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Abstract—Total body positron emission tomography (TB-PET)
scanners provide high-quality images due to the large sensitivity.
Our motivation is to design a TB-PET system with up to 70 cm
axial coverage that mitigates the parallax error degradation by
using a detector concept based on semi-monolithic LYSO crystals.
Furthermore, this detector approach allows to simultaneously
reach an accurate coincidence time resolution (CTR) to enhance
the image quality by means of time-of-flight (TOF) reconstruction
algorithms. We have simulated and compared two positron
emission tomography (PET) prototypes with about 70 cm but a
different number of detector rings (7 versus 5). The NEMA NU 2
2018 protocol has been implemented. By correcting the parallax
error with the depth-of-interaction (DOI) information, the spatial
resolution remains homogeneous and below 3 mm in the entire
field of view (FOV), differently from designs based on pixelated
crystals. The sensitivity reaches values of 58 and 115 cps/kBq, for
the 5 and 7 rings configurations, respectively. The noise equivalent
count rate (NECR) was found at 563 kcps/mL. This value is
lower than other systems, most likely due to the requirement
to process a larger number of channels to characterize the
DOI. Percent contrasts obtained for two different phantoms are
in general beyond 80% for the largest spheres, nearly 100%
for the 7 rings configuration once TOF is applied during the
reconstruction process. In conclusion, although the sensitivity and
NECR results for the 5-rings configuration are lower compared
to the 7-rings approach, its overall performance is enhanced by
the addition of TOF and parallax error correction, improving
that of conventional Whole Body PET scanners (axial length:
20–30 cm) in terms of image quality.
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I. INTRODUCTION

THE POSITRON emission tomography (PET) technique
has been very important in multiple medical protocols

such as in therapy assessment or tumor diagnosis [1]. The high
clinical specificity and sensitivity of PET, compared to other
molecular imaging techniques such as single-photon emis-
sion tomography (SPECT), makes it the preferred molecular
imaging technique [2]. Moreover, the investigation of new
radiotracers leads to an essential improvement in detection
specificity [3]. PET scanners do not need collimators, unlike
SPECT systems, so their sensitivity is significantly higher.
The photons generated in the positron–electron annihilation
are highly energetic and therefore PET systems typically
use high-density specific inorganic crystals such as BGO or
LYSO [4]. Moreover, including time-of-flight (TOF) capabil-
ities in PET [5] improves the image quality of the biomarker
distribution inside the patient.

Presently, there is an interest in improving PET scan-
ners capabilities to produce more reliable information.
Conventional whole-body PET (WB-PET) scanners have phys-
ical sensitivities in the range of 1% [6]. Increasing these
sensitivity values would allow one to decrease the injected
dose to the patient or reduce the acquisition time, or a
combination of both. Some of the solutions to reach this goal
are thicker scintillation crystals, organ-dedicated devices, or
longer axial PET systems.

Working with thicker scintillation crystals makes it possible
to stop more annihilation photons and consequently register
them in the system. The main drawback of this approach is
observed in a worsening of the energy and time resolutions
performance, compared to thinner crystals due to the absorp-
tion optical photons [7].

Organ-dedicated PET systems are designed with detectors
placed closer to the patient body, so a boost of geometrical
sensitivity occurs. Spatial resolution is also improved in
comparison with current scanners since higher performance
detectors are typically employed [8]. These systems are
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ideal for testing novel geometries with a reduced num-
ber of detector modules. Other configurations beyond the
current ring geometry have been proposed, including a
two PET panels design [9], [10] or a decagon geometry
[11], [12].

Finally, the third approach has generated general interest
in the PET community. While the axial coverage of current
WB-PET scanners typically ranges from 20–30 cm, the so-
called total-body PET (TB-PET) systems significantly extend
beyond this distance by accounting for more detector blocks
and rings [13], [14]. This configuration, besides the significant
increase in costs, boosts the total sensitivity of the system.
Furthermore, it provides information about multiple organs
simultaneously, which is very important in the development of
new pharmaceutical drugs and other studies [15]. Nowadays,
just a few of these scanners exist. For instance, United Imaging
Healthcare has developed a scanner called uExplorer with an
axial field of view (FOV) of 194 cm and a transaxial FOV
of 70 cm [16]. Other examples of TB-PET are the PennPET
system developed at the University of Pennsylvania, with an
axial coverage that has sequentially increased in the last years,
currently reaching 142 cm [17], [18], and a transaxial FOV
of 76 cm. The Vision Quadra PET scanner commercialized
by Siemens [19], is another example with an axial coverage
is 106 cm and a transaxial FOV is 82 cm. A more detailed
description of some of these systems will be provided later in
this work.

