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ABSTRACT

The Modular J-PET represents the latest advancement in the Jagiellonian-PET series, 
utilizing extended plastic scintillator strips. This prototype's modular design enables 
cost-effective imaging of multi-photon annihilation and positronium, allowing for easy 
assembly, portability, and versatility. Additionally, its lightweight construction facilitates 
static bed examinations with a mobile detection system that can be positioned 
conveniently alongside the patient, negating the requirement for spacious clinical 
settings. Comprising 24 modules arranged in regular 24-sided polygons circumscribing 
a 73.9 cm diameter circle, each module integrates 13 scintillator strips, measuring 50 cm 
in length and 6 mm × 24 mm in cross-section. Scintillation light is captured at both 
ends through analog Silicon Photomultipliers (SiPMs). This research presents Sensitivity 
of the Modular J-PET tomograph, adhering to the NEMA_NU 2-2018 standards. 
Sensitivity measurement was performed with 68Ge line source inside the 5 sleeves 
aluminium phantom placed at center of the detector`s field-of-view (FOV) and 10 cm 
offset from the center of detector. Analyzing the gathered data involved employing 
the specialized J-PET Framework software, developed within the C++ architecture. To 
validate the experimental findings, comparisons were made with GATE simulations, 
wherein the source and phantom were emulated in the same configuration as employed 
in the actual experiment. The system sensitivity of the Modular J-PET was assessed to 
be 1.03 ± 0.02 cps/kBq in the center of the detector`s FOV with the peak sensitivity of 
2.1 cps/kBq. However, the simulations indicate that at the center of the detector's FOV, 
the Modular J-PET achieves a system sensitivity of 1.32 ± 0.03 cps/kBq, with a peak 
sensitivity of 2.9 cps/kBq.
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INTRODUCTION
Positron Emission Tomography (PET) is the most advanced 
molecular imaging method for assessing disease activity at 
the molecular and cellular levels [1]. The concept of PET dates 
back to the 1950s, and the first tomographs with clinical uses 
were produced in the 1970s. Since then, many technological 
advancements have enabled a constant search for improved 
systems [2–4]. The J-PET Collaboration has developed a novel 
prototype PET system at Jagiellonian University in Krakow, 
Poland, which is cost-effective and enables multi-photon and 
positronium imaging [5–11]. Its innovation arises from applying 
plastic scintillators instead of inorganic crystals used in classical 
PET scanners [7, 12, 13].

J-PET scanner may constitute an economical alternative for crystal 
PET scanners since plastic scintillators are more than an order of 
magnitude cheaper than crystals. In addition, the utilization of plastic 
PET with axially arranged scintillator strips decreases significantly 
costs of readout electronics and SiPMs for the J-PET scanner, which 
are expected to be about five times less than the current crystal- 
-based PET tomograph [14]. However, the efficiency of plastic 
scintillators is rather low. The linear attenuation coefficient for the 
511 keV photons for the plastic scintillator is much lower than the 
crystal scintillator (0.096 1/cm for plastic scintillator with respect 
to 0. 83 1/cm for LYSO) [15]. This implies that in a single scintillator 
layer with a typical thickness of PET scan (2–3 cm) [2], in the case 
of crystal scintillator, most of the annihilation photons hitting the 
detector are detected, but in the case of plastic scintillators only 
about a quarter (17–25%) of annihilation photons are detected with 
the detector [2, 6, 15]. Although plastic scintillators exhibit a lower 
efficiency compared to crystals, this limitation can potentially be 
mitigated through the utilization of a multi-layer geometry approach 
employing axially arranged strips [6]. The significantly lower light 
attenuation in plastic with respect to crystals enables the effective 
light transport in long strips [16–18]. Another disadvantage of 
plastic scintillators is the negligible fraction of the photo-electric 
effect for the interaction of 511 keV photons. However, it does not 
preclude the possibility of the scatter fraction reduction; because 
in the plastic scintillators, the detection of 511 keV gamma quanta 
is based in practice only on the Compton scattering, and the by 
setting the threshold on energy deposition on 200 keV [7] a scatter 
fraction can be reduced below 40% [18].

