Radiation Measurements 164 (2023) 106938

Contents lists available at ScienceDirect

diation Measurements

Radiation Measurements

journal homepage: www.elsevier.com/locate/radmeas

ELSEVIER

A novel multi-radionuclide imaging method based on mechanical
collimated Compton camera

Renyao Wu?, Changran Geng® , Feng Tian “, Mingzhu Li?, Jianfeng Xu®", Fei Cai®",

Xiaobin Tang®

& Department of Nuclear Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing, 210016, People’s Republic of China
b JYAMS PET Research and Development Limited, Nanjing, 211100, People’s Republic of China

ARTICLE INFO ABSTRACT

Keywords:

Multiple radionuclides
Compton camera
Three-dimensional imaging
CZT

Simultaneous imaging of multiple radionuclides can improve the accuracy of clinical diagnosis and therapy, and
has great significance for clinical and molecular applications. However, the photon energies produced by ra-
dionuclides cover a broad energy range from a few keV to several MeV, and simultaneously imaging multiple
radionuclides in such a broad energy range is a challenge. This study proposes a novel and easy-to-implement
multi-radionuclide imaging method based on the mechanical collimated Compton camera (MCCC) to achieve
multi-radionuclide imaging in a broad energy range. ‘®F and *°™Tc point source imaging experiments were
conducted using MCCC, at a distance of 10 cm from the radioactive source, the radial full width at half maximum
of 18F and °*™Tc point source imaging results were evaluated to be 7.3 mm and 4.5 mm. In addition, we
demonstrated the feasibility of using MCCC to simultaneously imaged '®F and ®™Tc in mouse phantom exper-
iments at the heart and bladder sites and the bladder and kidneys sites, the reconstructed high radioactivity area
in the 3D imaging results was basically consistent with the set radioactivity distribution. Then, Monte Carlo
simulations of other types of radionuclides were performed with reference to phantom experiment at the bladder
and kidneys sites. Simulation results shown the promising potential of the proposed method for imaging multiple

radionuclides in a broad energy range.

1. Introduction

Radionuclide imaging allows the non-invasive visualization of the
location distribution of radionuclide-labeled specific radiopharmaceu-
ticals in living organisms and is widely used in the diagnosis and therapy
of several diseases (Filippou and Tsoumpas, 2018; Geng et al., 2019; Hu
et al.,, 2022). Multi-radionuclide imaging enables the simultaneous
acquisition of multiple functional imaging results in a single scan and
can avoid the co-registration problems. Analyzing the relationship be-
tween several kinds functional imaging results will benefit clinical
diagnosis and therapy (Adachi et al., 2016; Knight et al., 2019; Lam-
ichhane et al., 2017; Takeuchi, 2016; Wu and Liu, 2019). Several studies
that applied multi-radionuclide imaging have been reported, e.g.
myocardial perfusion, brain diagnosis, and tumor hypoxia assessment
(Bocher et al., 2010; Du and Frey, 2009; Kacperski et al., 2011; Lehtio
et al., 2003; O’Brien et al., 2014).
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Imaging of radionuclides is accomplished by detecting the photons
produced by the target radionuclide. Currently, single photon emission
computed tomography (SPECT) and positron emission computed to-
mography (PET) are widely used for radionuclide imaging (Del Guerra
and Belcari, 2007). Studies have shown that simultaneously imaging of
multiple PET tracers can provide comprehensive information for disease
diagnosis (Kadrmas and Hoffman, 2013; Nandhagopal et al., 2009).
However, PET tracers can only use positron radionuclide-labeled
radiopharmaceuticals.

