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Abstract

Background: Small-animal positron emission tomography (PET) systems are
widely used in molecular imaging research and drug development. There is
also growing interest in organ-dedicated clinical PET systems. In these small-
diameter PET systems, the measurement of the depth-of-interaction (DOI) of
annihilation photons in scintillation crystals allows for the correction of paral-
lax error in PET system, leading to an improvement on the spatial resolution
uniformity. The DOI information is also useful for improving the timing resolu-
tion of PET system as it enables the correction of DOI-dependent time walk
in the arrival time difference measurement of annihilation photon pairs. The
dual-ended readout scheme is one of the most widely investigated DOI mea-
surement methods, which collects visible photons using a pair of photosensors
located at both ends of the scintillation crystal. Although the dual-ended readout
allows for simple and accurate DOI estimation, it requires twice the number of
photosensors compared to the single-ended readout scheme.

Purpose: To effectively reduce the number of photosensors in a dual-ended
readout scheme, we propose a novel PET detector configuration that employs
45° tilted and sparsely arranged silicon photomultipliers (SiPMs). In this config-
uration, the angle between the scintillation crystal and SiPM is 45°. Therefore,
and thus, the diagonal of the scintillation crystal matches one of the lateral sides
of the SiPM. Accordingly, it allows for the use of SiPM device larger than the
scintillation crystal, thereby improving light collection efficiency with a higher
fill factor and reducing SiPM quantity. In addition, all scintillation crystals can
achieve more uniform performance than other dual-ended readout methods
with a sparse SiPM arrangement because 50% of the scintillation crystal cross
section is commonly in contact with the SiPM.

Methods: To demonstrate the feasibility of our proposed concept, we imple-
mented a PET detector that employs a 4 x 4 LSO block with a single crystal
dimension of 3.03 x 3.03 x 20 mm?® and a 45° tilted SiPM array. The 45°
tilted SiPM array consists of 2 x 3 SiPM elements at the top (“Top SiPM")
and 3 x 2 SiPM elements at the bottom (“Bottom SiPM”). Each crystal ele-
ment of the 4 x 4 LSO block is optically coupled with each quarter section
of the Top SiPM and Bottom SiPM pair. To characterize the performance of
the PET detector, the energy, DOI, and timing resolution were measured for
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all 16 crystals. The energy data was obtained by summing all the charges
from the Top SiPMs and Bottom SiPMs, and the DOI resolution was mea-
sured by irradiating the side of the crystal block at five different depths (2,
6, 10, 14, and 18 mm). The timing was estimated by averaging the arrival
time of the annihilation photons measured at the Top SiPMs and Bottom
SiPMs (Method 1). The DOI-dependent time-walk effect was further corrected
by using DOI information and statistical variations in the trigger times at the
Top SiPMs and Bottom SiPMs (Method 2).

Results: The average DOl resolution of the proposed PET detector was 2.5 mm,
thereby resolving the DOI at five different depths, and the average energy res-
olution was 16% full width at half maximum (FWHM). When Methods 1 and 2
were applied, the coincidence timing resolutions were 448 and 411 ps FWHM,
respectively.

Conclusions: We expect that our novel low-cost PET detector design with 45°
tilted SiPMs and a dual-ended readout scheme would be a suitable solution for

KEYWORDS

1 | INTRODUCTION

Positron emission tomography (PET) is a useful tool for
the non-invasive visualization of metabolic processes
and molecular pathways in the living body.®> Small-
animal PET scanners are widely used in molecular
imaging research and novel drug development*=S In
addition, there is growing interest in imaging single
specific organs, such as the brain and breast, using
organ-dedicated PET scanners with high spatial resolu-
tion and sensitivity.”~'® Organ-dedicated PET scanners
are also useful in terms of footprint size and patient
throughput.

