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Introduction

A quantitative imaging method of a tiny amount of biomarker —
even though it is pico-mol order and deeply seated —is possible
using positron emission tomography (PET). PET is essential
not only for cancer diagnosis but also for elucidation of
illnesses. A good example is the elucidation of dementia, in
which postmortem brain pathology had been the only method.
However, PET has enabled imaging of amyloid plaques from a
very early stage, which has resulted in a better understanding
of the mechanisms of Alzheimer’s disease.

On the other hand, recently, research on MRI and liquid biopsy
which aims to replace PET has been actively conducted. In
other words, PET can be a gold standard in many studies, and
nuclear medicine, which is constantly being advanced,

continues to evolve.

Therefore, the Imaging Physics Group (IPG) is developing
novel technologies for the next generation PET imaging. Our
2021 progress is briefly reported in this article.
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Figure 1 Overview of the novel systems developed by the Imaging Physics Group.
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GSO + PMT, non-TOF

Figure 2 The helmet-type PET was finally commercialized by ATOX Co., Ltd. as “Vrain”.

Helmet-type PET finally commercialized

PET has extremely high sensitivity in principle in terms of
sensing trace substance, but in practice more than 95% of the
gamma-rays emitted from a patient body are undetectable.
Improvement of the detection efficiency will bring a lot of
advantages such as improved lesion detectability, reduced
scan time, reduced costs and reduced radiation exposure, and
there will be no disadvantages. Therefore, extension of the
axial length of the scanner is a trend in PET development, and
the total-body PET, a 2 m-long PET, is a representative
example.

Time-of-flight (TOF) PET can improve image quality, the effect
of which is considered similar to that of detection efficiency
improvement. Therefore, development of fast timing detectors
is a hot topic worldwide. In fact, 10 % of the 515 abstracts
submitted to the 2021 IEEE Medical Imaging Conference were
about TOF.

Attention also has been paid to the development of organ-
dedicated or application-specific PET systems because
sensitivity improvement is possible without increasing the
number of detectors. IPG worked 7 years for the development
of a brain-dedicated PET system, which was commercialized
by ATOX Co., Ltd. at the end of 2021 with the product name of
“Vrain”.

It must be said that the market size for nuclear medicine
equipment is limited in the field of medical equipment, which is
already highly regulated. The commercialization of Vrain
represents a successful example of overcoming the current
situation in which academic research results seldom reach
practical application (Go Akamatsu, p. 15, Miwako Takahashi,
p. 25, Yuma Iwao, p. 31).

301MBq 8F-FDG p.i. 47min
10 min scan, 85.7kg

Vrain (Jan. 2022)
LFS + SiPM, 245 ps TOF

The comparison of healthy volunteer

images demonstrates imaging performance improved by the state-of-the-art time-of-flight detector technology.
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Toward “Quantum nuclear medicine”

A new program pioneers Quantum Nuclear Medicine

Whole gamma imaging (WGI) was proposed as the third
method for improving sensitivity. This is our original concept of
utilizing all detectable gamma rays for diagnosis, and will be
realized by combining a Compton camera with PET. However,
since the spatial resolution of Compton cameras deteriorates
in proportion to the detector distance, it is essential to improve
the detector performance in order to expand WGI to human
size. Fortunately, Japan, which is strong in the field of high
energy physics, has a track record of developing a variety of
Compton cameras. Therefore, the QST Advanced Study
Laboratory “Quantum Nuclear Imaging Core
Creation Group” was IPG for technology
exchange.

Medicine
launched in

An evaluation method for PET is standardized, but there is no
such standard for Compton cameras yet. Therefore, this year,
we specified a performance evaluation method for Compton
cameras, and developed dedicated phantoms (Go Akamatsu,
p. 15). In addition, the next generation WGI systems were
designed through numerical simulation (Tomoya Kikuchi, p. 41,
Takumi Nishina, p. 45).

WGI spotlights unusual nuclides that emit both gamma rays
and positrons. The first one is zirconium (Zr)-89, which emits
909 keV gamma rays about four times more frequently than
positron decay, and is expected to bring out the potential of
“whole gamma imaging”. The second one is scandium (Sc)-44,
which emits 1157 keV gamma rays at the same time as
positron emission, and is expected to enable our new concept
of “quantum PET (Q-PET)” (Sodai Takyu, p. 35). It is known
that the pair of a positron and an electron whose spins are
parallel tends to have a longer lifetime (several nanoseconds
in the body), which means it can be used as a new biomarker.
Nuclear medicine diagnosis is about to evolve into "quantum
nuclear medicine" that makes full use of complicated decay
chains and spin information for better diagnoses with multiple
sensors.

Double Quantum
sensing sensing
(Q-PET)
1—‘ 1157keVy
511keV (e: B @-é
@ Ortho-
positronium

r>909kev v

®

511keV

Partially supported by
Directorate's Fund

IBFEZEF] N

Figure 3 The QST Advanced Study Lab program, which aims to characterize various Compton cameras, will contribute to
realization of WGI and establishment of “quantum nuclear medicine”.
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Evolution and practical use of DOI detectors

Detector development for the next generation PET is a hot
topic worldwide. We are developing novel depth-of-interaction
(DOI) detectors which improve both spatial resolution and
sensitivity. In addition, improvement of timing response of
detectors is also important for better TOF-PET performance. In
TOF-PET, the source position can be localized by the arrival
time difference between two 511 keV photons. For example,
300 ps TOF resolution corresponds to 4.5 cm spatial

resolution.

This year, we improved our original 4-layer DOI detector
(Naoko Inadama, p. 61, Akram Mohammadi, p. 65). Also, in
addition to a basic study for TOF scintillation detectors (Miho
Kiyokawa, p. 73), we continued the development of a hybrid
semiconductor detector with Cherenkov photon detection
(Fumihiko Nishikido, p. 77).

Generally, DOI detectors, in which light paths can be
complicated, have been considered to have poor TOF
resolution. Development of the crosshair light sharing (CLS)
detector is our work to challenge solving this issue. The top
parts of two crystal bars were optically glued to form a U-shape
light path, and two bottom light outputs were read out by two
different photodetector cells. The crystal pitch of 1.5 mm was
half the photodetector cell size, and each photodetector cell
covered four outputs of different U-shape crystal units (Eiji
Yoshida, p. 69). This year, as demonstrators of the CLS
detector, a practical, completed small animal PET system and
a bench-top dual-head system of breast dedicated PET were
developed (Go Akamatsu, p. 15).

§ Scintillator CLS (DOI+TOF) detector | i
8 #h ey
3 Cad

4 4 &

g ow e e

=

x WM " ay

: (o)

3

CLS-PET (rmggeometry

Flgure 4 A conceptual drawing of the crosshair light sharing (CLS) detector, in which both ends of U-shaped scintillators are

optically coupled to different pixels of a photodetector array (a).

In 2021, a multi-purpose demonstrator (CLS-PET) (b) and a

bench-top prototype of the breast-dedicated PET with the round-edge geometry (c) were developed with the CLS detectors.
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10cm PMMA

TBS 30 min off-line PET

Figure 5

15 min scan, 37 MBq Na*®F (p.i. 168 min)

Toward PET-guided therapy

The total-body small animal (TBS) PET with extreme high
sensitivity of 16.7%, which was developed last year, was
successfully applied to rat imaging this year (Han Gyu Kang,
p. 49).
application of in-sifu beam monitoring in animal experiments

Currently, we are transferring TBS-PET to a new

with a focused carbon ion beam (Hideaki Tashima, p. 53). The
TBS-PET can visualize weak activity distribution of positron
emitters to be produced through fragmentation reaction.

Positron emitters produced in the body are also affected by the
biological washout, but on the contrary, the washout may be
used as a new biomarker. This year, in a carbon ion beam
irradiation experiment on tumor model rats, we showed the
feasibility of distinguishing differences in tumor pathological
conditions from dynamic PET images (Chie Toramatsu, p. 57).

Realization of intraoperative PET is expected even in surgical
treatment. Surgery for esophageal cancer, which emphasizes
curability, usually dissects all surrounding lymph nodes that
may metastasize. If the presence or absence of metastasis can
be confirmed for each individual lymph node during surgery
with FDG injection, the dissection range can be minimized and
complications would be significantly reduced. Therefore, last
year, we started the development of a forceps-type mini PET
for intraoperative metastasis diagnosis of lymph nodes. This
year, in parallel with prototyping, we carried out a simulation

study to verify quantification performance (Ryotaro Ohashi, p.
81).

4. BGo
600Bq FDG

v

3

3

-

15mm

Forceps-type mini PET

Simulation

Imaging demonstration of the developed total-body small animal (TBS) PET (left) and computer simulation of the

forceps-type mini PET prototype for characterization (right).
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2021 VIRTUAL IEEE NUCLEAR SCIENCE SYMPOSIUM AND MEDICAL IMAGING CONFERENCE 16 - 23 October 2021

Jae Sung Lee

IEEE NSS-MIC2021 finished

IEEE Nuclear Science Symposium and Medical Imaging
Conference (NSS-MIC) 2021 (October 16-23, 2021), which
was originally planned for Yokohama as the first IEEE NSS-
MIC to be held in Japan, was a successful virtual conference
with 1133 abstracts submitted from 40 countries. Accessibility
(anytime and anyplace) was a unique advantage of a virtual
conference, and the recorded video of the plenary sessions is
still available on-line to the public (nssmic.ieee.org/2021/).
From Japanese groups, excellent presentations full of
originality stood out as well as presentations by motivated
young researchers from other countries. As many overseas
participants had been looking forward to visiting Japan, it has
been decided to hold the conference in Yokohama in 2025.
Let's see how many future technologies currently being
researched will be realized in the next four years.

Figure 6 A screen shot of the opening speech at the IEEE MIC2021 (left) and a backyard scene (right). Dr. Iwao Kanno (second
from the right) gave an excellent plenary talk entitled “PET: from annihilation detection to quantitative biological images”.
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Conclusion

Current nuclear medicine is in the midst of evolution, but it is
also true that it tends to cost a lot. In short, nuclear medicine is
essential to save lives, but it is difficult to ensure development
of the equipment for it makes money (it is hard to encourage
investors to take the investment risks). Our challenge,
therefore, is to break through the current situation where basic
research results are unlikely to lead to clinical practice. We
believe our original ideas can promote realization of a future in
which early detection and early treatment of illnesses become
practical.
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Imaging Physics Group FY2021

Staff Visiting Researcher
Go Akamatsu Researcher Makoto Doi ATOX Co., Ltd.
Naoko Inadama Principal Researcher (part time) Hideaki Haneishi Chiba University
Yuma lwao Researcher (part time) Tomoyuki Hasegawa Kitasato University

Han Gyu Kang

Researcher

Yoshiyuki Hirano

Nagoya University

Md Shahadat Hossain Akram

Senior Researcher (part time)

Shigeki Ito

Mirai-imaging Corp.

Akram Mohammadi Senior Researcher Masaaki Kumagai ATOX Co., Ltd.
Fumihiko Nishikido Senior Researcher Shunsuke Kurosawa Tohoku U.

Takumi Nishina QST Research Assistant Takashi Obi Tokyo Inst. Tech.
Fujino Obata Technical Staff (part time) Yoshiaki Sato ATOX Co., Ltd.
Miwako Takahashi Principal Researcher Kengo Shibuya University of Tokyo
Sodai Takyu Researcher Kenji Shimazoe University of Tokyo

Hideaki Tashima Principal Researcher (tenure), Senior Res. until June Mikio Suga Chiba University
Chie Toramatsu Senior Researcher (part time), Retired on April 30 Eiji Takada NIT, Toyama College
Hidekatsu Wakizaka Senior Technical Staff Ayu Tanaka ATOX Co., Ltd.
Taiga Yamaya Group Leader (tenure) Tsunetoshi Tanaka ATOX Co., Ltd.
Eiji Yoshida Principal Researcher (tenure) Chie Toramatsu Tokyo Women's Medical University
M. Ohno Secretary (part-time) Hiroshi Umeda ATOX Co., Ltd.
Y. Saito Secretary (part-time) Masakazu Yamagishi NIT, Toyama College
M. Tanaka Secretary (part-time), Public Relations Taichi Yamashita ATOX Co., Ltd.

Masao Yoshino Tohoku U.

Trainee / Internship

Taiyo Ishikawa

Chiba University (Haneishi-lab. B3)

Tomoya Kikuchi

Chiba University (Suga-lab. B4)

Miho Kiyokawa

Chiba University (Yamaya-lab. B3)

Ryotaro Ohashi

Chiba University (Yamaya-lab. B4)

Daiki Satake

NIT, Toyama College (Takada-lab. AC2)

Major collaborators (except for funded projects)

Collaborators (alphabetical)

Themes

Simulation design of WGI (B4 Tomoya Kikuchi)

1 Masaki Fukunaga (NIPS) Research on PET inserts for MRI

2 Mikio Higuchi (Hokkaido U.) Beta-ray micro imaging using thin scintillators

3 | Japan Radioisotope Association Development of 22Na phantoms
Katia Parodi, Peter Thirolf

4 ' In- PET simulati i IRMI j
(Ludwig-Maximilians-Universitat Miinchen) n-beam PET simulation / experiment, SIRMIO project

5 Mitra Safavi-Naeini (ANSTO) Prompt gamma detection and neutron capture discrimination in NCEPT

6 Masaaki Sato Early diagnosis of chronic rejection after lung transplantation by nuclear
(U. Tokyo Hospital) medicine

7| Mikio Suga (CFME, Chiba U.) Compton-PET simulation (M2 Takumi Nishina)

8 | Eiji Takada (NIT, Toyama College)

Medical application of organic semiconductor detectors (AC2 Daiki Satake)

Hiroyuki Takahashi, Kenji Shimazoe

(CFME, Chiba U.)

9 (U. Tokyo) Development of a read-out circuit for Si-detectors
. . . - Monte Carlo simulation for realization of a forceps PET (B4 Ryotaro Ohashi)
10 | T8iga Yamaya, Hideaki Haneishi Simulation of “Scratch PET” (B3 Taiyo Ishikawa)

Timing resolution improvement for TOF-PET detectors (B3 Miho Kiyokawa)

Collaborative research contracts

Collaborators (alphabetical) Funding Themes
AIST (Mitsugu Sohma, Jun Akedo) S ) . . . —
1 Mikio Higuchi (Hokkaido U.) No Investigation of beta imaging material for medical application
2 ATOX Co., Ltd. Yes Research on practical realization of the helmet PET, etc.
3 | Mirai-lmaging Corporation Yes Scintillation detectors for nuclear medicine and environment, etc.
4 | MIT Corporation Yes DAQ development for a close-up flexible PET
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FY2021 Imaging Physics Group Grants

As of Dec. 31, 2021

Internal budget (basically excluding labor cost) [x1.000 ven]
Budget Note Am °”"T_ab°r Main collaborators outside the group (PI underlined)
Realization of a new imaging-based - ]
) ) > g ,
1 |diagnostic method for dementia and For Integration Plan D 9,700 o[ Makoto Higuchi (P, et al. (QST Chiba) .
: Naokoi Kawachi, Mitsutaka Yamaguchi (QST Takasaki)
depression (BFAB3)
Fideaki Haneishi, Mikio Suga (Chiba U.), Akihiro Hino (Fuiifim Toyama Chemical), Yoichi Imai, Kengo
QST President's  Strategic  Grant[o o =\ e Imaging Gore Greation G Shibuya, Hiroyuki Takahashi, Tadayuki Takahashi, Shinichiro Takeda (U. Tokyo), Taku Inaniwa, Kotaro
2 |Advanced Study Laboratory (ABADK) a "f“ “’I“ ue e:'t © '°'"f 2"‘0;%')“ ore Lreation Lroup 9,250 4,000|Nagatsu, Takashi Shimokawa, Atsushi Tsuji, Shigeru Yamada (QST), Shigeki Ito (Mirai-imaging), Kei Kamada
Pl: Taiga Yamaya nternal competitive grant, (C&A), Naoki Kawachi, Yuto Nagao, Mitsutaka Yamaguchi (QST Takasaki), Shunsuke Kurosawa, Akira
Yoshikawa (Tohoku U.), Katia Parodi(LMU), Makoto Sakai (Gunma U.), Taichi Yamashita (ATOX)
Research on
3 |new cancer radiopharmaceutical drugs  [For Integration Plan A 9,000 0|Tatsuya Higashi (PI), et al. (QST)
BIAC2)
Research on diagnosis _methods _using|
photon and quantum imaging technologies
4 |B1AB1) For group operation 6,900 0
PI: Taiga Yamaya
5 g;’eT“m:f s Fund (BIAB1) For “Quantum PET” project 5000 o|Taku Inaniwa, Kotaro Nagatsu, Atsushi Tsui (QST Chiba), Naoki Kawachi (QST Takashaki), Kengo Shibuya
g v - S
aiga Yamaya (Internal competitive grant, 2020-2021) (U. Tokyo)
6_|Returned indirect expense 10% of indirect—BIABT 2,606 0
Direstorate’s Fund For carb et Hitoshi Ishikawa (PI), Makoto Higuchi, Ryoichi Hirayama, Takafumi Minamimoto, Kazutoshi Murata, Makoto
7 T"“ 3“ e s Fun ([°; ““|°" fon 't“,‘t,m 5”"‘5:"';0"2'0?;;2 h 1,500 0|Sakama, Dousatsu Sakata, Makoto Shinoto, Toshiyuki Shirai, Hiroshi Tsuji, Masaru Wakatsuki, Shunsuke
alga Yamaya nternal competitive grant, Yonai (QST Chiba), Motohiro Hayashi (TWMU), et al.
s SISL.:“ei'.d;"‘: Fund Image reconstruction for “Q-PET” 1000 o
Hideaki tashima (Internal competitive grant, 2021) k
QST President's Fund - - - . ~
Sore In vivo quantitative imaging of free radicals by “Q-PET ; - ; ;
9 |PI: Sodai Takyu (Intornal compotitive grant. 20219 1,000 0|Kengo Shibuya (U. Tokyo), Kenichiro Tkuo , Takashi (QST Chiba)
) ) - o Taku Inaniwa, Hitoshi Ishikawa, Nobuyuki Kanematsu, Masahi Koto, Toshiyuki Shirai, Katsuyuki Tanimoto,
10 |Directorate’s Fund (BIAB1) Clinical application of OpenPET 500/ 0[Minoru Taijiri, Shigeru Yamada, Shunsuke Yonai (QST Chiba), Shigeki Ito (Mirai-imaging), Chie Toramatsu
PI: Hideaki Tashima (Internal competitive grant, 2021) WU
11 |Reward for_brushing up external fund 150 o
(Taiga Yamaya)
12 |QST President's Fund (ABACR) Quantum theranostics with ®Cu-labeled antibody for 100 o|Yukie Yoshii (PD), Tatsuya Higashi, Hisashi Suzuki, Ming-Rong Zhang (QST),
Hideaki Tashima, Taiga Yamaya pancreatic cancer (Internal competitive grant, 2018-2021) Hiroki Matsumoto (Nihon Medi-Physics), Mitsuyoshi Yoshimoto (NCC)
Sum 46,736 4,000

