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A B S T R A C T

The integration of Time-of-Flight (ToF) information into Positron Emission Tomography (PET) image recon-
struction enhances both signal-to-noise ratio and the localization of annihilation events. A critical component
contributing to the accuracy of ToF-PET is the scintillator. To overcome the time resolution limitations
in conventional scintillators, the metascintillator approach has been proposed. The metascintillator is an
engineered composition of small units that combines and optimizes various features within a single scintillator
heterostructure.

In this work, metascintillator-based brain PET systems were simulated using the GATE toolkit and compared
with designs based on bulk LYSO or BGO. Sensitivity, noise equivalent count rate (NECR) and scatter fraction
were evaluated following NEMA guidelines. To match the peak sensitivity of a system utilizing a 15 mm bulk
BGO, the metascintillator-based scanners using BGO/BaF2, BGO/EJ232, LYSO/BaF2 and LYSO/EJ232 must
possess thicknesses of 23.2 mm, 22.5 mm, 29.7 mm and 31.1 mm, respectively. With ToF gain, the scanner
utilizing a 25 mm thick LYSO-EJ232 metascintillator exhibited the most promising NECR curve, peaking at
1180 cps at 1600 MBq. This work takes a significant step towards harnessing the information gain facilitated
by the integration of metascintillator-based detectors in PET imaging.
1. Introduction

Positron Emission Tomography (PET) plays a pivotal role in tumor
imaging and the search for metastases [1]. There are several ongoing in-
vestigations for the development of brain-dedicated PET systems [2–9]
for the diagnosis of diseases associated with various forms of dementia.
The reduced ring diameter of a brain-dedicated PET scanner compared
to whole-body PET systems enhances spatial resolution by mitigat-
ing the non-collinearity effect of positron annihilation and increases
sensitivity through improved solid angle coverage.

Advancements in PET technology have markedly improved perfor-
mance, driven by significant progress in instrumentation and software.
Recent trends incorporate time-of-flight (ToF) information into the im-
age reconstruction process to enhance signal-to-noise ratio (SNR) and
annihilation event localization [10]. Among the crucial components
contributing to the accuracy of ToF-PET is the scintillation crystal.
The evolution of scintillation crystals is evidenced by the emergence
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of inorganic scintillators boasting superior energy resolution, faster
response and heightened detection efficiency [11]. Traditionally, scin-
tillator development revolves around the discovery of novel materials
and the enhancement of existing ones [12]. These materials typically
possess a homogeneous chemical composition and structure without
any secondary phase. Notably, BGO crystal (e.g. GE Omni Legend)
and lutetium-based scintillators – LSO, LYSO and LFS – (e.g. Siemens
Biograph Vision) have found widespread application [13]. Despite the
prevalent use of LYSO, various studies are exploiting Cherenkov emis-
sion by introducing ToF in BGO [14–30]. Previous studies also proposed
the use of LaBr3:Ce crystal [31] and plastic scintillator [32] to develop
PET systems with ToF capabilities. More recently, the metascintillator
approach has emerged to address the time resolution limitations of
conventional scintillators [33]. Subsequently, numerous works have
explored its potential [34–37]. The metascintillator is an engineered
composition of units with at least one dimension in the order of 100
μm, amalgamating and optimizing multiple features within a single
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Fig. 1. (Top) Metascintillator configuration in a pixel structure, using two different materials; and (bottom) representation of the recoil electron interacting with a metascintillator
along its range.
scintillator heterostructure (see Fig. 1). When incident radiation inter-
acts with the metascintillator, a recoil electron is formed, gradually
losing energy along its path. The scintillator heterostructure follows a
probability distribution to share the energy of the radiation interaction
among different materials and combine their properties. Thus, scintil-
lator heterostructure has to be designed considering the range of the
recoil electron, which is typically 100 to 200 μm in BGO and LYSO
crystals [38].

Monte Carlo simulation is frequently employed for assessing the per-
formance of medical imaging devices in emission tomography, optimiz-
ing acquisition protocols, and refining image reconstruction algorithms
and correction techniques [39,40]. GATE (Geant4 Application for Emis-
sion Tomography) [41] radiation transport code, based on Geant4
toolkit [42], was specifically developed to facilitate those tasks, encom-
passing time-dependent processes, acquisition, and signal processing
stages for comprehensive system simulation.

