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ABSTRACT  

Various studies that have investigated the detection of gamma 

coincidence events have revealed that design factors and image 

reconstruction approaches dictate the spatial resolution, 

coincidence efficiency, and levels of statistical noise of the 

detection system. In the case of imaging, cascade gamma-ray 

coincidence (CGC) imagers coupled with collimated detectors 

offer promising values for both spatial resolution and 

coincidence efficiency. However, to date, no CGC imager with 

single or multiple collimated detectors has reported a 

performance level beyond 6.7 mm spatial resolution (FWHM) 

and 6.0 × 10-6 coincidence efficiency. Given the recent 

developments and the current interests in high resolution and 

localization of an individual decaying nucleus, there is a need for 

CGC imagers with higher performance in terms of spatial 

resolution and efficiency. Therefore, deploying a CGC imager 

coupled with multiple collimated detectors may prove to be of 

value in nuclear imaging and probably in clinical applications    
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INTRODUCTION 

Considerable progress has been reported in 

the emission computed tomography for 

three-dimensional (3D) imaging of 

radioactive point sources and/or 

radiopharmaceuticals in nuclear medicine 

and clinical research. According to Rahmim 

and Zaidi (2008), two major approaches, 

namely Single photon computed 

tomography (SPECT) and Positron emission 

tomography (PET) have been effectively 

used. SPECT is based on single photon 

counting while PET is based on coincident 

detection of annihilation gamma rays from 

the positron-emitting radionuclides. 

Although both approaches rely heavily on 

computerized image reconstructions, the 

physical collimation feature gives SPECT 

scanner an edge over the PET scanner in 

terms of image resolution, but at the expense 

of sensitivity. The photon-limited schemes, 

that is, physical collimation for SPECT and 

electronic collimation for PET always 
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maintain a tradeoff between resolution and 

sensitivity (Cherry et al., 2012). However, 

the present-day nuclear medicine diagnostic 

tools i.e., SPECT and PET lack information 

on the emission points of individual decay 

nuclei, instead, they resort to statistical 

backprojection methods for image 

reconstructions (Rangacharyulu et al., 

2018). Several studies identify the issue, and 

many solutions are proposed and are being 

experimented (Saffer et al., 1992; Shimazoe 

et al., 2017; Rangacharyulu et al., 2018; 

Santosh et al., 2019). However, when there 

is a need for the precise location of an 

individual decaying nucleus, a different 

imaging approach is required.  

One of the important imaging approaches is 

the one based on cascade gamma-ray 

coincidence imaging (Spyrou et al., 2000; 

Shimazoe et al., 2017; Rangacharyulu et al., 

2018; Santosh et al., 2019; Panaino et al., 

2020; Rangacharyulu et al., 2020). Cascade 

gamma-ray coincidence (CGC) imaging is 

referred to as the instance whereby two 

gamma-ray photons from a single decay are 

detected in coincidence with a pair of 

detectors (Saffer et al., 1992). As these 

gamma-ray cascades are emitted at the 

location where the nucleus is decaying, thus, 

event-by-event analysis determines the 

decay vertices of stationary nuclei, and also 

the emissions are devoid of blurring from 

random positron motions (Rangacharyulu et 

al., 2018; Panaino et al., 2020). These 

cascade gamma rays can potentially be 

detected in coincidence and may be used to 

create images based on the gamma-gamma 

coincidence imaging concept (Pahlka et al., 

2018). Since the early 1960s, several 

researchers attempted to design imagers that 

measure the distribution of radioisotopes 

which emits gamma ray photons in cascade. 

These researchers pointed out that 

coincidence imaging of the cascade gamma 

rays with collimated detectors could be the 

future of nuclear medical imaging (Monahan 

and Powell, 1973; Boetticher et al., 1979; 

Boetticher et al., 1982). This article aimed at 

reviewing the CGC imagers based on design 

factors (geometrical design), image point 

reconstruction methodology, and imaging 

performances in terms of coincidence 

efficiency, spatial resolution in terms of full 

width at half maximum (FWHM), and 

signal-to-noise ratio (SNR). 

This review aims to summarise the CGC 

imager’s performance and document the 

CGC imager design with higher coincidence 

efficiency, acceptable levels of spatial 

resolution (FWHM), and a higher SNR. 

This review is important because the CGC 

imagers are capable of locating the position 

of an individual decaying nucleus. This is 

not possible for conventional PET and 

SPECT imaging systems. Apart from the 

imaging performances mentioned in this 

article, the description of possible clinical 

applications of the CGC imagers was also 

presented. Since the articles reporting on the 

CGC imagers developed from the 1960s to 

1980s have been already reviewed by 

Chung et al. (1980), the current review 

presents the CGC imagers developed from 

the 1980s to early 2022. 

