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1. Introduction

Positron emission tomography (PET) plays important roles
in cancer diagnosis, neuroimaging and molecular imaging
research; but potential points remain for which big
improvements could be made, including spatial resolution,
sensitivity, manufacturing costs and finding new
applications. Therefore, research on next generation PET
technologies remains a hot topic worldwide. Depth-of-
interaction (DOI) measurement in the radiation sensor will
be a key technology to get any significant improvement in

sensitivity while maintaining high spatial resolution.

In the first midterm plan of the National Institute of
Radiological Sciences (NIRS) (2001-2005), the Imaging
Physics Team (IPT) succeeded in developing a novel 4-
layered DOI detector, which is the base for Shimadzu’s new

line of positron emission mammography products.

DOl detectors have the potential to expand PET application
fields because they allow for a more flexible detector
arrangement. Therefore, in the second midterm plan of
NIRS (2006-2010), IPT invented the world’s first, open-
type PET geometry “OpenPET”, which is expected in the
long-term to lead to PET imaging during treatment. The
DOI detector itself evolved through application of recently
developed semiconductor photodetectors, often referred to
as silicon photomultipliers (SiPMs). We developed a SiPM-
based DOI detector “X'tal cube” to achieve sub-mm spatial
resolution, which is reaching the theoretical limitation of
PET imaging.

In the third midterm plan of NIRS (2011-2015), IPT made
big progress with these technologies. In the OpenPET
project, which received the German Innovation Award in
2012,
prototype. In addition, the flexible detector system of the

IPT finally developed a full-scale OpenPET
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OpenPET prototype enabled an innovative brain scanner
to be realized; this is the “helmet-chin PET”, which is now
being commercialized in collaboration with ATOX Co., Ltd.
On the other hand, technologies developed for the X'tal
cube enabled a new idea of “add-on” PET, which can be
applied to any existing MR systems in theory.

In April 2016, NIRS has reorganized as part of the new
organization, the National Institutes for Quantum and
Radiological Science and Technology (QST). In addition to
continuing work for these three on-going projects
(OpenPET, helmet-chin PET and add-on PET), IPT has
started a new development project for a “whole gamma
imager” (WGI), which is a new concept to combine PET and

Compton imaging.

Vation to be made by original ideas and technologies

2006-2010

2011-2015

2016-2022
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o Whole gamma imager
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Toward proof-of-concept

Historical overview of research projects done by the Imaging Physics Team
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2. OpenPET: a future PET system for therapy
imaging

OpenPET is our original idea to realize the world’s first
open-type 3D PET scanner for PET-image guided particle
therapy such as in situ dose verification and direct tumor
tracking. The principal of dose verification for particle
therapy is based on the measurement of positron emitters
which are produced through fragmentation reactions
caused by proton or '2C ion irradiation. Even with a full-ring
geometry, the OpenPET has an open gap through which
the treatment beam passes. Following the successful
development of a small prototype, an article about which
was captured on “medicalphyicsweb”, a full-scale prototype
was developed in 2015.

In 2016, IPT demonstrated the effective use of a °0O
radioactive isotope (RI) beam for range verification. It was
shown that the difference between the original dose peak
and the PET peak could be smaller than 1mm. Toward
realization of OpenPET-guided particle therapy, IPT will
develop a PET-dose conversion method not only for RI

beams but also for stable (2C and '0) beams.

In 2016, IPT also proposed a concept for PET guided
surgery, which is a new application of the OpenPET.
Feasibility of this concept was shown by applying the small
OpenPET prototype to 8Cu-Cetuximab injected mice.

Progress in 2016

Captured on
“medicalphysicsweb”
review (issue 2, 2016)

mmmmmm

PET-guided
particle therapy

RI (150) beam
phantom test

= Compact, open

Large, closed

Portability Yes

>Amm Resolution <3mm

%4Cu- CetUX|mab |nJect|on

(mice + small OpenPET prototype)

Concept demonstration

PET-guided surgery

Figure 2 OpenPET project
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3. Helmet-chin PET for super-high sensitivity
brain imaging

Life extension enabled by progressive cancer therapies is
now causing another issue of rising numbers of dementia
cases. To satisfy the potential demand for brain imaging,
prototypes of brain PET scanners have been developed.
However, all previous works were based on a cylindrical
geometry, which is not the most efficient for brain imaging.
Making the detector ring as small as possible is essential
in PET, because sensitivity can be increased with a limited
number of detectors. Therefore, IPT developed the world’s
first helmet-chin PET, in which DOI detectors are arranged
to form a hemisphere, for compact, high-sensitivity, high-
resolution, and low-cost brain PET imaging.

In 2016, this project received a lot of attention, including a
visit by the then Minister of MEXT, Hiroshi Hase, to see a
demonstration, receiving an award from the QST President
Toshio Hirano and being featured on an NHK TV program.
Thanks to these encouragements, |IPT has worked for
commercialization in collaboration with ATOX Co., Ltd. In
particular, though simulation, it was shown that the
spherical detector arrangement obtains 14% higher
sensitivity than the previous multi-ring geometry. In
addition, for future “motion-free” brain PET imaging, a head

motion measurement system was developed.

Progress in 2016

World'’s first prototyping

A R

Cylinder = Geometry Hemisphere

Num. detector ~1/5x

Sensitivity ~3x

>4mm Resolution <3mm

Healthy volunteer study
(70MBq FDG, 18 min PET)

!P_\";‘
T “ ; .
: - ¥
4 §*
* L3
Awarded by
the QST President Hirano
(July 1, 2016)

ey

MEXT Minister Hase visiting (Apr 3, 2016)

Captured on
“NHK world”
(July 2016)

Spherical Multi-ring
Ba =i

+14% sensitivity

Simulation to explore more
efficient detector arrangement

Development of a head motion
measurement system
(for motion-free brain PET)

Figure 3 Helmet PET project
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4. Add-on PET to upgrade existing MRI

One of the major innovations made in recent years is
combined PET/MRI, but utilization of DOI detectors has not
been studied well. DOl measurement is essential for PET
in order to exploit improved spatial resolution and
sensitivity as well as reduced production costs. Therefore,
we proposed an add-on PET, which is a RF coil combined

with DOI-PET detectors.

In order to make the PET detector ring as small as possible
while placing electronic parts such as photodetectors and
front-end circuits outside the RF coil, PET detector modules
were placed between spokes of the birdcage RF coil. For
each detector module, electronic parts were covered with a
shielding box with a hole in front of the photodetectors, and
scintillators were sticking out of the shielding box to allow
their placement inside the birdcage coil. In theory, the
proposed birdcage coil integrated with PET detectors can

be applied to any existing MRI.

In 2016, we finally developed the second prototype, which
was applied to a 3T MRI. After evaluating interference
between PET and MRI, no undesirable effect was seen in
the PET imaging in terms of energy resolution and position
identification. Spatial resolution of 1.6mm was confirmed
for PET. While a uniform static magnetic field was obtained,
a slight decrease in signal-to-noise ratio was observed in
MR images. Further optimization is required for shielding.

Progress in 2016

15 prototype
PET detectors

RF coil

RF coil with PET detectors

RF coil with PET

Combined system -

Expensive Wide spread

Developed 2" prototype

PET power off PET power on

MRI images

PET image

Figure 4 Add-on PET (PET/MRI) project
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5. Whole gamma imaging (WGI) concept

PET is recognized as a successful method to pursue
cancer diagnosis and molecular imaging. However, in order
to meet emerging demands for super high-sensitivity
imaging, we need to break through an inherent limitation in
the principle of PET itself. In collaboration with Prof. Katia
Parodi,
Laboratory program and the QST President Grant, IPT

with support by the NIRS International Open

proposed a new concept of whole gamma imaging (WGI),
which is a novel combination of PET and Compton imaging.

WGl is a concept utilizing all detectable gamma rays for
imaging. An additional detector ring, which is used as the
scatterer, is inserted in a conventional PET ring so that
single gamma rays can be detected by the Compton
imaging method. For positron emitters, missing pairs of
annihilation photons, at least one of which is undetected,
can be used for imaging. In addition, further large sensitivity
gain can be expected for triple gamma emitters such as
44Sc, that emits a pair of 511 keV photons and a 1157 keV
gamma ray almost at the same time. In theory, localization
from a single decay is possible by identifying the
intersection point between a coincidence line and a

Compton cone.

Using GEANT4, we simulated a WGI geometry, where a
scatter ring (1 x 1 x 6 mm3 GAGG segment, 20cm diameter
and 5cm long) was inserted into a PET ring (2.9x2.9x 7.5
mm3 GSOZ segment, 4-layered DOI, 66¢cm diameter and
22cm long). We simulated a ?2Na point source, which is
also a triple gamma emitter (e+ and 1274 keV gamma

rays).

At the 5-cm off-center position, the source position
distribution projected on a line-of-response was 7.3mm
FWHM without applying any image reconstruction, which

supports the feasibility of the triple-gamma WGI concept.
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PET Proposed “Whole gamma imager (WGI)”
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Figure 5 Whole gamma imager (WGI) project
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FY2016 (H28) Imaging Physics Team Grants

Internal budget (excluding labor cost) [x1,000 yen]

Budget Breakdown Amount Ind. Labor Remarks
Relsearch on diagnosis methods Team operation (7,282)+
1 [using photon and quantum Integration plan D (5,000) 12,282 400
imaging technologies (BIAB1) ’
(Additional) Research on
2 diagnosis methods using photon|Computer purchase (450), 776 0
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(BIAC1)
. s L. Collaborators: Atsushi Tsuji, Kotaro Nagatsu, Takayuki Obata (NIRS), Naoki
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JSPS KAKENHI dose distribution
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Data of Imaging Physics Team (FY2009-FY2016)

[Fiscal year 2009(H21) 2010(H22) [ 2011(H23) 2012(H24) 2013(H25) 2014(H26) 2015(H27) [ 2016(H28) |
1. Research budget [x1,000 ven] 48,913 61,869 144,380 108,649 134,001 121,711 117,564 76,145
|- Internal budget (excluding labor) 17,666 8,092 102,350 92,730 86,482 55,299 36,973 16,658
|- Internal competitive grant 17,445 16,812 1,170 0 0 0 3,000 6,000
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3. Achievement Gl I35/ CIZ A <F R fr)
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|- Awards 2 3 5 4 6 2 3 11
|- Invited talks 4 14 2 1 2 7 4 7
|- Book chapters, review articles 6 3 2 11 6 5 7 8
|- Public relations activities 4 5 20 30 6 11 11 13
|- Lectures 9 2 20 20 10 13 12 8
[Fiscal year 2009(H21) 2010(H22) 2011(H23) 2012(H24) 2013(H25) 2014(H26) 2015(H27) 2016(H28)
Team members
Staff
LA 2R Taiga Yamaya Team Leader (permanent)
HHEZEA Eiji Yoshida Res. (fixed—term) Senior Res. (fixed—term) —(permanent) Principal Res.
A EZEA Hideaki Tashima — Postdoc JSPS Fellow (-2014/9) Res. (fixed-term)2014/10-
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Toward future extension of OpenPET technologies:
150 in-beam study and DOI detector development

ENITA TUTL BIEE
Akram Mohammadi, Researcher
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Figure 1

1. Introduction

In advanced ion therapy, visualization of the range of
incident ions in a patient’s body are important to exploit the
advantages of ion therapy. PET has been applied to image
positron emitters produced through fragmentation
reactions [1-2], but a patient-dependent difference between
the PET peak position and the dose peak position prevents
straight forward understanding of PET images [2-3].
Radioactive beam irradiation, which enables direct
visualization of beam stopping positions by PET, is
recognized as an ideal method for range verification [4]. We
have shown feasibility of this idea through in-beam PET
studies by using a "'C ion beam and the OpenPET system
[5, 6]. We have confirmed that the difference between the
beam stopping position and the dose peak is small, but the
potential difference between them has not been analyzed

in detail yet.

For this research (1) we observed the difference between
the beam stopping positon and the dose peak position for
50 jon beams [7], and (2) we developed a next generation
depth-of-interaction (DOI) detector for future resolution
improvement of the OpenPET system. The short half-life of
50 (122 s) makes it more convenient for PET imaging with
a short scanning time compared to "'C with a half-life of 20

min.

= — 4 é
1 ——— = l ¢
Experimental setup for in-beam PET imaging by OpenPET a)
and dose measurement in water phantom by cross monitor b).
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2. In-beam PET for 50O beam by OpenPET
(1) Material and methods

A PMMA phantom was irradiated by the 'O beam with
energy of 312 or 219 MeV/u in the HIMAC and the PET
The
experimental setup for in-beam PET imaging is shown in

images were obtained by our OpenPET [6].

figure 1. The range of the 'O beam and relative dose were
measured using a cross monitor in a water phantom. The
monitor was set in the water and the dose at different
depths was measured by changing the position of the
monitor in different water depths with a minimum available
step of 0.5 mm. The water thickness of the measured
relative dose was converted to equivalent PMMA by taking
into account the PMMA-to-water stopping power ratio for
50 ions.

(2) Results

The 3D PET images were reconstructed using the ordered
subset expectation maximization (OSEM) algorithm with 10
iterations and 8 subsets. The voxel size for image
In-beam PET
images were obtained for the 'O beam with energies of
312 and 219 MeV/u. Figure 2 shows the reconstructed 3D
images for the scan time of 742 s for both beams.

reconstruction was 0.15x0.15x0.15 cm?.

Planar integrated activity distributions were derived by
integrating the measured activity from PET images over a
transverse plane at various depths and they are compared
with the measured relative dose in an equivalent PMMA in
figure 3 for the 5O beams. Differences between the beam
stopping position and the dose peak for both beams were
less than 2 mm which confirm capability of in-beam PET

imaging for range verification.

(3) Conclusions

We observed the difference between the beam stopping
position and the dose peak position for 10 beams with two
different energies of 312 and 219 MeV/u. The differences
were less than 2 mm, which is almost equivalent to the
OpenPET
differences confirmed the capability of in-beam PET

resolution, for both beams. These small

imaging for verification of the range of the '°0O beam.
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’

PMMA: 10cm x 10cm x 30 cm

In-beam PET images of a PMMA phantom irradiated by 'O beams of 312 and 219 MeV/u.
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Figure 3 Comparison of planar integrated activity distributions from PET images in an irradiated PMMA
with %0 beams of 312 and 219 MeV/u with relative measured dose in equivalent PMMA.
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based on two-sided photon readout
(1) Introduction

Depth of interaction (DOI) information is necessary to
improve both resolution and sensitivity of the PET system.
Several types of DOI detectors have been proposed using
monolithic scintillators or segmented scintillator arrays
composed of small crystal elements for PET detectors [8-
12].

Among them, we have developed a series of X'tal cube
detectors for isotropic resolution. Segmented crystal

arrays, which need complicated crystal cutting and
assembly procedures, were obtained using the subsurface
laser engraving (SSLE) technique which provides efficient
and precise fabrication [13]. Starting from 3 mm cubic
segmentations, we finally succeeded in discriminating the
0.77 mm cubic segmentation by six-sided readout of multi-
(MPPCs) [14].

isotropic resolution was achieved for the X'tal cube

pixel photon counters Submillimeter
althoughiitis still hard to apply the detector for practical PET
systems due to the high costs of six-sided readout
electronics and carrying out the 3D SSLE technique.
Feasibility of reducing the number of readout sides to two-
sided readout for the detector has been studied, but

acceptable performance was reported only for cubic
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segments of 3 mm [15].

