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1 Introduction

Positron emission tomography (PET) is a well-

established imaging modality in model biomedical 

research and clinical diagnosis. Small animal PET is 

one of the imaging modalities that offer considerable 

potential in animal models of human disease 

research and new drug and therapy development. 

The main barriers to using clinical PET scanners 

in studies of laboratory animals have traditionally 

been poor spatial resolution, poor signal-to-noise, 

cost and accessibility. Academic groups and industry 

have been addressing these issues for about two 

decades
[1-5]

, with the result that compact, lower-

cost laboratory animal PET scanners, with much 

improved spatial resolution and sensitivity have 
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Abstract Small animal positron emission tomography (PET) is a well-established imaging modality in 

preclinical biomedical research. But depth encoding detectors are required to simultaneously achieve high 

spatial resolution and high sensitivity for a small animal PET scanner. In this work, we evaluated several 

dual-ended readout detector modules using lutetium oxyorthosilicate (LSO) arrays with crystal sizes 

ranging from 0.70 mm to 0.44 mm, read out by either position-sensitive avalanche photodiodes (PSAPDs) 

or position-sensitive silicon photomultipliers (PS-SiPMs). A new type of PS-SiPM was developed recently 

resolution of dual-ended readout detector modules by using both PSAPDs and PS-SiPMs were measured. 

The PSAPD has much better SNR as compared with PS-SiPM. For the detectors using PSAPDs, crystals as 

small as 0.44 mm can be resolved and a DOI resolution as good as 1.4 mm was obtained. For the detectors 

using PS-SiPMs, 0.7 mm crystals can be resolved and a DOI resolution of 2.9 mm was obtained. Based on 

are better than those using PS-SiPMs. The SNR of the PS-SiPM would need to be improved to resolve 

even smaller crystals and the number of SiPM cells also need to be increased to reduce the saturation effect 

to improve the DOI resolution. The performance of the three dimensional depth encoding PET detectors 

using PSAPDs is much better because the SNR of PSAPD is much higher than PS-SiPM. In the future, high 

resolution depth encoding PET detectors will be developed by using both new PS-SiPMs and SiPM arrays. 
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become available. Presently, it is estimated that there 

are over 500 small animal PET scanners installed 

worldwide. PET is clearly an established modality 

for preclinical studies. 

Despite substantial advances in small-animal 

resolution and signal-to-noise ratio (SNR), remains 

well below what can be achieved theoretically. The 

reconstructed resolution of current commercial small-

animal PET systems typically falls in the 1-2 mm 

range. Volumetrically this translates to between 1 and 

8 µL. In most current small animal PET scanners, 

a compromise between sensitivity and spatial 

resolution has to make due to the depth of interaction 

(DOI) effect. Typically, much shorter crystals (about 

10 mm thick compared to 20-30 mm for a clinical 

scanner) are used for a small animal PET scanner
[6]

and the ring diameter is kept larger than needed, but 

still the spatial resolution degrades rapidly as you 

if advanced reconstruction algorithms that model the 

crystal penetration are used
[7]

. DOI effects are the 

single biggest limitation in improving the resolution/

sensitivity trade-off in small-animal PET. For this 

reason, much attention in recent years has focused 

on detector designs with depth-encoding ability. DOI 

encoding techniques include multi-layer detectors 

consisting of crystal layers with different scintillation 

light decay times
[8-11]

, with different reflector 

arrangements
[12,13]

, and using a position shift of half a 

crystal for different layers
[14]

, dual-ended readout of 

scintillator arrays
[15-18]

, measuring charge collection 

time differences at the cathode and the anode for 

semiconductor detectors
[19,20]

,  and measuring light 

distribution with a multi-channel photomultiplier 

tube (PMT) or  silicon photomultiplier array for 

a continuous crystal scintillator detector
[21,22]

.

Dedicated small animal PET scanners
[23]

 have 

now been developed that utilize some form of 

depth-encoding detectors. High resolution depth-

encoding detectors have the potential to allow a 

PET scanner to be built with a smaller ring diameter 

and/or using longer crystals while maintaining high 

spatial resolution. Smaller ring diameter means 

higher sensitivity, lower cost and a smaller photon 

noncollinearity effect. Longer crystals mean higher 

sensitivity. Thus solving the DOI problem is the key 

to the development of higher performance and lower 

cost small-animal PET scanners. 

The length of mice is about one tenth of a human. 

