QST-R-30

e PR T
“ -

Imaging Physics Group at QsT

R #HEE2023

2023 Report on PET Imaging Physics Research

(&QST
EAREREAN EFRIZERIMATRHEREKE = FERFZHRITP

Institute for Quantum Medical Science,
National Institutes for Quantum Science and Technology






BX Contents

AA—=DU T BHRT IL—T
HREBHRE2023

ANLAYFPET
SOT 23 FETEEA

QSTPSA T2 XEF
MR ARRRZ M CEHZ T ETIA~
WGl 4B DA A—D U 22 —ay

WGIERIEM RS L T A A—D 0 J tEBERE T

Si-WGL YOV BRELRR B EL
HREFRZaL—ay

BREZIEAZBELRO =) LEGAIERE

WGIO F $i1 F #5885 A : '°CE — Lu () Compton imaging

EHFHRARICETHH D OpenPETERERFHER

BEHFIRIBAICRDESNIERRN FOERIL:

PALE S

Total-body/NENYIPETMDGATEL 22— 3

Add-on PETIZ &2 [6FDG-PET/MRIE B i {5 5K B&

VRAIND BRI - ABHHIEEDH R

EHETEDAVAARFLEDRE

HILFVRAING Bk 56~

CLSEEHZE DR DEFFIE :Mirai-PET

CLSIRHHBR DA LRAVTEHE A&

UF Efast-LGSOY > FL—42% AL -TOF-DOI& Hi 2§

RO L BRBBEEHPETEB D IaL—ay

PET/ S FE8MER
NATVIRAA—=D GO RT LDRRFE

ftith A A K Scratch-PETM At R EEE

GIEARNEO#HFRI—PETOMK

FRAUPETA'H/PNa— A EIRFIA L

AA—Z2 TR N —T
B ##E2023

Imaging Physics Group:
Research action report 2023

Helmet PET gets
attention of Radiation-Giren

QST Alliance using cutting edge technologies
to achieve early diagnosis

Imaging simulation of the WGI-4 prototype

Compton imaging performance of WGI prototypes

Si-WGI: Si detector prototyping and system simulation

Positronium lifetime measurement study
for nuclear medicine applications

Compton imaging for range verification of °C peams

The first clinical study of OpenPET in carbon-ion therapy

Intratumoral hypoxia distribution imaging
by carbon-ion irradiation: a rat study

GATE simulation of a total-body small-animal PET

PET and MRI simultaneous brain imaging by Add-on PET

Improved attenuation and motion corrections for VRAIN

Proposal of a reliable Al denoising method

VRAIN-M for monkey brain imaging

First delivery of CLS detector: Mirai-PET

Timestamp estimation for the CLS PET detector

U-shaped fast-LGSO crystals for TOF-DOI PET detectors

Simulation of a next-generation hemispherical brain PET

Development of a hybrid PET/two-photon microscopy
imaging system

Demonstration of Scratch-PET for intraoperative imaging

Development of a position-sensitive forceps-type mini-PET

Sodium/proton RF coils integrated into Add-on PET

Achievements of
Imaging Physics Group in 2023

s RE
Taiga Yamaya

i Eih
Tomoya Kikuchi

FREn @I
Go Akamatsu

RFE XE
Fumihiko Nishikido

HA BlX
Sodai Takyu

ERTIIL
Akram Hamato

HE X8
Hideaki Tashima

B T

Chie Toramatsu

e BEE
Nobuyoshi Hosotani

=i E£MT
Miwako Takahashi

e sE

IR

Yuma lwao

BA =4

Fumio Hashimoto

HHE XA

Eiji Yoshida

BN =R
Miho Kiyokawa

RLE BA%k
Kurumi Narita

VI VNAVE =1
Han Gyu Kang

all KF
Taiyo Ishikawa

KIE EARER
Ryotaro Ohashi

ILTA DN FNRY ALY TOTL
Md Shahadat Hossain Akram

21

25

29

33

37

43

47

51

55

59

63

64

65

69

73

77

81

85

89

93



PET 2023 Report on PET Imaging Physics Research

A A=V TYBREIS V-7 HRFENIRSE 2023

Imaging Physics Group: Research action report 2023

W& BB RR/ V=T —%—

Taiga Yamaya, Deputy Director / Group Leader (On behalf of the Imaging Physics Group)
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Hope for the future — what’s important now

Japan may have become a poor county - something | keenly
realized in 2023 when international travels resumed after the
COVID-19 pandemic ended. For example, due to the effects of
high prices and the weak yen, accommodations at conferences
in North America are going over Japanese attendees’ budgets
even staying in dormitories.

The roads of California, where Toyota cars were once
common, are now filled with Tesla cars. Tesla's driver's seat
has a minimalist design with as few buttons as possible, giving
a strong sense of the company's intention to look ahead to the
future, rather than just extending previous directions.

What about in the field of PET? Total-body PET, demonstrated
by a joint group of researchers in the United States and China
in 2018, has been successively commercialized by separate
global companies in China, Germany, and the United States,
and is being introduced into hospitals worldwide. However, in
Japan, no medical institutions have been able to purchase
such equipment costing more than 1 billion yen.

It is said that Japan's "lost decade" since the 1990s has finally
became its lost 30 years. Excellent researchers tend to be
concentrated overseas, and the gap between Japan and
abroad will widen further. | think the biggest problem is that we
take this current situation for granted. How would a
breakthrough come from the ideas of the poor?

PET technological innovation is essential to realizing a healthy
longevity society. | think a chance for development still remains
in Japan. Japanese institutes have a foundation in high-energy
physics that has produced many Nobel Prize winners, and
photon technologies that have supported high-energy physics
is a strength for further advancements. The Imaging Physics
Group (IPG) at QST has the ability to solve problems using
unique ideas. This has been proven multiple times by the
receipt of international awards and the group continues to
attract attention from around the world. Our biggest enemy is
the feeling of stagnation that tends to leave us with the
impression that “we can't”. We want rather to steadily make the
future a reality without being influenced by this mood. This
report summarizes the results of the IPG in 2023.
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Aiming at transformation from PET to WGI

By combining PET with Compton camera imaging that extracts
positional information from gamma-ray scattering, we are
aiming at realizing a nuclear medicine imaging method that
surpasses PET. We have named the method whole gamma
imaging (WGI) since the concept of use all measurable gamma
rays for diagnosis is followed.

In WGI, another detector ring (scatterer detector) is inserted
inside the PET detector ring. When a gamma ray is scattered
by the scatterer detector, the possible direction of the incident
gamma-ray can be the surface of a cone, which is determined
from the energy deposited to the scatterer detector. Since the
angle of the cone is calculated by the deposit energy value, the
scatterer detector needs to have high energy resolution as well
as spatial resolution.

So far, we have developed a series of three small prototypes
and successfully demonstrated the concept,
remained with the energy resolution of the scatterer detector.

but issues

Therefore, we optimized the scintillator and conducted
simulation design (Tomoya Kikuchi, p. 17) and development
(Go Akamatsu, p. 21) of the 4" prototype (for mice).
Development of a clinical WGI is also underway with support
from the Nakatani Foundation. In addition, in order to achieve
higher energy resolution, we began developing a silicon
detector (Fumihiko Nishikido, p. 25).

Conventionally, PET diagnoses are based on the distribution
of positrons, but WGI has revealed the possibility of using the
positron lifetime as a new biomarker. We have named this
quantum PET (Q-PET) and we are proceeding with proof-of-
concept studies (Sodai Takyu, p. 29). In addition, in
radiotherapy, the usefulness of WGI as a method for
visualizing carbon ion beams inside the patient's body has
become clear (Hamato Akram, p. 33).

WGI-4 (2023)

Figure 1 The 4™ prototype developed in 2023 by following the previous developments of the 15t to 3™ prototypes for the proof-
of-concept of whole gamma imaging (WGI), which is a new concept of combining Compton camera imaging with PET.
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OpenPET has finally reached a clinical research stage

Carbon ion beam therapy can be said to be the pinnacle of
radiotherapy, but one issue that remains unresolved is the
visualization of the beam range within the body. Carbon ion
beams have a large biological effect, and they also have the
advantage of concentrating the dose, even for deep-seated
tumors. However, the interaction mechanism of carbon ion
beams is fundamentally different from that of X-rays; so, it is
necessary to set a certain margin in treatment plans generated
from X-ray CT images. If the beam range within the body can
be accurately observed, it will be possible to further reduce
side effects and shorten the number of days required for
treatment.

The clue to this observation lies in the tiny amount of positron-
emitting nuclides that are produced automatically in the body
by the beam irradiation. We believed that if we could capture
and visualize them by PET, we could solve the problem.
Therefore, we invented the world's first open-type PET,
OpenPET. It has taken about 15 years, but we have finally
started a clinical test (Hideaki Tashima, p. 37).

For the issue of biological washout, where positron-emitting
nuclides produced in the body are diffused quickly, animal
experiments have shown the feasibility of the opposite idea to
utilize the washout for tumor diagnosis (Chie Toramatsu, p.
43). The total-body small animal PET (TBS-PET) that we
developed in 2020 has been useful in the experiments, and we
have also begun preparations for simulations to consider
clinical application (Nobuyoshi Hosotani, p. 47). In contrast to
current clinical practice where the effects are confirmed
through imaging several months after treatment, our goal is to
provide in-situ diagnosis during therapy, that is, to expand the
concept of theranostics so as to cover particle therapy.

g
;S Planning
o [(290MeV/u carbon)

Particle therapy + OpenPET

Relative dose

o 0 100 150 200

Future

Simulation Positron emitters

0-0-0- 0

Extended concept of “Theranostics”

Number of decay

HL
508403 —9C 0.127s
—10C 19s
C  20min
13N 10min
=40: Tin
150 2min
" Sum

OpenPET + HIMAC

Figure 2 An OpenPET prototype installed in a treatment room of HIMAC in 2023 to image weak activity distributions of positron
emitters produced through fragmentation reactions for range verification. With the idea to utilize the biological washout for tumor
diagnosis, the combination of OpenPET with particle therapy may expand the concept of theranostics so as to cover radiotherapy.
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Towards further evolution of brain PET imaging

The year 2023, when the world's first fundamental treatment
for Alzheimer's disease (AD) was developed by a Japanese
company, was a turning point for dementia PET. The demand
for AD diagnosis using amyloid PET has greatly increased.
One of the bottlenecks is the proliferation of PET devices, and
the time has come for the world's first helmet-type PET
(VRAIN), which was developed with this in mind, to be useful.

Brain PET is often performed in conjunction with MRI, but
combined PET/MRI equipment is not widely available; so MRI
and PET are done separately. Therefore, we invented an MRI
RF coil integrated with a PET detector (Add-on PET) and
developed a prototype. The goal for Add-on PET is a future in
which existing MRI systems can be easily upgraded to
It took about 10
years, but we have finally conducted the first clinical test
(Miwako Takahashi, p. 51).

simultaneous PET/MRI imaging devices.

The evolution of the VRAIN itself is progressing steadily, and
we have verified the attenuation correction method and
improved the motion correction method (Yuma Iwao, p. 55).
Furthermore, in the development of a noise suppression
method using deep learning, which is being conducted as a
collaboration with Hamamatsu Photonics K. K., we took on the
challenge of increasing the reliability of deep learning methods

(Fumio Hashimoto, p. 59).

Add-on PET in MRI

PET detector
PET#&iHi25

Figure 3 The Add-on PET prototype underwent its first clinical test in 2023 (right) to demonstrate the concept of
upgrading an existing MRI to simultaneous PET/MRI in contrast to the currently separated PET and MRI (left).



PET 2023 Report on PET Imaging Physics Research

B0 1mm 4##4E PET # B89

PET O fERelC IZBBIRRAH Y . BBEF PET T
i 1mmEIERTH S EHEESINTLS, VRAIN TE
BL7222mm BBEN 1 mm 2D & WD T &t
ZELTHEETHS & 10 BFlIrVWHDOHNRZ B L
QI BENWDIZETH D,

VRAIN TEIFL 7= &k, mHEFERLEELDITS
ERNREEN EN B E WS BB TH A, FALE
BHEBEIE, > FL—2EYFA L2 mm b H
V. oo FL—20RTAAOAMERA (DO) £ 57
MTELRWRA T TH o1 T THALIE. ¥V F L
—ZEyFH L.6mm LN <, HD, DOl & time-
of-flight (TOF) & M5 A &8 A] B8 72 &k tH 1% H 85
(CLS 1:Hi2R) oFExsEDTWS (FHERA, p.
65),

CLS ®HgsIE, ¥ > FL—2RICUFRDNESE
L., MitxiAET 2ER2ZHRFCRAET
GE)IERE, p.69)  stBH T aL—> 3 vIT& Y,
VRAIN DigH25% CLS MHIRICE T 255D
ARy b AELEER. 1 mm D #iEsT
L2 EN DD -7 (BHEBARE, p. 73),

a 10 mm thick
oy - (non-DOI)
N %"f»;ﬂ

Current
(VRAIN) :
0 1.6 mm pitch
Future
15m
(DOI capab
///////////M

CLS detector

Aiming at the dream of 1 mm resolution PET

There is a theoretical limit to the spatial resolution of PET,
which is estimated to be around 1 mm for brain-dedicated PET
systems. The 2.2 mm resolution achieved with the VRAIN will
become 1 mm, which means that by raising it to the third
power, we will be able to see 10 times finer details in terms of
volumetric resolution.

What VRAIN has demonstrated was the theory that better
spatial resolution is obtained when detectors are arranged
closer to each other, but the detectors used for VRAIN had a
scintillator pitch of 4.2 mm, and the depth-of-interaction (DOI)
measurement inside the scintillators was not functionalized.
Therefore, we are developing a crosshair light-sharing (CLS)
detector as a next-generation detector that has a fine
scintillator pitch of 1.6 mm and can measure both DOI and
time-of-flight (TOF) information (Eiji Yoshida, p. 65).

The CLS detector forms a U-shaped optical path within a
scintillator block, and reads out each end with different
photodetector elements in close proximity (Miho Kiyokawa, p.
69). Imaging simulations to investigate the impact of replacing
detectors in VRAIN with the CLS detectors showed that 1 mm
resolution can be expected. (Kurumi Narita, p. 73).

Simulation

Al -

-
LT

Figure 4 Expected impact of the crosshair light-sharing (CLS) detector to be used in a next generation hemispherical brain PET
in contrast to the current VRAIN. The CLS detector consists of scintillator bars half-sized to a photodetector pitch, and U-shaped
light paths are made separately toward east, west, north and south directions. Imaging simulation results support the possible
achievement of 1 mm resolution for the brain-dedicated PET with the CLS detector.
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Record updated - Five novel systems completed in 2023

“Ahypothesis becomes true only when it is proven" is a famous
line from a popular Japanese TV drama in the past. In fact, it
is true that the more novel our idea, the more important it is to
prove it by ourselves.

From 2009 to 2022, the Imaging Physics Group had prototyped
18 different innovative devices, which was apparently a world
record. In 2023, five new systems were added, bringing the
total to 23 devices.

VRAIN-M is a derivative of VRAIN and it was commercialized
as a monkey PET system by ATOX Co., Ltd. (p. 63).
OpenPET/HIMAC is an integrated version of OpenPET-5
brought into a treatment room for carbon ion therapy (p. 37).
WGI-4 is a prototype developed to demonstrate WGI through
mouse experiments (p. 21). PET/TPEF is the world's first
integrated PET and two-photon excitation fluorescence
microscope (TPEF) developed for mouse brain imaging (Han
Gyu Kang, p. 77). Mirai-PET is the first commercial PET
system equipped with the CLS detector and it was
commercialized by Mirai Imaging Corp. for small animal

imaging (p. 64).

In addition, Scratch-PET (Taiyo Ishikawa, p. 81) and the
forceps-type mini PET (Ryotaro Ohashi, p. 85), which aim at
realizing intraoperative PET, are under development and will
be added to the prototype list in the near future. Extension of
Add-on PET to multi-nuclide MRI imaging is also progressing
(Md Shahadat Hossain Akram, p. 89).

S

e
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Tashima PMB2019
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Yoshida PMB2020
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i e
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Figure 5 Five systems were developed in 2023, and totally 23 novel systems have been developed since 2009,
which updated “the world’s record”. Two out of five were commercialized as animal PET systems.
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Oral presentations
in IEEE MIC2023

Global contribution of 9%, outstanding student activities

The world's largest conference for nuclear medicine physics is
the Institute of Electrical and Electronics Engineers (IEEE)
Nuclear Science Symposium (NSS) and Medical Imaging
Conference (MIC), which is held once a year. In recent years,
the number of presentations from Japan has ranked third in the
world after the United States and Germany, and the 2021
conference achieved its long-awaited goal of hosting the
conference in Japan. The 2025 conference is scheduled to be
held again in Japan (Yokohama), and Dr. Yamaya will serve as
the MIC Chair for the 2025 event, following the successful on-
line 2021 conference.

The 2023 IEEE NSS-MIC was held in Vancouver in November,
and the Imaging Physics Group made 24 presentations
(including 10 oral presentations). Out of approximately 550
abstracts accepted at the MIC, 108 abstracts with high peer-
review evaluations were selected for 18-minute oral
presentations. In other words, the Imaging Physics Group's
global contribution in terms of the number of oral presentations

was 10/108 = 9.3%.

What is noteworthy is that the submissions authored by three
Chiba University students were selected for oral presentations
(Ms. Narita, a 4™ year undergraduate student, and Mr.
Ishikawa and Mr. Kikuchi, both 15t year master's course
students). Studying abroad used to be considered special, as
it was seen as a step towards career enhancement, but
participating in global research environments have become
commonplace among the Imaging Physics Group’s members.
The future of young generation researchers growing up in such

environments is surely full of hope.

s S t e
Taiyo Ishikawa Tomoya Kikuchi
(M1 student) (M1 student)

Figure 6 A graph showing the global contribution of the Imaging Physics Group in 2023 (left).
About 9 % of the oral presentations in the 2023 IEEE Medical Imaging Conference (MIC) were made
by the Imaging Physics Group’s members. Three of them were presented by students of Chiba University (photographs),
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Go Akamatstu
awarded by JSNM

Yuma lwao
awarded by Radiological Physics and Technology

Supported by awards

It used to be commonly accepted thinking in Japanese medical
fields that researchers were supposed to evaluate devices
developed by manufacturers and that device development was
not the responsibility of researchers. With this fixed idea, it may
be difficult to evaluate the results of the Imaging Physics
Group. In the field of nuclear medicine, there is probably no
other lab in Japan that is able to not only produce new ideas,
but also demonstrate and deliver them to patients. As a result,
even we do not really know whether our work is great or not,
and international evaluations sometimes serve as an indicator.

In 2023, Dr. Yamaya was awarded the Hal Anger Award by the
Society of Nuclear Medicine and Molecular Imaging (SNMMI).
Dr. Anger was a distinguished researcher who invented the
gamma camera. Since 2006, the year after his passing away,
one researcher who has made notable achievements in
nuclear medicine physics has been selected every two years.
In the past, researchers who contributed to the developments
of the world's first PET in 1975 and the most advanced total-
body PET have been selected. Yamaya's award is proof that
IPG's activities have reached the world’s top level.

Dr. Kang received two awards (one as a grant and the other as
a personal award) from the IEEE for his proven ability to
develop innovative devices by himself and for demonstrating
the world's highest resolution obtained for a small animal PET
system. This is the first time in the history of the IEEE NSS-
MIC that two awards have been given at the same time to the
same person. In addition, numerous students and young
researchers from the group have won domestic awards.

Imaging Physics Groul

Taiyo Ishikawa
awarded by ISNM (HABEFS

10 group members
awarded by JAIMIT (HAEAEGITIFS

Figure 7 Examples of international and domestic awards given to the Imaging Physic Group’s members in 2023.
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Imaging Physics Group FY2023

Staff

Visiting Researcher

Go Akamatsu

Senior Researcher, promoted in April

Hideaki Haneishi

Chiba University

Naoko Inadama

Principal Researcher (part time)

Fumio Hashimoto

Hamamatsu Photonics K.K.

Taiyo Ishikawa

QST Research Assistant (part time), from July

Mariko Ishibashi

Nippon Medical School

Yuma lwao

Researcher, from Oct.

Shigeki Ito

Mirai-imaging Corp.

Makoto Kakegawa

Visiting Researcher

Kazuya Kawamura

Chiba University

Han Gyu Kang Senior Researcher, promoted in July Masaharu Kitagawa ATOX Co., Ltd.
Tomoya Kikuchi QST Research Assistant (part time), from Oct. Masaaki Kumagai ATOX Co., Ltd.
Miho Kiyokawa Research Assistant, resigned in Sep. Shunsuke Kurosawa Tohoku U.
Akram Hamato (Akram Mohammadi) | Senior Researcher Kazuhiro Maki ATOX Co., Ltd.
Md Shahadat Hossain Akram | Senior Researcher (part time) Takashi Obi Tokyo Institute of Technology
Kurumi Narita Research Assistant, from July Kenji Shimazoe University of Tokyo
Fumihiko Nishikido Senior Researcher Mikio Suga Chiba University
Fujino Obata Technical Staff (part time) Eiji Takada National Institute of Technology
Ryotaro Ohashi QST Research Assistant (part time) Ayu Tanaka ATOX Co., Ltd.
Miwako Takahashi Diagnostic and Therapeutic Nuclear Medicine Group Hiroshi Umeda ATOX Co., Ltd.
Leader (tenure), Senior Principal Researcher until Aug. Kaede Yamada ATOX Co., Ltd.
Sodai Takyu Researcher Masakazu Yamagishi | NIT, Toyama College
Hideaki Tashima Principal Researcher (tenure) Taichi Yamashita ATOX Co., Ltd.

Chie Toramatsu

Principal Researcher, promoted in Oct.

Hidekatsu Wakizaka

Senior Technical Staff

Trai

nee / Internship

Taiga Yamaya

Deputy Director /Group Leader (tenure)

Nobuyoshi Hosotani

Chiba U. (Yamaya-lab. B3), from Nov.

Eiji Yoshida Principal Researcher (tenure) Taiyo Ishikawa Chiba U. (Haneishi-lab. M1), until June
R. Kitamura Secretary (part time) Tomoya Kikuchi Chiba U. (Suga-lab. M1), until Sep.
M. Ohno Secretary (part time) Miho Kiyokawa Chiba U. (Yamaya-lab. M1), from Oct.
Y. Saito Secretary (part time) Seiyu Nakazawa NIT, Toyama College (Takada-lab. AC2)
M. Tanaka Secretary (part time), Public Relations Kurumi Narita Chiba U. (Yamaya-lab. B4), until June

Major collaborators (except for funded projects)

Collaborators (alphabetical) Themes (Students, etc.)
1 Masaki Fukunaga (NIPS) Study on a 4-channel microstrip RF coil integrated PET insert with a 7T clinical MRI system
2 | Mikio Higuchi (Hokkaido U.) Micro beta-imaging using thin scintillators (M2 Tomoha Katagiri)
3 | Japan Radioisotope Association Development of unsealed-RI phantoms
4 Kazuya Kawamura Sensitivity correction for the forceps-type mini PET (FTMP) (M2 Ayano Nakajima)
(CFME, Chiba U.) Opening mechanism and operation handle of FTMP (M1 Hiroto Hayashi)
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 (M1 Tomoya Kikuchi)
9 | Eiji Takada (NIT, Toyama College) Medical application of organic semiconductor detectors (AC2 Seiyu Nakazawa)
10 Hiroshi Watabe, Yoshihito Funaki Possibility of using 1-124 for Quantum PET
(CYRIC, Tohoku U.) (Supply Platform of Short-lived Radioisotopes, PI: Sodai Takyu)
Improved PET image quality by deep-learning (D2 Fumio Hashimoto)
Development of position-sensitive forceps-type mini PET (M2 Ryotaro Ohashi)
1 Taiga Yamaya, Hideaki Haneishi Study on a hand-held probe-type intraoperative PET (M1 Taiyo Ishikawa)
(CFME, Chiba U.) Timing resolution improvement for DOI PET detectors (M1 Miho Kiyokawa)
Imaging simulation of high-resolution brain PET (B4 Kurumi Narita)
GATE simulation of high-sensitive small animal PET (B3 Nobuyoshi Hosotani)
Research contracts (alphabetical) Funded Themes
1 AIST (Jun Akedo, Mitsugu Sohma, No Investigation of beta imaging material for medical application
Hiroaki Matsui), Mikio Higuchi (Hokkaido U.) (2021/1/1-2024/3/31)
2 | ATOX Co., Ltd. Yes Performance improvement of the helmet PET (2023/4/1-2024/3/31)
3 ﬁza);nfgt;ll;tsﬁotonics KK, No Application of deep learning methods to VRAIN (2023/4/1-2025/3/31)
Gunma U. (Makoto Sakai), Tsukuba U. - . . . .
4 | (Jun Furukawa), U. Tokyo (Kenji Shimazoe), No (ngzgjtﬁrlzzag'&’}s‘j;:“)ed"’a' Compton imaging devices
Tohoku U. (Shunsuke Kurosawa)
5 | Hamamatsu Photonics K.K. No Basic research on the next generation PET detectors (2016/8/1-2024/3/31)
6 | Mirai-lmaging Corporation Yes Scintillation detectors for nuclear medicine and environment (2021/2/1-2024/3/31)
7 | Mirai-lImaging Corporation Yes RI-molecular imaging application of super high-performance X-ray detectors (2023/5/11-2024/2/28)
8 | OXIDE Corporation No Research on scintillator blocks for PET detectors (2023/3/30-2026/3/31)
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As of Dec. 31, 2023

Note

Amount

Labor

Main collaborators outside the group (Pl underlined)

Returned indirect expense

10% of indirect—HIA02

Innovation hub / Alliance Program
(HIA04) PI: Taiga Yamaya

Innovation hub for next generation PET system

development: from brain to whole-body
(Internal competitive grant, 2023)

QST President’s Fund (VAA08)
Pl Hideaki Tashima

Clinical C-ion therapy application of the world’s

first OpenPET
(Internal competitive grant, 2022-2023)

Taku Inaniwa, Hitoshi Ishikawa, Nobuyuki Kanematsu, Masashi Koto, Toshiyuki Shirai, Minoru Tajiri,
Katsuyuki Tanimoto, Shigeru Yamada, Shunsuke Yonai (QST Chiba), Shigeki Ito (Mirai-imaging)

QST  President’s Strategic  Grant|
Advanced Study Laboratory (VAA06)
Pl Taiga Yamaya

Quantum  Nuclear Medicine Imaging Core

Creation Group
(Internal competitive grant, 2021-2023)

