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Abstract

Background: Total-body (TB) Positron Emission Tomography (PET) is one
of the most promising medical diagnostics modalities, opening new perspec-
tives for personalized medicine, low-dose imaging, multi-organ dynamic imaging
or kinetic modeling. The high sensitivity provided by total-body technology
can be advantageous for novel tomography methods like positronium imag-
ing, demanding the registration of triple coincidences. Currently, state-of-the-art
PET scanners use inorganic scintillators. However, the high acquisition cost
reduces the accessibility of TB PET technology. Several efforts are ongoing
to mitigate this problem. Among the alternatives, the Jagiellonian PET (J-PET)
technology, based on axially arranged plastic scintillator strips, offers a low-cost
alternative solution for TB PET.

Purpose: The work aimed to compare five total-body J-PET geometries with
plastic scintillators suitable for multi-organ and positronium tomography as a
possible next-generation J-PET scanner design.

Methods: We present comparative studies of performance characteristics
of the cost-effective total-body PET scanners using J-PET technology. We
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1 | INTRODUCTION
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investigated in silico five TB scanner geometries, varying the number of
rings, scanner radii, and other parameters. Monte Carlo simulations of the
anthropomorphic XCAT phantom, the extended 2-m sensitivity line source and
positronium sensitivity phantoms were used to assess the performance of the
geometries. Two hot spheres were placed in the lungs and in the liver of the
XCAT phantom to mimic the pathological changes. We compared the sensitiv-
ity profiles and performed quantitative analysis of the reconstructed images by
using quality metrics such as contrast recovery coefficient, background vari-
ability and root mean squared error. The studies are complemented by the
determination of sensitivity for the positronium lifetime tomography and the
relative cost analysis of the studied setups.

Results: The analysis of the reconstructed XCAT images reveals the superior-
ity of the seven-ring scanners over the three-ring setups. However, the three-ring
scanners would be approximately 2—3 times cheaper. The peak sensitivity val-
ues for two-gamma vary from 20 to 34 cps/kBq and are dominated by the
differences in geometrical acceptance of the scanners. The sensitivity curves
for the positronium tomography have a similar shape to the two-gamma sen-
sitivity profiles. The peak values are lower compared to the two-gamma cases,
from about 20-28 times, with a maximum value of 1.66 cps/kBg. This can be
contrasted with the 50-cm one-layer J-PET modular scanner used to perform
the first in-vivo positronium imaging with a sensitivity of 0.06 cps/kBq.
Conclusions: The results show the feasibility of multi-organ imaging of all the
systems to be considered for the next generation of TB J-PET designs. Among
the scanner parameters, the most important ones are related to the axial field-
of-view coverage. The two-gamma sensitivity and XCAT image reconstruction
analyzes show the advantage of seven-ring scanners. However, the cost of the
scintillator materials and SiPMs is more than two times higher for the longer
modalities compared to the three-ring solutions. Nevertheless, the relative cost
for all the scanners is about 10—4 times lower compared to the cost of the uEx-
plorer. These properties coupled together with J-PET cost-effectiveness and
triggerless acquisition mode enabling three-gamma positronium imaging, make
the J-PET technology an attractive solution for broad application in clinics.

KEYWORDS
J-PET, Monte Carlo simulations, TB PET

reduce the TB scanner cost,? various approaches have
been proposed, including the reduction of the scintilla-

Positron emission tomography (PET) is a gold stan-
dard diagnostic modality enabling metabolic imaging of
pathological tissues.'® Presently, the majority of PET
machines offer an axial field-of-view (FOV) of approxi-
mately 20—25 cm with a single bed position. To perform
an image of the entire patient’s body, a series of scans
acquired with different bed positions is necessary. The
new generation of total-body (TB) PET scanners*’
allows for simultaneous imaging of the whole human
body, presenting new perspectives in dynamic imaging,
kinetic modeling?~'° positronium lifetime imaging,'¢'®
and simultaneous multi-tracer imaging.'®

The usage of inorganic L(Y)SO scintillators, while
popular, results in high costs of the existing TB scan-
ners, estimated to be in the range of about $10 million
or more2° The high price reduces the accessibility of
TB technology for hospitals and research facilities. To

tor thickness,2"?2 rearrangement of the scintillators to
the sparse configurations,2>2” use of the BGO crystals
combined with the Cherenkov photon signal measure-
ment for timing information?®-3" or the use of plastic
scintillators 3233 The use of plastic scintillators sub-
stantially decreases the price, as they are more than
an order of magnitude less expensive than L(Y)SO
crystals3* Moreover, the cylindrical arrangement of the
long scintillator strips allows the positioning of the read-
outs mainly at the ends of the cylindrical rings in contrast
to crystal-based PET detectors where coverage of the
full cylindrical surface is necessary. In consequence,
the amount of required silicon photomultipliers (SiPMs),
which constitute an important part of the overall scanner
price, are greatly reduced.

