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- PET relies on 2γ pair coincidences from e+e- annihilation to 
reconstruct the spatial distribution of a radiotracer

- Multiple separate frames : temporal evolution of the spatial 
distribution : 
- compartmental analysis
- pharmacokinetics,
- …

- Tissues that exhibit the desired biological function get 
highlighted, but no other information on that tissue
- More information is encoded in the annihilation itself
- How can we access it ?
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Positronium
Para-Positronium 
τP−Ps = 125 ps

Ortho-Positronium 
 in vacuum 

  in water
τO−Ps = 142 ns
τO−Ps ∼ 2 ns

Ortho-postironium formation probability and lifetime depends on the medium
- size of free volume (atomic to molecular level vacuum)
- presence of electronegative regions

Widely used in material science to study microstructures, defects, porosity
                Can we use it in PET?⇒
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much lower viscosity and higher surface area; to enable ease of
formulation for increased payload.

In general Dong and co-workers have observed that the
values of t4 are higher overall in the aqueous colloidal disper-
sions suggesting that the hydrocarbon chains are more mobile.
Specifically for some membrane lipids viz DMPC, DPPC and
DSPC the oPs lifetime in the non-dispersed rigid lamellar phase
(Lb0) was t4 B 3.0 ! 0.1 ns, increasing to t4 B 3.4 ! 0.1 ns
following the transition to the fluid lamellar phase (La). The
liposomal dispersions of these systems showed an increase in
t4 that was dependant on chain length. A similar trend was
observed for the phase transition sequence in the phytantriol–
water system that comprise several type II mesophases.96

Characteristic lifetimes were observed for each of the ‘‘bulk’’
mesophases where the mobility of the hydrocarbon chains and
PALS lifetimes (t4) decreased in the order L2 (t4 B 3.13 ns) 4
H2 (t4 B 3.03 ns) 4 Q2 Pn3m (t4 B 2.88 ns). Characteristic
lifetimes with a similar sequence or ‘‘ranking’’ were observed
for the analogous dispersions: L2 (t4 B 4 ns) B H2 (t4 B 4 ns)
4 Q2 Pn3m (t4 B 2.2 ns). Using the model by Eldrup and co-
workers122 the dynamic free volume sizes within these meso-
phases was estimated in order to obtain a handle on the
mobility of the lipid chains and their ability to accommodate
a diffusing entity. The molecular proximity at the annihilation
site, d increases in the order Q2 Pn3m o H2 o L2 in the ‘‘bulk’’
systems; whereas for the corresponding dispersions Q2 Pn3m o
H2 B L2. The Q2 Pn3m has the shortest lifetime in both the
non-colloidal and dispersed systems which is interpreted as
the bicontinuous cubic phase having the tightest molecular
packing (highest electron density) at the annihilation site
(Table 5).121 The increase in t4 for the Q2 Pn3m - H2 transition
for both the ‘‘bulk’’ mesophase and colloidal dispersions is
consistent with greater conformational disorder and splay of
the hydrocarbon chain at higher temperatures. Interestingly
there is no significant change in oPs lifetime for the H2 - L2

transition in either the ‘‘bulk’’ mesophase or the colloidal
dispersions, suggesting that the hydrocarbon chain mobility
is similar in these phases. As the lipid chains comprise a
network continuum between the rod-like and spherical
micelles in the H2 and L2 phases the similarities in PALS
parameters is reasonable. In other words, the dynamic chain
packing at higher temperatures and in the L2 and H2 phases is
qualitatively less ‘‘viscous.’’ Rheological comparisons of the
‘‘bulk’’ phases support these observations whereby the L2 phase
is more fluid than the H2 phase, with the Q2 Pn3m phase the

most rigid phase (Fig. 11).123,124 The addition of vitamin E
acetate, (a model excipient) had the effect of changing the
phase transition temperatures and boundaries17 though not
significantly altering the oPs lifetimes, suggesting preferential
partitioning of the molecule in the hydrophobic region.

oPs as a probe of diffusion and solubilizates

There is an industry built around the discovery of potential
drug candidates that has been enabled by advances in auto-
mated synthesis and combinatorial chemistry. However suc-
cessful drug development relies on efficient delivery to targeted
sites, and this delivery requires a thorough understanding
of the structure and characteristics of cellular barriers and
the mechanisms of drug diffusion and permeability. PALS
can provide a measure of the macroscopic transport properties
of different mesophases (e.g. La, Q2, H2) which have been
employed as delivery matrices for bioactive compounds.

