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Abstract

Conventional preclinical positron emission tomography (PET) scanners consist of arrays of
discrete scintillators and photosensors. We presented and evaluated a preclinical PET detector
constructed with a single-piece monolithic scintillator ring (MSR) and two rings of silicon
photomultipliers, which is different from any PET systems that have been constructed. The
scintillator ring has an outer diameter of 58.5 mm, an inner diameter of 48.5 mm and a length of
25.12 mm. The two SiPM rings, constructed with 46 SiPMs, were air-coupled to the two ends of
the MSR. The experimental results show energy resolution of 10.7% @ 511keV for a 22Na point
source placed outside of the MSR. The center of gravity and artificial neural network methods
were used to decode the positions of the gamma interactions in both circumferential (6) and axial
() directions. A hot-rod Derenzo phantom filled with 18F-FDG was used to evaluate the image
quality of the MSR PET detector. The energy resolution of the phantom experiment was 12.3% for
the peak of single events, and 11.4% for the peak of coincidence events. The average intrinsic full
width half maximums (FWHMSs) and mean absolute errors (MAESs) of the position of gamma
photons were 0.94 mm and 0.33 mm in the circumferential direction, 2.45 mm and 1.08 mm in the
axial direction. For the hot-rod phantom imaging studies, rods with a diameter of as low as 1.2 mm
can be resolved. The circumferential parallax caused by “photon interference” was investigated.
The average positioning error in the 6 direction was less than 0.37 mm when A6 of two events was
bigger than 70°. Experimental results show excellent energy resolution, decoding accuracy and
image quality. It is concluded that the MSR approach may be an effective and feasible way to
construct preclinical PET scanners.
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Introduction

Positron Emission Tomography (PET) became commercially available 40 years ago with
successful applications in oncology, cardiology and neurology (Hoh 2007; Ohira et a/2013;
Portnow et a/2013; Singhal 2012). With the increased use of mouse models for biomedical
research, preclinical small-animal PET has become a well-established modality in
preclinical investigations in pharmacology, genetics and pathology (Hoh 2007; Ohira et a/
2013; Portnow et a/ 2013; Singhal 2012). The limiting factor in the performance of current
preclinical PET scanners is demonstrably the performance of the gamma detector (Berg &
Cherry 2018). The assembly accuracy of the detectors has a significant impact on
reconstruction imaging of the PET scanner. Conventional preclinical PET detector modules
consist of an array of discrete scintillators and photosensors (Hsu et a/ 2018; Xie et al 2017,
Yang et a/2016).

The performance of the detector module determines the imaging quality of the scanner in
terms of discrete crystal decoding (Moses 2011), depth of interaction (DOI) decoding
(Bieniosek et al 2016), energy resolution, and intrinsic efficiency. Many factors may affect
the performance of detector modules, including the properties of the scintillator crystals, the
optical properties of the light guides and coupling materials, the surface treatment of the
scintillator crystals and light guides, the optical reflectance properties of the reflectors, the
pattern and depth of the slots in the light guide (for PMT-based block detectors) and the
performance of the photodetectors.