The framework of the present study is based on the
project called IMAS, which aims to design, build, and test
a TB-PET scanner with an axial coverage of 70 cm. Here,
the decision to use a 70-cm axial length was based on
balancing the need for sufficient axial length to improve
scanner sensitivity and facilitate multiorgan imaging, at a
moderated manufacturing cost. This scanner combines, for
the first time, the capabilities of correcting the parallax
error with depth-of-interaction (DOI) information [20] and
precise coincidence time resolution (CTR) [21], [22]. We are
implementing a detector configuration in this scanner based
on crystal slabs, also called semi-monolithic crystals (see
Fig. 1) [23]. In this configuration, the light distribution is
characterized in the monolithic axis, allowing the estimation
of the DOI. Accurate CTR is also achieved since the scintil-
lation light is constrained to a lower number of photosensors
when compared to monolithic crystals, as demonstrated
in [24].

In this work, we aim to test, using simulations, two different
configurations of a TB-PET scanner with a similar axial
coverage of about 70 cm. Both configurations make use of
detector rings with roughly 10-cm axial length. In one of
the configurations, seven detector rings are used without gaps
between detectors in the axial direction, whereas in the second
geometry, five rings are used with some gaps between them.
This configuration aims to reduce the overall cost without a
significant impact in the system performance. Previously, we
have analyzed the performance of a 20-cm PET system also
based on the same ring configuration [25]. Comparison with
the 20-cm axial coverage system and other commercial PET
scanners will also be provided.

Fig. 1. Left: Photograph of a semi-monolithic crystal array. Right: Sketch
of the light distribution inside the slab.

Fig. 2. Sketches and main dimensions for the 2, 5, and 7 SR configurations.

II. MATERIALS AND METHODS

A. PET Geometries

The detector geometry of the PET configurations is based on
LYSO slabs. Each slab size is about 25 × 3 × 20 mm3 with all
faces covered with specular reflectors. Eight of these crystals
are merged, with a 3.2-mm pitch, and coupled to an 8 × 8
SiPM array of 3 × 3 mm2 size and 3.2-mm pitch, matching the
array of slabs. 4 × 4 of these blocks, with a gap of 0.3 mm,
define the so-called super-module. A ring [dubbed super-ring
(SR)] is formed by 24 super-modules, defining a bore diameter
of 82 cm and roughly 10 cm in the axial direction. We have
implemented in the simulation the 2, 5, and 7 SRs geometry
(see Fig. 2). Both the 7 SR and 2 SR geometries have tiny
gaps between rings of about 4 mm, corresponding to one
virtual pixel in this direction. In the 5 SR configuration, the
gap between rings is of about 49 mm, resulting in an axial
coverage of 71.4 cm.

B. Gate Simulations

We performed simulations using the Gate v9.0 platform [26]
(see Fig. 3), enabling all key functions such as gamma
absorption due to the attenuation process, scatter dispersion,
and deadtime. A single event is characterized by the optical
photon track within the sensitive LYSO volume. It considers
the number of Compton interactions that occur and generates
a single coordinate calculated using a conventional center
of gravity. The energy of the single event was calculated
with the sum of all the interactions that deposit energy in
the volume, i.e., Compton and Photoelectric. A paralyzable
deadtime of 1000 ns was introduced in the singles generation.
Lately, a coincidence event was defined every time two single
events occur in the same time window, which is set to 3 ns.
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Fig. 3. Left: Simulation representation of the 7 SR configuration. Right:
Sinogram of the acquisition of a capillary.