For this research, we focused on development of a more
practical X'tal cube detector by using 1) a crystal array of
narrow and long crystal elements segmented using the 1D
SSLE technique and 2) reducing the number of MPPCs
readout sides from six-sided to two-sided readout. The
main objective was to improve segment identification from
3 to 1.5 mm by combination of different optical conditions

(with and without reflectors) between the crystal elements.

(2) Material and methods

Scintillation crystals of lutetium fine silicate (LFS) with a
size of 1.5x1.5x20 mm?3 were segmented as 13 segments,
i.e., one central segment with the length of 2 mm and the
other segments with the length of 1.5 mm, using the 1D
SSLE technique. Two 8x8 segmented crystal arrays were
prepared without and with reflectors between the crystal
elements. TSV (through silicon via) MPPCs were set at the
bottom and top of the segmented crystal arrays. The
effective area of each MPPC was 3x3 mm? and the dead

space thickness between MPPCs was 0.2 mm.

Two crystal arrays with full reflectors and without reflectors
between crystal elements were prepared and their
performances were evaluated. Based on the results,
performance of an array with partial reflectors, in which
reflectors between crystals were partially removed, was
evaluated. Schematic drawings of the detector, relative
position of the MPPC array and the crystal array with full
and partial reflector arrangements are shown in figures 4a)
and b). The detector was irradiated with two ?Na sources
at 75 mm distance from the bottom/top of the detector, as
seen in figure 4c). The interaction positions were estimated

by the Anger method.

b) Position of the MPPCs and crystal array with full - ¢) A photo of the experimental setup

Figure 4 Scheme of the dual ended readout detector a), relative position of the MPPCs
and the crystal array with reflectors b) and a photo of the experimental setup c).

17
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Figure 5 2D position maps of the 15t and 7™ layers of the crystal arrays without reflectors a)
and with full reflectors b) between crystal elements.

3D position map

2D position maps

Profile of the indicated crystal

Dl-i a6 UIS
Relative DOI position

L
oz

Figure 6 3D position map of the crystal array with partial reflectors between crystal elements, for the same reflector
arrangement as figure 4b); 2D position maps at the 15t and 7t layers of the crystal array and the profile of the indicated
crystal at the 2D position map in DOI direction.

()R

ba)b) (2 F h Fh Without reflectors & Full
reflectors M#EREF THLN= D0l H@E 1 BB (&L
)L 7 BB (hR)D 2 XKIT position map £Rr3, Th
ZNDED map [CZEDEIZET S 8 X8 DEDEIFBIZ>T
BTN ENRELNSG, EELDERES TERMED
map DR REBDTIEEE NN N EIFDE B A AT EE
ERDTWED, BLIESTIHISEDDEAER>TY
3%, Without reflectors Tl& 1 BBIZEEX 7 BBE® map
DBATHY, IEBEDDBENEZ TS,

6 I, BIHOISED N HMEBELTERLE
Partial reflectors M#ERERHI(K 4b)) THELNz 3 K

JC position map & DOl A1\ 1 BEHE 7 BH®D 2 Xkt
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(3) Results

The position maps were obtained without and with full
reflectors between the crystals. In figure 5, 2D position
maps of 15t (top) and 7t (central) layers of the crystal array
without reflectors and with full reflectors are shown. The
responses of the segments at the middle of the crystal
array were separately identified for both crystal arrays. The
position map shrunk slightly from the 15t to the 7t layers for
the array without reflectors. For both crystal arrays, crystal

identifications were degraded for the crystals at the edges.

In order to improve the crystal identification for the crystals
at the edges, the partial reflector arrangement was applied.
The 3D and 2D position maps of the crystal array by
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inserting partial reflectors with the same arrangements as
in figure 4b) are shown in figure 6. Significant improvement
of the crystal identification for the edges was seen from the
position maps because the reflectors were removed at the
border of the MPPCs and the light sharing was increased
between the individual MPPCs. The profile of a crystal
element in the middle of the crystal array with partial
reflectors is shown in figure 6. All 13 DOI segments were
identified clearly and the peak-to-valley ratio was higher
than 2.

The energy resolution for the segments of the array with
partial reflectors was evaluated in full width at the half
maximum (FWHM) for 511 keV from fitting using a
the
segments at the 15t and 7™ layers were 9.7% + 0.2% and
10.0% £ 0.3%, respectively.

Gaussian function. The energy resolutions for

(4) Conclusions

We proposed a more practical X'tal cube detector using
crystal elements of 1.5%1.5x20 mm? segmented to 13 DOI
segments by applying the 1D SSLE technique and two-
sided MPPC readout.
identified separately for all 13 layers by inserting reflectors

The crystal segments were
partially between crystals and average energy resolution
was 10.8% * 0.8%. The isotropic resolution of 1.5 mm was

obtained for this detector.

Eiji Yoshida, Hideaki Tashima, Fumihiko Nishikido, Taku Inaniwa, Atsushi Kitagawa, Munetaka Nitta,
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1. Introduction

Positron emission tomography (PET) is an imaging
modality using tracers labeled with radioisotopes for
measuring in vivo metabolic information with minimal
PET

scanners are general-purpose whole-body systems

invasiveness. Currently available commercial
combined with X-ray CT scanners to form PET/CT
systems. On the other hand, by specializing the PET
system for specific applications, we can maximally exploit
the potential of the PET and enable those applications that
were difficult to implement for the general-purpose
systems. This report presents the development of the
helmet PET [1, 2],

measurements, and the development of the OpenPET-

which is specialized for brain

guided surgery system [3], which is an application of the
open space of the OpenPET [4-7].

2. Helmet PET

Dementia is a serious problem in aging societies. PET is a
powerful tool for diagnosis of dementia such as Alzheimer’s
disease. With progress in development of PET diagnostic
medicines, there is an emerging demand for high
performance and low-cost dedicated brain PET for
widespread application. We proposed helmet PET, which
can improve sensitivity without increasing the number of
detectors compared with a conventional cylindrical PET by
arranging detectors on a hemisphere [1]. The helmet PET
has an add-on detector in addition to the helmet detector in
that the detectors are arranged on the hemisphere,
enabling the sensitivity to be increased efficiently. By the
end of last year, we had developed a helmet PET prototype
having the add-on detector placed at the chin position [2].
In this paper, we report the first clinical test.
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54 detectors in total

Inner diameter 253 mm

7 det. / chin

Helmet-chin PET prototype: photograph (left) and detector arrangement in 3D view (right).

(1) Method

The helmet PET prototype has a compact gantry design.
We have developed the prototype using depth-of-
interaction (DOI) detectors, which enable high spatial
resolution throughout the field-of-view (FOV) even when
the detectors are close to the patient head. In total, 54 DOI
detectors are used, each of which is composed of a 16 X
16 X4 array of GSOZ crystals (2.8 X2.8 X 7.5 mm?®) and a
high-sensitivity super bi-alkali 64ch flat-panel photo
multiplier tube (FP-PMT) (R10551-00-64: Hamamatsu
Photonics K.K.). For the helmet detector, 47 out of the 54
detectors are used while 7 detectors are placed as the add-

on detector at the chin position (figure 1).

We conducted the first clinical test using the prototype with
a healthy volunteer. At first, 60 min after injection of '8F-
FDG of 70 MBq, the volunteer was measured for 15 min
using a commercial PET scanner (Biograph mCT Flow 64-
4R PET/CT system: Siemens Medical Solutions USA, Inc.),
hereinafter this measurement is referred to as mCT. After
taking a break of 10 min, the volunteer was measured for
18 min using the helmet PET prototype. The measurement
time was adjusted so that the total decay counts were
almost the same taking the half-life of '8F into account. An
image of the helmet PET prototype was reconstructed by
the list-mode ordered subset expectation maximization
(OSEM) method. The number of subsets was 21 and the
number of iterations was 10. We applied normalization,
random correction, attenuation correction, and scatter
correction as data correction methods [8]. A registered CT

image was used for the attenuation and scatter corrections.
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In order to evaluate the quantitative performance of the

helmet PET prototype, we compared anatomically
segmented region-of-interest (ROI) values (relative to
cerebellum) with mCT. This study was approved by the

institutional review board.
(2) Results

Figure 2(a) shows the '®F-FDG image obtained in the first
clinical test of the helmet PET prototype. As the '8F-FDG
distributes throughout the entire brain in the case of the
healthy subject, the obtained image showed detailed
structures of the brain clearly. The ROI values calculated
relative to the cerebellum were highly correlated with those
obtained with the mCT (Figure 2(b)).

(b)

2.0
"
a 15
£
N -
Q1.0
)
(]
£
o 05 y = 1.0829x + 0.0681
T R?=0.9187

0.0

00 05 10 15 20
mCT

Figure 2 The first clinical image obtained by the helmet-chin PET prototype fused on the CT image (a)

and comparison of ROI values measured by the helmet-chin PET and the mCT (b).
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(3) Discussion

The helmet PET prototype has high spatial resolution and
high sensitivity. Therefore, we could obtain clear images
even though the injected dose was significantly lower than
8F-FDG.
comparison of ROI values with the mCT showed that the

conventional studies using In addition,
prototype can perform quantitative imaging, which is

important especially for measuring brain functions.
Because we could obtain high definition images with
significantly lower injection dose than conventional '8F-
FDG studies, we can expect reduction of the patient dose,
the cost for tracer drugs, and measurement time. We
concluded that the helmet PET can provide highly accurate

brain function measurements with a reduced number of
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O AEARM OEFEELGE REK PET ELTOEIRA]  detectors of about % compared with a whole-body PET

REMEAVRSNT=,

OpenP'I’E’:FMFOV

scanner. Cost of the PET scanner highly depends on the
number of detectors; therefore, the helmet PET has the
potential of offering low-cost and high-accuracy brain PET
for widespread applications.

Real-time Display
of PET imaging

OpenPET

Patient

Operation stage

Surgery to remove tumors

Figure 3 Schematic illustration of the OpenPET surgery system for cancerous tumor resection.
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3. OpenPET-guided surgery

Surgical resection of tumors is a standard treatment for

cancers. In cases where cancerous tumors are
widespread, however, it is difficult to resect all the tumors
because they can move during surgery and possibly hide
behind organs. Meanwhile, even in the case of advanced
cancer, it has been reported that the survival rate can be
improved by resecting tumors as completely as possible
and combining with drug treatments such as that with
anticancer agents [9]. Also, many surgery support systems
have been developed to perform the surgical operations
more safely and more efficiently. Conventional image-
guided supporting systems include X-ray imaging and
fluorescent imaging. The former images body structure, for
which contrast is generally not sufficient; the latter images
a fluorescent agent, which does not have sensitivity deep
inside tissues limiting its application to the surfaces. On the
other hand, our group has been developing the OpenPET,
the world’s first open-type PET scanner having an open
space [3-6]. Here, we develop a surgery support system by
applying the open space for the surgical operation,
enabling surgeons to visually confirm the tumors as PET
images during the surgery. We develop a small prototype
of the OpenPET-guided surgery system by implementing

the real-time imaging system for a small single-ring
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OpenPET prototype [5, 6], and we conduct a

demonstrational experiment using a mouse.
(1) Method

We have developed the small single-ring OpenPET
prototype using 32 DOI detectors. The DOI detector has a
16 X 16 X4 array of GSOZ scintillators (size of 2.8 X2.8 X
7.5 mm3) optically coupled to a 64ch FP-PMT (H8500:
Hamamatsu Photonics K.K.). Two detector rings each
consisting of 16 DOI detectors with the diameter of 250 mm
are axially aligned. The detectors are axially shifted so that
the centers of the detectors in the ring are on a plane
slanted by 45°
space of 139 mm.

against the axial direction to form the open

Although typical PET takes several minutes to several tens
of minutes to obtain images, it is necessary to perform real-
time imaging in order to use PET for the surgery guide. For
this purpose, we applied the 3D one-pass list-mode
dynamic  row-action  maximume-likelihood algorithm
(DRAMA) method for the small single-ring OpenPET
prototype, and we implemented the method on a graphics
processing unit (GPU), which enables high speed

computation by large-scale parallelization.

For demonstration of the OpenPET-guided tumor resection
surgery, we made a peritoneal dissemination model mouse
by using HCT116 red fluorescent protein (RFP) human
colon cancer cells [10]. 84Cu-cetuximab, which is an anti-
epidermal growth factor receptor anti-body (cetuximab)
labeled with radioactive 4Cu, was injected 24 hours before
the surgery. We set an operation table inside the FOV of
the small single-ring OpenPET prototype, fixed the mouse
onto the table, and performed the surgery. This experiment

was approved by the institutional animal ethics committee.

(b)

Figure 4 Setup for the demonstration of the OpenPET-image guided surgery for a mouse (a)

and images displayed during the surgery before (b) and after (c) the resection of tumors.
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(2) Result

At the beginning of the surgery, we checked the tumor
positions inside the mouse with the OpenPET image
(Figure 4(b)). When we incised the abdomen of the mouse,
we confirmed that the tumors actually appeared at the
positions where the PET image had indicated. Then, the
resected tumors were placed near the mouse, and
OpenPET imaging was performed. As a result, we could
confirm the tumors that accumulating radioactivity were

successfully resected from the mouse body.

When we performed the OpenPET imaging, a cycle of
image reconstruction and display was completed within 1
s. However, it was difficult within a short time frame to
visually identify the tumor positions, because the numbers
of acquired data were small and the image was very noisy.
Therefore, measurement time of 10-30 s would be required
to visually identify the tumor positions after fixing the mouse
We should that, the
accumulation, images were updated

position. note even during
the displayed

becoming clearer and clearer with the 1 s cycles.
(3) Discussion

We developed the small prototype of the OpenPET image-
guided surgery support system, and we conducted the
demonstrational experiment with a mouse. The system
allowed us to confirm tumor positions by performing the
PET imaging any time during the tumor resection surgery.
Because the OpenPET can provide high sensitivity imaging
even for areas deep inside the body, the OpenPET-guided
surgery system is effective for preventing tumors from

being left after the surgery.

4. Conclusions

As application-specific PET imaging research studies, the
following were presented here: the first clinical study of the
helmet PET scanner dedicated to brain PET; and the
development of the small prototype of the OpenPET-guided
surgery system, for which the OpenPET was applied as the
surgery support system.
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1. Introduction

Many research efforts are being made to increase the
sensitivity and improve the imaging performance of
(PET)

Conventionally, PET scanners are designed based on a

positron  emission  tomography scanners.
cylindrical geometry [1, 2], which may not be the most
efficient design to achieve high sensitivity. This report
presents a simulation study of the helmet-chin PET and D-

PET, which have non-cylindrical geometries.

