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Positron emission tomography (PET) is essential in medical diagnostics
and monitoring therapy. The J-PET Collaboration at Jagiellonian Univer-
sity is developing a new generation of Total-Body PET scanners based on
plastic scintillators. One of the Total-Body J-PET designs comprises seven
rings, each consisting of 24 modules. A single module is built of 2 layers,
each comprises of 16 axially arranged plastic scintillator strips of 330 mm
length, read out by silicon photomultiplier (SiPM) arrays from both ends,
and an additional layer of 50 wavelength shifter (WLS) bars, placed per-
pendicular to plastic layers. This study estimates the scatter fraction of
the Total-Body J-PET manufactured from plastic scintillator strips accord-
ing to the NEMA NU 2-2018 standards by using the GATE software. The
scatter phantom was simulated as a solid cylinder with a length of 700 mm
and an outside diameter equal to 203 mm. At the same time, at a radial
distance of 45 mm, we have a hole with a diameter of 6.4 mm where a linear
source with total activity of 1 MBq is placed. For data processing, sino-
grams were generated, and the Single Slice Rebinning (SSRB) algorithm
was used for the scatter fraction calculation. As a result, we estimate that
addition of the WLS layer is increasing the scatter fraction by 0.67%.
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1. Introduction

The Positron Emission Tomography (PET) scanners play a fundamen-
tal role in medical diagnostics and treatment monitoring [1]. A common
PET system is based on the crystal scintillator, the annihilation photons are
registered by the photoelectric effect. The photodetector is located behind
the scintillator in the radial direction [2–11]. Most of the current clinically
available PET scanners have a limited axial field of view (AFOV) around
15–26 cm [3, 12, 13]. Many groups try to improve the performance of PET
scanners by increasing AFOV, e.g. the Jagiellonian Positron Emission Tomo-
graph (J-PET) prototype [4, 14], Penn-PET [15–17], Explorer [18–20], and
Quadra [21, 22]. The J-PET scanner is manufactured from plastic scintilla-
tor strips placed along the Z-axis, where the silicon photomultiplier (SiPM)
is located at the end of the strips, and gamma detection is based on the
Compton scattering [2, 23–29]. Currently, the J-PET Collaboration is de-
veloping a novel prototype of Total-Body scanner with an AFOV larger than
200 cm [14]. J-PET is a multi-photon (multi-gamma) scanner designed for
the standard two-gamma PET imaging [14], as well as for three-photon [30]
and positronium imaging [25, 29, 31–33].

In this article, we estimate the 511 keV gamma scatter fraction increase
due to introduction of the WLS layer in Total-Body J-PET using the Geant4
Application for Tomography Emission (GATE) [34, 35]. The scatter fraction
estimates the detector’s sensitivity to scattered radiation [14, 15, 18]. It is
one of the characteristics defined by the National Electrical Manufacturers
Association (NEMA NU 2-2018) [36].

2. Method

2.1. Geometry

The considered design of the Total-Body J-PET scanner comprises 7 rings.
As shown in Fig. 1, each ring is placed axially next to the other with a 20 mm
gap. Each ring consists of 24 modules with a length of 330 mm and the in-
ner diameter equal to 830 mm. Each module is built out of 3 layers [14]:
the first and third layers consist of 16 plastic scintillator strips with dimen-
sions of 6 mm × 30 mm × 330 mm placed next to each other, while the
second layer is composed of wavelength shifter bars (WLS). The WLS layer
is registering optical photons produced from the interaction of gamma with
the plastic scintillator [37, 38]. The WLS layer can be utilized to improve
the axial resolution and consists of the 50 WLS bars with dimensions of
3 mm× 6 mm× 108.15 mm (see Fig. 1 (D)), which are placed between the
aforementioned two layers and are oriented perpendicularly to the plastic
scintillators [37].
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Fig. 1. Schematic view of simulated Total-Body J-PET. (A) The front view of the
scanner, with the 830 mm inner diameter detection ring consisting of 24 modules.
(B) The scanner consists of 7 detection rings with a length of 330 mm and a 20 mm
gap between the rings for a total AFOV of 2430 mm. (C) Each module consists of
2 layers with a total of 32 strips of plastic scintillators (6 mm × 30 mm × 330 mm)
with a thickness of 30 mm and width equal to 6 mm (shown with blue strips in the
picture), and additional 50 bar strips (3 mm × 6 mm × 108.15 mm) called WLS
(shown with the red strips in the picture). (D) The orientation of the WLS strips
inside the module.

2.2. Simulation tools

In this study, simulations were performed by using the GATE [34, 35]
version 9 based on the Geant4 version 4.10.06 with the digitizer “simulation
toolkit”, the analysis process is based on the coincidences part of the digitizer
output. The energy window larger than 200 keV (see Fig. 2) in the fixed
time window of 3 ns was selected [24]. Two simulations have been performed
to evaluate the WLS layer’s effect in the Total-Body J-PET configuration.
The first simulation concerned Total-Body J-PET with the presence of a
WLS layer, and the second one was performed without it.

