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Positronium is abundantly produced within the molecular voids of a patient’s body during positron emission to-
mography (PET). Its properties dynamically respond to the submolecular architecture of the tissue and the partial
pressure of oxygen. Current PET systems record only two annihilation photons and cannot provide information
about the positronium lifetime. This study presents the in vivo images of positronium lifetime in a human, for a
patient with a glioblastoma brain tumor, by using the dedicated Jagiellonian PET system enabling simultaneous
detection of annihilation photons and prompt gamma emitted by a radionuclide. The prompt gamma provides
information on the time of positronium formation. The photons from positronium annihilation are used to recon-
struct the place and time of its decay. In the presented case study, the determined positron and positronium life-
times in glioblastoma cells are shorter than those in salivary glands and those in healthy brain tissues, indicating

that positronium imaging could be used to diagnose disease in vivo.

INTRODUCTION

Positronium is abundantly produced in the patient’s body during
positron emission tomography (PET), and its properties (e.g., mean
lifetime) are modified by the tissue submolecular environment (1,
2). Therefore, positronium is considered a promising diagnostic in-
dicator (I1-6). The state-of-the-art PET scanners are limited to re-
cording only two photons with an energy of 511 keV coming from
electron-positron annihilation (7). They are therefore incapable of
providing information about the positronium lifetime that requires
the detection of an additional prompt gamma emitted from the ra-
dionuclide. The prompt gamma is needed to determine the time of
positronium formation in the body, while annihilation photons sig-
nal the time of positronium decay (8). We have invented a method
(9-11) and the Jagiellonian PET (J-PET) system (8) capable of im-
aging positronium lifetime (9-11) based on the registration of two
photons from its annihilation and additional prompt gamma emit-
ted by some of the isotopes [e.g., ®*Ga routinely used in PET diag-
nostics (12-14)]. The method was recently validated in ex vivo
studies by reconstructing positronium images (8) and by observing
differences in positronium mean lifetime between healthy and
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tumor tissues (6, 15-17). Here, we demonstrate the in vivo positro-
nium images of a human brain performed in clinics with a dedi-
cated portable J-PET scanner (18) designed to enable a simultaneous
registration of annihilation photons and prompt gamma originat-
ing from the radionuclide attached to the biomolecule. The advan-
tage of the J-PET scanner, which makes this imaging possible, lies
in its programmable electronics (19), triggerless data acquisition
(DAQ) (20), and dedicated signal processing algorithms (8, 11).
These features are designed to enable the registration of three or
even more photons simultaneously as well as the recording of pho-
tons with energies exceeding 511 keV. In a standard PET scan, bio-
molecules (tracers) labeled with a radionuclide that emits positrons
are administered to the patient at picomolar concentrations. In the
patient’s body, positrons annihilate with electrons creating photons
whose registration in the PET scanner enables imaging of the dis-
tribution of the labeled biomolecules in the body. Therefore, PET
allows for the assessment of metabolic effects, transport activities,
or receptor expression in vivo directly in the patient.

PET diagnostics has experienced continuous improvements in
radiation detection (21) and radiopharmacy (13), from the first
blurry brain tumor images achieved with two crystal scintillation
detectors in 1953 (22), to the first application of fluorodeoxyglucose
labeled with '®F for brain metabolism imaging in 1979 (23) and the
first scans with *®*Ga-labeled somatostatin receptors in 1999 (12), to
the dynamic and simultaneous imaging of all patient tissues demon-
strated in 2019 (24) with the total-body PET system constructed
from 564,480 crystal scintillators (25).

However, after 70 years of development, the main principle of
PET scanners of recording electron-positron annihilation into two
photons and its applications based on localizing the accumulation of
pharmaceuticals remained unchanged. For example, PET scans of
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the brain are mainly performed to locate lesions, including deter-
mining the location and size of brain tumors (26), to assess the mea-
surement of cellular and tissue metabolism, to show blood flow, and
to evaluate patients with seizure disorders (epilepsy) who do not
respond to pharmacotherapy (27) and patients with memory im-
pairment due to neurodegenerative diseases [Alzheimer’s disease
spectrum and Parkinson’s disease (28)]. The detection of molecular
alterations that is not currently achievable would be possible using
positronium imaging, which would increase PET specificity for ear-
ly recognition of these diseases before the functional changes occur
(1). Methods capable of sensing and imaging the intramolecular en-
vironment, oxidation level, pH at the picomolar level, or electrolytes
within the tissue and biological fluids are currently under develop-
ment (29-33). For example, quantum chemical sensing with double-
photon emission imaging (29, 30) or perturbed angular correlation
with radioisotope-chelated DOTA 1y (31, 33) has recently dem-
onstrated sensitivity to pH changes in the range of the extracellular
and intralysosomal environments.

This study focuses on the potential of intramolecular sensing us-
ing positron-electron annihilations via positronium. In the body, a
positron emitted from the isotope attached to the biomolecule may
annihilate with an electron either directly (~60% cases) or via the
formation of positronium (~40% cases) (2). Positronium is a meta-
stable atom made of an electron and a positron. It may be formed as
along-lived (T35 = 142 ns) spin-one ortho-positronium (oPs) or
as a short-lived ('r"“““m = 125 ps) spin-zero para-positronium (pPs).
In vacuum, oPs decays into three photons (oPs — 3y) and pPs into
two photons (pPs — 2y) (2). In the tissue (Fig. 1), the oPs lifetime
(tlssue < ~4 ns) is substantially shortened because, in addition to

oPs
self-annihilation into three photons, the positron from oPs may pick

off electrons from the surrounding molecular environment (pick-off
process) and annihilate predominantly into two photons. The oPs
lifetime may also be shortened by interacting with the dissolved
oxygen molecules. oPs may react with a paramagnetic O, molecule
via spin-exchange or oxidation processes (4, 34). In the spin-
exchange process, oPs is converted to pPs, which then rapidly de-
cays into two photons (oPs + O, — pPs + O, — 2y + O,). Therefore,
the smaller the inter- and intramolecular voids and the higher the
oxygen concentration, the shorter the mean oPs lifetime also the
smaller the rate ratio of oPs self-annihilations (oPs — 3y) to oPs
pick-off processes (oPs — 2y). For example, oPs pick-off two-photon
annihilations in the tissue with 5" equal to 2 ns are about 70 times
(17gil‘,cs““m/‘l:“““e — 1) more frequent than oPs self-annihilations into
three photons. Figure 1 indicates possible decay mechanisms of
positronium in the intramolecular spaces.

Current PET scanners use e*e” annihilation into two photons
only, and they are insensitive to the positron annihilation mecha-
nism that may deliver diagnostics information complementary to
the presently available images of metabolic rate and receptor expres-
sion. For example, the early tissue alterations at the molecular level
and the changes in the tissue oxidation could be sensed by knowing
the ratio of 3y to 2y decay rate and the mean positronium lifetime
(1, 2, 4). Therefore, positronium is considered as a promising bio-
marker of tissue pathology at the early stage of molecular alterations
and as a biomarker of tissue oxidation (2-4).

