scanner

The modular [J=PET] scanner consists of 24 detection modules arranged in a cylindrical
geometry. FEach module contains 13 tightly packed plastic scintillator strips with a length of
50 cm and a cross-section of 2.4 cm x 0.6 cm at the ends [4,22,[122124] (see Figure 2.2). Each
module weighs approximately 2 kg with the total detector weighing less than 60 kg.

The detector employs BC-404 plastic scintillators, produced by Saint-Gobain Crystals and
Eljen Technology [125], which has been used due to their favorable optical and timing properties.
These scintillators provide a light output of approximately 68% relative to anthracene and
exhibit a maximum emission wavelength of 408 nm, which is well matched to the spectral
sensitivity of Moreover, the fast rise time of 0.7 ns and decay time of 1.8 ns enable
precise time measurements, which are crucial for [TOF] techniques. In addition, the long
light attenuation length of approximately 140 cm allows for efficient light propagation along
the scintillator, complemented by a relatively low density of 1.023 g/cm?. To enhance light
collection efficiency and ensure light-tight operation, each scintillator strip is wrapped with
Vikuiti Enhanced Specular Reflector (ESR) foil together with Pokalon 100B foil, providing
efficient light reflection and protection from external illumination [126].

To detect the scintillation light, each scintillator strip is read out at both ends using
Hamamatsu [SIPMsd arranged in a 1 x 4 matrix configuration, where each Silicon Photomultiplier
(SIPM)) has an active area of 6 x 6 mm?. Optical connection was provided by BC-600 Optical
Cement to maintain the same refraction index between scintillators and [SIPMsl The signals
from each [SIPM] are processed using a dual-threshold readout scheme, with threshold levels

26



CHAPTER 2. J-PET (JAGIELLONIAN POSITRON EMISSION TOMOGRAPHY)

TDC Board

,\g/‘i‘

Silicon Photomultipliers

/ : L / Power Supply Board

Ethernet Port

Figure 2.2: Design of one Module of the Modular [J=PET] scanner with Front End Electronics boards.

set at 30 mV and 70 mV, explained in more detail below.

The total inner diameter of the Modular [[-PET] detector is 73.9 c¢cm. In the current
configuration, it features a split-ring design that can be opened into two halves (see Figure ,
which can be easily closed to form a cylindrical geometry for experiments involving patients in

a hospitals.

2.2.1 Data Acquisition (DAQ)

The in the Modular [J=PET] system is based on an Field-Programmable Gate Ar-
ray (FPGA])-driven architecture designed for efficient real-time processing of multiple data
streams ,. The are optically coupled to the scintillators and electrically con-
nected to the front-end electronics through Flexible Flat Cables (FFC). During measurements,
the were operated at a constant bias voltage of 56.3 V, supplied individually to each
via dedicated Power Supply Boards, which are mounted on top of the Front-end TDC
Acquisition Boards (ETAB) on both sides of module (see Figure 2.2). To minimize signal
degradation and noise, the front-end electronics are located at the ends of each detector module
so that the analog signals are digitized as close to their origin as possible.

The analog signals from the are first amplified by Amplifier Boards with a gain
factor of approximately 12 and then transferred to the On the the signals are
split into two channels and digitized using the TDC method implemented on [FPGAlbased
electronics built on the TRB3 platform. This setup allows precise measurement of the times
at which the analog signal crosses predefined voltage thresholds. During measurements, two
constant thresholds of 30 mV and 70 mV were used for each [SIPM], enabling the registration
of leading and trailing edge timestamps for accurate timing information and calculation of
Time Over Threshold (TOTJ).
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Figure 2.3: Two halves of the Modular [J=PET] detector surround a student in the [J=PET] lab. During
the scan, these two halves can be easily closed to form a cylindrical PET] scanner.

The digitized timing information is temporarily stored in local buffers on the
Digitized data from each module are then transmitted via optical fiber links using the Xilinx
Aurora protocol running at 5 Gbps to the concentrator boards. The Aurora links provide a
bidirectional channel that simultaneously transports measurement data, control and monitoring
messages, and precise synchronization signals, ensuring all Endpoints receive a common time
reference. This allows continuous, triggerless acquisition of multiple photons from the same
decay event . A synchronization message generated by the Controller board at a fixed
frequency of 20 kHz coordinates the readout process, enabling the Concentrators to collect
data from multiple modules and forward it to the server.

At the system level, the concentrator boards aggregate data from multiple Endpoints,
encapsulate it into UDP packets, and transfer it through a high-speed 10 Gigabit Ethernet
connection to the server. Finally, the recorded data are archived onto LTO magnetic
tapes for long-term storage and subsequent offline analysis.

2.2.2 Low level Data Processing

After the initial processing focuses on reconstructing the time, position, and [TOT]
values corresponding to photon interaction and energy depositions in the plastic scintillators.
This processing is carried out using the dedicated analysis framework developed for [J=PET] ,
which is built on ROOT , and involves mainly three stages, including signal reconstruction,
hit identification, and event formation as showed in Figure [2.4]

Signal Reconstruction

A photon interacting via Compton scattering with the plastic scintillator partially deposits
its energy in the material, producing a burst of scintillation photons. The light yield of BC-404
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Figure 2.4: The pipeline of the [J=PET] Framework

is approximately 10,000 photons per MeV . These optical photons propagate along the
scintillator strip and are detected by [SIPMs mounted on both ends, with four [STPMg coupled to
each side (see Figure 2.5(A)). The convert the scintillation light into electrical signals,
and the leading and trailing edges of these signals are recorded at two predefined thresholds:
30 mV and 70 mV. This data is stored in HLD files as raw timestamps for each [SIPM]

In the [J=PET] framework, the recorded data are first retrieved into fixed time windows
of 50 ps. Then, the timestamps recorded at the same threshold are matched within a 250 ns
coincidence window between leading and trailing edges. Subsequently, leading-edge times
measured at the different thresholds are paired within a 20 ns coincidence window to reconstruct
a representation of the signal, as illustrated in Figure (B) The measure of the energy
deposition is estimated using the [[TQT] technique [18]. For each side of the scintillator, the [TQT]
is calculated using the rectangular method, in which the area under the signal is approximated
by a set of rectangles corresponding to the time intervals during which the signal remains above
each threshold. The total [TOTI for one side is obtained by averaging the [TOT] contributions
from all on that side. The interaction time of the scintillation event at each end of the
scintillator is determined from the average time of the first leading edges of the reconstructed
signals, which corresponds to the arrival time of the detected signal (see Figure [2.5(C)).

Hit Identification

These signal times are then determined for both sides of the scintillator using the method
described above. Signals originating from opposite ends of the same scintillator are paired to
form a hit if the difference between their arrival times satisfies the condition:

|ta — tp| < 3.8 ns, (2.1)

where t4 and tp are the reconstructed signal times at sides A and B, respectively. This
requirement ensures that only signals originating from the same physical interaction in the
scintillator are combined.
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Scintillator

Figure 2.5: (A) Schematic illustration of the scintillation process in a single scintillator, showing how
an incoming photon deposits energy and produces scintillation light. (B) Signal formation process, high-
lighting how the [STPM3 detect the scintillation photons and generate electrical signals. (C) Illustration
of how the [TQT] and arrival time of the signal is estimated from one side of the scintillator, using the
signals from multiple

For a given interaction (hit), the interaction time of the photon in the scintillator is
estimated by taking the average of the times recorded on both sides (denoted as A and B) (see

Figure :

tg+tp

. (2.2)

thit =

The interaction position along the scintillator axial length (Al) is determined from the

difference in arrival times:

v
T2
where v is the effective propagation speed of light in the scintillator material.
The total [TOT] for the hit is calculated by averaging the contributions from all on
both sides:

Al = —(tq —tp), (2.3)

1
TOThis = ; gTOTi + %Ton : (2.4)
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where TOT; and TOT; are the [TOT] values measured by the individual [SIPMg on sides
A and B, respectively. The TOTy;; provides a measure of the deposited energy for one hit in
the scintillator, while the combination of hit time and hit position enables precise spatial and

temporal reconstruction of the scintillation event.

Event Formation

After reconstructing hits, the next step in the [J-PET] Analysis Framework consists of
grouping qualified hits into events based on a user-defined For two-gamma coincidence
imaging, for example, events are formed by selecting pairs of nearly back-to-back photons, as
illustrated in Figure The precise definition of an event and the selection criteria applied
at this stage depend on the specific study being performed. Depending on the analysis goals,
events may consist of one or several hits, and additional constraints (e.g., angular separation,

[TOEK consistency, or energy windows/[TOTlrange) can be imposed to select events of interest.

1 Al
I

ta

tcp =

tc

Figure 2.6: Schematic of event reconstruction in the Modular [JZ=PET] Scanner.

The experimental parameters required for this stage are loaded from a dedicated JSON
configuration file. User-defined selection criteria developed for two different studies in context of
this thesis, such as two-gamma coincidence imaging or [PLI] are presented in the next chapters.

2.2.3 NEMA Characteristics

The standards for [PET] scanner performance evaluation protocols are established by the
This standard provides a comprehensive methodology for evaluating the performance
of [PET] scanners with a diameter exceeding 26 cm. It specifies key performance metrics,
including spatial resolution, sensitivity, scatter fraction, Noise Equivalent Count Rate (NECR]),
and image quality. The first version of the standard was published as NU 2-1994 in 1994 and

31



CHAPTER 2. J-PET (JAGIELLONIAN POSITRON EMISSION TOMOGRAPHY)

has been updated in every five years. The most recent version is NU 2-2024 [131]. However,
the performance evaluation of the Modular [J-PET] system was conducted according to the
[NEMAINU 2-2018 standard [24], as these studies were performed before the release of the
2024 update.

For obtaining the performance characteristics with the Modular [J-PET] tomograph,
experiments were performed using a %®Ge line source for sensitivity evaluation, '®F in the
scatter phantom for scatter fraction and count-rate analysis, and a 2?Na point source for
spatial resolution determination. Image reconstruction was carried out using the
algorithm [132].

The average system sensitivity was measured to be 0.768 + 0.003 cps/kBq at the center
of the field of view, with a peak sensitivity of 2.1 cps/kBq [123]/132]. The experimentally
determined spatial resolution for [TOFHMLEM] image reconstruction was 4.92 & 0.56 mm,
7.38 +0.51 mm, and 30.73 £ 0.52 mm Full Width at Half Maximum (EWHM)) in the radial,
tangential, and axial directions, respectively [122]. The radial spatial resolution is comparable
to that achieved by commercial PET] scanners.

The scatter fraction, calculated using the Single-Slice Rebinning (SSRB)) algorithm, was
found to be 41.7 + 0.2%. Count-rate performance analysis indicated that at an average
activity concentration of 0.342 kBq/cc, the total coincidence count rate was 31.19 + 0.52 cps,
consisting of 18.18 4+ 0.99 cps true coincidences and 13.00 + 1.08 cps scatter coincidences,
while the corresponding [NECR] was 10.60 &= 1.17 cps. In addition, the Coincidence Time
Resolution (CTR) of the Modular [J-PET] scanner was reported to be 628 ps [123/132], and
then improved to 490 ps after precise calibration [124].
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Chapter 3

Experimental Details

The work presented in this thesis is structured around two principal research directions:
two-gamma based metabolic imaging and [PLI with the Modular [J-PET] Scanner. In total, six
distinct experimental measurements were conducted across both components. This chapter
provides a comprehensive description of the experimental setups, protocols and acquisition
details for each of the six measurements. Detailed event selection criteria and the results for
each of these experiments are presented and discussed in the subsequent individual chapters

(Chapters [5{{7]).

3.1 Experiments for evaluation of Two-gamma coincidence

Imaging

The evaluation of two-gamma coincidence imaging was first performed using data acquired
with a IQ phantom. These measurements allowed for a systematic qualitative and
quantitative evaluation of image reconstruction accuracy and an assessment of the impact of
various correction techniques (attenuation, randoms and scatters) developed for the [J-PET]
scanner.

Following successful validation on the IQ phantom, the optimized reconstruction
framework and correction techniques were applied to clinical patient scans. The measurements
were conducted using the modular [J=PET] scanner at the Medical University of Warsaw Hospital
and the Jagiellonian University Medical College Hospital in Krakéw.

3.1.1 NEMA Image Quality (IQ) Measurement

Spheres

Lung Insert

Figure 3.1: (A) Photograph of the NEMA| IQ phantom from the vendor’s website: https://wuw.
medipment .pl/produkt/pro-project-pro-nm-nema-nu2-79131. (B) Transaxial view and (C) coronal
view of the image, showing the six spheres, background region, and lung insert.
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The IQ, often referred to as the IEC body phantom, is a standard phantom
used in [PET] imaging to assess and compare scanner performance in a consistent and repro-
ducible way. It is made of acrylic and includes a large compartment filled with a radioactive
solution, usually "¥F{FDQC] to represent uniform background activity. Inside the phantom, there
are six spheres of different sizes (ranging from 10 to 37 mm diameter) that simulate lesions
(see Figure [3.1)). These spheres can be filled with higher activity (hot) or left inactive (cold). It
also contains a lung insert filled with low-density material such as styrofoam balls to mimic
lung tissue. Imaging this phantom allows evaluation of important quantitative parameters,
and the accuracy of the corrections (such as attuenuation, randoms, and scatters). Overall,
it serves as a simplified but practical model of the human body for testing, validating, and

comparing [PET] scanners and image reconstruction methods.

Figure 3.2: (A) Acquisition of the [NEMA] IQ phantom using the Modular [J=PET] scanner at Jagiel-
lonian University, where the phantom was positioned on a dedicated patient bed designed for [J=PET]
measurements. (B) Corresponding scan of the same [NEMA] IQ phantom performed on the GE
Discovery MI Gen 2 system at the Medical University of Krakow, which was later used to generate the
attenuation map for attenuation and scatter correction for [J=PET]

Phantom preparation protocol

For this experiment, the '®F source was purchased from the commercial company VOXEL.
A 100 mL stock solution was prepared containing 281.8 MBq (at the time of phantom
preparation). For the sphere preparation, 5.5 mL of the stock solution was mixed with 46.5 mL
of water, yielding a total volume of 52 mL, which was then injected into the sphere compartment.
The remaining 94.5 mL of the stock solution was transferred to the background compartment
and diluted to a total volume of 8796 mL. The resulting sphere-to-background Activity
Concentration Ratio (ACR]) was 9.85:1.
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Measurement with the J-PET Scanner

At the beginning of the experiment, the activity concentration in the spheres was
42.2 kBq/mL, while the activity concentration in the background volume of the phantom
was 4.28 kBq/mL, resulting in an [ACRI between the hot spheres and the background of ap-
proximately 9.85:1. The phantom was placed on the patient bed, as shown in Figure A),
and scanned for 39 minutes. The same phantom was then scanned using a scanner at the
University Hospital in Krakow to obtain images [Figure [3.2(B)], which was later used for
attenuation and scatter correction.

The results of this experiment is detailed in the Chapter

3.1.2 First Clinical Trials at Warsaw and Krakow Hospital

Once the reconstruction and correction techniques were validated using phantom studies,
the Modular [J=PET] scanner was transported, in separate measurement campaigns, conducted
at two hospitals: the Medical University Hospital in Warsaw and the University Hospital
in Krakow. These measurements were performed under clinical conditions to evaluate the
performance of the scanner in real patient studies.

In total, four patient studies are presented in this thesis to demonstrate the performance of
the scanner using different radiotracers. The measurements were carried out at two independent
clinical sites, allowing for a comparison of results across different hospital environments and

acquisition conditions.

Ethics Statement

The clinical imaging studies using the Modular prototype of the [J-PET] scanner were
carried out at two hospials: the Department of Nuclear Medicine at the Medical University of
Warsaw on 2022 and the Chair and Department of Endocrinology at the Jagiellonian University
Medical College in Krakow on 2024.

The study conducted in Warsaw took place in March 2022 and received approval from
the Ethics Committee of the Medical University of Warsaw (decision dated 21 February
2022, No. KB/16/2022), and is registered at ClinicalTrials.gov (NCT06211803, https://
clinicaltrials.gov/study/NCT06211803). The studies performed at the University Hospital
in Krakéw were carried out between March and April 2024, following approval from the
appropriate bioethics committees under agreement No. 1072.6120.92.2023 (NCT06242119,
https://clinicaltrials.gov/study/NCT06242119). All participants were fully informed
about the study procedures and provided written informed consent for participation, as well
as for the publication of the obtained results.

Patient Information

A total of four patients were examined to evaluate the performance of the Modular [[=PET]
scanner under clinical conditions. The patient group comprised both male and female subjects
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with varying ages and body weights, allowing for the assessment of the scanner across diverse
physiological characteristics.

Table 3.1: Summary of patient characteristics for the clinical studies, including hospital site, age, gender,
body weight, and administered activity with the corresponding radiotracer. WMU denotes the Medical
University of Warsaw, and KMU denotes the Jagiellonian University Medical College in Krakéw.

Pat.No. Hospital Age Gender Weight (kg) Act. Inj. (MBq)
001 WMU 56 F 64 156 (Ga-DOTA-TATE)
002 KMU 62 F 73 155.95 (Ga-DOTA-TATE)
003 KMU 70 M 94 155.95 (GalPSMA)
004 KMU 50 M 75 308 (EDG)

The clinical studies were conducted at two centres: the Medical University of Warsaw
(WMU) and the Jagiellonian University Medical College in Krakéw (KMU). One patient was
examined at WMU, while the remaining three were scanned at KMU. Different radiotracers were
administered depending on the clinical protocol, including ®Ga-DOTA-TATE, 58GalPSMA]
and ®F{FDJ for imaging [NETS, prostate-specific membrane antigen expression, and glucose
metabolism, respectively. The administered activity ranged from approximately 155 MBq
to 308 MBq, adjusted according to the radiotracer type and clinical protocol. Key patient
characteristics, including age, gender, body weight, and injected activity, are summarized in

Table Bl

Measurement with the J-PET Scanner

All patients underwent standard clinical [PET)/ICT] imaging prior to the [J-=PET] measure-
ment. The timing of the scans varied depending on clinical workflow, with [J=PET] acquisitions

generally performed at later time points after radiotracer injection (except for patient 1 from
WMU) as detailed in Table and the workflow is shown in Figure

Table 3.2: Timing details of the imaging procedures for each patient, including the post-injection
time and scan duration for both [PETICT] and J=PET] acquisitions. Post-injection time refers to the
interval between radiotracer administration and the start of the scan, while Ty, denotes the acquisition
duration.

Pat.No. Post Inj. (PET-CT) Tscan(PET-CT) Post Inj. (J-PET) Tscan (J-PET)

001 85 min 23 min 60 min 15 min
002 62 min 25 min 97 min 16 min
003 59 min 28 min 98 min 10 min
004 56 min 16 min 81 min 15 min

For Patient 1 ([*3Ga]Ga-DOTA-TATE, WMU; Figure (A—C)), imaging was performed
using a shared movable bed system. After radiotracer injection and the uptake period, a
single-bed-position scan of the abdominal region was first acquired using the Modular [J-=PET]
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scanner. The patient was then moved, on the same bed, to the Siemens Biograph 64 PET)ICTI
scanner, where a whole-body examination was performed using eight bed positions.

Figure 3.3: (A—C) Photographs from the Warsaw Medical University showing the course of imaging
patients with the portable modular [J-PET] scanner. (A) Before regular diagnostics with the PETCT]
Biograph 64 TruePoint, the patient remained on the bed and was surrounded by the [J=PET] tomograph.
(B) Photograph illustrating the positioning of the two halves of the [J-PET] tomograph around the
patient. (C) Final patient positioning within the axial field of view of the [J-PET] tomograph. (D-E)
Photographs from the University Hospital in Krakow showing the course of imaging patients with
the portable [[=PET] scanner. (D) Regular diagnostics of the patient in the GE Discovery MI Gen 2
[PETIICT] scanner. (E) Photograph of the patient during the scan with the [[-PET] scanner. The [J=PET]
scan was performed on a separate bed from the [PETJ/ICT] scanner.

At KMU, a different workflow was applied to Patients 2-4 due to technical limitations
that prevented the [J-PET] scanner from being positioned below the same patient table as
the clinical PETICT] system. As a result, PET|/CT] and J-=PET] examinations were performed
separately using a dedicated patient bed with mechanical properties comparable to those of
the PET)/ICT table (Figure [3.3(D-E)). In all the scans performed in Krakéw, patients first
underwent imaging on the GE Discovery MI Gen 2 [PET]/[CT] scanner. Following completion of
the [PETI/ICT] acquisition, patients were asked to void their bladder before undergoing imaging
with the modular [J-=PET] tomograph.