For the discrete scintillator detector, size reduction of the discrete crystals can help improve
the positioning accuracy of 511KeV gamma photons (Moses 2011; Moese & Derenzo 1993).
However, this strategy also causes the lower filling factor of the crystal array, which in turn
lowers the sensitivity and the energy resolution. In detector modules for sub-millimeter
preclinical PET imaging, the thickness of the reflector is a critical factor limiting the
detector module’s filling factor (Song et a/2008). For example, the high-resolution PET
scanner constructed with sub-millimeter scintillator crystals is constructed with detectors
that use crystals 0.8 mm x 0.8 mm in size and that have 0.1 mm-thick reflectors. The filling
factor of the detector is lower than 79%, and the resulting efficiency is lower. The energy
resolution of the detectors also decreases significantly when a crystal is smaller than 1 mm.
Moreover, the assembly accuracy of the discrete scintillator arrays in conventional
architecture is also an issue that can deteriorate the performance of PET. Therefore, the
conventional architecture of PET based on discrete scintillator arrays is a fundamental
technical obstacle preventing preclinical PET systems from achieving better performance
and being applied to preclinical research (Britt ef a/2018; Santangelo et a/ 2015; Shi et al
2018).
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There are always tradeoffs among positioning accuracy, energy resolution and efficiency in
the conventional architecture used for discrete scintillator arrays. Monolithic scintillator
blocks can achieve much higher efficiency and provide better energy resolution (Aguilar et
al 2016; Mikhaylova et a/ 2017; Zhang et a/2017). Nonetheless, the decoding accuracy of
monolithic scintillator blocks is limited by the edge effects (Cabello et a/2015). Some
special and similar detector structures have been proposed to improve decoding accuracy.
The curve-plate Nal (TI) detector was presented to achieve high performance of a whole-
body PET scanner (Adam et a/2001). The long and axially oriented scintillator crystals were
shown by the AX-PET demonstrator as a possible solution for a high resolution and high
efficiency PET detector (Casella ef a/2013). In this paper, we presented a monolithic
scintillator ring (MSR) detector consisting of a single continuous ring that with no edges
around it. The MSR PET detector is able to achieve a 100% fill factor (not including the
photosensors and readout electronics), with potential outstanding decoding accuracy and
excellent energy resolution. On top of this, innovative methods were established to read out
the distribution of the scintillating photons. Then, innovative signal processing methods
were developed to decode the single event interactions positioned in the MSR. A
prototypical MSR PET detector was constructed and the design and performance evaluation
of the MSR scanner regarding its energy resolution and decoding accuracy in detail were
conducted.

Although the scope of this paper focuses on design and fabrication of the monolithic
detector ring, and the readout method and the performance of the detector in terms of energy
resolution and decoding performance in both 6 and z directions, we have also performed an
initial imaging experiment on a Derenzo phantom to demonstrate the feasibility of imaging
with a single MSR detector. However, this paper does not include the comprehensive
assessment of the imaging performance of the MSR imager constructed using one or
multiple MSR detectors in term of spatial resolution, count rate, sensitivity and etc.

Methods

2.1 MSR PET detector/scanner

The prototypical MSR scanner is composed of a single piece of the monolithic lutetium-
yttrium oxyorthosilicate (LY SO) crystal in a ring (provided by Suzhou Jtcrystal, JTC),
which is used to stop gamma rays emitted from the object which has been injected with
radiotracers. The positions of the gamma interactions in a MSR will be localized accurately
using the distribution of the scintillating photons on the surfaces of the MSR detector (Fig.
1a). The positioning accuracy of gamma photons directly determines the quality of the
reconstructed image. Two reflectors (Enhanced Specular Reflectors, ESR) were attached to
the inner and outer cylindrical surface of a polished MSR. Two silicon photomultipliers
(SiPM) rings, constructed with 46 SiPMs, were air-coupled to the two sides of the MSR.
Fig. 1b shows the assembled MSR PET scanner, the MSR and the SiPM array ring.

We established a way of cutting a hollow cylindrical ring (with the inner diameter of
48.5mm, the outer diameter of 58.5mm, the thickness of 5 mm and the length of 25.1 mm)
from a LY SO boule by using two customized core drills with different diameters. The 46
SiPMs were evenly distributed on a ring-shaped SiPM array, with the angle and pitch
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between the SiPMs being 7.83°, and 3.7 mm measured from center to center. The SiPMs
(MicroFJ-30035-TSV, SensL) had a 3 mm x 3 mm active area with a 3.16 mm pitch and
5,601 microcells of 35 x 35 um?2. The two SiPM arrays were connected to a high-
performance custom-designed electronic module via two 100 mm FPC cables. The
electronic module read out all 92 SiPM channels in parallel and transmitted the single event
data to a host PC via a USB 2.0 cable (Zhao et a/2018; Zhao et al 2017).