If one wants to obtain the same relative spatial 

resolution for mouse imaging as human imaging 

performed on a 5 mm resolution clinical whole 

body PET scanner, the required spatial resolution of 

~0.5 mm is much higher than that can be achieved 

with the currently dedicated small animal PET 

scanner (1-2 mm). Meanwhile high sensitivity is 

also required to obtain a good SNR of the image to 

reliably detect lower levels of radiotracer uptake and 

measure the temporal dynamics of physiological 

process, and to reduce the injected dose (mass) to 

animals. Achieving a spatial resolution ~0.5 mm for 

small animal PET is not only required, but also 

possible. With 
18

F, positron range and non-colinearity 

(10 cm diameter ring) contribute on the order of 

0.5 mm blurring to the reconstructed images
[24,25]

,

sugges t ing  tha t  r econs t ruc ted  r eso lu t ions 

approaching to 0.5 mm is possible. This has been 

approved by a few high resolution prototype small 

animal PET scanners which used fewer detectors or 

thinner crystal length, thus only achieved a lower 

sensitivity
[26,27]

. Development of depth encoding 



PET detectors that can provide high efficiency 

and high spatial resolution simultaneously is the 

key factor to improve the performance of small 

animal PET scanner. In this work, we evaluated 

several dual-ended readout depth encoding detector 

modules using lutetium oxyorthosilicate (LSO) 

arrays with very small crystal sizes ranging from 

0.44-0.70 mm, using both position-sensitive 

avalanche photodiodes (PSAPDs) and a newly 

developed position-sensitive silicon photomultiplier 

(PS-SiPM) for readout.

2 Material and methods

2.1 Lutetium oxyorthosilicate  array

The detail properties of four LSO arrays used in 

this work are shown in Table 1. The crystal sizes of 

LSO arrays are from 0.44 to 0.70 mm. The crystal 

surfaces of the one LSO array using enhanced 

over the entire visible spectrum, regardless of the 

angles of the incidence (3M, St. Paul, MN). The 

PET detectors. Only one ESR array consisting of 

unpolished crystal surfaces, 0.7 mm crystal size 

and 20 mm length was measured in this work since 

previous results showed that polished crystal surfaces 

resolution and the edge crystals in one direction 

when the crystals size is less than 0.7 mm
[28]

. For 

three arrays with difference crystal surface, crystal 

Industries Inc., Japan). A recent study showed that 

of the two, but instead demonstrates more complex 

[29]
. Toray reflector has lower 

reflectivity as compared to ESR. In addition to the 

LSO array with unpolished crystal surface, 0.7 mm 

crystal size and 20 mm length, one LSO array of 

0.44 mm crystal size with polished crystal surface 

and one LSO array of 0.5 mm crystal size with 10 mm 

length were made to improve light collection so as 

to unambiguously resolve the small crystal elements. 

packing fractions due to their low thickness.

2.2 Position-sensitive avalanche photodiode

The PSAPDs used in this work have a dimension of 

10 mm×10 mm and an active area of 8 mm×8 mm. 

The photography of a PSAPD is shown in Fig. 1. 

The PSAPDs were developed by Radiat ion 

Table 1 Detailed information of the four LSO arrays measured in this work 



5

0.3 mm 22Na source

20×20×0.6 mm3 LSO

Translation table

Photodetector 2

LSO array

Photodetector 1

Cooling box

Monitoring Devices Inc., USA
[30]

. The back face of 

the APD consists of a resistive layer with four small 

corner contacts (anodes) that can provide position 

information based on comparison of the signal 

measured at each anode corner. Thus the device 

produces four position-related signals that vary in a 

continuous manner for events across the surface of 

the APD.  PSAPDs have been used to develop PET 

detectors for more than 10 years and their SNR has 

been continuously improving. 

Fig. 1 Photographys of left position-sensitive

avalanche photodiode and right position-sensitive silicon

photomultiplier

2.3 Position-sensitive silicon photomultiplier

A new type of PS-SiPM as shown in Fig. 1 was also 

developed by Radiation Monitoring Devices Inc. 

