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Hybrid imaging systems, comprising PET and Compton camera modules, have

recently gained in interest, due to their capability to simultaneously detect

positron annihilation photons and γ-rays from single-photon emitting sources

as also used in SPECT. A unique feature of such systems, however, is the

capability to also be operated in a so called γ-PET mode. Here, specific β+-
emitting radioisotopes (such as 44Sc, 1°C or 14O) are used to detect triple-

coincidences between two annihilation γ-rays (in PET imaging) and a third,

prompt photon (in Compton imaging), that is emitted by the deexcitation of the

decay’s daughter nucleus. Consequently, an intersection between the line-of-

response (LOR) and the Compton cone can be determined, which (in principle)

allows to localize the photons’ emission vertices on a single decay basis. In

practice, however, a few tens of events are required to localize a point source,

which still results in a considerable sensitivity improvement compared to

conventional PET imaging.

For a proof-of-principle study, we used a pixelated GAGG crystal array (16 ×

16 crystals; 1.45 × 1.45 × 6mm3 crystal volume; 25 μm SPAD SiPMs as readout)

as Compton camera scatterer and PET detectors, and a three-layered LYSO

crystal array (1.2 × 1.2 × 6.66 mm3 crystal volume; 50 μm SPAD SiPMs as

readout) as Compton camera absorber. We characterized the individual

detector components with regard to their energy resolution and the

capability to identify the various scintillator array’s individual crystals. Our

first γ-PET prototype was tested in PET-only and Compton-only imaging

mode, in which spatial resolutions of 3.2–3.5 mm FWHM (PET-only mode)

and 14.4–19.3 mm FWHM (Compton-only mode at 1,274 keV) were achieved,

respectively, using a22Na point source and 10 iterations of an ML-EM

reconstruction algorithm. By using triple-coincidences in a γ-PET mode

(event-wise intersection of the LOR and the Compton cone), we could

demonstrate the capability of the prototype to perform a full 3D point

source reconstruction using only 77 events.
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Introduction

Hybrid γ-ray imaging systems combining positron-emission

tomography (PET) and a Compton camera result in a so-called

γ-PET system, also referred to as Compton-PET or Whole-

Gamma Imaging (WGI) [1–3]. Such a combined Compton-

and PET scanner is capable to detect annihilation photons in

a PET-only mode, photons from a single γ ray emitting nucleus

(Compton-mode) or, if suitable radioisotopes are used, a triple -

coincidence (β+- γ coincidence) between two annihilation

photons and a third gamma (γ-PET) that is emitted due to

the deexcitation of the daughter nucleus following the β+ decay.
Prominent examples of isotopes that provide such decay

characteristics are 44Sc, 1°C and 14O [1]. From their decay

characteristics (44Sc to 44Ca: 1,157 keV, t1/2 = 2.71 ps, 1°C to
10B: 718 keV, t1/2 = 0.7 ns, 14O to 14N: 2,312 keV, t1/2 = 68 fs) it

becomes clear that the β+γ triple coincidence in γ-PET mode

occurs simultaneously from a practical perspective. Especially 1°C

and 14O are promising candidates for γ-PET in the context of

online dose delivery control and range verification in particle

therapy, since these isotopes are, among others, products of beam

induced fragmentation processes in human tissue.

The limitations of PET, which requires β+ emitters, and

Compton cameras, which suffer from low sensitivity and

spatial resolution, especially when the source-to-detector

distances increase, may be overcome by the detection of triple

coincidences [1, 2]. This method allows to intersect a LOR with a

Compton cone. Other than in the individual imaging methods,

where emission centers can only be reconstructed using the

intersection of multiple LORs and Compton cones,

respectively, the triple coincidence in principle allows to

localize the emission on a single event basis, resulting in a

sensitivity improvement compared to the individual imaging

techniques and therefore has the potential for achieving a

more favorable tradeoff between image quality and number of

detected events. Lang et al. could show in a simulation study that

already 40 detected triple-coincidences are sufficient to reliably

image a sub-millimeter point source [3, 4]. This increase in

sensitivity may help to counterbalance the loss in efficiency

compared to conventional PET caused by the requirement of

the detection of γ-rays in triple coincidence. The principle of the

γ-PET technique is exemplarily shown in Figure 1, where one

Compton camera arm and two opposing PET detectors are

indicated.

