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This study demonstrates the applicability of 52Mn and 55Co radionuclides for positronium imaging.
Positronium Lifetime Imaging (PLI) extends positron emission tomography by using the lifetime of
positronium atoms as a probe of tissue molecular architecture. However, its practical use requires 8+
emitters that also provide an additional prompt ~ ray to mark the positron creation time. In this work,
we report the first PLI measurements performed with 52Mn and 55Co using the modular J-PET. Four
samples were studied in each experiment: two Certified Reference Materials (polycarbonate and fused
silica) and two human tissues (cardiac myxoma and adipose). The selection of PLI events was based

on the registration of two 511 keV annihilation photons and one prompt gamma in triple coincidence.
From the resulting lifetime spectra we extracted the mean ortho-positronium lifetime 7,ps and the
mean positron lifetime AT}, can for each sample. The measured values of 7,ps in polycarbonate using
both isotopes matches well with the certified reference values. Furthermore, 55Co reproduced identical
results for fused-silica measurements at their respective uncertainty levels. In contrast, measurements
with 52Mn in fused silica show a minor deviation, which could be caused by the Parafilm spacer. In
myxoma and adipose tissue, the reduced 7,ps values are mainly linked to the long storage history of
the samples rather than to the choice of isotope. Comparing peak-to-background ratios and spectral
purity, 55Co provides cleaner PLI data under the same experimental conditions. Although 52Mn offers
a longer half-life and a multi gamma cascade enhancing 8% +~ coincidences, but at the expense

of higher background. In this study, we demonstrate that the applied selection criteria on the data
measured with the modular J-PET can be used for PLI studies even with radionuclides with complex
decay patterns.
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Positron emission tomography (PET) is a well established medical modality for tracing and mapping metabolic
activity in-vivo within the human body. In a PET scan, a positron-emitting radiotracer is administered
intravenously. The emitted positron annihilates with surrounding electrons, which produces a pair of 511-keV
photons emitting in nearly opposite directions. Registering both photons in a coincident window defines the
Line Of Response (LOR), and intersection of LORs acquired from the full scan are used to reconstruct the spatial
map of annihilations sites. This technique enables the acquisition of precise non-invasive images of biological
processes on a molecular scale!"2. The conventional PET method quantifies tracer uptake values, but does not
directly provide information about the tissue microenvironment. Positronium imaging, an emerging extension
of PET, complements the use of conventional PET*>~7. During PET, in nearly 40% of cases, a metastable bound
state known as the positronium atom (Ps) is formed within the human body. This previously underexplored
phenomenon can be measured and characterized in-vivo®, enabling Positronium Lifetime Imaging (PLI) as a
microenvironment sensitive extension of PET. Ps is formed when a positron from a radiotracer binds with an
electron from a nearby molecule. It can be formed in either of the two spin configurations: para-positronium
(pPs), a short-lived state with a mean lifetime of 125 ps and ortho-positronium (oPs), a significantly longer lived
state with mean lifetime of about 142 ns in vacuum’.The oPs experiences a substantial decrease in its mean
lifetime when it interacts with biological molecules in tissue environment”1°-!7. Where positron can picks-off an
electron from surrounding molecules, annihilating mainly into two photons®!8. Therefore, pick-off rate depends
on the electron density and size of the cavity making the oPs mean lifetime a sensitive probe of nanoscale free-
volume structure. Another important factor is the oxygen concentration in the tissues which can further reduce
the mean lifetime!>?’. Oxygen molecules are paramagnetic in nature and during collision with oPs, they induce
conversion from oPs to pPs. The third process is the oxidation which refers to the chemical quenching of oPs
via electron transfer to different reactive species (e.g., free radicals, certain biomolecules, oxidants), forming the
transient chemical complexes with much shorter lifetimes®?!. Consequently, measuring the mean lifetime of oPs
in biological tissues allows for a direct and quantitative measure to study the contrast of tissue microenvironment
and hypoxia!®?%22, This makes Ps lifetime imaging (PLI) a promising biomarker for tissue structure analysis for
disease characterization.

The technique has become widely recognized and has stimulated a significant interest in the implementation
of PLI in clinical PET scans. This has led to new development in both clinical and preclinical scanners
worldwide”32-3%, However, the selection of a suitable radionuclide remains the main challenge limiting
PLTs clinical applications®**. The ideal radioisotope needs to produce an additional prompt gamma emitted
immediately after positron emission. In PLI, the registration time of the prompt gamma is used as a precise
timestamp of positron creation, which serves as the start time for the positronium lifetime measurement.
Subsequently, detection of the annihilation photons from direct annihilation of the positron with surrounding
electrons or through the formation of the Ps atom allows measurement of the positron lifetime. For practical
reasons, the radioisotope for clinical PLI should meet additional criteria, which include a high branching ratio
for BT + y emission, a half-life compatible with PET scans, and manufacturing via standard protocols®3>36,

The proof of concept for PLI in biological tissue was demonstrated by the J-PET collaboration, which
performed the first ex-vivo PLI experiment using the J-PET tomograph’. In this study, 2?Na was used as the
positron source, well suited for ex-vivo PLI emitting a 1275 keV prompt gamma in 99.94% of 3" decays. For this
study, special phantoms were prepared with different biological tissues (cardiac myxoma, adipose) excised from
two different patients. In each phantom, a 22Na source was sandwiched between tissues samples. All phantoms
were then placed in the J-PET geometry. A clear difference in oPs mean lifetime was observed between cardiac
myxoma (1.9 ns) and adipose tissues (2.6 ns)”. In contrast to earlier studies using 22Na for conventional positron
annihilation lifetime spectroscopy yielding only bulk-mean lifetimes for small samples, J-PET collaboration
provided for the first time spatially resolved o-Ps lifetime imaging, directly demonstrating the potential of PLI
to distinguish tissue types based on their molecular architecture. However, the long half-life of 2>Na (2.60 years)
and its accumulation in bones® preclude its uses for in-vivo applications. Nevertheless, it remains primarily
a source of choice for in-vitro and ex-vivo PLI studies 71°-17:%, as well as for various fundamental physics
experiments**~4!. Recently, J-PET collaboration performed in-vivo PLI of the human brain in a patient injected
with 68Ga-PSMA and Ga-DOTA-Substance-P by means of the Modular prototype of the J-PET scanner®.
Although the study was with low statistics, it showed the feasibility of applying PLI in clinical applications by
successfully demonstrating imaging of the mean lifetime of the oPs®. One of the principal reason for low statistics
is the low branching ratio (1.34%) of prompt gamma and positron emission in %8Ga.