The whole device has an active area of 10.6 mm×

10.1 mm and is separated into 19×18 pixels of 0.5 

within the same pixel are connected together and 

the different pixels are connected with a resistive 

network. This is different from Radiation Monitoring 

Devices Inc’s previous PS-SiPM devices, in which 

each microcell was connected to the resistive 

network
[31]

. The resistive network circuit used in 

this device is the same as the previous devices. The 

whole device is read out by four position-encoding 

energy signals, the same as a PSAPD. One advantage 

of the PS-SiPM is that its bias voltage is only ~ 30 V 

as compared to ~1800 V for PSAPD, also the gain is 

much higher. 

2.4 The measurements

Firstly, the SNR of both PSAPD and PS-SiPM 

was measured with the same method as described 

in reference
[32]

 at two different temperatures. The 

resolution and DOI resolution measurements is 

shown in Fig. 2. The LSO arrays were read out by 

placing a photodetector at each end. The dual-ended 

readout detector modules were placed in a black box 

which was cooled by sending cool air with an Air-

Jet Crystal Cooler (FTS System, Inc., Stone Ridge, 

NY) to ensure a stable operating temperature. The 

detector modules were measured in both singles 
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and coincidence modes. In singles modes the 

entire detector was uniformly radiated by a 0.3 mm 

22
Na source from one side. In coincidence mode, 

a specific depth of the detectors was selectively 

radiated by electric collimation using a 0.6 mm 

slab detector and the point source placed on a 

translational stage. The distances from the point 

source to both detectors are 5 cm. The radiation 

beam width on LSO arrays for the DOI resolution 

measurement is about 0.6 mm. For LSO array 1-3, 

five depths of 2, 6, 10, 14 and 18 mm from one 

photodetector were measured. For LSO array 4, the 

measurement was only performed by using PSAPD 

at 4 depths of 2, 4, 6 and 8 mm.

 The schematics of the electronics system for 

the coincidence measurement is shown in Fig. 3. 

Standard nuclear instrument module electronics were 

used. The timing signals from the readout boards 

of both photodetectors were amplified by a timing 

discriminator. The constant fraction discriminator 

produced a logic signal that can be used to coincide 

with the slab detector that was read out by a PMT. 

The timing signal of the PMT detector was also 

amplified by a timing filter amplifier firstly, then 

sent to a constant fraction discriminator, and 

delayed before being sent to the coincidence 

unit. The four energy signals from the readout 

board of each photodetector were amplified by a 

from the two photodetectors are passed to an 

eight channel data acquisition board, digitized 

and stored as l ist  mode data
[33]

.  For singles 

measurement, the PMT detector is disabled and 

the coincidence unit was bypassed.
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Fig. 3 Electronics schematic for coincidence measurement

2.5 Data analysis

The energy, flood histogram and DOI calculation 

method of both PSAPD and PS-SiPM are the same. 

E1 and E2 are the total energy measured by the two 

photodetectors respectively, and are calculated from 

the following equations:

  E1 A1 B1 C1 D1 E2 A2 B2 C2 D2 (1)

where A1, B1, C1, and D1 are the four position-

encoding energy signals from photodetector 1 and 

A2, B2, C2, and D2 are the four position-encoding 

energy signals of photodetector 2. For dual-ended 

readout, the total detected energy (E) was taken 

to be the sum of the energy measured by the two 

photodetectors:

                                 E E1 E2   (2)

 To analyze the data for each dual-ended readout 

detector either with PSAPD or PS-SiPM, first, a 



preliminary flood histogram was obtained from the 

list mode data measured in singles mode by using a 

detector-based lower energy threshold corresponding 

to 150 keV. The x and y coordinates of the flood 

histograms of the dual-ended readout detectors 

were calculated using the position-encoding energy 

signals of the two photodetectors and the following 

equations:

           x1 (B1 C1)/E1 y1 (C1 D1)/E1

          x2 (B2 C2)/E2      y2 (C2 D2)/E2 (3)

               x (x1 x2)/2 y (y1 y2)/2

 Second, from the preliminary flood histogram, a 

crystal look-up table was generated. Then crystal 

energy spectra for individual crystals in an array were 

obtained from the singles measurement data using 

the crystal look-up table. The photopeak amplitudes 

of individual crystals were obtained by Gaussian 

energy above 350 keV was obtained from the singles 

data for each array by using a crystal-based lower 

energy threshold of 350 keV. The spectra of the total 

energy of all individual crystals in an array were also 

obtained for the coincidence measurement data. The 

energy resolution was obtained by Gaussian fitting 

and the average value will be reported as the energy 

resolution of each detector module.

