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Positron emission tomography (PET) plays important roles in
cancer diagnosis, neuroimaging and molecular imaging
research. The National Institute of Radiological Sciences
(NIRS) has been focusing on PET research since 1979 when
NIRS developed the first PET scanner in Japan. Now NIRS,
which has become part of the new organization of the National
Institutes for Quantum and Radiological Science and
Technology (QST), is recognized as one of the world’s leading
institutions in the field of molecular imaging research.

Regarding instrumentations, potential points remain for which
big improvements could be made, including spatial resolution,
sensitivity and manufacturing costs. Therefore, research on
next generation PET technologies remains a hot topic
worldwide. The Imaging Physics Team (IPT) is engaging in
nuclear medicine physics research by realizing innovative
ideas.

In the first midterm plan of NIRS (2001-2005), IPT succeeded
in developing a novel 4-layered DOI detector, which is a key
technology to get any significant improvement in sensitivity
while maintaining high spatial resolution. This DOI detector is
the base for Shimadzu's new line of positron emission
mammography products.

In the second midterm plan of NIRS (2006-2010), IPT
expanded PET application fields by making full use of DOI
detectors. IPT invented the world’s first, open-type PET
geometry OpenPET, which is expected to lead to PET imaging
during treatment. In particle therapy, in particular, OpenPET
makes in situ visualization of a therapeutic beam possible The
DOI detector itself evolved through application of recently
developed semiconductor photodetectors, i.e., silicon
photomultipliers (SiPMs). We developed a SiPM-based DOI
detector X'tal cube to achieve the theoretical limit of PET
imaging resolution.

In the third midterm plan of NIRS (2011-2015), IPT made big
progress with these technologies. In the OpenPET project,
which received the German Innovation Award in 2012, IPT
finally developed a full-scale OpenPET prototype. On the other
hand, life extension is now causing another issue of rising
numbers of dementia cases, for which PET is expected to
enable early diagnosis. The flexible detector system of the
OpenPET prototype enabled realization of an innovative brain
scanner; this is the helmet-type PET, which is now being
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commercialized in collaboration with ATOX Co., Ltd.
Technologies developed for the X'tal cube also enabled a new
idea of add-on PET, which can be applied to any existing MR
systems in theory.

In April 2016, NIRS has reorganized as part of the new
organization QST. In addition to continuing work for these three
on-going projects (OpenPET, helmet-type PET and add-on
PET), IPT has started a new development project for whole
gamma imaging (WGI), which is a new concept to combine
PET and Compton imaging. WGI is utilizing all detectable
gamma rays for imaging. An additional detector ring, which is
used as the scatterer, is inserted in a conventional PET ring so
that single gamma rays can be detected by the Compton
imaging method. As a wide range of radioisotopes can be
visualized, WGI is expected to enable imaging for the targeted
radioisotope therapy.

Highlights of achievements in 2018 are:

Approval of WGI research collaboration with a group
led by Prof. Katia Parodi (LMU) under the newly
launched QST International Research Initiative (IRI)
program; this represents the first project to be
supported by the QST-IRI program.

Confirmation of the world’s top-class time-of-flight

performance for our new prototype of the helmet-type
PET.

Instigation of a development project for a small
animal PET system with super high spatial resolution.
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Figure 1 Overview of research projects done by the Imaging Physics Team
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Imaging Physics Team FY2018

Team members

Team Leader

Taiga Yamaya

Principal Researcher

Eiji Yoshida

Principal Researcher (part time)

Naoko Inadama,

Miwako Takahashi (from April, promoted in July)

Senior Researcher

Hideaki Tashima,

Fumihiko Nishikido (promoted in July)

Senior Researcher (part time)

Md Shahadat Hossain Akram,

Chie Toramatsu

Researcher

Akram Mohammadi,

Han Gyu Kang (from April, promoted in July)

Researcher (part time)

Yuma Iwao,

Munetaka Nitta (until Oct.)

Postdoctoral Researcher

Go Akamatsu,

Sodai Takyu

Senior Technical Staff

Hidekatsu Wakizaka (promoted in July)

Technical Staff (part time)

Fujino Obata

QST Research Assistant

Yusuke Okumura (from June)

Secretary (part-time)

M. Ohno,

M. Tanaka

Visiting Researcher (alphabetical)

Trainee / Internship (alphabetical)

Hideaki Haneishi

Chiba University

Mizuki Uenomachi University of Tokyo (Takahashi-lab. D1)

Tomoyuki Hasegawa

Kitasato University

Wu Bowen Tokyo Inst. Tech. (Obi-lab. M2)

Yoshiyuki Hirano

Nagoya University

Mariko Kobayashi University of Tokyo (Takahashi-lab. M1)

Takahiro Ida

ATOX Co., Ltd.

Akihiro Koyama University of Tokyo (Takahashi-lab. D3)

Masaaki Kumagai

ATOX Co,, Ltd.

Ikumei Ma Chiba University (Yamaya-lab. B3)

Shunsuke Kurosawa

Tohoku U. / Yamagata U.

Hayato Numakura Yamagata University (Kurosawa-lab. M1)

Takashi Obi

Tokyo Inst. Tech.

Shoma Ohigashi Chiba University (Yamaya-lab. B4)

Kengo Shibuya

University of Tokyo

Yusuke Ohshima University of Tokyo (Takahashi-lab. M2)

Kenji Shimazoe

University of Tokyo

Yuji Rodrigo Okada NIT, Toyama College (Takada-lab. M1)

Mikio Suga Chiba University Yusuke Okumura Chiba University (Suga-lab. M2)
Hiroyuki Suzuki Tokyo Inst. Tech. Yutaka Otaka University of Tokyo (Takahashi-lab. D1)
Eiji Takada NIT, Toyama College Foong Wei Seng University of Tokyo (Takahashi-lab. M1)

Tsunetoshi Tanaka ATOX Co., Ltd. Haruhiko Shiiya University of Tokyo (Dep. Thoracic Surgery)
Hiroshi Umeda ATOX Co., Ltd. Gen Shikida NIT, Toyama College (Takada-lab. M2)
Taichi Yamashita ATOX Co., Ltd. Kaito Suzuki Chiba University (Yamaya-lab. B4)

Masao Yoshino Tohoku University Dong Tian University of Tokyo (Dep. Thoracic Surgery)

Visiting Foreign Scientists (from LMU)

JSPS Postdoctoral Fellow

Katia Parodi

Peter Thirolf

Veronica Wallangen Stockholm University

Marco Pinto

Mohammad Safari

Silvia Liprandi Ludwig-Maximilians-Universitat Miinchen (LMU)

Munetaka Nitta

Tim Binder

Major collaborators

Collaboratos (alphabetical)

Themes

1 | Japan Radioisotope Association Development of ?Na phantoms
2 | Takahiro Higuchi (NCVC) Heart molecular imaging international collaborative research
3 | Hideyuki Kawai (Chiba U Faculty of Sci.) Research on DOI detectors (D5 Munetaka Nitta)
4 | Craig Levin (Stanford U) Research on PET inserts
5 | Takashi Obi (Tokyo Inst. Tech.) Joint estimation of emission and attenuation (M2 Wu Bowen)
6 | Katia Parodi (Ludwig-Maximilians-Universitat Miinchen) | In-beam PET simulation, QST-IRI collaboration for WGI development
7 l\AA?t?;Oga;?lsi_eﬁézliii((L'JB.\'\(l);\_I/_Vg)Ilongong), Research on range verification for carbon ion therapy
8 Masaaki Sato (Dep. Thoracic Surgery, U Early diagnosis of chronic rejection after lung transplantation by nuclear
Tokyo Hospital) medicine
- . Absorption of electromagnetic waves from MRI RF coil (B4 Taisei Miyaki
9 | Mikio Suga (Chiba U CFME) Comp?on-PET simulatiog (M2 Yusuke Okumura) ( el
10 | Eiji Takada (NIT, Toyama College) Medical application of organic semiconductor detectors (M2 Gen Shikida)
Research on radiation registant ASIC, read-out circuit for Si-detectors, etc.
11 Hiroyuki Takahashi, (Researcher Hiroaki Miyoshi, D3 Akihiro Koyama, D1 Yutaka Otaka)
Kenji Shimazoe (University of Tokyo) Development of dual photon emission computed tomograph and Compton
TOF-PET hybrid camera
Head movement suporession by displaying images (B4 Kaito Suzuki)
12 Taiga Yamaya, Hideaki Haneishi (Chiba U Quantitative evaluation of scanner spatial resolution in brain PET imaging
CFME) (B4 Shoma Ohigashi)
Normalization method for WGI (B3 Ikumei Ma)
13 | Akira Yoshikawa, Kei Kamada (Tohoku U) Application of new scintillators

Collaborative research contracts

Collaborators (alphabetical) Funding Themes
1 ATOX Co., Ltd. Yes Research on practical realization of the helmet PET
2 Development Burea_u, No Fundamental research on next-generation PET detectors
Hamamatsu Photonics K. K.
Tokyo Metropolitan - Geriatric - Medical Evaluation of an image co-resistration program for brain dedicated
3 | Center No PET
ATOX Co., Ltd.
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Budget Note Amount | Labor included Main collaborators outside the team (PI underlined)
Realization of a new imaging—based . .
1 |diagnostic method for dementia and|For Integration Plan D 18,000 #&etsu_a Suhar?f, M.akoto Higuchi, et a!, (NIRS) B
N aokoi Kawachi, Mitsutaka Yamaguchi (Takasaki)
depression (BFAA2)
QST International Research Initiative . Atsushi Tsuji, Kotaro Nagatsu (NIRS), Katia Parodi, Peter Thirolf, Vasiliki
2 |(RID) (AAA96) Internal COmD?tItIVe_ grant 10,000 4,937 |Anagnostatou, Mohammad Javad Safari, Marco Pinto, Silvia Liprandi, Ingrid
PI: Taiga Yamaya (for collaboration with LMU) Valencia Lozano, Maximilian Grosch (LMU)
3 faed?z::\(;rmaceuot?cal dr:::v(BIAA(;;;ncer For Integration Plan A 9,500 0|Tatsuya Higashi, et al. (NIRS)
Research on diagnosis methods using
4 |photon and quantum imaging|For team operation 8,639 0
technologies (BIAB1)
5 [QST President’s Fund (ABACA) I | - 6.000 Atsushi Tsuji, Kotaro Nagatsu, Takayuki Obata (NIRS)
PI: Taiga Yamaya nternal competitive grant ' Naoki Kawachi, Mitsutaka Yamaguchi, Yuto Nagao (Takasaki)
6 [Returned indirect expense 50% of indirect—BIAB1 4,240 0
. ) uantum theranostics with **Cu— Yukie Yoshii, Tatsuya Higashi, Yoko Oe, Mineko Igarashi, Ming-Rong Zhang,
7 Sz:aiﬁsa'::::;: ’;l;?;a (?S"/;(\J/E) gbele d antibody for pancreatic 3,000 0 ;isaihi Suzuki (NIRS), Mitsuyoshi Yoshimoto (NGC), Hiroki Matsumoto (Nihon
cancer edi—Physics)
. s Basic study for whole body counter
8 SI:SLidP;:i:d:;:P:r::nd (ABAEJ) capability of single-based PET 1,000 0
measurement
9 Quality Assurance and Audit Office lAulemg .manag?menlt f°f PET
(BAA41) imaging sltc.-: qualification (Hidekatsu 700 0
Wakizaka, Taiga Yamaya)
Total 61,079 4,937
Competitive grants [x1,000 yen]
st Theme Direct expense Indirect Members in the team Collaborators outside the
Labor Distributed | expense (PI underlined) team
Taiga Yamavya, Eiji
Yoshida, Hideaki Tashima,
Miwako Takahashi, Yuma
Iwao, Go Akamatsu, Naoko
Inadama, Fumihiko
Collaborative research Research on practical realization of Nishikido, Mohammadi
! ATOX Co., Ltd. the helmet PET 14,000 6.661 0 1400 Akram, Md Shahadat -
Hossain Akram, Sodai
Takyu, Han Gyu Kang,
Hidekatsu Wakizaka,
Fujino Obata, Munetaka
Nitta
Taiga Yamaya, Hiyoruki Takahashi, Kenji
JSPS KAKENHI Demonstration of “whole gamma Eiji  Yoshida, Fumihiko|Shimazoe (U Tokyo), Mikio
2 |Grant-in—Aid for Scientific Research|imaging,” a concept for the next 7,700 1,082 1,500 2,310|Nishikido, Hideaki|Suga (Chiba U), Takayuki
(A) 16H02641 generation PET Tashima, Mohammadi|Obata,  Atsushi  Tsuji,
Akram, et al. Kotaro Nagatsu (NIRS)
Keniji Shimazoe, Tadashi
3 |AMED-SENTAN (Co-investigator) Development of a Compton TOF~ 4,800 0 0 1,440 |Miwako Takahashi Orita (U Tokyo), Kei
PET hybrid camera
Kamada (Tohoku U)
JSPS KAKENHI Challenge for the world's first _g—y_-ll:—lilrn?hlzmr\;siiki 4o Mg |Tekehiro Higuchi (NGVC),
4 |Grant-in—Aid for Challenging Research|simultaneous PET-SPECT-MRI 3,300 0 400 990 o Shigeyoshi Saito (Osaka
(Exploratory) 18K19949 (PESM) imaging Shahadat Hossain Akram, |,
Takayuki Obata
JSPS KAKENHI Contactless, non—binding, motion—
5 [Grant-in-Aid for Young Scientists (B)|free PET system using affordable 1,700 0 0 510|Yuma Iwao —
17K18376 measurement equipment
JSPS KAKENHI Next generation PET detectors for
6 |Grant=in—Aid for Young Scientists (B)]TOF and DOI measurement 1,700 0 0 510|Sodai Takyu —
17K18378 capabilities
JSPS KAKENHI A direct range visualization method
7 |Grant-in-Aid for Scientific Research|by C-10 3-gamma Compton—-PET 1,600 0 0 480|Mohammadi Akram —
(C) 17K09076 for C—ion therapy
Development of minimally invasive Masaaki Sato, Jun
JSPS KAKENHI approaches for early diagnosis of Nakajima (U Tokyo),
8 [Grant-in-Aid for Scientific Research|chronic  rejection after lung 1,500 0 0 450 [Miwako Takahashi Hiroshi Date, Hideki
(A) 17H01581 transplantation by nuclear medicine Motoyama, Akihiro
and their treatment method Aoyama (Kyoto U)
JSPS KAKENHI Optical / gamma hybrid Seong Jong Hong (Eulii
9 |Grant-in-Aid for Research Activity|laparoscope research and 1,200 0 0 360 (Han Gyvu Kang Univ)g ¢ N
Start—up 18H05967 development
The 5th NIRS-SNU Workshop on
10 | JSPS Bilateral Program Nuclear Medicine Imaging Science 1,172 0 0 0|Taiga Yamaya
and Technology
JSPS KAKENHI Basic devel t for th "
11 [Grant-in-Aid for Young Scientists (B)|>25'C cevelopment for the world's 700 0 0 210|Md Shahadat Hossain Akram —
first wireless PET system
17K18377
JSPS KAKENHI Development of an automatic
12 | Grant-in—Aid for Young Scientists (B)|quantitative evaluation method for 500 0 0 150|Go Akamatsu —
16K19882 amyloid PET
TST S T MU TOT e T TOMOTOTT OT0MTe [ o~ e e
International Research (Home— X - . . .
13 |Returning Researcher Development personalized medicine stratlegy .by 500 0 0 150|Taiga Yamaya Takahiro Higuchi (NGVC),
Research) heart ) molecular ) imaging et al.
. L. international collaborative research
Eiji Takada (NIT, Toyama
JUSPS KAKENHI Develppment .Of advanced ﬂ?xilble College), Keitalro Hitpmi
14 |Grant-in-Aid for Scientific Research|C"€aNic _semiconductor  radiation 300 0 0 90 |Fumihiko Nishikido (Tohoku Uj, Hiroyuki
(A) 18H01920 (Co-investigator) detectors  and r‘1ew radiation Takahashi, T?kesh{ limoto
measurement techniques (U Tokyo), Hiroyuki Okada
(Toyama U)
. Development of a novel high . .
Collaborative Research Program at . i . Akira Yoshikawa (Tohoku
15 energy resolution scintillator and 250 0 0 0|Taiga Yamaya
IMR Tohoku U N s L u)
its application for nuclear medicine
Research  study expense, JSPS
16 |Postdoctoral Fellowships for Research — 210 0 0 0|Taiga Yamaya
in Japan
Research  study expense, JSPS
17 |Postdoctoral Fellowships for Research — 158 0 0 0|Taiga Yamaya
in Japan (Summer Program)
Total 41,290 7,743 1,900 9,050




PET 2018 Report on PET Imaging Physics Research

Data of Imaging Physics Team (FY2009-FY2018)

|Fiscal year [ 2009 2010 [ 2011 2012 2013 2014 2015 | 2016 2017 2018 |
1. Research budget [x1,000 ven] 48,913 61,869 144,380 108,649 134,001 121,711 117,564 76,145 71,129 102,369
|- Internal budget (excluding labor) 17,666 8,092 102,350 92,730 86,482 55,299 36,973 16,658 20,601 36,139
|- Internal competitive grant 17,445 16,812 1,170 0 0 0 3,000 6,000 7,000 20,000
|- Competitive grant 13,802 36,965 40,860 15,919 47,519 66,412 77,591 53,487 43,528 45,530
| |- for internal use 28,460 14,919 35,269 33,234 42,935 50,287 40,628 43,630
| |- for distribution 12,400 1,000 12,250 33,178 34,656 3,200 2,900 1,900
|- Own income 700

2. Researchers 4 6 6 6 6 74 8.7 8.0 93 11.0

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

|- Non-permanent (4-day or more /week) 3 4 3 3 3 35 2.7 30 45 6.0

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

3. Achievement (S35 B TIE R {E H L)

Conference presentations 41 56 54 63 72 48 58 51 50 59
per researcher 10.3 9.3 9.0 10.5 120 6.5 6.7 6.4 5.4 5.4
expense [x1,000 yen]/presentation 1,193 1,105 2,674 1,725 1,861 2,536 2,027 1,493 1,423 1,735

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

Patents 7 13 5 13 14 5 14 8 8 5

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

|- Registered 3 2 2 7 13 3 14 7 6 5
per researcher 1.8 2.2 0.8 2.2 2.3 0.7 1.6 1.0 0.9 05
expense [x1,000 yen]/patent 6,988 4,759 28,876 8,358 9,572 24,342 8,397 9,518 8,891 20,474

Evaluation and outreach activities

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

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

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

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

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

|Fiscal year [ 2009 2010 [ 2011 2012 2013 2014 2015 | 2016 2017 2018 |
Team members (emplovee only, alphabetical)

Staff
BRI &R & 2 Takayuki Abe — — Res. (2011/9-2012/1) — — — — — —
Abdella M. Ahmed — - — — — Postdoc (2014/5-2017/4) — —
5']3*.'& Rl Go Akamatsu — — — — — — — — Postdoc (July-)

FE#Z Yoshiyuki Hirano — — Postdoc (2011/7-2014/10) — — — _
Md Shahadat Hossain Akram — — — — — — Postdoc Senior Res.
F# E B F Naoko Inadama Researcher Senior Researcher —(part-time) Principal Researcher
Zu:_':%fgﬁ Yuma Iwao — — — — — — Postdoc Researcher
Jiang Jianyong — — — — — — Postdoc (2015/10-2016/3) — —
Han Gyu Kang — — — — — — — — — Researcher
Akram Mohammadi — - — — — Postdoc s/ Researcher (2015/8-)
th BiE#C Yasunori Nakajima — — — — Researcher (part-time) — — — —
#8 5 3L Fumihiko Nishikido Researcher Senior Res. (July-)
HHRZ Munetaka Nitta — — — — — — — — Res. (2017/10-2018/10)
INEFETY Fujino Obata — — Assistant (part—time) Technical Staff (part-time)
E%%*U% Miwako Takahashi Principal Res.
HAEIK Sodai Takyu — — — — — — — Researcher (2016/11-) Postdoc
H B 3B Hideaki Tashima — Postdoc JSPS Fellow (-2014/9) —Researcher (2014/10-) Senior Res. (July-) —>permanent
E#’;}ZF& Chie Toramatsu —_ —_ —_ —_ —_ —_ —_ Senior Res. (part—time) 2016/10—
B3R 35 52 Hidekatsu Wakizaka Technical Assistant Technical Staff
IUAZEE Taiga Yamaya Team Leader (permanent)
H HEZEA Eiji Yoshida Researcher Senior Researcher —permanent Principal Res.

Students (pre—doctoral fellows)
B E A Yusuke Okumura — — — — — — — — QRA (2018/6-19/2)
$E/ITE Genki Hirumi — — — — — — - QRA (2016/11-2018/1) —
KA F Shoko Kinouchi — Junior Res. Associate — — — — — —
FHRZE Munetaka Nitta — — — Junior Res. Associate — —
:ﬁiﬁ%ﬁ'& Tetsuya Shinaji — — — Junior Res. Associate Res. (part-time) — — — —
KI5 R ER Yujiro Yazaki Junior Res. Associate — — — — — — — —

Res. = Researcher or Research
QRA = QST Research Assistant



S Research budget of Imaging Physics Team
§ 160,000 thI ceme Ty
S 140,000 | B
— 120,000 |
..5100,000 3 f‘~\\.__‘
® 80000 | / BEAXASARERO
2 60,000 [ / Internal budget (excl. Iaboﬁ\.\
S 40,000 / NERESE iy Ty
< f B Al 3L ey ™ _ - A
§ 20,000 | me=— / Competitive grant w “BM%E’? g ~g———a"___e
2 0 _ e . o . o Internaé competitive grant o — — — @ —
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
NEFES BEEX S (AEERO
Competitive Internal budget
grants (excl. labor)
AR
HEE
Internal
competitive 2009 2010 2011 2012 2013 2014 2015 2016
grants
MEBEARTI/TET DOER
Relationship between expense and research activity
@ 80
£ 0l SRR _.a
® | Conference presentations i~ N |
€ 60 o —— <~ 43 \\ /‘\\ //'.
g 50 | -~ N T g - -
3 - / WE}"’ {EL\
5 40 | W Vi ~o _ A
/ ~
g %0 o HREGED B ——
o 20 Expense (right axis) 1
£ 10 |
f=
eg -
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
HMRELHEOERF
Relationship between expense and achievements
15 =
0 LEE L Patents - — I\ - .\ /K
5] / / X \
2 % \ I / \
= 7 N % =7 Ho < .
-t \/\ \ / ./ \ N\ ~ = -
RN /\ \ \ N — P
Frod 5 | L - [ \‘ - ]
&+ = W (hi) BT ERNE
Expense (right axis) Peer-reviewed articles

PET 2018 Report on PET Imaging Physics Res

A A—DUTDERRTF—LORAEEL

earch

2009 2010 2011 2012 2013 2014 2015 2016 2017

2018

2017

200,000

150,000

100,000

50,000

0

200,000
150,000
100,000
50,000

0

Expense [x1,000yen]

Expense [x1,000yen]

2018



PET 2018 Report on PET Imaging Physics Research

BREFYEFOENILS

(T PET BF3E& 2018 1% 318 R KY)

e —
REHRESHRATIRD AEHEE

WL, BRFERERDEELLTRBEVIEE,
REHXRICEFELET, EFRERMARMAREEED
THEER EHEZE FHKEMR. G50,
ZOWMELELBESINELZILALEICSERRGERL
EIFFET, FAZULEK DA DENSBEN THEYET DT,
SEBETET DN ESMDETT A, ZEDT—VIC
DNCFADE DL EDE FRN THEEL THIZLNE
BUWET,

XA, FANEREFEOEBRERFEIT TV LS
FT(H2), KEZDHFEYIE, 1927 FIZTA)HD
Blumgart £LV5AM, RaC #RLTHIH TEMD M ER
OmMEBEEREEAELEIEESNTVET, COFE
(BBFN 2 E)IEFADEFENLETIISNET, ZTOEK
EDE(1945 F), LBICRFRENE TINELZ,
ZOBTNIEEERD 2 F4 T, FEFE TH LA
SIRBICHEHEBL T =EEICRIEICE BNV =LE L,
BEEVSTE, BOHAS 6 FOBLLDIEERETLEZD
T, TIEERZRFHRWNFEZEZTEFLATLE, C
NS, ORISR EBE b oz KERH EETT
SWVETF, 1950 FIz, BRIZHHDTAIRFAET 1V
T ROMEASNELIZ, BEIEFDEIZFALTES
KEOYEEMEFZELEOTIN, ZRDT—M
[GM S EDRIEMITIE, ChERETIRAIE LRI %R
BHYEL=, TORENE LN T, BFICTHRS
KRBT (EEENEEMERORIZ)ICARLEL
T, MEHRRIE AT BERREDREILIZ OV TH L
TWELE, 1957 & 7 BICKEBNEIISI, VEE
B3I 60 AEZMAEL =, FAIX 1957 FE 12 AICKE
OB ERIZAVEL T, AMERD Rl DEHAIEZE
BT A EERLE UL ELELE, CRATADOKE
YRR FYTIESNET,

OiLﬁA&&EﬁtlilﬁJL\E'& I/H:-[: 90 J_IIT_J"E[:EUQE
3 (H3), TNEREFEFMTRLE, HI1Z60F4T
a_" Elj:'iﬁj%':ﬁﬁf:'ftb"ﬂ:@¥jjd)ﬁ*uﬁjﬁﬁ;&
FIAhEL, RFAOFHFAIE, BFHHE
I=£B TR F—FIFLIKEZRI L BEFF MK
SNEY, RFREOREZEZZAEDT T O

RARPETHIZE 2018 445553

1927:

HEREITe0REEMNR T

ALY —ILNEM (2018.1.22)

BREFYEFOENILS

B E— HEN 2 EWER

ROENERETV, TOEBZHTL THEE

BWGEETIEFHEHTSHD.
(BEFHEP FILSE 8% OFELNTEL BH)

HEP LD, MEHEERZEEXRIZRS L THRET

BREFYE LT

M F— 19271017 %

1945.8: REOF, L. RIFICRFEEI IR TSN

BARSEE 2EE(EBICHEDR D, RIRISTE)

HERZOIBEY slumgart HL5* A Rac £ AL TIHH TEFOTE
BMODERESMENELEILNBEEROEEVEEA TS,

1950.4: BRITHOHTAIMSHERMETRMNBWAINT-.

