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K. Eliyan, A. Gajos , B. C. Hiesmayr , K. Kacprzak , Ł. Kapłon , K. Klimaszewski , P. Konieczka,
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Abstract—The growing interest in human-grade total body
positron emission tomography (PET) systems has also applica-
tion in small animal research. Due to the existing limitations
in human-based studies involving drug development and novel
treatment monitoring, animal-based research became a necessary
step for testing and protocol preparation. In this simulation-based
study two unconventional, cost-effective small animal total body
PET scanners (for mouse and rat studies) have been investi-
gated in order to inspect their feasibility for preclinical research.
They were designed with the novel technology explored by the
Jagiellonian-PET (J-PET) Collaboration. Two main PET charac-
teristics: sensitivity and spatial resolution were mainly inspected
to evaluate their performance. Moreover, the impact of the scin-
tillator dimension and time-of-flight on the latter parameter was
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S. Vandenberghe is with the Department of Electronics and Information
Systems, MEDISIP, Ghent University-IBiTech, 9000 Ghent, Belgium.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TRPMS.2022.3211780.

Digital Object Identifier 10.1109/TRPMS.2022.3211780

examined in order to design the most efficient tomographs. The
presented results show that for mouse TB J-PET the achievable
system sensitivity is equal to 2.35% and volumetric spatial resolu-
tion to 9.46 ± 0.54 mm3, while for rat TB J-PET they are equal to
2.6% and 14.11 ± 0.80 mm3, respectively. Furthermore, it was
shown that the designed tomographs are almost parallax-free
systems, hence, they resolve the problem of the acceptance crite-
rion tradeoff between enhancing spatial resolution and reducing
sensitivity.

Index Terms—Geant4 application for tomographic emission
(GATE) simulation, Jagiellonian-positron emission tomography
(J-PET), small animal, total body PET.

I. INTRODUCTION

B IOMEDICAL research on animals is an inherent
preceding part of human-based studies. This fact is

dictated by the necessary safety restrictions in for exam-
ple testing phase of drug development or novel treatment
monitoring [1]. Since rodents like mice and rats share with
humans a large number of common diseases, these small
animals became a suitable alternative system for preclinical
research [2]. Moreover, the high reproduction rates of rodents
provide accessible experimental and control populations for
statistical studies [3].

Positron emission tomography (PET) is a typical choice
for medical research on small animals. It enables noninva-
sive imaging of the temporal and spatial distribution of the
radiopharmaceutical in vivo, which found use in the early
oncological diagnosis, physiological imaging, as well as treat-
ment monitoring [3]. Due to the fact that rodent-based studies
involve animals of sizes several times smaller than human
scale, the human-grade PET systems are not adequate for
them. The small sizes of anatomical structures force the
utilization of dedicated small animal PET tomographs char-
acterized by the higher spatial resolution and much more
compact dimensions.

Despite the exceptional spatial resolution, small ani-
mal scanners suffer from poor sensitivity—another key
characteristic in the PET performance. This directly trans-
fers to the lower image quality and necessity of longer
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Fig. 1. (Left) Gamma quanta from electron–positron annihilation inter-
act with plastic scintillators (red). These interactions produce light signals
which can be detected by SiPM (blue) located at each end of the scintilla-
tor. By knowing the speed of light signals (v) and arrival time difference
to each SiPM, the interaction position along plastic strips can be calcu-
lated [19]. (Right) Schematic view from detection of gamma quanta caused
by annihilation in traditional PET scans.

scans with higher administered radioactive doses. Since there
are regulations and limits on the latter, there is a demand
for the development of new tomographs able to perform
high-resolution imaging with substantial sensitivity.

Recent years, in the field of PET, are characterized by the
investigations and developments of new category of human-
grade scanners, namely, the total body systems [4], [5], [6],
[7], [8]. Their greater coverage over the human body with
respect to the standard clinically available tomographs not only
enhances the scanner’s sensitivity but also enables the dynamic
imaging [9]. The advantages of the total body systems for
humans brought attention and interest in extending of the field-
of-view in small animal PETs as well [10].