A cost-effective, portable and modular PET scanner
(J-PET) with an extended 50-cm long axial field of
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view (AFQV) is currently in operation at the Jagiellonian
University in Krakow.®

The application of the J-PET scanner extends beyond
the standard medical two-photon imaging.3® It provides
the capability to conduct multi-gamma tomography stud-
ies such as positronium imaging'® and simultaneous
multi-tracer imaging.'® Furthermore, it is utilized in fun-
damental physics studies on quantum entanglement3®
and studies of discrete symmetries in nature.”-3¢ Addi-
tionally, it is used in proton beam range monitoring in
hadron radiotherapy,**? and PET data reconstruction
methods development*344

The primary objective of this study is to analyze
and compare the performance of five realistic geom-
etry options for designing the new TB modality based
on the J-PET modular technology. The main functional
goal is to develop a cost-effective prototype designed to
leverage the TB scanner technology, enabling for exam-
ple, multi-organ imaging. Simultaneously, the sensitivity
should allow performing positronium mean lifetime
tomography which can deliver complementary informa-
tion to the currently used standardized uptake value
image'4°8 and parametric modeling.*®-*° For further
insights into the potential clinical applications of J-PET
technology, detailed information can be found in ref.[34].

The selection of the particular tested designs includ-
ing scintillator lengths, gaps between detectors and radii
is driven by the constraints imposed by the physical
properties of currently available scintillators, the shape
of the front-end electronics, and photomultipliers. Spe-
cial emphasis is put on the realism of the modeled
geometries, with attention to many details abstracted
in previous studies. For example, the previous studies
used idealized cylinders with tightly placed scintillators.
To make the simulation conditions more realistic, we take
into account the size of the front-end electronics, and
the gaps between adjacent rings, as well as inactive
detector material. It has been shown that larger gaps
are feasible for 3D PET?>?7 and can be particularly
effective in the design of TB-PET scanners?5°" Addi-
tionally, the length of the scintillator strips is restricted
to 686.4 and 330.0 mm, to improve the time resolu-
tion and light yield in the scintillator which is strongly
attenuated in longer strips.®? In consequence, longer
scanners are constructed by combining adjacent rings
of cylindrical strips.

We also introduce the Wavelength Shifter (WLS)
layer which improves the precision of the reconstructed
position along the scintillator strip.>2 We developed ded-
icated GATE modules to handle the details of the new
geometry including the WLS. In contrast to previous
studies,*>3 our current work centers on the assess-
ment of the quality of the reconstructed images based
on the Monte Carlo simulations of the extended cardiac-
torso phantom (XCAT). Furthermore, we expand the
previously used metrics such as contrast recovery coef-
ficient (CRC) and background variability (BV), by adding
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the Root Mean Square Error (RMSE), and the Q met-
ric which combines the CRC and BV. Another innovation
involves the implementation and application of the boot-
strap list-mode method to estimate the metric uncer-
tainty. Our studies are supplemented by the sensitivity
curves for the conventional two-gamma tomography, as
well as for the positronium mean lifetime tomography.

Based on the performed analysis, the TB J-PET
scanner setups are compared. Currently, works toward
the construction of the TB J-PET scanner are
ongoing 33:53.54

2 | MATERIALS AND METHODS

21 | Total-body J-PET scanner
geometries

Five TB J-PET scanner configurations were studied.
Scanners with varying numbers of rings, the length
of the gap between the subsequent rings, scanner
radii, and scintillator cross-sections were investigated.
The selection of these specific designs, such as scin-
tillator lengths, gaps between detectors, and radius
was determined by the constraints imposed by the
physical properties of the available scintillators and pho-
tomultipliers, dimensions and shape of the front-end
electronics, and other materials.

All TB geometry scanners under consideration are
based on the J-PET portable module concept — an
independent detection unit composed of plastic scin-
tillator strips (see Figure 1 left Panel). The chemical
composition of the scintillator corresponds to the com-
mercial EJ230 scintillator, which is used in the existing
J-PET scanner prototypes.'®33 The annihilation photons
passing through the plastic scintillator strips interact pre-
dominately via Compton scattering. Deposited energy is
converted into scintillation light which is then collected
at the ends of the scintillators by the SiPMs and read
out by fast, customized on-board front-end electronics
enabling time-of-flight (TOF) measurement.®® The mod-
ules were placed as closely as possible to the front-end
electronics configuration. Each ring consists of 24 mod-
ules arranged cylindrically. The length of the scintillator
strips is restricted to 686.4 and 330.0 mm, to improve the
time resolution and light yield in the scintillator which is
strongly attenuated in longer strips.52 The dependence
of time resolution on strip length was incorporated
into the simulation model. The longer scanners are
constructed by combining adjacent rings of cylindrical
strips (see Figure 1 Right Panel). The plastic scintilla-
tors are approximately 7 times less dense than LYSO
crystals, and hence less effective for registering annihi-
lation photons. We use two layers to compensate for the
lower attenuation coefficient of the plastic scintillators.
Adding more layers would increase the cost. To enhance
the precision of the reconstructed position along the
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FIGURE 1

(Left) Visualization of the single module, made of plastic scintillators (light blue) with the WLS layer (green elements) and the

casing (violet - not included in the simulation model). (Right) Visualization of the seven-ring S5 scanner with a total FOV of 243 cm. The length
of the scintillators in each ring is equal to 33 cm. The gap between adjacent rings is equal to 2 cm. Two layers of the scanners are shown

(yellow and red strips). FQV, field-of -view; WLS, wavelength shifter.

