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 本報告書は、独立行政法人放射線医学総合研究所（放医研）を中心にして行っている次世代の PET 装置

の要素技術研究開発について、外部の著名研究者からのご寄稿も頂きながらまとめた年次報告書です。2001
年度から毎年発行しており、今回が 14 冊目になります。2001 年当時は PET/CT が登場し、PET が研究用

装置から身近な臨床装置へ変貌するターニングポイントだったかと思います。その後 PET の普及に伴い、

time-of-flight 方式の PET から PET/MRI の実用化まで、さまざまなイノベーションが世界で起こってきまし

た。 

我々はこの間、こういう動向は把握しつつも、解像度と感度の両立という PET の本命課題の追及に集中

して、DOI (depth-of-interaction)という 3 次元放射線位置検出器の技術の確立に力を注いできました。その

結果、DOI 検出器の技術は国内メーカーによって採用され、ついに製品化に至りました。一方で、DOI 検
出器から、これまで誰も考えてこなかったような独創的 PET のアイディアの着想にも至りました。具体的

には、PET ガイド化の治療が可能になる OpenPET と、既存 MRI でも PET/MRI にアップグレードできるア

ドオン PET です。現在、それらの具現化に向けた研究開発を推進しています。 

放医研は、本年 4 月から「国立研究開発法人」となり、「研究開発成果の最大化」に主眼を置いた組織に

なるようです。我々の DOI 検出器を中心とした技術は、これまでの長年の研究の成果が実を結び、やっと

実用化が見えるような段階に移行しつつありますので、ちょうどよいタイミングであると言えます。農業

に例えると、収穫のステージです。一方、収穫の傍ら、次の芽を育てることも忘れてはいけません。次世

代 PET 研究会は、幅広い要素技術やニーズと触れ合って、新しいイノベーションを創出する場として、よ

り一層その役割が期待されます。引き続き、アカデミアと産業界・医療出口を弾力的に結びつける拠点と

しての役割を担っていく所存でございますので、今後とも、ご支援、ご指導をよろしくお願いします。 

 末筆ながら、皆様のご健勝とご発展を心よりお祈りします。 
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次世代PET研究会
平成27年1月30日（金）
放射線医学総合研究所 重粒子治療推進棟２階 大会議室 ほか

13:00 – 18:30 （18:30より意見交換会あり）

主催 放射線医学総合研究所 分子イメージング研究センター

後援 応用物理学会放射線分科会 千葉大学フロンティア医工学センター
独立行政法人科学技術振興機構(JST)研究成果展開事業
日本アイソトープ協会 日本医学物理学会
日本医用画像工学会 日本核医学会
日本学術振興会・放射線科学とその応用第186委員会
日本原子力学会 日本磁気共鳴医学会
日本分子イメージング学会 （50音順）

企画世話人 山谷泰賀、吉田英治、生駒洋子、小畠隆行（放医研）
山下貴司（浜松ホトニクス）、山本誠一（名古屋大学）

事務局 山谷泰賀（放医研） （jpet@nirs.go.jp）

参加費 無料（意見交換会は有料 会費2,000円予定）

プログラム概要 （敬称略）

テーマ１： 脳ＰＥＴ
Invited 千田道雄（先端医療センター研究所）
錦戸文彦、田桑弘之、樋口真人（放医研）

テーマ２： 次世代医用放射線イメージャー
Invited 河地有木（原研）
吉永恵一郎、山谷泰賀、栗原 治、他（放医研）

ポスター発表（地下1階セミナー室）

テーマ３： 粒子線治療イメージング
Invited 西尾禎治（がんセンター東）
Invited 山本誠一（名古屋大）
岸本理和、吉田英治、田島英朗（放医研）

パネルディスカッション： 核医学工学
Invited 井上登美夫（横浜市大）
Invited 掛川 誠（浜松ホトニクス）
Invited 渡辺その子（文部科学省）

http://www.nirs.go.jp/information/event/2015/01_30.shtml



次世代PET研究会2015　プログラム 

日時 平成27年1月30日（金）13:00-18：30
場所 放射線医学総合研究所　重粒子治療推進棟２階　大会議室  （講演会）

　　　　　　　　　　　　　　　　重粒子治療推進棟地下１階　  （ポスター発表）
主催 放射線医学総合研究所　分子イメージング研究センター

後援
(50音順)