Patient 2 ([%8Ga]Ga-DOTA-TATE, KMU), a 62-year-old female was administered 156 MBq
of the radiotracer. After a 62-minute uptake period, an eight-bed-position whole-body PET)ICT]
scan was performed over 25 minutes, followed by a 16-minute single-bed-position [J=PET]
acquisition at 97 minutes post-injection.

Patient 3 ([*®*Ga]GalPSMAL KMU), a 70-year-old male who was administered 156 MBq
of the radiotracer. Following a 59-minute uptake period, a nine-bed-position PETIICT] scan
was acquired over 28 minutes. This was followed by a 10-minute single-bed-position [J-=PET]
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Figure 3.4: Patient-specific acquisition timelines for the first clinical imaging studies performed with
the Modular [[=PET] scanner. The solid black curve represents the decay of radiotracer activity over
the course of the imaging procedures. Panels (A—D) correspond to the four examined patients: (A)
Patient 1 ([®®Ga]Ga-DOTA-TATE, Warsaw), (B) Patient 2 ([®®Ga]Ga-DOTA-TATE, Krakéw), (C)
Patient 3 ([3Ga]GalPSMA] Krakéw), and (D) Patient 4 (['**FJEDGl Krakéw). The blue shaded area
represents the waiting time after radiopharmaceutical injection, the green shaded area denotes the data
acquisition with the modular JZ=PET] scanner, and the orange shaded area corresponds to the imaging
performed with the commercial PET/ICT] scanner.

scan performed at 98 minutes post-injection.

Patient 4 (['FJEDG, KMU), a 50-year-old male who was administered 308 MBq of
['8FJEDGL After a 56-minute uptake period, a nine-bed-position PET)/ICT] scan was acquired
over 16 minutes, followed by a 15-minute single-bed-position [J=PET] acquisition at 81 minutes
post-injection.

The imaging workflow for each patient is summarized in Figure[3.4] In the graphs, the solid
black curves represent the physical decay of the administered radiotracer over time, whereas
the colored shaded regions indicate the different stages of the imaging procedure: the uptake
period after radiopharmaceutical injection (blue), PETIICT] acquisition (orange) and [I-PET]

acquisition (green).

The results of the first clinical trials and two gamma coincidence images with the [[-PET]
scanner is detailed in the Chapter [5}
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3.2 Experiments for Positronium Lifetime Imaging (PLI)

In the second part of thesis, which focuses on [PLIl four different measurements were
performed. Three of these were phantom studies carried out using novel 3% + v emitting
radionuclides: 44Sc, 52Mn, and ®Co. These isotopes were selected due to their favorable

properties for [PLI

The final measurement was conducted to demonstrate the feasibility of [PLIl in a clinical
setting using patient data. In this case, the analysis was focused on the liver, spleen and
kidneys following administration of [*®*Ga]Ga-DOTA-TATE.

3.2.1 Measurement with **Sc and *F

As described in Chapter |1}, **Sc emerged as a strong candidate for [PLI [540,41], owing
to its favorable decay characteristics. It has a clinically compatible half-life of 4.04 h [119)],
an ultrashort de-excitation time of 2.61 ps, and a 94.3% probability of decays producing a
positron accompanied by a high-energy (1157 keV) prompt gamma [40] with a yield of 100%
as shown in the decay scheme (see Figure . This corresponds to a prompt gamma yield
associated with positron emission that is approximately 75 times higher than that of %Ga [41].

Isotope preparation

In this study, two 8T emitters, '8F and #‘Sc, were used simultaneously. These isotopes
exhibit distinct decay characteristics. '8F decays predominantly via 3 emission (97%) and,
to a lesser extent, through electron capture (3%), without the emission of a prompt gamma
photon. In contrast, #4Sc undergoes 81 decay in approximately 94.3% of cases and is followed
by the emission of a high-energy (1157 keV) prompt ~y-ray with nearly 100% probability [40].
These fundamental differences, especially the presence or absence of prompt gamma emission,
provide a basis for evaluating the effectiveness of the selection criteria developed to identify
BT + ~ events for the [PLI] studies.

The '8F used in this work was obtained from the commercial supplier VOXEL, while 44Sc
was produced at the Heavy Ion Laboratory of the University of Warsaw via the **Ca(p,n)**Sc
nuclear reaction [133-135|. For this purpose, natural calcium carbonate (CaCOg) targets in
the form of pressed tablets were irradiated using a 16.5 MeV proton beam with a current
of 15 pA for a duration of 2 hours and 20 minutes. Each tablet, with a mass of 70 mg, was
mounted onto a graphite backing, resulting in a total mass of 342 mg per target disc.

Following irradiation, the target material was dissolved in diluted hydrochloric acid (HCI)
to extract the scandium. The resulting solution was filtered to remove residual graphite
particles, and was subsequently purified, concentrated, and chemically processed. Finally, the
solution was buffered to increase the pH from approximately 0.5 to around 4.0, making it
suitable for the experimental use.
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Phantom preparation and measurement with the J-PET Scanner

A [NEMAHMQ phantom experiment was carried out to demonstrate [PLI] measurements
using 44Sc with the Modular [J=PET] scanner. The phantom contains six spherical inserts with
diameters of 10, 13, 17, 22, 28, and 37 mm, as well as a lung-equivalent compartment filled
with styrofoam beads to mimic low-density tissue. As depicted in the transaxial image in
Figure [3.5(A), the three smallest spheres (10, 13, and 17 mm) were filled with '8F, whereas the
larger spheres (22, 28, and 37 mm) contained **Sc. Both radionuclides were prepared in water
solution, with initial activity concentrations of 0.574 MBq/mL for 8F and 0.185 MBq/mL
for 44Sc at the beginning of the experiment. The background compartment was filled with
demineralized water and did not contain any radioactivity. The phantom was positioned inside
the scanner as shown in Figure (B), and data acquisition was performed for 178 minutes.
The analysis of the 44Sc dataset is presented in Chapter @

Figure 3.5: (A) Transaxial image of the IQ phantom illustrating the schematic distribution
of radiotracers in the spheres, red indicating '8F-filled spheres and blue indicating **Sc-filled spheres.
(B) The IQ phantom positioned inside the modular [J=PET] detector for the experiment. Figure,
prepared by the author, is adapted from , licensed under CC BY 4.0.

3.2.2 Measurement with *Mn and *°Co

While 44Sc satisfies many of the essential requirements for [PLI] its short half-life restricts
its labelling use in radiopharmaceuticals characterized by slow pharmacokinetics, including
monoclonal antibodies. In addition, the availability of specific isotopes may vary across
centers depending on available production methods (e.g., generator-based or cyclotron-based
approaches). These limitations motivate the search for alternative 8% + v emitters suitable for
[PLIl Several candidates, including ®>Mn, ?°Co, 9°Cu, "?As, 140, and '°C, have been proposed
due to their favorable physical properties ,,.

In this work, we investigate for the first time the two promising long-lived radionuclides,
52Mn and %°Co, for [PLIl applications. ®*Mn has a half-life of 5.59 days and emits positrons in
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29.4% of decays, followed by a cascade of prompt gamma photons (744 keV, 935 keV, and
1434 keV). This mutli-gamma cascade may, in pinciple, increase the prompt-photon detection
efficiency and hence the sensitivity for 4+ + v events suitable for [PLIl ®Co, with a half-life of
17.53 hours, emits positrons in 76% of decays and produces prompt gamma rays (477 keV,
931 keV, and 1409 keV) through de-excitations of *°Fe states, making it another suitable
candidate for [PLIL

Isotope preparation

For this study, two separate experiments were conducted with °2Mn and 5°Co. The ?>Mn
isotope was produced under the PRISMAP — The European Medical Isotope Programme at the
Hevesy Laboratory, Department of Health Technology, Technical University of Denmark (DTU).
It was produced via the >?Cr(p,n)>?Mn reaction by irradiating a natural chromium target
for 8 hours with a 16.5 MeV proton beam at 40 pA current using a GE PETtrace cyclotron.
Following irradiation, the activity was recovered in the form of Mn?* cations dissolved in
0.1 M HCI and subsequently transported by air to Warsaw and then by road to Jagiellonian
University in Krakéw for further experiments.

The 55Co isotope was produced at the Heavy Ion Laboratory of the University of Warsaw
via the *Fe(d,n)?>Co reaction . In this case, a metallic °*Fe target was irradiated for
2 hours with an 8.4 MeV deuteron beam at a current of 14.1 pA. After irradiation, the target
material was dissolved in 6 M HCI, filtered, and the °°Co was chemically separated at the
Institute of Nuclear Chemistry and Technology in Warsaw. The resulting solution was then
transported to the laboratory in Krakéw for experiments.

A Polv[cgll:,ldﬂ)“ate Myxoma

Fused Silica
(CRM)

Adipose

Figure 3.6: (A) Experimental configuration of the four samples inside the Modular [I-PET] scanner. (B)
Schematic representation of the samples relative positioning within the detector [FOVl Figure, prepared
by the author, is adapted from , licensed under CC BY 4.0.

Phantom preparation and measurement

In both experiments, four types of samples were investigated: human adipose tissue,
cardiac myxoma tissue, and two Certified Reference Materials (CRMH), namely fused silica
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and polycarbonate, with known mean [o-Pd lifetimes. The were purchased from the
National Institute of Advanced Industrial Science and Technology (AIST), Japan, and served as
calibration standards to verify the stability and accuracy of the measurements. The biological
samples were chosen to represent healthy fatty tissue and tumor tissue, enabling a comparison
of the properties of [Pd in different tissue types with distinct molecular composition and
free-volume structure.

The adipose and cardiac myxoma tissues were collected from a patient at the John Paul
IT Hospital in Krakéw, Poland, under bioethical approval (No. 1072.6120.123.2017). These
specimens had previously been used in the first demonstration of ex-vivo [Pd imaging with the
[J-PET] system [25] and were reused in the present study for measurements with 52Mn and
% Co. After the earlier experiments, the tissues were preserved in formaldehyde solution and
stored until further use. Prior to the current measurements, the samples were removed from
the preservative, immersed in Lugol’s solution to enhance soft-tissue contrast for 24 hours at
40 °C, and subsequently drained [39]. The tissues were then stored in the refrigerator. The
storage time differed between experiments, of approximately three months for the 5>Mn study
and approximately five months for the >Co measurements.

For the experimental setup, the adipose and myxoma samples were placed in 5 mL
Eppendorf tubes. A separate thin-walled tube (0.2 mL) containing the radioactive solution
(°2Mn or %°Co) was positioned between the samples to avoid direct contamination. In the
case of the [CRMS, fused silica and polycarbonate plates purchased from AIST were used
without modification, while the source holder and mounting system were prepared locally. Ten
layers of Parafilm, with a total thickness of approximately 1.2 mm, were stacked to form a
spacer with a central cavity for the radioactive source. The liquid source was deposited in
this cavity and enclosed between two CRM plates. The fused silica plates had dimensions of
15 mm x 15 mm x 1.5 mm, while the polycarbonate plates measured 15 mm x 15 mm x 2 mm. To
ensure proper sealing and prevent leakage, the entire assembly was wrapped with an additional
layer of Parafilm.

For the °?Mn measurements, activities of 1.278 MBq, 1.298 MBq, 1.346 MBq, and
1.354 MBq were used for the cardiac myxoma, adipose tissue, polycarbonate, and fused
silica samples, respectively, measured at the start of the experiment. Data acquisition was
performed over a period of 19 hours and 44 minutes with all samples placed in the scanner.
For the %°Co study, the corresponding activities were 1.032 MBq, 1.020 MBq, 1.092 MBq, and
1.071 MBq, and the measurement lasted 15 hours and 5 minutes. Apart from the choice of
radionuclide and activity levels, the experimental configuration remained identical for both
measurements (see Figures (AfB)). The results of this studies are presented in Chapter

3.2.3 Clinical Trials for Positronium Lifetime Imaging at WMU and KMU

Although %Ga is characterized by a relatively low 8+ + 7 yield (approximately 1.19%),
it remains widely used in clinical practice, particularly in radiotracers such as [PSMAI and
DOTA-TATE. Despite this limitation for [PLIl its clinical availability has enabled the first
demonstration of PLIl studies of the human brain using [*®*Ga]GalPSMAI [4].
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In the present work, [PLI|studies were performed on patients injected with [$3Ga]Ga-DOTA-
TATE for the assessment of NETS A total of six patients (3 men and 3 women), aged 33 to
82 years, with suspected [NETH of varying stages and locations, were analyzed. Among these

patients, five were examined at KMU and one patient at WMU. The patient characteristics are

listed in Table[3.3|and the scan workflow with commercial PET/ICT] and [I-PET] is summarized
in Table The primary objective was to evaluate the feasibility of organ-level [PLI under

routine clinical conditions, with the analysis focused on the liver, spleen, and kidneys.

Pat.No. Hospital Age Gender Weight (kg) Act. Inj. (MBq)

1 KMU 82  Woman 48 157.20(Ga-DOTA-TATE)
2 KMU 48 Man 73 145.42(Ga-DOTA-TATE)
4 KMU " Man 72 150.26(Ga-DOTA-TATE)
5 KMU 33 Man 62 157.53(Ga-DOTA-TATE)
10 KMU 75 Woman 75 147.69(Ga-DOTA-TATE)
W WMU 56  Woman 64 156 (Ga-DOTA-TATE)

Table 3.3: Summary of patient characteristics for the clinical studies, including hospital site, age, gender,

body weight, and administered activity with the corresponding radiotracer. WMU denotes the Medical

University of Warsaw, and KMU denotes the Jagiellonian University Medical College in Krakéw.

Pat.No. Post Inj. (PET-CT)

Tecan(PET-CT)

Post Inj. (J-PET) Tean (J-PET)

1 60 min
2 55 min
4 60 min
5 61 min
10 58 min
PW 85 min

25 min
28 min
25 min
28 min
25 min

23 min

96 min
91 min
93 min
94 min
90 min

60 min

15 min
20 min
20 min
18 min
15 min

15 min

Table 3.4: Timing details of the imaging procedures for each patient, including the post-injection
time and scan duration for both [PET)ICT] and [J-=PET] acquisitions. Post-injection time refers to the
interval between radiotracer administration and the start of the scan, while Ty.,, denotes the acquisition

duration.
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Chapter 4

Development of Correction Techniques
for the Modular J-PET Scanner

In [PET] measurements, three physical effects must be corrected in the coincidence data
to ensure the quantitative accuracy of a [PET] scanner: photon attenuation within the object,
random coincidences, and scattered coincidences. All three effects introduce both multiplica-
tive and additive contributions to the reconstructed image of the true activity distribution.
Consequently, implementing correction methods for the scanner is essential to mitigate
these effects.

The J=PET] scanner is composed of elongated plastic scintillator strips. Dominant interac-
tion of photons with 511 keV energy in the scintillator material is Compton scattering. Thus,
there is no photopeak in the energy spectra, so that scatter rejection by energy window around
511 keV energy is not applicable. In addition to that, the scanner has an axial strip geometry.
Thus, the sampling of the [LORI differs from the sampling of the transaxial line in ring-shaped
detectors. Therefore, the common correction algorithms, developed for crystal-based [PET]
scanners and based on the assumption of ring-shaped detectors, cannot be used directly. Instead,
a dedicated framework for data processing, reconstruction and correction has to be developed
and validated for the modular [J=-PET] scanner. In this chapter the implementation of the three
correction methods is presented. The work described in this chapter has been published in
Ref. [22] where the author of this thesis is the first author.

4.1 Attenuation Correction

Attenuation of annihilation photons occurs as they are absorbed or scattered while
traversing tissue, leading to a significant underestimation of the activity concentration. The
effect is most pronounced for deep anatomical structures, where both 511 keV photons travel
a few centimeters in the body tissue before they are detected by the detector. The
scanner utilizes a method, which is considered the gold standard in [PET] imaging. This
approach involves converting Hounsfield Units (HU) from images into linear attenuation
coefficients (u) for 511 keV photons.

Unlike [PET] imaging, where photon energy is monochromatic at 511 keV, imaging
utilizes a polychromatic X-ray beam with a spectrum of energies determined by the tube
voltage, typically ranging from 80 kVp to 140 kVp. Following the methodology established by
Carney et al. [7§], the relationship between measured HU and the 511 keV linear attenuation
values was modeled using a calibration phantom. A bilinear transformation was established
to map HU values to corresponding linear attenuation coefficients (cm™1) using a specific
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breakpoint to differentiate between the soft tissue and dense bone. To account for the kVp

dependence, the empirical transformation is defined as:

p=9.6x10""- (HU +1000)cm™ ! for (HU 4 1000) < Breakpoint (4.1)

p=a-(HU +1000) +bem™  for (HU + 1000) > Breakpoint (4.2)

For the current [J-=PET] prototype, scans were performed using a GE Discovery MI gen
2 [PET)/ICT] scanner at the University Hospital in Krakow and the Warsaw Medical University
with the Siemens Biogrpah 64 with a tube voltage of 120 kVp. Based on the 120 kVp settings
from Carney et al., the following parameters were applied: a breakpoint (HU +1000) = 1047 HU,
a=>510x10"% ecm™!, and b=4.71 x 1072 cm~ L.

HU<47 HU>47

RECOMBINE AND BLUR TO
MATCH THE PET
RESOLUTION

|’ |
I |
I |
I |
I |
I |
\

Attenuation Map /
N — = 7

Figure 4.1: Process of obtaining the attenuation map from the [CT] image
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The process begins with the segmentation of the image based on the predefined
threshold, as illustrated in Figure [£.1] with an example of the image of the [NEMA] IQ
phantom obtained with the GE MI gen 2 [PET)ICT] at the University hospital in Krakow. The
resulting attenuation map is resampled to a grid of 200 x 200 x 200 voxels with a voxel size of
2.5 mm?. To align the map with the spatial resolution of the PET] system, Gaussian smoothing
is applied with a 20 value (quantified in voxels) uniformly in all directions.

Due to the current configuration where [J-=PET] and measurements are acquired on
separate beds, the isocenters of the two scanners do not coincide. To address this, we performed
a spatial registration based on a translational alignment of the isocenters. This ensures that
the [CThderived attenuation map is accurately mapped onto the [J=PET] coordinate system.
Following this alignment, the attenuation map is integrated into the reconstruction framework
as described in the subsequent section.

4.2 Random Correction

Random coincidences occur when two photons originating from independent annihilation
events are detected within the same coincidence time window. These events introduce uniform
noise and background bias into the reconstructed image, significantly degrading both image
quality and quantitative accuracy. Consequently, random coincidences must be accurately
estimated and compensated for during the reconstruction process.

The [J-=PET] scanner utilizes the DTW] method, which is widely regarded as the reference
standard within the [PET] community. Typically, as described in Chapter [, this method
requires a dedicated delayed coincidence channel to collect random events. However, since the
[I-PET] scanner operates in a triggerless acquisition mode, a physical delayed channel is not
required. Instead, the same raw data stream used for two-gamma coincidence imaging can
be re-processed to identify random coincidences by applying an offset during the coincidence
search, eliminating the need for an additional hardware-level delayed channels.

4.2.1 Geometric Considerations

The modular [J-PET] scanner consists of 312 axially oriented plastic scintillator strips
arranged in a transaxial ring. For reconstruction purposes, each scintillator is virtually segmented
into 200 axial pseudo-crystals, resulting in a total of 62,400 detection elements. To satisfy
geometric constraints, valid coincidences are only defined for pseudo-crystals with a trans-axial
separation of at least 60°. At each projection angle, 208 pseudo-crystals are available for
coincidence formation. By employing an interleaving strategy, which combines 104 direct
parallel lines with 103 cross-pair lines (offset by a half-width), the system achieves 207 radial
bins (unique [LOR]) per projection angle. Across the 156 unique projection angles and 200 x 200
possible axial detector planes, the total number of [LORE is calculated as:

207 bins x 156 angles x 40,000 planes ~ 1.29 x 10° LORs
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Estimating the random coincidence contribution for each of the 1.29 billion [LORE individually
is statistically impractical under typical clinical count rates, as the majority of bins would
contain insufficient data for a reliable estimate.

4.2.2 Block-Based Grouping and Sinogram Formation

To address these statistical limitations and improve the [SNR] of the randoms estimate, a
spatial rebining strategy was implemented. Pseudo-crystals were aggregated into larger blocks,
significantly increasing the counts per bin. The compression parameters are defined as follows:

e Axial Grouping: 8 pseudo-crystals were combined to form 25 axial blocks.
e Trans-axial Grouping: 4 scintillators were combined, resulting in 39 angular bins and
51 radial bins.

