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ABSTRACT
Objective: Positron emission tomography (PET) scanners with plastic scintillators offer 
more cost-effective instrumentation to image the distribution of radiopharmaceuticals. 
However, inter-detector scatters among plastic scintillators can lead to more false 
coincidences than in conventional PET scanners, since annihilation photons in plastic 
scintillators dominantly interact via Compton scattering, which deposits only a portion 
of the photon energy. A scatter test (ST), combined with a lower energy deposition 
threshold of 200 keV, has been used to preselect the coincidence events.
Methods: In this work, we investigate the impact of temporal and spatial resolution 
limitations as well as a variation of the energy threshold on the preselection and 
different subsequent coincidence event selection policies via Monte Carlo simulations. 
We simulate the total-body Jagiellonian-PET (TB-J-PET), combined with a brain PET 
insert imaging a human-sized water phantom.
Results: We find that coincidence time resolution (CTR) worse than 200 ps poses 
limitations on the ST for scanners close to the patient, such as the brain PET. Also, 
coincidence event selection requiring energy loss higher than 200 keV performs sub-
optimally, whereas a lower energy threshold (50 keV), combined with a time-based 
selection policy, can capture a higher percentage of true events, even under realistic 
time resolution.
Conclusions: We recommend the adaptation of a time-based event selection policy 
together with a lowered energy threshold, which can also significantly increase 
sensitivity, as the latter rises faster than the fraction of true and non-phantom- 
-scattered events decreases. Dedicated analyses in the scatter-corrected image 
domain are necessary to further investigate this potential.
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LIST OF ABBREVIATIONS

BGO – bismuth germanium oxide
CDF – cumulative distribution function
CTR – coincidence time resolution
FOV – field-of-view
FWHM – full width at half maximum
GATE – Geant4 application for tomographic emission
J-PET – Jagiellonian positron emission tomography
LOR – line of response
LSO – lutetium oxyorthosilicate
MC – Monte Carlo
SiPMs – Silicon PhotoMultipliers
ST – scatter test
STR – single time resolution
TB-J-PET – total body J-PET
WLS – wavelength-shifting

INTRODUCTION

The J-PET collaboration (Jagiellonian positron emission tomog-
raphy) is working towards the realisation of a large field-of-view 
(FOV) total body J-PET (TB-J-PET) scanner [1–4]. TB-J-PET,  
similarly as current clinical total-body PET scanners [5–9], will 
provide, among other things, low-dose imaging, short scan 
times, and dynamic imaging. In addition, it will also enable to-
tal-body positronium imaging [10, 11] and total-body quantum 
entanglement imaging [12, 13]. The key distinctive feature, i.e., 
the utilisation of cost-effective plastic scintillators over con-
ventional crystals, such as bismuth germanium oxide (BGO) or 
lutetium oxyorthosilicate (LSO), could facilitate a wider adop-
tion of large FOV scanners [1]. The TB-J-PET follows the de-
velopment of a prototype scanner built from plastic scintilla-
tor strips read by vacuum tube photomultipliers [14–16] and 
a portable modular scanner read by Silicon PhotoMultipliers 
(SiPMs) [11, 17, 18].

Simultaneously, the molecular insights provided by specific 
radiotracers have motivated the development of dedicated brain 
PET scanners. Maps of serotonin [19] or kappa receptors [20], 
kinetic modeling [21], and the diagnosis of neurological diseases, 
such as dementia [22] or cancer [23], are some of the applications 
for brain PET scanners. Various scanner geometries have been 
proposed and developed, ranging from the conventional cylindrical 
shape to more exotic helmets with horizontal or seated patient 
positioning [24–34]. Comprehensive overviews of brain PET 
scanners are also available in the literature [35–38]. In ongoing 
studies [39], we are characterising the sensitivity as well as the 
spatial resolution of the TB-J-PET, combined with a brain PET 
insert also built from plastic scintillators. 

In this work, we investigate realistic coincidence event selection, tak-
ing into account temporal and spatial resolution limitations. When-
ever multiple hits (detected interactions of single photons with the 

scanner) occur within a coincidence window, coincidence event  
selection – or simply event selection – determines which coin-
cidence is chosen. We aim to bridge the gap between the pro-
cessing and analysis of Monte Carlo (MC) simulated data and 
experimental data by exploiting the same techniques routine-
ly used for the latter [11]. This study is primarily aimed at the  
TB-J-PET combined with a brain PET insert, yet our conclusions 
and proposed event selection approach can also be applied only 
to the TB-J-PET and other plastic scintillator-based scanners. The 
primary parameters under investigation are the energy window 
(particularly the lower energy threshold) and the coincidence time 
resolution (CTR). 