Meanwhile, for multi-radionuclide SPECT imaging, several groups
have reported clinical examples of cardiac imaging, brain imaging, and
imaging of bone and joint infections (Berman et al., 2009; Hsieh et al.,
2010; van der Bruggen et al., 2010). However, because the limitations of
collimator, conventional mechanical-collimation SPECT can only image
radionuclides that emit low-energy photons, typically below 300 keV
(Motomura et al., 2008).
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In this context, several studies have proposed the use of a Compton
camera (CC) for multi-radionuclide imaging because of its wide energy
detection range (hundreds keV to a few MeV) and multi-radionuclide
detection capability (Kishimoto et al., 2017; Motomura et al., 2008;
Nakano et al., 2020; Sakai et al., 2018b; Suzuki et al., 2013; Todd et al.,
1974). For example, Suzuki et al. successfully achieved the simultaneous
three-dimensional (3D) imaging of ®*Cu and ' in animal experiments
using a Si/CdTe CC (Suzuki et al., 2013). In 2020, Nakano et al. con-
ducted a human clinical trial of CC-based simultaneous '®F and **™Tc
in-vivo imaging (Nakano et al., 2020).

In addition, CC-based detector systems that combine multiple im-
aging modalities have also been proposed to perform multi-radionuclide
imaging. Omata et al. introduced a hybrid CC (HCC), which combines
the imaging modalities of CC and pinhole camera in a single system, and
demonstrated the performance of the HCC for the simultaneous imaging
of multi-radionuclide in a wide energy band (Omata et al., 2020, 2022).
Several groups focused on a hybrid PET-Compton imaging system, this
2-in-1 device enables the simultaneous imaging of PET and SPECT
tracers (Ogane et al., 2021; Shimazoe et al., 2020; Tashima et al., 2020;
Uenomachi et al., 2021; Yoshida et al., 2020). Integrated imaging sys-
tems such as these, which combine various imaging principles, can be
adapted to meet complex multi-radionuclide detection requirements.
However, the photon energies produced by the radionuclides cover an
energy range of a few keV to several MeV, and the simultaneous imaging
of multiple radionuclides in such a broad energy spectral range is still
challenging.

Combining the advantages of conventional mechanical collimation
SPECT systems in detecting low-energy photons and CC in detecting
high-energy photons in one imaging system, we propose a novel and
easy-to-implement imaging method based on a mechanical collimated
CC (MCCQ) to achieve the simultaneous imaging of multiple radionu-
clides over a broad energy range. We established a MCCC prototype,
evaluated its basic performance, performed experiments on simulta-
neous '®F and ®°™Tc imaging on a mouse phantom. ®F and °*™Tc are
clinically representative radionuclides, whose characteristic energies
are 511 and 141 keV, respectively; they are suitable for verifying the
simultaneous broad-energy band multi-radionuclide imaging perfor-
mance of the MCCC. Further demonstrated the promising prospect of the
MCCC for the simultaneous imaging of multiple radionuclides in a wide
energy range through Monte Carlo (MC) simulations.

2. Materials and method

2.1. Concept of multi-radionuclide imaging method based on mechanical
collimated Compton camera

Fig. 1(a) shows the detailed structure of the MCCC, which consists of
a detection part, that is, a CC, and a collimation part. The CC is essen-
tially an electronically collimated SPECT modality based on Compton
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scattering kinematics (Parajuli et al., 2022). Therefore, by screening the
detection data into low-energy mechanical and high-energy electronical
collimation detection data, the MCCC can reconstruct the source dis-
tribution of low-energy and high-energy photons with collimator SPECT
and CC modalities, respectively. Fig. 1(b) shows the acquisition modes
of low-energy mechanical and high-energy electronical collimation
detection data.

In radionuclide imaging, the energy of the characteristic gamma rays
produced by the radionuclide is generally known. Therefore, in the case
of multi-radionuclide imaging, the screening of low-energy mechanical
and high-energy electronical collimation detection data is parameter-
ized by two factors, the number of interactions and an energy threshold.
Specifically, if an incident photon is recorded for only one interaction,
and its deposition energy falls within the energy window of low-energy
photon source, then this detection event will be screened as low-energy
mechanical collimation detection data. Correspondingly, if an incident
photon is recorded for two interactions, and the sum of its energy
deposition falls within the energy window of high-energy photon source,
then this detection event will be screened as high-energy electronical
collimation detection data. The width of energy window depends on the
energy resolution of the detection system. Furthermore, the MCCC takes
multi-angle data measurement to realize 3D reconstruction as shown in
Fig. 1(c). Under the current detection conditions, a single MCCC con-
stitutes the detection system, and the measured object rotates around a
fixed rotation axis to achieve tomographic data acquisition.