The successful proof-of-principle studies using 58Ga along with validation tests on PET/CT systems with
long axial field-of-view* have led to efforts to explore additional clinically available 37 emitters that produce
prompt photon emissions for PLI.

Two such isotopes are cycltron produced 1241, frequently used for PET/CT thyroid staging and dosimetery
purposes, and generator produced 32Rb to perform PET perfusion imaging for the evaluation of blood flow of
coronary artery disease. Recently, PLI with '24I was demonstrated using Biograph Vision Quadra at Bern. The
studies were performed for phantoms as well as in-vivo thyroid cancer patient imaging®**2. Similarly, 82Rb was
used to conduct phantom experiments by PennPET Explorer at Philadelphia®’, while Biograph Vision Quardra
at Bern was used to perform in-vivo imaging of patients?®. Although, both isotopes are suitable for initial PLI
research but for effective application there are the notable challenges. The short half-life of 82Rb (1.26 minutes)
and its low prompt gamma emission rate (13%) in 81 decays constrains the achievable statistics. On the other
hand, 24T decay scheme produces a prompt gamma emission through 12% of its 3% decays and faces the same
limitation. In recent years, these experiments with 8Ga, 124I and 32Rb revealed the constraints that PLI imposes
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on the underlying properties of radionuclides. Along the ongoing efforts to find optimal radioisotope, 44Sc
stands out as one of the most promising candidate for PLI*, due to the clinically relevant half-life of 4.04 h*4,
an ultrashort de-excitation delay of 2.61 picoseconds, and a high yield of 94.3% of decays resulting in positron
emission followed by a high-energy prompt gamma of 1157 keV with a 100% yield as shown in the Fig.1A.
Recent phantom studies conducted with the PennPET Explorer in Philadelphia’, the J-PET scanner in Cracow,
Poland®®, and the Biograph Vision Quadra in Bern*® have further demonstrated its potential as a leading
candidate for future clinical applications of PLL. Although 44Sc fulfills many requirements for PLI, its relatively
short half-life does not allow for use in radiopharmaceuticals with slow pharmacokinetics, such as monoclonal
antibodies. The centers around the world have access to different production routes (e.g., generator based vs
cyclotron based, low vs high current beams), which can affect the frequent availability of isotopes. Therefore, it
is necessary to search for alternative 37 +v emitters. Several isotopes (32Mn, 53Co, 89Cu, 72As, 140, and '°C)
have been proposed for their physical properties relevant to PLI*3°.

In this study, we present the first-ever results using two novel radioisotopes, Manganese-52 (2Mn) and
Cobalt-55 (55Co), and their potential application in PLI. 52Mn, with a half-life of 5.59 days, emits positrons in
29.4% of its decays, followed by a cascade of three prompt photons 744 keV, 935 keV , and 1434 keV as shown in
Fig. 1(B). This unique triple-photon cascade can significantly enhance the PLI sensitivity. Similarly, 5°Co, with
a half-life of 17.53 h, produces positrons in 76% of its decays, leading to excited 5°Fe states that emit prompt
gamma rays at 477 keV, 931 keV, and 1409 keV as shown in Fig. 1C, making it a good candidate for PLI. Using
these isotopes, we report the first experimental demonstration of PLI with 52Mn and 5°Co carried out on the
Certified Reference Materials and the human tissues with the modular J-PET scanner®4”:8. The main objective
of this study was to evaluate the capabilities and usability of the modular J-PET scanner for medical imaging
using various 31 + ~y isotopes using a data analysis protocol with voxel-based positronium imaging.

Methods

Isotope preparation

For this study, two separate experiments were conducted with two novel positron-emitting radionuclides, >2Mn
and %°Co. The ®2Mn isotope was produced under the PRISMAP - The European medical isotope programme at
the Hevesy Laboratory in the Department of Health Technology at the Technical University of Denmark (DTU)
via the >2Cr(p,n)>2Mn production route?® by irradiating a natural chromium (Cr) target for 8 hours at 40 p
A current with a proton beam energy of 16.5 MeV on a GE PETtrace cyclotron. After irradiation, the activity
was obtained in the Mn2" cation form in a 0.1 M HCl solution and transported to the Jagiellonian University
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Fig. 1. (A-C) Decay scheme of 44Sc (A, T /2 = 4.04 h), °2Mn (B, T /2 = 5.59 d), and 55Co (C,

Ty /2 = 17.53 h), where B represents the positron emission yield, EC denotes electron capture contributions,
v indicates the prompt gamma ray with its energy shown in parentheses, and the number in pink parentheses
shows the fraction of 37 + 7y decay relative to all 31 decays for a given isotope. The delay time, shown in blue
text for clarity, represents the average interval between positron emission and prompt gamma emission. (D)
Event definition for 52Mn in the modular J-PET scanner. Two annihilation photons (¢1, 71) and (t2, 72), with a
possible cascade of three prompt photons (¢s, 75), (L4, T4 )s (Liss> Tids)-
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in Krakow. 55Co was produced at the Heavy Ion Laboratory of the University of Warsaw via the ®4Fe(d,n)%°Co
reaction®®>!. A metal (°“Fe) target was irradiated for 2 h with an 8.4 MeV deuteron beam at a current of 14.1 pA.
After irradiation, the target was dissolved in 6 M HCI, subsequently filtered and 5°Co was chemically separated
at the Institute of Nuclear Chemistry and Technology in Warsaw. The solution with >*Co was then transported
to the Krakow lab for experiments.

Sample preparation

In each experiment, four different samples were examined: human adipose tissue, human cardiac myxoma tissue,
and two Certified Reference Materials (CRM:s) of fused silica and polycarbonate with known oPs lifetime. The
CRMs were purchased from the National Institute of Advanced Industrial Science and Technology (AIST) in
Tokyo, Japan. The adipose and myxoma tissues were selected as representative of human fatty tissue and tumor
tissue, whereas the fused silica and polycarbonate CRMs served as reference materials with well-characterized
oPs lifetime for calibration and for validating the stability of the measurement.

