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Abstract

Aims: In this work, we evaluated the performance of three
pitches positron emission tomography (PET) detectors for
building a high-resolution small-animal PET imaging exper-
imental platform.

Methods: The evaluation of PET detectors includes two-
dimensional crystal identification, energy resolution, and
crystal look-up table. The nuclear instrumentation module
and PXI data acquisition (DAQ) system were both used
to obtain flood images. The energy spectrum of the Na-
22 source was measured. PET detectors of 2.0 and 1.6
mm pitches used in our present experiment were com-
posed of lutetium yttrium oxyorthosilicate (LYSO) crystals
directly coupled to position-sensitive photomultiplier tubes
(PSPMTs). The 1.3-mm pitch detector comprises a LYSO
crystal, a tapered light-guide, and a PSPMT. The crystal sizes
of the detectors were a 10 x 10 array of 2.0 x 2.0 x 10 mm?
crystals, a 10 x 10 array of 1.6 x 1.6 x 10 mm?> crystals, and
an 18 x 18 array of 1.3 x 1.3 x 10 mm? crystals, respectively.
Due to the lower sampling frequency of the DAQ system, a
spline interpolation algorithm was introduced in the signal
waveform to reconstruct the peak values.

Results: The experimental results indicated that all three
PET detector crystals could be clearly identified. A detailed
analysis demonstrated that the key characteristic full width at
half maximum (FWHM) values of the crystals profile could
reach 0.46 + 0.03, 0.32 4 0.03, and 0.21 £ 0.02 mm, while
the crystal average energy resolutions were 16.8% + 1.76%,
20.1% =+ 2.24%, and 31.5% = 3.76%, which correspond to
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pitches of 2.0-, 1.6-, and 1.3-mm, respectively.
Conclusions: The PET detector modules of LYSO crys-
tal arrays could be potentially used in the small-animal
PET imaging applications and are promising to achieve sub-
millimeter PET images.

Keywords PET detector - Flood image - Crystal look-up
table

Introduction

Since the onset of the twenty-first century, imaging tech-
niques in nuclear medicine has been developed significantly
and widely used in medical clinical diagnosis: single photon
emission computed tomography (SPECT), positron emission
tomography computed tomography (PET-CT), and PET-
magnetic resonance imaging (PET-MRI) [1]. The principle
of PET entails using a machine to detect pairs of gamma
rays emitted indirectly by a positron-emitting radionuclide,
which is introduced into a live subject on a biologically
active molecule. The three-dimensional (3D) images are
then reconstructed by certain algorithms. PET overcomes the
shortcomings of planar imaging and is considered as a mile-
stone in the history of nuclear medicine [2].

Most of the detector materials used in PET have been
scintillators. The ideal scintillator should have the follow-
ing advantages: high density, high effective atomic number,
high light yield, short light decay time, and good energy res-
olution, etc. Many kinds of scintillation crystals have been
used in PET detectors, including thallium doped with sodium
iodide (Nal(T1)), bismuth germanate (BGO), gadolinium
oxyorthosilicate (GSO), lutetium oxyorthosilicate (LSO),
lutetium—yttrium oxyorthosilicate (LYSO), and lanthanum
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Fig. 1 a 1.3-mm pitch LYSO crystal array, b an assembled 1.3-mm pitch PET detector, ¢ cross-sectional view of the 1.3-mm pitch detector 18 x
18 crystal array coupled to the 14 x 14 element tapered light-guide, d readout circuits of R§900-C12 PSPMTs

bromide (LaBr3) [3-6]. Among these scintillators, LYSO has
been the first choice in state-of-the-art PET detector design,
especially in TOF-PET imaging applications.

In this paper, we characterized three LYSO detectors,
which will be used to build a high-resolution small-animal
PET. The detail evaluation of the performance of LYSO
detectors includes 2D crystal identification, energy resolu-
tion, and crystal look-up table.