Hideaki Haneishi, Mikio Suga (Chiba U.), Akihiro Hino (PDRadiopharma), Yoichi Imai (Dokkyo Med. U.),
Taku Inaniwa, Kotaro Nagatsu, Takashi Shimokawa, Atsushi Tsuji, Shigeru Yamada (QST Chiba),
Shigeki Ito (Mirai-imaging), Kei Kamada (C&A), Naoki Kawachi, Yuto Nagao, Mitsutaka Yamaguchi
(QST Takasaki), Shunsuke Kurosawa, Akira Yoshikawa (Tohoku U.), Katia Parodi (LMU), Makoto
Sakai (Gunma U.), Kenji Shimazoe, Tadayuki Takahashi, Hiroyuki Takahashi (U. Tokyo), Taichi
Yamashita (ATOX)

Imaging physics (HIA02)
PI: Taiga Yamaya

For group operation

QST President’s Fund (VAAQ9)
Taiga Yamaya, Hideaki Tashima

Development and clinical application of quantum

microsurgery technology for functional brain
diseases
(Internal competitive grant, 2022-2023)

Hitoshi Ishikawa(PI), Makoto Higuchi, Ryoichi Hirayama, Nobuyuki Kanematsu, Takafumi Minamimoto,
Kazutoshi Murata, Naruhiko Sahara, Makoto Sakama, Takashi Shimokawa, Makoto Shinoto, Toshiyuki
Shirai, Yasuhiko Tachibana, Masaru Wakatsuki, Shunsuke Yonai (QST Chiba), Motohiro Hayashi

1%

um

etitive grants [x1,000 yen]

12

Project Theme Direct expense Indirect Members in the group Collaborators outside the group
- Labor expense (PI underlined) (PI underlined)
Taiga Yamaya, Miwako Takahashi, |Project Leader: Taichi Yamashita (ATOX)
AMED Development of world’s highest resolution brain Eiji Yoshida, Hideaki Tashima, Go |Co-investigator: Yoshitaka Narita,
Advanced R&D and development system pmen S Niens : Akamatsu, Chie Toramatsu, Shunsuke Yanagisawa (National Cancer
. . " ) PET to realize early diagnosis for dementia and 0 33,960 . L N A
strengthening project for medical devices cancer (2023-2027) Fumihiko Nishikido, Akram Hamato, |Center Hospital), Kenji Ishii (Tokyo
23he2302010n0101 Hidekatsu Wakizaka, Han Gyu Metropolitan Geriatric Hospital and
Kang, Sodai Takyu, Fujino Obata Institute of Gerontology)
! . Future PET Development Unit: Shunsuke Kurosawa (Tohoku U.), Hideaki
Nakatani Foundation N ” R . o A
Long-term Large-scale Research Grant ‘Transformation to “whole gamma-ray imaging’ 12,923 5455 Taiga Yamaya, Haneishi, Mikio Suga, Kazuya Kawamura
2022-2026 & that makes use of all available radiations for " ' Miwako Takahashi, et al. (Chiba U.), Yoichi Imai (Dokkyo Med. U.),
diagnostic imaging etal. _ _
KAKENHI 2020-2024 Whole gamma imaging to break through the Taiga Yamava, fcké'-f, ijs)h'taWi.(lT°hf’(l‘[‘)‘ l;k) M;;“’dsljg)a
3 |Grant-in-Aid for Scientific Research (S) |physical limitation of positron emission 5,000 7,080 |Miwako Takahashi, Eiji Yoshida, foa L), Yolohi imal tWoriyo Med. 1.,
20H05667 tomography Hideaki Tashima Mariko Ishibashi (Nippon Med. School),
Kotaro Nagatsu (QST Chiba)
Collaborative research 2023 RI-molecular imaging application of super high— 0 504 Fumihiko Nishikido, _
Mirai-imaging Corporation resolution and high—sensitivity X-ray detectors Sodai Takyu
KAKENHI 2023-2025 Development of whole gamma imaging system . . . .
5 |Grant-in-Aid for Scientific Research (B) |capable of simultaneous high-resolution imaging 0 2,100 W Sodai Takyu, Han -
23H03775 of multiple nuclides vy fane
. . . . - . Miwako Takahashi, Taiga Yamaya,
6 i.T_H;)lzo(;itlv&;esearch 2023 :zi{Izlfesi'rE;smg high-precision brain 0 0[Go Akamatsu, Hidekatsu Wakizaka, | Toshiyuki Kakumoto (U. Tokyo)
S © Yuma Iwao
KAKENHI 2023-2024 . .
7 |Grant-in-Aid for Early-Gareer Scientists |DS+eiopment of ultra-high resolution small 0 870|Han Gyu Kang —
23K17239 v
KAKENHI 2023-2028 Japan—Germany collaborative research toward Chie Toramatsu, Akram Hamato,
International Collaborative Research simultaneous real-time imaging of cancer 0 810|Taiga Yamaya, Sodai Takyu, Han  |Katia Parodi (LMU)
23KK0206 pathology and radiotherapy effects Gyu Kang
KAKENHI 2023-2025 . .
9 |Grant-in-Aid for Scientific Research (C) |Pevelopment of 3D PET detector with TOF time 0 630|Eiil Yoshida -
resolution on the order of 100 ps
23K11913
Taiga Yamava,
. Eiji Yoshida, Hideaki Tashima,
i.‘;.gtoéinv&;eseamh 2023 Performance improvement of the helmet PET 0 180|Miwako Takahashi, Yuma Iwao, Go —
v ) Akamatsu, Sodai Takyu, Hidekatsu
i etal
KAKENHI 2022-2023 9 . .
1 |Grant-in-Aid for Early-Career Scientists | orias first PET integrated microstrip RF coil 0 540|Md Shahadat Hossain Akram -
22K18224 (MS PET-coil) for a clinical 7 Tesla MRI system
KAKENHI 2.023_202? e Elucidation of the functions of microneuronal . . .
Grant-in-Aid for Scientific Research (C) P . L . . 0 450|Miwako Takahashi Toshiyuki Kakumoto (U. Tokyo)
23K07148 nuclei using high—precision brain—dedicated PET
3 2023 NPSS Edward J. Hoffman Early Challenge breaking the resolution limitation in 0 0|Han Gyu Kani
¥ . v I3 —
Career Development Grant positron emission tomography
KAKENHI 20222024 Proposal of “Quantum PET” for sensing
?Zr;qtz_glg;md for Scientific Research (C) radiation therapy effect by positron lifetime 0 390(Sodai Takyu Kenichiro Matsumoto (QST Chiba)
KAKEN.HI 2.0217202.3 . Development of PET detectors using organic - s
Grant-in-Aid for Scientific Research (C) 0 240 |Fumihiko Nishikido Eiji Takada (NIT, Toyama Coll)
21K12790 photodetectors
KAKENHI 2021-2023 Challenge achieving tumor pathology by particle
6 [Grant-in-Aid for Scientific Research (C) |beams: biological washout study using in-beam 0 180|Chie Toramatsu —_
21K07608 PET
KAKENHI 2021-2023 .
Grant-in-Aid for Scientific Research (¢) [Deelopment of PET/SPECT/MRI/CT multi 0 180|Go Akamatsu -
modal brain phantoms
21K07716
Naoki Kawachi, Mitsutaka Yamaguchi
) ; ) (QST Takasaki), Shunsuke Kurosawa
Japan So(;\ety 9f Medical Physics Develop.ment of performance evaluation methods 0 50|Go Akamatsu (Tohoku U.), Makoto Sakai (Gunma U.),
FY2023 Financial Support for Research [for medical Compton cameras = Kenji Shimazoe, Shinichiro Takeda (U
Tokyo)
. Mitsutaka Yamaguchi (QST Takasaki),
KAKEN.HI 2.023 202? . New method for real-time CT imaging during Seiichi Yamamoto (Waseda U.), Tatsuya
9 [Grant-in-Aid for Scientific Research (B) . 0 90|Han Gyu Kang . N
. Ny particle beam cancer therapy Ono (Gunma U.), Hiroshi Watabe (Tohoku
23H03774 (Co-investigator) ), Makoto Sakai (Gunma U.)
Collaborative Research Program Development of novel scintillators for the next
0 2t IMR Tohoku U 202212—R‘gDKGE—0015 generation nuclear medicine concept of WGI 0 0|Taiga Yamava, et al. Akira Yoshikawa (Tohoku U.)
. (2021-2023)
KAKENHI 2022-2024 Development of respiratory disease prognosis Naoko Kawata
1 |Grant-in-Aid for Scientific Research (C) |prediction system— from COVID-19 infection to 0 0|Yuma Iwao TR "
N N N . X Hideaki Haneishi (Chiba U.)
22K12836 (Coir igator) chronic progressive disease
Sum 17,923 53,728
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Data of Imaging Physics Group (FY2009-FY2023)

| Fiscal year

| 2009 2010 | 2011 2012 2013 2014 2015 2016 2017 2018 2019

1. Research budget [x1,000 yen] 48913 61,869 144,380 108,649 134,001 121,711 117,564 76,145 71,129 102,369 96,207
|- Internal budget (excluding labor) 17,666 8,092 102,350 92,730 86,482 55,299 36,973 16,658 20,601 36,139 26,177
|- Internal competitive grant 17,445 16,812 1,170 0 0 0 3,000 6,000 7,000 20,000 20,050
|- Competitive grant 13,802 36,965 40,860 15,919 47,519 66,412 77,591 53,487 43,528 45,530 49,980
| |- for internal use (excluding labor*) 28,460 14,919 35,269 33,234 42,935 50,287 40,628 43,630 49,480
| |- for distribution 12,400 1,000 12,250 33,178 34,656 3,200 2,900 1,900 500
|- Own income 700

* from 2021

2. Researchers 4 6 6 6 6 14 8.7 8.0 9.3 110 11.0

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

|- Non—permanent (4-day or more /week) 3 4 3 3 3 35 27 3.0 45 6.0 6.0

|- Postdocs (+JSPS fellows) 0 1 2 2 2 2.9 4 3 2.8 20 2.0

3. Achievement (#£ ¥ IX4F B TIX S EEBAfT)

Conference presentations 41 56 54 63 12 48 58 51 50 59 78
per researcher 10.3 9.3 9.0 10.5 12.0 6.5 6.7 6.4 54 54 71
expense [x1,000 yen]/presentation 1,193 1,105 2,674 1,725 1,861 2,536 2,027 1,493 1,423 1,735 1,233

Peer-reviewed articles 9 9 5 7 11 14 4 7 11 7 14
per researcher 2.3 15 0.8 1.2 1.8 1.9 0.5 0.9 1.2 0.6 1.3
expense [x1,000 yen]/article 5,435 6,874 28,876 15,521 12,182 8,694 29,391 10,878 6,466 14,624 6,872

Patents 7 13 5 13 14 5 14 8 8 5 5

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

|- Registered 3 2 2 7 13 3 14 7 6 5 2
per researcher 1.8 2.2 0.8 2.2 2.3 0.7 1.6 1.0 0.9 0.5 0.5
expense [x1,000 yen]/patent 6,988 4,759 28,876 8,358 9,572 24,342 8,397 9,518 8,891 20,474 19,241

Evaluation and outreach activities

|- Awards 2 3 5 4 6 2 3 1 8 7 7

|- Invited talks 4 14 2 1 2 7 4 7 11 16 31

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

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

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

|[Fiscal year [__2009 2010 [ 2011 2012 2013 2014 2015 | 2016 2017 2018 2019
Group members (employee only, alphabetical)

Staff
f] R & 2 Takayuki Abe — — Res. (2011/9-2012/1) — — — _ _ _ _
Abdella M. Ahmed — — — — — Postdoc (2014/5-2017/4) — — —
F#2 Bl Go Akamatsu — - — — — — — Postdoc (July-)

JEFT 75 L Akram (Mohammadi Hamato — — — — — Postdoc (201 Researcher (2015/8-) Senior Res.
FFHEZ Yoshiyuki Hirano — — Postdoc (2011/7-2014/10) — — —
Md Shahadat Hossain Akram — — — — — — Postdoc Senior Res.

ﬁE‘EE? Naoko Inadama Researcher Senior Researcher —(part-time) |Principal Researcher

A BRIEE Yuma Iwao — — — — — — Postdoc Researcher (2018/4-2023/3)
Jiang Jianyong — — — — — — Postdoc (2015/10-2016/3) — — —
Han Gyu Kang — — — — — — — — — Researcher

th BIE£2 Yasunori Nakajima — — — — Researcher (part—time) — — — — —
887 XX Fumihiko Nishikido Researcher Senior Res. ()
HHERZE Munetaka Nitta — — — — — — — — Res. (2017/10-2018/10) —
INEETY Fujino Obata — — Assistant (part—time) Technical Staff (part-time)

E#BEFNF Miwako Takahashi Principal Res.

HARIK Sodai Takyu — — — — — — — Researcher (2016/11-) Postdoc

H B %A Hideaki Tashima — Postdoc JSPS Fellow (~2014/9) —Researcher (2014/10-) Senior Res. (July-) —tenure

BT Chie Toramatsu
#3357 Hidekatsu Wakizaka
LI ZRE Taiga Yamaya
2 EHEA Eiji Yoshida
EBBIES Visiting Researcher
#h11 3 Makoto Kakegawa
Students (pre—doctoral fellows)
$2EITE Genki Hirumi
AJIIK¥ Taiyo Ishikawa
2 th Tomoya Kikuchi
ARAREF Shoko Kinouchi
;& )1132%E Miho Kiyokawa
AREBABE Kurumi Narita
{=#} [E Takumi Nishina
#HE R Munetaka Nitta
KAEFEAER Ryotaro Ohashi
KEHE Shoma Ohigashi
BT E N Yusuke Okumura
@ E Tetsuya Shinaji
#Ki#E 3} Kaito Suzuki
KU #E RER Yujiro Yazaki

Technical Assistant
Team Leader (tenure)

Researcher

Junior Research Associate

Junior Research Associate

Senior Researcher

Junior Research Associate

Junior Research Associate

Technical Staff

—tenure Principal Res.

Res. (part-time)

QRA (2016/11-2018/1)

Senior Res. (part-time) 2016/10-2021/4

Senior Technical Staff (2018,
Group Leader

QRA (2019/4-
QRA(2018/6-19/2; —

QRA (2019/7-
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as of Dec. 31, 2023

2020 2021 2022 2023
216,354 193,750 158,117 | 246,065
65,700 25,780 11,200 1,920
10,063 14,350 15,660 6,695
140,591 153,620 131,257 | 237,450
109,165 99,122 67,299 195,218
31,426 46,518 45,109 24,309
11.0 11.0 12.0 109
3 3 3 3
6.8 8.0 9.0 79
1.3 0 0 0
43 59 67 81
3.9 54 5.6 714
5,031 3,284 2,360 3,038
18 15 21 20
16 14 1.8 1.8
12,020 12,917 7,529 12,303
8 5 3 6
5 3 3 5
3 2 0 1
0.7 0.5 0.3 05
27,044 38,750 52,706 41,011
5 3 10 22
7 8 17 27
11 10 6 13
20 3 24 9
7 4 7 6
2020 2021 2022 | 2023 |
Res. (July-) Senior Res.
Res. (Oct-)
Senior Res. (July-)
SPR  GL, tenure (Sep-)
Researcher
Principal Res. (July-)
— Senior Res.  |Principal Res. (Oct-)

SPR (July-)

QRA (2020/10-2022/2)

2021/2)

2021/2)

Deputy Director

(July-)

RA (2022/4-2023/9)

QRA (Apr-)

QRA (Jul-)
QRA (Oct-)

RA (Jul-)

QRA = QST Research Assistant
RA = Research Assistant

Res. = Researcher

SPR = Senior Principal Researcher
GL = Group Leader
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AX=SV TYBRRIN—T ORREWE (QSTAHZER )
Research budget of Imaging Physics Group (excl. QST labor)
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Research budget [x1,000yen]

50,000

HRRMDOHERE Number of researchers

ELERK
25

20

15

10
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3 4} #B& £ Competitive grant e
R EAIE R Internal competitive grant
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e @i
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EEAEX AR GBERE (1925, REHADHOT h2%) ZiLHEL.
NEEETBERS (F2.48M) ERHEL=,

Internal research budget hit a record low (2M yen, just 2% of the peak),
o and external competitive grand hit a record high (~ 240M yen).

54 &8 & & Competitive grant
R FHIE R Internal competitive grant
=EEHE T2 Internal budget

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

( ORI ORI L BB DR LEY

The beginning of separation due to the

HKRES Postdocs LlO»year termination of employment
i = {EHAHIBRZ & (GB4LLE) Non-permanent researchers
FEEHIBRAZHE Permanent researchers

I
|I||||IIIIII

T T I T S T T S S S S

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
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=N
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TEE—EL (R Xy 714‘%‘V“\?i)\ ETEELE (ERAS), Ascene from the Radiation-Giren

meeting. From left: House of Representatives members Hiromi Mitsubayashi, Hanako Jimi, Norihisa Tamura and Shogo Azemoto,
Dr. Miwako Takahashi (QST), Dr. Tomokazu Yoshida (Sysmex Corp.) and Dr. Takeshi lwatsubo (University of Tokyo).
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Helmet PET gets
attention of Radiation-Giren

One of the challenges in treating or supporting patients with
dementia is the difficulty in understanding its symptoms.
Patients  suffering neurodegenerative
especially, Alzheimer’s disease, lose their abilities to memorize
new things, integrate different information, and describe
symptoms verbally. Furthermore, they may lose the ability to
recognize their symptoms. In such cases, PET may be the only
means to understand the symptoms and neurological deficits
of dementia patients.

from diseases,

High-performance brain PET is useful for elucidating the
pathophysiology of dementia and evaluating symptoms.
Development of high-performance brain PET (Helmet PET)
began in 2013 and was successfully launched in January 2023
(VRAIN, ATOX Co., Ltd.). When Dr. Yamaya gave a lecture on
this development at the 79" annual meeting of the Japanese
Society of Radiological Technology, Diet member Shogo
Azemoto was also invited, and he recognized the value of
VRAIN in promoting the national policy on dementia.

On June 19, 2023, we were invited to introduce VRAIN to
“Radiation-Giren.” This is a parliament group with former
Minister of Health, Labor and Welfare, and current Diet
member, Norihisa Tamura as the chairperson, and Mr.
Azemoto as the executive director that disseminates
knowledge and promotes the safe utilization of radiation. On
the day, many people from related ministries, companies, and
the media attended. A report of the event was broadcast on
television that evening and later, reports appeared in multiple
newspapers.

To help patients with dementia, we need to understand its
pathophysiology and symptoms. PET has also played a role in
the development of anti-dementia drugs. The basic act on
dementia to promote an inclusive society has been enforced in
Japan since January 2024. The time has come for researchers
and companies with high technology and productivity to work
together to build the next society. (Miwako Takahashi)
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QST Alliance using cutting edge
technologies to achieve early diagnosis

Modern medicine has not been able to eradicate diseases
even with advanced scientific understanding and technologies.
One possible reason for this failure may be due to how difficult
it is to see inside the human body. PET is the most promising
method for detecting functional disorders that appear before
anatomical changes. Substances that are directly linked to the
progression of diseases such as cancer and Alzheimer's
disease (AD) have been identified, and compounds that bind
to these substances have also been developed. PET uses
positrons to label these compounds as diagnostic agents, and
images their distribution in the body.

Although the usefulness of PET is increasing, the evolution
and availability distribution of the devices is not sufficient. One
reason for this is unresolved technical issues such as
resolution, but another reason might be the vicious cycle in
which manufacturers hesitate to invest in research and
development when the market size is small. Meanwhile, in
2022, QST succeeded in commercializing the world's first
brain-dedicated PET device, which proved that even academia
can deliver research results to patients.

The key point lies in the technology to accurately detect the
gamma-rays emitted from positrons (see the figure).
Therefore, with the aim of further advancing this technology
and delivering it to every patient who needs more accurate
diagnosis not only for brain but also whole-body diagnoses,
QST is assessing feasibility for the possible 2024 launch of one
project of the Alliance Program, "Next generation PET system
development innovation hub: from brain to whole body”.

This project will invite multiple manufacturers for medical
devices, electronic parts and materials to participate, and
make an all-Japan collaboration team between industry and

academia. Through this, the team will aim to achieve

A iﬁﬁ%?’ AENCB2FT. PN, <v—F approximately 10 times better volumetric resolution in PET.
u-u-f-*ls i A
RAMEISERAEENZRIBICR OS2 TR Afuture in which cancer can be detected before it metastasizes
BN 5 a0 sfﬁ_&léﬁk’(}j‘\%@_%*;ﬁ%%%ﬂ—?—& and AD can be detected before memory loss occurs will
fMioATERLEZL, (ILARE become possible through the application of the quantum
science and technology of the Alliance. (Taiga Yamaya)
PEski%IHAR AR DRI
Ho<R Conventional New detector
> 4
Gamma- ray \‘5\

PET detector

BEF |
Positron

D

N pEmoBTanE|\| @r<BE (
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Imaging simulation of the WGI-4 prototype

i B QST U H—F 722> M/FEKX (BHRE B+ 154%)
Tomoya Kikuchi, QST Research Assistant / Chiba University (Suga-lab, M1)
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Introduction

Whole gamma imaging (WGI) is a new nuclear medicine
imaging method that combines PET and Compton imaging
[1][2]. By inserting a scatter detector ring inside a PET detector
ring, it is possible to combine two different imaging modalities
into one system. PET has the highest sensitivity and the
highest spatial resolution among nuclear medicine diagnostic
methods, but its imaging target is limited to positron emitting
radionuclides. On the other hand, the Compton camera can
image radionuclides that emit gamma-rays of a wide range of
energies. Therefore, WGI has an imaging capability for a
variety of radionuclides and an expectation to realize nuclear
medicine imaging that outperforms PET. 8°Zr, 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 [3].
89Zr emits a 909 keV gamma-ray after a positron decay. The
WGI is expected to improve sensitivity and image quality by
using PET and Compton events.

We have developed three generations of WGI prototypes.
However, there are performance limits in the energy resolution
of scatterer detectors, and the resolution of Compton imaging
has not yet caught up with that of PET. Therefore, we are
developing the 4" WGI prototype (WGI-4) with updated
scintillators and detector systems. In this work, with the
optimized parameters in image reconstruction, we compared
imaging performance of the 4" WGI prototype with that of the
3" WGI prototype by Monte Carlo simulation.

Simulated systems and image quality evaluation

The 3 WGI and 4" WG| 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
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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].

An 8Zr-injected phantom was modeled and placed in the
center of the field of view (FOV) in the simulation. The list-
mode ordered subset expectation maximization (LM-OSEM)
method was used for PET and Compton image reconstruction.
The normalization correction and the attenuation correction
were applied. A hollow cylindrical phantom was simulated for
normalization. Attenuation correction was done by calculating
the attenuation correction factor, assuming a known shape with

water equivalent attenuation coefficient.

EL. BERMERREZFEL TITo7,

(a) WGI-3

(b) WGI-4

Scatterer
Front view Side view -
Scatterer HR-GAGG
3-l
GSO 7 crystals 1660 mm Frontview Side view -layer
2-layer nz{ DOI
| DOI 2320m 16 crystals
184 mm
8 crystals Q 86 fiifh
Absorber % f vy 108 mm  Absorber
oo,
GSO 16 crystals 105 mm 64 mm LGSO
S v
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.
34 WGI (WGI-3) 4t WGI (WGI-4)
Scintillator material GSO LGSO
Energy resolution @511 keV 14.0% 13.7%
Size of crystals 2.9x29x75mm?d 3.0 x 3.0 x 20 mm®
Absorber
(PET ring) Number of crystals / detector 16 x 16 x 4 8x8x1
g Number of detectors 40 det. x 4 rings 36 det. x 6 rings
Ring inner diameter 66 cm 32 cm
Axial length 21 cm 16.4 cm
Scintillator material GSO HR-GAGG
Energy resolution @511 keV 10.4% 4.2%
Size of crystals 2.9%x29x75mm? 1.5x1.5x5mm?
Scatterer Number of crystals / detector (7x7)+ (8 x8) 16 x 16 x 3
Number of detectors 10 det. x 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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Result

The phantom shown in Figure 2 (a) was used for spatial
resolution evaluation. The Derenzo-like phantom has five
clusters each of which has 10, 8, 5, 4 or 3 mm diameter rods.
The number of iterations for Compton images was 20 and that

for PET images was 4.

The reconstructed images and magnified images of the 3
mm rods are shown in Figure 2 (b). The Compton imaging
performance of the 4" WGI was improved over that of the 3
WGI. For the 3 mm rods (Figure 3 (a)), the Compton imaging
performance of the 4" WGI was quite similar to the PET
performance of the 3 WGI. While improvements in Compton
imaging performance were seen with the WGI-4, the upgrade
of the detectors also led to improvements in PET performance,
and PET is still outperforming Compton imaging in the 4" WGI
prototype (Figure 3 (b)).

4th WGI

R i R
T

Figure 2 Derenzo-like phantom simulation: Derenzo-like phantom (a

a) and reconstruction images (b).

(b)
1
—0.8
S
S,
© 0.6
=)
@®
> 04
[0]
X
Qo2
0 PET (4t WGI)
1 3 5 7 9 11 13 15 17 19
Voxel

Figure 3 Line profiles: 3 WGI PET vs 4" WGI Compton (a) and 4" WGI Compton vs 4" WGI PET (b).

19



PET 2023 Report on PET Imaging Physics Research

E R )] Conclusion

AETIE. >3IaL—>3 V252 WGl 423 In this report, we predicted the image performance of the 4"
D BEB TR AE{T>7-, WGI-4 2Hn a7 k> WGI prototype by the Geant4 Monte Carlo simulation. The
U A= SRS WGI-3 S L UERTH Y Compton imaging in the 4™ WGI outperformed that in the 3™
WGI-3 SH#c> PET HELIC A UFE LN EEAE S WGI and had a similar resolution to PET imaging in the 3™
o Lh L. Oy TR A X =Ty S DiE WGI. However, in the 4" WGI, PET was still outperforming
PET ISE%U;EQ%L b B, R L’CIC Compton imaging. This was due to the fact that the PET

% Be = [ DL = < o N
WGI-4 S#icEWTary by A X=20 0N
= S < N A
PET £ LRI% £ ZAETIHHERTW AL, S&bLT of realizing Compton imaging that is better than PET imaging
FNF—DREERET ST EMEL, 2T b by developing new detectors with better energy resolution.
VAX=V A PET & EESRKZE B L,

imaging was also improved when Compton imaging was
improved. In the future, we will continue pursuing our dream
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Compton imaging performance of WGI prototypes
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Introduction

Whole gamma imaging (WGI) is a novel concept combining
PET and Compton imaging (Figure 1) [1]. Inserting an
additional detector ring inside a PET detector ring allows
measurement of single y-rays by the Compton imaging method
[2]. Because Compton imaging can measure y-rays with a wide
energy range, WGI has the potential to become a third imaging
modality in nuclear medicine. So far, we have developed three
prototype systems for proof-of-concept of WGI in small
animals, and our WGI Compton imaging with 8Zr (909 keV y-
rays) achieved similar image quality comparable to that of PET
[3]. Towards realizing a clinical WGI system, we are working
now on basic technology development including detector and

prototype system development.