事務局 放射線医学総合研究所　分子イメージング研究センター　山谷泰賀
jpet@nirs.go.jp
企画世話人： 山谷泰賀、吉田英治、生駒洋子、小畠隆行（放医研）
　　　　　　　　　山下貴司（浜松ホトニクス）、山本誠一（名古屋大学）

対象 研究者、技術者、医療関係者など専門家向けのプログラム（使用言語：日本語）
URL http://www.nirs.go.jp/information/event/2015/01_30.shtml
参加費 無料（18:30からの意見交換会は会費2,000円予定）

（参加事前登録不要）

11:00 ポスター掲示開始＠地下セミナー室
※ポスター掲示時間 11:00-19:30

（敬称略）
13:00 理事長挨拶 ⡿⩏ᬕ 放医研理事長
13:05 分子イメージングセンター長挨拶 ⸨ᯘᗣஂ 放医研
13:10 2014年度チーム研究成果概要 ᒣ㇂Ὀ㈡ 放医研

テーマ１：　脳ＰＥＴ

13:20 (invited) アルツハイマー病のPETの現状とPETカメラに要求される性能 千田道雄
先端医療セン
ター研究所

13:50 1リング試作機を用いたRFコイル一体型頭部用PET/MRI装置の性能評価 錦戸文彦 放医研
14:00 PETと光イメージングを融合したマルチモダルイメージング法の開発 田桑弘之 放医研
14:10 認知症のタウPET：一個の細胞の病態が全脳へ波及する過程を追う 樋口真人 放医研

テーマ２：　次世代医用放射線イメージャー

14:30
(invited) 放射線イメージャーで何を見るのか？
-ガンマカメラからコンプトンカメラを活用して-

河地有木 原研

14:50 標的アイソトープ療法における画像診断への期待 吉永恵一郎 放医研
15:10 Whole body radiation imagerコンセプト 栗原治・山谷泰賀 放医研

15:30 ポスター発表（地下1階セミナー室）

テーマ３：　粒子線治療イメージング
16:00 (invited) 粒子線治療における腫瘍の線量応答性観測システムの研究開発に向けて 西尾禎治 がんセンター東
16:20 (invited) 陽子線治療に関連した新しいイメージング法の開発 山本誠一 名古屋大
16:40 治療高度化のための画像診断 岸本理和 放医研
16:55 ヒトサイズOpenPET開発 吉田英冶 放医研
17:05 In-beam OpenPETシミュレーション 田島英朗 放医研

パネルディスカッション：　核医学工学 座長：藤林康久, 山谷泰賀（放医研）

17:15 (invited) 核医学最前線と医工学への期待（仮） 井上登美夫 横浜市大
17:35 (invited) 研究機関へ企業が期待すること 掛川　誠 浜松ホトニクス
17:55 (invited) イノベーションハブの理念と次世代PETへの期待（仮） 渡辺その子 文部科学省
18:15 総合討論

18:25 閉会挨拶 明石真言 放医研理事

18:30 意見交換会（会費制）＠地下セミナー室

19:30 終了予定

応用物理学会放射線分科会　千葉大学フロンティア医工学センター
独立行政法人科学技術振興機構(JST)研究成果展開事業　日本アイソトープ協会
日本医学物理学会　日本医用画像工学会　日本核医学会
日本学術振興会・放射線科学とその応用第186委員会
日本原子力学会　日本磁気共鳴医学会　日本分子イメージング学会

座長：山谷泰賀（放医研）

座長：須原哲也（放医研）

座長：辻 比呂志, 小畠隆行（放医研）

mailto:jpet@nirs.go.jp


ポスターセッション　（重粒子治療推進棟地下１階）
　　ポスター掲示時間　11:00-19:30
　　ポスター発表時間　15:30-16:00

クリスタルキューブ検出器
1 0.8 mm分割X’tal Cube検出器の試作 新田宗孝 放医研／千葉大
2 クリスタルキューブ検出器 3次元抵抗チェーンによる読み出しチャネル削減 青島広武 東工大
3 最尤推定法を用いた結晶内散乱を考慮した位置弁別アルゴリズムの開発 篠原滉平 千葉大

４層DOI検出器
4 MPPCと抵抗分割を用いた4層LYSOアレイの評価 吉原有里 東大
5 4層DOI検出器における重複結晶応答の分離法 権藤朱音 千葉大
6 4層DOI検出器における2次元ポジションヒストグラムの自動セグメンテーション法 品地哲弥 放医研