Based on numerical simulations, various groups have studied

such imaging techniques based on the detection of 3γ and/or β+-γ
coincidences [5–13]. In 2020 Shimazoe et al. presented a system

for simultaneous PET and Compton imaging. The system,

however, did not rely on the detection of triple coincidences

in a γ-PET mode, but instead featured a dual imaging mode to

simultaneously monitor positron and individual γ-ray emitters

[14–16]. The experimental demonstration of imaging in a

triple−γ mode was given by Yoshida et al. also in 2020 [1].

We developed a prototype of a detector system that is based

on scintillation crystals with silicon photomultiplier (SiPM)

readout and is capable of detecting β+-γ coincidences. In this

work, we present a characterization of the individual detector

components and first results of the full system operated in γ-
PET mode.

Materials and methods

The Compton camera scatterer and the PET detector

arrangement was assembled using the same type of

scintillation detectors. The scintillator, a 16 × 16 GAGG

(Gadolinium Aluminium Gallium Garnet, (Ce:Gd3Al2Ga3O12))

crystal array (1.45 × 1.45 × 6 mm3 active crystal volume, 1.6 mm

crystal pitch), resulting in a detector area of 25.6 × 25.6 mm2, was

optically coupled to a Broadcom AFBR-S4K33P6425B (formerly

from KETEK known as PA3325WB-0808) SiPM array (8 ×

8 channels, 25 μm microcell size) [17, 18] using optical grease

(~100 μm thickness). In this readout configuration the GAGG

crystal array provided the best relative energy resolution at

662 keV among three evaluated SiPM arrays with 15 μm,

25 and 50 μm SPAD pitch (former WB series of KETEK (now

Broadcom)) and a HAMAMTSUMPPC array with 50 μm SPAD

pitch, while the spatial resolution (given as the ability to

distinguish the individual crystal response in the flood map)

was of comparable quality for all investigated arrays [19]. The

individual GAGG crystals of the array were optically isolated by

using 150 μm thick BaSO4 powder. The Compton camera

absorber was a three-layered, staggered LYSO block built from

1.2 × 1.2 × 6.66 mm3 crystals and a crystal pitch of 1.28 mm. In-

between the crystals, a 80 μm of ESR (enhanced specular

reflector) film was used for optical isolation. The number of

crystals in the first (top), second (middle) and third (bottom)

layer are 16 × 17, 17 × 18 and 18 × 18, respectively. The LYSO

block was optically coupled to a HAMAMATSU S14161-

FIGURE 1
Schematic illustration of a γ-PET setup as commissioned in
this work.
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3050HS-08 MPPC array (8 × 8 channels, 50 μm microcell size)

[20] using a 1 mm thick room-temperature vulcanizing (RTV)

silicon rubber sheet as light guide.

The SiPM signal readout and processing were performed

using the PETsys TOFPET v2c ASIC [21]. For the

characterization of the PET assembly (Compton camera), the

source-to-detector distance was 50 mm (11 and 50 mm,

respectively).

The γ-PET prototype was commissioned as shown in

Figure 2 (with a source-to-scatterer distance of 55 mm). The

two PET detectors were placed face-to-face with their centers at

y = z = 0 mm and x = 50/−50 mm for detectors PET 1 and PET 2.

The Compton camera was placed perpendicular to the PET

arrangement with the scatter detector located in a distance to

the system center of z = 55 mm. The distance between the scatter

and absorber component was chosen to be 43 mm. For an off-

center position measurement (in the PET system) with 5 mm in

the x and z dimension, respectively, the distance to the Compton

camera scatterer was therefore 50 mm, as also in the Compton

camera characterization. A geometry with the absorber placed in-

line relative to the scatterer was chosen due to an expected

increased geometrical efficiency compared to an out-of-line

geometry. The reason is that at the relevant γ-ray energies for

the third γ ray, according to the Klein-Nishina formula, already a

sizable forward boost can be observed [22].