However, the small diameter of small-animal and
organ-dedicated PET scanners causes parallax errors,
thereby degrading the spatial resolution uniformity. Par-
allax errors can be overcome by locating the exact
interaction position of 511-keV annihilation photons
within the scintillation crystal, as known as the depth-
of-interaction (DOI) information.!* DOI information is
also useful for improving the timing resolution of PET
detectors by correcting the DOI-dependent time walk
that occurs during the arrival-time measurement of
incoming scintillation photons.'®>'® Therefore, various
DOI measurement methods based on single-ended
and dual-ended readout schemes have been inves-
tigated. The single-ended readout methods include
discrete DOI measurements, such as phoswich detec-
tor and multi-layer crystal design,'’ 2% and continu-
ous DOI measurements, such as modified reflector
design, light sharing method, and using monolithic
crystal 21-23

Thanks to the accurate DOI estimation and simplicity
in DOI calibration, the dual-ended readout method is one

constructing a high-resolution PET system with DOI encoding capability.

depth-of-interaction (DOI), dual-ended signal readout, high-resolution, positron emission tomogra-
phy (PET), silicon photomultiplier (SiPM)

of the most intensively investigated approaches2*3'

However, it requires twice as many photosensors
and electronics compared to other DOl measurement
methods'#32-35 based on a single-ended signal read-
out. Therefore, cost-effective PET detectors based on
sparsely arranged photosensor configurations have
been proposed to reduce detector manufacturing costs
for the dual-ended readout method 28-2°

In this study, we propose and validate a novel
PET detector configuration that utilizes 45° tilted and
sparsely arranged silicon photomultiplier (SiPM) ele-
ments, which is potentially useful for cost-effective
dual-ended signal readout (Figure 1a). In our proposed
method, the angle between the scintillation crystal and
SiPM is 45°. Therefore, 50% of the crystal cross-section
is commonly in contact with the photosensor, allow-
ing for uniform performance across all the scintillation
crystals. In comparison with the dichotomous offset
quadrant-sharing design (DO-QS) one of the pre-
vious dual-ended readout methods based on sparse
SiPM arrangement (Figure 1b), our method reduces
scintillation light loss by using larger photosensors
(Table 1). Although DO-QS can achieve uniform light
collection performance for each crystal, only 25% of
the crystal cross-section is in contact with the SiPMs
(Figure 1b). The dual-sided position-sensitive sparse
sensor (DS-PS3),2° which is another sparse SiPM con-
figuration for dual-ended readout (Figure 1c), features
higher sparsity than our 45° tilted method. However, our
proposed method has an advantage over DS-PS3 in
terms of light collection efficiency.

This paper is structured as follows. First, we introduce
the proposed detector configuration and front-end elec-
tronics in detail. Second, the detailed data acquisition
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FIGURE 1

Dual-ended readout schemes based on a sparse SiPM arrangement. (a) 45° tilted SiPMs (proposed method), (b) Dichotomous

Offset Quadrant-Sharing detector design (DO-QS),28 and (c) Dual-Sided Position-Sensitive Sparse-Sensor (DS-PS3) detector (Top SiPM and

Bottom SiPM are overlapped in the same position).2°
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FIGURE 2
(c) experimental setup on an in-house built printed circuit board.

TABLE 1 Comparison of various dual-ended readout schemes.
45°s tilted  DO-QS DS-PS3

# of crystal 2nx2n 2nx2n 15x 15

# of SiPM 2 +2n+1 2n +2n+1 4x4x2

Size of crystal (mm2) axa axa 1.917 x 1.917

\/Eaxx/ia axa 3x3

Size of SiPM (mm?)

setup and analysis method for evaluating the proposed
method are described. Last, the detector performances,
including the DOI, energy, and timing resolutions, are
provided and discussed.