Here, we demonstrate the in vivo images of positronium life-
time in the human brain. Figure 1 shows the photograph of the
patient in the modular J-PET tomograph. The superimposed ar-
rows indicate annihilation photons (blue dashed arrow) from the
electron-positron annihilations, while the red solid arrow shows
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Fig. 1. Positronium imaging of a human brain. (A) Photograph of the patient in the modular J-PET tomograph. The patient diagnosed with brain glioma was intrave-
nously and intratumorally administered with pharmaceuticals labeled with the %Ga radionuclide, which emits positrons and prompt gamma rays (the course of imaging
is illustrated in Fig. 2). The superimposed arrows represent photons from electron-positron annihilation (blue dashed arrow) and prompt gamma from the deexcitation of
the %8Zn* radionuclide (red solid arrow). The plastic strips of the tomograph in which the gamma rays interacted have been highlighted in yellow. (B) Pictorial illustration
of the %8Ga isotope decay chain (%Ga — %Zn* + et + v — %Zn + vy + e* + 1) and possible ways of positron and positronium annihilation within molecules on the example
of the PSMA molecule overexpressed at the membrane of the microvascular endothelial cell (38). Positron (black dashed arrow) emitted by ®Ga may annihilate directly
(ete™ — photons) or via the formation of positronium (e¥e™ — Ps — photons) (7). Positronium (Ps) is formed as pPs (yellow) or oPs (blue). Blue dashed arrows indicate
annihilations into two photons used for imaging. Main annihilation mechanisms mentioned in order of decreasing probabilities include (2): (i) direct annihilation (yellow
ellipse), (i) annihilation of a positron from oPs by picking off the electron from the atom (red ellipse), (iii) self-annihilation of pPs, (iv) conversion of oPs to pPs on the O,
molecule proceeded by self-annihilation of pPs (oPs + O, — pPs + O, — 2y + 05), and (v) self-decay of oPs into three photons (orange arrows) inside the free space be-

tween atoms.
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the prompt gamma from the *Zn isotope deexcitation. To deter-
mine the positronium lifetime in the patient, it is necessary to
know the time of positronium formation and the time of its anni-
hilation. The moment of annihilation is determined from the time
when annihilation photons (blue dashed arrows in Fig. 1) interact
in the detection system. The time of the positronium formation
may be estimated if the radionuclide, in addition to the positron,
also emits a prompt gamma (red solid arrow in Fig. 1). Registering
the time when prompt gamma interacts in the detector system en-
ables us to estimate the time of positronium formation (10, 11).

In this study, the patient diagnosed with primary brain glioma
was administered pharmaceuticals labeled with the **Ga radionu-
clide that, in 1.3% of positron emissions, also emits a prompt
gamma (Fig. 1). Imaging of the patient was performed using a
dedicated modular J-PET scanner, equipped with the acquisition
system enabling simultaneous registration of signals from annihi-
lation photons and prompt gamma. The sensitivity of the modular
J-PET for the detection of two-photon events is ~57 times higher
than that for simultaneous detection of two-photons and prompt
gamma (see detailed description in Discussion). Taking into ac-
count the branching ratio of prompt gamma emission in the decay
of *®Ga, the rate of recorded events useful for two-photon PET
imaging is over 4000 times higher than the rate of events useful
for positronium imaging, which was a great challenge in the pre-
sented research.

Here, we applied the recently introduced positronium imaging
method (9, 10) that was recently successfully validated in the first
ex vivo positronium imaging of phantoms comprising cardiac

al 78 MBq of 98Ga-PSMA-1 1&20 MBgq OfZZSAcDOTAGA—SP% MBq of %8Ga-DOTA-SP

myxoma tumor and healthy adipose tissues operated from patients
(8). The observed dependence of the mean positronium lifetime on
the tissues type (6, 16, 35-37) and on the grade of cancer malig-
nancy (5) encourages one to perform in vivo positronium imaging
to test the hypothesis if positronium may serve as a parameter in the
in vivo diagnosis in clinics. This study presents the clinical positro-
nium lifetime images and a discussion of the prospects of its applica-
tion in clinical imaging with total-body PET scanners.

RESULTS

The main result of the presented research is the demonstration of
the in vivo image of positronium lifetime in the human head. The
research was performed in such a way as not to interfere with rou-
tine diagnostics and therapy. The examined patient was a 45-year-old
man with a recurrent secondary glioblastoma (II/IV) in the right
frontoparietal lobe. The primary aim of the conducted therapy was
to destroy the glioma tumor using « particles emitted by the *°Ac
radionuclide. The demonstration of positronium imaging was pos-
sible thanks to the concurrent theranostic application of the **Ga
isotope to monitor the site of cancer lesions using a PET scanner.
The study protocol, approved by the Ethical Committee of the Med-
ical University of Warsaw; is presented pictorially in Fig. 2A, indicat-
ing the diagnosis and treatment workflow.

In the first step, the location of the glioblastoma tumor was
determined by administering a radiopharmaceutical [*Ga]Ga-
PSMA-11 to the patient in a dose of 178 megabecquerel (MBq)
(14, 26) and using a PET/computed tomography (CT) Biograph

A [ 1 Drugadministration
,_%-75 1 PET/CT scan 1 J-PET scan
=, %8Ga + S Ac activity %Ga activity
>
® =s50-
©
<C
25
T /F T
0 75 Time [min]