A previous study proposed a metascintillator-based TOF-PET geome-
try employing BGO and plastic EJ232 scintillators for image reconstruc-
tion analysis using simulated data [43]. Building upon this, the current
work simulates brain PET systems based on metascintillator technology
using GATE and compares them with designs relying on bulk LYSO or
BGO. Several metascintillator thicknesses were simulated to ascertain
their equivalence to a 15 mm thick bulk BGO crystal in terms of
sensitivity. Additionally, the noise equivalent count rate (NECR) and
scatter fraction (SF) were assessed adhering to the guidelines outlined
by the National Electrical Manufacturers Association (NEMA) [44]. To
ensure a fair comparison and avoid bias introduced by specific image
reconstruction algorithms, only data in the list-mode format (i.e., event-
by-event recorded information) were utilized for analysis. The primary
objective of this study is to take a significant step towards realizing the
clinical benefits, particularly in terms of information gain, offered by
the integration of metascintillator-based detectors in PET imaging [34].

2. Materials and methods

2.1. GATE script development

GATE scripts were implemented to simulate brain-dedicated PET
systems using bulk crystals and metascintillators. The simulated PET
scanner evaluation tests are independent of image reconstruction and
comprised sensitivity, NECR and SF. In the absence of a specific NEMA
standard for brain PET systems, the analysis was performed using
NEMA standards for preclinical (NEMA NU 4-2008) [44] and clinical
PET systems (NU 2-2018) [45]. Simulations included 72 PET listmode
acquisitions for the scatter phantom (NECR and SF curves) and 528 for
the sensitivity analysis. Simulations were performed on a PC based on
the Intel© Core™ i7-11700 @ 2.50 GHz (8 cores) and 32 GB RAM.
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Table 1
Materials properties.

Material 𝝆 LY Decay time Ref. 𝝀
(g/cm3) (ph/keV) (ns) (cm)

LYSO 7.1 33 36 [47] 1.29
BGO 7.1 8.5 300 [48] 1.10
BaF2 (fast) 4.88 1.4 0.7 [48] 2.29
BaF2 (slow) 4.88 9.5 620 [48] 2.29
EJ232 1.023 8.4 1.6 [49] 10.47

Table 2
LYSO material composition.

Element Z Mass fraction

Lu 71 0.71446
O 8 0.18148
Si 14 0.06372
Y 39 0.04034

2.2. PET geometry and materials

Geometry tests were conducted using the command ‘‘/geometry/
test/run’’ to verify and prevent overlapping regions. The PET geometry
has six rings with 290 mm transaxial diameter and 28.2 mm axial
extension each one. The rings have a 1.2 mm separation between them,
resulting in a total axial extension of 175.2 mm. Fig. 2 shows the PET
geometry at different angular views. The dimensions were chosen for
suitable brain PET imaging [46].

Each detector ring contains 30 modules of 8 × 8 crystal elements
with a pitch of 3.6 mm in both directions. The pitch size was chosen
to be larger than the scintillator pixel size to account for photosensor
matrix spacing and the dead area between the scintillators due to reflec-
tors and mechanical stability of the material. The materials considered
for the crystal elements are described in Table 1. The mass density
(𝜌), the light yield (LY), and the decay time were obtained from the
literature [47–49]. Attenuation length (𝜆) at 511 keV was determined
using NIST XCOM Database [50] by considering both photoelectric ab-
sorption and Compton scattering. LYSO crystal composition is described
in Table 2.

Table 3 exhibits the dimensions of the simulated crystal elements.
When applicable, the metascintillator configuration is also described.
The pixel size values were slightly different (e.g. 2.9 mm instead of
3 mm) depending on the relevant size of the layers composing the
metascintillator pixel. The thickness of such layers has an error margin
closer to 5%. Thus, we considered a 3% difference in nominal values
to be negligible.

The layers of the metascintillator elements are alternately placed
for each different material, as can be seen in Fig. 3. BGO, BaF and
2
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Fig. 2. Different views of the PET detector geometry.
Fig. 3. Representation of the BGO/BaF2 and BGO/EJ232 metascintillator elements and detailed view of the module. BGO, BaF2 and EJ232 layers are represented in blue, red and
green colors, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 3
Dimensions of the simulated crystal elements.