OpenPET
7 Production of 15O beam for in-beam PET A. Mohammadi 放医研

8 炭素線治療下のOpenPET検出器配置におけるMPPCの放射線損傷の評価 錦戸文彦 放医研

9
全身用Dual-Ring OpenPET画像再構成における
非対称二次元ガウス関数を用いた検出器応答関数のGPU実装

田島英朗 放医研

10 マルチGPUを用いたOpenPET画像再構成の検討 二田晴彦 みずほ情報総研

PET/MRI

11
PET/MRI一体型検出器に用いる電磁波シールドボックスの
計測に与える影響の定量評価

清水浩大 千葉大

12
MR画像の領域分割と定位固定外部放射線源を用いた
PET減弱補正画像生成法(FixER法)における至適条件の検討

川口拓之 放医研

頭部PET、IVR
13 Feasibility study of the Helmet-Jaw PET using Monte-Carlo Simulation A.M. Ahmed 放医研
14 有機フォトダイオードを用いたIVR用リアルタイム線量分布測定システムの開発 錦戸文彦 放医研
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 ࣮ࣂ࣓࣒࣮ࣥࢳ
 チームリーダー 山谷泰賀 

 主௵研究員 ✄⋢┤子、吉田英治 

 研究員  錦戸文彦、田島英朗(9 月䜎で学振≉別研究員)、品地哲弥、୰島㟹⣖ 

 技術員  ⬥ᆏ⚽ඞ 

 ༤ኈ研究員 平㔝⚈之(10 月䜎で)、Akram Mohammadi、Abdella M. Ahmed(5 月から) 

 大学㝔ㄢ程研究員 新田宗孝 

 業務補ຓ員 小畠藤 

 （チーム事務ᢸ当 大㔝䜎どか） 

 

እ㒊࣓࣮ࣥࣂ㸦50 㡢㡰ࠊᩗ⛠␎㸧 
 ᐈ員協力研究員    実⩦生（ཷධ学生） 

小尾高ྐ  東ி工業大学  青島広武  東ி工業大学（小尾研究室 B4） 

ᮧᆂ司  ᰴ式会♫島ὠ〇作所  ᑺ 㞜༡  東ி工業大学（小尾研究室 D2） 

⇃谷㞞❶※ ᰴ式会♫アトックス  㯮須 ※ 千葉大学（Ⳣ研究室 B4） 

小林哲ဢ  ᰴ式会♫島ὠ〇作所  権藤朱音  千葉大学（⩚石研究室 M2） 

Ḉ井 浩  ⩌㤿大学   篠原滉平  千葉大学（Ⳣ研究室 M1） 

谷᠇ᝅ  東ி大学   ⻄ᾏ元貴  千葉大学（山谷研究室 B3） 

Ⳣ ᖿ生  千葉大学   㔝上光༤  ᐩ山高専（5 年生・高田研究室） 

高田英治  ᐩ山高➼専門学ᰯ   

田ἑ࿘作※ ᰴ式会♫アトックス  

ὠ田明  ᰴ式会♫島ὠ〇作所  

長谷川ᬛ之 里大学   

⩚石⚽  千葉大学    

山川ၿ之  ᰴ式会♫島ὠ〇作所  

Jorge Cabello Technische Universität München (TUM)  

Ian Somlai-Schweiger Technische Universität München (TUM)   （※は手続き୰） 

 
࡞研究༠ຊඛ㸦50 㡢㡰ࠊᩗ⛠␎㸧 
 共ྠ研究先 テーマ（ᢸ当者） 

1 小尾高ྐ（東工大） クリスタルキューブ検出器の信ྕ読み出し法の研究（B4 青島広武） 

PET 散乱補正法の研究（M1 ᓮ田㈼ኴ郎） 

PET/CT 画像再構成法の研究(D2 ᑺ 㞜༡) 

2 河合⚽ᖾ（千葉大理学研究科） DOI 検出器の研究（D1 新田宗孝） 

3 Ⳣ ᖿ生 

（千葉大䢈䢗䢙䡿䡤䡭医工学センター） 

PET 画像再構成におけるモデリングの研究（B4 㯮須） 

シンチレータ内散乱線ゎᯒ手法の研究（M1 篠原滉平） 

PET 検出器一体型 MRI コイルの研究(M2 清水浩大、重粒子 C 小畠 T ཷධ) 