Fig. 2. Course of diagnosis and treatment of a patient with secondary recurrent glioblastoma. (A) The solid black curve indicates the decrease in the activity of the
%Ga radionuclide after intravenous injection of a 178-MBq activity of the [*®GalGa-PSMA-11 radiopharmaceutical followed 131 min later by intratumoral administration
of 8 MBq of [*®Ga]Ga-DOTA-SP (black dashed curve) together with 20 MBq of [?°Ac]Ac-DOTAGA-SP (red curve). After the first and the second administration of pharma-
ceuticals, the patient was imaged with the Siemens PET/CT Biograph 64 TruePoint and then with a modular J-PET for the time indicated in the graph in yellow and tur-
quoise, respectively. (B) The T2-weighed MRI coronal image of the head (Magnetom 3T, Siemens Healthcare) showing the tumor and the position of the cat-cath system
(visible on the upper left part of the head) for the administration of a radiopharmaceutical for the local treatment of glioblastoma. (C to F) Photographs illustrating the
course of patient imaging with the modular J-PET scanner. (C) Modular J-PET scanner placed behind the PET/CT Biograph 64. (D) View of the patient’s bed from the inside
of the J-PET tomograph. (E) The patient was moved on the table so that the torso and legs were in the Biograph PET/CT and the head in the J-PET scanner. In this view,
only the patient’s feet are visible on the edge of the Biograph PET/CT. (F) Photograph of the patient with the head inside of the J-PET scanner during imaging after intra-
venous administration of the [*®Ga]Ga-PSMA-11 radiopharmaceutical.
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64 TruePoint scanner. PSMA is a prostate-specific membrane an-
tigen expressed in tumor-associated vessels (14, 38). Immediately
afterward, the patient was moved on the table to the J-PET tomo-
graph for a 10-min DAQ for comparison to the PET/CT image
and to establish a baseline for the J-PET scanner. The patient’s
examination is documented in the photographs in Fig. 2 (C to F).
Immediately afterward, a treatment step was carried out. Using a
catheter connected to a subcutaneous port implemented into a
postoperative cavity [see magnetic resonance imaging (MRI) im-
age in Fig. 3B] (39), the patient was injected intracavitary (locally)
with 20 MBq of **’Ac-labeled substance P ([**’Ac]Ac-DOTAGA-
SP) together with %8Ga-labeled substance P ([*®Ga]Ga-DOTA-SP)
at the dose of 8 MBq. Substance P having a high affinity to the
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neurokinin-1 receptors (overexpressed on the glioblastoma cells
surface and within the tumor neovasculature) was used to deliver
o particle emitter *’Ac to the tumor cells (40). The therapy was
performed as previously optimized and described in (39), and the
2> Ac dose activity was chosen as a compromise between the ther-
apeutic effect and the side reaction for the treatment (41). During
the treatment stage, the pharmaceutical [®Ga]Ga-DOTA-SP la-
beled with the radionuclide “*Ga was also used to monitor the
accumulation sites of substance P and thereby verify the adminis-
tration of the *’Ac radionuclide to the glioma tumor. The ob-
tained PET/CT images demonstrate the highest accumulation of
the pharmaceutical [**Ga]Ga-DOTA-SP in the tumor cavity (Fig. 3,
A to C), confirming the correct delivery of the ***Ac radionuclide
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Fig. 3. Positronium images of the head of a patient with recurrent secondary glioblastoma in the right frontoparietal lobe. (A to C) Standard PET/CT images ob-
tained with Biograph 64 TruePoint. An accumulation of [®®Ga]Ga-DOTA-SP in the capsule and cavity of the tumor in transverse (A), coronal (B), and sagittal (C) planes is
presented. (D to F) Images of the density distribution of positron annihilation accompanied by the emission of the prompt gamma are shown in transverse (D), coronal
(E), and sagittal (F) planes. These images were acquired with the J-PET tomograph. The white thin dashed lines in each (A) to (F) image indicate a cross section with the
other two planes presented. (G to 1) Positronium images shown in transverse (G), coronal (H), and sagittal (I) planes. (J to L) Distributions of positron annihilation lifetime
(AT) determined in the glioblastoma tumor (J), salivary glands (K), and healthy brain tissues (L). Black histograms denote experimental data. The superimposed curves
indicate the result of the fit of the function describing contributions from oPs (Cops), from pPs and direct annihilations (Cshort), and from the background due to accidental
coincidences (BG). The red curve denotes the sum of all contributions (Fit). (M and N) Mean oPs lifetime [tops; (M)] and mean value of the positron lifetime in the range
between 0 and 5 ns [Mean; (N)] determined for the glioblastoma tumor (G; black squares), salivary glands (SG; red circles), and healthy brain tissues (B; blue triangles). The
blue dotted line and orange dashed line indicate the mean oPs lifetime in cardiac myxoma tumor (1.92 ns) and adipose tissue (2.72 ns) (6).
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to the glioma. The images also indicate accumulation in the sali-
vary glands because they are composed of cells that express recep-
tors on their cell membranes showing a high affinity for PSMA
(14), and PSMA was used in the first step of the procedure. Once
this monitoring step was completed, the patient was moved on the
table to the modular J-PET tomograph for the 13-min DAQ for
positronium imaging.

A dedicated modular J-PET scanner is built from 24 detection
modules (18) each constructed from plastic scintillators (42) and
programmable electronics (19). The scanner, seen in photographs in
Figs. 1A and 2 (C to E), is described in detail in Methods. The data
were collected using a DAQ system that we developed, which en-
abled triggerless signal acquisition (20). The continuous triggerless
data recording allowed us to collect multiphoton coincidences. Re-
corded data were analyzed using a dedicated J-PET programming
framework (43). The data analysis procedures, background subtrac-
tion, and positronium image reconstruction are described in detail
in Methods. Therefore, it will only be mentioned briefly in the
following.

In the first step of the analysis, the data were decoded from elec-
tronics to timestamp format, and then the recorded timestamps
were used to reconstruct the registered signals. In the next step of
the low-level data processing, signals were used to reconstruct the
time and position of each gamma photon interaction in the tomo-
graph. Furthermore, the signals from annihilation photons and
prompt gamma were disentangled and grouped into events. An
event is referred to as the entire sequence of processes occurring in
the patient’s body and the tomograph as a result of the decay of a
single radionuclide. For each event, comprising two annihilation
photons and prompt gamma, the annihilation place and time as well
as the positron emission time were reconstructed. The set of such
selected events (after the suppression of the instrumental and physi-
cal background) was used to reconstruct the images of the density

distribution of annihilation places associated with the emission of
the prompt gamma (Fig. 3, D to F).

Because of the low fraction of such events [only 1.3% in the case
of ®Ga (Fig. 4B)], the images are characterized by low statistics.
Therefore, to determine the positronium lifetime, the reconstructed
image of the head of the patient was divided only into three regions
of interest: the range around the glioma cancer (G), the healthy
brain tissues (B), and the area around the salivary glands (SG). The
lifetime spectra determined for these regions are shown in Fig. 3 (J
to L), respectively.

The superimposed violet dotted curve indicates contribution due
to the annihilation intermediated by oPs. Possible annihilation
mechanisms are depicted in Fig. 1B. The contributions from fast an-
nihilation mechanisms (pPs — 2y and direct e*e”™ — 2y) and anni-
hilations via oPs (oPs — 2y) were established by deconvoluting the
experimental lifetime spectra by using the dedicated PALS Ava-
lanche software (44-46). Details of the fitting procedure are de-
scribed in Methods.