This report presents three research topics regarding WGI: (1)
development of performance measurement methods for
medical Compton imaging systems, (2) '3l Compton imaging
studies with the WGI 3 prototype, and (3) %Zr Compton
imaging with the WGI 4™ prototype.

Absorber

Scatterer

Whole gamma imaging (WGI)

0050:( !

E +E

1
— rnec2 +1
a E{I

Figure 1 Concept of WGI.
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Development of performance measurement methods for
medical Compton imaging systems

It is essential to improve the detector performance of WGI so
that WGI Compton imaging provides comparable quality to that
of PET. However, there are no standard performance
evaluation methods for medical Compton imaging systems.
Defining the standard performance evaluation methods may
enable clarification of the relationship between the detector
and imaging performance and extraction of promising detector

technologies for a clinical WGI system.

Therefore, QST organized an interdisciplinary working group
to establish standard performance evaluation methods for
medical Compton imaging systems. We developed standard
phantoms and evaluated the imaging performance of five
Compton imaging systems using the phantoms. Figure 2
shows representative Compton images measured by the WGI
3" prototype. Compton image quality differed in an obvious
manner that depended on energies of the y-rays. We will make

use of the data for future development of a clinical WGI system.

Multi-rod phantom

(a)

[Radioactivity ra;l 0]

Multi-contrast phantom .

U@@

3" prototype

356 keV
(123Ba)

511 keV
(ZZNa)

1275 keV
(ZZNa)

Figure 2 Developed standard phantoms (a) and representative Compton images (b) obtained by the WGI 3™ prototype (c).
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F—Hr<ig Zr 909 keV H v <R E) % X
A &=y bELTER, —A, BT OMEREFHEIC
L > T Ba?d356keV HrviRbBEIHRILTE%Z
Ehirantz (Figure 2(b)), & Z T, 500 keV Fif
DETRILF—A RIS TEIWGI a7 hA
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lodine-131 Compton imaging with the WGI 3" prototype

The primary imaging target of the WGI 3" prototype was y-rays
with more than 500 keV energy (e.g., 8Zr 909 keV y-rays). In
addition, we found that y-rays with less than 500 keV energy
could be visualized based on the imaging results of '*°Ba 356
keV y-rays (Figure 2(b)). In this work, we investigated the
Compton imaging performance of '3l 364 keV y-rays and

compared the imaging results with "'l SPECT images
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measured by a clinical gamma camera.

Figure 3 shows '3'I Compton images measured by the WG| 3™
prototype and '3l SPECT images measured by the clinical
SPECT system. WGI Compton images outperformed SPECT
images in terms of the cold rod contrast and rod separation
capability. However, spatial resolution degradation was
observed near the center of the field-of-view probably due to
the limited energy resolution of the scatterer detector.
Improvement in energy resolution of scatterer detectors is

essential for future development of a clinical WGI system.

High cold contrast

:.

WGI 3"' prototype

30 min measurements
OSEM
20 iterations, 16 subsets

[mm]

131] Compton images 131) SPECT images

(~1 MBq)

*74\"
(2-4MBq)

v

Discovery NM/CT 670

30 min measurements
HEGP collimator

OSEM

2 iterations, 10 subsets

Figure 3 Comparison of '*'l (364 keV y-rays) Compton images and 3"l SPECT images.
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Zirconium-89 Compton imaging with the WGI 4" prototype

We started developing the WGI 4% prototype for further
improvement of the quality of Compton images for 8Zr 909 keV
y-rays. Our previous work suggested that spatial resolution
and energy resolution of the scatterer detector were key
factors affecting Compton image quality [4]. Therefore, we
used customized HR-GAGG scintillators that have been newly
developed by Tohoku University to achieve high energy
resolution. In addition, we used a crosshair light sharing (CLS)
configuration to get depth-of-interaction (DOI) information [5].
Figure 4 and Table 1 show system specifications of the WGI
4% prototype. The whole system, including absorber detectors

and data acquisition systems, was newly developed.

Using the WGI 4" prototype, we performed 60-min Compton
imaging of a normal mouse from 24 hours after 8Zr-oxalate
injection of 10.5 MBq. 8Zr accumulation was well matched with

bone structures (Figure 4(c)).
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Figure 4 Photo of the WGI 4th prototype (a), its detector configurations (b), and 8Zr (909 keV) Compton maximum-intensity-
projection image of a normal mouse (preliminary results) (c). The Compton image was co-registered to the CT image.

Table 1 System specifications of the WGI 4 prototype.

Scatterer (inner ring)

Absorber (outer ring)

Data acquisition system

PETsys TOFPET2 ASIC (PETsys Electronics)

Scintillator

Custom HR-GAGG (Tohoku Univ.)

Fast-LGSO (OXIDE Corp.)

Scintillator element size (array)

1.45%1.45x15 mm3 (14x14)

3.1x3.1x20 mm? (8x8)

Number of detector blocks

40

216

Photosensor S14161-9865 (Hamamatsu Photonics K.K.)
Photosensor active area size (array) 3.0x3.0 mm? (8x8)

Scintillator and photosensor coupling Crosshair light sharing (CLS) One-to-one
TOF measurement capability Yes (<500 ps) Yes (<300 ps)
DOI measurement capability Yes (3 segments) No

Summary

xeH

We reported recent progress on research and development of
WGI. 3"| Compton images measured by the WGI 3" prototype
outperformed 3!l SPECT measured by a clinical system in
terms of phantom image quality. In addition, we demonstrated
that the newly developed WGI 4" prototype succeeded in 89Zr
Compton imaging of a normal mouse.

WG| HFEBFEDES B A RS L7z, 3 SaIFIE
IC& B BN ar 7 rEkiE, BBERA SPECT EED
BiRLYbEN-EEEZ R LT, BHEEZRIFTL -
4 SHIMOBRAED, T TRD ¥Zr AV Tk
AA=VIDAETH D T & %R LT,
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Introduction

Whole gamma imaging (WGI) is our original concept by
combining PET and Compton imaging techniques so as to
utilize all measured gamma rays for imaging. [1]. As shown in
Figure 1, the WGI is enabled by inserting a scatterer ring in a
PET ring, which also works as an absorber in Compton
imaging. Therefore, the WGI system can obtain not only PET
images but also Compton imaging. Previously, we developed
three WGI prototypes. In the WGI prototypes, the scatterer
detector ring consisting of GSOZ and GAGG scintillation
crystals was inserted in the bore of a PET ring. As a result,
good Compton images of volumetric phantoms could be
obtained for high energy gamma rays with the third WGI
prototype (over ~500 keV) [2].

The scintillators are useful materials as the WGI scatterer
imager in terms of its high sensitivity for the gamma rays.
However, such scintillators may have limitations for the use in
WG], in terms of energy resolution and the Doppler broadening
in Compton imaging. In addition, Compton scattering efficiency
is low for low energy gamma rays. Therefore, this work aimed
at developing a silicon detector, which would be a better choice
for the scatterer, in particular, for low energy gamma rays
because of its better energy resolution and higher scattering
efficiency in low energy region than those of the scintillators.

We developed a scatterer prototype which consists of double-
sided silicon-strip detectors (DSSDs). The prototype scatterer
has a large area and strip pitches to reduce the number of
readout channels and dead spaces between detectors. In this
report, we show details of the developed prototype silicon
detector and evaluation results for low-energy gamma rays
and x-rays.

Developed silicon scatterer and experimental setup

We constructed a prototype scatterer which consisted of a
DSSD and readout circuits with ASICs. Figure 2 shows
photographs and specifications of the DSSD chip. The total
chip size of the DSSD was 45.5 mm x 45.5 mm. The size of
the active area was 43.2 mm x 43.2 mm. The strip pitch was
900 um. The chip thickness was 600 um. The number of strips
was 48 for each side. The DSSD chip was connected to the
readout board with the ASICs (VATA450.3) which contained
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pre-amplifiers, shapers and analog-to-digital circuits.
Digitalized data from the ASIC were collected and recorded
with a FPGA board and a control PC. Figure 3 shows the DSSD
and readout circuit. The DSSD and circuit were shielded with
an Al shielding box. In measurements, the prototype was
operated in a thermostat and temperature was changed from
+20 °C to -20 °C (Figure 4). Applied bias voltage was 200 V in
all measurements. Gamma-rays and x-rays from *2Am, '**Ba
and %’Co were irradiated from approximately 10 cm above the
DSSD.

Capacitance (pF/strip) 31

Parameter of DSSD chip
Chip size(mm) 45.5+0.02
Sensitive area(mm?) 43.2X43.2
Strip pithc (um) 900
No. of strip(ch) 48
Thickness(um) 600+15
Operation Voltage (V) <200
Dark current (@200V) <1pA

Figure 2 Photograph and parameters of DSSD chip.

Figure 3 Photograph of prototype silicon scatterer.

ATl SEBRAE R

BIRLEF—0 X R yIRICHT 28 F8ELIRH
L DMEETE M A T > 7z, Figure 5 ICRBETOD
WAM OE—DOX MYy FTHELNIIRILF—R
Ry bINERT, +20 ‘COFZEITIE 30 keV LUTFD
B TRIFILF—DE—IHERY 1 DDE—7
LHEERTcERWLA, -10 'CUTTIEnBtTcE T WL
%, Figure 6 ICRIERDERE— 27 (I BT HIL
F—DBEOREREEZ R, TrIL¥ -0
(& 59.5 keV (**Am)IZxf L 4.0% (-20 °C). 4.4% (-
10°C). 11.6% (+20°C). 81 keV (***Ba)l=xfL 3.6%
(-20 °C). 3.7% (-10 °C). 8.4% (+20 °C). 122 keV
("Co)lzxt L 2.2% (-20 °C). 2.5% (-10 °C). 5.0%
(+20 C)TH > 7=, WGI3 S (WGI-3) THEAL
7- GSOBRELIR HHES & LB L T T 1L ¥ — D REEHNTR

26

Figure 4 Photograph of experimental setup.

Experimental results

Performance evaluation of the prototype silicon scatterer was
conducted for low-energy gamma rays and x-rays. Figure 5
show energy spectra of a single strip for '“2Am at three
temperatures. The x-ray energy peaks lower than 30 keV could
be clearly recognized when the temperature was below -10 °C
although only single broad peaks were observed at 20 °C for
the same energy region with all radiation sources. Figure 6
shows temperature dependence of energy resolutions for the
main single peaks of each radiation source. The energy
resolutions for 59.5 keV were 4.0% (-20 °C), 4.4% (-10 °C) and
11.6% (+20 °C). The energy resolutions for 81 keV were 3.6%
(-20 °C), 3.7% (-10 °C) and 8.4% (+20 °C). The energy
resolutions for 122 keV were 2.2% (-20 °C), 2.5% (-10 °C) and
5.0% (+20 °C). The energy resolution was significantly
improved from that of the GSO scintillator scatterer (~23.5% at
81 keV) used in the third WGI prototype (WGI-3). The energy
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resolutions at low temperatures were improved from those at
+20 °C due to the decrease in dark current. On the other hand,
differences between the energy resolutions at-10 °C and -20 °C
were small.

12

® Am-241

-
o

® Ba-133

3]

Co-57

a

IS

Energy resolution [%)]

N

-30 -20 -10 0 10 20 30

Temperature [°C]

Energy resolution of 24'Am, 33Ba and 5’Co at three temperatures.

Simulation

We simulated performance of WGI for Compton imaging with
silicon detectors based on the energy resolution obtained in the
experiment. Angular resolution and Compton sensitivity were
compared between the WGI-3 and Si-WGI. Simulation
parameters are summarized in Figure 7. Diameter and axial
length were almost the same for each scatterer ring. Gaps
between the silicon detectors are required due to the readout
circuit used for the Si-WGI, and a 5 mm gap was assumed in
the simulation. As a result, total length of the silicon detector
(72 mm) was longer than that of the WGI-3 (15 mm). However,
effective thickness was only 7.2 mm shorter than the 15 mm
thickness of the WGI-3. We applied the energy resolution
based on the experiment.

The angular resolution and Compton sensitivity for each
energy are shown in Figures 8 and 9. Spatial resolutions
geometrically estimated from the angular resolutions are also
shown as the right side axis. As shown in Figure 8, the angular
resolutions of the Si-WGI were almost three times better than
those of the WGI-3 because of better energy resolutions. For
the 120 keV gamma-ray, the WGI-3 had no angular resolution
because of low sensitivity to the low energy gamma rays. The
sensitivity of the WGI-3 was higher than that of the Si-WGI in
the high energy region above 500 keV (Figure 9) due to the
high density and thickness of the WGI-3. On the other hand,
the WGI-3 sensitivity was highly degraded and dropped to
almost zero although the Si-WGI sensitivity was increased
because photo-absorption events are dominant for low energy
gamma-rays in the case of high Z materials. As a result, the Si-
WGI sensitivity was higher than that of the WGI-3 for low
energy gamma rays.
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Conclusion

We developed the large-size prototype DSSD scatterer for
WGI to obtain better Compton images for low energy gamma
rays. The prototype scatterer

obtained higher energy

resolutions compared with the GSO scatterer detector. From

AT, BEzxLX—EE Ty FL—2E2BWE
IRHBL) baLEEIBONE I EY T2 L
—>arTrl7, 5% WGl A PET #®H2 (%
INHRHHER) & SiBELRHB A AR A b Y A%
FFEL. A X=Y Y T HEEDFmAET> T W<,

the simulation, we determined the silicon detectors were more
appropriate for WGI Compton imaging for low energy gamma-
rays compared with scintillator based scatterers. In the next
step, we will evaluate performances for detectors in the WGI

system combining PET detectors used as absorber detectors
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Introduction

About 30% of positrons emitted from PET nuclides form the
exotic atom named positronium (Ps) before being annihilated
with electrons [1]. The time that it takes for the Ps to annihilate
to 511 keV photons (lifetime) varies depending on the
surrounding electron density. Therefore, it is expected that Ps
can be a biomarker to extract new information in vivo [2].

We are aiming to realize quantum PET (Q-PET), a novel
diagnostic imaging method based on the Ps lifetime. This
realization provides a new nuclear medicine diagnostic method
that is completely different from conventional PET, which uses
radioactivity as its diagnostic principle. The Ps lifetime can be
imaged by using nuclides that simultaneously emit a gamma
ray with a positron and whole gamma imaging (WGI) [3]. We
have reported the feasibility of treatment-resistant hypoxic
tumor imaging [4], proof of concept by 2D imaging of the Ps
lifetime [5], and the
concentration in an aqueous solution and the Ps lifetime [6].

relationship between the radical

This year, as a step toward practical application, we
investigated the possibility to detect slight differences in
oxygen partial pressure between normal cells and hypoxic
cancer, and searched for a Q-PET nuclide that is expected to
be used clinically [7].

Discrimination of oxygen partial pressure equivalent to
hypoxic cancer and normal cells

There are several reports of Ps lifetime in aqueous solutions at
oxygen partial pressure (pO-) values of 0 mmHg (no oxygen)
and 160 mmHg (air) [4] [8] [9]. However, there are no reports
of successful separation at Ps lifetime of 10 mmHg, which
corresponds to the oxygen partial pressure of a hypoxic tumor
[10], and separation at Ps lifetime of 40 mmHg corresponding
to normal healthy cells. Therefore, we measured the Ps lifetime
in aqueous solutions for these oxygen partial pressures using
a clinical PET scanner and demonstrated the separation.

Aqueous solutions of 22Na, which simultaneously emits a 1275
keV prompt gamma ray and a positron, were used in the
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experiment. Although #Na has a half-life of 2.6 years and is
not suitable as a nuclide for PET, it is often used in physical
experiments for radiation measurement. The pO, value of the
22Na solution in two sealed containers was adjusted to 10
mmHg and 40 mmHg by adjusting the nitrogen gas inflow rate
(Figure 1 (a)). A brain-dedicated PET scanner VRAIN [11] with
a coincidence time resolution of 229 ps was used for the
measurements (Figure 1 (b)). Each of the pO, adjusted ?’Na
solutions (370 kBq) was placed at the center of the scanner
and measured for 48 hours.

Detection time difference spectra were generated by analyzing
the difference of the detection time between the 1275 keV
gamma ray treated as the start, and the 511 keV photon treated
as the stop. The Ps lifetimes were calculated using PALSHfit3,
which is a positron annihilation lifetime analysis code. The
energy window was 700-1500 keV for 1275 keV gamma ray
detection and 400-590 keV for 511 keV photon detection.

Figure 1 (c) shows the relationship between pO, value and Ps
lifetime value (the error is expressed as +10 (standard
deviation)). The lifetime value became shorter as the pO, value
increased. The Ps lifetime values for 10 mmHg and 40 mmHg
were 1.9360 £ 0.0026 ns and 1.9291 + 0.0024 ns, respectively.

This result demonstrated the separation of the pO, values
corresponding to hypoxic cancer cells and normal healthy cells
with an error of more than 1o. An additional notable
achievement is that this result was demonstrated by a clinical

PET scanner rather than a specialized laboratory
measurement system.
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Search for a Q-PET nuclide expected applicable for
clinical use

The most promising PET nuclide for in vivo Ps lifetime
measurement is 4“Sc [12], but its production technique has not
been established. The only PET nuclide for which the Ps
lifetime in vivo was actually measured was ®8Ga, which has a
small branching ratio of only 1% [13]. Therefore, at this time,
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we focused on %I, There are several studies on the use of 12|
as a PET nuclide as reviewed in the literature [14]. There is a
decay path that emits a gamma ray of 603 keV immediately
after positron emission (Figure 2 (a)), although the branching
ratio of 11.7% is still not large. However, since the energy of
603 keV is close to that of 511 keV annihilation photons, some
false detections might occur. To explore the potential use of 12|
in Q-PET, we performed an experiment using '?*l provided by
the Supply Platform of Short-lived Radioisotopes.

For the measurements, we used two detectors which were the
same as those installed on the VRAIN. The detector pair was
placed at a distance of 10 cm (Figure 2 (b)). The coincidence
time resolution was 250 ps. Additionally, two certified reference
materials [15] with known Ps lifetimes (1.62 + 0.05 ns and 2.10
+ 0.05 ns) were used. These are used to calibrate the positron
annihilation lifetime spectrometer and two plates are a set.

1 uL of '?#I-Nal aqueous solution (approximately 200 kBq) was
dropped onto a certified material plate and sandwiched by
another one. The one set of sandwiched '?*| plates was placed
in the center between the detectors and measured for 10
hours. The same measurement was performed using another
set of certified material plates. The Ps lifetime was calculated
by analyzing detection time differences between the 603 keV
detection start and 511 keV detection stop. A similar
experiment was conducted by replacing the source with a thin-
film #Na sealed source (500 kBq), and the Ps lifetime values
were compared.

The comparison results are shown in Figure 2 (c). From the left
to the right of the Figure, the Ps lifetime values were 1.58 +
0.04 ns for 22Na and 1.57 + 0.14 ns for '?*| in terms of the
certified value of 1.62 + 0.05 ns, and 2.10 + 0.05 ns for 2Na
and 2.02 £ 0.10 ns for 24| in terms of the certified value of 2.10
+ 0.05 ns. The obtained Ps lifetimes all agreed within the error
range of the
errors were larger for '2*| than for ?Na. False detections of 603
keV and 511 keV photons may be one of the reasons for this
behavior. We found that the Ps lifetime measurement for 24|
was feasible, but the accuracy was lower than that of ?Na.

certified reference materials. However, the

Conclusion

As Ps lifetime measurement studies for nuclear medicine
applications, we reported the results of two Ps lifetime
measurements in aqueous solutions assuming hypoxic cancer
and using '?*l as a Q-PET nuclide. In the future, we plan to
prepare for the Q-PET imaging demonstration using a WGI
prototype.
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Figure 2 A simplified decay scheme of 12| which simultaneously emits a positron and a 603 keV gamma ray (a); photos of the
experimental setup (b); and a comparison of Ps lifetimes for two reference certified materials when measuring ??Na and '?*l (c).
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Introduction

In carbon ion therapy, it is important to visualize the range
(stopping position) of the incident carbon ions in a patient body.
The range of carbon ion beams can be indirectly verified using
positron emission tomography (PET) since PET has the
capability of visualizing positron emitting nuclei produced
through fragmentation reactions between incident carbon ions
and tissues [1].

Recently, we developed a whole gamma imaging (WGI)
system with great capability for working simultaneously in three
modes of PET, Compton, and triple gamma imaging [2]. °C,
which emits a positron and a simultaneous gamma-ray of 718
keV at 98.5% probability, is one of the positron-emitting nuclei
produced inside tissues of patients during carbon ion therapy.
We have already shown the feasibility of the triple gamma
imaging of '°C ion beams for the range verification using the
WGI [3].

In this report, we investigated the feasibility of the Compton
mode of the WGI system for verification of ion therapy
treatment by detecting Compton scattering of the 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) [4].

Materials and Methods

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

In the secondary beamline of HIMAC, a '°C ion beam (350
MeV/u) with the momentum acceptance of 5% was produced
and the relative dose of the beam was measured using a
crossed monitor within a water tank as shown in Figure 1 (a).

A PMMA phantom was set at the field of view of the WGI and
irradiated with the '°C ion beam as shown in Figure 1 (b). The
PMMA phantom was irradiated 10 times for a cycle of 79.2 s in
which the beam was on for a 12-spill (12x3.3 s=39.6 s)
duration and off for the remaining 39.6 s. The phantom was
irradiated 10 times to overcome the low sensitivity of the WGI
and the low intensity of the '°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
Compton events were obtained using software.

The data acquisition system of the WGI recorded all single
detected events during measurements as list mode data.
Event selection was performed using offline software by
detecting coincidence events and applying energy windows. A
Compton event contained two interaction events as shown in
Figure 2. The coincidence events were obtained with a timing
coincidence of 50 ns and the energy windows were set for the
absorber and scatterer detectors. For Compton events of 718
keV photons, the energy windows were set to 50-380 keV and
400-800 keV for the scatterer and absorber detectors,
respectively. An additional energy window of 600-836 keV was
also applied for the total energy of Compton events to extract
718 keV photons. The ordered subset
maximization (OSEM) algorithm was used for
reconstruction of Compton events.

expectation
image

Experimental setup for dose measurement in water (a) and Compton imaging using the WGI (b).
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Energy windows for Compton events:
50 keV < Ecs < 380 keV
400 keV < Eca < 800 keV
600 keV < (Ecs + Eca) < 836 keV

Figure 2 A schematic drawing of Compton imaging of '°C nuclide and energy windows for a Compton event. Ecs and Eca are
energy deposits in the scatterer and the absorber, respectively.
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Results and Discussion

The image of the Compton events in an irradiated PMMA
phantom with a '°C ion beam for the irradiation cycle of
10x79.2 s is given in Figure 3. Distribution of '°C nuclides in
the irradiated PMMA phantom was extracted from the
Compton image. The measured depth dose is compared with
the measured °C nuclide distribution in Figure 4. A small shift
of 2.8 mm was observed between the position of the maximum
concentration of '°C and that of the Bragg peak. This small shift
can be explained by the beam energy spread and it
demonstrated the feasibility of Compton imaging for range

verification of 1°C ion beams.

100 mm

300 mm

Figure 3 Compton image for an irradiated PMMA phantom with a '°C ion beam in the HIMAC at the position of maximum
activity for irradiation cycle of 10x79.2 s.
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Figure 4 Comparison of the relative dose in PMMA and '°C nuclide distribution extracted from the Compton image in Figure 3.
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Conclusion

We investigated the feasibility of the WGI for Compton imaging

of '°C nuclides. The Compton image was obtained for an
irradiated PMMA phantom with a '°C ion beam at the HIMAC
facility. The measured depth dose in PMMA was compared

IR ATREM & IRAE L 7o EFAYICIE. HIMAC T °C
E—L%PMMA 7 7> b AICEBE L. 37 A
A= B LN C KEODOHRERED R &
LB L7ze ZDFER, Bragg —2 &av 7 VE
BoOL—7DMUETHNIZ 2.8 mm THY., +H/0E
WZehn C E—LoREBRIEICE TS 7
VAA=T VT OERAREEATRINT, WG 1E,
PET. v b AX=0 0 RUTILHY<A A
-2y ID 3 2OE— K TCREEHARIETH 57
W, Zh o 3 BEOB®R T BN TFIRAE ORI
D= IHERIICAWS Z EAARETH 5,

with the extracted activity of '°C from the Compton image. The
shift of 2.8 mm was observed between the Bragg peak position
and the position of the peak in the Compton image. This small
shift confirmed the feasibility of the Compton imaging for the
range verification of the '°C ion beam. Since the WGI can work
simultaneously in three separate modes of PET, Compton and
triple gamma imaging, the images can be used as three

signatures for range verification in carbon ion therapy.
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Introduction

OpenPET is a full-ring type PET geometry capable of full 3D
tomographic imaging, but it also has an open space that a
treatment beam can pass through. Since our initial proposal of
the idea in 2008, we have been researching and developing
OpenPET with the goal of carbon-ion therapy application [1-3].

Carbon-ion therapy has been applied to the treatment of
various types of cancer and has achieved high treatment
outcomes. High-precision irradiation is achieved through

meticulous treatment planning with dose distribution
calculations based on CT images. However, no method has yet
been established to confirm right on the spot whether
irradiation was performed according to the treatment plan.
Among various proposals [4-5], the most promising at present
are PET-based methods. The irradiation of carbon-ion particles
into a living body produces positron-emitting radionuclides
(positron emitters) through interaction with body tissue
(fragmentation reactions), and these positron emitters can be
imaged with PET. Therefore, combining PET with carbon-ion
therapy is expected to enable the validation of therapy beams.
However, the produced positron emitters are small in quantity
and have short half-lives. Thus, the offline PET method loses
much of its signal when a patient is moved to a PET scanner
after irradiation. On the other hand, in-beam PET with a dual-
head system suffers from strong image artifacts with distortion
in the direction perpendicular to the detector plane, making it
difficult to obtain sufficient 3D information. Therefore, in-beam
OpenPET is expected to provide artifact-free 3D information
without signal loss. In addition, diagnosis of a tumor state
without tracer injection may be possible by measuring the
migration of produced positron emitters through the blood flow

after irradiation (washout effect) [6].