Regarding the energy window, hits are only considered if they 
deposit an amount of energy that lies within a certain energy 
range. For conventional crystal PET scanners that can absorb the 
annihilation photons entirely through, e.g., the photoelectric effect, 
the energy window is chosen to be narrow (some tens of keVs) 
around the 511 keV photopeak, with some variability between 
different vendors [7, 40–43]. Occasionally, variations of the energy 
window are investigated [44, 45]. For plastic scintillators, however, 
a selection around a simple photopeak is not possible due to 
the broad energy deposition spectrum of Compton scattering, 
as described by the Klein–Nishina formula. The largest possible 
energy deposition is given by the Compton edge, at  511 keV 
≈ 341 keV. An upper energy threshold is thus not usually set, 
unless high-energy photons (prompt gammas) are involved [46]. 
Previous studies settled on the lower energy threshold of 200 keV 
[2, 4, 47–50], aiming to reduce noise due to scattering within the 
patient’s body and the detector. In this work, we systematically 
investigate a variation of the lower energy threshold and its impact 
on scatter fraction as well as sensitivity.

Finally, in contrast to a more conventional energy-based event 
selection, we propose a time-based event selection, potentially 
leveraging the excellent time resolution potential of plastic 
scintillators [51]. For this purpose, we considered a range of 
CTRs up to 600 ps (guided by experimental limitations [52]) and 
analysed as well as compared the efficiencies of different policies.

MATERIALS AND METHODS

The following section describes the conducted MC simulations 
and subsequent data analysis.

Monte Carlo simulation

MC simulations were conducted via the Geant4 application for 
tomographic emission (GATE) [53–57]. We used version v9.4, 
which enables the simulation of multidetector geometries and 
draws coincidences between them (available since v9.3 [58]). In 
addition, we patched v9.4 in three places to resolve some issues. 
Details are described in Appendix A. 
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The geometry under investigation is depicted in Fig. 1. The dimensions 
of the TB-J-PET were taken from the latest design, comprising 
two rings of 33-cm axial length and three rings of 60 cm [59].  
The distance between the two TB-J-PET scanners was 2 cm, equal 
to the spacing between the rings. The brain insert features smaller 
scintillators for increased spatial resolution. In particular, they were 
narrower (4 mm instead of 6 mm) and had a smaller depth (18 mm 
instead of 30 mm). Detailed dimensions are listed in Tab. I.

We simulated a water phantom comprising two cylinders. One 
represents a human body (from the neck down) with a length of 
1.51 m and a diameter of 40 cm. The other represents a human 
head with a diameter of 20 cm and the same length as the brain 
insert, i.e., 33 cm. The chosen dimensions are roughly guided 

by median human measures, though generously rounded. Data 
from the ANSUR II study [61] provides median human measures 
(female/male [mm]). From the head breadth (147/154) and head 
length (190/200) we chose the 200-mm head cylinder diameter. 
From the bi-deltoid breadth (450/509) and hip breadth (353/344), 
we chose the body cylinder diameter of 400 mm. The difference 
between the stature and the acromial height (293/315) justifies 
the head cylinder length of 330 mm. Only the acromial height 
(1332/1439) slightly deviates from the chosen body cylinder 
height of 1510 mm, which was chosen based on symmetry, i.e., 
the distance between the phantom edge and the TB-J-PET edge is 
equal on both sides. We simulated an overall activity of 1 MBq for 
the entire phantom to reduce the number of random events. We 
ran the simulation for 100 s, which we deem sufficient statistics. 

Tab. I. �Geometric parameters of the scanners depicted in Fig. 1. Wavelength shifters (WLSes) were used to enhance the axial resolution [60].