Coincidences of more than 2 events are discarded in the
output file. To properly model the different configurations,
we have considered certain blurring based on our previously
measured hardware detector performance detailed in [27] and
[28] and also simulated in [29]. In particular, we introduced
the following parameters to the processing chain: an energy
resolution of 15% was set at the detector level, combined
with a CTR of 330 ps, a spatial resolution of 3 mm in
the monolithic axis of the detectors and 5 mm in the DOI
direction. Finally, all the registered coincidences are gathered
in two possible outputs. The first is a List-Mode file listing the
coordinates, energies, and timestamps in binary format for the
image reconstruction process. The second output is a sinogram
where each angle and distances of the line of response (LOR)
are stored in a histogram [30].

C. Image Reconstruction

The List-Mode file accounts for events within a 30% energy
window [358–664 keV] around the photopeak. However,
during the reconstruction process we considered coincidences
of pairs of events whose energy is within a narrower 20%
energy window [408–613 keV] around the photopeak. We
also considered as scatter coincidences those pairs of events
in which one of them has an energy within the range 358–
408 keV. Moreover, we only allowed coincidences of one
super-module against the opposite 13 super-modules of any
ring, defining a useful transaxial FOV of 70 cm.

We performed a DOI correction during the List-Mode file
generation for each coincidence event. We calculated the LOR
between the two positions at each detector and reassigned
the event LOR to the virtual detector pixels intersecting at
the entrance surface [31]. Thus, the parallax error can be
mitigated.

To obtain the normalization data, we simulated a uniform
cylindrical phantom with 70 cm in diameter and 70-cm axial
length, which covered the entire FOV of the prototype. This
data was also obtained for the 2 SR geometry. 12.8 × 109

coincidences were simulated during the normalization process.
Thereafter, the number of counts of all the valid LORs
were stored into a sorted histogram. Then, we computed
the normalization factors as the ratio of the measured data
to the analytical forward projection of the uniform cylinder
phantom, normalized by its average. For the calculation of
the sensitivity matrix, we performed an analytical backward

projection considering one count in each possible LOR for
each virtual detector pixel. Furthermore, in order to mitigate
the attenuation of events, we generated a synthetic μ-map with
the same dimensions as all simulated phantoms.

The normalization factors, the sensitivity matrix, and the
corresponding μ-map were fed in a custom-made image
reconstruction platform based on the maximum-likelihood
expectation–maximization (MLEM) algorithm [32], accel-
erated by Graphical Processing Units. This reconstruction
framework is an evolution of the architecture previously used
in other studies [33], [34], [35].

We added TOF capabilities [5] to the reconstruction algo-
rithm using the differences of timestamps in the events
coincidences (�t), binning in different histograms the coin-
cidence and scatter events for each time bin used. During
each MLEM iteration, we performed a forward and backward
projection for each time bin, weighting the system matrix
considering the time boundaries in each bin [36]. We used
seven time-bins when TOF reconstruction was enabled.

As described above, this reconstruction method also allowed
us to apply a scatter correction to the data. This is based
on the double energy-window technique [37], [38] using the
counts of the scatter events in the correction term of the
MLEM algorithm. The scatter correction in the TOF version
was implemented by simple scaling as described in [39],
distributing in each time-bin the corresponding scatter counts
using (1), where i indicates the LOR index, sc indicates the
number of counts in the scatter histogram, and tr indicates the
number of true coincidences counts for a given LOR i

sc[i] = tr[i] ×
(∑

sc[i]∑
tr[i]

)
. (1)

We reconstructed the images using a cubic voxel size of
2-mm size and 50 iterations, including the scatter correction,
if not otherwise stated.

The workstation used during the reconstruction process was
a high-performance computing server with two AMD EPYC
7282 CPU @ 2.80 GHz processors, 128 GB of RAM, 48
TB of available disk memory, and three NVIDIA GeForce
RTX 3090 GPU CUDA capable devices. This computer had
Windows 10 Pro (64 bits) as the operating system installed.