TABLE 1 Scanners properties.

Scanner geometry
Property S1 S2 S3 S4 S5
Radius (mm) 506 506 425 414.65 414.65
Axial FOV (mm) 2099.2 2159.2 2099.2 2430 2430

Scintillator length 686.4 6864 686.4 330 330
(mm)

Scintillator 25x 5.7 25x5.7 25x5.7 25 x6.0 30 x6.0
cross-section (mm)

No of adjacentrings 3 3 3 7 7

Gap between 20 50 20 20 20
adjacent rings (mm)

Price reduction 9.6 9.6 9.6 4.3 3.6
factor

Note:For the scintillator cross-section, the first number indicates the crystal thick-
ness and the second length in the transaxial direction. As a reference point for
the price reduction factor, we take the material budget of the uExplorer scanner.

scintillator strip, each module is equipped with a layer of
WLSs.5?

Table 1 lists the scanner configurations evaluated in
this study. In all cases, the modules (the size of the
module include scintillators, SiPMs and read-out tables)
were placed as close to each other as possible with
respect to the electronics configuration. The radius dif-
ference between S1-S2 and S3-S5 is determined by
the larger module size, which required more space and
in consequence significantly greater radius compared to
the S3-S5 setups. In both cases, the scintillator cross
section is set to fit the size of the SIPM active surface
equal to 6 x 6 mmZ2.

The selection of these scanner geometries allows for
studying the impact of several parameters on the sys-
tem performance. Scanners S1 and S2 give insight into
the influence of the gap between the rings. The 2 cm
gap corresponds to the smallest mechanically possible

distance, where all the front-end electronics compo-
nents are tightly packed, while the 5 cm space (instead
of 2 cm) allows for some flexibility in the mechanical
construction. The difference between the S1 and S3
modalities consists mainly of the two radius values. The
use of a smaller radius permits decreasing the number
of readout channels, enhances geometrical angle cov-
erage, and leads to better sensitivity. On the other hand,
a scanner design with a larger diameter leaves more
space between the modules simplifying the mechani-
cal support. The larger diameter, especially in the case
of the TB scanners, has the additional advantage of
improving the patient’s comfort during the scan, by low-
ering anxiety and reducing claustrophobia, which is one
of the psychological burdens the patient must face dur-
ing medical examination.°®°” The S4 and S5 scanners
are used to study the effect of the scintillator width.
Finally, the S3 and S4 modalities have different cross-
sections and use different scintillator lengths resulting
in changes in timing resolution 3233

The price of the considered J-PET scanners was
estimated using the methodology inspired by the work®
The overall cost of the TB scanner can be decomposed
into (a) the cost of the CT system, (b) the cost of scintil-
lator materials, (c) the cost of the front-end electronics
boards, and (d) the cost of the SiPMs. The prices of the
electronic boards (c) and CT scanners (a) are assumed
to be similar for all TB systems. The plastic scintillators
are about 80 times less expensive than L(Y)SO crys-
tals for each 1 cm® volume. In addition, the cylindrical
arrangement of the long scintillator strips allows the
SiPMs only at the ends, reducing their number. For each
scanner setup, we calculate the overall volume of the
scintillator materials. Moreover, we include WLS layer
volume, assuming that the material per volume is 4
times more expensive than the plastic scintillator price.
We also estimate the number of required SiPMs by
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calculating the area covered by them. Taking into
account (b) and (d) terms, we estimate the price reduc-
tion factor for J-PET scanner setups. As a reference
point, we take the material budget of the uExplorer
scanner® Therefore, if a scanner has a price reduction
factor equal to 2 it means that it would be two times
cheaper than uExplorer in terms of overall SiPMs and
scintillator price.

2.2 | Monte Carlo simulation parameters
J-PET scanner geometries were modeled using GATE
v9.0,°859 based on Geant v4.10.7.15° An additional
layer of WLSs, which improves the estimation of the
axial coordinate of the photon interaction point,>> was
incorporated into the simulation model. The default
GATE digitizer code was extended by a dedicated
module to allow the simulation of the signals regis-
tered in the WLS layers. In all the simulations the
em_livermore_polar physics list was used, which is the
standard choice for all J-PET-related MC simulations 33
The tracking of optical photons was not included in
the simulations to reduce the computation time. In the
XCAT and conventional sensitivity simulations, the g*
source decay is not simulated directly and simula-
tion starts at the emission of the back-to-back photon
pairs.