2. Helmet-chin PET

For a high-sensitivity dedicated brain PET scanner, our
group has proposed helmet PET geometries [3] and
developed [4] the first prototype of the helmet-chin PET
consisting of a helmet detector and a chin detector. The
helmet detector has three ring detectors with different radii
and a top cover detector; they are arranged on the surface
of a hemisphere with the radius of 126.5 mm. However,
arranging rectangle shaped detector modules to form the
hemisphere is still challenging, and the multi-ring geometry
may not be the optimal one. Therefore, in this study, for our
next development, we propose a spherical arrangement, in
which the normal line of the bottom surface of each detector
points toward the center of the hemisphere. We optimize
the size of the detector crystal blocks to be arranged as the
We simulate the helmet-chin PET

geometry based on the spherical arrangement with the

helmet detector.

optimized crystal block size and compare its sensitivity with
the multi-ring arrangement, which has a similar detector

arrangement to that of the first prototype.
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(a) Spherical arrangement

Chin detector

(7 detectors) I .
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Figure 1

Ny

Helmet-chin PET: (a) spherical arrangement and (b) multi-ring arrangement.
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(1) Methods
Optimization of the size of the crystal blocks

We used Geant4 simulation to model the scanner

constructed from LYSO crystal blocks. A scanner
construction was assumed to have crystal blocks of a single
size, and the size was varied from 4x4 mm? to 46x46 mm?2
while fixing the crystal thickness to 20 mm. A dead-space
of 2 mm was assumed on each side of the detectors such
as for wrapping. The sensitivity for several crystal block
sizes was evaluated using a hemispherical phantom with a
radius of 100 mm. The phantom was filled with water and
had a uniform activity distribution of 100 kBq and
coincidence data were acquired for 100 s. For a fair
comparison, the crystal blocks were arranged on the
hemisphere by starting from the top and controlling the
overshooting of the crystals at the bottom of the
hemisphere by making the bottom crystal blocks small so

that they were not placed below the hemisphere.

As a result, we found the crystal block with the size of
42x42 mm? had the highest the
hemispherical phantom.

sensitivity  for

Comparison with the multi-ring arrangement

With the optimized crystal block, sized at 42x42x20 mm?,
we then compared the sensitivity of the spherical
arrangement (Figure 1 (a)) with the multi-ring arrangement
(Figure 1 (b)) by simulating the helmet-chin PET.

(b) Multi-ring arrangement
(similar to the first prototype)

Point source

q

—

Each configuration had a total of 50 detectors. (c) Schematic illustration of the point source placement.

29



PET

(2) #&&

VINFI TIEEDIEE

BEERELVILFIVIBREBEOF KT 7UMAICET S
BREFZNEN 3.4%& 2.9%THof=, Figure? I miRIR
%22l —33 L TRz 2=60mm TD x ALY B
MOBRETOT7AILERT, BREREBEDHH. YILTF)
VIBRBLLEBRLTEWVEEEBL TV,

15
b
= 4
=
10 A
>
> ] .
= ] —e—Spherical arrangement, x-offset
§ 57 --8--Spherical arrangement, y-offset
] —a— Multi-ring arrangement, x-offset
o] --&--Multi-ring arrangement, y-offset
———

-60 -40 -20 0 20 40

x or y offset (mm) at z = 60 mm

60

80

2016 (2016 Report on PET Imaging Physics Research)

(2) Results
Comparison with the multi-ring arrangement

The sensitivities of the spherical and the multi-ring
arrangements for a hemispherical phantom were 3.4% and
2.9%, respectively. Figure 2 shows the sensitivity profiles
obtained by simulating a point source placed at several
offsets. Fig. 2 (a) shows the profile along the x and y axes
at z =60 mm, where the central slice of the brain is located.
Fig. 2 (b) shows the sensitivity profile along the z axis. The
spherical arrangement had higher sensitivity compared to
the multi-ring arrangement.

15
] »
= ]
=10
=z o N R v g Sty b
= e
= ~3--
2 1
k3 5] —e—Spherical arrangement
y
L --&-- Multi-ring arrangement
0 T T T T T T T T T T T T T T T T T T T T T T

o

20 40 60

z-offset (mm)

80 100

Figure 2 Point source sensitivity along the (a) x- and y- offsets at z = 60 mm, and (b) z-offset
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(3) Discussion and conclusion

The crystal block sized at 42x42x20 mm? had the highest
sensitivity for the spherical arrangement. For the same
number of detectors, the sensitivity of the helmet-chin PET
with the

hemispherical phantom was 14% higher than that with the

the spherical arrangement evaluated for

multi-ring arrangement. From the sensitivity profile in Fig. 2

(b),

arrangements was mainly at the top region of the FOV. This

the difference in the performance of the two

was because the crystal blocks in the spherical
arrangement were, as a whole, closer to the FOV than
those in the multi-ring arrangement. Thus, the spherical
arrangement enhances the sensitivity especially at the

upper part of the brain.

3. D-PET

Current clinical whole-body PET scanners have a
cylindrical geometry with a diameter of about 800 mm.

Conventionally, sensitivity can be increased by increasing
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the number of ring detectors in the axial direction [5, 6] (but
at high cost) or reducing the diameter of the scanner [7]
(with the disadvantages of reducing the space for patients
and degrading the spatial resolution due to the parallax
error). In this study, we propose a PET scanner with a
truncated ring and an array of detectors that can be
arranged in a straight line below the bed. We call the
proposed system “D-PET” as it resembles the letter “D”
when rotated 90 degrees counterclockwise. The basic idea
was to cut the unused space under the patient’s bed; this
area is usually not in use in clinical studies. We conducted
Monte Carlo simulations of the D-PET scanner and
compared its performance with a cylindrical PET scanner.

(1) Methods
Scanner design

The cylindrical PET and the D-PET scanners were
simulated as shown in figures. 3 (a) and (b), respectively.
The scanners were constructed based on the 4-layer DOI
toolkit. The

specifications of the scanners are summarized in Table 1.

detector using the Geant4 simulation
Each D-shaped ring detector had two parts: the truncated
ring (consisting of 30 detectors), and an array of detectors
arranged in a straight line below the bed (consisting of 14
detectors). The distance from the top detector to the bed
detector was 530 mm. The center of the truncated ring (arc)
was chosen as the center of the D-PET. The bed detector
was located 130 mm below the center. The D-PET was
constructed from just 88% of the detectors used in the

cylindrical PET.

(b)
250 mm y
g, 000, EEEmEEE | y
L. P N semn * | guEESE, | mmmms
4 L N @' ¥,
4 “ 3 & ’Q &
4 Yk 4 % S
§ | , \ ME
= 0 t ? g ‘|
| § | ||
| ] B 0 B 0
| &
L Y § 5 | | B
Y & 3 G W I I R < [ I R
pmmme® — 690.4mm 130 mm

Figure 3 Schematic illustration of simulated scanners: (a) cylindrical PET and (b) the D-PET.
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Table 1. Scanner specifications

Cylindrical PET

Scintillation material

Size of a scintillator crystal
Number of crystals per detector
Coincidence time window
Energy window

Energy resolution

Number of rings

Total axial length

Diameter

Total number of detectors

800 mm
250

BE

D-PET EMIEE PET OREEE, HERARBERI7UN
L(ERZ 200mm, & 230mm) ZFHETEE ML, (K&
FEDBREOEALIL, HFRATAADAMEBIZK>TIEML
1=

(2) fER

D-PET £MHEE PET OEBI7UNAIZ T HREE
. #hFh 11.3keps/MBqg & 8.7kcps/MBg THo7=,
kY, D-PET [XREEE 23%[M L8 22EMREN
1=, Figure 4 I[ZSRLTW\S KB A RIDEETOT7AILIC
&£oT.D-PET AR LIEIChi->TaWNKEEETS
ZEDTRESNTZ,

D-PET
LYSO
2.85%2.85%5.00 mm?
16x16%4
4 ns
400 - 600 keV
14%
5
250 mm
800 mm (arc)
220

Sensitivity

The sensitivity of the D-PET and cylindrical PET was
evaluated using a uniform cylindrical phantom (with a
diameter of 200 mm and a height of 230 mm). The axial
sensitivity variation was also evaluated for several slice
positions.

(2) Results

The sensitivities of the D-PET and the cylindrical PET for
the cylindrical phantom were 11.3 kcps/MBgq and 8.7
kcps/MBaq, respectively. This implies that the D-PET had an
increase of 23% in sensitivity. Figure 4 shows the sensitivity
profile along the axial direction, in which the D-PET had
higher sensitivity throughout the FOV.

0.8
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Figure 4 Sensitivity profiles of the two scanners for the cylindrical phantom.

(3) BRLMER

D-PET &, B HIchi->TRERELER L3, D-
PET mREEFMEE PET LEEBLT 23% M EL=, 2D
RRER X, BERE/NSKT LS5/ IMNRERETHEF
SEBAC, BEFICHLTHDBRAR—RER>FEFEZE
BRI BENTES, T=FEIZ. D-PET Tld, HRHEEH
= 12%HI 3 52 EMNTEL,
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(3) Discussion and conclusion

The D-PET scanner had increased sensitivity throughout
the FOV. The sensitivity of the D-PET was increased by
23 % compared to the cylindrical PET. The increased
sensitivity was achieved while keeping enough space for
the patient as opposed to the situation in compact designs
with a smaller diameter. At the same time, the number of
detectors in the D-PET was reduced by 12%.



PET 2016 (2016 Report on PET Imaging Physics Research)

4 #EEs 4. Conclusion

BKEEE D helmet-chin PET IZxfLT#HER TOvo Y We optimized the crystal block size for the spherical
ARADTREBEILEFTWN, ILFUVITBHEBEEORELLE %  detector arrangement of the helmet-chin PET and
1otz MBIEINE/RIOVITAXTHD 42X 42  compared its sensitivity with the multi-ring arrangement.
X 20 mm? TlE, BRKEEBILTILFIVTEBIZNLTE  With the optimized crystal block sized at 42x42x20 mm?,
WREEERL, 25 PET £EBIZHIT5CF AN)DE  the spherical arrangement had higher sensitivity compared
BT, D-PET (ZHER PET LHEBLTEWWKEL to the multi-ring arrangement. For the geometrical
2R HIB A E R AT BE TH 1=, optimization of the whole-body PET scanner, the D-PET

had higher sensitivity and fewer number of detectors
compared to the cylindrical PET scanner.
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1. Introduction

Positron emission tomography (PET) is a functional
imaging which detects the annihilation radiations from
compounds labeled with positron emitting nuclides and
enables us to observe metabolic processes in a patient
body. PET scanners are used in many clinical sites for
diagnosis of many diseases such as cancer. Furthermore,
recently new radioactive drugs, which can image tau
protein in the brain have been developed. Accumulation of
the tau protein represents important information for
diagnosis of Alzheimer's and other dementias. Therefore,
the new drugs are expected to enable early diagnosis of
Alzheimer's disease. From this background, we see a
strong potential demand for high-sensitivity brain PET
imaging. In dedicated brain PET scanners, detectors can
be placed closer to the patient than whole-body PET
scanners; thus, it is expected that the brain PET scanners
can achieve higher sensitivity, downsizing of scanner size,
and lower cost. Furthermore, the patient’'s pose during the
measurement does not necessarily have to be a face-up
position like for whole-body PET, and a seated position is
possible which would allow the dedicated brain PET to be
placed in a small space. As stated, the brain PET has many
merits, but there are many challenges in motion reduction
of the patient. Fixation with a belt cannot completely
suppress the movement, and it is very uncomfortable for
the patient. In the case of dementia patients who are the
main target of the brain PET imaging, these motion is a
much more serious problem.

In this research, we develop a marker-less and contactless
motion tracking system. Using this system, we can evaluate
the head motion in several poses to optimize the setup
method for the brain PET. Furthermore, we can correct for
small motions during the PET scan to improve the quality

of reconstruction images. In this paper, we discuss the
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developed motion measurement system and evaluate the

system accuracy.

Range Sensor (Kinect)

Measure

10

the Head Motion

Head motion measurement system for the brain PET.

2. Method

We used the Microsoft Kinect device as an inexpensive
range sensor, and we obtained a 3D map of 512x424 pixels
in each frame. In the first frame, the head region was
extracted, and this was used as a reference model. For
each measurement frame, the 3D map was matched with
the reference model by the iterative closest point (ICP)
algorithm [1]. Calibration parameters obtained by this
matching method indicated the head position in each frame
(Figure 1).

Measured rotation angle

2 4 6

True (degree)

10

Figure 2 Kinect measurement results of the mannequin head on the motor stage.
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3. Results and Discussion

evaluation of the motion

(1)

measurement system

Accuracy

Using the proposed system, we conducted a phantom
experiment to evaluate the system accuracy. A mannequin
head was placed on the motor stages, and moved with
translations of 1 to 10 mm (1-mm step) and rotations of 1
to 10 deg (1-deg step). Measurement data at the origin
were used as the reference which was matched with each
position frame by the ICP algorithm. Figure 2 shows the
matching results. Average errors were 0.34 mm for the

translation and 0.26 deg for the rotation.

(2) Head motion measurement of a volunteer

Using the developed head motion measurement system,
we conducted a volunteer study. The volunteer sit down on
the chair naturally, and kept a static condition for 20 min.
The first frame was used as the reference for ICP matching.
Figure 3 shows the head position and rotation angle. The
result indicates that the sitting pose without head fixation
induces big motion (10 mm order).

Rotate

Measured Rotation Angle (deg)
= - N N w w B
5 G 3 &% 8 & &

o wn

200 400 600 800 1000 1200

sec

Figure 3 Results of head motion measurement volunteer study.
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4. Conclusions

We developed the head motion tracking system using the
Kinect sensor. The experiment using a mannequin and a
motor-controlled stage showed the high accuracy of the
system. We conducted the volunteer study of head motion
measurement. In the near future, we plan to increase the
number of volunteers for the head motion measurement to
determine the measurement posing for the brain PET.
Furthermore, using the motion measurement system, we
will implement a motion correction method.
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1. Introduction

Radiation measurement techniques are applied for various
medical applications. A big advantage of using radiation is
its transparency which is suitable for medical imaging
inside a patient body. Example systems include X-ray
imaging, which images the X-rays passing through the
body and nuclear imaging, which images the distribution of
radioactive drugs by detecting gamma-rays from the
drugs. In addition, various radiation imaging systems are

being researched and developed.

Among the components of the radiation imaging systems,
the radiation detector which detects gamma-rays or X-rays
has a major influence on imaging performances. There are
many radiation measurement techniques. Among them,
scintillation detectors, which consist of scintillators and
photo sensors, are often used for medical applications. In
scintillation detectors, scintillation photons generated from
the scintillator by interacting with radiation are detected by
the photo sensor. The scintillation detectors can be applied
to various purposes by selecting a suitable scintillation

material, dimensions and photo sensor type.

In this report, we present the “add-on PET/MRI system”
and the ‘“real-time dose monitor for IVR” based on a
scintillation detector.

2. Development of add-on PET/MRI system
(1) Background

PET/MRI systems are one of the multi-modality systems
which can obtain anatomical and functional images
simultaneously like PET/CT systems. In addition, there are
advantages of a capability for dual functional images
obtained by the PET and MRI and no radiation exposure
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by CT imaging, respectively. Several PET/MRI systems
are commercially available. However, their implementation
cost is high and spatial resolution and sensitivity of the

PET are not enough to be used for brain studies.