The setup was used to image a 140 kBq 22Na point source

(511 and 1,274 keV) at various positions in PET-only (600 s),

Compton-only and γ-PET mode (each 5,400 s). In order to

obtain β+-γ coincidences, the 22Na point source was placed at

an off-center position (x = 5 mm, y = 5 mm, z = 5 mm. To search

for the triple coincidences between the two 511 keV annihilation

γ rays and the 1,274 keV photon, two trigger regions were

defined. One contained the two PET detectors, the other one

the two components of the Compton camera. Within these two

trigger regions the triggered ASIC channels were treated as a

group of hits originating from a single γ-ray hit. Only events that
triggered at least one detector in both trigger regions (3 ns

coincidence window) were taken for a second post-processing

step. This second step looped through all detected coincidences

and used the ASIC channel identifier (channel-ID) to relate the

triggered hits to one of the two detectors within the respective

region.

If an initial γ−ray hit was detected in both trigger regions and,
furthermore, also registered in both detectors in each of the

trigger regions, it was considered as a valid triple coincidence, to

which, subsequently, an energy gate was applied such that only

fully absorbed 511 keV annihilation photons were considered in

the PET detector pair and the total detected photon energy in the

Compton camera corresponded to 1,274 keV.

The image reconstruction was based on the Maximum

Likelihood Expectation Maximization method and performed

using the MEGAlib toolkit [23–25]. For the characterization of

the individual setups (PET and Compton camera) 10 iterations

were used for the reconstruction, while in γ-PET mode only

3 iterations were used. 10 iterations were chosen as a suitable

number of iterations, providing a reasonable compromise

between spatial resolution and image noise. The increasing

image noise for higher numbers of iterations on data with

only a very limited number of events was the reason to use

only 3 iterations for the γ-PET data.

Results

A. component characterization

Firstly, in order to prepare for measurements in the γ-PET
mode, the individual detector performances were evaluated

(Compton camera absorber and scatterer and two PET

detectors). By inspecting the flood maps, the alignment of the

FIGURE 2
Photograph of the γ-PET setup (top) and related schematics
including the dimensions and distances (bottom).
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GAGG scintillator arrays relative to their readout SiPM arrays

was confirmed (Figure 3).

For the three GAGG crystal arrays all crystals can be clearly

identified without overlap and with only negligible distortions.

For the three-layered LYSO (absorber) scintillator, crystals in the

central area (10 × 12 crystals) can be well separated from each

other. At the edges, however, some crystals show an overlap with

neighboring crystals of other layers.

Secondly, the energy resolution of the four detectors in this

specific assembly wasmeasured from an inclusive energy spectrum

of all crystals (of a layer) at a γ-ray energy of 662 keV (from a137Cs

point source). The obtained relative energy resolution of the

scatterer was ΔE/E = 10.4 ± 0.2%, while for the absorber

energy resolutions of ΔE/E = 12.8 ± 0.1% (12.4 ± 0.1%) [15.0 ±

0.1%] were determined for the first (second) [third] layer. The

inferior energy resolution of the third layer is likely attributed to

inter-crystal scattering (ICS) [26–28]. For the two PET detector

assemblies an energy resolution of 10.0 ± 0.1% (PET1) and 10.7 ±

0.1% (PET2) was obtained (Figure 4).

Next, both imaging systems, the Compton camera and the

PET assembly, were characterized in dedicated single-mode

measurements.