2.3. Scatter fraction

The scatter fraction is one of the essential parameters according to
the NEMA NU 2-2018 [2, 36]. The PET scanner scatter fraction estimates
the detector’s sensitivity to scattered radiation [14, 15, 18]. It is expressed
as a ratio between the scattered coincidences and the sum of scattered and
true coincidences [14, 15, 18, 39]. According to the NEMA standard, scat-
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Fig. 2. Energy distribution of the gamma photons registered in coincidences.
(A) Energy distribution before applying energy cuts in logarithmic scale. (B)
Energy distribution after applying the energy cuts in the fixed time window.

Fig. 3. Top: Simulations result for the Total-Body J-PET scanner without the WLS
layer. Bottom: Simulations result for the Total-Body J-PET scanner with the WLS
layer; with the 70 cm long source and 1 MBq total activity. Left: Sinogram for
a whole scanner (vertical palette shows the counts). Right: Aligned to zero and
summed sinogram.
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ter fractions should be calculated by using SSRB algorithm. The SSRB
algorithm is based on the divided space inside the scanner into N virtual
slices and N2 oblique sinograms [2]. They are generated for the variation
of the line of response (LOR). One can use the SSRB algorithm to obtain
2N − 1 rebinned sinograms [2, 40]. In the next step rebinned sinograms are
summed into one sinogram (see left panel of Fig. 3), and all projections are
aligned in zero and summed with a maximum amount of counts to obtain a
one-dimensional profile (see right panel of Fig. 3). The area below the line
crossing two points at ±20 mm demonstrates the scatter coincidences and
over that line, true coincidences [2].

To calculate the scatter fraction, a scatter phantom was simulated.
NEMA NU 2-2018 requires a phantom with a 700 mm length for scanners
with AFOV smaller than 65 cm [36] and for longer AFOV, a phantom of
the same or longer length [18]. The simulated phantom is a solid cylin-
der composed of polyethylene [2, 14, 15, 18] with a specific gravity of 0.96
(Fig. 4). The phantom had a length of 700 mm and an outside diameter
of 203 mm, and in parallel to the axis of the cylinder, a hole for the line
source, with an outside diameter equal to 6.4 mm is drilled through the
whole phantom at a radial distance of 45 mm [2, 14]. The line source was
inserted in the hole with an outside diameter equal to 3.2 mm and a length
of 700 mm (Fig. 4 (A)). In the simulation, the source of back-to-back an-
nihilation photons with an activity of 1 MBq was used. Also, the NEMA
norm mentions that for the scatter fraction simulation, the number of ac-
quired prompt coincidences must be at least 500 000. Prompt coincidences
are coincidence events acquired in PET such, as true, scattered, and random
coincidences [36]. In presented studies, the number of prompt coincidences
amounted to 758 000.

Fig. 4. (A) Schematic view of the simulated phantom model. (B) Top view of the
simulated phantom position in the center of the scanner.
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3. Result

To extract the true coincidence from all coincidences, the energy larger
than the fixed energy threshold (200 keV) was applied. It led to reduc-
ing the 88.9% of the scatter and random coincidences. Figure 2 (A) displays
the energy distribution for this simulation before applying energy cuts, and
Fig. 2 (B) displays the energy distribution after applying the energy cuts.
Figure 3 presents the results obtained by using the method based on dividing
FOV into 10 mm slices and plotting sinograms for each slice. The Scatter
fraction approach was calculated according to NEMA NU 2-2018. Esti-
mated scatter fraction for Total-Body J-PET with the WLS layer is equal
to (45.09±0.04)% and without the WLS layer is equal to (44.42±0.05)%. In
the presence of WLS, the number of scatter coincidences to total coincidence
increases due to introduction of additional material in the scanner.

4. Conclusion

Two models of Total-Body J-PET were simulated to estimate the scatter
fraction in the WLS layer according to the NEMA NU 2-2018. Two sim-
ulation studies were evaluated with and without the WLS layer inside the
detection modules. In this study, the scatter phantom was used with the
source of back-to-back annihilation photons with an activity of 1 MBq. Sim-
ulations were performed using the GATE with the digitizer simulation toolkit
utilized. The analysis process is based on the coincidences part of the dig-
itizer output with the SSRB algorithm. The scatter fraction is expressed
as a ratio between the scattered coincidences and the sum of scattered and
true coincidences. The final results showed that when Total-Body J-PET
has an additional WLS layer, the scatter fraction increases only by around
(0.67±0.06)%. In other words, in the presence of the WLS layer, the ratio of
scattering coincidence to total coincidence increases which means that the
signal-to-noise ratio is worse. The achieved result for the scatter fraction
of the Total-Body J-PET with and without WLS are comparable with the
existing tomographs. The scatter fraction for Biograph Vision Quadra with
106 cm AFOV is 36% [21] and for PennPET uExplore with 76.4 cm AFOV
is 32% [7].
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