2.2. Structure of mechanical collimated Compton camera

A 3D position-sensitive Cdg 9Zng 1Te (CZT, density is 5.8 g/cms) CcC
fabricated by Kromek group (Huddersfield, UK) was used as the detec-
tion part of the MCCC (Tian et al., 2022). The size of the CZT crystal is
22 x 22 x 15 mm?3, which is divided into 11 x 11 pixelated anodes with
one planar cathode, and the depth of interaction was inferred by
calculating the time difference between the signals of the cathode and
the anode (Li et al., 2022). The intrinsic spatial resolution over the whole
detection volume is 2.0 x 2.0 x 0.34 mm?®. In addition, a 3D printed
parallel-hole tungsten collimator was used for the collimation part of the
MCCC. The holes are round with a diameter of 1.2 mm, the septum
thickness is 0.8 mm and the septal height is 30 mm. The collimator’s size
was designed to match the CZT crystal, and each collimating round hole
corresponds to an anode pixel on the CZT crystal.

2.3. Mouse phantom experiments with 8F and *™Tc radionuclides

The mouse phantom radionuclide distribution imaging experiments
were conducted as shown in Fig. 2. The mouse phantom was referenced
from a normal 28-g male mouse, and the material of its torso is buta-
nediol dimethacrylate (C12H1804, p:1.3 g/cm3) (Dogdas et al., 2007).
The phantom contains four organs, including brain, heart, kidneys, and
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Fig. 1. Structure and imaging concept of MCCC. (a) Detailed structure of the MCCC. (b) Acquisition modes of low-energy mechanical and high-energy electronical

collimation detection data. (c) Schematic of multi-angle detection of MCCC.
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Fig. 2. Mouse phantom experiments. (a) 3D printed mouse phantom and schematic of radiopharmaceutical placement and geometry configuration of the experi-

ments. (b) Illustration of experiment implementation.

bladder, which have been hollowed out to facilitate the placement of
radiopharmaceuticals. In the experiments, a mouse phantom with or-
gans filled with radiopharmaceuticals was placed on an electric turn-
table, the MCCC realized multi-angle detection through the rotation of
the electric turntable. The MCCC was placed at the same height as the
measured organs, facing the axis of rotation, and the surface of the CZT
CC was 10 cm away from the center of rotation.

In the experiments, [*8F]NaF and *°™Tc-MDP were encapsulated and
then placed in the sites of the mouse phantom’s organs. Two groups of
phantom experiments were performed in this study. Referring to the
radionuclide imaging study of Sakai et al., the activity concentration of
188 and *°™Tc in clinical examination is approximately equal (Sakai
et al., 2018b). For this study, in the radionuclide imaging experiment at
the heart and bladder sites, the activities of 18F and %°™Tc in the heart
and bladder organs were ~1.6 and 1.4 MBq, which were ~7.1 and 7.2
MBgq/mL in activity concentration, respectively. In the radionuclide
imaging experiment at the bladder and kidneys sites, the activities of °F
and °*™Tc in the bladder and each kidney organs were ~2.0 and 1.8
MBq, which were ~10.2 and 8.1 MBq/mL in activity concentration,
respectively. A total of 36 angles were detected in each experiment, and
the detection time of each angle was 2 min. The energy threshold in the
experiment was selected to be (511 + 5) and (141 + 2.5) keV, which
correspond to high-energy electronical collimation detection data and
low-energy mechanical collimation detection data, respectively.

2.4. Mouse phantom simulations with more types of radionuclides

Geant4 is a general-purpose MC simulation toolkit and has been
widely used in nuclear physics, medical research, and other fields
(Agostinelli et al., 2003). For the applications of simultaneous
multi-radionuclide imaging in nuclear medicine, the potential of MCCC
for simultaneous imaging of more types of radionuclides was investi-
gated using Geant4 (version 10.05).