1950, 3 WP B MELH E(GMEREORERE)
1951. 4 THifE EAEWF (R ERERESTONS) AR
TN R E & O RE R AR ST (REHTRIE ) DT R

1957.7: WEHF 8l:L.

o~

1957.12 HE (MEHELH) AR
AEADSCATAVY—T (RN OEGIBT EHREME
— BEEXHMBEFOFROEEY

* Blumgart HL & Yens OC. Studies on the velocity of blood
flow, ). Clin. Invest. 4: 1-13, 1927,

BREZEFILEIVE (F£12905%)
REDFEFAIEREIEALE (F(2604F)

=

BREBREICATRDYIC
RFAFHMFBEFICANS.

RFAIRILF— : RFNEE
BEHETAVN—T © BEZFA

LT, FAOB b - EFDEMROBEL !

2



PET

DERE, ZORODIDESHICKELBERELESH
EEEZTNFELE, U OB ERKEZY
HRAROEEZSE TV EEEVERNET,

L. HRIRFEREORREICER TLE, B4R,

BEOREBROERHEFRIEITIRLEDZDTIE
T, CBOLIIZ, FERTAH, BENVEIR &K
MITURATY, CNLDOENKEDE SHTVET,
MEMBOIABHOKRERIL, BRFICLEXEE(TT

7B RAGUGUVVNSEIRIETHHENDMYET,

LIZHLEDHEEF, AN HET+—IL T IR
HHEETY)HIBESTEELT, EREEAFLLE
FOBBERTLE, MEMIMNEI I SN Y4B, R—IL
RTAH0 23— (& FRETBEETRIER) #2HLTA
KD Rl FBREEEZLZ—FBHEVSONRRADEBTS
SWVELE,

=R RELAR—ILRT A HI2—IZIE,

Nal Vo FL—ARBIETSATAYIS U FL—EFD2D
HHYET (”D), FT&E. MRHRER THELELT
WERWMBEFESISENER), TN L ERETH ML T
WEL, ZLTHE EA ST R—ILART A AT A—%
FEoT, HKNFEE R ORKFERELEHAL R OERZE
BOMREN>EFEPBELTITVELEZ, R &K
REFHOHREZH YL KESEFCEBRAENT E
ZORBIZBRZIZE>THEYET,

ZFOYE, SUBRENKFEREE (BROEEX
FHEB)DTHADLEC, REEEREFEINEL
fzo TORIWMBIZE>TYVF AT F—EHEDIET
BEICHRIENE=DTY, M6OENA D FILOE
BT, ANKRTEBIELZERTY, BLMIZWOAALR/N
BR—UNBZTWET, COMRIE, HRATHOHTIT
bNEREZEBROTS2ILANIBELT, KETEEIC
7Y, SGHISNELz, BEOIVEL1—F—(EEZ
EFHRT, EBICHEHERGEREE oI EN R EITHK
STWET,

1960 FERIK. SV FRF Y F—mBHIIHATIC
Bl AIASNZEERI$IVE 131 HDTIRIY
L 99m IZEDHAIELTWERERT, WAWALREAT
DHURAASHBRREINTWNELE(ET), STHE
HTIEESNSZA TER S, WANARKRELIFER,
TUoH—ARDAVIRIAT, WD TUH—hAT
(Dr. Anger AFBDIZERERY. TOREBEIBDHEL
1=

T UA—=NAZTIE, B8IZRT LOITARIKD Nal &

VFL—RIZEZHONEFIEEZE PMT)EEIIL, 7
DEEEHENBLT, AUXBIZEE VU FL—o3

2018 Report on PET Imaging Physics Research

UEE R R TREOBRI<EECHoT-. ‘
TRIZEZEOEERERH 1945 ~ 2014

[FzoFrowex
Jed

[ o7k q\'[:

! (HgHERE T )

EICIIARRRANALARIZARISIEITENERAL

[l
2 !22;2:;2S""::8?3;53!333%335533589: CEEY

| EFUETT ] N vEzrAR N 7522 W +m
W 1A WtE RS | EF [ ET
HMESRBE S—LBTF hons—
(& BHMHEINER)
M E 4

R—ILIRT 1 h O 8— (£ S M RERHAIEE)

(HEHR F1HARHOHBTE)
Nal 22 FL—%
Bin ¢ x4in) i&‘i‘h#ﬂﬁiﬁ\
| AR

HeE— . FRNE. TS

-
{EREFERIDRE E5HE,
RIDGEREEDERZ.

| K-40, Cs-13712&

3 H.BER+=%. N\LEH

TIAFUI D FL—5

S0emx50emx1Sem x8

|

B ZERFAIEMR)
E s

SEER

——I| 15em

DOFAF Y F—ERT V2 I)LINE
DR
2 H.kHFEX
J Nucl Med 1968; 9. 507-516

R 77 b LB

- —

AV OFILDER

[EHLEE OB
B s

HORAWASOHE
(" 1oc0E ROBES: )
DUFRErF— o HLThAS
FAUR—T: B 3 Sonre
(#9mTe 1% 1965 EEYBERIZRA) |

BAaDHThAZ
AN—DFzni—ERXHoThiAS
SRRBEAR T THhAZ
AA—DAT IV IFAT—HRA I ThAS
Fol—ARHIRhAS (ToHi—hA5)*

_' BEFTETUH—HRE ! |

ALT2ILFEF
(1995.10.29 48 §2)

* H. O. Anger: Rev. Sci. Instr. 29:27, 1958
= 7

10



PET

VORKRDNEERTERS(REER)ERDHTL
T9, YREDT7UH—IATTIE, LMBEETEZLHD
PMT O AEEILENEEIZK>TROTLNET,
Al —2avIZi o THREILIZECA, COF A TIE
FEIEMSEEENT= PMT EE 0T NAEL
FET 210, BIFREBANEBLNGENENSTEN
HhoTEELE,

ZFITEIVSEHEEL T BE B HLI-oxbM
BADNELEDDOMZDNTERITHIIZETELFER, /
ZBD PMT EBDOMNEBEBE~DFEE hDxESE
HERTRERDTELZ(K9), DFYHREELT
DERBERE R DT =hlF T, AU AASDMRER £
NDE—HTITESWVEL,

AL —YavHiRICKYFETE, KEDENEE
ARTIE A DREZ—2HK10ITRLET KOITH LA
YDERRIZHEDDIZEWL, BENGEE AR TEZ
DTRDTZTDES%E (FABRED ) IRZ— (272 5T EM
HWELE, BEKEE S X TEEEGE HHAKEBIZE
FFBREFTHL VUFL—RDOEEE RS THE
BANLELBVFANBYET, LHL, TDOLSR
REXEZBROEFEETESERRIT 20D
BT, TR REETE W =LEL

REHIZEZ DV =AEX. & PMT 55T 4LA
TAV(BEER)ICK>THRERBRICELRL, TOK
BB IZE>TEYRBEREMS T HENSHFRTT,
K11ITRT LS, K PMT EEEBEERDZY T
ANLTHEBRICELRL, B LR MER I
FLiz#&, EENE0EHEYLEZI(LORERFZD %
BHL, TOBERZEEFICET L FFEBANL
FEEXR ERBETIDZENDMYELE, BE, HE
EERRICIUENYEL=, COIEREERRFERE. 1969
FICERTHMELLZSE 12 B ICR(IABKITEE
FR)TRRERLZECA, REFFTEWNZWNT, fAfz
S5O EN—BELIZEEIEERZATHYET,

| PMTESERMERIEALCEELE |

TAL AT BERR) AR IHAS

' ™

E = {riE{ES
: 4| B ¥
B [0z T -
% | T ‘|\u.\ sl )

. \ J x+

Y i ~
] 12th ICRmmmnsumss),
A T mxmman Tokyo, 1969 TR %
’%——- BRLlRR
L= . FOoxEss E. Tanaka, T. Hiramoto and N. Nohara:

J. of Nucl. Med. 11:542-7, 1970

o mam

[ BEBBISEVF5ELERE |

N. Nohara, E. Tanaka and T. Hiramoto:
J. of Nucl. Med. 12:635-6, 1971

B 11

11

2018 Report on PET Imaging Physics Research

FoH—ARXHUTHASOLMAE EE

S HEREEE (E0RT) | gmes
] %
P X -
KR P S22 151 2.2 r
54 k1A r k o x,

NakTY) & i Cops paT § D i R 46D

(sxa0
| EOEEEHE

RIERD DEVPMTOESOMHMELAKE
{HE5THEH. RFLERENNFL L.

& RE BRR OB DR

E. Tanaka, T. Hiramato and M. Mohara: J. of Nucl. Med. 11:542-7, 1970

X=X(z.5,2,,) X

= X(Gn,, Gn,, Gn, ) _
k= 8X 8z, : PMT iDFBE HHEES

G:PMT HEE
n: ETH
||||||||||IILH|TIIII|I ll_l\.l
/’/ Ao &
EEROER BENEBBITT BN
BilE ‘ = o dn, |dx
ni
@ s
PMT i DEF 5|,
SIS S gm—
X=X(z,z,2, ) T
k =aX ez,
k, o x, BOEEAT
ko PIE st

[ BUNRAREEDL SIS LTRRT 527 |

E 10

HORHASDEWNILL

H. Anger PAi—hAS@mXHESR(1958) > MMk

."\-\.\
1060)

Pt
v e
-Bi

i
=
E’@ BEH FHEXHUTHASORERE (2 L£R)
NEE FALLSAVAAS GCA-102 (25 cme) 1969

T~mz XEETLASAVNAS TR
GCA-202 (35 omg) 1972 =’

KEFTA LS4 hAS
RC-1C-1635LD (33 cmg) 1976

0> FER7UIHR t

= TEALAR

Pho/Gamma |11 (Nuclear Chicago) 1967 % A
Dyna Camera (Picker) 1968 & A
7 2 Fi—EH A SGCA-101(25 eme)1968 E Z= ik




PET

BARTOHURAASOENIEER]121CBSHEL =,
TUH—hAT1E 1958 FEITHRXIMNERSINTHLEH
FERTCEBIESHh, BRIZEMANBRFYFEL=, B
ZIE—BEOCEEARDTVA—HASEEE/LLE
L7=hY, 1969 FIAICHEMEOERBHRICL>TT
ALATAVFAZT(BHER 2bem)EEmMmiEL, 1972
FICIE, HRTHROTHEEFER 3bcm OXEEFT (L
ATAVAATDBEGRIEIZHMIILELZ, B AT43%
1976 FIZKBHFTALATAVHATERRELEL,
LML, TALA4IA40ARIEHBYRIEINEM T, &1
RUNDMEEREE EBHIZROVEDTT AL, ZDHE
TALATAV AREFIFFELNVEREE R S ERT
VIARICHBEIN, SHICABRENEBETOAIL
MIZIT5ESIZE>TIRAEIZESTUVNET,

KA Rl O3XRTEEERFD=H,. $TED SPECT
(single photon emission CT) DAFZEAY 1970 FEEMD
SUAVREDDr. Kuhlblzk>TITh N TULEL=AN,
1976 LI Mark IV EWVSEBMNEREENELZ (KT
3), Fhf=HH 1972 FEEBEM B, Mark IV (2Ll >
FUITEEB, FELBBNEBCOVNIHBLEEE
DEEETO>TVEL, LWL ZDOHEF, BET—4
MNOEREESBEM T 2N ENSTENKRELMET
ZXWVELE,

CHEHMOESIZ, 1972 FIZ X #E CT EEH EMI £t
FoTERIESNFELE(KT14), BBPLEZDIZRIZ/
—NIILEEZEINR4D Hounsfield SATY, H
KIZEFDREBEA 1975 FIZA>TEELE, COHKE
FEBEMICEBREBERT LV HLOYRE
AOAVE1—2—DHHIZE>TERMIZHEIT 5L
BoflEHERLTVED, CHIFHRPDOEFZRPLE
BEERIZEOTRERHFETLZ,

YEEFA=BE, BDRDLSICHEW S U F IS TEEBT
DEBBEEREESILEIOINENIZEEEZTLVELE,
FD—DDHEN, T4 2B HE L fitered
back-projection (FBP);Z&EWNSHETY, i 15
[ZRT &I, BlESNBEICHI T2 EHEE
EEAPLTHESNEREEEY, ThEFEEFLT
BREEDENDITDTY , CORFIZ, ESVNDST (LA
B#EAONIEEOID KA DO ETLZ, FAF=BIE,
HORBAHAL RV R ThbEHE EASEE
O RINEBEHELNAIAEMTHILSIBT(IL2ERD
ITELT, ZO#ERE 1973 F(Z<R)—RThAfgES N
F13EICROFZEETREN=LELE, LML, UED
HOFERTHET L BRIZ(CADEEELNEE
BIAINADHEELESO THEYEL TREEZ=FLE
(K16), &t E LD Shepp-Logan filter (1974)

12

2018 Report on PET Imaging Physics Research

Single photon emission CT (SPECT)
DR

Kuhl DE SPECTE T : Mark IV (1976)

B F IS 7% EORIERE (1972)

>

Dr. D.E. Kuhl

(Mark IV DE#2E H1E) S

&

BREBRE?

X-FRCTOHIE (1972)

1972.4 EMI #EAXIRCTREZE ML

1975.8 X#RCTHEE BHXRIZHWMA
(RRZFEKX)

5ir G. Hounsfield
EMIFL

BEMSDIEE
BER A TTEEIC

rof=.

CTE{& (28 7T) DBHEDHE
1N H G E

Filtered back-projection (FBP)i%&

BET—F * JLSHM = HIEShT B |

i x BhOHEESE

HIABLU AR AZH D74 ABHER DT !

Bonr= 1= gL ()L
276| o 2¢ i

E Tanaka. TA. linuma. N. Nohara, et al: Proceedingsofthe XIII
International Congress of Radiology, Madnid, 1973, p.314.

|15
LEED I IILZBEBDOHE
G. N. Ramachandran and
A. V. Lakshminarayanan (1971) Ramp filter
P.F.C. Gilbert (1972)
E. Tanaka, T.A. linuma, N. Nohara, et al (1973)"
L.A. Shepp and B.F. Logan (1974) Shepp-Logan filter
Z.H. Cho, I. Ahn, C. Bohn, et al (1974)
E. Tanaka and TA. linuma (1975)2 Gaussian filter

D.A. Chesler and 5.J. Riederer (1975)
1) E Tanaka, TA. linuma, M. Nohara, etal: Proceaedings ofthe XI1I
International Congress of Radiclogy, Madrid, 1973, p.314.
2) E. Tanaka and T. linuma: Phys. Med. Biol. 20:.785-758, 1975,

E 18



PET 2018 Report on PET Imaging Physics Research

TY ., FAF=EDOHIAREEL AR ADT IV 2R EIE.

BEzon=Bghic0LRbFstEE AV BOEN
StEEAHY, BB X-CT » PET 0BHMETE. $5
WFIBRH B E T DDIZIERICEIIBEL,

REZFEEZZSHOESVEDDEELRTMNIE PET
(positron emission tomography) ©9 (E17), 2hi
HOBHEINTOELE, BIRBEBEERYVIAA
EHHTORBRG PET Z£&, PETT-Il AV 1975 £FIC
IR KB Dr. Ter-Pogossian HIZ&k>THRRERS
NFEL, PET DN TEAEMEREDEIRIENTES, O
LORBHBEAEEITES, VEDDDLFEDHD. DK
SIEIL—XIE, FABITRAGRIFEEREESZEL
fzo [CHIFRRIZHOSREBLTRLY | E SPECT DFE
EAEHLNOENTUYBEZAT. BTHENMLET
Positologica(ZRhaPH) 1)— XD PET EEEFAH
LTEWNWEL, CORICIEFTEM (FAR) FEH
NERODTETHTFEEWNLEE L,

BEoEEATNET A, 1988 F ZOEEFAK
EMEEERELTREMAN I RIZAIZETTA,
RHOEEOHROERERKL, FRGEIEEND
N, KERTEERESNFEL, TOEEBREHREET
50Oh, PET [2XBMOMTEBCTCHADOFNE |&
WS DT T, - BRI TR E R <& Peace
through Mind/Brain Science JEWNVSEBRAEDREE
HRICRESNELZ, ZOFED 4 BITEMRIZENT
FE—RIEENFRESIN, TOR2ETLIZET 16 [EF
EInFELE,

Positron Emission Tomography (PET)
1975 Ter-Pogossian: PETT-Il (Do oboxg)

frtgREDER1E: IDACRIETES !

1979 Positological EABRA 1AS42R

1982 Positologicall ZHHA 3AFAA*
1983 Positologicalll £ B8R 42A5CR*
12542

1983 Positologicalv BN
(* SEIHT PR XA

1988

(REPAFICHE)

RIBFA=OZ () (iR BEEX)

fix- mEE AL CTHFFNE !

The 1* International Conference: Peace through Mind/Brain Science

%16 f- WSR2 EEREREE
1988.4.29-5.3

T Ok 2EZCCEH CEIRM AL

£30E fb - FAHRF TR RERRE IR, 19905885 ~108

Yamashita, Tateno,
Yukio
(FIEETF)

Bechtereva,

- U.S.A. 16 USS.R. 5
EEH SO
sk gy Canada 1 Sweden 1
Japan 101

13

Brenner,

Yamasaki,
Toshiro

(RIEEEH)

(Sweden)

UK. 2
Germany 1

X 18

B 17



PET 2018 Report on PET Imaging Physics Research

M18(EEIEEZE(1990 F)DSIMENDELSEE B A#OIELFAPETERE . Positologica |
TY, HEEHL. 7A)AHB5 16 &/, VEIRD & 1 L Notar, € T, T o, G52 Tors.
BYR2%, HFH . AI—TU R(YALR1L, BA '
M5 101 £ TY, CSITKEFO R, 3V XK
TERXKEZD Henry Waghner FeE NS SL0WNET,
YEIMZET7 HTI—ON. Bechtereva e, ZOA(E
VEIMDIKIFTRDE— AETT, 1 F)ZXH5 Sydney
Brenner ft&. COAIEEYYEDORKER T, 2002 &
[2/—RILEEZSEINTOET, ZAHDTAAD
Britton Chance e, X T—F M B. Langstrom $c4= .

Eiz: 44

cm
T EI%ECT| R RO

1979.11 $5TH

CDAIFPET EHHXIDHERTY, FIFEBELEDLCIC @

Wo2LeWED, HFRFFEFERKOERSATLE,
BRDOKBELE(ARFIEREFRFE)BIIICES>THES
NEY, FIRARNEFEXK, TOMBREMLHS
IR iR PUER S 4 BERF 2 B e, BRFDOREBRED

INFER ST RIMRN =V DI TN E RS A (FAD esmreTEE
R TOE—OHRRMAE) GAE>TNVET, Positologica Il

ST, K19, 201 EIFEBNMLELERI MDA~
=D PET HEETY, FUN=UREZIZE->TNNS
NERWETH, FEIEREREZHE LICARYER
fECE AL CEERER T 5ECATT, CDTHI=YY
. [Robay 1 ETMROD— 12 &b e T, IRIOMY
— [ EFATWEYT, CORBEE-7= PET EEICE
[AROMADHIEWNSERTEMITELZ, B | BHEIEEEED
B. B BEeH A, B IV EBEITIRZED N

EYATY, /NEA PET XCOEENHRATIO e [ Whoeses

—{— BrainMonkey

—C—G:\gb \i'é—o oA [l SmalAnimal

15 Septa retractable
Headiame |

21 EFNHADED PET DG hOHEBERLEE
NDTY, Ter-Pogossian 50 PETT M4, #hEiE &
{EL7T= ECAT mEDRE ALIRESNTNET A, R
ACH I IE, 24K, R TRLEE AN EI oL
WSTEMNBIETY, Headtome EWSERIDfFLNE=HD
(&, B2RERTRREINEZI—XT, SHR &ffu vz

In-plane resolution {mmj

U)—=RIELERRN =T RDEB T, PETE DR IGIBEDHTR

B 21
CDESIZPET £EBOBRENEATEEOTT A, B&
Z 1990 FRIE., DEYBMNSERDRFRIZE DA,
OD(25KR5E)-PET A5 3D(3%IE)-PET I2B4FLTLE 3 D-PETO BT B S Bl R
£9([22), 3D-PET &£LNS0IE, SAEDEE (RS54 D
REDIOLTAE RN OB % T— I8 Bl
%L—C\ *ﬁﬁ&ﬂ%%t‘f%&")l:bf:%@f‘?‘_o ﬂx%f (1280 —— 2D FBP convolution filter (Colsher 1980)
BT A, AOREFEAILES 2D-PET, EAN e
(S THBIAIEE 3D-PET OFFFEL LB Y M e N
=9, 3D-PET ~DOBATIZH->TEEOEERLIR Bl s e
LRI AT SR BN BYES, 3D-PET Tl 2D-PET &bt rl -
@ibf?—’;’%b‘@&bfﬂﬁﬁﬁﬁf:&)\ 3;k7_13'ﬂ3_éh7': @ Dr. Michel Defrise
FBP S GBI B A A BT 5o A TET s

14



PET 2018 Report on PET Imaging Physics Research

Lz COMBIZDEXELTHRHEIT RETIELELT,
1995 (=, NJLF—D Dr. Defrise NT—1T)E=>
TEEWSIEBITHW AR FEERRINELE,

M23IzZFDREERLTVNEYT, EHTIDOTHL
WERBRIF B EE T A, BT HICT7—UTZHEEFIALT,
IR FET 3 RIEDEE T —2E2RTT—RIZE
L. B BEERIIASAREIZ2D BIEMETIEIC
FOTCEHERMEKIBIZEMRET 5255 TT.

PET OEBBHEROLS—DDRNIL, HEtriE
BBEERETT(H24), TOHMBE R FEMN,
maximum likelihood, L\ P DR LH E L. HETHIIZ
ROEENDLWEZERDDEVSIERELETT,
DHETIE HEBEOHDNIREELREE T —AITHL
THHERBERICEDEEZELEVEVNSHEEDRZS
2. BN EBICBREIZRY, REEDROENSHH
NHYVET, COFEDREAREIN-DIL 1976 F
CATY, cnEFERAICTILIVLILE

ML-EM algorithm A% 1982 FIzRRINFEL=, LHL.