The Modular J-PET scanner employed in this study is the latest 
generation of J-PET scanners developed by J-PET collaboration, 
as depicted in Fig. 1. Modular J-PET utilizes unique detection 
principles thanks to its novel detector arrangements [10–14]. 
Application of the triggerless data acquisition system [19], enables 
the execution of multi-photon and positronium imaging. The 
construction of Modular J-PET from plastic scintillator, alongside 
its unique detection principles, facilitates the acquisition of 50 cm 
of the AFOV [20–24]. The National Electrical Manufacturers 
Association (NEMA), the association of medical imaging and 
electrical equipment manufacturers in the United States, publishes 

Fig. 1.  (A) Illustrates the Modular J-PET detector, comprising 24 modules. 
Each module consists of 13 scintillator strips, with readout facili-
tated by a 1 × 4 SiPM array on both ends. These modules allow 
convenient removal for maintenance purposes, with a total weight 
of approximately 2 kg. Analog signals undergo digitization in clo-
se proximity to the SiPMs via specialized TDC boards developed 
by the J-PET group; (B) Depicts the power supply board (green), 
responsible for supplying voltage individually to each SiPM. Addi-
tionally, the TDC board (blue) performs the conversion of analog 
signals to digital format, retaining information regarding signal 
crossings at two preselected constant thresholds [22].

medical diagnostic imaging equipment standards. One of its 
standards is NEMA-NU-2, which pertains to PET scanners [25]. 
The objective of this article is to assess the sensitivity of the 
Modular J-PET scanner in alignment with the NEMA-NU2_2018 
standards. The empirical findings obtained were cross-validated 
using Monte Carlo simulations facilitated by GATE software. Future 
work will present all characteristics of Modular J-PET based on 
the experimental data and simulation.

METHOD AND MATERIALS
Design of the Modular J-PET

The Modular J-PET scanner comprises 24 detection modules, 
each composed of 13 BC-404 rectangular plastic scintillator strips 
measuring 24 mm x 6 mm x 500 mm. These strips are arranged 
axially, forming a symmetrical 24-sided polygon that encloses the 
scanner. This configuration provides an AFOV spanning a total of 
50 cm, with a scanner diameter measuring 73.9 cm as depicted in 
Fig. 1. [21, 23]. In order to enhance the propagation of light and 
ensure impermeability to light leakage, plastic scintillator strips 
are enveloped using a combination of Vikuiti Enhanced Specular 
Reflector (ESR) foil and DuPont Kapton 100B film [26–28]. Each 
plastic scintillator is read out on both ends by 4 Hamamatsu-S13 
Silicon Photomultipliers (SiPMs) with an area of 6 x 6 mm2. 
When a gamma quanta interacts within a scintillator strip, four 
timestamps are generated – two at the leading edge and two at 
the trailing edge – across the eight SiPMs. These timestamps, 
captured by the front-end electronics, are continuously collected 
by the Data Acquisition System (DAQ). The functionality of the 
J-PET DAQ System is rooted in its Field-Programmable Gate Array 
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language-based framework [12, 30]. Within the dataset, interactions 
resulting from a single positron-electron annihilation and all 
subsequent interactions of secondary particles formed a sequence 
of consecutive photon interactions, constituting a single event. 
Coincidence events arose from any two scatterings within an event, 
provided their interaction times fell within a 4 ns time window. 
Detected coincidence events were categorized into three types: 
true coincidences, scatter coincidences, and accidental (or random) 
coincidences [13]. Fig. 2. present different type of coincidence 
event, that in both scatter and accidental coincidence events, the 
annihilation event didn’t align with the apparent line of response 
between the two-photon detections. Such scattered and random 
coincidences contributed to background noise, thereby diminishing 
image quality. To reduce background coincidence events, the initial 
data selection phase involved removing all events with one, three, or 
more hits, while retaining only those events that exhibited precisely 
two hits within the 4 ns coincidence time window. 

The number of SiPMs connected to a single scintillator which 
give the signal was defined as multiplicity cut. A multiplicity cut 
equal to 8 SiPM signals is expected in the ideal case. Multiplicity 
cut was the subsequent stage of the data selection.

Further data refinement involved assessing the hit distribution 
origin based on the estimated energy deposition in a scintillator 
strip, derived from the time-over-threshold (TOT) values using 
the relation established in reference [31]. Fig. 3. illustrates the 
histogram of the sum of TOT values from two thresholds (30 mV 
and 70 mV) from both sides of each scintillator in the Modular 
J-PET prototype. Subsequently, a TOT range spanning from 
2824 ns.mV to 4801 ns.mV was applied for future analyses. 
Moreover, limitations were imposed on the FOV of the Modular 
J-PET in the x and y directions, confined within a circle with a radius 
of 30 cm. Additionally, the z-coordinate of the annihilation position 
was restricted within a range of ± 25 cm, rejecting all events with 
larger z-coordinate values.