Mouse phantom simulations with the same geometry and radiation
source setup were performed according to the mouse phantom radio-
nuclide imaging experiment at the bladder and kidneys sites introduced
in Section 2.3. The detection part in the simulations was modeled as the
same pixel model as in reality. Four groups of radionuclides were
considered in mouse phantom simulations, the types of radionuclides
and the characteristic energies of gamma photons emitted by each
radionuclide in the simulations are shown in Table 1. As with the
experimental setup, low-energy radionuclides were placed in the kid-
neys, and high-energy radionuclides were placed in the bladder. Addi-
tionally, according to the energy resolution, Gaussian broadening was
performed on the energy recorded in both high-energy electronical and

Table 1
Groups of radionuclides considered in the simulations and their characteristic
energy for detection.

Lower energy Characteristic Higher energy Characteristic

radionuclide energy (keV) radionuclide energy (keV)
133%e 81 2081 583
99mTe 141 18p 511
iy 245 212 727
181 364 %Te 766

low-energy mechanical collimation detection data in the post-processing
detection data. The order of interactions within a Compton event cor-
responds to ground truth in simulated data, whereas in experimental
data corresponds to a different criterion. And the physics module of
Geant4 simulations performed in this study was G4EmPenelopePhysics.

2.5. Image reconstruction of mechanical collimated Compton camera

Low-energy mechanical collimation detection data relies on physical
collimation to obtain the line of responses (LORs), and reconstruct the
radiation source through the overlaying of LORs. An open-source soft-
ware (i.e., QSPECT) was used for Maximum Likelihood Expectation
Maximization (MLEM) iterative 3D reconstruction for the collimator
SPECT modality (Loudos et al., 2010). High-energy electronical colli-
mation detection data relies on Compton kinematics to generate a
Compton cone; the position of the radiation source is limited to the cone
surface. The Compton cone angle (6) can be calculated as follows:

3 m,c’E, ) o
Ey(E\ +E))’

6 =acos (1
where m,c? is the electron rest mass, E; is the energy of recoil electrons,
and E; is the energy of scattered photons. The list-mode MLEM (LM-
MLEM) iterative algorithm was used for iterative 3D Compton imaging
(Maxim et al., 2016). The ordering rule of Compton event pairs in ex-
periments was assumed to be that the events with larger energy depo-
sition are the scattering events (Shy and He, 2020), while the ordering
rule in the simulation was based on the ground truth. In this study, the
3D reconstruction space was divided into 200 x 200 x 200 voxels, and

the volume of each cubic voxel is 1 x 1 x 1 mm?®.

2.6. Image analysis and quantification

The reconstruction results is quantitatively evaluated using the
following two indices: the signal-to-noise ratio (SNR), and the activity
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recovery coefficient (ARC) for each radioactive organi (Lee et al., 2018;
Munoz et al., 2022):

Hror

SNR = , 2
UBackgmtmd
AV,
ARC;=—=11. 3
VA, 3

For the calculation of SNR, i, represents the mean activity recon-
structed in the region of interest (ROI), and 6packground Te€presents the
standard deviation of the activity reconstructed in the area excluding the
ROI. For each organ with radioactivity, the ARC is defined as the ratio
between the activity reconstructed in the organ position and its true
activity. Where A; and V; are the activity reconstructed in radioactive
organ i and its volume, and Ay is the total reconstructed activity in the
whole 3D image. The reconstruction results of collimator SPECT and CC
modalities are quantitatively analyzed separately.