Com

petitive grants [x1,000 yen]

10

) Direct expense Tndirect Members in the group -
IRrefs e Labor__| Distributed | expense (P1 underlined) Celbtiam et din g
3 [rromtore (AMED-SENTAN) node diogosis (2020-2000) 50,768 0 33,118|  15,230|Nishikido, Sodai Takyu, Han Gyu  |Kawamura (Chiba U.), Yasuyuki Seto (U.
21hm0102078h0002 Kang, et al Tokyo, et al
[Akira Yoshikawa (Tohoku U.), Mikio Suga
KAKENHI 2020-2024 o . . , ; ; !
e ) g va, ) ), . ,
1 |Grant-in-aid for Seientific Research (g|!¥hole gamma imaging to break through the physical 40300 2100 12.100|  12,090|T2iE2 Yamaya, Miwako Takahashi, |(Chiba U2, Yoichi Imai (U. Tokyo), Mariko
20n105667 limitation of positron emission tomography Eiji Yoshida, Hideaki Tashima Ishibashi (Nippon Medical School), Kotaro
Nagatsu (QST)
Collaborative research 2021 ] I
DAQ development for a close-up flexible PET 15,714 0 0 786 |Eiii Yoshida, et al. —
5 [MIT Gorporation i °
Collaborative researh 2021 Development of high-resolution scintillator array detector 5238 o o 62| Taiga Yamava. et al
ollaborath : ! ; g va, et al. —
Miraiimaging Corporation for a close-up flexible PET
AMED Development of Medical Devices F“‘ dy°5h"ﬁaTaLgiva?aya' Naoko
and Systems (Co-investigator) Development of a multi-purpose transformable medical 13,446 0 0 4034 ;a a:: N', Eak; a'j '"‘g' K Yoshiyuki Usuki (PI: Mirai-imaging Corp.),
21he2202004h0203 oevelopmen purb 5 umihiko Nishikido, Han Gyu Kang, |4i-oshi Watabe, Kei Kamada (Tohoku U),
4 imaging device for advanced pre- and intra-operative |Sodai Takyu s ?
- ng device for. Kenji Yasuyuki Seto (U Tokyo),
AMED D! of Medical D diagnosis (2019-2021) -
! Miwako Takahashi, Taiga Yamaya, |et al.
and Systems (Co-investigator) 3,320 0 0 99y e,
21he2202004h0503 i
5 |Collaborative research 2021 (Application of super high definition and sensitive X-ray 5238 o o 262 Furmihike Nihikido, Sodai Takye —
Miraiimaging Corporation imager to RI molecular imaging | umiie Tishiaco.
Taiga Yamaya, Eji Yoshida, Hideaki
Collaborative research ) Tashima, Miwako Takahashi, Yuma
20162021 ATOX G, Ltd Research on practical realization of the helmet PET 3,600 880 0 380 B Akamatsu, Sodst Takye, —
Hidekatsu Wakizaka, et al.
KAKENHI 2021-2022
7 |Grant-in-Aid for Challenging Research|Challenge to quantum PET (Q-PET) 2,500 0 1,000 750(Taiga Yamaya, Miwako Takahashi  [Kengo Shibuya (U. Tokyo)
(Exploratory) 21K19936
KAKENHI 2020-2022 ) - - -
8 |Grant-in-Aid for Scientific Research (G)]Tcconstrustion of dose distributions using PET images in 2,100 0 0 630|Mohammadi Akram -
OK05066 heavy ion therapy
KAKENHI 2020-2022 ) ) )
9 |Grant-in-Aid for Scientific Research (C)|\MProving resolution of a high-sensitive 4-layer DOI-PET 1,800 0 0 540|Naoko Inadama —
20K12705 detector
Makoto Higuchi, Yuhei Takado, Keisuke
10 |Collaborative research 2021 Development of image correction methods for seated-type 1500 o 0 150|T2iga Yamaya, Miwako Takahashi, |Takahata, Kiwamu Matsuoka, Hironobu
ATOX Co., Ltd. brain PET ’ Go Akamatsu, Yuma Iwao Endo, Kenji Tagai, Tatsuya Higashi (QST
Chiba)
KAKENHI 2021-2023
11 |Grant-in-Aid for Scientific Research (0)|D°Veiopment of PET/SPECT/MRI/CT multi-modal brain 1500 0 0 450|Go Akamatsu -
21K07716 phantoms
KAKENHI 20212023 Development of PET detectors using organic
12 |Grant-in-Aid for Scientific Research (C) P 8 ore: 1,300 0 100, 390|Fumihiko Nishikido Eiji Takada (NIT, Toyama Coll
21K12720 photodetectors
KAKENHI 2020-2022 Hideaki Tashima, Fumihiko
13 |Grant-in-Aid for Scientific Research (C)|Partial-ring PET-Compton hybrid imaging system 900 0 100, 270[oea e ashima, Mikio Suga (Chiba U.)
0K17683 Nishikido
KAKENHI 2020-2022 Diagnosis for epileptogenic zone in patients with non—
14 |Grant-in-Aid for Scientific Research (C)["°€ prieptos P 500 0 100, 150 |Miwako Takahashi, Yuma Iwao  |Yuichiro Shirota, Naoto Kunii (U. Tokyo)
KO3 194 lesional refractory epilepsy based on MEG and FDG-PET
KAKENHI 2020-2022 B
15 |Grant-in-Aid  for  Young  Scientists Ez‘ﬁ‘""’"e"‘ of scan-type open-geometry PET “Scratch 500 0 0 150[Yuma Iwao —
20K20239
KAKENHI 2019-2021
16 |Grant-in-Aid for Scientific Research (C)[Development of a digital DOI-PET detector 300 0 0 90|Eiii Yoshida —
19K12857 |
Collaborative Research Program at IMR| !
17 |Tohoku U. 2021 Development of novel scintillators for the next generation 250 0 0 0|Taiga Yamaya Akira Yoshikawa (Tohoku U.)
205019-ROKGE-0009 nuclear medicine concept of WGI
KAKENHI 2018-2021 Development of advanced flexible organic semiconductor! %ﬁ%ﬁﬁ”&"ﬁm i‘.’"T)'kK:‘t"’;‘.’
18 |Grant-in-Aid for Scientific Research (B)|radiation detectors and new radiation measurement 100 0 0 30|Fumihiko Nishikido omi TonoKu L, Irovuil Jakanash
° ! Takeshi limoto (U. Tokyo), Hiroyuki Okada
18H01920 (Co-investigator) techniques oS
KAKENHI 2019-2021 Develoomant of hiah-resolution PET imaging for ear Yukie Yoshii, Ming-Rong Zhang (QST), Eku
19 |Grant-in-Aid for Scientific Research (B)| °" re:ti o ergwith o Iabeled a"tﬁmi o 100 0 0 30(Taiga Yamaya, Hideaki Tashima  |Shimosegawa, Jun Hatazawa, Tadashi
19H03609 (Co-i pancreatic canc Y Watabe (Osaka U)
Satoshi Kasahara, Hiroyuki Oka, Ko
KAKENHI 2020-2022 ) Satoshi Basahara, ke .
20 |Grant i Aid for Seientific Research (G| T7eatment strategy based on ADHD pathophysiology for © o 0 12Miwako Takahashi Matsudaira (U. Tokyo), Kaori Takahashi,
20K07755 (Goimvestioaton) patients with glossalgia or with atopic dermatitis Kenichi Fukuda (Tokyo Dental Coll., Yozo
8 Ishiuii(Jikei U)
Sum 151,014 7,980 46518] 37662
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[Fiscal year

A F4X Chie Toramatsu
#3355 Hidekatsu Wakizaka
A ZRE Taiga Yamaya
EHZEA Eiji Yoshida
Students (pre—doctoral fellows)
KHE#E Shoma Ohigashi
B E A Yusuke Okumura
$EEITE Genki Hirumi
RA#F Shoko Kinouchi
{Z%} [E Takumi Nishina
#HHERZ Munetaka Nitta
it Tetsuya Shinaji
#5KiE 2 Kaito Suzuki
KU RER Yujiro Yazaki

Technical Assistant
Team Leader (permanent)

Researcher Senior Researcher

Junior Res. Associate
— Junior Res

Junior Res. Associate

. Associate
Junior Res. Associate

Res. (part-time)

2009 2010 [ 2011 2012 2013 2014 2015 [ 2016 2017 2018

1. Research budget [x1,000 yen] 48,913 61,869 144,380 108,649 134,001 121,711 117,564 76,145 71,129 102,369
|- Internal budget (excluding labor) 17,666 8,092 102,350 92,730 86,482 55,299 36,973 16,658 20,601 36,139
|— Internal competitive grant 17,445 16,812 1,170 0 0 0 3,000 6,000 7,000 20,000
|- Competitive grant 13,802 36,965 40,860 15,919 47,519 66,412 77,591 53,487 43,528 45,530
| |- for internal use (excluding labor) 28,460 14,919 35,269 33,234 42,935 50,287 40,628 43,630
| |- for distribution 12,400 1,000 12,250 33,178 34,656 3,200 2,900 1,900
|- Own income 700

* from 2021

2. Researchers 4 6 6 6 6 714 8.7 80 93 11.0

|- Permanent 1 1 1 1 1 1 2 2 2 3

|— Non—permanent (4-day or more /week) 3 4 3 3 3 3.5 2.7 3.0 45 6.0

|- Postdocs (+JSPS fellows) 0 1 2 2 2 29 4 3 2.8 2.0

3. Achievement (SE&5HIEE TIZ G EBAL)

Conference presentations 41 56 54 63 72 48 58 51 50 59
per researcher 10.3 9.3 9.0 10.5 12.0 6.5 6.7 6.4 54 54
expense [x1,000 yen]/presentation 1,193 1,105 2,674 1,725 1,861 2,536 2,027 1,493 1,423 1,735

Peer-reviewed articles 9 9 5 7 1 14 4 7 1 7
per researcher 2.3 1.5 0.8 1.2 1.8 1.9 0.5 0.9 1.2 0.6
expense [x1,000 yen]/article 5,435 6,874 28,876 15,521 12,182 8,694 29,391 10,878 6,466 14,624

Patents 7 13 5 13 14 5 14 8 8 5

|- Applications 4 11 3 6 1 2 0 1 2 0

|- Registered 3 2 2 7 13 3 14 7 6 5
per researcher 1.8 2.2 0.8 2.2 2.3 0.7 1.6 1.0 0.9 0.5
expense [x1,000 yen]/patent 6,988 4,759 28,876 8,358 9,572 24,342 8,397 9,518 8,891 20,474

Evaluation and outreach activities

|- Awards 2 3 5 4 6 2 3 11 8 7

|- Invited talks 4 14 2 1 2 7 4 7 1 16

|- Book chapters, review articles 6 3 2 11 6 5 7 8 5 7

|- Public relations activities 4 5 20 30 6 11 11 13 5 3

|- Lectures 9 2 20 20 10 13 12 8 13 17

[Fiscal year [ 2009 2010 [ 2011 2012 2013 2014 2015 [ 2016 2017 2018
Group members (employee only, alphabetical)

Staff
P &R & 2 Takayuki Abe — Res. (2011/9-2012/1) — — — — — —
Abdella M. Ahmed — —_ —_ —_ Postdoc (2014/5-2017/4) — —
T~ Rl Go Akamatsu - — — — — — Postdoc (July-)

SEEFEEZ Yoshiyuki Hirano - Postdoc (2011/7-2014/10) — — — —

Md Shahadat Hossain Akram — — — — Postdoc Senior Res.
#i8 EEF Naoko Inadama Researcher Senior Researcher —(part-time) Principal Researcher

%%fﬁﬁ Yuma Iwao — —_ —_ —_ Postdoc Researcher
Jiang Jianyong — — — — Postdoc (2015/10-2016/3) — —
Han Gyu Kang — — — — —_ —_ —_ Researcher
Akram Mohammadi — — — — Postdoc 57 Researcher (2015/8-)

th BiE#2 Yasunori Nakajima — — — Researcher (part-time) — — — —
#8F 3XE Fumihiko Nishikido Researcher Senior Res. (July-)
$THRZE Munetaka Nitta — — — — — — Res. (2017/10-2018/10)
INEHETY Fujino Obata — Assistant (part-time) Technical Staff (part-time)

E#%i*ﬂ? Miwako Takahashi Principal Res.
HABIX Sodai Takyu — — — — — — Researcher (2016/11-) Postdoc

H &% Hideaki Tashima Postdoc JSPS Fellow (-2014/9) —Researcher (2014/10-)

Senior Res. (July-) —permanent
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Dr. Eiichi Tanaka, a great pioneer in nuclear medical physics,
passed away on August 215!, 2021, at the age of 93.

He was born in Himeji, Japan in 1927, considered to be the
birth year of nuclear medicine instrumentation when, for the
first time, H. L. Blumgart measured the blood circulation time
between both arms of a human being using RaC (Bi-214). As
a high school student, Dr. Tanaka was in Hiroshima on August
6, 1945, at a distance of about 6 kilometers from the
hypocenter of the atomic bomb. This momentous event
marked his first involvement with radiation. In 1957, he joined
the National Institute of Radiological Sciences (NIRS), which
was established in the same year. At that time in the Cold Warr,
the world’s military powers were rushing to develop nuclear
bombs and weapons, and he started the development of a
whole-body radioactivity measurement system to monitor
radioactivity contamination due to radioactive fallout.
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The 1960s were the decade of development of gamma
cameras following the first invention by Dr. Anger. Dr. Tanaka
presented a theory to maximize the resolution performance of
Anger-type cameras, and he successfully verified this theory
using his own original idea of the delay line method. The 1970s
the decade of tomographic and the
commercialization of X-ray CT by EMI made a big impact. Dr.
Tanaka was one of the chasers in a very active competition to
find an ideal filter for the filtered backprojection method. He
found his own answer to this problem, but when it was
reported, Dr. Tanaka noticed that he was the second to have
made the discovery. With a practical image reconstruction

were imaging,

algorithm, PET became a hot topic and was being studied
worldwide. Dr. PET,
Positologica I, in 1979, which was only 4 years after the
emergence of the world’s first practical PET introduced by Dr.
Ter-Pogossian and co-workers. The 1980s were the decade of
the development of high-resolution detectors, and Dr. Tanaka
realized the world’s first small animal PET system, Positologica
IV in 1983.

Tanaka developed Japan’s first

In addition to these developments of PET systems, Dr. Tanaka
dedicated himself to carrying out many fundamental studies,
on such topics as the variable sampling-time technique used
in scintillation detectors, the line-writing method for time-of-
flight PET imaging, the theory of multi-ring PET systems and
the theoretical analysis of statistical noise in PET. He also took
up the challenge of solving the attenuation correction problem
in SPECT, and proposed the weighted back-projection method
and the radial post-correction method as solutions.

After retiring from NIRS in 1988, Dr. Tanaka transferred the
place of his research activites to Hamamatsu Photonics,
where he facilitated the company’s business expansion into
developing devices for PET applications until his retirement in
2014. The 1990s were the decade of the technology
transformation from 2D-PET to 3D-PET, and Dr. Tanaka’s work
contributed to image reconstruction theory. He proposed a new
variation of iterative reconstruction methods, Dynamic RAMLA
(DRAMA), in 2003, and he reported the performance analysis
of DRAMA in 2010 on Physics in Medicine and Biology, which
became his last journal publication.

He gave an impressive invited talk in Tokyo in 2018 (picture),
which was published in “2018 Reports on PET Imaging
Physics Research”. He dedicated his professional life to the
peaceful uses of atomic energy. His attitude to pursue the
essence of a problem and realize its solution was an inspiration
tous all.

This remembrance was written by Taiga Yamaya, National
Institutes for Quantum Science and Technology (formerly
NIRS), and Hideo Murayama, NIRS (retired).
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New concept

Helmet-type PET

CLS detector

Compton camera

Figure 1

Introduction

The missions of the QST Imaging Physics Group are creating
next generation PET technologies and putting them into
practical  applications (e.g., commercializing them).
Collaboration among many experts in various research fields
is essential to achieve these missions.

The general roadmap for commercialization of new imaging
systems is as follows: proposing a new concept or technology,
developing a prototype system, making a proof-of-concept,
evaluating performance, assessing safety and efficacy, and
developing a practical system and commercializing it. At the
laboratory level, the usability of the system is not important. It
is sufficient that one researcher has the necessary skills and
experience to operate the system. On the other hand, in order
to put a new system into practical use as a medical device, it
is necessary to get the same results no matter who operates
the device at any time. Therefore, it is especially important to
provide reliable quality control and quality assurance (QA/QC)
methods to assure the safety and efficacy of the system.

This report describes recent research activities of the Imaging
Physics Group toward practical applications of the following
three novel PET technologies: the helmet-type PET (Vrain), the
CLS detector, and Compton camera.

Prototype systems » Practical systems » Commercialization

!

Roadmap for commercialization of new PET technologies.
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Commercialization of the helmet-type PET (Vrain)

Two issues needed to be overcome to receive regulatory
approval for the helmet-type PET due to its unconventional
shape: (1) there is no standardized method for performance
characterization; and (2) there is no appropriate radiation
source for QA/QC.

To solve these issues, we developed new phantoms suitable
for the helmet-type PET (Figure 2c) [1,2]. These new phantoms
make it possible to objectively evaluate the performance of the
helmet-type PET. In addition, the new phantoms contributed to
developing a standard performance evaluation method for
brain-dedicated PET [3].

The newly developed hollow dome ??Na-filled phantom makes
it easier to do the daily QA/QC with high reproducibility. By
using this phantom for timing calibration, excellent timing
resolution of 245 ps was achieved [4].

After solving these issues, the PMDA regulatory reviews
proceeded smoothly, and the helmet-type PET, known
commercially as Vrain, was approved as a medical device in
October 2021.

PET image

Brain-size

PET image
Ax. SagC
M

PET image

——
Hollow dome
2?Na-filled phantom

(c) New phantoms for
the helmet-type PET

Figure 2 Photograph of the helmet-type PET Vrain (a), conventional phantoms and sources that cannot be applied for
the helmet-type PET (b), and new phantoms suitable for the helmet-type PET (c).
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Development of practical PET systems with CLS detectors

Crosshair light-sharing (CLS) PET detectors can measure
depth-of-interaction (DOI) information and time-of-flight (TOF)
information by using our original reflector arrangement. Basic
performance of the CLS detector was evaluated with a detector
pair [5] and a small-ring benchtop prototype [6]. Then, as the
first practical system with the CLS detector, we have
developed a portable small animal PET system, CLS-PET

(Figure 3a).