PARAMETER [UNIT] TB-J-PET UPPER BODY TB-J-PET LOWER BODY BRAIN INSERT

Scanner

Radius [mm] 446.6 448.1 164.6

Axial length [mm] 680 1840 330

Axial offset [mm] 930 –350 755

Ring length [mm] 330 600 330

Gap between rings [mm] 20 20 –

Number of rings 2 3 1

Number of modules 24 24 12

Within each module: active layers

Number of layers 2 2 2

Radial offset [mm] ± 16.8 ± 18.3 ± 11.3

Transaxial repetitions 16 16 16

Transaxial spacing [mm] 0.6 0.6 0.6

Each scintillator

Radial size (depth) [mm] 30 30 18

Trans-axial size (width) [mm] 6 6 4

Axial size (length) [mm] 330 600 330

Within each module: WLSes

Number of layers 1 1 1

Radial offset [mm] 0 0 0

Axial repetitions 50 90 75

Axial spacing [mm] 0.4 0.4 0.4

Each WLS

Radial size (depth) [mm] 3 6 4

Trans-axial size (width) [mm] 108 108 75

Axial size (length) [mm] 6 6 4

http://WWW.BAMSJOURNAL.COM 


BIO-ALGORITHMS AND MED-SYSTEMS, 2025; (SPECIAL ISSUE NEW TRENDS IN NUCLEAR AND MEDICAL PHYSICS): 1-12 4

MARTIN RÄDLER, PAWEŁ MOSKAL: OPTIMISING EVENT SELECTION FOR TOTAL-BODY J-PET WITH A BRAIN PET INSERT

caused by one photon. In that case, the quantity ST ≡ |r2 − r1|  
− (t2 − t1)c0 vanishes, where r1 & r2 and t1 & t2 are the interaction 
positions and the times of the two coinciding events, respectively, 
and c0 is the speed of light. Due to the inherent time sorting 
of GATE, t2 − t1 ≥ 0. For true events ST ≳ 0, whereas false 
coincidences have ST ≲ 0. ST is subject to spatial and temporal 
resolution. For the former, instead of using the exact interaction 
positions, we used the radial and trans-axial scintillator centres. 
Since the axial position is reconstructed in J-PET detectors [15, 60],  
we added an axial uncertainty with a FWHM equal to the WLS 
dimensions (see Tab. I.). At the scintillator edges, the blurring was 
done according to a truncated normal distribution. 

We referred to the coincidences remaining after the first two steps 
as the “preselected GATE coincidences”. From them, we obtained 
the multiplicity. For this purpose, we looped through the list of 
coincidences and grouped them, if they have shared Singles. 
For instance, consider four coinciding Singles at sorted times 
t0, t1, t2, and t3 such that t3 − t0 < 4 ns (all within one coincidence 
window). For this case, where the multiplicity m is equal to four, 
GATE can draw at most m(m − 1)/2 = 6 coincidences. Consequently, 
we group these at most six coincidences together and assign them 
a multiplicity of four. The time sorting within the group (which 
will be more important for the event selection policies described 
below) is in our example as follows:

Coincidence number 1 2 3 4 5 6

Single event index 1 0 0 0 1 1 2

Single event index 2 1 2 3 2 3 3

The final step was the event selection using different policies.  
Our guiding principle was to choose exactly one event per 
multiplicity group. In this work, we studied the following four 
event selection policies:

We assigned an activity of 948,195 Bq to the body cylinder and 
51,805 Bq to the brain cylinder, which corresponds to equal activity 
concentration. We simulated isotopically distributed back-to-back 
events with monoenergetic energies of 511 keV.

For the digitiser, we decreased the lower energy threshold from the 
usual 200 keV to 50 keV, keeping the energy resolution of 23% at 
the reference energy of 200 keV. Note that “Hits” in experimental 
J-PET studies corresponds to Singles [62] in the GATE naming 
convention. We do not refer to the Hits in GATE. We introduced 
time resolution on the Singles via Gaussian blurring. The relation 
between the single time resolution (STR) and the CTR is given 
as CTR = , where S indicates geometry-related time 
spread due to depth-of-interaction. Without explicit modeling of 
the latter, CTR =  STR. To simulate CTRs of 0, 200, 400 and 
600 ps, we set the full width at half maximum (FWHM) of the 
Singles to 0, 200/ , 400/ , and 600/   ps. We only exported 
coincidences but removed any further filtering from GATE by 
choosing the policy takeAllGoods. Consequently, Singles 
can be used multiple times in different coincidence entries. We 
applied a coincidence window of 4 ns, which were simultaneously 
and individually opened for each single event (GATE setting: 
allDigiOpenCoincGate true). 

We ran a total of eight different simulations: four each with and 
without the phantom for the four different CTRs. All simulations 
used the same phantom-sized source.

Data analysis

The flowchart of our data analysis is shown in Fig. 2. The “Exported 
raw GATE coincidences” were stored in the .root output files 
from GATE. Any further processing was carried out via Python.

The first step, i.e., to “remove coincidences in neighboring sec-
tors” does in principle the same as minSectorDifference [62] 
from GATE, making sure not to remove coincidences with close 
rsectorID’s that are in different scanners (see Appendix A). In 
particular, we set a minimum sector difference of two, i.e., coinci-
dences cannot occur in the same or nearest neighboring sectors but 
are allowed in the next to nearest neighbor sectors and onwards.

In the next step, we conducted a Scatter Test (ST), which aims to 
check and exclude coincidences that are light-like and thus likely 

Fig. 1. PET scanner geometry and phantom simulated with GATE.

