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H2RSPET: a 0.5 mm resolution high-sensitivity small-animal PET
scanner, a simulation study
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Mingwu Jinl, Yujie Chil”*, Junwei Du?"

1Department of Physics, University of Texas at Arlington, Arlington, TX 76019, United States of
America

2Department of Biomedical Engineering, University of California at Davis, Davis, CA 95616,
United States of America

Abstract

With the goal of developing a total-body small-animal PET system with a high spatial resolution
of ~0.5 mm and a high sensitivity >10% for mouse/rat studies, we simulated four scanners using
the graphical processing unit-based Monte Carlo simulation package (JPET) and compared their
performance in terms of spatial resolution and sensitivity. We also investigated the effect of
depth-of-interaction (DOI) resolution on the spatial resolution. All the scanners are built upon
128 DOI encoding dual-ended readout detectors with lutetium yttrium oxyorthosilicate (LYSO)
arrays arranged in 8 detector rings. The solid angle coverages of the four scanners are all ~0.85
steradians. Each LYSO element has a cross-section of 0.44 x 0.44 mm? and the pitch size of the
LYSO arrays are all 0.5 mm. The four scanners can be divided into two groups: (1) H?RS110-C10
and H2RS110-C20 with 40 x 40 LYSO arrays, a ring diameter of 110 mm and axial length of

167 mm, and (2) H2RS160-C10 and HZRS160-C20 with 60 x 60 LYSO arrays, a diameter of 160
mm and axial length of 254 mm. C10 and C20 denote the crystal thickness of 10 and 20 mm,
respectively. The simulation results show that all scanners have a spatial resolution better than 0.5
mm at the center of the field-of-view (FOV). The radial resolution strongly depends on the DOI
resolution and radial offset, but not the axial resolution and tangential resolution. Comparing the
C10 and C20 designs, the former provides better resolution, especially at positions away from

the center of the FOV, whereas the latter has 2 x higher sensitivity (~10% versus ~20%). This
simulation study provides evidence that the 110 mm systems are a good choice for total-body
mouse studies at a lower cost, whereas the 160 mm systems are suited for both total-body mouse
and rat studies.
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Introduction

Small-animal positron emission tomography (PET) is a well-established nuclear medical
imaging technique. With the aid of positron-emitting radionuclides, small-animal PET can
image a wide range of molecular processes /7 vivo and hence is broadly used in the
pre-clinical studies of pharmaceutical biodistributions and temporal disease progression
(Hutchins et al 2008, Jones and Townsend 2017, Masopust et al 2017). It also serves as a
critical platform for the development, validation, and characterization of the paradigms and
protocols for clinical PET studies (Cherry 2006, Jones 2020). Several hundred small-animal
PET scanners are now installed worldwide, and most academic medical research centers and
pharmaceutical companies have access to and routinely use this technology (Myers 2001,
Miyaoka and Lehnert 2020).

Key performance features of small-animal PET systems are spatial resolution, sensitivity,
and count rate capability (Cherry et al 2012, Miyaoka and Lehnert 2020). Spatial resolution
strongly affects the quantitative accuracy of PET imaging due to the partial volume effect,
the single largest quantitative error in almost all small-animal PET studies. Sensitivity
significantly impacts the quantitative precision due to the statistical uncertainties that are
governed by Poisson counting statistics. Improving spatial resolution reduces the partial
volume effect, thus improving accuracy. Increasing the scanner sensitivity increases the
number of detected events thus increasing the precision of PET measurements. Increasing
sensitivity also enables faster dynamic imaging, and improves the quality of temporal data
that can feed into tracer kinetic models, such as the image-derived input functions from
major arterial vessels (Lanz et al 2014, Huang et al 2019).

Since its early development in the 1990s (Cherry et al 1997), both academia and industry
have put substantial effort to improve the spatial resolution and sensitivity of small animal
PET (Schéfers et al 2005, Bao et al 2009, Yang et al 2016, Yamamoto et al 2016,
Amirrashedi et al 2020, Gu et al 2020, Miyaoka and Lehnert 2020). However, none of

the currently available small-animal PET scanners provide a combined performance of

the theoretically achievable high spatial resolution (<0.5 mm) and high sensitivity (figure