NEZE U EIEARIIZZ N0, SHEICRERZE
BEL,. EALFEFRATLE, ZCTIONFEEES
FAET BEHIZZLDALIE HEEREL, 1994
FITRET—REHDEALIZAEBLTEERIETS
OS-EMEMRESH, 5121996 FICEMNFEHEE
ALTERIET D RAMLA EARRINEL, CDE
MSIFETHBME BB BUENERR D PET (RSN
FIITHRYEL=,

WEHFRE (1957)
F 745 (Anger) (1957)

1960

1970 X-#RCTC> 3688 (1972)

Em%ﬂﬁ% =
EtH (2 AT
(1976. 9) 380

1930

WEWT —IL KT +H22% (Eto, etal.) (1962)
BT 7 57 (Kuhl) (1963-1976)
Tl 1S A PAD (B E—. i) (1969-1972)

7—1) X)) EZ 4% (Fourierrebinning method, FORE)
F—UIZEMTO (REHLEROME £58

M. Dafrise: Inverse Problems

NTIDHEET— 42 £2DBRET— 21Tk 11:963-994, 1995
W30« 2 F5 10 HH3IDH 4 2 T3 LFT
Sloanz,.8) 0 H
o = njer
7
7 | TER /f'
e = e
:
el
sy RS EROME
Steanz,,0) %l =27 (Edhoim etal 19&&;
= S - s
— FAGE = _ T
!P::-_ iTo ?‘.\\): = ::> | L et |
=1 =.- =
FTOMA 8 1 20F WA
= 23
PETO#aT MIE{R B RGE

Maximum Likelihood (ML: A # 5 )2! F /G LI ik S
(R REELOT—4ITVL. BEAERICREEELEL)

| - ~
) | BRIEOHR |

(1980 ]

- ML {Maxlmum L|kal|houd} 0)1&% (Rockmore & Macovski, 1976)
L B\EEO7ILINXL
—— ML-EM (Expec imi }Algorlthm (Shepp & Vardi, 1982)
J_L 2R 4% il - TR =
“9@ __— OS-EM (Ordered S EM) (Hudson & Larkin, 1994)

____ —— RAMLA (Row-Action ML Algomhm}:amwne & De Pierro, 1956)
|E@ J_L i BIZEEL
DRAMA[Dynamm RAMLA] (Tanaka & Kudo, 2003)

g sx 0

| 2020 —— 3p- DRAMA Tanaka & Kudo, 2c1o;

ZEFYEF
o B &

CT-FBP 71 )l % (Shepp & Logan) (1974)
PETT Il (Ter-Pogossian, etal.) (1975)
Maximum Likelihood in ECT (Rockmore & Macovski) (1976)
FE T G5 ERFR PET (Positologica |) ¥HENRA4E (1979)
ML Expectation Maximization(EM) (Shepp & Vardi (1982)
3D-PET Re-projection method (Kinahan & Rogers) (1989)
OSEM (Hudson & Larkin) (1994)

ourier Rebinning (FORE) (Defrise) (1995)

2000 RAMILA (Brown & DePierro) (1995)

BiHE. &E
ETHERERAL
HEtE R EReL
TOMbDHEE

s

DRAMA (Tanaka & Kudo) (2003)
Open PET 123 =L (LEEEE. il (2008-2015)
3D-DRAMA (Tanaka & Kudo) (2010)
F-ry:dub7U—FJ9% )L EZE (LS. i) (2012)

E/\H/){/FF”PHUDT %, SEAT (EHSHEA. fth) (2014-2015)
2020 ; H

ATEER (AN TFIL 7 7&EEO) FOM B (2016)

E 25



PET

FFEBIERBERFOTHESELAEDITIEELTEL
T. 2003 FIEFMFREHBEHIZE{LSE = dynamic
RAMLA (B&LT DRAMA)ZRAFL TIblcER1bE
., 2010 FIZl&, T—2#H D% 3D-PET (Z@ELT
one—pass reconstruction #BFfgL=7I/ILT)X L,
3D-DRAMA #FFELF L=, One-pass reconstruction
ELSDIE, BERET A 1 RITOFEALTHERE
SERT DEVNSEKRTY,

HM25[FNEETCOEBERENICED=EDTT,
ZENEEBERK. BENBRITHERBEER. RO
AHEGEER. EENTOMOEEETT, Xig
-CT OFBAMN 1974 £, BATRAD PET EEN
1979 4, PET O3kl 1990 FRIEMNSIAED
TWET, EDEBELLTHRERTHEINE
OpenPET *oAJLAYRPET DTEMEEHEINTLET,
REICHED AT (AD DN TOE LSS0
HEFEANTHEELE, FILUFHEELNRERIC
AbNT=DIF 1976 F£TY, FFfEE_EDENILFAHK
EFICAFTLIZFE, EFERBL TCEMARMN =V RIZH->
=&, BELAEFEERLTOVET,

REIZIFEDJ(H26) TTIVWETH, WEETD
REBEBEA T RZOESIZEZLDALZOEHER
WESEAHY, TIL—TDREE, o HLNH . B
BAFHIEBICRUTHIENITEEERLELS,
FNps, RO E=T—IDIFEAEN TR BEE
SUIEFTIMDETYT, HUXhAT0HRBL. B
BEN. B2 CEZZWARELTI N THRET
9, VR ECDIZBITFEANHYE A, Sk
AT ECE R AR AU E DOV CH B L B B T
FTERELERVES, — A, METFATIIERRE
LUENFIBAINET A, TOHEIFINEIZET 54
SHHERRERNAEETT, R TIEATEM(AD
EMALT, BBERCEZRZHESTVANAL
WREEACCENERBICHR>TNDAESTY, §5%-ES
ZEETINFAZEDMIER AL, B ZIEERATER
B, WAALRBELNHDEIBTNLET, &I2hK
TERORDOERE Al @BROBERIZEDOTIEARNA
LRBIhET,

RREIC—E(R27). ADFELEEETVOHE(E
BEARTDELETFIZOOTWBI-LAFIR-T-TaoF
-TY, COFERYELT, THH. TXHE THREN
FEWVE=ZLOFRIZDIEBERLET, JFRD
YMESTSNNEL,

16

2018 Report on PET Imaging Physics Research

F &OH

1LHZOESITIEZDOANIDENERNEEHLHS.
TIL—TOEE. oHLOEn. EHHH

2. BADT—RIFHMETHS.
HovhA50RE1E (PMTIES > Rt6E)

CTEMREMAE (12 > @R)
EiRER (%> A8
E¥En (ER > FRE)
3. BREORE:
RifgEE  (EEHE > BEH RRATRPRIREL)
BRitEYEE GEREMZEOHA RITREAIRE)
TR (o ARIRHUTEABE P v vvvvnns }

VoHERFFABRITEIELITITP-TLS

LAF+ILk-F-J4F

Cih. CXiE CHETAV 2L
DHERICREOHHEERLET.

CHEBHUNESTTNELE

Afglx. 2018 £ 1 A 22 BIZRILY—IL/\EM
(RF)IcThfESN = R4 PET B384 2018
(EFRIEEMAREREE KEREZREH
TAT ) TORMNBEEE, FFTOEFEDOHT
HHEICHEELEZLOTY, REFEYERH LR
L CTEAPELEDTHERIE. REFEHEST
WBIRFEHRET TR ChhbREZERLL
SETREFHARICESOTHALEEETHIERNE
9, BRStE, CEEBEHYNESITTNEL,

mEEY: BAREFR AU
HPEE. HEXEH. LARE




PET 2018 Report on PET Imaging Physics Research

ISpecial Contribution|

The Progression of Nuclear Medicine Physics
(From the Special Lecture at the Workshop on Next Generation PET 2018)

Eiichi Tanaka

Honorary Fellow, National Institute of Radiological Sciences (NIRS)

I am honored to be invited here as a special lecturer. | would
like to express my deepest appreciation to President Hirano,
Director Shimada, and Managing Director Noda of the
National Institutes for Quantum and Radiological Science
and Technology, and to Dr. Yamaya for organizing this
workshop. | have been away from the public arena for a
while, so | am worried about the quality of my presentation,
but I would like to talk about the theme shown here within the
scope of my research.

First of all, | will speak about my relationship with nuclear
medicine (Fig. 2). The beginning of nuclear medicine is said
to be in 1927, when the American Blumgart measured the
blood circulation time between both arms of a human for the
first time using RaC. This year (1927) is the year | was born.
Then the year of the end of the war (1945), an atomic bomb
was dropped on Hiroshima. At this time | was a second-year
high school student and was caught in the atomic bombing
when | was dispatched from Okayama to Hiroshima on
student mobilization. Although | was caught in the blast, |
was at a distance of about 6 kilometers from the hypocenter,
so | did not suffer much in the way of physical injuries. This
momentous event marked my first involvement with radiation.
In 1950, Japan's first artificial radioisotope (RI) was imported.
Just that year, | graduated from the Physics Department at
Kyoto University, and the theme of my graduation thesis was
Research on GM Counter Prototyping, which was also
related to the measurement of radiation. Thanks to my
academic background, | joined the Agency of Industrial
Science and Technology (the predecessor to AIST) the
following year and studied radiation measurement and
radioactivity standardization. NIRS was established in July
1957 and celebrated its 60" anniversary last year. | entered
the Division of Physics Research at NIRS in December 1957
and started research on measurement and behavior of Rl in
the human body. This was the start of my nuclear medicine
physics research.

In other words, nuclear medicine and | are the same age,
both 90 years old (Fig. 3). In a way, the NIRS and | are
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[ Instead of the lost of the war,

Special Lecture at Workshop on Next Generation PET 2018

On the 60™ Anniversary of NIRS
Bellesalle Yaesu(Jan. 22, 2018)

The Progression of
Nuclear Medicine Physics

Eiichi Tanaka NIRS Honorary Fellow

/" Nuclear Medicine Physics is a medical field to A
conduct such as functional diagnosis by injecting
radiopharmaceuticals into a body and measuring
the radiation from outside the body to analyze its
behavior.

{Physics of nuclear medicine: Hideo Murayama (Ed.), supervision

I'\y the Japanese Society of Medical Physics) A Fig. 1

Nuclear Medicine Physics and Myself

1927:  Start of Nuclear Medicine : it is regarded that the starting of the nuclear medicine
phiysics Is the measurement of blood circulating time between human arms using RaC
by Blumgart HL et al*

Elichi Tanaka Born on Oct. 17, 1927
1945.8: Atomic bombs were dropped in Hiroshima and Nagasaki in the Year of

the End of the War
The second year of the Sixth Higher School (encounter of the atomic bomb

during student mobilization in Hiroshima)

1950.4: Artificial radioisotopes were imported for the first time to Japan
1950, 3 Graduated from the Physics Dept., Science Faculty of Kyoto Univ (Research on GM

counter prototyping )
1951, 4 Entered to the Agency of Industrial Sci. and Technology,
Electratechnical Laboratory (predecessor of AIST)
Research on the radiation measurement and the radioactivity standardization
[Absolute measurement)
1957.7: The establishment of the NIRS
1957.12 Entrance into the NIRS (Division of Physics)
Starting a research on behavior of radicisotope (RI) inside a human body
= The beginning of the Nuclear Medicine Physics Research

* Blumgart HL & Yens OC. Studies on the velocity of blood
flow, J. Clin. Invest. 4: 1-13, 1927. Fig. 2

The nuclear medicine and | are the
same age (both 90 years old)

NIRS and | are contemporaries
(both 60 years)

we got peaceful use of the atomic energy

Nuclear Power Generation
Use in Nuclear Medicine

Nuclear energy
Radioisotope

Followings are talks on the nuclear medicine
physics research | was involved !

Fig. 3
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classmates, both in the 60" grade. Japan acquired the
peaceful use of atomic energy in return for losing the war.
The peaceful use of atomic energy is broadly divided into
nuclear power generation and nuclear medicine. | chose the
latter, nuclear medicine, and this gave me great courage and
purpose to my life thereafter. Next, | would like to talk about
nuclear medicine physics research | was involved in.

At that time, the world was rushing to develop atomic bombs.
Fig. 4 shows the number of nuclear tests in each country by
year. As you can see, red represents the US, light blue the
Soviet Union, and green France. These countries account
for the majority of tests. North Korea's nuclear tests in recent
years are so small as to be invisible (on the graph) compared
with those at that time. Anyhow at this time, a so-called
radioactive fallout occurred whereby radioactive particles fall
from the sky, and it was a time when the whole earth was
contaminated. At the time the NIRS was founded, it was an
urgent task to construct a whole-body counter (whole-body
radioactivity measurement monitor Rl

contamination in the human body.

system) to

The whole-body counters we developed first were the Nal
scintillator type and the plastic scintillator type (Fig. 5). First,
we carried out design and material testing (it's important to
use materials not contaminated with RI), then conducted
Next, the completed
whole-body counter, we divided responsibility for tasks such

performance evaluation. using
as determination and measurement of internal contamination
of RI and research on behavior of RI inside a body. Dr.
Takeshi linuma, who was in charge of research on behavior
of Rl inside a body, is coming to this venue today.

At that time, Dr. linuma carried out very valuable work with
the cooperation of Dr. Teruo Nagai, a professor at Gunma
University. They successfully corrected the scintiscanner
image blur by digital processing. The left image in Fig. 6 is
the original and the right is the image with the blur corrected.
Various patterns are clearly visible. This research became a
very popular topic and was highly evaluated as the first
digital processing of nuclear medicine images performed in
the world. Computers at that time were a vacuum tube type,
and | remember they had very poor performance.

In the period when there was a shift from scintiscanners to
gamma cameras in the 1960's, various types of gamma
cameras were developed in a move to change the main RI
used from iodine 131 to technetium 99m (Fig. 7). By the way,
as a result of various considerations into which type to use at
NIRS, | focused on the so-called Anger camera, a gamma
camera invented by Dr. Anger, and started investigating the
problem.
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( basement of the first research building at NIRS )
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Bind x4in) Design, Material Test,
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Iron Eiichi Tanaka, Noerimasa Nohara,
Shield Toshiyuki Hiramoto
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Research of Digital Processing of
Scintiscanner Images

Takeshi linuma and Teruo Nagai
J Mucl Med 1968; 9: 507-516

Thyroid Phantom Image

Original image

Image after deblurring process

Fig. 6

Research of the Gamma Camera

fd " .
Nuclear medicine in 1960's:
Scintiscanner —» Gamma camera
Isotope: 13| - 98myc

(99mTe was introduced to Japan in 1965)
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Various types of gamma cameras
Spark chamber gamma camera
Multi-crystal gamma camera P =
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AV
Dr. H. ©. Anger
University of California

Anger-type gamma camera (Anger camera) *
(Ph hed

Anger type at NIRS!

L .

“ H. O. Anger: Rev. Sci. Instr. 29:27, 1958 on Oct 29, 1995)

Fig. 7
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In the Anger camera, a large number of photomultiplier tubes
(PMT) are arranged on an Nal scintillator plate as shown in
Fig. 8. The signal is processed arithmetically, and a position
signal is required to indicate the position of the light emission
point for scintillation by gamma ray. In the Anger cameras of
that time, the position signal was obtained by the gravity
center from the output signals of many PMTs. As a result of
investigation by simulation, it was found that a good
resolution cannot be obtained with this method, because of
the large contribution of the statistical noise of the PMT
signal far away from the light emission point.

Therefore, as a result of analytically computing the kind of
calculation to output the position signal that would give the
highest resolution, we found an equation showing the
optimum condition of the contribution ratio ki of the ith PMT
signal to the position signal (Fig. 9). In other words, we
found the optimal solution as an inverse problem, which was
the first step toward improving the performance of the
gamma camera.

According to simulation research, it was found that the ki
pattern becomes a straight line rising to the right with the
conventional gravity center method, as shown in Fig. 10,
whereas the ideal calculation equation gives a pattern as
shown in the lower graph (bipolar). The ideal calculation
equation not only greatly improves the resolution but also
has the advantage that resolution does not deteriorate even
if the area of the scintillator is increased. However, the
problem of how to realize such an arithmetic expression by
an actual electronic circuit was difficult and took a lot of work
to solve.

The method we finally hit upon was to convert each PMT
signal to time information by a delay line and acquire
appropriate information by waveform processing. As shown
in Fig. 11, each PMT signal is input to a tap of the delay line,
converted into time information and shaped into an
appropriate bipolar waveform. By detecting the time when
the signal crosses zero (so-called zero cross time) and
correcting the delay time into a signal, it was possible to
realize an almost ideal contribution rate ki. We started on trial
experiments immediately. This theory and the experimental
results were announced at the 12" International Congress of
Radiology (ICR) held in Tokyo in 1969, and | recall them
being well-received and our research suddenly becoming
famous.

Fig. 12 summarizes the development of the gamma camera
in Japan. Several years after the publication of the paper in
1958, the Anger camera was commercialized and began to
be imported into Japan. Toshiba domestically produced an
Anger camera with a temporary gravity center method, and
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commercialized a delay line camera (field of view (FOV): 25
cm diameter) through collaborative research with NIRS
1969. In 1972, Toshiba
commercializing the first large-view delay line camera in the
world with an FOV 35 cm in diameter. Hitachi also developed
a large FOV delay line camera in 1976. However, since the
delay line method has considerably complicated circuitry and
the processing time of each event is comparatively long, it
was improved to a nonlinear amplifier method, which has
almost the same performance as the delay line method.
Furthermore, position calculation processing came to be
carried out digitally, taking us to present day.

around succeeded in

In order to obtain a three-dimensional image of the Rl in the
body, the study of single photon emission CT (SPECT) was
carried out by Dr. Kuhl's group at the University of Michigan
from around 1970, and in 1976, a device called the Mark IV
was put to practical use (Fig. 13). Since around 1972, we
also prototyped a transverse scintigraphy device similar to
the Mark IV, but with the resolution improved by a factor of
about two. However, at that time, the question of how to
reconstruct images from projection data was a big problem.

As you know, the X-ray CT system was commercialized by
EMI Corp. in 1972 (Fig. 14). Hounsfield of EMI was awarded
the Nobel prize after the invention. That system also arrived
in Japan in 1975. This shows that difficult inverse problems
of reconstructing images from projections have become
practically solvable by advances in computers. This had a
big impact to the medical community and medical industry
worldwide.

At that time, we were considering how to perform image
reconstruction with a transverse scintigraphy device as
mentioned above. One way to do this is the filtered
back-projection (FBP) method. As shown in Fig. 15, the filter
function in the projection measured is convolution-integrated
to create a corrected projection, which is back projected to
create an image. At this time, the kind of filter function to be
used was an unsolved problem. We found a filter with a
Gaussian function response, i.e. the point response function
of the finished image is a Gaussian function, and announced
the result at the 13" ICR conference held in Madrid in 1973.
However, looking at the world at that time, | was very
surprised at the number of mathematicians advancing
research on reconstruction filters (Fig. 16). The most famous
of these is the Shepp-Logan filter (1974). The filter function
of our Gaussian function response has the feature that the
statistical noise is the lowest for the given resolution and it
was very useful for theoretical calculation or theoretical
improvement of the X-CT or PET thereafter.

20

Gamma Camera’s Upbringing
H. Anger Published Anger Camera Paper{1958) - Commercialization

1960)
Shimadzu Pho/Gamma Ill (Nuclear Chicago) 1967 Imported
- Hitachi Dyna Camera (Picker) 1968 Imported
~~_ Toshiba Anger-type Camera GCA-101 (25 cmg)1968 Nationalized

~NIRS Research on new method gamma camera started
@7}}\ (Collaboration with Toshiba)

Toshiba Delay line camera GCA-102 (25 cme) 1969
"~ Toshiba Large FOV delay line camera , [
_ GCA-202 (35 cmp) 1972

" Hitachi Large FOV delay line camera
RC-1C-1635LD (33 cme) 1976

1980 -
= Nonlinear amplifier method

|::> Digital method

Fig. 12
Single photon emission CT (SPECT)
Research
Kuhl DE  SPECT dedicated device: Mark IV (1976)
Transverse scintigraphy device |
prototyping started (1972) Or. DE. Kuhd

University of Michigan

(Mark IV improving resolution)

Image Reconstruction
Method ? Fig. 13

Emergence of X-ray CT(1972)

1972.4 EMI Corp. commercialized a X-ray CT
scanner

1975.8 X-ray CT scanner Firstimport to Japan
(Tokyo Women's Medical Univ.)

Sir G. Hounsfield
EMI Corp.

|mage — s Projection
. Measurement
reconstruction direction 5\ .
from projection
was enabled. o \
ject

Fig. 14

CT Image (2 dimension) Reconstruction Method Research

Filtered back-projection (FBP) method

Projection data * Filter function= Corrected projection
#

Convolution

=
5

Object x Object transverse image ¥
We found a filter function having a Gaussian type response!

T P e s
B8 = = 1- c_':-'[" exp{——z-&-_;(.s =i l?afrJ

E. Tanaka, T.A. linuma, N. Mohara, et al: Proceadings of the Xl
International Congress of Radiology, Madrid, 1973, p.314. Fig. 15



PET 2018 Report on PET Imaging Physics Research

Another important process of development in nuclear
medicine imaging diagnosis is positron emission tomography
(PET) (Fig. 17). This was also studied for a long time. The
first practical PET device incorporating the image
reconstruction method, the PETT-IIl, was announced in 1975
by Dr. Ter-Pogossian’s team at Washington University. PET
enables the imaging of brain functions and the measurement
of the mental activity of a person, allowing us to read a
person's mind - such a concept stimulated us immensely and
gave us courage. Thinking we had no time to lose, we
switched from development of SPECT and channeled all our
energy into PET research, and thereby developed the
Positologica series PET device | will introduce later. This
research received great support from the Research
Development Corporation of Japan.

Changing topic slightly, 1988 was the year that | retired from
the NIRS and entered Hamamatsu Photonics. Teruo Hiruma,
the president of Hamamatsu Photonics at that time,
proposed something extraordinary. His proposal to the world
was to hold an international conference called Peace
through Mind/Brain Science, which would seek to bring
about world peace research on the brain using PET to
elucidate why people go to war. The first meeting was held in
Hamamatsu from April 29 to May 3 of that year, and it was
then held 16 times every 2 years thereafter.

Fig. 18 is a group photo of participants from the 3
conference (1990). Attendees numbered 16 from the United
States, 5 from the Soviet Union, 2 from the UK, 1 from
Canada, Sweden, and Germany, respectively, and then 101
from Japan. Here we can see Dr. Henry Wagner of Johns

Filter Function Researched at the Time

G. N. Ramachandran and
A. V. Lakshminarayanan (1971)

P.F.C. Gilbert (1972)

E. Tanaka, T.A. linuma, N. Nohara, et al (1973)V
L.A. Shepp and B.F. Logan (1974)
Z.H. Cho, |. Ahn, C. Bohn, et al (1574)
E. Tanaka and T.A. linuma (1975)2
D.A. Chesler and S.J. Riederer (1975)

Ramp filter

Shepp-Logan filter
Gaussian filter

1) E. Tanaka, TA. linuma, N. Mohara, et al: Proceedings of the XIIl
International Congress of Radiology, Madrid, 1973, p.314.

2) E. Tanaka and T. linuma: Phys, Med. Biol. 20:789-798, 1975.
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Hopkins University, the distinguished scholar of nuclear
medicine. Dr. N. Bechtereva of the Soviet Academy of
Sciences was a leading authority on Russian brain research.
Dr. Sydney Brenner from the UK - he is a giant in the world of
biophysics and was awarded the Nobel Prize in 2002. Also,
present was Dr. Britton Chance from the US, and Dr. B.
Langstrom from Sweden, an authority on PET medicine. Dr.
Toruzuka Kanji is here as well. At that time, he was the
president of Fukui Medical University. The moderator Dr.
Yonekura (then of Kyoto University) is also shown here.
Teruo Hiruma is on the right end of the front row. Others are
shown, including Dr. Toshiro Yamasaki and Dr. Yukio Tateno
from NIRS, Dr. Junji Konishi from Kyoto University at the
time, and Dr. Takaji Yamashita from Hamamatsu Photonics
(my first research partner in Hamamatsu).

Well, Figs. 19 and 20 are of the Positologica series PET
scanner | introduced earlier. As | think you have often heard,
the feature of these is the continuous rotation of an array of
detectors with unequal spacing on the circumference. This
technique is called "positology,” from a combination of the
terms, "positron" and "topology". The PET device using this
principle was named "Positologica”. Unit | was for the head,
Units Il and Il were for the whole body, and Unit IV was for
small animals such as mice. This device is the first PET in
the world for small animals.

Fig. 21 shows the change in PET spatial resolution over time
in the early days. The resolutions for Ter-Pogossian's PETT
Ill and its commercialization as ECAT are shown, but at the
time Positologica | boasted the best resolution in the world.
The Headtome is a series developed at Shimadzu
Corporation, and the series with SHR attached are the
devices of Hamamatsu Photonics.

The development of PET devices progressed in this way, but
around 1990, there was a shift from 2D-PET to 3D-PET (Fig.
22). 3D-PET aims to increase the detection efficiency by
collecting coincidence events on a large inclination angle
with respect to the cross section (slice plane) of the body.
Speaking from a personal perspective, my time was spent
almost entirely researching 2D-PET at NIRS and
researching 3D-PET when | moved to Hamamatsu. With the
transition to 3D-PET, it was necessary to reconstruct the
image three-dimensionally. With 3D-PET, the amount of data
is extremely large compared to 2D-PET, so it took a long
time to reconstruct the image with the FBP method in three
dimensions, which was an issue. Of special note with
regards to this problem, was Dr. Defrise of Belgium
presenting a very elegant method called the Fourier
rebinning method in 1995.
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Fig. 23 shows the principle. The principle is complicated, and
I will omit detailed explanation. In short, a Fourier space is
used to convert three-dimensional projection data to a stack
of two-dimensional data by an elegant method, and image
reconstruction calculation time is greatly shortened by
performing 2D reconstruction for each slice.