D. Performance Analysis

We carried out the performance analysis of the tested PET
geometries following the NEMA NU 2-2018 protocol [40].
This protocol allows one to compare the performance of PET
scanners under similar conditions, and in particular TOF-based
systems. We provided comparative data with the PennPET and
the Vision Quadra systems, introduced before, since they have
similar FOV dimensions to the systems proposed here. Also,
the uExplorer [41] has been included in the comparison. The
PennPET system to which we compare our results is the one
based on three rings of 16.4 cm each, separated by 7.4 cm.
This system has some similarities to our 5 SR geometry. A
second version of the PennPET scanner, with an extension
of the axial length with the addition to a total number of 6
rings, have also been included in the comparison [18]. Table I
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TABLE I
DIMENSIONS OF THE SCANNERS AND THEIR DETECTORS

summarizes the crystal pixel sizes and geometries of these
scanners.

E. Sensitivity

We simulated the 70-cm long linear 18F source (diameter
0.25 mm). This linear source was encapsulated in a cooper
cylinder with different thicknesses, so the total sensitivity
value without the copper attenuation can be estimated by fit-
ting all the sensitivities to an exponential absorption equation.
Following the NEMA, we extracted for all the acquisitions
an axial sinogram profile, calculating the distance of the LOR
with the center of the axis. The activity of the source was
0.27 μCi to minimize random counts. Each acquisition lasted
16 min to collect enough coincidence events (around 107
kcounts). Then we calculated the sensitivity considering the
total acquisition time and the number of registered coinci-
dences. Additionally, we have calculated the sensitivity of a
small 18F spherical source, with 0.25-mm diameter, placed at
the center of the FOV with the same activity than the linear
source.

F. Spatial Resolution

We estimated the spatial resolution with small (0.25-mm
diameter) spherical 22Na sources placed at different positions
on the radial axis: 1 cm off-centered, 10 cm, and 100 cm.
According to the NEMA, three acquisitions were performed
at the axial FOV center and also shifted at 3/8 of the axial
FOV. We did not perform filtered back projection (FBP)
reconstruction, as NEMA suggests for these specific tests,
since our previously developed FBP [27] algorithm cannot
handle a large image size. Instead, we generated the images
with the MLEM reconstruction algorithm, but using only
ten iterations. This number of iterations represents a balance
of achieving convergence of the spatial resolution with few
iterations. This approach helps to prevent excessive iterations
from converging the size of the reconstructed source to the
voxel size. We evaluated the spatial resolution enabling and
disabling the DOI correction to determine how much the
parallax error was mitigated.

G. Noise Equivalent Count Rate and Time Resolution

The curve for the noise equivalent count rate (NECR)
reflects the activity at which the scanner reaches the maximum
count rate before accounting for saturation effects and, thus,
a worsening of the image quality. We simulated a cylindrical
high-dense polyethylene phantom at the center of the system
FOV. Inside the phantom, a drilled cylindrical hole is filled

(a) (b)

Fig. 4. Sketch of the image quality phantom NEMA 2018. (a) Some
dimensional details. (b) Distribution of VOIs in the volume.

with 18 kBq/mL of 18F. While the radiation decays, a series of
acquisitions were programmed, and a sinogram was generated
for each measurement. Due to the well-known position of the
radioactive source, it is possible to distinguish the contribution
of the True events corresponding to the peak in the sinogram.
The contribution of Random and Scatter events appears as a
plateau below the peak. These data were also used to estimate
the CTR of the system as a function of the activity in the
system. This estimation was performed once we discarded
the Random and Scatter from the CTR profile by extracting
the bias below the Gaussian peak [40].

H. Phantom Studies

The torso phantom (also named image quality IQ) was
simulated. It has a semi-cylindrical fillable geometry with
different sections (see Fig. 4 left). Six fillable spheres of 10,
13, 17, 22, 28, and 37 mm diameter are placed at 114 mm
from the phantom center. The background was filled with 18F
with a total activity concentration of 5.3 kBq/mL, whereas
the activity concentration of the spheres was fourfold the
background (4:1). The simulated total time of the acquisition
was 400 s. We carried out the simulations on a Linux High-
Performance Computing cluster composed of 161 computing
nodes connected by a 10-Gb Ethernet network, summing up
a total of 3220 CPU Intel Xeon cores and 18 TB of RAM
memory.