1) (Levin and Hoffman 1999, Stickel and Cherry 2004). There have been three small

animal PETs developed with ~0.5 mm resolution at the center of the field of view (FOV),
however, they all suffer from low sensitivity. Specifically, the commercially available U-PET
achieves ~0.5 mm resolution at the center of the FOV using a collimator, which adversely
reduces its sensitivity to a very low level of ~0.3% (Miwa et al 2015, Miyaoka and Lehnert
2020). The PET system developed by Dr Yamamato and colleagues using lutetium yttrium
oxyorthosilicate (LYSO) arrays with a pitch size of 0.42 mm and thickness of 5 mm has a
resolution of ~0.6 mm and sensitivity of ~0.5% at the center of the FOV (Yamamoto et al
2016). The dedicated mouse brain PET developed by the University of California at Davis
using lutetium oxyorthosilicate (LSO) arrays with a pitch size of 0.5 mm and thickness of 13
mm obtains a resolution of ~0.5 mm, but its sensitivity is only 0.7% at the center of the FOV
(Yang et al 2016). The low sensitivities of these systems limit their applications to static
studies or situations where the animals are subject to very high injected doses. Additionally,
the small geometry of the latter two systems, diameter <61 mm and axial length <10 mm,
further limits their primary applications to static mouse brain studies.

Phys Med Biol. Author manuscript; available in PMC 2022 March 09.
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In this study, with a goal to design a small animal PET system with a resolution of

~0.5 mm and a high sensitivity >10% for total-body mouse/rat studies, we simulated four
scanners with similar solid angles but different diameters (110 mm versus 160 mm), axial
lengths (167 mm versus 254 mm) and crystal thicknesses (10 mm versus 20 mm) (table

1 and figure 2) using gPET, a graphics processing unit (GPU) based Monte Carlo (MC)
package dedicated for PET simulation (Lai et al 2019). The performance in terms of spatial
resolution and sensitivity of the four PET scanners was compared to find the optimal scanner
for different applications.

Methods

2.1. Characteristics of the four small-animal PET scanners

The characteristics of the four scanners are shown in table 1. The four scanners were

named H2RS110-C10 PET, H2RS110-C20 PET, H2RS160-C10 PET, and H2RS160-C20
PET. The schematics of the HZRS110-C20 PET and H2RS160-C20 PET are shown in

figure 2. The four scanners are all composed of 128 dual-ended readout depth-of-interaction
(DOI) encoding detector modules arranged in 8 detector rings. LY SO, the most widely used
scintillator in state-of-the-art PET scanners, was selected because of its high light output,
fast decay time, and high stopping power (Lewellen 2008, Du et al 2009). Compared to
other DOI encoding detectors, such as detectors based on multi-layer crystals, crystal arrays
with specially designed reflectors and monolithic crystals (Joung et al 2002, Kolb et al 2014,
Lee and Lee 2015, Mohammadi et al 2019), the dual-ended readout detectors in combination
with finely-segmented and thick crystals can simultaneously provide better DOI resolution,
better spatial resolution and higher detector efficiency (Schmall et al 2012, Du et al 2018).

The H2RS110-C10 PET and the H2RS110-C20 PET were composed of 128 40 x 40 LYSO
arrays with a pitch size of 0.5 mm, and both have a diameter of 110 mm and axial length of
167 mm. They are expected to provide high-resolution and high-sensitivity imaging across
the whole body of the laboratory mice, which have a nose-to-anus-length of ~8-10 cm (Lin
et al 2008). The H2RS160-C10PET and the HZRS160-C20 PET were composed of 128 60
x 60 LYSO arrays with a pitch size of 0.5 mm, and both have a diameter of 160 mm and
axial length of 254 mm. They are supposed to provide high-resolution and high-sensitivity
imaging across the whole body of the laboratory rats, which have a nose-to-anus-length

of ~10-20 cm (Schellong et al 2013). The H2RS110-C10 PET and the H2RS160-C10 use
LYSO arrays with a thickness of 10 mm, whilst the H2RS110-C20 PET and the H2RS160-
C20 PET use LYSO arrays with a thickness of 20 mm.

2.2. Selection of the pitch size of the LYSO arrays

The pitch size of the LYSO array affects the resolution and the sensitivity of the PET
scanners. The fundamental resolution at the center of the FOV of PET scanner can be
roughly estimated using (Moses 2011, Cherry et al 2012)

crystal size

2
5 ) + (position ralnge)2 + (0.0022*diameter)2 @

spatial resolution = \/ (
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Based on this formula, we estimated the resolution of the proposal PET scanners with
diameters of 110 mm and 160 mm as a function of the crystal size, as shown in figure 3.
Here, we assumed a 0.102 mm FWHM positron annihilation point distribution from the 18F
label source (Levin and Hoffman 1999). Better resolution can be obtained using smaller
crystals (Stickel and Cherry 2004).