Last year, we reported on the status of preparations, including
the development of a rapid setup mechanism for installation in
the treatment room. This year, the first clinical trial was initiated
after installing OpenPET in the treatment room and conducting
a phantom experiment.
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Phantom irradiation experiment in the treatment room

OpenPET was installed in the HIMAC treatment room (room
E), and in-beam PET measurements using a head phantom
were performed (Figure 1). As a rehearsal for patient
measurements, the head phantom was fixed to the treatment
couch, and then the OpenPET gantry on rails placed on the
floor was moved to the measurement position. The rails are
equipped with shock absorbers and are pre-aligned so that the
OpenPET field of view (FOV) center coincides with the
isocenter of the irradiation beam when it stops. Room E has
two fixed vertical and horizontal irradiation ports, but we
performed only horizontal irradiation. Using the treatment
planning system of the HIMAC, we generated a 4 cm square
cube-shaped irradiation field as an irradiation plan with a dose
equivalent to a single fraction for head and neck cancer
treatment. The relative biological effect (RBE)-weighted dose
was 4 Gy. Irradiation was performed by positioning the
phantom so that the beam entered from the right side of the
head. It should be noted that there are gaps on the left side of

the head phantom as a structure for inserting dosimetry films.

The irradiation time was 1 min, and OpenPET measurements
were performed during irradiation and 10 min right after. The
irradiation beam had a structure called a bunch; irradiation
(beam on) and rest (beam off) were repeated at irregular
intervals, each around 1 s. Coincidence events during beam-
off periods and the 10-min measurement time after the
irradiation were extracted, as there was a small level of
background noise contrary to the beam-on time having many
prompt gamma rays that make data difficult to use. We used
the

expectation maximization (MAP-OSEM) algorithm with median

list-mode maximum a posteriori ordered subset

root prior for image reconstruction. A treatment planning X-ray

CT image was used for the attenuation and scatter corrections.

In-beam PET measurement at treatment room E of the HIMAC for a human head phantom. The OpenPET gantry on

the rails was moved by pushing the handle to the isocenter.
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Figure 2 shows the irradiation field for the head phantom
generated with the treatment planning system and the PET
image obtained from in-beam OpenPET measurement. Each
image is shown as a fusion image with the CT image. The
distal edge of the carbon-ion beam was located at the center
of the head phantom, and the irradiation field had a nearly
uniform distribution over a 4 cm area from the center toward
the incident direction. On the other hand, the PET image
distribution showed a decrease in radioactivity toward the
direction of irradiation (left side of the transaxial image). This
trend was similar to that observed by Bauer et al. [7] in their
offline PET study (patients were moved to a PET scanner after
irradiation).

PET image (during irradiation + 10 min)

Irradiation field for the head phantom calculated by the treatment planning system (left) and the radioactivity

distribution image obtained for the in-beam measurement with the OpenPET system (right).
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Figure 3 shows the average profiles in the region of interest
(ROI) for the depth dose and radioactive distribution. These
were normalized, with each maximum value being 1. The CT
profile is also shown, indicating the position within the
phantom. The physical dose was plotted in addition to the
RBE-weighted dose. In this case, 60-70% falloff positions were
almost identical. However, it should be noted that this is not a
generalizable condition as it is affected by the degree of
smoothing and other factors. In the future, we plan to establish
a method to verify the range by applying a method to estimate
the dose distribution from a PET image or to predict a PET

image from a treatment plan.
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Clinical research plan

The clinical study aims at visualizing the carbon-ion beam
irradiation area by performing in-beam PET imaging using
OpenPET installed in the HIMAC treatment room and to
explore the possibility that the visualized information can be
used to consider more rational irradiation area settings. The
target is carbon-ion therapy for head and neck cancer, which
is less affected by patient movement due to breathing, but the
irradiation field is complex, and higher accuracy treatment
planning is required. The primary endpoint is a visualization of
the carbon-ion beam irradiation area in head and neck cancer
patients, and the secondary endpoint is an estimation of the
treatment beam range. In addition, we included an exploratory
endpoint for observing the washout effect within the patient's
body. The target number of cases required to explore the
relationship between observation results and tumor control
performance is 20.

For head and neck cancer treatment, 16 irradiation fractions
are performed. In-beam measurements will be performed
using OpenPET for four irradiations (1-4, 5-8, 9-12, and 13-
16). It should be noted that although two-port irradiation,
vertical and horizontal, is normally performed as treatment, the
current OpenPET was designed for horizontal irradiation.
Therefore, we perform the vertical irradiation first without using
OpenPET, then move OpenPET along the rails, and perform
measurements using OpenPET during horizontal irradiation
and for 10 min starting immediately after the end of irradiation.
This clinical study is approved by the National Institutes for
Quantum Science and Technology Certified Review Board
(Trial ID: jRCTs032220746).
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The first OpenPET clinical study

Figure 4 shows the result of the first case of in-beam OpenPET
measurement. The total RBE-weighted dose delivered was 4
Gy for vertical and horizontal irradiation. Data processing and
image reconstruction methods were the same as in the
phantom irradiation experiment. As a result, we succeeded in
capturing the formation of positron-emitting nuclides in the
region of the patient's body that was irradiated with the carbon-
ion beams. However, the distribution of the PET image was
affected by the spatial resolution of the system, and since the
produced radioactivity was low and only a few counts were
measured, the strong noise suppression method was applied,
which might obscure the actual radioactivity distribution. In the
future, we plan to apply a method for range verification.

In-beam OpenPET image (during irradiation + 10 min)

£ Fused_Imaposem_beamoff+600s_20230719-193142_EW400-600ke...
C:1/2 234/64; 130x155 pixels; 32-bit, 10MB
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Figure 4 The first patient measurement result of OpenPET showing radioactivity distribution produced from the fragmentation

reactions of the carbon-ion beam. Transaxial (top left), sagittal (top right), and coronal (bottom) slices are displayed.
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Conclusion

We installed OpenPET in the HIMAC treatment room, and after
a phantom irradiation experiment, the first clinical trial targeting
head and neck cancer began. Although it is necessary to
establish a method to verify the range in the future, we
obtained a PET image showing the positron emitter distribution
produced by the carbon-ion irradiation inside the patient's body
by the in-beam measurement. In addition, we plan to increase
the number of cases in the future and analyze the washout

BRE & DEERZEBITT 2 FETH 5,

speed and the relationship with treatment results.
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Introduction

The use of positron emission tomography (PET) for in-vivo
range verification has been actively studied in charged particle
beam therapy [1]. PET-based beam monitoring is based on the
detection of positron (8*) emitters, such as ''C, which are
produced through fragmentation reactions in a patient. We
have successfully developed an Open PET prototype which
enables PET imaging while irradiating treatment beam [2, 3].

While development of PET has progressed, development of
analysis methods is also necessary. Since the produced (-
emitters are metabolized (biologically washed out) depending
on the tumor vascular condition. So, the biological washout rate
is considered to indicate the tumor hemodynamics. The tumor
response to radiation is reflected in changes of the tumor
hemodynamics [2], in terms of blood perfusion and hypoxic
status. To assess the therapy, intratumoral hemodynamics is
diagnosed using magnetic resonance imaging (MRI) [5].

For this assessment, we hypothesized that the biological
washout rate of produced B*-emitters itself would be useful as
a biomarker of tumor hemodynamics, and we have been
verifying this through animal experiments. If information of the
tumor vascular condition can be obtained as a secondary result
of PET-based range verification, the diagnosis of tumor
pathological status during the treatment period becomes
possible. Furthermore, those examinations which use contrast
agents or radiopharmaceuticals can be avoided.

We have conducted heavy ion beam irradiation experiments
on tumor rat models with different hemodynamics. Our
previous study showed that the biological washout rate was
faster in viable tumors and slower in necrotic tumors [6]. Here,
the actual tumors have a heterogenous structure, including
such regions as angiogenic, hypoxic, and necrotic regions. The
aim of this study was measurement of the distribution of
washout to intratumor

biological rates corresponding

structures. We conducted a rat irradiation experiment with a

heavy ion therapy beam ('2C) using high-sensitivity PET.
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Method

The time order of this study is shown in Figure 1. About 4x108
C6 glioma cells were injected subcutaneously into the right
thigh of a nude rat (six weeks old, F344/NJcl-rnu/rnu CLEA
Japan, Inc.). Tumors in the rat reached about 2 cm in diameter
after two weeks, and then we conducted MR angiography
(MRA) to investigate the vascular condition within the tumor.
The rat was setin a 7 T MRI system (Bruker Biospin, Ettingen,
Germany). A 25 mm diameter loop coil (Takashima Factory) for
transmission and reception was used to scan the tumors. After
800 pl angiographic contrast agent (GadoSpinTM P, viscover)
was administered intravenously, MRA scans were done using
a fast low-angle shot (FLASH) sequence.

The '2C ion beam was generated using the heavy ion medical
accelerator in chiba (HIMAC) at National Institutes for Quantum
Science and Technology (QST). Beam conditions were as
follows: maximum energy 290 MeV; spread-out Bragg peak
(SOBP) width 6 cm; and beam size diameter 10 cm. The SOBP
width and beam size were adjusted according to the tumor size
by using an absorber and a collimator. Then, the entire tumor
tissue was irradiated using the '2C ion beam. After irradiation,
the rat was moved to a total-body small-animal PET (TBS-PET)
[7], and PET imaging of the produced B*-emitters was
performed. The TBS-PET was developed using a six-layer
depth of interaction (DOI) detector to achieve 1.9 mm spatial
resolution and 16.7 % peak sensitivity. The irradiated dose of
the '2C ion beam was about 8 Gy, the time from the end of
irradiation to the start of PET imaging was about 2.7 min, and
PET imaging was performed for 40 min.

The acquired reconstructed PET image and MRA image were
comparatively investigated. Different radioactivity intensity
regions on the reconstructed PET image were contoured as the
volumes of interest (VOIs). The list mode data from PET were
divided into 30 s duration time frames. Then, the time activity
curves (TACs) of each VOI value were obtained to derive the
biological washout rate.

PET scan

Figure 1

Experimental scheme and setups: (a) MR anglography with 7 T MRI system; (b) '2C ion beam irradiation in biological

experimental room in HIMAC; and (c) PET scan with TBS-PET.
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Results and Discussion

Figure 2 (a) shows the reconstructed PET image acquired
by TBS-PET. The 2C ion beam focused on the target positions
was successfully visualized. The produced S*-emitters diffused
throughout the whole body due to the biological washout effect.
Here, a heterogeneous distribution within the irradiated tumor
was observed (Figure 2 (b)). Figure 2 (c) shows an intratumoral
blood vessel image acquired by MRA. A poorly vascularized
necrotic region and hypoxic region were observed, and that
region coincided with the higher activity intensity region in the
PET image. Figure 2 (d) shows the TAC of each VOI value in
the high and the low activity intensity regions. For comparison,
the first point of the PET measurement was normalized as 1.0
arbitrary units (A.U.). Fitting results were represented by the
solid lines. The intratumoral distribution of the biological
washout rate was successfully obtained.

The results of this study suggested that intratumoral activity
intensity and hemodynamics corresponded. The biological
washout rate in the high activity intensity region was slower
due to decreased vasculature and blood flow. The biological
washout rate in the lower activity intensity area was relatively
faster due to tumor vascular hyper-perfusion which is a
characteristic of a viable region of a tumor. As the next step, it
is essential to confirm the reproducibility of the animal
irradiation experiment.

Hypoxic area in the tumor

VOI value [A.U]

‘\\\g R ' Hypoxic = )

° Viable =

9 High activity area

(d) Low activity area e

600 800 1000 1200 1400 1600
Frame mid time [s]

200 400

Figure 2 Experimental results of the tumor model rat. (a) Reconstructed PET image acquired by TBS-PET. The red arrow
indicates the '2C ion beam incident direction. (b) Enlarged PET image of the tumor (axial image). (c) The tumor blood vessel
image (axial image) acquired by MR angiography. (d) Time-activity decay curves of the dynamic PET experiment.
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Conclusion

High-sensitivity PET imaging of 8*-emitters produced by '>C
ion beam irradiation was performed on a tumor-bearing rat
model. The intratumoral distribution of the biological washout
rate, which depends on the vascular condition, was obtained.
This study suggested that PET-based monitoring in charged
in-situ

particle therapy has potential usefulness as an

evaluation method for intratumoral tumor tissue response to

HIREE N7,

radiation to assess cancer therapy.
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Introduction

PET (positron emission tomography) is a molecular imaging
technique, that can provide the functional information of living
objects with three dimensional images at a molecular level
non- invasively. For PET scan, radiotracers are administered
into a patient, and the annihilation radiations emitted from the
patient are detected by a PET scanner. There are several
parameters that affect the PET image quality such as
sensitivity and spatial resolution. The sensitivity is one of the
important parameters that determines the image quality of a
PET scanner. Conventional PET scanners have a short axial
field of view (FOV) thereby limiting the sensitivity substantially,
and they do not allow a total-body imaging to be performed
with a single bed scan. To solve these issues, a total-body PET
that has an axial FOV up to the length of a human body, has
been proposed (Figure 1) [1]. The total-body PET enables
simultaneous imaging of the radiotracer distributions inside an
entire human body with a single bed scan in a substantially
reduced scan time thanks to the ultra-high sensitivity.

On the other hand, small animal PET has been playing an
important role for translational research. Recently,
research group developed the world's most sensitive total-
body small-animal PET (TBS-PET) that can cover a total-body
of a rat (Figure 2) [2]. The total-body PET may enable
researchers to change their research methods for visualization

our

of heavy particle therapy irradiation from the current in-situ
measurement (in-beam-PET) to post-irradiation imaging in a
separate room.

Since simulation-based prediction is useful to validate
experimental results, we report the results of modeling the

TBS-PET by Monte Carlo simulation.

(b) Total-body PET for animal

Total-body small-animal PET (TBS-PET)
PET detector

Conventional small animal PET

or
" — — —

<7

M;E>

Axial FOV=12.7 cm

Rat

Axial FOV =32.6 cm

Figure 1 The concept of total-body PET for a human (a) and a small animal (b).
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Method

In this study, GATEV9.0 software was used for Monte Carlo
simulation of the TBS-PET [3]. The TBS-PET has an axial FOV
of 325.6 mm and an inner diameter of 155 mm (Figure 2). The
TBS-PET consists of 6 rings each of which consists of 10 DOI
detectors. The detector consists of 4-layer GSOZ (Gd.SiOs)
crystal arrays with a crystal pitch of 2.85 mm. Each layer has
a 16 x 16 array and 7.5 mm in thickness, resulting the total
crystal thickness of 30 mm. The GSOZ crystal has an effective
atomic number and density of 57 and 6.7 g/cm?, respectively.
The measured energy resolution is 18.4 % and the coincidence

time window is 12 ns.

The PET geometry, crystal material, and detector performance
were taken into account for the parameters of the GATEV9.0
software. Then, a 1 MBq source, which emits annihilation
radiation, was placed at the center of the TBS-PET axial FOV.
A simulation was performed for 1 s measurement time. The

sensitivity was defined as the following equation.

Radiation detected 9
Radiation emitted

sensitivity[%] =

The sensitivity was compared between the simulation and
experimental results for three different energy windows of 400-
600 keV, 350-650 keV, and 250-750 keV.

(b) 4-layer DOI detector configuration

GSOZ crystal array (16 X 16 X 4 array)
46 mm

2.85 mm 46 mm
- -

7.5 mm

Al =Y a v ERBRORBRERLE LT,
(a)TBS-PET scanner
GSOZ crystal (Z4=59)
- (2.8 X 2.8 X 7.5mm?3)
5 '@f~e. \
;"' ‘"‘Q'si .
Y . o3

7.5 mm

30 mm

30 mm
104 1eke|-y

8x8 MA-PMT

Front-end readout

# ¥~ Front-end

readout

Figure 2 Photo of the TBS-PET scanner (a) and the 4-layer DOI detector (b).
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Results and discussion

The geometry of the TBS-PET was well defined in the GATE
simulation and the annihilation radiations emitted from the

source were observed during the simulation (Figure 3).

The energy spectrum with the simulation showed the similar
photo-peak distribution as the experiment, but the Compton
scattering component was higher for the experiment than for

the simulation (Figure 4).

The sensitivities between the simulation and the experiment
were similar to each other for the energy window of 350-650
keV. However, the simulated sensitivity showed a discrepancy
with the experimental results for the other energy windows of
250-750 keV and 400-600 keV (Table 1).

The discrepancy in sensitivity was mainly due to the
attenuation and scattering by the animal bed and detector case

that were not modeled in the simulations.

-1

[IIE

325.6 mm

Figure 3 The TBS-PET geometry in the GATE simulation (a) and GATE simulation with annihilation photons (b).
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(b) Experiment
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Figure 4 Comparison of the global energy spectrum between the GATE simulation (a) and the experiment (b).

Table 1 Comparison of the sensitivity between the GATE simulation and experiment with different energy windows.

Sensitivity [%]
Energy window [keV] GATE simulation Experiment
250-750 335 45.0
350-650 28.6 275
400-600 26.8 20.2
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Introduction

The brain plays an important role in regulating various body
functions. Neuronal cells are arranged according to their roles,
but cortices with different functions are adjacent to each other
where cortices are complexly folded. Furthermore, the midline
brain region and the small nuclei in the deep brain are involved
in regulating attention and emotions. To evaluate the alteration
of these cortices and nuclei, precise anatomical information on
PET images is needed. One of the methods is to add
anatomical information to PET images by simultaneously
acquiring PET and MRI, where PET and MRI can be displayed
on the same coordinate system.

To achieve simultaneous PET and MRI acquisition, we
integrated PET detectors into a modified RF coil that can be
added to an existing MRI; therefore, we called it Add-on PET
(Figure 1) [1]. In this device, PET detectors were placed
between rungs of the RF coil. This configuration was specific
for Add-on PET. All of other insert-type PET devices were
separated from the RF coil, which is used by inserting it into
the PET ring, therefore the RF coil can be a cause of scatter
and attenuation of 511 keV gamma-rays. Add-on PET
achieved the inner diameter of 275 mm, which was closest to
the brain. To emphasize this configuration of PET and RF coil
that were actually integrated into the Add-on PET, we have
described this as the Add-on PET/RF coil rather than just the
Add-on PET where MRI was done by the Add-on PET/RF coil.

The aim of this study is to confirm the feasibility of Add-on PET
in a human study, and the image quality was compared with
those by the latest brain-dedicated PET alone system
(VRAIN). Then, the potential interferences to PET images
caused by the MRI simultaneous acquisition, and conversely
to MRI images caused by the PET simultaneous scan were
evaluated. Finally, the effect of attenuation correction methods
on PET images were evaluated between MRI-based and
standard CT-based attenuation correction methods.
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SIEMENS

Figure 1 Schematic of the Add-on PET/MRI coil for the clinical study. Three each of the PET detector blocks
are placed at 8 rungs (red dots) for a total of 24 PET detector blocks (a). Photos of upper and side views of
Add-on PET/RF coil (b), and photo of the setup for the human study (c).
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Material and Methods

Three healthy male volunteers, aged from 38 to 43,
participated in this study. First, they underwent MRI where the
Add-on PET was installed but not scanned. Next, they received
'8F-FDG injection at the dose of 103-241 MBq (1.8-2.8
MBg/kg) while resting in a spine position with their eyes closed.
Next, they underwent a 10 min scan with the brain-dedicated
PET alone system (VRAIN, ATOX Co., LTD. Minato-ku) from
30 min after injection. Then, they moved one floor up to the
MRI room to have PET and MRI scans using the Add-on
PET/RF coil for 30 min from 50 min after injection. For this 30
min period, in the first 15 min, simultaneous PET and MRI
scans were performed, and for the second 15 min, the PET
scan was continued but the MRI sequences were turned off
(Figure 2). MRI sequences were T1WI, T2WI and DWI.

For attenuation correction, the CT-based py-map was applied
as the standard reference. MRI-based p-maps were calculated
using two types of MRI images: one was acquired
simultaneously with the PET scan (simul MRI-based p-map)
and the other was acquired without the PET scan (MRI-based
y-map). MRI-based attenuation correction was performed
based on a conventional segmentation method, in which the
bone and the soft-tissue regions were segmented in MRI
images, and each region was assigned an attenuation

coefficient value of 511 keV gamma-rays.
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The voxel values of PET images were converted to the
standard uptake value (SUV). PET images by VRAIN were
morphologically co-registered to the subjects T1WI MRI.
Profile curves through the striatum, thalamus and inferior
colliculus on transaxial images were obtained and evaluated
visually and compared the values between the three types of
PET images by VRAIN, Add-on PET with, and Add-on PET
without MRI sequences. Then, for attenuation correction,
profile curves were also obtained and compared for the three
types attenuation correction methods for Add-on PET images

based on standard CT-based, simul MRI-based, and MRI-
based methods.

HiCoWT, BRI 7 AL h—T7 2B THEB

Eé'f/zé %gﬁ&f:o
BTN 50min
MRI + Add-on PET min MRI + Add-on PET
=== ---------- . 8 VRAIN*

' PETscan() | "F-FDG PET scan (+) PET scan (+)
PET scan 1
MRI scan (+) MRI scan (+) MRI scan (-) ]
<+ 10min <“— 15min —P»<¢— 15min —>

Figure 2 A protocol of this study. Three patterns of PET images and two pattern of MRI images were obtained.
VRAIN* is the brain-dedicated PET alone system.

(a) PET alone (VRAIN) (b) Add-on PET MRI (+) (c)Add-on PET MRI ()

Figure 3 Representative images of brain-dedicated PET alone system (VRAIN) (a); Add-on PET with (b) and without (c
simultaneous MRI sequences applied. Axial FOV of Add-on PET was 60 mm.
PET alone (VRAIN) Add-on PET MRI (+) Add-on PET MRI (-
PET alone (VRAIN)

' Add-on PET MRI (+)
L I Add-on PET MRI (-)

.. |

Figure 4 Axial images at the level of the inferior colliculus (IC) and the profile curves through the IC (red dashed-line).
** indicates the peaks of the bilateral IC.

Transaxial
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Table 1 Correlation coefficients of SUVs on profile curves between
three types of PET images

PET alone (VRAIN) vs. Add-on PET MRI (+) 0.904
PET alone (VRAIN) vs. Add-on PET MRI (-) 0903
Add-on PET MRI (+) vs. MRI (-) 0.953
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Results

Representative PET images are shown in Figure 3. There were
no significant artifacts on the Add-on PET images. The profile
curves had slightly higher SUVs by Add-on PET than those by
VRAIN. The peaks of the inferior colliculus were relatively
clearer in Add-on PET images compared to VRAIN (Figure 4).
The correlations between the three patterns of PET images
were significantly high (Table 1), suggesting no significant
interference on PET images by simultaneous MRI scanning.
MRI images of PET/MRI simultaneous scanning showed
higher background noise compared to MRI without PET

scanning.

In comparison of attenuation correction methods, SUVs were
slightly higher in PET images by the MRI-based method than
in those by the standard CT-based method, but the correlations
of SUVs between the three types of attenuation correction
method were significantly high (Table 2). There were no
significant differences between the methods using the MRI-

based y-map and the simul MRI-based p-map.

Table 2 Correlation coefficients of SUVs on profile curves from
Add-PET images applied by three types of attenuation correction

CT- based vs. simul MRI-based 0.989
CT-based vs. MRI-based 0.992
Simul MRI-based vs. MRI-based 0.998

Conclusion

Add-on PET was developed based on a new concept that
adding a brain-dedicated PET system to an existing MRI
system provides PET/MRI simultaneous images. Add-on PET
differs from other insertable PET devices in that it is actually
integrated in the RF coil. In this study, we confirmed the
feasibility of the Add-on PET/RF coil for simultaneous
acquisition of PET/MRI images.

Fumihiko Nishikido, Go Akamatsu, Yuma lwao, Takamasa Maeda, Md Shahadat Hossain Akram (QST)

F. Nishikido, et al., “Axial scalable add-on PET/MRI prototype based on four-layer DOI detectors integrated with a RF coil.”

Nuclear Inst. and Methods in Physics Research, A 1040, 167239, 2022.
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Introduction

Recently, new PET tracers have been developed that can
visualize the distribution of amyloid-B, which is involved in
the cause of Alzheimer's disease, and the demand for brain
PET scans is expected to increase. Therefore, our research
team has developed VRAIN, a brain-dedicated PET system
[1]. VRAIN is smaller and less expensive than conventional
systems, but it has demonstrated high resolution of
approximately 2.2 mm. In this study, we report an
improvement of the data correction methods to further
exploit the potential of VRAIN.

In PET image reconstruction, attenuation correction, which
improves quantitativity, is performed to compensate for the
attenuation of y-rays by to the body. p-map is used in this
process, and the y-map is generated from the CT images
in a conventional PET-CT integrated system.In the VRAIN,
which is characterized by the absence of a CT system,
separately acquired CT images (or MR images) are used.
However, since the CT system and VRAIN use differently
shaped headrests, this year we examined the effect of the
different headrests on the reconstruction.

It is also important to take measures against resolution
degradation due to head motion. We have developed a
method to directly measure motion using an external
sensor, and we succeeded in obtaining images as if the
patient did not move even when the head was intentionally
moved [2]. This year, we further advanced this method and
developed another method that enables accurate motion
correction without an external sensor.

Attenuation correction

A cylindrical phantom with an inner diameter of 155 mm
was uniformly filled with 10 MBq of '8F solution, and
imaging was performed for 30 minutes using the headrest
equipped on the VRAIN. The y-map was generated from
CT images acquired with a different headrest using the
Discovery Ml (GE Healthcare), a PET-CT integrated
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system (U-map-CT Hr). The effect of the difference in
headrest shape between the VRAIN and CT systems on
the reconstructed images was analyzed. First, a clinical
radiologist generated a p-map (u-map-noHr) in which the
headrest region was manually removed from the image. A
p-map-VRAIN Hr was then generated by merging the p-
map of the VRAIN headrest into the appropriate position on
the y-map-noHr. The ideal condition that corresponds to
the condition during PET scanning is the y-map-VRAIN Hr.
However, getting the p-map-VRAIN Hr is a complicated
procedure that requires removing the headrest of the CT
system and then synthesizing the headrest of the VRAIN.
Therefore, we analyzed the evaluation of PET images
reconstructed using the three types of y-maps in terms of
quantitativity, uniformity, and noise, in accordance with a
previous study on the evaluation of PET image
performance using phantoms [3]. This was done to clarify
the practicality of the CT Hr or the no HR condition.