Table 1 shows specifications of the CLS-PET. The PET system
was composed of 128 CLS detectors. The scintillator-to-
scintillator distance was 132 mm and the axial field-of-view
(FOV) was 207 mm. All devices including the operating PC and
power supply unit are mounted on a pushcart. The system
works with a power supply from a typical wall socket of
AC100V. The entire system is compact (740x950%1166 mm?)
enough to be moved by one person.

The physical performance of the CLS-PET was evaluated
according to the NEMA NU 4-2008 standards [7]. We
measured spatial resolution by using the #?Na ultra-micro hot
phantom (rod diameters: 0.75, 1.0, 1.35, 1.7, 2.0 and 2.4 mm).
Energy resolution and TOF coincidence timing resolution were
additionally  measured. Imaging performance was
demonstrated with '8F-NaF PET total-body imaging of mouse
and rat. Table 2 and Figure 3bc summarize the results. The
sub-mm (0.75 mm) rods of the ultra-micro hot phantom were
visually resolved. Detailed bone structures including mouse

ribs were clearly visualized in the mouse total-body images.

We successfully developed the CLS-PET system using our
original detector. Due to the advantage of portability, the CLS-
PET can lead to novel applications, besides small animal
imaging, such as PET-guided monitoring of particle beam
irradiation [8] and PET-guided surgery [9].

Next, we developed a benchtop breast PET prototype using
the CLS detector.
arrangement, while it allows imaging of axillary lymph nodes

For the conventional dual flat-panel

from the same view as X-ray mammography, PET images are
blurred in the direction perpendicular to the detectors due to
the limited angular coverage (Figure 4). To compensate for this
issue, we proposed a dual round-edge detector arrangement.
This third-type detector arrangement is expected to reduce
image blurring while keeping the advantage of the dual panel
arrangement.

To clarify the benefit of the proposed dual round-edge detector
arrangement, we evaluated the spatial resolution using the
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22Na multi-rod phantom (Figure 4). We demonstrated that the

proposed round-edge arrangement gave better spatial

resolution that the conventional flat-panel arrangement.

ww /0¢

(b)

Figure 3 Photograph of the CLS-PET (a), the PET image and photograph of the 22Na-filled ultra-micro hot phantom (b),
and mouse and rat total-body '8F-NaF PET images (c).

Table 1 Specifications of the CLS-PET.

Table 2 Main performance characteristics of the CLS-PET.

Scintillator GFAG Energy resolution 14.4+0.8%
Scintillator element size 1.45x1.45%15 mm?® Spatial resolution (OSEM) <1 mm
Scintillator array 14x14 Sensitivity 1.1%
Photosensor SiPM (S14161-9865, HPK) Peak NECR 62.4 kcps
Photosensor pixel size 3.0 X 3.0 mm?2 TOF coincidence timing resolution 443 ps
0,
Photosensor array 8x8 1 mm ;gg;’
Transaxial FOV 132 mm (crystal-to-crystal) o 2mm : °°
; Recovery coefficient 3mm 88.7%
Axial FOV 207 mm 4 94.2%
Energy window 440-620 keV ; mm 98'6(;
Coincidence time window 4ns Wmtm 0 '19°
DOI capability Yes Spill-over ratio A.a er 0,01
TOF capability Yes r :
Conventional Proposed
.e
.
aa® ®
sna® e
LA A
.o c.l.- 2
L - 4 o
-
! . e
! .
flat-panel " “ ’ . round-edge
.
L
Blurred
image

Figure 4 Comparison of the conventional dual flat-panel PET and the proposed dual round-edge PET.
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Performance evaluation method for Compton cameras

Compton cameras have been widely used in the field of

astrophysics and environmental radiation monitoring.
Compton cameras can measure y-rays for a wide energy
range, which gives the cameras the potential to become a
novel imaging modality in nuclear medicine. One of the key
issues in the medical application of Compton cameras is the
lack of performance evaluation methods. In the case of other
imaging modalities, such as PET and SPECT systems, there
are standard performance evaluation methods to assure the
efficacy of the system. Here, we have proposed performance
evaluation methods for the Compton camera. We newly
developed a multi-rod phantom for spatial resolution
measurements (Figure 5b) and a contrast phantom for image
quality assessments (Figure 5c). Point sources are used for
5d).  Candidate

radioisotopes to serve as imaging targets are:

sensitivity =~ measurements  (Figure

#Sc (B+, 1157 keV)
897y (B+, 909 keV)
131] (364 keV)
%M Te (140 keV)

Therefore, we chose three radioisotopes for the Compton
camera evaluation because they emit y-rays of similar
energies to those targets mentioned above.

22Na (B+, 1275 keV), Half-life: 2.6 years
133Ba (356 keV), Half-life: 10.6 years
5Co (122 keV), Half-life: 271.7 days

Phantom containers were made by a stereolithography (SLA)
3D printer. With the help of members of the Japan
Radioisotope Association (JRIA), the phantom container was
filled with 2Na (1 MBq). Because this radioactivity is low
enough that it is not subject to control regulations, it can be
transported to other sites using a simple procedure. We plan
to evaluate multiple Compton cameras using these ’Na
phantoms and select promising detector configurations for

medical applications.

Figure 5b shows preliminary results of the whole gamma
imaging (WGI) third prototype using the 2??Na multi-rod
phantom. Some of the 3 mm rods were visualized.
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511 keV y-ray
Compton image
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Na—22 Ba-133 Co—87
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Figure 5 Photograph of the WGI 3rd prototype (a) and new phantoms and radioactive sources for performance
characterization of Compton cameras: multi-rod phantom (b), contrast phantom (c), point sources (?°Na, %3Ba, 5’Co) (d).
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Conclusion

We reported recent research activities directed toward the
practical applications of the helmet-type PET (Vrain), the CLS
detector, and the Compton camera. By developing new
phantoms and new radiation sources suitable for each imaging
system, practical application of next generation PET
technologies will be facilitated.
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Countdown to the cOm,merciaIizati'o_n.f the next generation of

Until now, PET systems have only been cylindrical suth as CT systems.
Now we are on the verge of commé(cializatjon of an innovative PET system dedicated-to the head, which will overturn the
Let’s take a closer look at the features of this device, which is expected to play a major role.in the early detection of brain

Department of Advanced Nuclear Medicine Sciences
Institute for Quantum Medical Science

Imaging Physics Group

Group Leader

Taiga Yamaya

Thoughts on the Growing Need for Brain PET Scans

Currently, there are more than four times as many dementia patients as cancer patients in
Japan. On the other hand, PET in Japan is almost solely used for cancer diagnosis. In recent
years, a PET diagnostic that detects proteins that cause dementia has been put to practical
use, and as therapeutic agents become available, the need for PET examinations of the
brain is expected to increase further. The origin of helmet PET development was
influenced by the desire to make brain PET scans more accessible and usable for both
‘ HH patients and hospitals by creating a PET scanner specialized in brain diagnosis at a size and
/ price that is easy for hospitals to install.

Although PET is recognized as a powerful diagnostic tool for cancer detection, it has a high
cost, which is one of the reasons why it has not been widely used in hospitals. PET is a
cylindrical array of about 5cm square detectors with a diameter of about 80cm, and these
detectors account for a large proportion of the price of the equipment. For this reason, the
idea of reducing the number of detectors by limiting the diagnostic area to the head and
arranging them in such a way as to reduce the size and cost of the PET system itself has
existed in PET development around the world. However, it has been considered difficult to
realize due to characteristics unique to PET measurement, such as degradation of image
resolution.

The "hemispherical” concept that achieves high resolution

If a cylinder and a hemisphere have the same radius and height, they
have the same surface area, and therefore the number of detectors used
in the device is the same. This was the beginning of our realization of
something simple, but actually important. QST's original idea of arranging
the new high-resolution detectors in a "hemispherical" shape, like a
helmet, so that they are close to the measurement target challenged the
conventional wisdom of PET development, in which "PET is cylindrical",
and improved the resolution of diagnostic images. In addition, the
detection sensitivity of the hemispherical type, which can be placed
closer to the head, was found to be 1.5 times higher than that of the
cylindrical type. This improvement in diagnostic image quality should
lead to the early detection of abnormalities in brain function that could
not be detected with conventional PET scans.

Hemisphere is 1.5x more sensitive with the same number of detectors

Cylinder Hemisphere
.. r \
r r
Surface area : 27r X r=27tr2 4mr?/2=27r?
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y by 74
brain-dedicated PET!

standard approach.
diseases, and the road to its practical application:

Reduce the burden on patients able to develop the helmet-type PET system as an efficient team by

L. . bringing in our respective strengths: we were responsible for the basic

@ by dES|gn|ng devices design and detector development, and ATOX was responsible for the
@ that are close to peop|e practical application part such as housing development. After about

seven years of joint development, ATOX is now applying for medical
device approval, and depending on the results of the review, we expect to

In a typical whole-body PET scan, be able to commercialize the product as early as next year. We are
the patient must endure a aiming to reduce the price to about 1/3 of that of conventional PET
narrow, tunnel-like device in a systems.

faceup position. Helmet-type PET, With the downsizing of the PET system and the lowering of its price, it
on the other hand, was designed may become possible to install PET systems in hospitals that were
with the idea of being close to previously unable to install such systems due to space or price constraints
the patient, so that the patient or to increase the number of PET systems in the hospital from one to two
can undergo a brain examination or three. The cost of testing will also be lower, which may reduce the
in a relaxed sitting position. In financial burden. We hope that the commercialization of this device will
addition, with helmet-type PET, make brain PET scans more accessible to more people and that all those
the detector follows the shape of who need them will be able to receive them.

the head and is very close to the
patient's head, which increases detection sensitivity and shortens the
examination time. It may also be possible to further reduce the amount
of radiation exposure by reducing the dosage of a test drug used.

\ /7
O Putting original ideas

S to practical use through teamwork

©

Commercialization
thrOUgh co-creation with a prlvate company | We feel that there is still a lot that physical engineering can do for

patients. In other words, many technologies have yet to reach the
Meeting ATOX Corporation was a big turning point for the practical medical field. There are other devices and new ideas that are currently
application of the product. They were an ambitious company that wanted being researched. Although this commercialization is not our goal, we
to enter the medical device field, and for this helmet-type PET, they would like to use the experience we gained here and cooperate with our
obtained a license to manufacture and sell medical devices. We started talented group members to continue to bring our great ideas and devices
by holding study sessions together to share our knowledge, and we were to the world.

Before joining QST, | worked as a physician for 16 years, mainly in a university hospital. | have
seen many patients with diseases such as dementia who are not able to communicate their
symptoms by themselves. However, we can deepen our understanding of what kind of function
has been lost and to what extent, and therefore, what kind of symptoms they are suffering from
while using PET. The device may not be able to speak for the patients themselves, but at least it
can bring out the underlying condition. On the other hand, PET scans require the patient to lie
on their back in a closed machine, which is something that many children and elderly patients
feel uncomfortable with. As a doctor, it is a matter of course to provide the best medical
technology, but it is very painful to force patients to endure it, and | have always felt that we
need to solve this problem.

The helmet PET reduces such resistance. It may be possible for family members to sit next to the
patient, make eye contact, allowing the patient to undergo the examination in a relaxed state.
The basis of this development was Dr. Yamaya's idea of "developing technology that includes
the patient's feelings," and | am very proud of that idea as a member of the group.

Modified from QST NEWS LETTER, No.17, July, 2021
(Translation by Yu Saito)
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Small brain nuclei identification
using helmet-type PET in healthy volunteers
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Miwako Takahashi, Principal Researcher
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Introduction

FDG-PET allows the evaluation of brain functions
because the neuronal metabolic substrate exclusively
depends on glucose. FDG is an analogue of glucose,
therefore, the FDG distribution in the brain reflects the
neuronal activity. FDG-PET for the diagnosis of
epilepsy and brain tumors is currently covered by
insurance.

Japan's national In epilepsy, cerebral

hypometabolism in the inter-ictal state indicates
epileptic focus, and in brain tumors, the combination of
tumor metabolism and extensive hypometabolism of
the normal cortex suggests preoperative tumor
malignancy [1-3]. In patients with dementia or cognitive
impairment, FDG-PET provides information on where
and how much neural function is impaired.
the

pattern of hypometabolism provides insights into the

Furthermore, in neurodegenerative disorders,

pathological changes behind the symptoms [4].

Since many brain studies have revealed specific
functions in relation to localized anatomical regions
based on their neurotransmitters and their neuronal
connections, a hierarchic view on anatomy is helpful to
understand both the anatomy and the functions: the
right and left hemisphere-level at the coarsest, followed
by the frontal, temporal, parietal, and occipital lobe-
level, gyrus-level, and small nuclei, which comprise the
basal ganglia, thalamus and brain stems. The smaller
the areas that can be identified on PET images, the
more detailed and clear the functions become.
However, the ability of current PET systems is limited
to visualization of the gyrus-level and basal ganglia.
Even for gyri, each gyrus is difficult to separate when
the gyri are close to each other. For the thalamus, which
is well known to be composed of multiple small nuclei,
however, these small nuclei are not identified on PET
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Whole-body PET

Figure 1

Whole-body PET.

images, so the thalamus is now visualized as a single
mass on each side.

To overcome this limitation of the current PET systems,
we developed a new brain-dedicated PET scanner in
which the detectors were arranged in a compact
hemisphere like a helmet. Therefore, we call it “helmet-
type PET”. In this study, we succussed the brain FDG-
PET imaging in normal healthy volunteers.

Helmet-type PET

Photographs of the whole-body PET (Discovery MI) and the helmet-type PET (Vrain).

Figure 2 Representative images: (upper row) helmet-type PET, (middle) whole-body PET, and (bottom)
MRI T1WI. The right column shows axial images at the level of the substantia nigra (arrow) and the red
nuclei (dashed arrow).
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Materials and Methods

This prospective clinical study was approved by the
Institute Review Board of QST. The inclusion criteria
were as follows: age range from 20—49 years, no
history of neuropsychiatric disorders or brain injuries,
and a non-smoker. All participants provided written
informed receiving
explanations.

consent  after sufficient

All participants fasted for at least 6 hours before FDG
injection, and at the time of injection, each had a blood
glucose level that was below 100 mg/dL. Each subject
was administered 4.11£0.5 MBqg/kg (0.11 £0.01 mCi/kg)
after a 5-min rest in the supine position on a bed of the
whole-body PET/CT system (Discovery MI; GE
Healthcare, Milwaukee, WI, USA). 30 min after the
injection, a 10-min PET scan was performed with the
whole-body PET/CT. Then, a 10-min scan was
performed with the helmet-type PET, this started at 45
min after the injection. MRI was also performed on the
same day.

Photos of a participant undergoing a PET scan are
shown in Figure 1. In the helmet-type PET, only the
head is fixed in the sitting position. As the face is not
hidden by the PET gantry, it is easy to check the facial
expression even during scanning. In the whole-body
PET, not only the head but also the trunk is fixed with
a special belt for safety in the supine position. It is
difficult to check the face because the head is inside
the PET gantry

All PET images were reconstructed by the OSEM
method followed by a 4-mm Gaussian smoothing filter,
and co-registered to each subject's MRI T1WI using
the software in PMOD (PMOD version 3.7; PMOD
Technologies Ltd., Zurich, Switzerland). Voxel values
were converted to standardized uptake values (SUVs)
using the patient’'s weight and FDG injection dose,
then, they were evaluated visually. Using the ALL VOI
template after anatomical normalization of all PET
images, average SUVs were statistically compared
between the helmet-type PET and whole-body PET for
the lobe-level area.
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Results

PET data from ten subjects (age from 22 to 45 y) were
analyzed. Representative images are shown in Figure
2. The structures of gyri and the basal ganglia were
visualized equally by the two PET systems, but they
were more clearly depicted in the helmet-type PET
even where gyri were located together closely. As
shown in Figure 2, the Inferior colliculus, red nuclei and
substantial nuclei were clearly visualized on the
PET
accumulations in the thalamus were identified for the

helmet-type images. Some localized
helmet-type PET, which corresponded to the anterior,
dorsal medial nuclei and pulvinar nucleus, but they
were difficult to identify on the whole-body PET

images.

SUVs of the medial temporal, lateral temporal lobe,
and the combination of the posterior cingulate and
precuneus area were statistically higher for the helmet-
type PET than for the whole-body PET (paired-t test;
p=0.008, 0.021, <0.001, respectively) (Figure 3).
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Figure 3 Average and average = SD of SUVs are presented by the bars according to regions: frontal,
medial and lateral temporal, parietal lobe, and posterior cingulate (PC) and precuneus (Prec) area,
occipital lobe, striatum, and cerebellar. Red bars, helmet-type PET; Black bars, whole-body PET. Paired t-
test; * p<0.05, ** p<0.001
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Discussion

This study showed that the helmet-type PET more
clearly visualized the inferior colliculus, red nuclei in
the brain stem, and the small nuclei in the thalamus
than a current whole-body PET system did.

Many researchers have been developing brain-
dedicated PET systems in which the spatial resolution
was reported to be 1.4-3 mm, and they have shown
human brain images [5-9]. Compared to those
previous studies, the helmet-type PET successfully
identified the small nuclei in the deep brain regions,
and this was probably due to the high coincidence
resolving time (245 ps) [10] and the optimal NECR
peak which is suitable for clinical conditions, as well as

the high special resolution of 3 mm.

The higher tendency in SUVs of the medial temporal
lobe and posterior-cingulate-precuneus area probably
suggested better quality of helmet-type PET images
because helmet-PET achieved in reducing scatter
fraction, which preferentially occurring in the central
area of FOV. Therefore, it attributed to improve the
contrast especially for the complicated structures
located in a deep region.

Previously these small nuclei have been investigated
by postmortem studies, small samples resected in
surgery, and extrapolation from experimental animal
studies, in which it was shown that the nuclei had
specific neurotransmitters and interconnections with
multiple areas of the brain. This suggested that the
nuclei potentially regulate motor, emotional and
cognitive functions. But, to make use of these findings
in clinical settings, PET imaging is necessary. The
helmet-type PET should be helpful in revealing the
pathophysiology of these diseases by evaluating the
small nuclei present in the thalamus and deep brain

areas.
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Conclusion

Brain imaging using helmet-type PET was successfully
performed for the brain of healthy volunteers and small
nuclei in the deep brain areas were visualized.
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Introduction

PET scans have been used mainly for cancer diagnosis. On
the other hand, demand for head PET scans is increasing due
to the development of new PET tracers those can visualize
amyloid-p and tau protein, which are useful in the diagnosis of
dementia. However, the PET scan requires the head of a
subject be kept without movement during about a 10-minute
measurement. If subjects are unable to remain still voluntarily,
they may be restrained with a band. This is a heavy burden for
them, and in some cases, such as in patients with dementia, it
is difficult to maintain a stationary state even with the restraint

use.

If the motion of the subjects can be corrected during the PET
image reconstruction process, the subjects do not necessarily
have to remain stationary, and the burden on the subjects can
be greatly reduced.