4 高田英治（ᐩ山高専） 有機フォトダイオード応用に関する研究(高専 5 年生 㔝上光༤) 

5 高ᶫ浩之・島ῧ次(東大) OpenPET 用放射線⪏性 ASIC の研究ほか 

6 ⩚石⚽ 

（千葉大䢈䢗䢙䡿䡤䡭医工学センター） 

DOI 検出器位置演⟬手法の研究(M2 権藤朱音) 

7 Katia Parodi 

(Ludwig-Maximilians-Universität München) 

PET イメージングの粒子線治療応用に関する研究 

8 Sibylle Ziegler  

(Technische Universität München) 

༙ᑟ体ཷ光素子の PET 応用に関する研究 
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ඹྠ研究ዎ⣙㸦50 㡢㡰ࠊᩗ⛠␎㸧 
 共ྠ研究先 テーマ 

1 ᰴ式会♫アトックス 頭部専用 PET 装置の実用化に関する研究 

2 ୕ᶞ工業ᰴ式会♫、⏘業医科大学

（┒武 敬）、⟃波大学（ᴿ 武二） 

IVR 用リアルタイム⿕᭚線量位置分布計測のための試作システム開発およ䜃

評価 

3 浜松ホトニクスᰴ式会♫ ୰ኸ研究所 次世代ＰＥＴ検出器およ䜃画像化技術に関するᇶ♏的研究 

4 みずほ情報総研ᰴ式会♫ ＰＥＴ画像再構成に関する散乱補正手法の研究 （※手続୰） 

5 （〇⸆企業） サル PET 計測システムに関する研究 

 
㐠Ⴀ費交金（人件費㝖䛟）(計 55,299 千円) 

 予⟬名 金㢠 

1 生体イメージング技術開発研究チーム分（人件費㝖䛟） 5,000 千円 

2 OpenPET 実ド機開発（人件費㝖䛟） 50,299 千円 

 

外部㈨金（┤᥋⤒費計 66,412 千円、うち外部分配㢠 33,178 千円)  敬称略、下線は代表者 

 事業 ㄢ㢟名 ┤᥋／間 
᥋⤒費[千円] 

チーム内 
メン䝞ー 

チーム外の共ྠ研究者 

1 JST 
研究成果展開事業（先
端計測分ᯒ技術・機器

開発プログラム） 

ᬑ及型・高⢭細ＰＥＴ／䠩䠮䠥一
体型装置の開発 

35,123／10,537 
（うち外部配分
29,198／8,759） 

山谷泰賀 
（吉田、✄⋢、錦戸、
୰島、平㔝、Ahmed、 

Mohammadi、品地、新
田） 

清水ၨ司（浜ホト）、井上
登美夫（横浜市大）、⩚石
⚽・Ⳣᖿ生（千葉大）、高

ᶫ浩之（東大）、小畠隆行
（放医研） 

2 科学研究費ຓ成事業 
（科学研究費補ຓ金） 
（ᇶ┙研究(A)） 

䠫䡌䡁䡊ＰＥＴによる䛂その場䛃が
ん治療イメージング手法の研
究 

11,100／3,980 
（うち外部配分
3,300／1,194) 

山谷泰賀、（吉田、✄
⋢ 、 錦 戸 、 平 㔝 、
Mohammad、田島、⬥

ᆏ 、 ୰島 、 品地 、 新
田） 

高ᶫ浩之（東大）、⩚石⚽
・Ⳣᖿ生・河合⚽ᖾ・川
平洋（千葉大）、志田原美

ಖ（東大）、ఀ藤浩、辻
ཌ至、✄ᗞ拓、小畠隆行
（放医研） 

3 共ྠ研究 
（ᰴ式会♫アトックス） 

頭部専用 PET 装置の実用化
に関する研究 

10,000／1,000 山谷泰賀、吉田、✄
⋢ 、 錦 戸 、 田 島 、
Ahmed、Mohammadi、

⬥ᆏ、小畠 

藤林康久（放医研） 
 
 

 