 

THE REVIEW OF CASCADE GAMMA-

RAYS COINCIDENCE IMAGERS 

Earlier works in CGC imaging 

A review by Chung et al. (1980) highlighted 

the breakthrough in the development of 

CGC imagers. One of the earlier CGC 

imagers called the linear scanner was 

capable of imaging five-point sources 2 mm 

apart and was capable of scanning and 

detecting cold spots within hot 

environments. However, the CGC imager 

was severely limited by random 

coincidences and low efficiency (Schmitz-

Feuerhake, 1970). Helmers et al., (1979a 

and 1979b) improved the efficiency of a 

linear scanner by replacing the scanner head 

with a collimated scintillator detector. 
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Random rate and low efficiency in 

scintigraphy were investigated by von 

Boetticher et al., (1979). In their study, the 

optimal time resolution (τ) between 

coincidence was estimated for random event 

minimization. Also, the larger NaI(Tl) 

detectors replaced the smaller ones for 

efficiency improvement. However, due long 

light pulse of the NaI(Tl), the time 

resolution (τ) was deteriorated while 

maintaining the same level of efficiency loss 

as reported by Schmitz-Feuerhake (1970). 

Another CGC imager called Total Organ 

Kinetic Imaging Monitor (TOKIM) was 

developed. The TOKIM successfully 

visualized hot cylinders with diameters 

greater than 3.8 cm. However, TOKIM was 

limited by a very low geometrical efficiency 

(Powell and Monahan, 1970; Monahan and 

Powell, 1973) as it consists of only two 

gamma cameras aligned at 90 degrees. Two 

versions (FCCSI and FCCSII) were 

designed for another scanner called Focused 

Collimator Coincidence Scanner (FCCS). 

The FCCSI was capable of clearly detecting 

cold spots (Hart, 1965). The efficiency of 

FCCSII was better than that of FCCSI since 

it uses five probes instead of two (Zacuto et 

al., 1976; Hart and Rudin, 1977). Moreover, 

FCCSII was able to resolve two-point 

sources which are 5 mm apart. FCCSII 

reported also a FWHM of 6-7 mm in 

transverse and 12 mm in the longitudinal 

direction and a cold sphere greater than 7.5 

mm was visible (Hart and Rudin, 1977). As 

in FCCSI, the FCCSII suffered from higher 

rates of random coincidences.  

Some of the earlier CGC imagers based on 

multiple collimated detectors (Helmers et 

al., 1982), time-of-flight (Powell, 1989), and 

collimatorless (Saffer et al., 1992) were 

published after the review by Chung et al. 

(1980). These CGC imagers are discussed in 

this article. The review is based on their 

geometrical design, and performance in 

terms of coincidence efficiency and FWHM 

(mm). The factors that limit their 

performances are also presented. 

 

 

CGC imager with multiple collimated 

detectors surrounding a source 

According to Helmers et al., (1979a), the first 

prototype scanner aimed to improve 

efficiency was designed. In 1982, this group 

of researchers added more detectors as shown 

in Figure 1, aiming at acquiring more 

coincidence events (Helmers et al., 1982). 

Through the use of a liver phantom filled with 
75Se, the cold spots in a stratified layer within 

a region of higher activity were not visible in 

the normal scanning (single photon counting). 

However, through the use of cascade gamma-

ray coincidence imaging the cold spots were 

visible. Despite improved efficiency, this 

prototype scanner suffered from higher rates 

of random coincidence events.  

 

 
Figure 1: 3D-scanner with multiple detectors 

(Helmers et al., 1982). 

 

In 1982, another group of researchers 

designed a scintigraphic system that consists 

of a gamma camera and additional two 

detectors coupled with focusing slit 

collimators. The two detectors were aligned 

at 180 degrees Through measuring γ-γ 

coincidences, this imager was able to image 

scanned objects (von Boetticher et al., 

1982). The analysis of reconstructed images 

shows that the phantom studies had contrast 

enhancement through imaging of hot and 

cold spots in lengthy objects. They 

concluded that, through the use of pinhole 

collimators, the system sensitivity can be 

increased significantly. 
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CGC imager based on time-of-flight 

information: a combination between the 

collimated detector and uncollimated 

detector 

In 1989, a coincidence imaging method 

which rely on the difference in time-of-

flight (TOF) between the cascade gamma-

ray photons originating from a single decay 

was proposed (Powell, 1989). Based on the 

geometry given in Figure 2, usually, a 

coincidence event is formed by acquiring 

information from cascade emitted gamma-

ray photons from the same decay. The first 

gamma-ray is detected at F0 (collimated 

detector) and the second gamma-ray is 

detected at Fn (uncollimated detector). By 

applying a short coincidence time resolution 

(τ) window, the TOF difference between the 

two photons emitted in cascade can be 

estimated. The difference in path lengths of 

the two gamma rays emitted in cascade can 

be determined using the estimated TOF. The 

hyperboloid (Hn ) surface is established 

using the path length difference (F0) and the 

location of the foci (Fn). Finally, a point of 

intersection between the established 

hyperboloid surface and the line created by 

a gamma ray in a collimated detector gives 

the decay vertex of the nucleus (Liang and 

Jaszczak, 1990). 

