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Abstract—The overall objective of this research is to design,
develop, and evaluate an onboard high-performance Positron
Emission Tomography (PET) that will be integrated into an
existing CT image-guided small animal precision X-ray
radiation therapy system (CT/RT). This new PET/CT/RT will
enable streamlined PET/CT biology functional and organ
anatomic dual-modality images to guide the therapy, and
provide substantially improved beam targeting accuracy and
therapy response evaluation. Both simulation and experiment
studies were conducted to investigate the detector design with
different resolutions, sensitivities, readout methods, and PET
system configurations with different image field of view (FOV)
and image performance tradeoffs. The results have shown that
the 1.0 mm PET uniform image resolution and ~4% system
sensitivity can be achieved within a 80 mm trans-axial and 30
mm axial image FOV. A prototype detector that has been
developed and evaluated can achieve energy, coincidence
timing, and depth-of-interaction resolutions at ~16%, 1.14 ns,
and <3.0 mm respectively. In summary, the overall PET
detector and system design studies have been successfully
conducted for establishing solid technical solutions to develop
the PET/CT/RT system.

Index Terms— Positron Emission Tomography, depth-of-
interaction, PET/CT image guided radiotherapy, small animal
translational radiation therapy research.

1. INTRODUCTION

BIOLOGICAL effects and responses to external beam
radiation have long been studied with animal disease
models [1-3]. In contrast to the conventional studies that
irradiate the entire animal or large body sections with broad
beams, latest advanced technology development in image-
guided small animal precision irradiation systems may open
the door for extremely valuable translational radiation
therapy (RT) studies with clinically-relevant “targeted
radiation” techniques and procedures to effectively mimic
and tackle current clinical RT problems. With this new
capability, novel radiation oncology methods and

Manuscript submitted February 11, 2018. This work was supported in

Corresponding author: Yiping Shao, phone: 215-645-1274; fax: 214-
645-7389; e-mail: yiping.shao@utsouthwestern.edu.

All authors are with Division of Medical Physics and Engineering,
Department of Radiation Oncology, The University of Texas Southwestern
Medical Center, Dallas, TX 75390, USA.

ISBN: 978-988-14048-8-6
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

approaches can also be thoroughly investigated with animal
studies and be potentially translated to the clinical studies.
Newly developed small animal RT systems are equipped
with a high-resolution small animal Computer Tomography
(CT) and capable of high-precision multiple-angle beam
deliveries [4-6]. These systems (CT/RT for short) can
provide CT image-guided radiation therapy (IGRT) to
irradiate small size tumors.

Based on using both tumor anatomic and biological
function/status information, Positron Emission Tomography
(PET) and CT dual-modality imaging is much more
effective and accurate than CT imaging alone to delineate a
therapeutic target and evaluate the treatment effectiveness.
Since PET/CT IGRT has been the standard clinical RT
practice for over a decade, analogous PET/CT IGRT for
small animal RT is also required in order to conduct
effective clinically-relevant translational RT researches [7,
8]. The problem is that all current CT/RT systems do not
equipped with PET, thus it is usually very difficult solely
based on CT images to accurately define the target of a soft
tissue tumor and to predict the therapy response.

The goal of this project is to solve the above problem by
developing an advanced small animal PET and integrating it
with an existing small animal CT/RT. This integrated
PET/CT/RT will provide streamlined high resolution
PET/CT onboard dual-modality imaging, X-ray radiation,
follow-up therapy response evaluations and adaptive
fractionated treatments all within the same system. The
hardware fused PET and CT image provides significant
imaging performance advantages compared to software
fused separately acquired PET and CT images and is
particularly preferred in the radiation therapy applications.

The overall PET/CT/RT concept is shown in Fig. 1.
Basically, a compact and high-performance small animal
PET along with a second linear translation stage will be
integrated inside an existing CT/RT. The overall CT/RT
setups, procedures and controls will remain the same. The
sequential PET and CT imaging will be achieved by
translating the animal between the dual-modality image
scanners on the same bed.

This paper focuses on the design studies of the PET
image performance and detector and front-end readout
electronics development. We will describe the methods and
materials applied for the study for the PET system and
detector, the results that have been obtained so far, and the
prospective of the future development of the PET/CT/RT to
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be completed by this research project.
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Fig. 1. Concept of integrated PET/CT/RT. Top part shows the configuration
of an existing CT/RT (Precision X-Rays Inc., RAD 225Cx), along with an
inserted CT/RT interior photo. Bottom part shows the integration of a PET
and a second translation stage with the CT/RT. The animal position for RT
will still be controlled by the same 3D positioning table, while the
sequential PET and CT image acquisitions will be achieved by translating
the animal between the two modality imaging systems.