 The DOI information obtained from the dual-

ended readout detector was calculated by using the 

following formula:

       
(4)

  The histograms of DOI ratios at each of the 

five measurement depths were obtained for each 

individual crystal and all crystals in the array from 

the coincidence measurement data by using the 

crystal look-up table and a crystal-based lower 

energy threshold of 350 keV. Then full width at 

half maximum DOI resolution was calculated by 

Gaussian fitting of the DOI histograms. The full 

width at half maximum DOI resolution was then 

converted to mm by using a linear fit of the peak 

value of the DOI histograms of all crystals measured 

at 2 and 18 mm (8 mm for LSO array 4) and the 

known depth of irradiation. 

3 Results

3.1 Signal-to-noise ratio

The signal, noise and SNR of PSAPD and PS-SiPM 

measured at two temperatures are shown in Fig. 4. 

For both photodetectors, signal and noise increase 

with the changing of bias voltage so a wide range 

of bias voltage can be used for both photodetectors. 

The SNR increases as the temperature decreases for 

both detectors. The SNR of PSAPD is much higher 

than that of PS-SiPM. 

3.2 Detector performance

The flood histograms of all detector modules 

measured in singles mode are shown in Fig. 5. 

For all the flood histogram, energy resolution and 

DOI resolution results measured with PSAPDs and 

PS-SiPMs, the temperatures are 0  and 10

respectively. The DOI histograms of all crystals in an 

array measured in both singles mode and coincidence 

mode are shown in Fig. 6. The energy resolution 

and DOI resolution results are summarized in 

Table 2 and 3. The DOI resolution using “detector 

calibration” is from DOI histograms of all crystals as 

shown in Fig. 6. The DOI resolution using “crystal 

calibration” is obtained from the DOI histograms 
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of each individual crystal and Table 3 shows the 

average of all crystals. The DOI resolution with 

the crystal calibration is better than that of the 

detector calibration since there are some DOI ratio 

variations among crystals, especially among edge 

and central crystals. The radiation beam width 

of ~ 0.6 mm was not subtracted from all the DOI 

resolution results.
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Fig. 5 Flood histograms of all LSO arrays measured in singles mode by dual-ended readout with position-sensitive avalanche 

photodiodes and position-sensitive silicon photomultipliers

Array #4, PSAPDArray #3, PSAPDArray #2, PSAPDArray #1, PSAPD

Array #3, PS-SiPMArray #2, PS-SiPMArray #1, PS-SiPM
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Fig. 6 DOI histograms of the entire array dish line and several speci c depths of all crystals in an array (Array 1-3 were 

measured at 5 depths of 2, 6, 10, 14 and 18 mm from one photodetector. Array 4 was measured at 4 depths of 2, 4, 6 and 8 mm)

Table 2 Energy resolution (%) measurement results

 (1) Position-sensitive silicon photomultiplier vs. 

position-sensitive avalanche photodiode: PS-SiPM 

is the first of its type in the world and was made 

with a novel resistive network readout technology. 

Unfortunately, it has much lower SNR than PSAPD. 

The SNR of PS-SiPM at 10  is about four 

times worse than that of PSAPD at 0 . The flood 

histograms measured with PS-SiPMs are inferior 

compared to those measured with PSAPDs. The 

energy resolution measured with PS-SiPMs is also 

much worse than that of PSAPDs. There are only 121 

cells in each 0.5 mm×0.5 mm pixel for PS-SiPMs. 

The dynamic range for DOI ratio measured with 

PS-SiPMs (the results for array 1 and 3 are shown 

in Fig. 6) is therefore smaller due to the saturation 

effect. Combining lower SNR and saturation effect, 

the DOI resolution measured with PS-SiPMs is much 

worse than that measured with PSAPDs. Although 
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its performance is not as good as PSAPD, PS-SiPM 

is still able to resolve 0.7 mm crystals and provides 

a DOI resolution as high as 2.9 mm, which is good 

enough for many applications. However, for smaller 

crystals and better DOI resolution, PSAPDs provide 

superior performance.

ESR is specular reflector with higher reflectivity 

(using ESR), array 2 has a smaller dynamic range 

for the DOI ratio and worse DOI resolution. The 

flood histogram at center of array 2 appears better 

than array 1 when PS-SiPMs are used due to the 

better light collection.  From the flood histograms 

of array 2, two edge rows of the crystals at both 

top and bottom cannot be resolved no matter which 

1 is much better when PSAPDs are used. The energy 

LSO arrays with Toray reflector provided a better 

flood histogram and DOI resolution, but worse 

energy resolution. Energy resolution is less important 

for small animal PET scanners where the probability 

of object scattering events is lower.

