Positronium as a biomarker of hypoxia
Paweł Moskal1,2,3, Ewa Ł. Stępień1,2,3 ,  
1 M. Smoluchowski Institute of Physics, Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University, Krakow, Poland
2 Total-Body Jagiellonian-PET Laboratory, Jagiellonian University, Kraków, Poland
3 Theranostics Center, Jagiellonian University, Kraków, Poland

Running title: Positronium as a biomarker of hypoxia

Corresponding author: 
Prof. Paweł Moskal:
Instytut Fizyki im. Mariana Smoluchowskiego
Uniwersytet Jagielloński
11 Łojasiewicza St., 30-348 Kraków, Poland
Tel: +48 12 664 4558
p.moskal@uj.edu.pl 


Abstract
In this review article, we present arguments demonstrating that the advent of high sensitivity total-body PET systems and the invention of the method of positronium imaging, open realistic perspectives for the application of positronium as a biomarker for in-vivo assessment of the degree of hypoxia.  Hypoxia is a state or condition, in which the availability of oxygen is not sufficient to support physiological processes in tissue and organs.  Positronium is a metastable atom formed from electron and positron which is copiously produced in the intra-molecular spaces in the living organisms undergoing positron emission tomography (PET). Properties of positronium, such as e.g. lifetime, depend on the size of intra-molecular spaces and the concentration in them of oxygen molecules. Therefore, information on the partial pressure of oxygen (pO2) in the tissue may be derived from the positronium lifetime measurement. The partial pressure of oxygen differs between healthy and cancer tissues in the range from 10 mmHg to 50 mmHg.  Such differences of pO2 result in the change of ortho-positronium lifetime e.g. in water by about 2 ps to 7 ps. Thus, the application of positronium as a biomarker of hypoxia requires the determination of the mean positronium lifetime with the resolution in the order of 2 ps. We argue that such resolution is in principle achievable for organ-wise positronium imaging with the total-body PET systems. 
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Introduction
A newly developed method of positronium imaging [1,2], and the observation that that positronium lifetime is changing inversely proportional with the concentration of oxygen in organic liquids [3,4] opens new perspectives for in-vivo assessment of hypoxia. 
Hypoxia is a state or condition, in which the availability of oxygen is not sufficient to support physiological processes in tissue and organs. It is a major feature of solid tumors, in which massive cell proliferation distances cells from the vasculature causing deficiency of blood carrying oxygen [5]. At a large distance from blood capillaries, the formed gradient of oxygen concentration is leading to reduced oxygen distribution, finally achieving severe hypoxia and causing cell death. Under intermediate conditions, such decreased oxygen availability diminishes the viability of cells. Oxygen diffusion within tissue is limited to only about 150 μm [5].  Therefore, in larger tumors, severe hypoxia is more likely to occur leading to form large necrotic zones of cells. Hypoxia is a good cancer prognostic indicator [6]. Hypoxia is also one of the fundamental factors related to the progression leading to the development of an aggressive phenotype, related to enhanced metastasis and treatment resistance [5,6,7,8]. In particular, the decreased oxygen concentrations in the cells increase the resistance to radiotherapy. This is because, under hypoxic conditions, the level of radiation-induced reactive oxygen species (ROS) may not be sufficient to cause significant damages to the cell structure (e.g. oxidative DNA damage) resulting in cell death [5].  Therefore, determination of the degree of hypoxia is an important factor to choose the appropriate cancer therapy [6], and it would be advantageous for patients to develop methods giving non-invasive in-vivo measurements of oxygen concentrations. 
[image: ]
[bookmark: _Hlk89620978]Fig. 1.  The partial pressure of oxygen molecules (pO2) in healthy (red circles) and cancer (black squares) tissues. Numbers indicating tissue type are explained in the legend shown in the right panel. The blue curve presents the difference in partial pressure of oxygen between healthy and neoplastic tissues. The right axes of the figure present o-Ps annihilation rate (λ), changes of o-Ps mean lifetime (Δt) with respect to pO2 = 0, and concentration of oxygen in water (CO2). The values λ and Δt shown on the right axes are calculated by formula 2 [3] assuming partial pressure of oxygen (pO2) indicated on the left axis. The shown data do not reflect the real patients’ variability and refers only to medians compiled from references [7,8,9,10,11,12,13]. For the myocardium, only data for healthy tissue are known. Tissue types are ordered according to the increasing difference in oxygen partial pressure between healthy and cancerous tissues. 