Scintillator Pixel Length Metascintillator
area (mm) configuration
(mm2)

LYSO (Bulk) 3 × 3 20 not applicable
BGO (Bulk) 3 × 3 15 not applicable

BGO/BaF2 3 × 3 15;20;25 5 × 300 μm BGO
5 × 300 μm BaF2

BGO/EJ232 3 × 2.9 15;20;25 7 × 300 μm BGO
8 × 100 μm EJ232

LYSO/BaF2 3 × 3 25;30;35 5 × 300 μm LYSO
5 × 300 μm BaF2

LYSO/EJ232 3 × 2.9 25;30;35 7 × 300 μm LYSO
8 × 100 μm EJ232

EJ232 layers are represented in blue, red and green colors, respectively.
Fig. 3 also shows the geometry of the module with the metascintillator
elements.

A previous work [34] showed that not all events interact in both
materials, as the average attenuation length of hot electrons in 300 μm
of BGO and LYSO does nor guarantee their leakage to the fast compo-
nents (EJ232 or BaF2) for all the events. However, thinner pieces of
BGO and LYSO are difficult to produce or manage without significant
material losses. In this sense, the thickness chosen for the different com-
ponents is a compromise between performance, stability and overall
sensitivity. There is just a thin air gap between layers, with no other
optical coupling material applied. This configuration aims to keep a
larger fraction of the scintillation light inside the layer where they
are generated through the total internal reflection mechanism, which
occurs when the incident angle of the optical photon is greater than the
critical angle. This improves the light collection on the SiPM attached
to this pixel, and therefore the timing resolution [51].
3 
2.3. GATE parameters

Simulations were performed using GATE version 9.2 [39], which is
based on Geant4 version 11.0.1 [42].

2.3.1. Physics
The Geant4 electromagnetic physics constructor ‘‘G4EmLivermore

PolarizedPhysics’’ was chosen due to its combination of models for each
physics process that offers good CPU efficiency and agreement with the
reference data in medical physics applications [52–54]. This physics
constructor comprises the following processes: photoelectric effect,
Compton scattering, gamma conversion, Rayleigh scattering, electron
and positron ionization, bremsstrahlung and multiple scattering and
positron annihilation. The Geant4 radioactive decay process was also
added to simulate radionuclide sources. In Geant4, secondary particles
are only generated when the interacting particle has an expected range
larger than a production cut, which is set in terms of a distance value.
Range production cuts for gamma and electrons were set to 0.01 mm
for both bulk crystals and metascintillators due to their layers with
thickness values between 300 μm and 100 μm. No variance reduction
technique was employed and output data were recorded and analyzed
within the ROOT framework [55].

2.3.2. Digitizer
In Fig. 4, the GATE digitizer chain adopted in this work is presented.

Unless otherwise specified in Table 4, the parameters employed had the
default digitizer values.

The function ‘‘adder’’ was used to sum all the energy values from
the hits that occur within the same detector module, forming a pulse.
By default, GATE simulations use energy-weighted centroid positioning
in the pixels of a block, similar to Anger logic. However, in this work,
the policy ‘‘TakeEnergyWinner’’ was chosen to represent a one-to-one
photosensor-crystal coupling readout. Additionally, the time of the first
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Fig. 4. GATE digitizer chain used in the simulations. The noise feature was not activated.
Table 4
Detector characteristics used in the simulations.

Scintillator Length ER CTR Dead time and
(mm) (ps) pile up (ns)

LYSO 20 11% 210* 590
BGO 15 18.5% 600* 1390

BGO/BaF2

15
22%

240*
216020 244

25 249

BGO/EJ232
15

21%
205*

139020 210
25 216

LYSO/BaF2

25
14%

100*
216030 114

35 129

LYSO/EJ232
25

13%
100*

59030 114
35 129

interaction is recorded to exclude any other contributions to timing
deterioration, apart from those defined by our measurements.

