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Introduction

Quantitative imaging of a biomarker is possible at pico-mol
order using positron emission tomography (PET). This makes
PET essential not only for cancer diagnosis but also for
elucidation of other illnesses. One important example is the
elucidation of dementia, especially Alzheimer’s disease, for
which postmortem brain pathology had been the only
completely accurate diagnostic method. PET enables 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, while PET may remain the gold standard in many
studies, nuclear medicine itself should constantly continue to
evolve and introduce new technologies.

Therefore, the Imaging Physics Group (IPG) is developing
novel technologies for the next generation PET imaging and
promoting social implementation. Our 2022 progress is briefly
reported in this report with a review of the first Mid-term Plan
(for fiscal years April 2016 to March 2023) of the National
Institutes for Quantum Science and Technology (QST).
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Review of the first Mid-term Plan of QST (2016-2022)

“Our original ideas can promote realization of a future in which
early detection and early treatment of illnesses become
practical.” — This motto of the IPG has been further
strengthened with the establishment of QST in 2016.
Highlights of 2016-2022 are summarized in Figure 2 with the
covers of the IPG annual reports.

The world's first hemispherical PET system, which was
invented in anticipation of the coming era of PET for dementia
diagnostics, attracted attention as one of the major projects of
QST at the ceremony commemorating the launch of QST on
April 2016. The prototype machine, on which Hiroshi Hase, the
Minister Sports,
Technology (MEXT) at that time sat, was completed as Vrain
in 2021 through the 7-year collaboration with ATOX Co., Ltd.
during which IPG carried out most of the work. Vrain can
visualize the fine neural nuclei of the brain, which cannot be
seen even with the latest version of conventional systems; this
is a highlight result during 2022 and we chose it for the cover
of this annual report.

of Education, Culture, Science and

The development of the world's first open-type PET
"OpenPET", which we have been working on since the days of
the National Institute of Radiological Sciences (NIRS), the
predecessor institute to QST, was honored by MEXT in 2017.
The completion of component technology development for
OpenPET was followed by research on our original concept of
whole gamma imaging (WGI). The results of Compton imaging
of mice by WGI, which were published in 2020, attracted a
great deal of attention at international conferences as the best
Compton camera image ever obtained.

1&' (7= Yokotama, Jagan

N’ 16- 23 October 2821

First IEEE NSS-MIC
held in Japan

“World’s best” Compton
Imaging of a mouse

Newly launched 5-year
Nakatani-zaidan project
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Figure 2 Highlights of the first Mid-term Plan of QST (2016-2022) with the covers of the IPG annual reports.
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The world's largest conference on PET physics is the IEEE
Nuclear Science Symposium and Medical Imaging Conference
(NSS-MIC). In 2021, we had the first IEEE NSS-MIC ever held
in Japan, for which Japanese scientists contributed a lot to the
organization and program planning. In working on this
international conference my attention was drawn to the fact
that Japanese is only used in Japan. In other words, Japanese
researchers and engineers should be more seriously aware of
the globalization of scientific work, or they and we in the IPG
will soon be left behind by the rest of the world. The 2021 event
was held virtually due to Covid-19 restrictions, but we have
gotten the chance to hold it in-person in Yokohama in 2025.

The IPG has its roots in the 15t Laboratory in the Division of
Physics at NIRS, which was led by Dr. Eiichi Tanaka. This is
the laboratory that developed Japan's first PET in 1979. Dr.
Tanaka gave a lecture in the Next-Generation PET Research
Workshop held in January 2018, and this was the last time |
met Dr. Tanaka. In the lecture, Dr. Tanaka revealed that his
favorite quote was a saying by Leonardo da Vinci: “Inspiration
comes only to those who keep thinking.” This quote has been
carried over to the current IPG at QST.

It is no exaggeration to say that the development of innovative
nuclear medicine equipment is in a triple predicament in Japan.
One is the barrier of government approval for medical devices,
but this is not limited to the field of nuclear medicine, and is
likely to be the same in other countries as well. Issues unique
in Japan are radiation-related regulations and the public health
insurance system. First,
regulations are strict,
examinations can be performed are limited, and facility
operation costs become high. On the other hand, there is a
demand for reduction of medical costs in the public insurance

because the radiation-related

places where nuclear medicine

system. Simply speaking, the nuclear medicine industry is not
so profitable in Japan, and it gets sidelined by companies who
must answer to stockholders.

Under such adversities, however, we completed the
commercialization of the Vrain. What we learned from this
successful developmental experience was that even academia
could deliver research results to clinical practice if we were
seriously involved. Our desire to spread this lesson throughout
Japan, which we have named Bench to Clinical (B2C), has led
to actual activities with the support from the Nakatani
Foundation; our project proposal was selected for support
under the Long-term Large-scale Research Grant, and a new
organization, the Future PET Development Unit, was launched
within QST in April 2022. This unit aims to expand WGI, which

has been successful for small animals, to human use.
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2 mm brain PET; Breaking the barrier to 1 mm resolution

The developed brain-dedicated PET system, Vrain, which was
successfully commercialized in 2022, achieved the world's
fasted level of time-of-flight resolution of 229 ps. The accuracy
is so great that it can obtain positional information of 3.4 cm
just by the time difference in the coincidence detection with
respect to radiation traveling at the speed of light. Finally, we
achieved a spatial resolution of about 2 mm (Go Akamatsu, p.
15). In addition, by comparing measured images with
simulated images, it was confirmed that the Vrain achieved its
designed performance (Kurumi Narita, p. 21).

In a 2 mm resolution PET system, patient motion itself
becomes the cause of resolution loss. Therefore, we also
developed a practical and highly accurate head motion
correction system (Yuma Iwao, p. 25). Furthermore, in
collaboration with Hamamatsu Photonics, we also started
research on a denoising method that makes good use of deep
learning (Fumio Hashimoto, p. 29).

To challenge approaching the theoretical limit of PET
resolution, we developed a PET system dedicated to mouse
brain and achieved 0.5 mm resolution (Han Gyu Kang, p. 33).
This outperforms all existing commercially available systems
worldwide. In the next Mid-term Plan of QST, we would like to
transfer the high-resolution technologies to the development of
a human brain PET system, and break the barrier to 1 mm
resolution, which is considered to be the theoretical limit of
brain PET resolution. As the resolution increases from 2 mm to
1 mm, an eight times smaller volume becomes visible. It is
expected that high-definition that
conventional wisdom can be obtained if this barrier is broken.
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Figure 3 The developed brain-dedicated PET system, Vrain, achieved 2 mm resolution, which can be maintained in clinical
practice with our effective motion correction system (left). In contrast, super-high resolution of 0.5 mm was achieved by the 2"
prototype of the Small Animal PET (SAP-2) system developed in 2022 (right). Its technology transfer to clinical brain PET systems
is expected to break the 1 mm resolution barrier, which is thought to be the theoretical limit in clinical brain PET imaging.
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OpenPET and WGI expand possibilities of PET

Depth control is important in carbon ion therapy which can
target a tumor with pinpoint accuracy even it is deeply seated.
Therefore, we have been developing OpenPET to visualize
invisible carbon ion beams. The principle is the detection of the
minute amount of positron emitters that the treatment beam
produces inside the patient's body. The possibility of in-situ
tumor diagnosis without injecting PET tracers has also become
apparent p. 37). the
improvements of the OpenPET detector, in the next QST Mid-

(Chie Toramatsu, Along with
term Plan, the clinical trial of OpenPET will finally start. (Naoko
Inadama, p. 41).

While OpenPET research and

development of WGI is proceeding as a next-generation

is nearing completion,

technology (Hideaki Tashima, p. 45). WGI opens up new
medical applications that were previously unimaginable. For
example, we have demonstrated that only specific nuclides
can be visualized in carbon ion therapy imaging (Akram
Mohammadi, p. 51). The slight time lag (positronium lifetime)
in radiation emission from positron emitters also has the
potential to become a new biomarker, and we have started
research on in situ imaging of therapeutic effects (Sodai Takyu,
p. 55).

Along with the development of detectors for WGI (Miho
Kiyokawa, p. 59, Bhowmik Debnath Oiendrila, p. 63, Eiji
Yoshida, p. 67), the next version of the WGI prototype is also
being designed (Tomoya Kikuchi, p. 71). In the next Mid-term
Plan of QST, in collaboration with the QST Future PET
Development Unit, we would like to aim at the realization of
human-sized WGI.

(d) WGI-4 under development
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Figure 4 Along with the planned clinical trial of OpenPET (a), research and development of WGl is proceeding as a next-
generation technology, and the demonstration of in-beam WGI for a '°C beam (b) and the possibility of treatment effect estimation
from positronium lifetime (c) have been shown. Lastly, we are designing and developing the next version WGI prototype (d).
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Toward PET-guided surgery

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 could be minimized
and complications would be significantly reduced. Therefore,
we are designing a hand-held intraoperative PET system
(Taiyo Ishikawa, p. 77). As a more practical method, we are
also developing a forceps-type mini-PET that uses forceps-
shaped paired detectors to check for lymph node metastasis.
In 2022, we advanced to an ex-vivo clinical test (Miwako
Takahashi, p. 81). Methods to improve quantification
performance are also being studied (Ryotaro Ohashi, p. 85). In
the next Mid-term Plan, we would like to aim for in-vivo clinical

trials.

Figure 5 The developed forceps-type mini PET prototype (a), which was applied to a resected esophagus in an ex-vivo clinical
test (b). FDG distribution image of the resected esophagus obtained by a portable small PET system (c) is shown as a fusion with
a photograph (d). The solid arrows mark a primary lesion, and the dashed arrows mark a metastatic lymph node.
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Adding PET functionality to existing MRI systems

We expect realization of “add-on PET” that enables
simultaneous PET/MRI by just adding to an existing MRI
system. In 2022, we developed shielding technologies to
reduce mutual interference with PET even in the 7T ultra-high
magnetic field MRI (Md Shahadat Hossain Akram, p. 89). Also,
the completed add-on PET prototype for 3T clinical MRI is

scheduled for the first clinical trial (Fumihiko Nishikido, p. 93).
Conclusion

The plant seeds sown during the days of NIRS were harvested
during the seven years of the first QST Mid-term. It was the
teamwork of IPG that brought about these successes, and the
2022 activities of each researcher have been summarized in
this report. During these years, many new seeds were also
sown while promoting equipment development. In the second
Mid-term plan of QST, we would like to bring these seeds to
harvest and provide further innovations that will surprise the
world even more.
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Imaging Physics Group FY2022

Staff

Visiting Researcher

Go Akamatsu

Researcher

Mariko Ishibashi

Nippon Medical School

Bhowmik Debnath Oiendrila

Researcher (part time)
Secondment from Department of
Functional Brain Imaging

Makoto Doi

ATOX Co., Ltd.

Hideaki Haneishi

Chiba University

Fumio Hashimoto

Hamamatsu Photonics K.K.

Naoko Inadama

Principal Researcher (part time)

Yoshiyuki Hirano

Nagoya University

Yuma lwao

Researcher (part time)

Shigeki Ito

Mirai-imaging Corp.

Makoto Kakegawa

Visiting Researcher, from July

Kazuya Kawamura

Chiba University

Han Gyu Kang

Researcher

Masaaki Kumagai

ATOX Co,, Ltd.

Miho Kiyokawa

Research Assistant (part time)

Shunsuke Kurosawa

Tohoku U.

Md Shahadat Hossain Akram

Senior Researcher (part time)

Takashi Obi

Tokyo Institute of Technology

Akram Mohammadi

Senior Researcher

Yoshiaki Sato

ATOX Co,, Ltd.

Fumihiko Nishikido

Senior Researcher

Kengo Shibuya

University of Tokyo, until May

Fujino Obata

Technical Staff (part time)

Kenji Shimazoe

University of Tokyo

Ryotaro Ohashi QST Research Assistant (part time) Mikio Suga Chiba University

Miwako Takahashi Principal Researcher Eiji Takada National Institute of Technology
Sodai Takyu Researcher Ayu Tanaka ATOX Co., Ltd.

Hideaki Tashima Principal Researcher (tenure) Hiroshi Umeda ATOX Co., Ltd.

Chie Toramatsu Senior Researcher Masakazu Yamagishi | NIT, Toyama College
Hidekatsu Wakizaka Senior Technical Staff Taichi Yamashita ATOX Co., Ltd.

Taiga Yamaya

Deputy Director /Group Leader (tenure)

Eiji Yoshida Principal Researcher (tenure) Trainee / Internship

R. Kitamura Secretary (part time) Taiyo Ishikawa Chiba U. (Haneishi-lab. B4)

M. Ohno Secretary (part time) Tomoha Katagiri Hokkaido U. (Higuchi-lab. M2)
Y. Saito Secretary (part time) Tomoya Kikuchi Chiba U. (Suga-lab. B4)

M. Tanaka Secretary (part time), Public Relations Seiyu Nakazawa NIT, Toyama College (Takada-lab. AC1)

Kurumi Narita

Chiba U. (Yamaya-lab. B3)

Major collaborators (except for funded projects)

Collaborators (alphabetical) Themes (Students, etc.)

1 Kazuya Kawamura Tip-angle dependence of the forceps-type mini PET (FTMP) (M1 Ayano Nakajima)

(CFME, Chiba U.) Parallel-tip opening mechanism of FTMP (Research Student Hiroto Hayashi)
2 | Masaki Fukunaga (NIPS) Study on a 4-channel microstrip RF coil integrated PET insert with a 7T clinical MRI system
3 | Mikio Higuchi (Hokkaido U.) Micro beta-imaging using thin scintillators (M2 Tomoha Katagiri)
4 | Japan Radioisotope Association Development of unsealed-RI phantoms
5 | Katia Parodi, Peter Thirolf (LMU) In-beam PET simulation / experiment, SIRMIO project
6 | Mitra Safavi-Naeini (ANSTO) Prompt gamma detection and neutron capture discrimination in NCEPT
7 | Masaaki Sato (U. Tokyo Hospital) Early diagnosis of chronic rejection after lung transplantation by nuclear medicine
8 | Mikio Suga (CFME, Chiba U.) Simulation design of WGI (B4 Tomoya Kikuchi)
9 | Eiji Takada (NIT, Toyama College) Medical application of organic semiconductor detectors (AC1 Seiyu Nakazawa)
10 Hiroshi Watabe, Hayato Ikeda Exploring quantum-PET imaging radionuclides

(CYRIC, Tohoku U.) (Supply Platform of Short-lived Radioisotopes, PI: Sodai Takyu)

Improved PET image quality by unsupervised deep-learning (D1 Fumio Hashimoto)

Taiga Yamaya, Hideaki Haneishi Simulation of a forceps-type mini PET (M1 Ryotaro Ohashi). .

11 (CFME, Chiba U.) S.tutljy ona hapd-held probe-type intraoperative PET (B4 Talyp Ish!kawa)
’ Timing resolution improvement for TOF-PET detectors (B4 Miho Kiyokawa)
Imaging simulation of high-resolution brain PET (B3 Kurumi Narita)
Research contracts (alphabetical) Funded Themes

1 AIST (Mitsugu Sohma, Jun Akedo) No Investigation of beta imaging material for medical application

Mikio Higuchi (Hokkaido U.) (2021/1/1 - 2023/3/31)
2 | ATOX Co,, Ltd. Yes Performance improvement of the helmet PET (2022/4/1 — 2023/3/31)

Gunma U. (Makoto Sakai), Tsukuba
3 U. (Jun Furukawa), U. Tokyo (Kenji No Characterization of medical Compton imaging devices

Shimazoe), Tohoku U. (Shunsuke (under contract — 2023/3/31)

Kurosawa), Riken (Shinji Motomura)
4 | Hamamatsu Photonics K.K. No ?zzz)s;glgjefrzco}'lzir/\stlgﬁ )next generation PET detectors
5 | Mirai-maging Corporation Yes Scintillation detectors for nuclear medicine and environment

(2021/2/1-2024/3/31)
- . . RI-molecular imaging application of super high-resolution and high-

6 | Mirai-maging Corporation Yes | sensitive X-ray de?ec?orsp(pZOZZ/SM1-202%/2/28? o
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FY2022 Imaging Physics Group Grants

As of Dec. 31, 2022

Internal bud; asically excluding labor cost) [x1.000 ven]
Budget Note AmounLtabor Main collaborators outside the group (Pl underlined)
Hideaki Haneishi, Mikio Suga (Chiba U.), Akihiro Hino (PDRadiopharma), Yoichi Imai (Dokkyo Med. U.),
QST President's Strategic  Grant|Quantum Nuclear Medicine Imaging Core Taku Inaniwa, Ko.tgro Nagatsu,. Takashi Shimokawa, Atsushl TSLIJI, Shigeru Yar.nada (@SsT Chlba),.
. Shigeki Ito (Mirai-imaging), Kei Kamada (C&A), Naoki Kawachi, Yuto Nagao, Mitsutaka Yamaguchi
1 |Advanced Study Laboratory (ABADK) Creation Group 10,000 4,000 (QST Takasaki), Sh Ke K Akira Yoshik: (Tohoku U.), Katia Parodi (LMU)
PI: Taiga Yamava (Internal competitive grant, 2021-2022) akasaki), Shunsuke Kurosawa, Akira Yoshikawa (Tohoku U.), Katia Parodi y
. " Makoto Sakai (Gunma U.), Kengo Shibuya, Kenji Shimazoe, Tadayuki Takahashi, Hiroyuki Takahashi
(U. Tokyo), Taichi Yamashita (ATOX)
Realization of a new imaging-based . . .
N N - . I 3 .
2 |diagnostic method for dementia and For Integration Plan D 4,850 Maxetolguch (PI.) et al. (OST Ch\ba)
. Naokoi Kawachi, Mitsutaka Yamaguchi (QST Takasaki)
depression (BFAB3)
Research on
3 [new cancer radiopharmaceutical drugs For Integration Plan A 4,000 0|Tatsuya Higashi (PI), et al. (QST Chiba)
(BIAAT)
. 5 Clinical C-ion therapy application of the world’s . " P . . Qg A L
4 QST President’s Fund (ABAJC) first OpenPET 3.040 Taku Inaniwa, Hitoshi Ishikawa, Nobuyuki Kanematsu, Masashi Koto, Toshiyuki Shirai, Minoru Tajiri,
PI: Hideaki Tashima irst Hpen " g Katsuyuki Tanimoto, Shigeru Yamada, Shunsuke Yonai (QST Chiba), Shigeki Ito (Mirai-imaging)
I (Internal competitive grant, 2022)
5 Directorate's Fund (BIAB1) For “Quantum PET” project 3720 Taku Inaniwa, Kotaro Nagatsu, Atsushi Tsuji (QST Chiba),
PI: Taiga Yamaya (Internal competitive grant, 2020-2022) " Naoki Kawachi (QST Takasaki), Kengo Shibuya (U. Tokyo)
Research on diagnosis methods using photon|
6 (aBnIdAgL;a)ntum imaging technologies For group operation 2,350 0 _
Pl Taiga Yamaya
7 _|Returned indirect expense 10% of indirect—BIAB1 1,637 0 —
Development and clinical application of quantum Hitoshi Ishikawa(PI), Makoto Higuchi, Ryoichi Hirayama, Nobuyuki Kanematsu, Takafumi Minamimoto,
8 QST President’s Fund microsurgery technology for functional brain 1,000 Kazutoshi Murata, Naruhiko Sahara, Makoto Sakama, Dousatsu Sakata, Takashi Shimokawa, Makoto
Taiga Yamaya, Hideaki Tashima diseases " Shinoto, Toshiyuki Shirai, Yasuhiko Tachibana, Masaru Wakatsuki, Shunsuke Yonai (QST Chiba),
(Internal competitive grant, 2022) Motohiro Hayashi (TWMU)
. A sodium (®Na) coil integrated PET insert for
QST President's Fund N . . i i
9 |PLMd Shahadat Hossain Akram multinuclear study of knee and wrist with 3T MRI 1,000 0|Takayuki Obata (QST Chiba)
(Internal competitive grant, 2022)
Sum 32,497 4,000
Competitive grants [x1,000 yen]
Eralbes Theme Direct expense Indirect Members in the group Collaborators outside the group
- Labor | Distributed | expense (PI underlined) (PI underlined)
K . Future PET Development Unit: Shunsuke Kurosawa (Tohoku U.), Hideaki
Nakatani Foundation Transformation to “whole gamma-ray imaging” Taiga Yamava, Haneishi, Mikio Suga, Kazuya Kawamura
— - laiga Yamaya, , N
1|y orgter Largenscale Research Grant | 4hat makes use of al available radiations for 54545)  13786) 20909 5455\ aico Takahashi, et al. (Chiba U2, Yoichi Imai (Dokkyo Med. U),
diagnostic imaging etal. _ _
KAKENHI 2020-2024 Whole gamma imaging to break through the Taiga Yamava, f‘cké'-f, YGi*“&‘.’"iFT"'”?:‘S 'ik) M;;“’dsljg)a
2 |Grant-in-Aid for Scientific Research (S) |physical limitation of positron emission 32,900 5,063 9,400 9,870 [Miwako Takahashi, Eiji Yoshida, foa L), Yolohi imal tWoriyo Med. U,
20H05667 tomograph Hideaki Tashima Mariko Ishibashi (Nippon Med. School),
graphy Kotaro Nagatsu (QST Chiba)
AMED Medical Device Research Results Forceps type mini-PET system for intra— Miwako Takahashi, Shigeki Ito (Mirai-imaging Corp.), Kazuya
3 |Development Programs . eﬁat"ive‘l"’m e diaynosis (2020-2022) 20,000 0 14,600  6,000|Fumihiko Nishikido, Sodai Takyu, |Kawamura (Chiba U.), Yasuyuki Seto (U.
22hm0102078h0003 P vmP € Han Gyu Kang, et al. Tokyo), et al.
4 Collaborative research 2022 RI-molecular imaging application of super high— 5238 0 0 262 Fumihiko Nishikido, _
Mirai-imaging Corporation resolution and high—sensitive X-ray detectors N Sodai Takyu
Taiga Yamava,
. Eiji Yoshida, Hideaki Tashima,
5 2$H()a>lzoéitlv:t;esearch 2022 Performance improvement of the helmet PET 3,600 0 0 360|Miwako Takahashi, Yuma Iwao, Go —
N ) Akamatsu, Sodai Takyu, Hidekatsu
etal
KAKENHI 2021-2022 Taiza Yamaya,
A . g va,
6 |Grant-in-Aid for Challenging Research Challenge to quantum PET (Q-PET) 2,500 0 0 750 Miwako Takahashi —
(Exploratory) 21K19936
KAKENHI 2022-2023 . . . .
7 |Grant-in-Aid for Early-Career Scientists |\ on%, irst PET integrated microstrip RF coil 1,800 0 o|  540|Md Shahadat Hossain Akram -
20K18224 (MS PET-cail) for a clinical 7 Tesla MRI system
KAKENHI 2022-2024 Proposal of "Quantum PET” and challenge to
8 [Grant-in—Aid for Scientific Research (C) |sensing radiation therapy effect by positron 1,300 0 0 390|Sodai Takyu Kenichiro Matsumoto (QST Chiba)
22K12881 |lifetime
KAKENHI 2021-2023 Devel t of PET detect . .
9 |Grant-in-Aid for Scientific Research (G) |\ orror” © etectors using organic 1,100 0 0 330|Fumihiko Nishikido Ejji Takada (NIT, Toyama Coll)
photodetectors
21K12720
KAKENHI 2021-2023 .
10 |Grant-in-Aid for Scientific Research (C) |Cnallenge to tumor pathology by particle beams: | 4 5q 0 o|  300|Chie Toramatsu -
biological washout study using in~beam PET
21K07608
KAKENHI 2021-2023 .
11 |Grant-in-Aid for Scientific Research (c) [Development of PET/SPECT/MRI/CT mult 1,000 0 o 300|Go Akamatsu -
21K07716 modal brain phantoms
12 CQHa.b.oratl.ve research .2021*2023 Scu.1t|||at|on detectors for nuclear medicine and 909 0 0 91|Taiga Yamava, et al _
Mirai-imaging Corporation environment 218 Tamava. et 8.
KAKENHI 2020-2022 Hideaki Tashima
13 |Grant-in-Aid for Scientific Research (C) |Partial-ring PET-Compton hybrid imaging system 700 0 100 210| - Mikio Suga (Chiba U.)
20K12683 Fumihiko Nishikido
Konica Minolta Imaging Science Development of a “Quantum PET” imaging . .
“ Encour. Award (2022) method 500 0 0 ©|H doaki Tasnima —
Naoki Kawachi, Mitsutaka Yamaguchi
’ . ) . (QST Takasaki), Shunsuke Kurosawa
15 |Japan Society of Medical Physios |Development of performance evaluation methods 450 0 0 50| Go Akamatsu (Tohoku U.), Makoto Sakai (Gunma U.),
clal Supp © © pron o Kenji Shimazoe, Shinichiro Takeda (U.
Tokvo)
KAKENHI 2020-2022 Diagnosis for epileptogenic zone in patients with Miwako Takahashi,
16 |Grant-in—Aid for Scientific Research (C) |non-lesional refractory epilepsy based on MEG 400 0 100 1201, Naoto Kunii, Yuichiro Shirota (U. Tokyo)
Yuma Iwao
20K08124 and FDG-PET
FY2022 Collaborative Research Program|Concept of a minimal RF shield PET insert for .
17 |at NIPS 22NIPS817 7T whole-body MRI system 37 0 0 © Mo Shahedat Hessolr Alsar | Masak Fukunaza NIPS:
KAKENHI 2020-2022 Improving resolution of a high-sensitive 4-layer
18 |Grant-in-Aid for Scientific Research (C) [TPTNE € 4 300 0 0 90|Naoko Inadama —
DOI-PET detector
20K12705
KAKENHI 2020-2022 D of scan—type PET
19 |Grant-in-Aid for Young Scientists (B) |-~ *P1TC.5) cantype open—geometry 300 0 0 90|Yuma Iwao —
20K20239
Collaborative Research Program Development of novel scintillators for the next
20 at IMR Tohoku U. 202112-RDKGE-0037 generation nuclear medicine concept of WGI 250 0 0 0|Taiga Yamaya, et al. Akira Yoshikawa (Tohoku U.)
(2021-2022)
KAKENHI 2020-2022 . o
21 |Grant-in-Aid for Scientific Research (C) |Feconstruction of dose distributions using PET 200 0 0 60|Mohammadi Akram -
images in heavy ion therapy
20K08066
KAKENHI 2022-2024 Development of respiratory disease prognosis Naoko Kawata
22 |Grant-in—Aid for Scientific Research (C) |prediction system— from COVID-19 infection to 200 0 0 60|Yuma Iwao T "
X . . . Hideaki Haneishi (Chiba U.)
22K12836 (Co-ir igator) chronic progressive disease
KAKENHI 2020-2022 Treatment strategy based on ADHD s e, toudaira (U. Tokyo)
23 |Grant-in-Aid for Scientific Research (C) |pathophysiology for patients with glossalgia or 40 0 0 12|Miwako Takahashi iroyuit a Ro Flatsudalra A, [ owyol,
20K07755 (Co-investigator) with atopic dermatitis Kaori Takahashi, Keniohi Fukuda (Tokyo
Dental Coll.). Yozo Ishiuii (Jikei U.)
Sum 129,620 18,849 45,109 25,339
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Data of Imaging Physics Group (FY2009-FY2022)