1510 330

400

200

Fig. 2. Flowchart of our data analysis.

Exported raw GATE coincidences

Selected GATE coincidences

Remove coincidences in neighboring sectors

Remove coincidences failing the scatter test

Preselected GATE coincidences

Organise coincidences into multiplicity groups

Select one coincidence per multiplicity group

STR2 + S2)
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•	 Ideal: Choose all true coincidences within each multiplicity 
group; if no true coincidences are present, choose the 
first in the group.

•	 Time-based: selection → threshold (sel. → thresh.).Choose 
the first coincidence of each multiplicity group from the 
complete dataset and the threshold based on energy.

•	 Time-based: threshold → selection (thresh. → sel.). 
Choose the first coincidence of each multiplicity group from 
dataset that remains after applying the energy threshold.

•	 Energy-based: Choose the coincidence with the highest 
total energy deposited (E1 + E2).

The ideal policy will not be 100% true, since there are multiplicity 
groups that have no true coincidences among them. Furthermore, 
the difference between the two time-based approaches is that the 
event selection is made given different amounts of data. The time- 
-based sel. → thresh. – approach chooses the coincidences once 
with the data reached a threshold of 50 keV and progressively 
excludes them when the energy threshold is raised. The time- 
-based thresh. → sel. – approach make its choice dependent on 
the data that is left at the given energy threshold. Finally, there are 
different energy-based event selection polices possible besides 
the one listed above. For instance, one could always choose 
the coincidence that involves the event with the highest energy 
deposition paired with the event that deposited the highest 
amount of energy among its possible partners. For example, say 
one multiplicity group features a coincidence with Ea,1 = 270 keV  
and Ea,2 = 100 keV, as well as a coincidence of Eb,1 = 200 keV and 
Eb,2 = 180 keV. While Eb,1 + Eb,2 is larger, it does not feature the event 
with the largest energy deposition of Ea,1. We also implemented this 
alternative energy-based coincidence selection policy and found that 
there is practically no difference in the chosen energy-based policy.

We analysed the quality of the different event selection polices by 
the percentage of true coincidences chosen. For the simulations 
without the phantom, a true coincidence originated from the 
same annihilation (eventID1 = eventID2 [62]), underwent 
zero Rayleigh scatterings in the detector (RayleighCrystal1 
= RayleighCrystal2 = 0) and exactly one Compton scatter 
(comptonCrystal1 = comptonCrystal2 = 1) for each 
of the two Singles (The present utilisation of the Compton 
and Rayleigh counts underlines the importance of the last patch 
described in Appendix A.). For the simulations that include the 
water phantom, we distinguish between true in detector, which 
corresponds to the previous one, and true in phantom, which means 
that none of the two photons involved scattered in the phantom.

In particular, both comptonPhantom1 = comptonPhantom2 
= 0 and RayleighPhantom1 = RayleighPhantom2 = 0 are 
necessary for the latter. When referring to just true coincidences 
for the simulation with the phantom, they must be both true in 
the detector as well as in the phantom.

Finally, we assessed the error of phantom scattered coinci-
dences via the minimum distance between the source point 

ps and the line of response (LOR) passing through the points 
p1 and p2: 

	 dmin = |(ps − p1) × (p2 − p1)| / |p2 − p1|, 	 (1)

where p1 and p2 are the exact interaction positions (globalPos 
<X, Y, Z><1, 2> [62]) such that true coincidences have 
a vanishing dmin. This analysis was only conducted for non-random 
coincidences, i.e., those that have a common ps.

RESULTS

The order of results presented in this section follows the one outlined 
in Fig. 2. Recall that simulations without phantom refer to simulations 
that do not feature the water phantom. Nevertheless, the same-sized 
uniform back-to-back annihilation photon source is still present.

Preselection   

The results of the first two steps of Fig. 2. are shown here. With 
a minimum sector difference of two, about 45% of the coincidences 
of the data without the phantom and about 54% of the data with the 
phantom were rejected. Naturally, the latter did not depend on time 
resolution. The distribution of the ST of the remaining coincidences 
without and with the phantom are shown in Fig. 3. and 4. A natural 
lower threshold on the ST (excluding events below the threshold) 
would be to choose the first minimum after the main peak at zero. 
The thresholds are indicated by black vertical lines. However, due to 
the increasing overlap between the scattered and true events, we 
set a maximum threshold value of 10 cm on the ST. This primarily 
affected simulations with a CTR larger than 200 ps. The percentages 
of the coincidences that passed the scatter test are listed in Tab. II.