II. MATERIAL AND METHOD

A. PET Image Performance Study

Simulations were conducted to investigate the PET image
performance with different system parameters of crystal
size, field-of-view (FOV), and depth-of-interaction (DOI)
measurement resolution, etc.

GATE simulation package was used for the study [9].
Detailed physical processes of radioisotope distribution and
decay, positron emission, positron-electron annihilation and
coincident 511 KeV gamma ray emissions, gamma ray
interaction and detection, and coincident image data
selection and acquisition were simulated on an event-by-
event basis to generate list-mode (e.g. time sequentially
acquired) data that mimic the online PET acquisition. Data
corrections for attenuation and scatter events, image
reconstruction, and image analyses were applied offline.
Standard OSEM list-mode reconstruction algorithm was
applied [10]4. Entire online simulations were running on a
>1000 node computer cluster for accelerating the simulation
process.

The trans-axial view of a PET configuration generated by
the simulation is shown in Fig. 2. PET scanner consists of a
ring of 12 modular detector panels in a stationary multi-
polygon shape. Each detector panel consists of four
detectors that are tiled in a 2x2 matrix. Total 48 detectors
will be developed to assemble 12 detector panels for PET
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scanner assembly. The trans-axial and axial imaging FOV
sizes are 8.0 cm (diameter) and 3.2 cm respectively.

Fig. 2. Simulated PET configuration consists of 12 modular detector panels
in a dodecagon (twelve-sided polygon). Each detector panel consists of four
detectors tiled in a 2x2 matrix. Within each detector, scintillator crystals
(blue color) are optically coupled to photon sensors of Silicon
Photomultipliers (yellow) at each crystal end to detect gamma ray
interaction generated scintillation light photons. The overall FOV sizes are
8.0 cm diameter trans-axially and 3.2 cm axially, which is suited for small

laboratory animal (e.g. mice and rats) imaging studies.

Various radioactive sources and phantoms were generated
in silico and used to simulate the detector response and
system and image performances, include a Na point and
uniform flood sources, a hot-rod phantom with different rod
sizes that filled with 'F solution to evaluate the image
resolutions, and a digital rat phantom that contains different
body organs with different "F-FDG radiotracer uptake
concentrations to evaluate the image performance of PET
and the capability of dual PET/CT imaging for tumor
delineation and radiation target definition. More detailed
information of these radioactive sources and phantoms, such
as the geometries and material compositions, are detailed in
section III.

B. PET Detector

Each PET detector consists of a 15x15 array of 1x1x20
mm® Cerium-doped Lutetium Yttrium Oxyorthosilicate
(LYSO) scintillator crystals, with each end of a crystal array
optically coupled to an 8x8 array of 2x2 mm® Silicon
Photomultiplier (SiPM) array (Fig. 3). Four such detectors
can be tightly tiled together to form a detector panel (Fig. 2).
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Fig. 3. Left photo shows an assembled detector with signal output circuit
and attached connection sockets. Right photo shows part of the LYSO
scintillator crystals being optically coupled to a compact SiPM array.
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The overall crystal array size of each detector is about
17.5%17.5 mm?, which matches well with the SiPM
(Hamamatsu Photonics, K.K. Multi Pixel Photon Counter,
S13361-2050AE-08) array size of 17.8 x 17.8 mm®. Each
crystal’s surfaces have treated to a desired optical roughness
for enhancing the DOI measurement resolution [11]. Thin
optical reflectors (3M Vuitiki Enhanced Speculative
Reflector Film) were used between crystals for improving
the light output from each crystal and minimizing the optical
crosstalk among different crystals.

C. Front-End Readout Electronics

Total 64 signal output channels of one SiPM array were
combined into 8 rows and 8 columns to reduce the number
of detector signal readout channels to 16, while at the same
time without compromising the detector performance in
terms of detection and measurement of gamma interaction
energy, time, and position capabilities.

Signals from two SiPM arrays at both ends of the LYSO
scintillator array were acquired and processed by a 64-
channel ASIC time-based SiPM readout electronics, which
converts the analog signals into digital pulses and be
processed by an onboard FPGA. The details of the
electronics and acquisition system are described in previous
publications [12-14].