(3) Polished vs. unpolished crystal surface for 

Toray arrays: It was shown in the previous work 

crystal surface, 20 mm long and with 0.5 mm 

crystal size, the edge crystals cannot be resolved 

since the light loss is too much
[34]

. LSO array 3 with 

with polished crystal surface to improve the light 

collection. The results showed that polishing crystal 

but reduces the dynamic range of the DOI ratio, 

thus degrading the DOI resolution. Although the 

arrays (data was not shown), all crystals of array 3 

can still be clearly resolved and a DOI resolution 

of 2.1 mm is obtained with PSAPDs. This detector 

can be used to build a small animal PET scanner to 

simultaneously achieve high spatial resolution and 

high sensitivity.

(4) 10 mm vs. 20 mm long crystals: As compared 

to 20 mm LSO array, the distance of light photons 

traveled before reaching the photodetectors is only 

half for the 10 mm LSO array. All crystals of LSO 

array 4 using Toray reflector, unpolished crystal 

surface and 10 mm crystal length can be clearly 

resolved. Since unpolished crystal surface was used, 

the DOI ratio change per mm of the array is much 

larger; it provided the best DOI resolution of 1.4 mm. 

Table 3 DOI resolution (mm) measurement results 

(The DOI resolution using “detector calibration” is from DOI histograms of all crystals. The DOI resolution using “crystal calibration” 

is obtained from the DOI histograms of each individual crystal and the results are the average of all crystals)
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But its efficiency is much lower than 20 mm long 

arrays.

4 Discussion and conclusion

High resolution and high sensitivity dual-ended 

readout depth-encoding detectors with crystal sizes 

ranging from 0.7 mm to 0.44 mm, and using both 

the newly developed PS-SiPMs and PSAPDs, were 

evaluated. Both photodetectors are compact and 

can provide very high resolution and continuous 

spatial information. They are good candidates to 

develop high resolution dual-ended readout depth-

encoding PET detectors. The new PS-SiPM has 

much lower SNR as compared to PSAPD, 0.7 mm 

crystals can be resolved and a DOI resolution of 

2.9 mm was obtained. The SNR of PS-SiPM needs 

to be improved to resolve even smaller crystals 

and improve detector energy resolution, and the 

number of SiPM cells also needs to be increased to 

reduce the saturation effect so as to improve the DOI 

resolution. For detectors using PSAPDs, crystals 

as small as 0.44 mm can be resolved and a DOI 

resolution as good as 1.4 mm was obtained. With 

present technology, PSAPD-based detectors remain 

the choice for achieving the highest spatial and DOI 

resolution, but PS-SiPM has advantages such as low 

bias voltage and high gain, it is will be a promising 

photodetector for PET application when the SNR is 

further improved. In the future, we plan to develop 

high resolution depth encoding PET detectors based 

on both new PS-SiPMs and SiPM arrays.

For dual-ended readout depth encoding PET 

detectors, the crystal surface and reflector need to 

histogram, energy resolution and DOI resolution. 

We had shown in our previous work that polished 

LSO array with ESR reflector cannot provide 

adequate DOI resolution since the DOI ratio of this 

array barely changes with depths
[28]

, so unpolished 

crystal surface had to be used for ESR arrays to 

obtain a good DOI resolution. But for ESR array, the 

crystals in one direction cannot be resolved when 

the crystal size is down to 0.7 mm (array 2). For 

LSO array using Toray reflector and with small 

crystal size (~0.5 mm), polished crystal surface can 

be used to improve the light collection. The results 

show that for a LSO array using Toray reflector, 

polished crystal surface, 20 mm crystal length and 

0.44 mm crystal size (array 3), all crystals can be 

clearly resolved and a DOI resolution of 2.1 mm 

was obtained. This was the smallest crystals that had 

been resolved for a dual-ended readout detector with 

20 mm crystals length. The light collection can also 

be improved by reducing the crystal length. For a 

surface, 10 crystal length and 0.5 mm crystal size, 

all crystals can be clearly resolved and the best DOI 

of this array is lower as compared to 20 mm array. 

Those detectors can be used to build small-animal 

PET scanners that simultaneously achieve high 

spatial resolution and high sensitivity.
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