The resulting 4D data structure for randoms estimation is organized by the parameters
(s, ¢, 21, 22). The axial distribution of these block-based coincidences is organized into a 4D
sinogram , where z; and 2o (each consisting of 25 blocks) represent the axial positions of the
detector blocks forming a coincidence pair. This grouping reduces the total number of detector
combinations to approximately 1,243,125 block pairs (51 x 39 x 25 x 25). By performing the
correction at the block level, the statistics per bin are increased by three orders of magnitude
compared to the pseudo-crystal-based [LORk.

4.2.3 Implementation of the DTW Algorithm

I]elayed. _qoincidence I I
A 1 I
l oy
I I
I I
I I
0ns 3ns Xns X+3ns 100 ns 130 ns
Time [ns]

Figure 4.2: Schematic of the DTW] method for random coincidence correction. Following an initial
interaction, a 100 ns offset is applied to ensure the exclusion of correlated events, after which a 30 ns
delayed coincidence window is established to capture random coincidences. The orange arrows denote a
true coincidence. The pink and green arrows represent a random coincidence resulting from independent
annihilation events where the partner photons were either attenuated or undetected. Time intervals
are provided for illustrative purposes and are not to scale. Figure, prepared by the author, is adapted
from [22], licensed under CC BY 4.0.

To identify prompt annihilation events, a of 3 ns is used in the modular [J-=PET]
Scanner with events containing more than two interactions within this window are excluded.
The random coincidence rate was estimated by leveraging the system’s triggerless acquisition,
introducing a 100 ns temporal offset after each initial interaction. Initially, a 3 ns delayed
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was employed to obtain uncorrelated second interactions, ensuring that detected pairs
originated from independent annihilation events. However, despite the block-based grouping
described previously, the 3 ns delayed [CTW] resulted in significant statistical variance in the
random factors. To mitigate this noise and improve the [SNR] of the estimation, the delayed
was increased to 30 ns, as illustrated in Figure This modification increased the
obtained statistics by a factor of 10, providing a more stable basis for correction.

Following data processing, random events were binned into the 4D block-based sinograms
(s,®, 21, 22). Under the assumption of a uniform distribution of random coincidences across all
[LORk within a specific block-pair bin, the random rate R; for an individual [LORIl ¢ belonging
to block pair b was calculated as:

_ Ny
NLOR X Tmeas x 10

R; (4.3)
In this expression, Ny denotes the total number of entries in the block sinogram bin b, and Ty,eqs
represents the total measurement duration. The term Nror = (8 x 4)2 = 1,024 represents
the total number of possible pseudo-crystal-based [LORk within the given detector block pair.
The scaling factor of 10 is included to normalize the rate, compensating for the deliberate
enlargement of the delayed from 3 ns to 30 ns. The resulting [LORlspecific random rates
were then incorporated as a new column into the Customizable and Advanced Software for
Tomographic Reconstruction (CASToR]) list-mode data for the reconstruction.

4.3 Scatter Correction

Scatter coincidences occur when one or both photons from an annihilation event undergo
Compton scattering within the object being imaged. This process results in a change of direction
and energy loss, causing the resulting [LOR] to be mispositioned. Scatter coincidences are a
major degradation factor, leading to a significant reduction in image contrast and quantitative
accuracy. To compensate for these effects in the modular [J=PET] scanner, a Monte-Carlo based

scatter correction framework was developed and implemented.

4.3.1 Monte-Carlo Simulation with SImSET

Monte-Carlo simulations for scatter estimation were performed using the Simulation System
for Emission Tomography (SImSET]) (Version 2.9.2). The initial input for the simulation consists
of:

e Emission (Activity) Map: An initial reconstructed image of the activity distribution,
containing all corrections (normalization, attenuation, and randoms) except for scatter.
e Attenuation Map: A voxelized map of attenuation coefficients derived from the [CT]

scanner data, as described in the previous section.

SimSET tracks the history of each simulated photon. If a detected coincidence pair involves
at least one photon that has undergone a scattering event, it is classified as a scatter coincidence;
otherwise, it is recorded as a true coincidence. The simulated true and scattered events are
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stored in list-mode format. Since the simulation provides count distributions only relative
to the total number of simulated events, proper scaling of the scatter events are required to
estimate the scatter contribution in the measured data. After scaling, the scatter correction
factors are incorporated into the list-mode file to perform the final reconstruction.
The complete pipeline is schematically shown in Figure More details about the scaling
procedure and the estimation of correction factors are provided in the next subsection.

1

SimSET simulation:
- Number of simulated decays
- Number of CPU threads in parallel

1
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1
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1
I l
I
1
I
1
1
I
|
I
1
1
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distribution

1t MLEM/OSEM
reconstruction, including the
correction for:

- Random events

- Attenuation

Simulated list-mode data set of
true and scattered coincident events

|

Sinogram scaling process

2" MLEM/OSEM
reconstruction including all
correction factors

Calculation of scatter correction
factors !

N Last step of algorithm

Image reconstruction part Simulation part: SimSET

Legend: Ilnput/output data ‘ [ Processing step ‘ ‘

Figure 4.3: Schematic overview of the scatter correction and image reconstruction workflow for the
modular [J-=PET] scanner. The process utilizes an initial, uncorrected reconstruction to estimate scatter
event rates. These rates are then incorporated into a secondary [MLEM|OSEM] reconstruction to
produce the final, fully corrected [PET] image

4.3.2 TOF-Integrated Binning and Estimation

To estimate the scatter contribution across the large [LORI] space of the [J=PET] scanner, a
block-based binning approach is used, following the same strategy as in the random coincidence
correction. However, unlike the randoms correction, scatter estimation must also account for
[TOF] information. Therefore, the scatter distribution is organized into a 5D sinogram defined
by (s, ®, 21, 22, TOF). The same block-based grouping as used for randoms (51 radial bins,
39 angular bins and 25 axial blocks) is applied. In addition, the [TOF] is discretized into 20

bins.

4.3.3 Scintillator Material Implementation in SImSET

The [I-PET] detector is constructed using BC-404 plastic scintillators (Saint-Gobain). This
material is a polyvinyltoluene-based compound (C1oHi;) with a density of 1.023 g/cm® [139].
These parameters were implemented in the simulation framework to accurately model
the detector response. However, the relatively low attenuation coefficient of plastic scintillators
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for 511 keV photons poses a significant challenge, leading to low detection sensitivity and
consequently long simulation times detailed in Chapter 5]

To address this limitation, lutetium—yttrium oxyorthosilicate (LYSQOI) was introduced into
the simulation as a high-efficiency surrogate material. Due to its higher density and effective
atomic number, provides significantly improved photon detection efficiency, enabling

faster simulations.

1.2 [ BC-404 (Plastic) 0.7
- [ Lrso
B
1.0 0.6
~ c
2 8
Sos ‘g 0.5
S i 408.0, 0.433)
v + 0.4
< 0.6 0.
9 E
N ©
=04 So0.3
.Y 0
E — BC-404
- 0.2 = LYsO
z° 0.2 e LYSO (SF=0.433, E=408.0 keV)

- BC-404 (SF=0.432, E=200 keV)
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Figure 4.4: (A) Energy spectra of deposited energy for true events simulated with [SImSET] using BC-404
and scintillators. (B) Simulated scatter fraction for BC-404 (blue) and (red) using the
[NEMAI IQ phantom. The markers indicate the lower energy thresholds corresponding to equivalent
scatter fractions.

As an initial validation step, the energy spectra for true events simulated with BC-404 and
were compared, assuming 511 keV photon emissions and a detector energy resolution
of 16%, as shown in Figure [1.4(A). The BC-404 spectrum is shown in blue, while the
spectrum is shown in red. These simulations were performed using the NEMAI IQ) phantom.
To use as a surrogate for BC-404, equivalent scatter fraction conditions were established
by adjusting the lower energy thresholds. For BC-404, a lower energy threshold of 200 keV
resulted in a scatter fraction of 43.2%. To achieve a comparable scatter fraction with [LYSOI the
corresponding energy threshold was determined to be 408 keV, as illustrated in Figure (B)
A comparison of the reconstructed images and a qualitative evaluation of this approximation
are presented in Chapter

4.3.4 Scatter Scaling

Scatter scaling is a critical correction step used to reconcile simulated scatter estimates
with actual measured data. The fundamental data representation for this process is based
on the relationship in which total prompt events P consist of true coincidences T, scattered

coincidences S, and random coincidences D:

P=T+S+D (4.4)

P-D=T+S§ (4.5)
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To perform the scaling, the data are binned into block-sinograms (utilizing 4 x 8 crystals
per block), as described previously. The scaling is carried out plane-by-plane, and a separate
scaling factor fj is computed for each projection plane k at the block-based sinogram level.
This approach relies on the key assumption that the scatter fraction is identical for both
measured and simulated block-sinograms within each plane.

The scatter fraction for a projection plane (25 x 25 possible projection planes) k is defined
as:

Zb S;)I}]Sas _ Zb SSlm
Soo(Poi — Dpj)meas > (Ty i + Sb,k)Sim7

where b denotes the block-sinogram bin, b“}fas is the measured prompt coincidence count,

SF, =

(4.6)

Smeas and

Dy is the measured delayed coincidence count used for randoms estimation,
SSlm are the measured and simulated scatter coincidence counts, respectively, and S"m is the
81mulated true coincidence count.

From this equality, the plane-dependent scaling factor fj is derived, allowing the measured

scatter sum for each plane to be estimated by scaling the simulated results:

Zb Pbk Db k)meas
Smeas Sblm . 47
Xb: - Z 2p(To g + Sp )™ *1)

I

Furthermore, since the distribution of scattered and true events across individual [TOF]

bins is not expected to differ between the simulated and measured data, the entries from all
[TOF] bins are summed for each block bin b to reduce noise. Consequently, a single scaling
factor fi (for each plane k) is applied uniformly across all [TOF] bins.

Finally, it is assumed that scatter is, on average, uniformly distributed across all [LORk
within a block. This assumption allows the estimation of scatter for each [LOR] i and [TOF

bin t from the scaled block-sinogram entries as described in the next section.

4.3.5 Estimating the Scatter contribution for each LOR and TOF bin

The plane-wise scaling described in the previous section provides the absolute normalization
of the simulated scatter distribution with respect to the measured (prompt-random) data.
A smoothing procedure was applied to the estimated scatter sinograms prior to their use in
subsequent [MLEM|/IOSEM] reconstruction updates in order to suppress statistical fluctuations
arising from the scatter estimation process. The smoothing was carried out using a Gaussian
filter with a [FWHM] of four bins. Since the smoothing step was performed after the scatter
scaling, the overall event counts within each sinogram plane remained unchanged, thereby
maintaining the quantitative accuracy of the scatter estimate.

For a given block-sinogram bin b and [TOF] bin ¢, the total scatter rate S, is calculated
by scaling the simulation results:

im,G
Ssnn, auss % fk

Spy = 2t , (4.8)

Tmeas
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where Szi;n Gauss onresents the entries in the scaled and smoothed simulated scatter

sinogram for block bin b and [TOF] bin ¢, and Tiyeas is the measurement duration.

Subsequently, assuming a uniform scatter distribution across all Ny or lines of response
within that block-sinogram bin, the final scatter rate .S; ; for each individual [LORI ¢ belonging
to block b is given by:

Sh 1t

Siy =
"~ Nror

)

V 1€b (4.9)

where NpoR is the number of [LORE per block bin. The resulting scatter rates are subse-
quently integrated into the list-mode data, providing the necessary additive correction term
for the [CASTOoRI reconstruction framework.

4.4 Establishing the Complete Reconstruction Pipeline
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Figure 4.5: Merging the [NEMAIIQ phantom attenuation map and a Monte Carlo derived sensitivity
map using the SENS optimizer.

Image reconstruction for the modular [J-PET] scanner is performed using [19].
In this study, the sensitivity map was derived entirely from Monte Carlo simulations and
subsequently applied during the reconstruction process. The Monte Carlo simulation consisted
of a high-statistics acquisition of a uniform cylindrical phantom that fully occupied the scanner’s
[EQV]

The sensitivity map computation, along with the incorporation of the attenuation map,
was carried out within the framework using the SENS optimizer, as illustrated in
Figure for the IQ phantom. Furthermore, normalization factors were included
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Figure 4.6: Schematic overview of the image reconstruction workflow for the modular [J-PET] scanner.

during reconstruction using a component-based approach [140L|141]. In addition, correction
factors for random coincidences, estimated using the DTW] method, and scatter correction
factors, derived using a Monte Carlo—based approach, were incorporated into the [CASToR]

list-mode data. A schematic overview of the complete reconstruction pipeline is presented in

Figure
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Chapter 5

Evaluation of two-gamma coincidence
imaging with J-PET

After establishing the event-selection, correction techniques and reconstruction pipeline
in the preceding chapters, this chapter presents the experimental evaluation of two-gamma
coincidence imaging with the Modular [J-PET] scanner. The evaluation was performed in two
stages. First, the method is demonstrated using a[NEMA|IQ phantom measurement, providing
the first standardized assessment of image quality for [[-PETl Second, the same reconstruction
framework was applied to the first clinical PET] image of human subjects acquired with the
[J-PET] scanner in a clinical setting. The experimental details for both studies have already been
described in Chapter 3| Part of this work has been published in a peer-reviewed manuscript
with the author of the thesis as the co-first author [23].

5.1 Selection criteria for two gamma coincidence imaging

The triggerless and low-level data processing described in Chapter [2| provide infor-
mation on how the raw data are processed with the [J-=PET] framework to obtain the hit-time,
hit-position, and total [TOT] (measure of energy deposition) for each registered photon [18]. In
plastic scintillators, photons interacts mainly via Compton scattering. This introduces back-
ground due to secondary interactions of detector-scattered photons. Additionally, radionuclides
that emit high-energy prompt photons can lead to the construction of that contain
prompt gamma interactions. Therefore, an event selection is required to suppress events of
detector scattered photons, accidental coincidences as well as prompt-gamma interactions that
are not spatially correlated with annihilation photons.

For each detected interaction (hit), the [TOT] value is obtained by averaging the signals
recorded by SiPMs coupled to both ends of a scintillator strip [18]. This averaged TOT value
serves as a measuere for the energy transferred by the Compton-scattered photon. Only
interactions with values in the range [3,5] ns-V are selected (Figure [5.1[A)). This region,
corresponds to the Compton edge for 511 keV photons, enhances the contribution of true
annihilation gamma interactions. Prompt photons tend to yield higher [TOT] values, while
secondary scatterings typically result in lower energy deposits. Following the preliminary
selection of annihilation-photon candidates, an additional event-selection criterion was applied
based on hit multiplicity (Figure [5.1B)). Events with exactly two hits (¢ = 2) within a
3 ns [CTWI are treated as annihilation candidates. To reduce background from scattered
and accidental events, an angular constraint is also applied. The distribution of the relative
angle 044 between the two selected annihilation photons with respect to center is shown in
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Figure 5.1: Event-selection criteria used for two-gamma coincidence image reconstruction with the
Modular [[-PET] scanner. Any pair of two photon interactions may originate from one of the coincidence
types described in previous chapters: true, patient-scattered, detector-scattered, or accidental. Events
surviving all selection criteria are used to construct [LORE for image reconstruction. (A) Distribution
of TOTYTOTyst) used for photon identification, with annihilation photons selected for further analysis
shaded in red. (B) Hit multiplicity () distribution for events within a [CTWI] of 3 ns. The red-shaded
histogram highlighting selected events containing exactly two annihilation photons. (C) Distribution
of the relative angle (044) between annihilation-photon direction vectors @; and ds, with 844 > 60°
(red) used as the selection criterion. (D) Distribution of the [TOF] difference At = t41 — ta2, with the
red-shaded region indicating selected events.

Figure [5.1[C). Only events within the selected angular range (f44 > 60°) are retained.

The [TOH difference, At = t,1 — tq2, is calculated for each event. Events satisfying
—2.5 <[TOF < 2.5 ns (Fig. [5.1(D)) are selected to further suppress background.

Finally, events with exactly two interactions satisfying all selection criteria are used
to construct [LORE for image reconstruction. The corresponding hit-times, crystal IDs (hit-
positions) of the two selected hits, and their [TOF] difference were then exported in
list-mode format for tomographic reconstruction.

5.2 NEMA Image-Quality phantom

This measurement was conducted using a [NEMA]IQ phantom, with a ®F source mixed
in water, having an [ACR] of 9.85:1 between the spheres and the background. More details
of the measurement has been provided in Section [3.1.1] After low-level data processing and
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application of the two gamma event selection criteria described above using [J=-PET] data
analysis framework, a total of 32,249,721 coincidence events were obtained.

5.2.1 Reconstruction parameters

For the IQ phantom studies, image reconstruction was performed using the [TOF}
algorithm, configured with ten iterations and four subsets. The [TOF] resolution kernel
was modeled as a Gaussian function. For each line of response, a ray-tracing projector based
on the incremental Siddon algorithm [142] was employed using 10 rays.

The reconstruction process incorporated image-based Point Spread Function (PSE]) mod-
eling within the framework. The Gaussian kernel size was defined by two standard
deviations (20) in both directions. The images were reconstructed into a 200 x 200 x 200

matrix with an isotropic voxel size of 2.5 mm?.

5.2.2 Qualitative assessment of the Correction techniques

This section presents a qualitative evaluation of the attenuation, random-coincidence, and
scatter correction techniques developed for the Modular J=PET] scanner, using the [NEMA] 1Q

phantom measurement.

Attenuation correction

Following the merging of the attenuation and sensitivity maps as described in image
reconstruction was performed using the framework. Figure [5.2] presents the recon-
structed images obtained using only sensitivity correction (top) and with attenuation correction
(bottem) applied. It is evident that, without attenuation correction, the tracer distribution
in the deeper regions of the phantom is underestimated compared to the edges, resulting in
non-uniform signal intensity and reduced quantitative accuracy. In contrast, after applying
attenuation correction, the tracer distribution becomes more uniform across the background
region of the phantom. Additionally, the overall shape of the phantom is better recovered after
applying the correction, with improved delineation of its boundaries and internal structures.

Random correction

During this acquisition, 80,420,905 delayed coincidence events were identified using a
100 ns [DTW] together with a delayed of 30 ns, following the procedure outlined in the
previous chapter. To improve the statistical precision of the random coincidence estimate, the
delayed coincidence window was intentionally enlarged by a factor of ten. After applying the
corresponding normalization, the estimated number of random coincidences contributing to
the measurement was approximately 8.04 million events. In comparison, the dataset contained
32,249,721 prompt coincidences, meaning that random events accounted for about 24.9% of
all recorded coincidences. The random correction factors were then incorporated into the
list-mode file as explained in section .2 and the reconstruction was performed.
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Figure 5.2: Comparison of IQ phantom images without (top) and with (bottom) attenuation
correction, along with the corresponding line profiles. The image reconstructed without attenuation
correction exhibits an underestimation of tracer activity in the deeper regions of the phantom, leading
to reduced signal intensity in these areas. In contrast, attenuation correction compensates for this effect,
resulting in a more quantitatively accurate representation of the tracer distribution throughout the
phantom.

To demonstrate the effectiveness of the random correction, Figure shows the relative
difference between images reconstructed without random correction and those with random
correction applied. This metric provides a normalized measure of the degree to which random

coincidences have been removed during the correction process.
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Figure 5.3: Relative difference between non-random corrected (NRC) and random corrected (RC) images
of the NEMAI IQ phantom scan, showing the proportion (qualitatively a relative difference (NRC -
RC)/NRC) of random coincidences (contributing to the background) removed by the correction process.

Scatter correction

Due to the low interaction probability of 511 keV photons in plastic scintillators, the
detection efficiency is significantly reduced in the simulation. As a result, simulation run times
become impractically long when high-statistics datasets are required for the proper estimation
of the scatter correction factors as shown in Table [5.I] To address this, we performed the
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simulations using both BC-404 and materials, to evaluate whether the computational
advantages of can be leveraged without compromising accuracy. In total, 5 x 10° radioac-
tive decays of 18F were simulated for the [LYSO] while 2 x 10! decays were simulated using
the BC-404. These values were chosen to yield comparable numbers of detected coincidences,

resulting datasets of almost similar size: 49.8 million events for BC-404 and 53.3 million events
for [LYSOl

Table 5.1: Summary of simulation parameters and results

Parameter NEMALIQ

LYSOl BC-404 (Plastic)
Number of simulated decays 5 Billion 200 Billion
Simulation time 9 h 40 min 69 h 22 min
Lower energy threshold 408 keV 200 keV
Scatter fraction 43.27% 43.24%

The total number of decays in the simulation was distributed across 100 independent
instances and executed on AMD EPYC 9754 128-core processors. For the case, intrinsic
radioactivity was not included in the simulation. The same selection criteria as applied to the
experimental data were used in the simulation and the [TOF] resolution was also included in
the simulation.