2.3 | Phantoms

We simulated XCAT?'! the extended sensitivity®® and
the positronium sensitivity phantoms. The activity of the
male XCAT phantom®' was prepared®?%3 to mimic the
18F_FDG distribution within the human body. Additionally,
two hot spheres (diameter = 1.0 cm) positioned in the
lung and in the liver were incorporated in the phantom
simulations. The contrast between the hot region and the
background activity was set to 16:1 and 3:1 for the lungs
and liver, respectively. The overall activity of the phantom
was equal to 50 MBqg and the acquisition time was set
to 600 s.

The extended sensitivity phantom consists of the 2-
m linear source positioned in the center, along the long
axis of the cylindrical scanner. For each simulation, the
activity of 10 MBqg and measurement time of 1000 s
were used.

For the aforementioned scanners, the back-to-back
511 keV gamma source has been used.

Additionally, the positronium sensitivity phantom con-
sists of a 183 cm-long linear source situated in the
transaxial center of the scanner. In the simulation,
the “4Sc-like source was modeled by using a para-
positronium source with enabled deexcitation photon of
energy set to 1160 keV.

MEDICAL PHYSICS——

2.4 | Photon detection, coincidence
formation and energy threshold

The front-end electronic response was modeled by the
GATE digitizer which converts photon interaction in the
scintillator into deposited energy and detection time.
The temporal and energy resolution of the scanner
was described by the phenomenological parameter-
ization of the experimental resolutions. The energy

. . . E
resolution dependence is parameterized as a oE)

fraction which reflects the experimentally determined
relation for the plastic scintillator strips® The simu-
lated photon registration time is smeared, event by event,
by replacing the event registration time ¢, by the value
obtained from the normal distribution N(t,, o¢), where o;
corresponds to the temporal resolution of the scintillator
strip. Similarly, the registration position along the scin-
tillator strip (z position) is smeared, event by event, by
replacing the registered photon position z by the value
obtained from the normal distribution N(z, o), where o,
corresponds to the positional uncertainty along the scin-
tillator strip of the scanner. For all the simulations the
resolution parameters, that is, the position along the strip
and the time were set to o, equal to 2.12 mm>3 and o;
equal to 100 ps (scanners S1,S2 and S3) or 77 ps (scan-
ners S4 and S5)°° respectively. Discrepancies in time
smoothing reflect the expected time resolution change
due to the size of the scintillator strip length.33:66.67

In the case of the XCAT and extended sensitivity
phantoms the coincidence time window of 3 ns was
used. In contrast to the inorganic detectors, in plastic
scintillators, the photons deposit their energy mainly via
Compton scattering. The energy selection threshold Ey,,
of 200 keV was set to reduce the fraction of the back-
ground coincidence events,*>33 for which at least one
of them undergoes the scattering in the phantom before
being registered in the scanner. Only coincidence pairs
with the registration photon energy above the energy
threshold are considered. This selection criterion cor-
responds to the optimal selection cut applied in the
analysis of the data obtained with the J-PET prototype
allowing for the reduction of scattering in the patient and
the detectors 32:33.64

For the positronium imaging sensitivity analysis,
simulated interactions were further processed by the
external coincidence sorter allowing triple coincidence
formation. A valid positronium coincidence was defined
as two photons originating from the annihilation regis-
tered in the deposited energy range from 200 to 350
keV, combined with the third photon registration with the
deposited energy above 350 keV. The selected upper
energy value lies above the Compton edge of 340 keV,
which corresponds to the maximum possible deposited
energy by the 511 keV annihilation photons. Such triple
had to be in coincidence within a 3-ns time window. Addi-
tionally, to obtain only true coincidences, conditions such
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as: originating from the same annihilation-deexcitation
event or lack of prior interactions of any of the three
photons were applied.

2.5 | Data preselection and preparation
For the image reconstruction analysis, only true coinci-
dences were taken into account.

The background and contrast 3D region-of-interests
(ROIs) were used for the image quality metrics determi-
nation. ROIs for the quantitative analysis did not include
the whole hot region but were morphologically eroded
to overcome the partial volume effects. Fifteen back-
ground ROls were chosen separately for the liver and
lung regions. Both, hot sphere and background ROls,
are composed of 52 voxels. To avoid the partial volume
effect, an additional constraint, that the background ROI
cannot be neighboring the region of different activities,
was applied.®®

2.6 | PET image reconstruction

The image reconstruction was performed with the CAS-
ToR software package®® TOF List Mode - Maximum
Likelihood Expectation Maximization algorithm with 150
iterations was used. The reconstruction voxel size was
2.5 2.5 x 2.5 mm3. TOF resolution kernel was modeled
as the Gaussian function. Sensitivity and attenuation
corrections were included. The multi-Siddon projector
with 10 rays was used. Reconstructed images were
smoothed with 3D Gaussian post-filter with o set to
2.5 mm. No additional resolution modeling was used in
the reconstruction process.

2.7 | TOF resolution optimization

The CASToR software provides the possibility to use
the shift-invariant TOF kernel only. This approach can
be sub-optimal, especially while dealing with large FOV
scanners, where the kernel shape can change signif-
icantly in the axial direction./%’! However, the aim of
these studies is the relative performance comparison
between scanner configurations, and the usage of the
shift-invariant TOF kernel will affect all the investigated
setups in a rather equal manner.