In Fig. 1, a comparison of the partial pressure of oxygen molecules between healthy and neoplastic tissues is shown for brain, liver, prostate, kidney, head and neck, skin melanoma, cervical, lung, sarcoma, pancreas, and breast. For all these tissue types the partial pressure of oxygen (pO2) in cancer tissues is several times lower than in corresponding healthy tissue.  For healthy tissues, pO2 is above 25 mmHg (reaching over 50 mmHg for pancreas and breast), while for cancer tissues pO2 is below 15 mmHg (falling below 5 mmHg for pancreas and prostate). Thus, the observed differences in the partial pressure of oxygen in the healthy and neoplastic tissues are greater than 10 mmHg for all above-mentioned types of tissues and reach even 50 mmHg for the case of the pancreas.  
At present, the tumor tissue oxygenation is measured invasively, e.g. by a polarographic oxygen electrode method (also called the Clark electrode), inserting a needle directly to the tumor [14]. The known in-vivo methods of assessing the degree of hypoxia, as the oxygenation-sensitive magnetic resonance [15], based on the estimation of deoxygenated hemoglobin in blood have limitations in the imaging of poorly vascularized tumors.

Currently, Positron Emission Tomography (PET) is used only to some extent for non-invasive measurement of hypoxia by application of e.g. 64Cu-labelled ATSM, or 18F-fluoromisonidazole (FMISO) radiotracer [2], especially for in head-and-neck cancers diagnosis [6,13].   Recent introduction of positronium imaging [1,2,16,17,18] paved the way for in-vivo hypoxia imaging. The possibilities of positronium for assessing hypoxia were recently discussed by Shibuya [3] and Stepanov [4,19].  In this article, we will argue that total-body PET [20,21,22] combined with positronium imaging method [1,2,22] opens a new prospect for in-vivo diagnosis of hypoxia via imaging of positronium properties in tumors during PET examination. In the next sections, we present (i) positronium characteristics relevant for its application as a hypoxia biomarker, (ii) a method of imaging of positronium properties in the living organisms, and (iii) prospects for application of positronium as a biomarker of hypoxia.


Positronium formation and annihilation in the tissue
Positronium (Ps) is an atom composed of an electron and a positron. As an object made of matter and antimatter, it is not stable but annihilates into photons. The mean lifetime of positronium depends on its spin. In vacuum, it amounts to 142 ns for ortho-positronium (ground state with spin equal to 1) and 125 ps for para-positronium (the ground state with spin equal to 0) [23].  During the positron emission tomography, in about 40% of cases, positron emitted by the radionuclide attached to the radiopharmaceutical forms a positronium atom in a patient body [2,24]. 
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Fig. 2.   (Left panel) Schematic illustration of the decay of 44Sc isotope which is one of the best-suited radionuclides for positronium imaging [22]. 44Sc transforms into excited daughter nucleus 44Ca* which deexcites through the emission of a prompt photon via the following process: 44Sc → 44Ca* e+ v → 44Ca γ e+ v [25]. The red arrow indicates prompt photon from the deexcitation of 44Ca*. (Right panel) Illustration of positron (beige curve) thermalization at the end of its track in the hemoglobin molecule. Ionization sites composed of electrons (-) and ions (+) are shown. Quasi-free positronium (yellow dot including +-) formed in the blob localizes as positronium (yellow dot - Ps) in the intra-molecular void. Oxygen (O), Carbon (C), Nitrogen (N), and Sulfur (S) atoms are indicated in colors as explained in the legend. Hydrogen atoms are not shown.
 

