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Abstract

Background: Alongside the benefits of Total-Body imaging modalities, such as higher
sensitivity, single-bed position, low dose imaging, etc,, their final construction cost
prevents worldwide utilization. The main aim of this study is to present a simulation-
based comparison of the sensitivities of existing and currently developed tomographs
to introduce a cost-efficient solution for constructing a Total-Body PET scanner based
on plastic scintillators.

Methods: For the case of this study, eight tomographs based on the uEXPLORER
configuration with different scintillator materials (BGO, LYSO), axial field-of-view (97.4
cm and 194.8 cm), and detector configurations (full and sparse) were simulated. In
addition, 8 J-PET scanners with different configurations, such as various axial field-of-
view (200 cm and 250 cm), different cross sections of plastic scintillator, and multiple
numbers of plastic scintillator layers (2, 3, and 4), based on J-PET technology have been
simulated by GATE software. Furthermore, Siemens'Biograph Vision has been simu-
lated to compare the results with standard PET scans. Two types of simulations have
been performed. The first one with a centrally located source with a diameter of T mm
and a length of 250 cm, and the second one with the same source inside a water-filled
cylindrical phantom with a diameter of 20 cm and a length of 183 cm.

Results: With regards to sensitivity, among all the proposed scanners, the ones con-
structed with BGO crystals give the best performance (~ 350 cps/kBq at the center).
The utilization of sparse geometry or LYSO crystals significantly lowers the achievable
sensitivity of such systems. The J-PET design gives a similar sensitivity to the sparse
LYSO crystal-based detectors while having full detector coverage over the body.
Moreover, it provides uniform sensitivity over the body with additional gain on its sides
and provides the possibility for high-quality brain imaging.
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Conclusion: Taking into account not only the sensitivity but also the price of Total-
Body PET tomographs, which till now was one of the main obstacles in their wide-
spread clinical availability, the J-PET tomography system based on plastic scintillators
could be a cost-efficient alternative for Total-Body PET scanners.

Keywords: Total-Body PET, Sensitivity, GATE simulation, J-PET, uEXPLORER

Background

Positron Emission Tomography (PET) is the most advanced and sensitive nuclear
medicine imaging modality established for oncology applications [1]. Total-Body (TB)
PET scanners extended the applicability of molecular imaging to a wider range of
fields such as cardiovascular disease, multi-organ imaging, physiological study, treat-
ment monitoring, whole-body dynamic imaging, etc., which are not possible with
current tomographs due to their limited axial field-of-view (AFOV) [2-6]. TB PET
scanners can deliver excellent new diagnostics features such as parametric imaging
and dynamic imaging resulting in better specificity for distinguishing between cancer
and inflammations [7-9].

The first TB PET, the uExplorer system with 194.8 cm of AFOV, has been con-
structed at UC Davis in California using crystal scintillators [10—12]. uExplorer has
been constructed based on the utilized technology in conventional PET tomographs
and achieves its large AFOV by equipping the scanner with multiple units with large
amounts of scintillation crystals, SiPMs, and electronics, which significantly increases
the construction price compared to current clinical PET scanners as shown in Fig. 1.

The detector configuration utilized in uEXPLORER, which includes a radial
arrangement of scintillation crystals and SiPMs similar to current tomographs,
results in a higher price per unit compared to conventional PET. As a consequence,
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Fig. 1 Al, Visualization of uEXPLORER TB PET scanner consisting of 8 detection units (rings). Each unit is
made up of 24 detection blocks (B.I). The blocks in uEXPLORER are composed of arrays (C.l). The arrays are the
smallest detection units of UEXPLORER and hold 6 x 7 scintillation crystals (blue) together and couple them
to the SiPM matrix (black). A.ll shows the sparse geometry based on uEXPLORER, including 29 detection units
(rings). In contrast, arrays are distributed in smaller detection blocks (B.Il). Alll TB J-PET consists of 4 layers of
EJ-230 plastic scintillator strips (gray), which have been located parallel to the axial axes of the scanner (B.II).
The modules in TB J-PET have been equipped with wavelength-shifting plastics (WLS, green)

Page 2 of 14



Dadgar et al. EINMMI Physics (2023) 10:62

high construction cost is the main obstacle preventing uEXPLORER from broad dis-
semination in hospitals [7, 13, 14].