In the J-PET scanners, the TOF resolution is affected
by the additional hit registration uncertainty along the
axial direction of the strip that effectively smears the
overall TOF resolution (see Figure 2). More details can
be found in the supplementary materials. As a con-
sequence, it is expected that the optimal width of the
shift-invariant Gaussian kernel will be broader than
the one determined based solely on the scintillator
time resolution properties. Therefore in the first step,

BARAN ET AL.
/\iuncertainty
J-PET MODULE =
TOF uncertainty
¥ J-PET MODULE

FIGURE 2 TOF uncertainty sources in the J-PET scanner. Apart
from the uncertainty along the line of response (marked in red),
additional distortion due to the hit registration resolution along the
plastic scintillator (green) is present. Example lines of responses are
shown in magenta. J-PET, Jagiellonian positron emission
tomography; TOF, time-of -flight.

we performed an investigation to select an optimal
shift-invariant Gaussian kernel width. The studies were
repeated for all setups, to ensure that the common ker-
nel can be chosen. The selected kernel parameters were
applied in all subsequent image reconstruction studies.

2.8 | System sensitivity and image
quality metrics

The performance of the scanners has been evaluated
based on several criteria including the sensitivity profiles
and image quality metrics.

The sensitivity of the scanner S is defined as the
rate of detected true coincidences (counts/s) per unit of
the radioactivity concentration. The Monte-Carlo deter-
mined (Sy,¢) sensitivity in the peak, was compared with
the calculated theoretical (Sieor) value. For that, the
geometrical acceptance, detection efficiency of the pho-
ton pair, the fraction of events accepted after applying
the energy window and the factor accounts for the holes
and inactive detector components were considered. In
the Supplementary Materials extended explanation of
the theoretical sensitivity calculation is given.

The evaluation of the reconstruction performance is
based on the metrics defined in the NEMA NU 2-2018
norm for image quality assessment.”? The procedure is
to choose two types of ROIs within the reconstructed
image and determine their statistical properties. The
first ROI corresponds to the expected high activity (hot)
signal region and the second ROI corresponds to low
activity background region(s) ROI. The CRC for a given
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ROl is defined as:
s—Cg . as—ap

C
CRC = o P

: (1)

where Cg, Cp is the average number of counts deter-
mined for signal and background ROI, and as, ag are
the signal and background activities, respectively.

The BV is defined as a standard deviation (Sg) calcu-
lated for the background ROI normalized to the average
counts in the background region:

Sg

(2)
We inspected the additional metric Q, which combines

the information from both, CRC and BV, and is defined
43.

as™’:

Q= |CRC — 1| + BV. 3)

The Q value range is given by: Q € [0, «). For the per-
fect image reconstruction in terms of CRC and BV,
one expects 1 and 0 for CRC and BV, respectively. By
definition, Q would also be equal to 0.

We defined the RMSE between two images /1 and /,
is defined as:

N

RMSE[, I;] = N YK -LKR, @

k=1

where N is the total number of voxels, respectively.

In our studies, the activity emission map was used
as a ground-truth reference image. Before the RMSE
calculation, the compared reference and reconstructed
images were first normalized to the maximum. Then, the
median intensities were calculated for both. Background
activity and whole phantom areas were used to calculate
medians. Subsequently, the ratio between medians was
calculated and finally, the original image was scaled by
the ratio.

2.9 | Metric uncertainty estimation

We use the bootstrap resampling method’? 74 to assess
the uncertainty of the calculated metrics. Our imple-
mentation follows the list-mode-based nonparametric
approach proposed in the PET context by the work’®
and further discussed in the articles,/®’” in which a
new sample is formed by randomly choosing events
with replacement from the original coincidence list
obtained from the MC simulations. For each distinc-
tive scenario defined by phantom, scanner setup and
parameter settings, 20 bootstrapped samples were pre-
pared and reconstructed. For each reconstructed image
(bootstrapped) the corresponding quality metrics are
determined. Finally, the uncertainties are estimated from
the bootstrap distribution of quality metrics.

Sensitivity [cps/kBq]
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FIGURE 3 Sensitivity profiles for tested TB J-PET geometries.
J-PET, Jagiellonian positron emission tomography; TB, total-body.

TABLE 2 Theoretical (Sieor) @and Monte Carlo-calculated (Syc)
sensitivity in the peak of the sensitivity profile for the source
positioned in the scanner center.