The reconstructed images are shown in Figure 1, where it
can be seen that the p-map-CT Hr had higher values than
the others. In fact, uniformity values of the y-map-CT Hr
were outside values from the criteria shown in the previous
study [3]. On the other hand, all other y-map met the criteria

[3].

In conclusion, it was found that the attenuation by the
headrest of the VRAIN is negligible, but at least in the
Discovery Ml used for verification, the headrest of the CT
system is a factor that greatly reduces uniformity and needs
to be removed.

(¢) p-map-VRAIN Hr
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Reconstructed images and p-maps of a cylindrical phantom: (a) y-map-CT Hr, y-map, (b) y-map-noHr, (c) y-map-VRAIN Hr.
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Motion correction

In a previous study of motion correction, we proposed a
method for direct measurement of motion using an external
sensor [2]. However, this method had practical problems, such
as the need to secure a place to install the sensor. On the other
hand, in a method called the frame method, the image data is
reconstructed by dividing it into frames, and motion is
estimated by image alignment. The frame method can roughly
estimate motion without additional devices, but it cannot
correct detailed motion because motion occurring within a
frame is considered constant. Recently, a new method has
been proposed to analyze PET data to detect motion-free
frames) [4]. The line connecting the detector pairs in which
coincidence events occur is called the line of response (LoR),
and an index called the center of distribution (CoD) is obtained
by averaging the center points of the LoR over a time interval
of about 0.1 second. In the previous method [4], only motion-
free frames are selected from the entire measurement data
based on the CoD. However, in cases where frequent posture
changes occur, events at the moment of large motion are
discarded, which induces a decrease in the signal-to-noise
ratio due to insufficient statistics. Therefore, in this study, we
developed a method in which frames are set up continuously
from the frame start position until a certain variation in the CoD
distribution occurs as a single frame. This enables adaptive
frame segmentation by allowing smaller frames for segments
with larger motion and larger frames for segments with smaller

motion.

We conducted experiments using data from a volunteer study
(jJRCTs032210086) [2] conducted using the VRAIN at QST.
Reconstructed images were generated of the data taken with
the head fixed (head fix), and of the data taken while the head
was moving, with no motion correction (no MC) and with the

proposed motion correction (proposed CoD MC).

Figure 2 summarizes the results. The resolution was
significantly improved by applying motion correction to the
measurement while the head was moving. To quantitatively
demonstrate this result, profile lines were placed on a pair of
left and right microstructures called the inferior colliculi located
inside the midbrain, and the peak-to-valley ratio was derived
as a resolution index (Figure 2 (d)). Statistical comparisons
demonstrated that the resolution of the images with motion
correction using the proposed method were statistically

superior to that of the head-fixed data.
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Figure 2 Reconstructed images: (a) head fix, (b) no MC, (c) proposed CoD MC; and (d) box-and-whisker plot of peak-to-valley

ratio on the inferior colliculus region,
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Introduction

It is no exaggeration to state that PET imaging is always
battling against statistical noise because there is a limit in the
number of counts to be acquired due to the measurement
principle of PET. It is widely believed that not only scanning
time but also injection dose can be reduced with the aim of
minimizing radiation exposure if appropriate denoising is

possible using software processing.

Recent advancements in deep learning technology have
shown promise in enhancing PET image quality through
denoising, even under low-dose scans aimed at reducing
radiation exposure and scanning time [1]. However, despite
their notable success, deep learning algorithms tend to induce
over-smoothing in PET images, making quantitative values of
critical structural details less reliable. Thus, there is an urgent
need to develop a sophisticated deep learning approach that
not only preserves the essential structure details in PET

images but also produces reliable PET images.

In this study, we introduce a reliable deep learning-based
method for PET image denoising which embeds a novel
concept of "uncertainty information" about the reliability of the
training process of deep learning. By incorporating this
uncertainty information, our proposed method is expected to
typically
associated with deep learning methods, thereby producing

reduce over-smoothing of the PET images,

high-quality PET images that retain structure details.

In this report, we incorporate uncertainty information into the
unsupervised deep learning framework, deep image prior
(DIP) [2-5]. We evaluate the denoising performance of the
proposed method using clinical brain PET images and

demonstrate the effectiveness of the proposed method.
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Proposed method

Figure 1 shows an overview of the proposed method. In this
study, we calculate a weighted average of the denoised output
of the DIP and reconstructed image, based on the uncertainty
information about the deviation (= reliability) of the training
process of deep learning.

First, a conditional DIP denoising is performed with the image
pair of an MR image and a PET image (original image
reconstructed by OSEM algorithm). Then, we generate the
uncertainty information as an uncertainty map from multiple
intermediate outputs, visualizing the regions where DIP
optimization is unstable. Subsequently, the final denoised PET
image is obtained by calculating the weighted average of the
denoised output of DIP with the original PET image, guided by
the uncertainty map.

This means that the contribution of the OSEM image increases
in the final output at high uncertainty regions (voxels) of the
deep learning process. Conversely, this leads to improved
reliability of the denoising process because the denoising
result of deep learning is less likely to be used.

Moderate output

OSEM image
on

&

Uncertainty map

Final denoised image

CNN output

o

8

Figure 1 Overview of the proposed PET image denoising method using uncertainty information. (a) The uncertainty map,
visualizing the regions where DIP optimization is unstable, is generated from multiple intermediate outputs. (b) The final denoised
PET image is obtained by averaging the CNN output and the original OSEM image weighted by the uncertainty map.

60



PET

fBR

fME A PET #£E& VRAIN TR&G S N KREIREG
a7 FIFDG PET T —42 # LT, 12X F
SEEEHE L 7=, Figure2 |2/ 4 XBERER. Figure 3
ICHEZIZ B 1T B peak-to-valley ratio (PVR) H &
VEBENEERELZ T, 4H, LERE LT, MEFE
HEHERIO DIP / 4 XBrEBR (GHFE DIP IC£
DABHER) [4]H R,

HEOFR, REFEHIZBELF B EERL A
DNHE/ A X PETEREAERTESZZ b -
72o EEBAHMIAOER, BEFERIIEZH(TE DIP L1
N PET BURD#iEH/ 4 X &EBREL DD, HOEER
AV IR MNERETEDZ DD 27,

Full dose

Reference OSEM

2023 Report on PET Imaging Physics Research

Results

We evaluate the proposed method using clinical brain
['®F]FDG PET data from the brain-dedicated PET scanner,
VRAIN, to simulate low-dose imaging. Figure 2 shows the
denoising results, and Figure 3 shows the peak-to-valley ratio
at the small nuclei, inferior colliculus in the midbrain and white
matter standard deviation. As a comparison, we show the
output of DIP, before the weighted average calculation, using
conditional DIP [4].

The comparison shows the proposed method can produce low-
noise PET images while reducing the over-smoothing of the
PET images. The quantitative results demonstrate that the
proposed method is capable of reducing the statistical noise
while maintaining brain structure details and contrast
compared to the conditional DIP denoising.

Low dose (1/5)

Conditional DIP Proposed

ok

Figure 2 Denoising results of the brain ['®F]FDG PET data (left-to-right):
the full dose, and the OSEM, conditional DIP [4], and proposed method treated with the low dose (1/5) condition.
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Figure 3 Comparison of peak-to-valley ratio at the small nuclei and white matter standard deviation (std).
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Conclusion

In this study, we proposed a reliable deep learning-based
method for PET image denoising which embeds a novel
concept of uncertainty information about the reliability of the
training process of deep learning. Our proposed method
reduced the over-smoothing of the PET images, typically
associated with deep learning methods, thereby produced low-
noise and high-contrast PET images that retained structure
details.
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VRAIN-M for monkey brain imaging

The second major role of PET after diagnosis is drug discovery.
By administering a candidate drug labeled with a radioisotope,
it is possible to efficiently examine how the drug is taken up
into a target organ, how it works, and even to predict its side
effects. A feature of PET which makes it significantly different
from fluorescence imaging is that even trace amounts of
substances on the order of pico-mol can be visualized without
depending on the depth within the body. Therefore, candidate
drugs that have been successful in animal experiments can be
directly applied to human PET imaging.

Since animal PET requires better resolution than clinical PET,
PET systems dedicated to small animals and monkeys have
been developed. However, there was a problem in that data
could not be easily compared between animal PET and clinical
PET due to the difference in imaging performance. Therefore,
we came up with the reversed idea of repurposing the most
advanced clinical brain PET system for monkey imaging.

Specifically, we modified the world's first helmet-type PET
(VRAIN) for monkey brain imaging. This device, which was
commercialized by ATOX Co., Ltd. as VRAIN-M, was installed
to at QST in 2023 as a successor to the Hamamatsu Photonics'
SHR-7700, which had become too old and presented problems
with securing repair parts and out-of-date electronics. The
VRAIN-M system, including the detector and software, is
completely identical to the VRAIN, and the same excellent
resolution and sensitivity as the VRAIN produces is directly
reproduced in monkey PET. In this way, an ideal translational
research environment has been created. (Taiga Yamaya)
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VRAIN dedicated for monkey brain imaging, the VRAIN-M (center), was commercialized by ATOX Co., Ltd. in 2023
and installed at QST where it replaced an old monkey PET device, the Hamamatsu SHR-7700 (left).
The main unit of the VRAIN-M is the same as the VRAIN (right).
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First delivery of CLS detector: Mirai-PET

The CLS detector is a next-generation high-resolution PET
detector that can measure both time-of-flight and depth-of-
interaction information. QST registered a Japanese patent for
the CLS detector in 2023 (Patent No. 7384454). We developed
a PET system for small animals, which was commercialized as
the Mirai-PET by Mirai Imaging Corp. in 2023, based on the
design of the first prototype (CLS-PET 1) developed in 2021.
The first commercial unit was installed at QST as a successor
to the MicroPET Focus 220 (Concorde Micro Systems, USA),
which has been recognized as the best-selling PET systems
for small animals.

In addition to its all-in-one portable design, the Mirai-PET has
the unique feature of being able to customize the detector ring
size to arrange a maximum of 128 detectors. The QST model
was designed to have a field-of-view of 16 cm in diameter and
15.4 cm in axial length so that multiple mice can be imaged
together. The MicroPET bed can be reused and installed into
the Mirai-PET so that imaging techniques established with
MicroPET can be transferred as is.

The scintillator pitch is 1.6 mm, and the spatial resolution is
less than 1 mm. With a grant from the Japan Agency for
Medical Research and Development (AMED), a new project to
apply CLS detectors to the next generation of helmet-type PET
was started in 2023 in collaboration with ATOX Co., Ltd. Once
completed, a complete translational research environment
covering everything from small animals to the human brain will

be provided. (Taiga Yamaya)

Mirai-PET (right), which is the first commercialization of the CLS detector technology,
was delivered to QST by Mirai Imaging Corp. in 2023 as a successor to the MicroPET Focus 220,
which has been recognized as the best-selling small animal PET system (left).
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Timestamp estimation for the CLS PET detector
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Introduction

In time-of-flight (TOF)-PET [1], the method of timestamp
calculation is an important factor that affects coincidence
resolving time (CRT). In independent readout detectors, for
one-to-one coupled detectors, the first hit (FH) [2] timestamp
is the optimal one, while in light-sharing detectors, the optimal
timestamp must be calculated from multiple timestamps. The
method for the latter performs energy-weighted averaging
(EWA) [3] using several photosensors with earlier timestamps,
but the light distribution varies depending on the detector
structure. Here, we developed an exponentiated energy-
weighted averaging (EEWA) method [4] for our previously
developed crosshair light-sharing (CLS) PET detector [5] that
limits light spreading.

CLS PET detector and timestamp estimation

The CLS PET detector was developed as a TOF-DOI PET
detector as shown in Figure 1. It uses fast LGSO crystals with
dimensions of 1.45 x 1.45 x 15 mm? arranged in a 2D crystal
array with three layers of enhanced specular reflectors (ESRs)
forming a loop structure within a pair of crystals. The 2D crystal
array is optically connected to an 8 x 8 MPPC array. The
signals of the MPPC array are individually read out and
processed by using TOFPET2 ASICs [6]. For the present
study, we used Lumirror reflectors to increase the light
collection efficiency and we compared their performance with
the performance of the ESRs in the CLS PET detector.

Figure 2 (a) describes the conventional timestamp estimation
using the FH and the EWA methods. The FH method, which is
commonly used in detectors with one-to-one coupling, only
uses the FH timestamp. It should be noted that the FH has
almost the maximum energy in this case. The EWA method,
which is often used in light sharing detectors calculates the
energy-weighted average timestamp. On the other hand, in the
light sharing detectors with limited optical spreading such as
the CLS PET detector, it is considered appropriate to use an
intermediate calculation between the FH and EWA methods
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MORALRARXRYy TH#MBENICHBT 370, and we propose the EEWA method as shown in Figure 2 (b).
EEWA (3T X2 ILF—AK & 3 BI58EHA = A To effectively utilize multiple timestamps, the EEWA method

L.IFALF—DENZALRAZ Y TH EWAELY introduces a power term to the energy that gives priority to
timestamps with higher energy.
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Figure 2 Timestamp estimation methods. Here, T’ is the corrected timestamp, i is the MPPC index
(in the order of higher energy), m is the number of MPPCs used to obtain the timestamp,
n is the exponentiated factor, T;is the timestamp for each MPPC, and E; is the energy for each MPPC.
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Performance evaluation

For the FH method, the CRT values of the ESR array and
Lumirror array were 247 ps and 229 ps, respectively. For the
EWA method, increasing the number of MPPCs used led to
degraded CRT values compared to the FH method, and the
Lumirror array had a worse value than the ESR array at the
same m. With the EEWA method, CRTs had different
characteristics depending on the power factor. After parameter
optimization which gave m=3 and n=3, the best CRT values
were obtained as 223 ps and 219 ps for the ESR and Lumirror
arrays, respectively.

Figure 4 summarizes the results of estimated DOI positions
and DOl resolutions of the two types of CLS PET detectors for
the slit irradiations. The DOI resolutions tended to be worse at
the crystal edge. For the weighted average, the Lumirror array
had the DOI resolution of 3.1 £ 0.7 mm, while the ESR array
had the DOI resolution of 3.4 £ 1.1 mm.
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Figure 3 Timing histograms after DOI identification.
These timing histograms were obtained using the EEWA method after parameter optimization.
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Figure 4 Estimated DOI positions and DOI resolutions of the two types of CLS PET detectors.

E )] Conclusion

HEtnks5iz. KFETIE *ﬁﬂ:‘:%‘%@ PN To summarize this work, we developed the EEWA method for
L HEL LT EEWA £4B% L. 8K 24 0s D timestamp estimation in the CLS PET detector and achieved

aip 2 sk e . an improvement of up to 24 ps in the CRT. For the optimized
CRT & wiEpk Lo CLSIRHR T, LU EN CLS detector, the better reflective material was Lumirror, and

FRFME LTI T —%2RL, FEFLEICEHRKR the EEWA method with up to three timestamps was used for
3DODRALREZ Y T%FFEDEEWAEAEL TWL signal processing.
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Introduction

In brain-dedicated positron emission tomography (PET), the
detection accuracy of annihilated gamma rays impinging on
the entrance face of a detector with an oblique angle is of great
importance due to the smaller size of the detector ring itself.
To tackle this challenge, depth of interaction (DOI) detectors
are employed,
sensitivity by capturing depth position information of gamma-
ray interactions. This allows for the maintenance of spatial
resolution in the peripheral field of view. Combining this DOI
information with time-of-flight (TOF) PET, which measures the
slight time differences of annihilated gamma rays, enables
accurate position estimation and image quality enhancement.

simultaneously achieving resolution and

Both DOI resolution and coincidence timing resolution (CTR)
are heavily dependent on key elements of the detector, such
as scintillators, silicon photomultipliers (SiPMs), and reflective
materials. To increase the optical transmission efficiency of
scintillation light reaching a SiPM, various single-ended TOF-
DOI detector designs have been proposed [1]. An innovative
monolithic-type U-shaped scintillator has been fabricated
recently, which was designed to achieve improved CTR and
DOl resolution and enhance optical transport efficiency [2]. In
this study, we propose the first-of-its-kind tapered monolithic-
type U-shaped fast-LGSO crystal design specifically tailored
for brain-dedicated TOF-DOI PET detectors, with the aim of
enhancing both the CTR and DOI resolution.

Methods

The monolithic U-shaped fast-LGSO crystal (15 mm long) has
a partial slit of 12 mm, and the remaining 3 mm keeps the
crystal connected. Two types of U-shaped crystals are
designed: flat top of no-slant (U-shape A) and tapered top with
slant of 2 mm (U-shape B) (Figure 1). Two layers of Lumirror
film were inserted into the gap between the crystals for optical
isolation. The lateral surfaces and the top of the fast-LGSO
crystal were tightly wrapped in an enhanced specular reflector
(ESR) film without optical grease. Only the bottom surfaces
that were coupled with the SiPMs were mechanically polished,
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and the rest of the surfaces were kept as-cut to enhance the
DOl resolution (Table 1).

Each of these fast-LGSO crystals was coupled with an 8 x 8
array of SiPMs (Hamamatsu, S14161-3050HS-08, Vgr = 38 V)
by using RTV silicon. The PETsys Electronics Evaluation kit
based on the TOFPET2 ASIC was used for signal processing
and data acquisition of the SiPMs. The optimized SiPM
operating voltage of 42 V (over-voltage 4 V) and the
thresholds (vth_t1 = 60 mV, vth_t2 = 25 mV, vth_e = 15 mV)
were used with the charge-integration mode. For coincidence
detection, a reference detector that consisted of a single fast-

LGSO crystal (3.1 mm x 3.1 mm x 20 mm) and an 8 x 8 array
of SiPMs was used. A ?2Na source (0.933 MBq) was placed at
the center between the test detector and the reference detector
for DOI and CTR measurements at room temperature of 24 +
0.5°C (Figure 2). For the DOI resolution measurement, the
data were acquired using a lead block with a 1 mm slit at seven
depth points (2.5, 5.0, 7.5, 10.0, 12.0, 13.0, and 14 mm) by
moving the test detector along the depth direction. The
measurement times for the front and DOI irradiations were 1
hour and 2 hours, respectively. A cooling box provided a stable
temperature that reproducible
measurements and light shielding.

environment allowed

The coincidence list-mode data were generated with an energy
window of 440 to 560 keV. The DOI resolution was obtained
from the full width at half maximum of the DOI ratio (the signal
ratio of two neighboring SiPMs) without correction for the slit
width. The CTR was calculated after subtracting the
contribution of the reference detector. In the front irradiation,
the meantime method was applied in order to minimize the
time-walk effect [3].

(b) U-shape B

Fast-LGSO (OXIDE)

12

J=

N
8

28'3‘

\ -
S 3

.75

As-cut
1 B ————
-1
/ Mechanically polished \

unit [mm]

13

|

kS

0.7<2.8

/v

2,75

(V)

Figure 1 Detector design with two differently shaped fast-LGSO crystals: the U-shaped monolithic crystal (U-shape A) (a) and the

U-shaped with top-slant 2 mm crystal (U-shape B) (b).
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Table 1 Surface roughness and sigma alpha values of the fast-LGSO crystals. Each surface roughness was measured using a
portable surface roughness tester (Mitutoyo, SJ210, Japan) with the scan resolution of 1 um [4].

Surface finish

Surface roughness (Ra)

Sigma alpha (04q)

As-cut

Mechanically polished

0.930 [um]
0.015 [um]

12.2 ]
0.7 []
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Figure 2 Photographs (left) and schematic diagrams (right) of detection setups: front irradiation (a) and DOl irradiation (b).
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Results

The DOI resolutions of 3.5 + 1.0 mm and 4.9 + 0.9 mm were
obtained with U-shape A and U-shape B, respectively. The
slope of the DOI resolutions was changed from the depth of 12
mm to 14 mm, where the light sharing window was present
(Figure 3).

For the CTR with the DOI irradiation, the average CTR of the
U-shape B was 267 * 38 ps, which was 7 ps better than that of
the U-shape A (274 + 27 ps). The meantime method applying
the CTR with the front irradiation offered the CRT of 270 ps for
the U-shape B, which was degraded by 4.6% (12 ps)
compared to the U-shape A (258 ps).
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CTR with DOl irradiation
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Figure 3 The measured DOI resolution and CTR with DOI irradiation of U-shape A (a) and U-shape B (b). The border region
dividing the cubic and top region identifies the source position of 12 mm, which is the length of a slit.
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Discussion

The better CTR obtained with the U-shape B can be partly
explained by the better light transport between the two
neighboring crystals. As our next study, the CTR for front
irradiation will be calculated after DOI correction. In addition,
we will focus on the optimization of surface treatment and array
crystals applied to the proposed tapered design.

Conclusion

The tapered U-shape B provided the CTR of 267 + 38 ps and
the DOI resolution of 4.9 + 0.9 mm. These values indicate that
the higher light sharing performance in the top region was
effective for improving the CTR and getting uniform DOI
resolution.
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Introduction

In recent years, development of brain-dedicated PET systems
has been actively conducted for clinical research and
diagnosis of dementia, brain tumors, and other brain diseases.
The National Institutes for Quantum Science and Technology
(QST) has developed the brain PET called VRAIN, which is the
world’s first system to have a hemispherical detector
arrangement that fits the shape of the head. VRAIN has
successfully visualized small nuclei that cannot be identified
with a whole-body PET system [1] and it has achieved spatial

resolution (visualization ability of rods) of 2.2 mm [2].

However, even higher spatial resolution is required to detect
the signs of diseases earlier. The detectors of VRAIN are
composed of scintillators with the distance between the
centers of adjacent scintillator elements (scintillator pitch) of
4.2 mm. If scintillators with a smaller pitch are used, spatial
resolution is expected to be better [3]. In addition, the detectors
of VRAIN do not
measurement capability. Without DOI information, the parallax

have a depth-of-interaction (DOI)

error cannot be avoided when gamma rays come into a
scintillator from an oblique direction.

Therefore, QST has developed a crosshair light-sharing (CLS)
detector having a scintillator pitch of 1.6 mm, and which can
obtain DOI information [4]. In this study, we ran simulations to
the the
hemispherical brain PET system assuming the application of
CLS detectors.

investigate performance of next-generation

Methods

We used the Geant4 Monte Carlo simulation toolkit
(ver.10.7.2). Specifically, we modeled a hemispherical brain
PET (referred to as the proposed brain PET) with 242 detector
blocks (assuming 3-layer DOI discrimination). Each detector
block was an array with 14x14 fast-LGSO crystals of
1.6x1.6x15 mm3. We also modeled the VRAIN for comparison
of performance. Figure 1 shows these models and Table 1 lists
simulation parameters for both systems. The time-of-flight

(TOF) timing resolution was set to 250 ps in the proposed brain
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PET, which was obtained in preliminary experiments, and was
set to 229 ps in the VRAIN simulation, which is the same as

the actual system.

We evaluated spatial resolution and brain cortex visibility. For
the spatial resolution evaluation, we simulated a 10 min
measurement of the ultra-micro hot phantom (rod diameters:
0.75, 1.0, 1.35, 1.75, 2.0, and 2.4 mm) with '®F radioactivity of
1 MBq. For the brain cortex visibility evaluation, we used the
BigBrain phantom which mimics FDG distributions in human
brain [5]. Radioactivity of '8F was assumed to 20 MBq and the

simulated measurement duration was 30 min.

For image reconstruction, we used the ordered-subset
expectation-maximization (OSEM) method (8 iterations, 8
subsets). Regarding data correction, we applied normalization
for imaging of both phantoms, and the attenuation correction,
scatter correction and the random correction were added in

imaging of the BigBrain phantom.

Proposed brain PET

1.6 mm

Figure 1 Simulated VRAIN (left) and the proposed brain PET system (right).

Table 1

Simulation parameters of VRAIN and the proposed brain PET

VRAIN

Proposed brain PET

Scintillator crystals

4.2 x4.2x10 mm3LYSO

1.6 x 1.6 x 15 mm? fast-LGSO

Number of crystals per detector 12 x12 14 x 14
Number of detectors 242
TOF timing resolution 229 ps 250 ps
Depth of interaction No DOI 3-layer DOI
Energy resolution at 511 keV 12.6%
Energy window 450-590 keV
Coincidence time window 3.6 ns

Dead time (dead time model)

3 s (non-paralyzable)
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Results and discussion

Figure 2 shows the evaluation results of spatial resolution. The
proposed brain PET could separate rods more clearly than
VRAIN could. The bottom graphs in Figure 2 show line profiles
on the outer line of the smallest rods of 0.735 mm diameter.
The valley-to-peak ratio (VPR) was 0.634 for the proposed
brain PET. This was lower than the Rayleigh criterion [6] (a
smaller VPR value indicates better separation capability). The
proposed brain PET could separate rods with a diameter of
0.75 mm.

Figure 3 shows the reconstructed PET images of the BigBrain
phantom. In particular, the proposed brain PET provided a
clearer image than VRAIN did in the parietal area. Improved
brain cortex visibility at the top of the head in the proposed
brain PET, where gamma rays tend to enter the detectors from
an oblique direction, can be explained by the DOI

measurement capability.

(b) Proposed brain PET

. L]
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® ik s
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\ g i

1.2
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Figure 2 PET images of the ultra-micro hot phantom and profiles along the red lines for
VRAIN (a) and the proposed brain PET (b).
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(a) VRAIN

(b) Proposed
brain PET

Figure 3 Reconstructed images of the BigBrain phantom with VRAIN (a) and the proposed brain PET (b).
Right images are trimmed and enlarged from the left images.