2.2 Circumferential collimation

The gamma photons will be localized by separately calculating their circumferential (6) and
axial (Z) directions for the MSR scanner. Experiments were performed to measure the
decoding accuracy of the MSR detector in both 6 and Z directions.

The 6 coordinate is the angle of the interaction position relative to the coordinate axis
(6=0°). A 20 mm thick tungsten collimator with a 0.5 mm slit and a 22Na point source (100
UCi, the active area: 0.25 mm in diameter) was used to assess the decoding accuracy of the
prototypical MSR detector in the 6 direction. The source was mounted on the slit of the
collimator and the MSR detector was fixed tightly to the center on the rotation platform with
a rotation accuracy of 0.05°/10°. The collimator was set up with its slit on the same plane as
the common axis of the MSR detector and the rotation platform. In the first experiment, the
rotation platform rotated the MSR detector at 10° per step from — 90° to 90° (Fig. 2). In the
second experiment, the rotation platform rotated the MSR detector at 1° per step for 37 steps
(from —18° to 18°). At each position, when a single event was triggered, energy signals from
all 92 SiPMs were measured and transmitted to the host PC. All the detector setups were
placed in a dark chamber. The single event data of thirty seconds was recorded in each
position.

The total energy of the single events was calculated by summing the energy signals from all
the SiPMs. A 450-650 keV energy window was applied. Nine SiPM signals around the
SiPM with the maximum signal were used to calculate the position of gamma interactions in
the 6 direction by the center of gravity (COG) method. The positions calculated from the
side-A and side-B rings of the SiPMs were averaged to derive the positions (P) of the 6
direction gamma interactions, thus:

P=(P,+Pp)/2 (1)

Where P4 and Pgin the position measured from the side-A and side-B SiPM rings

respectively. Note that the variance in the positions measurements in the © direction has two

2 o , Is the variance introduced by the non-ideal collimator with a

components: >, and 62, .6
col int'” co

0.5 mm slit. afm is the intrinsic variance of the MSR detector and the COG method. Thus,
the intrinsic variance ("izm) also has two components: ofm _4and "izm _ g Itisreasonable to

assume that a?m_ 4 and al?m _ g are independent of each other. Therefore, the intrinsic

variance of the MSR detector and the COG method can be expressed as:
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or = Var(P,) = Var ((P,~Pg)2) (2)

2.3 Circumferential parallax

As shown in Fig. 3a, when two 511 KeV gamma photons were detected by the MSR PET
detector at the same time, the light distribution of the two events (A and B, the blue curve)
would interfere with each other. When there was no interference, the calculated interaction
positions of the two events were 61 and 6,. However, due to the interference, the actual
calculated position would be biased (81’ and 65, the red curve), which might cause parallax.
Therefore, the collimated data with the step of 10° at the © direction was used to investigate
the interference of circumferential parallax. As shown in Fig. 3b, the actual line of response
(LOR) was generated by connecting the average position of the interactions calculated
separately. Then, the energy signals at — 90° were added to the other collimation angles

(- 80° to 90°) to obtain 18 sets of energy distributions of the coincidence events, which were
used to calculate the measured LORs. The MAE and FWHM of the interaction positions of
single events and coincidence events were calculated respectively. The MAE is defined as
the mean of the absolute value of the positioning error:

N 19.—0
MAE:—Z’:IIL’ | (3)

where N is the total number of valid single events; 6; is the calculated position; © is the
known calibration position.