For the Compton camera at a source-to-scatterer distance of

50 mm, geometrically scattering angles between 0 and 39 (36)

FIGURE 3
Flood maps obtained from the four detectors of the γ-PET prototype acquired using an irradiation with a137Cs point source (662 keV).
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[34] degrees can be detected if the photon is detected in first

(second) [third] layer of the absorber (assuming that both

interactions - scattering and absorption - take place in the

center if the respective crystal). However, the minimum

energy deposit that can be detected (varies from crystal to

crystal) of about 50–70 keV also sets a lower limit on

detectable scattering angles that is a function of the incoming

γ-ray’s energy.
From measurements using only the Compton camera an

angular resolution measure (ARM) of 15.7° and 8.2° (at

1,274 keV) was obtained for source-to-scatterer distances of

11 and 50 mm, respectively. The corresponding spatial resolution

along the x- and y-dimensions was SRx/y = 3.7/3.6 mm (for 11 mm

distance) and SRx/y = 6.0/6.1 mm (for 50 mmdistance). A source-to-

scatterer distance of 50 mmwas used in the γ-PET configuration for

a point source measurement with the source at an off-center

position. The number of reconstructed events was in between 105

and 106 and the image reconstruction was performed using

10 iterations of an ML-EM algorithm. The results of the

Compton camera characterization are summarized in Table 1.

The covered solid angle of the Compton camera is 2.1% and

the calculated efficiency (central source position, at 1,274 keV,

50 mm source-to-scatterer) is 2.9 × 10–5.

Figure 5 displays the observed point spread function of a22Na

point source (1,274 keV) placed at a central position (0,0) and a

distance to the scatterer of 11 and 50 mm, respectively.

The two GAGG detectors forming the PET detector

arrangement was characterized using 511 keV annihilation

photons (from a22Na point source) and the achievable spatial

resolution was found to be 2.0 mm using a simple back-

projection, and 1.0 mm using 10 iterations of an ML-EM

method for image reconstruction.

The PET assembly efficiency (for central source position,

after energy selection) was measured to be 1.6 × 10–4. The solid

angle covered by the two GAGG detectors was 2.1%.

B. γ-PET imaging mode

From the 5,400 s measurement of the γ-PET mode only one

event could be found after applying all post-processing

conditions. Therefore, triple coincidences were synthetically

formed by an event-wise combination of Compton and PET

events for a proof-of-principle study. This method is only valid

for point-like radiation sources and it is ensured that the γ−ray
vertices of all emitted photons are identical (within the range a

positron can drift before it is thermalized and annihilates). Thus,

the dataset used for event reconstruction in γ−PET mode

contained four energy values and four 2D position values of

γ−ray hits that originated from within the point source volume,

but did not necessarily correlate in time (between PET and

Compton events).

Point spread functions were reconstructed using PET-only,

Compton-only and the γ−PET mode. The width (sigma) of the

line-of-response (LOR) was set to 1.6 mm (crystal pitch) and the

Compton cone’s width was set to 8.2°. The number of iterations

was reduced compared to the individual PET and Compton

camera measurements due to the reduced number of used events

and the therefore resulting increase in noise at higher numbers of

iterations. All images were reconstructed using three iterations of

the ML-EM method.

Using 419 events (i.e. the available number of events after

applying the energy cuts) in PET-only mode, a circular point

spread function along the y- and z-dimension (PET plane) and a

spatial resolution of SRy = 3.5 mm and SRz = 3.2 mm (FWHM)

was found. Along the x-dimension the PET detector pair is not

capable to resolve the point source position due to its limited

solid angle coverage and the resulting small angles with which the

individual LORs intersect. Figure 6 shows the reconstructed

point spread function in the yz-plane and the xy-plane,

respectively. Slices through the image along the individual

dimensions are shown below. The red lines mark the bin

FIGURE 4
Inclusive energy spectrum of all 256 individual crystals obtained from a137Cs point source acquired using the scatter (left), PET detector 1
(center) and PET detector 2 (right).
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which is plotted below as slice of the plane. The white lines

indicate the actual point source position.

In Compton-only mode around 2000 events were used for

the reconstruction (Figure 7). Along the x- and y-dimension

(Compton plane) a spatial resolution (FWHM) of SRx = 14.4 mm

and SRy = 19.3 mm was obtained, respectively. Without detailed

knowledge of the Compton camera’s full systemmatrix no spatial

resolution can be obtained along the z-dimension (that marks the

distance of the source to the camera).