Table 4 exhibits the detector characteristics used in the simula-
tions. The energy resolution (ER) values at 511 keV, set to all singles
events with and without shared energy, were obtained from a previous
work [35,51,56]. The energy resolution dependence on the crystal
length was not considered. The time delay distributions were con-
sidered to follow a Gaussian shape for simplicity and comparability
reasons, as predefined in GATE code. However, a previous work pro-
vides measured ToF distributions with non-Gaussian shape [22]. The
LYSO CTR (Coincidence Time Resolution) value refers to the state-
of-the-art Siemens Biograph Vision [57]. CTR values indicated with
‘‘*’’ were obtained experimentally [51]. Assuming identical detectors,
the CTR values in the other cases were calculated considering the
timing resolution deterioration due to the contribution of the crystal
length [58].

Dead time and pile up for the scintillators were set according to
the pulse duration obtained from our basic experimental setup [51]
and considered the slowest decay time of each material component, as
described in Table 4.

The energy window for event selection was 350 keV to 650 keV for
all crystal elements configurations described on Table 3. The energy
window applied is based on the typical values used in PET scanners and
is sufficient to register most of the events of the photopeak for all en-
ergy resolution values set in the simulations. Hence, the energy window
used was based on common practice and characterization approaches.
As the majority of events is predominantly releasing energy in the
heavy materials, with scatter being followed by secondary photoelectric
absorption, we consider the bias to be small. Therefore, scattered events
(e.g. Compton scattering in one crystal and photoelectric absorption in
another one) may also be registered.

The coincidence time window was set to 2 ns [59,60]. The chosen
coincidence sorter is based on a ‘‘multiple-window’’ approach, where
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each registered single event triggers the opening of a time window and
a logical OR records the coincidence events. This approach, used in the
validation of PET scanners [40,61], avoids counting some coincidences
twice [40] and is activated by setting the flag ‘‘allPulseOpenCoincGate’’
as true. The multiple coincidences policy ‘‘takeAllGoods’’ was selected
to store all valid coincidences when three or more singles are found
within the same coincidence window. This strategy best represents the
design implemented in modern PET systems [57]. A pair of singles in
coincidence is considered valid when they are separated by a minimum
number of modules, defined by the parameter ‘‘minSectorDifference’’ of
the GATE coincidence sorter. This parameter helps reject coincidence
events formed by an annihilation photon that scatters and deposits its
energy in adjacent blocks. In this work, the parameter ‘‘minSectorDif-
ference’’ is set to 5 modules (or sectors). Estimation of the number of
random counts was performed through a second coincidence module
with the same time window, but with a delay of 100 ns. The same
coincidence sorter and multiple coincidence policy were applied to
provide a better estimation of random counts [62].

2.4. Data acquisition and analysis

2.4.1. Sensitivity
The effective sensitivity S (in %) of the scanner is defined as the

ratio of the true coincidence event rate Rtrue (in counts/s) to the total
activity of the source As (in Bq):

𝑆 =
𝑅𝑡𝑟𝑢𝑒

𝐴𝑠 × 𝐵 𝐹 × 100 (1)

The fraction of total decays that correspond to the emission of
positrons (BF), also called the positron branching ratio, should be con-
sidered when dealing with non-pure beta plus emitters. For example,
22Na and 18F emit beta-plus particles with BF of 0.9 and 0.97, respec-
tively [1].

The sensitivity is determined by data acquired from a uniform
activity volume across all projections. During a sensitivity measure-
ment, a sufficient amount of material must surround the source to
ensure the occurrence of the annihilation process. The sensitivity is
mainly determined by the geometry of the scanner and the absorption
efficiency of the detector. For ToF-capable PET systems, the CTR is an
important factor for the effective sensitivity since the likelihood of the
annihilation’s position along the LOR is restricted by the detection time
difference between the two annihilation photons. Alongside geometry
and absorption efficiency, the system’s maximum and minimum energy
limits, as well as its dead time, are crucial factors.

In this work, a 370 kBq 22Na spherical source with 0.25 mm diame-
ter encapsulated in a 10mm× 10mm× 10mm3 cast acrylic cube was used
to determine sensitivity values for 40 s acquisitions at several positions
across the axial direction (−75mm; −60 mm; −45 mm; −30 mm;
−15 mm; 0 mm; 15 mm; 30 mm; 45 mm; 60 mm; 75 mm). This
definition of the source follows the NEMA NU-4 2008 standard [44].
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The length of the metascintillator-based pixel, also called metapixel,
ould be approximately determined by the composed attenuation length

and photofraction values. However, due to the non-homogeneous and
symmetric nature of the metapixel, a more precise model is necessary

for an accurate study of information gain. Furthermore, simulating
the detection efficiency of a 511 keV gamma arriving normal to the
entrance surface in the middle of the pixel may not accurately repre-
sent efficiency in a real PET geometry, where gammas impinge from
various angles. It is also anticipated that the equivalent length of
the metapixel is PET-geometry dependent, to some extent. Therefore,
sensitivity profiles of each simulated brain-dedicated PET geometry
were utilized to ascertain the length of metapixel configurations that
exhibit performance equivalent to a 3mm × 3mm × 15mm3 BGO pixel.

