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Abstract: A decreased number of readout method is investigated to provide precise pixel 
information for small-animal positron emission tomography (PET). Small-animal PET consists of 
eight modules, and each module is composed of a 6 × 6 array of 2 × 2 × 20 mm3 lutetium yttrium 
orthosilicate (LYSO) crystals optically coupled to a 4 × 4 array of 3 × 3 mm2 silicon photomultipliers 
(SiPMs). The number of readout channels is reduced by one-quarter that of the conventional 
method by applying a simplified row and column matrix algorithm. The performance of the PET 
system and detector module was evaluated with Geant4 Application for Emission Tomography 
(GATE) 6.1 and DETECT2000 simulations. In the results, all pixels of the 6 × 6 LYSO array were 
decoded well, and the spatial resolution and sensitivity, respectively, of the PET system were 1.75 
mm and 4.6% (@ center of field of view, energy window: 350-650 keV).  
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1. Introduction 

The onset of disease usually brings functional and/or 
biochemical changes in an organ or tissue before anatomic 
changes. Recently, research into molecular imaging has 
been progressing rapidly for early diagnosis of initial 
changes in a lesion. In molecular imaging, positron emission 
tomography (PET) is an analytical imaging technique that 
provides a way of making in vivo measurements of 
anatomic distribution and biochemical changes. PET 
detects pairs of gamma rays emitted indirectly by a 
positron emitting radionuclide (or tracer), which is 
administrated into the body on a biologically active 
molecule. So, small animal research, which is widely used 
in laboratories for biomedical research, drug and vaccine 
development, gene expression and novel detector tech-
nology, is an emerging field in preclinical molecular 
imaging with PET in nuclear medicine [1]. Small-animal 
PET has a compact size suitable for small animals like 
mice, rats, rabbits and primates, and offers improved 
sensitivity and resolution, compared with clinical PET.  

The image acquisition process for PET is as follows. 
First, positron emitting isotopes, such as F-18 and O-15, 
are injected into specified locations. The emitted positrons 
annihilate nearby electrons, emitting two 511 keV photons, 
directed 180 degrees apart. These photons are then 

detected by the scanner, which can estimate the density of 
positron annihilations in a specific area [2]. To easily 
detect two gamma rays in opposite directions, the geome-
try of the prevalent PET system is a circular arrangement 
of detector modules. Each detector module consists of 
several arrays of sub-modules, as shown in Fig. 1.  

Fig. 2 shows schematic diagrams of three types of PET 
detector. Currently, PET systems in the medical imaging 
market are mostly based on a photomultiplier tube (PMT) 
light collection system [3-6]. This method is based on 
Anger logic calculating the position of interacted pixels 
using weighted X+, X-, Y+, and Y- signals [7]. However, 
a detector module using PMT is bulky, and the flood 
histogram generated using Anger logic shows a well-
known pincushion distorted shape. 

Fig. 1. PET system composed of sub-modules. 



IEIE Transactions on Smart Processing and Computing, vol. 4, no. 5, October 2015 

 

325

To overcome the disadvantages of a PMT-based 
system, many research teams applied other photodetectors, 
such as the avalanche photodiode (APD) and the silicon 
photomultiplier (SiPM). Above all, SiPM has advantages 
in quantum efficiency, operation voltage, gain, and simple 
data readout methods, compared to other detectors [8], and 
Table 1 shows detailed specifications of photodetectors 
that can be used for PET systems [2, 9].  

A small animal PET system using a SiPM detector has 
been actively discussed and studied by many research 
facilities. In the initial stages of SiPM-based PET studies, a 
one-to-one (crystal-to-SiPM) matched detector was 
considered in which the number of pixelated crystals and 
SiPMs sensors is the same, and the pixel position is 
digitized directly without Anger logic. The drawback of 
this detector is the large number of data channels in the 
electronics.  