Specifically, the chemical reactivity of Ps towards strong
electron acceptor molecules may be exploited to investigate
diffusion and solubilisation phenomena. Here the oPs in
solution may exist in either a ‘free’ state or in a ‘bubble’ state
which arises due to repulsive interactions between the solvent
molecules and the diffusing oPs. In this ‘bubble’ state the oPs
occupies a much larger volume than the ‘free’ oPs, B0.4 nm as
compared to 0.053 nm.125–127 The diffusion coefficients with
Rps taken in the ‘free’ state are well correlated for a variety of
solutes and solvents although the ‘bubble’ state has found
better agreement with the existing literature in micellar systems
where these two hypotheses have been applied.12–15 As oPsaqu

can be distinguished from oPsmicelle, and diffusion occurs from
the aqueous phase to the hydrocarbon core, then reaction
kinetics or solubilisation dynamics of additives may be examined.
Such studies have been performed in micellar systems, where by
analogy with fluorescence quenching techniques, oPs has been
used as a surrogate probe in the presence of quenchers such
as duroquinone, nitrobenzene, known oPs oxidisers.66,67,71,81,84

However, as with conventional fluorescence experiments, there is
inhomogeneous distribution of the quencher that is preferentially
associated at the interface.12–15

Table 5 Calculated void sizes (d) and void volume (Vvoid) of the bulk
mesophases and colloidal dispersions (phytantriol)

Form Phase t4 (ns) d (Å) Vvoid (nm3)

Bulk121 L2 3.1 7.5 0.22
H2 3.0 7.3 0.20
Q2 Pn3m 2.9 7.1 0.19

Dispersion L2 4.0 8.4 0.32
H2 4.0 8.4 0.32
Q2 Pn3m 2.2 6.0 0.12

Fig. 11 The average oPs lifetime can discriminate various mesophase struc-
tures of the phytantriol–water system that may be related to the rheological
properties of individual mesophases (re-drawn from Dong et al.16).
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C Fong et al. Phys. Chem. Chem. Phys., 2015,17, 17527-17540 
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(1) SH Yang, et al. 2009. https://doi.org/10.1063/1.3120199
(2) Jean, Y. C., et al. 2007. https://doi.org/10.1016/j.radphyschem.2006.03.008 
(3) Jean, Y. C., et al. 2006. https://doi.org/10.1016/j.apsusc.2005.08.101
(4) Chandrashekara, M. N., et al. 2010. https://doi.org/10.1016/j.jphotobiol.2010.07.014
(5) Chandrashekara, M. N., et al. 2009. https://doi.org/10.1016/j.colsurfb.2008.11.014
(6) Jasińska, B., et al. 2017. http://dx.doi.org/10.12693/APhysPolA.132.1556
(7) Moskal, Paweł, et al. 2021. https://doi.org/10.1126/sciadv.abh4394
(8) Itoh, Yoshiaki, et al. 2008. https://doi.org/10.1016/j.ijpharm.2008.02.016
(9) Sane, Petri, et al. 2010. https://doi.org/10.1016/j.bbamem.2010.01.011

- Mostly around 2 ns : need excellent resolution power.
- Patient-patient variability often larger than between 

tissues of a same patient
- Experimental protocole variations between these 

studies could yield non-negligible variability.
- Tissue sample size : averaging of measured lifetime for 

many types of tissues lowers the separation power.

https://doi.org/10.1063/1.3120199
https://doi.org/10.1016/j.radphyschem.2006.03.008
https://doi.org/10.1016/j.apsusc.2005.08.101
https://doi.org/10.1016/j.jphotobiol.2010.07.014
https://doi.org/10.1016/j.colsurfb.2008.11.014
http://dx.doi.org/10.12693/APhysPolA.132.1556
https://doi.org/10.1126/sciadv.abh4394
https://doi.org/10.1016/j.ijpharm.2008.02.016
https://doi.org/10.1016/j.bbamem.2010.01.011
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Measuring  :

- Challenge : 3D, in vivo Positron annihilation lifetime 
spectroscopy (PALS)

- Need to access the O-Ps annihilation time
-Prompt γ emitted as part of a (β+,γ) decay
- 3γ coincidence

-High efficiency PET
-High coverage PET : full body scanner?
-Xemis-2, J-PET, uExplorer
-What isotope? with realistic existing radio-chemistry?