Alongside the wide range of applications and benefits of TB PET imaging, the high
cost of employing per unit reduces the hopes for comprehensive usage in clinics. This
problem emphasizes the demand for alternative technology for developing affordable TB
PET to make it publicly available in clinics [7, 15]. A cost-efficient alternative solution for
TB PET construction also can open new horizons for rapid research development, such
as drug delivery, radiopharmaceutical investigations, treatment planning, etc. [16, 17].

All the mentioned facts motivate the investigation to find a cost-effective solution to
reduce the final construction cost of TB PET [7]. One of the recently suggested solutions
is the sparse detector configuration [18, 19]. In the proposed sparse geometry, there
are intervals between detectors leading to large AFOV with less number of scintillation
crystals and electronics. However, sparse geometry is unable to provide uniform sensi-
tivity in all parts of the patient’s body due to the gaps, as shown in Fig. 1.

Utilization of BGO scintillation crystals instead of LYSO in the presented uEX-
PLORER TB PET is the other recommended solution since BGO is 2—3 times less costly
than LYSO. Using BGO reduces the crystal part of the costs, while the total number of
SiPMs and electronics are similar in both cases, which will not make a major reduction
in the construction price of the TB PET system [7, 20].

Jagiellonian positron emission tomography (J-PET) is an advanced scanner technol-
ogy developed over a decade and constructed from plastic scintillators. One of the main
differences between J-PET and other traditional tomography is an axial arrangement of
detection panels, as shown in Fig. 2, while the common PET is constructed with radial
arrangements of detectors [21-26].
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Fig. 2 lllustration of scintillators arrangements, the principle of detection and reconstruction of annihilation
positions. (Left) Representation of J-PET plastic scintillator-based technology where the axially arranged
scintillator (blue) is readout by two photomultipliers of both ends (gray). (Right) Representation of
crystal-based technology with the radially arranged scintillators (blue), where each one is read out with
corresponding photomultipliers (gray). The fractional energy resolution for the energy deposited by the
annihilation photon in a single plastic scintillator strip has been measured o (£) /E & 0.044//E(MeV), based
on the previous investigation in J-PET collaboration [25]
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Due to the unique geometrical configuration applied in J-PET technology, it employs
different detection principles of gamma quanta and localization methods of annihilation
points [21, 27-29]. The interaction position of the gamma quanta with plastic scintilla-
tors is determined by the arrival time of the light signals to each end of the scintillation
strips (Fig. 2 left).

Considering the distinct arrangement of the detection panels, J-PET technology ena-
bles a cost-efficient PET for TB PET imaging with up to 2.5 m long AFOV. The main
aim of the presented simulation-based study is to compare the sensitivity of existing and
presently developed TB PET imaging modalities.

Methods

The study presented in this article was carried out using GATE (Geant4 Application
for Tomographic Emission) software. GATE is a validated simulation tool based on the
Monte-Carlo method dedicated to nuclear medicine applications [30, 31]. Alongside
similar applications of the uEXPLORER and J-PET-based Total-Body PET scanners,
they use different materials and designs in their scanner. The two main parameters that
distinguish these technologies are the scintillator material (organic plastics or inorganic
crystals) and the arrangement of detection units. For each of the groups, several tomo-
graphs have been simulated to be compared based on all parameters which influence
their sensitivity and cost.