Reflectors are used to separate the LYSO elements, and optical glues are used to glue the
reflector to the LYSO element in LYSO arrays. Both the reflectors and optical glue cannot
detect gamma photons, hence they reduce the sensitivity of the PET scanner via reducing
the fractional active area of the LYSO array. The lower the fractional active area, the lower
the detection efficiency of the detector. The fractional active area of the crystal arrays can be
estimated using

crystal size

2
_coystal size ) x 100% @
array pitch size

fractional active area(%) = (

Dual-ended readout detectors based on polished LYSO, Toray E60 with a thickness of 50
4m and 10 gm optical glue between crystal elements, can provide good crystal resolvability,
energy resolution, and DOI resolution (Ren et al 2014, Du et al 2018). The fractional active
area of these LYSO arrays is also shown in figure 3 (red line), which decreases when the
crystal size reduces.

Based on our previous experimental results (Du et al 2018), LYSO arrays with a crystal size

of 0.44 mm and pitch size of 0.5 mm were chosen in this work, which gives a good trade-off
between the fractional active area of the LYSO array and the estimated resolution of the PET
scanners (figure 3).

2.3. Simulations

Simulations of the four PET scanners were performed using gPET (Lai et al 2019). NEMA
NU 4-2008, a standard for performance measurement of small animal PET systems, was
followed to simulate the scanners and to report the resolution and sensitivity whenever
possible. A 22Na point source with an activity of 1500 Bq and a varying diameter of 0, 0.1,
and 0.3 mm was used in all simulations. The source was embedded in an acrylic cube of
10.0 mm on each side. In the simulation, the energy resolution was set to be 16%, and the
timing window was set to be 4 ns, based on experimental results (Du et al 2018).

Because we do not have the measured experimental energy resolutions for different crystal
geometries, the 16% energy resolution was used to set the energy distribution of the gamma
photons for all the four scanners in the simulation. Based on our previous experimental
results, the energy resolutions of the four detector geometries will not have significant
differences (Du et al 2018, 2019, Yang et al 2019).

2.3.1. Sensitivity—The sensitivities of the four PET scanners were simulated at different
radial offsets and axial offsets, as shown in table 2. At each position, more than 108
coincidence events were collected. For each scanner, sensitivities obtained from the same

Phys Med Biol. Author manuscript; available in PMC 2022 March 09.
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data set but using three energy windows of 150-750 keV, 250-750 keV, and 350-650 keV
were compared.

2.3.2. Spatial resolution—The resolutions of the four PET scanners were simulated at
different radial offsets and axial offsets, as shown in table 3. In the real experiment, a 22Na
point source with a diameter of no more than 0.3 mm in all directions is recommended

to measure the spatial resolution following the NEMA NU 4-2008 standard. To investigate
the effect of source size on the resolution, sources with three different diameters of 0, 0.1,
and 0.3 mm were used in the simulation. In all simulations, an energy window of 250-750
keV was used to select events, and at each position, more than 108 coincidence events were
collected.

In our simulation, the center of mass location (x, ¥ and z,) of the interaction of the
annihilation photons in the LY SO array was recorded using

N
2i=1%E;
xe == ®
2i=1E
N
Yim ik
yo= S= T @
iz E
N
2i=1%kE;
Ze=S=1 ©®
2i=1E;

where the x;, y;, and z; (/= 1...N) are the positions along axial, tangential, and radial
directions for each interaction, respectively. £; (/= 1... ) are the deposited energies blurred
by energy resolution at each interaction, and Ais the number of the interactions before one
gamma photon deposited all its energy or escape from the crystal array. To model the effect
of finite DOI resolution, the recorded position along the radial direction was added by a
random displacement following a Gaussian distribution with the full width at half maximum
(FWHM) being the DOI resolution (James et al 2009).