Experimental setup
Modular construction of the PET detector

Three kinds of LYSO crystals were used. The size of the
crystal elements are 2.0 x 2.0 x 10, 1.6 x 1.6 x 10, and 1.3
x 1.3 x 10 mm?>. The 2.0- and 1.6-mm pitch crystal arrays
were 10 x 10, and the 1.3-mm pitch crystal arrays were 18
x 18. Each side of the LYSO crystals were polished, and
the front and side surfaces were wrapped in white Teflon
[7]. The PET detectors modular of 2.0- and 1.6-mm pitch
were directly coupled to position-sensitive photomultiplier
tubes (PSPMT, Hamamatsu R8900-C12). The 1.3-mm pitch
detector 18 x 18 crystal array was coupled to a 14 x 14
element tapered light-guide, shown in Fig. 1.

The R8900-C12 PSPMT has a large detection area of 23.5
x 23.5 mm?2. However, the PSPMT side is a concave arc, and
the linear position response area for the incident photon is
only 21.5 x 21.5 mm? [8]. This indicates that the photons
generated in the edge crystals in the 1.3-mm-pitch detector
could not be processed by the PSPMT dynodes.

A 14 x 14 tapered light-guide was designed to deliver the
photons from 18 x 18 LYSO crystals into the PSPMT [9, 10].
The top entrance size of the light-guide remains the same with
the scintillator array crystal area (23.5 x 23.5 mm?). The exit
size of the light-guide was 20.7 x 20.7 mm?, the length was
10.5 mm and the reflectors was 0.1 mm BaSO4. This design
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enables all 18 x 18 scintillator array crystal to be read out
on effective detection area photocathode of the PSPMT.

The light-guide features 9:4 (3 x 3:2 x 2) multiplexed
coupling of the center 144 (12 x 12) scintillator array ele-
ments to corresponding light-guide elements, and features
1:1 (1 x 1:1 x 1) multiplexed coupling of the three lines
edge 180 scintillator array elements to corresponding light-
guide elements. The pitch of light-guide center element size
exit (12 x 12) was 1.35 mm, the edge of one line was 1.5
mm. In order to prevent the incidence photon of the edge of
crystals back into the scintillator element [11], we designed
a vertically edge with 2 mm length. The cross-sectional view
of the 1.3-mm pitch detector 18 x 18 scintillator array cou-
pled to the 14 x 14 element tapered light-guide is shown in
Fig. lc.

These R§8900-C12 PSPMTs have many advantages, includ-
ing high spatial resolution and output signals with location
information. The 12 channels cross anodes (6 in the X direc-
tion and 6 in the Y direction) make them suitable for imaging
applications. The PET detector comprised LY SO crystals and
PSPMT coupled by silica gel and a readout circuit module
to detect the gamma photons. The six channels of analog
signals along the X and the Y directions were encoded into
four analog signals A, B, C, and D by resistance-weighted
circuits. The readout circuits of current PET detector mod-
ule remains the same with the readout circuits of MicroPET
F-220, which uses the Hamamatsu R5900-C12 PSPMTs, as
shown in Fig. 1d.

In the experiment, we used a == 5 V low-voltage source for
the preamplifier board and a — 750 V high-voltage for the
PSPMT. Each PET module processes four channel signals
for crystal identification: A, B, C, and D. The position and
energy of the incident gamma photons can be calculated by
the equations as follow.

A
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Fig. 2 Block diagram of the data acquisition system used to characterize detector response

C
Y = —, )
(C+ D)
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E=A+B+C+D. 3)

Data acquisition system

The PXI data acquisition (DAQ) system that we chose has
several advantages, including a large data throughput rate, a
variety of triggers, and multiple signal synchronous acqui-
sition ability. Figure 2 shows a block diagram of the data
acquisition system used to characterize detector response. In
the experiment, the four channel signal outputs were deliv-
ered into a CAEN N568E low-noise spectroscopy amplifier
and divided into two groups. One group of signals was digi-
tized by an ART PXI8501 synchronous acquisition card. The
other group of fast signals went through a nuclear instru-
mentation module (NIM) crate to generate a trigger logic
signal. The electronics chain included linear fan-in/fan-out
(Phillips Electronics 744), constant fraction discrimination
(ORTEC 935), and gate delay generation (Phillips Electron-
ics 794).