The process of positronium formation in the hemoglobin molecule is demonstrated in a pictorial way (Fig. 2).  Positron emitted by radionuclide (having energy at the order of 1 MeV) loses energy via ionization and excitation of atoms at the path of about 2 mm (e.g. in water the mean range of positrons emitted by 18F is about 1.4 mm, and by 44Sc it is about 2 mm [26]). At the end of positron thermalization, as the energy of the positron decreases, the distance between successive interaction places shortens to a few nm leading to the creation of the ionization blob [27,28,29] which is composed of free electrons and cations. Thermalized positron having energy in the order of tens of eV may form in a blob a quasi-free positronium state (marked in Fig. 2 in a yellow dot), which may diffuse into a nearby void as it is demonstrated in Fig. 2 [19,30].  
Positronium may localize in the void both as ortho-positronium or as para-positronium. Due to the spin-statistics, the formation of ortho-positronium is three times more probable than the formation of para-positronium. The self-annihilation rate of para-positronium 
(λp-Ps-self = 7990.9 μs-1) [31] is more than thousand times larger with respect to ortho-positronium (λo-Ps-self = 7.0401 μs-1) [32]. Therefore, the additional processes available in biological samples occurring with the rate of about 500 μs-1, are affecting significantly only the mean ortho-positronium lifetime (which changes from 142 ns in vacuum to few ns in tissue) while the mean lifetime of para-positronium changes only by tens of ps.  Therefore, it is the ortho-positronium state which may serve as a biomarker of tissue pathology. 
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Fig. 3.  Basic (most probable) processes of positron and positronium annihilation in the intra-molecular voids of the hemoglobin molecule. Yellow solid arrows indicate photons from the direct positron-electron annihilation. Para-positronium (p-Ps) undergoes predominantly self-annihilation into two photons (violet dotted arrows). In the case of ortho-positronium, the most probable processes are pick-off annihilation to two photons (blue dashed arrows), o-Ps self-annihilation of to three photons (green dashed arrows), and conversion of o-Ps to p-Ps on O2 molecule and subsequent annihilation into two photons (red dashed arrows). The size of atoms is shown to scale with the diameter of positronium twice as large as hydrogen.