2.4 Axial collimation

At the axial direction, the Z coordinate is the distance from the interaction position to the
side-A (Z=0). The displacement platform moved the MSR detector up at 1 mm per step for
25 steps to cover the range from 1 mm to 25 mm (Fig. 4). The same tungsten collimator and
the point source were used to assess the decoding accuracy of the prototypical MSR
detector. The tungsten collimator was set up with its slit perpendicular to the axial of the
MSR detector. The MSR detector was fixed tightly on the displacement platform with a
kinematic accuracy of 0.03mm/10mm. The displacement platform moved the MSR detector
up at 1 mm per step from 1 mm to 25 mm. In the same way, when a single event was
triggered, energy signals from all 92 SiPMs were measured and transmitted to the host PC.

To decode the positions of the gamma interactions in the Z direction, we used a feedforward
artificial neural network (ANN) with one hidden layer, which is a toolkit in Matlab. The
train function was Levenberg—Marquardt algorithm. 16,000 sets of light distributions were
selected at each collimation position. 30% of them were used to train the ANN and 70% of
them were used to evaluate the decoding performance of the trained ANN. As shown in Fig.
4b, the ANN had one input layer with 27 inputs, one hidden layer with 20 neurons, and one
output layer. The 27 inputs were: the index of the SiPM with the maximum energy signal on
the side-A ring, 13 SiPM energy signals from the side-A ring, and 13 SiPM energy signals
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from the side-B ring. The 13 SiPM energy signals were chosen from the SiPM with the
maximum signal, the 6 SiPMs to its left, and the 6 to its right.

2.5 Initial imaging experiment
The prototype MSR PET detector constructed in this study is essentially a single ring PET
imager with a limited axial field of view (axial FOV: 25mm). An initial experiment has been
performed to demonstrate the feasibility of imaging with the MSR PET detector. A hot-rod
Derenzo phantom was used to evaluate the image quality obtained with the scanner. The list
mode data was preprocessed with attenuation correction, and reconstructed with the full 3D
maximum likelihood expectation maximization (MLEM) algorithm with 50 iterations.
Corrections for random and scatter coincidences, and normalization were not included in the
reconstruction.

The phantom contained six sectors with rods of different diameters (0.6, 0.8, 1.0, 1.2, 1.4
and 1.6 mm respectively). The distance between the centers of the rods was two times the
rod diameter. The phantom was filled with 3.7 MBq of 18F-FDG and placed in the field of
view (FOV) of the scanner. Data were collected about 120 minutes, and 4.5 million
coincidence events were used.

3. Results

3.1 Typical signals and energy resolution

In the MSR scanner, the scintillating photons can be reflected many times and travel around
the ring. The critical angle between a LY SO scintillator (refractive index n=1.82) and the air
(n=1) is 33.7°. Theoretical calculation shows that in our prototypical MSR ring (where
H=25.1 mm), most of the scintillating photons would be detected by 6~8 adjacent SiPMs
with an arc length of 21.7 mm~28.9 mm. The typical energy signals measured by the two
rings in a single event and a coincidence event are shown in Fig. 5b respectively. The
measured energy signals represent the distribution of the scintillating photons at the side-A
and side-B of the MSR detector. The position and the shape of the peaks correspond to the 6
coordinate and the Z coordinate of the interaction respectively.

Fig. 5a shows the energy spectrum of a 22Na point source based on the collimation data at
the Z direction. First, SiPM with the highest average energy was selected at each collimation
step. Second, the single events that the peak of light distributions were located on those
SiPMs were picked out. Third, we summarized all selected events and calculated the energy
spectrum. The MSR detector was proved to have an outstanding energy resolution of 10.7%
at the peak of 511keV. Fig. 5b shows the energy spectrum of the hot-rod Derenzo phantom
filled with 18F-FDG liquid source (100uCi) and placed inside of the MSR. The energy
spectrum was calculated by adding together the energy signals measured by all the SiPMs.
The energy resolution was 12.3% for the peak of single events, and 11.4% for the peak of
coincidence events. Note that we used the first method for deploying the photosensors and
covered the internal and external walls of the MSR with ESR reflectors, and reading the
distribution of the scintillating photons on the two sides of the ring by using two rings of
SiPMs. The width of the SiPM (3.16 mm) was smaller than the thickness of the MSR ring (5
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mm). This means that part of the crystal surface was not covered by SiPMs, thus forming the
‘dead zone’ for the photons. Better energy resolution and decoding accuracy might be
expected if the width of the SiPM ring was increased to 5 mm to cover the whole side-A and
side-B surfaces of the MSR ring.