Fig. 3. �Distribution of the scatter test without the phantom for different CTRs. 
The colored true coincidences are divided into the combination of both 
scanners (Comb.), both events in the TB-J-PET (TB-TB), one in the TB- 
-J-PET and brain insert each (TB-BI), and both in the brain insert (BI-BI). 
All histograms of a given time resolution are normalised with respect 
to integral along the ST of all coincidences (black). The insert shows  
a closeup focused on the data that involves the brain insert.

CTR [ps]
(FWHM)

http://WWW.BAMSJOURNAL.COM 


BIO-ALGORITHMS AND MED-SYSTEMS, 2025; (SPECIAL ISSUE NEW TRENDS IN NUCLEAR AND MEDICAL PHYSICS): 1-12 6

MARTIN RÄDLER, PAWEŁ MOSKAL: OPTIMISING EVENT SELECTION FOR TOTAL-BODY J-PET WITH A BRAIN PET INSERT

Coincidence selection: performance analysis

As outlined in Fig. 2., we first need to organise the data into 
multiplicity groups before the coincidence selection. The distribution 
of the multiplicity is shown in Fig. 5.

Fig. 6. presents the performance analysis in terms of the percentage 
of true coincidences for the different policies and time resolutions, 
together with an estimate of sensitivity for the simulations without 
the phantom. The equivalent results from the simulations that 
involve the phantom are shown in Fig. 7. There we also added the 
percentage of non-phantom-scattered coincidences. In addition, 
since a non-negligible portion of photons undergoes very minor 
phantom scattering, we also added a more tolerant estimation of 
non-phantom-scattered coincidences. If the LOR passes close to the 

Fig. 5. �Multiplicity distribution for different time resolutions with (w/) 
and without (w/o) phantom. The insert shows the same data 
logarithmically scaled.

CTR [ps] (FWHM)

Fig. 4. �Distribution of the scatter test with the phantom for different CTRs. 
Details as in the caption of Fig. 3. Recall that True coincidences (in 
detector) means that the coincidences still might have undergone 
phantom scatters.

CTR [ps]
(FWHM)

common annihilation point with a tolerance of dmin ≤ 3 mm (based on 
the order of the expected spatial resolution), it is still considered non-
-phantom scattered. This tolerance is added since an experimental 
scatter fraction measurement would not be able to distinguish small- 
-angle phantom scatters from non-scattered coincidences.

Coincidence selection: error analysis

In addition to quantifying the efficiency via the percentage of true 
coincidences, we also studied the error of the incorrectly identified 
coincidences via dmin, as defined in Eq. (1). The dmin distributions 
are shown in Fig. 8. for the ideal time resolution case. We focus on 
dmin ≥ 10−4 mm (only the erroneous ones) and show their median 
for all policies and time resolutions in Fig. 9. as a function of the 
energy threshold. 

Finally, we also investigated the amount of error introduced by 
phantom-scattered events.

Tab. II. �Percentage of events passing the scatter test. The threshold is 
chosen to be at the first minimum after zero, yet no larger than 
10 cm.

CTR [ps] 0 200 400 600

Without phantom [%] 73.1 72.7 73.2 74.6

With phantom [%] 64.9 63.4 63.7 65.4

Fig. 6. �Sensitivity and efficiency of different coincidence selection policies 
as a function of the time resolution as well as the energy threshold 
in the scenario without the scattering phantom. In the upper panel, 
Nc indicates the number of coincidences. The data is normalised to 
the value of Nc at 200 keV.

CTR [ps]
(FWHM)

Time-based:
thresh. ➞ sel.

Time-based:
sel. ➞ thresh.
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Time-based:
thresh. ➞ sel.

Time-based:
sel. ➞ thresh.