Another process in PET image reconstruction is the
statistical image reconstruction method (Fig. 24). The typical
method
method, which is an iterative approximation method of
finding the most probable answer statistically. This method
has the characteristic that the image is very clear, and error
is small because of the property that no negative value is
generated in the reconstructed image even for noisy or
irrational projection data. The principle of this method was
proposed around 1976. The ML-EM algorithm, which was an
algorithmized version of this for computers, was presented in
1982. However, because the required number of iterations
was so very large, it took a long time to calculate and was
not put into practical use. Therefore, many people worked to
accelerate this convergence speed. In 1994, the OS-EM
method was proposed, which achieved acceleration by
processing projection data for each subset. In 1996, the
RAMLA method was shown, which introduced a relaxation
coefficient for acceleration. From this time statistical image
reconstruction methods were actually used for PET.

is the so-called maximum likelihood estimation

Led by Professor Hiroyuki Kudo of the University of Tsukuba,
in 2003 we developed dynamic RAMLA (DRAMA), in which
the relaxation coefficient was dynamically changed, thereby
achieving further acceleration. In 2010, we proposed

Establishment of NIRS (1957)

Gamma Camera (Anger) (1957)

NIRS Whole-Body Counter (Eto, etal.) (1962)
b Scintigraphy (Kuhl) (1963-1976)
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3D-DRAMA, an algorithm aiming at one-pass reconstruction
suitable for 3D-PET with a large number of data. One-pass
reconstruction means that each projection data is used once
to complete the reconstruction.

Fig. 25 summarizes the topics | have spoken on in
chronological order. Those colored green are equipment
related, orange are analytical image reconstruction, red are
statistical image reconstruction, and yellow are other events.
X-ray-CT was invented in 1974 and the first PET device in
Japan in 1979. The three-dimensionalization of PET began
around 1990. Recent topics include OpenPET and
Helmet-type PET developed at NIRS. Finally, | put in the
event where artificial intelligence (Al) beat a professional
player at Go. Dr. Hideo Murayama came on at NIRS in 1976.
The asterisk on the time axis shows the year | entered NIRS
and the year | retired and moved to Hamamatsu Photonics,
and the year | finally retired.

Last is a summary (Fig. 26). Looking back on my experience
to date, | feel that scientific progress has a long history
based on the efforts of many people, and that group
solidarity, cooperation with other fields, and learning from the
past are incredibly important. Most of the subjects | have
worked on have been a question of how to handle an inverse
problem. Optimization of gamma cameras, image
reconstruction, image diagnosis and medical diagnosis are
all inverse problems. There are analytical methods to solve
inverse problems, but | think that these convert the inverse
problem into a forward problem based on analytic
mathematics. On the other hand, statistical methods use a
successive approximation method, but in that case, the
statistical mathematical basis for convergence is important.
Recently, the hot topic seems to be using Al to solve various
inverse problems including image reconstruction and image
diagnosis. | do not know how the field will develop in future,
but | feel that there are various problems remaining, such as
ambiguous rationale. Anyhow it is envisaged that the next
era will be the one where Al comes into its prime.

Finally, a quote (Fig. 27). My favorite quote is from Leonardo
da Vinci - "Inspiration comes through deep reflection”. |
would like to take this opportunity to express my sincere
appreciation to the many people who have given me their
cooperation, support and guidance. Thank you for your

attention.

24

Summary

1. There are efforts of many people and long history in progress of
science.
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2. Many themes are inverse problem.
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CT image reconstruction  (Projection = Image)
Image diagnosis {Image = Lesion)

Medical diagnosis (Symptom - Cause of the disease)

3. Solution of the inverse problem:
Analytical method
(Inverse problem - Forward problem: Grounded on analytical mathematics)
Statistical method
(Use of iterative methods: Grounded on statistical mathematics)
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4. Expectat

L= == Unclear ground ? =»+»-=-"

ions of Al app! Fig. 26

Inspiration comes through deep reflection

Leonardo da Vinci

I would like to express sincere
appreciation to many people who
cooperated, supported, and supervised.

Thank you for your attention.
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This article is an almost unedited reproduction of a
special lecture given at the Workshop on Next
Generation PET 2018 (sponsored by National
Institute of Radiological Sciences (NIRS-QST)) held
on January 22, 2018 in Yaesu, Tokyo. The lecture by
Dr. Tanaka, who has continued to lead nuclear
medicine from a physical perspective, is very
valuable not only for active professionals in nuclear
medicine, but also for the young generation seeking
to study nuclear medicine in future. Dr. Tanaka, thank
you for your lecture.

Editorial personnel:
National Institute of Radiological Sciences
Masumi Tanaka, Hideaki Tashima, Taiga Yamaya
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1. Introduction

Positron emission tomography (PET) is recognized as a
successful method to pursue cancer diagnosis and
molecular imaging. However, for further improvement
regarding imaging of lower activity concentrations and a
wider spectrum of radionuclides, we need to break through
the principle of PET itself. In this project, we proposed a
new concept of whole gamma imaging (WGI), which is a
novel combination of PET and Compton imaging.

WGl utilizes all detectable gamma rays for imaging (Figure
1). An additional detector ring, which is used as the
scatterer, is inserted in the field-of-view of a conventional
PET ring so that single gamma rays can be detected by the
Compton imaging method. For positron emitters, missing
pairs of annihilation photons, at least one of which is
undetected, can be used for imaging. In addition, further
impact can be expected for triple gamma emitters such as
445c¢, that emits a pair of 511 keV photons and a 1157 keV
gamma-ray almost at the same time. In theory, localization
from a few numbers of decays might be possible by
identifying the intersection points between a coincidence
line and a Compton cone.

In this project, we aimed at the world’s-first realization of
WGI by merging our potential detector technologies, that is,
the depth-of-interaction (DOI) detector
developed at NIRS and Compton camera technologies
developed at LMU. Following the three-year support by the
NIRS International Open Laboratory (IOL) (FY2015-
FY2017), this project was approved for the newly launched
program of the QST International Research Initiative (IRI)

technologies

beginning in April 2018. Here, the current research status
of the WGI project is summarized.



PET

2018 Report on PET Imaging Physics Research

PET +

Compton camera

Whole gamma imager (WGI)

PET (absorber) PET

/=
fa
Insert (scatterer) i

LY
.'L'I
el

Target 18F etc.
Imaging
principal count histogram

" | Petmode | Singieymode | Triplemode
9mTe, etc.

Reconstruction from Reconstruction from Potential of direct
count histogram

@(imnmon

S, etc.

localization

Figure 1 Concept of the WGI system, which has three modes of operation.
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2. Simulation

Using GEANT4, we simulated the insert geometry whereby
a scatter ring (24 x 24 array of 1 x 1 x 6 mm® GAGG
crystals, 20 cm in diameter and 5 cm long) was inserted
into a PET ring (16 x 16 x 4-DOI array of 29 x 2.9 x 7.5
mm? GSOZ crystals, 66 cm in diameter and 22 cm long) as
shown in Figure 2 (a). We simulated a ??Na point source as
a source of triple gamma emitters (e* and 1274 keV gamma

ray).

In the triple-y mode, the source position distribution
projected on a line-of-response (LOR) was 7.3 mm FWHM
at the 5 cm off-center position without applying any image
reconstruction (Figure 2 (b)). This localization performance
was much greater than the state-of-the-art PET technology
of time-of-flight measurement, which gives around 6.0 cm
to 7.5 cm localization.

Absorber

GSOZ (2.9x2.9x7.5mm3)
16 x 16 x 4-DOI array
40 detector x 4-ring

i Scatterer

GAGG (1.0x1.0x6.0mm3)
24 x 24 array

20 detector x 2-ring

66cm diam.

300 T T
22Na@5cm off-center

25011 Triple-y mode "' @ 1
200|| (simulation)

4

c

g 150 |-

S — |l 7.3mm FWHM
100 -

p!
50 | [ |
0 J&_— |

—-100 =50 0 50

Projection on a line-of-response [mm]

104

(a) Simulated WGI geometry

Figure 2
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(b) Simple projection for the 3y mode

lllustration of the simulated WGI (a) and simulated localization performance of the triple-y mode (b).
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3. WGI prototype development

We developed the first prototype of the WGI system (Figure
3). The major parameters of the prototype were almost the
same as those in the simulation. All interaction events were
recorded as list-mode data, and event selection such as
coincidence detection was done in software. We measured
a ??Na source, and in the triple-y mode, the source position
distribution projected on a LOR was 7.7 mm FWHM at the
8 cm off-center position without applying any image
reconstruction (Figure 3 (b)). Although some bias
the
measurement, a FWHM value similar to the simulation was

distribution of miss-positioning was seen in

obtained.
BAFESI =,
100 - 22Na@8cm off-center
Triple-y mode
" ®1| (experiment)
€ e 7.7mm FWHM
S w|
20

V

-100

75  -50 -25 0 s =0 7

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

(a) Developed WGI system

(b) Simple projection for the 3y mode

Figure 3 Developed prototype WGI system (a) and its localization performance for the triple-y mode (b).
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4. Detector improvements

We pursued further development and characterization of
monolithic detector crystals (LaBrs and CeBrs) of excellent
spatial and temporal resolution as well as Si strip detectors,
which serve as components of a Compton camera system
being realized at LMU. Moreover, in collaboration with Dr.
Zoglauer (Berkeley, USA), we extended the capabilities of
the MEGAIib (the medium-energy gamma-ray astronomy
library) software to accommodate all possible events of
WGI for image reconstruction, to investigate different WGI
configurations relying on the different detector technologies
developed at QST and LMU for WGI optimization.

4.1 Monolithic detectors used as an absorber
detector

The spatial resolution of monolithic LaBrz and CeBrs (50 x
50 x 30 mm?d) detectors was further investigated by
combining machine-learning data processing with the
experimental data obtained at LMU laboratory set-up,
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which enables automated 2D scanning of the front surface
of the considered monolithic crystals with tightly collimated
60Co and %’Cs sources in 104 different positions. Initial
results using convolutional neural networks show great
promise, in terms of both speeding up the hit-position
identification as well as improving the spatial resolution by
about 1 mm in comparison to the former findings obtained
with a “categorical average pattern” (i.e., modified version
of the “k-nearest neighbor”, KNN) algorithm.

4.2 Investigating a Si-based scatterer

Si could offer an even better solution than GAGG for a next
generation WGI. In the framework of the Compton camera
development at LMU, we upgraded the readout electronics
of double-sided silicon strip detectors (DSSSD) featuring
both 0.5 mm and 1 mm thick modules. The entire system
has been characterized both with radioactive sources in the
laboratory and energetic secondary radiation (especially
prompt gamma) produced by a 20 MeV deuteron beam
stopped in a water target at the LMU tandem accelerator.
An example of the promising first characterization of the 1
mm thick DSSSD components is shown in figure 4.

3 sy I'I.OJ
counts /8 ch

LI

S e == |

[

L I

)

8
g
§
§

DSSSD strip number Energy [ch]

Figure 4 Example of energy deposition in a 1 mm thick DSSSD by secondary radiation (especially prompt gamma)
produced by a 20 MeV deuteron beam stopped in water: (a) 2D correlation between the signals recorded in the p and n
side, (b) combined view of all p-strip signals and (c) energy spectrum of an exemplary p-strip in the central region of the
detector. In particular (b) and (c) clearly show the energy deposition of Compton-scattered electrons.
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4.3
technologies for WGI

Combination of different detector

In a joint experimental campaign between QST and LMU
teams, we adapted the data readout systems of detectors
available at both institutions to enable different
combinations of scatterer and absorber for Compton
imaging, as basic building block of a WGI system. An
example of the imaging capabilities is given in figure 5 for
a %0Co point source placed at different lateral positions for
a fixed distance (a) of 45 mm to the QST GAGG scatterer
(22 x 22 array of 0.9 x 0.9 x 6 mm?) , followed by the LMU
monolithic LaBrs(Ce) absorber at a distance (b) of 50 mm.
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Figure 5 Examples of a Compton imaging configuration
(monolithic) LMU LaBr3(Ce) absorber and resulting images of
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‘ Simulated data ‘ ‘ Experimental data ‘

combining the (pixelated) QST GAGG scatterer with the
energetic (~1.3 MeV) photons from a °Co point source at a

distance a = 45 mm and with a detector separation b = 50 mm, for both simulated (with MEGAIib) and experimental data.
The white cross marks the central and off-axis position of the imaged source.
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5. Conclusions

Simulation and experimental results showed the initial
feasibility of the WGI concept. Further optimization of WGI
is expected by investigating state-of-the-art detector
technologies such as monolithic crystal detectors and
segmented Si detectors as alternative choices for the
absorber detector and the scatterer detector, respectively.
Some of the research results were presented in the QST
International Research Initiative Symposium on February
16, 2019 (Figure 6).
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1. Introduction

Positron emission tomography (PET) has high sensitivity,
spatial resolution and quantitativity among nuclear
medicine diagnostic apparatuses, however, nuclides that
can be imaged by PET are limited to positron-emitting
radionuclides. To overcome this issue, we have proposed
a new concept of whole gamma imaging (WGI), which is a
combined Compton-PET system that inserts a scattering
detector ring inside a PET detector ring (Figure 1). In
addition to positron emitters, WGI can visualize various
kinds of gamma-ray emitters based on the Compton
imaging method. Besides, for triple-gamma emitters such
as *Sc that emits a pair of 511 keV photons and a 1157
keV single gamma-ray almost at the same time, the WGI
has a potential for direct imaging; the source position will
be calculated as an intersection point between a line-of-
response (LOR) and a Compton cone [1, 2].

In 2017, we succeeded in developing the world’s first WGI
prototype [3]. However, limited sensitivity for Compton
imaging degraded the system sensitivity for triple-gamma
emitters. Therefore, here, we simulate the WGI to optimize

RSB ETFAUL, HREFAEToLYIaL—YaYy . °
BRI DNTHRES B, the scatterer detector for higher sensitivity.
445¢ (3.97 h)
PET (Absorber) /7
B* (94%)
Scatterer 1157 keV L e,
1157 keV gamma
0 keV —

1157 keV gamma-ray
=X Absorber

Compton imaging

Compton detection of

Whole gamma imaging

‘G

a
Coincidence of
511 keV pair

First prototype
) i

Figure 1 Principle of WGI and a photo of the developed prototype system.
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2. Materials and methods
2.1 Triple-gamma imaging

For triple-gamma imaging, it is necessary to simultaneously
identify the Compton cone from the 1157 keV gamma-ray
and the LOR from positron annihilation. For sensitivity
improvement, extension of the axial FOV is the simplest
solution, but this is costly. In order to improve the sensitivity
while keeping the number of detectors, we increased the
thickness of the scatterer for better Compton scattering
detection of the 1157 keVV gamma-ray. On the other hand,
a thick scatterer also increases the detection efficiency of
511 keV photons from positron annihilation. Therefore, we
improved the triple-gamma detection method in order to
use the scatterer detection events of 511 keV for triple-
gamma imaging as shown in Figure 2. Events in the
scatterer were identified as positron annihilation and
Compton scattering of the 1157 keV gamma-ray based on
their energy information.

(b)

45c (1157 keV y + 57T)

S ke j
5\"\—m-—

2 sca.

2 abs.

1sca. & 1abs.
“

1sca. &1 abs.
J

v

Prototype
5 4

Y
Current work

Figure 2 (a) Event process flow for triple-gamma imaging. (b) Detection patterns of triple-gamma events. Scatterers

(sca.) and absorbers (abs.) can separately form the LOR, so the pair of 511 keV photons have three detection patterns.
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Figure 3 (@) lllustration of the simulated WGI system. (b) Major specifications of the WGI system.
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2.2 Simulated WGI system

Using GEANT4 toolkit, we modeled the WGI geometry, in
which a scatter ring (GAGG crystals, 20 cm inner diameter)
was inserted into a PET ring (GSOZ crystals, 66 cm inner
diameter) as shown in Figure 3. For the prototype,
thickness of the scatterer was 6 mm. In order to improve
the sensitivity of triple-gamma imaging and reduce parallax
error, we used 4-layer depth-of-interaction (DOI) detectors
based on our previous work [4]. Total thickness of the
crystals was increased from 6 mm to 18 mm. We measured
point sources of 44Sc placed at the center of the field-of-
view (FOV) and calculated the sensitivity.

3. Results

Figure 4 shows sensitivities of triple-gamma events of the
6 mm and 18 mm thick scatterers at the center of the FOV,
and the ratio of the three patterns of positron detection. The
sensitivity of the 18 mm scatterer and PET detection in both
rings was 2.7 times more than that of the prototype.

0.03
M 2 scatterers
0.025 - M 1 scatterer and 1 absorber
X
X 0> | W 2absorbers
£
2 0015
2 2.7 times up
& 001
J e
0

A

6 mm thickness

18 mm thickness

Figure 4 The sensitivities of triple-gamma events of the 6 mm and 18 mm thick scatterers at the center of the FOV,

and the ratio of the three patterns of PET detection.
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4. Conclusion

We focused on sensitivity improvement of the WGI for
triple-gamma imaging using Monte Carlo simulation. The
sensitivity of the WGI using the 18 mm thick GAGG
scatterer with the new triple-gamma detection method was
2.7 times higher than that of our prototype. However, the
sensitivity of the WGI was still low, and we will continue to
improve sensitivity.
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1. Introduction

We have developed the new technology of whole gamma
imaging (WGI) [1-2], which combines PET and Compton
imaging. A scatterer detector ring is inserted into a
conventional PET ring. Since the spatial resolution of Compton
imaging is determined not only by the crystal size but also by
the energy resolution of the detector, using crystals which are
small and have a high light output and a large cross section for
Compton scattering is ideal. In our first prototype (Figure 1 a)),
the single-layer scatterer detector, which consisted of
GdsAl,Gaz012(Ce) (GAGG, C&A Corp.) crystals with the size
of 0.9 x 0.9 x 6 mm? and the multi-pixel photon counter (MPPC,
Hamamatsu) array, did not have enough sensitivity for the
detection of high energy photons. In addition, improvement of
energy performance was another issue because the single-
layer detector had a degraded energy performance due to the
MPPC saturation in the high energy range. The GAGG crystals
with high light output might easily cause the MPPC saturation.

Therefore, depth of interaction (DOI) information using the light
sharing method [3] was considered to be an essential
technology to improve sensitivity and energy performance
without degradation of the spatial resolution. We changed the
crystals to a four-layered DOI crystal block, based on our
preliminary simulation where the 18 mm thick GAGG (i.e., four
layers each with a 4.5 mm thickness) showed 2.7 times higher
sensitivity than the 6 mm thick GAGG [4] (reported by
Okumura elsewhere on this website).

In the research described here, we investigated energy
characterization of the DOI detector and compared it with that
of the single-layer scatterer detector in our first prototype.

2. Material and Methods

We arranged a 14 x 14 x 4-layered GAGG crystal block for DOI
capability (Figure 1 b)) on the basis of the light sharing method
[3]. In this arrangement, the crystals are 1.45 x 1.45 x 4.5 mm?
in size and are placed on the MPPC array module with the
resistor network (S13361-3050AE-08, MPPC: 3 x 3 mm?,8x 8
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(S13361-3050AE-08, MPPC &FH 4 X: 3 x 3 mm?,
8 x 8 ERHI, HTEYEILHAX: 50 x 50 um?) &L =
(Fig. 1 ¢)), MPPCRELDFERICIE, ER)IVERTV
JALKE420)ZEHIEL=H 0.1 mm ESDRZFES—k
(RTV sheet)Z AL =,

GAGG #E&TOvIDOHhREDIERICHNT, ERH
BIBE. HAFIVIL VS (ILRYZT)TF(H#8). 202,
307, 511, 662 keV Iz 3 5K BIZHITHITRILF—5
REEE RN, T—RNERIZIE NIM-CAMAC X7 A
=RV,

2018 Report on PET Imaging Physics Research

array, pixel size of 50 x 50 um?) as shown in Figure 1 c). For
optical coupling to the MPPC surface, an optical plate-like
sheet (RTV sheet) about 0.1 mm thick was used; this sheet
was made by thinly extending RTV rubber (KE420, Shin-Etsu
Silicon, Japan).

In the central part of the GAGG crystal block, we investigated
crystal identification capability, dynamic range (pulse linearity

curve) and energy resolution at four gamma ray energies (202,
307, 511 and 662 keV). Output signals were digitized by NIM
modules and CAMAC DAQ system.

Figure 1 A photo of the first prototype (a), the four-layer GAGG crystal block (b) and the MPPC array module (c).
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3. Results and Discussion

In the central area, all crystals in four layers could be clearly
identified (Figure 2 a)). The DOI detector showed better pulse
linearity (Figure 2 b)) than the single-layer scatterer detectors
which used two different thicknesses of the RTV sheet to
investigate the effect of diffusion of the scintillation light in the
first prototype. We presumed that the scintillation light reaching
the MPPC surface was diffused and the effect of MPPC
saturation was reduced by using the light sharing method.

Energy resolutions at 202, 307, 511 and 662 keV were 15.6%,
12.4%, 9.9% and 8.8%, respectively (Figure 2 c)). These
values were comparable with those of the single-layer detector
(10.1% at 511 keV and 9.1% at 662 keV). Variation of energy
resolution in each layer was small.

4. Conclusion

We confirmed the DOI detector had a smaller effect from the
MPPC saturation than the single-layer scatterer detector and
there was adequate energy characterization for application to
the next WGI system.
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Figure 2 An obtained position map and the region of interest (ROI) setting area (pink circles) (a), the relationship of
gamma ray energy and averaged pulse height between the DOI detector and the single-layer detectors (b) and overall

energy spectra after saturation correction in the central area (c).
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1. Introduction

Generally, scintillation detectors consisting of scintillators
and photo detectors are used as detectors of imaging
modalities such as PET and SPECT. The reason is that the
scintillator has high atomic number and density to detect
gamma rays efficiently which have energies of several
hundred keV.

On the other hand, semiconductor detectors have
sometimes been used to measure a portion of the gamma ray
energy and charged particles. In the case of the Compton
camera, silicon (Si) detectors used as scatterers can improve
imaging performance due to their high efficiency of Compton
scattering and high energy resolution of the Si detector. In the
case of detectors for dosimetry of hadron therapy, thinner
detectors (e.g. semiconductor detectors) are better to reduce

energy deposition of the beams for therapy in the detectors.

From that perspective, we are investigating and developing a
gamma ray detector using Si and a detector for dosimetry of
carbon therapy. Here, we introduce their research and
development.

2. Silicon detector for WGI scatterer

Whole gamma imaging (WGI) is our concept to combine
PET imaging and Compton imaging so as to utilize all
measured gamma rays for imaging. Previously, we
developed the first WGI prototype, in which an additional
scatterer detector ring was inserted in the bore of a PET
ring [1]. The PET detectors were used not only for PET
measurement but also as an absorber in the Compton
imaging as shown in Figure 1. As a result, we succeeded
in imaging a point source with our WGI protype.

The prototype WGI system used GSO scintillation
and GAGG scintillation
detectors for the scatterer. However, the energy resolution

detectors for the absorber

of the scatterer was much worse than the best energy
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resolution which has been reported for GAGG, and the

limited energy resolution resulted in degraded
performance of the Compton imaging, especially in the low

energy region.

As an alternative approach, we investigated the use of a
silicon (Si) detector for the scatterer. Although the density
of Si is much smaller than that of GAGG, potentially good
energy resolution of Si may work well especially for lower
energy gamma-rays. Here, we report Geant4 simulation
results based on our initial development of the Si detector.

Si detector
(DSSD1)

Figure 2 Photograph of the silicon detector for WGI

2.1 Silicon detector for WGI

We already constructed and are evaluating the
double-sided strip silicon detector (DSSD) and
frontend circuits. Figure 2 shows photographs of the
Si detector for WGI. The total chip size of the DSSD
is 45.5 mm x 45.5 mm. The size of an active area is
432 mm x 43.2 mm. Strip pitch is 900 um.
Therefore, the number of strips is 48 channels for
each side. The thickness of the DSSD chip is 600
pm. The DSSD chips are connected to the readout
circuit board with two ASIC chips which contain 48
channel pre-amplifiers and time-over-threshold
circuits [2].

2.2 GEANT4 simulation

In order to estimate performance of the WGI using the Si
scatterer, we compared performances between the 1st
WGI prototype (GAGG+GSO WGI) and the WGI with Si
scatterer (Si+GSO WGI) by Geant4 simulation [3].
Simulation geometries are shown in Figure 3 and Table 1.
The PET scanner (e.g. absorber) consisted of 4 rings of 24
PET detectors. Each PET detector consisted of a 16 x 16
x 4-layer array of GSO crystals (1.9 mm x 1.9 mm x 4.0

mm). The diameter of the PET ring was 66 cm. The
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Figure 3 Simulated geometries.
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scatterers of the GAGG+GSO WGI consisted of a 16 x 16
x 1-layer array of GAGG crystals. The 20 scatterers were
arranged in a ring structure and the number of rings was 2.
The simulation parameters of the Si detector of the
Si+GSO WG for the simulation were the same as those of
the Si chip which we are developing. The 10 Si chips were
stacked to obtain the same thickness as the scatterers of
the GAGG+GSO WGI. The 10 Si scatterers were also
arranged in a ring structure and the number of rings was 1.
Therefore, the total volumes of both scatterers were
almost the same. A point source was located at the center
of the detector rings. Three gamma-ray energies (320, 511
and 1157 keV) were used in the simulations.