 

 
 
Figure 2: Time of flight geometry (Powell, 

1989). 

 

No prototype imaging experiments were 

performed; however, it was reported that the 

coincidence detection efficiency of the 

proposed CGC-based TOF imager could 

approach 50% of that of collimated 

detectors. However, this will depend on the 

type of radionuclide used (Powell, 1989). 

The limitation of the proposed method was 

the availability of detectors with sufficiently 

fast coincidence resolving time. 

 

CGC Collimatorless imager: 

Collimatorless, and without TOF 

information 

In the early 1990s, a group of researchers 

designed a CGC imager that does not use 

collimators or TOF information for image 

reconstruction as shown in Figure 3 (Saffer 

et al., 1992). In their study, an array of 100 

uncollimated planar detectors was used to 

view the scanned object in 3D. Through 

neglecting physical processes (i.e., 

attenuation and scatter, which may lead to a 

loss or change direction of a photon) 

encountered by a photon traversing in a 

material. An isotropically emitted single 

photon from point R is having a probability 

of being detected at i. The said probability is 

related to the solid-angle ∆Ω subtended by 

detector i. 
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where  is the detector surface area,  

is the angle between the normal to the ith 

detector and location R, and z is the vertical 

distance from R to the detector plane. The 

detector efficiency is assumed to be unity. 

                                                                 

 
Figure 3: Geometry of the detection system 

(Saffer et al., 1992). 
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Coincidence imaging requires two cascade 

gamma rays from the same decay to reach a 

set of detectors. Usually, these cascade 

gamma rays are emitted isotropically and 

independently. Thus, the probability of 

coincidence is proportional to the product of 

the solid angles subtended by detectors i and 

j as given in Equation (2). 
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Through the use of pseudoinverse derived 

from the singular value decomposition 

(SVD), it was possible to reconstruct the 

source emission positions (Saffer et al. 

1992). Figure 3, illustrates how the 

reconstructed image points do not depend on 

collimators or time-of-flight information 

(Saffer et al., 1992). This method favored 

the sources near the detectors as distant 

sources (along the -z direction) are 

characterized by having a low probability of 

contributing to the acquired data, hence 

making them not visible to the detectors. 

The imager suffered from a rapid falloff in 

sensitivity for sources which are far from a 

detector plane. The term 1/z4 in Equation (2) 

is the reason for the rapid decrease in system 

sensitivity. Apart from sensitivity loss and 

invisibility of distant sources, this imaging 

modality offers higher resolution to sources 

near the detectors and is characterized by 

having a higher signal-to-background ratio 

(Saffer et al., 1992). Besides the earlier 

prototypes, the latest CGC prototype 

imagers were also discussed.  

 

Recent works in CGC imaging 

Recently, due to advancements in science 

and technology, several research groups 

modified earlier ideas by attaching highly 

sensitive electronic logic to gamma cameras 

with parallel hole collimators (Shimazoe et 

al., 2017; Pahlka et al., 2018; Uenomachi et 

al., 2021). To improve coincidence 

efficiency and spatial resolution, one of the 

groups used a single gamma camera coupled 

with focused collimators (Choghadi et al., 

2021), while the other group designed a 

CGC imager with dual gamma cameras; one 

of the cameras equipped with multi-slit 

collimator and other with multi-pinhole (Lui 

et al., 2021). The use of Compton scattering 

kinetics emerged as another mode of CGC 

imaging. A group of Yoshihara et al. (2017) 

and Uenomachi et al. (2018), used Compton 

cameras to carry out CGC imaging. While 

other groups used Compton PET hybrid 

detectors to realize the CGC imaging 

(Omata et al., 2020; Omata et al., 2022). 

Finally, another group of researchers 

employed TOF information to determine the 

location of source emission via simulation 

(Chiang et al., 2020). A detailed review 

based on coincidence efficiency, spatial 

resolution, and possible clinical application 

is given in the article. 

 

CGC imager with dual gamma cameras 

coupled with parallel holes collimators 

Several researchers embarked on creating 

coincidence-based images from cascade 

gamma photons. Pahlka et al. (2018) 

designed the CGC imager through 

simulations (Geant4). The imager consisted 

of two collimated (parallel holes) gamma 

cameras oriented at the right angle. From 

their study, coincidence-based images were 

created by finding the mild point coordinate 

of two skew lines created from collimator 

projections (normal vector in red) as 

illustrated in Figure 4.  In their study, 111In 

isotope with 171.3 keV and 245.4 keV 

cascade photons and 85 ns half-life of the 

intermediate state was used. 
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Figure 4: Illustration of the image reconstruction procedure (Pahlka et al., 2018). 