amount of detector scatters. However, with the distribution of the 
ST shown in Fig. 3. and 4., we have pointed out its limitations for 
geometries that involve brain PET scanners with realistic time 
resolution. In particular, in Fig. 3. and 4. we see how the sharp peak 
of scattered events at ST = 0 gradually widens with worsening 
CTR. Thereby, the scattered coincidences spill into the domain of 
true events, as shown with the colored distributions. Excluding 
the majority of the scattered events by setting the threshold at 
the first minimum after the main peak (black vertical lines), which 
move out with increasing CTR, would also cut true events from the  
brain PET insert. In particular, at a CTR of 600 ps, about half of  
the BI-BI coincidences would be systematically removed, i.e., primarily 
affecting the coincidences from the outer edge of the phantom. The 
reason for this is that the brain PET scanner is significantly closer to 
the phantom than the TB-J-PET, such that true and scattered events 
can become indistinguishable. To avoid this issue, a maximum ST 
threshold value of 10 cm was chosen, which primarily affected the 
data from time resolutions above 200 ps. Generally, the maximum 
threshold value should be guided by the distance between the 
diameter of the scanner and the diameter of the imaged object 
(compare the brain insert parameters from Tab. I. to the phantom 
parameters shown in Fig. 1.). One could also choose a separate ST 
threshold for the TB-J-PET. Notice how the difference between 
the TB-J-PET ring diameter and the body phantom diameter is 
roughly equal to the ST value, where the distribution of true TB-
TB coincidences rises (at about 45 cm). The impact of keeping the 
ST threshold below 10 cm is also shown in Tab. II. The ST passing 
percentage first decreases from 0 ps to 200 ps CTR, due to the 
moving threshold and an overlap with the events situated between 
roughly 0 and 10 cm. However, from 400 ps onward, the passing 
rate increases due to the fixed threshold and scattered events 
spilling beyond 10 cm. In this scenario, we are forced to accept 
more scattered events, which need to be filtered out in a later stage. 

The distribution of the multiplicity determined after the preselection 
was shown in Fig. 5. Recall that we only exported coincidence 

Therefore, we conducted the same analysis as shown in Fig. 8., 
with the data from the simulations that involve the water phantom 
and filter for the phantom-scattered coincidences (Fig. 10., 11.).

DISCUSSION

The ST is an important event selection tool, especially for PET 
detectors built from plastic scintillators that suffer from a significant 

Fig. 8. �Distributions of dmin as defined in Eq. (1) for the different coincidence 
selection policies for the ideal time resolution of (CTR = 0 ps),  
using the simulation without the phantom.

Fig. 7. �Same as Fig. 6. with the phantom. “True in phantom” refers to 
the non-phantom-scattered coincidences. Details of the tolerant 
estimate are in the text.

CTR [ps]
(FWHM)

Time-based:
thresh. ➞ sel.

Time-based:
sel. ➞ thresh.

Fig. 9. �Median of the distributions shown in Fig. 8. for all time resolutions 
under investigation.

CTR [ps]
(FWHM)

Time-based:
thresh. ➞ sel.

Time-based:
sel. ➞ thresh.

http://WWW.BAMSJOURNAL.COM 
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between successive multiplicities), likely due to the different 
scanner geometry, i.e., using two-layer versus one-layer. At 
higher multiplicities the decline is steeper than in [11], since 
experimental data has a background of cosmic radiation, which 
is more prominent at higher multiplicities. Furthermore, time 
resolution has naturally little to no impact on the shape of the 
distribution. The simulations that involve the water phantom have 
a tendency towards lower multiplicity due to the photons that are 
absorbed in the phantom.

The key outcomes of this work are shown in Fig. 6. and 7. The rising 
number of coincidences, as shown in the upper panels, depends 
only very weakly on the CTR and coincidence selection policy. 
However, a significant difference is between the simulation with- 
out and with the water phantom. For the latter, Nc(E) rises faster 
when the energy threshold is lowered. This effect can primarily 
be attributed to phantom scattering, which effectively lowers 
the energy of the annihilation photons (and changes their path) 
so that more events can be found at lower energies. This is also 
reflected in the decreasing fraction of non-phantom scattered 
events, as shown in the bottom panel of Fig. 7. Generally, increasing 
sensitivity provides an incentive to lower the energy threshold. 
For the data without the scattering phantom, compare Nc(E)/
Nc(200 keV) to the percentage of true events for the ideal event 
selection. For example, at a threshold of 100 keV, the sensitivity 
has more than doubled (compared to the case where the threshold 
is at 200 keV), while the percentage of true coincidences drops 
by only a couple of percent. (In other words, the blue lines in 
the bottom panel of Fig. 6. are relatively flat ). Nevertheless, 
for the more realistic scenario that involves a phantom, we 
also need to take the percentage of scattered coincidences 
into account. Unfavorably, the fraction of non-phantom- 
-scattered coincidences decreases for  lower energy 
thresholds, even more so for the more tolerant estimate 
(see the bottom panel of Fig. 7.). However, this needs to be 
contrasted with the rise in sensitivity. Consider the same 
example as before. At 100 keV the sensitivity has roughly 
increased fivefold, whereas the fraction of non-phantom- 
-scattered coincidences decreases by less than half. Whether 
lowering the energy threshold in order to increase sensitivity does 
more harm than good due to increased phantom scattering needs 
to be investigated further. Analyses of image reconstructions with 
different data sets using different energy thresholds are necessary. 
Also, dedicated energy-threshold-dependent scatter correction 
would be needed. Both are beyond the scope of this work.

