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ABSTRACT

The modular J-PET scanner, comprising 24 compact and versatile modules, each consisting 
of 13 plastic strips with four SiPM detectors at the ends, represents a powerful tool for 
clinical applications in nuclear medical imaging. This study presents preliminary results 
from the exploration of simultaneous dual-isotope imaging using the modular J-PET 
system. Our approach involved two isotopes: 68Ge, characterized by a ringlike shape, 
and 22Na, exhibiting a point-like shape. The imaging was based on double-coincidence 
and triple-coincidence events. In the double coincidence case, both isotopes contributed 
comparably, whereas in the triple coincidence case 22Na dominated due to the prompt 
gamma being emitted with 100% of positron emissions, unlike 68Ga, where the prompt 
gamma was emitted in only 1.3% of cases after positron emission. In this work we present 
direct 2γ images determined for two-signal events and images for three-signal events, 
with two signals from annihilation photons and one from a prompt gamma. These results 
showcase the preliminary findings from simultaneous dual-isotope imaging of 68Ga and 
22Na isotopes using the modular J-PET scanner, which will be presented and discussed.
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spanning 50 cm, with each scintillator’s cross-section measuring 
6 mm × 24 mm [1, 20].

The triggerless mode introduces flexibility in event selection, 
enabling the registration and identification of two- and three- 
-photon annihilation events, along with prompt gammas emitted 
by isotopes known as β+ + γ emitters [1, 8, 21, 22]. Ongoing 
efforts addressing challenges such as crosstalk aim at the full 
implementation of multi-molecule and inter-molecule imaging. 
In this context, J-PET emerges as a promising alternative in the 
dynamic field of nuclear medicine [1, 14].

In conventional PET imaging, 2γ (two-photon) coincidence events 
have long been the clinical standard, offering invaluable insights 
into various medical conditions [1, 23, 24]. This includes the 
diagnosis and monitoring of cancers using radiotracers such as 
fluorodeoxyglucose (FDG) in oncology, cardiovascular disease 
assessment and neuroimaging for studying brain function [25, 26].

Recent advancements, however, have expanded imaging capabilities 
to encompass multiphoton coincidence events and β+ + γ imaging 
[1, 6, 9, 13]. Suitable candidates for β+ + γ imaging include 22Na, 
44Sc, 72As, 60Cu, 10C, 14O, 34Cl, 48V, 52Mn, 55Co, 60Cu, 66Ga, 69Ga, 76Br, 
82Rb, 86Y, 94Tc, 110In, 124I [1, 14, 16, 22, 27], and β+ emitters such as 
18F, 15O, 11C, 89Z, 64Cu, 13N [14, 22, 27].

In this article, by utilizing the J-PET scanner we investigate the 
possibility of simultaneous 2γ and 2γ + prompt events in PET 
imaging. These investigations are conducted using two distinct 
isotopes, 22Na and 68Ge, which exhibit comparable activity. Despite 
their similarities, these isotopes differ significantly in terms of half- 
-lives, decay pathways and nuclear characteristics, as illustrated 
in Fig. 1.

LIST OF ABBREVIATIONS
J-PET – Jagiellonian Positron Emission Tomography 
mV – millivolt 
PET – Positron Emission Tomography  
Ps – picosecond 
ST – scatter test 
TOF – time of flight 
TOT – time over threshold 
ns – nanosecond

INTRODUCTION
The modular Jagiellonian Positron Emission Tomography (J-PET) 
detector represents an innovative and cost-effective prototype 
for a PET system utilizing plastic scintillators [1–4]. What sets 
the modular J-PET detector apart is its unique capability for 
multiphoton registration with triggerless data acquisition [5], 
coupled with its cost-effectiveness and portability. These features 
render it a valuable tool across a spectrum of medical applications, 
encompassing standard PET [4], positronium imaging [1, 6–12], 
multiphoton imaging [1, 13], dual-isotope PET imaging and 
simultaneous multi-molecule and inter-molecule imaging [14–17]. 
J-PET also finds applications in basic research of positronium 
decays [13, 18] and proton-beam-therapy monitoring [19].

The scanner comprises 24 modules, each housing 13 scintillators 
equipped with four silicon photomultiplier detectors on each 
side. This detector system ensures robust and reliable signal 
detection [1–3]. Its technology maintains a compact form factor, 
weighing only 60 kg and boasting a diameter of 76.2 cm [1, 2]. 
Furthermore, the system offers an expansive field of view (FOV) 

Fig. 1. �Decay schemes of 22Na and 68Ge, which are used for this measurement. Here, EC denotes electron capture; β+ is positron emission, including the 
branching ratio; γ is the deexcitation process, providing information on its energy and lifetime.
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To ensure the stable placement of the sources within the detector 
we employed a rectangular carbonate plate. This carbonate plate 
offered stability and also guaranteed positioning of the sources 
within the detector, as shown in Fig. 2A.