We further evaluated the scatter fraction for both detector materials as a function of the
lower energy threshold for photon detection (see Figure . In the [J=-PET] scanner, photons
are typically recorded within an energy window of 200-650 keV. Previous simulation studies
have shown that setting the lower energy threshold above 184 keV effectively suppresses
detector-scattered coincidences [143]. With a lower energy threshold of 200 keV with the
B(C-404 as the scintillator material in the Monte Carlo simulation, the obtained scatter fraction
was 43.2%. Accordingly, for LYSO] the lower energy threshold was set to 408 keV to obtain a
scatter fraction comparable to that of BC-404. Thus, an energy window of 408-650 keV was
used for In both configurations, the energy resolution was assumed to be 16%.

After estimating the scatter contribution for each [LOR] and [TOFH bin, this information
was incorporated into the list-mode data, and image reconstruction was performed
using the parameters as described in the image reconstruction section. Figure shows
both non-scatter-corrected (top) and scatter-corrected images for (middle) and BC-404
(bottem) scintillators. The results demonstrate that scatter correction significantly reduces the
residual activity in the lung insert, as observed in the line profiles. The reduction is 52.5%
for plastic and 55.2% for This corresponds to a relative difference of approximately
5.1% when taking plastic as the reference. In addition, the correction effectively suppresses
the spurious activity observed in the plastic layers above and below the phantom, as clearly
visible in the coronal and sagittal views of the reconstructed images.
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Figure 5.4: Comparison of non-scatter-corrected (top) and scatter-corrected images of the NEMAITIQ
phantom using (middle) and BC-404 plastic (bottom) in the Monte Carlo simulation. The
corresponding line profiles (right) illustrate the impact of each scatter correction method compared to
the uncorrected data. The images without scatter correction show reduced clearance in the lung insert
region, with visible residual scattered activity in the plastic layers above and below the phantom in both
coronal and sagittal views. In contrast, both scatter-corrected images show a clear improvement, with
better suppression of activity in the surrounding plastic and noticeably improved lung insert clearance.

5.2.3 Quantitative assessment of Scatter correction and Material Choice

To assess the quantitative accuracy of scatter correction and the material choice in the
simulation, an evaluation was performed with the phantom study in accordance with the
[NEMAI NU 2-2018 standard [24]. The analysis focused on three primary metrics: Contrast
Recovery Coefficient (CRCI), Background Variability (BGVarl), and residual lung error.

Contrast Recovery Coefficient (CRC)

The quantifies the ability of the scanner to accurately recover the true activity
concentration in lesions of different sizes. To evaluate this parameter, circular Region of
Interest (ROIl)s corresponding to the internal diameters of the six spheres (10, 13, 17, 22, 28,
and 37 mm) were defined on the central transaxial slice of the reconstructed image. The
(CRC}) of diameter j are defined as follows:
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(811
CB,]
CRC; = ~—1—% x 100%),
)
ap
where Cp ; is the mean reconstructed counts in the [ROIs for the hot sphere of diameter
J, respectively. Cp ; is the mean background counts for [ROIk corresponding to sphere size j.
apyg and ap denote the true activity concentrations in the hot spheres and the background,

respectively.
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Figure 5.5: Comparison of as a function of sphere size (10-37 mm). (A) Effect of scatter correction,
showing values with (blue circles) and without (red squares) correction. (B) Material comparison
between scatter-corrected (blue circles) and scatter-corrected Plastic (BC-404) (red squares).
In both panels, the upper plots present absolute values with error bars representing systematic
uncertainty in activity concentration. The lower plots show the relative percentage difference (%).

Figure [5.5(A) presents the (top) for uncorrected (red squares) and scatter-corrected
(blue circles) images using as the scintillator material in the Monte Carlo-based scatter
correction algorithm. A 5% systematic uncertainty, attributed to possible errors in phantom
filling, was considered in the analysis of the values. The relative difference between
the scatter corrected and non scatter corrected image (lower panel) for the smallest sphere,
shows no significant differences within the uncertainties. However, for larger spheres, scatter
correction leads to a clear improvement in In particular, for the 37 mm sphere, the
increases from 51.5% (uncorrected) to 62.2% (corrected), corresponding to a relative
improvement of 20.8%.

The comparison of scintillator materials used in the Monte Carlo simulation is shown in
Figure [5.5(B) (top), where values obtained using (blue circles) and plastic (red
squares) are presented. The relative differences are shown in the lower panel. The largest
deviation is observed for the 13 mm sphere (—11.1%), while the smallest difference is 2.2% for
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the 22 mm sphere, with an average deviation of approximately 5.0%.

Background Variability (BGVar)

The parameter reflects the statistical noise and uniformity of the reconstructed
image in the background region. Therefore, a lower indicates better image quality.
Following the protocol, for each sphere diameter j, 12 of identical size were placed
within the background region across five adjacent slices (the central slice, as well as slices at
+1 cm and £2 cm relative to the central slice), resulting in a total of 60 background per
sphere size.

Background variability (N;) is defined as:

_ 5D
Cg,j

N; x 100%,

where SD; is the standard deviation of the mean counts summed over all 60 background

[ROIk for sphere size j, and Cp j is the corresponding mean background count.

A Background Variability: Impact of Scatter Correction B - Background Variability: Material Comparison
12r -
—3— LYSO (Scatter Corrected) 1 ——8— LYSO (Scatter Corrected)
—&#— LYSO (No Scatter Correction) 1 —&#— Plastic (Scatter Corrected)
1
L 10 s
Elo " ‘?
- | b=
3 I8
= s} 1 = 8F
P 1 S
o
E | B
o 6 1 g 6F
1
o 1 o
~ ~
v 1 v
© ;8
o af | m ak
1
1
ol L L . . H 1 P " L L . H
10 13 17 22 28 37 1 10 13 17 22 28 37
- I o
0_\0, 10F (SC - NSC) / NSC 1 § 5 —— (Plastic - LYSO) / LYSO
1
E o E o N
a © . 8 0°
- L=
< ~10f i i i i i | @ -5t . i H H :
10 13 17 22 28 37 1 10 13 17 22 28 37
Sphere Size (mm) 1 Sphere Size (mm)

Figure 5.6: (A) The effect of scatter correction, showing results with (blue circles) and without (red
squares) correction; (B) a material comparison between scatter-corrected (blue circles) and
scatter-corrected plastic (BC-404) (red squares). The upper plots present absolute background variability
values, with error bars representing statistical uncertainties, calculated using Gaussian error propagation.
The lower plots show the relative percentage difference (%).

Figure [5.6(A) shows the for non-scatter-corrected (red squares) and scatter-
corrected (blue circles) images. The error bars represent statistical uncertainties, calculated
using Gaussian error propagation. Scatter correction improves background uniformity for
most sphere sizes. For example, for the smallest sphere, BGVai decreases from 8.2% to 7.2%,
corresponding to an improvement of 12.2%. For all sphere sizes except the largest, BGVail is
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consistently lower in scatter-corrected images. Although an increase of 11.1% is observed for
the largest sphere, this difference is not statistically significant within uncertainties. Overall,
these results indicate that the scatter correction algorithm does not introduce additional noise
and leads to a more uniform background.

The material comparison is shown in Figure [5.6(B) (top), where the values for
(blue circles) and plastic (red squares) are presented, with the corresponding relative
differences shown in the lower panel. The maximum difference of 6.0% was observed for the
smallest sphere, while the minimum difference of 2.0% was found for the 22 mm sphere, resulting
in an average difference of 4.6% across all sphere sizes. These small differences indicate that
the use of [YSOl as a surrogate material does not significantly affect the and, therefore,
has a negligible impact on overall image quality.

Residual Lung Error

The residual lung error is a quantitative metric which provides an assessment of the
accuracy of scatter and attenuation correction in a low-density medium. Since the lung insert
is filled with styrofoam balls to mimic the human lung and contains no radioactivity, it should
ideally not exhibit measurable activity concentration. To assess this parameter, a circular [ROIl
with a diameter of 30 mm was placed in the center of the lung insert to evaluate the residual
activity concentration.

The residual lung error (ACiung) is defined as:

Clun
AC11ung = Cl,Bg X 100%,

where Clyng is the mean counts within the lung insert [ROIl and C'p is the mean background
counts averaged over all corresponding to the 37 mm sphere background region. A lower
value of AC)ung indicates an improved performance in the scatter and attenuation correction.

The residual error in the lung insert is significantly reduced with scatter correction, from
49.0% (uncorrected) to 14.1%, corresponding to a reduction of 71.2%.

For the material comparison in the Monte Carlo simulation, the residual error is 14.1%
for and 15.1% for plastic, resulting in a relative difference of 6.6%, indicating that the
choice of material has not significant impact on the residual lung error.

5.3 First Clinical Two-Gamma Imaging of Human Subjects
with the J-PET

Following the successful demonstration and validation of the two-gamma coincidence
imaging using the [NEMAI IQ phantom, the same reconstruction framework was applied to
the first clinical patient measurements performed with the Modular [J-PET] scanner. These
measurements were done at the Medical University of Warsaw and the University Hospital
in Krakéw. In total, four representative patient studies are presented in this thesis. These
patients were injected with three different radiotracers: ®Ga-DOTA-TATE, 58GalPSMAL and
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IBRIEDG] More details on the patients, the experimental workflow, and the imaging protocols
have been provided in Section [3.1.2]

5.3.1 Reconstruction parameters

For the human subject study, 10 iterations of TOFUMLEM] were performed without subset
acceleration. Due to the low count rate in the human dataset, the number of iterations was
limited to prevent excessive amplification of image noise. The [TOF] resolution kernel was
modeled as a Gaussian function. For each line of response, a ray-tracing projector based
on the incremental Siddon algorithm [142] was employed using 10 rays. The images were
reconstructed into a 200 x 200 x 200 matrix with an isotropic voxel size of 2.5 mm?>. A Gaussian
post-reconstruction smoothing filter with a 5 mm kernel was applied in all cases.

5.3.2 Assessment of Scatter correction with a Human subject image

The effects of attenuation and random corrections are not shown separately for the human
subject image because they predominantly affect image quantification and overall count scaling,
as already demonstrated with the IQ phantom. In contrast, scatter correction results
in a more visible improvement in image contrast and organ delineation. Figure [5.7] presents
transaxial [J-PET)/ICT] fusion images of Patient 2 (see Section reconstructed with and
without scatter correction. The arrows indicate residual activity between major organs, such
as the liver, spleen, and kidneys, which shows improved delineation after applying scatter
correction. A line profile across the torso demonstrates that scatter between the liver and spleen
is effectively reduced, with the minimum value decreasing from 0.219 in the uncorrected image
to 0.150 after correction (see the green arrow in Figure . This corresponds to a reduction of
31.4%. Furthermore, correcting for scatter efficiently removed the residual background events

from inactive regions, as evident by the steeper drop-off outside the subject.

5.3.3 Clinical Two-Gamma images with J-PET

At the Medical University of Warsaw, Patient 1 was scanned with the modular [J-PET]
scanner for approximately 15 minutes, starting 60 minutes post injection. This was followed by
routine clinical imaging using the standard Siemens Biograph 64 TruePoint [PET]/CT] scanner
at 85 minutes post injection. During both scans, the patient remained on the same movable bed
platform. In this measurement, we utilized a key design feature of the Modular J-PET scanner:
it can split into two-half geometry, which allows the detector to be positioned around the patient
while remaining compatible with an existing clinical PET)ICT] bed platform. For imaging with
the [J-=PET] scanner, the patient was moved on the platform outside the PET)ICT] gantry, where
the patient was surrounded by the two halves of the portable modular [J=PET] tomograph. It is
worth noting that whole-body imaging with the Biograph 64 TruePoint [PET)ICT] scanner was
performed using eight bed positions, whereas the [J=PET] images were acquired using a single
bed position scan covering the entire abdomen. Figure [5.8(A-C) demonstrates the two gamma
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Figure 5.7: Transaxial PET|ICT] fusion images of Patient 2 without and with scatter correction. The red
arrow indicates residual activity between the liver and spleen (left). A line profile across the liver, kidney
and spleen is shown on the right. The green arrow shows the reduction of the activity concentration
between the spleen and liver.

coincidence [PET] images obtained with the [J-PET] showing the physiological accumulation of
[68Ga]Ga-DOTA-TATE radio-pharmaceutical in the liver, spleen, and kidney.

At the Jagiellonian University Medical College in Krakéw, patients were scanned separately
on the commercial PET)/CT] scanner and the [J-=PET] scanner due to mechanical constraints
that prevented positioning the [J=PET] scanner around the patient on the same [PET/ICT] bed
platform. For this purpose, a dedicated bed with properties similar to the [PET]/CT] table
was used. Patients were first scanned with the GE Discovery MI Gen 2 [PET/ICT] scanner,
after which they were asked to void the urinary bladder in order to reduce bladder activity,
followed by imaging with the [J-PET] scanner. Three patients were scanned with different
radiopharmaceuticals.

Figures[p.8(D-F) shows the PET]images acquired with the [J=PET] scanner, showing physio-
logical accumulation of [%8Ga]Ga-DOTA-TATE in the liver, spleen, and kidneys. Figures (GfI)
show [J-PET] images of [*®Ga]GaJPSMA] uptake in the kidneys. Finally, Figures (JfL) show
[I-PET] images of [**F[FDGI distribution in the liver, spleen, and bone marrow.

It is worth noting that, in all reconstructed images, the active axial range of the [[-=PET]
is 46 cm. A 2 cm region on each side of the scintillator was excluded during the analysis to
avoid edge-related effects in hit registration and position reconstruction. The axial range of the
commercial scanner corresponds to a whole-body scan acquired with multiple bed positions.
However, the images shown here represent only a 50 cm axial section, with the isocentres of
the [I=PET] and the commercial scanner aligned at the same location.
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Figure 5.8: First human two-gamma coincidence images acquired with the modular [[-=PET] scanner.
Axial (left), coronal (center), and sagittal (right) slices are shown, superimposed on images; the
corresponding slice positions are indicated by thin white dashed lines. The voxel size is 2.5x 2.5 x 2.5 mm?3.
The images obtained with the [JZ=PET] scanner are corrected for sensitivity, normalization, attenuation,
random coincidences, and scatter. (A—C) two-gamma coincidence images acquired with the [J-PET]
scanner of a patient scanned at the Medical University of Warsaw following injection of [4®Ga]Ga-DOTA-
TATE. (D-F) images of a patient scanned at the Medical University of Krakow after administration
of [®¥Ga]Ga-DOTA-TATE. (G—I) images of a patient scanned at the Medical University of Krakow
following injection of [**Ga]GalPSMAL (J-L) images of a patient scanned at the Medical University of
Krakow after administration of ['*FJEDGL

5.3.4 Qualitative and semi-quantitative comparison of the J-PET images
with the Commercial PET Scanner

To compare the commercial [PET)/CT] scanners with the [J=PET] scanner, a qualitative
assessment was performed using line profiles extracted across image slices in the axial, coronal,
and sagittal directions. For consistency, the activity concentration in the reconstructed images
from each scanner was normalized to its respective maximum value. Although the [J-PET]
images exhibit higher noise levels and increased residual activity in soft tissues between major
organs, the line profiles demonstrate that the overall organ shapes are well preserved, and
the normalized intensity distributions are in good agreement with those obtained from the
commercial PETICT] Scanner as shown in Figure [5.9] and

Several observations can be made from the images. In Patient 1, the activity concentration
in the kidneys appears to be underestimated, which could be due to the limited axial resolution
of the [J-PET] Scanner. In Patient 2, as indicated by the red arrow in the coronal view, differences
in patient positioning between the [I-=PET] and [PET/ICT] acquisitions—performed on separate
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Figure 5.9: Qualitative comparison of images obtained with the [J-=PET] and the commercial PET)ICT]
scanner. The left image is the image obtained from the commercial PET/CT] scanner, the middle image
is the [[-=PET] reconstructed image, and the right image shows the line profile from the corresponding slice.
The dashed lines indicate the position of the line profiles along the transaxial, coronal, and sagittal slices
of the images. (A) Patient 1 from Warsaw Medical University injected with [%8Ga]Ga-DOTA-TATE.
(B) Patient 2 from University Hospital in Krakéw injected with [%¥Ga]Ga-DOTA-TATE.

beds—result in slight rotational misalignment, particularly noticeable in the region around the
spleen. In Patient 3, the right kidney shows edge distortion, which can be attributed to its
location near the boundary of the [[-PET] axial [FOV] leading to truncation effects. In Patient 4,
a feature visible above the liver in the PET)ICT] image is not observed in the [J-PET] image for
the same reason. Additionally, no significant activity is visible in the bladder in the [J-=PET]
image, as the patient was instructed to void the bladder after the [PETICT]

Additionally, a semi-quantitative analysis was performed by estimating the average [ACRI
between the major organs, such as the liver, spleen, and kidneys. For this analysis, spherical
were drawn in the spleen with a diameter of 35 mm, in both kidneys with a diameter of
20 mm, and in the liver with a diameter of 40 mm. The kidney values were averaged across
both kidneys. Figure shows a comparison of organ-to-liver [ACR] measured with the [J-=PET]
scanner and Commercial PET)ICT] scanner. The top panel presents the spleen-to-liver ratios,
while the bottom panel shows the kidney-to-liver ratios for four patients scanned with different

radiotracers. The ratio’s are summarized in Table [5.2]

Overall, [J=PET] measurements were generally in good agreement with the commercial
[PET/ICT] scanner, with minor differences observed, particularly for Patient 3, likely due to
liver being located near the edge of the field of view.
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Figure 5.10: Qualitative comparison of images obtained with the [J-PET] and the commercial PET)ICT]
scanner. The left image is the image obtained from the commercial PET/CT scanner, the middle image
is the J-PET reconstructed image, and the right image shows the line profile from the corresponding
slice. The dashed lines indicate the position of the line profiles along the transaxial, coronal, and sagittal
slices of the images. (A) Patient 3 from University Hospital in Krakéw injected with [*®*Ga]GalPSMAL
(B) Patient 4 from University Hospital in Krakéw injected with [**F[FDGl

5.4 Discussion

This study presents the evaluation of two-gamma metabolic imaging with the plastic-
scintillator-based modular [J-PET] Scanner. Initially, the developed algorithms were validated
using the IQ phantom, which confirmed that the implemented attenuation, random,
and scatter corrections significantly improve image quality and quantitative accuracy. Notably,
the corrected images showed improved [CRC| a reduction in residual lung error by more than
70%, and improvement in demonstrating the effectiveness of the correction techniques.
Furthermore, results from the first human trials using various radiopharmaceuticals (**F{FDG]
8Ga-DOTA-TATE, and *®*GalPSMA]) provided validation of the developed methods for the
Modular [J-PET] scanner. Both quantitative and semi-quantitative assessments showed good

agreement with the commercial PET]/[CT] scanner.
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Figure 5.11: Comparison of organ-to-liver [ACR] with [J-PET] and Commercial PETJICT] scanner. Top
panel: spleen-to-liver ratio; Bottom panel: kidney-to-liver ratio. Bars represent the mean values
of [ACR] for each patient, with the uncertainties calculated using Gaussian error propagation under
consideration of the standard deviations on the calculated mean values. [[-PET] measurements are
shown in red, and Commercial PETJ/CT] measurements in blue.

Table 5.2: Spleen-to-liver and kidney-to-liver uptake ratios for [J=PET] and reference [PETIICT] systems.
The uncertainties were calculated using Gaussian error propagation, taking into account the standard
deviations of the mean values within the [ROIk.

Patient Radiotracer Ratio Type J-PET  Reference PET/CT
1 [®Ga)Ga-DOTA-TATE  Spleen/Liver 2.11+£0.46 2.83 4 0.49 (Siemens)
1 [8Ga)Ga-DOTA-TATE Kidney/Liver 1.12+0.21  1.40 4 0.09 (Siemens)
2 [®Ga)Ga-DOTA-TATE  Spleen/Liver  2.00 + 0.33 2.45 4 0.33 (GE)
2 [®Ga)Ga-DOTA-TATE Kidney/Liver 1.30 +0.12 1.34+0.10 (GE)
3 [(8Ga)Ga-PSMA Spleen/Liver  0.37 + 0.26 0.51 +0.14 (GE)
3 [(¥Ga]Ga-PSMA Kidney/Liver 3.72 +1.11 6.22 + 0.69 (GE)
4 [B*F)FDG Spleen/Liver  1.86 + 0.28 2.23 4+ 0.06 (GE)
4 [*F]FDG Kidney/Liver 0.49 4 0.09 0.58 + 0.04 (GE)
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Chapter 6

First Positronium Lifetime Imaging
with the **Sc with the J-PET Scanner

Positronium Lifetime Imaging (PLI) is a novel advancement in [PET] that can provide
additional information beyond the standard activity concentration image (two-gamma metabolic
imaging) . A fundamental prerequisite for [PLIlis the use of an isotope capable of emitting
an additional prompt de-excitation photon. This prompt photon serves as a marker to identify
the positron’s formation time, whereas the decay time of the [Pgis determined from the two
511 keV annihilation photons (see Figure [6.1(B)).
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Figure 6.1: (A) The decay schemes for the 4Sc isotope. 31 denotes the positron yield, EC indicates
electron capture contributions, and 7 represents the prompt gamma with energy indicated in the
paranthesis. (B) The event definition (one prompt gamma (¢1,7) and two annihilation photons ((¢2,7)
and (t3,73))) is depicted in the modular [J=PET] scanner (C) Experimental [[OT] spectra obtained in
the modular J-PET scanner for %*Ga and #4Sc, showing an increased prompt gamma yield for 44Sc.
Figure, prepared by the author, is adopted from , licensed under CC BY 4.0.