We proposed and are developing an “add-on PET”
system, which consists of a head coil with four-layer
DOI-PET detectors for PET/MRI (fig.1). The PET detectors
The

implementation cost can be reduced because the add-on

are mounted on a birdcage shaped RF-coil.

PET can be used in the MRI system which users already
have. In addition, the small PET ring can increase the
scanner sensitivity. The four-layer DOI detector, which we
have developed previously, can reduce the degradation of
the spatial resolution due to parallax error in peripheral
regions of the field-of-view. Therefore, the proposed
system can achieve high scanner sensitivity, while keeping
uniformity of the spatial resolution. However, mutual
interference between the PET and RF-coil needs to be
suppressed because the PET detectors are located close
to the RF-cail.

We developed a prototype to evaluate the system
performance and mutual interference. By last year, we had
developed detectors for the second prototype with
countermeasures for mutual interference. This year, we
developed the second prototype of the add-PET system to

evaluate the mutual interference and system performance.
(2) Second prototype of the add—on PET system

The second prototype consists of a birdcage head coil and
24 PET detector units with two PET detectors each as
shown in Fig. 1. Each PET detector consists of a 14 x 14 x
4-layer array of lutetium fine silicate (LFS) crystals (1.9
mm x 1.9 mm x 4.0 mm) and a MPPC module
(11206-0808FC(X) [3]) consisting of an 8 x 8 MPPC array
and front-end circuits. The MPPC modules are in a
shielding box to reduce electrical noise due to the mutual
interference. We used carbon fibers as the shielding box
material in order to reduce the secondary magnetic field
due to eddy current generated in the shielding material.
The diameter of the PET ring and the axial field-of-view are
26 cm and 6 cm, respectively. Fig. 2 is a photograph of the
second prototype.
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Figure 2 Photograph of the second add-on PET prototype

prototype

(3) Evaluation experiment

Fig. 3 shows the experimental setup for evaluation. The
PET detectors with the RF-coil was located in the bore of a
commercial 3T MRl (MAGNETOM Verio, Siemens). A data
acquisition system was located outside the MRI bore and
connected to a control PC outside the MRI room with an
optical fiber. Power supplies for the PET detectors and the
data acquisition system were located outside the MRI
room and connected to them through a penetration panel.
The PET performance was evaluated with a ?2Na point like
source. The spin echo (SE) and echo planar imaging (EPI)
were used in the MRl measurement.

(4) Results

First, we evaluated performance of the PET system and
influence of the MRI measurement on the performance.
Energy spectra for the 511keV annihilation radiations with
and without the simultaneous MRI measurements (SE
and EPI) are shown in Fig. 4. Differences of light yield
between the crystals were corrected for each energy
spectrum. The three energy spectra were almost the
same. The energy resolutions of 19.3 %, 19.3 % and
19.4 % were obtained for the measurement without the
MRI measurement, with the SE method and with the EPI
method, respectively.
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Figure 3 Experimental setup
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Figure 4 Energy spectra with and without MRI measurements

The spatial resolution of the prototype system was
evaluated while moving the point-like 2Na source on the
surface of the MRI phantom from the center of the FOV to
a position 120 mm from the center in 20 mm steps. Fig. 5
shows spatial resolutions at each source position without
the MRI measurement, with the SE method and with the
EPI method. We obtained the spatial resolutions of better
than 3 mm (FBP) and 1.3 mm (OSEM) in the whole FOV.
Even at the edge of the FOV, the resolution was not
degraded significantly, indicating that the use of the 4-layer
DOI detector was effective. No degradation of the spatial
resolution was observed in simultaneous measurements
at all source positions.

We evaluated imaging performance as a PET system
using a Derenzo-like phantom. The phantom was filled
with FDG and measured for 30 min. An image was
reconstructed by the OSEM and we evaluated the image
after 10 iterations. The reconstructed image of the mini
Derenzo phantom is shown in Fig. 6. The 1.6-mm hot rods
could be distinguished clearly. The results showed that
good spatial resolution could be achieved.

Fig. 7 shows the secondary magnetic field due to the eddy
current. The effect of the secondary magnetic field was
suppressed below 5 pT by using the carbon fiber
shielding box. Fig. 8 shows magnitude images measured
for the cylindrical phantom by the SE method for SNR
evaluation. The phantom images were measured with and
without PET measurement. The SNRs of the MRI images
were 101.4 and 95.7, respectively. We observed a slight
influence from the PET detector.
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Figure 6 Image of mini Derenzo phantom

PET off

Figure 8 MRI images obtained with and without MRl measurement

(5) Conclusion

We developed the second prototype of the add-on
PET/MRI

simultaneous measurements with a 3T MRI system. The

system and evaluated its performance in
PET performance was enough to be used as PET/MRI.
Only the SNRs of the MRI images were slightly degraded.

We will continue working on improvement of the system.

3. Real-time skin dose distribution monitoring
system using OPD for IVR

(1) Introduction

Interventional radiology (IVR) is a medical subspecialty of
radiology to realize image-guided surgical procedures
using imaging modalities, such as x-ray fluoroscopy.
Recently, IVR is increasingly used in treatment of vascular
lesions due to its low invasiveness. On the other hand,
skin injuries by prolonged x-ray exposure during the
procedure have been reported [4]. Therefore, real-time
monitoring of skin dose is desired in clinical applications

for reduction of excessive x-ray exposure.

In order to realize real-time skin dose distribution

monitoring in IVR, we proposed the dose monitoring
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system for IVR based on organic photodiodes (OPDs) [5]
directly connected to a plastic scintillator [6]. The organic
photodiode is mainly composed of organic materials and a
thin electrode. Therefore, the detector using the OPDs
connected to a plastic scintillator is expected to have
transparency to x-rays. The OPD detectors are connected
to thin flexible readout cables in the FOV and the data
acquisition system is outside the FOV. By putting many
OPD detectors on the patient's head as shown in Fig. 9,
we can obtain the exposure dose distribution in real-time.
We are currently repeating the prototyping and evaluation

for improving performance.

(2) Real-time dose monitoring system for IVR

The device structure of the OPD detector uses plastic
scintillator (BC-408, 10 mm x 10 mm x 1 mm)/ 120
(100nm)/ PEDOT:PSS (30 nm) / PCBM: P3HT (200 nm) /
Al (70 nm). The sensing area size is 6 mm x 4 mm on the
plastic scintillator. Three OPD detectors are mounted on a
thin flexible cable as shown in Fig. 10. The cable and the
OPD are contacted with carbon grease to keep the
transparency. Induced current from the OPD is measured

with a picoammeter located outside the FOV.

PS +OPD

Signal wire

Figure 9 Real-time dose monitoring Figure 10

system for IVR

(fER

FOICERRA X EEREBZAVTEBMEDFTEZE
ot IRTaT7UrL LE(Fig. 1DIZERLEBREEE
BEEEBEBEBRERELE, Fig. 12 I2B85h=EBER
T TROBIRDEB DB HET AT A F —REETR E AR A

OPf) ae‘te ctor

ML

Prototype of the real-time monitoring system consisting

of three OPD detectors and a thin flexible readout cable

(3) Results

First, we evaluated transparency of the proposed detector
using a body phantom as shown in Fig. 11. Fig. 12 shows
perspective images of the proposed detector located in the
red circle in the image. The detectors were almost invisible
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and the transparency was sufficient for the purpose. Next,
performances of the OPD detectors were evaluated with a
small animal CT (R_mCT2, RIGAKU). Induced current of
the x-ray detector for various tube currents and induced
current of the x-ray detector for various x-ray effective
energies are shown in Figs. 13 and 14, respectively. The
data of the three detectors were normalized with their
maximum value. The graphs indicated a good correlation
could be achieved.

(4) Conclusion

We constructed the prototype of the real-time monitoring
system for IVR and evaluated its performance in terms of
its transparency and response to X-rays. The transparency
and detector response for X-ray irradiation were sufficient

to use in real-time monitoring in IVR.

Figure 11 Experimental setup for transparency
evaluation
10+ o
0.8 6 §
§ 06- 9
2 04+ 8
02 % o opo2
w7 OPD3
0'07 T T T T 1
0 50 100 150 200
Tube current [pA]
Figure 13 Induced current of the x-ray detector

for various tube currents

Figure 12 X-ray image of the prototype detector
with a body phantom

10 - o
% &
ElTE
o,
3 g
ElE o
O detl
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Effective enemgy [keV]
Figure 14 Induced current of the x-ray detector

for various x-ray effective energies
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1. Introduction

Simultaneous imaging with a positron emission
tomography (PET) system and a magnetic resonance
imaging (MRI) system has made it possible to study the
anatomic and molecular information of a patient in the
same investigation. This reduces the time needed to
image by two systems separately and, provides
structural and functional information that ensures the
diagnostic accuracy which is not possible with one
module alone. However, available commercial body
PET/MRI systems are out of reach for general hospitals
and clinics because of their extremely high cost. As
there are more than 60,000 MRI systems already
installed in hospitals and research centers around the
whole world; developing a PET system that can be
inserted inside an existing MRI bore would reduce the
cost burden significantly and would make combined
systems available for widespread medical and research

applications.

We are working on a radiofrequency field (RF)
penetrable PET insert for MRI systems [1]. To avoid
mutual electromagnetic interferences between PET and
MRI systems, PET detectors are RF-shielded by
copper, carbon fiber or similar conducting materials.
Conventional PET inserts [2-4] are connected to the RF
ground that attenuates the RF field near the PET
modules (Figure 1(a)). For this reason, a separate
transmit (Tx) RF coil needs to be used inside the PET-
ring. In the RF-penetrable PET insert, the shielded PET-
ring is kept electrically floating from the RF ground [5]
(Figure 1(b)). As a result, the Tx RF field from the MRI
body coil can penetrate through the gaps in between the
shielded PET modules. This reduces the design
challenges related to using a separate Tx coil inside the
PET-ring.
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This study considered several design issues related to
efficient RF penetration through an electrically-floating
PET insert. At first, we considered an oval shape PET-
ring for simultaneous human body imaging with existing
MRI

geometries were considered. We also considered

systems. Both the full-ring and partial-ring
cylindrical single-ring and two-ring geometries for

efficient RF field penetration through the PET-ring.

Built-in body RF-coil as Tx

{b) RF-penetrable electrically-
floating PET insert

Figure 1 Schematic representation of insert PET-ring inside the MRI bore: (a) a conventional RF-grounded PET
insert that needs a separate transmit (Tx) RF coil, and (b) an electrically-floating PET insert that can use the
existing body RF coil as the Tx.
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(1) BEE Y —h
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CEREREAMR TOFEAT 25D REMDOERHF
D=, KL IEZEEA 210mm. EEhAS 140mm D/
BOAEHDEREITo=(Fig. 2), &L RF F@H
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DIHDE D DR H BB DTy TEROIZHERLTL
%, 360 E#% PET AREERTHET=HTILIVY).,
PET > ORBEID RF 3518 55<H>TLES, £DF=
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FlERLTH D,

2. Methods and Materials
(1) Oval insert

We are working on the development of an oval shape
RF-penetrable PET insert for simultaneous body
imaging with a 3T clinical MRI system (Siemens
MAGNETOM Verio). The oval shape matches well with
the human body shape and it can be inserted inside the
MRI bore with the patient bed. As an initial study on RF
penetration efficiency and the safety of the clinical MRI
system, we developed a small prototype system of
major-axis 210 mm and minor-axis 140 mm (Fig. 2). We
kept wider inter-module gaps near the major-axis ends
for higher RF penetration since they are farther from the
center of the imaging region. For the full-ring geometry,
the RF field was found weaker inside the PET-ring. For
this reason, we also considered partial-ring geometries.
In the partial-ring geometries we removed shielded PET
modules from different angles of the oval ring (one

example of a partial-ring scheme is shown in figure

2(c)).
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MRI
phantom

\

Nz’

(c) schematic of partial-ring
oval insert

L3

Figure 2 (a) Schematic of the prototype oval insert with design parameters. (b) Photo of the prototype shielded
oval insert with MRI phantom inside. (c) Schematic of a partial-ring geometry in which two opposite PET modules
are removed from near the major-axis ends.
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ARk &L= (Figure 3 (a)-(b)),
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(2) Cylindrical insert

For the cylindrical RF-penetrable PET insert, we
implemented three types of ring configurations to study
the RF field effect on the ring geometry and RF
penetration efficiency inside the PET-ring:

e A PET-ring axially longer than the phantom length
A PET-ring axially shorter than the phantom length

Two-ring PET with three different ring gaps of 5 mm,
10 mm and 20 mm

In all of the above PET-ring geometries, we
implemented two different inter-module gaps (gap
between two shield boxes) of 1 mm and 3 mm. In this
study, we also implemented two different geometries of
the shield boxes, namely, trapezoidal (implemented in
[4]) and rectangular shape shield boxes, respectively

shown in figure 3 (a)-(b).

Measurements were conducted in a 3T clinical MRI
system (Siemens MAGNETOM Verio) available at our
institute.

wider gap at the outer boundary

(a) PET insert with
trapezoidal shield box

(b) PET insert with
rectangular shield box

Figure 3 PET-ring with (a) trapezoidal and (b) rectangular shield boxes.
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3. HBE 3. Results

PETUVHTRADRF J4—ILRD BB E A~ = Todemonstrate the RF field penetration effect inside the
HIZ. CCTIHER DYV SRzt 3 B transverse PET rings, here, RF field maps for different geometries
@. coronal @I TCH RF T4— LRy TFERLT=, are illustrated with transverse and coronal maps.

3.1 A% H—k 3.1 Oval insert

Figure 4 (277 RAD transverse MR ETEDN In figure 4, RF field maps are given for the central
= RF 74— ILR< v TERT, PET 4> —rELMRI transverse plane of the phantom. It is clearly seen that
DH)DIBEELE LT, T FEMAEI (> H—k% the field strength for the full-ring oval insert inside the
MRl AR7ZRIZEBLN=IES5A RF 70— IILRABES A =85 MRI bore is weaker compared to that without the PET
WZERDHMND, R T DT4—ILRITY T Tl insert (MRI-only) case. The partial-ring field map
MRl OHDTYTEBL—EKL. TV T DIEASLY+E showed much better response that matched well with
BURF J1— LR @LNT=, the MRI-only maps.

Full-ring oval

MRI-only Partial-ring oval in Fig. 2(c) 1.0

ei 04

Field Hom ogeneity:

Field Homogeneity: 80% Field Homogenesity: 75%

{a) (b) ()

Figure 4. Comparison of RF field maps for (a) MRI-only and (b), (c) different geometries of the oval PET insert.

3.2 HF#A Y —NPET VO HRNEE 3.2 Cylindrical insert: long-ring

Figure 5 ICE—D &L PET Y4 (TJ7 b LKYE Figure 5(b) to 5(d) show the comparative RF field maps
LONSEBBEPET AU — DBEEDERERY, KT for the MRI-only field, and the trapezoidal and
[FHRHERF vy TIH 3mm OEEND, B ElEE A2 rectangular shape shield boxes with inter-module gap of
DY—ILRRY IRzt T B RF J4—ILR<wTHRE 3 mm. For the trapezoidal shield box the field
NTWS, BFO—ILRRYIZADIEF S RF 74—JL penetration was very weak whereas the rectangular
ROFBBIZIEREIZFEL, — A TEAFNOT—ILRRy shield box showed much higher performance.
HZDEHAERF BBENAEET 2ENRSN

TW%,
PET Ri
10
+
! 08
Ey
MRI phantom E f 06
= o & L 1
i . 04
+ ;
Field Homogeneity: 80% FieldHomogeneity: 0% i 5% 0.2
[ ] 0
(a) Onering PET (b] MRI-only field map  (c] Field mapfor (d] Feld map for

insert in Fig. 4(a) insertin Fig. 4(b)

Figure 5 (a) Schematic of the one-ring PET. Transverse RF field maps for the long PET insert for (c) trapezoidal
and (c) rectangular shield box. Comparison should be made with the (b) MRI-only field map.