Numerous studies have been reported on PET motion
correction [1-3]. However, such correction has not yet been put
to clinical use due to accuracy and difficulties in operation.

In this study, we propose an easy-to-use and highly accurate
motion correction process for clinical use. Specifically, we
propose a marker-less and calibration-less motion correction
process by using the subject's head shape.

In last year's report, we showed the results of accuracy
verification by phantom experiments. In this report, we focus
on the results of the clinical test conducted this year.

Method

In this research, the motion data acquired by an external
sensor for tracking use the surface shape of the face as a
reference. In the PET reconstruction process, an attenuation
correction map composed of CT images is required, from
which the head shape can be extracted by threshold
processing. By matching the two head models, we derive
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calibration parameters that unify the coordinate systems of the
PET and external sensors.

The
compensation OS-EM list-mode algorithm for resolution-

reconstruction method is based on the motion-
recovery/reconstruction (MOLAR) method [4,5] proposed by

Carson et al.

We conducted a clinical study with 8 volunteers. The PET
system was a helmet-type PET [6] system developed by our
team, and the external sensor was Azure Kinect from
Microsoft.

First, static imaging was performed with the head fixed for 10
minutes (Scan1). Then, the subject was unfastened and was
allowed to move the head for 15 minutes (Scan2). The subjects
were instructed to move their heads in such a way that their
eyes and heads face the markers on the front wall as a guide.
They were instructed to gaze at one marker for a certain period
of time before moving to the next marker, with intervals of 1
minute for the first 5 minutes, 30 seconds for the next 5
minutes, and 20 seconds for the last 5 minutes.

Results

The typical tracking motion of one volunteer subject is shown
in Figure 1. As can be seen from the graph, the subject moves
up to about 30 degrees at regular intervals.

Reconstructed images are shown in Figure 2. The
reconstruction conditions were use the list mode OSEM,
normalize, attenuate, and make scatter collections. The image
shown in (b) is the result of Scan2 without motion correction.
Clearly, there is a large amount of blur and loss of fine contrast
in image (b), but the corrected image (c) is visually equivalent

to the static image (a).

For quantitative evaluation, we took 8 anatomical ROls in the
brain and compared the average SUVR values between Scan1
and motion corrected Scan2 images. The average results for 8
ROIs in 8 subjects are shown in Figure 3. No statistically
significant differences were found between images in all
regions.
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Introduction

Some of the positrons emitted from PET tracers form the exotic
atom positronium (Ps) before annihilating with electrons. Ps in
which the spin of the positron and the electron is parallel is
designated as ortho-positronium (0-Ps), and Ps in which the
spin is anti-parallel is para-positronium (p-Ps). Their formation
ratio is 3:1. The lifetime by which o-Ps annihilates to 511 keV
photons depends on the surrounding electron density.

We showed that the o-Ps lifetime in water is linearly related to
the oxygen partial pressure [1], and now we are conducting
research and development to realize "quantum PET (Q-PET)"
using 0-Ps as a new biomarker. The first application is imaging
the oxygen concentration of tumors. Because tumors in a
hypoxic state are resistant to radiotherapy, Q-PET is expected
to allow investigation of the resistance prior to treatment and
to allow utilization of the resistance for treatment planning.

In this report, we introduce some aspects of two-dimensional
imaging of the o-Ps lifetime, which is the first step to realize Q-
PET. Application to the measurement of radicals for imnmediate
sensing of treatment effects is also discussed.

Two-dimensional imaging of o-Ps lifetime

The most promising imaging target of Q-PET is “‘Sc (half-life:
4 h), which emits 1157 keV prompt gamma rays and positrons
(Figure 1 (a)). In Q-PET, the source position is localized by the
intersection of the coincidence line of the annihilation photons
and the Compton cone determined by Compton imaging of the
prompt gamma ray, using the whole gamma imaging (WGI)
method [2], which is a combination of PET and the Compton
camera (Figure 1 (b)). The o-Ps lifetime is calculated from the
detection time differences between the annihilation photons
and the prompt gamma ray.

Here, as a first step toward realizing the Q-PET principle, we
performed a two-dimensional imaging experiment for the o-Ps
lifetime using a pair of PET detectors.
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Figure 1 Simplified “*Sc decay scheme (a) and concept of “Q-PET” for 0-Ps lifetime imaging by WGI (b).
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Materials and methods

We used a pair of time-of-flight (TOF)-PET module-based
detectors (C13500-4075LC-12, Hamamatsu Photonics K.K.)
[3]. Those two detectors have a 12 x 12 array of 4.2 x 4.2 x 10
mm? sized lutetium fine silicate (LFS) scintillators which is
coupled to a 12 x 12 array of 4.0 x 4.0 mm? sized multi-pixel
photon counters (MPPCs) in a one-to-one manner. The two
detectors acquire the energy, time and position information of
detected gamma rays in a list-mode data format of single
events and have 250 ps coincidence resolving time [4]. The
two detectors were oppositely placed at a distance of 10 cm
(Figure 2 (a)).

Instead of “4Sc, ?Na, which emits 1275 keV prompt gamma
rays and positrons, was used as a radioactive source. Two thin
film 22Na sources were individually sandwiched between two
types of reference materials [5-6] having known o-Ps lifetimes
(2.10 £ 0.05 ns and 1.62 + 0.05 ns). The sandwiched sources
were placed in the center between the detectors. The
measurement time was set to 1 h.

The triple coincidence events of the prompt gamma-ray and
annihilation photons were extracted from the measurement
data. A two-dimensional projection image of the annihilation
photons was created from the triple coincidence events. The
time difference spectra (Ps lifetime spectra) of prompt gamma
ray and annihilation photons were obtained at the points
corresponding to each source in the image. The o-Ps lifetimes
of those spectra were calculated and a two-dimensional o-Ps
lifetime image was obtained.

A schematic diagram of the Ps lifetime spectrum is shown in
Figure 2 (b). Here, the counts on the vertical axis are
logarithmic. The spectrum is mainly divided into three
components: a short-lived component due to positrons that did
not form Ps and p-Ps, a long-lived component due to o-Ps, and
a random coincidence component (background). In this study,
the long-lived component was fitted by the least-squares
method using the equation e ~*/7
calculated (T = o-Ps lifetime).

and the o-Ps lifetime was
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Figure 2 Experimental setup (a) and simple diagram of a Ps lifetime spectrum (b).
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Results and discussion

Figure 3 (a) shows a two-dimensional projection image
reconstructed from the triple coincidence events. Since the unit
of pixel value is count, this image represents the radioactivity
distribution. The Ps lifetime spectra at points P1 and P2 in the
image are shown in Figures 4 (a) and (b). The o-Ps lifetime
fitting results of these spectra were P1: 2.10 £ 0.07 ns and P2:
1.64 £ 0.05 ns. Both values agreed with the certified values
within the error margin. Figure 3 (b) shows a two-dimensional
image of these results. The unit of pixel value was changed to
lifetime [ns]. Therefore, we carried out two-dimensional
imaging of the o-Ps lifetime successfully. The two different o-
Ps lifetimes could be distinguished in the two-dimensional

image.
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Figure 3 2D projection images. The pixel value means counts in (a) and o-Ps lifetime [ns] in b). The size of each image
pixel was 4.2 x 4.2 mm? and the number of the pixels was 12 x 12.
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Figure 4 Obtained Ps lifetime spectra in the image pixels P1 and P2 in Figure 3 (a) for P1 (a) and P2 (b). The calculated
lifetimes and fitting results (red lines) are also shown. The fitting range was 3.5 ns to 8 ns.

SCHNLD o-Ps HlE

BETIRBAEDRDO—EBIE. e FRFIILT P HIL
(OH) PR =X —=FFH A F(-0,)FEDRHET %
Fo>7)—2 Aanc&)blznasnsd, 7U—7
CHNEIRIGEICEAFGHIENZO, EERNTD
ZDHREDKRE IIRETH > 7=,

AL, o-PsICL W EFEEDE(LEIRADET
PET OAEIF. EERN 7V —Z P HILEZEEFEET
XHZDTIERWHEEZ Tz, 7U—=FTHILEA X
— VUL TEESHICBEERECENIL, EF
PET IAERBEIO AR HT ., AEDROMEL Y >
vZIiCHibETE % (Figure 5),

RFETIE EFPETICE>TT7Y=FhHILA
BMHEHEZ D ZIRIAET 27-DDRD EM R
LT .EEMTI Y AIE o-Ps HéavDEBEM %2 =58
([ZERA~T=,

0-Ps lifetime measurement of radicals

Some radiotherapy treatment effects are brought about by free
radicals with unpaired electrons, such as hydroxyl radicals
(*OH) and superoxide (-Oy). Since free radicals are highly
reactive and have short lifetimes, it has been difficult to detect

their dynamics in vivo.

We considered that the Q-PET principle, which detects the
change in electron density by o-Ps, could directly quantify free
radicals in vivo. If the free radicals can be imaged and directly
converted to the dose distribution, Q-PET can be applied not
only for treatment planning but also for immediate sensing of

treatment effects (Figure 5).

In this report, we experimentally investigated the correlation
between long lifetime radicals and o-Ps lifetime, as the most
fundamental step to verify whether Q-PET can detect free
radicals.

Q-PET: o-Ps lifetime

Treatment effect

44Sc-labeled

Carbon beam

antibody

Figure 5 Goal of this study: sensing of treatment effects by quantifying free radicals using Q-PET.
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Materials and methods

TEMPOL is an organic compound, which is known to be a
We prepared TEMPOL
solutions of 14 mM, 42 mM and 145 mM by dissolving
TEMPOL in pure water. The TOF-PET detectors described
above were placed at a distance of 10 cm (Figure 6 (a)), and a

stable and long lifetime radical.

thin film 22Na source was placed on the center of an aluminum
plate between the detectors. Each of the TEMPOL aqueous
solutions was used to fill a vessel made of 7.5 um thick Kapton
film that was placed above the Na source (Figure 6 (b)). The
positrons emitted from the 2Na source could form Ps only
when they reached the TEMPOL aqueous solution. The
measurement was performed for 4 h and the Ps lifetime
spectrum was obtained from the acquired data. The o-Ps
lifetime was also calculated using the method described
above. These results were compared with those of pure water.

Kapton film (7.5 ym)

!

Aqueous solution

'

‘
22Na source part

1

Aluminum plate

Figure 6 Experimental setup (a) and side view of the measurement target (b).
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Results and discussion

A comparison of Ps lifetime spectra is shown in Figure 7 (a). It
can be seen that the decay of the 0-Ps component became
shorter as the molar concentration of TEMPOL increased. As
the molar concentration decreased, it approached the decay
curve of the 0-Ps component of pure water.

The correlation between the o-Ps lifetimes calculated from
these 0-Ps components and TEMPOL concentration is shown
in Figure 7 (b). It was suggested that there was a linear
relationship within the range of four points measured in this
experiment. The results showed that the PET detectors can
measure the correlation between the o-Ps lifetime and the
concentration of radicals.
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Figure 7 Comparison of each Ps lifetime spectrum (a) and correlation of TEMPOL concentration and o-Ps lifetime (b).

E R a.)) Conclusion

AFBTIE. 0-Ps Had 2 RTEBICL 2EF We reported the initial demonstration of the Q-PET concept by

PET Oy &7 F OIJEIEEE . EEDS S HLE o- two-dimensional imaging of the o-Ps lifetime and the

Ps Han DM IC D WTIHRE L1z, 5% 1%, £4ER
DBRFEREIIEVWERET COBEKRILARY LY Ha

correlation between long lifetime radicals and o-Ps lifetime. In
the future, we will undertake two-dimensional imaging using
conditions similar to the oxygen concentration in vivo and also

DFEWNT Y HILD 0-Ps FefIE (CHkERT 2, undertake o-Ps lifetime measurements of shorter lifetime

radicals.
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Introduction

Whole gamma imaging (WGI) is a new imaging method that
combines PET and Compton imaging [1]. By inserting a
scatterer detector ring inside a PET ring, it is possible to
combine two different imaging systems into one system, as
shown in Figure 1. PET has the highest sensitivity and the
highest spatial resolution among nuclear medicine diagnostic
methods, but its imaging target is limited to positron emitting
radionuclides. Therefore, when combining with a Compton
imaging technique which can image a wide range of gamma-
ray energies, WGI can have an imaging capability for a variety
of radionuclides.

89Zr, which has a half-life of about 78 hours, is one of the PET

tracers that are suitable for imaging based on an antigen-
antibody reaction [2]. However, 909 keV single gamma ray
emission, which occurs four times more frequently than
positron emission, has been a factor to degrade image quality
in conventional 8Zr-PET. Since WGI can effectively use the
single gamma ray emission via Compton imaging, WGI is
expected to improve the image quality as well as the sensitivity
itself [3].

Therefore, we are developing the WGI systems to realize
nuclear medicine imaging that outperforms PET. Three
generations of WGI prototypes have been developed. In this
report, we designed the 4" WGI prototype to have better
sensitivity and angular resolution than the 3" WGI prototype,
and predicted the performance by simulation.

Whole gamma imaging

Coincidence of
511 keV pair

prompt gamma-ray

Figure 1 Principle of whole gamma imaging.
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Simulated 4" WGI and figures of merit

We conducted a Monte Carlo simulation with the Geant4
toolkit. We modeled the WGI geometry, in which a scatterer
detector ring (8.6 cm inner diameter; HR-GAGG crystals) was
inserted into a PET ring (32 cm inner diameter; LGSO crystals).
Other specifications for the simulation model are as shown in
Table 1. The thickness of the scatterer crystal was fixed at 15
mm. Three types of scatterer detectors, non-DOI, 2-layer DOI
and 3-layer DOl were compared (Figure 2). The energy
resolution of the absorber detector was set to 13.7% at 511
keV [4] and that of the scatterer detector was set to 4.6% at
511 keV. The 3™ WGI was also modeled as a reference, and
the energy resolution of the 3" WGI prototype was set to 8.6%
at 511 keV for the scatterer detector and 10.4% at 511 keV for
the absorber detector, which were extracted from measured
data for the 3 WGI prototype.

Using a 89Zr point source, we compared the angular resolution
measure (ARM) and the Compton imaging sensitivity for the
simulated WGI geometries. The Compton imaging sensitivity
(%) was defined as the number of coincidence events divided
by the total number of decays, and the coincidence events
were collected, which deposited the energy in a range of 50-
300 keV in the scatterer detectors and 530-940 keV in the
absorber detectors when total energy was 830-990 keV. The
angular resolution was calculated as the full width at half
maximum (FWHM) of the ARM of the events used for Compton
imaging sensitivity.

Table 1 Major specifications of the simulated geometries.

34 WGI (WGI-3) 4t WGI (WGI-4)
Scintillator material GSO LGSO
Energy resolution @511 keV 10.4 % 13.7 %
Size of crystal 29%x29x%x75 3.0 x 3.0 x 20 mm?®
Absorber mm?3
(PET Number of crystals / detector 16 x16 x4 8x8x1
ring) DOl 4-layer Non-DOI
Number of detectors 40 det. x 4 rings 36 det. x 6 rings
Ring inner diameter 66 cm 32 cm
Axial length 21 cm 16.4 cm
Scintillator material GSO GAGG
Energy resolution @511 keV 10.4 % 42 %
Size of crystal [mm?] 29%x29x%x75 15x15%x15 | 1.56x15%x75 1.5x15x%x5
Number of crystals / detector (7x7)+ (8 x8) 16 x 16 x 1 16 x 16 x 2 16 x 16 x 3
Scatterer
DOI 2-layer Non-DOI 2-layer 3-layer
Number of detectors 10 det. x 4 rings 10 det. x 4 rings
Ring inner diameter 84 cm 8.6 cm
Axial length 10.4 cm 10.8 cm

42




PET

Front view Side view
DuD (| B catterer
OOQ QQQ ° non-layer DOI 2-layer DOI 3-layer DOI
& A 4TI - & .
g = 0 | oomef : !
O Q 24 mm mm mm
g g . % % P l 8.6 cm = =
% QDO DD o Absorber
0@ O/j 10.8 cm ]
QQQ @OO
Oooo (|
16.4 cm

2021 Report on PET Imaging Physics Research

Figure 2 lllustration of the simulated WGI-4 system.
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Results

The comparison of the sensitivity and the ARM results is shown
in Figures 3 (a) and (b). The horizontal axis indicates the radial
offset position from the center of the field of view (FOV). The
sensitivity of the 4" WGI did not change with the number of
DOI layers. A sensitivity of about 1.3 % was obtained at the
center of the FOV, and the sensitivity increased to about 1.5 %
on moving to the edge of the FOV. The 4" WGI sensitivity was
about three times higher than the 3™ WGI sensitivity at the
center.

The angular resolution of the non-DOI 4" WGI was inferior to
that of the 3 WGI in all positions. The angular resolution of
the 2-layer DOI 4" WGI was about 4.2 degrees at the center
and deteriorated to about 6.4 degrees at the edge. In the 3-
layer DOI 4" WGI, the angular resolution was about 4.0
degrees at the center, and deteriorated to about 5.7 degrees

at the edge.
(b)
9
WG4
g | non-DOI

FWHM [degree]

WGI-3
WGI-4
2-layer DOI
WGI-4
3-layer DOI

Radial offset from center [cm]

Figure 3 Simulation results: the Compton imaging sensitivity (a) and the ARM (b).
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Conclusion

In this report, we predicted the performance of the 4" WGI
prototype by simulation. The simulated 4" WGI prototype,
which consists of 2-layer and 3-layer DOI scatterer detectors,
showed better Compton imaging sensitivity and angular
resolution than the 3" WGI prototype. Based on the simulation
results, we will start fabrication of the 4" WGI prototype.
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Introduction

Whole gamma imaging (WGI) is a new imaging concept that
combines PET with Compton imaging and can be applied for
imaging PET events and Compton events [1]. Compton events
are not affected by positron range or angular deviation which
limits the resolution of PET. Then, we are aiming at exceeding
the spatial resolution of PET by imaging high-energy gamma-
ray emitters such as 8Zr (emitting 909 keV gamma rays and

positrons) with WGI Compton imaging.

Specifically, we are considering using Si elements with high
energy resolution and positional accuracy for the scatterer.
Since sufficient sensitivity is also necessary to take advantage
of the high spatial resolution, we will combine both sensitivity
and resolution using multilayer Si detectors. However,
increasing the total thickness of Si also increases the
probability of Compton scattering of annihilation radiation

(511 keV) of PET events on the scatterer.