Cardiac myxoma and adipose tissue samples were obtained from a patient at John Paul II Hospital in
Krakow, Poland, under bioethical consent number 1072.6120.123.2017. These tissues were previously used to
demonstrate the first ex-vivo positronium imaging with the J-PET scanner, as reported in” and were re-used in
the present work for positronium lifetime measurements with 2Mn and 33Co. After the previous experiment,
the tissues were preserved in a formaldehyde solution, and stored till used for experiments. Before the current
measurements, the tissue samples were removed from formaldehyde, stained with pure Lugol’s solution for soft-
tissue contrast for 24 hours at 40 °C and drained®?. At the time of measurements involving >2Mn, the tissue
had been stored in the refrigerator for approximately three months, while at the time of measurements using
55Co the storage time was about five months. For the experiments, the adipose tissue and cardiac myxoma
samples were placed in 5 mL Eppendorf tubes. A 0.2 mL thin-wall tube containing a solution of 32Mn (or 3°
Co) was inserted between the samples to prevent contamination. For preparing the CRM samples, the fused
silica and polycarbonate plates supplied by AIST were used as received, only the source holder and mounting
were prepared in-house for the experiment. In each of the CRMs, ten layers of Parafilm with a total thickness of
approximately 1.2 mm were stacked. A small circular well was created in the center of the Parafilm layers to hold
the radioactive source. The liquid source was placed in the well and sandwiched between two CRM plates. The
dimensions of each CRM fused silica plate were 15 mm x 15 mm X 1.5 mm. In case of polycarbonate each
plate was of size 15 mm x 15 mm x 2 mm. To ensure the containment of the source in the prepared well and
prevent leakage, the entire assembly was securely wrapped with an additional single layer of Parafilm.

For the measurements with 52Mn, four different activities of 1.278 MBq, 1.298 MBq, 1.346 MBq, and 1.354
MBq, measured at the start of the experiment, were added to the samples prepared for cardiac myxoma, human
adipose tissue, polycarbonate, and fused silica, respectively. The data were then collected for 19 hours 44 minutes
with all four samples placed in the scanner (see Fig. 2A). In case of 33Co, activities of 1.032 MBg, 1.020 MBgq,
1.092 MBgq, and 1.071 MBq, measured at the start of the experiment, were used for cardiac myxoma, human
adipose tissue, polycarbonate, and fused silica, respectively (see Fig. 2B). These measurements lasted 15 h and
5 min. Apart from the choice of radionuclide and activity, the set-up was the same in both measurements, see
Fig. 2A,B.

Ethics statement

The study was conducted in accordance with the principles of the Declaration of Helsinki. It was approved by the
Bioethical Committee of the Jagiellonian University (approval number: 1072.6120.123.2017). Informed consent
was obtained from the patients.

Modular J-PET scanner and data processing

In PLI, events are selected by requiring a triple coincidence of two nearly back-to-back 511 keV annihilation
photons (v,) and an additional prompt gamma (7, ), which defines the start time for estimating the positronium
formation time. The corresponding selection criterion has been developed and validated in our previous
studies”* and is applied consistently in the present analysis.

The modular J-PET scanner is an assembly of 24 detection modules arranged in a cylindrical configuration.
Each module consists of 13 closely packed plastic scintillators of length 50 cm and a cross-section of 2.4 cm X
0.6 cm at the edges®*®>3, Scintillators are read out from both ends by a 1 x4 matrix of Silicon Photomultipliers
(SiPMs). J-PET DAQ operates in a continuous, triggerless data acquisition mode, which allows simultaneous
registration of multiple photons from the same decay®**. In plastic scintillators, photon interactions are mainly
dominated by the Compton scattering mechanism, which leads to a continuous energy deposition determined
by the scattering angles®. The signals recorded in the SiPM matrices are read out by the dedicated front-end
boards and processed by an FPGA-based DAQ architecture built on the TRB3 platform. For each measured
pulse, the leading and trailing edges are time stamped on a set of programmable thresholds. These times are
further used to reconstruct the hit-time, hit-position, and the time-over-threshold (TOT) of the hit>**”%, In our
analysis, we use the measured TOT as an estimator of the deposited energy™. For every registered interaction
(hit), the TOT value is obtained as the average of the TOT measurements from the four SiPM matrices coupled
to both ends of the strip.

The measured TOT spectra for *2Mn and ®°Co are shown in Figs. 3A and 4A, respectively. For °2Mn,
the enhancements associated with the Compton edges of photons with energies 511, 744, 935, and 1434 keV
are observed at values of 7.5, 8.5, 10 and 12 ns V, respectively (Fig. 3A). In case of ?*Co, the Compton edges
for photons with energies at 477, 511, 931, and 1409 keV appear at TOT values corresponding to 6.5, 7.5, 10
and 12 ns V, respectively (Fig. 4A). These enhancements correspond to the maximum energy (Compton edge)
that can be transferred to an electron in a single Compton scattering process. For selecting the annihilation
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Fig. 2. (A) Placement of the 4 samples inside the Modular J-PET scanner (B) Schematic representation of the
4 samples in the modular J-PET detector.

candidates (511 keV photons, red-shaded area), TOT values in the ranges 6 to 7.25 ns V for °2Mn and 6 to 7.8
ns V for >>Co were selected. For identifying the prompt photons (blue-shaded area), TOT value ranges of 8.5 to
13.5ns V for 52Mn and 8.8 to 13.5 ns V for 5°Co were used. Finally, event formation was based on the number
of photon interactions (hits) occurring within a 20 ns coincidence window for both annihilation photons (y.)
and prompt gamma photons (7;).

The standard PLI is based on the triple coincidence approach in which an event is composed of two
annihilations and only one prompt photon. The decay process of °2Mn and 3°Co produces several prompt
photons that emerge simultaneously in time (see Fig. 1B, C). In principle, each of these prompt photons can be
used as a start signal for estimating the lifetime spectra. In this study, we explored whether prompt multiplicity
can provide an additional practical advantage for PLI or not. For this, events with different hit multiplicities
were studied. Here, the hit multiplicity is defined as the total number of photon interactions in an event. The
event selection criterion used in this study is presented in Fig. 3B for 52Mn and Fig. 4B for >>Co. In studies
with 52Mn, we analyzed three different classes of events with hit multiplicities of three, four, and five, which
correspond to including one, two, or three prompt photons appearing in the cascade, respectively. These events
contain two 511 keV annihilation photons with TOTy;: € [6,7.25] ns V and prompt photons (one, two, or
three) with TOThi € [8.5,13.5] ns V. The hit multiplicity distribution for three classes of events is shown in
Fig. 3B, where the red-shaded region corresponds to the events with exactly three hits (two annihilation photons
and one prompt photon), whereas the blue-shaded region and pink-shaded region show the events with four
and five hits, respectively. For 5°Co, events were analyzed for a hit multiplicity of three, consisting of two 511
keV annihilation photons with TOThi¢ € [6,7.8] ns V and one prompt photon with TOThi € [8.8,13.5]
ns V. All photons with TOThj; within this fixed prompt window were treated collectively as prompt, without
resolving their energies. The corresponding hit multiplicity distribution (), depicted in Fig. 4B, with the red-
shaded region to highlight events with exactly two annihilation photons and one prompt photon, identified by
their TOThi¢ values. The selection of annihilation and prompt candidates using the TOTy;; windows, followed
by event formation based on hit multiplicity, does not yield a fully pure data set. Photons that scatter in the
phantom or detector material, prompt photons that deposit only part of their energy, and random coincidences
can all be misclassified as either annihilation or prompt photons and thus contaminate the selected events. Only
events within the red-shaded region of 6.4 4 in these panels were kept for further analysis. In the ideal case, the
prompt gamma (yp) is emitted isotropically with respect to the annihilation photons. However, the angular
distribution between the annihilation photons and the prompt gamma shows an excess at small angles, which
mainly originates from secondary scattered photons being identified as annihilation or prompt photons. To
suppress such misidentified configurations and obtain a cleaner sample of true events, an additional requirement
of 0pa > 30° was applied, as illustrated in Figs. 3D, 4D. As a final step, we used the space-time consistency of
the detected hits to improve the purity of the events. For each selected event, we form pairs of hits and check
whether the two signals could come from two different photons produced in the same annihilation, or whether
one of them is more likely a secondary interaction of the other (intra-detector Compton scattering) or a random
coincidence. This check is done with the so-called Scatter Test (ST). For a pair of hits with detected hit-times ¢;
and ty, with corresponding hit-positions 7*; and 7%, the ST is defined as:

ST = |ti — t;] — |7 — 75l/c, (1)

where ¢ denotes the speed of light. Under ideal conditions for direct photon detection (|tx — t;| < |ri — 75]/c),
the ST yields a non-positive value. The test value approaches zero when both hits originate from the same photon
that experiences two interactions (primary and secondary interactions). In contrast, ST becomes positive in the
event of random coincidences, due to the expected substantial difference between ¢, and ¢;. We analyze events
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Fig. 3. Event Selection for 2Mn: (A) Distribution of time-over-threshold (TOT};:) for photon identification,
with annihilation photons (red) and prompt gammas (blue) marked by distinct ranges. (B) The hit multiplicity
(w) distribution for events is represented by histograms: the red-shaded histogram highlights events with
exactly two annihilation photons and one prompt gamma, the blue-shaded histogram indicates events with
exactly two annihilation photons and two prompt gammas, and the pink-shaded histogram denotes events
with exactly two annihilation photons and three prompt gammas. (C) Distribution of the relative angle (64.4)
between annihilation photon vectors 7 and 7 (per Fig. 1D), with 44 > 60° (red) as the selection criterion.
(D) Distribution of the relative angle (fp.a) between prompt gamma vector 7; and annihilation photon vectors
71, T2 (per Fig. 1D), with @p4 > 30° (red) as the restriction.

with only pairs of annihilation hits with ST values < —0.5 ns, which significantly improved the overall purity
of the events. The same criteria were adopted for candidate pairs of prompt photons (with four and five hit
multiplicities) in the 52Mn data set to reduce detector-induced scattering effects. After applying the TOT-based
selection, hit-multiplicity classification, angular cuts and the Scatter Test, we obtain a set of 2y, + 7y, candidate
events that can be used for further analysis. However, the purity of the events still depends on the detailed
decay schemes of 2Mn and ®>Co. Therefore, it is mandatory to identify and quantify the dominant background
channels specific to these isotopes, discussed in the next section.

Background contribution

52 Mn

Among the 3T+ emitters endorsed so far for PLI, 52Mn has several practical advantages. It has a half-life of
about 5.6 days, which is long enough for groducnon, transport, and multi-step experiments, but still suitable for
preclinical use. In each decay (**Mn — °2Cr*), there is a cascade of three prompt photons (744, 935 and 1434
keV) emitted almost simultaneously (within tens of picoseconds).

So, a single decay may provide up to three prompt candidates in coincidence with the annihilation photons.
This increases the chance of forming usable 2, + 7, events by roughly a factor of three compared to an isotope
with only one prompt photon. However, a major drawback of using 52Mn is that in 70.6% of decays these
prompt photons are produced together with electron capture rather than positron emission. These decays do not
contribute in useful events for PLI, rather, they significantly increase the scattering background. In our analysis,
annihilation and prompt candidates are selected primarily on the basis of their TOTh;; values. In the TOT
spectra, both the 511 keV annihilation photons and the prompt photons from >2Mn give rise to pronounced
structures that can be associated with the corresponding Compton edges. If the photon energies were well
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Fig. 4. Event Selection for 3>Co: (A) Distribution of time-over-threshold (TOT ;) for photon identification,
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. (C) Distribution of the relative angle (64.4) between
annihilation photon vectors 7 and 7 (per Fig. 1D), with 844 > 60° (red) as the selection criterion. (D)
Distribution of the relative angle (6 p.4) between prompt gamma vector 7; and annihilation photon vectors 77,
72 (per Fig. 1D), with Op4 > 30° (red) as the restriction.

separated and only single prompt photons were present, one could, in principle, choose clean TOTh;; windows
around these regions and distinguish the two groups without much ambiguity. In plastic scintillators, however,
photon interactions are dominated by Compton scattering, and high-energy prompt photons tend to scatter
at small angles according to the Klein-Nishina formula. As a result, they often deposit only a fraction of their
energy in a given strip, and the measured TOTh;; can fall into the range expected for 511 keV photons, as seen
in Fig. 3A. The 52Mn cascade further enhances this effect and increases the number of prompt-related counts
in the 511 keV region. This makes it more difficult to select high purity annihilation candidates. To reduce this
contamination, we chose a relatively narrow TOTy;; around the main 511 keV peak for annihilation photons.
This improves the purity of the annihilation sample, but at the cost of statistics, partially counteracting the gain
in efficiency expected from the three-fold prompt multiplicity. In addition to tightening the TOTh;; window
for 511 keV photons, we applied a sequence of further selection cuts based on angular correlation and ST to
disentangle genuine annihilation pairs from prompt candidates in each event. Despite this, several types of
background configurations can still bypass these selection criteria, as illustrated in Fig. 5. These background
events can be divided mainly into two categories: contamination from a single decay (Fig. 5A-E) and accidental
coincidences involving two decays (Fig. 5F-I).

In the first category, the background arises from single decays of 2Mn. The first scenario occurs in 29.4% of
cases, where prompt gamma photons are emitted after the positrons (Fig. 5A-D). A major fraction of these events
can be eliminated by applying the ST between annihilation photon pairs and prompt photon pairs, combined
with angular constraints (Fig. 3D). The second scenario occurs in 70.6% of 52Mn decays, where prompt photons
are emitted following electron capture rather than positron emission. Such events can be mitigated by applying
the ST between pairs of prompt photons. In the second class, the background arises from accidental coincidences
involving two decays (Fig. 5F-I). Some of these events can be eliminated by restricting the angle range ¢ and
applying ST. In the analysis, we recorded a total of 9,323,325 events for 2, + 7, topology, 68,240 for 2v4 + 27p,
and 1088 for 2, + 3. Thus, the 27, + 27, and 27, + 37, events together account for only 0.74% of the
27a + 7Yp events, after all selection cuts. Consequently, these higher-multiplicity events were used only to study
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prompt multiplicity and were excluded from the positronium lifetime analysis, so they do not contribute to the
background in the lifetime spectra.