However, the implementation of [PLIl is limited by the decay characteristics of clinically
available isotopes, such as 82Rb, 8Ga, and '?*I. These specific isotopes are characterized

by a relatively low 3% + ~ coincidence yield, which imposes statistical constraints on their
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utility in [PLI applications. This limitation is illustrated in Figure [6.1(C), where the high{TOT]
region, used here as an energy proxy for prompt-gamma candidates, shows a markedly larger
contribution for 44Sc than for %*Ga.

Due to its advantageous physical characteristics, *4Sc is considered one of the most suitable
candidate for[PLIl Specifically, it has a clinically practical half-life of 4.04 hours [119], a minimal
de-excitation delay of just 2.61 ps, and an outstanding 87 + 7 emission yield. As depicted in
Figure (A), roughly 94.3% of its decays produce a positron alongside a 1157 keV high-energy
prompt gamma photon, occurring with an emission probability of almost 100% [144]. More
details on [PLI has been discussed in Chapter

Although #4Sc has not yet been established as a standard radionuclide in routine clinical
practice, its medical potential has been extensively investigated in both clinical and preclinical
settings [119}/145/153]. The efficacy of PET]imaging based on #*Sc has been successfully demon-
strated through phantom demonstrations [154], comparative analysis of radionuclides [155], and
preclinical radiotheranostic models |156}/157]. Furthermore, initial first-in-human trials have
confirmed its viability for visualizing prostate cancer(**Sc{PSMA]) and NETS (*Sc-DOTA-
TATE) [158-161], and clinical-grade production techniques have also been optimized [162].
More recently, **Sc was found to be potentially relevant for theranostic applications, in partic-
ular as [PET] imaging analogue of targeted radionuclide therapy with therapeutic radionuclides
such as 4"Sc or 17" Lu [52}[163].

This chapter presents, to best of our knowledge, the result of the first experimental
demonstration of [P using **Sc with the [J=PET] scanner, performed using a IQ
phantom. Detailed experimental details has been described in Section [3:2.1]

The results presented in this chapter have been published as a peer-reviewed manuscript,
with the author of this thesis as the first author [41]. The figures and text included in this
chapter are adapted from that manuscript and were originally prepared by the author.

6.1 Data Analysis for the PLI with *Sc

The principle of two-gamma coincidence [PET] imaging is based on the simultaneous
detection of two back-to-back 511 keV annihilation photons (v,). In [PLIl the two annihilation
photons must be detected together with an additional prompt gamma photon (v,), which
provides the start-time reference for positron emission. The[J-PET]scanner operates in a trigger-
less mode, enabling the simultaneous detection of multiphoton events. The data acquisition
and signal processing techniques employed in the modular [J=PET] scanner are described in
Chapter

In this study, event classification is performed according to the radionuclide employed.
The isotope '®F results in the emission of a pair of 511 keV annihilation photons, whereas
448c produces not only the annihilation photon pair but also an additional prompt gamma
of 1157 keV (7p). The incident photons in the plastic scintillator interact predominantly via
Compton scattering, leading to energy deposition that depends on the scattering kinematics [1].
The deposited energy is inferred indirectly through the [TOT] technique [18§].
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The resulting [TOT] distribution, presented in Figure [6.2[A), exhibits characteristic Comp-
ton edges corresponding to different photon energies. The edges associated with 511 keV and
1157 keV photons are observed at approximately 7.5 ns - V and 11 ns - V, respectively, reflecting
the maximum possible energy transfer in a single Compton interaction. Based on these features,
selection windows are defined: [TOT] values in the range of 5.5-8 ns - V are attributed to 511 keV
photons (red shaded area), while those between 8.1 and 14 ns -V correspond to 1157 keV
photons (blue shaded area).
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Figure 6.2: (A) Distribution of TOTy; used for photon identification. Region used to identify annihi-
lation photons is shown in red, while region used to identify prompt gamma is shown in blue, each
occupying distinct TOTy;; intervals. (B) Event-wise hit multiplicity (u) distribution. The red-shaded
region indicates the selected topology consisting of two annihilation photons and one prompt gamma.
(C) Distribution of the angle 844 between the annihilation photon direction vectors 75 and 75 (as
defined in Fig. ) Events satisfying the condition 844 > 60° are marked in red and further selected
for analysis.(D) Distribution of the angle p4 between the prompt gamma direction vector 7 and
the annihilation photon directions 75 and 75 (see Fig.[6.1B). Events fulfilling 64 > 30° (red region)
are retained to suppress contributions from misidentified scattered photons. Figure, prepared by the
author, is adapted from [41], licensed under CC BY 4.0.

Event building for the [PLIl is performed by grouping hits that occur within a [CTW] of
20 ns. The selection and processing of events for the two gamma-coincidence imaging with the
[J=PET] has already been described in Chapter 5] Here we emphasize events involving three
coincident interactions, comprising two annihilation photons and one prompt gamma (2,
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+ 7p), which are of particular relevance for [PLIl To assess the effectiveness of the selection
criteria, the image reconstructed with 2-hits (2v,) and 3-hits (2 7, + ;) events is presented
in the result section.

Event-wise hit multiplicity is used as the next selection criterion. In the case of [PLI with
48e, we select events containing exactly three detected hits (i = 3): two hits corresponding
to the 511 keV annihilation photons, identified within TOTy;, € [5.5,8] ns -V, and one hit
corresponding to the 1157 keV prompt gamma, falling within TOTy; € [8.1,14] ns- V. The
multiplicity distribution is illustrated in Figure B), where the red-highlighted region marks
events fulfilling this topology, i.e. two annihilation-related hits and one prompt-gamma hit
distinguished by their TOTy;; values. For events with p = 3, all three recorded hits must
satisfy this composition requirement. In cases where the multiplicity exceeds three, events are
retained only if they still contain exactly two annihilation-region hits and one prompt-region
hit.

To further reduce contamination from scattered photons and random coincidences, angular
constraints were introduced based on reconstructed photon emission directions. The distribution
of the angle 844 between the two annihilation photons, determined from their interaction
positions relative to the detector center, is presented in Figure (C) Events within the
selected angular window (644 > 60°) are kept for further analysis.

Although the prompt photon 7, is intrinsically emitted isotropically with respect to the
annihilation photon, the measured angular distribution between annihilation photons and the
prompt gamma shows a pronounced enhancement at small angles. This effect is attributed to
misidentified secondary scatter events being reconstructed as either prompt or annihilation
signals. To mitigate this background contribution, an additional angular requirement of
Opa > 30° is applied, as shown in Figure (D)

0 5 10 1 20
ST [ng]

Figure 6.3: Distribution of the ST value used to discriminate true annihilation photon pairs from
events contaminated by intra-detector Compton scattering or accidental coincidences. The red-shaded
region indicates the selected window for the ST.

Finally, to discriminate true annihilation photon pairs from events contaminated by intra-
detector Compton scattering or accidental coincidences, a Scatter Test (ST]) was applied. For
the annhilation photons registered at times o and t3, and positions 7 and 73, the [ST] parameter
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is defined as
: T3 — 7%
ST = \t3*t2|*|372, (6.1)
c
where ¢ denotes the speed of light.

In the case of ideal direct detection of annihilation photons, the condition [t3 — t2| <
|75 — 72| /c is satisfied, resulting in non-positive values. When both registered hits originate
from primary and secondary interactions of the same photon, the value is expected to be
approximately zero within the limits of experimental resolution. Conversely, for accidental
coincidences, the time difference |t3 — t2| can be larger, leading to positive [ST] values. To
enhance the purity of the selected annihilation events, only pairs satisfying the condition

< —0.5 ns were retained in this study (see Figure .

6.2 Image reconstruction

In this study, TOFHMLEM] image reconstruction was performed using both 2+, events and
[Pshrelated 27, 47, events in order to compare the standard two-gamma with the [PLI modality.
Additionally, this comparison allows the assessment of the impact of the analysis criteria
described in the previous section, noting that ®F does not emit prompt gamma radiation. It
is important to emphasize that in both cases only annihilation photon pairs (511 keV) were
used for image reconstruction. In the 2+, + v, category, the additional prompt gamma photon
(7p) was included exclusively for subsequent positronium lifetime estimation.

Furthermore, the annihilation position 7, and annihilation time t, can be reconstructed
solely from the measured times and positions of the annihilation photons, (t2,7) and (t3,73),
registered by the [J-PET] scanner:

. _F2+F3 C(tgftg) Ty — T3

T 2 - (6:2)

and

_ to + t3 B |772—773’

2 2¢

To perform the reconstruction, the coincidence data for both the 2+, events

and the 27, + 7, events acquired with the [J-PET] scanner were converted to the list-mode

format suitable for reconstruction using the [J=PET] framework. Image reconstruction

was performed with the package using the algorithm with 10 iterations

without subset acceleration. The reconstructed volume consisted of 200 x 200 x 200 voxels, with

a voxel size of 2.5 x 2.5 x 2.5 mm3. A Gaussian filter with an of 5 mm was uniformly
applied for post-reconstruction smoothing.

The resulting [TOEHMLEM] images for the 2v, and 27, + 7, datasets, together with the

annihilation position distribution 7, (Eq. for the 27, 4 7, events, are presented in the

(6.3)

Results section.
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6.3 Positronium Lifetime estimation

The lifetime of the positron, defined as AT = ¢, — t,, represents the time interval between
positron emission and annihilation. Here, ¢, denotes the annihilation time, while ¢, is used
as an approximation of the emission time. In the decay of #*Sc, a prompt gamma photon is
emitted with an average delay of 2.6 ps relative to the positron emission. Due to this very
short delay, the prompt gamma emission time is treated as a reliable estimate of t,.

The emission time is obtained by correcting the prompt gamma detection time (¢1) for its

[TOE: L
ty =1t — M’ (6.4)
c

where 7 is the recorded interaction position of the prompt gamma, and 7, is the reconstructed
annihilation point (see Equation . Considering the short positron range in tissue (approxi-
mately 1.7 mm [40]), it is reasonable to assume that the prompt gamma originates close to
the annihilation site.

The measured AT spectrum includes contributions from several different annihilation
processes. These include direct positron annihilation (p), and [o-Pg annihilation. Therefore,
the spectrum was analyzed by fitting a sum of exponential decay components convoluted
with the detector time resolution using the Avalanche software [164-166]. The initial
parameters for and direct annihilation were set to lifetimes of 125 ps (10% intensity) and
388 ps (60% intensity), respectively. Both lifetimes and intensities were allowed to vary within
200% of their initial values.

The NEMALIQ phantom used in this experiment was made of Polymethyl Methacrylate
(PMMA]). The mean lifetime of [o-Pg in falls within the range of 1.7 to 1.9 ns, depending
on temperature (20°C-60 ° C) [167]. This range is similar to that in water, where the mean [o-Ps]
lifetime is approximately 1.839 + 0.015 ns at 20°C [168]|. Given this similarity, contributions
from and water were treated as a single component during the fitting procedure. The
background background from accidental coincidences was estimated by taking the average
from the interval between -10 ns and -5 ns and subtracted prior to fit.

To evaluate the reliability of the extracted lo-Pd lifetime, three fitting strategies were
employed in this study:

Model 1 (Fixed Background): the background level was fixed at the estimated value, while
the mean [o-Pd lifetime (7, ps) and intensity were treated as free parameters.

Model 2 (Constrained Background): the background was allowed to vary within +30 of
its mean value, where o is the standard deviation of counts in the -10 ns to -5 ns range. The
mean [0-Pd lifetime (7,.ps) and intensity remained free. This approach improves stability in
low-statistics conditions.

Model 3 (Extended Parameter Range): the background was fixed, while the mean [o-Ps
lifetime (7,.ps) and intensity were allowed to vary up to 200% of their initial values (2 ns and
30%, respectively).

In addition to the mean [o-Pd lifetime (7,.ps), the mean positron lifetime (ATean) Was
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calculated within the 0-5 ns signal region after background subtraction:

AT o ?:I(l)sns(Ni — Nb) ATZ
mean — 5 ns (NZ — Nb) )

=0 ns

(6.5)

where N; is the number of events in bin AT;, and N, represents the average background
estimated from the —10 ns to —5 ns interval. The resulting values of 7,.ps and ATy ean from

this experiment are presented in the next section.

6.4 Result

The transaxial slice of the two gamma coincidence [PET] image reconstructed using the
TOFHMLEM] algorithm for 2+, events is shown in Fig. [6.4{A). The image has been corrected
for attenuation and sensitivity.
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Figure 6.4: 2v, and 27, + 7, image of the NEMA IQ phantom filled with *Sc (three largest spheres)
and 8F (three smallest spheres): (A) Transaxial slice of 27, acquired with the modular JIPET] scanner,
reconstructed using and overlaid on the corresponding image. (B) Line profile extracted
along the dashed line indicated in the images. The red line corresponds to the 2, image, showing that
the activity concentration of 8F is more than twice that of 4*Sc within the selected slice. The blue
curve represents the profile for the 2+, + 7, image showing reduction in the activity concentration in
the region of 18F. (C) Transaxial slice reconstructed from 2+, + vp events using two 511 keV photons in
[CASTOR] overlaid on the image. (D) Transaxial distribution of reconstructed annihilation positions
distribution (7,) for 2v, + -, events, overlaid on the image. Only voxels with intensities greater
than 10% of the maximum are shown. Figure, prepared by the author, is adapted from [41], licensed
under CC BY 4.0.
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Table 6.1: [Pdlifetime and intensity value estimated from three different fitting-models. D represents

the diameter of the spheres. Here, 7o_ps represents the mean [o-Pg lifetime, while I,_ps, Iqirect, and I ps
denote the relative intensities of annihilation, direct e™ — ¢~ annihilation, and annihilation,
respectively. The mean positron lifetime is indicated by AT ean. Table, prepared by the author, is
adapted from [41], licensed under CC BY 4.0.

Fitting Model 1

D [mm] To-Ps (D] Iops [70] Tiirect [%0] Iy ps %] ATmean [ns]
22.00 1.413 4+ 0.070 28.46 £+ 1.26 61.11 £ 1.43 10.43 £ 1.20 1.099 + 0.013
28.00 1.821 4+ 0.061 25.55 £ 0.74 63.41 £+ 0.89 11.04 + 0.73 1.099 + 0.008
37.00 1.804 4+ 0.042 25.84 + 0.52 62.05 £ 0.63 12.10 4+ 0.52 1.102 + 0.005

Fitting Model 2

D [mm] To-Ps 18] Iops [70] Tairect [%0] Ip-ps (%] ATmean [ns]
22.00 1.693 £ 0.087 25.68 + 1.13 56.96 + 1.38 17.36 £ 1.16 1.122 £ 0.013
28.00 2.129 £ 0.076 23.43 £+ 0.70 63.99 £+ 0.88 12.58 £ 0.71 1.108 £ 0.008
37.00 1.836 £+ 0.044 25.40 + 0.51 62.62 + 0.62 11.98 £+ 0.51 1.102 £ 0.005

Fitting Model 3

D [mm] To-ps 18] Iops [70] Tairect [%0] Ip-ps [%] ATmean [ns]
22.00 1.398 £ 0.068 29.13 £+ 1.23 62.85 + 1.38 8.02 £ 1.04 1.099 £ 0.013
28.00 1.815 £ 0.008 25.68 £+ 0.73 65.15 4+ 0.89 9.17 £ 0.70 1.099 £ 0.008
37.00 1.838 + 0.044 25.23 £ 0.50 65.07 4+ 0.60 9.71 £ 0.43 1.102 + 0.005

At the beginning of the measurement, the ACR] between '®F and 44Sc was 3.10. Due to the
distinct decay rates of the two isotopes (Aisp = 0.006316 min~! and Mg, = 0.002909 min~!),
this ratio progressively declines during measurement. Following a 178-minute acquisition
duration, the time-integrated activity ratio was determined to be approximately 2.38. The 2+,
line profile spanning the 17 and 37 mm spheres (Figure B)) shows that within the selected
slice, the peak [ACRl is 2.08, which is in good agreement with the calculated value.

The [TOFHMLEM] reconstructed image for the 2+, +y, events, with the [CASToR] is shown
in Figure (C) This image highlights the effectiveness of the applied event selection criteria
in selecting the 27, + 7, events for [PLIl The corresponding line profiles for the 17 and 37 mm
diameter spheres [Figure (B)] show suppression of event contributions from '8F in the
17 mm sphere. This behavior is expected, as '8 F does not emit prompt gamma. The residual
signal associated with '8F can be explained by coincidences, where a prompt gamma emitted
by #4Sc is detected in coincidence with two annihilation photons originating from ®F within
the coincidence window of 20 ns. Such events lead to misidentified 2+, + 7, detections and

mainly contribute to background.

The spatial distribution of annihilation points (7,) reconstructed from 2, + 7, events
using two 511 keV photons (Equation is shown in Figure [6.4(D). The increased intensity
of the signal is clearly visible in the spheres with diameters of 22 mm, 28 mm, and 37 mm,
which contain *4Sc. To obtain the positron lifetime (AT from the spheres containing *4Sc,
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[ROTk were defined within each sphere, as illustrated in Fig. [6.5(A), and the corresponding
lifetime distributions were plotted with a bin width of 100 ps. The 7,.ps obtained from the
fitting of the lifetime spectra using three different models are summarized in Table [6.1]

In Fitting Model 1, the extracted 7,.ps values for the 28 mm and 37 mm spheres are
consistent with the reference value for water. However, the value obtained for the 22 mm sphere
(1.413£0.070 ns) is noticeably lower. The distribution of the positron lifetime spectra and 7,_ps
image are shown in Figure [6.5(B-E). The deviation in 7,.ps observed in this model is likely
due to low statistics in this sphere, along with a possible overestimation of the background
contribution.

To address this issue, Fitting Model 2 was applied, which allows the background level
to vary within +30 of its mean value. With this adjustment, the 7,_ps in the 22 mm sphere
becomes more consistent with the expected value. At the same time, the lifetime in the 28 mm
sphere increases, while the result for the 37 mm sphere remains stable and in agreement with the
reference value. These observations suggest that further investigation is required, particularly
under conditions of limited statistics in [PLIl In Fitting Model 3, all the fit parameters were
allowed to vary within the bounds of 200%. The resulting 7,.ps values are in good agreement
with those obtained using Model 1.

Notably, the ATiean wWas found to be a more stable observable. This parameter does not
depend on choice of the specific fitting model, incorporates the effect of all decay channels, and
is mainly influenced by the method used for background estimation. In this study, AT ean
remains consistent within 10 ps in all models, even when variations are observed in the extracted

To-ps (see Figure [6.5(F)).

6.5 Discussion

This chapter presents the demonstration of [PLI using *4Sc with the modular J=PET]
scanner. These results, together with the other studies conducted [33}39,/120] confirm that
448c is a well-suited radionuclide for [PLIL Measurements performed with the modular J=PET]
scanner shows that the 7,.ps values in the two largest spheres agree with literature values for
water [168], validating the approach. However, results obtained from the smallest sphere reveal
limitations driven by low statistics and sensitivity to background estimation.

To address this, multiple fitting strategies were explored. Model 2, which incorporates
constrained background estimation, improves the consistency of 7,.ps under low-statistics
conditions (e.g., 22 mm sphere), highlighting the importance of adaptive background treat-
ment. At the same time, its tendency to overestimate 7,.ps values in higher-statistics regions
(28 mm sphere) indicates that increased model flexibility may introduce bias. Therefore, while
Model 2 is a valuable tool for assessing background sensitivity, further validation is required
before any firm conclusion can be drawn.

