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To improve the spatial resolution of preclinical positron emission tomography (PET), a detector consisting of a

two-layer scintillator pixel array was designed. A light guide was inserted between the arrays of scintillators to

change the distribution of light generated in each layer. By analyzing the different light distributions, it is pos-

sible to track where the gamma rays interacted. To this end, a gamma ray event was generated at the center of

the flashing pixel and a lookup table was created based on the signal obtained from the light sensor. The opti-

mal position of the scintillation pixel was tracked through comparison and analysis of the newly detected signal

with the look-up table through maximum likelihood position estimation. As a result, excellent accuracy was

shown. If this detector is used in a preclinical PET system, it is expected to show excellent spatial resolution,

and since an optical sensor that is not affected by magnetic fields is used, it is considered that it can be applied

to PET/MRI in the future.
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1. Introduction

Preclinical Positron Emission Tomography (PET)

requires higher spatial resolution to image small animals.

There are several ways to achieve better spatial

resolution: making the area of the crystal pixel where

gamma rays are incident small; using a small gantry to

increase the sensitivity; using long crystal pixels [1]. In

other words, small and long crystals are necessary to

achieve good spatial resolution and sensitivity. When

applying small and long crystal pixels to a detector and

configuring a PET system, spatial resolution degrades at

the outer area of the field of view (FOV) [2, 3]. In a PET

system, all detectors are arranged to face the center of the

FOV. Therefore, gamma rays generated from the center of

the FOV are incident perpendicularly to the detectors,

whereas gamma rays generated outside the FOV are

incident obliquely to the crystal pixels (Fig. 1). Because

the energy of gamma rays generated outside the FOV is

high, gamma rays are detected over several crystals.

When reconstructing the detected gamma rays generated

from the center of the FOV, there is no degradation in

spatial resolution, as all gamma rays are vertically

incident on crystals and detected only in one crystal pixel.

However, the spatial resolution reduces when recon-

structing gamma rays generated outside the FOV because

the gamma rays are detected from several crystals. Many

studies have tried to develop detectors that measure the

depth position where gamma-ray and crystal interact to

solve the degradation of spatial resolution outside the

FOV. The developed detectors are classified as follows:

(1) Arranging crystal pixels in multiple layers [4-10], (2)

Using a single-layer crystal pixel array and placing

optical sensors on both sides [11-13], and (3) Using

block-type scintillators and measuring changes in the

signals by heights [14, 15]. These detectors go through a

few steps to find the locations of the crystal pixels that

interact with gamma rays: reconstructing flood images

based on the signals obtained from the detector and

dividing the areas in the flood images where each crystal

pixel is recorded. In short, the locations of the crystal

pixels are determined by acquiring signals from the
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photosensors, processing reconstructing flood images, and

dividing regions.

We developed a detector that directly tracks the

locations where gamma rays and crystal pixels interact in

three dimensions through the MLPE(the maximum

likelihood position estimation) method [16] instead of a

region segmentation method that requires several signal

processes. This detector consists of two layers with a light

guide inserted between the layers, so it distinguishes

layers by differentiating the light distribution of each

layer generated from the interactions of crystal pixels and

gamma rays. For designing the detector, DETECT2000,

which can simulate the light of a detector with scintillators

and optical sensors, analyzed the characteristics [17, 18].

2. Materials and Methods

2.1. Detector design 

We designed a detector using DETECT2000, which can

simulate the light in a detector. The simulation tool,

DETECT2000, simulates the movement, scattering,

absorption, and reflection of light generated by the

interaction between gamma rays and scintillators. It also

measures the number of incident lights through optical

sensors. The type of material used in the simulation can

be expressed as a refractive index. It is possible to change

the light distribution and measurement rate in the optical

sensor according to the light reflection by using a

reflectance applied to a reflector as an input variable.

Accordingly, a detector was designed as shown in Fig. 2.