The residual background was suppressed using the scatter test 
(ST) criterion. For hits assigned to annihilation photons (ti, ri) and 
(tj, rj), the ST was defined as the difference between the measured 
times (Δt = |tj – ti|) and the time the photon would require to travel 
from rj to ri (ST = δi,j = di,j − c·|Δti,j|, where di,j is the distance between 
the i-th and j-th recorded interactions, and Δti,j is the difference in 

(FPGA) electronics, enabling the efficient real-time processing of 
multiple data streams through pipelined operations [29].

Determination of the 
Modular J-PET sensitivity
The sensitivity of a PET scanner is defined as the number of 
counts per unit of time detected by the detector for each unit of 
activity present in a source [25]. The sensitivity of a PET scanner is 
expressed as a true coincidence events rate (cps/kBq). Sensitivity 
assessments were performed utilizing a 70 cm sensitivity phantom, 
located at the centre of detectors FOV and a 10 cm offset from the 
center of detector’s FOV. The sensitivity phantom is composed 
of 5 aluminium sleeves, with the 2.5 mm thickness and different 
diameters (as listed in Tab. I.), to minimize the effect of attenuation. 
The sensitivity measurements were carried out utilizing a 70 cm 
68Ge line source with an activity level of 2.6 MBq for 6 hours. 
Separate measurements were performed through adding one 
layer of aluminium at each step. The choice of a 6-hour duration 
alongside of 2.6 MBq activity of the line source meet NEMA_NU2-  
-2018 standards criterion, which recommend collecting data for 
a period ensuring the acquisition of at least 10,000 trues per slice. 
The total system sensitivity represents its capability to detect 
gamma photons emitted from positron annihilation events within 
the patient’s body and was conducted using the following formula: 

 (eq. 1)

where, R0 stand for the unattenuated count rate and, Anorm stand 
for normalized activity. To account for uncertainties, the error 
propagation principle was applied in the determination of 

     . (eq. 2)

Normalization of the source's activity within the detector was  
necessary due to differing lengths of the AFOV detector and the 
line source, determined as follows:

                           . (eq. 3)

where, Acal denotes the corrected initial activity. Subsequent 
analysis relied on normalized activity value of 1.8 MBq. The axial 
sensitivity profile is derived by plotting the sensitivity for individual 
slices, utilizing measurements obtained with the smallest tube 
(R1) placed at the centre of the detectors FOV.

Event selection criteria
The collected data underwent analysis using a dedicated C++ 

Tab. I.  Sensitivity measurement phantom details.

TUBE NUMBER INSIDE 
DIAMETER (mm)

OUTSIDE 
DIAMETER (mm)

LENGTH L 
(mm)

1 3.9 6.4 700

2 7.0 9.5 700

3 10.2 12.7 700

4 13.4 15.9 700

5 16.6 19.1 700
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material properties of the BC-404 scintillator (1.021.0606 g ∙ cm−3) 
[39] were simulated.

For the computation of the scanner’s sensitivity, a simulation 
involving a 70 cm linear 2.6 MBq source of 68Ge was conducted 
within the sensitivity phantom. This simulation was repeated 
while reducing the number of aluminium tubes from 5 to 1. Each 
simulation iteration involved positioning the source and phantom 
at two distinct locations: the central point of the FOV and an 
offset of 10 cm from the tomograph center, as depicted in Fig. 4. 
Simulations were performed, assuming the detection chamber, 
phantom, and source were placed in the air. To mitigate the 
influence of events involving photon scatter within the detector 
and phantom, simulated events underwent filtration based on 
specific criteria derived from correlations between the gamma 
quanta’s time of interaction with the scintillator (hit time) and the 

their recording times) as display in Fig. 3. Events with δi,j > 40 cm 
were selected, reducing a substantial fraction of accidental 
coincidences spread across the entire ST range.

Monte Carlo modelling of the  
Modular J-PET
The Modular J-PET simulation has been carried out with the use of 
the Geant4 Application for Tomographic Emission (GATE) software 
(version 9.0) [32–36] based on the Geant4 toolkit (version 10-06) 
[37], which is used to simulate the interaction of these photons in 
the detector material. Simulations were performed using the list 
of physics processes emlivermore_polar. The model represents 
the interactions of photons and electrons with matter down to 
10 eV and up to 100 GeV [38]. This range of energy suits well 
the region of interest in PET tomography. In simulation, just the 

Fig. 2.  (A) Illustrates the schematic definitions of different types of coincidences: (a) true coincidence; (B) random coincidence; (C) detector-scattered 
coincidence, and (D) phantom-scattered coincidence. Central circle represents the patient, while the red detectors signify specific interactions of 
gamma quanta within the detectors. In background coincidence events, the annihilation event (indicated with e+,e-) doesn't correspond to the 
anticipated line of response between the two detected photons.