3.3 HERA Y= 2 UV TR 3.3 Cylindrical insert: two-ring

PET AEWTZILY T DORIRELTLNDIES . Fig. 5(c) For the long full-ring geometry, the RF field penetration
IZRTEBYRF 74— ILREBILZEE>TLES, 1 D was weak (Fig. 5(c)). One solution could be using
DFEREFLELTESIODEWNEHD PET )7 %#ifi~% multiples of the short full-ring geometry. Figure 6
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illustrates RF field maps for a two-ring geometry. Here
field maps are given for the coronal plane to show the
increased RF field penetration near the ring-gap region
(black dotted lines). Even for the inter-module gap of 1
mm, the rectangular shield box performed better than

the trapezoidal shield box.

Trapezoidal PET module

Rectangular PET module

Field Homogeneity: 68% Field Homogeneity: 77%

(c) Field maps for ring-gap=10 mm and
inter-module gap=1 mm

Figure 6 (a) Schematic of the two-ring PET. RF field maps for two-ring PET insert geometry for (c) trapezoidal and
rectangular shield boxes. Comparison should be made with the (b) MRI-only field map.

PET Ring

MRI phantom
T —————

Cor‘oﬁ Slice

{a) One-ring PET

Field Homogeneity: 81%

{b) MRI-only field map

Trapezoidal PET module

Rectangular PET module
center of ring

Field Homogeneity: 70% Field Homogeneity: 77%

{c) Reld maps for inter-module gap=1 mm

Figure 7 (a) Schematic of the one-ring PET indicating the coronal slice. RF field maps for (c) trapezoidal and
rectangular shield boxes. Comparison should be made with the (b) MRI-only field map.
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3.4 Cylindrical insert: short ring

Results for the coronal plane for one short ring (shorter
than the length of the phantom) PET insert are given in
figure 7. The fields near the shield boxes were weaker
due to the shielding effect that arises from the opposing
secondary magnetic field. The fields outside the PET-
ring (outside the white dotted lines) were strong RF
fields.

4. Conclusion

We performed a comprehensive experimental study on
the RF penetrable PET insert for existing MRI systems.
An oval shape PET insert was proposed for human body
imaging. We also studied cylindrical inserts. Results
indicated that the wider inter-module gap in the PET-
ring geometry enhanced the RF field penetration. We
demonstrated that the partial-ring geometry performed
better than the full-ring geometry. For the full-ring
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DT EWAREBEDIESINTDORNT LIS EYE geometry, multiples of a shorter full-ring geometry

HREMNBEN TN, MATEREORDYIZR AR outperformed one long full-ring geometry. Also,

B —ILRRYIREFERTHET RF OFEEA S implementation of the rectangular shield box instead of

£ol=, the ftrapezoidal one significantly raised the RF
penetration.
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1. Introduction

PET has become a useful tool for cancer diagnosis and
molecular imaging. However, sensitivity of current PET
systems is not sufficient for super high-sensitivity imaging
such as in-vivo single-cell tracking. We proposed a new
concept of whole gamma imaging (WGI) [1][2], which is a
novel combination of PET and Compton imaging [3][4] to
break through this inherent drawback in PET. In this work,
we show our WGI concept and evaluate the performance
of a WGI geometry using Monte Carlo simulation.

2. WGI

The WGI concept uses all detectable gamma rays for
imaging. An additional detector ring, which is used as the
scatter part, is inserted in a conventional PET ring so that
single gamma rays can be detected by the Compton
imaging method. In PET, a coincidence event may be
detected during imaging if the direction of the annihilation
photons is constrained to lie along a line-of-response
(LOR) as shown in Figure 1 (left). However, PET needs
image reconstruction from a count histogram, because the
coincidence event cannot be used to detect position on the
LOR. On the other hand, the WGI can make an image from
missing pairs of annihilation photons, at least one of which
is undetected. In addition, we can expect further large
sensitivity gain for triple gamma emitters such as 44Sc (e*
and the 1157 keV gamma ray). In theory, localization from
a single decay is possible by identifying the intersection
point between a LOR and a Compton cone as shown in
Figure 1 (right).

We simulated the WGI geometry using GEANT4 toolkit as
shown in Figure 2. The WGI geometry has multiplex
detector rings as the absorber part and the scatter part. The
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absorber part was based on our previously developed DOI-
PET scanner. The scatter part was inserted into the DOI-
PET scanner. We measured a 2?Na point source (e* and
the 1274 keV gamma ray).

WGI

Absorber (PET ring)

Coincidence of
511 keV pair

detection of
2V gamma ray

| >MBq

Target activity

~Bq |

| min

Measurementtime Real time |

Figure 1

Principal of WGI. Location of a triple-gamma emitter is determined (even from a single decay)

by identifying the intersection point between a coincidence line and a Compton cone.

Scatterer Absorber
. Matenal GAGG GSOZ
SCLUCE NN Energyres. @511keV 4.5% 8%
h1- T |' 1 ! Size of crystal (mm) 10x10x60 29x29x75
o * ey Number of crystal 24 x 24 x1 16x16x4
il Number of detector 20x 2 nng 40 x 4 nng
. A:b_.édrber Ring diameter (cm) 20 66
oty Lt Axial length (cm) 5 22

Figure 2 Simulated WGI geometry.
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SIZBEFFOLMND 5 cm OIET, 2V A#E
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FRFETHUR L DAL E 2 RBEE FMEIET 7.3 mm TH-
= B EEMICEAL T, OV I PR R L
[ L=tk WGl [Z—#&A97%: time-of-flight (TOF)-
PET LIZERFICHERSZENTED, A TOF-PET DO
B fEBEILH 500 ps [7]THY, BB EIE OB
SERBEIEH 15 om &b, WG (& TOF-PET &EERTXK
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3. Results and discussion

At the 5 cm-off-center position, the source position
distribution projected on the LOR was 7.3 mm FWHM
without applying any image reconstruction as shown in
Figure 3. For the triple-gamma emitter WGI concept, the
image reconstruction method is almost equivalent to that of
conventional time-of-flight (TOF)-PET, after the source
position distribution is projected on the LOR. The most
current clinical TOF-PET systems have the timing

resolution of about 500 ps [7] and the source position
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distribution projected on the LOR is about 15 cm. WGI has
a greater potential for noise reduction compared to TOF-
PET.

Figure 4 shows average spatial resolutions of Compton
events (511 keV) for several positions of the point source.
Average spatial resolution at the center of the FOV was 6
mm. Also, as the position of the point source was close to
the scatter detector ring, average spatial resolution was

improved.

250

200 -

150

Count

100 |

50

— || 7.3mm FWHM

@5cm off-center

*

(o]
-100 —50

Q 50 100

Projection on a line-of-response [mm)]

Figure 3 Simulation result. FWHM resolution of 7.3 mm was obtained through simple backprojection.

Point source

Spatial resolution (mm)

4 6
Offset-¥ (cm)

10

Figure 4 Average spatial resolutions of Compton events (511 keV) for several positions of the point source.

4, £LH

4. Conclusion

AETFEYTHLA-OZalb—avIizkl WGl @ Simulation results showed the feasibility of the triple-

BRMERL. RAREPOAERIZET BN ETo1.
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gamma WGI concept.
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1. Introduction

Xtal cube is a PET detector which we have developed [1].
As shown in Figure 1, it consists of a 3-dimensional array
of small cubic scintillation crystal elements (called a crystal
block) and the multi-pixel photon counters (MPPCs), as
photo-detectors, on all six sides of the crystal block. There
is no reflector inside the crystal block so that scintillation
light generated in a crystal element spreads toward all
surfaces of the crystal block and is detected by the MPPCs
on the surfaces. Results of the Anger-type calculation of all
MPPC signals provide responses corresponding to all
crystal elements in a 3D position histogram. If responses
are not overlapped and corresponding crystal elements
are identified clearly, then we can recognize the X'tal cube
has resolution of the crystal element size in the x-, y-, and

z-directions.

We have studied how to realize higher resolution for the
X'tal cube and we achieved 1 mm and 0.77 mm
resolutions in all 3 directions with the 18 mm and 13.1 mm
cubic crystal blocks, respectively [2,3]. We also studied
achieving higher sensitivity for the X'tal cube by adding
crystal elements in one direction (z-direction) [4]. As this
long X'tal cube (long-XC), we fabricated a 6 x 6 x 14 array
of 3 mm cubic LGSO crystal elements. Not like Figure 1
which shows a basic structure of the X'tal cube, we
coupled the MPPCs in the z-direction with the interval of
2.5 times the crystal element size with the purpose of
reducing the number of the MPPCs. Performance
evaluation results showed that the crystal identification

was possible.

Here, we report results of our further study about the
long-XC. The performance was compared while changing
detector parameters: MPPC type, material between crystal
elements, and MPPC signals used in the Anger-type
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calculation to generate the 3D position histogram.

Crystal Crystal
eléement clcmcn_r

3D position histogram

Structure of X’tal cube and explanation of positon histogram.

2. Materials and methods

The same as in our previous study[4], the crystal block of
the long-XC was composed of a 6 x 6 x 14 array of 3 mm
cubic LGSOs. Their surfaces were chemically etched. The
active area of each MPPC was 3 mm x 3 mm, the same
size as the surface of the crystal element. Ninety MPPCs
were coupled to the crystal block as shown in Figure 2.
They were coupled with RTV rubber having a refractive
index of 1.45 (KE420, Shin-Etsu Chemical Co., Ltd.). In
the long direction, the interval between the MPPC active
areas was 2.5 times longer than the crystal element size.
Multilayer polymer mirrors of 98% reflectivity (Sumitomo
3M, Ltd.) were used as the reflector to cover the area
between MPPC active areas.

Two types of MPPCs were compared: 25u-MPPC
(S10931-025P, with 14400 25-uym micro-pixels; 30.8 % fill
factor) and 50u-MPPC (S10931-050P, with 3600 50-pum
micro-pixels; 61.5 % fill factor). Both are products of
Hamamatsu Photonics K.K.. Two conditions between
crystal elements were also compared: with coupling
material (RTV rubber) and without coupling material, that
is, left as an air gap. For the air gap condition, the crystal
block was supported by light guides (1-mm thick acrylic
plates) on all sides to keep its shape and reflectors and
MPPCs were coupled on the surfaces of the acrylic plates.
Regarding the comparison for the Anger-type calculation,
we compared performance in the cases of all MPPC
signals used and of chosen MPPC signals used. For
example, for x position, “all” means all sum signals (Sx1 to
Sxs in Figure 3) were used and “chosen” means only Sx to
Sx4 were used.

187Cs point sources (662 keV gamma ray) and NIM and
CAMAC system were
measurement.

used for the performance
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MPPC sum signals for the Anger-type calculation.

3. Results

Figure 4a) shows the 3D position histograms obtained with
the 25u- and 50u-MPPCs. The image is displayed
including all the responses corresponding to 6 x 6 x 14
crystal elements. Responses of the 8th-layer in the
z-direction are enclosed by the green lines for easy
understanding of the array of responses. Much better
response separation was obtained with 50u-MPPCs. The
50u-MPPC with the smaller number of micro-pixels and
the larger fill factor than the 25 y-MPPC was a better
choice to use for the long-XC. This means that the low fill
factor of the 25 p-MPPC degraded the performance.
Figure 4b) shows the 2D position histograms of central
layers (the 5th-, 6th-, and 7th- layers) and a peripheral
layer (the 12th-layer) extracted from the 3D histogram with
the 50u-MPPCs (Figure 4a)). Response separation for the
6th layer was better than that for the 5th- and 7th- layers
even though these two layers were adjacent to the
6th-layer. On the other hand, separation was similar for the
7th- and 12th-layers despite their position difference in the
crystal block. These results indicate that response
separation depends only on the rate of the area covered
with MPPCs on each crystal layer, which is highest at the
6th-layer, 0 at the 5th-layer, and the same at the 7th- and

12th-layers as shown in Figure 2.

The other two detector parameters were compared in
Figure 4c). These results indicate that the air gap is a
better choice as the condition between crystal elements.
For the Anger-type calculation, using all MPPC signals
was better for the air gap condition while signal choice
clearly

improved response separation for the RTV
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condition.

The energy resolution of a central crystal element in the
5th-layer was 129 % for 25u-MPPCs, 11.9 % for
50u-MPPCs with the air gap, and 12.0 % for 50u-MPPCs
with RTV.

¢) e Sth-layer RTV
all MPPC chosen MPPC all MPPC chosen MPPC
>y

""" A S S A

120
Position

( ounts
C ounts

Position Position Position
Air 6th-layer RTV
aII MPPL chosen MPPC all MPPC chosen MPPC

Wv I e

Paosition

( ounts

Position Position Pesmun

Figure 4 a) 3D position histograms obtained with 25u-MPPCs and 50u-MPPCs. b) 2D position histograms of central and

peripheral layers extracted from the 3D histogram with 50u-MPPCs in a). ¢) 2D position histograms obtained with the

conditions of the air gap and RTV between crystal elements, and all and chosen MPPC signals used in the Anger-type

calculation.
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4. Conclusions

This study optimized parameters of the long-XC. As a
the 50u-MPPC was found better
performance than the 25y-MPPC and coupling crystal

result, to offer
elements with RTV rubber degraded crystal element
identification performance more than air did. MPPC signal
the
performance only when crystal elements were coupled
with RTV rubber.

choice in Anger-type calculation improved
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1. Introduction

We have developed a PET detector with isotropic
position resolution, the X'tal cube [1]-[4]. The X'tal cube
detector is composed of a scintillator block which is
segmented into small cubes and multi pixel photon
counters (MPPC, Hamamatsu Photonics K.K., Japan) as
photo detectors covering the surfaces of the scintillator
block. Figure 1 shows an illustration of the X'tal cube
detector. Scintillation lights originating at a crystal segment
spread to the MPPCs on all surfaces to be detected. All
MPPC signals are used for the Anger-type calculation to
project onto the 3D position histogram. By drawing
interaction responses, we can determine clusters in the 3D
position histogram corresponding to the crystal segments
(Figure 1 (right)). We identify the interaction segment from
the response.

We previously developed the X'tal cube composed of
segments with the size of (0.77 mm)3 to achieve isotropic
sub-millimeter spatial resolution. We confirmed that the
X'tal cube has almost 0.77 mm isotropic spatial resolution.
However, an undesirable effect by inter crystal scattering
(ICS) events at the central part of the X'tal cube detector
ICS event

information about the interaction position as noise [5]. In

was observed. The provides incorrect

this study, we conducted a scanning experiment of 511
keV gamma-ray fan-beams. We also simulated the
scanning experiment to estimate the ratio of the ICS
their effect on detector

events and to evaluate

performance.
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Figure 1 Schematic lllustrations of the X'tal

cube and the 3D position histogram are shown.