¥&® Conclusion

HREyF 1.6 mm T TOF 518/ £ O DOl 8]  This simulation study showed the feasibility of submillimeter
M AJEE7: CLS B Hgs & ALz, KRR D HIKAEITEEL  spatial resolution for a hemispherical brain PET using the CLS
PETEBD> I a2l —> 3% {T>7, A PET 3£& detectors. The proposed brain PET has capabilities for both
TliE 1l mm UTOEBAORBENE NS Z & %KL TOF and DOl measurements with a scintillator pitch of 1.6 mm.
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Introduction

For neuroscience research with mice models, small animal
positron emission tomography (PET) scanners have been
playing an important role as a molecular imaging tool [1]. PET
is depth independent, but the spatial resolution is limited to
around 1 mm. On the other hand, two-photon excitation
fluorescence microscopy (TPEF) has ultrahigh resolution (<1
um), but the imaging depth is limited to about 1 mm (Figure 1).
Until now, the potential of combining these two different
modalities had not received any attention. Simultaneous PET
and two-photon microscopy imaging may help researchers to
understand the underlaying mechanisms of various
neurodegenerative diseases. Here, we
developed hybrid PET/TPEF imaging system.

report a newly

<100fs 10ns

_,|<_ l | « XY scanner
Pulsed laser
Scan lens
Collection lens
\
Tube lens

PMT

- Dichroic mirror

Objective lens

Two-Photon Excitation
i Excited state

Figure 1 The principles of positron emission tomography (PET) (a) and two-photon excitation microscopy (TPEF) (b).
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Development of the hybrid PET/TPEF system

Previously, we developed an ultrahigh resolution PET scanner
using a staggered 3-layer depth-of-interaction (DOI) detector
to achieve the world’s best 0.5 mm spatial resolution [2, 3].
However, the PET scanner cannot be combined with a
commercial two-photon microscope due to the bulky gantry. To
solve this issue, the front-end and amplifier boards were re-
designed with highly compact size. The positions of the boards
were re-arranged to minimize the size of the PET scanner.
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The developed PET scanner had an inner diameter of 52.5 mm
and an axial FOV of 24.5 mm (Figure 2). The PET scanner had
2 rings which consisted of 16 DOI detectors. Each detector
consisted of staggered 3-layer LYSO crystals and a 4x4 array
of silicon photomultipliers (SiPMs). The crystal pitch and total
thickness were 1 mm and 15 mm, respectively. 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 that
consisted of six different sized rods (0.45, 0.5, 0.55, 0.75, 0.8,
and 0.85 mm) filled with an "®F solution (3.0 MBq) was used.
For metabotropic glutamate receptor imaging, "®F-FITM with
an activity of 7.8 MBq was administered to a healthy BALB/c
mouse via its tail vein. A 40 min PET scan was performed 40
min after injection. For imaging comparison, the same mouse
was also scanned by using a commercial preclinical PET
scanner (Siemens, InveonPET) for an additional 10 min.

For image reconstruction of the proposed PET, 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
numbers of subsets and iterations were 8 and 20, respectively.
The normalization and random correction were used.

Finally, the PET scanner was combined with a commercial two-
photon microscope by using a specially designed gantry
(Figure 3). A mouse brain can be placed in the PET field-of-
view and the optical axis of the microscope by using a custom-
made mouse holder and 3-axis stage. We performed the in
vivo two-photon imaging with the hybrid PET/TPEF system
using an awake mouse.

(b) PET scanner with a DOI detector

— Staggered 3-layer DOI detector —

@
@

LYSO Pitch= ) mm

crystal \

q 15mm]

Axial FOV:

24.5 mm
Front-end board

The design of the hybrid PET with two-photon microscope (a) and the PET scanner with a 3-layer DOI detector (b).
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Results and discussion

With the hybrid PET/TPEF system, the cerebral vessels of an
awake mouse were well in the two-photon
microscopy image (Figure 3). In the proposed PET, the
submillimetric structures of the resolution phantom were
clearly resolved down to 0.45 mm (Figure 4).

visualized

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), whereas the same
mouse brain structures were barely identified with the
commercial PET scanner due to its limited spatial resolution.

and

In this study, PET and TPEF were demonstrated separately.
As a next step, we will perform simultaneous PET and two-
photon imaging of model mice brain using an optical/PET
hybrid tracer [4].

(c) Two-photon microscopy image

Cerebral blood vessels

Cerebral blood vessels

s

Figure 3 The design of the hybrid PET/TPEF system (a), the photo of the hybrid PET/TPEF system with an awake mouse (b),
and a two-photon microscopy image of the awake mouse (c).

(a) Resolution phantom

11.9 mm

(b) Reconstructed PET image

0.8
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0.45
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Figure 4 The resolution phantom (a), and the reconstructed PET images obtained with the proposed PET (b).
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(a) Proposed PET

Hypothalamus
Cerebellum

Cortex .
Striatum
Thalamus +

. N\
\

Amygdala

.

Thalamus

(b) Inveon PET
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Figure 5 The central nervous system images of a mouse brain obtained with the proposed PET using "®F-FITM tracer (a) and
the Inveon preclinical PET scanner (b). The coronal and axial images were selected from the sagittal images as indicated by
dotted vertical and horizontal lines.

E R} Conclusion

PET - “HFEEMEENA T Y v RAA =TV S We successfully developed the hybrid PET/TPEF system that
_ L can visualize the mouse brain function with submillimeter

AT LaRFE LT, mIRD/NEYA PET &L U BN resolution. The two-photon imaging of an awake mouse was

YT IUDBETDY T XDRBEREA X —2 > ZIT possible with the hybrid PET/TPEF system. We expect the

BRIhL7-. AREBIZTT I XAZAWL S developed hybrid PET/TPEF system will be useful for mouse

CEETH D EREIND, brain research using model mice.
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Introduction

In cancer surgery, the surgeon confirms the extent of resection
using visual and tactile senses based on the preliminary
diagnosis. However, in tumors with small morphological
abnormalities or those seated deeply, it may be difficult to
distinguish them from normal tissue. To overcome this
problem, research is being conducted to guide surgery using
medical imaging technology. One technique that is currently
available for clinical
imaging. In this technique, a tumor takes up a fluorescent drug
administered to the patient and emits light when it receives
excitation light, thereby highlighting the tumor.
because fluorescence is easily absorbed and scattered by
living tissue, the penetration thickness is about 5-10 mm,
making it unsuitable for delineating deep-seated tumors.

use is intraoperative fluorescence

However,

Intraoperative support systems using PET are therefore
attracting attention. Because PET uses highly penetrating
gamma rays, it is possible to measure even deep-seated
tumors. Previous research has proposed systems that perform
PET imaging using an elliptical detector ring [1] or a detector
mounted on the tip of a robotic arm [2]. However, both of these
systems require large equipment, and there is concern that
they may interfere with the surgery. On the other hand,
systems with a detector mounted on the tip of a laparoscope
have been proposed [3], [4]. Although these systems can be
realized with relatively small devices, they have limitations in
terms of field of view size and radiation detection sensitivity
because they are inserted into the body to perform imaging.

In this study, we propose "Scratch-PET," in which PET imaging
is performed by tracing the surgical field with a hand-held
probe-type detector, and we aim at realizing it (Figure 1).
Specifically, the measurement of annihilation radiation is
performed between a hand-held probe-type detector and a
panel detector placed under or built into a bed. In this paper,
we report on the development of a system for real-time image
reconstruction and a proof-of-concept demonstration using a
simple prototype device.
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Updating 3D PET images on the monitor
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Proposed “Scratch-PET” intraoperative PET system with a hand-held probe-type detector.

Method

In Scratch-PET, the surgeon measures the annihilation
radiation while scanning the probe-type detector by hand.
Therefore, position and orientation information of the probe-
type detector is necessary for image reconstruction. For this
purpose, multiple optical reflection markers are placed on the
probe-type detector and measured by a tracking sensor. Then,
the coincidence data stored in list mode and the position and
orientation data of the probe-type detector are associated with
the measurement time and input to the image reconstruction
process.

We developed the image reconstruction process which runs
under conditions of a dynamically changing detector geometry.
The position of each scintillator crystal is calculated from the
orientation and position of the probe-type detector for each
coincidence event. The direction and position of the LORs for
each coincidence event are then calculated from the position
of the crystals, and the image reconstruction is performed.
During the display phase, the PET images which are displayed
on the monitor must be updated at certain short time intervals
to provide real-time feedback on the measurement results to
the surgeon. Therefore, the measurement time is divided into
frames, and image reconstruction is performed using only the
measurement data acquired in the latest frame. This
suppresses the increase in the amount of input projection data
in proportion to the total measurement time compared to the
case where measurement data in all frames are used and thus
the calculation time is suppressed. We output time-averaged
images of the reconstructed image at each frame on the
monitor. This allows for higher image contrast compared to
images in a single frame.

In the imaging experiment using the prototype system, 60 s
imaging of the phantom was performed while the detector was
held in the hand and moved above the imaging target. The
imaging target was a phantom with a radioactivity of 0.6 MBq,
consisting of multiple cylindrical 22Na sources of 5 mm height
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and 3, 4, 5, 8, and 10 mm diameter. Two detectors were used
for the geometry, one for the fixed and one for the probe-type.
Eight Styrofoam plates (5 mm thick) were placed on top of the
fixed detector, and the phantom was placed on top of them. A
Hamamatsu Photonics TOF-PET module was used as the
detector. The scintillator crystals consisted of 16 x 16 rows of
3 x 3 x 15 mm?® LYSO crystals, and each crystal and channel
were coupled one-to-one to the 16 x 16 channel SiPM. The
probe-type detector was attached to a component with four
optical reflection markers, and the markers were measured by
an optical tracking sensor at 20 fps. The position and
orientation of the probe-type detector were calculated from the
position information of the four reflective markers. Radiation
measurement data and detector position data were then
collected at a single PC, and image reconstruction was
performed on the same PC. The frame interval for image
reconstruction was 10 s, and the reconstructed images were
output from a monitor placed near the device (Figure 2).

Results

We were able to update the reconstructed images at regular
frame intervals while measuring the annihilation radiation
(Figure 2). The motion of the detector was irregular within a
range of a few centimeters, and the measurements were made
without any interruption by the sensor. The reconstruction
results in each frame showed that rods up to 5 mm in diameter
could be resolved. However, certain artifacts were observed
that extended the rods in the depth direction.

Reconstructed
image

Phantom

Figure 2 An overview of the measurement setup and example reconstructed images.
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Discussion

In the imaging experiment using the prototype detector, The
proposed method realized image display at a fixed frame
interval in parallel with the radiation measurement. Shorter
frame intervals are desirable to provide users with quick
feedback on measurement information. However, the amount
of projection data input for a single image reconstruction is
expected to decrease, resulting in a deterioration of image
quality. The relationship between the length of the frame
interval and the image quality of the reconstructed image
needs to be investigated in the future.

The artifacts observed in the reconstructed images are due to
the limited projection angle of the LOR. By moving the probe-
type detector to a wider range than in this experiment and by
increasing the number of fixed detectors, a wider area of
projection angles can be secured. This is expected to remove
the artifacts.

Conclusion

We developed a real-time image reconstruction system for
Scratch-PET. The practicality of the system was then
evaluated by the imaging experiment using the prototype
system. In the future, the number of fixed array detectors will
be increased to expand the projection angle.
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Introduction

The standard surgical procedure for esophageal cancer is
esophagectomy with lymph node (LN) dissection in three-
fields; however, invasion to some extent of the cervical region
increases the risk of post-operative serious complications.
Furthermore, there is a report that approximately 95% of the
resected LNs are non-metastatic [1]; it is desirable to optimize
the extent of LN dissection through accurate LN metastasis
diagnosis methods. We had previously found that when '8F-
FDG, a PET pharmaceutical, was administered before surgery
and the amounts of FDG accumulation (radioactivity) in the
resected LNs were measured, the diagnostic performance with
a sensitivity of 94.7% and a specificity of 78.7% were obtained.
In other words, if we can realize a technology to quantitatively
measure radioactivity immediately before LN resection, the
process of LN dissection is expected to be individualized.

As a new type of intraoperative radiation measurement device,
a forceps-type mini-PET with the measurement principle of
PET [2] is under development at QST. This device is shaped
like a laparoscopic forceps, and it is equipped with a pair of
PET detectors (scintillation detectors) at the tip of its elongated
shaft. It can easily access deep inside the body cavity, directly
pinching the LN and counting pairs of annihilated gamma ray
pairs from '8F (Figure 1).

g Esophagus
2.,
: Lymph node (LN)
.00
P Metastatic LN
L]
[ ]

18F-FDG

Figure 1 Conceptual illustration of the proposed forceps-type mini-PET.
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One of the challenges is that radiation detection efficiency
(coincidence rate) fluctuates depending on the relative position
of the radiation source and detector since the FDG distribution
within the LN is uncertain. Therefore, in this research, we are
aiming at adding a function to image the FDG distribution like
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a PET device and make it possible to correct the count rate.
Specifically, we are modifying a forceps-type mini-PET to be
position-sensitive (PS) and to develop a method to convert the
measured rough position information into FDG distribution
information using deep learning. The effectiveness of the
proposed method was demonstrated through simulation
verification conducted last year, and a prototype PS detector
was manufactured and evaluated this year.

Another challenge is the influence of background radioactivity
on in-vivo measurements. FDG accumulates not only in
metastatic LNs but also in organs and tissues throughout the
body, and radiation from outside the field of view is mixed into
measurement data as noise (random coincidence). If the ratio
of increases compared
coincidences from metastatic LNs, measurement accuracy will
deteriorate. Therefore, in this study, we conducted a computer
simulation assuming in-vivo measurements during surgery and
investigated the
radioactivity measurements.

random coincidences to true

influence of random coincidence on

Prototype of position-sensitive detector

To be compatible with laparoscopic surgery, the insertion
section of the forceps-type mini-PET must be able to pass
through a surgical trocar with a diameter of 12 mm.
Considering this constraint, we designed a 2x2 array PS
detector with 2 photo sensors.
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Figure 2 Designed position-sensitive detector (a) and coincidence detection circuits used for performance evaluation (b).
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Figure 2 (a) shows the configuration of the prototype PS
detector. A half-bullet shaped BisGe3;O12 (BGO) crystal
elements were cut to get a matrix of 2 rows and 2 columns,
and a reflector (ESR) was inserted to form a U-shaped optical
path. One SiPM (S14160-3050HS, Hamamatsu Photonics)
was optically coupled to each optical end. The entire crystal
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was wrapped with Teflon tape and covered with aluminum foil
to insulate against light. By calculating the ratio of two pulse
heights from each SiPM, it is possible to identify the crystal
element that interacted with the gamma rays.

Figure 2 (b) shows the coincidence circuit used for
performance evaluation. The SiPM was operated by an
uncooled MPPC drive circuit (C12332-02, Hamamatsu
Photonics). Analog waveforms from individual SiPMs were
converted to digital waveforms by a waveform digitizer (DRS4
DT57342B, CAEN) at a sampling rate of 1 GHz. A coincidence
output pulse through a leading-edge discriminator (LED) with
a threshold of 40 mV was used as the trigger signal for data
acquisition. In addition, a cylindrical radiation source ?°Na was
placed in the center of a pair of PS detectors installed at 6 mm
spacings.

Figure 3 (a) shows a one-dimensional position histogram
obtained with a single-sided PS detector. Each peak
represents the response of one crystal element. If the inflection
point of the distribution curve was used as the threshold for
crystal identification, the error in crystal identification was less
than 5% at most. In addition, the energy resolution of the entire
detector was 22.1% at 511 keV (Figure 3 (b)), and the
coincidence time resolution was 19.4 ns.

(b)

- 6000 ¢

4000

20001
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Figure 3 A position histogram (a) and energy histogram (b) experimentally obrained for the developed detector.
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Simulation assuming in-vivo measurement during surgery

Previous studies have shown that when 4.5 MBqg/kg of FDG is
administered 2-half-lives before surgery, the radioactivity
threshold in metastatic LNs during surgery is 1.24 kBq [2]. That
is, the performance requirement of the forceps-type mini-PET
is to be able to accurately measure 1.24 kBq of radioactivity in
metastatic LNs under the in-vivo background radioactivity
(which is the condition 2-half-lives after 4.5 MBqg/kg FDG
administration).

In order to model a realistic radioactivity distribution in vivo, we
determined the amount of FDG accumulation (radioactivity) in
each organ and tissue based on clinical data and distributed
the determined amounts to the ICRP110 reference phantom
provided by GEANT4 [3]. The ICRP phantom was prepared
from a set of CT data of an adult male (height 176 cm, weight
73 kg) without compromising the anatomical properties of
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organs and tissues, particularly their organ weights. Taking
major organs as an example, the radioactivity for the brain,
heart, and liver were 11.3 MBq, 1.6 MBq, and 5.5 MBq,
respectively. Totally, 69 MBq of radioactivity was distributed
throughout the body.

As shown in Figure 4, the detector part pinching the metastatic
LN was modeled and placed on the cervical region of the ICRP
phantom. The scintillator was a half-bullet-shaped BGO
crystal, and the entire body was covered with a stainless steel
frame with a thickness of 0.2 to 0.5 mm. The metastatic LN
was a water spheric phantom with a diameter of 8 mm and
contained 1.24 kBq of radioactivity.

_

{ Scintillator

D |
—

5mm

8 mm

< 0.2 mm

< 0.5mm

Metastatic
LN

Frame

Figure 4 Visualization of Geant4 simulation setup.
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Introduction

Our original concept of add-on PET, a totally integrated PET
detector with an MRI coil [1], is a low-cost solution to
commercial whole-body PET/MRI systems [2]. It can also
provide high-sensitivity and high-resolution PET images as the
detectors are close to the imaging region (the region of
interest, ROI). We previously designed the add-on PET for
human brain imaging with a 3T clinical MRI system. The
prototype is shown in Figure 1 and it combined a single-
channel birdcage RF coil with RF shielded PET detectors. The
purpose of this study is to develop a new add-on PET
integrating proton ('H) and sodium (2*Na) RF coils into one coil.
Sodium is second only to protons in our body in having the
most sensitive biologically relevant MR signal [3-4]. PET can
images the metabolic functions of different diseases. On the
other hand, 2°Na parameters have relationships to both energy
consumption and structural processes. Sodium represents cell
viability and metabolism. Sodium and potassium ions (Na+ and
K+) must maintain a concentration difference to continue
normal cellular functions (Figure 2 (a)).

Figure 1 (a) Our previous development of the add-on for simultaneous brain PET/MRI in a 3T clinical MRI system.
A single-channel birdcage RF coil is integrated with RF shielded PET detector modules.
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(a) Schematic illustrating sodium and potassium ion transportations between the intracellular

and the extracellular compartments of a biological cell [2]. (b) Conceptual diagram of the add-on PET
that integrates a multichannel microstrip RF coil for proton (H) imaging and a loop RF coil for sodium (?*Na) imaging.
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For a diseased area (e.g., a body area exhibiting
osteoarthritis), Na+ ion concentration is changed, and the
change can be detected by the 2Na-MR imaging method. The
complementary double metabolic imaging can enable early
detection of the diseases, such as degenerative diseases and
cancers. In this report, we describe a prototype add-on PET
that integrates both 'H and 2*Na RF coils into one coil for a 3T
MRI system. A conceptual diagram is shown in Figure 2 (b), in
which microstrip RF coils are integrated with the RF shielded
PET detector modules for '"H MR imaging [5] and loop coils are

implemented inside the PET ring for 22Na MR imaging.

Methods and Materials

In this study, a single channel loop RF coil was developed for
the purpose of 22Na MR imaging. A four channel microstrip RF
coil [5] was designed for the purpose of 'H MR imaging that
integrates RF shield boxes for PET detector modules. Figure 3
(a) illustrates the multimodal system with a 3T clinical MRI
(MAGNETOM  Prisma,
Erlangen, Germany). The diameter of the 2Na coil was 140

system Siemens Healthineers,
mm and the diameter of the 'H microstrip RF was 160 mm. The
PET ring diameter was considered as approximately180 mm.
For the feasibility study, we developed a partial PET ring and a
microstrip RF coil. We did not include any PET detectors in this
development. However, a study on the PET detectors with a

microstrip RF coil can be found elsewhere [6].
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As an initial study, we performed gradient-echo MR imaging for
both the 'H and %Na coils with a cylindrical 115 mm diameter
phantom (per 1000 g distilled water: 3.75 g NiSO, x H,O + 5 g
NacCl).

The combined 4-channel *H microtrip coil for PET and 1-
channel 2Na coil

(a)

IH MR image

Figure 3

ZNa MR image

(b)

(a) Combined PET-'"H-*Na RF coil module with a 3T clinical MRI system.

(c) Gradient-echo MRI images for both '"H and Na RF coils.
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Results

The central slice MR images for the gradient-echo sequence
for both the 'H and 2*Na RF coils are given in Figure 3 (b).

Conclusion

As a proof of concept, we have developed a multimodal
imaging system combining the PET detector RF shield with the
microstrip 'H RF coil and 2*Na RF coil. MR images were gotten
for this combined system. A detailed study with PET detectors
and with full-ring RF coils will be conducted in the near future.
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brain-dedicated hemispherical PET over whole-body cylindrical scanners,” [E 28, 55 43 &, Sup.1 (55 125 A1 H A=
) PR AN R R OUER), p. 156, 2023. (JSRT-JSMP Joint International Conference on Radiological Physics and
Technology (ICRPT), TPI-036, oral, 2023/4/14, PACIFICO Yokohama) Received the ICRPT Certificate of Merit Award
Miho Kiyokawa, Han Gyu Kang, Taiga Yamaya, “Tracking the same fast-LGSO crystals by changing surface treatments for
faster timing resolution in PET,” [E#HE, %5 43 &, Sup.1 (3 125 [A] H AR LY EFLS MRS HICLE), p. 156,
2023. (JSRT-JSMP Joint International Conference on Radiological Physics and Technology (ICRPT), TPI-037, oral,
2023/4/14, PACIFICO Yokohama)

Hideaki Tashima, Sodai Takyu, Fumihiko Nishikido, Mikio Suga, Go Akamatsu, Miwako Takahashi, Taiga Yamaya,
“Potential of 909 keV Compton imaging outperforming PET in #Zr measurement with Si/LGSO WGI: a simulation study,”
[ SFAE, 4 43 %8, Sup.1 (55 125 [] B ARE 452 4 KA HICHE), p. 11,2023, (JSRT-JSMP Joint International
Conference on Radiological Physics and Technology (ICRPT), TPI-039, oral , 2023/4/15, PACIFICO Yokohama)

Chie Toramatsu, Chie Seki, Iwao Kanno, Yoko Ikoma, Taiga Yamaya, “Comparison of kinetics of the produced positron
emitters after carbon beam irradiation and that of the MRI contrast agents in rat tumor,” FEZF##, 2 43 &, Sup.1 (3B
125 [a] B ARE L2 20 KEHOUEE), p. 112, 2023, (JSRT-JSMP Joint International Conference on Radiological
Physics and Technology (ICRPT), TPI-040, oral, 2023/4/15, PACIFICO Yokohama)

Sodai Takyu, Ken-ichiro Matsumoto, Fumihiko Nishikido, Go Akamatsu, Hideaki Tashima, Miwako Takahashi, Taiga
Yamaya, “Positronium lifetime measurement in stable radical aqueous solutions for dose estimation in radiotherapy,” [
PR, 2 43 &, Sup.1 (35 125 I8l H RESFW PPN KRS HICEE), p. 113, 2023, (JSRT-JSMP Joint International
Conference on Radiological Physics and Technology (ICRPT), TPI-041, oral, 2023/4/15, PACIFICO Yokohama)

Go Akamatsu, Hideaki Tashima, Sodai Takyu, Mitsutaka Yamaguchi, Naoki Kawachi, Makoto Sakai, Shunsuke Kurosawa,
Kenji Shimazoe, Miwako Takahashi, Taiga Yamaya, “Performance evaluation standards for medical Compton imaging
systems,” [EFMER, % 43 %%, Sup.1 (3 125 Bl H REFWE TS 7 RS WOCE), p. 126, 2023. (JSRT-JSMP Joint
International Conference on Radiological Physics and Technology (ICRPT), TPI-068, oral, 2023/4/15, PACIFICO
Yokohama) Received the ICRPT Outstanding Presentation Award

Mitsutaka Yamaguchi, Yuto Nagao, Makoto Sakai, Go Akamatsu, Hideaki Tashima, Taiga Yamaya, Naoki Kawachi,
“Application of a standard performance evaluation method for a cost-effective Compton camera using high-sensitive
inorganic scintillators,” [EZ#EE, 5 43 2, Sup.1 (5 125 0] R EPLYELL PR HICE), p. 127,2023. (JSRT-
JSMP Joint International Conference on Radiological Physics and Technology (ICRPT), TPI-069, oral, 2023/4/15,
PACIFICO Yokohama) Received the ICRPT Certificate of Merit Award

Ryotaro Ohashi, Sodai Takyu, Ito Shigeki, Yuma Iwao, Miwako Takahashi, Taiga Yamaya, “Simulation study of a deep-
learning based position-sensitive forceps-type coincidence detector,” FE#)BE, % 43 &, Sup.1 (55 125 [B] H REFH)
AR PRI RS M), p. 169, 2023. (JSRT-JSMP Joint International Conference on Radiological Physics and
Technology (ICRPT), TPI-071, oral , 2023/4/15, PACIFICO Yokohama)

Fumio Hashimoto, Kibo Ote, Yuya Onishi, Hideaki Tashima, Taiga Yamaya, “End-to-end unsupervised CNN-based PET
image reconstruction with relative difference penalty,” FE=2#ER, 55 43 &, Sup.1 (55 125 [A] B RE LYK
EHOCER), p. 138, 2023. (JSRT-JSMP Joint International Conference on Radiological Physics and Technology (ICRPT),
TPI-108, oral, 2023/4/16, PACIFICO Yokohama)

F. Evangelista, M. Nitta, G. Lovatti, Z. Huang, M. Pinto, J. Bortfeldt, T. Yamaya, M. Sitarz, P. Thirolf, K. Parodi, "Imaging
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of proton beams with a novel spherical in-beam PET scanner for range monitoring in small animal irradiation research,"
61st Annual PTCOG Conference, O 012, 2023. (oral, Madrid, 2023/6/13)

Go Akamatsu, Sodai Takyu, Hideaki Tashima, Hidekatsu Wakizaka, Mitsutaka Yamaguchi, Naoki Kawachi, Makoto Sakai,
Shunsuke Kurosawa, Kenji Shimazoe, Fumihiko Nishikido, Eiji Yoshida, Miwako Takahashi, Taiga Yamaya, "I-131 3D
Compton imaging with a small whole gamma imaging prototype," SNMMI2023 Annual Meeting, P1242, 2023. (oral,
2023/6/26, Chicago)

C. Toramatsu, A. Mohammadi, N. Nitta, C. Seki, Y. Ikoma, I. Kanno, T. Yamaya, “In situ tumour response PET imaging
without radiopharmaceuticals in particle therapy: a feasibility study in rats,” Eur J Nucl Med Mol Imaging, 50, Suppl 1, S38,
2023. (EANM2023, oral, OP-079, 2023/9/10) (Highlighted)

K. Thielemans, A. L. Kesner, E. Asma, J. Cabello, M. J. Cook, M. Hansen, J. Jones, N. A. Karakatsanis, E. K. Leung, P.
Markiewicz. Prevrhal, A. Rahmim, B. Saboury, J. Stairs, S. Stute, H. Tashima, G. Wells, "An academic/industrial PET raw
data standardization initiative," Eur J Nucl Med Mol Imaging, 50, Suppl 1, S11, 2023. (EANM2023, oral, OP-025,
2023/9/10)