Type Stheor (cPs/kBQq) Swuc(cps/kBq)
S1 17.61 19.95

S2 17.21 19.50

S3 22.69 24.44

S4 23.21 26.85

S5 30.57 34.24

3 | RESULTS

3.1 | Sensitivity for two-gamma

tomography

Sensitivity plots for all simulated scanners are shown in
Figure 3. The characteristic “spikes” visible in the sensi-
tivity profiles correspond to the centers of the strips and
the gaps between adjacent rings. The sensitivity values
in the peak are compared with the analytical calcula-
tions in Table 2. The Monte Carlo-based results are in
reasonable agreement with the analytical calculations.
The slight underestimation of the analytical calculations
compared to the Monte Carlo ones can be explained
by the estimation method of the packing factor, which
accounts for holes and inactive detector components
without taking into account the depth of the crystal in
the estimation. A detailed explanation of the analytical
estimation method can be found in the Supplemen-
tary Materials. Overall, the greatest sensitivity has been
found for the scanner S5 with the maximum at the level
of 34 cps/kBq. The lowest values are observed for the
scanners S1 and S2 with the maximum at the level of
17 cps/kBg. The observed difference is a simple con-
sequence of the higher geometrical coverage of the S5
scanner due to its smaller radius and larger AFOV.
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FIGURE 4 Multi-gamma imaging sensitivity profiles for tested TB J-PET geometries. J-PET, Jagiellonian positron emission tomography; TB,

total-body.
TABLE 3 Monte Carlo-calculated (Syc,,,) sensitivity in the peak TABLE 4 Number of true, scatter and random coincidences for
of the sensitivity profile for the source 2+1 positioned in the scanner two-gamma tomography analyzes.
center.
XCAT [107]
Type Smcy.s (cps/kBq) Type True Scatter Random
S1 0.72 S1 5.7 3.9 6.0
S2 0.68 S2 5.5 3.7 5.8
S3 1.01 S3 8.2 6.1 9.1
S4 1.24 S4 9.7 7.2 10.6
S5 1.66 S5 12.6 9.5 13.5
3.2 | Sensitivity for positronium and the smallest for the S1 scanner. It is an effect

tomography

The Monte Carlo-based sensitivity plots and sensitivity
in peak values for all simulated scanners are shown in
Figure 4 and Table 3, respectively.

The profiles are characterized by the same trend as
for the two-gamma sensitivity. The greatest values are
observed for the S5 scanner (1.66 cps/kBq in peak). On
the other hand, the lowest values are observed for the S2
scanner with the maximum at the level of 0.68 cps/kBq.
The sensitivity (in the peak) for positronium tomography
is about 20-30 times lower than the sensitivity for the
two-gamma imaging.

3.3 | Number of coincidences

The numbers of coincidences registered for two-gamma
tomography for each scanner and XCAT phantoms are
of the order of 10’—10% and are given in Table 4.
The greatest number is found for the S5 scanner

of the increased geometrical acceptance and detector
efficiency for the thicker (S5 scanner) scintillator layer.

3.4 | Choice of the optimal TOF kernel

The nominal TOF resolution estimated based on the
time-smearing parameters set in the simulations with
the scanner S5 corresponds to FWHM of about 166 ps
(see Supplementary Materials). The comparison of the
images reconstructed with various Gaussian kernel
widths is presented in Figure 5. The visual inspec-
tion reveals that the reconstruction with smaller kernel
widths (TOF = 115 ps and TOF = 230 ps) generates
images with higher background and noise levels. Fur-
thermore, the contrast between hot regions and the
background is clearer for the images reconstructed with
a broader TOF width. These conclusions are confirmed
by analysing the Q distribution as a function of iteration
and applied TOF kernel width presented in Figure 6. The
Q is determined for hot spots. It is found that in all cases
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FIGURE 5

Simulated (REF label) and reconstructed XCAT phantom images (TOF label) for five different Gaussian TOF kernel widths for

the sagittal (top panel) and axial (center and bottom panel) views. The center and bottom panels show the slice through the hot spot in the lungs
and liver, respectively. PET images are overlayed onto CT scans. Given slices are for S5. 501" iteration images are shown. PET, positron emission

tomographs; TOF, time-of-flight; XCAT, extended cardiac-torso phantom.
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FIGURE 6 The Q metric distributions for lungs (panel A) and liver (panel B) for the scanner S5.

the best Q values are observed for the TOF kernel width
broader than 230 ps. For five out of six cases (excluding
hot spot positioned in the liver) the lowest (the best) Q
are found for the TOF = 365 ps and TOF = 500 ps. The
TOF = 115 ps obtained the highest (worse) Q character-
istic among all the presented cases. It is also noticeable
that for all the images for 501" iteration the Q metric
reaches the plateau. The same trend was observed for
other scanners. Corresponding plots are included in the
Supplementary Materials.

Taking into account both, the visual inspection and
quantitative results, the range of the TOF kernel width
between 365 to 750 ps gives the best results. The

shapes of the metric plots are very similar and they
are preserved for all the scanners. In the further image
quality analysis, we proceed with the images recon-
structed with the common Gaussian kernel width set to
500 ps.

3.5 | Image quality

Figure 7 presents the images for all the scanners after
50 iterations. The visual inspection indicates that the
background noise is higher for the S1, S2 and S3 scan-
ners. It is particularly visible in the shoulder girdles and
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FIGURE 7

Simulated (REF panel) and reconstructed (S1-S5) XCAT phantom images for five different scanner types for the sagittal (top

panel) and axial (center and bottom panel) views. The center and bottom panels show the slices through the hot spot in the lungs and liver,
respectively. PET images are overlayed onto CT scans. For each scanner, the 50t iteration image is shown. PET, positron emission tomographs;

TOF, time-of -flight; XCAT, extended cardiac-torso phantom.

in the axial slices with hot spots in the lungs and the liver.
At the same time, the contrast values are similar for all
investigated scanners.