-High coincidence time resolution
- able to separate small  differences

τO−Ps

τO−Ps

prompt γ

annihilation γ
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surrounding molecule (pickoff process) or interaction of o-Ps with 
oxygen or other biomolecules leading to the conversion of o-Ps to 
parapositronium and its subsequent self-annihilation into two pho-
tons. The mean lifetime of o-Ps in a patient’s body varies from ap-
proximately 1.8 ns in water molecules to approximately 4 ns in skin 
cells (18). Because of the pickoff and conversion processes, the 
mean lifetime of o-Ps is highly sensitive to the size of inter- and 
intramolecular voids (free volume between the atoms) and to the 
concentration of biomolecules in them. As a result, it can provide 
information about the disease progression in an initial stage (14). 
Several studies have investigated the changes of the positronium 
properties during dynamic processes while applying model and living 
biological systems (19–32). It has been found that there are differ-
ences in the positronium mean lifetimes and the production probabil-
ities in healthy and cancerous tissues, indicating that these parameters 
can be used as indicators for in vivo cancer classification. To exploit 
these environmentally modified properties of positronium as diag-
nostic biomarkers for conducting an in vivo tissue pathology assess-
ment, the properties of the positronium atoms need to be determined 
in a spatially resolved manner (1, 14, 33). The novel concept of this 

method, called positronium imaging (33, 34), and feasibility studies 
based on computer simulations have been reported in our recent 
publications (37, 38). This article presents the experimental imple-
mentation of the method and the first-ever positronium mean life-
time image, which was determined simultaneously with a standard 
PET image, using a specially designed PET scanner that overcomes 
the limitations of the state-of-the-art PET system. The scanner, which 
is referred to as the Jagiellonian PET (J-PET), was constructed and 
made operational at the Jagiellonian University in Poland (35, 36, 39–43). 
As an example of the application of the positronium imaging method, 
this study presents a positronium image that was determined for a 
phantom comprising cardiac myxoma and adipose tissue from 
patients (bioethical consent number 1072.6120.123.2017).

RESULTS
Positronium detection by the J-PET detector
Figure 1 displays the main results from this study, which include the  
positronium mean lifetime image and the image analog to the stan-
dardized uptake value (SUV). It should be stressed that, in this 

Fig. 1. The measurement scheme and the determined SUV and positronium images. The top left panel illustrates a part of a hemoglobin molecule with super-
imposed schemes, indicating decays of o-Ps (green circles) and parapositronium (p-Ps) (violet circle). o-Ps may undergo self-annihilation (pink arrows), pickoff process 
(gray arrows), or conversion to parapositronium, e.g., by interacting with oxygen molecule (green arrows). The top right panel shows the first part of the experimental 
workflow. Four samples from two patients were collected and divided into two classes: cardiac myxoma and adipose tissue. Each sample was inserted into a holder with 
the radioactive 22Na source, which was inserted into the J-PET detector. The blue and yellow circles show the locations of the samples during the measurement. Methods 
to reconstruct the image analogs to that of the SUV image (annihilation rate distribution) and positronium lifetime image are described in Methods. Reconstructed mean 
o-Ps lifetime in cardiac myxoma (1.9 ns) differs from the mean o-Ps lifetime in adipose tissue (2.6 ns). More comprehensive studies confirming the differences in the o-Ps 
mean lifetime in the healthy adipose tissue and cardiac myxoma tumor are described in the article to be submitted elsewhere (44). Photo credit: Kamil Dulski, Jagiellonian 
University.
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proximately 1.8 ns in water molecules to approximately 4 ns in skin 
cells (18). Because of the pickoff and conversion processes, the 
mean lifetime of o-Ps is highly sensitive to the size of inter- and 
intramolecular voids (free volume between the atoms) and to the 
concentration of biomolecules in them. As a result, it can provide 
information about the disease progression in an initial stage (14). 
Several studies have investigated the changes of the positronium 
properties during dynamic processes while applying model and living 
biological systems (19–32). It has been found that there are differ-
ences in the positronium mean lifetimes and the production probabil-
ities in healthy and cancerous tissues, indicating that these parameters 
can be used as indicators for in vivo cancer classification. To exploit 
these environmentally modified properties of positronium as diag-
nostic biomarkers for conducting an in vivo tissue pathology assess-
ment, the properties of the positronium atoms need to be determined 
in a spatially resolved manner (1, 14, 33). The novel concept of this 