GAGG Si
Material GAGG Silicon
Segment pitch 1 X 1mm? 0.9 0.9 mm?
Thickness 6 mm 0.6 mm
Array size of detectors 24X 24 mm? 48 % 48 mm?2
Num. of layers 1 10
Total thickness of detectors 6 mm 6 mm
Num. of detectors in each ring 20 10
Num. of rings 2 1

Table 1 Parameters of the scatterer detectors used in the simulation

2.3 Results

Figures 4 a) and b) show simulated angular resolutions
and sensitivities of the Si+GSO and GAGG+GSO WGI
system for each gamma-ray energy. Regarding the
angular resolution, the Si+GSO WGI achieved better
performance values than the GAGG+GSO WGI for all
energy gamma-rays. Although the sensitivity of the
Si+GSO WGI was ~2 times lower than that of the
GAGG+GSO WGI for 1157 gamma-rays, higher sensitivity
was achieved for 320 keV gamma-rays due to the high
fraction of the Compton scattering caused by the low
effective atomic number of silicon. We can conclude that
the performance of the WGI can be improved using the Si
scatterers for low energy gamma-rays.
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Figure 4 Angular resolutions and sensitivities of the Si+GSO and GAGG+GSO WGI system for each gamma ray energy.
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3. Organic semiconductor detector for dosimeter
of carbon therapy

Organic  semiconductors have some attractive
advantages as a radiation detector used in carbon therapy.
For example, they are thinner, more flexible and less
expensive and they consisted of human equivalent
There are reports

measurements low energy a-rays, B-rays and X-rays with

materials. some about direct
the OPD detector. In addition, we have also developed an
x-ray detector which consisted of a plastic scintillator and
an organic detector working as a photo detector [4][5].
However, direct measurements of heavy ions in the high
energy region have not been investigated in detail.
Therefore, we are investigating a radiation detector for

carbon beam irradiation with organic semiconductors.

Previously, we used organic photodiode (P3HT:PCBM) as
an organic material. However, it is difficult to apply bias
voltage due to the structure of the detector. In this report,
we constructed the radiation detector with another organic

material (rubrene single crystal) and evaluated its
performance for carbon beam irradiation.

3.1 Material and method

Rubrene (5,6,11,12--tetraphenylnaphthacene) single

crystal was used in an experiment as an organic
semiconductor. The rubrene crystal was fabricated by PVT
(physical vapor transport). The size of the rubrene crystal
was 200 ym x 70 ym and it was thinner than 1um.
Electrodes for signal readout and bias voltage application
were connected to both sides of the crystal.
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The measurements were performed in the PH2 course of
HIMAC at NIRS (Figure 5). The rubrene single crystal was
irradiated by the '2C beam that passed through an
ionization chamber to normalize the number of irradiated
particles. The energy of the 12C beam was 290 MeV/u. The
intensity of the carbon beam was 108 particles per second
(pps). Induced charges of the rubrene single crystal were
0.1-s
measurement, acryl blocks having various thicknesses
were put between the ionization chamber and the rubrene
single crystal detector to change incident energy.

recorded at intervals. In the Bragg curve

Figure 5 Experimental setup of the evaluation of the rubrene single crystal in HIMAC.
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3.2 Result

Figure 6 shows collected charges in the ionization
chamber (top) and the rubrene single crystal (bottom)
obtained during each 0.1-s period. Beam spill structure of
the 3.3 s cycle could be clearly observed. Although the
collected charges of the rubrene crystal between each
beam extraction were the dark current component, the
dark current component was sufficiently small and did not
effect on data collection.

Figure 7 shows the Bragg curves measured with the
rubrene crystals changing the bias voltages, and using an
organic photodiode detector of P3HT that we previously
developed and a reference ionization chamber (Cross
Monitor). All data were normalized at 120 mm. The output
of the rubrene crystal was higher than that of the P3HT
detector and it means that the performance was improved
around the Bragg peak which was in the high LET region.
However, compared with the reference ionization
chamber, the results of the rubrene crystals were
saturated in the high LET region.

In the future, we will optimize distance, position and
contact method of the electrodes to improve the
performance of the rubrene crystal detector.
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4. Summary

In this paper, we introduced about the performance of the
WGI with the Si scatterer by the simulation and
development of the organic semiconductor dosimeter for
the carbon therapy. In the future, we will develop and
improve the Si detector for WGI and the organic
semiconductor detector for carbon therapy.
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1. Introduction

Positron emission tomography (PET) is a powerful
molecular imaging modality for the diagnosis of human
diseases by using a targeted radiopharmaceutical. For new
drug discovery and understanding of the disease
mechanism, small animal PET has been playing an
important role. However, the conventional commercial
small animal PET has a poor spatial resolution of 1 to 2
mm, and there is a gap between the PET detectors which
limits getting high-resolution and high-sensitivity imaging.
In order to overcome those limitations, we proposed a novel
trapezoid geometry small animal PET detector concept by
using the sub-surface laser engraving (SSLE) technique
[1]. Here, we present the initial results obtained for the
novel depth-of-interaction (DOI) PET detectors for high-
resolution and high-sensitivity small animal PET imaging,
which were based on optical engineering of the scintillation
light. In addition, as another application of optical
engineering for medical radiation imaging, we report the
optical imaging results of radioactive ion beams using a
CCD camera in HIMAC [5].

2. Trapezoid geometry DOI PET detector

Small animal PET can provide the 3D distribution of
radiopharmaceuticals in a living mouse as a function of time
which is essential information for the evaluation of new
drugs. Conventional preclinical PET systems have a gap
between the detector blocks which results in a sensitivity
loss. The gap can be minimized by using a trapezoid shape
crystal; however, the manufacturing for such a complex
shape is costly [2]. We employed a SSLE technique to
develop a cost-effective high-resolution and high-sensitivity
trapezoid geometry DOI PET detector. Here, we report our
initial results for the laser processed trapezoid geometry
DOI PET detector.
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(c) Photo of the detector
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Figure 1 The proposed trapezoid shape small animal PET geometry (a),

SSLE processed trapezoid LYSO crystal (b),

and photo of the dual-ended readout detector with the trapezoid LYSO crystal (c).
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2.1 Method

The proposed trapezoid geometry small animal DOI
PET prototype has an inner diameter of 60 mm, and
axial field-of-view (FOV) of 12 mm (Figure 1). The gap
between the LYSO crystals was minimized to be 2.52
mm to increase the sensitivity. A 20 mm long
monolithic LYSO plate was pixelized into a 15x1 array
by using the SSLE technique with pixel pitches of 1.02
mm and 1.707 mm at the top and bottom surfaces,
respectively. The LYSO in the DOI direction kept as
continuous without SSLE processing. The three
SSLE-processed LYSO crystal plates were assembled
together and optically isolated using an enhanced
specular reflector (ESR) to make a 15 x 3 array, and
then coupled to the SiPMs using RTV light guides.

A 22Na point source was used to irradiate 511 keV
photons to the LYSO array. The scintillation light from
the top and bottom surfaces of the trapezoid LYSO
crystal was read out by a 7x6 array SiPM (pitch=2.4
mm), and an 8x4 array SiPM (pitch=3.2 mm),
respectively. The SiPM anode signals were
multiplexed into the four positional signals by using a
resistive network while a common cathode signal was
used for a trigger signal. The analog positional signals
of the SiPMs were digitized using CAMAC DAQ.

In order to evaluate the DOI resolution, collimated 511
keV photons were irradiated to the LYSO crystal (lead
slit width=1.2 mm) for different DOI positions (2, 6, 10,
14, and, 18 mm). The DOI resolution was calculated
by using the signal amplitude ratio of the two SiPMs.
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2.2 Results

The energy resolution of the sum signal (Front + Back)
was measured to be 25.0% (Figure 2). The DOI
resolution was estimated to be 3.5 mm. All the 15x3
LYSO crystal pixels could be resolved clearly on the
2D flood map of the back SiPM.

(c) Flood map (Back)

4 1.2
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Figure 2 The energy spectrum (a), DOI ratio histogram (b), and flood map of the back SiPM array (c).
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(a) Staggered animal PET geometry

2.3 Discussion

We successfully demonstrated the feasibility of the SSLE-
based trapezoid geometry DOl PET detector. A cost-
effective trapezoid geometry crystal-based dual-ended
readout small animal DOI PET detector was developed
using the SSLE technique. We will further optimize the
crystal dimensions and SiPM readout configuration to
improve the spatial resolution. We expect that a prototype
high-resolution and high-sensitivity trapezoid geometry
small animal DOI PET using the SSLE technique will be
developed for various preclinical

molecular imaging

research studies.

(b) Staggered 3-layer DOI PET detector (c) LYSO array coupled to SiPM

_SiPM (4x4 Ch.)

Figure 3 Staggered small animal PET geometry (a), staggered 3-layer DOl PET detector design (b), and the photo of the

staggered 3-layer DOI PET detector (c).
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3. Staggered 3-layer DOI PET detector with 1 mm
crystal pitch

A dual-ended readout configuration-based small animal
PET detector can provide excellent DOI resolution [3],
however, it requires twice the number of SiPM photo-
sensors and DAQ channels which eventually results in high
manufacturing costs. In order to solve this issue, many
researchers have investigated the feasibility of a single-
ended readout-based DOI PET detector, and achieved 3 to
4 mm DOI resolution [1, 4]. However, the crystal pitch was
larger than 1.3 mm which is not appropriate for sub-
millimeter high-resolution small animal PET imaging. Here
we develop a single-ended readout configuration-based
staggered 3-layer DOI PET detector with 1 mm crystal pitch
for high-resolution small animal imaging.

3.1 Method

The proposed staggered 3-layer DOI PET prototype has an
inner diameter of 52 mm, and axial field-of-view (FOV) of
11 mm (Figure 3). The single-ended DOI PET detector
consists of three-layer staggered LYSO crystal arrays, an
acrylic light guide with a thickness of 1 mm, and 4x4 SiPM
(Hamamatsu, S13360-3050NE-04, Japan) array with a
pixel pitch of 3.2 mm. The LYSO crystal has dimensions of
0.9 x 0.9 x 5.0 mm?® with a pitch of 1 mm. The 15t (10 x 9),
the 2" (10 x 10), and the 3™ (11 x 11) LYSO layers are
stacked with a staggered configuration to provide DOI
information in the 2D flood map. The performance of the
PET detector
reflectors (ESR and BaSOs). A ?Na source was used to

module was evaluated with different
irradiate 511 keV photons to the detector module. The
sixteen SiPM output signals were multiplexed using a

resistive network, and then digitized by CAMAC DAQ.

(c) Flood map with BaSO,

Figure 4 The staggered 3-layer DOI configuration (a), the 2D flood maps with ESR (b), and BaSOa reflector (c).



PET

3.2 #R

ESR mEI#EEE LT, BaS0s REMDAEMNRLYELY
AR MREE RL=(Figure 4), LAL BaSO4 #FLY
IS AEDOIRILF—0EEF 38.8% THY, ESR AL

=154 (20.3%) KUt EMof=,

3.3 ER

HELE 1 mmOEREYFE 1L mm OEID FHEEF
HHLAERXD3E DOl PET HRHEBDOBERIZHTILE,
BaSO, REI#&FEATHILET, TRTOIEREHREIC
X BT BIENTE, 5%IL3/E DOl /NEYY A PET %
BOTOMATERZET D,

4, #FHEER V= HMAC RIE—LDOFRERIE

KRB (AA—D T BEMfiIE. EAFVE— LD
BOERGAEDEOIZHEELREMTHB[5], LhL.
ZORBEFFEEZ+HRICHEIATLNAL, ST,
HIMAC 123UV T CCD AAZEFERLTELNE= C-11 &
0-151F VD RIE—LDHFHAGONIERERET
%,

4.1 F&k

C-11 & 0-15 MAAVE—LETFTI)ILTFZURL(10
x10x 10 em®)IzZFnZFh 30 HREE 8 HREEEL. -
5CIZHAIEN = CCD A5 (Bitran &, BS-40L, BAK)
EFRAVWTLIRYEY AR EF L AT DI F R G E
BEWBLEZ, TV 7E—IDfEE 50 mm KiEIZH
B HH. C-11 4AE—LE 0-15 4AVE—LAIZ
£ 2120 mm ESE 25 mm EESD PMMA LYYy 74—
EERALE, FIL a0 E &S PET EEIZE— LR
RRICIELEN, LRty AKX OEERE in-beam
KRB TEISLT=,

4.2 #ER

BEAFVE—ADRMIILI RV LY AKDBRIGEE
T, FOELEMNBIEFILya7X OB EEE TAIRIE
gHIEMTE(Figure b)), L3Ry AHEF LY
ATHDOEBIZBITERAAVE—LELEMNBOEIX, C-
11 56 mm, 0-15 T 2.5 mm Thor=,

49

2018 Report on PET Imaging Physics Research

3.2 Results

The BaSOu reflector resulted in better crystal identification
for the three-layer staggered LYSO crystal arrays as
compared to the ESR (Figure 4). However, the energy
resolution with BaSOa4 (38.8%) was worse than that of the
ESR (20.3%).

3.3 Discussion

We successfully developed the single-ended readout
staggered three-layer DOl PET detector with a 1 mm
crystal pitch and total thickness of 15 mm. All the crystals
could be resolved clearly by using BaSOa reflector. In the
future, we will develop a prototype staggered 3-layer small
animal DOI PET scanner.

4. Optical imaging of radioactive ion (RI) beams
in HIMAC for range measurement

Optical imaging is a promising technique for a precise
measurement of the heavy ion beam range [5]. However,
the feasibility of optical imaging for radioactive ion (RI)
beams has not been explored yet. Here, we present the first
optical imaging results for radioactive ion beams such as
C-11 and O-15 ions obtained using a CCD camera in
HIMAC.

4.1 Method

An acrylic phantom (10 x 10 x 10 cm?) was irradiated by C-
11 and O-15 ion beams for 30 min and 8 min, respectively.
In order to obtain the luminescence and Cerenkov images,
an optical system which consisted of a lens a CCD camera
(Bitran, BS-40L, Japan) cooled down to -5°C was used.
The PMMA range shifter thicknesses of 120 mm and 25
mm were used for C-11 ion and O-15 ion beams,
respectively to adjust the Bragg peak position to be less
than 50 mm. The luminescence image was obtained during
the in-beam condition, whereas the Cerenkov and PET
images were obtained with the off-line beam condition.

4.2 Result

The track of heavy ion beams could be visualized with the
luminescence images while the heavy ion stopping position
could be visualized with the Cerenkov image (Figure 5).
The positional differences between the luminescence and
Cerenkov images were 5.6 mm and 2.5 mm for C-11 and

O-15 ion beams, respectively.
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4.3 Discussion

We measured the luminescence and Cerenkov images of
C-11 and O-15 RI beams for the first time in HIMAC using
the CCD camera in an acrylic phantom. The stopping
positions of the C-11 and O-15 ion beams were 6.6 mm and
2.9 mm deeper than the Bragg peaks. The positional
difference between the RI beam stopping positions and the
Bragg peaks were observed as expected from our previous
investigation [6]. We are planning to confirm this finding
with a help of GATE Monte Carlo simulation.
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Figure 5 Optical imaging results of C-11 ion beam (a), and O-15 ion beam in HIMAC.
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5. Conclusion

As next generation high-resolution and high-sensitivity
small animal PET imaging research studies, we
demonstrated the feasibility of the following: the trapezoid
geometry small animal DOI PET using the SSLE technique;
and a single-ended readout staggered 3-layer DOI PET
detector with 1 mm crystal pitch. The first optical imaging
results of C-11 and O-15 radioactive ion beams in HIMAC
was obtained using the CCD camera.
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1. Introduction

In particle therapy, it is important to visualize the range of
particles in the patient's body for treatment verification.
Positron emission tomography (PET) imaging, Compton
imaging and prompt gamma imaging are some of the
techniques for visualization of particle range. Capability of PET
for imaging positron emitting nuclei inside the body during
particle therapy have been proven [1-2] and an algorithm for
obtaining dose from PET images has been proposed for
carbon ion therapy [3].

Moreover, we have already shown feasibility of *C and *°0O ion
beams for direct visualization of beam stopping position using
our OpenPET prototypes [4-5].

Recently, we developed a whole gamma imager (WGI) with
high capability of detecting radioisotopes which are
simultaneous triple gamma emitters [6]. The WGI can be used
for visualization of beam stopping position of °C which emits
a positron with a simultaneous gamma-ray of 718 keV. In this
report we present our evaluation of WGI performance for
detection of 1°C nuclide.

2. WGl

The WGI consists of a ring of scatterers for detection of
Compton scattering of single gamma-rays and a ring of
absorbers for detection of 511 keV coincidence events from
positron annihilation. The scatterer detector is a 24x24 array
of GAGG crystals and the absorber detector is a 16x16x4 DOI
array of GSOZ crystals [6]. The performance of the WGI was
investigated for two imaging modes: PET imaging only and
triple gamma-ray imaging for °C nuclide. The WGI is a
combination of a PET and Compton camera in which the
position of the source is estimated on the line of response
(LOR) from the detected pair of 511 keV photons and the
position of the source is identified as one of two intersection
points of the LOR with the Compton cone from detected
gamma-ray of 718 keV.
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Figure 1 WG prototype: photograph (left) and schematic drawing in 3D view (right).

Table 1 Energy window for selection of events for PET mode and triple gamma-ray mode operation.

PET 400 keV < E < 600 keV

Triple gamma-ray

A pair of 511 keV photons: 400 keV < E < 600 keV

A gamma-ray of 718 keV: 100 keV < Escat. <300 keV & 600 keV < EscartEabs.<800 keV

2

3. ¥2al—i3v
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3 Simulation

The Geant4 code was used for the simulation of the
performance of the WGI. A photo of the WGI and its schematic
drawing are given in figure 1. A point source of 1°C nuclide was
simulated at the center of field of view (FOV). Detected single
events were recorded as list mode data and coincidence
events for both imaging modes were selected using a software.
Energy resolution at 511 keV for the absorber and scatterer
were set to be 16.9% and 9.6%, respectively. The event
selection for both modes was performed based on energy of

each event as shown in table 1.

The efficiency of the WGI for each mode was the ratio of total
selected events and activity of 1°C nuclide. The images of the
nuclide using simple back projection were obtained for PET

and triple gamma-ray modes.
4 Results and discussion

Efficiencies of the WGI for PET and triple gamma-ray modes
were 7.85% and 0.012%, respectively. The simple back
projection images for the PET and triple gamma-ray modes are
given in figure 2. A higher efficiency was obtained for PET
mode; however, image reconstruction was possible from a very
low number of events in the triple gamma-ray mode.
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Figure 2 2D simple back projection images: PET mode (left) and triple gamma-ray mode (right).
5. £&BH 5. Conclusions

WGl 12k 3 '°C ZIEERHOEIRATREEIZ DN THKREL  We investigated feasibility of the WGI for detection of 1°C

F. ZORE REAAVEED WO 2k a2 nuclide and our results showed the potential of the WGI for

SEDAREMA RSNz, ROBEREELT, °C 1+ E—

treatment verification in carbon ion therapy. The next step is to
evaluate the performance of the system practically for *°C ion

LRFINT DR AT LAOERW G MEREEETM T 5,  beam irradiation.
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1. Introduction

In dose verification techniques of particle therapies based
on in-beam positron emission tomography (PET), the
causes of washout of positron emitters by physiological
effects should be clarified for accurate verification. As well,
if biological washout rate can be quantified it has a potential
usefulness as a real time diagnostic index which should be
explored. The modeling for that, however, has not been
established due to the unknown mechanism of biological
washout. In this study, we focused on 'C and *°O which
are dominant contributor to the in-beam PET. We
measured the biological washout rate of implanted C
beams and O beams in rabbit brains and visualized
diffusion of those positron emitters to the whole body. This
study provides basic data to investigate the mechanism of
biological washout effect.

2. Methods

Radionuclide beams of C and O were irradiated on
rabbit brains in the secondary beam lines of the Heavy lon
Medical Accelerator in Chiba (HIMAC). The biological
washout rate for a total of 6 rabbits (3 for 1'C beam
irradiation and 3 for >0 beam irradiation) was measured by
our original OpenPET (the 6™ prototype) which allows
detection of positron emitters with good statistics. Figure 1
shows the experimental set-up. The detector ring (660 mm
in diameter) and rabbit were positioned perpendicular to
the beam direction to enable in-beam, whole-body scan of
rabbit. A rabbit was fixed in an acrylic cylinder and
connected to an anesthesia machine. PET scans were
performed for 42 min for 1'C beam irradiation and 20 min
for 150 beam irradiation. The acquired data were divided
into frames with 30 s duration. For each frame, the ordered
(OSEM)
algorithm was applied. The reconstructed image was fused

subset expectation maximization method

with the computed tomography (CT) image. The volumes
of interest (VOIs) were selected based on the heart and
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lung region, and the time activity curves (TACs) were
generated. Then we applied the multiple component model
[1-3] to derive the washout rate. In this study, we also
obtained the exhaled air of the rabbits. The CO2 absorber
(Litholyme™) [4] used for the anesthesia machine was
taken out just after irradiation, and the energy spectrum of
the CO: absorber was obtained by a germanium counter.

Figure 1 Open PET prototype and set-up of experiment.

3. faR
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UCHLU 0 E— LR EMD 10 HEDIEE PET &
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3. Results

Figures 1 (a) and (b) show 2-dimensional spatial
distributions in two rabbits measured by the OpenPET
prototype (10 min PET images). They are three slices in the
coronal view to show heart, lung and brain. The arrows in
the figure show the beam direction. Implanted beams into
the brain were diffused to the whole body due to the
biological washout effect. And the positron emitter
distribution was concentrated in the regions that had high
blood volume. TACs of each VOI with fitting results
obtained using the multiple component model are also
shown in Figure 2 (heart (b) and lung (c) of the 1C beam
irradiation and heart (e) and lung (f) of the %0 beam
irradiation). The observed biological decay constants (1;,)
are summarized in Table 1. Washout rates of the fast and
slow components were observed for the >0 beam, while
only the slow component was observed for 1!C beam.
Figure 3 shows the energy spectrum of CO2 absorber
which was measured by the germanium counter. When the
1C beam was irradiated, the positron emitter was clearly
observed (Figure 3 (a)), and that signal decayed out
according to the half-life of 11C (20.4 min). On the other
hand, no significant signal was observed when the 0
beam was irradiated.
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Figure 2 Three different slices of the static images acquired by the OpenPET prototype fused with CT images for one rabbit and

TACs for each VOI with fitting results using the multiple component model. PET image of 'C beam i

rradiation (a) and 10O beam

irradiation (d). TACs of heart (b) and lung (c) of *C beam irradiation and that of heart (€) and lung (f) of 0 beam irradiation.

Table 1 Biological decay constants of 1'C and °0 beams.

Biological Decay Constant (min-)
Beam Heart Lung
Abio(fast) Abio(stow) Abio(fast) Abio(stow)
uc - 0.0004+2.7e-5 - 0.0003+1.7e-5
150 0.10+0.01 0.0005+8.4e-5 0.014+0.002 0.0001+7.8e-5

11C beam irradiation 150 beam irradiation

80 2 min after irradiation

40 min after irradiation

Counts
unts

2 min after irradiation

Figure 3 Energy spectrum of exhaled breath of rabbit measured by the germanium counter.

11C beam irradiation (a) and '°O beam irradiation (b).
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4. Discussion and Conclu
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sion

Using our in-beam OpenPET prototype, we visualized
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diffusion of implanted C and *0 beams in rabbit brain to
the whole body. The observed positron emitter distribution
was concentrated in the regions that had high blood
the C beam

Furthermore, 1C was observed in exhaled breath of the

volume, especially for irradiation.
rabbits. These results suggested that implanted 'C beam
formed CO2, 1CO, etc., and these species washed out
due to blood perfusion and were taken up into the
pulmonary circulation. For the 0O beam irradiation, the
positron emitter was more widely distributed to the whole
body compared with the case of C beam irradiation.
Previously, we observed that the implanted °0O beam
washed out at the equivalent rate of cerebral blood flow
(CBF) which was measured by **O-labeled water. These
results suggested that the implanted 1°0 beam may react
to form H2'%0 and be diffused out.

In summary, we observed the difference for the diffusion
process in the 1C and >0 beams. This study provides new
data to investigate the biological washout mechanism.

Hidekazu Wakizaka, Akram Mohammadi, Munetaka Nitta, Yuma lwao, Soudai Takyu, Go Akamatsu, lwao Kanno, Chie Seki,
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1. Introduction

The National Institute of Radiological Sciences (now known
as NIRS-QST) has been focusing on PET research and
development since the 1970s. One of the innovative
developments is a four-layer depth-of-interaction (DOI)
detector for PET that was based on the NIRS-original
reflector arrangement method [1,2]. This novel detector
configuration makes it possible to detect DOI points in
scintillation crystals. The DOl measurement is a promising
solution to reduce the parallax error, which caused by the
thickness of scintillation crystals, while maintaining
detection efficiency. In fact, the Shimadzu Corp. has
implemented the 4-layer DOI detector configuration in a
dedicated breast PET scanner [3].