55Co
The 55Co isotope also has several features that are favorable for PLL It has a half-life of 17.5 h, which is compatible
with typical preclinical imaging including monoclonal antibodies and short enough to be considered for clinical
applications, while still allowing for centralized production and shipment. About 76% of 55Co decays proceed
via B emission, and in most of these decays a 931 keV  ray is emitted with high intensity, providing a well-
defined prompt signal for building 2+, + -y, events. The prompt scheme is therefore simpler than for 2Mn
and naturally leads to a clean 2, + 7, topology. In addition, °Co has already been used in preclinical PET
studies with peptides and antibodies, indicating that suitable chelators and labelling strategies are available for
biologically targeted imaging. However, in dosimetry and radiation safety, the presence of several additional
~ lines and the production of the long-lived >*Fe daughter must be taken into account when considering
translational use. For PLI with plastic scintillators we also have to take into account the 477 keV photons from
55Co (intensity of order 15%), which sits not far from the 511 keV annihilation energy. In the TOT},;¢ spectra,
photons from this transition often give values that fall into the same region as those from annihilation photons,
as seen in Fig. 4A. Some 477 keV photons are therefore classified as annihilation candidates and add to the
background in the annihilation window. In our analysis we treat the resulting 5Co background in two groups:
events that come from a single decay (Fig. 6A,B) and events built from photons belonging to two different decays
(Fig. 6C,D).

In the first class, the background arises from individual decays of 55Co. One scenario occurs when one of
the annihilation photons is not detected and the 931 keV prompt photon undergoes two interactions in the
detector. In this case, a scattered prompt hit can be mistakenly treated as an annihilation photon (Fig. 6A).

Fig. 5. Cross section of the modular J-PET scanner showing background events for ®2Mn. The primary

and scattered prompt gamma is depicted as a red solid arrow, with primary and scattered annihilation

photons as blue dashed arrows. (A-E) Background events from one decay: (A) one annihilation photon
undetected, prompt gamma scatters twice, misidentified as an annihilation photon. (B) One annihilation
photon undetected, the other scatters twice, misidentified as an annihilation photon. (C) Annihilation photon
undetected, two prompt photons scatter, misidentified as an annihilation photon. (D) One annihilation photon
undetected, one unidentified prompt gamma goes through low energy scattering misidentified as annihilation
photon. (E) Electron capture without annihilation photons, two prompt photons scatter, misidentified as

an annihilation photon. (F-I) Background events from accidentals: (F) example of the background arising
from the accidental coincidence where one annihilation photon from one event and one from another event.
(G) Example of the background arising from the accidental coincidence of a prompt gamma from one event
and annihilation photon from the other event. (H) Example of the background arising from the accidental
coincidence of registering one or two prompt gammas and annihilation photon from one event and one
prompt gamma and the prompt scattered registered as annihilation photon from the other event. (I) Example
of the background arising from the accidental coincidence of registering two prompt gammas and the scattered
prompt registered as annihilation photon and one prompt gamma from the other event.
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Such events tend to populate small values of the angle p4 between the prompt and annihilation candidates
and can be partially suppressed by imposing a lower cut on 6p 4, as shown in Fig. 4D. Another scenario is
where one annihilation photon is lost and the other scatters twice, so that a scattered annihilation photon is
misidentified as a second independent annihilation photon (Fig. 6B); these configurations are reduced by
applying the Scatter Test to the pair of annihilation candidates. In the second class, the background comes from
accidental coincidences of photons from two separate 55Co decays. An example is when a prompt photon from
one decay is detected together with an annihilation pair from another (Fig. 6C), where a fraction of such events
can be rejected using the Scatter Test. Another example is when a prompt photon and one annihilation photon
from one decay are detected together with an annihilation photon from a second decay (Fig. 6D). In this case,
restricting the allowed range of the opening angle 6 (Fig. 4C,D), in combination with the Scatter test, further
suppresses these accidental configurations.

Positronium lifetime estimation

After applying all selection criteria described above, we obtained a purified sample of 2y, + 7, events, which
were used for the positronium lifetime reconstruction. For each selected 27y, + v, event, the annihilation point
(72) and annihilation time (¢,) are determined from the times and positions of the annihilation photon hits,
denoted as (t1,71) and (t2, 72):

. 1t .
7_,,a:th?‘z_'_C(Q 1)_ 7_"1 7;27 2)
2 2 |r1—7“2
and
t1 + 12 |71 — 7o
te = — . 3
a 5 70 (3)

The first term in Eq. 2 gives the midpoint between the two hit positions, while the second term shifts this midpoint
along the line of response according to the measured time difference (t2 — t1). In this way, the annihilation point
is obtained on an event-by-event basis without any external timing reference. Analogously, the annihilation time
lq is calculated as the average of the two detection times, corrected by half of the photon flight time between
the hit positions. It should be mentioned that the annihilation point distribution was obtained using only the
annihilation photon pair (511 keV), while the additional prompt gamma photon was used to estimate the
lifetime of the positron. The positron lifetime is defined as

AT = to — tp,

i.e. the time interval between positron emission and annihilation. Here, ¢,, is used as an estimator of the positron
emission time. According to the decay schemes in Fig. 1(B-C), the prompt gamma rays for both isotopes are
emitted, on average, within about 50 ps of the positron emission, which is much shorter positronium lifetimes
and detector time resolution. It is therefore a good approximation to identify the prompt emission time with