 

Results show that the coincidence efficiency 

for a single point source in air, at the center 

of the field of view, was 6.0 × 10−8 and the 

computed FWHM resolutions were 8.0 mm 

and 12.1 mm for the axial and transverse 

directions, respectively. Further in their 

analysis, they concluded that images 

reconstructed with larger time coincidence 

windows are having poor resolution due to 

the inclusion of random coincidence events 

during image reconstruction. According to 

Pahlka et al. (2018), the imager geometry, 

reconstruction method and acquired 

coincidence events from cascade gamma 

rays are not sufficient for the production of 

diagnostic images. Thus, coincidence 

imaging via cascade gamma rays alone is 

not clinically viable. However, information 

from cascade gamma-ray coincidence 

imaging can be used as an addition to 

information (events) acquired in SPECT 

imaging. 

Another research group proposed a 

coincidence imaging method called double 

photon emission computed tomography 

(DPECT). In the DPECT method, dual 

detectors aligned at 90 degrees were used. 

As shown in Figure 5, the designed CGC 

imager consists of two mechanically 

collimated (parallel holes) detectors. The 

source position, which is a 3D point, is then 

determined through the calculated point of 

intersection between two collimator 

projections stemming from true coincidence 

events (Shimazoe et al., 2017).  

 
 

Figure 5: The experimental setup ( Shimazoe 

et al., 2017). 

 

The measured FWHM resolution of a 

syringe containing 111In (171.3 keV and 

245.4 keV) source is ~4.08 mm. The 

measured FWHM value resembles the 

actual size of the syringes’ diameter. 

Analysis of reconstructed images shows that 

the coincidence-based images were good, 

with no background. The DPECT (CGC-

imager) imager successfully visualized in 

3D the 111In source contained in a syringe 

with stationary detectors. No any 

sophisticated image reconstruction 

algorithms were used. Reconstructed image 

without coincidence (single photon) 

between the cameras was affected by the 

source background. Hence, coincidence 
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imaging offers a higher signal-to-

background ratio compared to single photon 

imaging. 

In their later research, this group proposed 

another crosstalk reduction method. In their 

study, simultaneous imaging of two sources 

possessing cascade decay was possible via 

the DPECT method. Their CGC imager 

consisted of four GAGG detectors arranged 

at 90 degrees to each and equipped with 

parallel hole collimators as shown in Figure 

6 (Uenomachi et al., 2021a). 

 

 

 

Figure 6: Diagram of the experimental setup with 111In and 177Lu in microtubes (Uenomachi et 

al., 2021a). 

                        

Figure 7: Reconstructed images of 111In: (a-1 to a-3) 2D slice images of 111In by DPECT imaging. 

(a-4 & a-5) 2D slice images of 111In by 171 keV single-photon imaging, and 245 keV single-

photon imaging in the x–z plane (Uenomachi et al., 2021a).  

 

Results show that, for 3D imaging with 

DPECT (CGC-based method), the absolute 

coincidence efficiencies were 4.38 × 10-8 

and 2.51 × 10-8 for 111In and 177Lu, 

respectively. As seen in Figure 7 (a-1 to a-

3), the proposed CGC imaging method 

reduces the background resulting from the 
177Lu source. The same phenomenon 
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occurred when the 3D images of the 177Lu 

source were reconstructed. This CGC 

imaging modality is having higher signal-to-

noise ratio and offers images with better 

resolution compared to those acquired 

through conventional single photon imaging 

as illustrated in Figure 7 (a-4 & a-5) 

(Uenomachi et al., 2021a). The limitation of 

this CGC imaging method is the low 

detection efficiency which is approximately 

104 lower than that of single-photon 

imaging. 

 

Cascade gamma coincidence imager with 

dual gamma cameras coupled with slit and 

pinhole collimators 

Recently, a group of researchers designed a 

CGC imager using two NaI(Tl) gamma 

cameras in the “L” shape as shown in Figure 

8. Each of the gamma cameras was coupled 

with a different type of collimator (multi-slit 

and multi-pinhole). Because the gamma 

cameras were fixed, the CGC imager was 

named as a stationary cascade gamma-ray 

coincidence imager (SCGCI). 177Lu isotope 

was used in their study (Liu et al., 2021). 

Their results were impressive. On the 

simulated imager, the coincidence 

efficiency at the center of the field of view 

was 3.85 × 10−6, and the spatial resolution 

was 7.0 mm. On the prototype imager, the 

corresponding values were 3.20 × 10−6 and 

6.7 mm, respectively (Liu et al., 2021). 

Figure 8(B) shows the reconstructed images 

and sectional profiles of five-point sources 

acquired from simulated SPECT and 

SCGCI imagers. For SPECT, images were 

reconstructed through filtered back-

projection (FBP) of single emitted photons, 

while for SCGCI, images were 

reconstructed through double back 

projection (DBP) of cascade photons 

detected in coincidence. Despite low 

coincidence efficiency in the SCGCI 

compared to that of a conventional SPECT, 

the image resolution for SCGCI was much 

better than conventional SPECT (Figure 

8B). Hence, this demonstrates that the 3D 

SCGCI is fully functional.  