On the other hand, NIRS-QST has been working on
research and development for a more innovative imaging
device. With the 4-layer DOI detector, we have developed
some prototype PET scanners, such as a portable whole-
body DOI-PET and a brain-dedicated helmet-type DOI-
PET. With the long-term goal of widespread application of
DOI detection technology, we need to clarify the
performance characteristics of these scanners based on
well-known standard procedures.

Here, we present the results of our basic performance
evaluation of two prototypes, the portable whole-body PET
and the brain-dedicated helmet-type PET, with a focus on
benefits of 4-layer DOI detectors.

2. Specifications of a 4-layer DOI detector

The 4-layer DOI detector is composed of 16x16x4 (1,024)
Zr-doped GSO (GSOZ) scintillation crystal array and a 64-
ch flat panel position-sensitive photomultiplier tube
(R10551-00-64, Hamamatsu Photonics, K.K.). The size of
each crystal element is 2.8x2.8x7.5 mm?®. The 4-layer DOI
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measurement capability was achieved with the NIRS-
original reflector arrangement method [2].

3. Portable whole-body DOI-PET

We evaluated the basic performance of the portable whole-
body DOI-PET prototype. This prototype is the world’s first
whole-body-size full-ring PET scanner implemented with 4-
layer DOI detectors (Figure 1). The total number of detector
blocks is 160 and each detector ring has 40 detectors. This
prototype is used for studies related to heavy ion therapy
or small animal experiments because it's an easy-to-use
portable PET scanner. The energy window is 400-600 keV
and the coincidence time window is 10 ns.

3.1 Methods

Spatial resolution, sensitivity, and image quality were
examined based on the NEMA NU-2 standards publication

(4].

The spatial resolution measurement was performed with
point sources made by filling glass capillary tubes with a
small volume of 8F solutions. The sources were positioned
at 1, 10 and 20 cm offsets from the center of the FOV in the
transverse direction. The acquired data were reconstructed
with an ordered-subset expectation-maximization (OSEM)
algorithm. Radial, tangential and axial resolutions were
measured as a full width at half maximum (FWHM) of the
1-dimensional profile and were averaged as spatial
resolution. For sensitivity and image quality, data
acquisition and analysis were based on the NEMA NU-2

standard. Figure 2 shows the setup for each measurement.

In addition, we scanned a NEMA NU-4 image quality
phantom in order to evaluate contrast of small uptake
regions. This phantom was originally designed for a small-
animal PET scanner evaluation and consisted of fillable
rods of 1, 2, 3, 4 and 5 mm diameters [5]. The phantom was
successively positioned at the FOV center, 10 cm offset
and 20 cm offset in a radial direction. Virtual non-DOI data
were simply generated from the 4-layer DOI data as the
sum of all layers. Virtual 2-layer DOI data were generated
by merging data of 1 and 2 layers and data of 3 and 4
layers. We evaluated the impact of DOI information on
contrast of small uptake regions.
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Figure 1 Photograph of the whole-body DOI-PET prototype.

(a) Spatial resolution

18F point-like source
(capillary tube)

(b) Sensitivity

(c) Image quality

¥ sensitivity
ante

Figure 2 Photograph of each measurement setup: spatial resolution (a), sensitivity (b) and image quality (c).
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3.2 Results and Discussion

The spatial resolutions were 2.0, 2.2 and 2.2 mm at 1, 5
and 10 cm radial offset positions, respectively. For the
OSEM images, the spatial resolutions at all points were
better than 2.5 mm. Figure 3 shows the point source
images. The 4-layer DOI information clearly improved the
radial spatial resolution at the 20 cm offset position.

The sensitivity was 5.9 kcps/MBq. Even though it is not a
scanner intended for high sensitivity, this prototype showed
a comparable value with recent clinical whole-body PET
scanners [6].

Figure 4 shows the PET image of the image quality
phantom. The smallest 10-mm-diameter hot sphere was
clearly visualized.

The PET images of the NEMA NU-4 image quality phantom
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Figure 3 Point source images reconstructed with 4-layer DOI information,

with 2-layer DOI information and without DOI information (Non-DOI).
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at the 20 cm offset position are shown in Figure 5. The 4-
layer DOI information clearly reduced image blurring.

Reduced
image blurring

10-mm-diameter sphere

Figure 4 PET image of the

image quality phantom.

’ -
-

-

(c) 2-layer-DOI (d) Non-DOI

Figure 5 Photograph of the NEMA NU-4 image quality phantom (a) and the PET images reconstructed

with 4-layer DOI information (b), with 2-layer DOI information (c) and without DOI information (Non-DOI) (d).
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4. Brain-dedicated helmet-type DOI-PET

We evaluated the basic performance of the helmet-type
DOI-PET prototype. The proposed helmet PET geometry is
expected to improve sensitivity even with a limited number
of detectors [7]. The 47 detector blocks are arranged with
a hemispherical helmet unit and the other 7 detector blocks
are arranged at the neck position as an add-on unit (Figure
6). The energy window is 400-600 keV and the coincidence
time window is 20 ns.

4.1 Methods

Spatial resolution, sensitivity and image quality were
examined based on the NEMA NU-2 standards publication
[4]. Because the NEMA NU-2 was primarily focused on
cylindrical whole-body scanners, some measurements
were partially modified so as to be applicable for the



PET

ANILAYRE PET [CEATERWNGENH D, TD=6H.
—EOILMIE B IZEALTIEAIILAYNE PET [CERATE
B&EOEFEMAT=,

Figure 712, &2 OFHBIBE CEALEZI7UNAS &
WA B EERT , 2RO FEEFLMIC(E 1A 1 emdD
TN ENEAERDFLZ 0.25 mm ZED ?Na AFAS
nrRREAV, REEFADOE 18 RTAELE
(Figure 7), BB mIEL OSEM 2T o1z, ¥ &
(radial) A1, £ (tangential) A @), {&#h (axial) Am
OFEREAEL. FHEEEH L, K EFMEE
NEMA TRESNTWNBFILIZILAR)—TI7UhLE
FERAL. NLAYNL PET DIRGREBREEEELT F B
HE 27 om HALTRIEL, BEFFMICEALTIE.
NEMA THESNTWST7URNAIXERK 30 cm THA
EEBELTOND=H. ANLAYNY PET OAVMIZAD
BTW, Z0EH. AEERONABTHRERBICHEMEL
NEMA FREDIKEELEEF T HET, BHRBH A ADEE
FHmT 7 UNLERIEL, TN ENOFTMIBE B ICHITS
T—RNESLUT—2EHT(E NEMA FREIZHE->TIo
1z, Figure 8 [ZRBDT—RNEROHKFERLIZ,

2018 Report on PET Imaging Physics Research

helmet-type PET prototype.

Figure 7 shows a summary of each performance
measurement. The spatial resolution was measured with a
22Na point source of which active diameter size was 0.25
mm, embedded in an acrylic cube of 10 mm3. The total
number of measurement positions was 18 points. The
acquired data were reconstructed with the OSEM
algorithm. Radial, tangential and axial resolutions were
measured as the FWHM of the 1-dimensional profile and
were averaged as spatial resolution. For the sensitivity
measurement, a 70-cm phantom with 5 concentric
aluminum sleeves was used according to the NEMA NU-2
standard. The activity length of 8F-solution was shortened
to 27 cm, which was almost within the axial FOV of the
helmet-type PET prototype. Regarding the image quality,
the NEMA image quality phantom was not applicable to the
helmet-type PET prototype. Therefore, we newly
developed a brain-size image quality phantom by attaching
the lid of the NEMA image quality phantom onto a new
cylindrical case. Each measurement and data analysis
were based on the NEMA NU-2 standard. Figure 8 shows
the setup for each measurement.

Top detectors (n=5)

3rd-ring detectors (n=11)
2nd-ring detectors (n=15)
1st-ring detectors (n=16)

Neck detectors (n=7)

ot

Figure 6 Photograph (left) and detector arrangement (right) of the helmet-type PET prototype.

(a) Spatial resolution (b) Sensitivity

+ 22Na point source

* Aluminum sleeve phantom
= Shortened activity length

(c) Image quality

* Brain-size image quality phantom
« Sphere diameters: 10, 13, 17,22, 28, 37 mm

* Center and 5 cm radial offset

center—

-3/8 offset
+3/8 offset--

Axial view Sagittal view

*2F line source

Figure 7 Summary of performance measurements: spatial resolution (a), sensitivity (b) and image quality (c).
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(c) Image quality

Image quality
phantom Al A
(insidesthe gggry-)

Figure 8 Photograph of each measurement setup: spatial resolution (a), sensitivity (b) and image quality (c).
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4.2 Results and Discussion

The spatial resolutions were 1.6, 1.8 and 1.9 mm at 1, 5
and 10 cm radial offset positions, respectively. For the
OSEM images, the spatial resolutions at all points were
better than 2.5 mm. For comparison, in recent clinical
whole-body PET scanners, the reported spatial resolution
was 4.0-5.0 mm [6,8]. We confirmed the high resolution of
the helmet-type PET prototype with the 4-layer DOI
detectors.

The sensitivity was 32.7 kcps/MBqg as measured by the
modified setup. The obtained value was greater than those
of recent clinical whole-body PET scanners (5.0-10.0
kcps/MBq) although we should take care when comparing
the values directly [6].

Figure 9 shows the PET image of the brain-size image
quality phantom. The smallest 10-mm-diameter hot sphere
was clearly visualized.

g t.\

10-mm-diameter sphere

Figure 9 PET image of the brain-size image quality phantom.
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5. Conclusion

We evaluated the basic performance of two prototype DOI-
PET scanners, the portable whole-body PET and the brain-
dedicated helmet-type PET. The portable whole-body PET
showed superior spatial resolution and a better image
contrast even at the peripheral FOV. The helmet-type PET
demonstrated superior sensitivity (32.7 kcps/MBq) and
spatial resolution (2.5 mm or better at all measurement
points). The helmet-shape geometry with 4-layer DOI
detectors showed promising performance for brain PET
imaging. We confirmed the benefits of the NIRS-original 4-
layer DOI detector.
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1. Introduction

Clinical use of PET is now well established in the diagnosis of
neurodegenerative disorders, especially in achieving early
diagnosis of dementia. To meet the expected demand for
brain-dedicated PET instrumentations, we have proposed the
hemispherical detector arrangement to realize devices that are
higher in sensitivity, more compact in size and have a smaller
number of detectors (i.e., potentially lower costs) [1]. We have
shown the proof-of-concept by developing two prototypes: the
helmet-chin PET in which the additional detectors were located
at the chin position [2], and the helmet-neck PET in which the
additional detectors were placed at the back of the neck
position [3]. Here, we developed a new TOF brain-dedicated
PET prototype based on the helmet-neck detector
arrangement and our previous simulation [4].

MPPC array

LFS array &ignal processing board
R <

Figure 1 Photographs and illustration of the TOF brain PET.

2. Bk
2.1 TEHB TOF-PET BA/F#¢

Figure 1 [CBISL1-5A%8 TOF-PET A/EHE RS, B H
BILEMAKRN=7ZRD TOF-PET £ a2—JL(C13500-
4075LC-12)[B]&R—RIzLf=e "RESa—ILIL 4.2
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2. Materials and methods

2.1 TOF brain PET prototype

Figure 1 shows photographs and an illustration of the
developed TOF brain PET prototype. The TOF detector was
made based on the Hamamatsu TOF-PET module (C13500-
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4075LC-12) [5]. This module is composed of a 4.2 mm-pitch
12 x 12 LFS array coupled with a 12 x 12 multi-pixel photon
counter (MPPC) array. Signal processing boards are included
in the packaged module. Each LFS crystal, with the reduced
thickness of 10 mm, is individually coupled to a MPPC. For
each MPPC, the energy information (8 bits) is outputted by
time over threshold and timing information (49 bits, 15.0602
ps/bit) outputted by the high-speed comparator
independently. Singles list-mode data of each detector are
stored and sent to a PC through a relay board.

is

2.2 Calibration procedure

The data acquisition of the developed TOF brain PET was
singles-based, and reduction of useless data in each detector
was required by applying an energy window to each detector
module. Therefore, the MPPC saturation curve was carefully
measured by using "®Lu intrinsic radioactivity (202 keV and
307 keV) and a ??Na point source (511 keV).

Obtained singles list-mode data after the energy cut were
applied to the software-based coincidence detection, which
was made using a 49-bit timer tag. In order to correct the
electrical and geometrical time skew for each crystal, our
original hollow hemispheric phantom (outer diameter, 248 mm;
thickness of activity wall, 6 mm) [6] filled with *8F solution (10
MBq) was measured. The timing histogram of each line-of-
response (LOR) had double coincidence peaks through the
hollow hemispheric phantom. Also, the time difference
between the double coincidence peaks strongly depends on
the LOR for the hemispherical detector arrangement. First, for
each crystal, a narrow “fan sum average”, timing for the
coincidence pairs between the crystal and opposing crystals
with similar length LOR, was acquired. Then, the time skew of
each crystal was calculated by determining centering of the
double coincidence peaks in order to move it closer to a time
difference of zero. The time correction factors were iteratively
obtained for each detector.

2.3 Image reconstruction

For image reconstruction, we implemented the list-mode TOF-
OSEM incorporating detector response function modeling,
normalization, attenuation correction, scatter correction and
random correction.

2.4 Performance evaluation

After the calibration procedure, the energy and the timing
resolutions were measured with the Na point source at the
center of the bottom detector ring. For an imaging
demonstration, we measured a small rod phantom. The
hemispherical 3-D Hoffman brain phantom [7], in which the
cylindrical outer case of the original 3-D Hoffman brain
phantom was changed to a hemispherical outer case and
margins of each plate were cut so as to fit the hemispherical
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case, was also measured. The small rod phantom, which was
filled with *8F solution (20 MBq), was measured at the center
of the FOV for 20 min. The hemispherical 3-D Hoffman brain
phantom was filled with ¥F solution (20 MBq), and the
measurement time was 30 min.

3. Results

Energy resolution was measured at 12.6%. Therefore, the
energy window was set to 420-590 keV. Figure 2 (a) shows
timing histograms before and after the timing correction. Also,
Figure 2 (b) shows time skews of each crystal for timing
correction. After the timing correction, 245 ps CRT was finally
obtained. Figure 3 shows images of the small rod phantom.
The rods of 2.2 mm diameter were clearly separated. Figure 4
shows images of the hemispherical 3-D Hoffman brain
phantom with and without TOF information, which indicate the
TOF had an impact on acquiring more accurate contrast
recovery.
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Figure 2 Timing histograms of the developed TOF brain PET before (upper) and after (lower) the timing correction (a) and

time skew of each LFS crystal for the timing correction. Each detector module had 8 ASICs (b).
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Figure 3 Images of the small rod phantom: the original distribution (left)

and the image obtained by the TOF brain PET (right).
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With TOF

Figure 4 Images of the hemispherical 3-D Hoffman brain phantom obtained by the TOF brain PET.
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4. Conclusion

As the second generation of our helmet-neck PET, we
developed a TOF brain PET based on the Hamamatsu TOF-
PET detector modules, and we finally achieved the 245 ps CRT
as a system average by the fine timing correction and selection
of shortened LFS crystals. Even for smaller objects such as a
brain-size phantom, the effect of TOF on image quality was
clearly shown.

Hideaki Tashima, Go Akamatsu, Yuma lwao, Hidekatsu Wakizaka, Taiga Yamaya (NIRS-QST),

Taichi Yamashita, Tsunetoshi Tanaka, Masaaki Kumagai, Takahiro Ida, Hiroshi Umeda (ATOX Co., Ltd.)

References
(1]
Phys. Med. Biol., vol. 61, pp. 7205-20, 2016.
(2]
(3]
2017, M-09-6, 2017.
(4]
(5]
(6]
NSS-MIC 2018
(7]
Phys. Eng. Express vol. 5, 025013, 2019.

69

H. Tashima and T. Yamaya, "Proposed helmet PET geometries with add-on detectors for high sensitivity brain imaging,"

H. Tashima, et al., "Development of the Helmet-Chin PET Prototype”, NSS-MIC 2015, M3CP-97, 2015.
H. Tashima, et al., "Development of the helmet-neck PET prototype: comparison with the helmet-chin PET, NSS-MIC

S. Takyu, et al., "Suitability of a 280 ps-CRT non-DOI detector for the helmet-neck PET", NSS-MIC, M-15-001, 2017.
https://www.hamamatsu.com/resources/pdf/ssd/pet_module_kacc0011e.pdf

H. Tashima, et al., "Normalization for brain-dedicated PET with the hemispherical detector arrangement”, submitted to

G Akamatsu, et al., “A 3-dimensional hemispherical brain phantom for compact dedicated brain PET scanners”, Biomed.



PET

ANILAYRE TOF-PET 28T 5#H1EE

Correction methods for the helmet-type TOF-PET

HEXRE FEMHEE
Hideaki Tashima, Senior Researcher

1. [FCHIZ

AJLAYR PET (positron emission tomography) (. &
HEHERKICEE T 2REBREF KRB BIZT HLT,
REMNKIECH ELABENERAEET. RIERHZ
Mr~DISANEFINTNB[L, 2], REEZEHIE
T, AIEREEERLEY. ZRoxkE5EEEDELEYL
TH/ARDDIENBENEDNDKIIZHD, =, ]RE
ERLTWS—BMGEF A PET £EBLHEAN, FHT
DR HBOLLNI NI EBERTHY, IR
MZERBEABE/NKTBIIENABETHD, — A, TEFE
@ TOF (time-of-flight) PET #HH2sD e LIZBE R
FLL A REED 300 ps &85/ \wr—ofbEns=
BREFHRED 21— L CEMAN=I X318 TOF-MPPC €2
1—ILBBEHL, AIEFENRENEE TOF 2L/
ARXMBIDRERNKER DD, CNETEEHAHDOE
BN TOF {eAESHBNTLEA, 300 ps LRETH L
F5& BEYARZENTHE D EMENRFTES,
H&lE. TOF-MPPC £ a—L&SIZtH B L. TOF AJLA
YhPET Z&ELT=, CCT. ELX DR HERDHER R T —
D—DIZRHEREDIES OEPHEBBERO TN EAE
L. BEERAYICRI A RTREA PET B A T 502155
WHEETHIELTOVENHD, AFERTIE, MHEIHFD
REE LR IB RO LD ERIEREZ R E TR R IE
BI77NLERZEL, EFE 7ol T AlELEHEE
T—2AVSBEGRBEERFAORREET O,

2. Bk

TOF ~NJLAYNPET SR AEHE T, Figure 1 (a) D&3IZ
TOF-MPPC EYa—/IAREIN TS, BEF 28 cm
OFEKICELEREBENFPOICECEIICEESN, &
DIZHHKBEEDEANERT DL OITEMNKR HIRHED
BESN TS, FEKERIC 45 &, BN HIREBIC 9 @D
EVa—IILEFERLTNS, TOF-MPPC £V a— LI,
41x4.1x10 mm®*® LFS (lutetium fine silicate) #&&
M 12x12 [I2EEFIESh, BLEL 12X 12 E2Fd MPPC (<
—X—XIETHEEHFEIN TS, CIT, BTN

70

2018 Report on PET Imaging Physics Research

1. Introduction

Helmet-type positron emission tomography (PET) is a
dedicated scanner for the human head enabling high-
sensitivity measurements by arranging detectors in a
hemispherical way, and it is expected to contribute the early
diagnosis of dementia [1, 2]. Increased sensitivity shortens
measurement time and reduces injection dose while
achieving an image with the same level of noise. Compared
with PET scanners currently in use , the helmet-type PET
can offer a compact system with a small installation area
requirement with a significantly reduced cost. On the other
hand, recent improvement in the time-of-flight (TOF)-PET
detectors has been remarkable. A detector module having
the timing resolution of less than 300 ps has been
commercialized (TOF-MPPC  module, Hamamatsu
Photonics K. K.). The larger the measuring subject, the
larger the effect of the TOF to suppress noise. Therefore,
the use of TOF detectors has been advanced in whole-
body PET systems. With the improvement to the timing
resolution of less than 300 ps, we can expect a sufficient
effect even for head size. We modified the TOF-MPPC
module and developed a TOF helmet-type PET prototype.
Here, individual detector elements have different detection
efficiency and time information skew. To generate clinically
useful PET images, such differences should be calibrated
in high quality. In the research presented here, we develop
a normalization phantom to acquire data necessary for the
calibration and image reconstruction method incorporating
corrections using the calibration data.

2. Methods

We arranged the TOF-MPPC module in TOF helmet-type
PET prototype as shown in Figure 1 (a). Detector surfaces
of the hemisphere unit are in contact with a hemisphere
with the diameter of 28 cm, and the surfaces are aligned
toward the center. In addition, add-on detectors are
arranged so as to extend the hemisphere unit toward the
back side of the neck. We used 45 modules for the
hemisphere unit and 9 for the add-on unit. The TOF-MPPC
module consists of an array of 12x12 LFS (lutetium fine
silicate) crystals with dimensions of 4.1x4.1x10 mm3
coupled optically to a 12x12 array of MPPCs in a one-to-
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one manner. Here, all crystal pairs for which the
coincidence measurement can be done should be
corrected for sensitivity and variation in time information.
For this purpose, we developed a calibration phantom
(hollow-dome phantom), which has a radioactivity
distribution having a cross section with every line of
response (LOR) passing through the field of view (FOV) as
shown in Figures 1 (b) and (c). The phantom can also
provide time skew information for TOF calibration. The
phantom has a radioactivity distribution surrounding the
peripheral region of the FOV with known radioactivity by
filling the phantom with a solution such as of 18F. Because
the volume of the phantom is small, the effect of scatter and
attenuation is small enabling efficient measurement of the
calibration data

Container

Figure 1 Hemispherical detector arrangement of the helmet-type PET having add-on detector at the back side of the
neck (a), design sketch of a hollow-dome normalization phantom (b), and the developed phantom (c).
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Normalization factors of PET detectors are obtained by
comparing projection data for LORs calculated using a
system matrix modeling a PET scanner and measured
projection data of LORs in the actual PET scanner (Figures
2 (a)-(c)). In an iterative reconstruction method, projection
data of a current image are calculated using the system
matrix, next they are corrected by the normalization factors,
and then they are compared with actually measured data
to update the image (Figures 2 (d)-(f)).
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Figure 2 Normalization (sensitivity correction) scheme. Normalization phantom with known radioactivity distribution is
measured (a) and compared with computational estimation (b) to generate normalization factors (c). During iterative image
reconstruction, projection estimation for the current image is generated (d) and normalized by the normalization factor (e)

S0 as to be comparable with measurement data (f).
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We can use the hollow-dome phantom measurement data
for time information calibration (TOF calibration). We let the
hollow area be the FOV. There are two peaks in position
information obtained by TOF measurement. When there is
an intrinsic skew (bias) in the time stamps for each crystal,
the center between the peaks shifts from the LOR center
(Figure 3(a)). The calibration parameter of the time skew
for each crystal is obtained by minimizing the TOF error for
every LOR.

An iterative image reconstruction method incorporating the
TOF
developed based on the

information and the normalization method was
list-mode ordered subset
maximization expectation (OSEM) method. Normalization,

SHEEETOSEN R BETH D, attenuation correction, scatter correction, and random
correction functions can be applied during the iteration.
(a) (b) - )
TOF error Timing correction
Crystal 1 A Crystal 2 /‘\ /j'\
1 TOF position; t, ttc, [ tHte,
/ | | \
Time stamp LOR Center Time skew

Figure 3 Timing calibration using the hollow-dome phantom. Because there are two cross sections with the phantom on
each LOR, two peaks appear on the TOF position histogram. The TOF error can be measured as the shift between the
LOR center and the center between the two peaks (a). In the timing correction, the skew in time information for each
crystal is adjusted by minimizing the TOF error for every LOR crossing the phantom (b).
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3. Results

We could achieve 245-ps system timing resolution as a
result of the time information calibration of the TOF helmet-
PET prototype using the developed hollow-dome phantom.
Also, we applied the
incorporating each kind of correction function to the

image reconstruction method
measured data of a cylindrical pool phantom with the inner
diameter of 16 cm and the inner length of 12 cm filled with
18-MBq *8F solution. We reconstructed images with and
without normalization to test the effectiveness of the
normalization as well as the images with and without TOF
calibration. The image without TOF calibration and without
normalization (Figure 4 (a)) showed obvious image
distortion and artifacts compared with the image with
normalization (Figure 4 (b)). Although applying the TOF
calibration largely mitigated the distortion and artifacts,
there was a slight streak artifact in the coronal image
(Figure 4 (c)). The artifact could be removed by applying
the normalization, and we could achieve the high-uniformity
image (Figure 4 (d)).