The determined mean oPslifetimes (t,ps) are presented in Fig. 3M. One
observes a trend in the data. The measured value of the mean oPs life-
time in the glioma tumor (1.77 + 0.58 ns) falls below the salivary
glands (2.44 + 0.46 ns), which in turn is below the measurement in
healthy brain tissues (2.72 + 0.72 ns). In addition to the mean oPs
lifetime, the mean positron lifetime was calculated without perform-
ing the fit. The mean positron lifetime was calculated considering
distributions shown in Fig. 3 (J to L) in the range between 0 and 5 ns.
The resulting values of mean positron lifetime for the glioma, sali-
vary glands, and brain tissues are shown in Fig. 3N. The determined
values are equal to 1.28 + 0.06 ns for the glioma tumor, 1.53 & 0.04 ns
for salivary glands, and 1.89 + 0.06 ns for healthy brain tissues.
Notably, the differences between different tissues in the mean posi-
tron lifetimes visible in Fig. 3N are more statistically pronounced
than differences in the mean oPs lifetimes presented in Fig. 3M. This
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Fig. 4. Comparison of positronium and standard PET imaging sensitivities. (A) Positronium imaging sensitivity profiles for registration of yy+y, events (blue) are
compared to sensitivity profiles for standard PET metabolic imaging based on registration of yy events (red). Sensitivity profiles of modular J-PET applied in this study are
shown together with the sensitivity profiles for the design of the total-body J-PET with 250-cm AFOV (50, 84). (B) Decay scheme of the %3Ga radionuclide. EC denotes the
electron capture, while “e*” denotes the emission of a positron. The mean lifetime of the excited nucleus *8Zn* and the energy of the deexcitation (prompt) gamma are
indicated. In this research, the %Ga — %zZn* + e + v — zn + Yp + e + v decay chain was used, occurring only in about 1.3% of all e* emissions. (C) Decay scheme of the
44Sc radionuclide, the most suited isotope for positronium imaging (50, 51, 85). In **Sc decay, the emission of positron is accompanied by the prompt gamma in 100%
cases. (D) Estimated gain of positronium imaging sensitivity by increasing the AFOV with respect to the modular J-PET used in this research. The gain is calculated for the
sensitivity at the center (solid lines) and for the whole-body positronium imaging (dashed lines). Results for standard crystal-based PET systems (based on the UEXPLORER)
are shown in red, and the result for the J-PET based on plastic scintillators is shown in blue. The sensitivity at the center for positronium imaging would increase by a factor
of 28 for the total-body J-PET and by a factor of 87 for uEXPLORER with AFOV = 194 cm (25).
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positron lifetime measurement in healthy brain tissues is 7 SDs
greater than the value found in the glioma tumor and 5 SDs greater
than the value for salivary glands. Combining information about
the annihilation density distributions (Fig. 3, A to C), reconstructed
density distributions of e*e” annihilations associated with the
prompt gamma emission (Fig. 3, D to F), and the mean oPs lifetimes
(Fig. 3M), the positronium lifetime image of the examined patient is
determined as shown in Fig. 3 (G to I). Details are described in
Methods.

DISCUSSION

This manuscript presents the in vivo demonstration of positronium
imaging. Figure 3 displays images of the mean oPs lifetime in the
brain of a patient with a glioma tumor. The images were obtained
using the ®*Ga radionuclide attached to PSMA-11 and substance P,
two different molecules that show high specificity for glioma: sub-
stance P by binding to receptors on the surface of glioma cells and
PSMA-11 by binding to a receptor found on microvascular endo-
thelial cells in the glioma tumor. The registration of photons from
positronium annihilation was used to reconstruct the location and
time of positronium decay, while the prompt gamma emitted by the
5%Ga isotope was used to determine the time of positronium forma-
tion. This in vivo imaging was made possible by the specially de-
signed and constructed multiphoton J-PET scanner, which facilitates
the simultaneous registration and identification of annihilation
photons and prompt gamma rays. The J-PET scanner used in this
study was constructed as a lightweight (60 kg), modular, and por-
table system, enabling its straightforward installation (taking less
than 1 min) around the patient’s bed.

The mean oPs lifetime observed in healthy brain tissues (2.72 ns +
0.72 ns) differs from that observed in glioma tumors (1.77 ns +
0.58 ns), suggesting the potential of positronium imaging to en-
hance the specificity of PET diagnosis in in vivo tissue pathology
assessment. While presently a 1 SD effect, the in vivo determined
mean oPs lifetime in glioma tumors is comparable to the previ-
ously determined ex vivo lifetime in cardiac myxoma tumors (1.92 +
0.02 ns), while the mean oPs lifetime in the healthy brain is similar
to the ex vivo values obtained for healthy adipose tissues (2.72 +
0.05 ns) (6, 8).

The uncertainties in this in vivo investigation are substantial
due to the limited number of registered events (e.g., only 86 oPs
annihilations were identified in the glioma). However, it is crucial
to emphasize that the sensitivity of positronium imaging can be
substantially enhanced compared to the modular J-PET used in
this study by using total-body PET scanners with an extended axi-
al field of view (AFOV). Figure 4D shows that the sensitivity for
positronium imaging will increase by a factor of 28 for the total-
bodyJ-PET and by a factor of 87 for uEXPLORER with AFOV =194
cm (25). On the basis of this figure, we can also roughly estimate
that it will increase by a factor of about 50 for Siemens Quadra with
AFOV = 106 cm (47) and by a factor of about 70 for uPennPET
Explorer with AFOV = 142 cm (48). Two of the mentioned total-
body PET systems [Siemens Quadra (49) and uPennPet Explorer
(48)] have DAQ capabilities that would enable positronium imag-
ing. Moreover, the effective sen51t1v1ty can also be substantially in-
creased bg applying other p*y emitters than ®Ga, such as 0, *!Sc,
82Rb, or '**I (50-52). Of these, the use of **Sc would best improve
imaging efficiency as it emits the prompt gamma 100% of the time
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after positron emission compared to only 1.34% for ®*Ga (50). The
decay schemes of ®®Ga and **Sc are shown in Fig. 4 (B and C), re-
spectively. The **Sc radionuclide has already been applied in phan-
tom (53) and preclinical PET imaging (54) using folates (55, 56),
somatostatin analogs (57), and PSMA ligands (58, 59). It can be
produced using accelerators (59-61) or using the **Ti/**Sc genera-
tor (62). The application of the **Sc radionuclide and total-body
PET systems would enable positronium imaging with thousands of
times greater sensitivity compared to the first images presented in
this work (Fig. 3). The sensitivity will increase by ~3700, 5200, or
6500 times when using Siemens Quadra, uPenn Explorer, or uEX-
PLORER, respectively. This will enable the acquisition of millions
of events with coincident registration of annihilation photons and
prompt gamma rays, a number comparable to standard PET imag-
ing. Such high event statistics will enable the effective application
of recently developed iterative positron imaging reconstruction
methods (63-66), which can improve the spatial resolution of pos-
itronium lifetime images to less than 4 mm (63, 64). The time reso-
lution of determining the mean oPs lifetime (t,ps) scales inversely
proportional to the square root of the number of identified oPs
events (8, 11). Hence, by extrapolating the result obtained in this
study, we anticipate that the use of the high-sensitivity scanners
mentioned above will enable T,ps imaging with a temporal resolu-
tion better than 10 ps, which can potentially be further improved
using iterative methods (15). It is worth noting that a temporal
resolution of 20 ps was already achieved in the first ex vivo positro-
nium imaging (8) and that other methods for improving the
precision of lifetime spectra analysis are actively being developed
(15, 63-68).

The resolution of 10 ps is much smaller than the range of oPs
lifetime values for various tissues, ranging from about 1.4 to 2.9 ns
(6, 16, 35-37, 69). It is also smaller than differences observed in the
mean oPs lifetime between healthy and cancer tissues, ranging from
50 to 700 ps (5, 6, 8, 17, 70, 71). Consequently, the advent of positro-
nium imaging with a 10-ps resolution, which is achievable by total-
body PET systems, may be useful for the in vivo assessment of tissue
pathology. Such accuracy of oPs lifetime imaging could, in princi-
ple, enable the use of positronium as a biomarker of hypoxia to dis-
tinguish between hypoxic and normoxic states in tissue in vivo. The
partial pressure of oxygen in cancerous tissues is ~10 to 50 mmHg
lower than that in healthy tissues, depending on the tissue type (3,
72). The changes in oPs lifetime in the tissues of living organisms
due to variations in oxygen pressure are not yet known. In water,
these changes are very small, at the level of a few picoseconds (3, 4,
34). However, in cells, they are expected to be on the order of 50 ps,
based on the analogy with the change in mean oPs lifetime in or-
ganic liquids (4, 34) such as isopropanol, which has a structure very
similar to that of many typical cell metabolites. In isopropanol, the
mean oPs lifetime (via the conversion mechanism shown in Fig. 1)
changes by about 50 ps when the oxygen pressure changes by 10 mmHg
(4, 34).