To analyze the percentage contrast, we defined 12 spherical
volumes of interest (VOIs) with 37 mm in diameter in the area
beyond the hot spheres (2-mm slice). They are depicted in
gray in Fig. 4 right. In each of them, several VOIs are placed
concentrically with the diameters of the fillable spheres. Six
additional VOIs are drawn for each hot sphere matching their
size and depicted in the figure in solid black. We reconstructed
the NEMA torso phantom using the MLEM algorithm, with
and without TOF capabilities, enabling the scatter correction
in both cases. We calculated the percent contrast (PC) as
established by the NEMA using the following equation:

Percent Contrast (%) =
(

Mean Value VOI
Mean Value Background − 1

)
(

Volumetric Activity VOI
Volumetric Activity Background − 1

)
× 100. (2)

Additional tests were performed using the so-called
Jaszczack phantom to further evaluate the image quality. This
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(a) (b) (c)

Fig. 5. Details of the Jaszczack phantom. (a) General dimensions of the
phantom including the VOI for the uniformity study at + 9 cm and −9 cm
with respect to the center of the hot spheres. (b) Sizes of the rods in the
bottom part of the phantom. (c) Diameters of the hot spheres.

phantom is divided into two parts, as shown in Fig. 5. The
first part includes six groups of rods with different sizes: 4.8,
6.4, 7.9, 9.5, 11.1, and 12.7 mm (see Fig. 5 left). To estimate
the accuracy in resolving the rods, we have calculated the
Valley to Peak Ratio as shown in (3). We reconstructed this
phantom using the MLEM algorithm, comparing the results
also enabling and disabling the TOF capabilities

Valley to Peak Ratio (%) = 100 ∗ Average Valley Voxel Values

Average Peak Voxel Values
.

(3)

The second section of the phantom is composed of a fillable
cylinder of 216 mm in diameter and 186 mm height (see front
view in Fig. 5 right). As for the torso phantom, the same
cluster was employed to accelerate the simulation processes.
The acquisition time of the simulation was 800 s. Inside this
volume, six fillable spheres of different diameters are included,
namely, 9.5, 12.7, 15.9, 19.1, 25.4, and 31.8 mm, respectively.
The activity injected in the background volume was 370 MBq
of 18F. The volumetric activity ratio between spheres and
background was set at 4:1. We generated a circular VOI
for each sphere with the same diameter and location. We
reconstructed this second section of the phantom with TOF
and scatter correction; second, without TOF and with scatter
correction; and without both TOF and the scatter correction.
Then, we evaluated the PC defined in (2), for these sets of
images. Using the Jaszczack phantom, we also evaluated the
uniformity of the background area. Two cylindrical VOIs,
with 10-cm diameter and 6-mm length, were defined in two
different axial positions at +90 mm and −90 mm, see VOI1
and VOI2 in Fig. 5 left. The uniformity was estimated using
the following expressions:

Uniformity (%) = 100 × (1 − STD) (4)

STD = STDROI

MeanROI
. (5)

III. RESULTS

A. Sensitivity

Fig. 6 depicts the sensitivity profile of the 70-cm linear
source for all simulated configurations. For an energy window
of 30% at the photopeak (350–650 keV), the 7 SR system
registered 114 cps/kBq whereas the 5 SR version decreased
to 58 cps/kBq and the 2 SR system reports 10 cps/kBq. As

Fig. 6. Axial sensitivity profiles for 7, 5, and 2 SR obtained with a linear
source.

expected, the maximum value takes place at the center of the
axial FOV and the sensitivity decreases at the edges of this.
The results for the sensitivity obtained with a small spherical
source at the system center are 6.8%, 14%, and 20% for the
2 SR, 5 SR, and 7 SR configurations, respectively.

B. Spatial Resolution

The spatial resolution remains below 3-mm full width
half maximum (FWHM) for the whole FOV when DOI
information is considered during the calibration and recon-
struction processes. Without DOI, the radial and transaxial
projections deteriorate to about 4.5 and 4 mm FWHM, respec-
tively. Fig. 7 depicts the spatial resolution for the three space
components for the 7 SR case, with and without DOI, both
at the center of the axial CFOV and at 3/8. In Fig. 8, a
comparison between the radial spatial resolution of the 7 SR,
5 SR, and 2 SR configurations is depicted, including DOI
corrections.