Fig. 3.  (Left) Representative histogram showcasing the total time-over-threshold (TOT) for all scintillators, employed in photon identification. The TOT 
distribution corresponds to a 5 sleeves sensitivity phantom positioned at the center of the detector's FOV. Applied cuts are denoted by red dotted 
lines, (Right) Visualisation depicting the scatter test (δi,j = di,j – c·|Δti,j|) applied to all events involving a 5-sleeve sensitivity phantom located at the 
center of the detector's field of view. Secondary scattering interactions manifest with themselves small δi,j values and are therefore excluded from 
further analysis. Interactions exceeding a δi,j value of 40 cm are identified as primary photon candidates.
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energy transferred by the gamma quanta to electrons within the 
material (energy deposition) [33].

Therefore, to extract true coincidences from the set of all coinci-
dences, true coincidence events were defined, such as only events 
with two interactions registered with an energy loss larger than 
the fixed energy threshold of (200 keV). Moreover, it is required 
that Time of flight (TOF) is less than 3 ns. The study incorpora-
ted experimental resolutions in the dataset, encompassing a time 
resolution (FWHM) of 628 ps and an energy resolution of 0.23% 
at 340 keV. The dead time of 20 ns also applied to simulation. 
Furthermore, to suppress additional scattering coincidences du-
ring analysis, the scatter test cuts (ST > 40 cm) and geometry cut 
(x2 + y2 ≥ 302, |Z| ≥ 25cm) were applied to simulation data.

RESULTS
The determination of total sensitivity for both experimental and 
simulation data was accomplished using Equation 1 at specific 
positions. Tab. II. presents the total system sensitivities alongside 
their comparative analysis with simulation results. 

Since the sensitivity is strongly dependent on the count rate after 
the application of all data selection criteria, altering the multiplicity 
criterion (Number of SiPMs connected to both ends of each 
detector module) distinctly affects both the axial sensitivity profile 
and the overall system sensitivity. The sensitivity of the Modular 
J-PET system across different multiplicity cuts (= 8, ≥7, ≥6, ≥5) at 
the center of detector’s FOV was investigated. Fig. 5. illustrates 
the axial sensitivity profile for experimental data under various 
multiplicity cuts, with simulation results for a 1-sleeve phantom 
positioned at the center of detector’s FOV. These simulated axial 
sensitivity profiles are in good agreement with experimental data 
employing a multiplicity cut of greater than or equal to 5. The peak 
sensitivity profile for experimental data with a multiplicity cut of 
≥5 registered at 2.1 cps/kBq, while simulation results indicate 
2.9 cps/kBq at the center of detector’s FOV. These relatively minor 
differences were expected due to not modelled some electronic 
and digitizer parameters. Furthermore, the definition of detector- 
-scattered coincidence events in the GATE software contributes 
to these differences.

DISCUSSION 
The objectives of this work were to estimate and analyze the 
Sensitivity of the Modular J-PET system using the NEMA_NU2_2018 
guidelines for system evaluation. NEMA norm requires estimations of 
sensitivity using 70 cm long linear source and the sensitivity phantom 
of the same length at two positions: centre of the detector`s FOV 
and 10 cm offset from the centre of the detectors FOV. To validate 
the experimental results, a Monte Carlo model of the Modular J-PET 
scanner was employed through the GATE simulation platform. The 
results obtained from simulations conducted on the 70 cm phantom 

Fig. 4.  (A) GATE visualisation of the Modular J-PET with sensitivity phan-
tom located in the center of the FOV; (B) Side view of the Modular 
J-PET with the sensitivity phantom in the centre of the detectors 
FOV; (C) Cross section of Module J-PET, two red point present the 
position of sensitivity phantom inside the detector’s FOV; (D) GATE 
visualisation of one module of Modular J-PET. The plastic scintil-
lator strips are depicted in gray, while the SiPMs on both sides of 
the module are displayed in black; (E) GATE visualization of sensi-
tivity Phantom with five sleeve tubes displayed with red and one 
polyethylene tube with length of 70 cm displayed with gray, also 
illustration of sensitivity phantom cross section. each sleeves has 
2.5 mm thickness with different diameter according to NEMA-
-NU2_2018. The figure isn’t to scale.

