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Abstract—Positronium Lifetime Imaging (PLI), an emerging
extension of conventional positron emission tomography (PET)
imaging, offers a novel window for probing the submolecular
properties of biological tissues by imaging the mean lifetime of
the positronium atom. Currently, the method is under rapid
development in terms of reconstruction and detection systems.
Recently, the first in vivo PLI of the human brain was performed
using the J-PET scanner utilizing the °®Ga isotope. However,
this isotope has limitations due to its comparatively low prompt
gamma Yyields, which is crucial for positronium lifetime mea-
surement. Among alternative radionuclides, **Sc stands out as a
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promising isotope for PLI, characterized by a clinically suitable
half-life (4.04 hours) emitting 1157 keV prompt gamma in 100%
cases after the emission of the positron. This study reports the
first experimental demonstration of PLI with **Sc, carried out on
a NEMA-Image Quality (IQ) phantom using the Modular J-PET
tomograph—the first plastic scintillators-based PET scanner.

Index Terms—Positronium Lifetime Imaging, PET, NEMA,
448¢, J-PET, Medical imaging, Positronium imaging.

I. INTRODUCTION

OSITRON Emission Tomography (PET) is an advanced

nuclear imaging modality enabling the quantitative as-
sessment of physiological and biochemical processes in vivo
by detecting pairs of coincident gamma photons produced
during positron-electron annihilation events [1], [2]]. Recently,
the method of positronium imaging was invented [3[], [4]]
that enables imaging of positronium properties during the
PET diagnosis. In the first clinical studies, the images of
the mean positronium lifetime were demonstrated using the
multi-photon J-PET scanner [5]. Next, positronium lifetime
measurements were performed using Biograph Vision Quadra
for reference materials [|6] and humans [7]].

Positronium Lifetime Imaging (PLI), relies on the fact that,
in the human body, in almost 40% of cases, a metastable bound
state (positronium atom, Ps) is formed. It consists of a positron
emitted from an administered radiopharmaceutical and an
electron from its molecular enviroment. Ps can be formed in
one of the two spin configurations: para-positronium (pPs) or
ortho-positronium (oPs), and according to spin-statistics, it is
produced in a 1:3 ratio [8]]. In the vacuum, the mean lifetime
of oPs is equal to 142 ns, however, it is shortened to a few
nanoseconds (1.4 to 2.9 ns [9]-[[17]) within the environment
of biological tissues, reflecting its sensitivity to the local
molecular environment [[18]. This observation advocates that
imaging the Ps lifetime could serve as a novel biomarker
for probing the submolecular characteristics and, potentially,
for disease characterization at the submolecular level [16].
Therefore, PLI stands as a new method that may provide
additional information in comparison to conventional PET/CT
scans [4].
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The oPs produced within tissue can be influenced due to
the onset of several mechanisms leading to the shortening of
its lifetime. One of such mechanisms is known as the pick-off
process, in which the Ps picks-off an e~ from the surroundings
and annihilates, mainly into two-photons [19]. Another dom-
inant mechanism is due to the presence of oxygen molecules
(O2) in tissues. The lifetime of oPs is reduced either by spin-
exchange with paramagnetic (Os), flipping oPs into pPs which
rapidly annihilates or through the oxidation under reactive
oxidizing environments (e.g., presence of free radicals) where
oPs undergoes an electron transfer reaction [18]], [20].

Several research groups have conducted feasibility studies
to explore the clinical use of PLI as reported in [S[][7]], [10],
[21]-[33]. A PET scan detects 511 keV photon pairs that
stem from both direct positron annihilations and Ps formation
annihilations, but the latter have not been fully explored.
In a conventional scanner, the detection time of annihilation
photons gives an estimate of Ps decay time but determining
its lifetime requires information about when Ps was formed.
A positron-emitting (57) source with an immediate prompt
gamma release after 5 decay can meet this requirement.