The four channel-triggered signals were sampled by using
the PXI and displayed online by using the NI LabVIEW
software program. Several signal processing functions were
used, including baseline restoration, signal resampling and
filtering, and peak value detection. The sampling rate of the
analog-to-digital converter was 1 MHz for each channel. We
selected the rising edge trigger mode, and 30 samples were
recorded for one signal waveform. The first four samples
were used to average the baseline offset. Each channel has
a different baseline offset, which could lead to the wrong
signal peak value and cause an incorrect position calcula-
tion for the gamma rays. We resampled the recorded signal
waveforms with a spline interpolation algorithm fitting at
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Fig. 3 Spline interpolation algorithm fitting of the PET detector mod-
ule signal waveform

each moment to obtain the peak value, as shown in Fig. 3.
Finally, a two-dimensional (2-D) position map of the LYSO
crystal was displayed online according to the X and Y val-
ues calculated from the four signals of the PSPMT detector
module.

Results and discussion
Two-dimensional flood image

When an event triggered, the digitized A, B, C, and D peak
values are recorded in PXI ADQ system. The (X,Y’) position
of the event is then calculated by using the position equations.
The (X,Y) value is used as an address to retrieve the region
number of the pixels. The coordinates of each scintillation
event are then transformed into a 256 x 256 matrix to obtain
a 2-D position map, called the flood image. Figure 4 shows
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Fig. 4 Crystal identification of the PET detector module by using 2.0-
mm-pitch crystals

a crystal identification map of the PET detector module by
using 2.0-mm-pitch LYSO crystals.

The flood image of the PET detector reflects the response
of the LYSO scintillation crystal array to the gamma photons.
When evaluating the performance of PET detectors, the first
requirement is that the flood images of the crystals should be
independently identified. The PET detector’s flood images
for the three different pitches are shown in Fig. 5.

Figure 5a, b indicate that the PET detector’s flood images
for the 2.0 and 1.6 mm pitches clearly reflect the 10 x 10

independent crystal array and the good crystal division. For
the PET detector with the 1.3 mm pitch, as shown in Fig. Sc,
the flood image could show 18 x 18 independent crystals,
but was in poor quality. In order to improve the flood image
quality of the 1.3-mm pitch detector, we would take into
considerations from the following aspects. We will correct
the non-uniform of crystal element response, use the high-
speed uTCA DAQ system to record signal waveforms. The
sampling frequency of the upcoming uTCA DAQ system is in
two orders of magnitude compared with PXI. And the light-
guide will be optimized in many ways, such as the materials,
length, segmentation area and pixel size of the exit face. We
will also measure the direct coupling of 1.3-mm pitch LYSO
detector with PSPMT.

Horizontal profile of the crystals

Crystal identification is one of the most important parame-
ters for evaluate the performance of a PET detector in nuclear
medicine imaging [12—-14]. By acquiring flood images from
the PET detector with all three pitches, we can create a hori-
zontal profile of the crystals. In the experiment, we projected
the data from a row in the crystal array onto the X —axis to
collect statistics and performed a Gaussian fitting, as shown
in Fig. 6.

Fig. 5 PET detector’s flood image for crystals with pitches of a 2.0 mm, b 1.6 mm, and ¢ 1.3 mm
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Fig. 6 PET detector’s profile for crystals with pitches of a 2.0 mm, b 1.6 mm, and ¢ 1.3 mm
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Table 1 FWHM for all three pitches

Table 2 Energy resolution of the crystals for all three pitches

Pitch (mm) Average (mm) Worst (mm) Best (mm) Pitch (mm) Average (%) Worst (%) Best (%)
2.0 0.46 £ 0.03 0.61 0.24 2.0 16.8 £ 1.76 19.9 9.8
1.6 0.32 £ 0.03 0.50 0.17 1.6 20.1 £2.24 28.6 12.3
1.3 0.21 £0.02 0.41 0.11 1.3 31.5+3.76 40.8 16.5

From Fig. 6, we can see that the identification of the crys-
tals was good for all three pitches. We calculated the average
full width at half maximum (FWHM) of each crystal’s pro-
file, and FWHM of the crystals were 0.46 4+ 0.03, 0.32 +
0.03, and 0.21 4 0.02 mm for the 2.0, 1.6, 1.3 mm pitches,
respectively. The best FWHM values were 0.24, 0.17, and
0.11 mm, while the worst were 0.61, 0.50, and 0.41 mm, as
listed in Table 1.