C. Count Rates and Time Resolution

Fig. 9 shows the NECR results for the 7 SR and 5 SR
configurations, including Trues and Random plus Scatter
values. The NECR maximum values were found at 563 kcps
and 563 kcps, for an activity concentration of 10 and 300
kBq/mL, for the 7 SR and 5 SR cases, respectively. The 2 SR
system reports 100 kcps at 18 kBq/mL.

Fig. 10 shows the dependency of the CTR with the total
activity, for the three configurations. We observe almost
not deterioration once the Random and Scatter events are
discarded. The median value of the CTR for the 7 SR scenario
is 312.3 ps with a standard deviation of 1 ps. Both the 5 SR
and 2 SR configurations exhibited a similar performance too.

D. Phantom Studies

The reconstruction of the NEMA IQ torso phantom is
depicted in Fig. 11 for all the configurations making use of the
TOF information and applying the scatter correction during
the reconstruction process. PC values are plotted in Fig. 12
left for each sphere diameter for both with and without TOF
capabilities for the 7 SR configuration.
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(a) (b) (c)

(d) (e) (f)

Fig. 7. Spatial resolution for the three axes with and without DOI correction
(7 SR case). (a)–(c) At the center of the axial FOV. (d)–(f) At 3/8 of the
axial FOV.

Fig. 8. Radial spatial resolution for the 7 SR, 5 SR, and 2 SR configurations,
including DOI information.

(a) (b) (c)

Fig. 9. Trues, Random + Scatter, and NECR curves for the IMAS 2 SR (a),
5 SR (b), and 7 SR (c) configurations. Notice the y-scale is in 106 units.

In Fig. 12 right, we compare the results for the PC for the
simulated configurations. We observe a deterioration in the PC
of the 5 SR scanner due to, most likely, a poorer uniformity
of the images as a consequence of the gaps between rings.

Fig. 10. CTR as a function of the activity for the three scanner configurations.

(a) (b) (c)

Fig. 11. NEMA image quality phantom reconstruction with TOF algorithm,
for the (a) 2 SR, (b) 5 SR, and (c) 7 SR configurations.

(a) (b)

Fig. 12. (a) PC as a function of the sphere diameter for the 7 SR
configuration. (b) Comparison of percentage contrast for the 7 SR, 5 SR, and
2 SR configurations.

One slice (1-mm thick) of the image reconstruction of the
rods section of the Jaszczack phantom, including TOF, is
shown in Fig. 13 for the three configurations. All the rods
are clearly distinguished in the images. We have also included
a comparison between the TOF reconstruction and non-TOF
in Fig. 14 for the 7 SR configuration, together with a line
profile across the smallest rods. Regarding the Valley to Peak
ratio, we can observe that enabling TOF reconstruction the
rods are better distinguished, characterized by an increased
signal-to-noise ratio for the smallest inserts (see Fig. 15
left).

In Fig. 15 right, we have compared the Valley to Peak Ratio
for all scanners. TOF and DOI correction were implemented
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(a) (b) (c)

Fig. 13. Images of the rods section of the Jaszczack phantom with TOF.
(a) 2 SR. (b) 5 SR. (c) 7 SR.

(a) (b) (c)

Fig. 14. (a) Slice (1 mm) of the reconstruction of the Derenzo-like section in
the phantom without TOF for the 7 SR scanner. (b) Same slice but with
TOF reconstruction. (c) Profile extracted along a row of rods of 4.8 mm in
diameter.

(a) (b)

Fig. 15. (a) VTP ratio as a function of the rod diameter for the 7 SR
configurations, and for the TOF and non-TOF cases. (b) VTP with TOF
reconstruction for all scanners configurations.

in the reconstruction process. To illustrate the impact of DOI
on these phantoms, we present in Fig. 16 a side-by-side
comparison of results with and without DOI, while keeping the
TOF algorithm. A misposition of the rods is clearly observed,
due to the parallax error.

In Fig. 17, we show again 1-mm thick slice of the image
reconstruction corresponding to the other section of the
Jaszczak phantom including TOF information, for the 7 SR
configuration. When TOF and scatter correction are consid-
ered, we observe a PC larger than 80% for the smallest
diameter and a 100% recovery for the largest sphere. In
Fig. 17 bottom-right, the values of the PC for all simulated
configurations are depicted.