Positronium trapped in the intra-molecular void, in addition to self-annihilation, may undergo disintegration via interaction with electrons from the surrounding molecular environment.  The most significant additional processes are pick-off, conversion and oxidation, illustrated pictorially in Fig. 3.  In the pick-off process [33] positron from positronium annihilates with electrons from the surrounding atom. The decay rate constant (λpick-off) describing the pick-off contribution of the positronium annihilation depends on the size of the free void. The relation between the positronium lifetime and the pore size D is presented in Fig. 4. It indicates that in biological samples, the free inter- and intra-molecular spaces are typically smaller than 1 nm. Positronium in the tissue, in addition to the pick-off process, may take part in chemical reactions with radiolytic products (e.g. H30+, OH-radicals, hydrated electrons)  and with other dissolved substances [4]. In particular, reactions of positronium with dissolved molecular oxygen O2 may proceeded via conversion reaction (o-Ps + O2 <-> p-Ps + O2) or oxidation process (Ps + O2 -> e+ + O2-).   These reactions constitute the basis for the application of positronium as a biomarker of hypoxia since they make the rate of positronium annihilation in the tissue dependent on the concentration of molecular oxygen.  Recently Shibuya et al. [3] and Stepanov et al. [4,19] have established that the positronium annihilation rate due to conversion (λconversion), oxidation (λoxidation), and other processes due to the presence of oxygen (λO2other) depends linearly on the concentration of dissolved O2 (CO2) for water [3,4] and for organic liquids as cyclohexane, isooctane and isopropanol [4,19]: 
                                              λO2 = λconversion + λoxidation  + λO2other = kO2  ˙ CO2.                                             (eq. 1)
The coefficient kO2 established for water is equal to 0.0197± 0.0006 μmol-1μs-1L (calculated as weighted mean of kO2 = 0.0204 ± 0.0008 μmol-1μs-1L [3] and kO2 = 0.0186 ± 0.0010 μmol-1μs-1L [4]) (It is worth noting that kO2 is much larger for other studied organic liquids [19]).  Equivalently, Shibuya et al. [3] established practical formula for the estimation of partial pressure of oxygen in water based on the measured rate λ of o-Ps in water:                   
                                            pO2 [mmHg] = kpO2 ˙  ( λ(pO2) -  519.9(16) μs-1 ),                  (eq. 2)
where (λ(pO2 = 0) = 519.9(16) μs-1), accounts for o-Ps self-annihilation and pick-off rate in water, and kpO2 = 26,3 (11) mmHg μs  is equivalent to  kO2 = 0.0204 ± 0.0008 μmol-1μs-1L [3]. Fig. 1 indicates the relation between pO2 and λ, Δt, CO2. Δt denotes changes of o-Ps mean lifetime with respect to pO2 = 0 which may be calculated as Δt(pO2) = 1/λ(pO2= 0) – 1/λ(pO2), and  CO2 [μmol/L ] = 1.89 ˙ pO2 [mmHg] for water at 19o [3].
The total decay rate of positronium in tissue (λtissue), determining the mean lifetime τtissue, is due to the positronium self-annihilation (λself), pick-off process (λpick-off), ortho-para conversion reactions (λconversion) and other chemical processes as e.g. oxidation (λoxidation):  
                         λtissue(D, CO2) = 1/τtissue (D, CO2) =  λPs-self  + λpick-off (D)  + λO2 (CO2).     
 The pick-off process reflects the distribution of the size of free voids in molecules (D) while conversion and oxidation processes depend on the oxygen concentration (CO2).    In water with saturated O2 (1400 μmol/L), when the conversion and oxidation is maximal, the relative strength of decay rates is as follows:
             λp-Ps-self (7990.9 μs-1) >> λpick-off  (512.8 μs-1)>> λO2(28 μs-1) > λo-Ps-self (7.0401 μs-1)
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Fig. 4  Diameter of voids D as a function of the ortho-positronium lifetime τo-Ps in biological samples calculated  according to Tao-Eldrup model [34,35]:
                            1/τo-Ps = 2 ns-1 (1 – D/(D+0.332) + 1/2π sin(2 π D / (D+0.332))) 
In pure water, the o-Ps lifetime decreases from 1.94 ns to 1.77 ns when the temperature increases from 0o to 40o [36]. Here, data are presented for water at 37o (dotted line)  τo-Ps = 1.775 ns, D= 0.528nm [36]; myxoma (dashed line) and adipose tissue (solid line) at ambient temperature: τo-Ps = 1.91ns, D = 0.554nm and τo-Ps = 2.61ns, D = 0.672nm, respectively. Shadowed area represents data for bio-membranes at 37o in aqueous solution, like DPPC:Cholesterol (60:40): τo-Ps = 1.86ns, D = 0.545nm [37] and DPPC:Ceramides (85:15) τo-Ps = 2.5ns, D = 0.655nm [38]. As we may see from the example of the hemoglobin molecule (Fig. 2. and Fig. 3.) being a part of the erythrocytes, the shape of voids is irregular and their size varies. The measured mean o-Ps lifetime is a measure of the mean lifetimes averaged over the full voids size distribution, thus D is only an effective parameter of pore size in water solution [36]. The relation between the positronium lifetime and the pore size D is very well described by the Tao-Eldrup model [34,35] for D less than 2 nm [39].  Therefore, this model is very well suited for the description of biological samples where the free inter- and intra-molecular spaces are typically smaller than 1 nm.



Positronium imaging
Positronium imaging is a novel tomography method enabling in-vivo imaging of positronium properties such as mean lifetime, production probability, and 3-photon/2-photon  rate ratio in living organisms [1,2,16,17,24].   The first in-vitro positronium 2-photon [2] and 3-photon [18]  images have been determined by means of the 192-strip J-PET prototype. J-PET is a first multi-photon PET system built from plastic scintillators [40,41,42,43,44,45,46]. The information comprised in positronium images concerns the size of intramolecular voids and concentration in them of bio-active molecules and it is qualitatively different from the anatomical and morphological images obtainable by computed tomography (CT) and magnetic resonance imaging (MRI).