T. Yabe, M. Nitta, M. Yamaguchi, J. Bortfeldt, M. Pinto, H. G. Kang, T. Yamaya, K. Parodi, N. Kawachi, "Secondary electron
bremsstrahlung imaging towards in vivo range verification for small animal proton irradiation," DGMP 54. Jahrestagung
der Deutschen Gesellschaft fiir Medizinische Physik, AS01.02, 2023. (oral)

G. Akamatsu, Y. Iwao, H. Tashima, Y. Nagai, C. Seki, H. Mizuma, T. Okauchi, H. Wakizaka, T. Minamimoto, M. Higuchi,
T. Yamaya, "VRAIN-M: Monkey brain PET developed based on clinical PET with hemispherical geometry," IEEE NSS
MIC RTSD, M-01-03, 2023. (oral, 2023/11/8, Vancouver)

H. G. Kang, H. Takuwa, H. Tashima, H. Wakizaka, M. Higuchi, T. Yamaya, "A 0.5 mm resolution mouse brain PET for
simultaneous two-photon excitation fluoroscopy," IEEE NSS MIC RTSD, M-01-05, 2023. (oral, 2023/11/8, Vancouver)

F. Nishikido, S. Takeda, H. Tashima, T. Takahashi, T. Yamaya, "Double-sided silicon-strip detector for a scatterer in whole
gamma imaging," IEEE NSS MIC RTSD, M-04-04, 2023. (oral, 2023/11/8, Vancouver)

H. G. Kang, M. Kiyokawa, T. Yamaya, "GATE optical simulation of U-shaped DOI detectors for optimal crystal surface
roughness," IEEE NSS MIC RTSD, M-12-04, 2023. (oral, 2023/11/10, Vancouver)

T. Ishikawa, Y. Iwao, G. Akamatsu, S. Takyu, H. Tashima, T. Okamoto, T. Yamaya, H. Haneishi, "Imaging simulation of
“Scratch-PET”: an intraoperative PET with a hand-held detector," IEEE NSS MIC RTSD, M-12-06, 2023. (oral, 2023/11/10,
Vancouver)

M. Nitta, G. Lovatti, F. Evangelista, J. Bortfeldt, M. Pinto, Z. Huang, M. K. Sitarz, P. R. Poulsen, H. G. Kang, F. Englbrecht,
T. Rosch, J. Gebhard, A. Zoglauer, C. Gianoli, G. Dedes, T. Yamaya, P. Thirolf, K. Parodi, "First proton beam imaging with
a high resolution in-beam small animal PET system in the SIRMIO irradiation platform," IEEE NSS MIC RTSD, M-15-01,
2023. (oral, 2023/11/10, Vancouver)

H. Tashima, C. Toramatsu, A. Mohammadi, Y. Iwao, N. Inadama, H. G. Kang, G. Akamatsu, M. Tajiri, H. Mizuno, M. Koto,
T. Yamaya, "Bench-to-clinical transfer of OpenPET: first in-beam test in a HIMAC treatment room," IEEE NSS MIC RTSD,
M-15-02, 2023. (oral, 2023/11/10, Vancouver)

A. Mohammadi, H. Tashima, S. Takyu, Y. Iwao, C. Toramatsu, F. Nishikido, K. Parodi, T. Yamaya, "Dose estimation from
in-beam PET imaging of ''C and 'O beams," IEEE NSS MIC RTSD, M-15-04, 2023. (oral, 2023/11/10, Vancouver)

K. Narita, G. Akamatsu, H. Tashima, Y. Iwao, E. Yoshida, M. Takahashi, T. Yamaya, "One-millimeter resolution
hemispherical brain PET: a simulation study," IEEE NSS MIC RTSD, M-20-02, 2023. (oral, 2023/11/11, Vancouver)

T. Kikuchi, S. Takyu, M. Suga, H. Tashima, F. Nishikido, T. Yamaya, "PET-Compton hybrid imaging simulation of a small
animal whole-gamma-imaging system," IEEE NSS MIC RTSD, M-20-05, 2023. (oral, 2023/11/11, Vancouver)

Taiga Yamaya, Hideaki Tashima, Chie Toramatsu, Akram Mohammadi, Yuma Iwao, Go Akamatsu, Han Gyu Kang, Minoru
Tajiri, Hideyuki Mizuno, Masashi Koto, “OpenPET: a novel PET prototype for range verification ready for clinical test in
HIMAC,” PTCOG-AO&ISTPT2023, OP-14, 2023. (2023/11/25, Taipei, oral)

- Bff=iE ((RRA—%RK) International conference (poster presentations) (23)

(1]

(2]

(3]

Taiga Yamaya, Miwako Takahashi, Go Akamatsu, Hideaki Tashima, Yuma Iwao, Eiji Yoshida, “Bench-to-clinical R&D of
the world’s first hemispherical brain-dedicated PET system,” The 19th Conference of Peace through Mind/Brain Science,
2023/2/21. (Hamamatsu, poster)

Go Akamatsu, Hideaki Tashima, Yuma Iwao, Eiji Yoshida, Hidekatsu Wakizaka, Miwako Takahashi, Taiga Yamaya,
“Recently commercialized novel animal PET systems invented by QST,” The 19th Conference of Peace through Mind/Brain
Science, 2023/2/21. (Hamamatsu, poster)

Han Gyu Kang, Hideaki Tashima, Hidekatsu Wakizaka, Fumihiko Nishikido, Makoto Higuchi, Miwako Takahashi, Taiga
Yamaya, “0.5 mm resolution positron emission tomography for rodent brain imaging,” The 19th Conference of Peace
through Mind/Brain Science, 2023/2/21. (Hamamatsu, poster)

Hideaki Tashima, Sodai Takyu, Go Akamatsu, Miwako Takahashi, Akram Mohammadi, Fumihiko Nishikido, Han Gyu Kang,
Wakizaka Hidekatsu, Yuma Iwao, Taiga Yamaya, “Whole gamma imaging utilizing all detectable gamma rays,” The 19th
Conference of Peace through Mind/Brain Science, 2023/2/21. (Hamamatsu, poster)

C. Toramatsu, A. Mohammadi, N. Nitta, H. Wakizaka, Y. Ikoma, C. Seki, I. Kanno, T. Yamaya, ‘“Possibility of tumor
diagnosis by beam irradiation: Comparison of biological washout rates in rats between in-beam PET and DEC-MRI,” 61st
Annual PTCOG Conference, P 002, 2023. (poster, Madrid, 2023/6/14)

Miwako Takahashi, Yuma Iwao, Go Akamatsu, Hideaki Tashima, Eiji Yoshida, Taiga Yamaya, "Free-movement brain FDG-
PET: clearer small nuclei identification with longer scan time," SNMMI2023 Annual Meeting, 2023. (poster, 2023/6/25,
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Chicago)
Miwako Takahashi, Shigeki Ito, Yasuhiro Okumura, Kosuke Nakane, Koichi Yagi, Yasuyuki Seto, Taiga Yamaya, "Forceps-

type mini-PET for intra-operative LN diagnosis: Ex-vivo study with a prototype," SNMMI2023 Annual Meeting, 2023.
(poster, 2023/6/27, Chicago)

T. Yamaya, E. Yoshida, G. Akamatsu, K. Narita, H. Tashima, Y. Iwao, M. Takahashi, “Designing a 1-mm resolution brain-
dedicated PET system with a hemispherical detector arrangement,” Eur J Nucl Med Mol Imaging, 50, Suppl 1, S688, 2023.
(EANM2023, e-poster, EP-0651)

H. G. Kang, E. Yoshia, T. Yamaya, "Sub-150 ps CTR obtained with Hamamatsu S14-Series SiPMs for a 20-mm long fast-
LGSO crystal," IEEE NSS MIC RTSD, M-03-028, 2023. (poster, 2023/11/8, Vancouver)

M. Yamaguchi, Y. Nagao, M. Sakai, G. Akamatsu, H. Tashima, T. Yamaya, N. Kawachi, "Application of a performance
evaluation standard for a GAGG-scintillator Compton camera," [IEEE NSS MIC RTSD, M-03-376, 2023. (poster, 2023/11/8,
Vancouver)

R. Ohashi, S. Takyu, S. Ito, M. Takahashi, T. Yamaya, "Adding position-sensitive functionality to a forceps-type mini-PET
prototype," IEEE NSS MIC RTSD, M-10-008, 2023. (poster, 2023/11/9, Vancouver)

R. Ohashi, S. Takyu, S. Ito, M. Takahashi, T. Yamaya, "Estimated random rate for an intraoperative use of the forceps-type
coincidence detector," IEEE NSS MIC RTSD, M-10-071, 2023. (poster, 2023/11/9, Vancouver)

G. Akamatsu, S. Takyu, H. Tashima, H. Wakizaka, M. Yamaguchi, N. Kawachi, M. Sakai, S. Kurosawa, K. Shimazoe, F.
Nishikido, E. Yoshida, M. Takahashi, T. Yamaya, "lodine-131 whole gamma imaging outperforms clinical SPECT," IEEE
NSS MIC RTSD, M-10-143, 2023. (poster, 2023/11/9, Vancouver)

C. Toramatsu, A. Mohammadi, H. Wakizaka, H. Sudo, N. Nitta, C. Seki, Y. Ikoma, I. Kanno, T. Yamaya, "Washout in in-
beam PET as a biomarker of tumor vascular condition: a feasibility study in rats," IEEE NSS MIC RTSD, M-10-377, 2023.
(poster, 2023/11/9, Vancouver)

G. Akamatsu, E. Yoshida, S. Ito, H. Tashima, H. G. Kang, S. Takyu, F. Nishikido, F. Obata, M. Kiyokawa, H. Wakizaka, K.J.
Kim, K. Kamada, A. Yoshikawa, M. Takahashi, T. Yamaya, "Development of the 4th whole gamma imaging prototype for
897Zr mouse imaging demonstration,” IEEE NSS MIC RTSD, M-10-431, 2023. (poster, 2023/11/9, Vancouver)

S. Takyu, F. Nishikido, H. Tashima, G. Akamatsu, K. Matsumoto, M. Takahashi, T. Yamaya, "Resolving 10 mmHg and 40
mmHg pO2 samples by positronium lifetime in clinical PET," IEEE NSS MIC RTSD, M-17-420, 2023. (poster, 2023/11/10,
Vancouver)

M. Kiyokawa, H. G. Kang, T. Yamaya, "Tapered Monolithic U-shaped fast-LGSO detector for enhanced TOF/DOI
resolution," IEEE NSS MIC RTSD, M-17-057, 2023. (poster, 2023/11/10, Vancouver)

F. Hashimoto, Y. Onishi, K. Ote, H. Tashima, T. Yamaya, "Accelerated deep image prior-based PET image reconstruction
using two-step optimization," IEEE NSS MIC RTSD, M-17-192, 2023. (poster, 2023/11/10, Vancouver)

Y. Iwao, G. Akamatsu, H. Tashima, M. Takahashi, T. Yamaya, "Data-driven adaptive frame division motion correction for
brain PET," IEEE NSS MIC RTSD, M-17-219, 2023. (poster, 2023/11/10, Vancouver)

A. Mohammadi, H. Tashima, S. Takyu, Y. Iwao, G. Akamatsu, H. G. Kang, C. Toramatsu, F. Nishikido, K. Parodi, T. Yamaya,
"In-beam whole gamma imaging of a '°C ion beam: a phantom study," IEEE NSS MIC RTSD, M-17-378, 2023. (poster,
2023/11/10, Vancouver)

S. Takyu, H. Ikeda, H. Wakizaka, K. Matsumoto, F. Nishikido, H. Tashima, M. Takahashi, H. Watabe, T. Yamaya, "lodine-
124 enables positronium lifetime measurement with TOF-PET detectors," IEEE NSS MIC RTSD, M-17-411, 2023. (poster,
2023/11/10, Vancouver)

H. Tashima, S. Takyu, F. Nishikido, M. Takahashi, T. Yamaya, "Modeling positronium lifetime distribution in Geant4 Monte
Carlo simulation," IEEE NSS MIC RTSD, M-17-417, 2023. (poster, 2023/11/10, Vancouver)

K. Thielemans, A. Kesner, E. Asma, J. Cabello, M. Cook, M. Hansen, J. Jones, N. A. Karakatsanis, E. K.S. Leung, P.

Markiewicz, S. Prevrhal, A. Rahmim, B. Saboury, J. Stairs, S. Stute, H. Tashima, G. Wells, “Towards a standard for PET
raw data,” IEEE NSS MIC RTSD, M-03-238, 2023. (poster, 2023/11/8, Vancouver)

- ElIN&i# Domestic conference (31)

(1]

(2]

(3]

[4]

(5]

(6]

FNKEE, B BEE, R, MARIR, B, MAM, IWARE, FaFM, “FRb 7 v —7 BT A
N PET [Scratch-PET| D7z Dby AT LD B, E ¥k, MI12022-104(2023-03), pp. 131-135, 2023. (EH]
A A 4243 (MI), oral, 2023/3/7)

AR = A, KVEETR, KRFPAE, HERH, IWATRE, “Deep image prior & K L 7= &iHIf+ = 3 kot PET {4
FERR G F 0, MI2022-118(2023-03), pp. 181-183, 2023. (& F {4/ 25 23 (ML), oral, 2023/3/7)

Han Gyu Kang, Hideaki Tashima, Fumihiko Nishikido, Makoto Higuchi, Miwako Takahashi, Taiga Yamaya, "Ultrahigh
resolution small animal positron emission tomography for mouse brain imaging," 2023 4=%5 70 [al)i F Wy HE 5 2244
RS T RRSE, 02-007, 2023. (15p-D311-6, oral, & KA F v > 28R, 2023/3/15)

HARIR, MEEAN, BREE, AR, 8P, HEBRY, SiEfs, EHGE, ILaRE, "&F PET
TRSE : 1241 12 L BEHmEE," 2023 455 70 RIS A Sa RN E S TR, 02-008, 2023. (15p-
D311-7, oral, B RZEUAF v 73R, 2023/3/15)

1% )11 %278, Han Gyu Kang, (L4788, "TOF-PET M Fast-LGSO > F L — &Z O R EIRBED FAk," 2023 4£45 70 @]
5 L R S R A R IR ST T RREE, 02-009, 2023. (15p-D311-8, oral, & KZIUAF v > 784, 2023/3/15)
RAGE RS, HARIR, PRI, SR, (AR, "83 I = PET MU O ERMEUGEICIAT 723 2 =
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L— 3 " 2023 425 70 RIS AL R 2PN 25 T RR4E, 02-010, 2023. (15p-D311-9, oral, 5K
A% 2 78R, 2023/3/15)
FHE L, BAALKR, B, MEEN, $RF 02, ILARYE, "V = L—1 3 2 K D Whole Gamma Imaging 4
FHEOVERE TR, 2023 45 70 RIS L 2 R IR AN 25 T RREE, 02-136, 2023. (18a-D411-5, oral, %
KB 2 v 2 28 Z 2023/3/18)
REETY, )RR, OUEREED, &R, IWAHRE, 85 I = PET ICH T D MU B IE L 2 7
LDBH%E”, Proceedings of the 2023 JSME Conference on Robotics and Mechatronics, 2P2-C9(1)-(2), 2023. ( H ASEEMR
FRUART 47 ARX ba=s AGkHS 2023 (ROBOMECH2023), Poster, 2023/6/28-7/1, 4 it R EFESH#L)
IF, AT, OHERESED, @fesefnr, [IWAZRE, “HtF2 I = PET OBRAFRICIANT 7o AT BAPABE R RE 70 B
TR ASRE D BHFE”, Proceedings of the 2023 JSME Conference on Robotics and Mechatronics, 2P2-C10(1)-(2), 2023.
(AABIRFR R AT 7 A A0 b u =2 A2 2023 (ROBOMECH2023), Poster, 2023/6/28-7/1, 41 & [H
Breigs)
M S, AARIR, #5302, mfEEm1, AR, Ry bu=y hFmafiALIiZfE+ PET ¥ Ial
— & OBAFE,” ISMI Report, p. 84,2023 (55 17 BIH AR5y 1A A — 0 75ay ey « FANES, P-21, poster, 2023/6/8,
LK)
ARAAMN, & BEE, MR, KFRE, BT, KA, WM, BT, BEABE, LARE, <YL HYE
RUGHER PET 3 A5 L OVEREFM,” ISMI Report, p. 85,2023, (35 17 Bl H AR F-A A — 0 V8 s « S
P-22, poster, 2023/6/9, HALKZ)
FCHEIRE, FREAR, HBEE. A BRE, [LARE, “MARE Imm 64 Fr 0 ERBUSEE PET #HEO Y I =
L—3g VERER? B 60 BT A Y R —T - SRR R RS R, 2B02-04-02, 2023. (3 60 BT A Y h—7 -
TG 7E36 22>, oral, 2023/7/6, H AREFAKER)
HARIR, $F3CE, HSEY, R, AR, SEEAF, IWARE, “FY ha=v LFEMIC K HMmHR
SER V7 BERR PET 3@ % FWZERE” %5 60 7 A V) h—7" « iR Ze R &4 5 54, 2B05-06-02,
2023. (B 60 [E17 A Y b —7 - FURHBRAFIEF8 R, oral, 2023/7/6, B AELEAKAR)
MM, HARIKR, P 30E, BGEEMT, ILARE, “BTPETOEL Ty Ial—vary KU bn
=7 LFM DT T ML, JAMIT Annual Meeting 2023 5 42 [a] [ A {6 T 222 KA EEE, pp. 187-188, 2023.
(JAMIT Annual Meeting 2023 £ 42 [A] H AE A R L2 K 42, oral, OP10-3, 2023/7/28)
B E, T2, Mohammadi Akram, =55, FRFAMI, F8EE T, Han Gyu Kang, HF:, KEFFHZ, IEE
B, IWARE, “ERLFHRD AIBFRICI T 24 O R #E A1) 72 OpenPET 25i# BH%E,” JAMIT Annual Meeting
2023 % 42 8] 0 ARE A Ei# T55 KEPP4E, pp. 191-192, 2023. (JAMIT Annual Meeting 2023 55 42 [a] H A% F 1
B T 222 K4, oral, OP10-5, 2023/7/28)
FHE L, HAALKR, B, MEE, 8530, LAY, “Whole Gamma Imaging 4 57AEED PET - =27
o IATNANA Ty R A=V 723 2 L—3 3 ,” JAMIT Annual Meeting 2023 %5 42 [a] B A ) Bif4 T
A REPPIFE, pp. 193-194, 2023. (JAMIT Annual Meeting 2023 %5 42 [a] H A< i {4 12242 K4, oral, OP10-6,
2023/7/28)
Chie Toramatsu, Hideaki Tashima, Akram Hamato, Yuma Iwao, Go Akamatsu, Han Gyu Kang, Minoru Tajiri, Hideyuki
Mizuno, Masahi Koto, Taiga Yamaya, "Commissioning of the OpenPET prototype installed in HIMAC Room E for a clinical
test," EFMH, 5 43 &, Sup. 3, p. 77,2023, (FHIA THE, H &€, Akram Mohammadi, 7 5 &E, JRFAH], Han Gyu
Kang, Hfe, KEFHZ, /NERES, IWARE, "BER-THIGR OGRS A IZT 72 OpenPET BAFM DO 2 I v
3 =2 7" 55126 8] A ARE LB ES, 0-022,2023/9/16, oral, [ 8 [55 126 0] A AR L2220 K
SEREEEREZE]
HARIR, WA EE, WA RS, P 0E, HEEY, SEEfr, WARE, "B PET: RY hr=0U LA X
— VU T OETEER," i 84 [ESAYE LSRN AR TR, 02-091, 2023, (5 84 [ESAMELIESHK
RIS, 21p-A602-1, oral, 2023/9/21) (45 29 (AU SR E 52 B ARk TH)
Han Gyu Kang, Hiroyuki Takuwa, Hideaki Tashima, Hidekatsu Wakizaka, Makoto Higuchi, Taiga Yamaya, "A 0.5 mm
resolution mouse brain PET for simultaneous two-photon excitation imaging," " %% 84 [Al)& M B F KT AT &
HEE TSR, 02-103, 2023. (55 84 [B1iG W B 2 K0T 23,2 1p-A602-11, oral, 2023/9/21)
ECHBIPK, FREAEI, BN, SHEE, HHEMA, SBEMNT, WARYE, "Ilmm HfFREE BEE L 35 kA
SHES PET #EDO Y I =2 L—3 3 VI, JAMIT HFEHES L7 R T A SAMIT2023, OP1-6, 2023.
(2023/9/30, HLI KT, SAMIT 7 0 T 4 7 H%E)
FNRPE, EBEE, R, BARIR, BEBEY, FARZ, WERE, PABE, "FrbH 7 a—70ih
A R PET [Scratch-PET| @ =t~ MEEGE" JAMIT # FEMABEG T3 0 AR T U A SAMIT2023, OP2-7, 2023.
(2023/9/30, HLPEKF, SAMIT EH E = H)
IRINEZR, FREARI, ATHEHE, B, WARE, AATLZ, "BUTEE PET BRI 5 224 fithe
DEFITDONTOBL" 5 43 [8] H AZEFHMT SRS FITRE, [1-T002-01], 2023. (oral, 77 7Y MK
B, 2023/11/16)
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EBPET ZEE DY I = L—3 3 UEkeh" 3 63 Bl H A E ¥ Fii £, [2-M029-02], 2023. (oral, 77 > 7 12 K

H]]H-

\
’

S
>
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(23]

[26]

(27]

(28]

[29]

[30]

[31]
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KK, 2023/11/17)

FBARIR, $87 302, MR, FRRRI, MARSR—R, SifEEfm7, AR, "RY br = AFMIC K D KE

SENEG R O I REMEORRFE : BEK PET &2 AW =HHEIFER" & 63 [0 i AZEFS MRS, [2-M029-03],

2023. (oral, 7' F > 7 v FKW, 2023/11/17)

ERESRFNT, GHERESEE, BATEESL, HARFE, ARG, WP RS, WWARY, "7 I = PET I X 5 FDG &5

BB U o SHIFHANC X 285583200, 2 63 [B] B ABZE F 2 iy, [2-M029-06], 2023, (oral, 77 > 71 k

KBK, 2023/11/17)

FREEE, MAEEFI 7, /2RI, Han Gyu Kang, HAAIK, 7302, IR T, W2, (WAFRE, "# 74

= PET #fFEH#D NEMA NU3:2004 |2 & 5 MEREFTAM," 56 63 [0l H A E P& 7R, [2-M029-07], 2023. (oral,

Z v 7ury MR, 2023/11/17)

BRI, EBEE, R, HEBRY, HHINE, IWAERE, "JEEMBUREIHIEE &2 AV 7 RRERFRRG I &

%% FDG-PET [Hifg," %5 63 [A] B A% R 4 14, [3-M038-06], 2023. (oral, "7 > 7 1 hKBK, 2023/11/18)

PREAM, 5 B, WS, AR E], BT, AKRL, MNFE, BRF 5, AR, fOEA, ILARHE, "

B U L EERBIEEYT PET 2518 VRAIN-M OPEREREE" 45 63 [0] B ARLE 22 22T 2, [3-M042-04], 2023, (oral, 2

77 ar MK, 2023/11/18)

HER Y, JIRR, OHERESEE, WS, (LAY, "8+ X = PET IT351T 2 B LU O AL ik 17

PR, AA=Z Y2 —Z AR5, vol. 25, no. 3, p. 87, 2023. (3 32 BIAAK= Vo — 4R ES
(JSCAS2023), oral, 2023/12/1-12/3, 2 L ERELHE % —)

MRFH, FERD, JIRFh, GHEEE, miEEnT, IWARE, "# 7/ I = PET 128 L72#{E > Lo

WHE, ARz Vo — 2 AR5, vol. 25, no. 3, p. 89, 2023. (% 32 EIAAK= V2 — 4R %s
(JSCAS2023), oral, 2023/12/1-12/3, 2 L ERELHE % —)

R, CKRNEH, Elise—, FABCE, EIRAE, IWAZRE, MRIEDL, SR, A Efnfk, I, "R A X

~A 7 a = V- BAROBUR Rk, 3 B B AR TIER RSN E, 2023, (oral, FREFFIYE, 2023/12/9)

1.5 B34 Workshop presentations (21)

(1]
(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

I ZRE, "R AR PET BF4E 2016-2022," AR PET BF%E4s 2023, 2023/1/21 (QST FEE+A4 > T A ).

M, "3 ORESA A=Y 7 a7 b A F " I PET BFZE4 2023,2023/1/21 (QST T-HE+4
YA,

EAREEFN T, "B TR X = PET B : SMEHARIT & 5 2050, IR PET 984 2023, 2023/1/21 (QST T4+
Fr G4,

EBREEMT, ILARE, “AAS - HAYIO~LA v FEIPET BEEIZOWT,” I VT —Y g VAR E S SEZ%
AFEREZHET 2 HBEEE (52— 3 VEE) | 2023/6/19 CGRERE —HEB ).