Each response drawn in the 3D position histogram corresponds to an individual segment of the X’tal cube.
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2. Method
(1) Fan-beam irradiation experiment

We used a LYSO scintillator block (Crystal Photonics
Inc.; USA) with the size of (13.1 mm)3.
scintillator block, there were laser processed boundaries

Inside the

fabricated by Hamamatsu Photonics K.K. to make an array
of 17x17x17 segments [6]. Each segment size was (0.77
Six 4x4 MPPC arrays (S12642-0404PB-50(X),
Hamamatsu Photonics K.K.) were coupled to each surface

mm)3.

of the block to make the X'tal cube. Coupling material was
RTV rubber (KE420, Shin-Etsu Chemical Co., Ltd.,
Japan). We prepared a lead collimator with the slit width of
0.2 mm and the thickness of 50 mm. A ?Na source was
set on the slit. We conducted a coincidence experiment to
detect 511 keV annihilation photons with a coincidence
detector (LGSO (3.0 x 3.0 x 50 mmd) + MPPC
(S12572-50P, Hamamatsu Photonics K.K.)). The Xtal
cube detector was set on a moving stage to scan the
detector with 0.2 mm pitch to measure the response
function. The response function was obtained by plotting
the number of photo peak events in the region of interest
(ROI) set at the response in the position histogram, which
corresponds to the segment to be evaluated, for each scan
position. Assuming two components of true events and
ICS events and '76Lu background, we fitted the response
function with two Gaussian and one 0" order functions,

and we evaluated its position resolution.
(2) Simulation

In order to assess the effect of the scattered events on
the position resolution of the X'tal cube, we simulated the
irradiation experiment using the Geant4 simulation toolkit.
Figure 3 shows the set-up of the simulation. We set LYSO
scintillators each with a size of (0.77 mm)3 in a 17x17x17
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array as a detector. The 511 keV photons which formed a
fan-beam with a thickness of 0.2mm were irradiated
instead of using the collimator. . In the simulation, we used
energy deposit information at each segment to calculate
the center of gravity as the interaction position.

Lead collimator

0.2 mm ?.
Coincidence X'tal cube
detector 2Na l
«—>| Move in
0.2 mm
5mm T steps
6 mm
50 mm
Figure 2 lllustration of experimental setup.
Side view Top view
Scan direction
source
511 ke T l
~-60 mm
13.1
mm source DOI
X YeY
b
‘ 60 mm v X
(row)
Figure 3 lllustration of simulation setup.

3. R
(1) 77— LRBRHEE

41z, RRICKY/BONT=, #& 95 B (R¥ v
HMIZHTD 1 BERLU 9 BEDOSEREHETRT,
T4 T 1T EEEROETRUZ, T4y T4V TEE
DEBELIBTZENEN, 0.62mm & 0.72mm TH-o1=, I
FZRRBICIE, ¥ EAERETAVNMIRBE I TLVELC
EDHLTE—TDHNEIIZA RN TOVNEN, T—
ILERS>TWBBEENH D, TNLIE, fERANBELIRIZE
ARV NIZEDEEZLND, 9 BEHOILERI
TlE. 1 BEEERENDTODIEN DM D,

3. Result
(1) Fan-beam irradiation experiment

Figure 4 shows response functions obtained by the
experiment at the 1st and 9th DOI layers of the 9th row,
which was central part of the scan position. The red line is
the fitted function. Full width at half maximum (FWHM) of
the response function at the 1st and 9th DOI layers were
0.62 mm and 0.72 mm, respectively. There is a long tail
region in the response function. Although 511 keV
annihilation photons were not irradiated to the segment,
events were plotted outside the peak. We considered
these events as the ICS events. The response function at
the 9th DOI layer was more widely spread compared to
that at the 1st DOI layer.
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(2) Simulation

Figure 5 shows response functions of the 9th row at the
1st and 9th DOI layers obtained by the simulation. The
blue histogram is with the ICS events and the red is
without them. FWHM of the response function at the 1st
and 9th DOI layers were 0.63 mm and 0.75 mm,
respectively. FWHM of the response function at those
positions without the ICS events were 0.55 mm and 0.54
mm, respectively. Degradations of the spatial resolution of
13% and 27% were estimated at those two positions,
respectively.

Figure 6 shows the ratio of the area of the Gaussian
function, which was assumed as the true component, to
total area of the fitted function for each DOI layer. Left and
right figures were obtained from the experiment and the
simulation, respectively. Decreasing this ratio indicates the
effect of the ICS is becoming higher. A similar tendency
was observed both in the experiment and in the simulation.
According to figure 6, the effect of the ICS increased until
the 5th DOI layer. According to the simulation, 57 % of the
photo peak events detected in the detector were ICS
events. The ICS event ratios of the response function at
the 1st and 9th DOI
67 %respectively.

layers were 41% and

9th layer

Counts/scan

Counts/scan

J/ Long tail

i I
10 12 1
Scan position (mm)

L
[ 5 ]

d 7 ¢ g g

i i O
Scan position (mm)

Figure 4 Response functions of 1st and 9th layers obtained by the experiment. The red lines show the fitted function.

1st layer

Counts/scan

/ True + ICS

" B i
Scan position (mm)

9th layer

/ True + ICS

100E-

Scan position (mm)

Figure 5 Response functions of obtained by the simulation. Blue shows the response function
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including ICS events. Red shows the response function without the ICS events.

experiment

Ll T R
9 10 11 12 13 14 15 16 17
layer Nb

Figure 6
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simulation

|l T T Ll L1
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Ratio of area of true component of the fitted function to the total area of the fitted function.

4. Conclusions

We studied the ICS events of the X'tal cube whose
segment size was (0.77 mm)® by experiment and
simulation. According to the simulation, 57% of photo peak
events detected in the detector were ICS events. The
degradation of the spatial resolution of 27% was estimated
at the center of the detector. This may affect degradation
of the PET image. We expect that the effect of the ICS will
become larger when we try to develop a PET detector with
higher spatial resolution. Sub-millimeter resolution was
achieved at the central part of the detector but removing
the ICS events may provide higher resolution; therefore,
we need to develop the methods to remove these ICS
events.
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1. Introduction

PET images are reconstructed assuming that a radioactive
source exists on the line connecting a detector pair which
has detected annihilation gamma rays in coincidence. A
performance index to indicate the accuracy to determine
the ‘coincidence’ is defined as ‘time resolution’. A good time
resolution improves the signal-to-noise ratio of the PET
images by the effect of using TOF information and by the
reduction of random coincidence [1]. This report describes
timing resolution of a PET detector constructed with a new
MPPC module consisting of MPPCs and electronics
circuits.

2. Material and methods

As a photo detection element, we used a custom-made
of the new MPPC module (C13500 series,
Hamamatsu Photonics K.K.). Main features of the C13500

series are good time resolution (280 ps according to the

model

catalog specifications using LFS scintillator with the crystal
size of 4 X 4 X 20 mm3), capability to obtain energy
information of each MPPC channel by a TOT method, and
optionality to combine the MPPCs and the scintillators with
different sizes. This module processes all readout signals
by circuits behind the detector as shown in figure 1 a) and
gathers the energy, timing, and position information as a
list-mode data format. The size of each MPPC is 4 X 4 mm?
with 75 pm pitch and 12X 12 channels. The 12X 12 array
of 4 X4 x 10 mm3 LFS scintillators were optically connected
to MPPC channels in a one-to-one manner. These two
detectors were oppositely placed at a distance of 30 cm.
A %2Na point source of 3.0 MBq was placed at the center,
and coincidence measurement was performed for 30
minutes. Time resolution of each MPPC channel was
obtained as the full width at the half maximum in the

spectrum of the time differences in the measured
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coincidence data. In addition, we analyzed variation of time

difference between crystal pairs.

With Energy Cut

MPPC Channel

[ps]

Figure 1 a) Experimental setup. b) 2D-map of time resolution with energy cutting.
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3. Results and discussion

Figure 1 b) shows a 2D histogram of timing resolution of 12
X 12 channels. This histogram was obtained after energy
cutting in the range of 511 keV photopeak events (without
timing correction). Average of timing resolution of all
channels with energy cutting was 282 ps (without energy
cutting it was 455 ps). We also noted that our detector had
variation of time resolution. Some channels indicated lower
timing performance compared to other channels. We
speculated this was an effect of the point source position.
High accuracy of positioning was required for accurate
measurement. Furthermore, we found that time skew of
each channel had a wide variation and using another

detector had a similar tendency.

4. Conclusion

We investigated timing performance of a PET detector
using the new MPPC module (C13500 series). Individual
setting of the energy window for each channel led to higher
timing resolution approaching 280 ps. Our future work will
include correction of the time skews of each channel for

improvement of timing performance [2].
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1. Introduction

Positron emission tomography (PET) is effective for
cancer diagnosis for almost the entire human body and it
is expected to be effective for early diagnosis of dementia
as well. PET scanners are one of the nuclear medical
imaging apparatuses that image distribution of a
radioisotope (RI) in the field of view. However, image
resolution of conventional PET is not sufficient to be used
for human brains and small animals; therefore, a higher
resolution detector is required.

On the other hand, research studies on cell regulation
represented by iPS cells have attracted worldwide
attention recently as a means to realize regenerative
medicine. Therefore, imaging methods to elucidate the
characteristics and mechanism of single cells are
required. However, it is difficult to image them with y-rays,
which have too much permeability. Therefore, we are
developing a new imaging method for 3-rays, which have
a shorter distribution range than y-rays, by applying our
scintillation detector technology cultivated through PET.

Here, we report progress in the development of new
radiation detectors for PET and B-ray imaging.

2. Improved PET spatial resolution
(1) Introduction

Figure 1 is an illustration of a conventional PET detector.
Scintillators, which convert radiation to photons, are
optically coupled to a photomultiplier tube (PMT), which
generates an electrical signal. In PET, two radiation beams
that are emitted from a subject are detected as a
coincidence event. Then it is possible to localize the source
position on the straight line connecting detected points of

the coincidence event. Therefore, the size of detector
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segments highly contributes to the image resolution of PET
as well as the parallax error caused by thickness of the
segments. To reduce the error, several types of depth-of-
interaction (DOI) detector have been developed [,

Our group has developed 4-layered DOI detectors based on
our original light sharing method > @ (figure 2); reflectors,
which are inserted in every two lines of segments and
shifted differently depending on each layer, project 3-D

position information to a 2-D position histogram.

For higher image resolution, smaller segmentation is
required. However, in practical use, assembling segments

of a tiny size tends to cost a lot.

On the other hand, the detection efficiency of each layer
depends on the DOI, and the top (1%!) layer has the highest
detection efficiency. For example, we simulated 4-layered
DOI detectors with LYSO scintillators having a length of 5
mm. In this case, 59% of the coincidence events are related
to the 15t layer. That implies that the size of segmentation of

the 18t layer mostly contributes to PET image resolution.

Therefore, we proposed a more practical 4-layered DOI
detector. The key idea is that the segment size of the 1t
layer mostly contributes to PET spatial resolution. In this
work, we explore two ideas: (1) applying 1/4 size segments
only for the 15t layer; and (2) inserting a light guide between
layers of scintillator.

4 layered DOI detector
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15[
ond q
3 Anger logic

4th

2D position histogram

- Position Sensitive-
PMT

1% layer 2m 4"

oo oe (o0 (ss||o os ¢e ||a 20 (08 2o @
RO solle oo |ele|ee o
se 0e os|se|]|e e se (e sa|0e | se o
o (08 o0 00 .. *e e a8 . *e o
20 | o9 o0 (00 LA . bt bl bl oo |
OO D ve|le ou|sls|ne o
a0 (o0 oo 8e LAN X ) L] bt AR
e [ os (ss(se||aoe . e |le a0 |oe | se o
~ ~N

Reflector Crystal gap

Figure 2 Principle of our 4-layered DOI detector based

on light sharing method.

(2) Method

Figure 3 is an illustration and a photograph of the
developed 4-layered DOI detector. The basic design was
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the same as our previous 4-lyered DOI detector, but the 15t
layer was segmented with 1/4 the size (1.4 x 1.4 x 5.0
mm?3) of the other layers (2.8 x 2.8 x 5.0 mm?®). For better
identification of small segments of the 1St layer, we
contrived the best optical condition in the 1%t layer. In
addition, a thin acrylic plate was inserted between the 15t
and the 2" layers as a light guide for scintillation photons
from the 1%t layer. For performance evaluation, we
measured uniform irradiation with a prototype detector.

Proposed
4-layered DOI detector

Air

- ™~ Reflector

Optical glue—

3mm segment

qst

wj/o light guide  w/ light guide

ga Zi

3rd 3rd

4"1 4th

6mm anode pitch

6mm anode pitch

TITFET] AL
Overlapped Separated

_——

Figure 3 Comparison of the proposed 4-layered DOI detector

with a photograph of the prototype detector and our previous DOI detector.
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(3) Results

Output signals from detectors are projected to a 2-D position
histogram by an Anger-type calculation. Each cluster on the
2-D position histogram corresponds to each segment of the
scintillator. Then, figure 4 shows experimental results of the
prototype detector (mixing 1.4 mm segments on top and 2.8
mm segments for the others) with and without the light guide
compared with our previous detector (all 2.8 mm segments).
Finally, all crystals were clearly identified. The light guide
improved crystal identification of the 15! layer. The result

showed the feasibility of our proposed detector structure.
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Figure 4 2D position map of the proposed detector
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(4) Conclusion

We proposed the novel DOI detector with the 1/4-size
segmented top layer. The developed DOI detector showed
good performance in terms of identifying scintillator

segments by inserting the light guide between layers.

3. Cell Imaging application
(1) Introduction

Fluorescent imaging with an optical microscope is the
standard for cell observation. On the other hand, we are
aiming at applying our technology for functional imaging of
single cells. For this application, a measurement system that
has high resolution (10 pym order) and real-time capability is
required. Conventional nuclear medical imaging systems
that capture y-rays cannot achieve enough resolution for cell
observation. On the other hand, imaging methods for 3-rays,
which have a shorter distribution range than y-rays, in
principle have a potential to achieve higher imaging
resolution. Autoradiography is commonly used as a B-ray
imaging system; however, this method does not have
is

dynamic imaging capability because the subject

transferred onto photosensitive devices before read-out.

In this study, we developed a system that takes real-time cell
functional images by direct observation of the B-ray source
distribution using a thin scintillator and a scientific CMOS
(sCMOS) image sensor.
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(2) Method

Figure 5 shows a photograph of our prototype B-ray imaging
camera. In this system, first, a fiber optic plate with Csl
scintillator emits light when it interacts with a B-ray. This
scintillator plate is made of a Csl scintillator (thickness: 150
um) and optical fiber tubes (diameter: 6 um), and the emitted
light is captured from the fiber side. Next, the emitted light is
focused through lenses on the sCMOS camera. This
camera has a high image resolution of 6.5 pm/pixel, and its
exposure time is 10 s. In order to achieve high sensitivity for
weak light, we used a high-speed lens having a large
maximum aperture, the original purpose of which was to

shorten exposure time.