2 | MATERIALS AND METHODS
2.1 | PET detector configuration

To demonstrate the feasibility of our method, we devel-
oped a PET detector using a 4 x 4 LSO block and

PET detector configuration with sparse SiPM arrangement: (a) 3D view, (b) 2D map of the Top SiPMs and Bottom SiPMs, and

45° tilted SiPM array, as shown in Figure 2. The 45°
tilted SiPM array consists of a 2 x 3 SiPM element at
the top (“Top SiPM”) and a 3 x 2 SiPM element at the
bottom (“Bottom SiPM”). Twelve single-channel SiPMs
(S14160-4050HS; Hamamatsu Photonics K. K., Japan)
were used for the Top SiPM and Bottom SiPM assem-
blies,and a 4 x 4 LSO block (Sichuan Tianle Photonics,
China) was used. The dimension of the single LSO crys-
tal element was 3.03 x 3.03 x 20 mm?3.Each LSO crystal
was coupled with quarters of the Top SiPM and Bot-
tom SiPM pair (one above and one below) via silicon
grease (BC-630; Saint-Gobain Crystals, France). The
diagonal length of each scintillation crystal surface at
the entrance side is the same as the pitch of SiPM. The
lateral sides of all 16 LSO crystals were roughened (500
grit) to enable DOI encoding, and the entrance sides of
all LSO crystals were polished to improve light collection
efficiency?®>3! All LSO crystals were optically isolated
using BaSO, diffusive reflectors to achieve better DOI
resolution.3®
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FIGURE 3 Schematic of front-end electronics.

2.2 | Front-end electronics

Figure 3 shows the schematic of front-end electron-
ics on an in-house built printed circuit board used in
this study. A bias voltage (V,;,s) was applied to each
SiPM via the cathode. Each SiPM anode signal was
divided into two branches after being amplified by a
non-inverting pre-amplifier. One branched signal was
amplified using a non-inverting amplifier to generate
an energy signal while the other branched signal was
passed through a first-order capacitive filter to enhance
the timing performance. The filtered signals were ampli-
fied using non-inverting amplifiers and subsequently
summed to generate time signals. The energy signals
of the Top SiPM and Bottom SiPM are labeled as T4, T,,
...,and Tg and B4, B,, ..., and Bg, respectively. The time
signals of the Top SiPM and Bottom SiPM are denoted
as Tg,m and B, respectively.

2.3 | Experimental setup

Figure 4 illustrates the experimental setup. For side-
on irradiation, we used a reference detector based on
a Hamamatsu R9800 photomultiplier tube (PMT) cou-
pled with a 1 x 13 x 20 mm? single LSO slab to
achieve electronic collimation with a 1.2-mm wide beam
irradiation.32 The proposed PET detector was placed on
a 1-axis linear translation stage and irradiated at var-
ious axial positions of 2, 6, 10, 14, and 18 mm from
the Top SiPM (Figure 4a) using a 22Na point source
(~5.11 uCi). For head-on irradiation, another reference
detector consisting of an R9800 PMT and 3 x 3 X
3 mm3 LSO crystal was used. Another °Na source
(~6.63 uCi) was placed between the reference and
proposed PET detectors. The single timing resolution
(STR) of the reference detector used for head-on irradi-
ation was 197 ps full width at half maximum (FWHM).

All measurements were performed in a thermostatic
chamber at 20°C.

Nuclear instrumentation modules (NIMs) were
employed for coincidence detection. The PMT anode
signal (Ref) and time signals of the Top SiPM and
Bottom SiPMs (Tg,m and Bg,,;) were duplicated using
a fan-in/fan-out NIM (N401; CAEN, Italy) and fed into a
NIM constant fraction discriminator (N843; CAEN, Italy)
to generate trigger signals. The trigger signals from the
proposed PET detector and reference detector were
fed into a NIM AND logic gate (N405, CAEN) and sub-
sequently connected to a fast-trigger port (TRO) as an
input for a 16+1 channel domino-ring sampler 4 (DRS4)-
based digitizer (DT5742B; CAEN, Italy) that has a 12-bit
analog-to-digital converter (ADC). The PMT anode sig-
nal, energy signals of the Top SiPM and Bottom SiPM,
and time signals were individually sampled by the DRS4
digitizer with a sampling rate of 5 Giga samples per
second (GSPS).