D. Detector Performance Evaluation

Basic detection and imaging capabilities of a single
detector were evaluated with *Na point and uniform flood
radiation sources. The experiment setup is shown in Fig. 4.

Fig. 4. Experiment setup for detector performance evaluation. A detector is
placed at the center of the setup; two preliminary testing boards are on the
top and bottom to transfer signals, through flex cables, from SiPM arrays to
a 64-ch ASIC detector readout and processing board. The ASIC board is
connected to a PC computer (not shown) for data transfer and storage.

For the interaction energy and positioning evaluation, a
*’Na uniform flood source irradiated the detector, with
summed signals acquired from both SiPM arrays to
calculate the event energy and interaction position.

For coincidence timing resolution measurement, an
additional reference detector that consisted of a single
1x1x10 mm® LYSO scintillator coupled to a fast PMT (not
shown in Fig. 4) was placed about 8 cm away from the
detector, with a *Na point source being placed between the
two detectors. The detected coincident events between the
two detectors provided timing difference between them and
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were used to calculate the time spectrum for timing
resolution measurement [15].

Crystal DOI measurement capability was measured based
on an established dual-end scintillator readout method [16].
Basically, the ratios of signals measured from both ends of
the detector were calculated and used to calculate the
relationship between the signal ratios and DOI positions.
Such pre-calculated (or calibrated) response function
between the measured signal ratios and DOI can then be
used to estimate the DOI in an imaging acquisition [17, 18].

III. RESULTS

Fig. 5 shows simulated hot-rod phantom trans-axial image
acquired by the PET. Image shows 4 sections of hot-rods,
with their rod diameters being 0.75, 1.0, 1.5, and 2.0 mm
respectively. The distance between the nearest neighboring
rods within each section is twice of the rod diameter. The
phantom was placed at the center of FOV. Each rod filled
with '"®F radioisotopes. No radioactivity in the background.
No data correction of partial volume effect was applied in
this initial study.

Except the rods with 0.75 mm section, all rods in 1.0 to
2.0 mm diameter regions are well separated, indicating the
imaging capability to achieve at least].0 mm under
simulated conditions.

Fig. 5. Image acquired from a simulated hot-rod phantom that was filled
with '*F radioisotopes.

To further quantitatively evaluate the resolution, two **Na
point radioactive sources were placed at the center of FOV
with a 1.0 mm center-to-center separation. The intensity
profile of the acquired point image across the centers of the
sources is shown in Fig. 6. It shows clear separation of the
two point sources. The full-with-at-half-maximum (FWHM)
equals to ~1.0 mm.
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Fig. 6. Image intensity profile from two ?Na point sources shows the
center-to-center distance is ~1.0 mm. A filtered back projection image
reconstruction was applied.
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The image resolution uniformity across the FOV was
investigated with simulated multiple **Na sources arranged
radially along a line at different positions off the FOV
center, with their images being reconstructed and resolutions
along radial, tangential, and axial directions being

calculated.
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Fig. 7. Top to bottom show: 1) the image of multiple **Na sources at
different off FOV center distances with the DOI resolution being 5 mm;
and 2) measured resolutions along radial, tangential, and axial directions
with different DOI measurement resolutions, from 0.0 mm (perfect DOI
measurement capability), to 2.0 and 5.0 mm.
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As seen from Fig. 7, there is off FOV center distance

dependent trans-axial resolution elongation along the radial
and tangential directions. This resolution worsening is
expected with a limited DOI resolution, as this non-uniform
resolution becomes severer at near the edge of FOV.

The quantitative resolution changes were measured and

also shown in Fig. 7. As indicated by the simulations, if a
around <3.0 mm DOI measurement resolution can be
achieved, image resolutions along all directions, within the
FOV of 8.0 cm diameter and 3.2 cm axial coverage, will
achieve 1.0 mm or better.

Fig. 8. Top to bottom: "*F-FDG activity concentrations at different regions;
PET image; CT image; fused PET/CT image.
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Rat phantom image studies are shown in Fig. 8. A 6.0
mm diameter tumor was embedded inside liver. ""F-FDG
radioactivities were 6, 3.2, and 2 pCi/cc at tumor, liver, and
the rest body parts. Fused PET and CT images show clear
tumor identification and localization. The measured
radioactivity distribution from an intensity profile drawn
from Fig. 8 (dashed yellow line in PET image) is shown in
Fig. 9, which shows measured activity ratios matched very
well with the input activity radios over different regions.