Therefore, in this study, we aimed at establishing a method to
maximize the image quality for redundant events that can be
treated as both PET events and Compton events. We
simulated and investigated the effects of using redundant
events as PET events in image reconstruction on spatial
resolution, considering that positioning with coincidence is
more advantageous than Compton imaging for 511 keV
radiation. Specifically, we proposed and implemented the PET
recovery method [2], in which PET events were extracted from
events that caused three or four interactions among scatterers
and absorbers. When annihilation radiation is measured as a
Compton event, its scatterer can be connected to a line of
response (LOR). In addition, when the positional resolution of
the scatterer is good, not only PET sensitivity but also the

spatial resolution can be improved.
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Method

Using the Geant4 toolkit, we modeled the WGI as shown in
Figure 1, in which a scatterer ring (Si semiconductor detectors,
86 mm inner diameter) was inserted into a PET ring (LGSO
crystals, 320 mm inner diameter); the PET ring was regarded
as the absorber. The main parameters are shown in Table 1.
For the absorber, we used 3-layer depth of interaction (DOI)
detectors that are being investigated as our 4th WGI prototype.
The Si semiconductor detectors (scatterer detectors) were
modeled with a smaller strip size than the 4th WGI prototype
to achieve good positional resolution, which is important for
Compton imaging. An ultra-micro Derenzo phantom (Figure1
(b)) [4] injected with positrons at the mean kinetic energy of
89Zr [3] was placed in the center of the field of view as the
imaging target, and PET sensitivity and spatial resolution were
evaluated.

As the PET event selection method in WGI, the energy
information was used to select 3 patterns of coincidence
events (2-hit):
scatterer-absorber (Figure 2) [5]. In addition to the selection

scatterer-scatterer, absorber-absorber, and
method, the PET recovery method identified Compton events
by their energy information. When 2 of the 3 hits contained
Compton events, and the remaining hit was an event that
caused photoelectric absorption, it was extracted as a PET
event connecting the detector that caused Compton scattering
and the detector that caused photoelectric absorption. If 2 sets
of Compton events were detected in 4 hits, they were
considered PET events connecting the respective scatterer
detectors. Image reconstruction was performed using the list-
mode ordered subset expectation maximization (LM-OSEM)
method. Then the reconstructed images of the 2-hit only and
the PET recovery method were compared.

(b)
Front view Side view
—
31 mm 16 mm

* Rod diameter:
0.75, 1.00, 1.35,
* Axial length:
8 mm

1.70, 2.00, 2.40 mm

lllustration of simulated geometry and phantom: (a) WGI and (b) ultra-micro Derenzo phantom.
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Table 1 Major specifications of the simulated geometry.
Insert (Scatterer) PET scanner (Absorber)

Material Si LGSO
Energy resolution at 511 keV [%] 0.3 13.7
Crystal size [mm3] 0.25x0.25x0.5 1.5X1.5%X6.67
Number of pixels 96 X 96 x40 16 xX16%x3
Number of detectors 10 X4 rings 36 X6 rings
Ring diameter [mm] 86 320

Energy window to extract events

N

PET event
400 keV < E <600 keV
Compton event
450 keV < Eg+Ep< 570 keV
30 keV < Eg < 250 keV

S: Scatterer
A: Absorber

==

(Sx2,Ax1)

[eX=}

PET event selection

(Sx2) (Sx1,Ax1) (Ax2)

© 6

(Sx1,Ax2)

Figure 2 PET event selection method.
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Results

Figures 3(a) and (b) show the PET images obtained by adding
the slices corresponding to the body axis length of the rod
source from the reconstructed images using the 2-hit only
and the PET recovery method, respectively. By recovering the
redundant events as PET events, the PET sensitivity increased
by 23% from 9.48 cps/kBq to 11.65 cps/kBq. For the spatial
resolution, comparing the line profile of the 1.35 mm rods
(Figure 3 (c)), the inner rod, which was not fully resolved by the
2-hit only, was more clearly provided by the PET recovery
method. This was because of the increase in sensitivity and
the increase in the number of LORs that included the small
strip size detectors, which improved position estimation
accuracy. In the future, we will study the dependence of the
spatial resolution when the parameters of the scatterer are
changed.
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Figure 3 Reconstruction images of the phantom: (a) 2-hit only, (b) PET recovery method (2-, 3- and 4-hit) and (c)

comparison of the lines profiles on the yellow line in (a) and (b) for the 1.35 mm rods.
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Introduction

Preclinical positron emission tomography (PET) scanners
have been widely used in the discovery of new drugs and
preclinical research [1]. The image quality of PET scanners is
determined by the spatial resolution and sensitivity. In addition,
depth-of-interaction (DOI) information is required for small
animal PET scanners to preserve the spatial resolution at the
periphery of the PET field-of-view (FOV) [2]. In this report, we
present our research progress on next generation small animal
PET systems for high-resolution and high-sensitivity preclinical
molecular imaging.

First total-body rat imaging results of a TBS-PET scanner

Total-body rodent PET imaging is essential for oncological
research as tumor response to radiopharmaceuticals is
correlated with effects on other organs by the
radiopharmaceuticals. Commercially available preclinical PET
scanners can provide the axial FOV up to 130 mm in size
allowing total-body mouse imaging. However, total-body rat
imaging is not possible as the rat size from the nose to tail is
around 200 mm. Last year, we developed a total-body small-
animal PET (TBS-PET) scanner featuring the DOI encoding
capability and long axial FOV of 325.6 mm (Figure 1).
However, in vivo rat imaging was not performed. Here we
present the first total-body rat imaging results using the TBS-
PET scanner.

Methods

The TBS-PET scanner consisted of 6 rings, each with a 155
mm inner diameter, and providing the 325.6 mm axial FOV.
Each ring consisted of 10 DOI PET detectors, each of which
was made up of 4-layer GSOZ crystal arrays, the multi-anode
photomultiplier and front-end readout circuits. Each crystal
layer had the crystal pitch of 2.85 mm and thickness of 7.5 mm,
yielding the total thickness of 30 mm. The energy and timing
signals were digitized by using an 8-bit data acquisition (DAQ)
system with a sampling rate of 50 Msps. The energy window
of 400-600 keV and coincidence window of 20 ns were used.

For bone imaging, sodium fluoride (Na'®F) radiotracer with an
activity of 25 MBqg was administered to a rat. A 15 min PET



PET

#h s 15 DEPAIE L7z, 2 H#. 37 MBg @ “¥F-FDG
RS L, 148 ntEhn 16 oMBIE L7z, PET U
A+rE—-FF—%IE, OSEM 7L TYU XL (8
subsets, 6 iterations) ZfEA L TEGRBEBRKRZ 1T -
776

2021 Report on PET Imaging Physics Research

scan was initiated 126 min after the injection of the Na'®F. For
fluorodeoxyglucose (FDG)
radiotracer with an activity of 37 MBq was injected into another
rat. The rat underwent a PET scan for 15 min with a post
injection time of 148 min. The PET list-mode data were
reconstructed by using the ordered-subset expectation
maximization algorithm with 8 subsets and 6 iterations.

glucose metabolism imaging,

(a) TBS-PET scanner (b) Side view (c) 4-layer DOI detector
325.6 mm
) GSOZ crystal array (16x16x4 array)
4-layer GSOZ ||¥ w
array N :
30mm § . £ AL :;'
5 mww 2
e o
§ I o
155 mm -
8x8 array
- MA-PMT
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o *~ Front-end
readout
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-
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(c) Rat brain slice images (FDG)

Cereb. a

i
./ Cortex
Thalamus
- Cortex N olf. Bulb "
1
HG ™

Thalamus

Figure 2 Reconstructed total-body rat images with Na'F (a) and FDG (b), and rat brain slice images with FDG (c).
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Results and discussion

The detailed bone structures of the rat such as skull, rib and
vertebra were identified with the Na'®F radiotracer (Figure 2).
The high glucose metabolisms were observed on the rat brain,
brown fat cells. The rat brain structures such as cortex and
thalamus were identified in the rat brain slice images.

The TBS-PET scanner could provide the total-body rat imaging
without any bed motion thanks to the long axial FOV. The TBS-
PET scanner can be used for low activity imaging applications
such as in-beam PET imaging with micro carbon beams and
single cell tracking. One limitation of the TBS-PET scanner is
the low spatial resolution of around 1.9 mm owing to the large
crystal pitch (2.85 mm). For mouse brain imaging, high spatial
resolution below 1.0 mm is required as the mouse brain size is
smaller than that of a rat. Therefore, we propose new
generation small animal PET scanners in the next section.
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Prototype small animal PET scanners (SAP) for mice

For mouse PET imaging, submillimetric resolution is required
to delineate the small structures of mouse organs such as the
brain and heart. Moreover, DOI information is essential to
minimize the parallax errors in radial and axial directions.
Therefore, we developed prototype small animal PET (SAP)
systems featuring submillimetric resolution and 3-layer DOI
detector design [3].

Methods

The SAP-1, which was designed for mouse brain imaging, had
an inner diameter of 53 mm and an axial FOV of 11 mm (Figure
3) [4]. The SAP-1 scanner had 1 ring which consisted of 16
DOI detectors. Each detector consisted of staggered 3-layer
LYSO crystals and a 4x4 array of silicon photomultipliers
(SiPMs). The front-end boards were used to multiplex the
SiPM signals by using a resistive network. The multiplexed
positional signals were sent to the amplifier boards and then
digitized by the 8-bit DAQ system. For the spatial resolution
evaluation, a modified version of the ultra-micro hot phantom
with sealed ??Na sources was used. The ultra-micro hot
phantom had six different sized rods (0.75, 1.0, 1.35, 1.7, 2.0,
and 2.4 mm).

SAP-2

4ring
Amplifier\

(b)

Figure 3 The developed SAP-1 for mouse brain imaging (a), and the SAP-2 for whole-body mouse imaging which is
under development (b).

(a) Na-22 phantom (b) SAP-1 (c) Inveon PET (SIEMENS)
2.0
2.0 2.0
. ! .
1.7 & » . £ 17 & » . 24
.-s LR .- LR
- LA R J
-» - LR
135 & S8 0.75 1.35 * 0.75
1.0 1.0

1.0

Figure 4 The ??Na phantom (a), and the reconstructed PET images obtained with the SAP-1 (b) and Inveon PET (c).
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Results and discussion

All six rod patterns of the ultra-micro hot phantom including
even the smallest 0.75 mm rods were resolved clearly with the
mouse brain PET whereas the Inveon PET could not resolve
the submillimetric rod structures (Figure 4).

The SAP-1 scanner outperformed the commercial preclinical
PET scanner in terms of the spatial resolution. However, the
SAP-1 had a short axial FOV of 11 mm which limits it to whole-
body mouse imaging. Therefore, we are currently developing
the SAP-2 which has an extended axial FOV of 50.5 mm
(Figures 3(b) and 5). The SiPM biasing circuit at the resistive
network was optimized to further decrease the pulse decay time
to 0.78 us so as to minimize the pulse pile-up effect.

(c) SiPM biasing circuit optimization

Interface

SAP-1 SAP-2

Cathode (+HV) Cathode (+HV)
SiPM SiPM
E ks o E e o
1 1 » 1 n
3 | - [
g 5 iiio
SLTE | BLT
Anode (Signal)

Decay time: 1.6 ps Decay time: 0.78 ps

Figure 5 Design features of the SAP-2 scanner: LYSO crystal arrangement obtained by GATE simulation (a), front-end
and amplifier boards with the PET gantry (b) and the optimized SiPM front-end circuit (c).
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Introduction

Heavy ion micro-beams which irradiate a narrow beam on the
treatment area with pinpoint accuracy are expected to have
new therapeutic applications. Toward their realization and the
exploration of new applications, small animal experiments are
essential, and such experiments require beam positioning to
ensure high-precision irradiation is performed. For beam
positioning, post-irradiation PET imaging of positron emitters
produced by fragmentation reactions during irradiation is
practical (offline PET) [1]. This study aims to select one of our
two small-animal PET prototypes with different characteristics
as a suitable system for offline PET (Figure 1). The selected
system will be used in small animal experiments with rats in
the bio course at the heavy-ion medical accelerator in Chiba
(HIMAC) for beam positioning.

The candidates are a total body small-animal (TBS) PET
prototype [2] and a crosshair light sharing (CLS) PET prototype
[3, 4]. The former is characterized by high sensitivity and the
latter by high resolution. Both PET systems can be easily
transported to the measurement space near the irradiation
room as they are on wheels. Also, they have a long axial field
of view that enables the measurement of the whole body of a
rat at once. The main specifications are summarized in Table
1. We compared their offline PET performance with phantom
experiments in the bio course at the HIMAC.

Autoactivation Image

TBS PET vs.

CLS PET

Sensitivity
>

Spatial resolution

<

Figure 1 Schematic illustration of small animal offline PET imaging for range verification in heavy-ion beam irradiation.
This study compared total body small-animal (TBS) PET and crosshair light sharing (CLS) PET prototypes.
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Table 1 Specifications of Prototype PET scanners.

TBS PET

CLS PET

Scintillator (Lu-free)

GS0Z 2.8 x2.8x7.5 mm? (X4 layers)

GFAG 1.45%1.45%15 mm3

DOl information

4 DOI bins

3 DOl bins

Spatial resolution <2mm

<1mm

Sensitivity at the center

16.7% (including inter crystal scatter (ICS))

1.0% (ICS removed)

Gantry bore size 152 mm

128 mm

326 mm

Axial FOV

207 mm

Bk

Bat— L& LT YC (290 MeV/u) &AWL PMMA
77V FLDOAFENS 3TMmM AT Ty =7
%5 &1 HIMAC EMBHREFAEDO /N4 F Y 7 4
WRICTREL], ZL T, PMMA 7 7>~ b LD H
ZREBELIZBOE—JMBOREN 106Gy £h2H
PEHETIRTOERZT- 72, B H» O RERLE
¥ CoOFMEIL 2 2N T, AIERMIZ TBS PET A
304, CLSPET »*40 o & L7z,

F9. BEAADE—LL VI T T FDIRHAE
BT 5720 BEEFICABEE PMMA 7 7> b A
(BE 4cm. £ 10cm) OEFRALRTE¥XS %
Imm ® PMMA 7L — hTES Z & TE—JUE%R
7 b&EE7 (Figure 2), b, E—LEFRIFERA4
mOEBE7 7 b LADOEREIFIFH—ICEBHET S
BICHRRBEBTH 7=, BEE, & PETEEICT 7
VhLEBELTCHT AV PET BIEA 1T o720 %
LT, BonAPETE®HRICHLT, 77 >¥ FLDE
MUECRIABOTATZ77ALEEREL, E—7H
5 50% AT BERE—LL Y E L, ZONH
HE—LDERN SR (Beam’'s eye view) EHfR &
LTEHELZ ZLTCEAEDE—LL Y DELE
EREZTML 7=,

Method

We used '2C (290 MeV/u) for an irradiation beam. The Bragg
peak was adjusted at 37 mm from the incident surface of a
PMMA phantom by the binary filter installed in the bio course
at the HIMAC. All experiments were conducted under the
irradiation condition with the peak dose of 10 Gy when only a
PMMA phantom was set in the bio course. The time between
irradiation and the start of measurement was within 2 minutes.
The measurement time was 30 minutes for TBS PET and 40
minutes for CLS PET.

First, we compared the detectability of the depth beam range
shift. The shift was given by setting a 1-mm PMMA plate
covering the left half of a cylindrical PMMA phantom (4 cm
diameter, 10 cm length) (Figure 2). The left and right were
defined relative to the direction from upstream. The beam
diameter was wide enough to irradiate the bottom surface of
the 4 cm diameter cylindrical phantom almost uniformly. After
irradiation, the phantom was removed and set in each PET
system for offline PET measurement. We obtained beam’s eye
view images of beam ranges calculated as the 50% fall-off
position for each depth profile on the phantom in the PET
images. We evaluated the difference and variance of the left
and right sides of these beam’s eye view images.

Irradiation

:
ov [Left
< T
1 >
(TOp View) mm

1 mm “Half covered

Figure 2 Beam range shift detectability test by giving 1-mm shift for half of the cylindrical PMMA phantom.
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Next, we conducted a heavy-ion particle microbeam irradiation
experiment. Heavy-ion particle microbeams of 1 mm and 2 mm
in diameter at the entrance were generated by passing through
a 5-mm thick tungsten collimator having a hole size of 1 mm
and 2 mm, respectively (Figure 3). We irradiated a cylindrical
PMMA phantom (4 cm diameter, 10 cm length) and conducted
an offine PET measurement using each PET system. We
evaluated whether the peak was visually observable in each
PET image.

Irradiation for a cylindrical PMMA phantom with a heavy-ion microbeam using a collimator made of tungsten

with the hole size of 1 mm or 2 mm.
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Result

Figure 4 shows the offline PET imaging results when the beam
range was shifted by 1 mm for the left half of the phantom
viewed from the upstream. The image reconstruction and
denoising filter parameters were optimized for each image for
range evaluation. Although it was difficult to observe in the
coronal slice image, the beam’s eye view showed a clear
difference in range between the left and right in the case of
TBS PET. In the case of CLS PET, we could confirm that a
range difference close to that of TBS PET existed on the left
and right when averaged. However, it was difficult to visually
observe it in the image due to the large standard deviation
(noise). For both cases, the range was slightly underestimated
for the given range of 1 mm.

CLS PET

Coronal slice

Beam’s eye view
Left Right

Right

38.26 £ 1.23 mm
39.15 £ 1.22mm

=== Range

Left
Difference
0.88 £ 1.73 mm

Figure 4 Detectability test for shifts in the depth beam positioning. Differences are the average + standard deviation.
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CLS PET

" Irradiation

Images obtained by the offline PET measurement of '2C microbeam irradiation. The yellow double-headed

arrows indicate the distance between the phantom surface and the Bragg peak.
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Figure 5 shows the offline PET imaging results of the heavy-
ion particle (?C) microbeam. When the collimator hole
diameter was 2 mm, the PET signal peak was observed close
to the dose peak (Bragg peak) in both TBS PET and CLS PET
images. On the other hand, when the diameter of the collimator
hole was 1 mm, only the TBS PET showed the peak. It was
difficult to confirm any irradiation track on the CLS PET image
visually.

Conclusion

Both TBS PET and CLS PET employed Lu-free scintillators
with no background radioactivity, making them suitable for
measuring low radioactivity objects such as in heavy-ion beam
visualization. As a result of comparing these two, we saw that
although the CLS PET prototype had a high spatial resolution,
this advantage could not be fully utilized due to the low
sensitivity, and the image became noisy compared to TBS
PET. On the other hand, we determined that the TBS PET
prototype had a higher detection capability due to its high
sensitivity, although the resolution was about 2 mm. Therefore,
we concluded that the TBS PET prototype device was more
suitable for low radioactivity offline PET measurement.
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Introduction

Positron emission tomography (PET) is a practical tool for
in-vivo dose verification of charged particle therapy. Positron
"C and '50)
fragmentation reactions in a patient are visualized. However,

emitters (such as produced through
the accuracy of the dose verification is limited by the
metabolic processes taking part in living organisms, which is
referred to as the biological washout effect [1]. Modeling and
correction of the biological washout effect is necessary for
quantitative dose verification. The biological washout effect is
affected by physiological environmental conditions such as
blood perfusion, but the correlation to tumor pathology has not
been studied yet. The aim of this study was to investigate the
dependence of the biological washout rate on tumor vascular
status in rat irradiation. In this work, two types of
tumor-bearing nude rat models that depended on the tumor
vascularity (i.e., perfused and hypoxic tumor models) were

irradiated with a radioactive 50O ion beam.