By comparison, the ATjean was found to be a more stable observable, remaining within a
10 ps variation between different fitting approaches, underscoring its robustness and relevance

for [PLI
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Figure 6.5: (A) Transaxial view of the NEMALIQ phantom showing the selected [ROI, overlaid on the
corresponding [CT] image. (B—D) Positron annihilation lifetime (AT) distributions for spheres with
diameters of 22 mm (B), 28 mm (C), and 37 mm (D). The black histograms represent the measured data,
while the superimposed curves indicate the fitted components: (Cp-ps), direct annihilation (Cgirect),
[b-Pd (Co.ps), and the background arising from accidental coincidences. The red curve corresponds to
the overall fit, given by the sum of all components. (E—F) Positronium image of the extracted mean
lifetime (7o.ps) (E) and the mean positron lifetime (ATpean) (F) obtained using Fitting Model 1,
where voxel intensities within each are replaced by their corresponding lifetime values. Figure,
prepared by the author, is adapted from [41], licensed under CC BY 4.0.
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Chapter 7

First Positronium Lifetime Imaging
with Two Novel Long-Lived Isotopes,
2Mn and °°Co, with the J-PET Scan-

ner

In the previous chapter, the demonstration of PLI with (#4Sc) established this radionuclide
as one of the most favourable candidates for [PLIL With high (3% ++) yield, short de-excitation
delay and clinically relevant half-life (7}, = 4.04 h), it is of particular interest for applications
where efficient event tagging and pure signal are required. However, there are additional areas
where radiopharmaceuticals with slow pharmacokinetics, such as monoclonal antibodies are

more suitable. For this reason, it is important to investigate alternative 8 + v emitters for

[PLI] applications )
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Figure 7.1: (A—C) Decay schemes of **Sc (A, Ty, = 4.04 h), **Mn (B, Ty/» = 5.59 d), and 5°Co
(C, Ty /2 = 17.53 h). (D) Event definition for **Mn in the modular [IEPET] scanner, including two
annihilation photons detected at (¢1, ™) and (t2, ™), together with a possible cascade of three prompt
photons detected at (¢;, 75), (i, 74:), and (¢, Tii;). Figure, prepared by the author, is adapted from ,
licensed under CC BY 4.0.
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Among the other available 5t + 7 emitting isotopes, 2Mn and ®Co are particularly
promising long-lived radionuclides that could overcome some of the limitations associated with
448c. Currently, ®2Mn and %°Co are not yet included among radionuclides used in routine clinical
[PET] but possess several interesting features. First, %°Co has a half-life of 17.5 hours, which
is significantly longer than that of %Ga [169]. Therefore, °Co is suitable for immuno-PET
using monoclonal antibodies [170] and also allows delayed imaging to increase the tumor-to-
background ratio, which is particularly relevant in oncology studies. Initial preclinical studies
using %°Co-based tracers have shown promising results [171,/172]. In addition to applications
in oncology, >Co has also been proposed for the visualization of neuronal damage in stroke
patients [173]. Furthermore, multi-isotope [PET] imaging has been demonstrated using %°Co
and '®F-labeled tracers in a single session, where the signals were separated by exploiting the
prompt-gamma emission of **Co [174,/175].

In contrast, °2Mn has been investigated in a range of applications. It has been used for
in-vivo immuno{PET] imaging [176]. Due to its properties, 52Mn is also suitable for combined
[PET)/MR imaging and thus can be used as a[PETlanalogue for Mn-based MRI contrast agents
for distribution and pharmacokinetics studies in-vivo [177-180]. Moreover, 52Mn can serve as a
surrogate for Ca?* uptake studies, for example in the context of diabetes [181]. 52Mn-labelled
liposomes have also been evaluated in-vivo [182]. In addition, the radiation effective dose of
92Mn administered as chloride in humans has been determined [183], and its radiotoxicity has
been evaluated in rats [184].

This chapter presents, to best of our knowledge, the first [PLI] studies with these two
long-lived radionuclides (°>Mn and %°Co), performed using and human tissues (cardiac
myxoma and adipose tissue). The experimental details are described in Section

The results presented in this chapter have been published as a peer-reviewed manuscript,
with the author of this thesis as the first author [53|. The figures and text included in this
chapter are adapted from that manuscript and were originally prepared by the author.

7.1 Data Analysis for the PLI with °Mn and *Co

The selection procedure follows the methodology already established in our previous studies
with #4Sc (see Chapter @), including [TOTlbased photon identification, multiplicity selection,
angular constraints, and to reduce contribution from detector scattering and accidental
coincidences. The measured [TOT] spectra for ®>Mn and ®>Co are shown in Figure (A) and
Figure (A), respectively. Unlike 44Sc, which produces a single prompt photon at 1157 keV
well separated from the 511 keV annihilation energy, both 2Mn and ®*Co emit multiple prompt
photons at various energies, resulting in more complex [TOT] spectra (see Figure . For
52Mn, the Compton edges of 511, 744, 935, and 1434 keV photons are clearly visible in the
TOT spectrum (Figure A)) Similarly, for ®*Co, the Compton edges corresponding to the
477, 511, 931, and 1409 keV photons are observed in Figure (A) These values correspond
to the maximum energy that can be transferred to an electron in a single Compton scattering
interaction.

For event selection, [TOT] windows were applied to identify annihilation photons (511 keV)
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Figure 7.2: Event selection for ®?Mn: (A) Distribution of the TOTy;; used for photon identification,
where annihilation photons (red) and prompt gamma quanta (blue) are separated by distinct ranges.
(B) Hit multiplicity (p) distribution for registered events, with the red-shaded region shows events
with exactly two annihilation photons and one prompt gamma, the blue region shows two annihilation
photons and two prompt gammas, and the magenta region shows two annihilation photons and three
prompt gammas. (C) Distribution of the relative angle (844) between the annihilation photon vectors
71 and 7 (see Figure [7.ID), where events with 644 > 60° (red) are selected. (D) Distribution of the
relative angle (fp4) between the prompt gamma vector 7; and the annihilation photon vectors 7, 7
(see Figure ), with the requirement 8p4 > 30° (red). Figure, prepared by the author, is adapted
from , licensed under CC BY 4.0.

and prompt photons. In both figures, the selected annihilation and prompt windows are
indicated by the red- and blue-shaded regions, respectively. For 2Mn, annihilation candidates
were selected in the range 6-7.25 ns-V, while prompt photons were selected in 8.5-13.5 ns-V.
For °Co, the corresponding ranges were 6-7.8 ns-V and 8.8-13.5 ns-V, respectively. The events
were then formed based on the multiplicity of hits within a of 20 ns. Next, events with
two annihilation photons and one or more prompt photons were considered. For 2Mn, which
emits up to three prompt photons per decay (see Figure B)), different multiplicity classes
were analyzed containing three hits (274 + 7p), four hits (2, + 27,), and five hits (2v, + 37;),
in order to investigate whether the additional prompt photons provide a practical advantage
for PLI. For ®®Co, whose decay scheme is simpler, only the single-prompt configuration was
considered (see Figure[7.2B), Figure[7.3(B)). Angular selections on 6§44 and p4 were applied
to suppress misidentified and detector-scattered events (see Figure [7.2{C-D), Figure [7.3(C-D)).
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Figure 7.3: Event selection for ®*Co: (A) Distribution of TOTy;; used for photon identification, showing
a clear separation between annihilation photons (red) and prompt gamma quanta (blue) based on
distinct TOTy,;¢ ranges. (B) Hit multiplicity () distribution of recorded events, where the red-shaded
region highlights the selected subset containing exactly two annihilation photons and one prompt
gamma. (C) Distribution of the relative angle (f44) between annihilation photon vectors 71 and 72
(see Fig.|7.1]D), with events satisfying 6 AA > 60° shown in red. (D) Distribution of the relative angle
(AP A) between the prompt gamma vector 7; and the annihilation photon vectors 7, 72 (see Fig. [7.1D),
where the selection criterion §PA > 30° is applied (red). Figure, prepared by the author, is adapted
from , licensed under CC BY 4.0.

As a final step, for a pair of hits with detected hit-times t; and ¢, with corresponding
hit-positions 7; and 7%, the is defined as:
|7k — 7]

ST = [ty — tj] — ——,
&

was used to reject events consistent with scattering or random coincidences. Ideally, ST will be
negative when the two hits come from a pair of photons produced in the same annihilation, and
positive when the two hits are just random coincidences as the time interval is not correlated.
Only pairs satisfying the previously validated cut (STI < —0.5 ns, see Chapter @ were retained.
The same criteria were adopted for candidate pairs of prompt photons (with four and five
hit multiplicities) in the ®?Mn data set to reduce detector-induced scattering effects from the
prompt photons.

After applying all selection criteria, a clean sample of 27, + 7, events is obtained for
further analysis. However, the purity of the events still depends on the detailed decay schemes
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of %2Mn and %°Co. Therefore, it is important to identify and quantify the dominant background
channels specific to these isotopes, discussed in the next section.

7.2 Background contribution

7.2.1 °2Mn

Among the 31+~ emitters considered for [PLIl so far, ®2Mn offers several practical ad-
vantages. Its relatively long half-life of approximately 5.6 days is sufficient for production,
transport, and multi-step experimental procedures, while still remaining suitable for preclinical
studies. Each decay (°2Mn — °2Cr*) is followed by a cascade of three prompt photons (744, 935,
and 1434 keV), which are emitted nearly simultaneously on a timescale of tens of picoseconds
(see Figure ) Despite these features for [PLI the complex decay scheme of ®?Mn also
introduces specific background contributions that must be carefully addressed.

A single decay can, in principle, provides up to three prompt photons that may be registered
in coincidence with the annihilation radiation. This increases the probability of forming valid
274 + 7p events by approximately a factor of three compared to isotopes emitting only one
prompt photon. A significant limitation of ®*Mn, however, is that in 70.6% of its decays the
prompt photons are produced following electron capture rather than positron emission. Such
events do not contribute to useful [PLIl topologies and instead increase the overall level of
background. As described in Section the annihilation and prompt candidates are selected
based on their TOTy;; values. Both the 511 keV annihilation photons and the prompt photons
from °2Mn produce distinct structures in the [TOT] spectra, corresponding to their respective
Compton edges. In an ideal case, where photon energies are well separated and only single
prompt photons are present, it would be possible to define narrow TOTy;; intervals and achieve
an unambiguous separation between annihilation and prompt contributions.

However, in plastic scintillators, photon interactions are dominated by Compton scattering,
and higher-energy prompt photons are preferentially scattered at small angles, as described
by the Klein—Nishina distribution. Consequently, they often deposit only a fraction of their
energy in a given strip, resulting in TOTy;, values that overlap with the region characteristic
of 511 keV photons (see Figure [7.2(A)). This effect is further amplified by the multi-photon
cascade of °?Mn, which increases the number of prompt-related hits in the annihilation
energy region and complicates the identification of clean annihilation candidates. To mitigate
this contamination, a relatively narrow TOT}; window was chosen around the 511 keV
peak. While this improves the purity of the annihilation sample, it also reduces the overall
statistics, partially offsetting the efficiency gain expected from the higher prompt multiplicity.
In addition, selection criteria based on angular correlations and [ST] criteria were applied to
further suppress misidentified combinations of annihilation and prompt photons. Nevertheless,
several background configurations still survive these cuts, as illustrated in Figure [7.4] These
contributions can be broadly classified into two categories: those originating from a single decay
(Figure [7.4(A-E)) and those arising from accidental coincidences between two independent

decays (Figure [7.4(F-1)).
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Figure 7.4: Cross-sectional view of the modular [[-=PET] scanner illustrating representative background
configurations in °?Mn data. Primary and scattered prompt photons are shown as red solid arrows,
while annihilation photons are indicated by blue dashed arrows. (A—E) Backgrounds originating from a
single decay: (A) one missing annihilation photon with a double-scattered prompt photon misidentified
as annihilation radiation; (B) one missing annihilation photon with a doubly scattered annihilation
photon; (C) both annihilation photons are undetected; two scattered prompt photons are misidentified
as annihilation candidates; (D) one missing annihilation photon with a low-energy scattered prompt
photon misidentified as annihilation radiation; (E) electron capture event without positron emission,
where two prompt photons mimic annihilation signatures after scattering. (F—I) Backgrounds arising
from accidental coincidences between independent decays: (F) coincidence of two annihilation photons
from separate decays; (G) coincidence between a prompt photon and an annihilation photon from
different decays; (H) mixed coincidence involving prompt photons and misidentified scattered signals
from two decays; (I) complex accidental overlap of prompt and scattered photons leading to false
annihilation assignment. Figure, prepared by the author, is adapted from , licensed under CC BY
4.0.
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In the first category, background arises within individual ®>Mn decays. One subset corre-
sponds to 29.4% of decays in which positron emission is followed by prompt photon emission
(Figure [7.4(A-D)). A substantial fraction of these events can be suppressed using [ST] selection
between annihilation and prompt photon pairs, combined with angular constraints (see Fig-
ure (D)) The second subset, which accounts for 70.6% of decays, involves electron capture
accompanied by prompt emission without positron production (see Figure (E)) These
events can be significantly reduced by applying criteria among prompt photon candidates.
The second category consists of accidental coincidences between photons originating from
different decays (Figure [7.4{F-I)). Some of these contributions can be further suppressed by
applying the allowed angular constraint (044 and 0p4) and selections.

After all selection criteria, the data set contains 9,323,325 events classified as 27, + v,
68,240 events corresponding to 27, + 27,, and 1,088 events corresponding to 27, + 37,. The
latter two topologies together constitute only 0.74% of the 2v, + v, events. Therefore, these
higher-multiplicity events were used exclusively for studies of prompt photon multiplicity and

were excluded from the [Pg lifetime analysis.

7.2.2 %Co

The ?°Co isotope exhibits several properties that make it an even more advantageous
candidate for [PLI Its half-life of 17.5 h is suitable for preclinical imaging studies, including
those involving monoclonal antibodies. Approximately 76% of **Co decays proceed via 3+
emission, and in most of these events a 931 keV prompt gamma (7,) is emitted with high
intensity. This provides a well-defined prompt signal that can be used to construct 2, + 7,
event topologies. Compared to 52Mn, the decay scheme is therefore simpler and leads to
a cleaner 27, + 7, signature. In addition, %Co has been used in pre-clinical PET studies
using peptides and antibodies, thus establishing the availability of the appropriate chelation
chemistry and labeling chemistry to produce targeted molecular imaging agents [171-173,/185|.
Nevertheless, its decay scheme leads to additional background contributions that need to be
accounted for with respect to [PLI based on plastic scintillators.

A specific background arises from the 477 keV prompt photons emitted by >Co (with
an intensity of approximately 15%), which lie relatively close to the 511 keV annihilation
energy. In the TOTy;; spectra, these photons often produce signals that fall within the same
region as annihilation photons, as illustrated in Figure (A) As a result, a fraction of
477 keV photons is incorrectly classified as annihilation candidates, contributing to background
within the annihilation selection window. Following the same classification as for ®?Mn, the
5Co-induced background is categorized into two main classes: events originating from a single
decay [Figure (AfB)] and events formed by photons originating from two independent
decays [Figure [7.5(C-E)].

In the first category, the background arises from individual °Co decays. One possible
scenario occurs when one of the annihilation photons is not detected and the 931 keV prompt
photon undergoes two interactions within the detector. In such cases, a scattered hit from
the prompt photon may be incorrectly identified as an annihilation photon [Figure [7.5[(A)].
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Figure 7.5: Cross-section of the modular [J=PET] scanner illustrating background events for 5°Co decays.
The prompt v photon is shown as a red solid arrow, while primary and scattered annihilation photons
are represented by blue dashed arrows. (A) Background event in which one annihilation photon is not
detected and the prompt photon undergoes two interactions in the detector, leading to a scattered hit
being misidentified as an annihilation photon. (B) Background event where one annihilation photon
is undetected and the remaining annihilation photon undergoes multiple scattering, resulting in a
misidentified second annihilation candidate. (C) Accidental coincidence in which a prompt photon
from one decay is detected together with an annihilation photon pair originating from another decay.
(D) Accidental coincidence involving a prompt photon and one annihilation photon from one decay
combined with an annihilation photon from a second decay. (E) Additional accidental background
event in which a prompt photon and one annihilation photon from one decay are recorded together with
a low-energy scattered photon from another decay, which is misidentified as an annihilation photon.
Figure, prepared by the author, is adapted from [53], licensed under CC BY 4.0.

These events typically tend to cluster at small values of the angle §p4 between the prompt
and annihilation candidates and can be partially suppressed by applying a lower threshold on
Opa, as shown in Figure (D) Another scenario occurs when one annihilation photon is lost
and the remaining photon undergoes multiple scattering, leading to a misidentification of a
scattered hit as a second annihilation photon [Figure[7.5(B)]. Such events can be effectively
reduced using the applied to the annihilation photon pair.

The second category consists of accidental coincidences that involve photons from two
independent ®*Co decays. An example is the background in which a prompt photon from
one decay is detected together with an annihilation photon pair originating from another
decay [Figure [7.5(C)]. A fraction of these events can also be rejected using the [STl Another
configuration occurs when a prompt photon and one annihilation photon from one decay are
recorded together with an annihilation photon originating from a second decay [Figure (D)]
In this case, additional suppression is achieved by applying the angular selections on 644 and
0pa [Figure [7.3[C-D)], in combination with the ST} which further reduces such accidental
coincidences. Another possibility is that a low-energy, scattered prompt photon of another
decay could be identified as an annihilation photon as shown in Figure E) These events
are also suppressed by the [TOTlbased selection and

7.3 Positronium Lifetime estimation

After applying all selection criteria described above, a purified sample of 2+, + -, events
was obtained and used for [Pd lifetime reconstruction. For each selected event, the annihilation
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position 7, and annihilation time ¢, were determined from the detection times and positions
of the annihilation photons, (t1,71) and (t2,7%), using Equation introduced in the previous
chapter. Note that the notation for annihilation photons has been modified in this chapter for
clarity, due to the presence of prompt photon cascades.

It should be emphasized that the annihilation point distribution was reconstructed exclu-
sively using the 511 keV annihilation photon pair, while the additional prompt gamma photon
was used to estimate the positron lifetime. The positron lifetime is defined as AT = ¢, — t,,
representing the time difference between positron emission and annihilation. Here, ¢, serves as
an estimator of the positron emission time. Based on the decay schemes shown in Figure Bf
C), in the case of 2Mn and °°Co isotopes, the prompt gamma emission occurs, on average,
within 45 ps of positron emission. It is significantly shorter than both typical [Pd lifetimes and
the detector time resolution, which justifies the same approximation of identifying the prompt
emission time with the positron emission time.

The emission time ¢, is calculated by correcting the recorded prompt photon time for its
time of flight (cf. Equation adapted here to the notation of this chapter):

tp:ti_w, (7.1)
&

where t; and 7; denote the detection time and position of the prompt gamma, and 7, is the
reconstructed annihilation point. Positrons emitted from the decay of ®?Mn and %°Co have
short ranges in tissue, approximately 0.58 mm and 1.72 mm, respectively [101]. Therefore, the
positron creation and annihilation points can be assumed to be separated by less than two
millimeters. Combined with sub-nanosecond timing resolution, this supports the approximation
that the prompt emission point is effectively co-located with the annihilation site.

The resulting AT spectra include contributions from both direct positron annihilation and
annihilation via [P formation (p-Ps and [o-Pd). Following the same procedure as in Chapter |§|,
the spectra were analyzed by fitting a sum of exponential decay components convoluted with the

detector resolution function, using the PALS Avalanche software [164-166|. Initial parameter
values for and direct annihilation were set to 125 ps (10% intensity) and 388 ps (60%
intensity), respectively. During fitting, both lifetimes and intensities of these components were
allowed to vary within a factor of two of their initial values.

For [CRMS measurements, an additional fixed component corresponding to Parafilm was in-
cluded, with a lifetime of 2.35 ns and an intensity of 10%, accounting for the known contribution
of the sample mounting material. In contrast, for tissue measurements, no extra components
were introduced for the Eppendorf or PCR tubes, as their contribution to the annihilation
signal was verified to be negligible [39]. The [o-Ps component remained unconstrained in both
lifetime and intensity, as its determination constitutes the primary objective of the analysis.

A constant background level was estimated by averaging the counts in the time interval
from —10 to —5 ns and subtracted prior to fitting, ensuring that the fit is driven solely by
the physical decay components. In addition to the mean [o-Pd lifetime 7,_ps obtained from the
multi-component fit, the mean positron lifetime AT ean Was also evaluated. This quantity is
defined as the average value of AT within the range from 0 to 5 ns after background subtraction,
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as described in the previous chapter (see Equation . It is sensitive to the overall shape
of the lifetime spectrum, incorporating both short- and long-lived contributions, and thus
provides a complementary metric to 7,.ps. The extracted values of 7,.ps and AT ean for all
samples are presented and discussed in the Results section.