In physics experiments, 2>Na is the isotope of choice, e.g.
for fundamental symmetries in the decays of Ps atoms [34]-
[36]]. The 22Na emits a 1275 keV prompt gamma ray in almost
every ST decay (99.94% branching ratio), thus providing a
one-to-one coincidence between positron emission and prompt
gamma release, where the prompt gamma marks the formation
time of Ps. This intrinsic timing marker makes 2?Na well
suited for in-vitro and ex-vivo positronium lifetime studies
in the laboratory [9]-[17]. The J-PET collaboration used this
capability to conduct an ex vivo investigation of human cardiac
myxoma and adipose tissues by placing ?2Na source between
each of these samples and measuring the oPs mean lifetimes.
The results showed significant differences between myxoma
at 1.9 ns and fat at 2.6 ns thus proving PLI’s ability to
detect variations in biological tissues [10f], [[16]. However,
22Na cannot be used for imaging of humans due to its long
half-lifetime of 2.60 years and uptake in bones [37].

In general, multiple obstacles emerge when moving from
controlled ex-vivo measurements to in-vivo studies because
physiological motion, tissue heterogeneity, and background
activity make precise lifetime determination challenging. The
implementation of in vivo PLI requires a PET system with
subnanosecond time-of-flight resolution, and a radionuclide
with high branching ratio for S decay followed by the
emission of prompt gamma. In addition, the radionuclide
must have a suitable half-life for clinical use and must be
manufactured through standard protocols (see Refs. [26], [38]).

In the first clinical trial, J-PET performed human brain PLI
using ®®Ga-PSMA, demonstrating the clinical potential of PLI
through successful in-vivo mean lifetime imaging of oPs [5].
Despite these advances with %®Ga radionuclide, the fact that
in only 1.34% of cases the prompt gamma ray accompanies
the 511 keV photons imposes a major limitation for PLI.

In contrast, *Sc emerges as the best potential candidate for
PLI [39]] with a favorable decay profile: a clinically compatible
half-life of 4.04 h [40]], an ultrashort de-excitation delay of
2.61 ps, and 94.3% of decays resulting in the emission of

a positron followed by the high-energy (1157 keV) prompt
gamma [26]. This corresponds to a prompt gamma yield
accompanied with the positron emission roughly 75 times
greater than that of ®*Ga [26]. The decay scheme of #*Sc
is shown in Fig. [T[(A).

Although the medical application of **Sc has not yet been
established in clinical practice, its potential has been studied
in detail in both the preclinical and clinical settings [40]-
[49]. The performance of PET imaging using “*Sc has been
shown through phantom studies [50f], comparative evalua-
tions of radionuclides [51]], and preclinical radiotheranostic
applications [52], [53]. In addition, first-in-human trials have
shown its applicability for imaging neuroendocrine tumors and
prostate cancer [54]-[57] and production methods suitable for
clinical translation have been optimized [58].
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Fig. 1. (A) The decay schemes for the 44Sc isotope. 3T denotes the positron
yield, EC indicates electron capture contributions, and ~y represents the prompt
gamma with energy indicated in the paranthesis. Additionally, the delay time
is presented in blue text for clarity. The delay time denotes the average
time between a positron’s emission and a prompt gamma’s emission. (B)
The event definition of one prompt gamma (¢1,71) and two annihilation
photons ((t2,72) and (t3,73)) is depicted in the modular J-PET, requisite
for positronium lifetime estimation. (C) Experimental Time-Over-Threshold
(TOT) spectra for %8Ga and *4Sc, showing an increased prompt gamma yield
for 44Sc in the modular J-PET scanner.

Presently, only six PET systems, the J-PET scanner in
Cracow, Poland [5]], the Prism-PET scanner in New York
City, USA [24], the Biograph Vision Quadra in Bern, Switzer-
land [6], [7], [59], the PennPET Explorer in Philadelphia,
USA [32], [33]l, [60], [61]], the NeuroEXPLORER (NX) brain
PET scanner in USA [62] and the brain-dedicated TOF-PET
scanner VRAIN in Chiba, Japan [30], [31]-are capable of
measuring the lifetime of positronium. In recent years, several
reconstruction algorithms for PLI have also been proposed [4]],
[22]-[25], [32], [33], [63[-[67].