Hideaki Tashima, Chie Toramatsu, Akram Mohammadi, Yuma Iwao, Go Akamatsu, Naoko Inadama, Han Gyu Kang, Minoru

Tajiri, Hideyuki Mizuno, Masashi Koto, Taiga Yamaya," Clinical installation of OpenPET," LMU-QST collaboration
meeting, 2023/6/19. (LMU, hybrid)

Akram Mohammadi, Hideaki Tashima, Sodai Takyu, Yuma Iwao, Go Akamatsu, Han Gyu Kang, Chie Toramatsu, Fumihiko
Nishikido, Taiga Yamaya, "Dose reconstruction and in-beam WGIL," Clinical installation of OpenPET," LMU-QST
collaboration meeting, 2023/6/19. (LMU, hybrid)

Han Gyu Kang, Hideaki Tashima, Hidekatsu Wakizaka, Fumihiko Nishikido, Makoto Higuchi, Miwako Takahashi, Taiga

Yamaya, "Submillimeter-resolution PET for mouse brain imaging," Clinical installation of OpenPET," LMU-QST

collaboration meeting, 2023/6/19. (LMU, hybrid)

WARRE, "7 r Y =7 MRl ARk PET AIIEHFJE~ = » § 5 2 [ Bench-to-Clinical 2 > A8 27 A, 2023/7/12.
(oral, HALKZ)

RN, "EFAFEIC WG 25T, AR PET AlEMFst— = R4 2 [B] Bench-to-Clinical ¥ ART 7 A,
2023/7/12. (oral, HILKZ)

AR, & HIR, JHUEREGE, B, HARIK, G th, B4, Han Gyu Kang, Mohammadi Akram, #773C
2, e, R, BIEEET, Kyoung Jin Kim, S, F)IE, @BEEM T, WARE, "WGI HFZERR O
A" KK PET A& sE 2 = » b4 2 [A] Bench-to-Clinical 2 > 7R ™7 A 2023/7/12. (oral, HALKZE)

Han Gyu Kang, "0.5 mm 43fi#RE/NEN) PET," KK PET Al&M%t— = M 2 [B] Bench-to-Clinical > > AR T T A,
2023/7/12. (poster, HALKZF)

BT, KR, GRS, BRI T, (AR, BT S = PET 0PSB E I BT % B
" K3k PET AW 7= =~ b5 2 [A] Bench-to-Clinical 3> 7R 77 A, 2023/7/12. (poster, HALK )

FNNRPE, BBIEE, RN, BARIR, BERY, MANSZ, ILERE, PAFE, "FRHL T v — 7R h 74
R PET [Scratch-PET| D7 D@L AT LAOBAYE," Aok PET AlENIFE~ = > 5 2 [4] Bench-to-Clinical
VIRY Y I, 2023/7/12. (poster, HALKEE)

FREARIN, BRI, BARIR, AT, WA, EAFER, RIBEA, BIRER, &)IHLARETE, #7302,
HHIE, BEEMT, ILARE, "ERa T b AT - WGT OMEREFHIEANBISE," Ak PET Ali&EH s~ =
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(18]
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v b5 2 [A] Bench-to-Clinical T >R ¥ 7 A, 2023/7/12. (poster, HALKZ)

HARIK, 87302, HERH, ARIRMI, MAGR—, @1, IWARE, "WGL DISH ARFBRER A A=
VIR BHELIZAEY o=y AEGIIE" KK PET AERFE = 45 2 [A Bench-to-Clinical 3> 7% &,
2023/7/12. (poster, HALKE)

AR, AREAM, HERE, SRR, IARE, "R RS Imm 5HERE & /OB PET &0 3
2 b—3 3 UEREE" Rk PET Al&EAFZE = = v b8 2 [8] Bench-to-Clinical 3> 787 A, 2023/7/12. (poster, Bt
KF)

A=A, REHEW, KRFPEAE, HERH, ILARE, "EREET Va2 AIA AT BN 7 LIREYE PET B
AR, Ak PET Ali&WFFE= =~ R~ 2 [A] Bench-to-Clinical 3/ > 7K ¥ 7 A, 2023/7/12. (poster, HILKE)

1% )11 9274, Han Gyu Kang, 18784, "TOF-PET M Fast-LGSO ¥ > F L — % ORIIRBED Fcii{b," K3k PET Ali&
WF9E—~ = % 2 [A] Bench-to-Clinical > > 78377 I, 2023/7/12. (poster, HALK )

RAGHERER, HARIR, JHRER, WEEMAF, LA, "$75 I = PET O#kik: A 10 & SN IR BE D 32
2 SRSk PET AIiEMFSE= = v b 2 [A] Bench-to-Clinical 3 > 78 37 A, 2023/7/12. (poster, H LK)

MR, AAAIKR, IWATRE, "H LWEESA A—V 0 7T 17 PET] OAFZERZR," a=h I / VX2 F%
FE AT IR B R i R R 52 B 30 AR E R R 4, 2023, (poster, HURTZ EARI A &, 2023/11/22)

A)IREE, SR, SRR BARAIK, HEH, MAMZ, IWERE, PAHEE, "L a—7 8l 51
RN PET [Scratch-PET) OFRIEFEBHZS," 25 13 [0 BEEFHHGMENTAF 5043, 2023. (orai, 2023/12/9, QST, HAKEES:
SHEFETORSE 7 [HAF TSR E % 5

1.6 $55F Patents (6)
- tHFE Application (5)

(1]

(3]

HHES, ILARE, 550 E, F 0B FE, BELR a7 T A, BLOBE - H KB R EE," FF
JiE 2023-014284, 2023/2/1 HiE (Q20275IP)

HHEES, ILWARYE, ‘BB AEE, FER0H Gk, EEAE T /T A RN, BE AR EiREEE,”
WA 2023-35999, 2023/3/8 HIFE (Q20315]P)

EEIKE, MR, SEERT, ILAHRE, "HGE R E, BEERFE, BgER T e 77 A BLOGE
IR, HiRE 2023-108744, 2023/6/30 HE. (Q20318)

HHIE, LR, 5 5 E (550 )5 1E, BB W B iR s R OGRE 515, RFkE 2023-137967,
2023/8/28 HifE (Q20325IP)

FHIGE, LAY, "B R, KO, BE TR R A E, F5E 2023-185831, 2023/10/30 .
(Q20340JP)

- &#% Registered (1)

(1]

EHHIER, IIERE, BB E R LA, FFETH 7384454, 2023/11/13 %k, (Q20130JP)
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2. RBRERGEE~DEY A Outreach actions
2.1 MRS EDORME Hosted workshops (1)

(1]

Iz, TR PET P984 2023 % 3508, 2023/1/21 (QST TEE+ A2 T A V) (BINEEGE 185 4)

2.2 & =7 —FfE Hosted seminars (0)

2.3 $REZEHI Annual report publishing (1)

(1]

24
(1]

2.5

IR i, <Ot PET P72 &5 2022,” QST-R-25, 2023/1/21.
https://www.nirs.qgst.go.jp/usr/medical-imaging/ja/study/pdf/QST R _25.pdf

¥R Review articles (11)

EEERNT, BRE, IWRRE, "N BT A A — U TEEEA~DOPREE," Tsotope News, 2023 4 2 A %, No.
785, pp. 2-5,2023.

ARARI, RS, 5 EIR, SRR, BARIR, R, misEmmr, ILAZRE, "R )0 ERERE PET
458 VRAIN," B ARHURFBREAN FMEEE, 79 %5, 2 5, p. 200-205, 2023.

ERGER T, IWARE, "BEFENEL LT BRE I AITET 572012, HbHR, Vol. 48, No. 1, pp. 2-6, 2023.
Han Gyu Kang, Hideaki Tashima, Hidekatsu Wakizaka, Fumihiko Nihshikido, Makoto Higuchi, Miwako Takahashi, Taiga
Yamaya, "Ultrahigh resolution small animal positron emission tomography," JSMI Report, Vol. 16, No. 2, pp. 6-9, 2023.
AR, B THIIEE R E D HBRCTE 2002, B EIF#R Medical Bl H ~DR S BHBEF Db,
2023. https://eizojoho.co.jp/suggestion/17852

Mariko Ishibashi, Miwako Takahashi, Taiga Yamaya, Yoichi Imai, "Current and Future PET Imaging for Multiple Myeloma,"
Life, 13(8), 1701, 2023.

IARZRE, AR, BETRE, &BKE, HHEE, @GS, RGO ERGET PET & [VRAIN) OB
%" MEDICAL IMAGING TECHNOLOGY, Vol. 41, No. 1, pp. 15-20, 2023.

AREARI, MR, HEIE, SBEE, BRE R, LT, AR, S S A PET 25& VRAIN OHERes;
P& FRRER, H Mg R Medical, 55, 11, pp. 36-41, 2023.

SR, “BEFEEOELTE D - SPECT-PET [FllFA XA — 0 JHEE ORI 2 HEHE T A L &2 —BF 7 R 2
7 4 F—7, Vol.28, pp. 40-41, 2023.

FABERT, "YU L —ihE RGBSR F O & Rl O MREEE S, BRREEE, Vol. 56,
No.3, pp. 40-46, 2023.

Go Akamatsu, Yuji Tsutsui, Hiromitsu Daisaki, Katsuhiko Mitsumoto, Shingo Baba, Masayuki Sasaki, "A review of
harmonization strategies for quantitative PET," Annals of Nuclear Medicine, Vol. 37, pp. 71-88, 2023.

& - #E Lectures (33)

D URTHLZEIZE T A1BF5EE Invited talks at symposium (27)

(1]

(2]

(3]
(4]

(3]

(6]

(7]

AR, “PET - 227 b AT ~OIEH,” 2022 4 R B BB e — RS O B REHI 0 729
D F L— B PSS &SRR —, 2023, (BE ST SBT3 v o 23 %, 2023/1/7)

WARHRE, 7 A7 I 7%, RGO PET OEAL - Al 7— 2045, 7RWELEE I ,1E W
MI2022-114(2023-03), pp. 171-174, 2023. (& H B2 (MI), FeBlFER, oral, 2023/3/7)

Taiga Yamaya, "Positron Emission Tomography and other new modality developed / under-development in QST," Workshop
on Double Photon Emission Computed Tomography and beyond, 2023. (invited, oral, 2023/3/24, U. Tokyo)
BT, “~V Ay NIPET 25E DB & BYE -7 RBRAFHRZ FRAR~- 5 79 18] B AR BREA 72
iRk 7'r 77 A« TRE, p. 142, 2023. (5B 79 8] H AR F P i ks, FITREahm e 1
MWD [Hi7=72 28] 2L %] , invited, oral, 2023/4/15, /327 ¢ 2 ki)

Yuma Iwao, “Marker-less and calibration-less motion correction method for brain PET,” [E=##, 25 43 38, Sup.1, p. 15,
2023. (JSRT-JISMP & [A] - H-B 5% E 3§ T8, TPA-2, 2023/4/15, /337 4 i)

AR — =4, "B D Deep learning PET B{{E AR D F L2 R DAELS . BHEEARSRAMZEOED 7" 4 62 [H]
HAEIRE T2 K4, [0S3-6-2-4], 2023. (invited, 4 it R EIFREES, 2023/5/20)

H 308, "B R ORE A A — 2 v 7 &40 < IR RS, JSMI Report, p. 41, 2023. (8 17 [81 H AR5y 71 A
— VU TR Ry - EINESR, S-03, TR, oral, 2023/6/8, HALKF)

Taiga Yamaya, “Technological Innovation in PET Imaging,” The 8th International Conference on Advancements in Nuclear
Instrumentation Measurement Methods and their Applications (ANIMMA), Keynote 2, 2023. (invited, oral, Lucca, Italy,
2023/6/13)

Taiga Yamaya, “Application-Specific PET Systems Expanding the Potential of Nuclear Medicine,” Hal Anger Lectureship,
SNMMI2023 Annual Meeting, 2023. (invited, oral, 2023/6/26, Chicago)

WA ZRA, "KIKD PET # HOLAIZ ~H LWIE LEMEO N6, 5§ 15 BBEREZAS—T 27—,
2023/8/24. (invited, AR b = 27 ZARRA SR RLERT)

I
=y
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[12]
[13]

[14]

[15]
[16]

[17]
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EBERT, “THESE A ~/L A v N PET,” PET ¥~ —% 3 7 —2023 #44E, p. 56, 2023. (PET ¥ ~—% I J—
2023 in %M, & ¥ 3 7 6-3, oral, invited, 2023/8/26)

EREERT, "L A NUEETELA PET OB, 55 12 [EHERURMSREIE & X J-—, 2023/8/28. (invited, online)
IR, "PET & ORHFEA & R TH," 5 12 (8] IBMP BRI SE S - [P ERHE &, 2023/9/15.
(invited, JR & RIEMMSHEAR—/L)

AT, “7 + b =27 ANX x5 PET OHEAL~FERDH D RITHR A 2T 511 2,7 2023 44 84 RIS AW
PPN TEANGHERES Vo ARI U A [T =7 2L BUREZOREG 0B OHER ] | 23p-A304-2, 2023/9/23.
(oral, invited, REAS)

AR =/, "BBEEROZFDEICH DS D, SAMIT2023 RA MU —27 2 g v, 2023. (invited, HLH K,

2023/10/1)
I ZRE, "D PET 7 H HAIS: [E TEHIZE0 Bench-to-clinical," FPAs SR 22 A4 it 5% 7L 2F 45815, 2023/10/22.
(QST %)

TREAR, "SI BURRRER7E0 5 22 TE DR A A — 2V Z WA, 5 51 Bl B ARBUR BB P2k
FATRZS, 2023, (invited, 44 v B IEERES S, 2023/10/28)

IR ZE, "R PET 25 BRFE « ol &Rk, 55 63 Bl H AR P #lrie £, [SY03-01], 2023. (invited,
777 m MR, 2023/11/16)

MR, "2 T R AT WG A" 5 63 Al A ARLEF RPN R, [SY03-02], 2023. (invited, 77 > 7
o2 hRBk, 2023/11/16)

EREERNT, S R ETFEENET T HEFORE," 63 Bl H AZE T2 FMiRe, [SY03-03], 2023. (invited,
77 7mr KR, 2023/11/16)

IRFARI, "Performance evaluation of VRAIN: a brain-dedicated PET with a hemispherical detector arrangement," £ 63 [A]
A AR E 2 AN E, [AW-03] (B AR 22T FE 58 b B 52 FRE 1), 2023. (invited, 777 > 7 1 > b KR,
2023/11/17)

FEA — =/, "Deep learning |2 £ 5 PET BEi{&EAHEK," 55 63 [8] H AR E 2 FHR S, [SY04-03], 2023, (invited, 2
Z 7 ar MK, 2023/11/17)

EEERIT, "ERMEOM EA2 B L7 PET BIJE & 2 OBARIGH," 5 63 | B AR E PR 7T <, [EL09-02],
2023. (invited, 77 > 7 1> bk KBK, 2023/11/18)

Chie Toramatsu, “Potential of in-beam PET: theranostics in particle therapy,” PTCOG-AO&ISTPT2023, 2023. (2023/11/25,
Taipei, invited)

BT, B 1 TS ASTRAE & W4 5,7 2023 4B A AP AR BT E— A TR 15,
251 ,2023/11/26. (RBEREER—L)

A, KR, st —, FASCE, ERAE, IWRRE, WAEELL, SRR, FrEfne, A, e AR
A 7Y ==l - RAREOILR &R 3 B EAR T ERASEINRS, 2023, (invited, BLZAITIERT A1
e v %A, 2023/12/9)

Han Gyu Kang, Hideaki Tashima, Hidekatsu Wakizaka, Fumihiko Nishikido, Makoto Higuchi, Miwako Takahashi, Taiga
Yamaya, "Ultrahigh resolution PET scanner for rodent brain imaging," 2023 IEEE NPSS Seoul Chapter, 2023 A
slolgtedal & 7]7] A3 FAAFEA Y, 2023/12/15. (invited, online, oral)

- 5% Educational lectures (6)

(1]

IR, Rk W, L1, #8730, Han Gyu Kang, FAMIKR, & HEE, BB, EBRLET, JE%EET,
Akram Mohammadi, & B IKE, fHA T =4, SEIATH, “BURE LY, TR RPEHERR, 2023 a1 HHE
H I 16:10-17:40

&SR, “BEFWELSE” 519 BIES = — X, 2023/7/13.

Taiga Yamaya, "Development of PET scanners for molecular imaging research," AL K% /1A A — v 7 g,
2023/7/21. (online)

Han Gyu Kang, "GATE, a Monte Carlo simulation platform for imaging and therapy," Short Course 7 at 2023 IEEE
NSS/MIC/RTSC, 2023/11/7.

Taiga Yamaya, "Current and future prospects of PET," B KF ST /1 RERIGEFRE =, 2023/12/12.
LA ZRE, “Future PET instrumentation,” JUM KR EBEE F R 52T 4 T-HERE M8 R 2254, 2023/12/18.

2.6 EZ Book chapters (2)

(1]
(2]

Taiga Yamaya, Hideaki Tashima, Sodai Takyu, Miwako Takahashi, "Whole Gamma Imaging Challenges and Opportunities,"
PET Clinics, Volume 19, Issue 1, pp. 83-93, 2024.

Mitra Safavi-Naeini, Andrew Chacon, Susanna Guatelli, Akram Mohammadi, Taiga Yamaya, Anatoly Rosenfeld, Marco
Durante, "Radioactive beams for ion therapy: Monte Carlo simulations and experimental verifications," Monte Carlo in
Heavy Charged Particle Therapy - New Challenges in lon Therapy (Edited by Pablo Cirrone and Giada Petringa), pp. 110-
119, 2024.
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2.7 7L R - [REWIBE Public relations activities (9)

[1]  “FiEOEEEH A D HlE ~RIA A —T 0 ZH THIO T TRIAROKFICKT BI0E~," BTFF
BB SR 7" L 2 U U — %, 2023/1/18.

[2] “Early Detection Technologies to Prevent Dementia,” Medical Frontiers, NHK world on 2023/3/13, 14 and 18 (2023/4/15
on NHK BS1)

https://www.youtube.com/watch?v=sMing0deLCY &t=523s
https://www?3.nhk.or.jp/nhkworld/en/ondemand/video/2050140/

3] 7VTVLE=Za—ZABLIUENN 774 LAY T A 2T~ Ay M PET 28 B AR OBIEX R & LT
WY EFend, <Ay bt yI80  TREESAE] BHIRNL 2025 4135 AT 1 AP FNN 7' A LA
74 2, 2023/6/20.

[4] FNN 774 LA T A AT T Ay MU PET A H A OFBAERIREA T & LTIRY Lo d, “milnd S
N T ADBAVERHCERT FHEMLIERZE e 27 bEH ROFITIAEEK L B R,” FNN 77 1 4
AT A4 ,2023/6/25.
https://www.fnn.jp/articles/-/547424

[5] “Application-Specific PET Systems Expanding the Potential of Nuclear Medicine with Taiga Yamaya, PhD,” interview
captured on SNMMI TV, 20236/27.
https://www.youtube.com/watch?v=] v5y OS9rs&list=PLICZabk3nD4FNKeGV]jNInpxNR2jSB-ftF&index=5

[6] ARG D~ A~ R PET #5{& Vrain, Youtube QST Channel, 2023/8/17 ZABH.
https://www.youtube.com/watch?v=LjCFVY0AXgY
[71 “H K%%Ykﬁﬁ PET BA% & T TR~ BT LEH, 29 i, 2023/8/24.

(8]  “ERAUEZWNIC LHENR 5D PET WiE, HAPER ST FBAUER KA (3),” HAEEFHH web,
2023/9/20.
https://www.nikkei.com/article/DGXZQOUC0471D0U3A900C2000000/

[91 X TFBAVEFIEIA 3 MAECMHINCEG,” B ARSI, 2 M, 2023/9/20.

2.8 HiE% & Exhibition (2)

(11 2023 [EBREE A Ei{g R G ITEM2023) (2T~ L A MR PET ['Vrain| &2 SRR (7 b v 7 27— 2) ,2023/4/14-
16. (V¥ 7 4 i)

[21 QST TEEMX —f /AR THFFEE AR, 2023/10/22.

2.9 ZOth¥REE Other reports (1)

(1]  IeFE, 1%, semE, H%54, HAAIK, Han Gyu Kang, #8730, HEBHEMS, "kitREEZ= &7 b
WGl D7z DDOFH Y F L—F OB, 5F0 3 45 KA K24 B A B TR T i 7e 0 3 RAFFE3 2, B56-B59,
2022.

2.10 @54 R b3t Foreign guest scientists (4)

[1] 2023/02/28 Dr. Ismet Isnaini (National Research and Innovation Center Indonesia)

[2] 2023/3/23 Prof. Jae Sung Lee (Seoul National University)

[3] 2023/3/27 Prof. Craig Levin (Stanford University) and Prof. Hiroyuki Takahashi (University of Tokyo)
[4] 2023/7/14 Prof. Hsin-Hsiung Huang (University of Central Florida)

2.11 REExtits Lab tours for visitors (31)

[1]  2023/1/5 ERUE LA RFIETFH A FE 44
[2]  2023/1/16 SCHELEE ATECSRBHEA S 15 4
[3]  2023/1/24 SCEBMFRIKE FEHEAERRGE3 4)
[4]  2023/1/26 55121 B RR iR

[5]  2023/2/6 KWRFET7a T 4 TSR R o 4 —IEh T —1T 14 4
[6]  2023/2/13 Kbt B TLEREER Z—1TGE 5 4)
[7]  2023/2/27 SCHERLEAE AFRIRELR AFIEIREEIS B T B BBMEGE S 4)

[8]  2023/4/14 MEFHMZE RS YA FEY Y MEFHIS 4)

[9]  2023/4/21 ICRU 4EE « VRV T ABIMER Z REGE 6 1)

[10]  2023/4/28 Kikbiae B MU EARGE3 4)

[11]  2023/5/12 EEFREMD S (KIMA) B2 /252G 13 4)

[12] 2023/5/24 Niels Bohr Institute AT Jan W. Thomsen £k (31 11 4)
] 2023/6/14 Leibniz Instittute for Resilience Resaerch (BB L O A — T a v FAEI YA MYy MNEF264)
] 2023/6/14 AR B RS 1T G 5 4)
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2023/6/21
2023/6/22
2023/7/24
2023/8/18
2023/8/21
2023/8/31
2023/9/7
2023/10/12
2023/10/25
2023/10/27
2023/11/9
2023/11/9
2023/11/10
2023/11/14
2023/12/9
2023/12/11
2023/12/22
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3. S ERETMEE (B Awards (22)

[\
—

[
[
[

(71

[10]

[11]

[21]

[22]

TENFERE, TERPRNERSMEHIRE, 2023/2/14.

FNKFE, THEREARERESHERE, 2023/2/14.

Akram Mahammadi, IOP Outstanding Reviewer Awards 2022.

https://www.qst.go.jp/site/qms/news230313.html

Yuma Iwao, Go Akamatsu, Hideaki Tashima, Miwako Takahashi, Taiga Yamaya, “Marker-less and calibration-less
motion correction method for brain PET” (Radiol Phys Technol 15, 125-134, 2022) 2023 Doi Awards for best original
papers in Radiological Physics and Technology (Nuclear Medicine and Magnetic Resonance Imaging). (Prize 100,000
yen)

https://www.qst.go.jp/site/qms/news230327.html

Go Akamatsum ICRPT Certificate of Merit Award (TPI-036, Go Akamatsu, Miwako Takahashi, Yuma Iwao, Hideaki
Tashima, Eiji Yoshida, Taiga Yamaya, “Imaging Performance of a Brain-dedicated Hemispherical PET over Whole-body
Cylindrical Scanners™)

https://www.qst.go.jp/site/qms/news230609.html

Go Akamatsu, ICRPT Outstanding Presentation Award (TPI-068, Go Akamatsu, Hideaki Tashima, Sodai Takyu, Mitsutaka
Yamaguchi, Naoki Kawachi, Makoto Sakai, Shunsuke Kurosawa, Kenji Shimazoe, Miwako Takahashi, Taiga Yamaya,
“Performance Evaluation Standards for Medical Compton Imaging Systems”)
https://www.qst.go.jp/site/qms/news230609.html

Taiga Yamaya, “Application-Specific PET Systems Expanding the Potential of Nuclear Medicine,” The Hal O. Anger
Lecture, Special Plenary Session of the 2023 SNMMI Annual Meeting, 202/6/26. (Cover image of this book, prize
$5,000

https:/)www.qst.go.jp/site/qms/news230714.html

Han Gyu Kang, “{t 455 =i 5368 PET 25 D BA%S,” LR SERIE 52, 2023/7/1. (Prize 50,000 yen)

M SIEH, FRml, 5B I&E, mAAIK, 887 30Z, BT H, Akram Mohammadi, 5 B3R, @BEM 1, LA
Y, "B PET %4{E. OpenPET #&iE D BHJE & ML, —MAEE N B ARE NG T Ea i B |,
2023/7/28.

http://www.jamit.jp/outline/history/kousekisho-list.html

https://www.qst.go.jp/site/qms/news230901.html

FANTAL, "ERL T RRIBIR O EEIR IS FIZ 1) 72 OpenPET BRSO 2 2 v v a = 7" 45 126 [8] H RE WP
FMARE REEHE FHIHE, 2023/9/17

https://www.qst.go.jp/site/qms/news230920.html

HARIKR, " &7 PET] QAIR~KRY hr=0 bt A=V 0 7 OEFL" JEAWEESBORRSRIS 5 29 Bk
SAREEEN L, 2023/9/21.

https://www.qgst.go.jp/site/qms/news231002-2.html

FNNKPE, "FFREH 7 m—7 Ml A K PET [Scratch-PET) @ =1 &7 b 3L, SAMIT 5 5%, 2023/9/30.
https://www.qst.go.jp/site/qms/news231025.html

FCHBIPE, "1mm S EREZ HAR & 92 FEERES PET 2 E DV I = L— 3 = UHIE" SAMIT 7 v > 7« 7 H%
H, 2023/9/30.

https://www.qst.go.jp/site/qms/news231025.html

Taiyo Ishikawa, 2023 IEEE NSS MIC RTSD Trainee Grant. (Grant 600 CAD)

Tomoya Kikuchi, 2023 IEEE NSS MIC RTSD Trainee Grant. (Grant 600 CAD)

Miho Kiyokawa, 2023 IEEE NSS MIC RTSD Trainee Grant. (Grant 600 CAD)

Kurumi Narita, 2023 IEEE NSS MIC RTSD Trainee Grant. (Grant 600 CAD)

Ryotaro Ohashi, 2023 IEEE NSS MIC RTSD Trainee Grant. (Grant 600 CAD)

Han Gyu Kang, 2023 NPSS Edward J. Hoffman Early Career Development Grant. (Grant $10,000)
https://www.qst.go.jp/site/qms/news231201.html

Han Gyu Kang, “For contributions to the development of novel imaging systems, especially ultrahigh resolution small
animal PET, hybrid laparoscope for minimally invasive surgery, modeling of advanced medical imaging systems, and
TOF-DOI detector research,” 2023 Bruce Hasegawa Young Investigator Medical Imaging Science Award, 2023/11/9.
(Prize $1,500)

https://www.qst.go.jp/site/qms/news231201.html

FR#AMI, “Performance evaluation of Vrain: a brain-dedicated PET with a hemispherical detector arrangement,” 2023
FEAAKEZWRIIGHE SESE, 2023/11/18. (Pize 200,000 yen)
https://www.qst.go.jp/site/qms/news231127.html

FAKREE, AARREFSEEFETORRE 7 BIWFELEE 2 H, 2023/12/9. (B)IIRVE, 6 BAKE, FRRNI, A
ALK, BB, MAM.Z, IWERE, PAHE, "FRb 7 v —78ifh 7 B PET [Scratch-PET] O#A{EHERE
T 13 Bl ZE I AR TIFFE 4, 2023) (Prize 50,000 yen)

https://www.qst.go.jp/site/qms/news231218.html
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