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We developed a high-resolution, preclinical positron emission tomography/magnetic resonance imaging (PET/

MRI) detector for measuring depth of interaction (DOI) without signal distortion in a magnetic field. A silicon

photomultiplier (SiPM), a semiconductor photosensor, was used to operate in a high magnetic field, and a two-

layer scintillator block was fabricated for DOI. The scintillator block used lutetium-yttrium oxyorthosilicate

(LYSO) and gadolinium aluminum gallium garnet (GAGG) scintillators, so that the signal sizes acquired form

each scintillator layer were different. After constructing the detector, a Na-22 radiation source was used to

acquire flood images and energy spectra through gamma-ray interaction. By using different scintillators in

each layer, the energy spectrum formed two photoelectric peak areas. Since the signal sizes differ depending on

the characteristics of different scintillators, it is possible to determine the DOI layer when data is acquired by

separating the photoelectric peak areas. If this detector is used as a DOI detector for preclinical PET/MRI, it

will be possible to develop a system with excellent spatial resolution that can operate in a magnetic field.
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1. Introduction

Preclinical imaging devices are composed of various

imaging devices integrated into one device. Positron emission

tomography (PET) and computed tomography (CT) and

single photon emission computed tomography (SPECT)

and CT are integrated into one device, allowing for acquisition

of complementary images [1-3]. Since all of them are

imaging devices that use radiation, integration of detectors for

acquiring radiation and integration of images can be

achieved. In addition to preclinical PET/CT or SPECT/CT,

integration of PET/MRI, which integrates PET and magnetic

resonance imaging (MRI), is also being achieved. However, in

order to obtain PET images in the high magnetic field of

MRI, detectors that operate in a conventional method

cannot be used. This is because it is difficult to obtain

accurate images due to signal distortion caused by the high

magnetic field. Therefore, the need for the development of

detectors that operate in high magnetic fields has arisen. In

high magnetic fields, electrons moving in the PMT vacuum

tube of detectors that use traditional photomultiplier tubes

(PMTs) are affected. Accordingly, an photosensor that is

not affected by a magnetic field was developed, and this

photosensor was introduced into a PET system and used

as a radiation detector. The photosensor composed of a

semiconductor sensor is not affected by a magnetic field,

so it can obtain images without signal distortion. The

development of preclinical PET/MRI was also achieved

using this optical sensor [4]. In preclinical PET systems,

spatial resolution degradation occurs in the periphery of

the field of view (FOV). The annihilation radiation generated

in the periphery of the FOV is incident on the detector

obliquely, so it can interact with multiple scintillation pixels,

and thus a line of response (LOR) can be generated from

multiple scintillation pixels, which reduces spatial resolution.

To solve this problem, a detector that measures the depth

of interaction (DOI) is required. Various detectors that

measure the DOI have been developed. It can be broadly
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classified into three types. The first is a method of stacking

multiple layers of scintillation pixel arrays to obtain signals

from the interaction between the scintillation pixels of each

layer and gamma rays [5-8]. The second is a method of

measuring the DOI through the ratio of signals by

arranging a single layer of scintillation pixel arrays and

photosensors at both ends [9, 10]. The third is a method

of configuring a single layer of scintillation pixel arrays

and photosensors in one layer, stacking them in multiple

layers, and measuring the DOI with gamma rays [11, 12]. In

this study, we developed a detector that measures the DOI

by stacking multiple layers of scintillation pixel arrays

and acquiring signals from the interaction between the

scintillation pixels and gamma rays in each layer. Through

this, we solved the parallax error, which is a spatial

resolution degradation phenomenon in the peripheral FOV

that occurs in preclinical PET, and designed it using a

semiconductor photosensor so that it can operate in MRI.

Scintillators, which are materials that emit light by interacting

with radiation, emit light of different wavelengths and

generate different amounts of light depending on their

type. Based on these characteristics, this detector was

developed. By arranging two types of scintillators in layers,

the sizes of the signals obtained were made different,

allowing the DOI layers to be distinguished. In a previous

study, the usability of the designed detector was confirmed

through simulation [13]. In this study, a semiconductor

photosensor was used to design the sensor so that it is not

affected by magnetic fields, and different types of scintillation

pixels were configured in two layers. Through experiments,

the size of the signal measured in each layer was analyzed

to evaluate whether the DOI layer could be measured.