After completing the data collection phase, our analytical focus 
expanded to cover both 2γ (two-hit ) and β+ + γ (three-hit ) 
scenarios. In the 2γ (double coincidence) case, both isotopes made 
comparable contributions, while in the β+ + γ (triple coincidence) 
scenario, 22Na played a significant role due to the inherent 
association of every β+ emission with a prompt gamma. Notably, 
in this analysis we neglected the contribution of the prompt gamma 
from the germanium ring, primarily due to its low branching ratio. 
The regions selected for images are two- and three-hit events, 

METHODS
The study started with the experimental setup by first enclosing 
the 68Ge source within a 0.6-mm thick aluminium casing and 
secured with a four-loop (0.6 × 4 mm = 2.4 mm) standard 
aluminium foil. The 70-cm 68Ge line source was then configured into 
a ringlike shape to facilitate our dual-isotope imaging endeavours. 
Simultaneously, we introduced the metallic 22Na source into the 
setup with a point-like configuration. The 68Ge source possessed 
an activity of 1.699 MBq, while the 22Na source exhibited an 
activity of 1.633 MBq. These isotopes were positioned at different 
locations within the detector, and data collection commenced to 
enable simultaneous registration of signals from the two isotopes.

Fig. 2. �(A) The photograph showing the setup of the measurement with the sources, the carbonate plate in the 24 modular J-PET scanner; (B) the 
schematic cross-section of the 24 modular J-PET with the pictorial illustration of the putative annihilation and prompt gamma (dashed arrow). The 
point-like 22Na source (red) is placed close to the centre and the 68Ge germanium source forms a ring, shown in blue, and the registration of photons 
is marked with a white spot; (C) Data processing scheme including: data acquisition (DAQ), signal selection and event filtering, culminating in the 
transformation to raw 2γ and β+ + γ images.
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Fig. 3. �The multiplicity of hits within a single event, with the shaded regions 
denoting multiplicity of two (cyan rectangular box) and three (blue 
rectangular box) hits. For the annihilation-point reconstruction, the 
signals from two annihilation gamma are used and the annihilation 
place is reconstructed using the GKDE method [28, 29]. Signals from 
annihilation photons and prompt gamma are identified based on the 
TOT measurement, a measure of energy deposition to the detector [30].

Fig. 4. �TOT plot for two-hit events, showing the energy deposition. The 
upper limit of the selected region corresponds to the Compton edge 
from 511 keV annihilation photons.

Fig. 5. �TOT plot for three-hit events.The selected regions correspond to 
the upper half of spectrum from Compton edge from 511 keV 
annihilation photons, and the part of the spectrum for large TOT 
values is due to the prompt gamma (from 1275 keV photons).

Fig. 6. �Pictorial representation of scatterings happening in the de-
tector. The green star represents deposited energy within 
the identification window, while the blue star indicates si-
gnals with TOT below the annihilation window. It includes: 
(A) Case 1: true coincidence, where both photons from an an-
nihilation event are detected by detectors. Case 2: represents 
a scenario of true coincidence, but in this case one of the pho-
tons scatters and the scattered photon has insufficient energy 
to be detected in the TOT range. Case 3: depicts a situation in 
which one of the photons goes undetected while the other pho-
ton generates two signals, one before and the other after it scat-
ters. Case 4: shows a scenario in which one of the gamma rays 
is registered without scattering and the other is registered after 
scatter. Case 5: represents an event in which both of the an-
nihilation photons scatter and are detected after scattering;  
(B) Case 1: represents three-hit events, denotes the triple coinci-
dence case from three-hit-event size. Case 2: depicts a scenario 
in which one of the annihilation gamma rays scatters but does 
not produce signals after scattering, while the other annihilation 
gamma and the prompt gamma are detected. Case 3: represents 
a case in which three signals come from the annihilation pho-
tons. One of the annihilation photons scatters and produces two 
signals, while the other is not scattered but is registered. In this 
scenario, the deexcitation gamma is not detected. Case 4: depicts 
a situation in which the deexcitation gamma and one of the an-
nihilation photons scatter, and the scatters are detected. Mean-
while, the other annihilation photon is detected with no scattering;  
(C) Case 1: depicts a scenario in which one of the annihila-
tion gamma rays scatters and the scattered one is detected. 
Case 2: shows a situation in which one of the annihilation gam-
ma rays is not detected but the other annihilation gamma scat-
ters, producing two signals, before and after scattering. Case 
3: represents a case in which one of the annihilation photons is 
not registered, but the deexcitation gamma scatters and pro-
duces two signals before and after scattering. Additionally, one 
of the annihilation gamma rays is detected before it scatters;  
(D) Case 1: represents a scenario in which three signals originate 
from annihilation and deexcitation events. In this case, both of the 
annihilation photons scatter and are detected after scattering, and 
the deexcitation gamma is also detected. Case 2: depicts a case in 
which all three hits are scattered and produce signals after scatte-
ring. Case 3: shows a situation in which the annihilation photons 
produce three signals after scattering and the deexcitation gamma 
is not detected.
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The scatter-test selection and histograms illustrating the scatter 
test for both double and triple coincidence cases are presented 
in Fig. 7A and 7B, respectively. For images following the scatter 
test, a threshold of 25 cm (indicated by the vertical line) is applied.