Recent investigations using the Biograph Vision Quadra
[6], [7] have revealed energy-detection limits for high-energy
prompt gammas. The system records photons below 950 keV
but cannot resolve energy depositions above 726 keV. This
results in many events being lost, and the imprecise identifica-
tion of y-rays can increase background counts. Although in the
case of 1241, lower energy prompt gammas remain detectable,
using %8Ga and “*Sc suffers substantial photon losses under
these constraints. In contrast, the J-PET scanner, the Prism-
PET scanner, the PennPET Explorer and the brain-dedicated
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VRAIN system used for PLI [5]], [30]-[33]l, [60]], do not have
this constraint of energy detection.

Fig. EKB) shows the modular J-PET scanner [68]], [69]] which
was used to demonstrate the first positronium images [5],
[10]. This scanner was used in the study presented here.
Fig. [I(C) presents the experimental spectra of Time-Over-
Threshold (TOT) values (which is a measure of the energy
deposition [[70]]). One can see that for TOT values above 0.45,
corresponding to the registration of prompt gamma, the signal
for 44Sc is higher than that for %®Ga.

In this work, we present the first experimental demonstration
of PLI with *4Sc carried out on a NEMA Image Quality
phantom using the modular J-PET scanner [5], [39]], which
supports multiphoton detection without energy restrictions on
deexcitation photons (Fig. [TC).

II. METHODS
A. Isotope preparation

In this study, two radionuclides emitting positrons were
investigated: Fluorine-18 (*8F) and Scandium-44 (*4Sc). These
isotopes exhibit different characteristics: '*F decays predomi-
nantly by 87 decay (97%) and, to a lesser extend, by electron
capture (3%), without significant prompt gamma emission. In
contrast, **Sc undergoes 3% decay in approximately 94.3%
and subsequently emits a 1157 keV prompt ~v-ray with a
yield of around 100% [26]. The inherited differences in the
prompt gamma emission serve to demonstrate the effectiveness
of the selection criteria developed to identify events having
additional prompt gammas for PLI. Moreover, this approach
can be extended for effective implementation of simultaneous
imaging of double isotopes as described in [71]], although this
is beyond the scope of the presented work.

The '8F was purchased from the commercial supplier
VOXEL and #*Sc was produced by the Heavy Ion Laboratory
of the University of Warsaw [72]-[74] via the **Ca(p,n)**Sc
reaction. A natural calcium carbonate target (CaCOg tablets)
was irradiated for 2 hours and 20 minutes using a 16.5 MeV
proton beam with a current of 15 pA. Each tablet weighed 70
mg and was pressed onto a black graphite pad, with a total
weight of 342 mg per disc. After irradiation, the target disc
was dissolved in diluted hydrochloric acid (HCI) to obtain
a scandium solution. The solution was then filtered to re-
move graphite dust, separated, concentrated, and subsequently
buffered to raise the pH from 0.5 to approximately 4.0.

B. Phantom Study

The NEMA 1Q Phantom (Pro-Project Pro-NM NEMA NU2)
was used in the study, which comprises six spherical inserts
of 10, 13, 17, 22, 28 and 37 mm diameter and a lung-
equivalent insert filled with styrofoam balls. The background
compartment of the phantom was filled with demineralized
water and contained no radioactivity.

In the NEMA IQ phantom, shown in Fig. 2A), spheres
with diameters of 10 mm, 13 mm, and 17 mm were filled
with 18F, while spheres with diameters of 22 mm, 28 mm,
and 37 mm were filled with **Sc, both mixed with water, at
activity concentrations of 0.574 MBg/mL and 0.185 MBg/mL,

Fig. 2.

(A) Transaxial CT scan of the NEMA IQ phantom schematically
depicting the radiotracer distribution in the spheres, with those highlighted in
red containing '8F and those in blue filled with 44Sc. (B) The NEMA IQ
phantom positioned inside the modular J-PET detector.

respectively, measured at the start of the experiment. The
phantom was then positioned inside the detector as shown in
Fig. 2|B), and the data was acquired for a duration of 178
minutes.