Nevertheless, the development of a total body PET comes
with new challenges, mainly due to the multiplied number
of utilized detectors and electronics [9]. One of the solu-
tions for such design was presented by the Jagiellonian-PET
(J-PET) Collaboration from Jagiellonian University in Cracow,
Poland, [11], [12], [13], [14], [15], [16]. Their novel approach
to the tomograph construction based on the organic scintilla-
tors was proven to be a viable, cost-effective alternative [17].
In oppose to the traditional use of crystal scintillators, the
J-PET design utilizes axially oriented plastic scintillator strips
arranged in the portable detection units with silicon photo-
multiplier readout situated on both ends (as shown in Fig. 1)
[13], [18].

This simulation-based study is dedicated to checking the
applicability of the organic plastic scintillators in the PET
studies on small animals, especially in the context of the
optimization of spatial resolution by varying scintillator
cross section. Furthermore, the feasibility of the resulting
small animal total body PET tomographs designed with
the J-PET technology is investigated. For the evaluation of
their performance, two of the main characteristics of scan-
ners: sensitivity and spatial resolution have been investigated.
Additionally, the influence of the angular acceptance cri-
terion, which was shown to enhance the performance of
human-grade total body systems has been examined [20].

Fig. 2. Graphical visualization of the mouse TB J-PET (left) and rat
TB J-PET, detection units called panels (red) in the form of the two detec-
tion layers with 5-mm gaps between them, coupled with SiPM at each end
(blue). Each module is constructed of 32 × 32 × 1 array of EJ-230 plastic
scintillators. To enhance axial resolution, among every two modules and right
between layers the array of WLS strips perpendicular to the plastic scintillator
has been located (green).

Fig. 3. Four panel types constructed from scintillators of 1 mm × 1 mm
(upper-left), 2 mm × 2 mm (upper-right), 3 mm × 3 mm (lower-left), and
4 mm × 4 mm (lower-right) cross sections.

II. METHODS

In this study, a small animal total body system adjusted
for the mice’s anatomical size and designed with the J-PET
technology was investigated (see Figs. 2 and 3 top-left).
This 23-cm long tomograph with 11 cm of diameter will
be from now on referred to as mouse TB J-PET. It is
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composed of axially arranged EJ-230 “Eljen Technology”
plastic scintillation strips coupled on both ends with silicon
photomultipliers (SiPMs) [21] and grouped into two layers
of 33.5 mm × 33.5 mm × 230 mm modules. Two consec-
utive modules in a radial direction constitute a panel. In
total, it consists of 12 panels. Moreover, in order to improve
the axial resolution, a layer of wavelength shifting (WLS)
strips arranged perpendicularly to the scintillator strips is
incorporated into this TB J-PET [18], [22].

The presented research has been carried out with the
use of the Geant4 Application for Tomographic Emission
(GATE) software [23], [24], [25]. GATE is a validated open-
source simulation toolkit dedicated to numerical simulations
in nuclear medicine and imaging systems. The GATE soft-
ware was used to simulate the aforementioned total body small
animal J-PET systems proposed by the J-PET Collaboration.
The obtained hit-based results were further analyzed by the
GOJA software, specifically, designed for J-PET-like geome-
tries [26]. Due to the fact, that in the case of organic
scintillators, the Compton scattering is the dominating chan-
nel for annihilation photons interaction, the traditional energy
window is exchanged for the energy threshold of 200 keV [27].

Since the spatial resolution is closely related to the scin-
tillator dimensions a study of the strips cross section has
been performed taking into account parameters, such as sen-
sitivity, spatial resolution, and time-of-flight (TOF) resolution.
For that four cross sections were considered of one scintilla-
tor in a 33.5 mm × 33.5 mm quadratic array (as shown in
Fig. 3): 1 mm × 1 mm, 2 mm × 2 mm, 3 mm × 3 mm, and
4 mm × 4 mm were evaluated.

The sensitivity of scanners represents their ability for photon
detection. It consists of many factors like geometrical coverage
of detectors, their efficiency at 511 keV, etc., [28]. The system
sensitivity is defined as a fraction of detected events to all
produced ones [29]. In order to estimate system sensitivities
of four inspected mouse TB J-PET tomographs, a 370-kBq
back-to-back point source without any surrounding phantom
has been simulated in the axial and radial center. Moreover,
for the sake of this and all subsequent simulations the energy
threshold of 200 keV [18], [27] and coincidence window of
3 ns have been used.