A comprehensive analysis of CRC, BV, Q, and RMSE
metrics is presented in Figure 8. The greatest CRC value
is observed for the lungs, although the CRC variation
for each ROI among the scanners does not exceed two
standard deviations. Vast discrepancies are observed
for the BV metrics. Here, scanners S4 and S5 show sta-
tistically significant superiority for both the liver and the
lung regions over the rest of the scanners. At the same
time, the worst results are found for the scanners with the
greatest radius - S1 and S2. Above mentioned findings
are reflected in the Q metric. As in the case of the BV,
the S5 scanner is characterized by the lowest Q metric
for both - the liver and the lungs. For the RMSE met-
ric, no significant differences were found between the
scanners in the case of lesions located in the lung. For
the liver, it has been found that scanners S3—S5 outper-
form the S1 and S2 scanners, although the difference is
small. The performance of scanners S1 and S2 is sig-
nificantly worse than the other scanners. The obtained
quantitative results are in agreement with the qualitative,
visual inspection.

4 | DISCUSSION

The most important characteristics determined for the
studied scanners are gathered in Table 5.

In the presented study two-gamma sensitivity pro-
files for five TB J-PET scanner geometries (Tables 1
and 5) were determined. The peak sensitivity values
vary from 20 to 34 cps/kBq and are dominated by the
differences in the geometrical acceptance of the scan-
ners. The maximum peak sensitivity of 34 cps/kBq was
found for the scanner S5. This value is slightly lower
than the result reported in our previous study>® where
for the 200 cm ideal scanner the sensitivity in peak is
equal to 38 cps/kBq. The difference can be explained
by the larger radius of the investigated setup (41.4 cm
vs. 39 cm) and the inclusion of the gaps between rings
and adjacent plastic scintillators. Contrasted with the
values reported for the state-of-the-art TB scanners:
uExplorer (191.5 cps/kBq) and PennPET (55 cps/kBq).2
the J-PET scanner sensitivity is lower, however, it can
be seen as a significant improvement concerning the
current 16—26 cm long PET systems*®

The sensitivity curves for the positronium tomogra-
phy have a similar shape to the two-gamma sensitivity
profiles. Since they are calculated based on the triple
coincidences formed by the two annihilation and one
deexcitation photons, the values in the peak are much
lower compared to the two-gamma cases, from about
28 times lower for the S1 and S2 scanners to about 20
times lower for the S5 scanner. One can observe, that
the sensitivity for triple coincidences rises much faster
as a function of AFOV than the corresponding depen-
dence for the two-gamma case. The sensitivity in the
peak for positronium imaging rises by 130% comparing
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FIGURE 8 CRC (first column), BV (second column), Q (third column) and RMSE (fourth column) characteristics for the liver (top row) and
lungs (bottom row) regions calculated based on the reconstructed XCAT phantom images for all five scanners. Shaded regions indicate the one
standard deviation region. BV, background variability; CRC, contrast recovery coefficient; RMSE, Root Mean Square Error; XCAT, extended
cardiac-torso phantom.

TABLE 5 Price reduction factor compared to the Explorer material budget, sensitivity in the peak for the two-gamma (Sy,¢) and the

two+one (Syc,,,) sources positioned in the scanner center, CRC, BV, and Q metrics for the 150" iteration in lungs and liver areas.

Price Suc Smcy. 4
Type factor (cps/kBq) (cps/kBq) CRCjyngs CRCjiver BViungs BVjiver Qiungs Qiiver
S1 96 19.95 0.72 0.68(4) 0.54(6) 0.57(3) 0.30(2) 0.89(5) 0.75(6)
S2 9.6 19.50 0.68 0.83(4) 0.51(6) 0.53(2) 0.30(2) 0.70(5) 0.79(6)
s3 9.6 24.44 1.01 0.79(4) 0.52(6) 0.57(3) 0.26(1) 0.78(5) 0.75(6)
S4 43 26.85 124 0.84(4) 0.53(6) 0.57(3) 0.24(1) 0.73(5) 0.71(6)
S5 36 34.24 1.66 0.80(3) 0.58(5) 0.48(3) 0.21(1) 0.68(4) 0.64(5)

Note: The uncertainty (up to the first significant number) of the value is given in the parenthesis.

the S5 to S1 scanner. On the other hand, the two-gamma
sensitivity in the peak gain raises by only 70% from S1
to S5.