|Fisca| year

[ 2009

2010

[ 2011

2012

2013

2014

2015

2016

2017

2018

1. Research budget [x1,000 yen]

|- Internal budget (excluding labor)

|- Internal competitive grant

|- Competitive grant

| |- for internal use (excluding labor*)
| |- for distribution

|- Own income

48913
17,666
17,445
13,802

61,869

8,092
16,812
36,965

144,380
102,350
1,170
40,860
28,460
12,400

108,649
92,730
0
15,919
14,919
1,000

134,001 121,711
86,482 55,299
0 0
47,519 66,412
35,269 33,234
12,250 33,178

117,564
36,973
3,000
77,591

42,935
34,656

76,145
16,658

6,000
53,487

71,129
20,601

7,000
43,528

50,287 40,628
3,200 2,900

102,369
36,139
20,000
45,530

43,630
1,900
700

* from 2021

2. Researchers
|- Permanent
|— Non—permanent (4-day or more /week)
|- Postdocs (+JSPS fellows)

cw—™

_ @

NQJ—‘O’

pw =@

pw—= @

74

35
29

93

3.0 45
3 2.8

11.0
3
6.0
2.0

Conference presentations
per researcher
expense [x1,000 yen]/presentation

Peer-reviewed articles
per researcher
expense [x1,000 yen]/article

Patents
|- Applications
|- Registered
per researcher
expense [x1,000 yen]/patent

Evaluation and outreach activities
|- Awards

|- Invited talks

|- Book chapters, review articles
|- Public relations activities

|- Lectures

3. Achievement (#£ &t (& TIIZEEEA)

10.3
1,193

23
5,435

~

@ 0w N

6,98

o hOBN

56
9.3
1,105

15
6,874
1

2.2
4,759

N O W S W

54
2,674
08

28,876

0.8
28,876

N N
conNdN O

63
10.5
1,725

1.2
15,521
13

22
8,358

1
30
20

72 48

12.

0 6.5

1.861 2,536

1 14

1

8 1.9

12,182 8,694

1
2.
9,57

3 3
3 0.7
2 24,342

oo
W= ~NN

[Fiscal year

[ 2009

2010

[ 2011

2012

2013

2014

2015

[ 2016

2017

2018

Staff
I #R & 2 Takayuki Abe
Abdella M. Ahmed
Fi#2 Bl Go Akamatsu
SEEF#¥ 2 Yoshiyuki Hirano
Md Shahadat Hossain Akram
FEEEF Naoko Inadama
A BI&E Yuma lwao
Jiang Jianyong
Han Gyu Kang
Akram Mohammadi
h BiE#C Yasunori Nakajima
$8 P XX Fumihiko Nishikido
HTHRZE Munetaka Nitta
INEBETY Fujino Obata
B1BEF Miwako Takahashi
A ARIK Sodai Takyu
M &% B Hideaki Tashima
EMFH Chie Toramatsu
3R F 7 Hidekatsu Wakizaka
WA ZRE Taiga Yamaya
ZHHEKEA Eiji Yoshida
EBHPIESR Visiting Researcher
#11 5 Makoto Kakegawa
Students (pre—doctoral fellows)
YEBITE Genki Hirumi
ARA#F Shoko Kinouchi
;&J1132%& Miho Kiyokawa
{Z%} [E Takumi Nishina
HTHRZE Munetaka Nitta
K¥EZEAER Ryotaro Ohashi
KHE#E Shoma Ohigashi
B E A Yusuke Okumura
S th Tetsuya Shinaji
SR Kaito Suzuki

Group members (employee only, alphabetical)

Researcher

Researcher

K IBHERER Yujiro Yazaki

Technical Assistant
Team Leader (permanent)

Junior Res. Associate

Postdoc

Junior Res. As

Res. (2011/9-201

Postdoc (2011

sociate

2/1)

/7-2014/10)

Senior Researcher

Assistant (part-time)

JSPS Fellow (-2014/9)

Senior Researcher

Junior Res. Associate

Junior Res. Associate

Postdoc (2014,

/5-2017/4)

Postdoc
—(part-time)
Postdoc
Postdoc (2015/

10-2016/3)

Postdoc (s Researcher (2015/8-)
Researcher (part-time)

—Researcher (2014/10-)

Res. (part-time)

Technical Staff (part-time)

—permanent

Principal Res.

Postdoc (July-)

Principal Researcher

Senior Res.
Researcher

Researcher

Senior Res. (July-)

Res. (2017/10-2018/10)

Researcher (2016/11-)
Senior Res. (July-) —permanent
Senior Res. (part-time) 2016/10-2021/4

Technical Staff

QRA (2016/11-2018/1)

Principal Res.
Postdoc

Senior Technic
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as of Dec. 31, 2022

2019 2020 2021 2022 A A=V Y TERRI N — T OMREHB (QSTAHER)
Research budget of Imaging Physics Group (excl. QST labor)
96,207 216,354 193,750 158,117 220.000
26,177 65,700 25,780 11,200 :
20,050 10,063 14,350 15,660 200,000 [
49,980 140,591 153,620 131,257 — 180000 |
49,480 109,165 99,122 67,299 5 .
500 31,426 46,518 45,109 é‘ 160,000 [
< 140,000 |
)
‘g 120,000 |
11.0 11.0 11.0 12.0 3 100,000 | =
3 3 3 3 o / —
6.0 6.8 8.0 9.0 § 80,000 | /ggggﬁﬁ‘ N
©
20 13 0 u % 60,000 | / Internal budget \‘ /A
\
& 40,000 | L ~a -
/ RERHEE =
20,000 | mwo— — - — ~
8 43 59 67 ' =g Internal competitive grant & - ~e—— 1
71 39 54 56 ) W~ ° ‘/: ‘p=_4_-g—-‘—"._‘—./‘ . . . .
1,233 5,031 3,284 2,360 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
14 18 15 21
1.3 1.6 1.4 1.8
6,872 12,020 12,917 7,529
5 8 5 3 F1APRAA (2016-20225 %) ICH T34 X =2 v IYBMR S V— 7 0B FHHE
3 5 3 3 20164 (53505 7 > 1A ASEBE (EERE) 1. 20214 K FAERBSED
og 0173 og og 15EM%ZRHKL -, 2022FEDANESESRIILIEATHY, ANFELEHTEEE
19,241 27,044 38,750 52,706 RFEOEAEELY bEZVNBEEEEETESL5I1Ch>7 (Figurel) , YEIZ
MREIHROHRF — L2, DEREGTHIREE. REXSME. EXYELIMOY. £
7 5 3 10 W7 AFTEERIL TREICET 2HEDTEDOH Y, BEREHTHRF—LELT
I o . " HEDSOEBEEBONDI LS LB LD OTHS S,
5 20 3 24 AX=D Y TYBRARI IV —TOEFFBE I3ELOYBITAMEECH Y. ThEE
9 ! 4 ! HEE BT HQSTOEEHMEROEN04%ICBE R LA, 72 & X TRFRESE
THDEQSTREDI%%E EHTWS (Figure 2) , B/ NL—TDEFEUISWERD D
2019 2020 2021 2| DM, EEHBEBOMELUL N ZEPHBEDOFROBHITTHS S,
QSTEIUARRMOMR L L THIROFBEIROEEHEY D7 & A THDIH, F2
B B _ _ R EHEEETE AL, ERERNSERIC £ FRREOEN CINZ T, EHHBE
— — — — DI0FEREIESEEN MDY | HARICF v L P T LA, HIREDOHIFEENF v L
Res. () YUVIBRREMALS ELTVD, BATELALKRE—BTHRIERT 275
12, RUKPETHREFD D CXIEEZSELIALICBEVLET,
Self-evaluation of the IPG in the 1st Mid-term Plan (FY2016-FY2022)
The amount of external funding (direct expense), which was 53.5 million yen in FY2016, reached a record high of
Senior R 150 million yen in FY2021 (Figure 1). The amount was 130 million yen in FY2022, which was still more than the
enior Res. amount of internal operating expenses used, including all personnel costs. This reflects how the Imaging Physics
- - - - Group (IPG) has gained the trust of society as a productive research group. In fact, a radiological technologist, a
nuclear medicine physician and a medical physicist have joined the IPG, which originally consisted of only
— — — — physics and engineering researchers, and the IPG is working as a lab which not only creates new ideas but also
delivers the results of those ideas in a concrete way to patients.
In the IPG, there are only three tenure staff members, who are physics and engineering researchers. They
Researcher account for only 0.4% of QST's permanent staff, but regarding the monetary amount of Kakenhi grants received,
Principal Res. (July-) the IPG obtained 9% of the entire QST amount (Figure 2). One of the reasons for the high productivity of the IPG
— Senior Res. is the strong contributions from fixed-term staff members, who number more than four times the number of tenure
staff members.

Group Leader SPR (July-)  Deputy Director The gears of research in an effectual cycle have just begun to turn as a result of QST's first Mid-term Plan, but
we cannot be optimistic about the second Mid-term. In addition to the pressure to slow down research activity
due to cutbacks in subsidies for internal operating expenses, the issue of ten-year termination of employment of

— — — (July-) fixed-term staff has been added, and even before undertaking research challenges, the maintenance of the IPG
laboratory itself is about to face demanding situations. We would like to ask for your continuing support for our
next-generation PET research activities so that we can realize a future as free as possible from iliness as soon

- - - - as possible.

— — — RA (Apr-) _

— +(2020/10-2022/2) — R 0.4% QSTPIERAK 9%

_ _ _ _ §> 140 5 Contribution in QST E

— — —  QRA(Apr) g

QRA (2019/4-2021/2) — — :-f 100

— — —_ —_ g 80

—_ — — —_ g 60
£ 7348 520M yen

QRA (2019/7-2021/2) — — 8 w I I

— — — — g 20

QRA = QST Research Assistant 33 6 I I (asiotDec:2022)
RA = Research Assistant * 2016 2017 2018 2019 2020 2021 2022 EFEHIIER (AEPR<) 2021 F R PESER
Res. = Researcher or Research Fiscal year Tenure staff (excl. Headquarters) Kakenhi grant in FY2021
SPR = Senior Principal Researcher Figure 1 QSTEHIFRAICH T A MEREBOBH Figure 2 QSTH%H S

Trends in acquisition of external funds in the QST 1st Mid-term Internal contribution
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Vrain changes brain diagnosis

PET uses positrons to image functional abnormalities before
morphological changes appear. This is a feature of PET that is
completely different from CT and MRI, and PET has now
become an indispensable examination method for cancer
diagnosis. In dementia, on the other hand, although PET has
demonstrated its strengths in imaging of disease-related
abnormal proteins in the brain, its low spatial resolution has
been a bottleneck.

One factor causing the low spatial resolution is the diameter of
the detector ring to capture radiations. A single positron emits
two radiations that travel in almost opposite directions—this is
the physics behind PET, which captures two radiations
simultaneously and locates the positron on the line. However,
this "almost" is a key point, and in conventional whole-body
PET systems, this fluctuation from 180 degrees causes
resolution loss of several millimeters.

Therefore, QST has been working on the development of a
PET system dedicated to brain imaging. In addition to
improving the detector itself, we also have focused on making
the detector ring as small as possible. The ideal form that we
finally arrived at was the world's first helmet-type geometry.

After 7 years of collaboration with ATOX, this device was
commercialized as Vrain in January 2022. It boasts excellent
performance that can clearly image the fine nerve nuclei that
cannot be distinguished even with the latest PET system. The
hemispherical geometry uses only a fraction of the number of
detectors used in conventional PET systems. Therefore, we
anticipate the features of the world's highest performance and
smallest design will promote the spread of brain PET imaging.

About 90% of the PET equipment used in Japan is imported,
but with respect to photodetectors,
components, made-in-Japan products are used all over the
world. The success of Vrain is supported by the high level of
Japanese quantum technology, and it is expected to contribute
even more to medical care in the future. (Taiga Yamaya)
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Visualizing brain function for a healthy life

Patients suffering from cognitive impairment sometimes have
difficulties in describing their symptoms by themselves. Even
patients’ family members may not be aware of such health
problems. Furthermore, medical care usually cannot be
initiated until patients complain about their problems to a
medical professional.

PET
symptoms. Since neuronal cells depend on only glucose for
their metabolism, brain function can be estimated by

imaging has the potential to represent patients'

visualizing the cerebral glucose metabolism using glucose
analogues bonded with positron-emitting nuclides.

Accumulated brain research has clarified which part of the
brain is responsible for what function, and what pattern brain
function decline follows in typical dementia cases. Therefore,
once brain function is visualized, physicians will be able to
predict what kind of symptoms patients will have and how they
will progress. QST has aimed to improve the accuracy of PET
with the goal of accurately capturing the
symptoms of the patients.

pathology and

We succeeded in visualizing glucose metabolism in neuronal
nuclei located deep in the brain using the developed helmet-
type PET, Vrain. These nuclei synthesize dopamine and
serotonin, the neurotransmitters necessary for neuronal
communication, communication with many brain regions, and
regulation of various functions. If we can evaluate the functions
of neuronal nuclei, we will be able to accurately identify
abnormalities in higher brain functions that have not been
understood so far.

Even in Alzheimer's disease (AD), it will be possible to detect
extremely early changes, such as when and where the
accumulation of abnormal proteins related to AD begins.
Therefore, we hope that early intervention in AD before onsets
of any symptoms will become clinical practice. (Miwako
Takahashi)

TR

Red nucleus
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Raphe nucleus
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PET images of brain glucose metabolism
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Performance characteristics of VRAIN

Y M #FERE
Go Akamatsu, Researcher

FL®IC

QST A X =Y v IYBHR I IL—TTlE, BER
FHEOERRICAIT T, FIREUGEEA PET LB DOH
FHEFEICIRYEA TV, EHORFEER (1, 2]
TRRC, 2022 E1BICKAET by o R &Y

[VRAIN] & L TRt E 7z (Figure 1) [3],

VRAIN 3 ROZFDE5R PET B LV H18HR
FIERREAE <. JHBRETIRD A RS D2 B & TR
TE27H, GVWERDRENRETFTE 5, £/ 18
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ER

AISTIE, FIKAUGEARA PET &iE VRAIN DfRE
BFHICOWTERET %,

LERRERE

Figure 1
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Introduction

The QST Imaging Physics Group has been working on
research and development of a hemispherical brain PET
system towards making a society of health and longevity. After
prototyping multiple systems [1, 2], a hemispherical brain PET
system was commercialized by ATOX Co., Ltd. with the
product name of VRAIN (Figure 1) [3].

VRAIN is expected to provide high resolution because the
small detector-to-detector distance ensures less intrinsic
spatial resolution loss due to the photon non-collinearity effect.
In addition, the hemispherical detector arrangement increases
detection efficiency while reducing the number of detectors.

This report presents performance characteristics of the
hemispherical brain PET system, VRAIN.

= |
cl 3 |

—]

VRAIN™

Photograph of VRAIN with an inset illustration of the detector arrangement.
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Methods
Specifications of VRAIN

Figure 1 shows a photograph of VRAIN with an inset illustration
of the detector arrangement.
composed of a 12x12 array of 4.1x4.1x10 mm® LFS
scintillators and a 12x12 array of 4.0x4.0 mm? SiPM
photosensors with one-to-one coupling. The energy window
was 450-590 keV and the coincidence time window was 3.6
ns. To shield radiations from outside the field-of-view (FOV), 5
mm thick tungsten shields were attached at the bottom of the
gantry. We used a custom-made ??Na-filled hollow-dome
phantom (1 MBq) for energy calibration, timing calibration, and
detector normalization.

Each detector block was

For the spatial resolution measurement with a point source, the
2D filtered-back projection (FBP) was used for image
reconstruction. For other measurements, we used ordered-
subsets expectation-maximization (OSEM) with 4 iterations
and 8 subsets. The voxel size was 0.5x0.5x0.5 mm? for the
spatial resolution measurements and 2x2x2 mm?3 for other
measurements. CT images measured with another system
were registered to PET and then CT-based
attenuation correction was applied. The scatter correction
method was based on the concept of the single scatter
simulation method, but the interpolation was conducted on the
image domain [4]. A random correction was done with the
delayed coincidence-based method.

images,

FBP spatial resolution

We measured a ??Na point source (0.62 MBq) at 18 points. On
the central slice in the axial direction and slices on the +3/8
axial FOV, the point source was placed at 1, 5, 10 cm offset
positions [3]. Each measurement duration was 600 s.
Following the NEMA NU 2-2018 standards, using 2D-FBP PET
images, we calculated the full-width at half-maximum

(FWHMs) in three directions (radial, tangential, and axial).

OSEM spatial resolution

A?2Na-filled multi-rod phantom (0.36 MBq) was used for spatial
resolution measurements in OSEM reconstruction. Diameters
of the hot rods were 1.6, 2.2, 3.0, 4.0, 5.0, 6.0 mm, and the
length of all rods was 10 mm. The phantom was measured at
the center point inside the hemispherical detector unit.
Measurement duration was 90 min.

Sensitivity

We used 70 cm aluminum sleeves and a 70 cm tube filled with
an "®F solution. According to the NEMA NU 2-2018 standards,
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sensitivities were measured at the center of the FOV and the
5 cm horizontal offset from the center.

Count rate characteristics and TOF resolution

We used a 70 cm long and 20 cm diameter polyethylene
phantom and a tube filled with an '®F solution. The phantom
had a linear hole for tube insertion. The phantom was placed
parallel to the axial direction (Figure 2). The radioactivity was
433 MBq at the start of the first measurement and 10.4 MBq at
the start of the last measurement. Each measurement duration
was 60 s and the number of measurements was 34. According
to the NEMA NU 2-2018 standards, scatter fraction, TOF
resolution, and true, scatter, and random coincidence count
rates, and noise-equivalent count rate (NECR) were measured
for all data.

Image quality

We used a brain-sized image quality phantom, which had six
spheres (diameters: 10, 13, 17, 22, 28, 37 mm). The outer
cylindrical case was 16.5 cm in diameter. The four smaller
spheres were filled with '8F solutions, and the two larger
The
background activity was 2.65 kBg/mL, and the sphere-to-

spheres were filled with non-radioactive water.

background ratio was 4:1. The phantom was positioned so that
the centers of the spheres matched with the central slice of the
hemispherical detector unit. Measurement duration was 30
min. Contrasts of hot and cold spheres and background
variability were measured according to the NEMA NU 2-2012
standards.

To model more realistic conditions, we used a hemispherical
Hoffman 3D brain phantom [6]. An '®F solution was used to fill
the 30 min.
The %contrast between gray and white matters was measured

phantom. Measurement duration was

using a standard region-of-interest (ROI) template [7].

© 224cm '

70 cm

NEMA Scatter Phantom

Figure 2 Photographs and diagrams of the phantom setups for the sensitivity measurement (a) and for the count rate
performance measurement (b).
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Results

Averaged FBP spatial resolutions were 3.1, 3.4, and 3.6 mm at
the 1, 5, and 10 cm offset positions, respectively. Figure 3
shows the multi-rod phantom and an axial slice of the PET
image reconstructed with OSEM. All 2.2 mm rods were clearly
resolved.

Figure 4 shows the sensitivity profiles. We observed high
sensitivity on the topside of the axial FOV. Averaged sensitivity
at the center and the 5 cm offset position was 4.2 kcps/MBq
(25 keps/MBq with TOF gain).

Figure 5 shows the count rate characteristics and TOF
resolution. The peak NECR was 24.8 kcps at 9.8 kBg/mL. At
the lowest activity level, the scatter fraction was 19% and the
TOF resolution was 229 ps. Assuming that the human head
diameter was 20 cm, we calculated the TOF sensitivity gain to
be 5.8.

Figure 6 shows PET images of the brain-sized image quality
phantom and the hemispherical Hoffman 3D brain phantom.
The 10 mm sphere contrast was 48.3%, the 37 mm sphere
contrast was 85.2%, and the background variability was 3.8%.
The %contrast of the hemispherical Hoffman 3D brain
phantom was 61%.