Activity (rel.)

0 50 100 150
position (voxel)

Fig. 9. Image intensity profile drawn from the PET image shown in Fig. 8
(along the yellow line). The measured mean intensity ratios over tumor,
liver and body are 2.7:1.6:1.0, which matches very well with the input
radioactivity ratios of 3.0:1.6:1.0.

The measured detector crystal identification map from a
**Na uniform flood source is shown in Fig. 10. Most 15x15
crystals are clearly separated and identifiable, indicating that
gamma interaction position can be well located. The
intensity profile across one typical row near the center of the
crystal identification map shows well separated 15 peaks,
with average peak to valley ratio about 3.8:1.
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Fig. 10. Uniform flood radiation generated crystal identification map and an
intensity profile across one row of crystals near the map center.

The energy spectra extracted from one crystal, irradiated
by both **Na (511 KeV) and *’Cs (662 KeV) are shown in
Fig. 11. By fitting a Gaussian, the measured energy
resolution (FWHM) at 511 KeV photopeak is ~16%, which
is good as considering it was measured from a small 1x1x20
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mm’ LYSO scintillator crystal.
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Fig. 11. Energy spectra measured from a typical scintillator crystal with
*Na and "*’Cs point isotope sources. Energy scale was calibrated based on
the known energy difference between the 511 and 662 KeV photopeaks.
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The measured coincidence timing spectrum is shown in
Fig. 12. The measured FWHM is 1.14 ns, which is sufficient
for small animal imaging applications.
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Fig. 12. The measured coincidence timing spectrum fitted with a Gaussian
for calculating the FWHM.

The histogram of ratios of signals measured from two
SiPM arrays at the both ends of the detector is shown in Fig.
13, with the ratio of the signals being calculated as

. S
Ratio=—"— (1)
S, +S,
Where S, and S, being individual signals from two SiPM
arrays.
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Fig. 13. Histogram of the ratios of signals measured from SiPM arrays at
both ends of the detector.

The corresponding response function between the above
signal ratios and the DOI positions was calculated and
shown in Fig. 14. It shows an almost linear and step
response function over most DOI regions. The estimated
DOI measurement resolution is between 2.0 and 3.0 mm
over a 2.0 to 18.0 mm DOI region, demonstrating desired
DOI measurement capability of the prototype detector [19].
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Fig. 14. Calculated response function between the DOI positions and the
ratios of signals measured from the scintillator dual ends.

IV. DIscUSSION

The full detector coincidence timing performance should
be evaluated with two detectors. However, at this point, we
only have developed one prototype detector and are still
evaluating its performance before finalizing the design.
However, we will evaluate the dual detector based
coincidence timing and imaging study in the near future.

More detector performance optimization can be
conducted such as adjusting the SiPM bias voltage to further
improve the scintillation light detection and collection,
although the tradeoff with the increased dark count noise
should be considered as well. The number of readout
electronics channels can be further reduced at the system
level if the same reduction method described in III.C will be
expanded and applied to the detector panel.

Within the scope of this project, all PET image
acquisition and data processing will be controlled by an
additional computer, so as the PET/CT image fusion and
radiation target definition. The rest RT treatment plan and
beam delivery will still be controlled by the CT/RT
computer, although it will modify the treatment to
incorporate PET/CT image to guide the treatment plan.

The next step in the project is to develop two detectors to
conduct the initial experimental image studies by rotating
detectors [20]. The success of such study with the new
detectors will lead to the finalized detector and system
design and PET construction.

V. CONCLUSION

Design studies have been conducted for developing a
compact and high-performance small animal PET and
integrating it with an existing small animal CT/RT.
Simulation study has shown that excellent PET image
performance with 1.0 mm uniform image resolution within
8.0 cm trans-axial FOV can be achieved when the detectors
can provide a <3.0 mm DOI measurement resolution. First
prototype detector has been developed and evaluated. It can
achieve 1.0 mm resolution with all of its 15x15 LYSO
scintillator crystals being well identified. The measured
energy, coincidence timing, and DOI measurement
resolutions are around 16%, 1.14 ns, and <3.0 mm
respectively. Overall, this study has demonstrated that the
required PET image performance can be achieved based on
the current system design and the prototype detector
capability.
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