3. Results

3.1. Basic performance of mechanical collimated Compton camera
prototype

For the basic performance of MCCC prototype system, we evaluated
the energy resolution, the spatial resolution, the angular resolution
measurement (ARM), the intrinsic detection efficiency, and the crosstalk
between 511 keV and 141 keV of interest in this study. The energy
resolution was calculated from Gaussian fits. The spatial resolution of
collimator SPECT and CC modalities were evaluated by point spread
function (PSF) models, which are the Gaussian function and the sum of
two Lorentzian functions with constant offset, respectively (Sakai et al.,
2018a). The ARM was determined by voigt function. The intrinsic
detection efficiency and the crosstalk between 511 keV and 141 keV
were evaluated using Geant4.
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For the energy resolution of the MCCC prototype system. Experi-
ments were performed with different types of radionuclides (*"Am,
133Ba, 99mTc, 18F, 137Cs) in the energy range from 60 keV to 662 keV.
Finally, the energy resolution g (full width at half maximum, FWHM) of
the CZT detection crystal under different energies (E) was given as:

5 =0.3014 4 0.3624VE. 4

The spatial resolution of MCCC prototype system was evaluated
experimentally with single-point radiation source of 18 (1.8 MBq) and
99mTe (1.6 MBq), respectively. In the point source experiments, the ra-
diation sources were 10 cm away from the detection crystal surface of
the MCCC, and the detection configurations were exactly the same as the
mouse phantom experiments mentioned in Section 2.3.

Fig. 3(a) and (b) show the imaging results of the 18 point source
with 50 MLEM iterations under the CC modality and that of the *°™Tc
point source with 50 MLEM iterations under the collimator SPECT mo-
dality, respectively. Fig. 3(a) and (b) are the intermediate slices of the
3D reconstruction results, where the x-axis represents the coordinate
axis perpendicular to the rotation plane. Fig. 3(c) and (d) show the radial
distribution of the pixel value of the 3D reconstruction results of 18F and
99mTe point source experiments against the distance from the source
position, where the red dotted line represents the fitting function.

The FWHM of radial distribution of '®F and °°™Tc point source
reconstruction results were evaluated to be 7.3 mm and 4.5 mm. The
ARM is calculated as the FWHM of the angular distance distribution
between the geometric scattering angle (calculated from the radiation
source and the interaction positions) and the scattering angle calculated
by Equation (1) (Uenomachi et al., 2021). The ARM of CC modality of
the MCCC prototype system at 511 keV is (15.9 + 0.33)°.

In the simulations evaluating the intrinsic detection efficiency of
MCCC prototype system, a mono-energy point source was placed at the
center of the field of view (FOV) and 10 cm away from MCCC, and the
evaluated energy range was from 50 to 1000 keV. Fig. 4 shows the
detailed intrinsic detection efficiencies of the CC modality, collimator

" Fig. 3. Point source reconstruction results of '°F and
9mTe. (a) CC imaging of 18p point source. (b) Colli-
mator SPECT imaging of 99mTe point source. (c)
Radial distribution of the pixel values of the '®F point
source CC modality 3D imaging results (black line),
and the radial distribution fitted by the sum of two
Lorentzian functions (red dotted line). (d) Radial
distribution of the pixel values of the *™Tc point
source collimator SPECT modality 3D imaging results
(black line), and the radial distribution fitted
Gaussian functions (red dotted line).
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Fig. 4. Intrinsic detection efficiency of the CC modality, collimator SPECT
modality, and CC without collimator as well as the measurement results for the
corresponding imaging modalities.

SPECT modality, and CC without collimator. The intrinsic detection
efficiency represents the proportion of detected events to all radiation
emitted towards the detector, which calculated by the following equa-
tion (Omata et al., 2020):

4n
Eint = Egabu 5)
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where the ¢4 represents the absolute detection efficiency, and 2 de-
notes the solid angle of the detector viewed from the source.

Partial absorption events of high-energy photons can sometimes be
considered as low-energy mechanical collimation detection data, a
phenomenon known as crosstalk. In the simulations evaluating the
crosstalk between 511 keV and 141 keV of MCCC prototype system, the
141 keV and 511 keV point sources were both placed in the center of the
FOV. When the two have the same activity, 1.4% of the 141 keV low-
energy mechanical collimation detection data will come from the par-
tial absorption events of 511 keV photons.