2.4.2. NECR and SF
The NECR and SF studies were conducted according to the method-

ology described in a previous work [40], which reports maximum
relative differences between simulated and experimental values of less
han 11% for all event rates, including NECR and SF. This margin of
ifference is considered acceptable for our study, as it focuses on the
omparative analysis of various scintillator configurations.

A true coincidence event occurs when the two annihilation photons
are detected within the coincidence time window, and neither photon
nteracts before detection. A scattered coincidence occurs when at least
ne of the annihilation photons is scattered prior to detection, which
mplies a high probability of a wrongly assigned LOR. A random coin-
idence is formed when two photons from different annihilation events
re registered within the same coincidence time window. Therefore,

only the true coincidence events provide correct information on the
spatial distribution of the radiopharmaceutical within the patient. The
total count rate of detected coincidences is defined as:

𝐶 = 𝑇 + 𝑆 + 𝑅 (2)

where T, S and R are the true, scattered and random coincidence count
rates, respectively. The SF should be determined by choosing the source
activity in which the number of random coincidences is negligible. It
is given by:

𝑆 𝐹 = 𝑆
𝑇 + 𝑆

(3)

The NECR estimates the number of true coincidences during an
cquisition:

𝑆 𝑁 𝑅2 ∝ 𝑁 𝐸 𝐶 𝑅 = 𝑇
1 + 𝑆

𝑇 + 𝑅
𝑇

= 𝑇 2

𝑇 + 𝑆 + 𝑅
= 𝑇 2

𝐶
(4)

An accurate measure of the true coincidence events must consider
he intrinsic radioactivity of the detector, as is the case with scintillators
hat have lutetium in their composition [63].

It is widely accepted that ToF information provides the following
gain in the SNR for a given object with diameter D [64]:

𝐺 𝑎𝑖𝑛(𝑆 𝑁 𝑅𝑇 𝑜𝐹 ) =
𝑆 𝑁 𝑅𝑇 𝑜𝐹

𝑆 𝑁 𝑅𝑛𝑜𝑛−𝑇 𝑜𝐹
=
√

𝛼2 2 ×𝐷
𝑐 × 𝐶 𝑇 𝑅 (5)

where 𝛼2=1/1.47 [64,65] and c is the speed of the light in the vacuum.
rom Eqs. (4) and (5), we conclude that the NECR gain by using ToF
s given by:

𝐺 𝑎𝑖𝑛(𝑁 𝐸 𝐶 𝑅𝑇 𝑜𝐹 ) =
𝑁 𝐸 𝐶 𝑅𝑇 𝑜𝐹

𝑁 𝐸 𝐶 𝑅𝑛𝑜𝑛−𝑇 𝑜𝐹
= 𝐺 𝑎𝑖𝑛(𝑆 𝑁 𝑅𝑇 𝑜𝐹 )2 (6)

For the NECR analysis, NEMA NU2-2018 guidelines [45] indicate
the use of a scatter phantom as a polyethylene cylinder with 203 mm
outside diameter and 700 mm axial extension. In this work, a 18F source

ith 3.2 mm diameter and 700 mm axial extension was placed at a
5 mm radial distance from the axial center. The source activity ranged
rom 10 to 3000 MBq. As we have extracted the counts directly from the
imulated data, we did not take into consideration any influence of the
arallax error or other spatial resolution deterioration due to the differ-
nt crystal lengths in the NECR computation. However, improvements
n image quality due depth-of-interaction (DOI) information cannot be

66].
etermined with the NECR analysis [
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Table 5
Metascintillator thickness equivalent to a bulk BGO with 15 mm thickness.