Notably, results shown in Fig. 3N demonstrate that the deter-
mined mean positron annihilation lifetime exhibits statistically sig-
nificant differences between glioma (1.28 + 0.06 ns), salivary glands
(1.53 + 0.04 ns), and healthy brain tissues (1.89 + 0.06 ns). The
mean positron lifetime denotes the average time between positron
emission and annihilation, averaged over all possible annihilation
mechanisms (illustrated in Fig. 1). Consequently, it can be interpret-
ed as an effective parameter reflecting both the intramolecular void
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size and oxygen concentration (primarily detected by oPs) and bulk
molecular structure (primarily influencing direct annihilation). Al-
though the mean positron lifetime is less sensitive to partial oxygen
pressure than the oPs lifetime, its determination is simpler (merely
averaging lifetimes without requiring deconvolution of the lifetime
spectrum) and may prove more robust for clinical applications as a
measure of bulk molecular alterations.

Last, it is noteworthy that positronium imaging provides com-
plementary information about the inter- and intramolecular struc-
ture and the degree of tissue oxidation compared to the information
about metabolic rate (e.g., fluorodeoxyglucose uptake), anatomy
(electron density), and morphology (hydrogen density) currently
attainable with PET, CT, and magnetic resonance tomography, re-
spectively (8). The diagnostic potential of positronium images re-
mains to be fully explored by establishing an in vivo correlation
between the lifetime of positronium and positrons in tissues and the
degree of tissue alterations. At present, we may only hypothesize
that positronium imaging may become an early diagnostics indica-
tor for neurodegenerative diseases such as dementia, Alzheimer’s
disease, and Parkinson’s disease. We find this potential possibility as
very exciting. Here, we take a step in this direction by demonstrating
positronium imaging of the human brain in vivo.

PET, with its unparalleled imaging sensitivity, has revolutionized
the field of precision medicine (23, 40).

We envision that positronium imaging could transcend the cur-
rent PET diagnostic paradigm, paving the way for assessment of
subnanometer-scale cellular structures in vivo tissue (1).

METHODS

Description of the patient, bioethical committee

The imaging study involving the “Clinical application of the proto-
type J-PET apparatus” was performed at the Department of Nuclear
Medicine of the Medical University of Warsaw in March 2022. The
study was approved by the Ethical Committee at the Medical Uni-
versity of Warsaw (opinion from 21 February 2022, no. KB/16/2022).
Informed consent was obtained from the patient to enter the study
and to publish the results. The examined patient was a man aged 45,
diagnosed in 2013 with a grade II primary brain glioma according to
the WHO CNS5 classification (73). The tumor is located in the right
frontoparietal lobe. In further histopathological examination per-
formed in 2021, the brain tumor was classified as grade IV. The SU-
Vmax value of 8.4 was determined in the study presented in this
manuscript. The volume of the glioma tumor calculated at the 10%
cutoff of the SUV , value is equal to 97 ml.

Radiopharmaceutical preparation

The **Ge/®Ga GalliaPharm generator (Eckert & Ziegler, Germany)
was used for all ®*Ga labeling. Radiopharmaceutical preparation of
[8Ga]Ga-PSMA-11 is described in detail in (14) and [®Ga]Ga-
DOTA-SP in (74). The preparation of therapeutic doses of [2°Ac]
Ac-DOTA-SP is described in (39).

%8Ga radionuclide

In the presented studies, the ®*Ga radionuclide was used for imaging.
%%Ga emits positrons with a maximal (average) energy of 1.899 MeV
(0.830 MeV), which is substantially larﬁer than the maximal (aver-
age) energy of positrons emitted by the '°F radionuclide, amounting
to 0.634 MeV (0.25 MeV) (75). Here, we compare the properties of
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%%Ga and '®F radionuclides as '°F is most commonly used in clinical
PET imaging (23).

In the case of ®Ga, the average and maximum ranges of posi-
trons in water are Ryean = 2.9 mm and Ry, ~= 8.5 mm, respec-
tively, and are much larger compared to Ryean = 0.6 mm and Ry =
2.4 mm for positrons emitted by '°F (75-77). The finite range of
positrons leads to a deterioration of the spatial resolution of PET
images. Using a small preclinical PET system, where the smearing
due to the noncolinearity of annihilation photons is suppressed, it
was shown that the increased range of positrons emitted from **Ga
worsens the spatial resolution of PET images from 1.67 mm [full
width at half maximum (FWHM)] for °F to 2.5 mm (FWHM) for
%%Ga (78) when imaging a 1.3-mm-diameter hole in the phantom.
Consistently, for imaging with a microPET system using filled capil-
lary tubes of 1 mm in diameter, the spatial resolution for PET imag-
ing of tissues changes from ~1.9 mm (FWHM) for BE t0 ~2.8 mm
(FWHM) for ®®Ga (75). Thus, the additional blurring due to the
positron range in the tissue increases from about 0.3 mm for *°F to
about 1 mm for ®Ga (75). Therefore, we may neglect this effect in
the presented studies where the resolution of the first direct positro-
nium images is still on the order of a few centimeters.

Description of PET/CT

PET/CT examinations were performed using a Biograph 64 TruePoint
PET/CT scanner (Siemens Medical Solutions, Knoxville, TN). The
course of imaging is shown in Fig. 2A. Data were acquired in the three-
dimensional (3D) mode. CT data were used for the attenuation and scat-
ter correction as provided by the vendor. The reconstruction was
performed using the TrueX algorithm (Siemens Medical Solutions) with
point spread function modeling, 3 iterations, and 21 subsets. Postrecon-
struction 3D Gaussian filtering was performed with FWHM =4 mm.

Description of the modular J-PET tomograph

The modular J-PET scanner (Fig. 5), used in the presented research,
is the portable PET tomograph consisting of 24 independent detec-
tion modules, where each module is composed of 13 axially ar-
ranged plastic scintillator strips with dimensions of 24 X 6 X
500 mm®. A single module constitutes an independent detection
unit composed of scintillator strips coupled to the front-end elec-
tronics board that transfers digitized information about the regis-
tered signals to the DAQ system (via optical links visible as orange
cables in Figs. 1 and 2). The modular J-PET system, with visible
scintillator strips and electronics boards, is shown in a photograph
in Fig. 5A. The detection modules are lightweight (~2 kg each), can
be arranged in various configurations, and can be easily moved
within the diagnostic room. For this research, they were arranged in
a cylinder with an inner diameter of 74 cm and positioned behind
the Biograph 64 TruePoin PET/CT scanner as can be seen in Fig. 2.
The modular J-PET scanner and its performance, encompassing
signal reconstruction, event reconstruction, and event selection
procedures, are comprehensively detailed in (18). For the sake of
manuscript completeness, only a concise overview of the most im-
portant features is provided herein.