4 共ྠ研究 

（〇⸆企業） 

サル PET 計測システムに関す

る研究 

3,200／320 山谷泰賀、吉田、田

島、⬥ᆏ 

藤林康久、༡本敬ྐ、永

井⿱司（放医研） 

5 NEDO/島ὠ〇作所 
（ཷク） 

がん㉸᪩期診断・治療機器の
総合研究開発 高機能画像診

断機器の研究開発（マルチモダ
リティ対応フレキシブルＰＥＴ） 

2,614／261 山谷泰賀、吉田、✄
⋢ 、 錦戸 、 田島 、 ⬥

ᆏ、平㔝 

小畠隆行・ఀ藤浩・川口拓
之（放医研） 

6 科学研究費ຓ成事業
（科学研究費補ຓ金）
（ⱝ手研究(B)） 

高ឤ度な脳機能計測をྍ能と
する䛒䛤⣣䝦ルメット PET 装
置に関するᇶ♏検討 

1,200／360 田島英朗 䇷 

7 科学研究費ຓ成事業 
（科学研究費補ຓ金） 
（学振≉別研究員） 

PET 画像ㄏᑟ放射線治療に
向けた世⏺ึのリアルタイム
イメージング手法の開発 

1,100／330 田島英朗 䇷 

8 科学研究費ຓ成事業 
（科学研究費補ຓ金） 

（ⱝ手研究(B)） 

重粒子線治療における↷射領
域ྍど化画像を用いた生理機

能定量測定に関する研究 

700／210 平㔝⚈之 䇷 

9 科学研究費ຓ成事業 
（科学研究費補ຓ金） 

（ᇶ┙研究(C)） 

フレキシブル PET 装置開発の
ための独立型 DOI 検出器の開

発 

600／180 吉田英治 䇷 

10 ຓ成金 

（ᇼ場㞞夫㈹㈹金） 
 

がん診断と放射線治療を融合

する開放型 PET イメージング
手法およ䜃装置の開発 

475／25 山谷泰賀 䇷 

11 科学研究費ຓ成事業 

（科学研究費補ຓ金） 
（ᇶ┙研究(C)） 

IVR 用リアルタイム⿕᭚線量

位置分布計測システムの開発 

300／90 錦戸文彦 ┒武敬（⏘業医科大） 

12 科学研究費ຓ成事業
（科学研究費補ຓ金）
（ᇶ┙研究(B)）分ᢸ 

固体線量計を用いた頭部 IVR
診断参考レベルの⟇定と術者
水晶体⿕᭚の評価 

100／30 錦戸文彦 ┒武敬（⏘業医科大）、千
田浩一（東大）、吉永信
治(放医研)、⥥㈏ၨ一（ᇸ

⋢大）、松♸司(෨୰グ
念成人病研 )、松原ಇ二
（川ᓮ医科大）、ᒸ㷂 㱟

ྐ（⏘業医科大） 
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with Reference regionԜLGARԝ|{�ŵɦё˪̰}

�ux��̐Υ|�Óá�¾Ьμ�ʊ̆z|�Ş

ȟĢμ̞ԜDVRԝ�̤��ʹ̰�v�r 
 
	� 7.� `��Fƚň6rTĉƌ�

В� PET ʥńéП}ѓy�fzyv�_TAD
� PET y�Tͺń�ͦͰǧΐəҀzjxTtŞё

Ўuzt«ã½Ý±½u]��tͺńӪӸu_T

эюѨɃ}]Zx�Ǯӆё˪}]Zx�ӄшyv

�r 
h�}TPET аū�өμ�Ǯӆќīl�ӥ}�T

ŌВȦƿ�Ɗ͡Ӿǃz�̞_ʹZ���r�Tϫ

ǻķԜMBq/mlԝ�͈ǮϙȰ����j�эӅŒ�

tƿéəu_ӄшyv�r 
Άǐ�ʘŝ�TFDG-PET y�өμ�ĠíT�Ó

á�¾ PET y�ΑҀ��μөμ�Tp�q�э

юΐ}˽ŝl�fz_ɒшyTp�r�}�Ƥƶ

}̞�xĠZԜ�r�ԕZԝzэѢy`�ɒш_

v�rŞёЎ_��d��TPVE }�uxƤƶz

�«ã½Ý±½_í_�r�T˽ŝ_��ƵӬ}

|�réʹTͺń�ӪӸ_Ǔ`d��TөμĠí

ҽ�өμćҩҽ_Ƥƶ�ӪӸ}ǂ���r�Tf

��˽ŝ_ƵӬ}|�rf���ӖĮ�Ǯӆё˪

}xȇɰөμ�Ġí�ćҩ�˽ŝl�ǈƚ�Tȇ

ɰөμķ�Ǯӆ͈Ǯl�ǈƚ}�vx���rǮ

ӆ͈Ǯy�TPVE }��Δ̈́��Ƥƶ^��͑�

җ�}űyxTͺńӪӸ_Ǯӆķ}ǻl�Ѧț�

Ƈƴz|�r 

ͧţǵλ 
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PET £ÕÝ�̋θ}�uxƸ˗�ŞёЎzʪǿ