3.2 Decoding in the circumferential direction

Fig. 6a shows the histograms of all the positions of the gamma interactions in 6 the
direction. The histograms were shifted up in the y-axis in order to display results from all
steps in one plot. The corresponding position shift (the circumferential length) per step was
4.47 mm. The circumferential length was defined as arc length between the two interaction
positions:

3 |A€|ﬂrc
T180°

where AB was the angle difference of the interaction positions, and r. was the known radius
of interaction positions, which were set as 25.6mm, since the wall thickness of the MSR
detector was 5 mm.

Fig. 6b shows the mean of the measured positions in each step and the fitted line. Excellent
linearity was achieved. The differences between the collimation positions and the mean of
the measured positions were smaller than 0.4 mm. Fig. 6¢ shows a typical histogram of the
positions of the gamma interactions in the © direction, calculated by the average position
from the side-A and side-B rings (Pa and Pg). We calculated the full-width-half-maximum
(FWHM) and MAE of the 19 histograms and the distribution of the FWHMSs across 19 steps.
The mean and standard deviations (STD) of the FWHMs and MAEs were 1.44 mm * 0.09
mm and 0.65 mm £ 0.02 mm respectively. Fig. 6d shows a typical histogram of Py, which
was defined as half of the difference between the positions calculated from the side-A and
side-B rings. The intrinsic resolution in the 8 direction was represented by the FWHMs and
MAEs of the 19 positions of P; The mean and STD of the intrinsic FWHMSs and MAEs
across 19 positions were 0.94 mm £ 0.05 mm and 0.34 mm + 0.01 mm respectively.

In the second experiment, the rotation platform rotated the MSR detector at 1° per step from
- 18° to 18°. Fig. 7a shows the histograms of all the 37 positions of the gamma interactions.
The corresponding position shift per step was 0.447 mm. Fig. 7b shows the mean of the
measured positions in each step and the fitted line. The differences between the collimation
positions and the mean of the measured positions were smaller than 0.15 mm. The mean and
the STD of the FWHMSs and MAEs of the measured positions were 1.48 mm £ 0.07 mm and
0.64 mm = 0.02 mm respectively. The mean and the STD of the intrinsic FWHMs and
MAEs across 37 positions were 0.91 mm + 0.01 mm and 0.33 mm % 0.002 mm respectively.

3.3 Analysis of circumferential parallax

Fig. 8 shows the error between the actual LOR and the measured LOR with the angle
difference (A6) of 50 °, 70 ° and 100 °. The LOR error is the angle and positional deviation
between the measured LOR and the actual LOR. When A8 increases, the LOR error
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decreases. When the A© was bigger than 70 °, there was almost no LOR error. Fig. 9a shows
the average positioning error of the interactions. The average positioning error in 6 direction
was less than 0.37 mm when A8 was bigger than 70 °, i.e. the FOV was 39.7mm. Fig. 9b
shows the change in the FWHMSs error of interaction positioning, which was the absolute
difference between the FWHM of single events and coincidence events. The average FWHM
increased slightly from ~0.9 mm to ~1.1 mm because of photon interferences when A8 was
bigger than 70 °.