Metascintillator Sensitivity Equivalent
thickness (mm)

BGO/BaF2
mean 23.2
peak 23.7

BGO/EJ232 mean 22.5
peak 22.7

LYSO/BaF2
mean 29.7
peak 31.1

LYSO/EJ232 mean 31.1
peak 32.3

3. Results

3.1. Sensitivity analysis

Figs. 5 shows the sensitivity profiles for 22Na with and without
energy window applied. The use of the 22Na point source follows the
NEMA guidelines and allows the sensitivity profiles to be obtained
experimentally.

Sensitivity profiles simulated with GATE were previously compared
to an analytical approach from another study [67]. This study also
indicates that the 1275 keV gamma from 22Na decay can partially pass
through the EW, thereby increasing sensitivity by as much as 13.3%.

When the energy window is not applied, the peak sensitivity val-
ues for BaF2-based metascintillators are higher than those employing
EJ-232, when considering the same thickness. This is due to higher
probability of interaction of the BaF2-based metascintillators. On the
other hand, the peak sensitivity for EJ232-based metascintillators are
higher than BaF2-based ones when the energy window is applied.
This is because of the higher photoelectric absorption provided by the
BGO-EJ232 and LYSO-EJ232 configurations.

With the 350–650 keV energy window, bulk BGO and LYSO crys-
als provide sensitivity profiles with peak values of 8.8% and 8.5%,
espectively.

It can be seen that 20 mm thick BGO/BaF2 and 25 mm thick
LYSO/BaF2 present the lowest sensitivity profiles among the BaF2-
ased metascintillators with a peak sensitivity of 7%. The highest

sensitivity profile is obtained with a 35 mm thick LYSO/BaF2 with a
peak sensitivity of 10%.

Concerning sensitivity profiles with EJ232-based metascintillators,
5 mm thick LYSO/EJ232 heterostructure provides the lowest sensi-
ivity profile with a peak sensitivity of 6.5%. The highest sensitivity

profiles use the metascintillators LYSO/EJ232 and BGO/EJ232 with
thicknesses of 35 mm and 25 mm, respectively. Their peak sensitivity
is around 9.5%.

Figs. 6 show the relation between the sensitivity and the metascin-
tillator thickness for a 350–650 keV energy window considering LYSO
and BGO-based metascintillators. Although a linear behavior is ob-
erved for both mean and peak sensitivity values, it is known that this
ould not occur for a longer range of thickness values [68].

The use of BaF2 with LYSO-based metascintillators provides better
ensitivity than the adoption of EJ232. On the other hand, EJ232 is a

better option to achieve optimal sensitivity with BGO-based metascin-
tillators. This effect is due to the larger photoelectric absorption prob-
bility of BGO.

Table 5 shows the values of metascintillator thickness to match
the peak sensitivity of a PET system based on a bulk BGO with a
thickness of 15 mm. These values were obtained through a linear fitting
procedure using data presented in Fig. 6.

The metascintillator thicknesses for the mean and peak sensitivity
differs from only 0.2 mm for the BGO/EJ232 to 1.4 mm for the
LYSO/BaF2. The higher the probability of photoelectric absorption in
the materials, the lower the difference of thickness values for the mean
and peak sensitivity.
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Fig. 5. Sensitivity profiles for 22Na with and without energy window (EW). The black full circle represents a 15 mm thick bulk BGO, while the black downward triangle indicates a
0 mm thick bulk LYSO. The colors of the markers define the metascintillator materials: red for BGO/BaF2, blue for LYSO/BaF2, magenta for BGO/EJ232, and gray for LYSO/EJ232.
arker styles denote the thickness of the metascintillator based on its high-Z material: a full square indicates either 15 mm for BGO or 25 mm for LYSO; a full upward triangle

epresents 20 mm for BGO or 30 mm for LYSO; and a full diamond corresponds to 25 mm for BGO or 35 mm for LYSO. (For interpretation of the references to color in this
igure legend, the reader is referred to the web version of this article.)
Fig. 6. Sensitivity as a functions of the BGO and LYSO-based metascintillators thicknesses with a 350–650 keV energy window. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
A

3.2. NECR and SF curves

Figs. 7 and 8 show the NECR and SF curves for the selected
metascintillators with a thickness equivalent to a bulk BGO with
15 mm, considering the peak sensitivity as a worst case scenario. A
350–650 keV energy window was applied. Bulk BGO and LYSO were
also included for comparison purposes.