Although the filtered back projection (FBP) method is recommended by the NEMA NU
4-2008 protocol, the maximum likelihood expectation maximization (MLEM) algorithm
is more popular for the reconstruction of data from most modern PET scanners (Hallen
et al 2020). And MLEM is also more robust against noise and systematic inconsistencies
than FBP (Nuyts et al 2001). Hence, the MLEM method with 12 iterations was used to
reconstruct the images of the point source in our studies, and a voxel size of 0.04 x 0.04
x 0.04 mm3 was used to make the voxel size at most one fifth of the finest resolution,
following the NEMA NU 4-2008 standard. To avoid the artificially enhanced resolution
measured using MLEM to fairly compare the four scanners with different geometries,

a uniform background was used during our simulation. The contrast of point source to
background in the reconstructed images was 10:1 (Gong et al 2016, Kyme et al 2017).

Phys Med Biol. Author manuscript; available in PMC 2022 March 09.
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The spatial resolution of the reconstructed image along the radial, tangential, and axial
direction was taken to be the FWHM of the point spread function (PSF) of the reconstructed
point source along that direction. To calculate the PSF along one direction, the 3D
reconstructed point source image was summed over the other two directions, following the
NEMA NU 4-2008 standard. For example, to calculate the FWHM resolution along the axial
direction, the reconstructed image was summed along the radial and tangential directions.

3. Results

3.1.

Energy spectrum

Figure 4 shows the energy spectrum of the four scanners with the 22Na source located at
the center of the FOV of the scanners. Each spectrum was generated using 108 coincidence
events. The energy spectrum of the H2RS160-C20 PET had the fewest low-energy events,
whilst the H2RS110-C10 PET had the most. The percentages of events in a 250-750 keV
energy window are 67.0%, 71.6%, 68.8%, and 74.7% for H2RS110-C10, H2RS110-C20,
H2RS160-C10, and H2RS160-C20 PETS, respectively. This can be understood by the fact
that the larger the detector size, the higher the probability that a photon can deposit all
energy inside the detector through multiple interactions.

3.2. Sensitivity

Figure 5 shows the NEMA NU 4-2008 sensitivity of the four scanners obtained at different
radial offsets and axial offsets using a 250-750 keV energy window to select events. At the
center of the FOV, the sensitivities of the HZRS110-C10 PET and the HZ2RS110-C20 PET
are 7.9% and 18.7%, respectively, and the sensitivities of the H2RS160-C10PET and the
H2RS160-C20 PET are 8.9% and 22.0%, respectively. The sensitivities of the H2RS110-C20
PET and the H2RS160-C20 PET were more than 2 times higher than those of the H2RS110-
C10 PET and the H2RS160-C10 PET, respectively. For a given crystal thickness, the scanner
with a diameter of 160 mm had a slightly higher sensitivity than that with a diameter of 110
mm, which is due to the fact that the solid angles of the gap/dead space between crystals

and detectors were smaller for the scanner with a larger diameter. The slightly lower ratio of
low-energy events also contributed to higher sensitivity (figure 4).

Figure 6 shows the sensitivities of the four scanners along the central axis under three
different energy windows. A higher sensitivity was obtained when a wider energy window
was used, which is consistent with common expectations.

3.3. Spatial resolution

3.3.1. Spatial resolution versus radial offset and DOI resolution—Figure 7
shows the spatial resolution of the four scanners obtained at different radial offsets for
varying DOI resolutions and at the axial center of the FOV using an ideal point source
(diameter of 0 mm). The resolutions obtained at one-fourth of the axial FOV from the
center of the axial FOV were similar to those obtained at the axial center of the FOV and
omitted here for conciseness. From the resolution shown in figure 7, we made the following
observations:

Phys Med Biol. Author manuscript; available in PMC 2022 March 09.
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First, as expected, the radial resolution strongly depends on the source position and DOI
resolution. However, the tangential and axial resolutions did not change significantly with
source positions and DOI resolutions. A better radial resolution can be obtained if the
scanner has a better DOI resolution. These are consistent with previous studies and suggest
the importance of designing detectors with a good DOI resolution (Stickel and Cherry 2004,
James et al 2009, Yoshida et al 2013).

Secondly, the spatial resolution of the scanners with the same diameter are similar if the
scanners have the same DOI resolution.