3.4 Decoding in axial direction

Fig. 10a shows the average light distribution at different collimation positions, which is
averaged energy signals measured by side-A and side-B SiPM rings:

N
Zi Di_A
Dave_A = N (5)
N
zi Di_B
Dave_B = N (6)

where N is the number of valid single events at the collimation positions, and D; 4 (D; pg) is
the energy distribution of per single event at side-A (side-B) SiPM rings. The peak positions
of the energy signals on the SiPMs were aligned before averaging. The closer the position of
the gamma interactions to the side-A/side-B SiPM rings, the sharper and narrower the
distributions of the scintillating photons (or energies) measured by that SiPM rings will be.
Thus, we used light distribution to decode the positions of the gamma interactions in Z
direction. Fig. 10b shows the energy spectrums at different axial collimation positions. The
relative light outputs are 100%, 96.5%, 96.5%, 96.5%, 95.6%, and 94.7%, and the energy
resolutions are 16.8%, 12.1%, 10.9%, 10.7%, 10.5%, and 11.2% when the collimation
position moves from 2 mm to 12 mm. It can be inferred that the light output contributes to
axial decoding, especially when the interaction position is close to one of the SiPM rings. It
should be noted that the energy spectrums are not corrected for saturation effects of SiPMs.
An event that occurs at axial extremes of scanner may well produce signals so high that
SiPM saturation becomes an issue. The difference in light output will increase when
saturation correction is applied and it will contribute to axial decoding.

Fig. 10c shows the histograms of the 22 decoded positions in the Z direction ranging from 2
mm to 23 mm. Fig. 10d shows the mean of the measured positions in each step and the fitted
line. The differences between the collimation positions and the mean of the measured
positions were smaller than 0.8mm. The mean and the STD of the FWHMs and MAEs were
2.45 mm + 0.48 mm and 1.08 mm + 0.16 mm respectively. Note that the variance of the
position measurements in the Z diirection (S measureq) 8150 has two components: s z,7and s
"int- S coris the variance introduced by the non-ideal collimator with a 0.5 mm slit. o’ j;is
the intrinsic variance of the MSR detector and the ANN method. However, the width of the
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slit in the collimator (0.5 mm) is much smaller than the mean of the FWHM (2.45 mm).
Thus, the difference between 8" azsuregand s is small.

3.5 Initial imaging
Fig. 11 shows a sum of the four middle slices of the 18F-FDG hot-rod phantom at the energy
window of 950-1300 KeV without the compensation of circumferential parallax. The 6
coordinates were calculated by the mean position from side-A and side-B rings. The
reconstructed matrix is 180 x 180 x 25 with a voxel size of 0.25 mm x 0.25 mm x 1 mm
based on the positioning accuracy of gamma photons and the size of MSR detector. The
peak-valley ratio of 1mm rods is 1.95. For images acquired with the prototype, rods with a
diameter of as low as 1.2 mm can be resolved.

4. Discussion

The maximum diameter and the length of LYSO boules grown using the Czochralski method
(Mao et al 2013) are about 100 mm and 250 mm respectively. Thus, it is theoretically
possible to fabricate a hollow MSR of up to about 80 mm in diameter, 10 mm thick and 240
mm long. Alternately, one could combine a few shorter MSR rings to construct a ring with a
long axial FOV. For example, a system with a 100.4 mm axial FOV could be constructed by
combining four of our prototypical MSR rings (each 25.1 mm in length). Conceptually,
MSR technology could even be applied to the construction of full-scale clinical PET
systems. Even though there are still difficulties of fabricating a whole ring with a diameter
of about 750 mm using LY SO boules grown through the Czochralski method, it is possible
to assemble multiple arc segments to construct a whole ring. This study gives a preliminary
notion for constructing the MSR ring approach up to this scale.

There are a few different ways of deploying the photosensors for the MSR scanner (Xie et a/
2017). The first method is to couple one photosensor ring on one of sides of the MSR, or
two photosensors rings on both sides of the MSR, while covering the rest of the surfaces
with reflectors. This method normally uses fewer photosensors and it can decode the
positions of gamma interactions in 6 direction and the Z direction. The second method is to
couple photosensors on the inner or outer surfaces of the MSR ring and cover the rest of the
surfaces with reflectors. The third method is to combine the first and the second method to
couple photosensors across most or even all the surfaces. Significantly, this method uses
more photosensors but has the potential to achieve better position decoding accuracy across
three directions (the 6 direction, the Z direction, and the radius direction). Schematically, we
used the first scenario to validate the MSR design.