(b)

Coronal

» Normalization

Images reconstructed without calibration (a), with normalization (b), with TOF calibration (c), and with both TOF

4. Conclusions

We proposed the hollow-dome phantom as the calibration
phantom suitable for the TOF helmet PET, and we
developed the phantom. The developed phantom not only
enables efficient normalization data acquisition, it is also
useful for time information calibration. Therefore, we could
achieve high timing resolution of 245 ps.



PET 2018 Report on PET Imaging Physics Research

Acknowledgements
Collaborators Eiji Yoshida, Go Akamatsu, Yuma lwao, Hidekatsu Wakizaka, Taiga Yamaya (NIRS-QST)

Taichi Yamashita, Masaaki Kumagai, Takahiro Ida (ATOX Co., Ltd.)

Grants JSPS KAKENHI 16K21637

References

[1]
(2]
(3]
(4]

H. Tashima, T. Yamaya, “Proposed helmet PET geometries with add-on detectors for high sensitivity brain imaging,”
Phys. Med. Biol., vol. 61, no. 19, pp. 7205-7220, 2016.

H. Tashima, et al., “Development of the helmet-chin PET prototype,” IEEE NSS and MIC Conf. Rec., M3CP-97, doi:
10.1109/NSSMIC.2015.7582022, 2015.

H. Tashima, G. Akamatsu, Y. lwao, et al., “A new hollow-dome phantom for normalization of the helmet-neck PET,” J.
Nucl. Med. vol. 59 suppl. 1, p. 1768, 2018.

H. Tashima, E. Yoshida, Y. lwao, T. Yamaya, “Development of reconstruction method for the helmet PET,” Proceedings
of the 35" JAMIT Annual Meeting (JAMIT 2016), OP2-6, 2016 (in Japanese).

Research achievements in 2018

(1]

(2]

HES%A (Hideaki Tashima), % 115 BB AEZFYEFLIEMAKREBIL Lo T— 3 E, 115" Meeting of the
Japanese Society of Medical Physics Presentation Award, “Development of an imaging simulation framework enabling
modelling of PET scanners with arbitrary detector arrangement,” April 15, 2018.

Hideaki Tashima, The Best Poster Award at the 57 NIRS-SNU Workshop on Nuclear Medicine Imaging Science and
Technology, Aug. 28, 2018.

74



PET

BREB PET HEMUBALEFEDFRRE

2018 Report on PET Imaging Physics Research

Automated image co-registration algorithm for brain PET

RE

LN <

=28 MEE
Yuma lwao, Researcher

1. [FCHIZ

HETILVYNAR—IRERDET DRINEDRLZ
BTIZHWNT, 7EAARPET 227 PET AEE SN TLNVS.
ZIT, BLIE, FERROBR B REBERHMET H5EED
FERAOANILAYNIPETEBORFICRYBEA TS
[1]. PET BEMIZHT2RIE ECHELMETE, &
BREORFRE DA (U YD) ELLD. [RE
BLTWAPET-CT —(KEEBETIE, CTEGBEU YT
[ZZEH#1d 5. ZDEE, PET & CT IZRA—XBTHIE TS
CENTEDED, 2 DOEBRBEDME S NEDEL. —
AT, NILAYNEIPET 1, CT 2 MRI 25 F 4RV PET B
M THD. LoTHALIL, IO CT EEFHZIEMRIZEE
TRELEEGID U YU TEERTDHIEEE—HREE
LTEATWA. LML, PET & CT(H3ULE MR) D%
BRCHBIT2HEEEDERBIEI—HLA. FIT, AR
Tl& CT(MRD Eig% PET BEICEEBIMICABESHE T
BYINITTEREL, TOMRMET o2,

2. Bk

PET & CTIMRDEDLIE A HEIZKEL, BEEBIERAIAL
HIRFTEMNTEDD, RODMBEDLE/NTA—A
(X, x,y,z FRAIOEFTHEE, ThENOEIZX T 5 0EER
ENET 6 DB |MEFIETIE, TNFND/INTA—4
TEERZEMLE= CTIMRDE, PET BERENERYEARETE
3R 1t 8 B 15 # 8 (Normalized Mutual Information
NMD GEEELL2], 0 NMI A RE B B/RTA—E2D+
yhEEHT 5. BEARMIZIEK, &/RXTA—EHEYSDED
HHE TR \Ml DENKERDEEZDEELTEHRTE
L, COWEIEEHEIZ Nelder-Mead $£[3]Ic kB RE1k
FEEAD, RERNGNEELE/TA—2EEHL
1=

LT FARLEZEBMNEALEYINI T DHERET
MR E o= FEAT—2IE, 7I0/R B EHDEH
&I (""C-PB) &L= PET & T —45 27 ERITH
B, FBIE 49~87 =&, 12 AHEME, 20 AT ILYN
IR—FEZHIN TS, BERNARBRARE,

75

1. Introduction

Positron emission tomography (PET) with amyloid and tau
tracers has been increasingly performed in studies on
dementia. Therefore, we are developing a brain-dedicated
helmet-type PET system based on our novel hemispherical
detector arrangement [1]. In a PET image reconstruction
process, attenuation factor maps (mu-maps) are essential
for attenuation and scatter corrections. In conventional
hybrid PET-CT systems, the mu-map can be made from CT
images because there would be no mismatch between PET
and CT images. On the other hand, our developed helmet-
type PET is intentionally not equipped with a CT or MRI
component to make the system more compact. Therefore,
as an alternative method, we plan to use mu-maps
obtained by other CT or MRI scanners. However, the mu-
maps need to be co-registered to PET images obtained by
the helmet-type PET. Hence, we developed software to
automatically co-register the CT (or MRI) to PET, and
evaluated the accuracy of the software.

2. Methods

In the process of PET and CT (or MRI) co-registration, the
head can be considered to have a rigid structure. Then,
alignment parameters were classified to 3 shift values of
the X, y, z directions and 3 other rotation values on the each
axis. In the proposed method, a mu-map was transformed
with these 6 parameters, and the degree of co-registration
between PET and CT (or MRI) was calculated by the
normalized mutual information (NMI) [2]. The 6 alignment
parameters were determined so that the highest NMI value
was obtained. At first, we set each parameter in the
possible range to detect the highest NMI value. After that,
these values were used as an initial value of optimization.
Then, the 6 parameters were optimized by the Nelder-
Mead algorithm [3].

We evaluated feasibility of the developed co-registration
software. We used C-PiB PET scan data for 27 subjects
in this study. Subjects were from 49 to 87 years old; 15 were
females and 12 were male; and 20 subjects were
diagnosed as having Alzheimer’s disease. At first, CT (or
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MRI) was transformed with optional parameters, and we
did the automated co-registration of the transformed CT (or
MRI) and PET images by using the developed software.
the
parameter and the applied transformation parameters was

The difference between calculated alignment
measured as an error. Next, 40 patterns for transformation
parameters were set, and each parameter consisted of
parallel movement on ¥, y, z axes and rotation on x (pitch),
y (yaw), z (roll) axes. These parameters were determined
based on the average and maximum values in our previous
study [4] (172 FDG-PET scan data analysis were done).

Voxel Size (mm)

=
wn

i

°
n

Average of error (mm or degree)

o

i)

pitch yaw r

Figure 1 Registration accuracy of the developed software; Average == SD.
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3. Results and conclusion

Figure 1 shows the average and standard deviation values
of the error. All errors were less than 2 mm. Considering
the voxel size of PET was 2 mm, we judged the developed
software has enough accuracy for brain CT (or MRI) and
PET co-registration.

We developed the automated CT (or MRI) and PET co-
registration software for the helmet-type PET. The software
showed sufficient accuracy for clinical applications.
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1. Introduction

The major interest for a multimodal imaging system is to
study the metabolic response of diseases in addition to
morphological information. Positron emission tomography
(PET) is well-known for metabolic imaging. On the other
hand, computed tomography (CT) and magnetic
resonance imaging (MRI) systems are two well-known
The
arrangement of PET/CT in one imaging unit is the first

systems for structural imaging. sequential
multimodal imaging system, that was commercialized in
2002 [1]. However, due to the superior soft-tissue contrast
of the MRI system, PET/MRI systems have also been
commercialized from 2010 [1-2]. Since most of the clinics
already possess MRI systems, PET/MRI systems did not
get widespread interest like the PET/CT. Developing PET
insert for the existing MRI system is an alternative option in

this regard.

In our lab, we are working on different PET inserts for MRI
[3-8]. Previously, we reported on a head-size PET insert
with a birdcage radiofrequency (RF) coil [3]. We also
reported on an oval-shaped body-size PET insert [5] that
implements MRI built-in RF coil. In this report, we explain
updates on using MRI built-in RF coil. We also report on a
novel concept of a microstrip RF coil for PET insert.

2. Ground PET vs floating PET

The MRI system itself includes a built-in human body-size
RF coil. Our plan is to implement this coil as RF transmitter
for PET insert. It is to mention here that the conventional
MR imaging usually implements the body RF coil as
transmitter along with a local RF coil as receiver. However,
in this pilot study, we implemented the body RF coil both
as RF transmitter and receiver.

We used eight copper shielded PET detector modules to
construct a cylindrical PET insert of diameter 240 mm.
Details on the PET modules can be found in [3]. A
cylindrical phantom of axial length 200 mm and diameter

7
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(a) Schematic on grounding of PET RF shield.

Detectors and front-
end electronics inside

ﬁe shield box
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Floating
box frem the ground

(b) Schematic on floating of PET RF shield.
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115 mm was used to study with a 3 Tesla clinical MRI
system. Since the body RF coil of diameter 700 mm
resides outside the PET insert, RF field can pass inside
the PET insert through the 5-mm intermodular gaps
[5-7,9]. Usually, the RF shield of the PET insert remains
connected to the MRI electric ground. This attenuates the
RF field to the ground. Isolating the RF shield of PET insert
can reduce this attenuation and can improve the field
penetration in the imaging region.

In this study, we compare the RF penetration efficiency of
this PET insert [7] for the cases of RF shield connected to
the ground (ground PET (Fig. 1 (a))) and isolated from the
ground (floating PET (Fig. 1 (b))). In the floating
configuration, the RF shield box of the PET detector is
isolated from the cable RF shield which remained
connected to the ground.

RF field responses respectively for without PET, floating
PET and ground PET with MRI is given in Fig. 1(d).
Compared to the MRI-only field response, a weak RF field
near the cable end side of the PET insert was seen for
both cases. However, relatively strong RF penetration was
found for the floating PET compared to the ground PET.

(c) Photograph of the PET insert with MRI.

Without PET Floating PET Ground PET

0 8
PET cable end PET cable end

d) Transmit RF field response maps for an axial length of 160 mm.

Figure 1 (a-b) Schematics of ground and floating PET configurations. (c) Photograph of the PET insert with MRI. (c)
Results on comparison of RF field responses of ground and floating PET to that of the without PET (MRI-only).

3. PET />4 — AR/ IOANY T/

AFETIE, PET A H—hREXA7ARN )y TS5 F
RF E#{EQ/ILDOBAREIT=[8], #EkD<TAIARN)Y
TaAIL8]TIE, R4 7AAN)w T, KYLEWRIRD TS

3. Microstrip coil for PET insert for MRI

In another study, we developed a microstrip transmission
line RF coil for PET insert [8]. In a conventional microstrip
coil [10], the microstrip conductor is shielded by a relatively
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Ground conductor
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wide ground conductor plane (Fig. 2(a)). We proposed a
PET-strip coil in which the RF shield of PET insert works
as the ground conductor for the microstrip conductor (Figs.
2(b-c)). Our target is to develop a multichannel PET RF
coil, especially for using with an ultrahigh field (e.g., 7
Tesla) MRI system [10]. However, to proof our concept, we
studied a single channel of the proposed coil with a 3 Tesla
clinical MRI system.

We performed a homogeneous phantom study with the
proposed coil. The experimental setup is shown in Fig. 2
(d), in which the coil is positioned under the phantom with
an approximate 25 mm gap between the coil and phantom.
The gradient echo image (Fig. 2(e)) of the phantom
showed flashing image intensity near the coil, a
characteristic visible for the conventional coil as well. We
plan to develop multichannel coil for an ultrahigh field MRI

in near future.

PET detector RF shield box

RN b :::::_: e
\It /

Microstrip

(a) Conventional microstrip
transmission line

(d) Photograph of experimental setup of
one-channel proposed coil

(b) Proposed microstrip
transmission line for PET insert

Microstrip Cable RF shield

(c) Photograph of one-channel
proposed coil

Coil position

(e) Gradientecho MR image ofthe one-
channel proposed coil

Figure 2 Microstrip transmission line RF coil for PET insert. (a) Schematic of a conventional microstrip transmission line
coil. (b) Schematic and (c) photograph of a proposed microstrip coil in which the ground conductor is the RF shield of the

PET detector module. (d) Experimental setup and (e) a gradient echo MR image of a uniform phantom.
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4., 5k 4. Conclusion

HeIEEHEHB TR7), BEWHSH(T TXZ)DMWA  We are working on PET insert targeting both for high (e.g.,
D MRl £ERESZ—whELT PET A9 —bDBFE%E 3 Tesla) and ultrahigh (e.g., 7 Tesla) field MRI systems. In
ToTW%, AFETIE, MRIIZNEENTLYS RF 31JL&  this report, we presented on using MRI built-in RF coil and
FLOWRAYORMY T S48 RF E{ET/ILEFHUN=  anovel microstrip transmission line RF coil for PET insert.
PETAVH—F AT LERE Lz, KIFEOFERIZEREE  The study results showed strong promise to develop
LANILTOPET 10 —rDEWERMEERTETHSD, clinical level PET insert to be used with an MRI system.
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1. Introduction

In development of medical devices, the accuracy and the
error range of measurements are critical even in the
situation that their minimum invasiveness and ease-of-use
are expected in clinical practice. To know the accuracies of
each device, one of the methods is a comparison with data
obtained by more accurate and established processes. It is
necessary to consider: what is the method which can
provide more accurate data. Direct measurement of
specific substances after tissue resection has been
generally accepted. In addition, we have to compare the
measurements of the targeted area with those data
obtained in the same way from the area which seems to be
normal. However, tissue resection is itself associated with
invasive approaches, furthermore, depending on the area,
tissues can be available only after the death of the patient.
In addition, we have to determine the area which should be
examined, and we cannot measure the outside of the
resected area. One of the ways to overcome these
limitations is expected to be a high-specification PET
system.

jJPET-D4 is the novel brain dedicated PET system

developed by the Imaging Physics Team in the early
2000's. High imaging performance was demonstrated, and
the first human PET imaging was reported in 2008 [1]. It is
important that images obtained by jPET-D4 potentially
become good reference data, with which data obtained by
other devices can be compared. In the research described
here, we subjected six adult healthy volunteers to
measurements by JPET-D4 using FDG and analyzed the
results from the viewpoint of clinical uses.

2. Methods

We compared the results obtained by jPET-D4 with those
of the Siemens HR+ scanner, which is one of the PET
scanners with high performance among clinically available
PET scanners. JPET-D4 is a brain-dedicated PET prototype
with 4-layered DOI detectors. Six healthy males (24 to 32
years old) underwent FDG-PET brain imaging both by
jJPET-D4 and by HR+; the two PET scans were performed
on different days (average interval between them, 6.7
days). Average dose of injected FDG was 122 MBq
(3.3mCi). After the injection, the subject was scanned for
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30 min by each PET scanner. For JPET-D4, the brain
images were reconstructed by 3D OS-EM(8 subsets), with
a 1.5mm? voxel, and for HR+, by the Fourier rebinning
algorithm followed by 2D-SOME(16 subset, 6-iteration)
with, 1.3x1.3x2.4mm? voxel. These brain images were
evaluated visually by a nuclear medicine physician. Then,
ROI analysis was performed, in which manually depicted
ROIs were placed on the following areas: the frontal lobe,
the parietal lobe, the occipital lobe, the mesial and lateral
temporal area, the striatum and the cerebellum. The
representative ROIs are shown in Figure 1. Ratios of
average count of each area were divided by the cerebellum
average counts, and the ratios of gray matter-to-white
matter average counts were calculated and compared
statistically.

Cerebellum Superior Inferior
Frontal Frontal
Lateral Mesial Parietal
Temporal  Temporal
i
Occipital ~ Putamen
ROIs placed on images

Figure 1

82

Representative ROIs areas (in red) placed on images..
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Commercial non-DOI PET (HR+)

Figure 2 Averaged FDG-PET images of six volunteers after spatial normalization. The left images were obtained by

JPET-D4 and right were by HR+. The dentate nucleus was identified more clearly by jPET-D4. Each of the second slices

from the left included the mesial temporal area, which is more apparent by jPET-D4.

1.8 * Statistically
1.6 % » significant p<0.05 (]
®
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® ® '
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0.8 -
o
0.6 3
‘29 ~ o
L ~ =~ >
04 S5 & 3§ 38§ 2 5 8
0.2 {E L g S QD
s £ I&FSFL
0 < S
® jPET e HR
ROl analysis: bilateral average of each region/cerebellum

Figure 3 Plot of each area. X axis shows the ratios of average count of each area

divided by the cerebellum average counts.

i
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3. Results

In visual inspection, the mesial temporal area and the
dentate nucleus of the cerebellar were depicted more
clearly in jPET-D4 than in HR+ (Figure 2). In the ROI
analysis, the region-to-cerebellum ratios of the frontal lobe
and the parietal lobe were slightly lower in jPET-D4 than in
HR+ (1.33 vs. 1.47 and 1.09 vs. 1.29, respectively). The
mesial temporal area was slightly higher in JPET-D4 than in
HR+ (1.06 vs. 0.95). Other areas, such as the occipital
area, the striatum area and the lateral temporal area, did
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not show significant differences. The ratios of each area are
plotted in Figure 3. The gray matter-to-white matter
average counts were 1.8-2.3 for JPET and 2.0-3.5 for HR+.

4. Discussion and conclusion

Identifying each gray matter gyrus on PET images provides
insights of pathophysiology of diseases and relationships
between cognitive impairments and regional alterations on
PET. For example, precise evaluation of the cerebellar
is helpful
dysfunction and to distinguish cerebellar diseases, or
detailed investigations of the hippocampus area may allow
early diagnosis of degenerative disorders associated with
memory dysfunction, or to identify epilepsy focus.

dentate nucleus to understand cerebellar

Gray matter-to-white matter ratio has been generally
reported as from 2.5 to 4.1. JPET data were relatively low
being from 1.8 to 2.3. This may be due to slightly higher
accumulation of the white matter on jJPET compared to
HR+. One of the possible reasons is the method of
attenuation correction of jPET, which calculated by the p-
map based on emission data.

In the work presented here, we conducted a visual
evaluation focusing on well-known anatomical structures
identified by a nuclear medicine expert, and ROI analysis,
which can be performed only after spatial normalization of
brain. But the spatial normalization cannot be applied to
patients with brain atrophy, brain injury, or brain surgery. In
order to identify the characteristics of disorders for such
patients, we are developing a new voxel-based analysis
method without spatial normalization.

T. Yamaya et al, IEEE Trans. Nucl. Sci. vol. 55, pp. 2482- 2492, 2008
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Medical Sciences, Vol. 2, No. 6, pp. 564-573, 2018.
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Yuma lwao, Hideaki Tashima, Eiji Yoshida, Fumihiko Nishikido, Hidekatsu Wakizaka, Taichi Yamashita, Taiga Yamaya,
"Seated vs. supine: optimum measurement pose for brain-dedicated PET," Conf. Rec. 2017 IEEE Nuclear Science
Symposium and Medical Imaging Conference (NSS/MIC), 2017.

Md Shahadat Hossain Akram, Takayuki Obata, Craig Levin, Fumihiko Nishikido, Taiga Yamaya, "Study on a prototype oval
body PET insert for a 3T MRI system," Conf. Rec. 2017 IEEE Nuclear Science Symposium and Medical Imaging
Conference (NSS/MIC), 2017.
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Agnese Miani, Akram Mohammadi, Fumihiko Nishikido, Dennis R. Schaart, Ingrid 1. Valencia Lozano, Eiji Yoshida, Taiga
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and segmented GAGG scatter detectors,” Conf. Rec. 2017 IEEE Nuclear Science Symposium and Medical Imaging
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performance of a DOI dual-end readout detector using laser-segmented crystal bars,” ISRD2018: International Symposium
on Radiation Detectors and Their Uses, O34, 2018. (oral, 2018/1/25, KEK)

[2] G. Akamatsu, H. Tashima, Y. Iwao, H. Wakizaka, T. Maeda, E. Yoshida, T. Yamashita, T. Yamaya, "Small lesion imaging
performance of a novel helmet-neck PET prototype: a phantom study," European Society of Radiology (ECR) 2018, Voice
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[4] Kohei Sakurai, Yukie Yoshii, Hideaki Tashima, Yuma lwao, Yoko Oe, Mineko Igarashi, Sayaka Hanadate, Eiji Yoshida,
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[5] Yukie Yoshii, Mitsuyoshi Yoshimoto, Hiroki Matsumoto, Hideaki Tashima, Yuma Iwao, Hiroyuki Takuwa, Eiji Yoshida,
Hidekatsu Wakizaka, Taiga Yamaya, Ming-Rong Zhang, Aya Sugyo, Sayaka Hanadate, Atsushi Tsuji, Tatsuya Higashi,
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Annual Meeting, oral, 2018/6/24, Philadelphia)

[6] C. Toramatsu, H. Wakizaka, A. Mohammadi, M. Nitta, Y. Iwao, F. Nishikido, H. Tashima, E. Yoshida, A. Kitagawa, K
Karasawa, Y. Hirano, T. Yamaya, “In-beam PET measurement of washout in rabbits using °0 ion beam: study of in-vivo
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Exhibition, TU-D-KDBRB1-7, 2018. (oral, 2018/7/31, Nashville Convention Center)

[7] E. Yoshida, H. Tashima, G. Akamatsu, Y. Iwao, M. Takahashi, T. Yamashita, T. Yamaya, "250 ps-TOF brain-dedicated PET
prototype with the hemispherical detector arrangement,” 2018 IEEE Nuclear Science Symposium and Medical Imaging
Conference, M-11-04. (218/11/15, oral, Sydney)

[8] M. S. H. Akram, T. Obata, F. Nishikido, T. Yamaya, "Comparative study between electrically ground and electrically floating
PET inserts using MRI built-in RF coil at 3T," 2018 IEEE Nuclear Science Symposium and Medical Imaging Conference,
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[12] H. G. Kang, Hideaki Tashima, F. Nishikido, E. Yoshida, T. Yamaya, "GATE optical simulation for trapezoid geometry small
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of shielding materials for the add-on PET prototype,” Abstract of PSMR2017 7" conference on PET/MR and SPECT/MR,
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2018 Annual Meeting, poster, 2018/6/26, Philadelphia)

Yuji Tsutsui, Go Akamatsu, Hiromitsu Daisaki, Takuro Umeda, Matsuyoshi Ogawa, Hironori Kajiwara, Shigeto Kawase,
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supplement 1, 1821, 2018. (SNMMI 2018 Annual Meeting, poster, Philadelphia)

Taiga Yamaya, Eiji Yoshida, Hideaki Tashima, Go Akamatsu, Iwao Yuma, Miwako Takahashi, Taichi Yamashita,
“Development of a brain-dedicated TOF-PET prototype with a hemispherical geometry,” WMIC2018 World Molecular
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Miwako Takahashi, Eiji Yoshida, Hideaki Tashima, Go Akamatsu, lwao Yuma, Taiga Yamaya, “Cerebral FDG distribution
in healthy volunteers obtained by a brain-dedicated DOI-PET scanner,” WMIC2018 World Molecular Imaging Congress,
LBAP 061, 2018. (2018/9/13, poster, Seattle)

M. Yoshino, K. Kamada, Y. Shoji, Y. Furuya, Y. Yokota, S. Kurosawa, A. Yamaji, F. Nishikido, T. Yamaya, A. Yoshikawa,
"Crystal growth and timing performance of the CeBrs single crystals coupled with dSiPM," 2018 IEEE Nuclear Science
Symposium and Medical Imaging Conference, N-22-342. (2018/11/14, poster, Sydney)

S. Takyu, E. Yoshida, N. Inadama, F. Nishikido, M. Nitta, K. Kamada, K. Parodi, T. Yamaya, "Development of the 4-Layer
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H. G. Kang, S. Takyu, F. Nishikido, A. Mohammadi, N. Inadama, E. Yoshida, T. Yamaya, "Optimization of a Light Guide
for High Resolution PET Detectors using GATE Optical Simulation,” 2018 IEEE Nuclear Science Symposium and Medical
Imaging Conference, M-03-106. (2018/11/14, poster, Sydney)

M. S. H. Akram, T. Obata, T. Yamaya, "Microstrip transmission-line array coil dedicated for PET insert for MRI system,"
2018 IEEE Nuclear Science Symposium and Medical Imaging Conference, M-03-202. (2018/11/14, poster, Sydney)