The highest peak sensitivity for positronium imag-
ing is estimated for the S5 scanner and is equal to
1.66 cps/kBq. This value can be contrasted with the
estimated sensitivity of the positronium imaging in the
peak of 0.06 cps/kBq of the J-PET modular scanner,
which has been used to reconstruct the first positronium
mean lifetime image of the human brain in vivo.”® This
makes the J-PET TB modality a well-suited scanner for
multi-photon imaging.'”-3

The quantitative analysis of the reconstructed image
quality was performed based on simulations of the
XCAT phantom. The analysis of the reconstructed
images confirms the feasibility of multi-organ imaging

with J-PET TB technology. The visual inspection reveals
the superiority of the seven-ring scanners (S4 and S5)
over the three-ring setups (S1, S2 and S3) (Figure 7).
In particular, the noise level is smaller for the scanners
S4 and S5. This is confirmed by the quantitative results
shown in Figure 8 and in Table 5. The BV value for
the S5 is the lowest for both lesions. BV values are of
a similar order as the CRC ones. Thus, both BV and
CRC will have similar importance in the Q metric results.
For this case, the Q value indicates the scanners S4
and S5 are the optimal geometries for a TB J-PET. The
RMSE characteristics for the lungs do not elevate any
of the scanners to outperform others. However, in case
of the liver lesions the S3, S4, and S5 scanners mimic
the simulated reference image better than the scanners
S1 and S2.
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In our study, the simulated scenarios use the same
overall activity between investigated scanners and the
acquisition time for all the scanners to better reproduce
the real conditions. As a consequence, the reconstructed
images and calculated metrics differ in the number of
registered coincidences. It is plausible that the effect of
the reduced BV can be fully explained by the higher
statistics acquired by the scanners S4 and S5.

Note that the presented reconstruction and analy-
sis protocols require further optimization for potential
clinical application and it is out of the scope of this
paper.

41 | Limitations

In the image reconstruction process, the sensitivity and
attenuation corrections were included. Image quality
could be further improved by the addition of other cor-
rection factors such as point spread function (PSF) or
depth-of-interaction (DOI) modeling. Indeed, the efforts
to develop a dedicated J-PET system response matrix
are ongoing.’% Also, no selection criteria for the oblique-
ness of the accepted line-of-responses were applied.
As shown in our previous study, it could improve the
contrast and background of the reconstructed images.”®
However, the more accurate system matrix modeling or
application of the obliqueness selection criteria would
improve the overall metric values for example, contrast,
but would not change the relative trends we observed
among the scanner setups.

In our study, only the true coincidences were used for
the image reconstruction. Further studies must be car-
ried out to develop the scatter and random correction
methods for the J-PET-based TB scanners. Additionally,
the spatial resolution, scatter fraction and count rate per-
formance as per NEMA performance protocol are out of
the scope of this paper.

Lastly, the study does not involve visual or quantita-
tive positronium lifetime imaging. Those aspects will be
addressed in a dedicated article under preparation.

5 | CONCLUSIONS

We performed comparative studies of five realistic, two-
layer TB J-PET scanners, based on the Monte Carlo
simulations of the XCAT phantom. The overall perfor-
mance was quantified in terms of CRC, BV, Q and
RMSE metrics for the two-gamma tomography. In addi-
tion, the two-gamma and positronium imaging sensitivity
curves were determined. The results show the feasibility
of multi-organ imaging of all the systems to be con-
sidered for the next generation of TB J-PET designs.
Among the scanner parameters, the most important
ones are related to the axial FOV coverage, and the
influence of the time resolution depending on the scin-

tillator length and positional uncertainty due to different
material thicknesses.

Other parameters have a secondary effect on the
reconstruction quality within the considered values
range. They are dominated by the parameters related to
the overall registration efficiency such as total length of
the active material or scanner radius. It can be concluded
that the image quality increases for the higher two-
gamma sensitivity scanners and is manifested mainly in
the lower BV values due to the higher statistics acquired.
A similar effect was observed in analyzing the data from
the uExplorer TB PET scanner?® The two-gamma sensi-
tivity and XCAT image reconstruction analyzes in terms
of the quality metrics, together with the visual inspec-
tion of the reconstructed images show the advantage
of longer, seven-ring S4 and S5 scanners. However, the
improvement comes with a higher price. As estimated,
the cost of the scintillator materials and SiPMs which
constitute a majority of the TB price is more than two
times higher for the S4, and S5 modalities compared to
the three-ring solutions. Still, the relative cost for all the
scanners is about 10 to 4 times lower compared to the
cost of the uExplorer modality.

The importance of the high-sensitivity systems
becomes more pronounced in the case of the positro-
nium mean lifetime tomography which requires the
registration of triple gamma coincidences. The deter-
mined positronium sensitivity values make the J-PET
TB modality a well-suited scanner for positronium life-
time imaging.'”7880.81 |t is worth underlining that the
positronium lifetime tomography is well suited to be per-
formed on other high-sensitivity, large FOV scanners
such as Biograph Vision Quadra or uExplorer. However,
it requires operating on the single acquisition mode that
permits to registration of multi-gamma coincidences.
This condition can pose problems, especially for the
system approved for clinical usage.

The combined properties together with its cost-
effectiveness and triggerless acquisition mode enabling
simultaneous acquisition and processing of the two- and
multi-gamma coincidences for both conventional PET
and positronium imaging, make the J-PET technology
an attractive solution for broad application in clinics.
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