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Perspectives on translation of
positronium imaging into clinics
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The image of positronium properties created in the patient’s body during PET
examination tells about the inter- and intra-molecular structure of the tissue
and the concentration of bio-active molecules in the tissue [2—4]. In this article,
we advocate the opinion that total-body PET systems, thanks to their high
imaging sensitivity and high time resolution, open up the prospect of translating
positronium imaging into clinics.
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Positronium imaging is a newly invented diagnostic method [1-7] with promising
potential to improve specificity in the assessment of tissue pathology in vivo at the
molecular level based on information available from the data collected by the upcoming
generation of multi-photon (multi-gamma) PET systems [2, 4, 7, 8].

In general, the development of diagnostic methods in medicine is motivated by the
detection of the disease at the early stage, at the level of molecular alterations [9]. Positron
emission tomography (PET) is one of the most effective diagnostic methods at the
molecular level, before the disease develops into physiological and then structural changes
[10]. PET images deliver information on the distribution of the uptake rate of the
administered radiopharmaceuticals (e.g., '*F-labeled FDG) and about the expression of
specific receptors at cell membranes (e.g., ®*Ga-labeled PSMA) [11]. This information
comes from the positron-electron annihilation density distribution, which is determined
in the patient’s body by measuring photons originating from electron-positron
annihilation into two photons.

Current PET systems are not sensitive to the annihilation mechanism and dependent
on the tissue nanostructure and the concentration of paramagnetic molecules. The
availability of information about this mechanism may improve diagnosis. In
particular, electron—positron annihilation may proceed not only directly but also
through the formation of a metastable positronium atom. A positronium is an atom
composed of a positron and an electron, which is formed in about 40% of cases of
annihilation in inter- and intra-molecular voids during PET examination [3]. The mean
lifetime and the probability of positronium production depend on the size of inter- and
intra-molecular spaces and the concentration of paramagnetic molecules, such as O,,
therein. Therefore, imaging of positronium properties such as mean lifetime or
production probability provides information that is independent and complementary
to the standardized uptake value (SUV) currently available in PET imaging.
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(A) Axial cross section of the design scheme of the multi-photon total-body J-PET scanner consisting of seven rings with axially arranged
scintillators. Each ring consists of 24 modules composed of two layers of scintillators (gray rectangles) and the layer of WLS fibers (green squares).
Superimposed chart indicates the sensitivity profile [4]. The superimposed arrows indicate three exemplary annihilation events. Two-photon
annihilation (red dashed arrows), two-photon annihilation (red long dashed arrows) accompanied with the deexcitation photon (black solid
arrow), and three-photon annihilation (blue dotted arrows) are shown. (B) Pictorial representation of various mechanisms responsible for the
positronium annihilation in the adipose tissue. Positron (dashed arrow) is emitted by the 44Sc radionuclide which after transformation to **Ca emits a
deexcitation photon (black arrow). Direct annihilation is indicated with red long-dashed dotted arrows. Violet arrows indicate self-annihilation of
ortho-positronium into three photons. Dashed brown arrows show self-annihilation of para-positronium into two photons. Blue dotted arrows
indicate pick-off annihilation of the positron from positronium with the electron from the molecule, and the dashed blue arrows indicate two-
photon annihilation of para-positronium produced as a result of the conversion of ortho-positronium into para-positronium on the oxygen
molecule. (C) Sensitivity gain with respect to the 20-cm-long PET built from LYSO crystals (blue dot). Red and black curves represent the results for
LYSO and plastic scintillators, respectively. The horizontal dashed line indicates gain equal to unity for guiding the eye. The meaning of the curves is
explained in the legend. Solid red and black curves represent the sensitivity gain for standard two-photon imaging as a function of the axial field-of-
view (AFOV) for the LYSO-based PET (1.81 cm thick) and for the plastic (J-PET as shown in panel A with 3-cm-thick plastic strips), respectively. Dotted

curves indicate the result for the positronium imaging based on the registration of two annihilation photons and the prompt gamma.