The reconstruction of simulated data was performed with
the OSEM iterative algorithm provided by the quantitative
emission tomography iterative reconstruction (QETIR) soft-
ware [30], [31]. The images were reconstructed using ten
iterations with two subsets each while taking into account all
types of the coincidences. The sensitivity map has been gen-
erated by the QETIR software with 1 mm × 1 mm × 1 mm
voxel size.

Nowadays, the TOF technique is utilized to enhance the
performance of tomographs. It allows for localizing annihila-
tion points with more precision than in the case of non-TOF
PET scanners and therefore improves the spatial resolution. To
investigate the effect of the various TOF resolutions for dif-
ferent dimensions of plastic scintillator, a 1-MBq back-to-back
point source has been simulated at the center of the scanner.

The spatial resolution as one of the most important
characteristics of PET scanners reflects the dimensions of

TABLE I
GEOMETRICAL CONFIGURATIONS OF SMALL

ANIMAL TB J-PET TOMOGRAPHS

TABLE II
GEOMETRY-BASED CHARACTERISTICS OF SMALL

ANIMAL TB J-PET TOMOGRAPHS

distinguishable lesions, which is of special importance in the
case of small animal studies [32]. Its quality was inspected as
the full width at half maximum (FWHM) of the reconstructed
centrally located 1-MBq back-to-back point source without
any surrounding phantom.

Furthermore, after estimating the best performing config-
uration of the mouse TB J-PET, a more detailed study of
the chosen system has been performed. Additionally, a sec-
ond small animal total body scanner dedicated to rat studies
was designed in order to adjust to the anatomical size dif-
ference between mice and rats (see Fig. 2) [33]. It consists
of 16 panels as defined for the previous tomograph (however
with a 30-cm axial length) which provide 30 cm of axial-field-
of-view (AFOV) and 16 cm of diameter. From now, on this
system will be referred to as rat TB J-PET. A more detailed
geometrical configuration can be found in Table I.

The geometric efficiency (�) of the proposed tomographs
were estimated according to the formula [34]

� = �ϕ (1)

where (�) is the overall solid angle coverage and (ϕ) is the
packing fraction. They are calculated as

� = 4π sin
[
tan−1(A/D)

]
(2)

where A is the axial length of the tomograph, D its diameter
and

ϕ = wh

(w + dw)(h + dh)
. (3)

Packing fraction is a dimensionless parameter as shown in (3),
where w is the width of the detector module, h is its axial
height, and dw,h is the corresponding dead space. The obtained
values are presented in Table II.

In order to evaluate the performance of the final two scan-
ners more thorough studies of sensitivity, spatial resolution,
and event selection have been performed [35], [36].

So as to estimate sensitivities possible to obtain within the
whole inspected small animal TB tomographs, back-to-back
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TABLE III
POSITIONS OF POINT SOURCES FOR SENSITIVITY ESTIMATION

point sources of 370-kBq activity each and without any sur-
rounding phantoms have been simulated with different axial
and radial offsets (see Table III).

The spatial resolution was inspected along each of the radial,
tangential, and axial directions [37]. For each TB tomograph,
four back-to-back point sources without any surrounding phan-
toms and situated in the (1/2) and ∼ (1/4) of axial and radial
directions have been simulated.

It was previously shown [20] that human-grade total body
PET scanners suffer from detection of oblique lines of
responses (LORs), which have a negative influence on the
quality of the reconstructed image. Notably, the spatial reso-
lution is degrading due to the strong photon attenuation in the
body and parallax error [38]. A solution for that problem was
presented by introducing an acceptance criterion [20], [39],
[40], [41] during the event selection, which sets angular limits
on the LORs taken into image reconstruction. For the human
total body PET tomography, it was presented that the 45◦
acceptance angle cut can be the optimal selection for reso-
lution improvements [20]. This study will investigate if the
acceptance parameter is as before a valid criterion for small
animal total body scanners.

III. RESULTS

In order to design a novel small animal total body PET
tomograph, which among other characteristics requires high
spatial resolution, a detailed investigation of the effect of the
plastic scintillator’s transverse dimensions on the scanner’s
performance has been performed. For this test, the mouse
TB J-PET has been chosen as a PET system. While keeping
the geometrical configuration as previously described, only the
cross section of the plastic strip was varied (see Fig. 3).