2.4 | Data analysis

Due to the dispersion of scintillation light, each SiPM
element within the 45° tilted SiPM array can detect
scintillation light not only from the directly coupled crys-
tals but also from other surrounding crystals. Therefore,
two valid energy signals must be carefully selected
from the 12 energy signals for each annihilation event.
The crystal identification procedure is as follows. First,
we integrated the charge of each energy signal of
the Top SiPM and Bottom SiPM with an integration
window of 120 ns. Second, the SiPM element with
the maximum integration charge among each of the
Top SiPM and Bottom SiPM was identified, which was
denoted as the “active Top SiPM” and “active bottom
SiPM, respectively. Last, the interacting crystal element
was looked up from the 16 combinations of the Active
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FIGURE 4 Experimental setup: (a) side-on irradiation and (b) head-on irradiation.
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FIGURE 5 lllustration for look-up-table. C, is each of the LSO
crystal elements in our detector (n = 1, 2, ..., 16). For example, if
Active Top SiPM and Active Bottom SiPM are T, and B, then the
interacted crystal is Cg.

Top SiPM and Active Bottom SiPM, as illustrated in
Figure 5.

The deposited energy of the proposed PET detec-
tor was calculated by summing all the integrated
charges of the Top SiPM and Bottom SiPM. The
energy resolution was calculated as a percentage
by dividing the FWHM value by the 511-keV pho-
topeak value from the deposited energy histogram.
We did not correct for SiPM saturation effects in this
study.

The DOI index was calculated as follows:

Cr—Cg

DOl index = m

(1)

where C; and Cg are the integrated charges on the
Top SiPM and Bottom SiPM, respectively. After fitting
the DOI spectrum using a Gaussian curve at each
depth position, the DOI resolution was calculated by
averaging the FWHM of each DOI index distribution.
The DOI indices were converted to the vertical posi-
tion in the scintillation crystal (see Figure 4a) according
to the linear relationships between the five irradiation
depths (mm) and peak positions in the DOI histogram
(DOl index) 3738

The arrival time was determined using two different
methods to correct the DOI-dependent time walk owing
to annihilation and optical photon travel within the scin-
tillation crystal.’”® In Method 1, the triggered time (also
called the timestamp, TS) of the proposed PET detector
was calculated by averaging the timestamps from the
Top SiPM and Bottom SiPM as follows:

TSt + TSg

)

where TSt and TSg are the timestamps of the Top SiPM
and Bottom SiPM, respectively.

In Method 2, the DOI-dependent time walk was
corrected as follows'®:

TSuet = Wr X(TST —trgr) + We X (TS —treg) (3)

where tr and t,pg are DOIl-dependent time off-
sets found from the relationship between the relative
timestamps and DOI index. The relative timestamps
are calculated by subtracting the reference times-
tamp (TSgef) from the TSt and TSg. Weighting factors
for SiPM’s trigger times (W7 and Wpg) are the nor-
malized inverse variance factors (i.e., Wr+ Wg= 1)
and obtained as follows. First, the corrected rela-
tive timestamps (t.o 7, and t.p,) are calculated at
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irradiation depth n mm (2, 6, 10, 14, 18 mm) as
follows:

tcorrT,n = TSIn - TSRef,n - trel7jn (4)
tcorrB,n = TSB,n - TSRef,n — lrelB,n

where all data was obtained from side-on irradiation.
Second, the variances of each depth, which are V7,
and Vp ,, were obtained by histogramming the corrected
relative timestamps, and then normalized inverse of
variances were calculated as follows:

1/V7jn
1/Vin+1/Ven

1/VB,n

1/Vin+1/Vgn

(5)

Last, the weighting factor was obtained by linear fitting

the normalized inverse of variances at each depth as a
function of the DOI index.