Fig. 6. Cross-section of the modular J-PET scanner: background events for >>Co the modular J-PET scanner
illustrates background events for 3>Co decays, with the prompt gamma depicted as a red solid arrow and
primary/scattered annihilation photons as blue dashed arrows. (A) An example of a background event occurs
when one annihilation photon goes undetected, and the prompt gamma scatters twice in the detector, leading
to the misidentification of the scattered photon as an annihilation photon. (B) Another example involves

one annihilation photon being undetected, with the other scattering twice within the detector, causing the
scattered photon to be misidentified as an annihilation photon (C) a background event from an accidental
coincidence arises when a prompt gamma from one decay event is detected alongside annihilation photons
from another event (D) a background event from an accidental coincidence occurs when a prompt gamma and
one annihilation photon from one decay event are registered with an annihilation photon from another event.
(E) An additional background event from an accidental coincidence occurs when a prompt gamma and one
annihilation photon from one decay event are registered with an unidentified prompt gamma from another
decay goes through low energy scattering misidentified as annihilation photon.
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the positron emission time. The emission time ¢, is obtained by correcting the registered prompt time for the
photon time of flight:
|7, — 7l

ty = t; — ——2 4
» p 4)

where ¢; and 7; are the detection time and position of the prompt gamma, and 7, is the annihilation point
reconstructed using Eq. (2). The positrons emitted in the decays of >2Mn and 3°Co have very short ranges in the
tissue, approximately 0.58 mm and 1.72 mm, respectively*>. This means, one can safely assume that the creation
point of the positron and the annihilation site are separated by less than a few millimeters. When combined with
the sub-nanosecond timing, this justifies treating the prompt emission point as effectively co-located with the
annihilation site for the purpose of constructing positron lifetime spectra (AT). The obtained spectra contain
contributions from the direct annihilation of positrons as well as their annihilation through the formation of Ps
(pPs, oPs) atoms. The AT spectrum was analyzed by fitting a sum of exponential decay components convoluted
with detector resolution, using the specialized PALS Avalanche software to determine the mean oPs lifetime,
as described in”%0-62, The value of the initial parameters for para-positronium (pPs) and direct annihilation
was set at 125 ps (with a relative intensity of 10%) and 388 ps with an intensity of 60%, respectively. Both
lifetime and intensities of these two parameters were restricted to vary up to twice the initial set values. For
CRM measurements, an additional fixed component corresponding to Parafilm was included, with a lifetime
of 2.35 ns and an intensity of 10%, reflecting the known contribution of the Parafilm layers used in the sample
mounting. For tissue measurements, no additional components were added for the Eppendorf or PCR tubes,
since their contribution to the overall annihilation statistics was verified to be negligible. The oPs component
was left unconstrained in both lifetime and intensity, as its determination is the main aim of the analysis. A
constant background level was estimated by averaging the counts in the range of —10 to —5 ns and subtracted
before fitting, so that the fit is driven by the physical decay components.

In addition to the mean oPs lifetime 7,ps obtained from the multi-component fit, we also evaluated the
mean positron lifetime AT, ean, defined as the average value of AT between 0 ns and 5 ns after background
subtraction, as described in®*. This quantity is sensitive to the overall shape of the lifetime spectrum, including
both short- and long-lived components, and provides a complementary measure to Tops. The extracted values of
ToPs and ATean for all samples are presented and discussed in the “Results” section.

Results

In this section, we evaluate the performance of ®2Mn and %°Co as radionuclides for PLI with the modular J-PET.
The annihilation point distribution (7) (Eq. 2) was obtained from 2, + 7, events built from 511 keV photon
pairs, and the resulting images for 52Mn and 55Co are shown in Figs. 7A and 8A, respectively. The images
were reconstructed on a uniform voxel grid with size 2.5 mm in each direction. For 52Mn, 9,323,325 294 + Vp
events passed the selection criteria, whereas for 5°Co the corresponding number was 3,706,231. To characterize
signal quality, the peak-to-background ratio (PBR) was calculated for each isotope, yielding PBR = 87 for 52Mn
and PBR = 133 for 55Co. The higher PBR value observed for ®*Co indicates a substantially cleaner 2y, + 7,
selection, reflecting the simpler decay scheme and reduced background contribution due to electron capture
induced prompt photons. For quantitative PLI analysis, a spherical region of interest (ROI) of radius 33 mm was
defined at the centre of each sample. The average number of events across the four samples was approximately
239760 for 52Mn and 179450 for 55 Co. The resulting positron lifetime spectra AT for all four samples are shown
in Fig. 7D for ®>Mn and Fig. 8D for 55Co.

The lifetime spectra were fitted with a multi-component model including direct annihilation, para-
positronium (pPs) and ortho-positronium (oPs) components, convolved with the detector time response as
described previously. The fitted mean oPs lifetimes 7ops, the corresponding intensities Iops, and the intensities
of the direct and pPs components (Igirect, Ipps) are summarized in Table 1 together with the mean positron
lifetime AT mean obtained as the average of AT between 0 and 5 ns.

Performance on certified reference materials

The CRMs from AIST (polycarbonate and fused silica) were used as benchmarks to validate the PLI methodology.
The certified oPs lifetimes are 2.10 £ 0.05 ns for polycarbonate and 1.62 & 0.05 ns for fused silica. For the
polycarbonate material, both isotopes produce results that match the certified value within their respective
uncertainty levels. The 2Mn and 55Co isotopes generate almost the same 7ops values of 2.069 + 0.020 ns
and 2.174 + 0.024 ns respectively (Table 1, Figs. 7B, 8B). The 5°Co measurement of 7ops for fused silica
matches the certified value at 1.607 £ 0.012 ns but the *2Mn measurement deviates by 200 ps from the official
standard (Figs. 7C, 8C). In all CRM measurements, ten layers of Parafilm (nominal total thickness ~ 1.2 mm)
were introduced between the plates to host the liquid source. The Parafilm contribution was modelled as an
additional oPs component with fixed lifetime 2.35 ns and fixed intensity 10%. The 52Mn fused silica data
show Tops values closer to the certified silica lifetime when the Parafilm intensity is allowed to change, which
indicates a local thickness or positioning problem in the Parafilm spacer for this specific setup. Since the 52
Mn and 3°Co measurements were performed at different times, small differences in the effective Parafilm
thickness cannot be excluded. In our final analysis, we therefore applied a constant 10% Parafilm intensity to all
data sets for consistency and treated the remaining deviation as a systematic effect. To further cross-check the
spectral decomposition, we evaluated the ratio of oPs intensities between polycarbonate and fused silica. An
interlaboratory comparison involving 12 laboratories reported Ipoly /Isilica = 0.56 for these CRMs®. For 55
Co we obtain Ij,oly /Isilica = 0.560 £ 0.006, in excellent agreement with the interlaboratory value, while for 52
Mn we find a slightly larger ratio of 0.661 % 0.007, consistent with the aforementioned Parafilm-related bias in
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Fig. 7. Results for 2Mn: (A) Transaxial view of the annihilation point distribution (7) for 2, + -y, events.
(B-C) Distributions of positron annihilation lifetimes (AT") for the Polycarbonate (B) and Silica (C). The black
histograms represent the experimental data, while the overlaid curves correspond to the fitted components:
PPs (Cshort ), direct annihilations (Cdirect ), 0Ps contribution from parafilm(Cparasiim), OPs contribution from
CRM (Ccrm), and background from accidental coincidences. The red curve represents the total fit, obtained
as the sum of all contributions. (D) Distributions of positron annihilation lifetimes (A7) for Myxoma,
Polycarbonate, Adipose and Fused silica. (E,F) Mean oPs lifetime (7ops) (E) and mean positron lifetime
(ATean) (F) in the Polycabonate and Silica.
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Fig. 8. Results for °*Co: (A) Transaxial view of the annihilation point distribution (7, ) for 27, + 7, events.
(B,C) Distributions of positron annihilation lifetimes (AT’) for the polycarbonate (B) and silica (C). The black
histograms represent the experimental data, while the overlaid curves correspond to the fitted components:
PPs (Cshort ), direct annihilations (Cdirect ), 0Ps contribution from parafilm (Cparafiim), 0Ps contribution from
CRM (Ccrm); and background from accidental coincidences. The red curve represents the total fit, obtained
as the sum of all contributions. (D) Distributions of positron annihilation lifetimes (AT’) for myxoma,
polycarbonate, adipose and fused silica. (E,F) Mean oPs lifetime (7ops) (E) and mean positron lifetime
(ATmean) (F) in the polycabonate and silica.
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sal'l'lPle hame ‘ ToPs (ns) ‘ Tops (%) ‘ Tgirect (%) ‘ IPPS (%) ‘ ATmean(®)
52Mn