C. Event Selection for positronium imaging

The event selection criteria, established in our previous work
51, [10], provide a clear distinction between positronium-
related signals and standard two-photon annihilation events
used for standard PET imaging [5]], [10]. The principle of stan-
dard PET relies on the detection in coincidence of two back-
to-back 511 keV annihilation photons (y,), while PLI requires
both annihilation photons and a third additional prompt gamma
(7p) used as start signal for Ps formation. The J-PET scanner
operates in trigger-less mode allowing multiphoton detection
simultaneously. The data acquisition and signal processing
methods used in J-PET are explained in [5]], [75], [[76].

In this work, we classified events into two categories based
on the radionuclide type: '®F produces two back-to-back 511
keV photons, and #*Sc emits two 511 keV annihilation photons
together with a 1157 keV prompt gamma (v,). The primary
interaction of incident photons in plastic scintillators occurs
through Compton scattering depositing ranges of energies
based on the scattering angle [77]. The TOT measurement
in each scintillator strip is used to determine the incident
photon energy deposition [[70]. For a registered interaction
(hit), the obtained TOT value results from averaging the TOT
values measured from the matrix of Silicon Photomultipliers
(SiPMs) attached at both ends of the scintillator and directly
relates to the energy deposited by Compton-scattered photons.
The measured TOT spectrum is shown in Figure [3(A). The
Compton edges for 511 keV and 1157 keV photons appear at
7.5ns -V and 11 ns - V, respectively. These values correspond
to the maximum energy transfer during a single Compton
scattering event. The TOT signal range from 5.5 to 8 ns - V is
used to select 511 keV photons (red shaded area) and the TOT
signal range from 8.1 to 14 ns - V identifies 1157 keV photons
(blue shaded area). The formation of individual events relies on
photon interactions (hits) that fall within a 20 ns coincidence
window for both v, and -y,. The selection criteria for 2-hit
(27,) events, which require exactly two 511 keV hits, are
explained in [78]. This work focuses on 3-hit (2v,+7,) events
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from the perspective of PLI. However, the comparison between
reconstructed images based on events with a multiplicity of 2
hits (2v,) and 3-hits (2v,+7,) are presented.
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Fig. 3. (A) Distribution of time-over-threshold (TOT ;) for photon identi-
fication, with annihilation photons (red) and prompt gammas (blue) marked
by distinct ranges. (B) Hit multiplicity (w) distribution for events, with the
red-shaded histogram highlighting selected events containing exactly two
annihilation photons and one prompt gamma. For p = 3, selected three hits
correspond to two photons in the annihilation region and one in the prompt
region of the TOT g ;; distribution. For ;1 > 3, events are selected with exactly
two hits in the annihilation region and one hit in the prompt region, while
additional hits in TOTh;; < 5.5ns -V or TOTy;, € (8 — 8.1)ns -V are
discarded. (C) Distribution of the relative angle (6 4 4) between annihilation
photon vectors 7 and 73 (per Fig. [[B), with 44 > 60° (red) as the
selection criterion. (D) Distribution of the relative angle (0pa) between
prompt gamma vector 7, and annihilation photon vectors 7, 3 (per Fig.[TB),
with 6p 4 > 30° (red) as the restriction.

The next selection criterion is based on the event-wise hit
multiplicity (Fig. [[B)). For PLI with *4Sc, we require exactly
three hits per event (u=3): two corresponding to the 511 keV
annihilation photons with TOTy;; € [5.5 — 8]ns - V and one
corresponding to the 1157 keV prompt gamma with TOT};;, €
[8.1 — 14] ns- V. Fig. 3(B) illustrates the distribution of hit
multiplicity (1) with the red-shaded region highlighting the
events with exactly two annihilation photons and one prompt
gamma, identified based on their TOTy;; values. For events
with a multiplicity of ;1 = 3, the three hits are required to
consist of two in the annihilation region and one in the prompt
region of the TOTy;, distribution. For events with p > 3,
only those with two hits in the annihilation region and one
in the prompt region are retained, while any additional hits
with TOTy; < 5.5ns-V or TOTy;; € (8 —8.1)ns -V are
excluded from the analysis.