Finally, the uniformity results are shown in Table II
when the Jaszczack phantom is placed at the center of
the FOV.

(a) (b)

Fig. 16. Reconstruction of the rods sections in the 7 SR scanner. (a) No
DOI information. (b) Parallax error correction with DOI.

TABLE II
UNIFORMITY RESULTS FOR ALL THE SIMULATED SCANNERS

IV. DISCUSSION

Total Body PET scanners boost the system sensitivity by
significantly increasing the axial coverage more than conven-
tional scanners, whose axial length is typically in the range of
20–30 cm. All existing TB-PET scanners, except the J-PET
system [42], make use of pixelated crystals, limiting the spatial
resolution of their detectors to the pixel size and their ability to
determine the annihilation photon DOI. However, they make
it possible to achieve accurate CTR, and potentially apply
TOF reconstruction algorithms. When implementing a detector
blocks design based on semi-monolithic crystals, it is possible
to introduce both DOI and TOF information simultaneously.

We initially tested this approach in simulations of a clinical
scanner with 20-cm axial length, reaching interesting results
in terms of spatial resolution and image quality. An extension
of this work to a longer configuration reaching 70 cm has
been proposed, with 7 and 5 rings. The second configuration
includes gaps between rings. The initial sensitivity with 2
SR of 10 cps/kBq increases to 115 cps/kBq for the 7 SR
configuration and to 58 cps/kBq for the 5 SR. As a comparison,
the PennPET scanner with 7.4 cm gaps in the axial FOV [14]
reaches 54 cps/kBq also due to the gaps between the rings in
one of their configurations, whereas the Vision Quadra reports
175 cps/kBq due to its extended axial coverage of 106 cm.

The spatial resolution limit in clinical PET scans is influ-
enced by the behavior of positrons. Previous studies affirm
that, in clinical settings, the spatial resolution is affected by
the acolinearity of the 2 gamma rays, resulting in a maximum
achievable resolution of around 2 mm [13], [43]. It has also
been demonstrated that, to reach this goal in long axial FOVs,
it is necessary to perform an accurate DOI correction, since the
parallax error increases due to the more obliquus LORs [13],
[44]. Our findings are aligned with these statements since our
results reach spatial resolution values of 2.6 and 3.0 mm when
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(a) (b)

(c) (d)

Fig. 17. One slice of the reconstruction of the Jaszczack phantom with TOF
capabilities. (a) 2 SR. (b) 5 SR. (c) 7 SR. (d) PC for the three configurations
as a function of the sphere diameter.

Fig. 18. Spatial resolution comparison for some total body PET scanners.

DOI correction is enabled (at 20 cm off radial center) for
the 7 SR and 5 SR configurations, respectively. When DOI
is considered and the parallax error is corrected, the spatial
resolution for each axis trends to the same value, turning into
a spherical shape.

The parallax error effect is well observed in the case
of designs based on pixelated crystal arrays [43]. We can
observe a deterioration when the source is far from the FOV
(see Fig. 18). For instance, in the Vision Quadra, the radial
spatial resolution worsens to almost 6 mm at 20 cm off-radial
position. By using slabs, it is possible to mitigate the parallax
error and keep a homogeneous spatial resolution response
across the whole FOV.

As expected, by increasing the axial coverage from 20 to
70 cm, the NECR maximum value improves from 100 to 563

TABLE III
COMPARISON OF NEMA 2018 RESULTS

kcps for the 7 SR configuration and to 300 kcps for the 5 SR.
This value is relatively low compared to the PennPET with
gaps [17], which registers a maximum value of 1050 kcps at
38 kBq/mL, and the Vision Quadra with a NECR maximum
of 2956 kcps at 28 kBq/mL. This could be a consequence
of working with semi-monolithic crystals. In order to register
the entire light distribution, a low energy threshold has been
selected. In our case, all the events with more than 50 keV
are accepted, increasing the deadtime and pileup events. For
that reason, the NECR maximum is found at an activity of
10 kBq/mL. By increasing the energy threshold to 350 keV,
both maximum NECR value and the optimum activity improve
to 925 kcps at 17 kBq/mL, respectively. These values are
similar to other scanners. The CTR estimation using the NECR
phantom shows no degradation when the activity increases,
once the random and scatter events were discarded, for all
configurations tested.