3.2. Mouse phantom experiment results

Fig. 5 shows the 3D reconstruction results of the radiopharmaceu-
tical distribution in the mouse phantom experiments. For the simulta-
neous imaging of different radionuclides through the MCCC, the
imaging results of the CC and collimator SPECT modalities were
normalized, respectively. Then, the normalized 3D reconstruction re-
sults of the two modalities were fused within the same coordinate sys-
tem. For the radiopharmaceutical imaging experiment at the heart and
bladder sites, Fig. 5(a) shows the reconstructed results and the corre-
sponding slice layers. The accumulation of radiopharmaceuticals in the
heart and the bladder is clearly visible in the reconstructed images and
basically consistent with the expected distribution.

For the radiopharmaceutical imaging experiment at the bladder and
kidneys sites, Fig. 5(b) shows the reconstructed results and the corre-
sponding slice layers. Bladder and kidneys are closely adjacent organs,
and the accumulation of radiopharmaceuticals in these organs is also
clearly visible in the reconstructed images, which is as expected.

Table 2 shows the quantitative analysis results of the reconstructed

Fig. 5. Reconstruction results of radiopharmaceutical
distribution in the mouse phantom experiments. The
red and green colors represent the reconstruction re-
sults of ®F and °*™Tc radiopharmaceutical distribu-
tion, respectively. The first row of each subgraph
shows the phantom slices, and the second row shows
the reconstruction results. (a) Reconstruction results
and corresponding phantom slices in the case of
radionuclide imaging experiment at the heart and
bladder site, showing reconstruction results from sli-
ces 93 to 100. (b) Reconstruction results and corre-
sponding phantom slices in the case of radionuclide
imaging experiment at the bladder and kidneys site,
showing reconstruction results of slices 93, 95, 97,
99, 101, 103, 105 and 107.

slice 99 slice 100

- ’

() -

slice 107
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Table 3
Detection efficiency of different groups of mouse phantom simulation.

R. Wu et al.
Table 2
SNR and ARC of the reconstructed results obtained from the experimental data.
Multi-radionuclide phantom experiment SNR ARC
Heart and bladder sites CC modality 4.38 0.05
Collimator SPECT modality 23.98 0.48
Bladder and kidneys sites CC modality 3.87 0.05
Collimator SPECT modality 6.36 0.32

images obtained from the mouse phantom experimental data. In the
radionuclide imaging experiment at the heart and bladder sites, the ARC
was associated with heart in CC modality and with bladder in collimator
SPECT modality. And in the radionuclide imaging experiment at the
bladder and kidneys sites, the ARC was associated with bladder in CC
modality and with kidneys in collimator SPECT modality.

3.3. Potential imaging performance with radionuclides of different
energies

Fig. 6 shows the reconstruction results of different groups of radio-
nuclides, under the simulation setups of radiopharmaceutical imaging at
the bladder and kidneys sites described in Section 2.4. It can be seen
from Fig. 6 that for each group of radionuclide simulations, the recon-
structed distribution of radiation sources with different energies is
basically consistent with the set activity distribution.

Table 3 shows the detection efficiency under different groups of
simulations. The detection efficiency is calculated as the ratio of the
number of low-energy mechanical and high-energy electronical colli-
mation detection events to the total number of particles produced by the
corresponding radioactive source. The change trend of the detection
efficiency of the MCCC at different energies is the same as that in Fig. 4.
Correspondingly, in the phantom experiments at bladder and kidneys
sites using '°F and °°™Tc¢ radiopharmaceuticals, the detection
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efficiencies of the GC and collimator SPECT modalities are 3.40 x 107>
and 1.51 x 10~ respectively.

Fig. 7 shows the quantitative analysis of the reconstruction results
obtained from the phantom simulations and the comparison with
phantom experiment at the bladder and kidneys sites. The SNR and ARC
of the collimator SPECT modality decrease significantly as the energy of
low-energy radionuclides increased, while those of the CC modality are
almost constant with the change of the energy of the high-energy ra-
dionuclides. In addition, Fig. 7 shows that the evaluation values of SNR
and ARC of CC and collimator SPECT modalities obtained from phantom
experiment at the bladder and kidneys sites are less than the corre-
sponding phantom simulation.