Finally, for a given DOI resolution, the tangential and axial resolutions of the scanners with
a diameter of 110 mm are better than those with a diameter of 160 mm for all radial offsets
studied because non-collinearity is smaller for the detector ring with a smaller diameter (110
mm) than that with a larger one (160 mm). In contrast, the behavior of the radial resolution
is quite different. The radial resolution is better for the scanners with a diameter of 110 mm
than those with a diameter of 160 mm at the positions close to the center of the FOV, while
the relation is reversed at the positions near the edge of the FOV. The reasons are detailed

as follows. Aside from the non-collinearity effect, the radial resolution is affected by DOI as
well. Under a given DOI resolution, the closer the source moves to the detector, the larger
the DOI effect in the radial direction. Hence, moving from the center to the edge of the
FQV, although the 160 mm systems start with a worse spatial resolution than the 110 mm
systems, their resolution evolves with a smaller slop. Depending on the relative contribution
of the DOI effect and the non-collinearity effect (Cherry et al 2012), the resolution trends

of the two types of systems cross at a certain radial offset point. After this point, the radial
resolution is worse for the 110 mm systems than for the 160 mm systems. Note that for
perfect DOI resolution (0 mm), such a crossing phenomenon was not observed (top left of
figure 7).

3.3.2. Spatial resolution of scanners with different DOI resolutions—Although
substantial efforts have been devoted to improving the DOI resolution (Yoshida et al

2013, Ren et al 2014, Zatcepin et al 2020), the current experimentally achievable DOI
resolution are ~1 and 2 mm for dual-ended readout PET detectors with 10 mm and 20 mm
LYSO arrays, respectively (Du et al 2018, Yang et al 2019). Taking this into account, we
compared the resolutions of the H2RS110-C10 PET and the H’2RS160-C10 PET with 1 mm
DOl resolution, and the H2RS110-C20 PET and the H2RS160-C20 PET with 2 mm DOI
resolution. The results are shown in figure 8. As expected, for a given scanner diameter,
scanners with 1 mm DOI resolution (H2RS110-C10 PET and H2RS160-C10 PET) have

a better spatial resolution than those with 2 mm DOI resolution (H2RS110-C20 PET and
H2RS160-C20 PET), especially for the radial resolution at positions away from the center of
the FOV. This indicates that if high spatial resolution was the primary selection criteria, the
H2RS110-C10 PET and the H2RS160-C10 PET would be a better choice.

3.3.3. Effect of the source diameter on the spatial resolution—Figure 9 shows
the resolutions obtained using the 22Na point source with three different diameters of 0,
0.1, and 0.3 mm for the scanners with DOI resolutions as discussed in section 3.3.2. The
source size effects on the resolution obtained at other DOI resolutions exhibit similar trends

Phys Med Biol. Author manuscript; available in PMC 2022 March 09.
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as the ones shown in figure 9 and are omitted here for conciseness. As can be seen from
figure 9, the point source with a diameter of 0.1 mm has a negligible effect on the spatial
resolutions, while the point source with a diameter of 0.3 mm had a significant effect on
the spatial resolution. These results indicate that to measure the intrinsic resolution of the
proposed PET scanners in a real experiment, the point source should have a size as small
as possible and the widely used 22Na point sources with diameters of 0.2-0.3 mm can
lead to an overestimated resolution, i.e. an estimated resolution that is worse than the true
resolution.

4. Discussions

The simulation results show that all four scanners can provide high spatial resolution and
high sensitivity performance across their FOV and there is no clear-cut winner out of the
four candidate designs. The best design choice depends on the specific applications and their
requirements on resolution and sensitivity. Here, we recommend several choices among four
designs for the following scenarios based on our current simulation study: (1) for studies
that only use mouse models, the HZRS110-C10 PET and the H2RS110-C20 PET may be
preferred, as these two scanners provide better spatial resolution (figures 6 and 7) at a lower
cost, and (2) for rat studies, H?RS160-C10 PET and the H2RS160-C20 PET may be more
appropriate as they provide a larger FOV to cover the entire rat body. The volume of LYSO
needed for the H?RS160-C20 PET and the H?RS160-C20 would be 2.25 x of those for the
H2RS110-C10 PET and the H2RS160-C10 PET, respectively.

The spatial resolutions of the scanners at the center of the FOV are all better than 0.5 mm.
The radial resolution strongly depends on the radial offset and the DOI resolution. When

the DOI resolution was better, the radial resolution was greatly improved. This indicates

the importance of developing detectors with a high DOI resolution. The tangential and

the axial resolutions were also affected by the DOI resolution, but with a much smaller
magnitude (figure 6), which is consistent with previous studies (James et al 2009). Since

the DOI resolution of 10 mm thick LY SO can be twice as good as that of 20 mm thick
LYSO, the H2RS110-C10 PET and the H2RS160-C10 PET provide better resolution than the
H2RS110-C20 PET and the HZ2RS160-C20 PET, respectively (figure 7).