In γ-PET reconstruction mode, the point source could be

localized in 3D using only 77 events.

The amount of 77 γ-PET events was used in the present study

to characterize the γ-PET imaging performance, however,

without performing a systematic study of the tradeoff between

event numbers and reconstruction performance.

The obtained spatial resolution was 12.9, 3.9 and 3.3 mm

along the x-, y- and z-dimension, which indicates a similar spatial

resolution as in PET-only mode (using 418 events) in the PET

plane and an improvement of 1.5 mm in the x-dimension. The

reconstruction accuracy (distance of reconstructed—true source

position) was found to be 2.1 mm (x-dimension), 0.1 mm

(y-dimension) and 1.2 mm (z-dimension). Figure 8 shows the

reconstructed images of the 22Na point source in γ-PET mode in

the xz- (left), xy- (center) and yz-plane (right). Below the 2D

point spread functions, a cut through the bin that contains the

distributions’maximum (indicated by the red lines) is shown for

the two respective dimensions.

Furthermore, in all image reconstructions in γ−PETmode an

artefact at the exact inverse source position (x = 5 mm, y =

-5 mm, z = -5 mm) can be observed (see Figure 8), which does

not reduce with an increasing number of events used for image

reconstruction. Therefore, it is unlikely to originate from noise

arising from a too high number of iterations of the ML-EM

method, since such an image fragmentation would have to reduce

with an increasing number of events. However, it is very likely to

be caused by the second intersection of the LOR with the

Compton cone. There is only a limited amount of detector

combinations in this tight geometry of the prototype camera

TABLE 1 Summary of the performance characterization (FWHM values) of the Compton camera.

Energy 511 keV 511 keV 511 keV 511 keV 1,274 keV 1,274 keV

Source Position [x,y,z] (0,0,11) (5,−5,11) (10,−10,11) (0,0,50) (0,0,11) (0,0,50)

ARM [°] 14.9 14.0 14.2 11.0 15.7 8.2

SRx [mm] 3.7 4.2 7.8 12.9 3.6 6.0

SRy [mm] 3.6 4.7 8.5 12.3 3.7 6.1

SRz [mm] 4.1 5.1 5.6 24.6 5.3 18.6

FIGURE 5
Reconstructed images of a22Na point source located at a distance to the scatterer’s front surface of 11 mm (left) and 50 mm (right). The source
was placed centrally along the x and y-dimension (detector plane).
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that can detect PET coincidences of a point source in an off-

center position. Also, the orientation of the Compton cones

would be very similar. Consequently, a considerable amount

of LOR-Compton cone intersections are found in a region which

happens to be at [x,y,z] = [5 mm, 5 mm, - 5 mm], corresponding

to the inverse source position.

FIGURE 6
Point spread functions of a22Na point source placed at x = −5 mm, y = 5 mmand z = 5 mm and reconstructed in PET-only mode (top row) and a
slice though one bin (indicated by the red lines) along the two respective dimensions (central, bottom row). The intersection of the (extrapolated)
white lines indicates the actual source position.
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Table 2 summarizes the findings on the image reconstruction

in γ−PET mode.

Discussion

The study presented in this work is meant as a first proof-of-

concept study that demonstrates the general suitability of the

used (SiPM read-out, pixelated scintillator) detector

components to be used in a γ-PET prototype. As such it

paves the road for more detailed studies in the future, where

an upscaling of the number of Compton camera arms is

envisaged to mitigate the presently rather limited efficiency.

The current accuracy of the positioning of the radioactive point

(-like) source of approx. 1 mm can account at least for parts of

the observed deviations between the reconstructed and the true

source positions. Still, the setup allowed for a test of dedicated

image reconstruction algorithms for γ-PET imaging. Here, in

order to obtain a detailed understanding of image quality

improvements, such as signal-to-noise ratio or

reconstruction time (e.g. by the number of iterations),

further investigations are needed and were beyond the scope

of this work.