Methods

C6 rat brain glioma cells were injected subcutaneously into
the left shoulder of eight nude rats. The nude rats were
divided into two groups of four each: Group-1 (Rat-A, -B, -C,
-D) and Group-2 (Rat-E, -F, -G and -H). About 6x10° cancer
cells were implanted into the former, and about 12x108 cancer
cells were implanted into the latter.

Radionuclide beam of *O was irradiated onto tumor bearing
nude rats in the secondary beam lines of the Heavy lon
(HIMAC).
measured by
depth-of-interaction (DOI)-PET prototype [2] which allows

Medical Accelerator in Chiba The biological

washout rate was our  original
detection of positron emitters with high sensitivity. Figure 1 (a)
shows the experimental set-up. The detector ring (660 mm in
diameter) was positioned perpendicular to the beam direction
to enable in-beam use. A nude rat was fixed in an acrylic
cylinder and connected to an anesthesia machine. A 50

beam was irradiated on the tumor tissue (left shoulder) and
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in-beam PET scanning was performed for 12 min. The
irradiated dose was about 8 Gy. The normal tissue (right
shoulder) was also irradiated by the same procedure. After
irradiations and PET scans, tumor tissue sections of each
nude rat were obtained.

PET images were reconstructed in 15 s time frames. The
volumes of interest (VOIs) were set on the irradiated area, and
the activity in each VOI was analyzed as a function of time to
see the biological washout process. To derive the biological
washout rate, we employed a single-compartment model
(Figure 2 (b)) with two types of tracers (medium decay, kaom
and slow decay, kzs) which is commonly used in clinical
nuclear medicine [3].

150 irradiation

l

1
H
1
1
H
1
1
|
1
kom 4 : Form1
|
Kixs P Form2
co
i
[
|
Blood ] Tissue

b)

Figure 1 (a) The experimental setup with the 4-layer DOI-PET prototype for nude rat irradiation. A nude rat was put inside
the acrylic box which was positioned at the center of the field-of-view. (b) Kinetic implanted 'O models. A
single-compartment model with two types of tracers.

nn%

M2z, EEER (a) LEEEZ (b) ORF=E
BEhrofSon/-PETHEMRER (Rat A BE
B&H, D 12 pEOBEEER) 2577, (H2&
Computed Tomography (CT) EifRéED 72— 3
VIBR, )

Fo M2 (o) IZy >y IuaviR— kX NET
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Results

Figure 2 shows summed PET images of Rat-A (summed for
the period 0-12 min after irradiations) of the (a) normal tissue
irradiation and (b) tumor tissue irradiation; they were fused

with Computed Tomography (CT) images.

Figure 2 (c) shows the boxplot depicting the k,,, values
obtained from normal and tumor tissue irradiation of nude rats
in Group-1 and those of Group-2. For Group-1, the obtained
ky,, values of the 'O ion beam in normal tissue and tumor
tissue irradiations were 0.3240.052 min™' and 0.5840.019
min-', respectively. For Group-2, k,,, values in normal tissue
and tumor tissue irradiations were 0.33+0.039 min-' and
0.2940.036 min™, respectively.
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3 (a)-(d)Ic Groupl »ZFNEFNDX—KZ v & Figures 3 (a) to (d) show the tumor tissue section (stained
DEERLEBOEBY S BEGR(~< F ¥ U - with Hematoxylin & Eosin) slices obtained from around the
IFYVHEE) ad, ALL. 3 (e)-(h) I= center of each nude rat in Group-1, and Figures 3 (e) to (h)
Group2 OX—KZ v FrOBESUYRBE®RE R~T, show that for each nude rat in Group-2. A heterogeneous

Group2 T IZEEMRE N TEIE A 2 LM A kT morphology was observed in tumor tissue sections in Group-2
S AR A EER I N, Notably, there were clustered areas where cells fell off after

necrosis.

N I I [
0.7 p < 0.001 p < 0.001
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Figure 2 Summed PET images (Rat-A) fused with the CT images for (a) normal tissue irradiation and (b) tumor tissue
irradiation. The arrows indicate the 50 ion beam incident direction. (c) Comparisons of k2m of normal and tumor tissue
irradiation of nude rats in Group-1 and Group-2. (p value of < 0.05 was considered significant.)
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Figure 3 (a) - (d) Tumor tissue sections (H&E staining) for each nude rat in Group-1 and (e) - (h) those for each nude rat in
Group-2 (one slice at the tumor center).

ZR Discussion

Groupl OBEIEE T BEBEEICE W TIEEM  The meanvalue of k,, of tumor tissue irradiation was larger
R NS fd:kzmﬂﬁﬁﬁ ST, EEABANTILME than that of normal tissue irradiation in Group-1. It was
ENBAICEDEBELA DY . AL AMEEED M reasonable that the biological washout rate in the tumor tissue
EEBUENTTEL TWBERA]AEYHIE N H is faster than that of the normal tissue due to tumor vascular
LEE IR 22 5N, hyper-perfusion [4], in this study of Group-1.
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The mean value of k,, of tumor tissue irradiation for
Group-2 was significantly lower than that in Group-1, and it
was somewhat lower than that of normal tissue irradiation.
From the tumor sections (Figures 3 (e) to (h)) of tumor of nude
rats in Group-2, necrotic areas were observed. It was
suggested that the biological washout rate in the tumor tissue
became slower due to decreased vasculature and blood flow
in tumors of nude rats in Group-2.

This study demonstrated that the status of the tumor
vasculature reflected the biological washout. The biological
washout parameters were variable depending on tumor
vascular perfusion and/or permeability that are known to
Our
experimental data which support the concept that the

influence radiation response [5]. study provides
biological washout rate could be used for evaluating tumor
response to radiation therapy. For future work, quantitative
studies of the relationship between biological washout rate

and tumor pathological condition are likely to be essential.

Conclusion

We measured the biological washout rate in tumor tissue that
had been '°0 ion beam irradiated. The biological washout rate
in the vascular perfused tumor tissue was higher than that of
the normal tissue due to tumor vascular hyper-perfusion, while
the biological washout rate in the necrotic tumor tissue was
lower than that of the normal tissue due to the lack of vascular
structure. Our study demonstrated that the biological washout
rate reflected the tumor vasculature status in the pathological
condition.
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Introduction

PET detectors generally consist of an array of small
scintillation crystal elements and a photo-detector array. The
scintillation crystal has a property that it originates thousands
of photons when it detects a radiation. We can then identify the
radiation detecting element (scintillated element) by the
calculation of the center of the photon distribution. Because the
radiation detection position in the detector is obtained as the
scintillated element in the array, element size determines the
detector resolution. For the element identification, we refer to
(2D)
advance by uniform gamma-ray irradiation onto the detector.

the 2-dimensional position histogram prepared in
This histogram represents the results of the center of gravity
calculation with photo-detector signals for each radiation
detection and forms the peaks that correspond to each crystal

element (crystal response).

To have sufficient radiation detection efficiency, the crystal
elements are required to be around 2 cm in height. However,
a long shape for the crystal elements causes degradation of
the PET image resolution. This problem can be solved by the
(DOI) detector
radiation detection location in the detector 3-dimensionally

depth-of-interaction which provides the
because getting the depth location in a long crystal element
corresponds to dividing it into short crystal elements. The
depth location information, however, cannot be obtained
without applying some special approach.

Our team previously developed the 4-layer DOI detector [1]. Its
principal is explained in Figure 1. The detector consists of the
four crystal element arrays stacked in the depth direction.
Reflector removal in the array allows a larger scintillation
photon distribution and makes the distribution center shift as a
result. Then the corresponding responses are getting close to
each other as indicated in Figure 1 so that different reflector
arrangements between the four layers makes it possible to
represent all responses for all layers in a 2D position histogram
without overlapping. We confirmed the 4-layer DOI detector
worked according to the principle except for the outer crystal
element identification which is difficult also in most non-DOI
detectors.
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After many basic experiments, we found the way to identify the
outer elements. A common way to fabricate the crystal element
array is first arranging a reflector lattice and putting the
elements in it. To form the lattice, we need to make slits in the
reflectors. In the study, we found that the amount of the
photons leaking through the slits even after forming the lattice
was significant enough to change the outer response position.
Our new approach then uses no-slit reflectors for outer crystal

elements. This report shows the effect of their application.
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Figure 1 Principle of the 4-layer DOI detector. The scintillation crystal element is identified through the 2D position
histogram obtained by the center of gravity calculation using photodetector signals.
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To verify the validity of the new approach, we prepared two 4-
layer crystal element arrays: the basic structure and the
structure optimized by using the no-slit reflectors. As shown in
Figure 2, the outer elements at all four faces were optically
separated by the no-slit reflectors. Figure 2(a) is the top view
and Figures 2(b), (c) are the side views of the reflector
arrangements at the central part and in the outer array.
Regarding reflector position, as indicated in Figure 1, when
reflector position was different between adjacent layers in the
x direction, the position of the 1,2 and 3,4-layers became the
same in the y direction (Figure 2(b)). And we got measurement
results that indicated a different position in the x direction
showed better performance. Because outer arrays were
separated and independent of center reflector position, we set
reflectors in this different position for all four outer arrays
(Figure 2(c)).

The crystal element array was a 16 x 16 array of 1.45 x 1.45 x
4.5 mm?® GAGG (C&A Co.) crystals and reflector material was
ESR film (Sumitomo 3M, 98% reflectivity, 0.065 mm
thickness). The 8 x 8 channel MPPC array module
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(Hamamatsu Photonics K. K., Model: S13361-3050AE-08, 3 x
3 mm? active area, 50 ym micro-pixels) was used for the photo-
detector. To couple layers 1 to 4 and the 4th layer and MPPC,
we used RTV rubber (KE420, Shin-Etsu Chemical Co., Ltd;
refractive index = 1.45). Between crystal elements in the same
layer was air. Data acquisition was performed using the NIM-
CAMAC system by irradiating 511 keV gamma-rays from a
22Na point source.

1stlayer —>vy 14 X 14 X 4 array
— SR EEEE T Z "
(a) Top view T A Ve
Bt EEESy r—r — Reflector
H »’ lx [ - M (noslit)
l 7T T A [ T /\
. . 1 X 14 array ................................... [ X
(b) Side view
CrystakT. (c) Side view _
Reflectort- IIIIIIII Slits
Air Reflectors for the lattice
®
®
y X y — X

Center part

Outer 16 X 1 X 4 array

Figure 2 Structure of the 4-layer DOI detector with the no-slit reflectors; (a) the top view, (b) the side view of the center
part of the crystal array, and (c) the side view of the outer crystal array.

Figure 3 Obtained 2D position histograms with the 4-layer DOI detectors in (a) the basic structure and (b) the structure
optimized by using the no-slit reflectors.
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Results

Figure 3 shows the obtained 2D position histograms. The outer
responses overlapped in Figure 3(a) for the basic structure, but
they were separated in Figure 3(b) for the structure using no-
slit reflectors. The bright responses corresponded to the 1st
layer elements which detected many gamma-rays irradiated
from the top of the detector. Enlarged parts included seven
response lines. The 2nd and 3rd lines that had been
completely overlapped in Figure 3(a) were identified in Figure
3(b).

Conclusion

The validity of our proposed approach using no-slit reflectors
was verified with the 4-layer DOI detector. This approach also
will be effective for non-DOI detectors and we expect it to be
applied to various detectors and to contribute to better detector
performance.

T. Tsuda et al., “A four layer depth of interaction detector block for small animal PET,” IEEE Trans. Nucl. Sci., vol. 51,
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Introduction

The spatial resolution of positron emission tomography (PET)
systems can be improved using depth of interaction (DOI)
information [1-5]. Using segmented scintillator arrays, our
group developed a four-layer DOI detector based on the
reflector control [3]. All crystals in the four layers were identified
by a photo-detector mounted on only one side of the crystal
array and RTV rubber was chosen for optical coupling in the
gap between each pair of crystals in which no reflector was
inserted [3].

Recently, the efficient and precise fabrication of segmented
crystal arrays has become possible by using subsurface laser
engraving (SSLE) [6]. SSLE produces very fine micro-cracked
layers in a crystal, which act as optically diffuse layers to
the

performance of our four-layer DOI detector with small

scatter and reflect light. We previously reported

segmented 2x2 and 2x1 arrays fabricated using SSLE [7].

In this report we investigated the performance of a four-layer
DOl detector composed of crystal bars segmented using SSLE
into four segments in the height direction. The performance of
this detector was compared with our conventional four-layer

detector and the detector composed of monolithic crystal bars.

Materials and Methods

Scintillation crystals of lutetium yttrium orthosilicate (LYSO)
with a size of 1x1x20 mm? were used (Figure 1 a)). Sixty four
crystal bars were segmented into four segments with equal
height of 5 mm by applying SSLE. Two 8x8 crystal arrays were
prepared using the monolithic crystal bars and segmented
crystal bars (Figures 1 b) and c)). Positions of reflectors, which
are multilayer polymer mirrors, between the crystal bars were
the same as those of our four-layer DOI detector. The reflector

arrangement for each layer is shown in Figure 2 a). Each
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prepared crystal array was mounted on a 4x4 channel TSV
(through silicon via) MPPC (S13361-2050AE-04). The
effective area of each MPPC channel was 2x2 mm? and the

dead space thickness between MPPC channels was 0.2 mm.

A four-layer 8x8 crystal array using small discrete LYSO
crystals of (1x1x5 mm3) was prepared and mounted on the
TSV MPPC as a conventional four-layer DOI detector (Figure
1 d)).

Each detector was irradiated from its top with a '*’Cs point
source. The interaction positions within crystal arrays were
estimated by the Anger-type calculation. Schematic drawings

of expected 2D position maps for each layer and the detector

are shown in Figure 2 b).

Schematic drawings of a) a monolithic and segmented crystal bars. Schematic drawings of a four-layer DOI detector

using a) monolithic crystal bars, c) segmented crystal bars, and d) discrete crystals (1x1x5 mm?3).
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Figure 2 Schematic drawings of a) reflector arrangement in each layer of a four-layer DOI detector, and b) expected 2D position
map for each layer and the four-layer DOI detector.
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Results and Discussion

Respective 2D position maps were obtained for the three
detectors composed of monolithic and segmented crystal bars,
and the discrete crystals of 1x1x5 mm? (Figures 3 a) to 3 c))
after applying energy windows around the photopeak at 662
keV. The expected responses for each layer are severely
overlapping for the monolithic crystal array at the middle and
the edges of the array (Figure 3 a)). The responses at the
middle of the crystal array segmented using SSLE are
separately identified (Figure 3 b)). In the case of the crystal
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array segmented by SSLE, the center response is separated,
but the edge responses are distorted and overlap (Figure 3 b)).
In the future, it is necessary to improve the separation
performance of the edge responses by optimizing the optical
coupling conditions between the edge crystals. The optical
coupling material between the crystal bars is currently air and
we expect to observe significant improvement by changing air
to RTV rubber. There is clear separation of crystal responses
for the crystal array consisting of discrete crystals (Figure 3 c)).

The energy spectra of specific segments and crystals for the
detector consisting of the segmented crystal bars and of
discrete crystals of 1x1x5 mm?® are given in Figure 4. The
photopeak values of the segmented crystal bars for all layers
are larger than those of the discrete crystals. The average
energy resolutions of the segments at the middle of the crystal
arrays for the detector consisting of segmented crystal bars
and the discrete crystals are 8.2 £ 1.0% and 10.7 £ 1.9% at
662 keV, respectively. These energy resolutions were obtained
without applying saturation correction for the MPPCs.

c) Segmented

o

2D position maps of the detectors consisting of a) the monolithic crystal bars (mono), b) the crystal bars segmented

using SSLE, and c) the small discrete crystals of 1x1x5 mm? (segmented).
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Figure 4 The energy spectra for specific segments and crystals of a) the detector consisting of the segmented crystal bars, and
b) those of the discrete crystals of 1x1x5 mm? (segmented) in the first, second, third and fourth layers.
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E R )] Conclusion

H L DiZES 2 SSLE T 4 HE|LA 1x1x20 We investigated performance of our proposed four-layer DOI

mm’ DERERD H7 5 4 B DOl SR DWW T,
BRI A FOERNE T RILFE—DEEDESH

detector composed of crystal bars of 1x1x20 mm?® segmented
into four segments using the SSLE from viewpoints of crystal
segment identification and energy resolution. We compared

DEREZIRES L7, £ OB RERHBROMEREZ. i€ the performance of the detector with that of our conventional
kD AREDOIEHERE LB LTz, £ X > MEE M four-layer detector. The crystal segments were clearly
T-$ESBeH Tl EFI%O)%D gt 7 X v b IZBEREICE,  identified in the middle of the segmented crystal array and the
BlTE, FHITRIILF—fRee (BAfmIEA Lol average energy resolution (without applying saturation

REROIHDOERHBOWEZS S EHT W
2

4. et v J:lﬁiﬁ& LT 20%akE L7, B7E. corrections) showed 20% improvement compared to that of our
conventional detector. We are continuing to improve crystal

identification at the edges for the detector.
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Introduction

To improve PET image quality, depth-of-interaction (DOI)
information [1], which can reduce the parallax error, and time-
of-flight (TOF) information [2], which can enhance the signal-
to-noise ratio in a reconstructed image, are key technologies.
However, it is difficult to realize and employ both technologies
at the same time without degradation of the information
obtained. We have developed the crosshair light sharing (CLS)
PET detector that optically couples the four-loop structure,
consisting of quadrisected GFAG crystals comparable in size
to a photo-sensor, to four photo-sensors in close proximity
arranged in a windmill shape. In this work, we developed the
CLS PET detector using the fast LGSO crystal for the TOF-
DOI PET system [3].