We took B-ray images of a sample "8F solution (activity, 180
kBg/mm3; half-life, 110 min) using the prototype camera.
The surface of the scintillator touching the sample was
covered with polyimide film (thickness, 12.5 ym). Then, the
sample solution was contacted with the scintillator plate in a
black box, and an image was obtained from the emitted

scintillation light.

Image resolution: 6.5 um / pix.
FOV: 13 X 13 mm?
- sCMOS Sensor

Extender ring

Imaging lenses Rear Converter Lens

High Speed Lens

@8 Fiber OpticPlate

<> Csl plate(thickness: 150 um)
<> Protectionfiim
Polyimide film

£ (thickness: 12.5m)

g 18F-solution (100puL)
5 mm

0.5 mm

(NOT IN SCALE)

Figure 5 Photograph and schematic illustration of the prototype of the proposed B-ray imaging camera .
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(3) Results

Figure 6 shows two images; (a) was taken in a bright field
and (b) was taken using emitted light to detect p-rays. In
figure 6a, the activity area is indicated by the red frame. Our
prototype camera discriminated between the signal of the
active area and the background. We concluded that our
camera has a capability to image the distribution of B-ray
sources in the field of view.
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(a) (b)

Figure 6 (a) Sample solution in a bright field image and (b) image of S -rays at the start time.

(4) ££0 (4) Conclusion

MIBL NIV TOMBEEGEIRGETHEEHREL  We proposed a B-ray imaging camera having the sSCMOS
T.sCMOS [2&2 BERENATEIRZELS, #MIIEE  sensor to obtain functional images of single cells. As the first
RIZAITEREMNELT, RIEHIZLDREETIE, B step toward single-cell observation, the results of an
BEDAA— VTN AIRETH DI EETERTET=, & experiment with the prototype showed that the proposed
ST, SRIEMIEL NIL TOMRETMEED TUL, camera had good performance. For future tasks, evaluation

at a single-cell order is required.
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MRIL” 2016 IEEE Nuclear Science Symposium and Medical Imaging Conference, M13C-3, 2016. (poster,
2016/11/4, Strasbourg)

- ElIN&i Domestic conference (22)

(1]

NOEZ, NEFETT, EBFO AR, & HEIRE0A, EBLET, BRI 0, LAY, “PET BHH
ED 73 OB MR O H BI85, 152758 1EICE Technical Report, Vol. 115, No. 401, pp.
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(2]

(3]

(4]

(3]

(6]

(7]

(8]

[15]

[16]

[17]
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51-54, 2016 (AT 4 INA A=V 7H#ET +—F 5 2016(JAMIT 7227 47 2016), 2016/1/19,
poster, Hi#H)

FEFURE, A, HFHIEYE, M SJEE, Jiang Jianyong, Ahmed Abdella Mohammednur, LA, “%
s 2 iz 7 > PET OFEBLAIREMEORFL” (8% 483 IEICE Technical Report, Vol. 115,
No. 401, pp. 55-58, 2016 (AT 4 NV A A=V THEET7 +—F A 2016(JAMIT 7 v 7 47 2016),
2016/1/19, poster, %)

B, MEET, WP E, FHER, HERY, WEH3E, IWARE, "7 mm &5 0Es B
f L7z PET iti#s X tal Cube O st 7P BIRE DU, 5 63 IS A B E T AR S R T
fetE, 02-055, 2016. (21p-P12-5,2016/3/21, K[ |11, poster)

P SCZ, B, BRFEYA, EAEE], NEEAT, B, SRS, (LAERE, "BEEH RF a4
Jb— (R PET $4& oD 2 RGBS 2 I 7o VERERTA," 5 63 RIS B A S B AR S R T e
4E, 02-114, 2016. (22a-W833-8, 2016/3/22, K[ 1L)

A ZRE, HFHIEE, BB, $7730%, Mohammadi Akram, 375w, falEdn, AL)IEGE, "ER 1
BRI EF A XA — 2 7 D=8 O single-ring OpenPET FEZEHEBASE." 4 63 [0l W ER 22 HF 241 #
L R TRAEE, 02-115, 2016. (22a-W833-9, 2016/3/22, K[l 1L1)

Hideaki Tashima, Christopher Kurz, Eji Yoshida, Wenjing Chen, Julia Bauer, Jiirgen Debug, Katia Parodi, Taiga
Yamaya, "In-beam OpenPET imaging simulation based on patient data," E“##)#, 45 36 & Sup. 1 (G 111
[A] H AR S PR 2 22 RS SR, p. 96, 2016. (0-052, 7337 ¢ ik, 2016/4/14) (REEHZE)
Akram Mohammadi, Eiji Yoshida, Hideaki Tashima, Fumihiko Nishikido, Atsushi Kitagawa, Taiga Yamaya,
"Optimization of '*O beam for in-beam PET imaging," =B, 5 36 & Sup. 1 (3F 111 [8] H AR =S4 H
FRFMREWIE), p. 97,2016. (0-053, /37 ¢ Ak, 2016/4/14) (KRR HZH)

Md Shahadat Hossain Akram, Takayuki Obata, Mikio Suga, Fumihiko Nishikido, Eiji Yoshida, Hiromi Sano,
Taiga Yamaya, "Development of a PET/RF-coil integrated system for MRI: comparative MRI study for with-
and without-PET modules," FE52¥HL, 55 36 % Sup. 1 (3 111 [0] 0 AE 2 EL 2 2200 KRS HOUEE), p.
177, 2016. (0-133, 7337 4 2kkiE, 2016/4/16) (KRR EZHE)

Chie Toramatsu, Fiji Yoshida, Yoko Ikoma, Hidekatsu Wakizaka, Akram Mohammadi, Hideaki Tashima,
Fumihiko Nishikido, Taku Inaniwa, Atsushi Kitagawa, Taiga Yamaya, "In-beam OpenPET measurement of
washout rate in rabbits using '°C, ''C and '*O ion beams," [EF#EE, 5 36 & Sup. 1 (55 111 [B] H K[E =Y
FREA 2T RS HOCEE), p. 178, 2016. (0-134, /327 ¢ =i, 2016/4/16)

Genki Hirumi, Eiji Yoshida, Hideaki Tashima, Fumihiko Nishikido, Munetaka Nitta, Hideaki Haneishi, Taiga
Yamaya, "Improved spatial resolution of the 4-layered DOI-PET detector by the quadrisected top layer crystals,"
P, B 36 % Sup. 1 (35 111 [B] B AR S BRA20 KR S HOCEE), p. 179, 2016. (0-135, 7807
+ KL, 2016/4/16)

Abdella M. Ahmed, Hideaki Tashima, Eiji Yoshida, Taiga Yamaya, "Feasibility study of a pixilated mouth-insert
detector in the helmet PET," EE2MEE, %5 36 & Sup. 1 (85 111 [0] 0 AKE Y PR RESHCE), p.
182,2016. (0-138, /7 ¢ AL, 2016/4/16) CRaE T LB T — a Y EZHE)

Eiji Yoshida, Hideaki Tashima, Yuma Iwao, Shusaku Tazawa, Yasuyuki Kimura, Taiga Yamaya, "First healthy
volunteer study of high sensitivity helmet-chin PET prototype," [E“##)BH, &5 36 & Sup. 1 (55 111 [A1H K
[ 2 PR AT RS SCEE), p. 183, 2016. (0-139, 733 7 ¢ =i, 2016/4/16) (REEEZE)
Yuma Iwao, Hideaki Tashima, Eiji Yoshida, Hiromi Sano, Yasuyuki Kimura, Taiga Yamaya, "Development of
attenuation correction method for helmet-chin PET prototype using CT images," E*#8, % 36 & Sup. 1
(6 111 [8] B ARE LB R2 2 0 KRS SCEE), p. 184, 2016. (0-140, 7337 ¢ 2 ki, 2016/4/16)
Jianyong Jiang, Eiji Yoshida, Hideaki Tashima, Kohei Shinohara, Mikio Suga, Taiga Yamaya, "Geant4
simulation study of a Compton-PET imaging system using advanced 3D positioning detectors," [E“F#)#,
36 & Sup. 1 (ZF 111 [B]H RE W FE T RESWMCEE), p. 190, 2016. (0-146, /X 7 4 2 RRIk,
2016/4/17)

S, BERY, SRR, BRILe, EREN, B, HIE % RmUR, ILRRE, "WLER
TE DR 7R IS O IERE 7R WG 2 1601 72 PET VA RTINS AT LD EBLIATREME," 55 35 [0] H A il
% T2 K TR (CD-ROM), OP1-5, 2016 (2016/7/21, oral, @ T-HE K)

HERE, FHEIE, SR KE, IWAERE, "~V Ay MUPET IZHIT 5 B AEAEDRSE," & 35
[m] B A E Al TR KSR (CD-ROM), OP2-6, 2016 (2016/7/21, oral, @ T4 K)

Md Shahadat Hossain Akram, Takayuki Obata, Mikio Suga, Fumihiko Nishikido, Eiji Yoshida, Taiga Yamaya,
"Development of a PET/RF-coil integrated system: Evaluation of MR imaging," %5 35 [0] H A= H {4 1.5
2 RETFHHE(CD-ROM), PP-19, 2016 (2016/7/22, poster, @ T 5 K)

Yoshiyuki Hirano, Munetaka Nitta, Fumihiko Nishikido, Naoko Inadama, Eiji Yoshida, Taiga Yamaya, “Effects
of induced radioactivity of scintillators on in-beam OpenPET dedicated for dose verification in heavy ion theray,”
=B, 2 36 &, Sup. 3, p. 135, 2016. (5 112 [B] H R E LB 2 K4, 0-102, 2016/9/10@
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[19]

(20]

(21]

[22]
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ay gk s—)

S5, Sl A BKE, HWUGh, MEGLe, BiRFHTE, ILARZE, "OpenPET HA RFFifi
AT DORR L/ NRGAIERRIC X 2 KRR, 5 77 RGBS KR AN T S T T RR SR, 16a-A37-
11,2016 (2016/9/16, oral, 4% £ » &)

P, EEER, TR, TEAKEE], NBRETT, BEEH, SRS, ILARYE, "IEEH RF =1
JL—{AA PET 258 D 2 WRAITEHE D A A — 2 > FVEREREM," 25 77 RIS AW HE RS KA E S
T fatE, 16a-A37-12, 2016 (2016/9/16, oral, KH A v 1)

NBELT, $RPS0Z, BRI, HHEIE, BERA, PAFE, EAKEKE, @iEse, kERER, 1L
B, "7 KA PET/MRI : PET #H#s— A% 0> MRI FHEEHES RE =2 LD 2 REAIE" 45 56 [A1 A A
KBS RIS, M3VIIICL, 2016/11/5 (4 i R EFE S35

A BAKE, IAZE, HHRR, MBI, BT, AN, A, (TR, BREE, L
Ay MU PET BAERIC L 2T R T T 4 T ORA A—2 27" 5§ 56 [0l H A E SR FINRE,
M3VIIIC2, 2016/11/5 (44 i B [E R 357)

1.5 M= Workshop presentations (15)

(1]
(2]
(3]

(4]

(3]

(6]
(7]
(8]

(9]

[10]

[11]

[12]

[13]

AT, HEIRA A — 2 v T HANBIRIFIE T — L 0 54" WAL PET #F4E4 2016 #E TFa4E, pp.
1-7,2016. (k14X PET WF4E2 2016, oral, 2016/1/15, FXHER)

TR, HESEY, S5 S0Z, RRE, 1WA 29, "OpenPET FEREF OB %E," KH{UPET AFJE% 2016
s P REEE, pp. 10-11, 2016. (K HEAX PET WF7E2% 2016, oral, 2016/1/15, FKEE)

M BT, FMIE, P E, BiFH 7, &5 I&E, Abdella M. Ahmed, Akram Mohammadi, A%
Z, HRFEE, IWARE, "~ A v b PET HREEBASE," I PET AF7E4 2016 Gl T2, pp. 14-
15,2016. (K H:AX PET #F9E4 2016, oral, 2016/1/15, FKIEJE)

SR SCE, EEAE, TEAKREE], EHAIE, NEETT, EHIER, ILARE, "PET/RF 2 A L— KT R
74> PET/MRI O EZEFEBRFE," WA PET BFZE4 2016 shE TRaSE, pp. 16-17, 2016. (K 1A% PET AF%¢
422016, oral, 2016/1/15, FKIEJF)

I RE, HHIER, EBE1, 87302, HE %W, Akram Mohammadi, ffi KB -, “PET A / ~X—3
3 = R =7 OBFE b It RS RE D IR £ T, 5 3 WIT WG AR I RS TR
R EAD A = p. 31,2016 (2016/126 HIREEE T +—F L, RA X —FFK)

LI ZRE, “BHESA] PET-MRI OB%E,” THERT: BMEAYE ORI 0 7T L TV FE'—2 05t
HIETLS] v 7472w A, 2016/3/8 (TIHERE).

Taiga Yamaya, “Introduction of imaging physics research at NIRS,” 4th SNU-NIRS Workshop on Nuclear
Medicine Imaging Science and Technology, 2016/4/19. (oral, Jeju)

Hideaki Tashima, Christopher Kurz, Eiji Yoshida, Wenjing Chen, Julia Bauer, Jiirgen Debus, Katia Parodi, Taiga
Yamaya, “Patient data-based in-beam OpenPET simulation,” Proceedings of the 4th SNU-NIRS Workshop on
Nuclear Medicine Imaging Science and Technology, pp. 7-10, 2016. (2016/4/19, oral, Jeju)

F. Nishikido, M. Suga, K. Shimizu, M. Fujiwara, T. Obata, E. Yoshida, H. Tashima, T. Yamaya,” Development
of a second prototype PET-MRI system based on four-layer DOI-PET detectors integrated with a RF coil,”
Proceedings of the 4th SNU-NIRS Workshop on Nuclear Medicine Imaging Science and Technology, pp. 16-
19, 2016. (2016/4/19, oral, Jeju)

Abdella M. Ahmed, Hideaki Tashima, Eiji Yoshida, Taiga Yamaya, “Feasibility study of a pixelated mouth-
insert detector in the helmet PET,” Proceedings of the 4th SNU-NIRS Workshop on Nuclear Medicine Imaging
Science and Technology, pp. 31-35, 2016. (2016/4/19, oral, Jeju)

Akram Mohammadi, Eiji Yoshida, Hideaki Tashima, Fumihiko Nishikido, Taku Inaniwa, Atsushi Kitagawa,
Taiga Yamaya, “!30 production for in-beam PET imaging,” Proceedings of the 4th SNU-NIRS Workshop on
Nuclear Medicine Imaging Science and Technology, pp. 42-47, 2016. (2016/4/19, oral, Jeju)

Md Shahadat Hossain Akram, Takayuki Obata, Mikio Suga, Fumihiko Nishikido, Eiji Yoshida, Taiga Yamaya,
“MRI compatibility study of a cylindrical PET/Birdcage-coil multimodal system,” Proceedings of the 4th SNU-
NIRS Workshop on Nuclear Medicine Imaging Science and Technology, pp. 58-61,2016. (2016/4/20, oral, Jeju)
Munetaka Nitta, Naoko Inadama, Fumihiko Nishikido, Eiji Yoshida, Hideaki Tashima, Hideyuki Kawai, Taiga
Yamaya, “Spatial resolution evaluation of the X'tal cube detector of 0.77 mm cubic segments,” Proceedings of
the 4th SNU-NIRS Workshop on Nuclear Medicine Imaging Science and Technology, pp. 67-70, 2016.
(2016/4/20, oral, Jeju)

IWAZRAE, &5 HEE, 8875 0, HB3EA, Akram Mohammadi, fig EE+, BT H, Abdella M. Ahmed,
A 1% E, Md Shahadat Hossain Akram, M/ABIK, WG, HMa3E, EWFETiE," YLk 28 42 QST
FRJEsiinss 8 A 7 —%e32, 2016/12/7 (FiH)

H. Tashima, Y. Yoshii, Y. Iwao, E. Yoshida, H. Wakizaka, H. Takuwa, and T. Yamaya, "Demonstration of a
Prototype OpenPET Surgery System Toward Conquest of Refractory Cancer," % 28 4= QST WLt

78



PET 2016 (2016 Report on PET Imaging Physics Research)

AL —FsF, 2016/12/7 (IR HF)

1.6 $55F Patents (6)
- 8 Application (1)
[1]  SHHIEE, LR, BB 3 oA @i Has,” FrfE 2016-073372,2016/3/31 HiE (Q00508JP)

- &$% Registered (5)

[1]  Hideaki Tashima, Taiga Yamaya ,”"HELMET-TYPE PET DEVICE,” US9,226,717, 2016/1/5 %§% (474US)

21 LB RHE, DREET, BB, SIS, B, FARIH, “PET 24, PET-MRI 2£{&S L UV {§AL
PRJ7VE,” CN 102725657 B, 2016/1/13 %5k (398CN)

3] UARE, NEREFETT, “PET 2E#E,” 55 5939549 &, 2016/5/27 &% (383.1).