7.4 Results

The spatial distribution of annihilation points (7,), defined in Equation was recon-
structed using the 511 keV annihilation photon pairs form the 2+, + 7, coincidences. The
reconstructed annihilation point distributions (7,) for > Mn and 5°Co are shown in Figure (A)
and Figure (A)7 respectively, with a uniform 2.5 mm isotropic voxel grid. After the event
selection, a total of 9,323,325 valid 2+, + 7, coincidences for 52Mn and 3,706,231 for ®*Co were
obtained. The Peak-to-Background Ratio (PBR]) was determined from the positron lifetime
spectra to evaluate the signal purity, yielding values of 87 for 5>Mn and 133 for **Co. The
higher [PBR] observed for ®>Co indicates a cleaner selection of 2+, +7p events. This improvement
can be attributed to its simpler decay scheme, which has a lower electron-capture fraction
and consequently fewer background contributions. For the estimation of positron lifetimes
from the individual samples, a spherical with a 33 mm radius was placed at the center of
each sample. The average accumulated events across the four measured samples were roughly
239,760 for ®>Mn and 179,450 for °Co. The corresponding positron lifetime spectra (AT) for
each sample are shown in Figure D) for 2Mn and Figure (D) for 55Co. Table [7.1| details
the extracted mean [o-Pd lifetimes (7,.ps), intensities (o-ps, Ldirects Ip-ps). The mean positron
lifetime (AT mean), calculated by averaging AT over the 0 to 5 ns interval, is also summarized.

7.4.1 Validation Using Certified Reference Materials (CRMs)

To validate the accuracy of the [PLI technique, supplied by AIST, namely polycar-
bonate and fused silica, were investigated. The certified mean [o-Pd lifetimes for these
were provided as 2.10 + 0.05 ns for polycarbonate and 1.62 4+ 0.05 ns for fused silica. For
polycarbonate, the results obtained using both radioisotopes are consistent with the certified
reference values within experimental uncertainties, resulting 2.069 + 0.020 ns for 52Mn and
2.174 4 0.024 ns for *>Co, as summarized in Table and the fitted positron lifetime spectra
is shown in Figure [7.6(B) and Figure [7.7(B). In contrast, for fused silica, the measurement
using **Co accurately reproduces the certified value, giving 1.607 + 0.012 ns, whereas the
result obtained with ®>Mn yields 1.836 £ 0.013 ns, deviating by approximately 200 ps from the
certified reference value. The fitted lifetime spectra for fused silica is shown in Figure [7.6{C)
and Figure [7.7/(C).

As described in Sections [3:2.2] and [7.3] the CRM samples included a Parafilm spacer
(1.2 mm) to host the liquid source, whose contribution was modelled as a fixed o-Ps component
in the fitting procedure. When the Parafilm intensity was treated as a free parameter in
the °2Mn fused silica dataset, the 7,.ps shifted closer to the certified reference value. This
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Table 7.1: Mean [o-Pd lifetimes and relative intensities obtained from the positron lifetime spectra, fits.

Here, 7,.ps represents the mean [o-P4d lifetime, while Io_ps, Igirect, and I,.ps denote the relative yields for
decay, direct positron-electron annihilation, and decay, respectively. The parameter AT ean
indicates the overall mean positron lifetime. All uncertainties are given at the +1o level. Note that the
To-ps values obtained for the myxoma and adipose samples deviate from earlier reports [25,[48] due to
structural and chemical degradation resulting from prolonged refrigerated storage (three months prior
to the ®?Mn measurements and five months prior to the 5°Co measurements). Table, prepared by the
author, is adapted from [53], licensed under CC BY 4.0.

52Mn
Sample Name To-Ps |[0S] I ps [%) Tgirect [70] I ps [%)] ATean [ns]
Polycarbonate 2.069 + 0.020 21.44 £ 0.17 54.82 + 0.21 13.74 £ 0.16 1.120 £ 0.002
Fused Silica 1.836 + 0.013 32.45 + 0.20 49.46 + 0.20 8.10 £ 0.16  1.223 + 0.003
Myxoma (see caption) 2.111 + 0.018 24.15 + 0.17 64.07 + 0.22 11.78 + 0.18 1.043 £ 0.002
Adipose (see caption) 2.081 £ 0.018 23.68 + 0.17 63.41 + 0.22 12.91 £ 0.19 1.044 £ 0.002
5500
Sample Name To-Ps |18 I,.ps [%] Tgivect [%0) Ipps (%) AT hean [0S]
Polycarbonate 2.174 £ 0.024 20.34 +0.21 59.76 + 0.24 9.90 + 0.19  1.136 + 0.002
Fused Silica 1.607 + 0.012 36.30 + 0.22 42.54 + 0.22 11.15 + 0.18 1.240 + 0.002
Myxoma (see caption) 2.070 + 0.029 13.46 + 0.49 72.15 + 243 14.39 £ 0.79 0.983 £ 0.002
Adipose (see caption) 1.996 + 0.030 11.98 +£0.92 71.87 +0.16 16.15 £ 0.13 0.972 £ 0.002

observation indicates that small local variations in Parafilm thickness or slight differences in
source positioning may have occurred during that particular measurement. Since the 5?Mn
and %°Co experiments were performed at different times, minor differences in the effective
thickness of the Parafilm cannot be completely excluded. Therefore, to ensure consistency in
the analysis, a fixed 10% Parafilm contribution was used for all datasets, while the remaining
deviations were considered as part of the systematic uncertainty.

The spectral decomposition was further validated by analyzing the ratio of lo-Pg intensities
between the polycarbonate and fused silica samples. A previous interlaboratory study involving
12 independent laboratories reported a intensity ratio of Ioly /Isilica &~ 0.56 for these [186].
The measurements performed with °Co yielded a ratio of 0.560 = 0.006, which is in excellent
agreement with the reference value reported. In contrast, the °2Mn data resulted in a slightly
higher ratio of 0.661 £ 0.007, which is consistent with the previously discussed systematic bias

introduced by the Parafilm contribution in the fused silica measurement.

Although variations were observed in 7, pg, the mean positron lifetimes (AT ean) for
both polycarbonate and fused silica remained highly stable and largely independent of the
radioisotope used. The differences in ATjpean between the *>Mn and °Co measurements for
both were below 20 ps, as summarized in Table [7.1] This is consistent with the findings
of Chapter [0 where AT ean remained stable within 10 ps across different fitting models,
and further supports the conclusion that ATean, which reflects contributions from all decay
channels, is a particularly robust and isotope-independent parameter for [PLI] applications [25]
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Figure 7.6: Results for ®?Mn: (A) Transverse cross-section of the reconstructed annihilation point
distribution (r;) obtained from 27v, + 7, coincidences. (B-C) Positron lifetime (AT') spectra for
Polycarbonate (B) and Fused Silica (C). Experimental data are shown as black histograms, with
individual fitted components overlaid: decay (Cshort), direct annihilation (Cgirect), Parafilm [o-Psg
deacy (Cparafilm), CRM [o-Pd decay (Ccrum), and the background. The cumulative fit is represented
by the solid red line. (D) Comparative AT spectra of Myxoma, Polycarbonate, Adipose, and Fused
Silica samples. (E-F) Voxel-based image of the mean [o-Pd lifetime (7,.ps) (E) and the mean positron
lifetime (ATmean) (F) for the Polycarbonate and fused-silica. Figure, prepared by the author, is adapted
from , licensed under CC BY 4.0.

7.4.2 Biological Tissue Assessment and Voxel-based PLI

Results from the cardiac myxoma and adipose tissue samples showed that the obtained
To-ps Values differed from previously reported ex-vivo measurements of fresh tissues, where 7,_pg
was approximately 1.9 ns for myxoma and 2.6-2.7 ns for adipose tissue ,. In the present
study, the measured lifetimes were 2.11140.018 ns for myxoma and 2.081+0.018 ns for adipose
using ®2Mn, and 2.070 + 0.029 ns for myxoma and 1.996 + 0.030 ns for adipose using °°Co, as
listed in Table The ATean parameter also showed inter-isotope differences, amounting to
60 ps for myxoma and 72 ps for adipose tissue. These deviations strongly indicate that the
prolonged storage procedure, including five years in formaldehyde, followed by Lugol’s solution
staining and several months of refrigerated storage between the 52Mn and 5°Co measurements,
introduced microstructural changes in the tissue samples.

A systematic difference was also observed in the [0-Pq intensities (I,.ps), which were
consistently higher in the ®?Mn measurements than in the 3Co measurements (Table [7.1)).
The 52Mn measurements were performed three months after staining, whereas the %>Co
measurements were carried out after five months. The decrease in I,.ps during this additional
two-month interval further supports the hypothesis of progressive microstructural degradation
under refrigerated conditions.
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Figure 7.7: Results for ®*Co: (A) Transverse cross-section of the reconstructed annihilation point
distribution (7,) obtained from 27, + 7, coincidences. (B-C) Positron lifetime (AT) spectra for
Polycarbonate (B) and Fused Silica (C). Experimental data are shown as black histograms, with
individual fitted components overlaid: decay (Cghort), direct annihilation (Cgirect), Parafilm [o-Pg
deacy (Cparafilm), CRM [o=Pd decay (Ccrum), and the background. The cumulative fit is represented
by the solid red line. (D) Comparative AT spectra of Myxoma, Polycarbonate, Adipose, and Fused
Silica samples. (E-F) Voxel-based image of the mean [o-Pd lifetime (7,.ps) (E) and the mean positron
lifetime (AT mean) (F) for the Polycarbonate and fused-silica. Figure, prepared by the author, is adapted
from , licensed under CC BY 4.0.

To investigate spatial variations in the [PLI parameters, voxel-wise reconstructions of the
To.ps and ATmean were performed. Transverse 7, ps images were reconstructed using 1 x 1 cm?
voxels integrated over the full axial field of view of the scanner, as shown in Figure E)
and Figure (E) The corresponding AT nean images were reconstructed using 1 cm isotropic
voxels, presented in Figure [7.6(F) and Figure [7.7(F). For both radioisotopes, fused silica
consistently showed lower 7,_ps values but higher AT ,ean values compared to polycarbonate.
This effect results from the significantly higher [o-P intensity in fused silica, which shifts the
effective ATean toward longer overall lifetimes despite its shorter individual 7,.ps. These
spatially resolved distributions confirm that both ®?Mn and 3°Co can provide reliable [PLI] of
heterogeneous samples with the modular [J-PET] scanner.

For the biological tissue samples, voxel-wise maps were not reconstructed. Due to the
limited sample volume, reduced statistics, and the structural degradation caused by long-term
storage, only [ROIlaveraged parameters are reported in Table as a stable voxel-wise analysis
could not be achieved.

7.5 Discussion

This chapter presented [PLIlstudies using 51 +~ emitters ®*Mn and 3°Co with the modular
[J=PET]scanner. For both isotopes 274+, events were selected , yielding approximately 9.3 x 106
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events for 2Mn and 3.7 x 109 for ®®Co after the selection criteria described in Section

(polycarbonate and fused silica) were used for validation of the lifetime analysis. For
polycarbonate, the extracted 7,ps values for ®>Mn and ®*®Co, 2.06940.020 ns and 2.1744-0.024 ns,
agree within uncertainties with the certified value and with each other, indicating isotope-
independent performance of the reconstruction for this material. For fused silica, a different
behavior was observed: ®®Co reproduced the certified lifetime (1.607 & 0.012 ns), whereas °2Mn
was higher by 200 ps. As the Parafilm contribution was treated as a fixed [o-Pg component, this
shift was attributed to increased sensitivity of the ®>Mn dataset to small variations in Parafilm
thickness or positioning. This interpretation is supported by the Ioly/Isilica Tatio [186], which
agrees with interlaboratory values for ®®Co but is higher for °2Mn. The deviation is therefore
treated as a mounting-related systematic effect rather than an isotope limitation.

For biological tissues, both myxoma and adipose samples showed significantly reduced
To-ps compared to fresh er-vivo [PLI measurements with 22Na [25,48]. This is consistent with
chemical degradation during long-term storage (five years), including macromolecular damage
and lipid oxidation in adipose tissue [187]. Additional degradation mechanisms may arise
from long-term fixation effects reported for paraformaldehyde “aging” [188]. Iodine-based
contrasting (Lugol’s solution) may also alter carbohydrate and glycolipid structure, though
its impact cannot be quantified here. The reduction in 7, ps demonstrates the sensitivity of
[PLI observables to structural changes in aged biological material. Tissue shrinkage likely
reduced free-volume fractions, which is reflected in the lower I, ps. Consistently lower 7, ps,
I, ps, and AT} can were observed for °Co, acquired five months after staining, compared to
2Mn (three months), the inter-isotope AT can differences amounted to 60-72 ps. Due to
limited sample size and reduced statistics, only [ROIFaveraged values were analyzed, without
voxel-wise mapping. Dedicated studies on freshly prepared samples are required before drawing
quantitative biological conclusions. In the present work, the tissues were used primarily for
isotope performance comparison.

Under identical conditions, %°Co showed higher [PBR] (=~133) than 52Mn (~87), due to
its simpler decay scheme with a single dominant prompt photon. In contrast, °>Mn provides
a three-photon cascade that could in principle enhance the prompt detection efficiency, but
this advantage is largely offset by its higher electron-capture fraction and increased scattered
background. Overall, the combination of all selection criteria (Section resulted in cleaner
lifetime spectra for ®>Co.

The results indicate that %°Co can complement *4Sc, particularly for cobalt-based chemistry
or delayed imaging protocols. Although ®?Mn introduces higher background due to its complex
decay properties, it remains relevant for applications requiring its longer half-life or specific

manganese chemistry.
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Chapter 8

Positronium Lifetime Imaging in Hu-
mans with the J-PET Scanner

The [PLI studies conducted with 44Sc (Chapter @ and with 52Mn and %°Co (Chap-
ter [7) using phantom measurements demonstrated that [PLIl can provide additional tissue-
characterization information beyond conventional metabolic imaging. However, as already
discussed in Chapter [1], the clinical implementation of remains challenging because all
currently used clinical 37 + v emitters are limited by a relatively low prompt gamma yield.

One of the most commonly used S% + « isotopes in the routine clinical [PET] imaging
is 8Ga, which has a significantly lower yield of 1.19%. Despite this limitation, its routine
clinical availability makes it a suitable choice for feasibility studies of [PLIl in human subjects.
In current clinical practice, ®®*Ga is commonly labeled with radiotracers such as for
prostate cancer imaging and DOTA-TATE for [NETs imaging, depending on the diagnostic
application. Its clinical availability enabled the first in-vivo [PLI study of the human brain
using [3Ga]-GalPSMA] performed by the J-PET research group [4].

This chapter presents [PLIl studies conducted in six patients suspected of who were
administered [*8Ga]-Ga-DOTA-TATE from two different hospitals. In these patients, the highest
tracer uptake was observed in the torso region, particularly in the liver, kidneys, and spleen.
Therefore, the study focused only on these organs. Due to the statistical limitations associated
with %8Ga, only the mean positron lifetime (ATjean) Was evaluated, as this parameter was
found to be less sensitive to statistical fluctuations and fitting model choices, as demonstrated in
Chapters[6] and [7} The primary objective of this study is to demonstrate the feasibility of [PLIl
in human subjects using the modular scanner in a clinical setting. The measurement
details of the six patients are described in Chapter

8.1 Data Analysis for the PLI with patients

Data analysis for patient studies follows the same methodology as described in the previous
chapters for phantom measurements, adapted here for the clinical data acquired with %3Ga. The
first step of the analysis is to identify events corresponding to the detection of two annihilation
photons and one prompt gamma (27, + 7,) based on the TOTg;, parameter. It serves as
a measure of the energy deposited in the plastic scintillators. Based on the characteristic
Compton edges observed for 511 keV annihilation photons and the prompt gamma (1077 keV)
from %®Ga, appropriate selection windows are defined. Hits with TOTpy; values corresponding
to the two annihilation photons (red-shaded region) and the prompt gamma (blue-shaded
region) are selected as shown in Figure 8.I[A).
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After [TOTlbased classification, the hits are grouped within a of 10 ns to form
individual events. A narrower compared to the phantom studies (20 ns in Chapter |§|
and @ was chosen to reduce the rate of accidental coincidences in the patient data, where the
activity distribution is more spatially extended. These events are then sorted according to
the multiplicity of hits. As shown in Figure [8.1(B), only events containing exactly three hits
are selected from the multiplicity of hits > 3, corresponding to the expected topology of two
annihilation photons and one prompt gamma. The red-shaded region indicates the events that
satisfy this condition and are retained for further analysis.

To suppress background originating from scattered photons and random coincidences,
angular constraints are applied following the same criteria as in Chapters [6] and [} The angle
between the two annihilation photons should be > 60° and the angle between the prompt gamma
and each annihilation photon should be > 30°. These angular selections reduce the contribution
from misidentified secondary scatter events and improve the purity of the reconstructed dataset.
The corresponding angular distributions are presented in Figure (C—D).
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Figure 8.1: (A) Distribution of the TOT}; used for photon identification, where annihilation photons
(red) and prompt gamma quanta (blue) are separated by distinct ranges. (B) Hit multiplicity (u)
distribution for registered events, with the red-shaded region indicating the selected range containing
exactly two annihilation photons and one prompt gamma. (C) Distribution of the relative angle
(0a4) between the annihilation photon vectors, where events with 644 > 60° (red) are selected. (D)
Distribution of the relative angle (fp4) between the prompt gamma vector and the annihilation photon
vectors, with the requirement 6p4 > 30° (red).

Finally, [STlis applied to reject detector-scattered and accidental events. The [ST] parameter
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is calculated using the detection times and reconstructed interaction positions of the two
annihilation photons. Only events satisfying the condition < —0.5 ns are retained, ensuring
that the selected photon pairs are true back-to-back annihilation events rather than intra-
detector Compton scattering or accidental coincidences.

The events surviving all selection criteria are then used for reconstruction of the annihilation
position (7,) [Equation and for estimation of the positron lifetime spectra (AT') following
the method described section [6.3] and [7.3]

8.2 ROI selection for PLI

In [PLIL the annihilation position obtained using Equation is reconstructed solely
from the [TOF] information and the interaction positions of the detected photons, the spatial
resolution strongly depends on the [TOF] resolution of the system. As a consequence, the
reconstructed annihilation positions are affected by a spatial uncertainty, which can lead to
overlap between neighboring anatomical structures. Therefore, when selecting for [PLI
analysis in different organs, contamination from organs in the vicinity cannot be neglected.

To evaluate the extent of this spill-over effect, a dedicated simulation study was performed
using the activity distribution image obtained from the commercial scanner for each
patient. The reconstructed activity images, originally expressed in Bq/ml, were converted
to the expected number of decay events by taking into account the voxel volume and the
acquisition time per bed position. This allowed the generation of an event-density map that
represents the true spatial distribution of annihilation events in the patient. The resulting
event map for one of the patients is presented in Figure [8.2(A).

120000

100000

Events

Figure 8.2: (Left) Transaxial[PET]slice showing the event density (hot colormap). (Right) Corresponding
segmentation mask overlaid on image. Organ labels are color-coded as follows: 0: Background
(Black), 1: Spleen (Red), 2: Right Kidney (Green), 3: Left Kidney (Blue), and 5: Liver (Orange). The

?

spleen is not visible in this image as it is located on a different slice.

To define the anatomical [ROIk, the organs of interest: namely the spleen, right kidney, left
kidney and liver, were segmented using the corresponding images with the TotalSegmentator
tool [189]. The resulting segmentation masks for these organs are shown in Figure [8.2B), each
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organ mask is identified by a different ID value.

To investigate the effective spatial resolution of the [J-PET] system for [PLIl events corre-
sponding to each segmented organ were extracted separately from the generated event map,
as illustrated in Figure [8.3(A). Subsequently, a uniform Gaussian smoothing with a of
50 mm was applied to each organ distribution to emulate the experimental spatial resolution
of the [J=PET] scanner for [PLI] studies. This value was estimated from the of the Modular
J-PET scanner [124]. The resulting smeared distributions are shown in Figure [8.3(B) and
the line profile in Figure (C) . This allows for the estimation of inter-organ spill-over,
which is detailed in Table The results demonstrate that event recovery within the original
segmented masks remains critically low, approximately 10-34% for the spleen and kidneys and
53-64% for the liver. Therefore, defining the strictly by the original anatomical boundaries
will lead to a loss of data due to signal spill-over of that organ.
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Figure 8.3: (A) Event distribution mapped using organ-specific ROIk. (B) Smeared event distribution
after applying Gaussian smoothing with a 50 mm [FWHMI For visualization purposes, each organ was
locally normalized to its own maximum intensity to clearly illustrate the extent of spatial spillover.
(C) Line profile across the liver and kidneys showing the extent of spillover along the white dotted line
indicated in images (A) and (B). Solid lines represent the smeared distributions, while dashed lines
correspond to the original distributions before smoothing.