Without ToF gain, scanners based on bulk LYSO and LYSO-EJ232
resent the best NECR curves, reaching a peak of 130 cps at around
600 MBq. This is due to the reduced dead time and pile up provided
y the LYSO and EJ232 materials. On the other hand, BaF2-based

metascintillator systems provide the lowest NECR peak value due to
the worst dead time/pile-up specifications.

With ToF gain applied according to Eq. (6), the scanner based on
LYSO-EJ232 presents the best NECR curve. This is due to the enhanced
timing properties provided by the LYSO and EJ232 materials. Bulk
BGO-based scanner presents the NECR curve with the lowest values.

Concerning the SF curves, the lowest values are provided by the
YSO-EJ232-based scanner, followed by the system that uses the bulk
YSO crystal. The worst scenario is again represented by the BaF2-based

metascintillators scanners.
Table 6 summarizes the results in this work through the peak values

of the sensitivity and NECR with and without ToF gain. Peak sensitivity
ranges from 4.8% to 9.9%. The 25 mm LYSO/EJ232 scanner has the
best peak NECR when receiving the boost from the ToF gain.
6 
Table 6
Peak sensitivity (S) and NECR with and without the ToF SNR gain for each length (L).
 is the activity of the obtained NECR value.
Scintillator L Peak ToF Peak Peak A

(mm) S NECR NECR NECR (MBq)
gain ToF

LYSO 20 8.5% 4.32 130 562 1600
BGO 15 8.8% 1.51 121 183 1150
BGO/BaF2 15 4.8% 3.78 106 401 800
BGO/BaF2 20 7.1% 3.72 106 394 800
BGO/BaF2 23.7 8.8% 3.66 106 388 800
BGO/BaF2 25 9.3% 3.64 106 386 800
BGO/EJ232 15 5.1% 4.43 118 522 1150
BGO/EJ232 20 7.5% 4.33 118 511 1150
BGO/EJ232 22.7 8.8% 4.27 118 503 1150
BGO/EJ232 25 9.8% 4.21 118 497 1150
LYSO/BaF2 25 6.8% 9.08 106 962 800
LYSO/BaF2 30 8.5% 7.94 106 842 800
LYSO/BaF2 31.1 8.8% 7.72 106 819 800
LYSO/BaF2 35 9.9% 7.03 106 745 800
LYSO/EJ232 25 6.6% 9.08 130 1180 1600
LYSO/EJ232 30 8.1% 7.94 130 1033 1600
LYSO/EJ232 32.3 8.8% 7.50 130 975 1600
LYSO/EJ232 35 9.5% 7.03 130 914 1600

Within the simulated scenarios, the best peak NECR with ToF is
achieved by the 25 mm thick LYSO/EJ232 (1180 cps at 1600 MB),

despite its lower peak sensitivity of 6.6%.
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Fig. 7. NECR curves for 22Na with and without ToF for the 350–650 keV energy window. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Fig. 8. SF curves for the 350–650 keV energy window. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

The primary focus of applying metascintillators in PET lies in en-
ancing effective sensitivity through the use of ToF information, which
an be analytically calculated to assess its impact on reconstructed
mages [69]. Studies have demonstrated that improved ToF capabilities
ave the way for novel architectures, such as sparse or open con-

figurations, while enhancing the ability to discriminate small lesions.
Subsequent to this study, the simulated data will be utilized for im-
age reconstruction of source distributions corresponding to real-world
medical scenarios. Specifically, the target application involves a neuro-
logical study aimed at understanding the diffusion of amyloid plaques
from white to gray matter in brains with normal activity and those
afflicted by Alzheimer’s disease. Such investigations stand to benefit
from high-sensitivity PET systems with excellent ToF capabilities, as
ToF information can mitigate noise propagation and enhance effective
sensitivity.