[mm]

Figure 3 Photograph of the ??Na-filled multi-rod phantom (left) and its PET image (right).
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Figure 4 Sensitivity profiles in the axial direction, superimposed with a sagittal view of the detector arrangement.
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Figure 5 True, scatter, and random coincidence count rates, and NECR (a), scatter fraction (b),
and TOF resolution (c) as a function of activity concentration.
(a) (b)
» .

o

Figure 6 PET images of the brain-sized image quality phantom (Gaussian filter 4 mm FWHM; 30 min acquisition) (a)
and the hemispherical Hoffman phantom (30 min acquisition started at 20 MBq of '8F) (b).
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Summary

We clarified performance characteristics of VRAIN, a

commercial hemispherical brain PET system. The key
performance results were 2.2 mm rod separation capability,
excellent TOF resolution of 229 ps, and low scatter fraction of
19%. Table 1 summarizes factors that improve the imaging
performance of VRAIN. The compact detector arrangement,
one-to-one coupled detector, optimized thin scintillation
crystal, optimized energy window, and new scatter correction

method all contribute to improving the image quality.

(Figures 2-6 are reprinted with modifications from the paper of
[Akamatsu, et al. Performance evaluation of VRAIN: a brain-
dedicated PET with a hemispherical detector arrangement.
Phys Med Biol. 2022;67:225011]. Licensed under CC BY 4.0.)
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Table 1 Factors that improve the imaging performance of VRAIN.

Factors Corresponding benefits

Compact hemispherical detector arrangement | Reduction of photon non-collinearity effect

Reduction of crystal identification error
One-to-one coupled detector o ) .
Rejection of inter-crystal scattering events

L Reduction of parallax error
Thin scintillation crystal )
Improvement of TOF resolution

) Reduction of scatter coincidence counts
Narrow energy window )
Improvement of TOF resolution

New scatter correction Reduction of effect of scatter coincidence counts
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Introduction

Research and development of brain PET systems is being
actively carried out to realize a society of healthy and long-
living persons. The National Institutes for Quantum Science
(QST)
hemispherical brain PET system, VRAIN [1] that visualizes

and Technology has commercialized a novel

small brain nuclei although they could not be visualized by

existing state-of-the-art PET scanners [2].

The spatial resolution G of PET can be expressed by the

following equation [3, 4].

2
G= 1.25\/(%) +52 + (0.0048R)2 + b2 +

d ’RHEBRTORB(Mm), s ABEFRE(Mm), R
NU UV TREBICEITR Y Y THEE b AV FL
—XBHNT S — R r A S REEICE T BIREG
REFR LD D DEEEE(mm), 1.25 [FEERBEBRICE S
HEEEELI-RETH D,

e

VRAIN i H28EF 14 dmm i@ (£ d 1248
LD FL—REFALTWS -0, BREDREE
T 2mm KW HRCADZZERAL, KYNhEVR
HBRETFOSHMRERHBEFEAINEIOADS
BEREAPEHFETCE, INEFTRA AL 57 Imm~
2mm BEO/NS REEREABHTE 2 REEL D
%,

SoRERHRERWSE0RBREEYFET S
IZ1E, ETEH#Y T 2L —3 3 VIC K BBEEN TR
Thb, BIELTI2BBREOERAGEMEZEERE
BIICIRAES 5 2 & T, MHBFB~NDOEREHRZHL D
ICTE %, AR TIE, FRIEETE LT, 9 TICH
it EN7-ZEERFA PET 28 VRAIN 2> 2 2L —3
avl, RUAFT—&eEBETELTYIalL—
a vDHEYMEAERIL 7,
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(12.5r)2
r2+R2

(mm FWHM),

Here, d is the width of the detector element (mm), s is the
positron range (mm), R is the ring radius in a ring-shaped
system (mm), b is the scintillator identification error coefficient,
r is the distance from the center of the in a ring-shaped system
(mm), and 1.25 is a factor that accounts for the effect of image

reconstruction.

The VRAIN detector element width (d in the above equation)
is 4 mm. Therefore it is obvious that the spatial resolution will
never be 2 mm or below. If a high-resolution detector with a
smaller detector element is used, higher resolution is
expected. Such high-resolution systems can visualize small

nuclei (1 mm to 2 mm), which could not be visualized so far.

Computational simulation is an effective way to predict the
resolution performance to be obtained with high-resolution
detectors. By executing simulations before developing a
system, required specifications for high-resolution detectors

can be clearly defined.

In this study, as the first step, we validated the simulation
methodology by modeling VRAIN and comparing simulated
data with experimental data.
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Method

We used the Geant4 Monte Carlo simulation toolkit. The
modeled detector was almost the same as that used in VRAIN;
54 detector blocks each consisting of 12 x 12 LYSO crystals of
4.2 x 42 x 10 mm® arranged were arranged to form a
hemispherical geometry (Figure 1). The energy resolution was
setto 12.6% at 511 keV. The energy window was 450-590 keV,
and the coincidence time window was 3.6 ns. The digital image
of the Hoffman 3D brain phantom (voxel size, 1.88x1.88x3
mm3; matrix size, 128x128x38) was used for simulation. The
radioactivity ratio between the gray matter (GM) area and the
white matter (WM) area was 4:1. The '®F radioactivity was 20
MBq and the measurement duration was 10 min. The TOF
timing resolution was 229 ps, which was the same as the actual
VRAIN.

For comparison of simulation and real data, we measured the
Hoffman 3D brain phantom [5] using VRAIN. An 8F solution of
20 MBq was filled into the phantom, and the measurement

duration was 30 min.

Coincidence count data were reconstructed using the ordered-
(OSEM)

incorporating normalization, attenuation correction, scatter

subset expectation-maximization method
correction, and random correction (4 iterations, 8 subsets, 4

mm FWHM Gaussian filter).

We measured gray-to-white contrast values (GM/WM ratio,
true value: 4) using a region-of-interest (ROI) template after
registration to the digital image. In addition, line profiles were
analyzed to see contrasts on PET images reconstructed with

simulation and real data.

Result and discussion

Figure 2 shows PET images reconstructed with real and
simulation data (2, 5, 10 min data). Simulated PET images
showed 8.2% higher contrast values on average. Figure 3
shows line profiles on PET images reconstructed with real and
simulation data. There was no big difference in the line profile
in the central region. A small difference was observed in both
edge regions. These differences might be due to the coarse
design of the digital phantom (voxel size: 1.88 x 1.88x3 mm3)

and image noise.
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acceptable for brain PET imaging simulation.
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Hoffman phantom

Hemispherical
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Figure 1 Photograph of VRAIN and the hemispherical Hoffman phantom (left) and the VRAIN simulation setup (right).

VRAIN
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simulation data
Contrast: 2.7 Contrast: 2.7 Contrast: 2.6
Digital phantom
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Figure 2 Hemispherical Hoffman phantom PET images for 2, 5, 10 min acquisitions and their contrasts:
real data measured by VRAIN (upper row) and simulation data (lower row).
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Figure 3 Line profiles (along the yellow line) of hemispherical Hoffman Phantom PET images (10 min data)
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Introduction

Brain PET is expected to be a diagnostic method for
Alzheimer's disease and other types of dementia. Therefore,
our research team developed VRAIN, a brain-dedicated PET
system [1]. Now that we have achieved high resolution of brain
images, the next issue to be solved is the movement of the
patient itself. In particular, elderly or dementia patients may
have difficulty remaining stationary during PET imaging, and
there is concern that blurring of images due to head movement
may cause a reduction in image quality.

Therefore, we developed a motion tracking system by using a
range sensor called Kinect to acquire the subject's 3D face
shape and to match it between frames. Furthermore, since
PET images and Kinect have different coordinate systems in
which head motions are defined, we developed a method to
unify the coordinate systems based on the features of the face
shape. Based on these techniques, we constructed a motion
correction system. Phantom experiments showed that it can
provide the same resolution and uniformity as static imaging
[2]. We also demonstrated that the corrected reconstructed
images are equivalent to static images in terms of visual
evaluation, comparison of average pixel values based on
anatomical structures, and resolution, even in the case of
volunteer imaging in which large neck motion of up to 30° was
regularly generated [3].

However, this technique had the following limitations.

(1) Tracking accuracy is degraded for large left and right
rotational movements that exceed 40° in pivoting.

Calculation of motion takes about five times the

)

measurement time.

Therefore, in this study, we proposed a high-following and
high-speed motion tracking method by applying a real-time 3D
scanning technology called KinectFusion, and we evaluated
our proposed method through model experiments.
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Method

KinectFusion is a real-time 3D scanning algorithm that
takes images while moving a range sensor around a static
object, calculates the position and angle of the sensor in
each frame, and integrates the model acquired from
multiple viewpoints based on these calculations. Real-time
processing is achieved by making full use of GPU
processing for higher speed. Here, the algorithm can be
used in the opposite manner to its original use, i.e., as a
tool for measuring object motion by imaging dynamic
objects with a fixed sensor. However, the algorithm cannot
be applied as it is because of the problem of accumulating
errors in object position estimation in each frame.

Since the original purpose of KinectFusion is to construct a
3D model based on scanning, newly acquired frame data
are matched against the 3D model constructed by
integrating past frames and these data are used to update
the model. This matching process with past models is the
cause of error accumulation. Therefore, we improved the
algorithm so that it does not update the model by
accumulating frames, but always matches the frame that
serves as a reference with the target frame. Furthermore,
since accuracy cannot be maintained with this method
alone, the face shape models obtained from the second
and subsequent frames are coordinate-transformed based
on the motion calculated previous frame to bring the initial
position closer to that of the reference. Since the initial
position greatly affects the accuracy of the matching
process, this is expected to improve stability.

We conducted a tracking accuracy verification experiment
using a mannequin and a motor stage. Azure Kinect
(Microsoft) was used as the range sensor that was placed
1.5 m in front of the mannequin. The motor stage was
placed at the bottom of the mannequin to reproduce the
left-right swinging motion of the head. The neck angle was
set to 60° with the front-facing position set at 0°. We
evaluated the accuracy of two tracking methods: a simple
ICP-based (ICP Base)
KinectFusion-based method proposed in this study (Kinfu

tracking method and a

Base).

We also applied the proposed tracking method to data from
an 8-subject volunteer study conducted in a previous report
31,

compared the reconstructed images of 10 minutes of static

and evaluated its performance. Specifically, we

head-fixed images (Head-Fixed), the images obtained by
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motion correction using ICP-based tracking (ICP Base
MC), and the images obtained by using the proposed
method for tracking (Kinfu Base MC) with the data obtained
during 15 minutes of head movement without head fixation.
The peak-to-valley ratios were compared by placing profile
lines on a microstructure called the inferior colliculus in the
midbrain.

(a) ICP Base (b) Kinfu Base (Proposed)
50 60 ..'.
v
g g
E ......... 240 .'0
—; 30 o.. —E ..o
E 20 o” E «®
g‘ o of E):‘ 20 .°.
3 «* 3 o®
£ 10 ~ — True value 2, <
& PPad
ol o *e++++Measured value | | ,«*
0 10 2 ) a0 50 0 10 2 B i 50 60

True value (deg)

True value (deg)

Figure 1 Comparison of tracking accuracy between ICP Base (a) and our proposed Kinfu Base method (b).
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Result

Figure 1 shows the results of the tracking accuracy verification:
the ICP-based method showed a significant drop in accuracy
after about 30°, while the proposed method was able to track
with stable accuracy up to 60° . The average error was 3.4° for
the ICP-based method and 0.71° for the proposed method.
The processing time for 120 seconds of data was 585 seconds
for the ICP-based method and 100 seconds for the proposed
method. Therefore, the proposed method could maintain highly
accurate tracking up to about 60°, and the processing time was
about 6 times faster than the conventional method.

the
measurements. From (a), it appeared that the tracking of the

Figure 2 summarizes results of the volunteer
proposed method improved the delineation of microstructures
in the brain, such as gray matter areas. The peak-to-valley
ratios are summarized in (c), where the profile was placed
above the inferior hill region as in (b), and the Wilcoxon signed
rank test confirmed that the peak-to-valley ratios were superior

to those of the Head-Fix case.
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Conclusion

We developed a tracking system based on KinectFusion that
provides high speed and high tracking performance. Model
experiments showed that the system had stable tracking
performance up to about 60° and it was more than five times
faster than conventional methods, which also would allow for
real-time processing. Volunteer studies have demonstrated
that the system provided better resolution with actual data than
previous methods.

Figure 2 Volunteer test summary, reconstructed image (a), profile line setting (b),
peak-to-valley on the inferior colliculus region (c) and photo of the experimental setup (d).
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Introduction

Deep learning has led to improved performance for PET image
reconstruction tasks. In particular, an end-to-end PET image
reconstruction using the convolutional neural network (CNN),
which takes a sinogram as network input and directly outputs
the reconstructed images, has the potential ability to offer
artifact-less images because it uses a high-quality training
dataset [1].
generally need to prepare a large number of high-quality

However, these deep learning techniques
training pairs. In clinical use, it is challenging to prepare huge
high-quality PET datasets, and robustness remains an issue of
concern when processing unknown cases and PET tracers
that were not included in the training dataset.

In recent years, the deep image prior (DIP) has been
demonstrated as an unsupervised deep learning technique to
solve the above-mentioned challenges, and it has been shown
that a CNN structure could work as a regularization for
denoising [2]. In the DIP-based PET image reconstruction task,
we previously developed the unsupervised end-to-end PET
image reconstruction using DIP and a forward projection
model; however, it was only applied to 2D PET data due to a

limitation of the GPU memory capacities [3].

In this study, we propose the extension of the end-to-end DIP-
based reconstruction to fully 3D PET. The proposed method is
an unsupervised 3D PET image reconstruction using the DIP
framework and the forward projection model in a loss function
to apply end-to-end learning. This is the first trial to realize a
fully 3D PET image reconstruction using only a deep learning
framework.
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Methods

An overview of the proposed reconstruction method is shown
in Figure 1. In this study, we incorporate the 3D forward
projection model as a loss function after the CNN output to
realize the end-to-end PET image reconstruction using only a
deep learning framework. Current GPU boards cannot allocate
enough memory space for 3D PET image reconstruction
because the number of LORs for 3D PET data increases more
explosively than for 2D PET. Therefore, the proposed method
groups the 3D sinograms into an ordered sequence of blocks
and sequentially learns each block as a mini-batch
optimization to reduce the required memory usage for each

optimization.

0" = argmin )[4/ 012) - ¥)|I* + BR(F (012))

deD
x" = f(8"|z)
I T AT RT LT fIEFEARE/ T A —4

0 %52 CNN, z IZHEBREB I D MR BIR, yo IX5T
Btz A /77 L DELVAIEF3I YTy b
fbSnf=Y A/ V7 L2DT 72 REFZFERTR
I CNN RBILORFILTAIEBETH ), RFETIE
relative difference penalty [4]ZFBLTW3, &
HB. CNN 0o#iEIC1E 3D U-net 2FHL TW 3,

Input:

CNN Output: f(0]z)

&

@ | JICNIN

Figure 1

Forward
projection

Here 4 is the system matrix, /" is the CNN with trainable
parameters 6, yo is an acquired sinogram, D is ordered subsets
of the 3D sinogram and d is an access order of subsets. We
used the relative difference penalty [4] as a penalty term of the
CNN optimization. Finally, we used the 3D U-net architecture.

Measured data:

Estimated data:

Af (9|Z)

Loss
Calculation

m»: 0

»

Overview of the proposed end-to-end PET image reconstruction.

The proposed method was performed in the following steps. (1) An MR image was input to the network.
(2) A reconstructed PET image was obtained from the CNN output. (3) The block sinogram was calculated from the CNN output.
(4) L2 loss was calculated with each measured block sinogram and estimated block sinogram,
and the network was sequentially learned by mini-batch optimization.

30
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Results

We performed a Monte Carlo simulation using a numerical
phantom of the brain with ["®F]FDG PET contrast and
evaluated our proposed reconstruction method. Figure 2
shows the reconstruction results and peak signal-to-noise ratio
(PSNR) for different algorithms: the MLEM, MAPEM [4], and
the proposed method. The simulation results showed that the
proposed method improves the PET image quality by reducing
statistical noise and preserving the contrast of brain structures
and the inserted tumor. The highest PSNR of the proposed
method represented better quantitative performance than
provided by the other algorithms.

MAPEM
(19.81 dB)

Proposed
(21.08 dB)

Figure 2 Reconstruction results of the brain ['®F]FDG simulation data for different reconstruction algorithms:
the MLEM, MAPEM [4], and proposed method. The magnified images of the red square region are shown in the bottom row.
PSNR corresponding to each algorithm is given in parentheses.
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To evaluate the real data, we used ['®F]FDG PET data of the
brain of a rhesus monkey obtained with the animal PET
scanner (SHR-38000, Hamamatsu Photonics K.K.). Figure 3
shows the reconstruction results for different algorithms.
Compared with the other reconstruction algorithms, our
proposed reconstruction accurate

provides putamen

structures in low-dose PET data (magnified images).
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MAPEM Proposed

Figure 3 Reconstruction results of the real rhesus monkey brain FDG data for different reconstruction algorithms:
the MLEM, MAPEM [4], and proposed method. The magnified images of the red square region are shown in the bottom row.
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Conclusion

In this study, we proposed a novel unsupervised PET image
reconstruction method incorporating a 3D forward projection
model into the DIP framework. Results of the Monte Carlo
simulation showed the proposed method preserved brain
structures and contrast of the inserted tumor as well as
improved the PET image quantitatively, compared with the
other reconstruction methods. In addition, the real data results
of the rhesus monkey brain showed that the proposed method
produced finer structures than other methods. These results
indicated that the proposed method could improve the
robustness when processing unknown cases and PET tracers,
which has been drawback for previous deep learning
techniques.
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Introduction

Small animal positron emission tomography (PET) scanners
have been playing an important role in neuroscience research.
In vivo mouse brain function can be visualized in molecular or
cellular levels by using PET. The neurological mechanisms of
mouse brain can be unraveled with PET imaging. To explore
mouse brain function, submillimeter spatial resolution is
required because of the small mouse brain structures on the
order of few hundreds of micrometers. However, the spatial
resolution of commercial preclinical PET scanners has been
limited to around 1 mm, which is not sufficient for mouse brain
imaging [1]. In this report, we present the initial results of an
ultrahigh resolution small animal PET system that can visualize
mouse brain function with unprecedented detail.

Development of half-mm resolution PET

There are several factors affecting the resolution of a small
animal PET scanner such as the acollinearity, parallax error,
crystal pitch, and block effect [2]. Our proposed ultrahigh
resolution small animal PET scanner had a small ring diameter
of 52.5 mm to reduce the resolution blurring caused by the
acollinearity. The parallax error was minimized by using a
staggered 3-layer depth-of-interaction (DOI) detector [3]. The
crystal pitch of 1 mm was used to achieve submillimeter
resolution. Finally, the block effect was reduced by using
diffusive reflectors rather than specular reflectors.

The proposed small animal PET scanner had an inner
diameter of 52.5 mm and an axial FOV of 51.5 mm (Figure 1)
[4]. The PET scanner had 4 rings which consisted of 16 DOI
detectors. Each detector consisted of staggered 3-layer LYSO
crystals and a 4x4 array of silicon photomultipliers (SiPMs)
(Figure 2). Each detector consisted of 4 SiPM arrays with an
axial pitch of 13.5 mm. Sixteen SiPM signals were multiplexed
into four positional signals by using a resistive network. The
multiplexed positional signals were sent to the amplifier boards
and then digitized by a custom-made DAQ system. For the
spatial resolution evaluation, a resolution phantom with an '8F
activity of 1.1 MBq was used. The resolution phantom had six
different sized rods (0.45, 0.5, 0.55, 0.75, 0.8, and 0.85 mm).
The image quality was compared with a commercial preclinical
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(a) Front view

scanner (MILab, VECTor), which is recognized as the world’s
top machine in terms of spatial resolution.

For in vivo mouse brain imaging, '®F-FDG with an activity of 7
MBq was administered to a healthy mouse via its tail vein. A 30
min PET scan was performed 34 min after injection. For
metabotropic glutamate receptor imaging, "®F-FITM with an
activity of 7 MBq was administered to a healthy nude mouse
via its tail vein. A 30 min PET scan was performed 40 min after
injection. For mouse heart imaging, '®F-FDG with an activity of
7.2 MBqg was administered to a healthy mouse via its tail vein.
A 40 min PET scan was performed 40 min after injection.

For image reconstruction, the 3D ordered subset expectation
maximization (OSEM) algorithm was used. The voxel size was
0.25 mm x 0.25 mm x 0.25 mm. The number of subsets and
iterations were 8 and 20, respectively. The normalization and
random correction were used.

(b) Cutaway side views
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Figure 1 The front view (a) and the cutaway side views of the ultrahigh resolution PET (b).
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Figure 2 The developed ultrahigh resolution PET with a 3-layer DOI detector.
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Results and discussion

The submillimetric structures of the resolution phantom were
resolved down to 0.5 mm clearly with the proposed PET
whereas the commercial PET (MiLab, VECTor) could not
resolve the sub-0.6 mm rod structures (Figure 3).

In vivo glucose metabolism of a mouse brain was well
visualized with the proposed PET using '®F-FDG. The mouse
brain structures such as striatum, thalamus, cortex, amygdala,
and cerebellum were well identified (Figure 4).

In vivo central nervous system activity of a mouse brain was
also clearly visualized with the proposed PET using '8F-FITM.
The cortex, thalamus, hypothalamus, amygdala,
cerebellum were well delineated (Figure 5).

and

The myocardial perfusion images showed a high uptake in the
left ventricle clearly (Figure 6). The FDG PET image was well
matched with the anatomical information obtained with the X-
ray CT.

(c) Commercial PET
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Figure 3 The resolution phantom (a), and the reconstructed PET images obtained with the proposed PET (b)
and the commercial VECTor PET (c).

Figure 4 The glucose metabolism images of a mouse brain obtained with the proposed PET using '®F-FDG tracer.
The coronal images were selected at three different levels.
Str, striatum; NA, Nucleus accumbens; Th, Thalamus; Ag, Amygdala; HT, Hypothalamus; CB, Cerebellum.
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Figure 5 The central nervous system images of a mouse brain obtained with the proposed PET using "8F-FITM tracer.
The coronal images were selected at three different levels from the sagittal image.
Str, striatum; Th, Thalamus; Ag, Amygdala; HT, Hypothalamus; CB, Cerebellum.

(a) X-ray CT (b) '8F-FDG (c) Fusion

Figure 6 The mouse heart images obtained with the X-ray CT (a), FDG PET (b), and their fusion (c).
LV, Left ventricle; RV, Right ventricle.

E R a.)) Conclusion

0.5 mm 2MRELICE 2 B RGRE/N\EY) PET % We successfully developed the ultrahigh resolution small

. S = 1) G g animal PET that can achieve resolution approaching 0.5 mm.
BEEREL. Y7 IUBREETOT T X DORKEE The mouse brain function could be visualized with submillimeter

A=V TICEI LTz, ET AT A ZAWS RN resolution. Our small animal PET scanner can serve as a useful
TIZBWT, BA X =LV THEBAEHETH 2 & HA  molecular imaging tool for neuroscience research using rodent
#FHanz models.
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Introduction

In vivo ftreatment verification using positron emission
tomography (PET) has been used in charged particle therapy
[1]. PET-based treatment verification is based on the detection
of positron (f*) emitters, such as '®O and ''C, which are
The
biological washout effect of g*-emitters should be modelled

produced through fragmentation reactions in a patient.

and corrected for accurate treatment verification [2]. Modelling
of the washout effect, however, is very complicated and difficult
as the washout rate shows the tumor vasculature condition. It
is known that the response of tumors to radiotherapy appears
as changes in the tumor vasculature condition. At present,
dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) is clinically used to evaluate blood circulatory
changes in tumors [3].

The aim of this study was to compare the washout rate of the
produced B*-emitters and that of the MRI contrast agent to
explore the potential usefulness of the washout effect of the
produced p*-emitters. The measurement of the washout rate
of the produced S*-emitters may work to evaluate tumor blood
condition just like DCE-MRI.