method, called positronium imaging (33, 34), and feasibility studies 
based on computer simulations have been reported in our recent 
publications (37, 38). This article presents the experimental imple-
mentation of the method and the first-ever positronium mean life-
time image, which was determined simultaneously with a standard 
PET image, using a specially designed PET scanner that overcomes 
the limitations of the state-of-the-art PET system. The scanner, which 
is referred to as the Jagiellonian PET (J-PET), was constructed and 
made operational at the Jagiellonian University in Poland (35, 36, 39–43). 
As an example of the application of the positronium imaging method, 
this study presents a positronium image that was determined for a 
phantom comprising cardiac myxoma and adipose tissue from 
patients (bioethical consent number 1072.6120.123.2017).

RESULTS
Positronium detection by the J-PET detector
Figure 1 displays the main results from this study, which include the  
positronium mean lifetime image and the image analog to the stan-
dardized uptake value (SUV). It should be stressed that, in this 

Fig. 1. The measurement scheme and the determined SUV and positronium images. The top left panel illustrates a part of a hemoglobin molecule with super-
imposed schemes, indicating decays of o-Ps (green circles) and parapositronium (p-Ps) (violet circle). o-Ps may undergo self-annihilation (pink arrows), pickoff process 
(gray arrows), or conversion to parapositronium, e.g., by interacting with oxygen molecule (green arrows). The top right panel shows the first part of the experimental 
workflow. Four samples from two patients were collected and divided into two classes: cardiac myxoma and adipose tissue. Each sample was inserted into a holder with 
the radioactive 22Na source, which was inserted into the J-PET detector. The blue and yellow circles show the locations of the samples during the measurement. Methods 
to reconstruct the image analogs to that of the SUV image (annihilation rate distribution) and positronium lifetime image are described in Methods. Reconstructed mean 
o-Ps lifetime in cardiac myxoma (1.9 ns) differs from the mean o-Ps lifetime in adipose tissue (2.6 ns). More comprehensive studies confirming the differences in the o-Ps 
mean lifetime in the healthy adipose tissue and cardiac myxoma tumor are described in the article to be submitted elsewhere (44). Photo credit: Kamil Dulski, Jagiellonian 
University.
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surrounding molecule (pickoff process) or interaction of o-Ps with 
oxygen or other biomolecules leading to the conversion of o-Ps to 
parapositronium and its subsequent self-annihilation into two pho-
tons. The mean lifetime of o-Ps in a patient’s body varies from ap-
proximately 1.8 ns in water molecules to approximately 4 ns in skin 
cells (18). Because of the pickoff and conversion processes, the 
mean lifetime of o-Ps is highly sensitive to the size of inter- and 
intramolecular voids (free volume between the atoms) and to the 
concentration of biomolecules in them. As a result, it can provide 
information about the disease progression in an initial stage (14). 
Several studies have investigated the changes of the positronium 
properties during dynamic processes while applying model and living 
biological systems (19–32). It has been found that there are differ-
ences in the positronium mean lifetimes and the production probabil-
ities in healthy and cancerous tissues, indicating that these parameters 
can be used as indicators for in vivo cancer classification. To exploit 
these environmentally modified properties of positronium as diag-
nostic biomarkers for conducting an in vivo tissue pathology assess-
ment, the properties of the positronium atoms need to be determined 
in a spatially resolved manner (1, 14, 33). The novel concept of this 