The uEXPLORER

The uEXPLORER-based scanners are the first group of tomographs that were simulated.
For these cases, we simulated 8 PET scanners based on the crystal configuration of the
uEXPLORER. These groups stand for current clinical tomographs that have a radial
arrangement of scintillation crystals. These eight configurations, combined from 2 dif-
ferent types of crystals (LYSO and BGO), two different AFOV (194.8 and 97.4 cm), and
two different geometrical configurations (full and sparse) were simulated [8, 9, 32]. The
reasons for performing an investigation over the scanners mentioned above are the pro-
posed solutions to reduce the construction cost of TB PET scanners. Sparse geometry
has been introduced as a cost-effective solution to extend AFOV [33].

The J-PET
In this study, we simulated 8 TB J-PET scanners with various configurations of panels
to evaluate the effect of plastic scintillator dimensions and multiple layers of modules
on tomograph performance. For the scintillator with a cross section of 4 mm x 20 mm,
a two-layer geometry with 200 cm and 250 cm lengths was simulated. For the plastic
strips with a 6 mm x 30 mm cross section, two, three, and four layers configurations with
200 cm and 250 cm lengths were simulated. Plastic scintillator strips have been equipped
with SiPM at each end in all panel configurations. These specific arrangements of SiPMs
and plastic scintillators allow for extending the AFOV without incrementing the number
of SiPMs or electronics but only by increasing the length of plastic strips [7].

The detection panels of TB J-PET are equipped with wavelength shifters (WLS) which
are utilized to improve axial resolution [20, 26, 34]. The WLS with dimensions of 3 mm x
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108.15 mm x 6 mm is located perpendicular to the plastic strips, as shown in Fig. 1. The
WLS layers are read out by the SiPMs, coupled to them from one side.

In the TB J-PET, the expected axial spatial resolution for the registration of gamma
photons is equal to 2.1 mm. Spatial resolutions of the image are estimated to be 3.7 mm
in transversal and 4.9 mm in axial direction [20]. The TOF resolution for the J-PET was
estimated as a function of the lengths of the applied scintillator strips, and it varies from
CRT = 140 ps to CRT = 240 ps when the length is increased from 50 cm to 200 cm
[20]. For the scatter fraction reduction, the energy loss threshold of 200 keV will be used,
resulting in the scatter fraction of 36.2 % [20]. For the two-layer Total-Body J-PET solu-
tion, the noise equivalent count rate NECR peak was estimated to be 630 kcps at kBq/
mL [20], which is in between the values obtained by uEXPLORER (1524 kcps at 17.3
kBq/mL) [8] and Biograph Vision (306 kcps at 32 kBq/mL) [35].

Biograph vision scanners

In order to compare the results of TB PET scanners to standard ones, the Biograph
Vision from Siemens was simulated [35-37]. Biograph Vision is composed of 8 rings,
where each ring consists of 38 panels. Each panel is built from a 20 x 10 array of 3.2 x 3.2
x 20 mm LSO crystals, providing 32 mm in axial direction [35]. In total, Biograph Vision
spans 26.3 cm AFOV.

Sensitivity

For each one of the geometries, as mentioned earlier, two types of simulations have been
performed, (i) with a line source of the diameter of 1 mm and a length of 250 cm located
along the central axis of the tomograph and (ii) with a line source surrounded by a cylin-
drical water-filled phantom with a diameter of 20 cm and a length of 183 cm. The sensi-
tivity for a slice (S;) was calculated according to the following formula:

_ Ri X Limean

§; = ~i X fmean
"7 d x Amean 1)

where Lmean is the source length, d is the width of the slice, and Apean is the initial activ-
ity. The rate R; of each slice in counts per second is determined by dividing the counts
collected in the slice by the duration of the measurement.

TB PET provides extended AFOV that considerably improves sensitivity compared to
the current clinical PET. Still, it is required to determine new event selection criteria to
achieve optimum results [13].

TB PET scans, thanks to the larger AFOV, are capable of detecting more oblique coin-
cidences. While these events contribute positively to the increase in system sensitivity,
they deteriorate the axial resolution of the tomograph [38]. Since sensitivity and spatial
resolutions are the main characteristics of PET, making a trade-off between these two
parameters will enhance the quality of the final reconstructed image [39]. The optimiza-
tion is performed as a function of the acceptance angle (shown in Fig. 3), which is used
for pre-selecting those maximum azimuthal coincidences contributing to the recon-
structed image.