The two or three photons from the positronium decay are used for the reconstruction of the annihilation density distribution, while the positronium lifetime may be determined when the administered radionuclide emits additional gamma quantum carrying information of the time of positronium formation. In reference [22] it was argued that 44Sc is one of the most suitable isotopes for positronium imaging.  44Sc isotope emits positron (e+)  and prompt gamma (γ) via following process: 44Sc → 44Ca* e+ v → 44Ca γ e+ v [25]. 44Sc may be attached e.g. to the prostate-specific membrane antigen (PSMA-617 ligand) characterized by high affinity to the PSMA receptors highly expressed in prostate epithelial cells [22,47]. 

There are investigations demonstrating differences between normal and cancerous cells with changes of the positronium lifetime during dynamical processes undergoing in model and living biological systems [2,48,49,50,51,52,53,54,55]. These results indicate that positronium imaging may be useful for the assessment of tissue alterations at the molecular level before they lead to functional and morphological changes [22]. Moreover, it was recently shown that positronium lifetime is changing inversely proportional with the concentration of oxygen in organic liquids [3,4] indicating its potential for detecting and quantifying hypoxia.



[bookmark: _Hlk89538207][image: ]Fig. 5.  Photograph of the single layer (with 50 cm AFOV) modular J-PET prototype with superimposed representations of electron-positron annihilation in the patient's body for two and three-photon events (red solid arrows) and the associated prompt gamma rays (blue dashed arrows) emitted by the β+γ radionuclide such as e.g. 44Sc. The single-layer J-PET prototype with AFOV = 50 cm weighs only about 60 kg. It consists of 24 modules each built from plastic scintillator strips (black) read out at both ends by SiPMs equipped with the dedicated front-end and digitizing electronics visible in the foreground [56,57]. The trigger-less data acquisition system of the modular J-PET tomograph [57] enables detection of all events including multi-photon annihilations and prompt gammas, not restricted to the standard double annihilation photons coincidences as it is in the current PET scanners. 

Fig. 5 presents exemplary events of electron-positron annihilations in the patient’s body. The figure shows the photo of a recently commissioned modular J-PET tomograph built from plastic scintillators with superimposed red solid arrows indicating exemplary annihilation photons and dashed arrows indicating prompt gamma from the decay of 44Sc isotope. The registration of prompt gamma enables to determine the time of the positron emission (which within picoseconds is equivalent to the time of the positronium formation).  Coincident measurement of annihilation photons enables the reconstruction of the time and position of positronium decay separately for each voxel of the imaged object. As discussed in the previous section, the degree of hypoxia may be estimated based on the measurement of the mean lifetime of o-Ps atoms. As shown in Fig 3, in the tissue o-Ps undergo self-annihilation into three photons and annihilations into two photons via pick-off and conversion processes. Therefore, the image of the mean lifetime of positronium may be reconstructed for the 3-photon as well as for 2-photon annihilations. Recently the first 3-photon and 2-photon positronium images were demonstrated by means of the J-PET scanner [2,18].

Prospects for application of positronium as a biomarker of hypoxia
In previous sections, we argued that the mean lifetime of ortho-positronium is a promising biomarker of hypoxia and that positronium imaging enables imaging of ortho-positronium lifetime in the living organism. During PET diagnosis of a living organism, the annihilation of positrons proceeds via the formation of ortho-positronium in about 30% of cases [7,24]. In a vacuum, o-Ps decays predominantly into three photons. On the contrary, due to the pick-off and conversion processes in the tissue, most of the decays of o-Ps are into two-photons, and in the tissue, 3-photon decays constitute only about 0.5% of all decays including 0.25% originating from 3-photon decays of o-Ps. The ratio of 3-photon to 2-photon decays was considered as an indicator of hypoxia in 2005 by Kacperski and Spyrou [58] who proposed a method to reconstruct the position of e+e- annihilation into three photons based on the measurement of photons’ energies and positions of interactions with high-resolution semiconductor detectors (such as e.g. CdZnTe). Yet, it was concluded that due to the low fraction of 3-photon events this method cannot provide the sensitivity needed to detect changes in the tissue of the dissolved oxygen concentrations [59]. Moreover, the construction of PET scanners from the semiconductor detectors would be even more expensive than crystal-based PET systems.  