In this study, the performance of the detector of the monolithic ring was assessed in terms of
energy resolution and decoding performance in both 6 and z directions. The sensitivity of a
PET scanner is determined by the detector efficiency and the solid angle. The MSR detector
has a 100% filling factor (not including the photosensors and readout electronics). Thus, it
has a higher detector efficiency than that of the counterpart detectors constructed with
discrete crystals 5 mm in length. Note that the prototype MSR PET detector constructed in
this study is essentially a single ring PET imager with a short axial FOV (25 mm) and a thin
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wall (5 mm). It is expected to have a low system sensitivity. A system with a larger axial
FOV and a higher sensitivity can be constructed conveniently using multiple MSR detectors.

It is unnecessary to measure the depth of interaction (DOI) in the prototype MSR detector,
since it is only 5 mm in thickness. For the MSR detector with a much thicker wall, the
SiPMs could be coupled on the inner or outer surfaces of the MSR ring. That may allow us
to calculate the DOI in the radius direction using the distribution of the scintillating photons
measured on the walls.

There are some potential drawbacks in an imager constructed with MSR detectors. In a
conventional PET imager, the scintillating photons do not travel across the block detectors.
The single events occurred in different block detectors are triggered independently and their
timings are measured independently too. However, light signals generated by different single
events in the MSR detector may partially overlap with each other. And their timing
measurements may interfere with each other too. The electronics system used in this study is
capable of measuring both the energy and the timing from all 92 SiPM channels individually
and simultaneously. Thus, it is possible to use those information to compensate the timing
measurements. However, that might not be necessary for an animal PET which does not
require a high timing resolution.

Another potential issue of an imager constructed with MSR detectors is the system’s count-
rate performance characteristics when a higher dose is used. In the conventional PET
imagers constructed with block detectors, the maximum single count rate (MSCR) is limited
in order to minimize the effects of the event pileup in the detectors. Similarly, the MSCR of
a MSR detector is also limited by pileup effects. Theoretically, the MSCR of the MSR
imager is a factor of (M2) lower compared with the conventional PET imager constructed
with A/block detectors using the same volume of scintillators. This issue can be mitigated by
shortening the axial length of the MSR detectors to reduce the volume of the scintillators.
The drawback of reducing the axial length is that more MSR detectors are required in order
to keep the axial FOV and the system sensitivity. Next, we will perform the NEMA study to
quantitatively assess the count-rate performance characteristics of the MSR imager.

The interaction positions at © direction were calculated by the mean position from side-A
and side-B SiPMs. However, in fact, it may not be the best algorithm. We attempted to
calculate the 6 coordinates of the events at different collimation positions using side-A and
side-B respectively, as shown in Fig. 12. The mean FWHMs were 1.22mm, 1.21mm, 1.31,
1.30mm, and 1.49mm calculated by side-A SiPMs (Fig. 12a), 1.51mm, 1.49mm, 1.36mm,
1.27mm, and 1.21mm calculated by side-B SiPMs (Fig. 12a) when the axial collimation
position ranges from 4mm to 20mm. The further away the interaction position is from the
side-A (side-B) SiPM ring, the larger the error of the © coordinates calculated by side-A
(side-B) SiPM ring will be. It contributes to improving the accuracy of 6 coordinates in the
future. However, it needs to improve the accuracy in the axial direction first.
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5. Conclusion

In this study, we have constructed the first preclinical PET scanner with a monolithic
scintillator ring and evaluated its basic performance in terms of energy resolution, decoding
accuracy. An initial imaging experiment has been performed to demonstrate the feasibility of
imaging with a single MSR PET detector. Next, we will comprehensively investigate the
imaging performance of the scanner constructed with one or multiple MSR PET detectors
using the NEMA protocol. Animal experiments will be conducted to evaluate the
performance of the MSR scanner across a wider set of test conditions. For example, we
intend to perform mobility imaging experiments that allow freedom of movement.
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Axial (2) PET scanner