A '2C ion beam was irradiated onto three tumor bearing nude
rats and dynamic PET scanning was carried out. The DCE-MRI
experiment was performed for the same three nude rats using
a 7 tesla (7 T) MRI the next day. Then, the washout rates in
tumors which were obtained by two different modalities,
dynamic PET and DCE-MRI, were compared.

Spec 70/20USR

7 T MRI System

Figure 1 The experimental setups PET experlment (a) and DCE-MRI experiment with 7 T MRI (b).
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Method

C6 rat brain glioma cells were injected subcutaneously into
the left leg of three nude rats. Tumor models with different
vascular conditions were prepared by implanting different
numbers of cancer cells (Rat A, 1 x 10%; Rat B, 2 x 108; Rat C,
5 x 109).

A '2C ion beam was generated using the Heavy lon Medical
Accelerator in Chiba (HIMAC). Figure 1
experimental setup for this irradiation. A rat was fixed in an

(a) shows the

acrylic cylinder and connected to an anesthesia machine. A '2C
ion beam (about 8 Gy) was irradiated onto the tumor tissue.
Simultaneously, in-beam PET scanning was started and
performed for 30 min. The volumes of interest (VOIs) were set
on the irradiated area on the reconstructed PET image, and
the time-activity curves (TACs) were produced. Figure 2 (a)
shows the kinetic implanted '2C model which was applied to
derive the washout rate. Two components were assumed: the
main component (kz 1)) and the other component (k2 2nq).

DCE-MRI experiment was performed on a 7 T MRI system
(Bruker Biospin, Ettingen, Germany). Figure 1 (b) shows the
experimental setup for this experiment. A 25 mm diameter loop
coil for transmission and reception was used to scan the
tumors. First, T2-weighted (T2W) images were acquired to
investigate the tumor pathological condition using a rapid
acquisition with relaxation enhancement (RARE) sequence.
Then, the DCE scan was started to acquire T1-weighted (T1W)
images intermittently, and 0.1 mmol/kg gadolinium-DOTA
(gadoterate-meglumine) was administered to measure signal
changes. The DCE scan was performed using the fast low
angle shot (FLASH) sequence. Whole tumor volume was
contoured on the obtained T1W image to serve as the target
VOI, and the time-intensity curves (TICs) were generated. To
derive the washout rate (kza), the simplified reference tissue
model (SRTM) [4] was applied (Figure 2 (b)).

Target region

Ky
P Tissue C;
kza
Plasma
Cp Reference region
K
Tissue C,
b) K

Figure 2 Kinetic implanted >C model assuming two types of components, the main washout component (k2 1)

and the other washout component (kz 2nq) (a)-

Simplified reference tissue model applied to DCE-MRI data (b).

K; and K,' represent the transition rate between arterial blood and tissue. k2, and k;' represent efflux from the tissue.
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After PET and DCE-MRI experiments, the rats were

sacrificed, and a tumor tissue section was obtained from each
tumor. Each tumor tissue section was stained with
Haematoxylin & Eosin (H&E) and then was observed with a

digital slide scanner (NanoZoomer, Hamamatsu).

Relative Signal Intensity [A.U.]

1 . i i . i
60O 800 1000

Time (s)

1200 1400 1600

Figure 3 Time-activity decay curves (TACs) of the dynamic PET experiment for Rat-A to Rat-C (a).
Time-intensity curves (TIC) of the DEC-MRI experiment for Rat-A to Rat-C (b). Fitting results are represented by the solid line.
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Result

Figure 3 (a) shows the TACs obtained from the dynamic PET
experiment. For comparison of each TAC, the first point after
irradiation was normalized as 1.0 A.U. and it was set as the
first frame (first mid time). The obtained TACs were well fitted
to the kinetic implanted '2C model (Figure 2 (a)). Figure 3 (b)
shows the TICs obtained from the DCE-MRI experiment. The
obtained TICs were well fitted to the SRTM (Figure 2 (b)).
Vertical axes show the relative signal intensity (RSI, the ratio
of the post-contrast signal intensity to the pre-contrast signal
intensity) of each VOI. The ks, value is plotted against the kz 15t
value in Figure 4 (a).

A heterogeneous morphology was observed in the tumor
tissue sections which could be considered to correspond to a
low metabolic area in the tumor, such as necrosis, clustered
areas where cells fell off after necrosis, and hemorrhage.
Those heterogeneous areas in tumor tissue sections
corresponded to the low signal intensity area on T2W images
of each tumor. T2W images of whole tumor were binarized, and
the values for the ratio of the volume of the low signal area (an
area with pixel value of 0 in the binarized image) to the volume
of the whole tumor (fractional necrotic volume) are plotted

against ky 15 values in Figure 4 (b).
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Figure 4 The relationships between the washout rate of produced g*-emitters (k2 st) vs MRI contrast agent (kz,) (a)
and the k3 15 vs fractional necrotic volume (b).
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The washout rate of the pB* -emitters produced via
fragmentation in irradiated tumor tissue and that of the MRI
contrast agent administrated via intravenous bolus injection
were measured. The kinetic models fitted well with the
experimental TAC and TIC obtained by dynamic PET and
DCE-MRI experiments, respectively. The washout rate of the
produced B*-emitters and that of the MRI contrast agent had
a linear correlation for tumors in various vascular conditions.
This study suggested that the produced g*-emitters may also
function as a predictor of tumor response in radiation therapy
in a similar manner to DCE-MRI.
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Introduction

The OpenPET system has our original design that enables a
therapeutic radiation beam to pass through without hitting the
PET system and provide immediate imaging of the irradiated
region [1]. For the detector, the 4-layer depth-of-interaction
(DOI) detector is used [2]. It was also developed by our team
to realize the PET system having high sensitivity and high
resolution. The principal of the 4-layer DOl detector is
explained in Figure 1. The detector consists of the scintillation
crystal array and the photo-detector. By identifying the
radiation detecting crystal in the crystal array, we can get
information about the radiation detecting position in the
detector. That means crystal size determines the detector
resolution. Then small crystals are used and the crystal array
is also divided into four layers in the depth direction to have
high detector resolution. The crystal is identified by referring to
the 2-dimensional (2D)
advance by uniform gamma-ray irradiation onto the detector.
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
(crystal response). In the crystal array, reflectors are inserted

position histogram prepared in

to control the path of the scintillation light originating in the
radiation detecting crystal. By considering reflector position,
we can change the photo-detector signal distribution, that is,
the position calculation results. Applying different reflector
arrangements to each crystal layer, we can make different
crystal response distributions which are not overlapped in one
2D position histogram as indicated in Figure 1. In the 2D
position histogram obtained experimentally, most crystal
responses are separated according to the principle, however,
there are response overlaps between the outer crystals
adjacent in the direction in which scintillation light cannot
spread and the overlaps cause degradation of the detector
resolution at the periphery. In the annual report of 2021, we
showed our results on finding the optimum
arrangement to separate the outer crystal responses. Now, we
have examined application of the method to the OpenPET
detectors.

reflector

In the improvement of the OpenPET detector, we have to
consider two detector situations. One situation is that the
scintillation crystal array is already coupled with the photo-
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detector and the coupling area is too large to remove the whole
array. To remove all 1024 crystals individually would be very
hard. The other situation is that the improved crystal array must
be put back into the detector case so that the size of the top
face of the detector should be kept. Then we decided so as not
to remove the central crystals even though this decision meant
that the optimum reflector arrangement found in the previous
study cannot be applied because it requires changing of the
central reflector position. We newly optimized the reflector
position for the OpenPET detector in this study.

Scintillation crystal array Top view
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Figure 1 Principle of the 4-layer DOI detector.
Different reflector positions between four crystal layers give crystal response separation in the 2D position histogram.

K&

OpenPET #®HED > > FL —&EBIF 2.8 X 2.8
x 75 mmd Zr AY GSO #& (GSOZ, 1L HTE)
16 x 16 Ee) 4 Eh opklt) . REMIZIE ESR film
(F&R 3M, REFE 98%, EX 0.065 mm) ZFHWLT
W53, ZXEF I Super bialkali (SBA) # 64-ch flat
panel position sensitive photomultiplier tube (PS-
PMT) (H8500, =i b= X4t&, 7/ — FEkE
6.1 mm). EEFIL RTV T4 (KE420, 58>V O

/&§,MWK1%)%%mTv5O&%M®ﬁL
BEDEBRICIE., BRISEDHNEBEOEL A L Y IEHE

ICIBIETE B Nll\/l-CAl\/lAC VRTLEFERL ?Na
SRRSO 511 keV y 1% —HREBES L THEEERHE
EBRAIT-T, e L CTHRAIOBEDY v F L
— 2 HFE L 2D position histogram % L L 7=,

42

Materials and Methods

The crystal array of the OpenPET detector was composed of a
16 x 16 x 4 array of 2.8 x 2.8 x 7.5 mm? Zr-doped GSO crystals
(GSOZ, chemical etching) and the reflector material was ESR
film (Sumitomo 3M, 98% reflectivity, 0.065 mm thickness). The
photo-detector was the super bialkali type (SBA) 64-ch flat
panel (PS-PMT)
(H8500, Hamamatsu Photonics K. K., 6.1 mm anode interval)
and the coupling material was RTV rubber (KE420, Shin-Etsu
Chemical Co., Ltd.; 1.45 refractive index). For data acquisition,
the NIM-CAMAC system was used rather than the Open PET
electronics in the first stage to observe crystal response

position sensitive photomultiplier tube

position change more accurately. The 2D position histograms
were obtained by irradiating 511 keV gamma-rays from a ?2Na
point source onto the detector. To verify the improvement, two
crystal arrays were prepared: the ones with the reflector
arrangements before and after improvement.
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Results

Figure 2(a) explains the original structure of the OpenPET
detector and the crystals that remained in the improvement.
Figure 2(b) shows the optimized structure. It was based on
results of the previous study: the reflectors without slits for
forming a reflector lattice (no-slit reflectors) promoted crystal
response separation. In Figure 2(b), the no-slit reflectors at the
left and right allowed different reflector positions of the outer
part in the 2" and 3™ layers. The reflectors for the outer
crystals were small, the same size as crystal side face, as the
result of division by the no-slit reflectors so that two of the small
reflectors were joined on the side face of the crystal array
(Figure 2(c)) to be visible their insertion. The joint part is much
lower than the crystal height so as not to make the reflector
cover for the side face in pieces as indicated in Figure 2(c).

Figure 3 shows the 2D position histograms obtained in the
performance evaluation experiments. Crystal identification
performance for the outer crystals was much improved. One
thing we should note on the improved 2D position histogram
was that the response position for the outer crystals at the left
and right were changed between the response positions for the
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Figure 2 Original structure of the OpenPET detector and the crystals that remained in the improvement (a),
the optimized structure (b) and reflectors on the outer crystals (c).
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Introduction

Following the development of detectors and systems and basic
research at the physical port of the heavy-ion medical
accelerator in Chiba (HIMAC), we are now moving OpenPET
to the clinical study stage. The first half of this report introduces
the progress in preparing for the clinical application of
OpenPET for heavy-ion particle therapy. In parallel, we have
started research on whole gamma imaging (WGI), which aims
to exceed the physical limitations of PET. The second half of
this report shows the results of a simulation study for assessing
the potential of a WGI system using Si for the scatterer, which
is the most suitable material as a scatterer detector for
Compton imaging.

OpenPET heavy-ion clinical application

Heavy-ion particle therapy can minimize damage to healthy
tissues and provide treatment with fewer side effects by using
heavy-ion beams that can concentrate the dose to a specific
depth, even in deep regions of a patient. Irradiation is
performed based on a precisely calculated treatment plan, but
whether the dose is concentrated on the actual cancer tumor
and irradiation to normal tissues is suppressed is currently
determined by observing the patient’s progress after treatment.
Therefore, an on-site verification method is desired to confirm

that the beam is delivered as planned during treatment.

For irradiation beam verification, various methods have been
studied [1]. Among them, PET-based methods are promising.
When heavy particle beams are irradiated, positron-emitting
radionuclides are automatically produced by the interaction
the
(fragmentation reaction). Their distribution can be visualized by

between biological tissues and irradiated beam
PET and compared with a PET image predicted from the
treatment plan or a dose distribution estimated from the PET
image to validate the irradiation beam. However, since
commonly used PET scanners are arranged in a cylindrical

shape with no open space, measurement cannot be performed
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simultaneously with irradiation. After the irradiation, patients
must be kept lying on a bed and moved to a PET gantry for
measurement. In addition, since many positron-emitting
radionuclides produced have a short half-life and most of the
signals are lost during the movement, the patient must remain
fixed in the bed for about 30 extra minutes to obtain sufficient
image quality. In addition, dual-head partial-ring PET systems
have been developed. However, accurate range evaluation is
difficult because they are limited to 2D images in principle.
Therefore, we have proposed and conducted research and
development of OpenPET, a full-ring type that can obtain 3D
images while having an open space through which the beam

can pass [2-4].

We have repeatedly conducted phantom and small animal
experiments at the physics port of the HIMAC for basic
studies (Figure 1). As a result, we found that, besides verifying
the irradiation range, OpenPET could measure biological
washout effects by starting measurement immediately after
irradiation and could detect the hypoxic state of a tumor [5].
Currently, we are working on the safety verification necessary
to bring the system into an actual patient treatment room and
development and modifications to enable rapid setup of the

OpenPET gantry.

(Confirmation of placement on model)

v
v
v
v
v

HIMAC treatment room
Scanning beam

Patient measurement

Range verification

Washout effect measurement

Clinical study
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Rapid OpenPET setup mechanism

Patient measurements with OpenPET will be performed as an
observational study that does not affect the usual treatment.
After completing the patient setup, we move the OpenPET
gantry promptly to the measurement position. The patient will
be asked to wait on the treatment bed for an additional 10
minutes for measurement after irradiation. A high-accuracy
repositioning method of the gantry is needed to quickly align
the OpenPET FOV center with the irradiation field center
position (isocenter) after the patient setup. Therefore, we are
developing a setup mechanism, as shown in Figure 2. A guide
rail is installed on the floor, and the gantry is manually moved
and aligned for positioning with a stopper that has a shock
absorber to achieve a quick and highly accurate gantry setup.
The guide rails are installed on a removable floor protection
cover with an anti-slip function to protect the floor of the
treatment room. These mechanisms are currently being
manufactured, and the positioning accuracy will be verified as
soon as they are completed.

Move OpenPET for irradiation
and measurement

Figure 2 Design of OpenPET positioning guide rail and floor protection.
The rail cover prevents workers from tripping over the rails when not in use.
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Clinical research plan

First, we are considering measurements for sites such as head
and neck cancer that are less affected by body motion. We will
perform OpenPET measurements for several fractionated
irradiations. Dose distributions planned by the treatment
planning system, PET images obtained by the OpenPET, and
washout rates estimated from dynamic PET images will be
analyzed. Then, the correlation with the treatment outcome will
be analyzed. The details are currently being prepared for the
IRB (Internal Review Board) application.
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Challenge to realize Si-WGI beyond the PET limitations

WGI [6,7] is an imaging technique that combines PET and

Compton imaging [8] techniques, aiming to utilize all
measurable gamma rays for imaging. WGl is also expected to
be applied for range verification in heavy-ion beam treatment
[9]. The spatial resolution of PET has physical limitations due
to the distance that a positron emitted from a PET nuclide
travels before encountering an electron and converting into an
annihilation radiation pair (positron range: nuclide-dependent,
up to several millimeters) [10] and the deviation of annihilation
radiation pairs emitted in nearly opposite directions from 180°
(angular acollinearity: average of approximately 0.6°) [11]. On
the other hand, Compton imaging, which images single
gamma rays emitted directly from the nuclide, is not limited by
these physical limitations, and it may exceed the spatial

resolution of PET.

In Compton imaging, in addition to the position resolution of
the detector, the angular resolution, which is affected by the
energy resolution and Doppler spread [12], limits the spatial
resolution. Here, the influence of energy resolution and
Doppler broadening decreases with increasing gamma-ray
energy, and angular fluctuations become spatially larger as the
radiation source positions become further away from the
detector. A higher resolution can be expected for the regions
closer to the detectors. Therefore, the necessary conditions for
higher resolution in Compton imaging are (1) proximity
imaging, (2) the use of gamma-ray nuclei with higher energy,
and (3) the use of a scattering detector with high spatial and
energy resolution.

Our WGI prototypes have demonstrated image quality of
Compton image approaching that of PET using an 86 mm
diameter scattering detector ring and 909 keV gamma rays of
897r [8]. Since conditions (1) and (2) are satisfied, higher
resolution can be expected by working to meet condition (3).
In this study, we considered silicon (Si), a material with high
energy resolution and the lowest Doppler broadening effect, as
a candidate for the scatterer detector material. Using a
simulation, we investigated whether WGI Compton imaging
can achieve higher spatial resolution than PET by using Si-
WGI.

Si-WGI Simulation

We modeled a Si-WGI geometry using the Geant4 Monte
Carlo simulation toolkit (Figure 3, left). The absorber detector
was a 16 x 16 x 3 array of LGSO scintillators (1.5 x 1.5 x 6.67
mm3), and the scatterer detector was 40 layers of 0.5 mm thick
Si (96 x 96 pixels, pixel size 0.25 x 0.25 mm?) without gaps.
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We simulated measurements of an ultra-micro Derenzo
phantom (0.8-24 mm rod phantom) filled with 82Zr for
resolution evaluation. First, the phantom was positioned at the
center of the field of view (FOV), and second, it was at an
upward offset of 20 mm, close to the scatterer detector. We
note that, although 8Zr is a positron-emitting nuclide, it also
emits a single 909-keV gamma ray at different timing;
therefore, it is possible to extract PET and Compton events by
coincidence measurement and energy window discrimination,
enabling direct comparison of PET and Compton imaging. We
extracted PET events, including events where 511-keV gamma
rays were scattered by the scatterer detector and
photoelectrically absorbed by the absorption detector [13]. The
extracted 909-keV Compton and PET events were image-
reconstructed by the list-mode ordered subset expectation
maximization (OSEM) method [7]. The number of subsets was
set to 8. The number of iterations was set to 20 for Compton
imaging and 10 for PET considering the convergence

difference.

= 909-keV Compton
—— PET

PET

Peak to Valley ratio
Compton: 1.48
PET:

144

01234567 891011
Position (mm)

Peak to Valley ratio
Compton: 1.37
PET: 1.42

012345678 91011
Position (mm)

Reconstructed images and profiles

Figure 3 Monte Carlo simulation of Si-WGI. The profiles were extracted from the line indicated by the red arrow.
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Figure 3 (right) shows the reconstruction results. PET could
resolve 1-mm rods regardless of their position. Compton
imaging blurred the 1-mm rods at the center of the FOV but
resolved them when they were close to the scatter detector
with the 20-mm offset. For comparison, we extracted profiles
of the 1-mm rods and evaluated the peak-to-valley ratio (peak
value average/valley value average). As a result, PET had a
better value at the center of the FOV, but Compton imaging
had a better value at the offset of 20 mm.

We investigated the possibility of WGI Compton imaging to
achieve better resolution than PET by imaging simulation of a
rod phantom. As a result, PET has an advantage in the center
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of the FOV, while the region close to the detector may be
resolved for Compton imaging more clearly than PET. In the
future, we will develop an image reconstruction method
combining PET and Compton events to complement each
other and provide the highest resolution.

Conclusion

OpenPET research and development are currently in the final
stage of development, and preparations are steadily
advancing for OpenPET heavy-ion particle therapy clinical
applications. Results of our WGI simulation study assuming
the use of Si detectors as the scatterer suggested that
Compton imaging may exceed the spatial resolution of PET in

— v 7 PET DRRISREE BA B AR B 3

the region close to the scattering detector.
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Introduction

Visualization of the range of incident particles in a patient body
is important for treatment verification in ion therapy. Various
imaging modalities including positron emission tomography
(PET) and Compton imaging (prompt gamma imaging) have
been implemented for the range verification of the ion beams.
PET has been applied to image positron emitting nuclei
produced through fragmentation reactions between incident
ions and tissues [1-2], but shifts were observed between the
Bragg peak position and the PET peak position for both proton
and carbon ion therapies. Recently the absorbed dose profiles
were reconstructed from PET images using an evolutionary
algorithm for carbon therapy [3].

Radioactive ion beam irradiation enables direct visualization of
beam stopping positions by PET [4] and we have already
shown feasibility of radioactive ion beams of "'C and %O for
direct visualization of beam stopping positions through an in-
beam PET study using our OpenPET prototypes [5, 6]. We
have confirmed that the difference between the beam stopping
position and the dose peak is smaller than the PET spatial
resolution for both beams.

Recently, we developed a whole gamma imaging (WGI)
system with great capability for triple gamma imaging of
radioisotopes, such as “*Sc which emits three gamma-rays
simultaneously [7]. '°C is one of the positron-emitting nuclei
produced inside tissues of patients during carbon ion therapy
and it emits a positron and a simultaneous gamma-ray of 718
keV at 98.5% probability. This nuclide with the half-life of 19.3
s is a convenient candidate for visualization using our WGI.
Therefore, there is a high potential for treatment verification in
carbon ion therapy using the WGI by detecting accurate
localization of only "°C nuclides during ion therapy.

In this report, we investigated the feasibility of our WGI system
for verification of ion therapy treatment by detecting triple
coincidence between the positron annihilation and the third
gamma-ray of 718 keV in a polymethyl methacrylate (PMMA)
phantom irradiated with a '°C ion beam in the carbon therapy
facility of the Heavy lon Medical Accelerator in Chiba (HIMAC).
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Materials and Methods

The WGI prototype consists of a ring of absorbers (diameter of
66 cm) for detection of coincidence events of 511 keV from
positron annihilation and a ring of scatterers (diameter of 20
cm) for detection of Compton scattering of single gamma-rays.
Each scatterer detector is a 24x24 array of GAGG crystals
(0.9%x0.9x6 mmq) and each absorber detector is a 16x16x4
DOI (depth-of-interaction) array of GSOZ crystals (2.8x2.8x7.5
mm?q). The absorber and scatterer rings include four and two
parallel rings, respectively. The energy resolutions for the
absorber and the scatterer detectors are 14% and 17% at 511
keV.

A '°C ion beam of 350 MeV/u with the momentum acceptance
of 5% was produced as a secondary beam in the HIMAC. The
relative dose of the beam was measured using a crossed
monitor, which consisted of a total of 129 small ionization
chambers along x and y axes, within a water phantom as
shown in figure 1 (a).

Figure 1 Experimental setup for dose measurement in water (a) and triple gamma imaging using the WGI (b).
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A PMMA phantom was set at the field of view of the WGI and
irradiated with the '°C ion beam at the HIMAC as shown in
figure 1 (b). The PMMA phantom was irradiated for 10 times
for a cycle of 79.2 s in which the beam was on for a 12-spill
(12%3.3 s) duration and off for the remaining 39.6 s. The long
irradiation was necessary due to the low sensitivity of the WGI
and the low intensity of the available '°C ion beam. All single
interaction events during irradiation in the beam-off intervals
and the 39.6 s period thereafter were recorded as list mode
data. The triple coincidence events were obtained using
software.