RESULTS AND DISCUSSION
The images presented in Fig. 8A. and 8B. result from selecting 
2γ and 2γ + prompt events from the list mode of all detected 
events, as shown in Fig. 3. Fig. 8A. and 8B. show the distribution 
of annihilation points (direct image) after identifying annihilation 
photons and prompt gamma based on the TOT values (as shown 
in Fig. 4. and 5.).

In Fig. 8A., displaying images from two-hit events identified 
as 2γ annihilation, a 22Na source is prominently visible at the 
centre, accompanied by the ring form of 68Ge, situated away from 
the centre. In Fig. 8B., representing three-hit events with hits 
identified from two annihilation photons and prompt gammas, 
as expected, the 22Na sodium source is visible and the 68Ge ring 
is absent.

When superimposed on 22Na and 68Ge sources, this image also 
highlights instances of misidentified annihilation events due to 
scattering. The application of the (t1 – t2) criterion and scatter 
test, as depicted in Fig. 7. with a threshold of 25 cm, significantly 
reduces scattering.

Our successful imaging of these two isotopes represents 
a milestone in simultaneously tracking and administering 
two tracers labelled with different radioisotopes and distinct 
biological molecules using the multiphoton J-PET scanner [1]. 

as shown in the shaded region of Fig. 3. We focused on two- 
and three-hit events to select candidates for 2γ and 2γ + prompt 
gamma imaging.

The TOT spectra for two- and three-hit events are shown in Fig. 4. 
and 5., respectively. In these figures the first peak primarily 
identifies scattered events, which are not the main focus of our 
investigation. Our attention is drawn to the second enhancement, 
leading us to potential candidates for annihilation events, mainly 
associated with Compton scattering [30, 31]. We also considered 
the Compton edge, at higher TOT values, highlighting prospective 
candidates for deexcitation gamma emissions, as indicated in Fig. 5. 
The applied voltage thresholds were set at 30 mV and 70 mV.

The identification of annihilation photons based on the TOT range 
(indicated in Fig. 4. and 5.) may lead to the misclassification of 
the scattered photons as annihilation photons. The possible 
background events are shown in Fig. 6. We then imposed a spatial 
constraint by limiting the annihilation points to those within 
a 30-cm radius. This restriction ensured that only annihilation 
events occurring within a specific range were considered for 
analysis in both two- and three-hit scenarios. As a next step, 
we applied a scatter test for both 2γ and β+ + γ candidates. The 
test involved calculating the time difference (t1 – t2) and distance 
between hits classified as originating from annihilation photons 
[32, 33]:

	 ST = D – c.|t1 – t2|		  (1)

Where c is the speed of light.

Fig. 6. below illustrates all possible types of scatters occurring in 
the detector for both two- and three-hit scenarios.

Fig. 7. �Distribution of ST value, referred to as the scatter test. Figure A represents the two-hit-event case, while B corresponds to the three-hit-event case 
before introducing geometric cut.
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CONCLUSION
The study effectively demonstrates the feasibility and potential of 
simultaneous imaging with 22Na and 68Ge using the state-of-the-
art modular J-PET scanner. The presented images in Fig. 8. and 

This innovative technique enables the concurrent tracking of 
multiple molecular targets and physiological processes in a single 
scan. This capability extends beyond 22Na and 68Ge isotopes, 
encompassing the potential for multi-tracer [1] and positronium 
imaging [6–8].

Fig. 8. �Raw images from 2γ signals and three 2γ + deexcitation gamma signals. (A) Image reconstructed from two-hit events after applying TOT cuts 
(2.2 ns < TOT < 4.5 ns to 2200 ns * mV < TOT < 4500 ns); (B) Image reconstructed from three-hit events after applying TOT cuts (2200 ns < TOT 
< 4500 ns for annihilation and 4600 ns < TOT < 8800 ns for deexcitation gamma), as shown in Fig. 5. The outer ring with a diameter of about 
76 cm is due to the scatterings of photons in the scintillator strips of the modular scanner.

Fig. 9. �Panel A displays the image obtained from double coincidence (showing signals from 22Na and 68Ge) events after the implementation of the 
scatter test. Panel B represents the resulting image after applying scatter test criteria to triple (β+ + γ) coincidences in which only a signal 
from 22Na is visible.
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efficiency corrected two-hit image, with efficiency corrections 
currently in progress.
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9., derived from annihilation and deexcitation events, illustrate 
the capability of the J-PET scanner for simultaneous imaging 
of two distinct isotopes. Our analysis employed techniques, 
including TOT, TOF, and scatter test conditions, for both the 2γ 
and the β+ + γ coincidences. 

Generally, our work represents a significant step towards 
harnessing the capabilities of the J-PET detector for dual- 
-isotope imaging. Future efforts will address pending corrections 
for detection efficiency. The images in Fig. 8. and 9. constitute 
a preliminary step towards extracting images from 22Na and 
68Ge sources. To isolate the image from 68Ge it will be necessary 
to subtract an efficiency corrected three-hit image from the 
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