[4] A RE, HERE, FOUZ, "#5HH0EEERZEE & O PET 2518, FFETFES 6010815 7, 2016/9/30 % éx.
429JP

[5] Sfaiga ')){'amaya, Fumihiko Nishikido, Takayuki Obata, Mikio Suga, Kazuyuki Saito, Mitsuo Watanabe, Eiichi
Tanaka, “INTEGRATED PET/MRI SCATTER,” US9,510,797, 2016/12/6 &k (394US)

2. RBRERGEADERY A Outreach actions

21 MER%G EDEFE Workshop hosting (2)

[11  “WHEfC PET #2984 20167 % £, 2016/1/15 FKEEIR, SMN3E 4% 132 44 (FTok 101 44)

[2] MWF%E2 “4th SNU-NIRS Workshop on Nuclear Medicine Imaging Science and Technology” % = f{
(2016/4/19-21, Jeju)

2.2 £ =S —FifE Seminar hosting (1)
[1] “EfEA—7"2FART MU+ Y aA > &I J— Radiation Damage Detection in Polymers/Biomolecules
and Imaging in Particle Therapy” % T/ 2016/3/8, HtIEA.

2.3 HEZEH AR Annual report publishing (1)

[11 WA ZE W, VAR 27 SR I PET HFFEH 52, NIRS-R-69, 2016/3/31 FI1T

2.4 #45% Review articles (7)

[11 WA, “ER PET & A 7, BSHEE, Vol. 59, 55 1 5, p. 61, 2016.

[2] URRYE, "R PET & # OR[EENE," H4ME 4 Clinical Neuroscience, vol. 34, no. 6, 20, pp. 651-
654, 2016.

[3]  IUAZEE, "R FRIRIRICEBT DRI O A A —2 0 ZH," i & pE2, No. 140, pp. 2-3, 2016.

[4] IUARE, "R TIBIROBKHIG DA A= 0 7 D7 D"OpenPET" 3 & DA%, R & FE2, No.
140, pp. 14-18, 2016.

[5] WA RE, “~L Ay NMUPET ZEEOBIE —@mPERE « /N O BEER R FH I CRRAE F 2 W 0 K ~-”
Isotope News, 2016 4= 8 H 5, No. 746, pp. 6-9, 2016.

[6] [LARE, "BABZE - RGO OO PET ZEE B LN AT AOMFSE," — M kAL
F IR 20 JEARRL S FLSUPIRE - ASCIFZESEnh E SedkdE, pp. 100-101, 2016.

[7] HEEA, “PET EE OIS & FAJFH(3) PET A A — 2 BT — XA IE & Bl R,
Medical Imaging Technology, Vol. 34, No. 5, pp. 287- 291, 2016.

2.5 = - A& Lectures (15)

D URDYLFICEITHIB1FEE Invited talks at symposium (7)

[1]  Taiga Yamaya, Eiji Yoshida, Fumihiko Nishikido, Hideaki Tashima, Akram Mohammadi, Yuma Iwao, Chie
Toramatsu, Atsushi Kitagawa, Taku Inaniwa “OpenPET: a novel open-type PET system for 3D dose verification
in particle therapy,” Micro-Mini & Nano-Dosimetry and Innovative Technologies in Radiation Oncology
(MMND-ITRO) Conference 2016. (2016/1/28, Hobart, oral, invited)

[2] [WARE, “PMT 225 SiPM ~? RKFKD PET EEICOWTHE 2 DH,” HABREINFRE 72 Bk
FRTREHEMRE | KEFIR] ,2016/4/15. (/327 1 2 f{k)

[3] Taiga Yamaya, “PET Innovations at NIRS - How Imaging Improes Quality of Life,” abstract book for the 5th
Intl. Conf. on Informatics, Electronics & Vision (ICIEV), IS211-1, p. 33, 2016 (2016/5/14@U. Dhaka, invited,
oral)

[4] T. Yamaya, “Development of OpenPET for 3D in-beam imaging,” Workshop on in-vivo dose monitoring, 2016.
(LMU, Garching, 2016/5/20, invited, oral)
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Taiga Yamaya, “Innovation in PET and SPECT instrumentations,” JSMI Report, vol. 9, no. 2, p. 78, 2016.
B N B HARS T A A=Y v 7Eaiss « FIES, S-11, invited, 2016/5/28, 7 [EFS#%57)

Taiga Yamaya, “OpenPET enabling PET imaging during radiotherapy,” International Nuclear Physics
Conference (INPC2016), abstract #524, 2016. (invited, oral, Adelaide, 2016/9/12)

AR ZRE, <RI HER 2380 0 #1 < ARk PET HERRBAZE,” 25 16 [MIHHR 7 m & A o R 2 0 LG
FE - RNAX—REFEFE, ST7-2, pp. 37-38, 2016. (2016/11/9, H U KFHRA L)

- & Lectures (3)

Taiga Yamaya, “PET Innovations for Earlier Diagnosis and Particle Therapy Imaging,” seminar at TUDelft,
2016/3/1.

Taiga Yamaya, “PET Innovations for Earlier Diagnosis and Particle Therapy Imaging,” Lecture at UCSF
Department of Radiology & Biomedical Imaging, 2016/3/28.

IR ZRE, “~JL A » b7 PET- the best PET for brain imaging-,” [ HE DB A & 5141250\
AT, 2016 (2016/12/14, BRASAET N » 7 AARLDL)

+ 8% Educational lectures (5)

(1]

(2]

ISR, “PET FHAIOJFEL L PET A/ _X—3 3 ) HUHRRE FR AT 10 BEGg 2kt 2
—,2016/2/1 (R EHF).

A ZRE, “HURRRE T TRERFPR PSR, 2016 4 ATH1 450 H 1 16:10-17:40

WA, “REDPETEEIZHOWTE XD, MR RIEFFIE 5 1A A—T 2 75k, 2016/11/24.
A ZRE, “PET innovation: A3 PET HEFEICDOWTHE 2 D7 JUMN KRB R E S T4y - HERE H
BF R 2016/12/5.

B HIOGE, EEFET 12 RIESYE 2 — X, 2016/7 (XE)

2.6 EZE Book chapters (1)

(1]

Taiga Yamaya, "PET Imaging Innovation by DOI detectors", book chapter, Perspectives on Nuclear Medicine
for Molecular Diagnosis and Integrated Therapy (Springer), pp. 39-49, 2016.

27 TLR - [LE&YBE Public relations activities (13)

(1]
(2]

(3]
(4]

(3]
(6]

(7]
(8]
(9]
[10]
[11]

[12]

[13]

"D AKLFRIRIR TR HENE ZEE B BT IERES, B ASEREERTE 12 WL 13 T, 2016/2/8.
"RRHE, TD 27 ) BRE TR TAYNA ~—RORIREI 2 2 BEEECIRRE BED," B
AR R 12 hiR 23 1, 2016/2/4.

"BEAF MRI (Z PET FERE kM2 & Fik SRERBMG 2 [FIRFIRES," F P T38RI, 21 1, 2016/2/12.
R DFEE (WA TRER BAIRERICE X 5 PET HikEe\ g RSB B E SRR, 8
(JesmBAfT), 2016/2/18.

“Dual-mode PET enhances in vivo dosimetry,” medicalphysicsweb (Z #8#¢, 2016/3/22

< http://medicalphysicsweb.org/cws/article/research/64410>

NHK news 7 (& CHE MR ARMAF T = 2 — A ZB T~V A Y F PET A U ¥ B a—fEM S5,
2016/4/3.

<http://www3.nhk.or.jp/news/html/20160403/k10010466531000.html?utm_int=news-culture contents_list-
items_002>

"R EFRR AT O IR REIRE T by 7 A EFEBASE Lz~ L A > N PET #E" I 5
FERRYE 2016.4.9 5 p. 91, 2016.

“ELHE FLIC IR D o B, MTIEAR S A 7 - 14 HADF5, p. 30,2016/5/14.

" —X TRRBAEYE] ZONIHER ! IUATRE I A", HEEE 3652016 4 8 H 5, pp. 162-163, 2016.
NHK World Medical Frontiers, “Targeting Proteins, Fighting Dementia”, 2016/7/5 Ji{i%
http://www3.nhk.or.jp/nhkworld/en/vod/medicalfrontiers/20160705.html

“OpenPET offers in vivo dosimetry,” medicalphysicsweb review, issue 2, p. 1, 2016.
http://iopp.fileburst.com/mpw/review/MP Wreview-issue2-2016.pdf

“ORBEBOR ST R BI R E 2 U SR E P BT 2 R SV E L7, &R AR ZE B Fe H s
=2 — ATV Ay M PET 20O T D3RI S5, 2016/9/9.
http://www.qst.go.jp/information/itemid047000703.html

“High-sensitivity PET targets brain imaging,” medicalphysicsweb (Z g, 2016/10/21
<http://medicalphysicsweb.org/cws/article/research/66679> the top 5 most popular articles of the month

2.8 HEAE Exhibition (1)

(1]

YERE 28 AEE—fRABHIC T 7 RABR, 2016/4/24.
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2.9 ZMOhREZE Other reports (0)

2.10 B9 45 R bRt Foreign guest scientists (4)

(1]
(2]

(3]
(4]

2016/1/14-17 Stanford University School of Medicine, Prof. Craig Levin

2016/3/6-11 LMU Prof. Dr. Katia Parodi, Dr. Peter Thirolf, M.Sc. Saad Aldawood, M.Sc. Silvia Liprandi, M.Sc.
Ingrid Valencia Lozano

2016/4/24 Australian Nuclear Science and Technology Organization (ANSTO) Dr. Marie-Claude Gregoire
2016/5/31-6/10 CERN/LMU Ricardo dos Santos Augusto

2.11 RExtE Lab tours for visitors (21)

(1]
(2]
(3]

(4]
(3]
(6]

(7]
(8]
(9]
[10]
[11]
[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]
(21]

2016/2/1 25 10 [EIE &2 Wt X T —%i 4 22 4

201629 Wt F At o ¥ —+HHFEKIEN 1 4

2016/2/15 BALAFZEET IR PR G20 o # — bk — K - RO RFLFEHEXE - LFERA K
K

2016/4/3 SCERRHFERE Bhil REbLE R

2016/4/4 A FIBLACEAS

2016/4/15 AZERARHVE N EEEEE e R 2 98 o # —Spring8 # BSELE BEHIGIC - MEREMRE HR
I

2016/6/7 Bruker BioSpin, President, Dr. Rene Lenggenhager F1E72> 5 44

2016/7/7 JST #F7EBRFE MG & o & — Fikf s K&~ 1 4

2016/7/22 REARRFHRAANEKIZD 14

2016/8/18-19 HilpZ 7= i itk 1 4F4 10 44

2016/8/26 V 7 =7 KAl Egidjus MEILUNAS K1Z/ 1 4

2016/8/31 KW SR FRIKEIZD S 4

2016/9/14 B NEHEMERT BFGEBIE 7NV —7 T 7 ) aP—A ) RX—3 g UHEFEAREE AR HEE RS AES
FElIN34

2016/9/26 = FHWPEMEMSHFICAT Hiflt - A 7 N—v 3 UIERE BHKERIEN 3 4

2016/9/28 HREAET b v 7 AR OB ERIED 3 4

2016/10/11 University of Wollongong Linh Tran FX

2016/10/31 The Christie NHS Foundation Trust Samuel Peter Ingram

2016/11/18 Lithuanian University of Health Sciences #l“* [, Renaldas Yurkevicius 5z 1E7> 2 44
2016/11/22 FOE TP SARKEKIEN 4 4

2016/11/24 BRI 74 2 24 3 4

2016/12/3 it =W PET 2£(&BAFEAIZE 7 AN LA S INH# 10 44

3. S\ ERETME (FREZ) Awards (11)

(1]
(2]

AR ZRE, “~/r A v MU PET 2B OB, Fhk 28 B R K, 2016/7/1.

H 598,  In-beam OpenPET imaging simulation based on patient data,” %5 111 [B] H AKEEW RS K
RHEH, 2016.

Akram Mohammadi, “Optimization of 150 beam for in-beam PET imaging,” % 111 [A] H AK[E = PR r o
RERHEZH,2016.

Md Shahadat Hossain Akram, “Development of a PET/RF-coil integrated system for MRI: comparative MRI
study for with- and without-PET modules,” %5 111 [0] H KE 252 KREREZH, 2016.

 HJEYR, “First healthy volunteer study of high sensitive helmet-chin PET prototype,” 5 111 [B] H A [E 24
s RERHEZHE, 2016.

Abdella M Ahmed, “Feasibility study of a pixilated mouth-insert detector in the helmet PET,” 5 111 [a] H K
PSS RGET LB T — v a VEZHE, 2016.

Md Shahadat Hossain Akram, ISMRM Educational Stipend (475$), ISMRM 24th Annual Meeting & Exhibition,
7-13 May 2016.

Genki Hirumi, IEEE NSS-MIC 2016 Trainee Grant (500 Euro).

Md Shahadat Hossain Akram, IEEE NSS-MIC 2016 Trainee Grant (500 Euro).

Abdella M Ahmed, IEEE NSS-MIC 2016 Trainee Grant (500 Euro).

RS, /LA MU PET (Z881) 2 B S ARIE O BI%E,” 26 35 |l H ARE A T2 K
H,2016/9/21.

>

L)
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