Figure 8: (A) Picture of the imaging prototype, (B) Comparison of reconstructed five-point 

images using conventional SPECT and SCGCI (Liu et al., 2021).  

  

CGC imager with a detector coupled with a 

focused collimator 

Another group proposed a CGC imaging 

method which uses a single detector coupled 

with a focused collimator. This design 

aimed to improve detection efficiency. The 

single-detector CGC imaging model is 

described in Figure 9. In summary, for the 

CGC imaging model, only one detector is 

used to scan and detects information on one 

point (focal point) for a given time, and then 

moves to another point. The decaying 
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source information is acquired through a 

method called the step-and-scan procedure 

(Choghadi et al., 2021). Unlike the 

conventional CGC method proposed by 

Shimazoe et al. (2017) and Pahlka et al. 

(2018), the proposed CGC imaging method 

does not have combination restrictions of 

detector pixels for coincidence detection. 

Thus, higher coincidence efficiency was 

obtained. 

       

 
Figure 9: The double-photon gamma scanner 

(Source: Choghadi et al., 2021). 

 

In the prototype imaging experiment, a 1 

MBq 111In (171.3 keV and 245.4 keV) 

solution in a microtube was scanned. A 

comparison of reconstructed images 

acquired through single-photon and double-

photon (CGC) imaging of 111In solution is 

shown in Figure 10. The activity image with 

CGC corresponds to the scanned source 

more closely with no background activity 

(Figure 10B). As can be seen in Figure 

10(A), in the case of single-photon analysis, 

even outside the microtube there is a large 

background, while in the case of CGC 

imaging, there is no background and thereby 

the contrast is much better (Choghadi et al., 

2021).    

 
                 (A)                       (B) 
Figure 10: 2D Images-(A) Single photon 

analysis, (B) the new CGC method (Choghadi 

et al., 2021). 

 

Despite the low coincidence efficiency 

which is approximately 1.6 × 10−7, resulting 

from a small solid angle covered during the 

scanning, the signal-to-background ratio 

(SBR) of the single detector CGC imager is 

5 times that of single-photon counting. 

Thus, the CGC imager provides better 

contrast images. The only issue in the single 

detector CGC imaging method was the step 

size of 2 mm which limits the spatial 

resolution. 

 

CGC imager based on Compton scattering 

kinetics 

Several research groups proposed a novel 

method of image reconstruction based on 

coincidence detection for cascade gamma-

rays with multiple Compton cameras 

(Yoshihara et al., 2017; Uenomachi et al., 

2018). This method is based on Compton 

kinetics. Unlike conventional Compton 

imaging, which uses a single Compton 

event (from a single photon) and 

reconstructs one Compton cone on the 

projection plane as in Figure 11(a), in the 

double-photon (CGC) Compton imaging, 

coincidence events are extracted from both 

detectors (Detector 1 and Detector 2). The 

image point is obtained by drawing 

intersections of two Compton cones as 

shown in Figure 11(b). Each Compton cone 

is defined by the scattering angle and the 

cone axis constructed from the two hit 

positions of the gamma-ray (Yoshihara et 

al., 2017).  

        

 
Figure 11: (a) Single Compton imaging and 

(b) Double coincidence Compton imaging ( 

Yoshihara et al., 2017). 

 

Figure 12 shows the 2D images from 

conventional (single-photon) Compton and 

double-photon (CGC) Compton imaging. 

Results show that the CGC Compton 

imaging method has a coincidence 

efficiency of 3.56 × 10-6, 5.67 × 10-6, and 
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3.09 × 10-6, signal to noise ratio of 35.97, 

29.59 and 32.57 as well as spatial resolution 

ranging from 28.13-29.87 mm, 31.92-34.18 

mm and 26.61-36.30 mm for 111In, 134Cs and 
60Co, respectively.  

The analysis of results using simulation and 

prototype imaging data indicated that, 

though its detection efficiency is much 

lower than that of the single photon 

Compton imaging method by a factor of 

103, the CGC Compton imaging method is 

having better spatial resolution and 4.5 – 5.4 

times higher SNR than single Compton 

imaging method for each nuclide under the 

study (Yoshihara et al., 2017).  

 

Figure 12: The 2D map images using single Compton events and double coincidence Compton 

events (Yoshihara et al., 2017). 

 

The CGC Compton imaging method can be 

applied in the area where high-contrast 

images are needed. Also, the method is 

suitable for imaging where there is much 

background radiation. For instance, it has 

been observed that high contrast was 

achieved between the target nuclide of 134Cs 

or 60Co under the major background nuclide 

of 137Cs (Yoshihara et al., 2017; Uenomachi 

et al., 2018). Moreover, it could visualize 

distributed 111In-DTPA in the body, which 

would contribute to real-time monitoring of 

the neuron network (Yoshihara et al., 2017). 