Plastic scintillator strips (Saint Gobain BC-404) are wrapped in
Vikuiti enhanced specular reflector foil to improve light propagation
and DuPont Kapton 100B film to ensure light tightness (42). At
the ends of each scintillator strip, on both 24 X 6 mm? surfaces, four
Hamamatsu-S13 silicon photomultipliers (SiPMs), with the area of 6 X
6 mm?, are connected optically by using the Saint-Gobain BC-600
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optical cement. The gamma ray emitted from the patient induces in
the scintillator optical photons, which are converted to electric signals
by eight SiPMs. The bias voltage at all SiPM is set to 56 V. SiPM signals
are amplified (x13) and sampled at the two voltage levels of 30 and
70 mV (see Fig. 6C) using dedicated front-end electronics boards, de-
scribed in detail in (19). As a result of gamma photon interaction in a
scintillator strip, two timestamps are recorded at the leading and two
timestamps at the trailing edge on each signal from the eight SiMPs.
Timestamps recorded by the front-end electronics are collected in the
continuous mode (referred to as triggerless or single interaction mode)
by the dedicated DAQ system described briefly in the next section,
while for details, the reader is referred to (20). The possibility of trig-
gerless recording makes the modular J-PET the multiphoton scanner,
enabling simultaneous detection of annihilation photons (2y) and
prompt gamma (yp). Figure 4A shows the sensitivity profile of the

modular J-PET scanner for standard 2y PET imaging (red) and for 2y +
Yp positronium imaging (blue). At the center, the sensitivity for 2y PET
imaging amounts to 3.4 counts per second (cps)/kilobecquerel (kBq),
while the sensitivity for 2y + y, imaging is equal to 0.06 cps/kBq.

DAQ system

The DAQ system is designed to register multiphoton events. Exam-
ples of such events useful for positronium imaging are shown in
Fig. 6 (A and B). The complete J-PET DAQ system is based on field-
programmable gate array electronics, which allow for an efficient
pipelined processing of multiple data streams in real time (20). Its
architecture is hierarchical with the controller board as the central
point, concentrator boards as hubs, and end points that are digitiz-
ing boards located on the detector modules. The communication
between the system components is implemented on optical link

Signal
reconstruction
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Fig. 5. Modular J-PET tomograph. (A) Photograph of the modular J-PET system with a human placed inside the scanner. The superimposed blue dashed arrows indicate
photons from the electron-positron annihilation (e*e™ —yy), while the red solid arrow indicates prompt gamma (y,,) from the decay of the %8Ga radionuclide. The modular
J-PET scanner enables registration and identification of both yy and yy+y, events, which are used in this study for the standard PET imaging (yy) and positronium imaging
(yy+7p). (B) Cross section of the modular J-PET showing the 24-module structure of the scanner, where each module is composed of 13 scintillator strips. Scintillators that
register the photons are marked in yellow in (A) and (B). (C) Block diagram of the data processing (43). Light signals generated by gamma photons in the tomograph are
collected by a triggerless DAQ system (20) and stored on discs in the form of the continuous sequence of timestamps. Timestamps are used for signal reconstruction in-
cluding the place and time of gamma photon interaction. Signals are then used for event reconstruction. Next, the true yy and yy+y,, events are selected by event selec-
tion algorithms. Last, the selected events, in the list mode format, are used for the standard 2y PET image reconstruction and positronium image reconstruction.
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Fig. 6. Pictorial representation of events and signals used for positronium imaging. (A) Schematic cross section of the modular J-PET scanner with the superimposed
illustration of an exemplary event used for positronium imaging. A deexcitation photon and two annihilation photons are shown as red solid lines and blue dashed lines,
respectively. Scintillators that registered photons are marked in yellow. The reconstructed position and time of photons’ interaction (hit position and hit time) are indi-
catedas7;and t; (i=1, ..., 3), respectively. For the purpose of the event selection, the relative angles between photons (61, and 0;3) are calculated with respect to the
center as angles in the plane transverse to the scanner axis (XY plane), as illustrated in the figure. (B) Example of an event with more than three hits, which are also used
for positronium imaging. The position and time of interaction of the scattered photon are indicated as (t,, 7 ,). (C) Pictorial definition of the TOT for a single SiPM signal. For
each SiPM, the timestamps at the leading and trailing edge of the signals are measured at two predefined voltage levels (thresholds): thry and thr,. This enables us to
determine the signal widths at two levels (TOT; and TOT,) and to estimate the area of the signal as TOTg;py, = thr,*TOT, + (thr, — thr, )  TOT,. The average of TOTs;pm
from eight SiPMs attached to each scintillator is used as a measure of the deposited energy (87).
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connections with the Xilinx Aurora protocol running at 5 Gigabits
per second. A single link is bidirectional and shares three logical
functionalities: transport of the measurement data, exchange of
control and monitoring messages, and precise time synchronization
of the end points. The controller board serves as an interface for the
system operator to interact with all components in the system and
generates the common synchronization signal that is propagated
throughout the system components. The data readout is performed
in continuous mode without any sort of hardware trigger. Digitized
detector responses are stored in data buffers on the end points and
await the synchronization message to arrive. The buffer content is
sent back to the concentrators, which aggregate data from multiple
end points, encapsulate it into User Datagram Protocol packets, and
transfer it out of the system to the storage using a 10-gigabit Ether-
net network. The applied DAQ system is described in detail in (20).

Signal reconstruction
Raw data collected with the triggerless DAQ (20) are stored on discs as
a sequence of timestamps determined relative to the synchronization
time generated by the DAQ system every 50 ps. The offline processing
of signals is conducted using the dedicated programs embedded in the
J-PET analysis framework described in detail in (43).

The data processing involves assembling timestamps into repre-
sentations of the SiPM signals and calculating the SiPM signal area

(TOTsipm) as explained in Fig. 6C. Next, for each scintillator strip,
the arrival times (ficf and trght) of the light signal to the left and right
scintillator end are calculated. The arrival times fie and tyigh; are de-
termined as an average of timestamps registered for the leading edge
at the lower threshold for four SiPMs attached to the left and right
side, respectively. Further on, if the difference between fiet and tright
times is smaller than 12 ns, then they are considered to originate
from the same gamma-ray interaction. The interaction time, re-
ferred to as the hit time, is estimated as thit = (feft + tright)/2, while
the interaction position along the scintillator strip relative to the
strip’s center is estimated as zyit = (fieft — tright) X vs/2, where v; de-
notes the speed of light signal propagation in the scintillator strip.
The method is described in detail in (42, 79).

In the above-described estimations of interaction time and posi-
tion, the corresponding calibration constants were applied individu-
ally for each scintillator strip, each SiPM, and each electronic channel.
The calibration of all detector components was performed using
point-like *Na and *Sc radioactive sources and applying methods
described in detail in (8, 19, 20, 79, 80).