method, called positronium imaging (33, 34), and feasibility studies 
based on computer simulations have been reported in our recent 
publications (37, 38). This article presents the experimental imple-
mentation of the method and the first-ever positronium mean life-
time image, which was determined simultaneously with a standard 
PET image, using a specially designed PET scanner that overcomes 
the limitations of the state-of-the-art PET system. The scanner, which 
is referred to as the Jagiellonian PET (J-PET), was constructed and 
made operational at the Jagiellonian University in Poland (35, 36, 39–43). 
As an example of the application of the positronium imaging method, 
this study presents a positronium image that was determined for a 
phantom comprising cardiac myxoma and adipose tissue from 
patients (bioethical consent number 1072.6120.123.2017).

RESULTS
Positronium detection by the J-PET detector
Figure 1 displays the main results from this study, which include the  
positronium mean lifetime image and the image analog to the stan-
dardized uptake value (SUV). It should be stressed that, in this 

Fig. 1. The measurement scheme and the determined SUV and positronium images. The top left panel illustrates a part of a hemoglobin molecule with super-
imposed schemes, indicating decays of o-Ps (green circles) and parapositronium (p-Ps) (violet circle). o-Ps may undergo self-annihilation (pink arrows), pickoff process 
(gray arrows), or conversion to parapositronium, e.g., by interacting with oxygen molecule (green arrows). The top right panel shows the first part of the experimental 
workflow. Four samples from two patients were collected and divided into two classes: cardiac myxoma and adipose tissue. Each sample was inserted into a holder with 
the radioactive 22Na source, which was inserted into the J-PET detector. The blue and yellow circles show the locations of the samples during the measurement. Methods 
to reconstruct the image analogs to that of the SUV image (annihilation rate distribution) and positronium lifetime image are described in Methods. Reconstructed mean 
o-Ps lifetime in cardiac myxoma (1.9 ns) differs from the mean o-Ps lifetime in adipose tissue (2.6 ns). More comprehensive studies confirming the differences in the o-Ps 
mean lifetime in the healthy adipose tissue and cardiac myxoma tumor are described in the article to be submitted elsewhere (44). Photo credit: Kamil Dulski, Jagiellonian 
University.
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surrounding molecule (pickoff process) or interaction of o-Ps with 
oxygen or other biomolecules leading to the conversion of o-Ps to 
parapositronium and its subsequent self-annihilation into two pho-
tons. The mean lifetime of o-Ps in a patient’s body varies from ap-
proximately 1.8 ns in water molecules to approximately 4 ns in skin 
cells (18). Because of the pickoff and conversion processes, the 
mean lifetime of o-Ps is highly sensitive to the size of inter- and 
intramolecular voids (free volume between the atoms) and to the 
concentration of biomolecules in them. As a result, it can provide 
information about the disease progression in an initial stage (14). 
Several studies have investigated the changes of the positronium 
properties during dynamic processes while applying model and living 
biological systems (19–32). It has been found that there are differ-
ences in the positronium mean lifetimes and the production probabil-
ities in healthy and cancerous tissues, indicating that these parameters 
can be used as indicators for in vivo cancer classification. To exploit 
these environmentally modified properties of positronium as diag-
nostic biomarkers for conducting an in vivo tissue pathology assess-
ment, the properties of the positronium atoms need to be determined 
in a spatially resolved manner (1, 14, 33). The novel concept of this 

method, called positronium imaging (33, 34), and feasibility studies 
based on computer simulations have been reported in our recent 
publications (37, 38). This article presents the experimental imple-
mentation of the method and the first-ever positronium mean life-
time image, which was determined simultaneously with a standard 
PET image, using a specially designed PET scanner that overcomes 
the limitations of the state-of-the-art PET system. The scanner, which 
is referred to as the Jagiellonian PET (J-PET), was constructed and 
made operational at the Jagiellonian University in Poland (35, 36, 39–43). 
As an example of the application of the positronium imaging method, 
this study presents a positronium image that was determined for a 
phantom comprising cardiac myxoma and adipose tissue from 
patients (bioethical consent number 1072.6120.123.2017).