SiPM array

(a) (b)

Fig. 1.
(a) The localization method of gamma photons: the scintillating photons propagate in the

MSR and will be received by SiPM arrays; the light distribution of SiPM arrays will be used
to calculate the positions. (b) The assembled MSR scanner module consists of a LYSO MSR
and two rings of SiPM arrays.
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Fig. 2.
Ilustrations of the experimental settings to assess the decoding accuracy of the MSR

detector in the O direction.
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Fig. 3.
(a) The light distribution of a coincidence event. (b) Date processing of circumferential
parallax.
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Fig. 4.

(a) Hlustrations of the experimental settings to assess the decoding accuracy of the MSR
detector in the Z direction. (b) The structure of the ANN. It has one input layer with 27
inputs, one hidden layer with 20 nodes, and one output layer.
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(a) The energy spectrum of collimation data at the circumferential direction. (b) The energy
spectrum of the hot-rod Derenzo phantom filled with the 18F-FDG liquid source, and placed

inside of the MSR.

Phys Med Biol. Author manuscript; available in PMC 2020 August 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xu et al.

90°

Oo

-90°

! 80.5mm A
' :
] ]
' A
! A
: A
E A
‘
A
. _A
H A
,Ei SN, | (S
! A
A
L LA
- A:*4.47mm
—A 1 T n 5

50" -25 0 25 50

Circumferential length (mm)
(a)

x10?

-12 0 12
Circumferential length (mm)
()
Fig. 6.

(0]
o

()}
o

N
o

Measured positions (mm)
N
o

Page 18

x  Measured positions

| —— Fitted line
0 20 40 60 80
Collimation positions (mm)
(b)
x10°
1.2+

2

5

g e | e

|

12 0 12

Circumferential length (mm)
(d)

(a) The histograms of the positions of the gamma interactions in the © direction at the step of
10°. (b) The mean of measured positions. (c) A typical histogram of the positions of the
gamma interactions in the 6 direction, calculated by the average of P and Pg. (d) A typical

histogram of P,
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Fig. 7.
(a) The histograms of the positions of the gamma interactions in the © direction at the step of

1°. (b) The mean of measured positions at the step of 1°.
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Fig. 8.
(a) The errors between the actual LORs and the measured LORs. (a) A6 =50°; (b) A6 =

70°; (c) AO = 100°.

Phys Med Biol. Author manuscript; available in PMC 2020 August 07.

25F
15}
0 [90° -90
-15
A®= 100°
25k ‘ ‘
30 -15 0 15 30



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xu et al. Page 21

’é\ 8 T T T T T T 15 T T T T
£ —=—-60°- 80° . - 60° 80°
= ._.\ ——-00° I ——-90°
24l \ | 1.2
5 £
% \\ | (70, 0.1478) Sool
O O T = S0 OO ol S it i bbbl 9
© } @ 06
7] Btk
5 (70, 0.3695) %
54 1 2
o} 0.3f
o
]
z8 . ‘ , ; ] 0.0 : : : :
40 80 120 160 40 80 120 160
Angle difference (°) Angle difference (°)
(a) (b)
Fig. 9.
(a) The average error of the interaction positions. (b) The FWHM error of the interaction
positions.
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Fig. 10.
(a) The averaged energy signals measured by side-A SiPM ring and side-B SiPM ring. (b)

The energy spectrums at different axial collimation positions. (c)The histograms of the 22
decoded positions in the Z direction. (d) The mean of the measured positions and the fitted
line.
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Fig. 11.
The reconstructed image of a hot-rod Derenzo phantom.
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Fig. 12.
The FWHM of events at different collimation positions calculated by side-A SiPMs (a) and

side-B SiPMs (b).
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