Another group of researchers designed a 

CGC imager with a Compton‑PET hybrid 

camera (Uenomachi et al., 2021b). Their 

research aimed at combining PET (with 18F)  

and SPECT (with a 111In) imaging. 

Combining PET and SPECT into a single 

imaging system was difficult as SPECT 

requires physical collimators. Therefore, a 

novel imaging method that can image 

SPECT and PET nuclides in a single scan 

was designed by combining PET (with 18F) 

and Compton (with a 111In) imaging systems 

as illustrated in Figure 13. Usually, 

Compton imaging does not require physical 

collimators, it has a forward layer called 

scatter and a second layer called absorber 

(detector). This method has been proven of 

being capable of visualizing gamma rays 

over a wide range of energies. 

 

 
 

Figure 13: The Compton-PET hybrid camera 

(Uenomachi et al., 2021b). 
 

In their study, the spatial resolution by 

measuring the 22Na and 18F point sources 

was performed to evaluate the performances 

between the two (PET and Compton) 

imaging models. Figure 14(a) shows the 

reconstructed image of 22Na by using the 
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Backprojection (BP) method in PET 

imaging. For PET imaging, the spatial 

resolution was 3.3 mm FWHM and 3.3 mm 

FWHM along the horizontal and vertical 

axes, respectively. For Compton imaging at 

511 keV, the spatial resolution values were 

slightly poor as shown in the reconstructed 

image of 18F given in Figure 14(b). 

Reported spatial resolution values for a 

point source image in Figure 14(b) were 4.2 

mm FWHM and 3.8 mm FWHM along the 

horizontal and vertical axes, respectively 

The Compton image was reconstructed by 

using the maximum-likelihood expectation–

maximization (MLEM) method after 60 

iterations (Uenomachi et al., 2021). 

Further in their research, a simultaneous in 

vivo imaging of a tumor-bearing mouse 

injected with 18F-FDG and 111In (111In-

antibody) by using a prototype Compton-

PET hybrid camera was demonstrated. The 

results indicated that the visualization of 

accumulations of 18F-FDG and 111In-

antibody by performing PET imaging and 

Compton imaging simultaneously was 

successful. As simultaneous imaging 

utilizes the same coordinate axes, it is 

expected to improve the accuracy of 

diagnoses (Uenomachi et al., 2021b). 

Another group of researchers developed a 

“hybrid” Compton camera that can image x-

rays and gamma rays at the same time by 

combining desired features of “Compton” 

and “pinhole” cameras in a single detector 

system (Omata et al., 2020). Similar to 

conventional CGC Compton cameras 

reported by (Uenomachi et al., 2018), the 

Compton hybrid camera consists of two 

layers of scintillator arrays. 

 

 
Figure 14: Imaging results. (a) PET image of 
22Na point source, (b) Compton image of 18F 

point source. (Uenomachi et al., 2021b). 

 

 

The forward layer usually acts as a scatterer 

for high-energy photons (> 200 keV) and an 

active pinhole for low-energy photons (< 

200 keV) as shown in Figure 15. The other 

layer acts as a detector, where the gamma 

radiation deposits most of its energy to 

create pulses. 

Results showed that simultaneously 

acquired images of 241Am (60 keV) and 
137Cs (662 keV) point sources, achieved an 

angular resolution (FWHM) of 100 for each 

of the two scanned sources. To demonstrate 

the system’s viability, The “L”-shaped 
241Am extended source was scanned. Its 

images were reconstructed by the pinhole 

mode using events with energies around 60 

keV. 

 

 

 

Figure 15: The hybrid camera (left). The pinhole event mode (center) and the Compton event 

mode (right) (Omata et al., 2020). 
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To determine the difference between 

pinhole and Compton imaging mode, the 

images of an “L”-shaped 137Cs extended 

source (662 keV) were reconstructed by the 

Compton mode. In all the models, the 

MLEM algorithm was used for the 

reconstruction of L-shaped images as shown 

in Figure 16. In their study, they also 

observed that a mouse injected with 1.0 

MBq of 211At can be scanned for one hour 

and imaged via pinhole mode (Omata et al., 

2020). By visualizing the reconstructed 

images, the images using pinhole mode had 

better resolution compared to their 

corresponding images acquired by 

Compton. Again, in their subsequent 

research paper, they developed a hybrid 

Compton camera (HCC) that contains three 

imaging modalities in a single case: 

Compton, pinhole, and PET imaging 

(Omata et al., 2022). 

 
Figure 16: The L-shaped reconstructed 

sources images via MLEM. Pinhole 

reconstruction of the 241Am source (left) and 

Compton reconstruction of the 137Cs source 

(right) ( Omata et al., 2020). 

 

The developed system consists of four 

HCCs to extend pinhole/Compton imaging 

to 3D space as illustrated in Figure 17. 