RESULTS
Positronium detection by the J-PET detector
Figure 1 displays the main results from this study, which include the  
positronium mean lifetime image and the image analog to the stan-
dardized uptake value (SUV). It should be stressed that, in this 

Fig. 1. The measurement scheme and the determined SUV and positronium images. The top left panel illustrates a part of a hemoglobin molecule with super-
imposed schemes, indicating decays of o-Ps (green circles) and parapositronium (p-Ps) (violet circle). o-Ps may undergo self-annihilation (pink arrows), pickoff process 
(gray arrows), or conversion to parapositronium, e.g., by interacting with oxygen molecule (green arrows). The top right panel shows the first part of the experimental 
workflow. Four samples from two patients were collected and divided into two classes: cardiac myxoma and adipose tissue. Each sample was inserted into a holder with 
the radioactive 22Na source, which was inserted into the J-PET detector. The blue and yellow circles show the locations of the samples during the measurement. Methods 
to reconstruct the image analogs to that of the SUV image (annihilation rate distribution) and positronium lifetime image are described in Methods. Reconstructed mean 
o-Ps lifetime in cardiac myxoma (1.9 ns) differs from the mean o-Ps lifetime in adipose tissue (2.6 ns). More comprehensive studies confirming the differences in the o-Ps 
mean lifetime in the healthy adipose tissue and cardiac myxoma tumor are described in the article to be submitted elsewhere (44). Photo credit: Kamil Dulski, Jagiellonian 
University.
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surrounding molecule (pickoff process) or interaction of o-Ps with 
oxygen or other biomolecules leading to the conversion of o-Ps to 
parapositronium and its subsequent self-annihilation into two pho-
tons. The mean lifetime of o-Ps in a patient’s body varies from ap-
proximately 1.8 ns in water molecules to approximately 4 ns in skin 
cells (18). Because of the pickoff and conversion processes, the 
mean lifetime of o-Ps is highly sensitive to the size of inter- and 
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these environmentally modified properties of positronium as diag-
nostic biomarkers for conducting an in vivo tissue pathology assess-
ment, the properties of the positronium atoms need to be determined 
in a spatially resolved manner (1, 14, 33). The novel concept of this 

method, called positronium imaging (33, 34), and feasibility studies 
based on computer simulations have been reported in our recent 
publications (37, 38). This article presents the experimental imple-
mentation of the method and the first-ever positronium mean life-
time image, which was determined simultaneously with a standard 
PET image, using a specially designed PET scanner that overcomes 
the limitations of the state-of-the-art PET system. The scanner, which 
is referred to as the Jagiellonian PET (J-PET), was constructed and 
made operational at the Jagiellonian University in Poland (35, 36, 39–43). 
As an example of the application of the positronium imaging method, 
this study presents a positronium image that was determined for a 
phantom comprising cardiac myxoma and adipose tissue from 
patients (bioethical consent number 1072.6120.123.2017).

RESULTS
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Figure 1 displays the main results from this study, which include the  
positronium mean lifetime image and the image analog to the stan-
dardized uptake value (SUV). It should be stressed that, in this 