The energy deposition in a scintillator strip is estimated based on
the time-over-threshold value (TOThy) using the relation estab-
lished in (81), where TOThyy is calculated as an average of TOTsipm
values from SiPMs attached to the scintillator. Figure 7A shows
the TOTy; distribution reflecting contributions from continuous
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Fig. 7. Event selection criteria for positronium imaging. (A) Distribution of TOT (TOTy;), used for photon identification. The ranges of TOTy;; values for selecting annihi-
lation and deexcitation photons are marked in red and blue, respectively. (B) Distribution of a number of hits in the event (hit multiplicity p). The gray shadowed histogram
shows the hit multiplicity for events including one identified deexcitation photon, two identified annihilation photons, and other possible hits identified as scattered
photons. (C) Distribution of the relative angle (8) between hit position vectors 7 ;, 7, ... (defined in Fig. 6A). The figure includes all relative angles in the measured event
(012,023, ..). In the analysis, the relative angle between deexcitation and annihilation photons is restricted to the range marked in blue (6 > 30°), and the red range (6 > 90°)
shows the restriction used for the relative angle between annihilation photons. (D) Distribution of the ST value used to suppress misidentification of scattered photons as
annihilation photons (indicated in Fig. 8A). For hits assigned to annihilation photons [(t,, 7 ,) and (t;,7 )], the ST is defined as a difference between the measured times (At
=| t3 — t;]) and the time the photon would need to pass from 75to 7, (ST=At— |F; =7, | / ¢). ST is equal to zero for the scattered photons, while for the annihilation
photons, ST is negative. The region used to select events with annihilation photons (ST < — 0.5 ns) is marked in red. Such selection also reduces a large fraction of events
due to the accidental coincidences (as indicated in Fig. 8D) that are spread over the whole range of ST.
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energy deposition via Compton scattering of (i) 511-keV annihila-
tion photons, (ii) 1077-keV prompt gamma from %8Ga decay, (iii)
photons resulting in scatterings in the detector, and from (iv) pho-
tons from decays of oPs and direct annihilations into three photons
with energies lower than 511 keV. The continuous spectrum due to
511-keV photons ends (at the so-called Compton edge) at the TO-
Thit value of about 7 ns - V, while the spectrum due to the 1077-keV
prompt gamma extends to higher TOT},; values marked in blue.
Prompt gammas are emitted in only about 3% of the ®*Ga decays
(see decay scheme in Fig. 4B). The TOT hit value is used as a pri-
mary criterion to distinguish signals arising from annihilation pho-
tons (marked in red) and prompt gamma rays (marked in blue).

Event reconstruction and selection

As an event, we define all processes in the detector system that are
due to the single decay of a radionuclide administered to the patient.
Signals in scintillator strips (that reconstruction was described in
the previous section) are assumed to originate from the same event
if their interaction times (ty;;) are within a 10-ns time window. Fig-
ure 7B shows the distribution of the number of registered interac-
tions per event (distribution of multiplicity of hits in the event). The
solid line histogram illustrates that, as anticipated, single-hit events
are the most probable, and with each additional hit, the probability
of event occurrence decreases by approximately a factor of 5.

For positronium imaging, it is required to select events in which
two hits are due to annihilation photons and one hit is due to the
prompt gamma as indicated, e.g., in Figs. 1A and 6A. Such selection
is performed by requiring two hits with the TOTy; value in the red
range defined in Fig. 7A and one hit in the blue range. The gray
shadowed histogram in Fig. 7B shows the distribution of hit multi-
plicity after selecting such events. The multiplicity of hits larger than
3 corresponds to events when the annihilation or prompt photon
interacts more than once in the detector. An example of such events
is shown in Fig. 6B.

The next step of the data selection aims at the suppression of
background events in which the scattered photon was misidenti-
fied as an annihilation photon or in which prompt gamma and
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annihilation photons originate from two different radionuclide
decays. Examples of such events are shown in Fig. 8 (A to D).
These background events are suppressed by restricting the rela-
tive angle 0;; between vectors pointing from the center to the ith
and jth interaction points as defined in Fig. 6A. The experimental
distribution of this angle [discussed also in detail in (81)] is pre-
sented in Fig. 7C. The relative angle between the annihilation
photons and prompt gamma is distributed uniformly because
they are emitted independently, while the background events
with the prompt gamma scattering (Fig. 8A) are at most probable
in the adjacent scintillators at small values of 0. Therefore, ac-
cepting only events with 6 larger than 30° (indicated by the blue
range in Fig. 7C) substantially (by a factor of 4) reduces the back-
ground from prompt gamma scattering (Fig. 8A), while signal
events are reduced only by about 17%. The remaining background
from the scattering of the annihilation photons (Fig. 8B) and two
types of accidental coincidences (Fig. 8, C and D) was suppressed
by further restrictions of the range of the angle 6 and by the ap-
plication of the scatter test (ST) criterion defined in the caption of
Fig. 7D. Restricting the angle 8 between the annihilation photon
candidates to values larger than 90° (range marked in red in
Fig. 7C) reduces a large fraction of the background shown in
Fig. 8B because the scattering is at most probable in the adjacent
scintillators. In addition, it also reduces about 50% of the acci-
dental coincidence of the type shown in Fig. 8D. Notably, this
criterion corresponds only to the reduction in the imaging field
of view from 74 to 52 cm in diameter and so does not affect the
useful signal events. The misidentified background events caused
by the scattering of annihilation photons (Fig. 8B) and accidental
coincidences (Fig. 8D) with an angle 0 greater than 90° are fur-
ther suppressed using the ST as shown in Fig. 7D and explained
in the figure caption.

Events that met all the aforementioned selection criteria were
used for the positronium image reconstruction described in the
subsequent section. The lifetime spectra depicted in Fig. 3 (J to L)
demonstrate that the background under the signal (within the range
of 0 to 5 ns) was reduced to a level of ~20%.
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Fig. 8. Topology of background events in positronium imaging with modular J-PET tomograph. Examples of background events superimposed upon the cross sec-
tion of the modular J-PET scanner. The prompt gamma is represented by a red solid arrow. Primary and scattered annihilation photons are indicated by blue dashed and
blue dotted arrows, respectively. Scintillators where photons interacted are highlighted in yellow. (A) Example of a background event where one annihilation photon re-
mained undetected while the prompt gamma interacted twice within the detector, leading to the misidentification of the registered scattered photon as the annihilation
photon. (B) Example of a background event where one annihilation photon remains undetected, while the other annihilation photon interacts twice within the detector,
leading to the misidentification of the registered scattered photon as an annihilation photon. Such events can be suppressed using the ST (Fig. 7D). (C) Example of the
background arising from the accidental coincidence of a prompt gamma from one event and annihilation photons from the other event. A portion of these events can be
eliminated using the ST (Fig. 7D). (D) Example of the background arising from the accidental coincidence of registering a prompt gamma and one annihilation photon
from one event and the other annihilation photon from the other event. A portion of these events can be eliminated by restricting the range of angle 6 (Fig. 7C) and by
using the ST (Fig. 7D).
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Positronium image reconstruction

Selected events comprising hits from prompt gamma (¢,,7,) and
from two annihilation photons [(t,, 7 ,) and (5, 7 ;)] are used to recon-
struct positronium images by application of the method described in
detail in (8). In short, the positronium image reconstruction proce-
dure is as follows. For each event separately, the annihilation place
(7,) and the positron lifetime in the patient’s body (AT) are deter-
mined. The most probable position (7,) and time (t,) of positron-
electron annihilation is calculated as

7,47, C(tS_tZ). 7,—7,

7= + e — (1
o=t i )
and
L+t, |7,—7,]
= — 2
a 2 2c @

where ¢ denotes the speed of light.