To suppress the background from scattered photons or
accidental coincidences, we imposed angular constraints on the
emitting direction of photons. Fig[3(C) shows the distribution
of the angle 644 between the annihilation photons calculated
from their hit positions with respect to the detector center.
Only events with 044 (red-shaded region in Fig[3(C)) were
accepted for further analysis. Moreover, the prompt gamma
vq is emitted isotropically with respect to the annihilation
photons. However the observed distribution of the angle be-
tween the annihilation photons and prompt gamma is strongly

picked for small angles. This is due to the misidentification of
secondary scattering of photons in the detector as signals from
prompt gamma or annihilation photon. Therefore, the selected
events were further reduced by implementing the additional
constraint (fp4 > 30°) that significantly improved the purity
of true event (Fig[3[(D)).

Finally, we applied a Scatter Test (ST) to distinguish events
with true annihilation photons from contamination by intra-
detector Compton scatter or accidental coincidences. For an-
nihilation photons registered with hit times ¢» and ¢3, and hit
positions 7 and 773, the ST is defined as

STzltg—ﬁg‘—I’Fg,—FQI/C, (1)

where c is the speed of light.

In the ideal case of direct detection of annihilation photons
(to = t3), the value of ST is smaller than zero. In the
case if the registered hits correspond to the primary and
secondary scattering of the same photon, then ST = 0 within
the experimental resolution. For the accidental coincidences,
the time difference between the hits |t3 — ¢2| may be large,
yielding the ST value greater than zero. By selecting the
annihilation pairs for which the ST value is less than (ST
< —0.5 ns) the purity of the selected events was enhanced.

D. Image reconstruction

The reconstruction of images was performed for both con-
ventional PET (2v,) and positronium (2v,+7,) events, en-
abling a direct comparison between standard and Ps-enhanced
modalities. It is worth mentioning that in both cases only
annihilation pairs (511 keV) were used for image reconstruc-
tion. In the category of 2+,+7, events, an additional prompt
gamma (y;,) was included for subsequent lifetime analysis. The
annihilation point 7, and annihilation time ¢, are calculated
from the time and position of the annihilation hits ((¢2, 73) and
(t3,73)):

. Ty + T c(tg —t Ty — T
7, = 2 3 (3 2) . _’2 _’3, (2)
2 2 |’I"2—’I”3|
and
to + 13 |F2—T_'3|
= - . 3
a 5 % (3

As the next step, the data acquired with J-PET were
converted into a list-mode file using the J-PET framework for
CASToR, an open-source reconstruction software [79]. The
image reconstruction used the Maximum Likelihood Expec-
tation Maximization (MLEM) algorithm, which ran for 10
iterations. The dimensions of the reconstructed image were
established at 200 x 200 x 200 voxels, with each voxel having
a size of 2.5 x 2.5 x 2.5 mm3. The reconstructed images
were smoothed using a 5-mm Gaussian filter uniformly. The
reconstructed images of 2, events and 2v, + 7, events, ob-
tained using the MLEM algorithm, along with the annihilation
position distribution (77,) [Eq for the 2v, + -y, events, are
presented in the results section.
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E. Positronium Lifetime estimation

The emitted positrons in 3% decay can annihilate either by
direct interaction with a surrounding electron (¢~) — a process
lasting on average about 388 ps [10] or by the formation of
an eTe~ bound state known as Ps. Ps can be produced in
two distinct ground states: para-Ps (pPs), which has a mean
lifetime of approximately 125 ps, and ortho-Ps (oPs), a longer-
lived state with a mean lifetime in water of of about 1.83
ns [80]. Consequently, the measured positron lifetime can vary
depending on the annihilation mechanism.

The positron lifetime, defined as AT = ¢, — ¢,, represents
the time difference between positron emission and its subse-
quent annihilation. Here, ¢, denotes the positron annihilation
time, while ¢,, approximates the positron emission time. In the
445¢ decay process, the prompt gamma is emitted on average
2.6 ps after the emission of the positron, according to its
decay scheme presented in Fig. [I(A). Therefore, the prompt
gamma emission time (¢,) is used as an approximation for the
positron emission time. The emission time is determined by
subtracting the time of flight of prompt gamma from the time
of its registration (1):

ty =1t — M’ 4)

c

where 77 is the registered hit position of prompt gamma
and 7, corresponds to the annihilation point reconstructed
using Eq. 2l The short range of positrons from #4Sc supports
our assumption that the prompt gamma originates from the
annihilation site. The average distance between emission and
annihilation is approximately 1.7 mm in tissues [26].