Three sources: 137Cs (904 kBq), 22Na (45 

kBq), and 241Am (3.93 MBq) were used to 

test the imaging performance of the multi-

modal 3D imager. All three sources were 

scanned simultaneously. 

 

 

Figure 17: The hybrid Compton camera (Left). Schematic of reconstruction in multi-modality 

(right): Compton, PET, and pinhole imaging (Omata et al., 2022). 

 

Results showed that simultaneous imaging 

of 137Cs (Compton mode targeting 662 

keV), 22Na (PET mode targeting 511 keV), 

and 241Am (pinhole mode targeting 60 keV) 

within the same field of view was possible 

(Figure 18). Through the analysis of 1D 

projections of each source, which are coded 

as green, red, and blue conversions 

correspond to 137Cs (662 keV; Compton 

mode), 22Na (PET mode), and 241Am (60 

keV; pinhole mode) sources, the Compton 

mode still suffer for poor resolution, 

followed by pinhole mode, while PET mode 

is reported to have good image resolution as 

its 1D projection is not broad (Omata et al., 

2022). In addition, the imaging of 67Ga and 
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111In, which are used in various diagnostic 

scenarios was conducted. In their study, 

they verified that the 3D distribution of the 

211At tracer inside a mouse could be imaged 

using the pinhole mode.  

Figure 18: Multi-angled measurement configuration (Upper left). Energy spectra for 137Cs, 22Na, 

and 241Am acquired via the HCC (upper right). The 3D reconstructed image (lower right) and 

their 1D projection profiles (lower left) (Omata et al., 2022). 

 
 

CGC imager based on time-of-flight (TOF) 

information 

Recently, a group of researchers applied 

TOF information to image reconstruction, 

this group developed a method called the 

time-of-flight dual photon emission 

computed tomography (TOF-DuPECT). The 

TOF-DuPECT imaging method can obtain 

radionuclide distributions using time 

information recorded in coincidence from 

two cascade-decay photons. In their study, 

Monte Carlo simulations were used to 

realize the imager capabilities. The image 

reconstruction relies on the generated list-

mode coincidence data. A full-ring PET 

detection system, with uncollimated 

detectors, was designed and modeled 

through simulation. In this feasibility study, 

the 75Se source was used in testing the 

viability of the imager. As shown in Figure 

19, the source decay vertex can be 

determined using the estimated time-

difference-of-arrival (TDOA) of the two 

cascade photons detected in coincidence and 

the global coordinates of the coincident 

detector pairs (Chiang et al., 2020; Panaino 

et al., 2020). 
 

 

 
 
Figure 19: Illustration of the TDOA 

technique (Source: Chiang et al., 2020). 

 

Results show that the TOF-DuPECT imager 

is having a sensitivity of 0.4% (~4.0 × 10-3). 

However, after the application of the dual-

energy window, the system sensitivity drops 
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to about ~ 0.2% (~2.0 × 10-3). As seen in 

Figure 20, the point source located in the 

central field of view progressively becomes 

blurrier whenever the CTR value increases 

(Chiang et al., 2020).  

The imaging result of the Jaszczak-like 

phantom with hot rods shows that the 

resolution gets better with decreasing CTR 

values. For instance, the smallest hot rods 

(15.4 mm) in the phantom were visible 

when an ideal CTR of 0 ps was applied. It 

has been observed that all hot roads were 

visible at a CTR of 50 ps. The smallest hot 

road (15.4 mm) remains barely visible until 

the CTR goes beyond 100 ps. The results 

show that the FWHM values at 1500 sweeps 

can reach ~20 mm when the CTR is less 

than 50 ps. For CTRs of 100 ps, 150 ps, and 

200 ps, the measured FWHMs are 26.5 mm, 

32.2 mm, and 40.1 mm, respectively. The 

findings of their study indicated that the 

TOF-DuPECT system employing the 

stochastic origin ensemble (SOE) algorithm, 

can yield quality images provided that the 

CTR less value is than 100 ps (Chiang et al., 

2020). The TOF-DuPECT imaging system 

offers higher sensitivity (no collimators) 

compared to conventional SPECT imaging 

systems with acceptable spatial resolution. 

However, the TOF-DuPECT system is 

primarily limited by the CTR values. For 

larger CTR values, reconstructed images 

with poor resolution are expected. 

 

The current status of CGC imagers 

In this review, most of the earlier cascade 

gamma-ray coincidence imagers suffered 

from either low coincidence efficiency or 

poor spatial resolution or both low 

coincidence efficiency and poor spatial 

resolution. However, the CGC imaging 

methods offer higher SNR values and good 

FWHM resolution compared to 

conventional single photon imaging. 