This dual-layer detector consists of crystals with

dimensions of 3 mm × 3 mm × 10 mm in a 4 × 4 array

for each layer. We inserted a light guide between the

layers so that the light distribution of each layer was

measured differently by the photosensors. Because the

light distribution measured by photosensors differs from

layer to layer, the MLPE method can distinguish each

layer. As for the crystal pixel used, a GAGG

(Gd3Al2Ga3O12) scintillator was used, which has an

excellent gamma-ray detection rate due to its high light

output of 50,000 photons/MeV and a high density of 6.6

g/cm3 [19]. The refractive index of GAGG is 1.91, and

the peak emission wavelength is 530 nm. The light guide

is made of K-9 glass material, has dimensions of 12.3

mm × 12.3 mm × 2 mm, and has a refractive index of

1.51630 [20]. A reflector was used between crystals to let

the light generated from interaction with gamma rays

move to the photosensor as much as possible. 3M's

Enhanced Specular Reflector (ESR) was simulated as a

reflector, and the reflectance was set to 98 % [21]. For

optical sensors, the model s14161-3050HS-04, multi-

Fig. 1. (Color online) Schematic diagram indicating the deg-

radation of spatial resolution in the peripheral of the FOV. If

the radiation source is the peripheral of the FOV, it can be

detected in several scintillation pixels, so spatial resolution is

reduced when reconstructed into an image. The red lines

indicate the generated directions of the radiation source, and

the green lines are the lines of responses between the

detected crystal pixels.

Fig. 2. (Color online) Schematic diagram of a detector with

two layers of crystal pixels in 4 × 4 arrays. A light guide is

inserted between the layers, and the light generated by inter-

action with gamma rays is detected by MPPCs. By inserting

the light guide between the layers, the distribution of the

light generated from the scintillation pixels is changed.
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pixel Photon Counters (MPPCs) from Hamamatsu, was

simulated to measure generated light [22]. MPPCs are

compact silicon photomultipliers, so the overall size of a

detector can be made small. They are also used in a

magnetic field because they're not affected by magnetic

fields. The size of the MPPCs is 12.6 mm × 12.6 mm,

and it consists of MPPC pixels size of 3 mm × 3 mm in a

4 × 4 array with a distance of 0.2 mm between each pixel.

Fig. 3 shows examples of GAGG scintillators, light

guides, and MPPCs. Optical grease (refractive index:

1.465) was used between crystal pixels, the light guide,

and the photosensors to minimize light loss resulting from

light refraction and total reflection of light due to sharp

differences in the refractive indexes.

2.2. Creating look-up tables

We created lookup tables for each crystal pixel to apply

the MLPE method. The gamma-ray events were

generated at the center of each crystal, and the light was

collected from each optical sensor to create lookup tables.

For the number of generated light, 511 keV, which is the

energy of extinction radiation, the amount of light

generated according to the radiation energy of the GAGG

scintillator, and the light detection efficiency of MPPC

according to the wavelength of light were applied. 16

MPPCs collected the light generated by the gamma-ray

events at the centers of all crystals. As shown in Fig. 4,

16 collected data were processed with 4 channels each on

the x and y-axis, a total of 8 channels. Reducing the data

channels make the configuration of the electronic circuit

simplified. After calculating the average value and

standard deviation value of the data of each channel,

lookup tables were created accordingly. The three-

dimensional position of the crystal pixel interacting with

gamma rays was measured by the created lookup tables

also by calculating the collected data from the new

gamma-ray events using the following equation.

In this equation, M represents the signals of 8 channels

acquired from gamma-ray events of each location of

crystals. μ and σ represent the average and standard

deviation values for each location of crystals in the

lookup tables, respectively.

2.3. Accuracy evaluation of measured locations by

gamma-ray events 

We generated gamma-ray events in the depth direction

of all crystals to evaluate the accuracy of locations of

crystals; the locations where crystals interact with newly

incident gamma-rays and induced by lookup tables,
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Fig. 3. (Color online) Examples of GAGG scintillators, light guides and MPPCs used to configure the detector. The light guide

is transparent glass and changes the distribution of light generated from the scintillator. Left: GAGG scintillators, Center: Light

guides, Right: MPPCs.

Fig. 4. (Color online) The data acquired from 16 MPPCs was

reduced to 4 channels each on the x and y-axis, a total of 8

channels. Signals for each of the four photosensor pixels

were summed in the x and y-axis, respectively.
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MLPE method, and detectors composed of two layers of

crystals. 100 gamma rays events occurred at the centers

of crystal pixels for the x and y-axis. For the z-axis

(depth) direction, we generated 100 gamma-ray events at

each location with an interval of 0.2 mm from 0.1 mm to

9.9 mm in the lower layer and from 12.3 mm to 22.1 mm

in the upper layer. Each MPPC detected the light

generated by gamma-ray events in the depth direction,

and the optimal position of crystal was measured through

MLPE by reducing the data into 8 channels. We evaluated

the accuracy by comparing the measured locations with

the locations where the gamma-ray events were generated.