We continue with the performance of different coincidence 
selection strategies shown in the bottom panel of Fig. 6. The 
following holds also for “true in detector” from the bottom panel of 
Fig. 7. Firstly, the graphs for time-based: sel. → thresh. and time- 
-based: thresh. → sel. for each CTR meet at 50 keV, as expected, 
and are thus consistent with their respective definitions. What is 
remarkable is that under ideal time resolution, the time-based: 
sel. → thresh. – approach performs almost optimally, i.e., the solid 
blue and orange curves are practically overlapping.

events so that there was no multiplicity of one. This approach is 
significantly more efficient in terms of data storage and memory, 
since a large fraction of the data usually constitutes the superfluous 
multiplicity one events. This is also advantageous, considering 
that more data needs to be stored when lowering the energy 
threshold to 50 keV. Generally, the distributions shown in Fig. 5.  
approximately follow the exponential falloff. However, the 
multiplicity shown in this work initially decreases less rapidly 
than in, e.g., [11] (counts usually drop by about a factor of five 

Fig. 10. �Distributions of dmin as defined in Eq. (1) for the different coinciden-
ce selection policies for the ideal time resolution of (CTR = 0 ps),  
using the simulation with the phantom, filtered for phantom- 
-scattered events.

Time-based:
thresh. ➞ sel.

Time-based:
sel. ➞ thresh.

Fig. 11. �Analysis of the distributions shown in Fig. 10. for all time 
resolutions under investigation.

CTR [ps] (FWHM)

Event selection

Time-based: thresh. ➞ sel.
Time-based: sel. ➞ thresh.
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(as shown in Fig. 6.), but also the misclassified events have a larger 
median deviation by up to 3 mm. Moreover, while we could see 
a clear decrease in the percentage of true events with worsening 
CTR (time-based: sel. → thresh. in Fig. 6.), we do not see significant 
differences of the median dmin. In fact, all CTRs are close to the 
ideal standards.

Finally, we ran a similar analysis for the scattered events (see 
Fig. 10. and 11.). Differences between different policies and 
CTRs are small, so we focus only on the general trend. As seen 
in the upper panel of Fig. 11., the lower the energy threshold, the 
larger phantom-scatter-related errors, which is consistent with 
expectations. In the following, we have chosen a cutoff value of 
6 mm. This value is related to the ± 3 mm tolerance we showed 
in Fig. 7., where we assumed that one could not experimentally 
differentiate between true and small scatter events. In that order 
of magnitude, we assumed the spatial resolution of the scanner. 
We assume the scattered events with deviations below 6 mm 
to be most detrimental to spatial resolution, causing blurring in 
the immediate vicinity of an active region. In the middle panel of 
Fig. 11. we see that the absolute number of such close scatters 
increases with a lower energy threshold. However, the relative 
number shown in the panel below decreases, meaning that their 
contribution diminishes statistically. However, as mentioned 
previously, this aspect needs to be investigated in a separate work, 
involving dedicated phantoms and scatter correction algorithms. 
Finally, recall that we ran our simulations at a relatively low activity 
of 1 MBq to suppress random coincidences. Although appropriate 
for this proof-of-principle study, future work should also examine 
higher and more clinically relevant activities.

CONCLUSIONS

In this work we have used MC simulations to investigate the impact 
of temporal and spatial resolution limitations on preselection and 
different event selection policies for a combined TB-J-PET and brain  
PET insert scanner. Firstly, we have pointed out that a CTR worse 
than 200 ps poses limitations to the scatter test. In particular, with 
the brain PET insert being significantly closer to the patient, true 
and scattered events become increasingly indistinguishable with 
poorer CTR. In order not to systematically remove brain PET events, 
one must tolerate a larger scattering background. Secondly, we 
find that the usual lower energy threshold of 200 keV together 
with a conventional energy-based event selection policy performs 
sub-optimally. On the contrary, a time-based policy, together with 
an energy threshold down to 50 keV, performs almost ideally 
under ideal CTR, and still better than an energy-based approach, 
even under worse CTR. Also, the error of the false coincidences, 
as quantified via the minimum distance between the source point 
and the LOR, is lower with the time-based policy. Thereby, one can 
potentially leverage the excellent time resolution potential of plastic 
scintillators. Generally, a significant increase in sensitivity could 
be achieved by lowering the energy threshold. Both the fraction 
of true events as well as the fraction of non-phantom scattered 