PET

FYTNHY2ARY DR

WGl SHFE D 7 — 2 INES X T LlE, AEFOE
TOREARY F(BEERARY M 2 TuA
RYMDYRME=RTF—RELTRHELTWS,
ARy b HIEAT7ZA T, TRLLF—T 4K
T OEA L RFSARY FogHEETS, MU
IWHY =AY M, PET 4 R> b (51lkeV A~
BORT) VT ARy FEEAEDER 4
DOMEEERARY 545 (Figure2), PET A
RYPDIFILFX—7 4> F 7 IBELRERE. TIN
28 & (2 400-600 keV & L7z, 718keV H v~
BOAY T MY ARVYEDIRILFE—T7 4> K%
BUELIE 28 HY 50-380 keV. BRUNAEH28HY 400-800
keV. &EHEICK L T 600-836keV & L7z, L T,
BPHREZICL>T R Y TILH YA Ry FEER
1 L 78],

n S
7\ \\
s, NN
77 \ \
l/kel/ \\ \\
100 N\
Ecs/ s C_ )
718 keV 575
Eca *@V
Scatterer
Absorber

2022 Report on PET Imaging Physics Research

Analysis of triple gamma events

All detected events during measurements were recorded by
the data acquisition (DAQ) system of the WGl as list mode data
of single events. Event selection was performed using offline
software by detecting coincidence events and applying energy
windows. A triple gamma event contained four interaction
events in which there was a PET event (a pair of 511 keV
photons) and a Compton event as shown in figure 2. The
coincidence events for the triple gamma events were obtained
with a timing coincidence of 50 ns and the energy windows for
PET events were set to 400-600 keV for the absorber and
scatterer detectors. For Compton events of 718 keV photons,
the energy windows were set to 50-380 keV for the scatterer
detectors and 400-800 keV for the absorber detectors. An
additional energy window of 600-836 keV was applied for the
total energy of Compton events to extract 718 keV photons. A
simple back projection was applied to the triple gamma events
to obtain the image [8].

Energy windows:
PET events (PET):
400 keV< Ep < 600 keV
Compton events:
50 keV < Ecs < 380 keV
400 keV < Eca < 800 keV
600 keV < (Ecs + Eca) < 836 keV

Figure 2 A schematic drawing of triple gamma imaging of '°C nuclide and energy windows for PET and Compton events.
Ep is an energy deposit for 511 keV. Ecs and Eca are energy deposits in the scatterer and the absorber, respectively.
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Results and Discussion

The energy histograms of the detected triple gamma events
after applying the energy windows on the events are shown in
figure 3. The 3D image of the triple gamma events in an
irradiated PMMA phantom with a '°C ion beam for the
irradiation cycle of 10x79.2 s is given in figure 4 (a).
Distribution of °C nuclides in the irradiated PMMA phantom
was extracted from the image. The measured depth dose is
compared with the measured '°C nuclide distribution in figure
4 (b). A small shift of 2.5 mm is observed between the position
of the maximum concentration of '°C and that of the Bragg
peak. The small shift can be explained by the beam energy
spread and it demonstrated the feasibility of the WGI for range

verification of '°C ion beams [8].
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Figure 3 Energy histograms of the triple gamma after applying the energy windows on the PET and Compton events.
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Conclusion

We investigated the feasibility of the WGI for triple gamma
imaging of '°C nuclides. The triple gamma images were
obtained for an irradiated PMMA phantom using the available
°C ion beam at the HIMAC facility. The measured depth dose
in PMMA was compared with the extracted activity of '°C from
the triple gamma image. The shift of the Bragg peak position
and the position of the peak of the triple gamma was small,
which confirmed the feasibility of the WGI for the range
verification of '°C ion beams. The performance of the WGI for
three separate modes of PET, Compton and triple gamma
imaging for range verification is under investigation.
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Figure 4 A triple gamma image for an irradiated PMMA phantom with a "°C ion beam for irradiation cycle of 10x79.2 s (a).
Comparison of the measured dose in PMMA and °C nuclide distribution (b) extracted from the triple gamma image in figure 4 (a).
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Introduction

We are working to realize quantum PET (Q-PET), which is a
novel diagnostic imaging method based on ortho-positronium
(o-Ps) lifetime. Its concept is quite different from the concept of
conventional PET, which is based on radioactivity. o-Ps is
formed in a patient’s body with a probability of 30% when a
positron annihilates with an electron. The o-Ps lifetime varies
depending on the surrounding electron density and other
factors. The o-Ps lifetime can be imaged using 4Sc [1] and
whole gamma imaging (WGI) [2] (Figure 1). We have reported
the feasibility of detecting radioresistant hypoxic tumors [3] and
the proof of concept of two-dimensional imaging of the o-Ps
lifetime [4].

Last year, we conducted a basic study to apply the Q-PET

concept to estimating radiotherapy treatment effects.
Specifically, we assumed measurement values of free radical
species (such as hydroxyl radical (-OH) and superoxide (-O27))
generated by radiolysis of water. Since free radical species
have unpaired electrons, the local electron density should be
changed. Using a pair of PET detectors, and a ?Na radioactive
source instead of #Sc, we measured stable radical solutions,
and we obtained a clear correlation between the stable radical

density and the o-Ps lifetime [5].

This year, we were able to measure the density by using the
state-of-the-art high-performance clinical PET system and we
obtained a more detailed relationship between the o-Ps lifetime
and the stable radical density.

Materials and methods

TEMPOL is an organic compound with one stable unpaired
electron.  Aqueous  solutions  containing TEMPOL
concentrations of 1, 2, 4, 10, 20, 40, 100, 200 and 400 mM
were prepared as stable radical solutions by dissolving
TEMPOL in pure water. As shown in Figure 2 (a), a thin film
22Na source was placed in the center of an aluminum plate.
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Then a Kapton film was placed overlapping the °Na source.
Each aqueous TEMPOL solution was then separately put into
a holder that was placed onto the Kapton film. The positrons
emitted from the ?2Na source could form Ps only when they
reached the aqueous solutions. Figure 2 (b) shows a
photograph of the solution holder.

As the state-of-the-art clinical PET system, we used the brain-
dedicated PET system VRAIN, which we developed and
commercialized in 2022 (Figure 2 (c)) [6]. The VRAIN consists
of 54 time-of-flight (TOF) PET detectors arranged around a
subject’s head. Each detector consists of a 12 x 12 array of 4.1
x 4.1 x 10 mm? LFS scintillator arrays coupled one-to-one to a
12 x 12 MPPC array with a photosensitive surface size of 4 x
4 mm2. The coincidence timing resolution of 229 ps is the
world’s second fastest among commercial PET systems.

Each of the aqueous solutions containing stable radicals was
placed at the center of the VRAIN field of view and measured
for 30 minutes. The energy window was set to 400-590 keV for
511 keV annihilation photons and 1100-1500 keV for 1275 keV
prompt gamma rays. From the collected data, Ps lifetime
spectra were obtained, treating the 1275 keV photon detection
as a start signal and the 511 keV photon detection as a stop
signal. The o-Ps lifetime in the stable radical solutions was
calculated and compared to its lifetime in pure water.

511)

(ca. 30%)
o-Ps keV
511
keV
1157 keV j

Start

0-Ps lifetime » Treatment effects

Figure 1 The goal of this study: sensing of the treatment effects of radiotherapy by quantifying free radicals using Q-PET.
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Results and discussion

Figure 3 (a) compares the Ps lifetime spectra in pure water and
in a 100 mM stable radical aqueous solution. The spectrum of
the stable radical aqueous solution showed a rapid decay of
counts around 5-10 ns. This meant that the o-Ps lifetime was
shortened. When the stable radical concentration was low, the
Ps lifetime spectrum became close to that of water, and when
the concentration was high, the counts decayed faster.

These o-Ps lifetime components were fitted by the least-
squares method with the formula e~/ to calculate the o-Ps
lifetime value (T = o-Ps lifetime). Figures 3 (b) and (c) show
the correlation between the o-Ps lifetime and the concentration
of the stable radical aqueous solution. The error bars were
calculated from the coefficient of determination of the fitting.
The data points seemed to be convex downward. The data
suggested that it was possible to discriminate concentration
differences of around 10 mM, but not on the order of a few mM.
We will continue to improve the accuracy by increasing the
number of measurements and statistical treatment we can
make and by improving the data analysis methods.

Figure 2 Schematic side view of the aqueous TEMPOL solution holder (a).
Photos of the solution holder (b) and the brain-dedicated PET system VRAIN (c).
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Conclusion

In this report, the o-Ps lifetime in aqueous solutions containing
stable radicals was precisely measured by using the VRAIN.
Our findings suggested that a difference of about 10 mM in
radical concentration in an aqueous solution can be
discriminated at present. In the future, in addition to improving
the measurement accuracy, we will try to observe the o-Ps
lifetime change caused by short-lived radicals, which are
produced by irradiation.
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Introduction

Positron emission tomography (PET)
construct tomographic images by detecting pairs of gamma
rays (i.e., photons)
radiopharmaceuticals which are injected into a patient. In PET,
time-of-flight (TOF) information helps localize the position of
radiopharmaceuticals along the lines of response joining the
detection points. Therefore,
coincidence timing resolution (CTR), which indicates the
accuracy of the time difference measurement between a pair
of annihilation photons, is paramount in PET instrumentation
research to further improve the imaging performance of PET.
The current best clinical PET scanner provides the CTR of 215

ps [1].

imaging systems

annihilation emitted from

two achieving  superior

A state-of-art TOF-PET detector is typically composed of a
scintillation crystal coupled to a silicon photomultiplier (SiPM).
The CTR is primarily governed by the light collection efficiency
(LCE) indicating an efficient extraction of scintillation signals
from scintillation crystals to photo-sensors. The LCE can be
enhanced by intrinsic properties of scintillators such as
brightness, rise and decay times, which significantly affects the
energy resolution (ER).

Fast-LGSO crystals are suitable for TOF-PET applications in
terms of fast decay time (30-35 ns) compared to GFAG (55 ns)
[2, 3]. The purpose of this study was to achieve a sub-200 ps
CTR by optimizing the crystal surface treatment of fast-LGSO
crystals for SiPM based TOF-PET detectors.

Methods

The same six fast-LGSO crystals (3.1 mm x 3.1 mm x 20 mm)
were used to exclude the effect of crystal variability for the six
surface treatments. Each of the crystals with six different
crystal surface treatments were compared, starting from
chemically polished (C.P), upper half side roughened (C.P
1/2S), and one side roughened (C.P 1S), going on to
mechanically polished (M.P), M.P 1/2S, and M.P 1S (Figure 1).
The six fast-LGSO crystals (crystal numbers from 1 to 6) were
grouped into three pairs (1-2, 3-4, 5-6) for the CTR
measurement. The average surface roughness (Ra) of the C.P
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crystals was 0.317um, which was higher than that of the M.P
crystals (0.015 pym); and Ra values of the C.P1S and the
M.P1S crystals

0.412um) (Table 1).

were almost the same (0.430pm and

Two scintillation detectors were used for the coincidence
detection (Figure 2 (a)). Each scintillation detector consisted of
one fast-LGSO crystal and a SiPM photo-sensor (Hamamatsu
Photonics K.K., S13360-3050CS, Vy=51.7 V). The SiPM had
an active area of 3.0 mm x 3.0 mm and micro-cell pitch of 50
um. The four lateral surfaces of the fast-LGSO crystals were
wrapped by an enhanced specular reflector (ESR) film while
the top end was covered by three layers of Teflon tape. Each
fast-LGSO crystal was optically coupled to the SiPM using an
optical grease. The energy and timing signals of the SiPM were
extracted by a custom-made front-end circuit board. The timing
signal was amplified by a high frequency amplifier, while the
energy signal was amplified by a fast amplifier (Analog Device,
ADB8000). 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. Finally, the
timing and energy signals of the front-end circuit were digitized
by using a waveform digitizer (CAEN, DT5742B) with a
sampling rate of 5 GHz. The ambient temperature was 21 °C.
The SiPM bias voltage of 61 V (over-voltage=9.3 V) was used
to obtain the optimal CTR. A ??Na source was placed at the
center of the two detectors. The measurement was repeated
three times to calculate the average LCE, ER, and CTR.

The time stamp was extracted from the digitized waveform
signals with a constant fraction discrimination level of 5%. The
timing histogram was generated with an energy window of 20%
(460-562 keV). A Gaussian fitting was applied to the timing
histogram and full width at the half maximum (FWHM) was
used to extract the CTR. The LCE and the ER were calculated
after the SiPM saturation correction by using different

HYFal— 3 yBERICETEL (3], radionuclides (¥Na, '¥’Cs, '3°Ba, '%2Eu) [3]. The LCE was
defined as the photo-peak position.
(acp (b) C.P1/25 (c)CP1S (d)ym.p (e) M.P1/25 (fM.P1S
Top . Roughened -
(Teflon side) —.
10 mm 10
20 mm [> I [>20 mm ¢ 20 mm [:> mmI $ 20 mm
Bottom 10 mmI o 10 mmI ...... |
e Y& 3.1 mm . 3 1mm 3.1mm 2.9mm 159 2.9 mm
(SPMSGE) 5.1 mm 3.1mm 3.1 mm 3 mm 2.9mm mm 29mm

Figure 1 The fast-LGSO crystals with different surface treatments: all the surfaces with chemical polishing (C.P) (a),
C.P 1/2S (b), C.P 1S (c), all the surfaces with mechanical polishing (M.P) (d), M.P 1/2S (e) and M.P 1S (f).
Through a series of surface treatments, the cross section change of the crystals was 6%.

The roughening was done by rubbing the crystal surfaces using sandpaper manufactured by OXIDE.
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Table 1 The measured surface roughness of the C.P, C.P 1S, M.P, and M.P 1S. Each surface roughness was measured using a
commercial surface roughness measuring machine (Mitutoyo, SV-3100S4, Japan) with the scan resolution of 1 ym.

Crystal surface C.P C.P1S M.P M.P1S
Average surface roughness (Ra) 0.317 ym 0.430 pm 0.015 ym 0.412 ym
(a) (b)
Detector#l, 3,5 Detector#2, 4,6
A S S e S Ea S S L L R - ~
:’ Front-end  SIPM  crystal | i Crystal SiPM  Front-end \ SiPM photo-sensor
! circuit optica ESR E i YR optical |/ circuit i
1 grease
E \; Energy W 3.1immzzNa Sliﬂ"ﬂ \ Energy ‘; i Fast-LGS!
| S : i
:\ ' 20 mm X : : 20 mm o : Gamma
ke L 4 N — 4 (511 keV)
B e L - P - =
A A
'
) LED ns ns LED S
Thresh.=100 mV Thresh.=100 mV
A N\
V ! \ i
[ =
N Detectoryfis
4 4 v * v g
OO0 000000 OO0 O
Cho Chi Ch2 Ch3 Ch4 Ch5 Ché Ch7 5:: :a.st Ch8 uss T PC
Waveform digitizer (DRS4 DT5742B) & e

Figure 2 Coincidence detection setup (a) and photos of the detector setup (b).
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Results

The C.P provided 3.9% higher LCE than the M.P (Figure 3 (a)).
The LCEs of C.P 1/2S and M.P 1/2S were enhanced 3.0% and
8.1% against those of the C.P and M.P, respectively.

The ER of the C.P (10.5£0.5%) was 1.9% better than that of
the M.P (10.7+£0.4%) (Figure 3 (b)). The C.P 1/2S and M.P
1/2S degraded the ERs 38.3% and 35.9% in comparison to
those of the C.P and M.P, respectively.

The best CTR of 156+2 ps was obtained in the M.P1/2S
treatment, which was improved by 9.3% (16 ps) compared to
the M.P treatment (Figure 3 (c)). The M.P1S also enhanced
the CTR (166+3 ps) by 4% over that of the M.P whereas the
CTR of the C.P1S declined by 3.6% in comparison with that of
the C.P. The CTR had a linear relationship with the LCE
(Figure 3 (d)).
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(b) and CTR (c) of the six different crystal surface treatments,

and a scatter plot of the CTR versus the LCE (d). The error bars indicate the standard deviation of three measurements.
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Discussion

The upper half side roughening degraded ERs of both C.P and
M.P crystals because of the LCE variation along the crystal
depth [3]. Future studies will focus on optimization of crystal
shape considering inter-crystal scattering effect with an array
of fast-LGSO crystals.

Conclusion

We investigated the effects of surface treatment on the
performance of a fast-LGSO coupled SiPM detector in terms
of CTR and ER. As a result, we concluded the M.P 1S would
be the optimal crystal surface treatment which balanced
enhancements in the CTR (165+2 ps) and ER (10.5£0.5%).
However, the second best treatment the C.P seemed to be the
better cost-effective choice (CTR of 169 ps, ER of 10.5%).

Hiroyuki Ishibashi (OXIDE), Kyong Jin Kim (Tohoku University), Hideaki Haneishi (Chiba University)
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Introduction

Compton cameras [1] are photon detectors in which collimation
is performed electronically by means of a Compton interaction
in the first detector (Figure 1). Recently, Compton cameras
have been used for medical application by visualizing in vivo
images of radiotracer distributions inside living objects. The
spatial resolution of a Compton camera is mainly determined
With the
emergence of silicon photomultipliers (SiPM) and high energy

by energy resolution of scatterer detectors.
resolution scintillators this has become one of the suitable
options for obtaining high energy resolution [2].

There are several factors affecting energy resolution of SiPM
scintillation detectors such as wavelength match between
SiPM and scintillation crystal, scintillation decay time, and
SiPM saturation. The aim of this study is to model a SiPM
using GATE Monte Carlo
simulation software [3] to investigate the factors affecting

based scintillation detector

energy resolution by considering these factors.

—DRE~NDFEERE LT,
Compton camera Scatterer detector ____ SiPM saturation ——
@r Radionuclide 3mm
Absorber N 020202 ] | o4 a
L ‘ - Crystal array smm{ [
Y/
=
X B
SiPM arra
Scatterer e . y s
— Scintillation Microcell pitch = 50 um

Figure 1 Compton camera that consists of scatterer and absorber rings (left).
Structure of a scintillation detector composed of crystal array and SiPM array (center),
This image explains how on the SiPM detector 3 x 3 mm? receives scintillation photons and
when the scintillation photons impinged in the same area caused microcell saturation (right).

TORitEREA X — 2 v THRRES FTE

(Secondment from Department of Functional Brain Imaging)
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Methods
GATE simulation of a scintillation detector

The GATE v9.2 optical simulation was used to model a
scintillation detector. The simulation set up consisted of a
lutetium-yttrium oxyorthosilicate (LYSO) crystal (3x3x20 mm?)
coupled to a SiPM photo sensor. The lateral and top surfaces
of the were covered with an enhanced specular reflector (ESR)
film. The SiPM photo sensor had a sensitive area of 3 X 3 mm?,
which consisted of 60 x 60 array microcells with a pitch of 50
um (Figure 1). The crystal was irradiated with 511 keV gamma
ray emitted by a radioactive source of 100 Bq. For the modeling
of the LYSO crystal, the light yield of 26,000 ph/MeV, decay
time of 40 ns, and peak emission wavelength of 430 nm were
used. For the modeling of polished LYSO surface and ESR
film, sigma alpha of 1° , and specular lob constant of 1 were
used, respectively. The emission spectrum of LYSO crystal and
photo detection efficiency of SiPM were considered for the
GATE simulation (Figure 2). The GATE simulation was
performed for 600 s.

SiPM modeling with MATLAB

The SiPM saturation effect was modeled by using a custom-
written MATLAB code. The hit data generated by the GATE
optical simulation were imported by using the MATLAB code.
The 60 x 60 array of microcells was modeled with SiPM
saturation effect. If the number of detected optical photons for
each microcell is more than one, the microcell was disabled to
mimic the SiPM saturation effect. However, the SiPM deadtime
was not modeled in this study to simplify the SiPM modeling
process. In addition, optical crosstalk and electrical noise of the
SiPM were not considered. The energy spectra without and
with the saturation effect were obtained. A 1D Gaussian fitting
was applied to the energy spectrum to calculate the energy
resolution.

viewer-0 (OpenGLStoredX)

Figure 2 The LYSO emission spectrum and SiPM photon detection efficiency as a function of wavelength (left).
The GATE optical simulation setup with LYSO coupled SiPM and radionuclide (center) and
an example of the GATE optical simulation with scintillation photons (right).
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Results and discussion

Effect of SiPM saturation on the energy spectrum

Figure 4 shows the SiPM response of 60 X 60 micro cells in
two different scintillation photon levels. When the number of
optical photons was only 8, there was no saturated microcells.
However, the microcells were saturated for the photo-peak
event, where the number of scintillation photons was
exceeding 1000. The microcells without any scintillation
detection were indicated by dark blue. The microcells where
the number of detected scintillation photons is one, were
marked by bright blue. For the microcells, where the number
of detected scintillation photons were two and three were
marked by orange, and red, respectively (Figure 4 right).

The energy spectrum with and without SiPM saturation were
compared (Figure 5). The photo-peak position (i.e. the number
of scintillation photons) was decreased from 1924 to 1480, as
the SiPM saturation was considered. The energy resolution
was artificially enhanced from 10.7% to 9.5% due to the SiPM
saturation effect, which should be corrected by using different
radiation energies in a real experiment condition. In this study,
we did not consider the SiPM deadtime in the SiPM modeling.
Therefore, we plan to implement the SiPM deadtime as well as
crosstalk for more realistic modeling of SiPM [4].

Y-direction
suojoyd pa1o9}ap Jox

o
)
o

X--directi'on

Figure 4 Two examples of SiPM 60x%60 microcells responses.
The SiPM response in a low intensity level of scintillation photons (left),
The SiPM response in a high intensity level caused by a photo-peak event (right).
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Figure 5 Energy spectrum comparison with (left) and without (right) the SiPM saturation effect obtained for 600 seconds.

Fe&oH Conclusion

GATE EryTAhH)O>Ial—>3>¢& MATLAB We modeled a SiPM based scintillation detector using GATE
TEELF-3—- FEELAEHE.SIPM ZHU /-3~ Monte Carlo simulation software in combination with a custom-
FL—3 3 RHEAETEFIL LT, 5%, T3/l Written MATLAB code. In future, comparison between different

— DMREED BB D=8, EEDRAMOEM AT crystal materials and reflector materials will be made to
ZFTHEETS FECH D, achieve the optimal energy resolution.
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Introduction

Time-of-flight (TOF)
technology in PET, as it reduces noise to improve the PET

[1]1 has become a very important

imaging performance significantly. The coincidence resolving
times (CRTs) of commercial PET scanners have reached 210-
400 ps [2]-[4]. To obtain a high CRT, it is effective to eliminate
inter-crystal scattering (ICS). In one-to-one readout detectors,
ICS [5] events can be easily eliminated by setting an energy
window for each photo sensor. Removal of ICS events
improves CRT but greatly reduces sensitivity. In this work, we
developed the TOF detector with one-to-one coupling using

fast LGSO crystals and silicon photo multipliers (SiPMs).

TOF-PET detector

Figure 1 (a) shows illustrations of the developed TOF detector.
The scintillator array consisted of 8 x 8 fast LGSO crystals
(Oxide, Japan) and the SiPM array (3 mm? sensitive area, 3.2
mm pitch) consisted of 8 x 8 multi pixel photo counters
(MPPCs) (S14161-9865, Hamamatsu Photonics K.K., Japan).
To maximize the sensitivity, the crystal size was 3.1 x 3.1 x 20
mm? and all sides were chemically polished [5] as the surface
treatment. Lumirror was used as the reflective material
between crystals, and the crystal pitch was 3.2 mm. The fast
LGSO array was optically connected to the 8 x 8 MPPC array
so that the crystals and MPPCs were in one-to-one coupling.
Two detectors with the same specifications were assembled
for the CRT measurement. Crystal
performed on a 2D position histogram after the Anger
calculation [6]. Two types of position look-up-tables (PLUTSs)
were referenced to identify the crystals: the full PLUT that uses
all events and the limited PLUT that removes ICS events. In
the full PLUT, the time-walk correction was implemented in
addition to conventional crystal-based timing correction.

identification was
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Performance evaluation

We used the TOFPET2 ASIC evaluation kit [7] for data
acquisition of the developed TOF detector. To reduce the dark
count, this system can be configured with three types of signal
triggers: QDC trigger (vth_e) and two-step TDC triggers
(vth_t1, vth_t2), which need to be optimized for the developed
TOF detector. The CRT when varying vth_t1 is shown in Figure
2 (a). For vth_t2 and eth, the PETsys recommended values
were used because there was almost no change in the
parameters. The CRT when varying the OV is shown in Figure
2 (b). Finally, we decided to set the OV to 3.7 V and the trigger
threshold values, vth_t1, vth t2, eth, to 50, 15, and 10,
respectively. Figure 3 shows the timing histograms before and
after the timing correction for two types of PLUTs. The limited
PLUT decreased the CRT by 89 ps compared to the full PLUT.
The reduction rates in coincidence events with ICS removal
were about 79%. After the timing correction, CRTs with full
PLUT and limited PLUT were 251 ps and 230 ps, respectively.
The limited PLUT was used and the pulse height and CRT of
individual crystals after applying the timing correction are
shown in Figure 4. There was a tendency for the pulse height
of detector #1 to be higher than that of detector #2, but this
might be due to the characteristics of the front-end module and
MPPC connected to it. Both detectors showed a trend toward
lower pulse heights for crystals at the edges, but there was no
correlation with the CRT.