The sensitivities at the center of FOV of the HZRS110-C20 PET and the H2RS160-C20 PET
are ~20%, which are more than 2-fold higher than those of the H2RS110-C10 PET and the
H2RS160-C10 PET (~10%) (figures 4 and 5). The sensitivities of the four proposed scanners
are much better than currently available PET scanners with ~0.5 mm resolution (the UCD
mouse brain PET, U-PET, and Yamamoto PET shown figure 1). The high sensitivity and
larger FOV of the four scanners will also enable fast total-body dynamic imaging of mice
and rats.

A 22Na point source with a diameter smaller than 0.3 mm was recommended to measure

the spatial resolution in NEMA NU 4-2008 protocol, and point sources with diameters of
~0.25 mm have been widely used (Kemp et al 2009, Yang et al 2016, Yamamoto et al 2016,
Krishnamoorthy et al 2018). However, our simulation results show that to precisely measure
the spatial resolution of scanners with an intrinsic resolution of ~0.5 mm, a point source with

Phys Med Biol. Author manuscript; available in PMC 2022 March 09.
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a diameter smaller than 0.1 mm is preferred. Otherwise, the resolution will be overestimated
(figure 9). To obtain the intrinsic resolution using sources with diameters larger than 0.1
mm, the intrinsic resolution can be estimated by subtracting the intrinsic resolution of the
source, instead of the diameter or radius in quadrature from the measured resolution. We will
study the intrinsic resolution of the source as a function of its diameter with the Monte Carlo
in the future.

The inter-crystal and inter-detector scatter were not corrected in our studies, although the
inter-crystal scatter correction can improve the spatial resolution and the inter-detector
scatter correction can improve the sensitivity, respectively (Lee et al 2020). The inter-crystal
scatter and inter-detector scatter were not corrected in our studies for two reasons. First,

to design a high-resolution PET scanner, position-sensitive SiPMs (PS-SiPMs) are one
attractive option (Schmall et al 2012, Du et al 2018). However, PS-SiPMs use center-of-
gravity methods to calculate the gamma interaction position in the scintillator array, thus
the inter-crystal scatter information is lost. Second, the inter-detector scatter was ignored to
mimic the case that the readout electronics for each detector module work independently and
in parallel, which can minimize the dead time of the readout electronics and increase the
event processing rate of the electronics, hence, the peak noise equivalent count rate (NECR)
will be maximized.

The NEMA image quality phantom and the micro Derenzo phantom were not investigated
in our studies, because the four scanners had different diameters and our main focus is on
comparing their sensitivity and spatial resolution. If the NEMA image quality phantom with
its relatively small diameter of ~33 mm is used, the H2RS110-C10 and the H2RS110-C20
will give misleading results, as the HZRS160-C10 and the H2RS160-C20 provided a better
resolution for positions far from the center (figures 7 and 8). The same is true for the
Derenzo phantom. The resolution and sensitivity results from point sources at different
locations already showed that there is no winner for all tasks, and that the best choice
depends on the specific applications. In the future, before adopting any design, a simulation
using custom phantoms that reflect a specific small-animal imaging task is necessary to
assess whether the image quality can achieve the specific requirement of the small animal
PET imaging applications.

The NECR was not investigated in our studies, which is due to that the NECR depends both
on the performance of the detector modules and the deadtime of the readout electronics,

and readout electronics for the proposed scanners is not available at this moment. We will
conduct the NECR simulation when we further develop our readout electronics in the future.
However, based on our previous experimental results, we expected that each of the proposed
detector modules can handle higher than 100 000 events per second without performance
degradation (Du et al 2018).

In our simulation, we chose to use LYSO crystals, which have similar properties as LSO
crystals, such as high light output, fast decay time, and high stopping power (Lewellen
2008, Du et al 2009). Gadolinium aluminum gallium garnet (GAGG) has a higher light
output than LYSO, and a dual-ended readout detector based on GAGG can provide a better
DOl resolution. However, the stopping power of GAGG is lower than that of the LYSO,
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hence, the inter-crystal and inter-detector scatter ratios are much higher in PET scanner with
GAGG than that with LYSO (Lee et al 2020), making GAGG a less optimal choice for
high-resolution PET than LYSO or LSO.