4. Discussion

This study proposes a novel MCCC-based multi-radionuclide imaging
method. The developed MCCC prototype is a detection system consisting
of a single-layer CZT CC and a mechanical collimator. We further show
the promising application of this method against the challenge of multi-
radionuclide imaging over a broad energy range, indicating that a wide
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5 ¢ ] s

- |
(1} o
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—

Fig. 6. Reconstruction results of mouse phantom of different groups of radionuclides in mouse phantom simulations. The red and green colors represent the
reconstruction results of high-energy and low-energy radionuclides distribution, respectively, showing reconstruction results of slices 93, 95, 97, 99, 101, 103, 105

and 107.
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Fig. 7. Quantitative evaluation of mouse phantom reconstruction results obtained by phantom simulations and phantom experiment at the bladder and kidneys sites.
(a) SNR analysis of reconstructed images obtained by phantom simulations and phantom experiment. (b) ARC analysis of reconstructed images obtained by phantom

simulations and phantom experiment.

variety of radionuclides can be used. The expansion of the available
radionuclide species can potentially reduce the cost of production of
radiopharmaceuticals, which are currently routinely produced at each
medical center’s cyclotron facility, and provide opportunities for wide
applications (Kishimoto et al., 2017; Sakai et al., 2018b).

The basic imaging performance of the developed MCCC prototype is
shown in Fig. 3. The MCCC demonstrated spatial resolutions of
approximately 7.3 and 4.5 mm for '®F and °*™Tc in the point source
experiments, respectively. The radionuclide will decay spontaneously.
In order to make the counting at each detection angle even in the ex-
periments, this study adopted the method of reversing measurement,
that is, turn forward one circle (detection at intervals of 10° for 1 min)
and then reverse one circle (detection at intervals of 10° for 1 min). In
the future, in a real ring detector system, the radionuclide detection will
actually only take a few minutes, in this case there is no need for
reversing measurement, and image quality deterioration caused by
spontaneous decay can be avoided.

In Fig. 3, obvious artifacts can be observed in the imaging results of
the CC modality, which are also reflected in the imaging results of ra-
dionuclides in the phantom. This phenomenon occurred because the
energy and spatial resolutions of the detector and Doppler broadening
led to errors in the half-apex angle of the Compton cone and thus
resulted in an incorrect estimate of the source distribution. Some
methods for modeling the errors of the half-apex angle in the CC
reconstruction algorithms have been reported, providing a reference for
future work (Andreyev et al., 2016; Ida et al., 2019; Yao et al., 2019).

Fig. 4 shows the intrinsic detection efficiency distribution of MCCC at
different energies. As the energy of low-energy photon increases, the
probability of the photoelectric effect decreases, so the detection effi-
ciency of the collimator SPECT modality also decreases. As the energy of
high-energy photon increases, the attenuation effect of the collimator
decreases, so the detection efficiency of the CC modality increases
accordingly. In the absence of the collimator, as the energy of the inci-
dent photon increases, the probability of the photon transmission out of
the detector increases, resulting in a decrease in detection efficiency.

The existence of the collimator will inhibit the detection efficiency of
the CC. Since detection efficiency is only one of the parameters related to
image reconstruction, it may not be positively correlated with image
quality. We conducted a preliminary experiment to illustrate this, and
details are given in Appendix 1. At the same time, we analyzed that in
the case that the 141 keV and 511 keV point sources located at the center
of the FOV having the same activity, the miscount of 141 keV low-energy
mechanical collimation detection data generated by 511 keV photons
only accounts for 1.4% of the total low-energy mechanical collimation

detection data. Therefore, the crosstalk was not studied here.