Due to the essential difference between the geometrical configurations of TB J-PET
and other TB PET scanners, it is necessary to define distinct logic for acceptance angle
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Fig. 3 Schematic visualization of UEXPLORER (1) (blue) [8, 10, 13]) and sparse geometry (transparent yellow)
with 194.8 cm of AFOV and dual layers. TB J-PET (Il) with axially arranged plastic scintillators (gray) coupled
with SiPMs (black) at each end and arrays of WLS (green) between each layer. The oblique LORs (with large
values of #) have a negative contribution in the spatial resolutions due to the parallax error. To avoid it,
UEXPLORER uses a ring-based cut that accepts the coincidences within a maximum of 5 rings. As shown in
figure (Il), TB J-PET uses continuous plastic scintillators (gray), 844 denotes the acceptance angle applied for it
to cut oblique LORs. B4y demonstrate the largest angle of detectable oblique coincidences

cuts for them. The TB J-PET provides 2.5 m AFOV with one detection ring. At the same
time, the rest of the configurations described in the “The uEXPLORER” sub-section are
constructed with several rings along the axial axis. Acceptance angle cut (644) is a suit-
able choice for the case of TB J-PET (Fig. 3), but for other configurations, the results will
be presented based on maximum ring difference [40].

In this study, two sets of simulations have been performed, first only with a line source
axially located at the center of the scanner, then with the same source while surrounded
by a cylindrical water-filled phantom. Despite many advantages in performing TB imag-
ing, applying cuts to suppress the oblique coincidence detection is essential to avoid their
destructive effect on the spatial resolution of tomographs. Accordingly, the sequences
of such cuts on the sensitivity of dedicated scanners have been investigated. For all the
scanners, 57° of acceptance angle cut or its equivalent has been performed. For scanners
that utilize crystal scintillators, the equivalent is represented by a ring-wise cut.
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The acceptance cut has a significant effect on the reduction of the sensitivity of TB
PET scanners. Tomographs such as Biograph Vision and 97.4 cm uEXPLORERS’ were
neutral against this cut, which can be explained by their smaller AFOV, which fits inside
the cut region. Moreover, the effect of this cut has been investigated in the presence of
the phantom to mimic clinical scenarios.

The Total-Body sensitivity is defined as the average of rate of detected annihilations
originating from within the 183 cm long phantom (which mimics a human body) divided
by the total activity Apody present within it:

St = i;', 2)

Where N is the number of slices within the body range, in the case of scanners with an
axial field-of-view shorter than 183 cm, the empty slices are outside of the scanner but
still within the body range and are also taken into averaging.

Results

The sensitivity profiles of the scanners described in the method section based on a 2.5 m
line source located in their central axial axes have been shown in Fig. 4a. It includes all
the sensitivity profiles of the scanners which have been investigated in this study.

As shown in Fig. 4a, the full uEXPLORER (BGO) with 194.8cm of AFOV provides
higher sensitivity compared to the other scanners. Among the J-PET investigated scan-
ners, TB J-PET (4 modules), based on the plastic scintillator with a cross section of 6 x
30 mm and 200 cm of AFOV, has higher sensitivity. Among sensitivity profiles presented
in Fig. 4a the TB PET scanners based on a sparse configuration have a wavy sensitivity
profile, which is due to their geometrical configuration that has not full coverage of the
detector along their AFOV.

As described in the method section, the utilization of a cut to suppress the oblique
coincidences is required in TB PET scanners. To show the effect of this cut on the sensi-
tivity profiles of the investigated TB PET, a 57° of acceptance angle cut and a maximum
five ring difference cut has been applied for J-PET-based scanners and uEXPLORER
tomographs, respectively. These cuts have been applied based on the previously investi-
gated study by these research groups [40].