A. Chacon, H. J. Rutherford, A. Mohammadi, T. Yamaya, G. Akamatsu, Y. Iwao, H. Tashima, M. Nitta, S. Takyu, F.
Nishikido, A. Kitagawa, T. Hofmann, M. Pinto, K. Parodi, M. - C. Gregoire, A. B. Rozenfeld, S. Guatelli, M. Safavi-Naeini,
"Validation of Geant4 Monte Carlo Toolkit Physics Models for Use in Heavy lon Therapy," 2018 IEEE Nuclear Science
Symposium and Medical Imaging Conference, M-03-394. (2018/11/14, poster, Sydney)

H. G. Kang, A. Mohammadi, F. Nishikido, C. Toramatsu, T. Yamaya, "Cerenkov Luminescence Imaging for the Heavy lon
Beam Range Verification - GATE Simulation Study,” 2018 IEEE Nuclear Science Symposium and Medical Imaging
Conference, M-03-400. (2018/11/14, poster, Sydney)

E. Takada, F. Nishikido, G. Shikida, D. Takezawa, H. Imai, T. Chaki, S. Naka, H. Okada, S. Kishimoto, I. Kanno,
"Fundamental Study on Estimating X-ray Energy with Current-Output Organic Semiconductor Radiation Detectors", 2018
IEEE Nuclear Science Symposium and Medical Imaging Conference, R-08-424. (2018/11/14, poster, Sydney)

S. Takyu, E. Yoshida, F. Nishikido, M. Nitta, G. Akamatsu, T. Yamaya, "Development of a 4-Layer DOl TOF-PET detector
module with a 6 mm-pitch MPPC array," 2018 IEEE Nuclear Science Symposium and Medical Imaging Conference, M-07-
035. (2018/11/15, poster, Sydney)

G. Akamatsu, S. Takyu, E. Yoshida, M. Nitta, Y. lwao, A. Mohammadi, H. Tashima, F. Nishikido, T. Yamashita, T. Yamaya,
"Characterization of LFS MPPC PET-detector modules: 3 mm pitch vs. 4 mm pitch," 2018 IEEE Nuclear Science
Symposium and Medical Imaging Conference, M-07-044. (2018/11/15, poster, Sydney)

Y. Okumura, E. Yoshida, H. Tashima, M. Suga, N. Kawachi, K. Parodi, T. Yamaya, "Sensitivity improvement in 4Sc whole
gamma imaging: simulation study," 2018 IEEE Nuclear Science Symposium and Medical Imaging Conference, M-07-077.
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H. Tashima, G. Akamatsu, Y. Iwao, H. Wakizaka, E. Yoshida, T. Yamashita, T. Yamaya, "Normalization for brain-dedicated
PET with the hemispherical detector arrangement,” 2018 IEEE Nuclear Science Symposium and Medical Imaging
Conference, M-07-329. (2018/11/15, poster, Sydney)

H. Miyoshi, M. Nitta, N. Nakada, Y. Otaka, A. Koyama, S. Takyu, K. Shimazoe, F. Nishikido, T. Yamaya, T. Onoye, H.
Takahashi, "Oxide Semiconductor Based 2-D Carbon lon Beam Monitor for Hadron therapy,” 2018 IEEE Nuclear Science
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HARIR, "~ A > M TOF-PET 251 O fat," R4 PET A4 2018, 2018/1/22 (~/LH— /L J\E )

Md Shahadat Hossain Akram, "PET for already installed MRI systems," & f:AX; PET #F7E%: 2018, 2018/1/22 (/v —
JVJ\EEN)

BPSCZ, AT & b XA A — RO RS AR~ OIS, it PET BFZE2 2018, 2018/1/22 (~/LH—/L )\
)

IAZRE,  “TRAVERIIRZWNICH e~ LW G2 WAL E OBRFE ~," TRk 29 B IKe 2 Z A5 H =
KR AR T N RBEE S A D, RBEEICHRTe, RN & —38FK, 2018/3/3. (K / KV T T 1)

LA 7%, A Mohammadi, SiATHL, &HEIE, #7302, BHEEW, TEE, BIRGw, WIS, Rz, &
BEE T, BIREER, NUSRIR, "ERLTRRIBRE A X — 2 7 O 720 OpenPET % B 8 (< B3 2 BF5E
(14H285)," ¥k 29 A HIMAC R P sEpk R F 2R 43, 2018/4/16.

WPSE, “BHET + b XA A — P& O BRI 2168 (16H370),” Ak 29 4 HIMAC JL[RIF
U F 43, 2018/4/16.

LA ZRE, “OpenPET OBHF & Z DR ~3 > F L—F OF5%&F.00MZ~,”  Scintillator for Medical, Astroparticle
and environmental Radiation Technologies (SMART)2018 #ff 5t 4%, 2018/5/18 (OIST).

EIEEM S, “EZOHIREFRES,”  Scintillator for Medical, Astroparticle and environmental Radiation
Technologies (SMART)2018 #f7E<3, 2018/5/18 (OIST).

Taiga Yamaya, Katia Parodi, “NIRS-10L Whole Gamma Imaging (WGI) Core,” IOL symposium, 2018 (NIRS, 2018/6/15).
Taiga Yamaya, "Introduction of PET imaging physics research at NIRS," Proceedings of the 5" NIRS-SNU Workshop on
Nuclear Medicine Imaging Science and Technology, pp. 1-2, 2018. (2018/8/28, oral, Oxide corp.)

Miwako Takahashi, "Nuclear medicine imaging in central nervous system diseases," Proceedings of the 5" NIRS-SNU
Workshop on Nuclear Medicine Imaging Science and Technology, pp. 24-27, 2018. (2018/8/28, oral, Oxide corp.)

Akram Mohammadi, Sodai Takyu, Eiji Yoshida, Fumihiko Nishikido, Keiji Shimizu, Toshiaki Sakai, Taiga Yamaya, "Timing
performance for a single- and dual-end readout detectors using segmented crystal bars with subsurface laser engraving,"
Proceedings of the 5™ NIRS-SNU Workshop on Nuclear Medicine Imaging Science and Technology, pp. 34-38, 2018.
(2018/8/28, poster, Oxide corp.)

Han Gyu Kang, Sodai Takyu, Fumihiko Nishikido, Akram Mohammadi, Naoko Inadama, Eiji Yoshida, Taiga Yamaya,
"Improvement of edge crystal separation using a light guide for high resolution small animal PET detector — GATE
simulation study," Proceedings of the 5" NIRS-SNU Workshop on Nuclear Medicine Imaging Science and Technology, pp.
44-48, 2018. (2018/8/28, poster, Oxide corp.)

Go Akamatsu, Hideaki Tashima, Yuma Iwao, Hidekatsu Wakizaka, Takamasa Maeda, Taichi Yamashita, Eiji Yoshida, Taiga
Yamaya, "Basic performance evaluation of a helmet-type PET prototype with four-layer DOI detectors,"” Proceedings of the
5t NIRS-SNU Workshop on Nuclear Medicine Imaging Science and Technology, pp. 53-55, 2018. (2018/8/28, poster, Oxide
corp.)

Munetaka Nitta, Fumihiko Nishikido, Naoko Inadama, Hideyuki Kawai, Taiga Yamaya, "Elimination of inter crystal
scattering events for the X’tal cube," Proceedings of the 50 NIRS-SNU Workshop on Nuclear Medicine Imaging Science
and Technology, pp. 60-64, 2018. (2018/8/28, poster, Oxide corp.)

Sodai Takyu, Eiji Yoshida, Fumihiko Nishikido, Hideaki Tashima, Taiga Yamaya, "Evaluation of time-of-flight PET detector
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[26]

[27]
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using LFS with 10 mm length and MPPC module," Proceedings of the 5" NIRS-SNU Workshop on Nuclear Medicine
Imaging Science and Technology, pp. 69-70, 2018. (2018/8/28, poster, Oxide corp.)

Hideaki Tashima, Eiji Yoshida, Yusuke Okumura, Mikio Suga, Naoki Kawachi, Kei Kamada, Katia Parodi, Taiga Yamaya,
"Detector response modeling for beta* - gamma emitter imaging of the whole gamma imager," Proceedings of the 5 NIRS-
SNU Workshop on Nuclear Medicine Imaging Science and Technology, pp. 74-77, 2018. (2018/8/28, poster, Oxide corp.)
Fumihiko Nishikido, Yusuke Okumura, Eiji Yoshida, Hideaki Tashima, Taiga Yamaya, "Geant4 simulation of whole-gamma
imaging system using silicon scatterer detectors for low-energy imaging,” Proceedings of the 5" NIRS-SNU Workshop on
Nuclear Medicine Imaging Science and Technology, pp. 78-81, 2018. (2018/8/28, poster, Oxide corp.)

C. Toramatsu, H. Wakizaka, A. Mohammadi, M. Nitta, Y. lwao, F. Nishikido, E. Yoshida, A. Kitagawa, Y. Hirano, T. Yamaya,
"In-beam PET measurement of washout in rabbit using **C and 150 ion beams," Proceedings of the 51" NIRS-SNU Workshop
on Nuclear Medicine Imaging Science and Technology, pp. 82-84, 2018. (2018/8/28, poster, Oxide corp.)

Taiga Yamaya, “Radiation detectors for positron emission tomography,” Workshop for development and applications of fast-
timing semiconductor devices, 2018. (2018/12/8, oral, U Tsukuba Tokyo Campus)

1.6 $&F Patents (5)
- tHEE Application (0)

- &% Registered (5)

(1]
(2]
(3]

(4]
(5]

Iwao Kanno, Takayuki Obata, Taiga Yamaya, Kazuya Okamoto, Takuzo Takayama, Hitoshi Yamagata, "PET-MRI
APPARATUS," US9846028, registered 2018/1/9. (399US)

Takayuki Obata, Taiga Yamaya, Iwao Kanno, Hitoshi Yamagata, Takuzo Takayama, Kazuya Okamoto, "PET-MRI
APPARATUS," US99880236, registered 2018/1/30. (400US)

Eiji Yoshida, Taiga Yamaya, “LAYERED THREE-DIMENSIONAL RADIATION POSITION DETECTOR,” US9,933,529,
registered 2018/4/3. (Q00508US)

HEZEH, WARE, “AILA v MEIPETRKE,” HFEFE 6425756 5, 2018/11/2 &%, (Q00474JP.1)

Taiga Yamaya, Takayuki Obata, Mikio Suga, Hiroshi Kawaguchi, Yoshiyuki Yamakawa, " METHOD FOR GENERATING
PET ABSORPTION-CORRECTED IMAGE FROM MR IMAGE AND COMPUTER PROGRAM," EP 2 833 163 Bl1,
registered 2018/7/25 (428EP)
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2. RBRERGTE~DEY KA Outreach actions
2.1 AR EDFHEE Hosted workshops (3)

(1]

[2]
(3]

Taiga Yamaya, Jae Sung Lee, organized “5™ NIRS-SNU Workshop on Nuclear Medicine Imaging Science and Technology”
(2018/8/26-29, NIRS and Oxide corp.)

INAZE, T PET BFZE4 2018 % T4, 2018/1/22 (~ /b4 — L J\E ) (BIn&E 53 116 4, 5 B 86 4)

Taiga Yamaya, Katia Parodi, organized “QST-International Research Initiative (IR1) Whole Gamma Imaging Project, Mini-
workshop” (NIRS-QST, 2018/6/14)

2.2 2+ —Ff# Hosted seminars (0)

2.3 $|REZHER Annual report publishing (2)

(1]
(2]

A AR fw,  “WIAR PET A28 A 2017,”  QST-R-7, 2018/1/22.
http://www.nirs.qst.go.jp/usr/medical-imaging/ja/study/pdf/QST_R_7.pdf

Taiga Yamaya, edit, "Proceedings of the 5™ NIRS-SNU Workshop on Nuclear Medicine Imaging Science and Technology,"
QST-P-6, 2018/8/26.

https://repo.qst.go.jp/?action=repository_uri&item_id=36467&file_id=8&file_no=1

2.4 #&t Review articles (4)

(1]

(2]

(3]
(4]

2.5

IR, PR PET @ oAk TEH L5 & BUOHREINR % & ot s - IfF S A 8iEdF) [ B AR
BRECAT 22 HERE, Vol. 74, No. 2, pp. 182-184, 2018.

BRFSCE, BB, FHIE, IUWATRY, BIESA A=V ORI, EE B, 538 &, F 15, pp.
10-18, 2018.

INAFRE, “RFRNAIREZ F O Talf{L T 257 PET HE OB, BAFE NEWS 2018 4JF
VOL.2, p. 17, 2018.

ST, “ R TR e S TR 2RI LT ERA A — 2 v ZHEEICRIT 2 mig FRE AL o Hep & 5 A
BHE R, JAMIT News Letter, No. 29, pp. 11-12, 2018.

% - $BE Lectures (33)

D URTHOLZFIZE T S1BFHEE Invited talks at symposium (16)

(1]
(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]
[10]

[11]

[12]

[13]

[14]

Taiga Yamaya, “Simultaneous PET and MRI imaging: how can the systems be affordable?,” Second International
Symposium on Multimodal Medical Engineering, p.9, 2018. (invited, 2018/1/18, Chiba University)

WA TRE, "ARD PET IZOWTEZ D" 5 27 BB R RE - E PG BT JE 2 (SKIP %), 2018/2/3 (Frillik
1#H, B A —A FHZT—),

TRARRN, “PET D EBHEAN & Bl ORGSR, ” 25 908 BRI FRZ M5t (20181215, FifafEi e ).

Taiga Yamaya, “In-beam OpenPET imaging for RI beams,” Micro-Mini & Nano Dosimetry (MMND) workshop, 2018.
(invited, oral., 2018/2/8, Mooloolaba)

Taiga Yamaya, “Development of the OpenPET for in-beam carbon ion therapy imaging,” Keynote Talk in Midterm Meeting
of Networking Activity 5: Medical Network (MediNet) / European Nuclear Science and Application Research 2 (ENSAR?2),
2018. (2018/3/12, University of Belgrade, Serbia)

Go Akamatsu, "Recent activities and future aspects of standardization and SUV harmonization for a quantitative FDG-PET,"
The 77th Annual Meeting of the Japan Radiological Society, Collection of Abstracts, p. S90, 2018 (invited, oral, English,
2018/4/13, Pacifico Yokohama).

AR ZRE, “UHHRETE RN PET @ OBAYE,”  [ENLREE B R P E BB R B A< 5 50 [RI-AHirif 7843, 2018/5/26
(BSE K.

IIARZRE, Wb PET 2@ BRI ~TNLBIN D U T AZ A b~ 55 28 [0l H RDEZ R F AR e - Fii
REx FERIGRTE, 2018/7/7. (FrREEER A0 ZEE o % —)

TREAAN, “7 @A R PET O#fn HEEMAT £ T,” PET ¥~ —%& I 7—2018 (2018/08/25, 77 /L hi).
IS 2%,  “Next-Generation Application-Dedicated PET Systems,” % 1 [EI&F# A A — 2 7 iF%E4s, 2018.
(2018/9/26, HLHBKZE)

A 2R, A R FPET 22IE DR, VAR 30 4F B AL bkl DXBUR AT 2 A4 R 2, 2018/10/6. (44 B R MR
T F—)

IIARZRE, “RKFK PET 7’1 ¥ =~ -OpenPET, BHIELA PET, % LT WGI-,"JSRT 2018 42/ T #3008 kR Mhis
B ARKAIEN D EIRBAN~ 4 2 BT 2 BT iR ~, 2018. (2018/10/20, fEACHIE)

Miwako Takahashi, “Analytic approaches of nuclear medicine in epilepsy,” JSNM-EANMA Joint Symposium, &5 58
[B] B AR =2 ke 2, 2018.

Taiga Yamaya, “Current Status of NIRS Imaging Physics Research,” Workshop on Multiple Photon Coincidence Imaging,

b

a}
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2018. (2018/12/7, Narita Campus, International University of Health and Welfare)

Miwako Takahashi, “Current status of Nuclear Medicine and possible application of multi-photon gamma-ray imaging,”
Workshop on Multiple Photon Coincidence Imaging, 2018. (2018/12/7, Narita Campus, International University of Health
and Welfare)

WA RE, “EERSEABRDI O IEEE R FIERT Y VAR U LA EEMA A=V 7T 2 EESE B
(2" JCCB AMERMES: FiH, 2018. (2018/12/13 H ABUMBLER (INTO))

- 8 Lectures (7)

(1]
(2]

(3]
(4]

(5]
(6]
[7]

IWAZRE, “BEMEA PET HEEOREK,” M CTAMNA - FRRERZ > & —, 2018/1/25.

IWAHRE, “WEA A =22 TWERET — 2O, # 1 BlR—20 I 742 b, 2018/2/17 (@5%I1E
).

IWAZRE, “Add-onPET FYa =2 O T, BRERKF,/FIMACC, 2018/2/21.

Taiga Yamaya, “Development of the next generation PET systems,” talk at Brain & Mind Centre University of Sydney,
2018/6/22.

Taiga Yamaya, “PET Imaging Physics Research at NIRS,” talk at Prof. Craig Levin lab, Stanford University, 2018/6/27.
Taiga Yamaya, “PET imaging physics research,” lecture to visitiors from University of Twente, 2018/9/11.
IR ZRE, “KRD PET ZEEZAIHAE,”  THK - JKEWNF PET-MRI #5045, 2018, (WeBase &, 2018/12/2)

- 5% Educational lectures (10)

(1]
(2]

(3]
(4]

(5]
(6]
(7]
(8]
(9]

[10]

AR, BTHRZE, SEERF, Rl HFHE0, BHEER, AR, “BERELY TERFRFR
A€, 2018 4L [iT 50 ) E 16:10-17:40

IR, ARRa, SfEsEfT, HERE, 87302, HARIKR, FEzZE, “mIINFEETIER SSH IHE,”
2018/6/1. (S HRIEFI G BFIERT)

IWAFRE, “PETI/PETI, EPHPART~—+ I —i#3%, 2018/9/2. (7' U — > © 7 /)

Akram Mohammadi, “Review on In-Beam PET Imaging for ion therapy,” A & U A [E 59 FR B5%4 12 CRlflE, 2018/9/4,
(U BRI A A R R T)

IBRE, “HHBROESGH ZEPERY,” SRR PE IR A B REZE e-learning 2041, 2018/9/27 UG
ERGERT, “BURRMOEZICH BEY” SCHRFAE R AM B RS e-learning b1, 2018/9/27 .
Akram Mohammadi, “Review on In-Beam PET Imaging for ion therapy,” 77— = RESLWBL o — R 2254
M1 HIMAC B2 - BER H 328, 2018/10/1. (R E 24 A HFZEAT)

EAEETNT, “IAGR,” A 30 B EALIRESR - BT E AED HMAHE TR P9 HE, 2018/11/30.
(REHEMRALIRAE R - PRt ATHE | o & —)

IR Z8E, “Development of the next generation positron emission tomography,”  JUM KR 2B E F R 52F H30 4y
FREREIIE R 5, 2018/12/3.

WA RE, “RKPET Fmy=2 " HkiREFE JimfmigEy: #5%, 2018/12/13.

2.6 EZ Book chapters (3)

(1]
(2]

(3]

IBRE QLRBEEOOL V), “174 EMEGZEL" IEEE > 7 v 7, pp. 479-482, 2018.

Akram Mohammadi, Sakae Kinase and Mitra Safavi-Naeini, “Overview of computational mouse models” Chapter 3 of the
book “Computational Anatomical Animal Models: Methodological developments and research applications”, 2018, 10P
Publishing, ISBN 978-0-7503-1344-5, PP. 3-1 — 3-27, http://iopscience.iop.org/book/978-0-7503-1344-5.

S. Kinase, A. Mohammadi and José-Maria Gdmez-Ros, “Overview of computational frog models™ Chapter 5 of the book
“Computational Anatomical Animal Models: Methodological developments and research applications”, 2018, 10P
Publishing, ISBN 978-0-7503-1344-5, PP. 5-1 — 5-9, http://iopscience.iop.org/book/978-0-7503-1344-5.

2.7 TLR - [REWIBE Public relations activities (3)

(1]
(2]
(3]

“Washout model enhances particle range verification” appeared in MedicalPhysicsWeb
http://medicalphysicsweb.org/cws/article/research/71337, 2018/4/2.

"A Better PET" appeared in Proto Magagine (Massachusetts General Hospital), 2018/6/7
http://protomag.com/articles/better-pet

FLE 4D LA X 12T, B8 PET 5@, itk H 2018426 A 24 H(H) A& 11:30-12:00 BS 7 &

2.8 HEAE Exhibition (1)

(1]

Yok 30 AR — R ABRIC T AR /ABH, 2018/4/22.
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2.9 ZDO1thIREZE Other reports (0)

2.10 B4\ X L ®HiG Foreign guest scientists (4)

(1]
(2]
(3]
(4]

2018/4/8-14

Alberto Del Guerra (University of Pisa), Gian Franco Dalla Betta (University of Trento)

2018/6/13-17 Katia Parodi (LMU)

2018/7/3
2018/11/5

Mitra Safavi-Naeini, Ryan Middleton, Nicholas Howell, Andrew Chacon (ANSTO)
Jianyong Jiang (Washington University in St. Louis)

2.11 R=5tis Lab tours for visitors (24)

(1]

(2]
(3]
(4]
(5]
(6]
[7]
(8]
(9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
(17]
(18]
[19]
[20]
[21]
[22]
[23]
[24]

2018/1/18

2018/1/29
2018/2/15
2018/2/16
2018/2/18
2018/3/1
2018/3/2
2018/3/6
2018/3/7
2018/4/12
2018/6/1
2018/6/21
2018/7/18
2018/8/2
2018/8/24
2018/8/27
2018/9/7
2018/9/11
2018/9/12
2018/9/27
2018/10/1
2018/10/17
2018/10/17
2018/10/22

WHIFIE T HIB S5SNI BORRHET (BT AR H e (Huspsss - Jisdm
M) T HURR T IR SRS DTG T 4)

BT = SRR P RS R o X — KREBE S EEFRER

Nottingham University Hospital, Mr. Alexander John Taylor

IREA B —RES A

HLEIF—LH I T A MBINH 334

b B R F A BRE SR EANT 3B 12 4

IREA =R LA

SCERRF B EIR B R AT T IR B B Ao R PRk ) PR AR

NIH National Cancer Institute, Dr. Jeffrey Buchshaum

University of Washington, Prof. Paul Kinahan, [E]B5 ZE R Ak 7 PR 5 220 = il kR
A 1 &A% SSH —A4T

U ES A R BRAETE 2 4

HK IARU /£ 22 44

TR b =27 ARFALEE, FIWIERE, EARZER, TRBUER, BAZ =R

il 2] 12 1 4R 10 44

F—A +Z U7 AINSE Z—4T

SCERBMF A BN - FITBOR RR AN - TR E BSEEZ AR, BORRE A B &2
University of Twente Z—%7 33 4

SCHRF A REE RS B (WFCR LR ) TR b w2k Z—17

SCHEFEE BN - FIRBCRIRE RRREE, TR AR R IR R 7 LSRR
University of Woolongon internship & —17 14 4

WESREE BRI - HIRBORE DHERVERR BT EHEEE R )R
EIGERR Y — 27 > 2 v 7OBNE 11 4

JRAFJIRET B mER e SRR, HPRER 54 4
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3. SMERETME (FEZ) Awards (7)

(1]

(2]

(3]

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

Taiga Yamaya, WFNMB2018 Best Poster Award Physics, 2018/4/23. (Taiga Yamaya, Eiji Yoshida, Hideaki Tashima, Go
Akamatsu, Yuma Iwao, Hidekatsu Wakizaka, Takamasa Maeda, Yuhei Takado, Chie Seki, Makoto Higuchi, Tetsuya Suhara,
Taichi Yamashita, “Imaging performance evaluation of a “helmet-neck” brain PET prototype,” 12" Congress of the World
Federation of Nuclear Medicine and Biology (WFNMB), 2018)
http://www.nirs.qgst.go.jp/information/news_prize/2018/0511.html

FRANHN, 1E2>, & 115 [B] H ARE LIS 2I KA KA K E, 2018/4/15 (Go Akamatsu, Sodai Takyu, Eiji Yoshida,
Munetaka Nitta, Yuma Iwao, Akram Mohammadi, Hideaki Tashima, Taiga Yamaya, "Intrinsic performance evaluation of a
new TOF-PET detector module with 256-ch 3-mm-pitch MPPC array")

http://www.jsmp.org/conf/115/e_presentation.html

http://www.nirs.qgst.go.jp/information/news_prize/2018/0426.html

H S5, 5 115 [Al B RE PR ER AT RS 98557 LB v 7 — v a U, 2018/4/15
http://www.nirs.qgst.go.jp/information/news_prize/2018/0605.html

Han Gyu Kang, 2018 IEEE NSS-MIC Trainee Grant

Yusuke Okumura, 2018 IEEE NSS-MIC Trainee Grant

Sodai Takyu, 2018 IEEE NSS-MIC Trainee Grant

Hideaki Tashima, poster award at the 5™ NIRS-SNU Workshop on Nuclear Medicine Imaging Science and Technology.
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