Through the phantom experiments, we successfully demonstrated
the simultaneous in-vivo imaging of '8F and *°™Tc labeled radiophar-
maceuticals using the MCCC-based multi-radionuclide imaging method.
As shown in Fig. 5, the reconstruction results of both two phantom ex-
periments are consistent with the set high radioactivity areas. Previous
studies revealed that relatively high Compton cross sections can be
achieved in the low-energy range with Si detectors as scatterers in CCs
(Watanabe et al., 2005). Studies on the simultaneous in-vivo imaging of
188 and °°™Tc have been performed by other groups using a multi-layer
Si/CdTe CC before, but these studies still show limitations in the
detection efficiency and angular resolution for 141-keV gamma rays
(Nakano et al., 2020; Sakai et al., 2018b).

The proposed MCCC has a simpler structure than the multi-layer Si/
CdTe CC and can achieve accurate in-vivo 3D imaging of 141 keV gamma
rays through the collimator SPECT modality. The activity ratio of 18F
and *°™Tc radiopharmaceuticals in current phantom experiments was
approximately equal to 1, and more phantom experiments with different
activity ratios can be carried out in the future to study the relationship
between the imaging results and different activity ratios.

Through MC simulations, we further demonstrated the imaging re-
sults of the simultaneous in-vivo imaging of other types of radionuclides
in a broad energy range, from 81 keV to 766 keV. The types of radio-
nuclides considered in the simulations contained radionuclides used in
diagnosis and therapy. The evaluated values of ARC in CC and collimator
SPECT modalities from the phantom simulations were comparable to
those in previous reports (Munoz et al., 2022; van der Velden et al.,
2019). The results of the quantitative evaluation show that the current
MCCC structure can accommodate multi-radionuclide imaging with
more characteristic energy nuclides.

Uncertainties in energies and interaction locations are considered in
the simulations, but we still find that the mouse phantom experimental
imaging results are inferior to the simulation imaging results. The rea-
sons may be electronic noise and the influence of neighboring pixels,
etc., which are difficult to be taken into account in simulations. In
addition, the ordering rule of Compton event pairs used in experiments
is also one of the reasons for deteriorating the image quality of the CC
modality in the reconstruction results. The current CC cannot distin-
guish the types of scattering and absorption interactions in a Compton
event pairs. This study identifies the type of interaction events based on
energy deposition, but, this method will cause a certain amount of
Compton event pairs to be misordered and thus generate artifacts in
reconstructed images.

Subsequent research can use sub-pixel technology to eliminate the
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influence of adjacent pixels and improve the three-dimensional position
resolution ability of CZT. Machine learning-based event type recognition
method can also be adopted to improve the reconstructed image quality
of CC modality (Kozani and Magiera, 2022; Wang et al., 2022).

At present, this study has limitations. The radioactive source settings
of the current phantom experiment are relatively simple, and subse-
quent multi-radionuclide in-vivo imaging of animals is necessary for the
preclinical validation. Our ultimate aim is to successfully conduct
human clinical trials. Considering the increased detector distance from
the measured object and volume effects in this case, the optimized
reconstruction algorithm and the detector settings must be considered.
The volume of the current detection crystal is very small, that is, only 22
x 22 x 15 mm°>. The use of the CZT array will effectively expand the
reconstruction space of the collimator SPECT modality and the imaging
effect of the CC modality.

5. Conclusion

In this study, we propose a MCCC-based multi-radionuclide imaging
method. With this method, we demonstrated the simultaneous in-vivo
imaging results of the °*™Tc and °F obtained from the phantom
experimental detection data of the heart and bladder sites and the
bladder and kidneys sites. The evaluation values of activity recovery
coefficients of CC and collimator SPECT modalities obtained in the
phantom experiment at the heart and bladder sites were 0.05 and 0.48,
and that in the phantom experiment at the bladder and kidneys sites
were 0.05 and 0.32. Further, through Monte Carlo simulations with an
ideal ordering rule, the proposed method showed a promising capability
to image other types of radionuclides in a wide energy range. These
results demonstrate the promising application of the proposed
methodology.
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