Side view
fast I,_GSO 3.1 mm
'ﬂ -
3mm Reflector MPPC

Figure 1 Top and side view illustrations of the developed TOF detector (a) and
a photo of the experimental setup for uniform irradiation and coincidence measurements (b).
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Figure 2 CRT when varying trigger threshold (vth_t1) (a) and OV (b).
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Conclusion

The TOF-PET detector using 3.1-mm fast LGSO crystals was
developed, and the CRT of 230 ps was achieved by reducing
the number of ICS events. Even when ICS events were used,
the CRT of 251 ps was achieved by the time-walk correction.
Although the PETsys is cost-effective and scalable, it is a
general-purpose system. It has been reported that CRT can be
improved by optimizing the input signal [8], and we will try to
improve the CRT in the future.
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Introduction

Whole gamma imaging (WGI) is a new nuclear medicine
imaging method that combines PET and Compton imaging [1].
By inserting a scattering detector ring inside a PET detector
ring, two different imaging methods are realized in one system.
Because Compton imaging can detect a wide range of gamma-
ray energies, WGI can have an imaging capability for a variety
of radionuclides that are not appropriate for use in conventional
PET. 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 that degrades image
quality in conventional 8Zr-PET. WGI can effectively use the
single gamma ray emission via Compton imaging, which is
expected to suppress the degradation of image quality and
increase sensitivity [3].

We have developed three generations of WGI prototypes.
Last year, we designed the 4" generation WGI prototype
geometry with the aim of further improving performance. In this
report, we compared the Compton imaging performance of the
3 WGI prototype (WGI-3) and the 4" WGI prototype (WGI-4)
by Monte Carol simulation.

Simulated systems and image quality evaluation

The WGI-3 and WGI-4 were modeled by the Geant4 Monte
Carlo simulation toolkit (Figure 1). Table 1 lists the major
specifications. In the WGI-4, a scatter detector ring (8.6 cm
inner diameter; HR-GAGG crystals) with a three-layer DOI
capability was inserted into a PET detector ring (32 cm inner
diameter; LGSO crystals). The energy resolutions of the
scatterer detector and the absorber detector were set to 4.6%
at 511 keV and 13.7% at 511 keV [4], respectively. The energy
resolution of the WGI-3 was set to 10.4% at 511 keV for the
scatterer detector and 14.0% at 511 keV for the absorber
detector based on the measured values [5].
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A 8Zr-injected contrast phantom (Figure 2 (a)) and a
Derenzo-like phantom (Figure 2 (c)) were modeled and
placed in the center of the field of view (FOV) in the
simulation. The 909 keV Compton image reconstruction was
performed using the list-mode ordered subset expectation
maximization (LM-OSEM) method. Normalization was applied
using the simulated data of a cylindrical phantom.

Figures of merit which were used for image quality evaluation
were the recovery coefficient (RC) value and the spatial
resolution value. The regions shown in Figure 2 (b) were used
as the region of interest (ROI) for the calculation of RC. The
hot rod RC value and cold rod RC value (Qy; and Q. ;) were
defined by equations (1) and (2). Cy;, Cp;, and Cc; are the
average pixel values of hot, BG, and cold ROls, respectively.
ay and agp are radioactivity ratios, and they were 4 and 1,
respectively.

a) WGI-3 b) WGI-4
(a) {0} Scatterer
Front view Side view .
Scatterer HR-GAGG
====
GSO 7 crystals 1660 mm Frontview Side view 3-layer
2-layer DOI
Il Dol 2320 mm 16 crystals
rvstal 184 mm
8 crystals o o 86 fiifh
Absorber % <->f Absorber
GSO 4 crystals 105 mm LGSO
SES Y
4-ayer e Non-DOI
B 198 mm
8 crystals
Figure 1 lllustrations of the simulated geometries: WGI-3 (a) and WGI-4 (b).
Table 1 Major specifications of the simulated geometries.
31 WGI (WGI-3) 4t WGI (WGI-4)
Scintillator material GSO LGSO
Energy resolution @511 keV 14.0 % 13.7 %
Size of crystal 2.9%x29x%x75mm? 3.0 x 3.0 x 20 mm3
Absorber
) Number of crystals / detector 16 x 16 x 4 8x8x1
(PET ring) . :
Number of detectors 40 det. % 4 rings 36 det. x 6 rings
Ring inner diameter 66 cm 32cm
Axial length 21 cm 16.4 cm
Scintillator material GSO HR-GAGG
Energy resolution @511 keV 10.4 % 4.2 %
Size of crystal 2.9%x29x75mm?d 1.5x1.5x5mm?3
Scatterer Number of crystals / detector (7x7)+ (8 x8) 16 x 16 x 3
Number of detectors 10 det. % 4 rings 10 det. x 4 rings
Ring inner diameter 8.4 cm 8.6 cm
Axial length 10.4 cm 10.8 cm
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Results

Figures 3 (a) and (b) are a comparison of Compton images of
the contrast phantom obtained by adding the slices
corresponding to the axial length of the rod sources from the
reconstructed images. In the WGI-4 image, the improvement
of contrast around the hot area and the improvement of the
uniformity of the BG area could be visually recognized. Table
2 shows the RC values obtained from the images in Figure 3.
Both hot rod and cold rod RC values of the WGI-4 image were
improved, compared with those of WGI-3.

Reconstructed images of the Derenzo phantom are shown in
Figures 4 (a) and (b). By comparing the profile of the 3 mm
rods from the center to the edge (Figure 4 (c)), the spatial
resolution of the WGI-4 was considered to be slightly better
than that of the WGI-3. Moreover, the separation of the rods
became clearer throughout the entire FOV.

Conclusion

In this report, we predicted the image quality of the 4" WGI
prototype by simulation. The simulated 4" WGI prototype
showed a better Compton image quality than the 3@ WGI
prototype. In our future work, we will evaluate the image quality
using the Compton-PET hybrid reconstruction method.
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(a) WGI-3 (b) WGI-4

Figure 3 Reconstructed images of the contrast phantom: WGI-3 (a) and WGI-4 (b).

Table 2 Recovery coefficients calculated from Compton images of the contrast phantom.

WGI-3 WGI-4
Hot rod 94.8 % 99.8 %
Cold rod 86.2 % 88.5 %
(a) WGI-3 (b) WGI-4 (c)

Pixel value [a.u.]

1
5 08 | wf{,@“@%gﬁ b \N‘“ A\ '
06 “
04 k/ WGl-3 i
¢ ~o—WGl-4 '
02
¢ 0 | NN N N S N S N Y N N I -
1 5 10 15 20 25
Pixel

Figure 4 Reconstructed images of the Derenzo phantom:
WGI-3(a), WGI-4 (b) and comparison of the line profiles on the yellow lines in (a) and (b) for the 3 mm rods (c).
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The QST Future PET Development Unit has been inaugurated!
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Although research in radiation measurement physics is active
in Japan, about 90% of the PET equipment used is imported,
and Japan lags behind the rest of the world in the application
of physics to nuclear medicine. We have long thought that
physics and engineering will play a major role in solving clinical
problems. Therefore, at QST, we applied for and received a
grant from the Nakatani Foundation, and launched the Future
PET Development Unit. We carry out physics and engineering
research that is clinically useful, which we call “Bench to
Clinical (B2C)".

Current PET systems can only detect a few percent of the
radiations emitted outside the body. The approach of
increasing the solid angle by extending the detector tunnel not
only increases the cost of the device, but also further degrades
the resolution due to the angular deviation. Therefore, in
preparation for the coming era of PET for dementia
diagnostics, we have developed the most ideal brain PET
system. This is the first PET system in the world to feature a
hemispherical ~ detector arrangement. ©Compared to
conventional cylindrical PET systems, it maintains high
sensitivity with the least number of detectors and minimizes the
effects of the angular deviation. After collaboration with ATOX,
this device was successfully commercialized under the product
name “Vrain” in January 2022.

Based on this successful experience, the Future PET
Development Unit is now working to further advance medicine-
engineering collaboration and aiming to develop the next-
generation PET that can increase sensitivity in whole-body
counting. Our key idea is to combine PET with the Compton
camera method to realize the new concept of whole gamma
imaging (WGI), which makes use of all available radiations for
diagnostic imaging. (Taiga Yamaya)

ERtzBiEY

Aimed realization

Prototyping for small animals
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The Nakatani Foundation supports our activity

The Nakatani Foundation offers a wide range of subsidy
programs for the purpose of promoting technology
development and exchange in the field of medical engineering
and training of human resources. One of the programs is the
Long-term Large-scale Research Grant (up to 300 million yen
over five years), which is being implemented with the aim of
creating a basis for opening up new applied science and
nurturing young researchers who are active globally.

In 2022, the proposal by Dr. Yamaya and his group was
adopted, and the Future PET Development Unit was
established within QST in April 2022 as an innovation base for
nuclear medicine diagnosis research. QST, one of the world's
leading research institutes in the fields of radiation research for
effects on the human body and medical applications, is
involved in the development of state-of-the-art technologies;
one example was the successful commercialization of the
world's first helmet-type PET system.

This unit is centered on a laboratory in QST that has its roots
in the development of Japan's first PET device, and cooperates
with research institutes in Japan and overseas, including
Tohoku University, Chiba University, Dokkyo Medical
University and Ludwig-Maximilians-Universitat Minchen. This
unit aims to promote innovation in nuclear medicine by
replacing PET with WGI, which is QST's original concept.

Expectations are high for creating such innovative medical
technologies as the visualization of previously unseen organ
linkages and new biomarkers, at low cost and with low
radiation exposure. The unit will also contribute to the
development of young researchers who will support nuclear
medicine in the future. (Partially modified from the Nakatani
Foundation/QST press release)
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From left, Executive Director N. Matsumori™, Representative Director H. letsugu™, Senior Principal Researcher T. Yamaya™, President T.
Hirano™, Principal Researcher M. Takahashi?, Associate Professor S. Kurosawa™. (*1 Nakatani Foundation, 2 QST, " Tohoku U.)
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Introduction

It is difficult to know the exact location and extent of cancer
resection needed during an actual cancer surgery. Therefore,
making both a radical and minimally invasive resection is a
major challenge in surgery. In other words, if the extent of
resection is widened so as to prevent leaving cancer cells
behind, organ loss and functional deterioration will increase.
Therefore, research is being carried out on intraoperative
support systems based on imaging technologies. Among these
technologies, the application of PET, which can visualize even
deep cancer in three dimensions, is attracting attention, and
the usefulness of PET-guided surgery has been reported [1].

Several intraoperative PET systems have been proposed.
Three examples are: OpenPET [1], in which an elliptical
detector ring is placed at an angle to the patient; the system
with a detector panel mounted on a robotic arm [2]; and the
system using a combination of a laparoscopic detector inserted
inside the patient’s body and a detector array placed outside
the body [3]. However, none of these systems have been put
to practical use. We think this is because these methods do not
meet two requirements for an intraoperative PET system: a
sufficient open space and rapid presentation of PET images.
Massive equipment like a detector ring or a robotic arm may
interfere with the surgical process. The small size of the
laparoscopic detector reduces the sensitivity of radiation
detection, which may result in a long measurement time.

In this study, we aim at realizing a concept for intraoperative
PET imaging by scanning the surgical field with a hand-held
detector. We named this concept "Scratch-PET" in analogy to
scratch cards (Figure 1). Specifically, the system detects
coincidences of annihilation radiation between the hand-held
probe-type detector and a panel detector placed under the bed
or built into the bed. Compared to previous systems, Scratch-
PET should have advantages of a large open space, good
versatility , and easy realization of high detector sensitivity.

Here, we report on computer simulations conducted to
demonstrate feasibility of the Scratch-PET and to identify
issues for its realization.
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Method

Data acquisition by the proposed system was simulated by the
Geant4 Monte Carlo simulation code. For the movement of the
hand-held detector, an irregular trajectory was set as shown in
Figure 2, and the movement was reproduced by alternately
changing the detector position and running the simulation. For
simplicity, the detector was always kept pointing toward the
negative y-axis (i.e., vertically downward). A phantom (1 MBq
positron distribution) consisting of rods of 3, 4, 6, 8, and 10 mm
in diameter (all 5 mm in height) was used as the imaging target
(Figure 3). The phantom was positioned at the center of the
field of view, but three different datasets were obtained by
changing the phantom direction facing three different
directions. Image reconstruction was then performed using the
MLEM method.

In the simulation, 81 detectors each consisting of 16 x 16 LYSO
crystals of 1.6 x 1.6 x 15 mm?3 were used. The bed side detector
array consisted of 80 detector units (8 rows in the body axis
direction and 10 rows in the transverse body axis direction).
The two rows of detectors at both ends were tilted inward to
avoid loss of spatial resolution. The last detector was used as
the hand-held probe. 300 ps time-of-flight resolution was given.
The probe detector was set to move at a rate of 10 mm every
2 s during the 6-min measurement. In this simulation study, we
assumed the trajectory was measured accurately by an
external sensor or other means.

Motion tracking sensor

Detectors

Figure 1 Proposed “Scratch-PET” intraoperative PET system with a hand-held detector.
Trajectory of the hand-held detector
Geometry x-z plane x-y plane
Y -100 0 100 -
5 )?r;]ectory* : ~Detectorfil ximm] i
PhW 0 100
‘ x[mm]
I H00%z[mm] ) 00 0 100

Figure 2

The simulated system (left) and the hand-held detector trajectory (right).
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Figure 3 The simulated phantom.
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Results

Reconstructed images for each phantom orientation are shown
in Figure 4. Rods of 4 mm in diameter were clearly visible in
the axial and sagittal cases, and the rods of 3 mm in diameter
were clearly visible in the coronal case. However, in the axial
and sagittal cases, artifacts of distortion along the y-axis
direction were seen.

Sagittal Coronal

|

o Trajectory
fl ’

'
’

)

fa»

e
‘o 5
r N '\\

Figure 4 Simulated geometries (top) and the reconstructed images (bottom).
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Discussion

The proposed system was found to be able to clearly image
the coronal plane of the imaging target. The artifacts generated
in the axial and sagittal cases were caused by the limited
projection angle of the detectable LOR, a common issue in
PET with limited projection angles. In order to take advantage
of PET to visualize deep cancer in three dimensions, accurate
imaging in depth is essential, and this is an issue for the future.
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E R )] Conclusion

FiLFO0— 7RISR IC L BHR A A FPET > We proposed an intraoperative PET system with a hand-held
2FLAEIEE L B T 2L —a v ATt probe detector and conducted its computer simulation. We are
E SN SR B o

X . . currently developing a dedicated image reconstruction
BEGEROEGRBERT7/ILITY XL A2HAFEFTH algorithm,
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Introduction

'8F-FDG PET is widely used in diagnosing malignant tumors,
but the application of '®F-FDG PET is limited because the
clinical practice of nuclear medicine is restricted to radiation-
controlled areas in hospitals. For example, findings of a
metastatic lymph node (LN) in PET images cannot be precisely
localized in patients during surgery, therefore the findings are
not helpful in surgery. Furthermore, our previous study on LN
diagnosis showed that the diagnostic sensitivity with pre-
operative FDG-PET was only 29%, while it was 95% when we
diagnose LN using each LN radioactivity measured by a well-
type counter. Intraoperative measurement of LN radioactivity
would be able to provide diagnostic information on metastases
with high sensitivity and precise localization, which may lead
to optimization of LN resection.

We focused on the shape of the forceps, which are one of the
metal instruments used in endoscopic surgery. Mounting a
detector on each tip of the forceps gives a pair of coincidence
detectors that can measure two annihilation radiations emitted
from the FDG-accumulated region. We called this a forceps-
type PET, and we have now conducted an ex-vivo clinical study
to measure the radioactivity of LN resected by esophagectomy
of patients who underwent FDG-PET before the surgery on the
same day. Here, we report the interim results of the ex-vivo
study.

Furthermore, esophagus and adjacent LNs are resected as a
mass in esophagectomy, therefore, we also obtained the
images of the resected esophagus with CLS-PET, which is a
small portable PET system we developed (Figure 1).
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Figure 1 Photo of the CLS-PET (a) and with a forceps-type PET on the attached desk (b),
a representative FDG image of resected esophagus by CLS-PET (c), and a fusion of the FDG image and actual specimen (d).
(The stickers on the specimen in (d) indicate the lymph node number.
The solid arrows mark a primary lesion and the dashed arrows, a metastatic lymph node in (c) and (d).).

Figure 2 Forceps-type PET (a), LNs measurement with forceps-type PET used in an operating room (b,c).
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Ex-vivo study

Ten patients with esophageal cancer underwent FDG-PET and
surgery on the same day. We measured the LNs immediately
after resection in the operating room (Figure 2). The
measurement time was 30 s for each region, and the values
measured by the forceps-type PET were converted to
radioactivity (Bq) at the time of FDG (4.5 MBqg/kg) injection. A
total of 73 LNs were analyzed, including 7 pathologically
diagnosed metastatic LNs. We obtained the diagnostic ability
with the sensitivity of 86% and the specificity of 63% (Figure
3) .

The resected esophagus including primary cancer and
adjacent LNs were measured with CLS-PET. A total of 156 LNs
were identified on the images, including 13 LNs pathologically
diagnosed as metastatic LNs. Regions of interest were placed
on LNs visually identified in the images, and radioactivity of
each LN was calculated. We obtained the diagnostic ability
with the sensitivity of 85% and the specificity of 72%.

To improve the diagnostic potential, we focused on the effect
of neoadjuvant chemotherapy (NAC) as a factor affecting FDG
accumulation in LNs.
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Non-metastatic LNs

Figure 3 Plots of LNs radioactivity measured by the forceps-type PET according to pathological diagnosis.

(a) Metastatic LN (n=38)
without vs. with NAC
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(b) Non-metastatic LN (n=1035)
without vs. with NAC

*

1,800
1,600
1,400
1,200
1,000
800
600
400
200

0

FDG [Bq]

NAC- NAC+

Figure 4 Box-and-whisker plots of FDG activity in LNs from patients with neoadjuvant chemotherapy (NAC)
and those from patients without NAC. There was no statistical difference in metastatic LNs (a),
but there was a difference in non-metastatic LNs (Mann—-Whitney U test; p<0.001) (b).
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Effect of neoadjuvant chemotherapy on FDG in LNs

To improve intraoperative LN diagnostic potential using FDG,
we investigated the difference of FDG accumulation in LNs
between patients with and without NAC.

We retrospectively investigated the data obtained from our
previous study which was conducted in the University of Tokyo
Hospital from 2014 to 2016. Twenty patients with esophageal
cancer underwent FDG-PET and surgery on the same day,
including 10 patients who received NAC (average interval was
20 days between NAC and surgery). Radioactivities of a total
of 1073 LNs including 38 metastatic LNs were measured with
a well-type counter after resection, and compared between
patients with and without NAC, and then, the expected
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diagnostic potential was calculated.

Non-metastatic LNs of patients with NAC were significantly
lower in radioactivity than those of patients without NAC
(Mann-Whitney U-test, p<0.001) (Figure 4). Metastatic LNs did
not show any difference between the two patient groups
(p=0.286).

The optical threshold to diagnose metastatic LNs based on the
receiver operating characteristic curve provides the expected
diagnostic ability; the sensitivity and specificity were 96% and
83%, respectively, in patients with NAC, and they were 92%
and 83% respectively, in patients without NAC.

Conclusion

The ex-vivo study with the forceps-type PET and CLS-PET is
now being conducted. The interim results suggested that the
diagnostic potential has not been sufficient.

To improve the diagnostic potential, the effect of NAC on FDG
accumulation in LNs was investigated using the data obtained
from our previous study. As a result, we found NAC can reduce
FDG accumulation in non-metastatic LNs, potentially leading
to a lower false-positive rate.

In the future, we expect that the forceps-type PET can be used
to diagnose LNs intraoperatively before resection and for CLS-
PET to image primary cancers and LNs immediately after
resection in operating rooms. These new devices will be
helpful to identify malignant tumors during surgery.

Sodai Takyu, Ryotaro Ohashi, Taiga Yamaya (QST)

Hiroto Hayashi, Ayano Nakajima, Kazuya Kawamura (Chiba University)

Shigeki Ito (Mirai-imaging Corp.)

Kosuke Nakane, Shinichiro Shiomi, Yasuhiro Okumura, Koichi Yagi, Shuntaro Yoshimura, Susumu Aikou,
Yasuyuki Seto (University of Tokyo Hospital)

Grants AMED (JP 22hm0102078h0003)

References

S. Yoshimura, et al., “One-by-One Comparison of Lymph Nodes Between '®F-FDG Uptake and Pathological Diagnosis in
Esophageal Cancer.” Clin Nucl Med. vol. 45, pp. 741-746, 2020

M. Takahashi, et al., “A design of forceps-type coincidence radiation detector for intraoperative LN diagnosis: clinical impact
estimated from LNs data of 20 esophageal cancer patients.” Ann Nucl Med. vol. 36, pp. 285-292, 2022

1

(2]

84



PET

HFE I = PET OfgREICAII I ab—va >

Simulation study for an intraoperative forceps-type PET

KB BEAREB QST UH—F 7R &> b/FEKRFE (LLEH
Ryotaro Ohashi, QST Research Assistant / Chiba University (Yamaya-lab, M1)

EL&IC

b B

NADHARLEEICEIT2 Y v REZESHEORE
LIFEER T —<D—2TH %, o, BEENLE
BETlE, FEEBCHEEERBIC BT B ) v EEEAE
BHEL BB 2 2 &R TULE, — A IR L

72UV REIDS b, BEANROLONILDIEHTH
5% THoT-WIBE[LDHY . U/ EIZRTIC

S USBFEHEEBEIMLTENIE, EHEEBBRTE
ZAEBEMED D D, H4 1. PABBD A, F~v—h &
LT, 7 FIEELUETH 2 BF-FDG nEEE (K
gite) 12EB L7, ®F-FDG-PET & ARLAEAEAH
IZHREN YIBRY v /RET D FDG % 518 L 15 7= BT
TIiCENIE, BBY /B0 RETEERE%S 620Bq
(4.5MBqg/kg 5 3 ¥R ZBE) £ 95 &
EO47% - BHRE 18.7%DZMA B SN TWLB[2],
Z 2T, M oYIRRETIC Y BT O RETEEN EHEIT
=ML BERIMATREICA D EER FNEAREL
THHFEI = PET OREAIT-> T35,

5
ENEMIEAS

Bz

HF PET X, B 12mm @ FA v H—K
ICIRF 2B FOMmEFHICS > FL—> 3 VRS
I L. °F H o OEBREHIRE RT3, &
DIETHRR HANER T, BHER & BETHRR O R AFH
BEERRICKELLIKET 2720, ESNRETEER
EICIERSTRBEMNEORENVERAXTH D, —
WIS, BEREMBIEEmY v F L — X ERTEN
FRFETHR EICEX Y, BREzMEMETHIEESV
MUENHREEERETE2, 22 C. &Y TFL—41E
% 2X2EMCHEIL. Bond 16 BRI
Ao bézZa—Fxy b7 —2 (NN; Neural
Network) Z{E-> TIRBEMNEZHEET 5 Z & 2 KRET
L7z £ RRMUIBIBHR E Z DD RAFEBE R
Z IRk L 7 @Y R M ReEE N O /ERL S 2 TiT»
7D THRET %,

85

2022 Report on PET Imaging Physics Research

7o 25

=

B+ 1)

Introduction

Optimization of the lymph node dissection area in the surgical
treatment of cancer is an important theme. Especially in the
surgical treatment of esophageal cancer, it has been pointed
out that lymph node dissection in the neck and deep
metastasis are associated with complications. On the other
hand, there is also a report that only 5% of the resected lymph
nodes showed metastasis [1], suggesting that if the area of
dissection can be reduced through better lymph node
diagnosis, complications can be reduced. We focused on the
accumulated amount (radioactivity) of '®F-FDG, a glucose
analogue, as a biomarker of cancer metastasis. According to a
clinical study in which '®F-FDG-PET and surgical treatment
were performed on the same day and '®F-FDG in resected
lymph nodes could be measured, the radioactivity threshold of
metastatic lymph nodes was 620 Bq (assuming 3 half-lives
after administration of 4.5 MBq/kg). ), a diagnosis with a
sensitivity of 94.7% and a specificity of 78.7% was obtained
[2]. Therefore, if radioactivity in lymph nodes can be measured
before resection intraoperatively, it will be possible to diagnose
metastatic lymph nodes.