To build the proposed scanners, the most complex and difficult part is the LYSO arrays of
0.44 x 0.44 x 20 mm? polished crystal pixels. During the past 10 years, working with our
industrial collaborators, we have optimized the LYSO array fabrication methods, and it is
now a routine to produce reliable scintillator arrays with crystal elements in the ~0.4 x 0.4
mm? cross-section range (Yang et al 2016, Du et al 2018, 2020, Kuang et al 2019). The
reliability of the proposed scanners will also depend on the carefully designed electronics
and gantries, which will not be a problem based on the currently available technologies
(YYang et al 2016, Cherry et al 2018, Lv et al 2019).

5. Conclusions

With the goal of building a 0.5 mm resolution high-sensitivity small animal PET system

for total-body mouse/rat studies, the resolution and sensitivity of four PET scanners were
investigated using MC simulation and compared. The simulation study shows that the
H?RS110-C20 PET and H2RS160-C20 PET have more than 2x the sensitivity of the
H2RS110-10 PET and H2RS160-10 PET (~20% versus ~10%), while the latter two scanners
provide a higher and more uniform spatial resolution across the FOV when taking the
realistic DOI resolution into account. The HZ2RS160-C10 PET and H2RS160-C20 PET
provide a larger FOV, which can be used for both total-body mouse and rat imaging. The
H2RS110-C10 PET and H2RS110-C20 PET provide a smaller FOV, which is only suitable
for total-body mouse imaging but provide a better resolution across the entire mouse body at
a lower cost.
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Table Al. The performance of small animal PET scanners shown in figure 1.

Name of Volumetric i Energy Timing :
scanner in resolution Seng/tl)\/lty window  window infolrgrgelltion Rectr?[:gtrr]ggtlon Reference
figure 1 (mm?3) ° (keV) (n9)
(Cherry et al
MicroPET 6 056 250-650 12 No FBP 1997,
' Chatziioannou et
al 1997)

; (Yang et al
MicroPET Il 1.1 2.1 250-750 6 No OSEM 2004)
A-PET 8.7 3.6 250-665 7 No FRP (Surti et al 2005)
quadHIDAC32 12 15 350-650  Unknow Yes FBP (SCth%rss)et a
GE VISTA 2.9 4 250-700  5/6.5/10" Yes FBP Mgggee)t al
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Name of Volumetric . Energy Timing .
scanner in resolution Seng/zl)\/lty window  window infoIan?elltion Recltﬂ)rzgtﬁggtlon Reference
figure 1 (mm?3) (keV) (ns)
CdTe PET 0.4 4 Unknow 20 Yes MLEM (Ishii et al 2007)
. (Laforest et al
F120 24 7.1 250-750 10 No FBP 2007)
- (Kemp et al
Inveon 5.4 7.2 350-650 3.43 No FBP 2009)
. (Szanda et al
nanoPET 12 7.7 250-750 5 No FBP 2011)
ClearPET 76 47 250-750  Unknow Yes FBP (Ca’}%’fls)et al
PETBox4 34 18 150-650 20 No MLEM (Gu et al 2013)
. (Nagy et al
nanoScan 1.8 8.4 250-750 5 No FBP 2013)
LabPET-12 46 43 250-650 22 Yes FBP (Bergeron et al
2014)
DigiPET 0.34 03 400-650 20 No MLEM (Espafia et al
2014)
ClairvivoPET 10 8.7 250-750 10 Yes FBP (Sato et al 2015)
-(Miwa et al
2015, Miyaoka
U-PET 0.17 0.3 400-600 Unknow No OSEM and Lehnert
2020)
UCD mouse . (Yang et al
brain 0.13 0.68 250 60 Yes MLEM 2016)
‘Yamamoto (YYamamoto et al
PET 0.22 0.5 Unknow 16 No FBP 2016)
Clip-on 0.47 47 250-750 12 Yes OSEM (Vrigneaud et al
2018)

" ~ (Krishnamoorthy
B-CUBE 1 12.4 255-765 5 Yes FBP etal 2018)
HIiPET 0.9 10.4 350-650  20/15/8 7 Yes OSEM (Gu et al 2020)
Albira PET 0.64 11 Unknow  Unknow Yes MLEM (Gz%gg)t al
SIAT aPET 0.55 11.9 350-750 6 Yes OSEM (K“;gzgo‘;‘ al

*
Dual-layer crystal arrays with different crsytals were used.
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Figure 1.