As an alternate method, a many-to-one (crystal-to-
SiPM) matching detector was discussed and studied [10]. 
Compared to the one-to-one matched detector, the many-
to-one matched method employed a reduced number of 
SiPMs by using a light guide and Anger logic. It has the 
advantages of low cost with a small number of SiPMs and 

data channels in the electronics, but it suffers from image 
distortion via Anger logic.  

In order to overcome the flaws in the existing tec-
hniques (e.g. The high cost of a PET system, complicated 
data readout and acquisition systems), we designed a 
modified many-to-one (crystal-to-SiPM) matched detector 
for small-animal PET. In this detector, a position deter-
mination algorithm was implemented for pixel positioning 
instead of Anger logic. To evaluate the performance of the 
proposed detector and PET system, Monte Carlo simula-
tion studies were performed using Geant4 Application for 
Emission Tomography (GATE), a simulation toolkit for 
PET and single photon emission computed tomography 
(SPECT) [11], and DETECT2000, a Monte Carlo code for 
light photon transport [12]. 

2. Materials and Methods 

2.1 Design of PET System and Position 
Determination Algorithm 

The PET system consists of eight modules arranged in 
a circular shape with a diameter of 76 mm. A single 
module contains a 2 × 2 array of sub-modules composed of 
6 × 6 lutetium yttrium orthosilicate (LYSO) scintillators 
directly coupled to a 4 × 4 SiPM array. Each LYSO is 2.0 
× 2.0 × 20.0 mm3, and a SiPM has a 3.0 × 3.0 mm2 area. 
Fig. 3 shows the GATE simulated geometry of the PET 
scanner. A total of 1,152 LYSO pixels, 512 SiPMs and 256 
Analog to Digital Converter (ADC) channels are required. 

The 4 × 4 SiPM signals of a single gamma event are 
multiplexed into 4 X and 4 Y channels as shown in Fig. 4 
and recorded in list mode. Then, X and Y positions of 
LYSO pixels are directly digitized by using a position 
determination algorithm. Eight channels of each event data 
are saved in a two-dimensional matrix, Data (i, j) where i = 
1,2,…,8, and j = 1,2,…, count, and the energy of the event 
is calculated for energy discrimination as follows:  

 

 Energy (j) = ( )8

i 1

Data i, j
 

2=
∑   (1) 

 

Fig. 2. The schema of conventional small-animal PET 
detector sub-modules: (a) PMT-based, (b) one-to-one 
matched, and (c) many-to-one matched modules. 

 
Table 1. Experiment Parameters. 

Detector PMT APD SiPM 
Quantum Efficiency 

(@ 420 nm) [%] <40 <70 <80 

Single Photon 
Resolution ○ × ○ 

Operation Voltage 
[V] 

1000 – 
3000 

1000 – 
2000 

10 – 
100 

Gain ~ 106 ~ 102 ~ 106 
Insensitivity to 
Magnetic Field × ○ ○ 

Miniaturization × ○ ○ 

Production Costs Medium Low Potentially
Low 

 

 

Fig. 3. GATE simulated geometry of a PET scanner 
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If the energy falls within the preselected energy 
window, it passes to the pixel positioning process. To find 
the X and Y positions of the event, the mean of eight 
channels is obtained by 

 

 Mean (j) = 
( )8

1

 ,
8i

Data i j

=
∑   (2) 

 
When the i-th channel signal of the j-th event is larger 

than the mean value, 1 is written in POS (i,j) otherwise, 0 
is written. Eight digitized numbers in the POS (i,j) array 
represent eight channels. For example, POS(i) equal to a 
{1, 0, 0, 0, 1, 0, 0, 0} array shows that the number of 
detected light photons in X1 and Y1 channels is greater 
than the mean value. Therefore, the combination of X1 and 
Y1 channels is represented with the first pixel of the 
crystal array. Then, the final pixel number is determined 
using eight digitized numbers. The flow chart of the 
position determination algorithm is shown in Fig. 5.  