As shown in Fig. 4b, applying these cuts reduces the sensitivity of the scanner at the
regions close to the center of the scanner. However acceptance angle cut applied in the
J-PET-based scanner provides a uniform region in the corresponding sensitivity profile,
while the maximum ring difference cut applied in the uEXPLORER-based scanner caus-
ing a wavy region in their sensitivity profiles. As shown in Fig. 4b, applying five ring dif-
ference cut does not have an influence on the scanner, such as Full uEXPLORER BGO/
LYSO with an AFOV of 97.4 cm. The reason for such independent behavior of those
scanners is due to the smaller AFOV, which is not influenced by five ring difference cut.

Figure 5a shows the sensitivity profiles of the TB PET scanners with a 2.5 m centrally
located line source inside a 183 cm water-filled phantom with a diameter of 20 cm.
Among all TB PET scanners, the uEXPLORER based on the BGO with 194.8 cm of
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Fig. 4 a Sensitivity [cps/kBq] profiles of all the TB PET geometries with a 2.5 m line source located in

their central axial axis. b Sensitivity [cps/kBq] profiles of all the TB PET geometries with a 2.5 m line source
located in their central axial axis with 57° degree of acceptance angle for J-PET based scanners and five ring
difference cut for uEXPLORER tomographs

AFOV has higher sensitivity, and among J-PET based scanners, TB J-PET (4 modules),
based on the plastic scintillator with a cross section of 6 x 30 mm and 200 cm of AFOV

provides

The effect of applying a cut to suppress oblique coincidences has been shown in
Fig. 5b. Although, in the uEXPLORER-based TB PET, the sensitivity profiles after
applying five ring difference cut have less fluctuated in the presence of phantom,
the J-PET-based scanners provide a more uniform region even after applying 57° of

acceptan

higher sensitivity.

ce angle.
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Fig. 5 a Sensitivity [cps/kBq] profiles of the TB PET scanners with a 2.5 m line source inside a 183 cm
water-filled cylindrical phantom with a diameter of 20 cm. b Sensitivity [cps/kBq] profiles of the TB PET
scanners with a 2.5 m line source inside a 183 cm water-filled cylindrical phantom with a diameter of

20 cm, with 57° of acceptance angle for J-PET-based scanners and five ring difference cut for uEXPLORER
tomographs

Discussion

The main aim of this work was to perform a simulation study to compare several cost-
efficient solutions with TB J-PET scanners based on sensitivity, which is one of the main
characteristics of tomographs. Generally, the cost of manufacturing a TB PET scanner
depends on two main factors: the price of the scintillators and the readout electronics,
including SiPMs. With construction costs estimated to be at the level of 10 million USD
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[13], the 194.8 cm uEXPLORER will be used as a reference in the following considera-
tions. Because a significant portion of the system price is constituted by the scintillators,
using BGO instead of LYSO can reduce this share of the total cost by 30%.

However, due to the same number of SiPMs and electronic readouts, the cost of
making a tomograph will remain relatively high. Construction of TB PET by uti-
lization of sparse configuration of the detector has been proposed as another solu-
tion investigated in this work. As shown in Fig. 7, the sensitivity of these scanners is
almost one-third of full uUEXPLORER tomographs. However, they have nearly half a
photomultiplier covered area. As shown in Figs. 3 and 7, the technology used in J-PET
makes it possible to build scanners with higher AFOVs with only a slight increase in
the number of SiPMs, which are due to the addition of WLS readouts [34]. With this
assumption, we simulated TB J-PET designs with AFOV reaching as high as 250 cm.
Figure 6 shows the sensitivity profiles of the alternative TB PET scanners compared to
proposed J-PET-based systems, with a cylindrical phantom with a diameter of 20 cm
and a length of 183 cm.