Fig. 1. The measurement scheme and the determined SUV and positronium images. The top left panel illustrates a part of a hemoglobin molecule with super-
imposed schemes, indicating decays of o-Ps (green circles) and parapositronium (p-Ps) (violet circle). o-Ps may undergo self-annihilation (pink arrows), pickoff process 
(gray arrows), or conversion to parapositronium, e.g., by interacting with oxygen molecule (green arrows). The top right panel shows the first part of the experimental 
workflow. Four samples from two patients were collected and divided into two classes: cardiac myxoma and adipose tissue. Each sample was inserted into a holder with 
the radioactive 22Na source, which was inserted into the J-PET detector. The blue and yellow circles show the locations of the samples during the measurement. Methods 
to reconstruct the image analogs to that of the SUV image (annihilation rate distribution) and positronium lifetime image are described in Methods. Reconstructed mean 
o-Ps lifetime in cardiac myxoma (1.9 ns) differs from the mean o-Ps lifetime in adipose tissue (2.6 ns). More comprehensive studies confirming the differences in the o-Ps 
mean lifetime in the healthy adipose tissue and cardiac myxoma tumor are described in the article to be submitted elsewhere (44). Photo credit: Kamil Dulski, Jagiellonian 
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oxygen or other biomolecules leading to the conversion of o-Ps to 
parapositronium and its subsequent self-annihilation into two pho-
tons. The mean lifetime of o-Ps in a patient’s body varies from ap-
proximately 1.8 ns in water molecules to approximately 4 ns in skin 
cells (18). Because of the pickoff and conversion processes, the 
mean lifetime of o-Ps is highly sensitive to the size of inter- and 
intramolecular voids (free volume between the atoms) and to the 
concentration of biomolecules in them. As a result, it can provide 
information about the disease progression in an initial stage (14). 
Several studies have investigated the changes of the positronium 
properties during dynamic processes while applying model and living 
biological systems (19–32). It has been found that there are differ-
ences in the positronium mean lifetimes and the production probabil-
ities in healthy and cancerous tissues, indicating that these parameters 
can be used as indicators for in vivo cancer classification. To exploit 
these environmentally modified properties of positronium as diag-
nostic biomarkers for conducting an in vivo tissue pathology assess-
ment, the properties of the positronium atoms need to be determined 
in a spatially resolved manner (1, 14, 33). The novel concept of this 

method, called positronium imaging (33, 34), and feasibility studies 
based on computer simulations have been reported in our recent 
publications (37, 38). This article presents the experimental imple-
mentation of the method and the first-ever positronium mean life-
time image, which was determined simultaneously with a standard 
PET image, using a specially designed PET scanner that overcomes 
the limitations of the state-of-the-art PET system. The scanner, which 
is referred to as the Jagiellonian PET (J-PET), was constructed and 
made operational at the Jagiellonian University in Poland (35, 36, 39–43). 
As an example of the application of the positronium imaging method, 
this study presents a positronium image that was determined for a 
phantom comprising cardiac myxoma and adipose tissue from 
patients (bioethical consent number 1072.6120.123.2017).

RESULTS
Positronium detection by the J-PET detector
Figure 1 displays the main results from this study, which include the  
positronium mean lifetime image and the image analog to the stan-
dardized uptake value (SUV). It should be stressed that, in this 

Fig. 1. The measurement scheme and the determined SUV and positronium images. The top left panel illustrates a part of a hemoglobin molecule with super-
imposed schemes, indicating decays of o-Ps (green circles) and parapositronium (p-Ps) (violet circle). o-Ps may undergo self-annihilation (pink arrows), pickoff process 
(gray arrows), or conversion to parapositronium, e.g., by interacting with oxygen molecule (green arrows). The top right panel shows the first part of the experimental 
workflow. Four samples from two patients were collected and divided into two classes: cardiac myxoma and adipose tissue. Each sample was inserted into a holder with 
the radioactive 22Na source, which was inserted into the J-PET detector. The blue and yellow circles show the locations of the samples during the measurement. Methods 
to reconstruct the image analogs to that of the SUV image (annihilation rate distribution) and positronium lifetime image are described in Methods. Reconstructed mean 
o-Ps lifetime in cardiac myxoma (1.9 ns) differs from the mean o-Ps lifetime in adipose tissue (2.6 ns). More comprehensive studies confirming the differences in the o-Ps 
mean lifetime in the healthy adipose tissue and cardiac myxoma tumor are described in the article to be submitted elsewhere (44). Photo credit: Kamil Dulski, Jagiellonian 
University.
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tissue sample

22Na source

- Demonstration of J-PET’s ability to measure 

- Four separate samples in the field of view
- Direct contact to a 22Na (β+,γ)source

τO−Ps
Moskal, Paweł, et al. 2021. https://doi.org/10.1126/sciadv.abh4394

Ex-vivo

https://doi.org/10.1126/sciadv.abh4394
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Proof of concept : J-PET
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In-vivo

positronium events

November 2022
standard PET

Limitations :
- need to be able to fit the lifetime distribution: 

need high statistics in each voxel  
 need large voxels or high activity

- measurement only possible where the tracer is located :  
what additional information from the biodistribution? 
how various tissues will affect the measured lifetime?