Positronium imaging with multi-
photon positron emission
tomography scanners

Over six decades of continuous development, PET technology
has led to the development of total-body PET systems capable of
simultaneously imaging all tissues and organs in the human body [12,
13]. The high sensitivity of total-body PET in the registration of two-
photon annihilation enables dynamic model- and kinetic model-
based parametric imaging, which increases the specificity of the
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diagnosis of the disease, especially with regard to the differentiation
between neoplastic and inflammatory tissues [10]. The exceptionally
high sensitivity of total-body PET systems also enables the effective
registration of positronium annihilation into three photons and the
simultaneous registration of two photons from the electron—positron
annihilation and deexcitation photons [4], which is graphically
illustrated in Figure 1. Panel A, on the example of the design of
the total-body J-PET system, presents the processes relevant for
standard two-photon PET imaging as well as three-photon processes
essential for positronium imaging. Panel B indicates the basic
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processes leading to the annihilation of positronium in the tissue,
where electron—positron annihilation proceeds through positronium
formation in approximately 30-40% of cases [3.4]. A quarter of
positronia are produced as short-lived para-positronium with a mean
lifetime in vacuum of 125 ps, and three-quarters of positronia are
produced as long-lived ortho-positronium with the mean lifetime in
vacuum of 142 ns [5, 6]. In tissues, the positronium lifetime of ortho-
positronium is significantly shortened due to the pick-off and
conversion processes indicated in panel B in Figure 1. The
smaller the inter- and intra-molecular voids, the shorter the mean
ortho-positronium lifetime and the lower the fraction of the decay
rate of three to two photons. Moreover, the higher the oxygen
concentration, the shorter the mean ortho-positronium lifetime
and the lower the three-photon to two-photon decay rate ratio.
Therefore, the mean lifetime of ortho-positronium and the ratio of
the three-photon to two-photon decay rates may be used as a
biomarker of tissue alteration at the molecular level and as a
biomarker of hypoxia [14]. The ratio of the rate of decay of three
photons to two photons can be determined for all kinds of positron-
emitting radionuclides. However, to determine the mean lifetime of
ortho-positronium, a special class of isotopes is needed, which apart
from the positron also emit the so-called prompt gamma, such as
scandium-44 [4, 15, 16]. The isotope *Sc is the most suitable
radionuclide for this purpose because almost 100% of positron
(e") emission is accompanied by prompt gamma (y) emission
through the decay chain: #Sc — *Ca* e* v — *Ca y €' v [16]
(Figure 1B), where *Ca* denotes the excited calcium-44 isotope and
v denotes the neutrino. The prompt gamma is emitted on average in
about 3 ps after positron emission, and the thermalization of the
positron in tissue also takes only a few ps. Therefore, the lifetime of a
positronium may be well approximated by the time difference
between the time of annihilation and the time of prompt gamma
emission. These times can be determined by measuring annihilation
photons and prompt gamma. The method has been described in
detail in Refs. [2, 5, 6, 17].

*Sc can be obtained from the **Ti/**Sc generator and by the
*Ca (p,n)**Sc nuclear reaction [18]. **Sc has beneficial properties
in the diagnosis of cancer with PET. Scandium-44 could be used as
an alternative to the currently used **Ga (T1/2 = 68.3 min), with a
longer half-life (T}, = 4.04 h), which would improve image quality
[19, 20], when images are recorded at later time points (when
tumor-to-background ratios are enhanced) [21]. *'Sc has been
extensively used in preclinical studies using various targeting
agents, such as folates [19, 20], somatostatin analogs [22], and
PSMA-targeted ligands [23].

The first positronium images have recently been demonstrated
using the J-PET multi-photon scanner prototype [2, 7]. J-PET
tomograph was enabled to reconstruct positronium images for
both three-photon annihilations [7] and two-photon pick-off
annihilations of ortho-positronium [2], showing that both
positronium lifetime imaging and imaging of the three-photon to
two-photon rate ratios are feasible. Figure 1C compares the
sensitivity of two-photon positronium imaging with standard
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two-photon PET imaging. The figure shows the gain in
sensitivity as a function of the scanners™ axial field-of-view. The
sensitivity of positronium lifetime imaging is approximately 10 times
lower than that of standard two-photon PET examinations. This is
because in positronium lifetime imaging, in addition to the two
annihilation photons, a prompt gamma must be registered.
Moreover, it can be seen (as it was recently discussed in the
literature [4, 14]) that in the case of the total-body PET systems,
the sensitivity of positronium imaging is even higher than the
sensitivity of the 20-cm-long standard two-photon PET systems.