Despite higher coincidence efficiency, the 

conventional (single photon) Compton 

imaging method specifically suffers from 

having poor spatial resolution and lower 

SNR compared to CGC Compton imaging 

methods. For the imaging method 

employing time of flight (TOF) information, 

despite good detector geometry which 

offered higher geometric acceptance and 

coincidence efficiency, the method is 

limited to the timing resolution of the 

detectors, poor spatial resolution for higher 

coincidence time resolution (CTR) and cost 

related issues for detectors with TOF 

capability. Apart from the TOF-DuPECT 

imager with a sensitivity of ~2.0 × 10-3 

(Chiang et al., 2020), Compton scattering 

kinetics CGC based-imager with a 

maximum coincidence efficiency of ~5.67 × 

10-6 for 134Cs (Yoshihara et al., 2017) and 

conventional CGC imager with coincidence 

efficiency of ~3.85 × 10-6 and ~3.20 × 10-6 

(Liu et al., 2021), so far, no other 

conventional CGC imager has reported a 

performance level beyond 6.0 × 10−6 

coincidence efficiency. For spatial 

resolution (FWHM), the best results 

obtained ranged from 3.8 mm (vertical) to 

4.2 mm (horizontal) from a Compton-PET 

hybrid camera with a 511 keV gamma-ray 

from 18F (Uenomachi et al., 2021). 

However, this system is expected to inherit 

the limitations observed in conventional 

PET which include image blurring due to 

positron movement and the inability to 

locate the position of an individual decaying 

nucleus (Rangacharyulu et al., 2018). For 

conventional CGC, the best spatial 

resolution was 6.7 mm (the prototype 

imager) to 7.0 mm (the simulated imager) 

from a cascade gamma coincidence imager 

equipped with dual gamma cameras, one of 

the cameras was equipped with multi-slit 

and the other with multi-pin hole 

collimators, with 208 keV and 113 keV 

gamma-rays from 177Lu (Liu et al., 2021), 

respectively. 
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Figure 20: Reconstructed point source images for different CTRs of (a) 0 ps, (b) 50 ps, (c) 

100 ps, (d) 150 ps, and (e) 200 ps (Chiang et al., 2020). 

  

 

CONCLUSION AND 

RECOMMENDATIONS 

This review paves the way for the 

development of a new CGC imager 

coupled with multiple collimated 

(parallel holes) detectors, which will 

offer a coincidence efficiency beyond 

6.0×10−6 and spatial resolution (FWHM) 

beyond 6.7 mm. With several detectors 

surrounding a source, the coincidence 

efficiency may be improved (Monahan 

and Powell, 1973). A large number of 

detectors is expected to rise the 

coincidence efficiency values above 

those of conventional CGC with dual 

gamma cameras reported in previous 

studies (Shimazoe et al., 2017; Pahlka et 

al., 2018). It is for this reason that, PET 

imaging assembly seems to be an 

appropriate set-up for developing a novel 

cascade gamma-ray coincidence-based 

imager because the detectors in PET are 

in a ring form (Santosh et al., 2019; 

Rangacharyulu et al., 2020), and hence 

the source will be surrounded by several 

detectors. However, for a CGC imaging 

modality to be implemented in the PET 

scanner, an additional retrofit of physical 

collimators is needed as in SPECT 

assembly (Santosh et al., 2019; 

Rangacharyulu et al., 2018; 

Rangacharyulu et al., 2020). The 

introduction of physical collimators in 

the PET imaging system will require 

collimator optimization to acquire 

sufficient coincidence events and re-

writing the image reconstruction 

algorithm to accommodate the cascade 

gamma-ray correlation emissions and 

physical changes in the PET assembly. 
Based on the characteristics of cascade 

gamma-rays, which include the emission of 

cascade gamma rays at the location where the 

nucleus is decaying, and the emissions are 

devoid of blurring from random positron 

motions (Shimazoe et al., 2017, 

Rangacharyulu et al., 2018). Thus, the 

proposed CGC imager will be able to identify 

the location of an individual decaying 

nucleus, which is impossible in conventional 

PET and SPECT systems. A common 

concern regarding the proposed CGC imager 

is low coincidence efficiency. In the 

proposed CGC imager, the low coincidence 

efficiency will result from the loss of 

geometric efficiency due to physical 

collimation in the PET imaging system, the 

use of non-collinear coincidence events only 

in image reconstruction, and the physical 

nature of coincidence event detection. 

However, this loss will be overcompensated 

by the image reconstruction algorithm as 

each detected valid coincidence event, by 

itself, unambiguously locates the decay 

parent location and constitute an image point. 

On the other hand, random coincidence 

events will be minimized through the use of 

isotopes with shorter intermediate lifetime (t) 

between the cascade gamma-rays, and 

minimal coincidence time (τ) resolution 

window of the system. In practice, the two 

parameters in the CGC imagers must obey 

the following inequality t ≤ τ (Pahlka et al., 

2018). The CGC imager implemented in PET 

assembly coupled with optimized collimators 

is expected to offer good spatial resolution 

compared to conventional PET scanners. 
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