3. Results

We constructed a two-layer detector consisting of

GAGG crystals in 4 × 4 arrays, a light guide, and MPPCs.

Fig. 5 shows a flood image acquired by general image

processing processed by the proposed detector. Each layer

is distinguishable at the peripheral crystals, but all center

crystals overlap. In other words, the region division of the

flood image doesn't make it possible to distinguish the

layers where the scintillator and the gamma-ray interact.

However, when using the MLPE method according to the

light distribution, the layers are distinguished as the light

distribution of each layer is different. By inserting a light

guide between the arrays of crystals, light distributions

detected by MPPCs become different for each layer.

Fig. 6(a) shows the light distribution and the profile

measured in MPPCs when generating gamma events at

the coordinates of the crystal pixel position (2, 2), the

center of an upper layer. Fig. 6(b) shows the light

distribution and the profile of a lower layer. The light

Fig. 5. (Color online) A flood image is acquired through a

general image processing process. The edge and corner crys-

tals can be distinguished by layer, but all the crystals in the

center overlap, making it impossible to distinguish between

layers.

Fig. 6. (Color online) Distribution in MPPCs of light gener-

ated at coordinates (2, 2) of crystal pixel position for each

layer. It can be seen that the light is distributed more at the

corresponding crystal pixel location in the first layer than in

the second layer.

Fig. 7. Depth of interaction (DOI) position results of each

layer. The horizontal axis represents the simulation position,

and the vertical axis represents the measured average posi-

tion along with the simulation position. It can be seen that

the layer division is perfectly separated at 10 mm.
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distribution was measured more at the positions of crystal

pixels in the first layer than the second layer, as profiles

verify clearly. The light distribution of the first layer

showed a significantly higher value at the positions of

crystal pixels than at the other positions, while the light

distribution of the second layer was distributed more

widely than that of the first layer.

Accuracy measurements for coordinates and depth

directions of crystal pixels through MLPE showed

excellent results. The measurement results of the x and y-

axis and the depth direction were all excellent. Fig. 7

shows the degree of layer distinction according to the

depths at which gamma-ray events were generated. The

thickness of the light guide is not indicated on the graph

but shown only as values corresponding to the lengths of

the crystal pixels. In other words, 0.1-9.9 mm and 10.1-

19.9 mm represent the first and second layers,

respectively. The distinction of the layers occurred at 9.9

mm and 10.1 mm.

4 Discussion and Conclusions

We designed a detector that measures the locations of

crystal pixels interacting with gamma rays. This detector

consists of two layers of crystal pixels, with a light guide

inserted between the layers. Light generated from the

upper and lower layers is detected with different

distributions in the MPPCs due to the light guide inserted

between the layers. Accordingly, we created lookup tables

for the distribution of each layer and measured the three-

dimensional positions of crystal pixels interacting with

gamma rays through the MLPE method. All the

measurement results showed excellent accuracy not only

for the x and y-axis but also for the z-axis. This result

seems to come out because of designing the detector

through simulation and creating lookup tables under

perfect conditions. However, the positions were the center

of crystals when creating lookup tables for the depth

direction, while data for evaluating the accuracy of the

depth direction was acquired from all positions of

crystals. The distributions obtained by depth were slightly

different, but the results of layer measurement using the

MLPE method showed perfect accuracy. It indicates that

even if there is a certain degree of change in the

distributions, the MLPE method still has excellent

measurement ability when measuring the layers. 

In future research, we intend to experimentally measure

and analyze the three-dimensional position by constructing

a detector based on the simulation results. If we use the

proposed detector of this study, the detector will resolve

the degradation of spatial resolution in the peripheral of

the FOV in preclinical PET. In addition, a three-

dimensional position can be obtained directly as a

coordinate value of a crystal, away from the method of

distinguishing layers by separating the regions of each

crystal pixel after acquiring a flood mage. Since an

optical sensor that is not affected by magnetic fields is

used, it is considered that it can be applied to PET/MRI in

the future.
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