Spatial resolution is an important aspect in brain PET systems,
hich was addressed by using small segmented crystal with one-to-
ne photosensor-crystal coupling readout. However, DOI significantly
nfluences image quality, as parallax errors can degrade it. At the
ame time, DOI is a pivotal driver in ToF performance, potentially
nhancing image quality and effective sensitivity. Consequently, DOI is
he focus of metascintillator development, through the design of semi-
onolithic metascintillators [70]. Further studies should explore the

patial resolution and image reconstruction algorithms.
 o
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The selected energy window ranges from 350 to 650 keV. A num-
er of scattered events is thus registered by the system, albeit with
ow-energy deposition in the subject under study, resulting in slight
eviations from the correct LOR. A study to optimize the energy
indow, focused on the experimentally retrieved energy resolution and

photofractions is likely to improve the NECR curve.
The choice of materials for the metascintillator plays another vital

role in the calculation of NECR, as the decay characteristics of different
scintillators significantly affect the dead time of the detector. It is clear,
in Fig. 7, that BaF2-based solutions penalize NECR for higher activities.
This can be amended by the use of yttrium-doped BaF2, suppressing
the slow part of the pulse and retaining the useful, ultra-fast, cross-
luminescent component [71]. Moreover, BaF2 timing has been based on
an experiment using noncommercial Vacuum-ultraviolet (VUV) sensi-
ive silicon photomultipliers (SiPMs), such as the one from Fundazione
runo Kessler (FBK) [71]. Enhanced sensitivity in the VUV region can
urther improve timing with BaF2. Combined with the suppression of
he slow component, this material holds significant potential for future
etascintillator applications.

The image noise can be reduced by increasing the number of total
counts. Therefore, a longer acquisition time, a radiopharmaceutical
with higher activity, and a more efficient detection system could im-
rove the image noise. However, an increase in radiopharmaceutical
ctivity is limited by the dead time of the system, the higher frequency
f random coincidences and the absorbed dose in the patient. A longer
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acquisition time may be unfeasible/uncomfortable for a living organism
r a patient. The efficiency of the detection system is also limited by
he design of the tomograph. The image noise can be characterized by
he NECR, as it is linearly proportional to the square of image signal-to-
oise. Additionally, NECR and SF values exhibit a strong dependence
n the size of the object under study, as well as the activity distribution
nd the parameters of the energy and timing windows. Hence, it is
rucial to adhere to guidelines when comparing results with other

studies.
Our design approach begins with single pixel experimental results,

which are then used in simulations. Consequently, we compare our
imulated metascintillator-based brain PET systems with those employ-
ng state-of-the-art crystals, such as 20 mm thick LYSO and 15 mm
hick BGO. However, some works describe brain PET scanners with
ore segmented crystals and multi-layer configurations [72–74], which

provide these systems with DOI capabilities, although their CTR values
do not surpass the state-of-the-art.

The influence of metascintillator length on the CTR should be
further assessed in future work, using experimental data to confirm or
mprove the assumptions of the model employed in this study.

Further enhancements in sensitivity and NECR can be achieved
hrough the adoption of more intricate architectures, such as a jaw or
eck detector array [75]. Notably, such architectures have not been
ombined with ToF and DOI, such as those that metascintillators are
apable of including in the system. Exploring these avenues represents
nother promising direction for future development in this field.

5. Conclusion

Several metascintillator-based PET systems were simulated and
ompared against bulk LYSO and BGO-based scanners. Analyzed pa-
ameters were sensitivity, NECR and SF curves, adhering to NEMA
uidelines [44]. GATE simulations of the sensitivity was previously
valuated with an analytical model [67]. For each metascintillator con-
iguration, a specific thickness was determined to match its equivalence
o a bulk BGO crystal in terms of sensitivity. Comparison procedures
ere based only in list-mode data to avoid dependence with image

econstruction algorithms.
To match the peak sensitivity of a PET system based on a 15 mm

hick bulk BGO, the metascintillator-based scanners using BGO/BaF2,
GO/EJ232, LYSO/BaF2 and LYSO/EJ232 require thicknesses of

23.2 mm, 22.5 mm, 29.7 mm and 31.1 mm, respectively. This increase
n length for sensitivity normalization slightly penalizes the timing

characteristics of the system. However, fast emitters, such as the EJ232,
retain favorable CTR values with extended lengths, owing to their brief
scintillation pulse characteristics.

The scanner utilizing a 25 mm thick LYSO-EJ232 metascintillator
exhibited the most promising NECR curve with ToF gain, peaking at
1180 cps at 1600 MBq.

Future work should follow NEMA guidelines, utilizing image re-
onstruction algorithms and estimating the point spread function with
xperimental data.
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