The forceps-type mini-PET is equipped with scintillation
detectors on both ends of grasping forceps that can pass
through a trocar with a diameter of 12 mm, and it detects the
annihilation photon from '"F-FDG. Since the
detection efficiency greatly depends on the geometric
arrangement relationship between the detector and the
radiation source, it is essential to specify the position of the
radiation source for a quantitative radioactivity measurement.
In general, the position of the radiation source is determined
on the LOR (line of response) connecting opposing scintillator
crystals, and the division of the crystal makes the positional
resolution achieved higher. Therefore, we divided each
scintillator crystal into a 2 x 2 array, and considered estimating
the source position using the obtained 16 pairs of coincidence
counts and a neural network (NN). In addition, we also
developed an appropriate radioactivity estimation formula that

radiation

takes into account the source positional information and

other geometric conditions.
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Materials and methods

We simulated various geometric arrangement conditions for
1000 patterns and generated data for coincidence counting
and radioactivity. A simulated 2 x 2 array detector (A, B, C, D)
and a hypothetical metastatic lymph node are shown in Figure
1. This detector outputs 16 pairs of coincidence counts (A-A',
A-B', ..., D-D') that reflect the source position. The detector as
a whole has a semispherical shape, with a semi-cylindrical
(H15 mmx@5 mm) BGO scintillator (density: 7.13 g/cmd)
whose tip is cut into a spherical shape. The energy resolution
is 14% at 511keV and the dead time is 256 ns. In addition,
metastatic lymph nodes were assumed to have an '8F volume
radiation source (radioactivity: 0-1.5 kBq) distributed in a
spherical phantom made of water. However, the size and
position of the spherical phantom and radiation source were
randomly generated. At this time, the detector pair opened and
closed around the rotation axis (10 mm radius of rotation from
the back end of the crystal to the rotational axis ) depending on
the sandwiched position and size of the spherical phantom.
The coincidence energy window was 400-600 keV, the
coincidence time window was 12 ns, and the measurement

time was 30 s.

Figure 1
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Detector and an example of metastatic lymph nodes modeled by Geant4

The NN model takes 16 normalized coincidence counts as
input and outputs the average position (X, Z) of the source. By
trial and error, the intermediate layer was set to 32 units x 3
layers, and ReLU was used as the activation function. The
optimization algorithm was RMSProp, and the loss function
was the mean squared error. Data were divided into the ratio
of 3:1, and were respectively used for model training (epochs,
200; batch size, 50) and validation.

For radioactivity estimation, a generalized linear model (GLM)
was used with source position (x, z) and detector opening
angle as explanatory variables. The assumed GLM formula
was log (total number of decays) = source position coordinate
+ detector opening angle + log (coincidence count). The total
decay number, which essentially means the radioactivity value,
was assumed to follow a Poisson distribution, and the link
function for linearization was specified as a log function.
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Regression coefficients were determined to fit the data used
for training the NN model.

Results and discussion

Figure 2 shows the true value of the source position and the
estimated value obtained by the NN model. In particular, when
the absolute amount of coincidence counts is small, such as
near the edge of the detector, the accuracy tends to be low.
However, the coefficient of determination R? is 0.9 or more for
both the x and z position values, and the RMSE (root mean
squared error) is also within 1 mm, so the model fits the data
well.

(b)

10

RMSE: 0.94

5
!

0
I

True ‘2’ value [mm]

@%%ﬁ

o g

R2:0.950

4 2 0 2 4 6 8 10
Predicted ‘2’ value [mm)]

Accuracy of source position predicted by the NN model: x position (a) and z position (b).

The calculated RMSE (root-mean-square error) and R? are also shown.
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Figure 3 Simulation results: relationship between activity and coincidence counts (a) and
relationships between detection efficiency and three geometrical parameters (b) to (d).
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Figure 3(a) shows the obtained coincidence counts for the
measured radioactivity. If
correspondence

there is one-to-one
coincidence  counts  and
radioactivity, quantitative estimation of radioactivity cannot be
realized. According to the simulation, the factors that cause the
radiation detection efficiency to vary are the x position values
and z position values of the radiation source shown in Figures
3(b) and (c), respectively and the opening angle of the detector
(d). We performed Poisson regression in GLM on the three
geometric parameters obtained and the radiation detection

no
between
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vEEBAEETL, ETIIEZBEEI LA X efficiency (coincidence count/total decay count). Then,
[=])F 1 . (= NEAN
ZEREICI L TIE 2 F|IC, BEAEIINLTIZLE significantly strong effects were detected for the x and Z
I ERER p<0.01 THEICERVHEARE X positions to the second power and for the opening angle to the
~ TN b . TN V=

. . . first power with a significance probability of p<0.01. The

A . \ | 2

Teo fERLLISUBLIT OB Y TH 2, developed formula is as follows.
log(decay) = 4.81 + 25.32x2 + 26.00z2 + 18.18z + 0.087angle + log(prompt) + error

Figure 4 (a)IZBIE L7-EDEIREE GLM [T & - Figure 4 (a) shows the measured true radioactivity and the
<EEINIHREBEICOWTRLTWS, F/-. GLM-estimated radioactivity. Figure 4 (b) shows the error
Figure 4 (D) IZZ N O EE L HETEDREABE DR  between the GLM-estimated activity and the true radioactivity,
BTBECE| 5 T 1kBq H 7= 1Y) B LE-LDTH D, which are converted into the value per 1 kBq. The average
BREDFEHEIXOfHEE Y, AiEE (ZER value of the error was around 0, and the relative error (standard

deviation) was 42% (0.42 kBq) against the true value.
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Figure 4 Radioactivity estimation: relationship between the true activity and the estimated activity obtained by the GLM (a),
and the error between the true activity and the estimated activity by GLM (b).

F&o Conclusion

Il —vavitkyY, UFL—XEEE%E 2 Weconverted 16 pairs of coincidence counts from a 2 x 2 array
x2 W& L. Boni- 16 HORBETEAH Y~ | & detector to radiation source positions using an NN model, and
NN EFILAAVWCEBMNBAHMTT 25 54K we tried to improve the estimation of radioactivity by using the
L7e $7-. BEMEBECBEAEERETHE TS GLM with the estimated position and opening angle as
GLM % L. 18515232 40%I2RE O MgThE e A explanatory variables. We will continue to develop new
RMTEBLZEDNTREINT, 5B T LIRRAE
HEE P E X DR ZIT 5,

radiation source position estimation methods and radioactivity

estimation formulas.
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Progress on the development of a PET insert

for a 7T whole-body MRI system
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Introduction

At ultra-high magnetic field (UHF) range (e.g., 7 Tesla), MRI
enables sub-mm anatomic resolution. As a result, high
resolution MR spectroscopy (MRS) and functional MRI (fMRI)
become feasible for a wide range of applications [1]. Positron
emission tomography (PET) imaging enables identification of
metabolic changes in diseased cells. The combination of these
two imaging modalities (e.g., PET/MRI imaging systems) has
become increasingly advantageous, especially in the field of
oncology [2]. In addition, the interest for MRS (‘X-nuclei’, like
sodium-23 (?®Na) or phosphorous-31 (3'P)) for use with
conventional 'H proton imaging as a potential molecular
marker, is also increasing [3]. To progress to that end, we have
started [4] a pilot PET insert development project for a 7T MRI
system in collaboration with National Institutes for
Physiological Science (NIPS), in Aichi, Japan. Under this
project, we have developed [5] a microstrip (MS) PET coil by
integrating an RF shielded PET detector module with an MS
transmission-line radiofrequency (RF) coil. In this study, we
have performed an agar gel phantom experiment using this MS

PET coil.

£ 7

SIEMENS.

3T MRI sys m

L
-

7
Ground conductor

Microstrip conductor

(b) A conventional microstrip (MS) coil

RF shield box as ground conductor

-

=
Microstrip conductor

(a) A human brain-size PET insert
inside a 3T MRI system at QST.

(c) A microstrip coil for a 7T MRI system that
integrates a PET detector module (an MS PET coil).

(d) Conceptual diagram of a multi-channel MS
PET coil for a 7T MRI system.

Figure 1 Concept of a PET insert for an MRI system.
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PET detector

(b) PET detector inside the shield box

Figure 2 Photographs of a microstrip transmission-line RF coil (a) that integrates an RF shielded PET detector module (b).
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Methods and Materials

Figure 1 illustrates conceptual diagrams of a PET insert for an
MRI system. PET detectors are integrated with an RF coil to
be used as an insert for loco-regional PET/MRI imaging with

an existing MRI system.

In this study, an MRI compatible PET detector module was
developed by mounting a PET detector including the front-end
electronics inside a copper shielded RF shield box. The MS
PET coil was designed by implementing the RF shield box of
the PET detector module as the electric ground conductor of
the coil. It is then combined with a microstrip conductor by
using two shunt capacitors, which are used to tune the RF coil
at the resonance frequency of the 7T MRI system of 297.22
MHz. Figure 2 shows photos of the MS PET coil and the PET
detector and its front-end electronics inside an RF shield box.

We mounted a four-layer scintillator array (14 x 14 x 4-layer
LFS crystal block; crystal size, 1.9 x 1.9 x 4 mm?3) with an 8 x 8
SiPM array (Hamamatsu Photonics, K.K.) inside a 35 um thick
copper shield box. Cables from the front-end electronics were
also RF shielded. Experiments were conducted in a whole-
body 7T MRI system (Siemens MAGNETOM). In this study, we
did not implement any noise reduction filter with the PET
detector. The PET measurement system (consisting of the
(DAQ)

measurement PC) was positioned at the back-end MRI

data acquisition system, power sources and
console area outside the MRI machine room. PET cables from
the MS PET coil were taken out through the waveguide

installed in the wall of the MRI machine room.
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We performed an agar gel phantom study of a single-channel
MS PET coil. The agar gel phantom had a dimension of 15 cm
x 8 cm x 5 cm. Gradient echo (GRE) and turbo spin echo (TSE)
images were taken for both the PET measurement system
power ON and OFF conditions. The GRE sequence
parameters were as follows: slice thickness = 10 mm, slices =
7, TR =500 ms, TE = 5.5 ms, flip angle = 30 deg, image matrix
=192x 192, and FOV =192 mm x 192 mm. The TSE sequence
parameters were as follows: slice thickness = 10 mm, slices =
7, TR =1000 ms, TE = 8.8 ms, flip angle = 120 deg, echo train
= 6, image matrix = 256 x 256, and FOV =192 mm x 192 mm.
Signal-to-noise ratio (SNR) was calculated for the average
signal of the dotted rectangular region shown in Figure 3 and
the noise was calculated from the average of the noise of four

different regions in the background.

Results

The central slice images for the GRE and TSE sequences for
both the PET OFF and ON conditions are given in Figure 3.
The SNR of the GRE image for the PET ON condition was
reduced about 40% compared to that for the PET OFF
condition, whereas it was reduced about 37% for the TSE
image. As noted earlier, we did not implement any noise filter
for the PET detector. A major source of noise could be due to
this condition.

PET power ON

SNR: 239.6

-

SNR: 101.8

Figure 3 Gradient echo (GRE) and turbo spin echo (TSE) images for the agar gel phantom for the central transverse slice.

SNR was calculated for the rectangular region marked in the top left figure.
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Conclusion

We have performed an agar gel phantom study of a PET
detector integrated microstrip RF coil with a whole-body 7T
MRI system. For both GRE and TSE MRI sequences, there
was a reduction in the SNR values of the phantom images. In
the future, we plan to implement a noise filter to reduce the
noise contamination generated from the PET measurement
system. We will also extend this development to a multi-
channel MS PET caoil insert targeted for use in human brain
PET/MRI imaging.
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Imaging performance of add-on PET prototype

In recent years, various PET/MRI systems have been
developed and commercialized due to their usefulness. To
spread the PET/MRI technology, we are working to realize a
new concept PET system which can be installed to existing
MRI scanners. Presently, we are developing a PET insert
system called add-on PET [1][2]. The add-on PET is a brain-
dedicated PET/MRI system based on the 4-layer depth-of-
interaction (DOI) detectors [3] which are integrated with a
birdcage RF-coil (Figures 1 and 2) [1]. The front-end circuits
are shielded to minimize RF noises from the MRI and influence
of noise from the PET detectors on MRI imaging. If the
shielding material is inside the RF coils, the RF pulse is
blocked by the shielding material and then complete images
cannot be obtained. Therefore, each RF coil element is inside
the shielding boxes. On the other hand, scintillator arrays do
not interfere with the RF pulses and the coil elements are
inserted between the scintillator blocks. As a result, the
scintillators can be located at closer positions than those of
other PET inserts which separated from MRI coils.

The add-on PET has some advantages. The implementation
cost can be reduced because it can be added onto existing
MRI systems which users already have. In addition, the small
PET ring can increase the scanner sensitivity. The four-layer
DOI detector can reduce the degradation of the spatial
resolution due to the parallax error in peripheral regions of the
field-of-view (FOV). Therefore, the proposed system can
achieve high scanner sensitivity, while keeping uniformity of
the spatial resolution.

Previously, we reported the mutual influence between the PET
detectors and the RF-coil of 3T MRI in our add-on PET
prototype [1]. We showed that influences of MRl measurement
on PET images were negligible. In this report, we show
evaluation results of imaging performance of the add-on PET
prototype as a PET scanner.

Our add-on PET prototype consisted of a birdcage head coil
and 24 PET detector units with two PET detectors. Each PET
detector consisted of a 14 x 14 x 4-layer array of lutetium fine
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Figure 1 Photos of the add-on PET prototype.

Figure 3 Reconstructed image of Derenzo phantom

silicate (LFS) crystals (1.9 mm x 1.9 mm x 4.0 mm), an 8 x 8
multi-pixel photon counter module (MPPC module, 11206-
0808FC(X)) including a readout circuit board which contained
an ASIC functioning as amplifiers and the temperature control
system. The shielding box was made of carbon fiber material.
The ring diameter of the PET was 27.5 cm and the axial FOV
was 6.0 cm. The RF coil was dedicated to a 3T MRI system
(MAGNETOM Verio, Siemens). There were eight RF-coil
elements and the 24 PET detector units were mounted on gaps
between the RF-coil elements.

We measured a Derenzo phantom (rod phantom) and a
Hoffman phantom (brain phantom) in the experiment. Figure 3
shows a reconstructed image of the Derenzo phantom
obtained using the OSEM algorithm. Measurement time was
30 min. The number of subsets and iterations were 8 and 10.
In Figure 3, the 1.7 mm spots are clearly separated although
the 1.0 mm spot could not be observed. From these results,
we concluded that 1.7 mm spatial resolution was achieved by
using OSEM reconstruction. Figure 4 shows central slice
images of the Hoffman phantom reconstructed by the OSEM
algorithm. The same reconstruction parameters were used as
for the Derenzo phantom images. The phantom was filled with
FDG solution (12.5 MBq). Measurement time was 30 min. We
obtained brain images in the central slices of the axial FOV.

In the future, we plan to evaluate brain imaging by

simultaneous measurements of the add-on PET and the 3T
MRI in clinical studies.
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Figure 2 Schematic illustration of the add-on PET prototype.
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Figure 4 Reconstructed images of Hoffman phantom
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Micro Rl imaging system using micro scintillation fiber

Single cell imaging is required to elucidate the properties and
mechanisms of such cells as iPS cells in regenerative
medicine. One method for this purpose is fluorescence
microscopy, but the tracers used have large molecular weights
and may not directly confirm cellular uptake. On the other hand
nuclear medicine imaging techniques can use tracers with
similar composition to the target biomolecules. However, PET
and SPECT scanners cannot achieve cell level spatial
resolutions. Autoradiography with an imaging plate is typically
used for high-resolution nuclear medicine imaging. However, it
cannot obtain dynamic images.

In order to realize dynamic micro RI imaging, we are
developing imaging systems based on our knowledge and
expertise acquired in the add-on PET development, especially
with respect to the scintillation detectors. Previously, we
developed a prototype system using scintillators with a CMOS
camera which detected the scintillation photons generated by
interactions of B-rays with scintillators [4] as shown Figure 5.
In this system and previous studies by other groups [5,6], thin
scintillators were used to detect generated scintillation
photons. Therefore, the scintillation photons generated in the
scintillators spread in the scintillators as shown in Figure 6(a)
and imaging performance will be degraded theoretically. In
order to suppress the performance degradation, we are
developing a new dynamic micro Rl imaging system using
micro scintillation fibers. The micro scintillation fibers consist of
a number of scintillation fibers thinner than 100 ym. As shown
in Figure 6(b), the generated scintillation photons can reach
the bottom of the fiber just below the interaction point. As a
result, the imaging resolution is improved.

A photo and microscope image of a micro scintillation fiber are
shown in Figure 7. Core material of the scintillation fiber was
Csl. The diameter of each fiber was smaller than 50 ym. The
overall diameter of the micro scintillation fiber was ~1.2 mm. In
imaging with the proposed system, (-rays emitted from the
observation object entered the micro scintillation fiber as
shown in Figure 5 and 6. Then the scintillation photons passing
through the micro scintillation fiber were condensed by the
imaging lenses and finally detected with the sCMOS camera
(ORCA-Flash4.0V2 C11440-22CU, Hamamatsu). The imaging
lenses consisted of a high speed lens (1-22130, NAVITOR), a
conversion lens (TPC-EX1.5C, Tokyo Parts Center) and
extender rings (YS-0010 and 0020, NAVITOR).

In the experiment, a slide chamber with a 7.5 pm thick
polyimide cover was filled with FDG and placed on the micro
scintillation fiber. Imaging resolution of the sCMOS camera
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Figure 5 Schematic illustration of scintillation detectors
with imaging sensor.

Figure 7 Photo (a) and microscope image (b) of
the micro scintillation fiber.
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was adjusted to 4.5 ym x 4.5 uym / pixel. Measurement time for
one image was 100 s. Figure 8(a) shows an optical image
obtained in room light without light shielding. The shape of the
micro scintillation fiber with similar structure to the microscope
image shown in Figure 7(b) was observed. Figure 8(b) show
an example of the scintillation image obtained by B+-ray
irradiation of '8F. We could observe only the scintillator region
and we recognized structures smaller than 50 ym. Some white
points outside the scintillator region were caused by direct
interaction of annihilation radiation from the FDG solution and
the imaging sensor of the camera.

In the experiment, we could get images with the prototype
system using the micro scintillation fiber for micro RI imaging.
As the next step we will evaluate resolution of the imaging. In
addition, we will optimize the system configuration for
evaluation of single cells.
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of the micro scintillation fiber.
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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
DOl layers. A sensitivity of about 0.52 4.3 % was obtained at
the center of the FOV, and the sensitivity increased to about
0.55 4-5 % on moving to the edge of the FOV. The 4" WGI
sensitivity was about 1.37 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 4.0 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 3.7
4.0 degrees at the center, and deteriorated to about 5.4 5.7

degrees at the edge.
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Figure 3 Simulation results: the Compton imaging sensitivity (a) and the ARM (b).
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2022/7/7) (G FAEF5 sl E = H)
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FREZEEL, @G3R+, /AW, Han Gyu Kang, FARIK, JIFFIt, 807302, WA R, IWERE, "ilihY

ANEIZE DT ORI = PET OB : BN ORIE(L," 5 62 [l A AESERFINRS M2VIIC3, 2022.
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A102-8,2022/9/22, HALKZF)
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[4]
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Han Gyu Kang, "High performance small animal PET systems," X tt:{% PET #ff4t4> 2022, 2022/1/29. (QST T-HE+4
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AL "= T N B AT HEREREM (QST A3k Z &) " WithfR PET WFst4s 2022, 2022/1/29. (QST F2+4 17
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HAAIR, "Q-PET #f%E (HME 7 7 v R/BERE 7 7 R) " WA PET Bt 2022, 2022/1/29. (QST THE+

FTA V)

IWARFE, “HKkOPETEEAAID!,” ARk PET AliEMFF 1= ] ¥ v 27 A7 Bench to Clinical >R

2, 2022/5/29. (QST FHa+A4 > T 1 V)

i, BARIR, B, BEE, 8PS0, ILAFRE, "Whole Gamma Imaging 4 S /EfO T I = L—

a VEkER" K3k PET AliERFSE—~= > [ | % v 7 47 Benchto Clinical 3> R A, 2022/5/29. (QST T2, poster)

Miho Kiyokawa, Han Gyu Kang, Taiga Yamaya, "Fast-LGSO % F\ 7= TOF-PET #& tHi#s O FEMEMF ST - Tracking the Same

Fast-LGSO Crystals by Changing Surface Treatments," 3¢ PET Ali&fff5t—~ =+ k] % v 7 47 Bench to Clinical
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A. Mohammadi, H. Tashima, S. Takyu, G. Akamatsu, Y. Iwao, H. G. Kang, F. Nishikido, E. Yoshida, T. Yamaya, "Range
verification of radioactive ion beams using OpenPET," 3k PET AliEMf%E= = k| % v 7 74 7 Bench to Clinical
VIRT T A, 2022/5/29. (QST T3, poster)
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— KT R4 PET OBH¥E," K# PET AliEWFsE2=> | % v 27 47 Bench to Clinical ¥ > 7RI 7 A,
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BEREE, " =B VR Xy U T L— g o L AREAE PET (RENHIETFIEOBSE," Ak PET AlEHE~L= v
1 % w7 747 Bench to Clinical ¥ > 787 A, 2022/5/29. (QST T3, poster)
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2022/8/27. (online)

875 52, "PET sk DRI QST THEHX AL T A L RFY T —1 " & 17 BN A ERA A—2 0 THSE
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AR, HEDER, FHARIK, IHAFEZE, AR, WEHEE, BRET, BIF @K, WP, SHIEE, &
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FH AT, Akram Mohammadi, 57558, FrEEA, BT, Bk, IWARE, "R R e — AR L0 &
WTHAET 2 BE U O S MR ENREAFAT," 25 12 IR EFEHGMATAT 7842, 2022/11/26. (oral, HARZE
FRBEFH TR 6 MRS E 2 H)

AR =4, RFEFYE, KRG, HEEY, IWAIRE, "Deep image prior ZF|H L7 PET E{& A% D 3 IRILHE
2L 5 12 BIZIE S GAENTIT /4, 2022/11/26. (oral)

Han Gyu Kang, “Ultrahigh resolution PET scanner for mouse brain imaging”, Research workshop on nuclear medicine
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1.6 ¥5F Patents (3)
- B8 Application (3)

(1]

(2]

(3]

EBME, MBI, WARA, “HEOBITE, FEAEERE . BRAE T 0 ST A B X ORLEILR,”  HFE
2022-005333, 2022/1/17 HFE. (Q20234JP)

IR TR, KAGERES, mfEsefn T, GHHRERT, “BURBRGHIZER . UGG E, BUORBEHT 2 7 F AL K
PIRERRR B 715 B ONE—IRp B RRER AR, ReliE 2022-097493, 2022/6/16 HIFA. (Q20258]P)

HHIGR, IWERYE, “C T L—2 7T LA BB HEE R OB A e iRg 25, FefE 2022-187745,
2022/11/24 HifE. (Q20274IP)

- &4§% Registered (0)
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2.1 MRS EDORME Hosted workshops (2)

(1]
(2]

[V HAR PET WFZE4S 2022 % 48, 2022/1/29 (QST T+ A2 T A ) (BIME G 200 4).
(k3 PET AliEMFse2 = h] ¥ v 7 4 7 Bench to Clinical 2> 7R 7 A Z 1A, 2022/5/29 (QST THa+A4
TA ) (BINE B 63 4 (5B QST A 37 L )y+A v T4 2 86 4).