The measured AT spectrum was analyzed by fitting a sum
of exponential decay components convoluted with the experi-
mental time resolution, using the dedicated PALS Avalanche
software to estimate the mean oPs lifetime, as detailed in [[10],
[81]-[83]]. The initial values for pPs and direct-annihilation
contributions were set to a lifetime of 125 ps with 10% relative
intensity and 388 ps with 60% intensity, respectively. To
optimize the fitting results, both lifetimes and their intensities
were permitted to vary up to 200% of the initial value. The
background level was estimated by averaging the bin counts in
the range of -10 ns to -5 ns and subtracted before the fitting.
Three distinct fitting approaches were used:

Model 1 (Fixed Background): maintained a constant back-
ground level at its pre-estimated value while allowing the oPs
lifetime and intensity to vary freely.

Model 2 (Constrained Background): the background level
was permitted to vary between -3¢ to +30 of its mean value
where o represents the standard deviation of the counts in the -
10 ns to -5 ns interval. The oPs lifeitme and intensity remained
free. This method reduces bias and instability in low-statistics
datasets through statistical fluctuation accommodation.
Model 3 (Extended Parameter Range): the background
remained constant while the oPs lifetime and intensity were
permitted to change within 200% of their initial values which
were set to 2 ns and 30%, respectively.

In addition to the mean oPs lifetimes, the mean positron
lifetime (ATinean) in the signal region from 0 to 5 ns in the

AT spectrum was estimated after subtracting the background:

5ns 5ns
ATpew = Y (Ni = N)AT; / Y (Ni=Ny),  (5)
1=0 ns i=0 ns

where N; is the number of events for AT; and N, is the
number of background events estimated by averaging the bin
counts in the range of -10 ns to -5 ns. The results of the
estimated mean oPs lifetime (7,ps) and AT}, are presented
in the Results [T section.

III. RESULTS

The transaxial view of the MLEM reconstructed conven-
tional PET (2v,) image, obtained with the J-PET scanner
using the parameters described in the Methods section, is
shown in Fig. f(A). The image is corrected for sensitivity,
attenuation, and normalization (see [78] for details). The ef-
fective activity concentration ratio in the reconstructed image,
initially 3.10 for '8F to #*Sc, should be approximately 2.38
after a 178 minute acquisition due to the different isotopes’
decay rates. This ratio reflects the time-integrated activities,
calculated using decay constants of 0.006316 min~! for '8F
and 0.002909 min~' for *‘Sc over 178 minutes. The line
profile shown in Fig. f{B) for the 2v, image indicates that
the ratio of the maximum activity concentrations between 8F
and *4Sc in the given image slice is approximately 2.08.

Next, the reconstructed 27, + <, image using CASToR
is shown in Figl{C), demonstrating the effectiveness of the
selection criteria. The line profile along the 17 mm and
37 mm diameter spheres [Figi[B)] shows that events from
18F are significantly reduced, as '®F releases almost no prompt
gammas associated with positron emission. The remaining '8F
events could be attributed to the possibility of detecting a
prompt gamma from **Sc while registering two annihilation
photons from '3F within the 20 ns event time window, which
introduces false 2, +, events in '8F, primarily contributing
to the background.

Furthermore, the annihilation position (7,) for 2y, + v,
events, obtained using two 511 keV photons (Eq. [2), is pre-
sented in Figure D). The image clearly shows high counts in
the spheres measuring 22 mm, 28 mm, and 37 mm in diameter,
which were filled with 44Sc. The positron lifetime (AT) values
for each sphere were extracted by defining regions of interest
(ROIs) within the different spheres, as shown in Fig. 5[A),
and were plotted using a bin width of 100 ps.

The body and spheres in the NEMA-IQ phantom are made
of PMMA (polymethyl methacrylate), and the oPs lifetime in
PMMA ranges from approximately 1.7 ns to 1.9 ns, depending
on the temperature (20°C to 60°C) [84]]. This range is com-
parable to the oPs lifetime in water, which is approximately
1.839 4 0.015 ns at 20°C [80]. Therefore, the contributions of
oPs lifetime in water and PMMA were combined as a single
component in the fitting procedure.