[image: ]Fig. 6.  Sensitivity gain in PET and positronium imaging as a function of the axial field-of-view (AFOV) of the scanner [22]. Results for crystal (LYSO) PET and plastic PET are shown with respect to the 20 cm AFOV LYSO PET (indicated with horizontal blue dotted line).





Recently demonstrated positronium imaging method opens the new promising prospect for application of positronium as a biomarker of hypoxia [2]. This is because this method may be used by cost-effective plastic-based PET systems and it enables reconstruction of images of a mean o-Ps lifetime based on 2-photon annihilations.  Fig. 6 compares imaging sensitivity for standard 2-photon PET and  2-photon positronium imaging as a function of the axial field-of-view of the scanner [22]. It indicates that, when using a cost-effective total-body PET from plastic scintillators with a length of 2 m, the sensitivity for 2-photon positronium imaging will be about two times higher than the sensitivity for the standard 2-photon PET imaging with the 20 cm long LYSO crystal PET. This conclusion is valid for whole-body imaging.  Thus, Fig. 6 indicates that as regards whole-body imaging, the total-body PET systems provide sufficient sensitivity for 2-photon positronium imaging with the statistics of events comparable with the present 2-photon standard PET with a 20 cm axial field of view.

The degree of Hypoxia may be assessed provided that the time resolution for the mean o-Ps lifetime will be high enough to distinguish between the hypoxic and normoxic conditions.
Fig. 1 shows that the partial pressure of oxygen differs between healthy and cancer tissues in the range from 10 mmHg (for the brain) to 50 mmHg (for the pancreas). Using relationships between the partial oxygen pressure pO2 and the o-Ps decay rate constant (recently established by Shibuya et al. [3] and Stepanov et al. [4,19] one can estimate that such differences in partial pressure of oxygen are corresponding to the change of ortho-positronium lifetime e.g. in water by about 2 ps to 7 ps (see Fig. 1 and eq. 2). Thus, the application of ortho-positronium as a biomarker of hypoxia requires the determination of the mean positronium lifetime with the resolution in the order of 2 ps. This is rather a pessimistic estimation assuming that tissues are from the water. For a more realistic assessment, in-vivo studies of positronium properties in living organisms are required.

It was shown in reference [17] that the resolution for the determination of the mean o-Ps lifetime depends predominantly on the value of this mean o-Ps lifetime in the tissue (τoPs). Therefore,  it can be estimated as τoPs /sqrt(N), with N denoting the number of events in a given voxel of the positronium image. The mean lifetime in the tissue τoPs is in the order of 
2 ns (see Fig. 4) and for the total body PET systems about 104 events in positronium image per cm3 voxel are expected [17]. Therefore, we expect a resolution of about 20 ps which (employing eq. 2) is equivalent to the sensitivity for the oxygen partial pressure estimation of about 140 mmHg. Therefore, in order to distinguish between hypoxic and normoxic conditions, a 100 fold higher number of registered events (106) would be required which would allow achieving a resolution of about 14 mmHg.  Such statistics could be achievable for an organ-wise estimation of hypoxia with positronium as a biomarker. For example, for the pancreas with a volume of about 100 cm3, 106 o-Ps events could be registered using total-body PET enabling estimation of the o-Ps lifetime in the pancreas with 2 ps resolution.

Conclusions
In this communication, we discuss prospects of the application of positronium as a biomarker of hypoxia. We presented arguments that the newly demonstrated 2-photon positronium imaging method [2,18] applied in the total body PET systems [60] may enable organ-wise in-vivo assessment of the degree of hypoxia by imaging of the mean lifetime of ortho-positronium.  
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