ϳ˽ŝ�ɤȰ_v�r�rT¼æ¶ƎөɈ}«ã

ÈÙæ¶Œyͺń�ĥɪl�ͺńŕ̃ɪzƦ��

�Ëá³±y�TʹZ�ÅÝÕæ¶}�uxͺń

�ŞёЎzӪӸ_̧��rͺńŕ̃ɪÅÝÕæ¶

�ǐy�zŞёЎzӪӸ_ǐ��_TéП}éʹ

�ƞìhn�zďʹ_Ųźl�zZxΖƍӖĮ}

v�r�TòІ�ҳɀ|ÄÝã±_ɒшyv�r

£ÕÝ�əЎӵ^�ѓy�TƸ˗ŞёЎ�ԕZ£

ÕÝ��z�z�Ǝө¼æ¶�ŞёЎ_ԕbTɤ

Ȱ�ԕZ£ÕÝ�ǒb�£�ã½�Ǝөy`x�

z�zϪєӪӸ_ȃ|Z�yTZm��˗Ťyv

�r 
PET £ÕÝy�¼æ¶Ǝөˇ�ͺńŕ̃ɪˇ}T

˽ŝƱɤȰу̐TƠƎԜ̈́ȼԝу̐Tʯþϳу̐T

ļΌƜˇєʰԜÝã·Ôԝу̐TʰyШjԜєʰ

ͬԝу̐zZurh�i�|у̐_и��xT�

�̐Υ|ͺń_ĥɪh��rf���у̐_î̐

Υ|ǈƚ}�Tͺń�ͦͰǧΐəҀ_ŲźjǮӆ

ə�ʟ|���rʪǿϳ˽ŝƱ�ɤȰ�TǮ˚ΐ

}˴̐ʹϳ͊yи���ÂæÒÞ´æ¯Ûã͈Ǯ

}��у̐zT˽ŝƱ�ǩǮə}ĪǤl�rʯþ

ϳ�Tу̐_îŽŞ|ǈƚ�ôǗҽŞԜΎҀ|{ԝ

_Β�ì_uxԕbʘŝh��ƓЎə_v�rʰ

yШjу̐_î̐Υ|£ÕÝy�TPET аūɸï

ΕɈ�·�¿Ó¹§±¥×ã|{ԕZєʰͬ_^

^urǈƚ}͈Ǯ_î̐Υ}|�rzZx��T

PET аū�ԁ^�í�Ģȩҽ}�ŞȟjTэӅǑ

^��ʪǿϳ_ӔƑҽ^�£ÕÝ}ŋ�^�yv

�r 
f��^T£ÕÝ�əЎz�ΕʖӖĮ|Z_T

Ģŵ�ͺҀ�Ųź��æ¸É�§½�Ƈƴz|�r

f�r�Trzy� 30 Şӕ�ʥń|�� 5 ŞBԩ

ÉàæÔ�·�¿Ó¹§±¥×ã�иZÉàæÔ

̜}Ģŵу̐jrɈ}űύl�zZxʹ̰�ʹZ

���r 
 


� ę¹eŁŔËCĥơƧƤ 
PET ˽˱�£ÕÝ}�uxT�rʪǿЎɸïӆT

ʥńˇӕTͺńŕ̃ɪÅÝÕæ¶|{�ʥńʹ̰

}�uxTŞёЎ�ӪӸ|{ͦͰΐəҀ_ǐźjT

Ɇ̋ˇӕ_ǐ���Şȟ�ǐ��rͦͰΐəҀ�

Şȟ_ǐźl��TǮӆķ�ǐ��Tͺń�ѨɃ

ϧ˭�ǐ��ƓЎə_v�r 
Ĳԃə�ԕZǒʺј PET ν�ǯʺl�r�T

v�Z� PET �ˉҭΐ|КȬ˽˱zjxΥρhn

�r�}�T˽˱ʹ̰�̆͋źl�zz�}T£

ÕÝ}��méǮ�Ҁ�ͺń_ɋ����x}T

£ÕÝ̜}ҳş|ʥń˥Ėyʥń_и��|d�

�|�|ZrƈǶ|ǒʺјν�̫ԓy�TӔǞ

ũ}Ëá°�§½ŌĢ� QC ʀɀІ_Ɗűƙ PET