The Compton camera of the prototype configuration was

designed in an in-line arrangement in order to increase the

number of detected photons, which will primarily be

FIGURE 7
Point spread functions of a22Na point source placed at x = −5 mm, y = 5 mmand z = 5 mm reconstructed in Compton-only mode (top row) and
a slice through one bin (indicated by the red lines) along the two respective dimensions (central, bottom row). The intersection of the (extrapolated)
white lines indicates the actual source position.
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scattered in forward angles at energies around 1 MeV.

However, an increased ratio of the detector areas between

absorber and scatterer of, e.g., 4:1, would result in an

increased range of detectable scattering angles. In future

studies towards a ring- or sphere-like setup, there are

plans to evaluate such area ratios and their impact on the

image quality.

Also, an overall increase of the solid angle coverage by the detector

arrangement will result in an increased geometrical efficiency, thus

allowing to detect suitable rates of true triple-coincidences.

The reconstruction accuracy in the presented prototype also

suffers from an imperfect manual source positioning. In an

improved system, the authors plan to use a motorized

precision stage to position the point source relative to the

detector, allowing for higher positioning accuracy (and the

ability to apply a line source via a moving point source). The

accuracy, however, has no influence on the image resolution

(which is given as the FWHM of the point spread function) and

the validity of the general proof-of-concept.

The added value of the γ-PET imaging modality can be seen

in the capability provided to exploit the full information

contained in the emitted photon radiation when using a

suitable detection system. Individual (prompt) photons

(Compton imaging), coincident photon pairs (PET) or triple

FIGURE 8
Reconstructed image of a22Na point source located at an off-center position (x = 5 mm, y = −5 mm, z = −5 mm) in the xz-(left), xy-(center) and
yz-plane (right). The intersection of the (extrapolated) white lines indicates the source position and the red lines represent the bin for which the 1D
projection is shown in the center and bottom row. Furthermore, an artefact that corresponds to the second intersection of the LOR and the
Compton cone is visible at the inverse source position (x = 5 mm, y = −5 mm, z = −5 mm) in all three 2D images.

TABLE 2 Summary of the achieved spatial resolution values [FWHM]
along the x, y and z-dimension in PET-only, Compton-only and γ-
PET imaging mode.

Spatial resolution (SR) PET-only Compton-only γ-PET

SRx [mm] - 14.4 12.9

SRy [mm] 3.5 19.3 3.9

SRz [mm] 3.2 - 3.3
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coincidences (γ-PET) will allow for deriving a maximum of

imaging information from a given emission scenario.

Summary and conclusion

In conclusion, a proof-of-principle study of a γ-PET
prototype consisting of 3 segmented GAGG scintillator arrays

used as PET detectors and Compton-camera scatterer and a 3-

layer depth-of-interaction (DOI)-capable LYSO detector block as

Compton-camera absorber was conducted and 3D point source

images could be reconstructed using only 77 events.

The low solid angle coverage of the γ−PET system resulted in a

triple-coincidence count rate (after energy selection) of only

1—2 count/h. Therefore, events obtained from a single

measurement, but triggered in PET-only and Compton-only

mode in the post-processing, were combined to obtain a

sufficient amount of synthetic triple-coincidence events. Using

only 77 events reconstructed in γ−PET mode (via event-wise

intersection of the line-of-response and the Compton cone)

resulted in a full 3D imaging capability with a spatial resolution

similar to the one obtained in PET-only mode (3.9 mm in

y-dimension and 3.3 mm in z-dimension) when looking at the

PET plane (y-z plane) and 12.9 mm along the x-dimension (i.e.

dimension between the two PET detectors). In order to allow for the

acquisition and reconstruction of true triple-coincidence events, the

here studied γ-PET prototype detector arrangement has to be

upgraded by implementing more (at least in total four) Compton

camera arms to improve the overall geometrical efficiency.
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