2. Materials and Methods

2.1. Detector configuration

To design and characterize a detector that can improve

spatial resolution in preclinical PET/MRI, a two-layer

DOI detector was developed. The detector consists of two

layers, and different types of scintillators are used in each

layer to enable layer discrimination. The bottom layer

used a gadolinium aluminum gallium garnet (GAGG)

scintillator, and the top layer used a lutetium-yttrium

oxyorthosilicate (LYSO) scintillator. By configuring the

amount of light generated in each layer differently, the

positions where the photoelectric peaks are formed in the

energy spectrum were different. The scintillator of PET

detectors that detect high-energy gamma rays of 511 keV

must have high density. Therefore, the scintillators of current

PET detectors are mainly LYSO or LSO scintillators. In this

study, in order to determine the DOI layer through the

separation of the photoelectric peak, another scintillator was

used. This scintillator is GAGG, and GAGG has a high

density and emits more light than LYSO. Therefore, the

two scintillators were designed to distinguish the DOI

layer by differentiating the generation positions of the

photoelectric peaks. The GAGG scintillator generates 54,000

photons per 1 MeV of gamma-rays, while LYSO generates

30,000 photons [14, 15], so the height of the signals output

from the photosensor are different, and the positions

where the photoelectric peaks are formed are different. By

utilizing these characteristics, the layer where the gamma-

ray interacted with the scintillator can be determined. The

detector consists of a 4 × 4 scintillation pixel array in

each layer, and the size of the scintillation pixel is 3 mm

× 3 mm × 10 mm. The space between the scintillation pixels

is reflective to maximize the transfer of the generated light

to the photosensor. In addition, except for the surface where

the scintillation block is coupled to the photosensor, all

surfaces are reflective so that all the generated light

moves to the photosensor. The reflector reflects the light

generated from the scintillator. Since the reflector is inserted

between each scintillation pixel, the light generated from

the scintillation pixel does not move to other scintillation

pixels, but is reflected only within the scintillation pixel

and is finally collected by the photosensor. Accordingly,

the size of the entire scintillation block is 12.5 mm × 12.5 mm

× 20 mm, which is a thickness sufficient to collect high-

energy gamma rays. The photosensor uses a silicon

photomultiplier (SiPM), a semiconductor photosensor, to

operate without distortion in a high magnetic field. Unlike

the PMT, a conventional photosensor that uses a vacuum

tube, SiPM has a compact size and operates without

distortion in a magnetic field, so it can be used in MRI

[16]. The SiPM consists of a 4 × 4 array of 3 mm × 3 mm

pixels spaced at 0.2 mm intervals. The scintillator is

separated into reflectors in the depth direction, and the

light generated in that layer is designed to be incident on

the coupled SiPM and the signal is measured. This design

allows for a clear separation of the DOI layers. The light

generated from the scintillator block travels to the SiPM,

where it is collected and converted into an electrical

signal. The maximum wavelength of light generated by

the GAGG scintillator is 530 nm, and that of the LYSO

scintillator is 420 nm. The SiPM has a quantum efficiency of

about 40% at the maximum wavelength of light generated

by LYSO, and that of GAGG has a quantum efficiency of

about 30%. When collecting the maximum light wavelength,

the ratio of the size of the electrical signals in the two

scintillators is about 1.35 times, and GAGG generates a

larger signal, enabling the identification of the layer where the

gamma rays interacted. An optical grease is used between
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the separation of each scintillator layer and between the

scintillator layers and the connection to the SiPM to prevent

the occurrence of abrupt refractive indices and minimize

light loss. The refractive indices of the scintillator, SiPM, air

layer, and optical grease were set to 1.91, 1.57, 1.0, and

1.465, respectively. Fig. 1 shows the scintillator pixel array

of each layer constituting the scintillator block. In the

diagram of the scintillator pixel array, the GAGG scintillator

is on the left, and the LYSO scintillator is on the right. The

scintillator pixels are separated by reflectors, so that light is

not shared between the scintillator pixels.

2.2. Experimental set-up and data acquisition

To evaluate the detector's DOI layer discrimination

performance, the scintillator block was combined with

SiPM, and a radiation source was used to obtain signals

due to gamma-ray interaction. The radiation source used

was a Na-22 radiation source that generates annihilation

radiation through β+ decay, and the energy of the emitted

gamma-ray is 511 keV. Fig. 2(a) shows the combined

appearance of the scintillator block and SiPM, and (b)

shows the location of the radiation source. The radiation

source was positioned on the scintillator block, and

gamma-rays were irradiated onto all scintillation pixels.

The light generated by the interaction of gamma-rays and

scintillator was collected by SiPM, converted into an

electrical signal, amplified by a preamplifier, and then

transmitted to a computer through the main board. The

computer used the transmitted data to construct images and

energy spectra.

Fig. 1. (Color online) Scintillation block of the DOI detector

of a preclinical PET/MRI system. GAGG scintillator on the

left and LYSO scintillator on the right.