The coincidence timing resolution (CTR) of the pro-

posed PET detector was then calculated as follows:

NIV, = » NIV, =

2 2
CTRuetaet = V2 - [CTRZ,, . — STRZ,  (6)

where CTRyeprer is the measured CTR value between
the proposed PET detector and reference detector and
STR, is the STR of the reference detector. We used
only the coincidence events within the [350, 650] keV
energy window surrounding the 511 keV photopeak. All
timestamps were obtained by applying the digital con-
stant fraction discriminator (CFD) method that reduces
the time-walk effects. The trigger value, which is a con-
stant fraction of the peak height of the time signal, was
swept during CTR measurement to achieve optimal tim-
ing performance in our measurement setup. Inter-chip
measurement was conducted to eliminate the high-
frequency interference between adjacent DAQ channels
within the DRS4 chip.®°

3 | RESULTS

Figure 6 shows the DOI response for each crystal ele-
ment of the proposed PET detector. Figure 6a shows the
plots of the DOI indices, where each color represents
five different DOI positions (2, 6, 10, 14, and 18 mm).
All five DOI positions were well-resolved. The DOI res-
olution of the proposed detector was 2.2—-2.9 mm
depending on the crystal position (Figure 6b), and
the average DOI resolution was 2.5 mm. Because the
DOI resolution was measured by side-on irradiation as
shown in Figure 4a, beam width was narrower, and
more photopeak events occurred on the irradiation side,
where DOI resolution is better than the opposite side.
The energy histograms and resolutions of each crys-
tal element are shown in Figure 7. The average energy

MEDICAL PHYSICS——

resolution of the proposed PET detector was 16%
FWHM. The energy resolution of the center crystals was
better than that of the edge crystals due to the higher
light collection efficiency of the center crystals.

Figure 8a shows the photopeak values of the Top
SiPM and Boftom SiPM in each crystal. The differ-
ences between each side’s photopeak values indicate
the necessity of the weighted average of the triggered
times by considering the uncertainty of timing measure-
ment depending on signal amplitude. In the optimization
of the trigger value, the 7% and 5% amplitudes of the
time signal yielded the best CTR values for Methods 1
and 2, respectively (Figure 8b).

The CTR of the proposed PET detector is shown in
Figure 9. The average CTR was 448 ps FWHM using
Method 1 and 411 ps FWHM using Method 2.

4 | DISCUSSIONS

A PET detector based on dual-ended signal readout
provides continuous DOI information with excellent tim-
ing, energy, and DOI resolutions?*-3" Therefore, it has
been widely utilized in various high-resolution PET sys-
tems, particularly for small-animal and peripheral human
organ imaging.*®*3 However, the increased material
cost of the dual-ended signal readout scheme is a crit-
ical drawback since it requires twice the number of
photosensors and readout electronics. To address the
aforementioned issue, investigations on low-cost dual-
ended readout PET detectors have been conducted.
Zhang and Wong?® explored a low-cost PET detec-
tor design (DO-QS) that utilized approximately half the
number of SiPM elements relative to the number of scin-
tillation crystals. In this configuration, it is possible to
achieve uniform detector performance across the scintil-
lation crystals because 25% of the crystal cross-section
commonly touches the photosensors; however, a large
portion of the non-contacted cross-section may lead to
significant light loss. Additionally, the DO-QS method has
not yet demonstrated its performance via real exper-
iments. Another investigation for reducing the cost of
PET system?’ is the DS-PS3 detector, which collects
visible photons from a 15 x 15 array of 2-mm crystals
using only 16 SiPM elements. However, the high degree
of sparsity of the DS-PS3 detectors led to suboptimal
performance in terms of energy resolution and crystal
identification.

The PET detector proposed in this study has the
advantage of simplicity in crystal identification despite
the sparse SiPM arrangement because crystals can be
easily identified by searching for a pair of Active Top
SiPM and Active Bottom SiPM based on the look-up
table. Our proposed method shows the energy resolu-
tion of 16% FWHM with a standard deviation of 1.6%,
which is similar to DS-PS3 (16.6%) and DO-QS (16%,
simulation data). Compared to DS-PS3 (3.6 mm), better
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FIGURE 6 The DOI response of the proposed PET detector for each crystal. (a) DOI index at each DOI position, (b) DOI resolution.
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FIGURE 7

DOl resolution was obtained using our method, probably
due to the smaller SiPM sparsity. The timing resolution of
our detector was 411 ps FWHM using Method 2, but the
timing resolution of DS-PS3 and DO-QS is not available
in the literature.