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

55C0
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+2.43 | 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

Table 1. Positronium lifetime and intensity obtained from fitting the positron lifetime spectra. Tops is the
mean lifetime of oPs. Iops, lairect> and Ipps are the relative intensities corresponding to oPs annihilation,
direct positron-electron annihilation, and pPs annihilation, respectively. ATean denotes the mean positron
lifetime. All uncertainties are given at the 10 level. Note that the 7,ps value for adipose and myxoma tissues
are different than previously published”!® because they were stored in refrigerator for few months (three
months in case of ®2Mn and five months in case of °Co) and underwent chemical degradations.

the fused silica data. Despite these differences in 7,ps, the mean positron lifetimes ATean for polycarbonate
and fused silica remain very stable between isotopes. For both CRMs, the ATp,can values measured with °2Mn
and 3°Co differ by less than 20 ps (Tablel). This confirms that ATican, which integrates information over all
annihilation channels, is a robust and isotope-independent PLI observable”+4°.

Tissue samples and voxel-wise PLI estimation

For the cardiac myxoma and adipose tissue samples, the 7ops values obtained with both isotopes differ
from the ex-vivo values reported previously for freshly used tissues (7ops &~ 1.9 ns for myxoma and ~ 2.6
-2.7 ns for adipose)”!%. In the present measurements, Tops is reduced to 2.111 + 0.018 ns (myxoma) and
2.081 £ 0.018 ns (adipose) for °2Mn, and to 2.070 % 0.029 ns (myxoma) and 1.996 + 0.030 ns (adipose) for
55Co (Table 1). The corresponding AThcan values show smaller differences between isotopes: the 52Mn and 5°
Co measurements differ by 60 ps (myxoma) and 72 ps (adipose), respectively. These shifts indicate that the long-
term storage protocol (five years in formaldehyde followed by staining with Lugol's solution and refrigerated
storage for several months) altered the microscopic structure of the tissues, an effect that is further discussed
below. Interestingly, the oPs intensities in tissues are systematically higher for 2Mn than for 3°Co (Table 1).
The myxoma and adipose samples stored for three months after staining (*2Mn measurement) exhibit higher
I,ps than the same samples measured with 55Co after five months of storage, supporting the hypothesis of
progressive microstructural deterioration over time. To visualize the spatial distribution of PLI parameters,
voxel-wise oPs mean lifetimes and mean positron lifetimes were reconstructed. In the transverse plane, 7ops
maps were computed with 1 cm X 1 cm voxels, integrating over the full axial extent of the scanner (Figs. 7E, 8E).
Voxel-wise ATmean maps were obtained with 1 cm isotropic voxels (Figs. 7F, 8F). In both isotopes, Tops is
systematically lower in fused silica than in polycarbonate, while AT ean is higher in fused silica. This pattern
reflects the higher oPs intensity in fused silica, which shifts the effective AT ean to longer values even though
the oPs lifetime itself is shorter. The voxel-wise reconstructions confirm that both 2Mn and °Co enable reliable
PLI of heterogeneous samples with the modular J-PET system. However, for cardiac myxoma and adipose tissue
samples, we did not reconstruct voxel maps of 7ops and AT ean. Instead, only ROI-averaged values are reported
in Table 1, since the small sample size and limited statistics (also affected by long-term storage) did not allow for
a stable voxel-wise analysis.

Discussion

In this work, we performed the first PLI studies with the 3 +  emitters 52Mn and 33Co using the modular
J-PET scanner. We selected 27, + v, events for both radionuclides, obtaining about 9.3 x 10” events for 52
Mn and 3.7 x 10° events for 55Co after all selection criteria were applied. These data sets are large enough to
assess how well each isotope performs for PLI in a realistic multi-sample arrangement. For the validation of
lifetime analysis, CRM (polycarbonate and fused silica) were used as the benchmarks. For the certified reference
materials, we first checked whether the oPs lifetimes extracted from the fits are consistent with the values
provided by the manufacturers. In polycarbonate, the 7ops obtained with 52Mn and 55Co, 2.069 + 0.020 ns
and 2.174 =+ 0.024 ns, both lie within the quoted uncertainty of the certified lifetime and are close to each other.
This suggests that, at least for this material, the selection of 2+, + =, events and subsequent lifetime analysis do
not strongly depend on which of the two isotopes is used. However, the results for fused-silica show a different
pattern. Here, the °®*Co result (1.607 £ 0.012 ns) reproduces the certified value, while the 2Mn measurement
is higher by about 200 ps. Since the Parafilm spacer was included in the fit as a fixed oPs component, a natural
explanation is that the 2Mn data are more sensitive to small differences in the effective Parafilm thickness or
positioning in that particular configuration. This interpretation is compatible with the observed ratio Ipo1y / Lsitica
%3, which for 55Co agrees with the interlaboratory value, whereas for 2Mn it is noticeably larger. In the present
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analysis we therefore treat the fused silica shift for °Mn as a systematic effect linked to the mounting procedure
rather than as a limitation of the isotope itself for PLIL.