To mitigate this issue, each organ mask was expanded by up to 50 mm to account
for spill-over effects arising from the limited spatial resolution of the scanner. However, a
uniform expansion of all organ masks results in substantial spatial overlap, particularly between

98



CHAPTER 8. POSITRONIUM LIFETIME IMAGING IN HUMANS WITH THE J-PET
SCANNER

Figure 8.4: Original segmented mask overlaid on the activity image (Left) Extended mask overlaid on
the activity image, generated using a geometrically constrained expansion algorithm with a 50 mm
limit (Right).

anatomically adjacent structures such as the liver and the right kidney. To prevent this, a
geometrically constrained expansion algorithm was applied.

To prevent overlapping boundaries, the closest surface points between each pair of adjacent
organ were identified, and the midpoint between them was calculated. A flat, infinite
separation plane was then defined at this midpoint, perpendicular to the vector connecting
the two organs, to act as a strict boundary between them during expansion. This ensured that
the expansion of one organ did not extend beyond its geometrically assigned territory into a
neighbor. The original and the extended are shown in Figure 8.4(A-B).

The expansion of resulted in an improvement in event recovery in all organs, as
detailed in Table For smaller organs, the gains were particularly larger: spleen recovery
increased from a baseline of 19-34% to as high as 88-91% in several subjects, while left kidney
recovery increased from 24% to over 80%. Even liver recovery improved from an average of
58% to more than 80%.

However, the right kidney is contaminated due to its proximity to the liver, resulting
low purity. Although its recovery more than doubled, rising from 10.3% to 40.9% in P1 and to
73.9% in P2, this gain in sensitivity came at a significant cost to purity. Across the patients,
the purity of the right kidney was low for P1 (47%), while for the other patients it ranged
from 67-77%, with liver spill-over accounting for 22-32% of the signal within the extended
mask. Despite these limitations, extended capture a much larger fraction of events and

are therefore used for positron lifetime analysis.

8.3 Result

These original segmented masks were used to determine organ volumes and were applied to
the co-registered two gamma coincidence [PET] images (from the commercial PETI/ICT] scanner)
to calculate the (SUV ez and SUV,eqn) for each respective organ. The resulted values
are listed in Table These calculations were performed using 3D Slicer software |190].
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Table 8.1: Quantitative assessment of event recovery and [ROI] purity for anatomical organs (Spleen, Kidneys, and Liver) across six patients. The
analysis compares the Original anatomical [ROIb (derived from [CT]segmentation via TotalSegmentator) against the Extended [ROI} (generated using a
geometrically constrained expansion algorithm with a 50 mm limit). Recovery (%) represents the fraction of total organ events captured within the
mask after emulating [J-PET]spatial resolution (50 mm FWHM Gaussian smoothing). Purity (%) indicates the fraction of events within the [ROT]that
truly belong to the target organ. Spill-in (%) details the specific contribution of events from neighboring organs into the target [ROI]

P1 P2 P4 P5 P10 P(Warsaw)

ROI Metric (%) Orig. Ext. : Orig. Ext. : Orig. Ext. : Orig. Ext. : Orig. Ext. : Orig. Ext.

Recovery 18.60 32.78 || 29.96 74.73 || 33.93 91.27 || 29.40 74.28 || 22.67 87.84 || 22.35 58.87

Sol Purity 65.34 63.20 || 94.28 94.87 || 96.22 95.27 || 93.09 94.60 || 96.03 93.44 || 92.91 93.09

een

P Spill-in: Kid .~ 34.66 36.80 || 5.68  5.00 3.78  4.67 6.91  5.36 3.97  6.39 7.08  6.56

Spill-in: Liver 0.00  0.00 0.04 0.13 0.00  0.05 0.00  0.04 0.00 0.16 0.00 0.34

Recovery 10.25 40.86 || 25.77 73.93 || 20.23 68.65 || 27.59 57.60 || 22.01 45.47 || 26.36 62.44

Kid R Purity 39.77  47.09 || 70.94 T77.43 || 67.08 72.97 || 66.92 70.72 || 63.32 67.61 69.22 76.51
idney_

Y Spill-in: Kid. .~ 0.00  0.36 0.00  0.02 0.00  0.09 0.00 0.23 0.00  0.04 0.02 0.23

Spill-in: Liver 60.23  52.55 || 29.06 22.55 || 32.92 26.94 || 33.08 29.06 || 36.68 32.34 || 30.76 23.26

Recovery 24.82 5944 || 28.16 50.06 || 20.70 85.39 || 29.48 T1.50 || 23.65 84.14 || 24.81 80.13

Purity 90.16 90.66 || 69.03 70.46 || 88.41 87.92 || 66.19 72.71 || 96.35 94.09 || 79.27 76.31

Kidney_L  Spill-in: Kid.R  0.00  0.07 0.00  0.05 0.00  0.06 0.00  0.07 0.00  0.03 0.04  0.58

Spill-in: Liver 0.01 0.79 0.00 0.25 0.00 0.16 0.04 0.79 0.00 0.12 0.50 3.49

Spill-in: Spleen  9.83 8.48 30.97 29.24 11.59 11.85 || 33.77 26.42 3.65 5.76 20.20 19.62

Recovery 52.80 72.53 || 59.05 85.55 || 60.34 85.86 || 59.10 74.44 || 64.22 87.09 || 55.41 81.27

Purity 95.11  95.60 || 97.68 97.79 || 97.56 97.54 || 96.52 95.96 || 97.46 97.45 || 95.31 96.02

Liver Spill-in: Kid_L 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.20

Spill-in: Kid_R 4.88 4.40 2.30 1.63 2.44 2.46 3.46 4.03 2.54 2.49 4.65 3.62

Spill-in: Spleen ~ 0.00  0.00 0.02  0.56 0.00  0.00 0.00  0.00 0.00  0.03 0.00 0.16
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After applying the selection criteria described in Section the annihilation point distri-
bution (77,) for the 27,4, events was reconstructed using Equation Figure[8.6{A-C) shows
the 7, distribution for one of the patients (Patient 2), alongside the two-gamma coincidence
images obtained from the [J-PET] scanner (see Figure [8.6(D-F)) and the commercial PET/CT]
scanner (see Figure GfI)), overlaid with the image. The voxel size of the reconstructed
7, distribution image is 2.5 x 2.5 x 2.5 cm?® (see Figure (AfC)). A Gaussian smoothing with
o = 1 voxel was applied. For visualization, three consecutive voxels were merged along the
viewing direction for each plane: along the z-axis for the axial view, along the y-axis for the
coronal view, and along the x-axis for the sagittal view.

The obtained positron lifetime distributions (AT) for all six patients are overlaid and
shown in Figure One can observe that for the patient from Warsaw Medical University,
the background is higher. This is because this patient was scanned with the [J-PET] scanner at
60 min post-injection, before the commercial PET]/CT] scan, whereas the remaining patients
were scanned at 90 to 96 min post-injection. Therefore, activity in this patient was higher than
in the other patients scanned with [[-PET] The extended [ROIk (as discussed in the previous
section) were applied to the 7%, distribution to extract events for each organ. The total number
of events and events per organ are summarized in Table Due to the low statistics in the
right and left kidneys, the events of both were combined for the lifetime analysis.

The mean positron lifetime (ATeqn) wWas then estimated within the signal range of 0 to
4.8 ns, with the background determined from the interval -7.5 to -2.5 ns. As demonstrated in
the previous chapters (Chapter |§| and , AT ean provides a more robust parameter containing
the information from all decay channels. The AT},cqn Obtained from the different organs in
the six patients is summarized in Table The mean positron lifetime spectra with the mean
lifetime range and the background is shown in Figure
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Figure 8.5: Mean positron lifetime distribution (A7) from the six patients overlaid, the counts has been

normalized to one.

The obtained AT ean values for the organs show variation between patients. Notably,

the differences in organ lifetimes are larger than the statistical uncertainties of the individual
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data points. However, establishing any correlation between ATican and disease characteristics
would require a comprehensive analysis of patient history and clinical assessment reports before

any firm conclusion can be drawn.

Table 8.2: Volume (Vol) of the organs obtained with the segmented mask from the image and the
SUVinean (Smean) and SUV,,4. (Spmaz) obtained from the [PET] image from the commercial [PET)/CT]
scanner.

Spleen Kidney_R Kidney_L Liver

ID VOI Smean S'HLGZ' VOI Smean Sma;c V01 Smean Ma‘X VOI Smean Sma;c

P1 763 6.74 142 31.6 9.26 20.7 128.7 10.28 17.2 9573 3.62 17.5
P2 1953 20.13 322 136.7 7.62 17.0 1574 7.67 14.8 12798 7.12 224
P4 180.6 15.19 30.1 1024 12.80 21.3 106.2 12.38 22.6 1366.6 849 154
P5 175.7 2274 329 1289 835 35.1 170.1 851 539 11986 7.21 17.7
P10 85.6 15.17 26.5 92.7 8.63 214 1133 1095 23.6 16274 594 21.2
PW 972 2320 39.5 141.8 880 19.7 1253 8.79 19.9 10104 7.64 16.2

Table 8.3: Total number of PLI events

Patient Name Total Events Spleen Kidney R Kidney L Liver

P1 15532 289 220 936 1740
P2 13630 863 297 378 1582
P4 14175 623 237 713 2317
P5 19238 1535 345 928 2477
P10 8718 376 126 288 1594
PW 26660 1239 608 904 3472

Table 8.4: Mean positron lifetime (AT} ,eqn) values for different organs

Patient Spleen (ns) Kidneys (ns) Liver (ns)

P1 1.42+0.12 1.25+0.07 1.19£0.05
P2 1.21 £ 0.07 1.40 £ 0.07 1.35+£0.06
P4 1.07 £ 0.08 1.13+0.04 1.14 +£0.04
P5 1.23 £ 0.06 1.29 +0.07 1.06 +£0.04
P10 1.70+0.14 1.814+0.14 1.54 +0.06
P(W) 1.45+0.09 1.41+£0.09 1.32+£0.04

8.4 Discussion

The results presented in this chapter demonstrate the feasibility of [PLIl studies in human
subjects using the modular [J-PET] scanner, with the analysis focused on the torso region,
particularly the liver, spleen, and kidneys. Patients were administered [68Gal-Ga-DOTA-
TATE as part of the standard diagnostic procedure for NETSH assessment. Since the current
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Figure 8.6: (A-C) Annihilation point distribution (7,) for 2+, 4+ 7, events overlaid on the [CT]image in
the axial (A), coronal (B), and sagittal (C) views. (D-F) Two-gamma coincidence images obtained
with the [J-PET] scanner in the corresponding axial (D), coronal (E), and sagittal (F) views. (G-I)
Two-gamma coincidence images acquired with the commercial [PET)/ICT] scanner in the corresponding
axial (G), coronal (H), and sagittal (I) views.
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Figure 8.7: Positron lifetime spectra obtained from the liver, spleen, and kidneys for six patients. The
shaded regions indicate the signal windows used for the mean positron lifetime calculation: the pink
shaded region corresponds to the liver, the red shaded region to the spleen, and the green shaded
region to the kidneys. The background was estimated in the time interval from -7.5 ns to -2.5 ns and is
indicated by the red dotted lines.
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Figure 8.8: The mean positron lifetime (AT},eqan) obtained from the Liver, Spleen and Kidneys.

reconstruction methodology developed for [PLIl in the [J=PET] scanner is based primarily on
[TOF] information, the spatial resolution for 27,4, events remains limited. As a result, activity
originating from neighboring organs can contribute to spill-over effects. To assess the extent
of the spill-over and recovery, a simulation study was performed using activity concentration
images obtained with the commercial [PET] scanner. This confirmed that event recovery within
the original [CTlbased anatomical masks was significantly low, particularly for smaller organs
such as the spleen and kidneys, where recovery remained in the range of 10-34%, while for the
liver it reached only 53-64%. This indicates that using strictly anatomical boundaries for [ROIl
definition leads to substantial signal loss. To improve sensitivity and event recovery, the original
[CTlbased [ROIs were expanded, which significantly increased the number of recovered events
across all studied organs. The improvement was especially pronounced for smaller organs,
where spleen recovery increased from 19-34% to as high as 88-91%, and left kidney recovery
improved from approximately 24% to over 80%. Liver recovery also increased from an average
of 58% to above 80%.

Due to the limited statistics associated with the use of ®*Ga, only the mean positron lifetime
(AT ean) could be evaluated in this study. The obtained values showed notable variation
between patients, and the observed differences were larger than the statistical uncertainties
of individual measurements, suggesting potential biological relevance. However, establishing
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correlations between AT),.q.n and disease progression or clinical characteristics would require
a detailed analysis of patient history and diagnostic reports, which is beyond the scope of this
thesis. Nevertheless, despite the limitations imposed by the low 51 4 v yield of %®Ga, this
study confirms the feasibility of performing [PLIl in a clinical environment using the modular

[J-PET] scanner.
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Discussion and Conclusion

This thesis presents the development of two major imaging modalities for the Modular
[J=PET] scanner: two-gamma coincidence [PET] imaging and [PLIl

The first part focused on the development and implementation of the event selection,
reconstruction and correction framework for two-gamma coincidence imaging. The reconstruc-
tion framework was developed within the environment. Three dedicated correction
techniques: [CT+based attenuation correction, [DTW] based random correction, and Monte
Carlo-based scatter correction, were developed and implemented for the Modular J-PET
scanner.

To validate these methods, a qualitative as well as quantitative evaluation was performed
using a [NEMAI IQ phantom following the NU 2-2018 protocol. The corrected images
showed improved [CRC], a reduction in residual lung error by more than 70%, and improved
In addiion, was used as a surrogate material in the Monte Carlo simulations
reducing the the computational burden by nearly a factor of ten while maintaining the
quantitative agreement within an average relative difference of less than 7%. Following the
detailed validation, the complete reconstruction and correction pipeline was applied to the
first clinical trials involving patients at the University Hospital in Krakow and the Medical
University of Warsaw. Since calibration was not available, a semi-quantitative analysis
was carried out using organ uptake ratios between the spleen, liver, and kidneys. The results
showed good agreement between the [J-PET] and commercial [PET]/CT] scanners, confirming
the viability of the Modular [J-PET] for clinical metabolic imaging.

The methods developed to perform two-gamma coincidence imaging provided the basis
for the second part of this thesis. The data selection criteria, the [TOF}based reconstruction
framework as well as the detector characterization remained unchanged. However, the [TOT}
based photon identification, the multiplicity selection, the angular constraints as well as the
criteria to test for scattering photons used for two-gamma coincidence imaging were adapted
for the identification of 27, + 7y, events required for [PLIl

The second part of the thesis focused on the development of [PLIl using the modular
[J=PET] scanner. The first [PLI study was conducted with 44Sc, one of the most promising
BT + ~ emitters, using a [NEMA] IQ phantom. The isotope 8F was included to assess the
effectiveness of the selection criteria for identifying the 2v, + 7, events, required for [PL] as
it doesn’t emit a prompt gamma. The reconstructed images confirmed the robustness of the
developed selection criteria, and the mean [o-Pg lifetime measured in the two largest spheres
was consistent with the reference value for water. However, the smallest sphere containing 44Sc
showed a deviation attributed to low statistics and sensitivity to the background estimation.

Across all fitting models, the mean positron lifetime appeared to be a more robust parameter,
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remaining consistent within 10 ps, regardless of fluctuations in the mean [o-Pd lifetime values.

The next two sets of measurements were performed using two novel long-lived isotopes
52Mn and ®°Co. These isotopes can provide additional opportunities for applications involving
radiopharmaceuticals with slow pharmacokinetics [191], such as monoclonal antibodies, where
longer imaging windows are required. Measurements on with certified mean [o-Pgd lifetime
confirmed that the adopted methodology reproduced the reference lifetime values for both
isotopes, demonstrating the reliability of lifetime reconstruction with the [J-PET] scanner,
even for radionuclides characterized by complex decay schemes. Measurements of long-stored
tissue samples, including cardiac myxoma and adipose tissue, revealed changes in lifetime and
intensity parameters that were most likely influenced by long-term fixation and storage effects,
and therefore should not be interpreted solely as biological differences between tissues.

Among the investigated isotopes, measurements with **Co resulted in better [PBR] values
and produced spectra with improved lifetime resolution compared to ®?Mn. The longer half-life
of %2Mn makes it particularly suitable for manganese-based tracer applications; however, it
is more affected by contamination from scattered background originating from its multiple
prompt photons. In comparison with the results obtained for 44Sc, both *4Sc and %°Co appear to
be more favorable candidates for [PLI, whereas ®2Mn may be better suited for more specialized
applications related to its unique radiochemistry and extended half-life. Moreover, the cascade
emissions from both ?>Mn and 5°Co enable future studies of inter-photon correlations, as
discussed in [192(195].

Finally, [PLIl studies were performed on six patients with who were administered
8Ga-DOTA-TATE. Although, 8Ga has a relatively low prompt gamma yield (1.19%), its
routine clinical availability made it a practical choice for this feasibility study of [PLIl Since the
current[PLIIreconstruction is based on [TOE]information, without iterative image reconstruction,
spill-over between neighboring organs affects the accuracy of organ-wise analysis. To reduce this
effect and improve event recovery, organ-wise [PLIl analysis was performed using expanded [ROIs
based on the original segmentation. Despite the limited statistics, measurable differences
in mean positron lifetime were observed between organs (liver, kidneys and spleen) and
among patients, suggesting the potential of [PLIl as a complementary biomarker for tissue
characterization.

The studies of [PLI] presented in this thesis are complementary to current efforts around
the world. [LAFOV] crystal-based scanners such as the Biograph Vision Quadra [28][118] and the
PennPET Explorer [33] have been used for [PLI measurements using clinical available isotopes
(1241, 8Rb). In contrast, the [J=PET] scanner is the first plastic-scintillator-based system for
[PLI measurements. Moreover, the [J=PET] scanner is the first system for experimental studies
of #Sc, ?Co, and *>Mn for [PLIl These isotopes have substantially higher prompt gamma
yields than the already clinically used isotopes and the results of the presented studies can
serve as a basis for future clinical studies.

In conclusion, this thesis demonstrates the successful development of both two-gamma
coincidence [PET]imaging and [PLI with the Modular [J-=PET] scanner, representing an important
step toward the next generation of Total-Body plastic-scintillator-based [J=PET] scanner. The
implementation of dedicated reconstruction and correction methods significantly improved
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image quality for two-gamma coincidence imaging and enabled the first clinical two gamma
coincidence studies using patient data, confirming the potential of the [J-PET] system for
diagnostic imaging. The planned Total-Body [J-=PET] scanner, with a 2.5-meter [LAFOV] is
expected to further enhance these capabilities. With an expected [TOF] resolution of about
220 ps, a [NEMAl sensitivity of 38 cps/kBq at the center of the scanner, and a spatial resolution
of 3.7 mm in the transaxial direction and 4.9 mm in the axial direction, its performance is
expected to be comparable to state-of-the-art clinical [PET] systems. Its substantially increased
sensitivity and [LAFOV] will further strengthen its role as a cost-effective Total-Body [PET]
system for conventional two-gamma coincidence imaging, enabling faster scans, lower injected
doses, and improved patient throughput without compromising image quality [92,196].

At the same time, the investigation of novel 8T + v isotopes highlights the importance of
radionuclides that emit prompt gamma photons, such as 44Sc, 53Co, and 52Mn, for improving
[PLI performance. Although %Ga has a relatively low prompt gamma yield, which limits its
efficiency for [PLI] its routine clinical availability enabled the feasibility study in patients with
Future studies using isotopes with higher prompt gamma yields, such as 4*Sc and ®°Co,
are expected to provide significantly better sensitivity, an improved signal-to-background ratio,
and more precise lifetime estimation. For the current Modular [J-=PET] prototype, the sensitivity
for standard two-gamma [PET] imaging is 57 times higher than that for [PLIL However, the
next-generation Total-Body [J-PETis expected to provide nearly 25 times higher sensitivity for
27 + v, events and substantially improved relative sensitivity, creating much better conditions
for [PLI [4]. Together with ongoing advancements in [LAFOV] clinical scanners [27.29,92//197.[198]
and dedicated [PLI reconstruction methods [26,,131,[33.[38,[105H112], these developments open
a promising pathway toward the routine clinical application of [PLIl as a novel biomarker for

cancer diagnosis, treatment monitoring, and tissue characterization.
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