2.2 =+ —FfE Hosted seminars (0)

2.3 #REZEHAR Annual report publishing (1)

(1]

IR W, “WHER PET #AFZEaf a5 & 2021,”  QST-R-22, 2022/1/29.
https://www.nirs.qgst.go.jp/usr/medical-imaging/ja/study/pdf/QST R _22.pdf

2.4 #35% Review articles (6)
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(2]

(3]

(4]

(5]

(6]

2.5

DHERAKE, BB, TRE, MMk, LARE, SEET, "EEFOWMT) &7 72 &E," Isotope News, 2022
1 A%, $3% No. 6, pp. 2-12, 2022.

WA B, 7302, OO, AR, & BIKE, SiiEmT, "~/ FE—# /L PET : SUK & BE," Medical
Imaging Technology, Vol., 40, No. 1, pp. 3-8, 2022.

Hideaki Tashima, Taiga Yamaya, "Compton imaging for medical applications," Radiol. Phys. Technol., 15 (3), pp. 187-205,
2022.

Hideo Murayama, Taiga Yamaya, “Eiichi Tanaka, Ph.D. (1927-2021): pioneer of the gamma camera and PET in nuclear
medicine physics,” Radiol. Phys. Technol. on-line first, 2022. https://doi.org/10.1007/s12194-022-00693-z

HAAIR, “IEEENSSMIC 2021 filk (/N—F v LBAE) FIGEL,”  Isotope News, 2022 4 4 H %, No. 780, pp. 38-
39, 2022.

EREERF, “% 61 B A AR EZAEHTHE FIZRGE,”  Isotope News, 2022 4F 4 H 5+, No. 780, pp. 40-41, 2022.

EE - BE Lectures (24)

s D URTHLZEIZE T A1BF5#E Invited talks at symposium (17)

(1]

IR, "R AR 22 T X C OB R A B WNICEIL T D [ <A A=V 7(WGD)) ~DZEH" K~

R N A e TR B i B [ 5 3 48 2 52 5GRRE, 2022/2/26.

Taiga Yamaya, "Add-on PET: a future technology to upgrade existing MRI to PET/MRL," The 81st Annual Meeting of the

Japan Radiological Society Collection of Abstracts, S96, 2022. (£ 81 [ A REZMEHFSRE, VU RT T L S,

RSYS8-2, invited oral, 2022/4/16)

Taiga Yamaya, "Messages to young generation researchers in nuclear medicine / % %253 B2 351 B 45 FFEE ~D

HIFE,” [EEWER, 5 42 3%, Sup. 1, p. 35,2022, (55 123 [0l H ARE Y FRFAEMT RS, ISMP Special Session, PSL3-

5, invited oral, 2022/4/17)

Go Akamatsu, “RZEZEDE T A~ MRS D 2 L, ERWEL, 5 42 &, Sup. 1, p. 35, 2022. (5 123 [A]

A AR M B 2R 2 224 K 22, TSMP Special Session, PSL3-6, invited oral, 2022/4/17)

IR, "I AR B A PET OBARS," 26 61 Bl F3EBZE ¥4t 43, 2022/6/18 (online).

WARE, “THT IT7IHORM PET HEEPRIEOEMALIERR,” 5 25 MIKEFIRIRE RS, 2022/6/23.

(online)

IR, "HRFI D~ A > MU PET #&E Vrain OB, B4 FEH 117 Fx v MFSES, 2022/6/25. (A

WA NR T et o 7 —)

Taiga Yamaya, “PET Imaging Innovations,” Key Talk in 4th Jagiellonian Symposium on Advances in Particle Physics and

Medicine, 2022/7/13. (Jagiellonian University, Krakow, invited oral)

HE%EA, "PET OMBERAEZEB 2D | WGl 2T v A A=Y 7" PET ~—1t I 5 —2022 in F/¥,

2022/7/29. (invited oral)

JRFAM, "PET BRI DR A > K" PET ¥~—=%& I F—2022 in HJFF, 2022/7/30. (invited oral)

EEERF, “BEFOBUR LR BEENR O TRAEDAE L B AR 4 5RO R e A EE

1&43, 2022/9/30. (invited oral)

AR, “FITES O Zhh b BFEE OB & P2 OB, RALRFESBERIEFTAR Y R T

L T2 b OFTEREE A D], 2022/10/6. (RALKR)

IR RE, “BAREDGED | RO LERBIEHL PET VRAIN O3 XTC,” 5 50 [B] B AR R AR 1
& S FarbIF—14,20221009. (FE 7 7 v a vk Z—)

IWARRE, “WHWT v 77— b PET HEBRBE ORI, AMEEN BRI BRI 7CR B R

D ABIRE BT DR ste BN 4 MRS 2 [IFSESR, 2022/10/21. (AP HEU\E D)

AR, "B CTHRARME A A— 75 ~PET %X X% 2 FHEN & Rk TR~ [EFE RS Ry

BUFATFRE, 2022/12/8. (/N7 o ARIRT F v 7 AR —)L)

Z
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IWARYE, “FEE=—XUE2 DV Y a—rar&id? ~EREPNSEOEF~, FH 4 FRES g — v
MICE 7 #— 7 A, 2022/12/13. (/337 ¢ afifile ) —R)

HAAIKR, “&F PET: RY hr=v LFmOZIEFIG,” SMART (Scintillator for Medical, Astro-particle and
environmental Radiation Technologies), 2022/12/19. (invited, oral, 7 & K5%)

- 5% Educational lectures (7)

(1]
(2]

(3]

(4]
(5]
(6]
[7]

ILARZR, “Future PET instrumentation,” JUMNRFERFFEET RPN 70 T-HEREEIE L F5f, 2022/1/31. (online)
IR, ARERRI, 857302, mifE3EFT-, Han Gyu Kang, HARIR, SHIEE, HEBRY, HERHY, A5ET,
 BIKE, SN TE, Akram Mohammadi, fFEEEEE,  “HUSRRIEE 77, TIRERFRTFEBEH#ES, 2022 4L AT 5
A WE 16:10-17:40.

Taiga Yamaya, "Development of PET scanners for molecular imaging research," HAL K% /1A A — v 7,
2022/7/1. (online)

A ZRE, “Future PET instrumentation,”  JUMN RFRFFEEFRFIN 70 FHEREE B F5m, 2022/12/12. (online)
SR, EREL e — X, 2022/8/4.

Hideaki Tashima, “OpenPET enabling PET imaging during treatment,” UOW i, 2022/11/28. (QST F1E)

Han Gyu Kang, “Half millimeter resolution PET imaging”, Eulji University, Seongnam-si, 2022/12/26.

2.6 EZ Book chapters (0)

27 TLR - [EWYIBE, Public relations activities (24)

(1]

(2]

[16]

[17]

TGO~V A M PET el 2 RS L — /N - mtERe 2 B, MOMER b > L HIFIZ—," QST 'L & Y
U —x,2022/1/18.

https://www.qst.go.jp/site/press/20220118.html

“ [EHEREEH PET 258 (80504 : Vrain) OSEMFERE] & BRI FEANF/CHEE L 7 & v 7 A DILF THfE
L& L7z, Bkt b~ 7 2 HP, 2022/1/18.

https://www.atox.co.jp/news/20220118/index.html

CERBFET by 7 AN, BEEMAL 2 By LI RO~ A Y MUPET [Vrain) %K, (7 —EY
= 7, 2022/1/20.

https://www.innervision.co.jp/report/usual/20220207

“~ LA NEIPET 35, QST 72 EABR%E,” v 3 v K~JL A, 2022/1/20.
https://project.nikkeibp.co.jp/behealth/atcl/news/domestic/00136/

CEBITLT by s A, WRPIO A~ Ay MU PET 3%iE 2 Bk — /M - SR A FE 8, HMORAEDN b - & HITIT
- A =BT a ), 2022/1/18.

https://www.innervision.co.jp/report/usual/20220207

PHESRAI D~V A N PET #4E & A b~/ - SRR A B, IMOREN b - & FiTic~" Tii £mEle,
2022/1/18.

https://medibio.tiisys.com/93239/

VTRV R SCBR RS - 7 by 7 R MR D~V A NEPET L& A L, A TETER web b E Y
7 A, 2022/1/19.

https://www.newmed.co.jp/gakkai/8722

PRI L T Ry 7 A B O~V A N PET B A BRZE,” JFF ) PSR web, 2022/1/21.
https://www.jaif.or.jp/journal/japan/11453 html

“HHERREFH D"~ L A M PET" 034835, BfR AT 4 1)V, 2022/1/28.
https://medical.nikkeibp.co.jp/leat/mem/pub/report/t293/202201/573694.html

Vrain 8] 22 B

https://twitter.com/QST QLMSD/status/1488428758935949312?s=20&t=9jWz65WFVIfT8BMrMv0J2w

“EEo 7o R EMRAEAEE, /LA Y MUOBEEA PET % & & #£72,” MONOist, 2022/2/2.
https://monoist.itmedia.co.jp/mn/articles/2202/02/news039.html

“QST NFBAMEZWI N v 7r — V&gl Bk A A7 7, 2022/2/9.
https://bio.nikkeibp.co.jp/atcl/column/16/052000031/020400077/

“EHER S O Wi WrE . BT pEh,” 8 H BT, 13 A, 20 1, 2022/2/10.

WBZRE, “FIUHAREZR T X T OB Z BEZWNZILTD (BT~ A A= 7] ~DOERE” hRE
TR R B ] X 7B A BT e B e g R IR JE B A 2R FREE = L, 2022/2/16.

“B 4 BIRMIRBTZEBR O EFENRE L, CEIREITWVE L7, NIEMENEN PR E LEHAEAR B
[, 2022/2/16.

https://www.nakatani-foundation.jp/news/long_press/

A TEHAEAIR [ & 0 RIRBIFZEIh A2 B 2 SAVE L7, BRI Edinir Je B Js i, 2022/2/21.
https://www.qst.go.jp/site/qms/news220221.html

“rpE TR NMEARR B A58 4 IR WIRBIFZE B sl s &R AT Ze B JE B 2 504R TRk PET AIERT

105



PET 2022 Report on PET Imaging Physics Research

Jer=w b (KFR) ] ZFRLL [&F v ~A A—T 07 ERAMRICEY #Ee,” innavinet, 2022/2/18.
https://www.innervision.co.jp/report/usual/20220401

“QST IZEEFZW O = > b PRELFHHMEIBI A TR, BHFHR, 2022/2/25.

EOFTEERT 7 /vy — BRICh 5D~V Ay MEPET %&E,”  AFIS V4 1,2022/3/24.

CGHICMED [~ Ay MNEPET 2E) @BEEOZW CHIffasnD,” BRI & A~V ATT,2022/3/24.
https://hc.nikkan-gendai.com/articles/277411/print

“o LAy NPET OENIRGEDBALE,” QST NEWS LETTER, p. 11, 2022/4.

AR, “BFRFHEM T < 2 RK BAEDOE RMZM ~1 A > MY PET BiZ WMEBRADY) Y FLIZ,”
A T30 £E 137 21 i, 2022/10/20.

FREERT, “BETRPEHT T o< 2K EAEOB BN PET ClMHEEE IR L SEAEREZE DR Z &~
Fp,7 BT LR 2E 13 K 23 1, 2022/12/1.

Vrain 2% 2022 SNMMI Highlights Lecture: Neuroscience (& CHAJT 41 %. (Julie Price, THE JOURNAL OF NUCLEAR
MEDICINE, Vol. 63, No. 11, November 2022, 16N)

2.8 HE% & Exhibition (2)

(1]
(2]

~JL A b PET SR SCRME IR, 2022/7/21 - 8/31.
QST T-HEH X —fABHIZ THIZE=RAB, 2022/10/23.

2.9 ZMOhIREZE Other reports (5)

(1]

(2]

WA ZREE, &)1%, SiH=E, SF5%4E, MAAIK, Han Gyu Kang, $87 3052, HEZEEA, "B & © )L X — 45 ke
VrFL—F ORI EKEF OIS AT 2 R FAL RS R MBI ST T ST 3 [ SR A, B52-BSS,
2021.

LA 788, Akram Mohammadia, Han Gyu Kang, H/ARIXK, ST, 8730, HkRE—, HEEH, 2=, B
W, & HIE, TER, "B TR A A — 0 7 D720 OpenPET % (& BHZE (2B A 0758 (20H285) "
2021 AR B R ER AR R8RS AT R E S L AR R SE RS 2, pp. 123-124, 2022.

FARIR, FAARGE—BR, WA EE, 87 30Z, Akram Mohammadi, Han Gyu Kang, H &%, SEEFT, FVEAR
Xk, PHESE, IWARE," &1 PET) ICXDEKRNT Y —F U NVERICET 250 (21H457) ," 2021 4 5
FIERFHFIEET ERL TR ARS8 % L AR A JE 5 5, pp. 202-203, 2022.

SR SCEE, EHYEE, X ORKE, MAAIK, Han Gyu Kang, 1A ZRE, A HS B &-8K 2 U 7o R TR e
DOB%E (19H405) " 2021 48 7 1R AAFFEHT R T-HR DY A TR 25 8 2 2L [RIRI FRAFF 203 35, pp. 154-155, 2022.
A2, BREA, AR, HEEE, (LARE, “LMMLEM E{EE#EL 7 07T LK% PET Hi{g R
IS5 5D GPUAL” , A 3 R —/R—a L B a—# 2 AT L(HPE SGIS600)F [ IC & 2 WF2epk s 4k,
pp. 65-66, 2022.

2.10 BS54 R kXN Foreign guest scientists (2)

(1]
2]

2022/8/8 Prof. Kuangyu Shi (University of Bern)
2022/12/15 Simon Cherry, Sun Il Kwon (UC Davis), Ryosuke Ota (Hamamatsu Photonics)

2.11 RZxtit Lab tours for visitors (24)

1]
2]
3
4]
5]
6]
7

[

—

[
[
[
[
[
[
[
[
(9]
[
[
[
[
[
[
[

2022/1/5 KPR EF@2(SSH) + KIJFN GLHS #4428 Z /L (22 4)

2022/1/6 SCHRYEE FERR R SRR IMNZEHER GF34)

2022/1/27 RN 3 R R R A AR

2022/3/10 SCERELEE WFICIRELE LR - URURSTER mAFsuEE s SRR MR AR GHT4)
2022/4/19 EEFZ QST #l=H, g ARIEM: QST #iF

2022/5/9 SCEREMEE WFICIRELE LA - FURIRSTER B AFRHEE R AR RS T GH54)
2022/5/19 FURRFZRFEGER A USRI Bh L e S iE R

2022/5/23 SCHRHFE FERBEURE MESIRERGE 3 £)

2022/6/2 %119 Bl CE iR

2022/6/23 NMBRCE > 2 —HERR (B4 4)

2022/7/4 SCHRHFA BERHEAN - SINEOR R ATZEB s BERE BT rseiiitt s SR AIFERGH24)
2022/7/29 SHEHbtH R BRI, B RHSEE R, Bk GH44)

2022/8/5 W2 REER 1 FE4 GE 10 4)

2022/8/22 S ERAHE (B 20 4)

2022/8/22 THERATER

2022/8/24 HREFFITRE
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[17]  2022/8/25
[18] 2022/8/26
[19]  2022/9/6
[20]  2022/9/16
[21] 2022/9/21
[22]  2022/10/11
[23] 2022/10/28
[24] 2022/12/9
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BRAFE [TERAKROBRFZEER T 2 7T b GG OME & EFF A ] gk A7 G 22 4)
SCHRNEE M - PRI R R ERAE BEE TR G 3 4)
AiREbERE B MR, REPiRE Ve, ZHE GH44)
SRR AHFE—RRIHE G2 4)
MMERE 2 —HERRR G2 4)
SCEEVEE BRSCIRELR SRR - JURATRE E-0rseHEtEE BEFVERE BB GH24)
e BRI AT - PES R HEE AT ML R, R R THE - BaB A NbiBdR KR —
55 120 [ FR G 2R

UC Davis @ Cherry Tﬁi (hk#BF) & Kwonfgt (EER. BAH S 4 AB) AEMK =7 ZAKAEL
(B b2 AB) EHICQSTA A=Y v /BRI L —TaManE L (2022412 5 15 H),
Profs. Simon Cherry (sitting in the chair) and Sun Il Kwon (4" standing person from right) from UC Davis visited the
Imaging Physics Group at QST with Dr. Ota (2™ from right, Hamamatsu Photonics) on December 15, 2002..
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3. HMERERME (R¥) Awards (11)

[1] Akram Mohammadi, “Outstanding Reviewer Awards 2021 in Physics in Medicine and Biology,” 2022
https://www.qst.go.jp/site/qms/news220729.html

2]  IARE, "FATRERR TR TORRREERBWNICRITS [2V B A A=V (WG] ~DOEE" K~
7% PRV A P8 B AR iR Bt R B R TR SR B AR (BOARAR 3 (R /5 1), 2022/2/26.

[3] HEHY, “T&1PET) A4 A=YV 7 REORK a=70 I/ V2 EGBFEEHESE, 2022/3/1.
https://www.qst.go.jp/site/qms/news220311.html

[4] AN, ICRPT E Brilliant Award, 2022/5/10. (For Go Akamatsu, Miwako Takahashi, Yuma Iwao, Hideaki Tashima, Eiji
Yoshida, Makoto Higuchi, Taiga Yamaya, "FDG healthy volunteer imaging with the world’s first helmet-type brain PET,"
%5 78 [8] H ABUR SR BT P22 FIT R, TPI-089, oral, 2022/4/17)
https://www.qst.go.jp/site/qms/news220705.html

[5] mfEERT, ICRPT & Certificate of Merit Award, 2022/5/10. (For Miwako Takahashi, Shigeki Ito, Sodai Takyu, Shuntaro
Yoshimura, Yasuyuki Seto, Taiga Yamaya, "Concept and clinical impact of an intraoperative forceps-type coincidence
detector for lymph node diagnosis using FDG," %5 123 [F] H A [E W PRS2 R 2 5 K2, TPI -078, oral, 2022/4/17)
https://www.qst.go.jp/site/qms/news220707-1.html

[6] ARKE, "v—AL A Fx U7 L— g L ARIE PET KB IEFEOBSE," 2022 4£EEE FHH0BE S
SR MIBFFCLERE 52 H, 2022/5/19.
https://www.qst.go.jp/site/qms/news20220606.html

[7] Miwako Takahashi, Go Akamatsu, Yuma Iwao, Hideaki Tashima, Taiga Yamaya, “Small brain nuclei identification using
helmet-type PET in healthy volunteers,” SECOND PLACE POSTER — Neurosciences, SNMMI 2022 Annual Meeting,
2022/6/14.
https://www.qgst.go.jp/site/qms/news220707-2.html

8] IUARE, HBXH, HHEXRE, FRE, SEENT, EBEKE, SP0E, BARIK, BEFR, © [B2C] 2&
BlL7z~ v Ay MU PET ZERBOBRR,” SM4EERERRE ERBIEHE, 2022/07/1.

[91  AJIKREE “FE LRSI X B4 74 R PET IScratch-PET)] OE{g{Ly I = b—2 g v B 59T A Yk
—7 - WG R R s A TSR E S H, 2022/7/8.
https://www.qst.go.jp/site/qms/news220720.html

[10] Miho Kiyokawa, IEEE NSS-MIC2022 Trainee Grant 330 USD.

[11]  BERTA, BAKEZRSEEFI TR 6 RIS E = E, 2022/11/26 (For “hi T-#HEHE £ — L MRHHIZ LV
RN THRAT 2 By 1B O S RS BN BT, 56 12 [RIBZ IR - B R AT T JE
https://www.qst.go.jp/site/qms/news221223-1.html

B A > = - —
>4 ¥ L 6w ~
@® ah Uonao ~% ,p%
, w WE 20339 SC
weE ’?%Hﬂ'??ifi e ‘yng
BATEAREA o I 2 A mtk ) %
B3 HTRAMEARRE B E Z smpRh MY
EXHMBROBLLHALEE % ;ri N % E}* P 4K ﬁj
B 1D AR B LI EIDE e n Ko 17 BME &
ELTRBASRALHELIS 01 g <@ x >
? A #T N
& 7 2o R Sz R
i}:;ﬂ;zﬂtaa i Fﬁ‘j f: % 7D D E
SRR hunanana 43 < ¥ i ] l
xane F ok 8 4 z X = I
HE % B 1z )3

FAEIFHARAIREM R RAALARIRBEE (£) LS4 FE QST EBERERER (H)
Nakatani Foundation Long-term Large-scale Research Grant presentation (left) and
2022 QST President Commendation certificate (right).
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FIKER Cover image

Vrain T#B%& L 7= FDG-PET &% (a-c). 285 PET T#R& L 7= FDG-PET B (d-f) LU T1 85
MRl B (g-1), +FIROFRIL, BRI (a,d, g8 BLUOBRKERAZ (b,e, h) ZRxd, £5/H PET
TlEINnsomEZERHEETETWAWLD (d, e). Vrain TIZBAEICHEEINATWS (a,b), ADILAN
TlE, Vrain 2ERT 52 8T (c). BB PET (f) THEETETCLWAWERE (KH) &/ (RIREE)
EERATETWD, BT —XT—ILOBEALE SUV TH D,

I+ (Takahashi et al., “Small nuclei identification with a hemispherical brain PET.” EJNMMI Physics, vol. 9,
pp. 69,2022) £ YBIALE, —HEEHY,

Licensed under CC BY 4.0. https://creativecommons.org/licenses/by/4.0/deed.ja

FDG-PET images using Vrain are shown at the top (a—c) and those using the whole-body PET are shown in the middle (d—f).
Images g—i show the T1WI MRIs. The center of each crossbar is placed on the anterior nucleus (a, d, g) or the dorsomedial
nucleus (b, e, h) in the thalamus. These are clearly visualized using Vrain (a, b) but not using the whole-body PET (d, e). The
substantia nigra (arrows) and red nucleus (dashed arrows) are visualized using Vrain (c) with an expanded scale for the
squared area on the right, but each region is not visualized separately using the whole-body PET (f). The SUV is indicated by
the color scale.

The image is reprinted with a modification from the paper of (Takahashi et al., “Small nuclei identification with a hemispherical
brain PET.” EINMMI Physics, vol. 9, pp. 69, 2022). This research was originally published in EJNMMI Physics.

Licensed under CC BY 4.0. https://creativecommons.org/licenses/by/4.0/
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