Naturally, the performance of time-based: sel. → thresh. decreases 
with worsening CTR, as the correct first event can no longer be 
assessed accurately. Nonetheless, the performance of time-based: 
sel. → thresh., even for a CTR of 600 ps, is better than the time- 
-based approach with limited data (time-based: thresh. → sel.) and 
the energy-based approach. Specifically, considering an optimistic 
CTR of 200 ps and maintaining an energy threshold at 200 keV 
to keep the number of scatters low, we find that the time-based: 
sel. → thresh. policy performs about 10 percent better than the 
energy-based approach. Moreover, notice how time-based: thresh. 
→ sel. and the energy-based policies behave almost identically 
above 200 keV. The reason for this is twofold. Firstly, both policies 
do not take the information from lower energy events into account. 
Secondly, due to the nature of Compton scattering, it impossible 
for an annihilation photon with 511 keV to deposit more than  
200 keV twice. In fact, the highest possible energy a single  
511 keV photon can deposit twice via Compton scattering is 
equal to (7 − )/8 mec2 ≈ 184 keV. (This also motivated the 
reference value of 200 keV in an effort to reduce detector scatters). 
Consequently, time-based: thresh. → sel. and energy-based policies 
are equal above 184 keV, since there are not many coincidences 
to choose from in each multiplicity group in the first place. At this 
stage it is more relevant to know which events to discard and which 
are done with time-based: sel. → thresh. by taking low-energy 
scattering into account. Therefore, a time-based coincidence 
policy is only beneficial if low-energy events are not discarded. 

In Fig. 8. and 9. we have analysed the incorrectly attributed 
coincidences, ranging from 35 to 5% of the data, depending on 
event selection policy and CTR. The statistics of this analysis 
vary significantly, following Nc(E) from Fig. 6. Consequently, the 
histograms at the higher energy thresholds show more statistical 
variations. We have chosen to study dmin as a simple tool to assess 
the error. However, this analysis does not take time of flight (TOF) 
into account. dmin might be small if the actual and assumed source 
points are both on the LOR. The latter could be resolved with 
TOF information. We assume this to be rather infrequent, yet 
acknowledge that this analysis could be improved in future work.

The distributions of the deviation dmin in Fig. 8. are generally 
widespread, ranging from sub-millimeters to meters. Since 
higher energy interactions lead to larger angle scattering, one 
can observe a trend towards larger dmin when lowering the energy 
threshold. A more insightful analysis of this data is given in Fig. 
9. The cutoff at 10−4 mm was chosen based on the smooth falloff 
of the distributions from Fig. 8. Some true events have non-zero 
dmin < 10−4 mm due to numerical instabilities when evaluating Eq. 
(1). We have verified that the cumulative distribution function 
(CDF) at this threshold follows the graph of Fig. 6., confirming that  
dmin < 10−4 mm are true events. 

In Fig. 9. we see the same general trend as in Fig. 8., i.e., larger 
deviations towards lower energies. What is interesting, however, 
is that not only do the time-based: thresh. → sel. and the energy- 
-based polices have a higher fraction of misclassified coincidences 
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does not distinguish between different scanners (different 
cylindricalPET’s). It removes coincidences with the same 
rsectorID even if they occurred in different scanners. Therefore, 
we set the minSectorDifference to zero (which requires a minor 
patch, since its minimal value is one) and removed neighboring 
coincidences in post-processing. Finally, v9.3 GATE processes the 
hits layer by layer independently, so that the counter of Compton or 
Rayleigh interactions does not account for interactions in different 
layers and generally underestimates the counts. We patched the 
issue and ensured consistency with the previous GATE version 
v9.2. Our code is available upon request.
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events decrease less than the sensitivity rises with a lower energy 
threshold. Previous concerns regarding scattering need to be 
reconsidered and properly evaluated in the image domain. Even 
if coincidences below 200 keV are eventually not used for the 
image reconstruction, they should be kept to enable a time-based 
coincidence selection policy. Note that low energy events are kept 
in experiments with J-PET detectors, so our approach can easily 
be adapted to experimental data. However, more data needs 
to be processed for this event selection approach, which raises 
computational demands.

APPENDIX A: GATE 9.4 PATCHES

Here we describe the changes in the GATE v9.4 source code used 
in this study. They were also presented in [63]. Identical changes 
would also be necessary for v9.3. Firstly, our geometry consists of 
multiple cylindricalPET’s [62]. For each such geometrical object 
instantiated, GATE creates a separate CoincidenceSorter called 
“Coincidences”. This leads to ambiguity when activating the export 
of coincidences. To fix that, we removed the automatically generated 
CoincidenceSorter and initiated a dedicated one separately.

Secondly, the parameter minSectorDifference, aimed to 
remove coincidences from neighboring or close detector sectors, 
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