The results from the fit are presented in Table [I] for the
different fitting models. In Fitting Model 1, the mean oPs (7ops)
lifetime in the 28 mm, 37 mm, and 22 mm diameter spheres
is shown in Fig. 5{B-E). The mean oPs lifetime in the 28
mm and 37 mm spheres is in excellent agreement with the
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Fig. 4.

(A) Transaxial view of the conventional PET image (27,) obtained from the modular J-PET, reconstructed with CASToR and overlaid on the CT

image. (B) Line profile along the indicated dashed line in the images. The red line represents the profile for the conventional PET image, showing that the
I8F activity concentration is more than two times higher than 44Sc along the image slice. The blue line corresponds to the 2y, + -y, image. (C) Transaxial
view of the 27, image for 27, + 7, events, reconstructed using two 511 keV photons in CASToR and overlaid on the CT image. (D) Transaxial view of the
annihilation point distribution (7) for 2y, + v events overlaid on the CT image of the NEMA IQ phantom, with voxels having a relative intensity greater

than 10% displayed.

mean oPs lifetime in water (1.839 4+ 0.015 ns [80]]), while
the mean oPs lifetime in the 22 mm sphere is 1.413 £ 0.070
ns. This discrepancy could be attributed to several factors: the
number of events from this sphere was lower compared to the
others, and the background might have been overestimated.
To address this, in Fitting Model 2, the background level was
allowed to vary within +30 of its estimated mean, resulting
in a mean lifetime in the 22 mm diameter sphere that aligned
more closely with the oPs lifetime in water. However, the mean
oPs lifetime in the 28 mm sphere increased, while the lifetime
in the 37 mm sphere remained consistent with the reference
lifetime for water. Further validation of this model is needed,
particularly to address the general challenges posed by low
statistics conditions.

In Fitting Model 3, where all parameters were free within
selected limits, the lifetime values remained consistent with
those obtained from Fitting Model 1. Beyond these observa-
tions, the mean positron lifetime (AT eqn) proved to be a more
robust parameter for lifetime characterization, as previously
demonstrated [5]]. Notably, AT}ean is independent of the fitting
model and depends only on the background estimation method
used within each model. It showed consistent results within
10 ps across all background estimation methods, irrespective
of variations in the mean oPs lifetime (as shown in Fig. EKF)

when the background is constant in Fitting Model 1 and Fitting
Model 3).

IV. DISCUSSION

In this study, we performed the first PLI with the **Sc using
the modular J-PET scanner. The results show that #4Sc is a
suitable radionuclide for PLI because it emits prompt gamma
(1157 keV) after the emision of positron in almost 100%
cases, and has a half-life of 4.04 hours [40]. We measured
oPs lifetimes in the spheres of the NEMA 1Q phantom, where
the mean oPs lifetime value in the two largest spheres of
the phantom matches with the reported value in water [80].
However, the results from the smallest sphere measurements
highlight the statistical limitations and inaccuracies in the
measurement of background estimation. In the analysis, we
used different fitting models to mitigate these problems, as
the wrong background estimation strongly affects the stability
and accuracy of the mean oPs lifetime measurement.

We observed that, the application of background estimation
constraints in Model 2 produced better consistency of the mean
oPs lifetime (7,ps) for the low-statistics data in the 22 mm
sphere, thus showing the potential of adaptive background
handling in such conditions. However, for larger sphere (28
mm) with higher statistics, it predicted a larger 7,ps value,
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TABLE I

POSITRONIUM LIFETIME AND INTENSITY OBTAINED FROM FITTING THE POSITRON LIFETIME SPECTRA USING THREE DIFFERENT MODELS.
D REPRESENTS THE DIAMETER OF THE SPHERES. Tops IS THE MEAN LIFETIME OF OPS. Iops, Ipirect, AND Ipps ARE THE RELATIVE INTENSITIES
CORRESPONDING TO OPS ANNIHILATION, DIRECT POSITRON-ELECTRON ANNIHILATION, AND PPS ANNIHILATION, RESPECTIVELY. ATmean DENOTES

THE MEAN POSITRON LIFETIME.