The DOI information obtained using the proposed
detector improved the timing resolution from 448 ps
FWHM (Method 1) to 411 ps FWHM by correcting
the time walk due to annihilation and optical photon
travel within the scintillation crystal. In Method 1, the
timestamps of the Top SiPM and Bottom SiPM were

0 50 100

(a) The energy histogram and (b) the energy resolution of the proposed PET detector for each crystal.

averaged without using the measured DOI information.
This method compensates for the optical photon tran-
sit time but does not correct the DOI-dependent transit
time difference of annihilation photons.'® In contrast,
Method 2 improved the coincidence timing resolution
by approximately 40 ps. This is because this method
further compensates the DOI-dependent transit time dif-
ference of annihilation photons and considers the timing
measurement uncertainty determined by optical photon
statistics. The trigger value of CFD was also optimized
to yield better timing resolution.
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To look for the impact of our 45° tilted SiPM arrange-
ment, we compared our detector with several detector
configurations. Kang et al.?® explored the one-to-one
coupled PET detector based on single- and dual-ended
readouts with various crystal surface treatments. Among
the various detector configuration, the detector that fea-
tured similar crystal conditions achieved the best DOI
value (2.2 mm) with 10.6% (before correcting the SiPM
saturation effect) energy resolution and 291 ps CTR
value. The better energy and timing resolution of this
detector than our detector owed to simple one-to-one
coupling minimizing light collection loss and readout
electronics noise. Liu et al.*? tested with similar crystal
conditions to our condition for whole-body PET appli-
cation without using sparse SiPM configurations. The
DOl and energy resolution of this detector were 3.5 mm
and 10.2% while the timing resolution of this detector

was 180 ps with ultrafast NINO application-specific inte-
grated circuit (ASIC),** which is better than our detector
timing performance (411 ps). Even though the timing
resolution of our design is not enough for the time-of-
flight (TOF) PET application, our design provides great
DOI resolution and reasonable energy resolution for
an organ-dedicated PET system.*> For example, Kuang
et al.*® explored a dual-ended readout detector for a
brain PET scanner, yielding good DOI and energy reso-
lution (2.33 mm and 16.1%) and poor timing resolution
(1.6 ns). Also, the additional reflector or light guide on
the non-contacted cross-section of the crystal array can
reduce the light collection loss.

This study has some limitations. First, only a single
PET detector sample consisting of an LSO array was
tested to demonstrate the feasibility of the proposed
method. Further investigation using various types and
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sizes of scintillation crystals and SiPMs will increase
the reliability of the proposed method?®>*’ Second,
we did not measure the count rate performance since
our experimental setup based on the DRS4 digitizer
was unsuitable for evaluating the count rate perfor-
mance. The count rate performance of the proposed
method is expected to be worse than that of other
PET detectors based on the one-to-one coupling of
crystals and SiPMs but better than that of other light-
sharing detectors. Third, the timing resolution obtained
with our method is poor compared to state-of-the-art
clinical PET detectors without DOl measurement capa-
bility, mainly due to light collection loss. All polished
crystals can improve timing performance; however, they
can degrade DOI performance2® Fourth, in our detec-
tor design, photodetectors extend beyond crystals. This
will widen the spacing between the detectors when con-
structing detector rings. However, for clinical-scale PET
systems employing larger detectors with more crys-
tal and SiPM elements, the extended spacing may not
be significant compared to the detector size. Last, the
validity of the proposed method was evaluated at the
detector level, and not at the PET system level.

5 | CONCLUSIONS

In this study, we proposed a novel cost-effective PET
detector using sparsely arranged SiPMs tilted by 45°.
Our novel PET detector design will be useful for
the development of cost-effective high-resolution PET
systems.
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