The performance of small animal PET scanners. Only scanners with published results were
selected. The resolution and sensitivity values obtained at the center of the scanners were
used. Because the resolutions in the axial, tangential, and axial directions were different,
volumetric resolution, which is the product of the resolution in each of the three directions,
was used. The resolutions of the scanners were obtained using different reconstruction
methods, which could slightly affect the resolution comparison, but did not affect the
sensitivities. The sensitivities of the scanners were obtained using different energy windows.
Detailed performance of the scanners including reconstruction method are shown in table
Al. (Chatziioannou et al 1999, Yang et al 2004, Surti et al 2005, Schéfers et al 2005, Wang
et al 2006, Ishii et al 2007, Laforest et al 2007, Kemp et al 2009, Cafadas et al 2011, Szanda
etal 2011, Gu et al 2013, Nagy et al 2013, Bergeron et al 2014, Espafia et al 2014, Sato et
al 2015, Yamamoto et al 2016, Krishnamoorthy et al 2018, Vrigneaud et al 2018, Lv et al
2019, Gu et al 2020, Gsell et al 2020, Kuang et al 2020, Miyaoka and Lehnert 2020.)

Phys Med Biol. Author manuscript; available in PMC 2022 March 09.




1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Lai et al. Page 16

21.0 mm 32.0mm
TN | --.ii---

d 167.0 mm 254.0 mm

Figure 2.
The schematics of (left) the HZRS110-C20 PET and (right) the H2RS160-C20 PET. The

H2RS110-C10 PET and the H2RS160-C10 PET have the same diameter and axial length
as those of the H2RS110-C20 PET and the HZRS160-C20 PET, respectively. C10 denotes a
crystal thickness of 10 mm, and C20 of 20 mm.
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Figure 3.
The estimated spatial resolution at the center of FOV for two scanners with ring diameters of

110 mm and 160 mm. The red line shows the fractional active area of the LY SO array with
50 pm Toray E60 reflector and 10 um optical glue.
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Figure 4.
Energy spectra for the four scanners obtained by locating the 22Na source at the center of

FOV. For each energy spectrum, 108 coincidence events were used.
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energy window was used to select events.
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bottom).
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Radial (left column), tangential (middle column) and axial (right column) resolution versus
radial offset and DOI resolution. A 250-750 keV energy window was used to select events.
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Radial (left column), tangential (middle column) and axial (right column) resolution versus
radial offset with realistic DOI resolutions. A 250-750 keV energy window was used to
select events. The DOI resolution for HZRS110-C10 PET and H2RS160-C10 PET was 1
mm, and it was 2 mm for H2RS110-C20 PET and H2RS160-C20 PET.
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Effect of the radiation point source size on the resolution. H2RS110-C10 PET and
H2RS160-C10 PET have a DOI resolution of 1 mm, and H2RS110-C20 PET and H2RS160-
C20 PET have a DOI resolution of 2 mm.
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Table 1.

Characteristics of the four small-animal PET scanners.

H2RS110-C10 H2RS110-C20 H2RS160-C10 H2RS160-C20
PET PET PET
Crystal material LYSO
Ring diameter (mm) 110 160
Axial length (mm) 167 254
0.84 0.85

Solid angle (41)?
Crystal size (mm3)
Crystal pitch (mm)
Crystal array size
Detectors per ring
Num. of detector ring
Transaxial FOV (mm)

Axial FOV (mm)

044x044x10 044x044%x20 044x044x10 0.44x0.44x20

40 x 40

80
167

0.5
60 x 60
16
8
120
254
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aThe solid angle is the one subtended from the center of the FOV. The solid angles of the gaps between detector modules were not subtracted.
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Table 2.

Positions for sensitivity studies.

H?RS110-C10PET  H2RS110-C20PET  H2RS160-C10PET  H2RS160-C20 PET

Radial offset from center (mm) 0, 5, 10, 15, 25, and 40 0, 5, 10, 15, 25, 50 and 60
Axial offset from center (mm) From 0 to 80, with steps of 10 From 0 to 120, with steps of 10
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Table 3.

Positions and DOI resolutions for resolution simulation.

H?RS110-C10PET  H2RS110-C20PET  H2RS160-C10PET  H2RS160-C20 PET

Radial offset from center (mm) 0, 5, 10, 15, 25, and 40 0, 5, 10, 15, 25, 50 and 60
Axial offset from center (mm) 0 and ¥ offset 0 and % offset

DOl resolution (mm) 0,0.5,1,2and 3

Source diameter (mm) 0,0.1and 0.3
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