We evaluated the image quality with two different phan-
toms. Using the NEMA 2018 image quality phantom (torso
phantom), we have provided reconstructions with and without
TOF capabilities, including attenuation and scatter corrections.
Despite an artifact attributed to the simulation, the PC obtained
in the analysis for the 7 SR configuration shows results
comparable with the other scanners (see Table III). However,
in the 5 SR configuration we observe that the PC is slightly
deteriorated, most likely, due to the gaps between the rings.
For this phantom, we have dealt with some difficulties during
the simulation that we could not solve, and a slight artifact
appears for all modeled configurations, as a line suggesting
two background concentrations, as can be seen in Fig. 11. This
issue becomes accentuated for the 7 SR scanner due to its
higher sensitivity.

In the evaluation of the Jaszczak phantom, the rods sec-
tions were clearly resolved for all configurations. The PC for
this phantom reached comparable values to the NEMA quality
phantom. It is important to remark that the TOF algorithm
enhances the results in both the Jaszczak and the NEMA torso
phantoms.

As expected, the best PC for the Jaszczack phantom was
obtained with the 7 SR, followed by the 5 and 2 SR
configurations. However, the IQ phantom simulations showed
that the 2 SR slightly improved the 7 and 5 SR configurations.
These differences might be explained due to the number of
intrinsic scatter events registered depending on the phantom
size, where this process was more challenging for the larger
axial FOV scanners in the case of the IQ phantom, which size
is larger than the Jaszczack phantom
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Table III summarizes the results of the simulation tests and
compares them with real data obtained with the PennPET
scanner (64 cm axial coverage), the Vision Quadra (106 cm
axial), and the uExplorer (194 cm). The table includes the total
registered sensitivity, the radial spatial resolution for the 10
and 200 mm off-centered positions, the maximum NECR and
the activity where it takes place, as well as the minimum and
maximum value of the PC obtained with the NEMA image
quality phantom.

Despite the expected decrease in sensitivity of the 5 SR
scanner, our simulation study has shown a comparable quality
performance respect the 7 SR configuration, allowing to reduce
the material costs without significantly affecting image quality.
Our findings emphasize the importance of balancing scanner
features and costs when designing a cost-effective long axial
PET scanner. Therefore, it is crucial to consider the tradeoff
between these factors carefully.

V. CONCLUSION

We have designed and tested with simulations a large
axial FOV PET scanner with the ability to simultaneously
estimate the DOI and reach an accurate CTR. We made use
of semi-monolithic LYSO crystals instead of pixelated. By
mitigating the parallax error, we observe an improvement
in the spatial resolution performance for positions far from
the radial center of the FOV. Furthermore, a CTR of 330
ps allows applying TOF algorithms to improve the image
quality. We tested this new PET configurations following the
NEMA NU 2 2018 protocol, which is more suitable for PET
systems with TOF capabilities. The total sensitivity of the
7 SR configuration is about a factor of 10 larger than most
conventional scanners due to the 70 cm axial coverage. The
maximum NECR value is found at a rate of 563 kcps for the
7 SR and 300 kcps for the 5 SR, constrained by selecting low
energy thresholds required to register the full scintillation light
distribution. This value is higher than commercial scanners but
lower than other long axial PET scanners. We are currently
working on improving this feature by studying the advantages
and disadvantages of increasing energy thresholds. Moreover,
we have demonstrated that once the random and scatter
events are discarded, the calculated CTR remains constant
at 314 ps, for the range of tested activities. Including TOF
capabilities in the reconstruction process results in a better
image quality in both sections of the Jaszczack phantom,
improving the VTP ratio and the PC. An improvement in
the NEMA image quality phantom is also observed when
the TOF is applied, reaching PC values better than other
scanners.

In conclusion, the 7 SR and 5 SR scanner configurations
show promising results using simulation tests following the
NEMA protocol. Besides limited NECR values compared
with other long axial FOV scanners, it registers an improved
sensitivity than commercial systems. The combination of DOI
information and the TOF algorithm leads to a high-quality
image in both the Jaszczack phantom and the NEMA torso
phantom.
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