In contrast, tissue measurements are clearly influenced by the extended storage of the samples. Both myxoma
and adipose tissue show 7ops values that are substantially shorter than previously reported for freshly used
tissues in ex-vivo PLI with 22Na”!%. This difference most likely resulted from chemical degradation of the tissue
due to prolonged (five year) storage, which could have caused deleterious effect resulting in structural changes
in macromolecules and oxidation of lipids that make up adipose tissue®. Interestingly, it was recently observed
that paraformaldehyde “aging” causes deterioration of the chemical quality of biological samples, which can
be analysed by means of spectral (ATR-FTIR) and spectroscopic (ToF-SIMS) methods®. Additionally, sample
contrasting may also result in changes in the nanostructure of macromolecules. The iodine used in Lugol’s
solution binds to carbohydrates and glycolipids. It is not possible to assess to what extent sample contrasting may
have influenced the structural changes in tissue macromolecules. What we observed—a decrease in 7ops—shows
that this parameter is very sensitive, revealing structural changes resulting from the aging of biological material
and its potential biodegradation. It is very likely that tissue shrinkage caused a condensation of volume, which
may have altered the proportion between free voids and matter, for which I,ps serves as an indicator. The fact
that 7ops and I,ps are systematically lower for the 5°Co data, acquired later (about five months after drying) than
the 52Mn data (about three months after drying), is compatible with progressive microstructural degradation
during subsequent storage. The corresponding shifts in ATmean (60-72 ps) point in the same direction. Due to
the limited size of the tissue samples and the reduced statistics after all selection criteria, we restricted the analysis
to ROI-averaged values and did not attempt voxel-wise 7ops and AT mean maps for myxoma and adipose tissue.
A dedicated study of storage induced changes in PLI parameters based on systematically prepared tissue samples
will be needed before any quantitative biological conclusions can be drawn from such long-stored specimens.
In the present work, tissue data are primarily used to compare isotope performance under realistic conditions.
On this basis, we compared the performance of °>Mn and °°Co in terms of the lifetime analysis, since this is
essential to assess their suitability as tracers for PLL. A higher peak-to-background ratio is obtained for 5*Co
(= 133) than for 2Mn (= 87), due to the simpler decay scheme of 55Co with a single dominant 931 keV prompt
line. In contrast, °>Mn offers a three-photon prompt cascade, which in principle could enhance the efficiency
of prompt detection by up to a factor of three. However, the large electron-capture fraction and the resulting
increase in background from scattered prompt photons largely offset this advantage. The need for tight TOTh¢
windows of annihilation photons, together with additional angular and Scatter-Test cuts, further reduces the
effective statistics. Therefore, we can conclude that, under identical acquisition and analysis conditions, **Co
achieves higher PBR and somewhat cleaner lifetime spectra for PLL

Recently, several groups reported feasibility studies using +4Sc for PLI applications. Its physical properties
are very close to what is desirable for a 81 -+~ isotope: a half-life of 4.04 h, a high 3" branching ratio of
94.3%, and an almost always present 1157 keV prompt photon with negligible delay. Our results show that 3°
Co can complement the use of 44Sc when cobalt-based tracers or delayed imaging protocols are of interest.
The more complex decay pattern of 52Mn introduces additional background, but it is likely to be better suited
to applications where its long half-life or specific manganese chemistry are required. According to current
regulatory, 52Mn and %3 Co are not yet included among the radionuclides used in routine clinical PET. However,
several of their properties make them attractive candidates for further development. For **>Co, the 17.5-h half-
life offers a significant advantage over shorter-lived isotopes such as 8Ga®. The longer half-life enables to
application in immuno-PET imaging using monoclonal antibodies®’ and to conduct delayed imaging, which
improves tumor-to-background ratios, particularly in cancer studies. Preclinical studies using 55Co-based
tracers has shown promising results®*®. Beyond oncology, >®Co has been explored as a PET tracer for assessing
neuronal damage in stroke patients’’. Furthermore, multiplexed PET imaging using °Co and '8F-labeled
tracers in a single session has successfully separated their signals by leveraging the prompt-gamma emission of
55Co for triple coincidence detection’!”2. In contrast, >2Mn has been investigated in a range of applications. It
has been used for in-vivo immuno-PET imaging’®. Owing to its properties, >2Mn is also suited for combined
PET/MR imaging or as a PET analog of Mn-based MRI contrast agents to study their in-vivo distribution and
pharmacokinetics’*~”7. Moreover, 52Mn can serve as a surrogate for Ca?* uptake studies, for example in the
context of diabetes’8. 52Mn-labeled liposomes have further been evaluated in-vivo”®. In addition, the radiation
effective dose of 52Mn administered as chloride to humans has been determined®, and its radiation toxicity has
been evaluated in rats®!.

More importantly, the analysis strategy presented in this work shows that the J-PET methodology (event
selection, Scatter-Test, use of Tops and ATmean) can be applied to radionuclides with more complicated decay
schemes, which is relevant for ongoing PLI activity on different scanner types. Moreover, the cascade emission
of gamma photons by °>Co and ®2Mn will enable studies of the correlations between these photons as discussed
recently e.g. in reference®?-%°.

Conclusion

This study reports the first successful experimental demonstration of PLI using the isotopes 52Mn and >°Co.
Using the common event-selection scheme, we assessed their performance for the first time in a multi-sample
configuration with the modular J-PET scanner. For both isotopes ?Mn and %°Co, the adopted methodology
reproduced the lifetime values of the CRM materials provided by the manufacturer. The results show the reliability
of reconstructing lifetimes and background estimation with J-PET even when working with radionuclides
having complex decay patterns. Measurements with long-stored tissue samples (cardiac myxoma and adipose
tissue) were used mainly to examine how the isotopes behave under realistic conditions. The changes seen in the
positronium parameters in these samples are most likely affected by the long fixation and storage, and should
not be interpreted straightforwardly as reflecting only biological differences. The measurement of 5°Co results
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in better effective PBR values and produces spectra with improved lifetime resolution. The longer half-life of 52
Mn makes it suitable for manganese-based tracer applications, yet it faces contamination risks due to its multi-
prompt photons scattered background. In comparison with earlier results for #4Sc, 4*Sc and >>Co are favourable
options for PLI, whereas 2Mn can be used for a more specialised situations linked to its radiochemistry and
half-life. Combined with further measurements using the modular J-PET and clinical long-axial-FOV scanners,
such work should enable a more quantitative comparison of candidate radionuclides and help separate the
effects of isotope choice, scanner design and sample preparation on the observed PLI contrast. In parallel, the
planned total-body J-PET system, with its expected gain in sensitivity over the present prototype, together with
continuing progress in large axial field-of-view clinical scanners®?42686-88 and dedicated PLI reconstruction
methods?*28:3089-% should further improve the practical sensitivity and image quality achievable for PLI studies
with 44Sc, 55Co and 5?Mn.

Data availability

The datasets collected in the experiment and analyzed during the current study are available under restricted
access due to the large data volume. Direct access to the data can be arranged on request by contacting the cor-
responding author.
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