CLS PET detector

The proposed crosshair PET detector consisted of 14 x 14 fast
LGSO (OXIDE Corp.) arrays coupled to an 8 x 8 MPPC array
(S14161-9865, Hamamatsu Photonics K.K) as shown in Figure
1. The size of each fast LGSO crystal was 1.45 x 1.45 x 15
mm3. The optical reflector was Toray Lumirror (70-E20, Toray
Industries Inc.) or ESR (3M). The optical reflectors with three
different arrangements were inserted between crystals. On the
other hand, the boundary between crystals without the reflector
was coupled by optical glue (KE420, Shin-Etsu Chemical Co.,
Ltd) with a refractive index of 1.45. Top and middle
arrangements made a loop structure of single-ended readout.
For the bottom arrangement, optical glue between the fast
LGSO crystals spreads scintillation photons to neighboring fast
LGSOs connected to the same MPPC to reduce the saturation
effect of the MPPC. Crystal identification of paired crystals is
obtained from the output rate of two MPPCs. The responses of
each crystal have a continuous broad distribution.
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Performance evaluation

The data acquisition system used was the PETsys SiPM
readout system (PETsys Electronics S.A.) [8]. Figure 2 shows
the 2D position histograms and energy spectrum of %’Na
uniform irradiation for three types of crystal arrays. Good
crystal identification was possible for all crystal arrays. Figure
3 shows the estimated DOI positions and DOI resolutions
calculated from the 661 keV slit irradiation. The average DOI
resolution was 4.7 mm for the fast LGSO array with ESR,
although DOl resolution at the crystal edge tended to be worse
than in the center. On the other hand, the fast LGSO array with
Lumirror obtained uniform DOI resolution of 2.7 mm on
average. To evaluate coincidence resolving time (CRT), a pair
of detectors were placed in opposite directions and
measurements were made with a centrally located ??Na point
source. Figure 4 shows the timing histograms for three types
of crystal arrays. By changing the reflector to ESR, the CRT in
the 200 ps range was achieved.
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Figure 2 2D position histograms and energy spectrum for two types of crystal arrays.
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Figure 3 Estimated DOI position and DOI resolution for two types of crystal arrays.
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Introduction

Positron emission tomography (PET) is a molecular imaging
technique which can visualize the 3D distribution of
radiopharmaceuticals injected into the body thereby providing
functional information about glucose metabolism, gene
expression and neuroreceptor activities, etc. [1]. Therefore,
PET has been widely used to diagnose oncological and
neurological diseases such as cancer and dementia.

Coincidence timing resolution (CTR), which indicates the
accuracy of the time difference measurement between a pair
of annihilation photons, is a paramount parameter for time-of-
flight (TOF) PET scanners. Achieving a good CTR can lead to
a better signal-to-noise ratio on reconstructed PET images.
The latest clinical PET scanner provides the CTR of 215 ps [2].

The CTR of scintillation PET detectors is mainly determined by
the scintillation crystal material and silicon photomultiplier
(SiPM) performance [3]. The purpose of this study was to
achieve a sub-200 ps CTR by optimizing the SiPM bias voltage
and threshold level.

Methods

Figure 1a shows the coincidence detection setup which was
used in the experiment. Two scintillation detectors were used
for the coincidence detection. Each scintillation detector
consisted of a chemically polished fast LGSO crystal
(3.1x3.1x20 mm®) and a SiPM photo-sensor (Hamamatsu
Photonics K.K., S13360-3050CS, V,;,s=54.56 V). The SiPM
had an active area of 3.0x3.0 mm? and micro-cell pitch of
50 pm.

The four lateral surfaces of the fast-LGSO crystal were
wrapped by an enhanced specular reflector (ESR) film. The
fast-LGSO crystal was optically coupled to the SiPM using
room-temperature-vulcanizing (RTV) silicon. The energy and
timing signals of the SiPM were extracted by a custom-made
front-end circuit board. The timing signal was amplified by high
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frequency amplifiers, while the energy signals were amplified
by fast OPAMP (AD8000). The timing signal was split into two
and one of them was fed to a leading-edge discriminator (LED)
which had a threshold of -100 mV. The output of the LED was
transferred to the AND logic for the coincidence detection.

The analog signals of the energy and timing were digitized by
using a waveform digitizer (CAEN, DT5724) with a sampling
rate of 5 GHz. A 22Na radiation source was used for the
irradiation of annihilation gamma photons onto the detectors
(Figure 1b). The ambient temperature was 25°C. The SiPM
bias voltage was varied from 55.0 V to 63.0 V in intervals of
1.0 V to find the optimal voltage in terms of CTR.

The digitized waveform signals were analyzed by using
MATLAB software. In order to extract the time stamp, a 5%
threshold level of the peak amplitude was applied to a
waveform of timing signals. As a result, the time difference AT
(i.,e. T1-T2)was calculated to generate a timing histogram.
The energy window of 20% (460-562 keV) was applied to
select only the photo-peak events while excluding the
Compton scattering events.

SiPM photo-sensor

e e e e

AI
i H
Timing Gl ,'I I‘\ e Timing L/ Fast-LGSC
IR LED & " Gamma
LED (511 keV)
Thresh=100 mV 1 l,Thresh:lOOmV
r— 1
b 40 ns L
" [
4 v v + dh
1
OO OO O0OO0OO0OO0O OO0 O
Ch0 Chl Ch2 Ch3 Ch4 Ch5 Ché Ch7 Ext. Fast Ch8 | PcC
Trig.  Trig. uss

(a) The coincidence setup

(b) The detector setup

Figure 1 Experimental setup. The coincidence setup (a) and the detector setup (b).
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Results

The photo-peak can be identified clearly on the energy spectra
(Figure 2). The CTR was enhanced as the SiPM bias voltage
increased. The SiPM bias of 61 resulted in the best CTR. The
CTR was highly dependent on the threshold level. The
threshold level of 5% resulted in the best CTR (Figure 3 right).
The optimal CTR of 184 ps was obtained with the SiPM bias of
61V and the threshold level of 5% (Figure 3 left).

Time Difference AT (E.W=20%)

Time difference (EW=20%)(Event#6378)

700

igma =

HM = 184 [ps]

Counts [a.u.]

-50 0 50
Time difference [ps]

CTR (FWHM)= 184 ps

Figure 2 The energy spectra from the two detectors and the time difference with the 20% energy window at 61 V. Left:
the energy spectra from the two detectors. The 20% energy window was applied around the photo-peak events. Right: the
time difference after cutting off Compton scattering.
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Figure 3 Comparison of CTR values as a function of SiPM bias overvoltage. Left: effect of SiPM bias on the CTR. Right:
effect of the 5% threshold level on the CTR at 61 V.
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Discussion

In this study, the SiPM saturation effect was not considered for
the energy spectrum thereby enhancing the energy resolution
artificially. In the next study, we will measure the energy
resolution after the SiPM saturation correction. In addition, we
plan to further enhance the CTR by roughening one lateral side
of the crystal surface [4].

Conclusion

The SiPM bias voltage and threshold were optimized. As a
result, we obtained the coincidence timing resolution of 184 ps
was and achieved the target sub-200 ps CTR.
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Introduction

Development of new radiation detectors is important not only
for development of nuclear medicine imaging modalities such
as PET and SPECT but also for applications to various medical
radiation detectors. Therefore, we have been developing not
only detectors for nuclear medicine but also new radiation
detectors for other medical applications. In this paper, we
introduce our research studies on semiconductor-based
radiation detectors.

In the case of general PET detectors, gamma-ray energy is
converted into scintillation photons and then the photons are
detected and converted into electrical signals with a
photodetector. On the other hand, in the case of semiconductor
detectors, the gamma-ray energy is directly converted into
electron-hole pairs and they are collected. Therefore, very high
energy resolution can be obtained. On the other hand,
semiconductor detectors have the disadvantage of poor timing
resolution and long dead time due to the limited speed of the

electron-hole pairs in them.

Silicon (Si) and germanium (Ge) are the most well-known
semiconductors used in radiation detectors. Although they
have very high energy resolution, their low atomic number and
density make it difficult to use them in PET detectors which
require detection of high energy gamma-rays, i.e., as high as
511 keV. On the other hand, they are advantageous for
Compton cameras that require high energy resolution.
Recently, semiconductor detectors using heavy materials such
as cadmium telluride (CdTl) and cadmium zinc telluride
(CdZnTe) have been developed and are used as radiation
detectors for nuclear medicine.

Semiconductor detectors can be used as radiation detectors
for various medical application by taking advantage of their
characteristics. In this paper, we introduce our research about
timing performance of PET detectors using a new
semiconductor material, thallium bromide (TIBr) and our
development of dosimeters using organic semiconductor

devices for particle therapy.
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TIBr PET detectors with Cherenkov photon detection

Thallium bromide (TIBr) is a semiconductor material with high

atomic number and density (7.56 g/cm). Therefore, TIBr has
sufficient sensitivity to annihilation radiation of 511 keV for
measurement with PET detectors. In addition, TIBr has high
energy resolution like other semiconductor detectors [1].
However, it is difficult to obtain sufficient timing resolution for
PET detectors using TIBr detectors if timing information is
determined from signals of the electron-hole pairs. Recently, it
has been found that the use of Cherenkov light, which has a
fast time response, can improve the time resolution [2].
Therefore, we are studying the improvement of the time
resolution of TIBr PET detector using Cherenkov light in
collaboration with a group at Tohoku University. This year we
have evaluated TIBI crystals having added TICI (TIBr-TICI) and
conventional TIBr-only crystals (called simply TIBr hereafter).
The original yellow color of the TIBr crystal was lost by adding
TICI and the crystal became colorless and transparent.
Therefore, TIBr-TICl is expected to increase the light collection
efficiency and improve the timing resolution.

Figure 1(a) shows the crystals of TIBr and TIBr-TICI and the
readout circuit used in the evaluation experiment. Two types of
TIBr-TICI crystals were prepared, one with the entire surface
unpolished and the other with only the optical readout surface
polished. The size of the crystals was 3 mm X3 mm X3 mm.
The crystals were fabricated by Prof. Hitomi group at Tohoku
University. The Cherenkov photons were detected by a
Hamamatsu Photonics multi-pixel photon counter (MPPC;
S13360-3075CS). ALYSO detector was used as a coincidence
detector. The signal from the MPPC was amplified using a
high-frequency amplifier and the waveform was recorded using
a digitizer (CAEN, DT5742). The obtained waveforms were
processed by software to calculate the time resolution.

Figure 1(b) shows the relationship between the threshold value
The
maximum threshold value was 6.5 because fewer than 7

and the time resolution obtained for each crystal..

photoelectrons could be detected in this measurement due to
low Cherenkov emission. When the threshold was 0.5 p.e., a
time resolution of about 500 ps was obtained for all crystals.
As the threshold was increased, the timing resolution improved
for all crystals. However, the timing resolution of the TIBr
crystal did not improve around 6.5 p.e and that differed from
the case of the TIBr-TICI crystal.
observation is that the collection efficiency of Cherenkov

One of reasons for this

photons with the TIBr detector is lower than that with the TIBr-
TICI detector, and the statistics of the timing spectrum are
insufficient when the threshold is increased. On the contrary,
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the timing resolution of TIBr-TICI was improved to ~300 ps by
increasing the threshold. This means that the timing resolution
can be further improved by improving the light collection.

@ TIBr @ TIBr-TICI TIBr-TICI(Etching)

(@]

3 4 5
Threshold level (p.e.)

(b)

Organic semiconductor detector for carbon therapy

Organic semiconductors have flexibility in the shape and size
they can be used in, their capability to produce transparent
devices, and their low production cost. Therefore, various
devices (organic electroluminescence displays, organic solar
cells, etc.) are currently being researched, developed, and
commercialized. Since these characteristics are also useful for
radiation detectors, if organic semiconductors can be used as
radiation detectors, it is expected that radiation detectors with
new characteristics will be realized. From this point of view, we
are developing dosimeters for carbon beam therapy focusing
on tissue equivalence which is one of the useful property of
organic semiconductors. The P3HT:PCBM and
semiconductors used in our previous research were very thin
(less than 1 ym) and it was difficult to apply a high voltage to
them[3]. Therefore, we are now using 4-hydroxycyanobenzene
(4HCB) semiconductor, which can be fabricated easily with a

rubrene

thickness of more than 1 mm. Previously, we read out the
signal from 4HCB for a carbon beam irradiation experiment.
Now, we are evaluating the Bragg curve (LET dependence),
which is important for particle beam measurement.

The size of the 4HCB crystal was 4 mm x 4 mm x 2 mm (Figure
2(a)). Wires for signal readout were connected to both sides of
the 4HCB crystal with carbon paste. In the measurement,
induced charges generated in the 4HCB crystal by carbon ion
irradiation were collected. In the experiment, 400 V was
applied to the 4HCB detector while the measurement was
carried out. The experiment was conducted in the physics
course (PH2) of the heavy particle accelerator HIMAC. The

energy of the carbon beam was 290 MeV/n and the beam
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intensity was 102 particles per second. The beam diameter was
adjusted to be 1 cm at the 4HCB detector.

Figure 2(b) shows the Bragg curve of the 290 MeV/n carbon
ion beam obtained with the 4HCB detector. For reference,
Bragg curves of the other organic semiconductors which were
previously evaluated are also shown. As with the previous
other detectors, the Bragg peak was successfully observed.
The peak value decreased near the Bragg peak compared with
that obtained for the ionization chamber (1.C.). This means that
the LET dependence was still observed even in the case of
4HCB. In the future, we will optimize the thickness of the device
and the electrode structure to improve the performance of the
4HCB detector, especially the LET dependence.

¢ 4HCB
O rubrene
O P3HT( 1mm,10°® pps)

Normalized induced charge

135
Thickness [mm]

140 145

(b)

Figure 2 (a) Photograph of 4HCB detector and (b) Bragg curve for 290 MeV/n obtained using the 4HCB detector
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Conclusion

In this paper, we introduced two types of semiconductor-based
medical radiation detectors. In both detector. cases, we
obtained feasibility data. In the future, we will continue to

optimize them to improve their performance.
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Introduction

The standard of care for surgical treatment of esophageal
cancer is to remove all lymph nodes with the potential for
metastasis to maintain cure. The complication
esophageal cancer is higher than that of other gastrointestinal
cancers due to the high invasiveness of some lesion sites. In
addition, it has been reported that only 3.5% of the removed
lymph nodes showed metastasis in pathological diagnosis [1].
Therefore, we are developing a "forceps-type mini-PET" to
reduce the area of dissection by intraoperative diagnosis of
metastatic lymph nodes.

rate of

Forceps-type mini-PET measures the accumulation of FDG
as radioactivity, is a biomarker of lymph node
metastasis. Through previous clinical studies, a threshold of
620 Bq (assumed after 3 half-lives of 4.5 MBaqlkg
administration) has been obtained for metastatic lymph nodes
[1]. If the requirement is to measure more than 100 counts in
less than 30 seconds of intraoperative measurement time, the
required sensitivity is calculated to be more than 0.5%. On the
other hand, the detector part must be less than 12 mm in
diameter so that it can pass through the trocar in speculum

surgery.

which

In the sensitivity measurement of the prototype using the
BGO (BisGe3012) scintillator crystal, the maximum value of
1.27% was achieved, which was much higher than the target
value of 0.5%. However, the detection sensitivity is not uniform
and varied depending on the position and size of the radiation
source. If a lymph node is measured at a location with low
detection sensitivity, the amount of FDG accumulation will be
underestimated, resulting in false negative results. Therefore,
in this study, we investigated the effect of lymph node size and
location on detection sensitivity.

Methods

Monte Carlo simulations were performed using the Geant4
simulation toolkit. As shown in Figure 1, we verified the
sensitivity of two types of detector configurations: parallel and
V-shaped. The sensitivity was calculated as the ratio of the true
coincidence number to the total decay number. A pair of halved
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bullet shaped BGO scintillator crystals (15 mm deep x 10 mm
wide x 5 mm thick; 7.13 g/cm?®density) were used as radiation
detectors. The x-axis was the depth direction with the forceps
tip as the reference point, and the y-axis was the lateral
direction with the forceps center as the reference point. The
distance (angle) between the detectors was automatically
determined so that the lymph nodes were sandwiched without
gaps. The metastatic lymph node was defined as a uniform
distribution of 1000 Bq '8F source in a spherical water
phantom. The energy resolution was set to 14% at 511 keV.
The coincidence energy window was 400-600 keV, and time
window was 12 ns.

Front view

Figure 1 Simulated detector arrangements: (a) Parallel type and (b) V type. A 7 mm diameter lymph node located at x =
7.5 [mm] and y = 2.5 [mm] is shown as an example.
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Lymph node size fixed and position variable

The radiation source corresponding to the lymph node was a
7 mm diameter sphere. For the sensitivity verification of the
depth direction (x), the position of the lymph node was fixed at
0 mm in the lateral direction (y). The depth position (x) was
changed from 0 mm to 15 mm in 0.5 mm increments for each
simulation, and the number of coincidences was analyzed. For
the sensitivity verification in the lateral direction (y), the depth
direction (x) was fixed at 7.5 mm, which was the center of FOV.
The lateral direction (y) was changed from -5 mm to 5 mm in
increments of 0.5 mm for each simulation.

Lymph node position fixed and size variable

The lymph nodes were placed at the center of the detector
FOV, which was 7.5 mm in the depth position (x) and 0 mm in
the lateral position (y). The diameter was changed from 1 mm
to 15 mm in 1 mm increments for each simulation, and the
number of coincidences was analyzed.
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Results and Discussion

Figure 2 (a) shows the sensitivity simulation results according
to the position in the depth direction. The maximum sensitivity
of the parallel type was around 8.0 mm from the forceps tip,
and that of the V-type detector was around 9.0 mm. The
sensitivity from the tip to around the center of the FOV (x = 0
mm to 9 mm) was better for the parallel type than for the V-
type. For example, at the center of the FOV (x=7.5 mm), the
sensitivity of the parallel type was about 1.05% and that of the
V type was 0.95%. This was a difference of about 20-40 counts
based on the metastatic lymph node threshold of 620 Bq in the
that
intraoperative environment, there are many opportunities to

30 s measurement. Considering in the actual
measure near the tip of the forceps, the parallel type is more
advantageous in terms of sensitivity. Figure 2 (b) shows the
results of the sensitivity measurement at each position in the
lateral direction. (Since the maximum sensitivity at the center
of the lateral direction depends on the position in the depth
direction, it is not possible to compare the sensitivity of the

parallel type and V type purely from this graph unconditionally.)