⇒



Adrien Hourlier — GDR MI2B — 04/10/2023
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Imager des tissus par τO−Ps
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Imager des tissus par τO−Ps
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Imager des tissus par τO−Ps
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Various pixellated layer technology choices
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CMOS sensor
• e.g. MIMOSIS-1, developed @IPHC
• 30x27 μm2 pixels
• 60μm total thickness
• 5μs readout time 
• Large readout surface  31.1x13.55 mm2

Other possibilities
• MicroMegas
• (X,Y) oriented MWPC
• optical fiber-based hodoscope
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Simulated geometry & event selection
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18F
Silicon CMOS

PMMA trigger

Water 
(tissue sample)

LYSO

veto

veto

- PET detectors : 4 cm-thick LYSO blocks, 500 μm pixel pitch
- Pixellated layer :  Silicon,100 μm-thick, 50 μm pixel pitch
- Trigger and vetoes : PMMA (respectively 300 μm  and 500 μm)
- Tissue : water 200 μm-thick + Si insert (phantom)

PET selected event : 
- trigger ⊕ upstream pixel ⊕ NO downstream pixel ⊕ NO veto ⊕ top PET ⊕ bottom PET
- 0.019% of decays (190 cps/MBq)

Transmission event : 
- trigger ⊕ upstream pixel ⊕ downstream pixel ⊕ NO veto
- 0.092 % of decays (920 cps/MBq)

PMMA source holder

LYSO
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Transmission Image Reconstruction
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FWHMx = 0.15 mm

Downstream pixel layer

Upstream pixel layer

pixellated tissue layer

true interaction point reconstructed interaction point

Difference reco-true position
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Derenzo phantom
10 min @ 5MBq

“White” frame (water)
9h @ 5MBq

Transmission Image Reconstruction
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Attenuation coefficient
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- Assume that the attenuation of positron beam 
follows the Beer Lamber law :

-
-  is given by the pure water white frame
-  is the average thickness travelled in the layer by 

the positron
- Attenuation coefficient image : 

I(x, y) = I0(x, y) ⋅ e−μ(x,y)⋅⟨Δz⟩

I0(x, y)
⟨Δz⟩

μ(x, y) = −
1

⟨Δz⟩
ln ( I(x, y)

I0(x, y) )
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Profiles
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Contrast
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Diameter (mm) Contrast (%)

100 3.84
200 47.6
300 71.8
400 80.8
500 86.9
600 89.8

Two ROI defined for each insert :
- peak value : ROI centered on insert, with same 

diameter as the insert (red)
- valley value : ROI centered on the insert, with 

inner diameter same as the insert, and outer diameter 
twice that of the insert (yellow)
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Summary
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- Application of PALS to biological tissues brings a lot of unknown.
- Measuring  in vivo from bulk tissues require the use of (β+, γ) isotopes to access the positron 

emission time.
- New generation of  tomographs need enough sensitivity for 3γ events, and good enough 

coincidence time resolution to be able to measure lifetime differences below 0.1 ns.
- Need to decorrelate measurement of  from the biodistribution.

- TRICERA  will solve these issues by proposing a high activity  measurement 
independent of biodistribution, along with the acquisition of  an anatomical image from 
positron transmission imaging.

- Positron transmission imaging shows promisses of high resolution imaging of the electronic density of 
tissues with structures of order 100 μm.

τO−Ps

τO−Ps

τO−Ps τO−Ps
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Pespectives
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- Sensitivity to various tissue density?
- studies underway for evaluating this sensitivity
- possibility to use metallic contrast agents to improve the capabilities

- Current resolution si limited by the error between the reconstructed position in the tissue layer and the 
true interaction point, because of high scattering probability of positrons  

 an iterative ML-EM reconstruction is being implemented to better account for this effect

- Simulations have been performed assuming the use of CMOS with a 50μm pixellization, and a 200μm-
thick tissue slice, yielding a < 200 μm spatial resolution.

- Other technologies can be envisioned for the pixellated layers, and thiner tissue slices can be 
produced, further improving the expected performance of this new imaging technique
- If gazeous wire chambers : directionality of incident and outgoing positrons : improved estimation of 

most probable path

⇒
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