Positroniur_n as a biomarker of cancer
and hypoxia

The properties of the positronium, such as the mean lifetime and
the three-photon to two-photon decay ratio, are sensitive to the
nanostructure of the tissue and oxygen concentration in the tissue
[3]. It is worth noting that there are studies demonstrating that these
properties are also correlated with changes at the level of cellular
physiology [2, 24-32]. In tissues, the mean lifetime of ortho-
positronium varies from about 1.8 ns in water to about 4 ns in
human skin. The observed differences in the mean lifetime expectancy
of ortho-positronium between healthy and cancer tissues, ranging
from 50 to 700 ps, are the most promising for positronium
applications as a biomarker [2, 25, 33-35]. For example, the mean
lifetime of ortho-positronium in cardiac myxoma tumor tissues is
shorter by about 700 ps than the mean ortho-positronium lifetime in
healthy adipose tissues [2, 25]. It has also been demonstrated that
positronium lifetime changes inversely to the oxygen concentration in
organic liquids [36, 37] and can be considered a biomarker of hypoxia
[14]. The partial pressure of oxygen in neoplastic tissues is lower by
more than 10 mmHg with respect to healthy tissues of the same organ,
and for the pancreas, the difference is as high as 50 mmHg [38]. In
order to distinguish such an oxygen pressure difference, an ortho-
positronium lifetime resolution of about 2 ps is required [14]. The
time resolution of reconstruction of the mean ortho-positronium
lifetime in a given image voxel depends predominantly on the statistics
of events in this voxel (N) and the value of the mean lifetime (tps),
and therefore it can be estimated as Topy/sqrt(N) [6]. For total-body
PET imaging, approximately 10* events are expected in the cm® voxel
of the positronium image [6]. This results in a resolution of T,ps
reconstruction of approximately 20 ps. Such precision, already
achieved in the first in vitro positronium images of cardiac
myxoma and adipose tissues [2], is sufficient to disentangle the
differences between healthy and neoplastic tissues in the region of
interest (ROI) of several cubic centimeters. Moreover, it is also
sufficient to distinguish between hypoxic and normoxic conditions
organ-wise by integrating events from volumes of 100 cm® or larger,
for example, for the pancreas or liver [14]. It is important to stress that
the recently developed PALS Avalanche software program enables fast
online analysis and decomposition of positronium annihilation
lifetime spectra [39], and moreover it has been demonstrated that
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iterative numerical inverse Laplace transform algorithms with
Tikhonov regularization enable to distinguish lifetime components
in the positronium images differing by only ~5 ps [40].

The spatial resolution of the direct positronium image
reconstruction depends predominantly on the time resolution of
the PET system. The very first positronium image recently
demonstrated using a multi-photon J-PET tomograph was
reconstructed with the coincidence resolving time resolution
(CRT) of about 500 ps, corresponding to a spatial resolution of
75mm [2, 7]. It is worth noting that the time resolution of PET
systems is constantly improving, and there is also the ongoing rapid
development of new materials with improved timing properties [41,
42] and new detectors for preclinical [43] and clinical [2, 8, 44-46]
studies. The best current clinical time-of-flight (TOF)-PET systems
[47] are characterized by CRT of 210 ps, equivalent to a position
resolution of about 32 mm along the line of response. On the other
hand, laboratory detectors already achieved a CRT of even 30 ps
(corresponding to a position resolution of 4.5 mm) [48], and the first
direct PET images of the two-dimensional Hoffman brain phantom
were experimentally demonstrated with the spatial precision of
48 mm [49]. Moreover, recently, on the basis of simulated 2D
data, it has been shown that the statistical approach using the
panelized maximum likelihood image estimation method enables to
achieve a spatial resolution of the positronium image better than
4 mm, even for PET systems with CRT of 570 ps [50, 51]. Thus,
high-quality positronium images are at present achievable with the
total-body PET scanners such as EXPLORER (CRT ~500 ps) [44],
PennPET EXPLORER (CRT ~260 ps) [45], or Vision Quadra (CRT
~230 ps) [52, 53], provided that the acquisition systems are modified
to detect triple coincidences with an extension of energy window for
prompt gamma registration.

Conclusion

In this opinion article, we discussed the current state of
development of newly invented positronium imaging requiring
high sensitivity and high-time-resolution multi-photon PET
[1-7]. in the
development of total-body and multi-photon PET systems, we

systems By reviewing the latest advances
have shown that the current PET technology is ready for effective
positronium imaging in clinics with the spatial resolution comparable
to that of the current PET images. In fact, the first clinical
positronium images have recently been demonstrated [46]. The
achieved time and spatial resolution make a promising prospect
that positronium may serve as an in vivo biomarker to assess tissue
pathology and the degree of hypoxia [2, 13, 25, 36, 54]. In vivo
hypoxia studies are crucial for effective cancer treatment [55].

The properties of positronium are sensitive to the inter- and
intra-molecular structure and the concentration of bio-active
molecules in the inter- and intra-molecular voids; therefore, they
may turn out to be sensitive to functional cell alteration at the
molecular level reflected in nanostructural changes. Density
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distribution of radiopharmaceutical, currently available from PET
examination, reflects the rate of cellular metabolism or the
expression of receptors with an affinity to the administered
radioligand. The positronium biomarker may provide additional
diagnostic information for differentiation of neoplastic and
inflammatory lesions, since changes at the molecular level
accompanying neoplastic disease do not necessarily occur in the
case of inflammatory diseases [44-46, 51-56]. The observed high
mean lifetime for adipose tissues [2, 19-32] may make positronium
an effective biomarker for noninvasive assessment of liver diseases,
for e.g., liver fibrosis, fatty liver disease, or non-alcoholic fatty liver
diseases [44-46, 52-57], and for the early diagnosis of pancreatic
cancer or renal fibrosis [45, 46, 52-58]. In general, positronium
imaging may open up a new paradigm of hitherto unexplored early
diagnosis and assessment of the tissue pathology in all organs in vivo.
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