ʺј�їƮjTPET £ÕÝ�¾æ²¥×ÞÊàæ

¶|{�̋Ʊ�ѫ˱jx͞˽�˴̐�іӍ�ΥѢ

jTPET £ÕÝ̜}É�ã½Ôѝԓ�иuxʥń

˥Ė�̧�əЎ�ΥѢl�ĥ̀_и���r 
ʼ˞˶żǧę� PET ʥńʹ̰�̆͋źz PET ͺ

ń�Ҁ�ƿҀź�įlr�}Tǧęöȁy̆͋ΐ

|˽˱ʹ̰�̧�TÉ�ã½Ôѝԓ�ʹ̰zΥѢ

l�`É�ã½Ôͺń�ͦͰǧΐəҀ�ǮЂjT

É�ã½Ôѝԓ�ǅ͋ķ�ΌмjxZ�[1]rВ�

FDG z�Óá�¾ PET ˽˱}Ӗjx�THoffman 
3D ВÉ�ã½Ô�ʹZxtͺńŞёЎu]��t͙

ΎҀǻΎҀ«ã½Ý±½uTƿéœ˰É�ã½Ô

�ʹZxtͺńƿéəuztͺńӪӸuzZxT

єԧv�ͦͰǧΐʊ̆�͈ǮjTp��_ǅ͋ķ

�͉rl�x|˥Ėyʥńl�ԜƎөˇӕ�̧�T

ͺńŕ̃ɪÅÝÕæ¶�̧��ԝfz�Ź�xZ

�[2]rf�}�uxTPET £ÕÝ�̋θ}��m

éǮ�Ҁ� PET ͺń_ɋ���z˚Ɇh��rÉ

�ã½Ôѝԓ�ǅ͋ķ�Tf��y}ǯʺƋ�ͮ

Ƽǯʺô�̫ԓ�КȬνy�ʥń˥Ė�ƊЅ}T

ͮƼƹŒyʹZ��xZ�ǓҽŞ� PET £ÕÝ_

Ұɪy`��x}Ǯ�rrȀ˦ƒZ£ÕÝ_ȴ˻

h�ʸjZəЎ�РZ£ÕÝ}Ͽ`ʚ�uxиd

�Tǅ͋ķ���ԕZàÍß}ǐ˒h��ƓЎə

_v�r 
h�}ʼ˞˶żǧę�TȠ˙l� PET ʺј}ǻ

jTʺјїƮzÉ�ã½Ôѝԓ}ǅwZxTɀџ

ʺј_ǧę�̆͋ΐËá½«æß}ǅwZxҀ�

ԕZ PET ˽˱�ǯʺl�Ўů_v�fz�Ѣћl

�tPET ʥńʺјѢћu�ŦȰ�јdxZ�rǒ

ʺјνËá°�§½�ѸėІ�Ɗűʺј�ҵɼ

�ӔǞũ�ΥѢ}f�ѢћŦȰ�Ťʹy`�r�

rTËá°�§½z�ӖĮ|b PET ʺј_̆͋ź

zҀ�ƞì�r�}Ѣћ�xd�fz�ʗǚh�

�r 
 

 
ÐƉġŝ 
[1] http://www.jsnm.org/guideline/molecule 
[2] http://www.jsnm.org/files/pdf/guideline/2013/ Ѣ

Ξ·É�ã½Ôѝԓ 130814.pdf 
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ǖǝǗ� ��eƦ°Ńtš.=�

�/ gZ��®áǑƿš 7.��4�2 ƗƇeĉƌƥ²�
ӌɭ ʲɂ 1)ԟιͭ ΕǢ 1)ԟ͵Ȓ У˘ 1)ԟ̢͂ ̺Ǔ 2)ԟ 

ХȩͲ 2)ԟȂ; ӡи 1)ԟȍѲ ̳Ѽ 1) 
 