First, the influence on sensitivity was estimated based on a
simulation of a centrally located point source. The obtained
values were equal to 2.38%, 2.40%, 2.66%, and 2.45% for
1 mm, 2 mm, 3 mm, and 4 mm versions, respectively. The
slow growth in sensitivity between 1, 2, and 4 mm is caused
by the reduction of the number of in between scintillator
gaps. The deviating result for the 3 mm × 3 mm cross sec-
tion comes from the additional 2-mm thickness of material in
contrast to the rest of inspected types. Such addition was nec-
essary due to the not natural division of the module into 3-mm
sections. The results indicate that while keeping the same
amount of scintillator material, there is almost no difference
in sensitivity for various cross sections.

To assess the impact of TOF resolution on the spatial resolu-
tions of each scintillator cross section, a centrally located point
source was simulated (see Fig. 4). In the case of radial resolu-
tion for TOF above 100 ps, there is no significant difference,

Fig. 4. Plots show the obtained FWHM for various dimensions of plastic
scintillator for numerous values of the TOF resolutions. As shown in the plots,
there is a visible dependence between achieved FWHM for different plastic
scintillator dimensions and corresponding TOF resolution.

especially for smaller strip dimensions. However, this tendency
is not repeated in axial resolution where the dependence is
more linear. In the following studies, 230-ps FWHM has been
chosen as TOF resolution, consistent with previous work [42].

To evaluate the spatial resolution, a point source at the cen-
ter of the mouse TB J-PET scanner was simulated. Due to
the central location of the source and symmetrical configura-
tion of the tomograph, only radial and axial resolutions were
investigated (see Fig. 5). There is a clear dependence of the
transverse dimension of scintillator strips on the obtainable
FWHM values. The best achievable resolution in both axial
and radial directions is provided by the smallest cross sec-
tion. Moreover, a further decrease in the spatial resolution can
be obtained with a number of reconstruction iterations. In the
radial direction, the plateau is reached around 6th iteration,
while in the axial direction around 8th.

The aforementioned results show that the 1 mm × 1 mm
cross section of the plastic scintillator strip ensures the best
performance of the tomograph. Based on it, the corresponding
rat and mouse total body J-PET systems have been taken into
consideration for a thorough study of their performance. The
geometrical configuration of the two scanners can be found in
Table I.

In order to calculate the sensitivity of mouse and rat
TB J-PET, a group of point sources (see Table III) was
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Fig. 5. Achieved FWHM in radial (upper) and axial (lower) as function
of number of the iteration for various dimension of plastic scintillator with
a point sources at the center of the scanner.

simulated. The obtained values are presented in Fig. 6. In both
cases, the central area of the field-of-view is the most sensi-
tive with 2.35% and 2.6% system sensitivity for mouse and rat
tomographs, respectively. While moving to the furthest point
in the axial direction there is a total decrease by factors of 2.3
and 3.7. The reason for this discrepancy between scanners lies
in the difference in their diameters, which directly corresponds
to their solid angle coverage over the outermost source.

The spatial resolution of the tomographs has been evalu-
ated as the FWHM of multiple point sources reconstructed
with the OSEM algorithm in radial, tangential, and axial direc-
tions. Additionally, the effect of the number of the iteration has
been estimated. For both investigated systems by increasing
the number of iterations, it was possible to reduce resolutions
and find their minimal achievable values (see Figs. 7 and 8).
In most cases, the plateau region or the local minimum was
reached between 6th and 8th iteration. The volumetric reso-
lution refers to the multiplication of spatial resolution values
in radial, tangential, and axial directions. For the calculation
of the volumetric resolution, the 6th iteration of the centrally
located source was chosen (see Table IV). Obtained values
were equal to 9.46 ± 0.54 mm3 and 14.11 ± 0.80 mm3, for
mouse and rat TB J-PET, respectively.

Alongside offering many advantages utilization of the large
AFOV in total body tomographs have a degradable influence
on the spatial resolution. It is caused by the contribution of

Fig. 6. Absolute sensitivity of mouse TB J-PET (up) and rat TB J-PET
(down) as a function of radial and axial offset of sources. Due to the sym-
metrical configuration of scanners 54 and 65, point sources are able to map
the sensitivity of all parts of scanners, respectively.