Energy resolution

To verify the PET detector response performance to the
gamma photon energy, the energy spectrum of a 0.37 MBq
Na-22 point source was measured for all three types of
pitches. In this experiment, we recorded the energy spec-
trum and performed a Gaussian fitting of the crystal center
and the crystal edge for the three different pitches. The ratio

of the FWHM and the peak position reflects the energy reso-
lution of the detector [15]. As shown in Fig. 7, for the energy
spectrum at the center of the crystals with 2.0 and 1.6 mm
pitches, both the 511 keV peak and the 1.275 MeV peak could
be clearly identified (Fig. 7a, b). For the energy spectrum at
the edge of the crystals with 2.0 and 1.6 mm pitches, Fig. 7d,
e shows only the 511 keV peak, and the 1.275 MeV peak
was not very clear. The smallest crystal pitch was 1.3 mm; as
shown in Fig. 7c, f, only the 511 keV peak could be clearly
seen for the center and edge of the crystals.

We calculated the energy resolution of all three types of
PET modules for 511 keV peaks. The average energy reso-
lutions were 16.8 + 1.76, 20.1 & 2.24, and 31.5 + 3.76%
for the 2.0-, 1.6-, and 1.3-mm-pitch LYSO crystals, respec-
tively. The best energy resolutions that the three pitches could
achieve were 9.8, 12.3, and 16.5% and the worst energy res-
olutions were 19.9, 28.6 and 40.8%, as listed in Table 2.
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Fig. 7 Energy spectrum at the crystal center for crystals with pitches of a 2.0 mm, b 1.6 mm, and ¢ 1.3 mm. Edge energy spectrum for crystals

with pitches of d 2.0 mm, e 1.6 mm, and f 1.3 mm
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Fig. 8 Crystal look-up tables for crystals with pitches of a 2.0 mm, b 1.6 mm, and ¢ 1.3 mm

Crystal look-up table

The crystal look-up table has a direct impact on imaging qual-
ity [16—18]. Currently, there are many kinds of crystal seg-
mentation methods, such as watershed algorithms, Fourier-
transform-based segmentation and segmentation algorithms
based on data clustering. These methods entail direct process-
ing of the position spectra obtained from the 2-D coordinate
position of incident gamma events. To follow up the imaging
of small-animal subjects, we used the crystal array look-up
table and assigned a number for each pitch of the PET detec-
tor with the watershed algorithm, as shown in Fig. 8.

The characterizations of three LYSO PET detector mod-
ules with 2.0, 1.6 and 1.3mm pitches demonstrate that the
tested LYSO crystal array detectors could be used in the
small-animal PET imaging applications. In particular, for the
1.3-mm pitch LYSO detector, one could potentially achieve
sub-millimeter small-animal PET image. Although we have
optimized the light-guide design for the 1.3 mm pitch LYSO
detector, and the 18 x 18 crystal elements were indepen-
dently identified, the detector quality still need be improved
to produce high quality PET images using this detector.

Conclusion

A prototype PET imaging experiment platform was devel-
oped and tested at laboratory; it comprised PET modules with
LYSO crystals, light-guide and PSPMTs, NIM electronics,
and a PXI DAQ system. We have measured the performance
of three PET detectors (with 2.0, 1.6, and 1.3 mm LYSO
crystals) using this setup with 1 MHz sampling frequency.
Experimental results show that the flood image of 2.0 and
1.6 mm crystals with 10 x 10 arrays could be distinguished
independently, which were directly coupled to Hamamatsu
R8900-C12 PSPMT. For the 1.3-mm-pitch crystal with an
18 x 18 array, we used a tapered light-guide to obtain the
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flood image. Results show that the light-guide design can
clearly reflect the 18 x 18 independent crystal array. How-
ever, further optimization of the 1.3-mm pitch detector was
still needed for high-resolution system design. The FWHM
values of the crystal horizontal profile can reach 0.46 £ 0.03,
0.32 & 0.03, and 0.21 £ 0.02 mm for the 2.0-, 1.6-, and
1.3-mm-pitch LYSO crystals, respectively, while the aver-
age energy resolution can reach 16.8 £ 1.76, 20.1 £ 2.24,
and 31.5 £ 3.76%. We got the crystal look-up table with the
watershed algorithm. The PET detector modules of the 2.0,
1.6 and 1.3 mm LYSO crystal arrays could be potentially
used in the small-animal PET imaging applications, and are
promising to achieve sub-millimeter PET images.
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