Fig. 5.  Axial sensitivity profile for the smallest sleeve in the center of detec-
tor’s FOV for experimental data and simulation data. Experimental 
data studied under different multiplicity cuts. The red line depicts 
the axial sensitivity profile at the center of the detector derived from 
simulation data. The peak point in the axial sensitivity profile defi-
ned as peak sensitivity and is equal to 2.9 cps/kBq for simulation 
data while the total system sensitivity is 1.32 ± 0.03 cps/kBq. In 
the experimental data for multiplicity cuts greater than or equal to 
5, the peak sensitivity is 2.1 cps/kBq while the total system sensiti-
vity is 1.03 ± 0.02 cps/kBq.
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CONCLUSIONS
The sensitivity profiles for the Modular J-PET scanner were assessed 
across various multiplicity cuts, revealing an increase in sensitivity as 
the multiplicity number decreases. This trend leads to comparable out-
comes with simulations, notably for a multiplicity greater than or equal 
to 5. This congruence arises from the absence of optical photon simula-
tions during the simulation phase. Specifically, the peak sensitivity pro-
files for experimental data, employing multiplicity cuts of greater than 
or equal to 5, and simulation data stand at 2.1 cps/kBq and 2.9 cps/kBq, 
respectively, at the detector’s center. While the total system sensitivity in 
the centre of the detector`s FOV for experimental data, employing mul-
tiplicity cuts of greater than or equal to 5 is 1.03 ± 0.02 cps/kBq, and for 
simulation results, it is 1.32 ± 0.03 cps/kBq. Extending the length of the 
plastic scintillator strips and implementing a multi-layer PET scan are 
anticipated strategies to enhance the sensitivity of the Modular J-PET.
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exhibited concordance with the experimental measurements carried 
out on the Modular J-PET scanner.

The sensitivity of a PET scanner depends on the system’s geometric 
acceptance, detection efficiency, and dead time. It means that 
the sensitivity depends on the scintillation decay time, density, 
atomic number, thickness of the detector material, the distance 
between the source and the detector, the diameter of the ring, and 
the number of detectors in the ring. For this reason, PET scanners 
made of LSO or BGO scintillators are more sensitive [40–43]. 
However, PET scans from plastic scintillators are economical. 
On the other hand, Large axial field of view scanner sensitivity 
increases significantly with axial length. The axial arrangement 
of detectors and utilized technology in the J-PET scanner leads 
to increased AFOV in the J-PET detector, just by extending the 
plastic scintillator length. Because the main geometrical difference 
between the J-PET tomograph and other PET scanners is the 
arrangement of scintillators and photodetectors. Also, increasing 
the distance between the detector and the source reduces the solid 
angle and thus decreases the geometric efficiency of the scanner 
and vice versa. Yet, the sensitivity of Modular J-PET may be further 
increased by adding a second detection layer or extending the 
AFOV [6]. The sensitivity of J-PET and crystal PET based scanners 
is evaluated and compared in the reference [40]. The aim of the 
study Modular J-PET scanner with a 50 cm long AFOV provided 
a an intermediate result for the development of cost-efficient Total- 
-Body PET which is able to cover all of the patient’s body [14].

Tab. II.  Comparison of the total system sensitivity and peak sensitivity profile for the simulation and experimental data at the center of detector's FOV and at 
10 cm offset from the center of the detector's FOV.

SOURCE AND PHANTOM 
POSITION EXPERIMENTAL DATA SIMULATION DATA

Total system sensitivity 
(cps/kBq)

In the centre of the detectors 
FOV

Multiplicity cuts ≥ 5 1.03 ± 0.002

1.32 ± 0.03
Multiplicity cuts ≥ 6 0.95 ± 0.002

Multiplicity cuts ≥ 7 0.80 ± 0.001

Multiplicity cuts = 8 0.37 ± 0.001

In the 10 cm offset from the 
centre Multiplicity cuts = 8 0.35 ± 0.003 1.31 ± 0.01

Peak sensitivity (cps/kBq)
In the centre of the detectors 

FOV

Multiplicity cuts ≥ 5 2.1

2.9
Multiplicity cuts ≥ 6 1.9

Multiplicity cuts ≥ 7 1.5

Multiplicity cuts = 8 0.68

In the 10 cm offset from the 
centre Multiplicity cuts = 8 0.62 2.8
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