TABLE IV
SPATIAL RESOLUTION OF SMALL ANIMAL TB-JPET SCANNERS

WITH AND WITHOUT ACCEPTANCE CRITERION

oblique LORs in image reconstruction. In order to solve this
problem, an acceptance criterion is being used. Based on the
simulation of the centrally located point source of 1-MBq
activity, the effect of 45◦ acceptance angle cut on radial, tan-
gential, and axial resolution was estimated (see Table IV). For
the calculation of the FWHM-s, the 6th iteration has been used.
As can be seen in Table IV, the effect of applying the accep-
tance angle criterion is negligible. In view of that fact, the
acceptance parameter seems to be neutral for both mouse and
rat TB J-PET systems. The neutrality of this characteristic in
oppose to its impact on human-grade total body scanners can
originate from the novel geometrical configuration of plastic
scintillator strips. Multiple layers of fine strips in a radial direc-
tion within each detection module as shown in Fig. 3 allow
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Fig. 7. Plots show the obtained FWHM values for mouse TB J-PET in
radial, tangential, and axial axes as the function of the iteration number.

for more precise localization of annihilation photon’s interac-
tions in the transverse plane, which minimizes the impact of
the parallax error.

IV. CONCLUSION

The development of total body PET technology is currently
one of the main directions in the medical imaging field. While
being mostly pursued in the human-grade tomographs, such
technology has great application in small animal studies as
well. The main aim of this study was to investigate the fea-
sibility of the small animal total body systems designed with

Fig. 8. FWHM values of the reconstructed images of point sources in rat
TB J-PET in radial, tangential, and axial axes.

the J-PET technology and based on the simulation performed
with GATE software.

Since the scintillator dimension has a direct influence on
the spatial resolution, which is the key parameter in rodent
studies, its optimal size was investigated. For that four mouse
TB J-PETs constructed from scintillator strips of different
cross sections were simulated. The presented results show that
when it comes to the system sensitivity there is no signifi-
cant change with varying strip dimensions as long as the total
amount of scintillator material remains constant (see Fig. 3).
However, as expected, there is an evident impact of the strips
dimensions on the spatial resolution. In that case, the best
performing cross section is the smallest one, 1 mm × 1 mm.

Authorized licensed use limited to: CERN. Downloaded on April 12,2023 at 16:46:56 UTC from IEEE Xplore.  Restrictions apply. 



130 IEEE TRANSACTIONS ON RADIATION AND PLASMA MEDICAL SCIENCES, VOL. 7, NO. 2, FEBRUARY 2023

Fig. 9. Comparison of sensitivity and volumetric resolution of preclinical PET systems. TB J-PET solutions are indicated in red (21 for mouse) and (23
for rat). Dashed lines indicate values for preclinical TB J-PET. Numbers indicate results for PET systems as explained in the legend in the right panel of the
figure. The size of symbols is proportional to the AFOV of the scanner.

By considering the similarity in the obtained sensitivity, this
dimension was chosen for the final design and further study
of mouse and rat TB J-PET tomographs.

In order to investigate their performance in detail, mainly
the sensitivity and spatial resolution have been used. For the
proposed scanners 2.35% and 2.6% of the system, sensitiv-
ity is achievable for mouse and rat TB J-PET, respectively.
In the same order, they provide 9.46 ± 0.54 mm3 and
14.11 ± 0.80 mm3 of volumetric resolution. Moreover, the
impact of the angular acceptance criterion, which is a com-
monly used parameter to enhance the scanner’s resolution, was
estimated. The acceptance cut was shown to have a negli-
gible influence on the spatial resolution. This result comes
from the unique configuration of the proposed small animal
TB J-PETs, mainly the multilayer division of fine scintilla-
tor strips in the radial direction within a detection module.
Therefore, the designed total body tomographs are almost
parallax-free systems.

Finally, the extended AFOV of investigated J-PET scanners
not only provides a larger detection area but also the possibil-
ity of performing single bed position scans of full, larger size
animals. In order to compare the obtained small animal PET
tomograph’s performance, a comparison plot to some currently
available scanners is shown in Fig. 9. This plot is an updated
version of the one presented by Lai et al. [63]. Presented
results in Fig. 9 come from both iterative and analytic algo-
rithms of image reconstruction. While having the comparable
performance, the proposed total body tomographs based on
the J-PET technology are able to provide the largest AFOV
among all inspected scanners. Alongside cost-effectiveness,
this solution is a feasible choice for preclinical studies on small
animals.
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