Fig. 2. (Color online) Detector configuration and schematic

diagram of scintillator block configuration and the location

of the radiation source. (a) Combination of the scintillator

block and SiPM to form the detector, (b) Na-22 radiation

source positioned over the scintillator block to collect data

on gamma-ray interactions.

Fig. 3. Flood and segmented images acquired from a detector using a 4 × 4 scintillator array. (a) Flood image, (b) segmented image.
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3. Results

After constructing the detector, data on gamma-ray

interaction were acquired using a Na-22 source. Gamma-

rays emitted from the Na-22 radiation source interact with

the LYSO and GAGG scintillation pixels of the

scintillator block to generate light, which is converted into

an electrical signal and collected by the SiPM. Flood

images and energy spectra were constructed based on the

collected data. Fig. 3 shows flood image and segmented

image constructed using all energies. It can be confirmed

that a 4 × 4 scintillation pixel array is displayed as an image.

Fig. 4 shows the energy spectrum constructed based on all

the acquired energies. It can be seen that the photoelectric

peak regions appear in two places. The photoelectric peak

region on the low channel side is the region acquired

from the LYSO scintillator, and the photoelectric peak

region on the high channel side is the region acquired

from the GAGG scintillator. In other words, since the two

types of scintillators form photoelectric peaks in different

regions, if they are separated, the DOI layer can be

determined. Fig. 5 shows a flood image composed by

separating only the energy of the photoelectric peak region

formed from each type of scintillator. (a) is a flood image

for the LYSO scintillation pixel array, which is the

photoelectric peak region on the low channel side, and (b)

is a flood image for the GAGG scintillation pixel array,

which is the photoelectric peak region on the high

channel side. It can be confirmed that the pixels generated

at the edge of the flood image of the GAGG scintillation

pixel array are more widely distributed. This is considered to

be due to the amount of data acquired from the GAGG

scintillation pixel and the algorithm applied when forming

the flood image. Fig. 6 shows the energy spectrum by

region according to the 4 × 4 array partitioning. It can be

confirmed that photoelectric peaks are formed in two parts

in all regions. In the global energy spectrum, the energy

resolution was 22.51% and 17.11% at each photoelectric

peak, and the energy resolution in the 4 × 4 partitioning

region was an average of 11.49 ± 2.17% for the LYSO

scintillator and an average of 15.38 ± 3.05% for the

GAGG scintillator.

Fig. 4. (Color online) Global energy spectrum. The red area

represents the photoelectric peak area of the Na-22 radiation

source measured in LYSO, and the green area represents the

photoelectric peak area measured in GAGG.

Fig. 5. Flood images of each photoelectric peak area. Flood images of (a) LYSO scintillation pixel array, and (b) GAGG scintillation

pixel array.
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4. Discussion and Conclusions

We have developed a DOI detector for PET/MRI that

operates in a magnetic field. Since the amplification is

achieved by moving electrons in a vacuum tube, which is

a conventional photosensor, PMT, the signal is distorted

when operating in a magnetic field. However, SiPM, a

semiconductor photosensor, can operate in a magnetic

field without signal distortion, so we developed a detector

using it. To evaluate the detector's DOI layer discrimination

and performance, gamma-ray interaction was induced by

a Na-22 radiation source. The scintillator block of the

detector consists of two layers of LYSO and GAGG

scintillators, and the layer discrimination was configured

based on the characteristics of different scintillators. The

GAGG scintillator generates more light than the LYSO

scintillator, which causes the signal size to be different,

and the positions of the photoelectric peaks in the energy

spectrum to be formed differently. It was confirmed that

the DOI layer could be distinguished by obtaining the

energy spectrum and separating the photoelectric peak

area of   the scintillator. Although the DOI could not be

distinguished in the acquired flood image, it was possible

to obtain flood images of each layer through energy

separation. Spatial resolution is important for imaging

small animals. Therefore, the smaller the spatial resolution, the

better the image can be obtained. To achieve this, very

small scintillation pixels must be used, and the DOI layer

must be measured. The focus of this study is whether the

DOI layer can be measured. Although the scintillator used

is not small enough, it can be considered to be large enough to

evaluate the possibility of measuring the DOI layer. In the

future, we plan to conduct additional study on detectors

using smaller scintillators. It is expected that a high-

resolution DOI measurement system that can operate in a

high magnetic field without signal distortion can be

developed if a preclinical PET/MRI system is configured

using this detector.

Fig. 6. (Color online) Energy spectra for each segmented area of the 4 × 4 scintillator array. The photoelectric peak area obtained

from LYSO and GAGG scintillators are identified in all energy spectra.
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