The positron lifetime (AT = t, — t,) is next calculated as a differ-
ence between annihilation time (¢,) and the time of the positron
emission. In the case of the *®Ga radionuclide (as illustrated in the
decay scheme in Fig. 4B), the prompt gamma is emitted, on average,
only 1.6 ps after the emission of a positron. This extremely short
delay can be safely disregarded. Therefore, the time of positron
emission is approximated by the time of prompt gamma emission
(tp). The emission time of the prompt gamma is determined by cor-
recting the time of its registration by the time it took to travel from
the emission point to the registration point 7 |

By Lebnk | )

In the above calculations, the place of the prompt gamma emission
was approximated by the place of positron annihilation. This is justi-
fied because, in the case of positrons emitted by the **Ga radionuclide,
the average distance in the tissue between the positron emission and
annihilation is equal to about 2.3 mm (52), which is small with respect
to the spatial resolution of determining 7 ;. The 3D tomography image
of places of positron-electron annihilations accompanied by the emis-
sion of prompt gamma is determined by calculating the number of
annihilation points in each voxel of the head of the patient. The trans-
verse, coronal, and sagittal cross sections of the reconstructed images
are shown in Fig. 3 (D to F). The presented positronium image cross
sections were selected to clearly visualize annihilations in glioblastoma
cancer. Because of the low number of events registered in this study,
the patient head was divided only into three regions of interest includ-
ing glioblastoma cancer (G), salivary glands (SG), and the rest consti-
tuting the healthy brain tissues (B). The chosen regions are large and
include the scalp and other head tissues. However, due to the high af-
finity of PSMA and substance P to glioblastoma and salivary glands
(14, 40), the signal registered may be well considered as originating
predominantly from these tissues. The positron lifetime spectra from
these regions of interest are shown in Fig. 3 (J to L), while the mean
lifetime of oPs and the mean value of positron lifetime are presented in
Fig. 3 (M and N). The method of determining the mean lifetime of oPs
in the regions of interest is described in the next section.

Positronium mean lifetime determination
The determined positron lifetime spectra (shown as black histo-
grams in Fig. 3, ] to L) were used to estimate the mean lifetime of
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oPs for each region of interest. In principle, the AT spectrum, de-
termined for the tissue, comprises contributions from (2) (i) the
direct electron-positron annihilations (~60%), (ii) annihilations
intermediated by pPs (~10%), (iii) annihilations intermediated by
oPs (~30%), and the background from accidental coincidences. All
these contributions are smeared due to the experimental resolu-
tion. The AT resolution of the single measurement of AT was esti-
mated to 520 ps (FWHM). The width of the bin in the AT spectra
is equal to 0.4 ns, which is the value close to the FWHM of the AT
resolution.

In the first step of the positron lifetime spectrum analysis, the
constant background from accidental coincidences was estimated
by taking the mean value in the AT range: =10 ns < AT < =5 ns. In
this range of negative AT values, only events caused by random co-
incidences are expected. The obtained values for the background
contributions (expressed in counts per bin) are equal to 7.2 + 0.9 for
glioblastoma, 12.2 + 0.9 for the salivary gland, and 2.20 + 0.33 for a
healthy brain. The background contributions are indicated as violet
dotted lines in Fig. 3 (J to L). Next, to estimate the mean oPs life-
time, the sum of exponential contributions convoluted with the ex-
perimental resolution was fitted to the experimental spectrum
using the dedicated PALS Avalanche software, described in detail in
(44-46). Because of the low statistics of events and the time resolu-
tion being several times larger than the average pPs lifetime, only
the mean oPs lifetime was considered as a free parameter to ensure
the stability of the results. The contributions from pPs and direct
annihilations were considered as a single component with a fixed
mean lifetime of 0.329 ns and 70% intensity (cyan line in Fig. 3, ] to
L). These values were determined based on a previous ex vivo study
of positronium lifetime in the tissues (8). The mean oPs lifetimes
obtained from the fit are presented in Fig. 3M. In addition, the
mean value of AT in the signal region between 0 and 5 ns was cal-
culated. The mean was calculated after subtracting the background.
The resulting values of the mean positron lifetime in the studied
region of interest are shown in Fig. 3N.

Monte Carlo simulations of sensitivity profiles of the

PET scanners

The sensitivity profiles and gains presented in Fig. 4 have been de-
termined using the Geant4 Application for Tomographic Emission
(GATE) software version 9.0 (82) extended by the J-PET group
(https://github.com/JPETTomography/Gate). GATE is the ad-
vanced open-source software (www.opengatecollaboration.org)
based on the Geant4 toolkit (83) and dedicated to Monte Carlo
simulations in fields of medical imaging and radiotherapy. In PET
imaging, GATE allows for the generation and tracking of radioac-
tive source decays and their products, simulation of the sensitivity
to the detection scanners, and data processing. In this study, the
emlivermore_polar was the used physics list. The materials and ge-
ometries of simulated scanners are described below. The modular
J-PET scanner consists of 24 modules arranged into a single-layer
ring with 740 mm in inner diameter, where each module is com-
posed of 13 axially arranged plastic scintillator strips with dimen-
sions of 24 x 6 x 500 mm”. The total-body J-PET consists of seven
rings with 830 mm in inner diameter, 330 mm in axial length, and
a 20-mm gap in between the rings. The total AFOV was equal to
243 cm. Each ring includes 24 modules, where each module com-
prises two layers in radial direction formed from 16 plastic scintil-
lator strips (84) with dimensions of 30 X 6 X 330 mm’.
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As a material representing the plastic scintillator, the EJ-230 was
chosen. For positronium imaging, the simulation included 511-keV
annihilation photons and prompt gamma rays with an energy of
1160 keV. An energy deposition between 200 and 350 keV was re-
quired for annihilation photons, while an energy deposition greater
than 350 keV was required for prompt gamma rays. The coincidence
window was set to 4 ns for the modular J-PET scanner and to 4.5 ns
for the total-body J-PET scanner.

The crystal-based scanners were simulated using lutetium-yttrium
oxyorthosilicate crystals with a thickness of 1.81 cm and a geometri-
cal arrangement similar to that of the uEXPLORER scanner (25). The
calculations were performed for different numbers of rings, including
2,3, 4, 6, 8, and 10. For the crystal-based scanners, the coincidence
time window was set to 4.5 ns. The energy window for annihilation
photons was set to 430 to 645 keV, while for prompt gamma photons,
an energy deposition greater than 645 keV was required.

Supplementary Materials
This PDF file includes:
Tables S1 to S4
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