For better visualization, a schematic image of a 183 cm tall male person was located
in the position of the phantom. The sensitivity profiles of all J-PET proposed TB PET
scanners show even higher sensitivity in the brain region, enhancing their perfor-
mance for simultaneous brain and body scans. This is caused by a reduced attenuation
material for one of the annihilation photons while still having more than 30 cm of the
sensitive part of the tomograph. This shows that TB J-PET scanners with 250 cm of

—
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Fig. 6 Sensitivity [cps/kBq] profile of the TB PET scanners with a 2.5 m line source inside a 183 cm long
water-filled cylindrical phantom with a diameter of 20 cm and acceptance cut. The schematic visualization
of a male patient is added to represent the position of a 183 cm height person in the sensitivity profile of
the tomographs with 57° of acceptance angle for J-PET-based scanners and five ring difference cut for
UEXPLORER tomographs
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Fig. 7 Representation of the total sensitivity of the scanner as a function of the sum of the required
photomultiplier covered area. The TB PET systems based on the J-PET technology are marked with black
circles. Four additional ring-based TB J-PET geometries are marked with blue circles. The crystal-based
geometries are marked in the plot with black triangles. Each ring of the J-PET is constructed as a separate
tomograph with 50 cm length scintillators. Two existing systems (Biograph Vision and uEXPLORER from LYSO
crystals) were colored red

AFOV can provide higher sensitivity in positions of vital organs while using plastic

scintillators, which are less expensive than crystal scintillators.
As shown in Fig. 7, the TB PET based on J-PET technology has a smaller photomul-
tiplier covered area while having comparable total sensitivity to other tomographs.

According to a study performed by Moskal et al. [20], which investigated the utilization

of 50 cm long plastic strips, such dimensions can provide a good compromise between

spatial characteristics and the construction price of TB J-PET.

Due to the fact that currently, existing organic scintillators have limitations of light

transfer characteristics [26, 41], a TB J-PET design based on the ring-wise configuration

is being explored. With that in mind, four additional TB J-PET geometries are presented
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in Fig. 7. The ring-wise configuration does not influence the corresponding Total-Body
sensitivity since the AFOV of the scanners remains the same.

For the comparison of various discussed solutions, taking into account the sensitivity
and costs of the systems, we introduce a figure of merit for the whole-body PET5t7gm:

StB
costs

TB — FOM = (3)
Where St denotes the average sensitivity of the system for the whole-body imaging, as
defined in eq. 2. The relative costs were estimated taking into account that approximately
half of the price of the PET system is due to the photomultipliers and electronics and
another half due to the scintillators [2]. The result normalized to the Explorer is indi-
cated in the table in Fig. 7. It shows that the best value for Total-Body PET when con-
sidering both cost and sensitivity is the 2-layer PET based on plastic scintillators strips.

Conclusions

The remarkable results of uEXPLORER, along with studies presented in parallel by other
research groups, have popularized the development of TB systems [1-3, 10, 42]. In this
regard, the cost of manufacturing and deploying TB PET based on uEXPLORER limits
the possibility for widespread use by diagnostic, therapeutic, and research centers. Now-
adays, most TB PET developers accept these systems’ high construction costs as a major
barrier and are looking for cost-effective alternatives. The presented simulation-based
study has been performed by pointing to the construction price of TB PET scanners as
the most crucial obstacle in their development and widespread utilization. The sensitiv-
ity of scanners has been used as a metric to compare all possible solutions to construct
cost-efficient TB PET scanners. The proposed tomographs based on J-PET technology
by utilization of novel detector arrangement and unique detection principles (Fig. 1) can
be cost-efficient alternative TB PET scanners. As an example, the TB J-PET (4 modules
and 250 cm of AFOV) needs about five times less amount of SiPM and electronic read-
outs (as shown in Fig. 7). Based on this considerable reduction of the scintillator price
and a smaller amount of SiPMs compared to the uEXPLORER, it can be claimed that
J-PET technology has promising performance both from imaging characteristics [20]

and cost-efficiency point of views.
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