Figure 3 shows the results of sensitivity simulations for
different sizes of the lymph nodes. The sensitivity decreased
significantly with increasing size. When the lymph nodes were
larger than 10 mm in diameter, which would protrude outside
the scintillator crystal surface, the sensitivity of both the parallel
type and V type was less than 0.5%. Because the parallel type
can easily estimate the lymph node size by pinching, sensitivity
correction by size can be readily implemented.
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the depth position and (b) the lateral position.
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Figure 3 Detection sensitivity according to the lymph node size.
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Conclusion

Our simulations showed that the detection sensitivity of the
forceps-type mini-PET was highly dependent on the size and
location of lymph nodes. In the future, we will study ways to

correct for this sensitivity dependence.
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%% Domestic conference (23)

NSLERH, B et /NBP SRR, P SO, IWARE, @filil—, "Fx L a7 PET ~OISHz BE L= R
Hifb 2 U U LGSR OB, 5 68 [FIS T A B FINGRIS S PRI, 16p-228-21, 2021. (4 7 A B
18)

H SR, SRR, P30, MARIK, BEd, IWARRE,"CM a7 M PETED Y I =2 b—3y a UREL"
% 68 IS B 2B PGS TR, 18p-212-3,2021. (4> 7 1 i)

B, A BIKE, SRS, MERVEEZ, My, (LA ZRE, "Ifif A% FDG-PET ~ Deep Learning (L 5 4E
HSOG T H & HIBTARIL O FIAR L~ [ i AF 5242 (JAMIT Frontier), MI2020-73 , 2021. (2021/3/16 online)
B, M, BETE, (LFRHL, (IR, "B PET D72 O~ — L AKEIMHIEFIEORIE," EHH
1A 5242 (JAMIT Frontier), M12020-93, 2021. (2021/3/17 online)

HESCH, & HIEE, CRIE, BARIR, P, A, R, miiEmimT, AEiAREs, TEE, Him
%, 5%, Katia Parodi, |IAZRE, "PET » 27 b oA 7V » REEEREROIGH," EABE&IF5ESJAMIT
Frontier), M12020-94, 2021. (2021/3/17 online)

Akram Mohammadi, N. Inadama, F. Nishikido, E. Yoshida, Taiga Yamaya, “Optimization of the laser-induced layer in
scintillation crystal bars for PET detectors with DOL,” [EZ#B, 5 41 &, Sup. 1, p. 96, 2021. (55 121 [0 H AR EZY)
PSSR K S, 0-059, 2021/4/18, oral)

Hideaki Tashima, Eiji Yoshida, Takumi Nishina, Mikio Suga, Hidekatsu Wakizaka, Miwako Takahashi, Kotaro Nagatsu,
Atsushi Tsuji, Kei Kamada, Akira Yoshikawa, Katia Parodi, Taiga Yamaya, “Experimental Verification of the Effect of the
Full-ring Geometry in WGI Compton Imaging,” [E5#2E, &5 41 %, Sup. 1, p. 148, 2021. (55 121 [6] H REFH) 5
£ RE, 18-066, 2021/4/17, oral)

Chie Toramatsu, Akram Mohammadi, Hidekatsu Wakizaka, Fumihiko Nishikido, Chie Seki, Iwao Kanno, Shinji Sato,
Kumiko Karasawa, Yoshiyuki Hirano, Taiga Yamaya, “Can Biological Washout Rate Be a Biomarker of Tumor Viability in
Charged Particle Therapy? A Rat In-beam PET Study,” =¥, &5 41 %%, Sup. 1, p. 149, 2021. (5 121 Bl H KEF
PR 22 A K42, 1S-067, 2021/4/17, oral)

Kengo Shibuya, Haruo Saito, Fumihiko Nishikido, Miwako Takahashi, Taiga Yayama, “Noninvasive Probing of Oxygen
Partial Pressure Using Positronium Atom and Its Application in PET,” [E5##BE, % 41 &, Sup. 1, p. 150, 2021. (55 121
[B] H AR [E 2 B 220K 4%, 18-068, 2021/4/17, oral) President’s Award of 121% Scientific Meeting of Japan Society of
Medical Physics

Go Akamatsu, Eiji Yoshida, Hideaki Tashima, Shigeki Ito, Miwako Takahashi, Taiga Yamaya, “Dual Round-edge Detector
Arrangement for Breast PET: A Proof of Concept Study,” [EZ=#PE, &5 41 24, Sup. 1, p. 151, 2021. (55 121 [A] H AREES
MR 2R K2, 1S-069, 2021/4/17, oral)

Han Gyu Kang, Hideaki Tashima, Hidekazu Wakizaka, Eiji Yoshida, Makoto Higuchi, Taiga Yamaya, "Initial total-body rat
imaging results with TBS PET using 4-layer DOI information," % 82 [Alits L2 S FK AT S SR T RE4E,
13a-N206-2, 2021. (2021/9/13 online)

HARIKR, BB, HAEE, SPE, @iEEMT, IWARHE, "B+ PET OMIIRE : RY o =0 Lk
D 2 Wt EgAL," 5 82 Bl B P K ZE PN S G TRRSE, 13a-N206-1, 2021. (2021/9/13 online)
SRS, MG, (LWFEIER, TR, BHARIR, 7oy X a, [WARE, "GHEEER 4HCB O R FEHR R
W23 2SR MEREAM, " 5 82 Bl M T S KRG 3T TR4E, 13p-N206-6, 2021. (2021/9/13 online)
HEFRY, HHIE, CRIE, E8E, BB, SffEmF, AEILRES, HEE, #ilE, &)1%, Kata
Parodi, IWAZRE, "WGL = > 7" b VG EAE RS O FEERHRGEL," 56 40 [B] H AR E HEHG ¥ e REEHE TR,
pp. 478-481, 2021. (P5-04, oral)

SIHEOR, RRIEN, IR FEZE, SHMER, KR, AR, FHEE, HARIKR, HEXRH, ILARE, AFK
iz, SFAMNK, FEMEVE" OpenPET & X #i CT ORGTEMNIC L 54 X DROIE & AFBIFERE DAFAT," 2021
R HAREMBRRE LY ad v 74 IR IR £ 2, 2021, (2021/11/2, online)

R, R TE, HEREE, BREKE, SRS, BRI, ILARE, BUNK, RS, HEE, R
th, "HCu ik Y ¥~ T E HWTZ PET A RFEIROMHERAFIED A GIBR O FME" IES 58 &, Supplement,
S207, 2021. (Z5 61 [a] H AMZE ikt 4z, 2021/11/4, oral, MO11VI12)

EAGEA T, HEREREC, HARIR, SRR, WIREZ, WARE TR I=PETOBRRE1: ¥ Ial—
va Ik BEFEA N7 RTHL BEES 58 &, Supplement, S213. 2021. (35 61 [ H R EFERFHITRE,
2021/11/4, oral, MO1VIIF5)

KIGHERRS, SERT, MAAIK, FSEN, IAZE, "$H 7% S = PET OB 2— BB e B~
Ralb—va ) BES 58 %, Supplement, S212, 2021. (55 61 [0l H AL [E 4222, 2021/11/4, oral,
MOI1VIIF3)

FREEEEL, @GR, FR2MI, HanGyuKang, FARIR, JIFSFt, #7302, WARZ, IIARE, "5
I=PET DBAFE 3 : 7’1 b & A T{Fpk & ERERHAL," =S 58 &, Supplement, S212, 2021. (3 61 [B] H AfZ =
£2EAHA S, 2021/11/4, oral, MO1VIIF4)

ABEE, R, BEXEE, SEERT, WFRH, [LARE, "SEe~— L RFET PET (REhFHH - #liEL
DORR%E," BEIES 58 %, Supplement, S213. 2021. (5 61 [B] H ARZE FA TR £, 2021/11/4, oral, MO1VIIF10)
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[21] AR, HHETS, BEEH, GHEEEL, 2PEE, BRFHR, SEENT, LARE, 20em O m e
EHT A/ B A & fERER — & 7V PET OBI%E," BE5: 58 %, Supplement, S213. 2021. (28 61 [A] H AEZ =
ST S, 2021/11/4, oral, MO1VIIF7)

[22] HAAIKR, HEBZRM, EASBE, P E, SFEfmT, WARA, "B PET OISR : Ay ha=v a¥k
D 2 WTEg L, ¥ES 58 &, Supplement, S213. 2021. (%5 61 [B] H AL [E 2224082, 2021/11/4, oral,
MO1VIIF8)

[23] HWSFEH, HHIR, HARK, $$AXE, /IR, &84, BIRER, SFENF, KEILRES, TEE, L
RIE, "3 Wt 7 b U EBEARE RS AR R AR U4 A b U SF O EBRWIRRGE," BZES 58 &, Supplement,
S214,2021. (5 61 [B] H AREZE P FlTke <2, 2021/11/4, oral, MO1VIIF12)

1.5 W% Workshop presentations (5)
[1] WA FRE, “PET A A—T v 7WEAfse,” Wi PET #F%t<s 2021, 2021/1/23 (webex).
[2] Han Gyu Kang, “Design and validation of a mouse brain PET with a staggered 3-layer DOI detector,” GATE Scientific

Meeting, 2021/5/20. (on line)
[3] Han Gyu Kang, Hideaki Tashima, Fumihiko Nishikido, Go Akamatsu, Hidekazu Wakizaka, Makoto Higuchi, Taiga Yamaya,

"A mouse brain PET scanner with a staggered 3-layer DOI detector," £ 16 [E/NE#A o ER A A —T 0 TSRS,
2021/9/11 (on-line).

[4] EAEE, R, WU, BEEMT, ILARE, "RY ey ALk aBENEE V7L PET ~0
JERL B S8 EIT A Y b= - BRI TE R F 22, 2021.

(51 CEBEE, SRR, B, ST, IIARE, " PET 28R L L= WL AF Y YT L—Tay
L AT KBV IETIEOBIYE," 5 11 ML FEEGARATHIFE 2, 2021. (2021/12/11, online) (5 BF H 32 H)

1.6 %55F Patents (5)

- tHEE Application (3)

[11  HERY, R, LARE, "BEGRAHEEE, BGAMES 27 A B2 OEGABEGTIE" FFE 2021-47690,
2021/3/22 HiE. (Q20206)

2] FREELS, WARE, GRS, Yo FL—F o=y N EROEGA R, R 2021-050842,2021/3/24
HiJFE (Q20200IP)

[3] EAENE, FERRRELE, WA RE, HETE, E LR R AR OV e 7T A RFIRE 2021-113791,2021/7/8
HHRE

- &#% Registered (2)
[1] A FA, HEREY, 555V > 7 PET 3E&E & O PET HiE,” RriT 6842694, 2021/2/25 %% (Q20005JP)

2] Md Shahadat Hossain Akram, Takayuki Obata, Taiga Yamaya, "MICROSTRIP TRANSMISSION LINE ARRAY RF COIL,
RF SHIELD CONFIGURATION AND INTEGRATED APPARATUS OF RF COIL AND RADIATION IMAGING
DEVICE," US10,942,235, 2021/3/9 k. (Q20065)

2. RBREREE~ADEY A Outreach actions

2.1 MELRLG EDFME Hosted workshops (1)

[11 R FELE, QST EEU —F A =275 4 7(IRD Y AR Y T AR PET #9854 2021) % 4, 2021/1/23
(webex) (BIMNE G 155 44)

2.2 & =+ —F# Hosted seminars (0)

2.3 $EEHI Annual report publishing (1)
(11 WWARE W, Wi PET AFZEH 5 £ 2020,”  QST-R-18, 2020/1/23.

2.4 #4255 Review articles (9)
(1] @EfEERT, IR, "2021 4210 A, WEW X HAYIBfE IEEE-NSS/MIC," FRARZE:, Vol. 54, No.1, pp. 11-
12,2021

[2] WAFRE, “IEEE NSS-MIC2020 /S—F ¥ /LIdAakE), % LT 2021 #iikhifE~,” Isotope News, 2021 4 2 A%,
No.773, 2021.

89



PET 2021 Report on PET Imaging Physics Research

[3] Steven R Meikle, Vesna Sossi, Emilie Roncali, Simon R Cherry, Richard Banati, David Mankoff, Terry Jones, Michelle
James, Julie utcliffe, Jinsong Ouyang, Yoann Petibon, Chao Ma, Georges El Fakhri, Suleman Surti, Joel S Karp, Ramsey D
Badawi, Taiga Yamaya, Go Akamatsu, Georg Schramm, Ahmadreza Rezaei, Johan Nuyts, Roger Fulton, André Kyme,
Cristina Lois, Hasan Sari, Julie Price, Ronald Boellaard, Robert Jeraj, Dale L Bailey, Enid Eslick, Kathy P Willowson, Joyita
Dutta, "Quantitative PET in the 2020s: a roadmap," Phys. Med. Biol., 66, 06RMO01, 2021.

[4]  HEEY, SR, ILARE, “WHR PET %54 2021 BAf#FE,”  Isotope News, 6, No. 775, pp. 60-61, 2021.

[51 AR, BfEERMT, ILAHRE, “FDG-PET OJFER & IRIEHRBA~DISH,” WIREFEL, 14 (2), pp. 247-252,2021.

[6] FEBEMT, "IMNEEITFED — < Nz O biE< —," BRREEE S, Vol. 54, No.1, pp. 13-14, 2021

[71  MEBEW, “5E/ERCRICTZary T A T/ar T oA A—=D 0 TV AT AR%E - F X =, Med.
Imag. Tech. 39, 5, pp. 197-198, 2021.

[8] HAAILK, MEBZEE, §HIE, 887302, TFRHE, ILAZRE, "Whole Gamma Imaging DOAFZEBHJE," Med. Imag.
Tech., 39, 5, pp. 199-205, 2021.

[0  ARKAMI, FAAIK, Han Gyu Kang, /NEFHESY, & HIER, IWRRE, " BEFEHY VT L— 2 OZE" BIEYH
filf, vol. 41, pp. 448-450, 2021.

2.5 % - 3BE Lectures (12)

D URDOLEFIZEITA1B%HEE Invited talks at symposium (8)

[1] Taiga Yamaya, "Whole gamma imaging: a new concept of PET combined with Compton imaging," ANIMMA2021
Workshop N3, 2021/6/21 (invited, on line).

[2] Taiga Yamaya, "Whole gamma imaging: PET combined with Compton imaging," 1% Symposium on Theranostics, 2021/10/9.
(Invited, Theranostics Center in Krakow, Poland / on-line)

3]  WARE, YT 5 PET : HHAFIDO~ LA v MEIPET (BN 7 — L& E 297 2," 25 40 [8] H AR [E {5 T
2 R2, 2021. (invited, 2021/10/14)

[4] Taiga Yamaya, “In Memoriam: Eiichi Tanaka (1927-2021),” IEEE NSS-MIC2021, 2021/10/19. (Invited)

[5] Taiga Yamaya, “Imaging Physics to realize future PET - IEEE NPSS Medical Imaging Technical Achievement Award
Presentation,” IEEE NSS-MIC2021, 2021/10/19. (Invited)

(6] IUAFRE "EHEESEOTNL - WE - 2B ~IEEENSS-MIC OFEF" FEMTT 2L Y 2—a D
— 7 ¥ 3 v 7, 2021/10/28. (invited)

[71  Taiga Yamaya, "Development of small animal PET - high resolution, high sensitivity and what's next?," %E5 58 %,
Supplement, S122, 2021. (8 61 [a] H ARZ & F2FhliHa <2, 2021/11/5, invited)

8] IBTHA, “BIEEZRAA—VU 7 OREBT 0 PET/S WGL~," AABTERZSE 1 [HEHKE, 2021.
(2021/12/11, online)

- 3% Educational lectures (4)

[1] A FRA, R SEEf1, 87302, Han Gyu Kang, HARIK, & HEIR, HEEY, £RET, HPKHE,
Akram Mohammadi, JHEEZEGEE “HOHMRE T THERFEREGGHRE, 2021 AT/ H W 16:10-17:40

2] EHEIYR, EEWE = —X,2021/7/15

[3] Han Gyu Kang, Teaching in GATE Training For Beginners, 2021/11/23-25

[4] Han Gyu Kang, Teaching in Virtual GATE School with IEEE NPSS and the University of Ho Chi Minh city, 2021/12/15-
17.

2.6 EZ Book chapters (1)

[1] Han Gyu Kang, Taiga Yamaya, "Multi Imaging Devices: PET/MRIL," In: Fleck 1., Titov M., Grupen C., Buvat 1. (eds)
Handbook of Particle Detection and Imaging. Springer, Cham. https://doi.org/10.1007/978-3-319-47999-6_51-1, 2021.

2.7 FL R - [EWYIBE Public relations activities (3)

[1] HABIR, R ESEFIE WA FERE [hage Image] “TF4E#H A > & £ = — presented by #EFFE EmR-7
=1 ¢ TRV R ! R ARIRREAR (QST FHEMX A T 1 »—f% AR (2021/4/12~25), QST EAR
HZELRET—@F T4 (2021/8/18~31))
https://www.youtube.com/watch?v=qXVWHPnUawlI

2] “WHEROFEEHH PET NEML~P v b & v ,” QST NEWS LETTER, No. 17, pp. 5-6, 2021.
https://www.qgst.go.jp/uploaded/attachment/22884.pdf

[3] IEEE CKEEXRET¥%) Medical Imaging Technical Achievement Award 5% H L& L7=
https://www.qst.go.jp/site/qms/news211101.html

2.8 HEL & Exhibition (1)
[11 QST TIEMIX A2 T A o —fRABE 2021 (2T 7 R kAR, 2021/4/18.
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2.9 ZOHIREZE Other reports (0)

2.10 B854 R byt Foreign guest scientists (0)

211 R=5tis Lab tours for visitors (14)

(1]
2]

[
(3]
[

2021/5/14 FRET 7 /v LeHfEEER

2021/6/4 5 115 B4 F0 3 B St i

2021/6/22 % 2 [T v REEEE I F—RFE6 4

2021/07/05 SCEFFFARFFHAMN - FINBOR R AFZEBA s TR B oheiittsE SR BHXEE S TG
34)

2021/07/28 SLBUHEF AL Z—1T (3T 9 4)

2021/8/16 &FA 34 [ THEHARKROREEBTR T 0 7T b BEHFROME & EZRH ) ST 538 - iR
G 23 4)

2021/09/28 #iEbisk B B WA, SCHATE FHURILE TFRREERNS T SRS Ak

2021/10/7 5 116 [E143F0 3 4B HUR MR AR

2021/10/18 SCEIFLAE AFJRHRELR JLf% - BORPISERE B FAFEHEES R 0 mEHEE, DHuiRBELERN %
IRERFFAEEEE AR TERGE T £)

2021/1172 A A AR &t IO —Ek

2021/12/1 HEZRERLF G 4 4)

2021/12/9 #5117 [EI45F0 3 45 U R R iR AR

2021/12/20 WA IE TEHA B RBLIV R 7 ik & —A7

2021/12/20 SCEFFTAE AFJCHRBERIG B (155 e UM T8, ARBE—SHkGE 3 4)

3. SMERETME (REZ) Awards (4)

(1]

(2]

SR, REMSN, KR, O TR, e MER, AR, SEH S, HARIKR, HERE, FHEmn, he
TE, “REEZXMGL LT3 WL PET BLOCT A A —V > ZHIFORE,” ST 2 45 &k & 1o AR
FK i, 2021/3/26.

Taiga Yamaya, [IEEE NPSS 2021 Medical Imaging Technical Achievement Award for contributions to PET imaging physics,
especially novel PET detectors, system geometries, and application-specific PET systems, 2021/10/19.
https://www.qgst.go.jp/site/qms/news211101.html

Han Gyu Kang, Virtual 2021 IEEE NSS MIC Trainee Grant. 150USD
AAIEE, SRR HEBRY, SEEAT, LSRR, "B PET 288 & Licv— AL AXF 3 VT L—v g
U AZRMREI IEFHEOBFE," 5 11 BIEFEG AT e S B EE, 2021/12/11.

¥ IEEE

IEEE Nuclear and Plasma Sciences Society

2021 Medical Imaging
Technical Ackievement Award

is presented to
Taiga Yamaya

IEEE NPSS 2021 Medical Imaging Technical Achievement Award [2]
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