2.2 GATE Simulation  
To evaluate the performance of the proposed PET 

scanner, the PET system was modeled and simulated 
through GATE v6.1. System sensitivity was simulated 
using a 10 MBq point source, and the source position was 
moved in 5 mm steps from the center of the scanner in 
radial and axial directions. Three different energy windows 
were used: 250 – 650, 350 – 650 and 450 – 650 keV. The 
spatial resolution at the center was also calculated with an 
energy window of 350 – 650 keV. 

2.3 DETECT2000 Simulation  
Light photon distribution within the scintillation crystal 

is the main concern for developing the position 
determination algorithm. The light distribution in the 
detector was modeled by the Monte Carlo–based 
simulation tool, DETECT2000. The proposed sub-module 
was modeled as a 6 × 6 LYSO array with a pixel size of 
2.0 × 2.0 × 20.0 mm3. The inter-crystal reflectors are 3M 
enhanced specular reflector film (0.065mm thickness). The 
crystal array was optically coupled to a 4 × 4 SiPM array 
with 0.2 mm gap between SiPMs. The refractive indices of 
LYSO and the optical grease were set to 1.82 and 1.465, 
respectively.  

The thickness of the optical grease was defined as 0.01 
mm. In each gamma event, a total of 4,800 light photons 
were generated, considering the light yield of LYSO and 
the quantum efficiency of SiPM. One thousand gamma 
events were generated in each pixel, and the capability of 
pixel positioning by the proposed algorithm was evaluated. 

3. Results 

3.1 Spatial Resolution of PET System 
Fig. 6(a) shows the sinogram and image of a 10 MBq 

point source at the center of the scanner reconstructed by a 
filtered back projection (FBP) algorithm. Fig. 6(b) illu-
strates the radial profile and Gaussian fitted curve. The 
measured FWHM was 1.741 mm and 1.760 mm in radial 
and tangential directions, respectively. 

3.2 Sensitivity 
The source was moved along the central axis of the 

scanner to record the number of coincidences acquired as a 
function of the source location. The ratio between the  

 

Fig. 4. Illustration of a sub-module and the eight-
channel multiplexing readout . 

Fig. 5. Flow chart of the position determination algorithm.
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Fig. 6. (a) Sinogram and image of a 10 MBq point 
source; (b) radial profile and Gaussian fitted curve. 

 
Table 2. Sensitivity @ center. 

Energy Window [keV] 
250 - 650 350 - 650 450 - 650 

5.34% 4.59% 3.30% 
 

 

Fig. 8. Eight channel signals of the 6 × 6 crystal array when the gamma event was detected in each pixel. 
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(b) 

Fig. 7. System sensitivity as a function of the source 
location along (a) the axial direction and (b) the radial 
direction. 
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recoded coincidence counting rate and the source activity 
provided the system sensitivity as a function of the source 
location along the axial and radial directions, shown in 
Figs. 7(a) and (b), respectively. The difference in sensi-
tivity was also evaluated by applying three different 
energy windows, as summarized in Table 2. 

3.3 Pixel Identification  
Fig. 8 demonstrates the eight channel signals of the 6 × 

6 crystal array acquired from the gamma event arising in 
each crystal pixel. The schematic diagram of the pixel 
identification and image acquisition procedure is 
illustrated in Fig. 9. It indicates that all pixels were 
decoded well by the proposed position determination 
algorithm. 

4. Discussion and Conclusion 

In this study, a small-animal PET system using SiPM 
photo sensors was designed employing a many-to-one 
(crystal-to-SiPM) matched detector sub-module, and its 
performance was evaluated through Monte Carlo simula-
tions. The number of readout channels can be reduced in 
this design while system performance is maintained. In the 

results, all pixels of the 6 × 6 sub-module array were 
decoded well, and the spatial resolution and sensitivity of 
the PET system were estimated as 1.75 mm FWHM and 
4.6% (@ center of field of view, energy window 350 - 650 
keV), respectively.  

The performances of the proposed PET system and of 
commercially available small-animal PET systems are 
shown in Table 3.  
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