Fitting Model 1

D [mm] ToPs [HS] IoPs [%] Idirect [%] -IpPs [%] A,Tmean [HS]
22.00 1.413 + 0.070 28.46 + 1.26 61.11 4+ 1.43 10.43 + 1.20 1.099 + 0.013
28.00 1.821 4+ 0.061 25.55 £ 0.74 63.41 4+ 0.89 11.04 + 0.73 1.099 £ 0.008
37.00 1.804 £+ 0.042 25.84 + 0.52 62.05 £+ 0.63 12.10 &+ 0.52 1.102 £ 0.005

Fitting Model 2

D [mm] ToPs [ns] Lops [%] Ldirect [%] IpPs [%] AT‘mcan [ns]
22.00 1.693 £ 0.087 25.68 £+ 1.13 56.96 4+ 1.38 17.36 £ 1.16 1.122 + 0.013
28.00 2.129 4+ 0.076 23.43 £ 0.70 63.99 4+ 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] Tops [nS] Lops [%] Lgirect [%] IpPs [%] ATean [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 + 0.89 9.17 £ 0.70 1.099 % 0.008
37.00 1.838 + 0.044 25.23 £ 0.50 65.07 + 0.60 9.71 £ 0.43 1.102 £+ 0.005

C C

pPs ™ “arect

—C,, - Background

Fig. 5. (A) Transaxial view of the NEMA-IQ phantom with selected ROIs
from the spheres, overlaid on the CT image of the NEMA IQ phantom.
(B-D) Distributions of positron annihilation lifetimes (AT for the 22 mm
(B), 28 mm (C), and 37 mm (D) diameter spheres. The black histograms
represent the experimental data, while the overlaid curves correspond to
the fitted components: pPs (Cpps), direct annihilations (Cyirect), 0Ps (Cops),
and background from accidental coincidences. The red curve represents the
total fit, obtained as the sum of all contributions. (E-F) Visualization of the
estimated mean oPs lifetime (7ops) (E) and mean positron lifetime (AT mean)
(F) from Fitting Model 1, where the activity counts within each selected ROI
are replaced by their respective lifetime values.

indicating that the flexibility in background estimation can
also introduce inconsistencies. Therefore, the obtained results
suggest that Model 2 could serve as a useful tool to evaluate
background sensitivity in datasets with limited statistics. But,
its application requires further validation before firm conclu-
sions can be drawn.

Furthermore, the mean positron lifetime (ATyean) Was
found to be a more robust parameter, varying within a 10 ps
range across the background estimation methods applied in
the fitting models, which confirms its significance for PLI.

The Modular J-PET system, built with cost-effective plastic
scintillators [85]], is a promising proof of concept for scal-
able, total-body PET and positronium imaging. It operates
in triggerless mode, allowing simultaneous multi-photon de-
tection, which is essential for accurate positronium lifetime
measurements. New research demonstrates how 44Sc serves
a dual purpose in theranostics through diagnostic imaging
and targeted radiotherapy, which makes it an ideal choice
for multiple applications [86], [87]. The combination of the
suitability of “4Sc and the detection capability of modular J-
PET establishes a strong experimental basis that may support
the clinical and preclinical application of #*Sc-based PLIL
Furthermore, the enhanced large axial field-of-view (LAFOV)
of total body PET systems will improve the sensitivity several
times for PLI [5], [39]. Therefore, the advancement of PLI will
lead to a broader medical application, for instance, exploring
its potential as a novel diagnostic indicator [5]].

V. CONCLUSION

In this study, we successfully demonstrated the feasibility of
PLI using #4Sc with the Modular J-PET tomograph carried out
with a NEMA IQ phantom. The promising results of this study
mark an important step forward and open new possibilities for
advancing PLI techniques. With the advent of total body PET
systems, PLI will become accessible through the enhancement
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of LAFOV scanners [6], [59]], [88]], [89] and hence the overall
sensitivity of the scanner. Furthermore, the possibility of using
the more enhanced and optimized reconstruction algorithm
[22]-[25], [32]], [33], [64]-[67]], will pave the way towards
the application of PLI in clinical and preclinical scans.
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