1)ʪǿϳżǧϲƚνɰԟ 2)žЩǓǧ 
 

�� I8mF�

ɫs�ӔΌjxZ�tPET/MRIéĢǁ˽ŝƱu

�TԀҽϳʹ�PET/MRIрϿyv�TPETрϿ�Þ

ã¨Ʌ�Ȃhbj¯ã¸àæ¶�͈ǮǻѴ}Қw

d�fz}�uxTԕZξӕŞёЎåрϿɤȰ�

ɋ�fz�ΔΐzjxZ�[1]r�rTPETрϿ_Ì

¹¾«�ßzéĢz|uxZ�r�TʻǤ�MRI
рϿy�ħʹ_ƓЎ|fz�ΛБ_ϔĭyv�z

Zxͧɐ�ʉuxZ�r 
ͮƼ�y}2Ĵ�4ȌDOI˽ŝƱzѝĥÌ¹¾«

�ß�ʹZxTƜˇƎө}]d�ΖąɃӹ�ν

�иux`r[2]rj^j|_�T1ǻ�˽ŝƱj^

͟^urr�}PETĻ��Õæ°ã¨əЎ�ќī

�иxfz_îƓЎyvurrpfy˞νy�

PETрϿzjx��Õæ°ã¨əЎ�Ɵ�rќī

�иxfz�ΔΐzjxT1-ringŞ�PET˽ŝƱ�

ʉvѝĥǁPET/RMрϿ�ӔΌ�иurr˞Ǉƣy

�PETzMRIòʹ�əЎ�TƁͪyʥń�иurǈ

ƚåƜˇʥń�иurǈƚy̞ґ�иurϧ˭�

Ψlr 

�� Ĥŋ�

��� �� ��eƦ°Ń�

Ʒ 1 }«�ßéĢǁ PET/MRI 1 Þã¨ѝĥ̋�

ΨlrPET ˽ŝƱ�Äæ¾©æ°«�ß� 8 v 

àÕã½ӕ} 8v� PET˽ŝƱ�Ə�Đdxv�r

Ʒ 2 }ѝĥрϿ}ħʹjr PET ˽ŝƱ�ŗΚ�Ψ

lrϧˋÊá¹§� 2.0mm × 2.0mm × 5.0mm �

LYSO � 19×6×4 Ȍ}ϥ�ìer 4 Ȍ DOI ˽ŝƱ�

ħʹl�rƐŉϠǢ� 4×4 � MPPC �à�

(S11064-050P)�ħʹjT1 v�˽ŝƱvr�} 1×6
� MPPC �à�_ʠҒh�xZ�r�ãËƳ҈z

���½ÔƳ҈�y_ 35µm �Ӊόф�¯æß

¾Ð¹§±(224.8×94.0×36.6 mm3)Œ}ŋux]�T

p�ď�Ƴ҈}� 10m ©æÊß�Ҥjxʖϭ�и

xr 
 

��� �ìǔnsvXs��

MRI z � Ɯ ˇ ʥ ń ǯ ԓ y � Siemens 
MAGNETOM verio (3.0T)�ʹZxиurrMRI Ð
�Œ}� PET рϿåRF «�ß���Ͽ`T10m �

©æÊßҤjxĲƗѨŝjåӭ͊ĩϩ�иuxZ

�r¼æ¶�ƎөрϿTMPPC ��ãË�ӭ͊�

MRI ͺń�Â�²z|�|Z�x} MRI ǰǑ}Ͽ

`TÎÁ½àæ¯ÛãÅÁß�Ҥjxʖϭ�иu

xv�r 
 Áß¦æŞёЎ�ќī}� Na-22 ͞ϳ͊�э

ӅôǗ}Ͽ`͈Ǯ�иurrξӕŞёЎ�ќī}

� 0.2mm � Na-22 ͨ͞ϳ͊�ħʹjTƷ 3 �Ҥ�

PET � FOV �ôɑ^� 0mmT20mmT40mmT60mmT

80mm �ğϿ}Ͽ`͈Ǯ�иurrp�q� MRI
ʥń͟jT(MRI off)TFast Spin Echo ̰(FSE)TEcho 
Planner Imaging ̰(EPI)yƜˇʥń�иZTƙğϿ

y 10 Şӕ�͈Ǯ�иurrMRI ͺń�ќī�œψ

ͨ�ǊźÀ¹©ß̢͍̾É�ã½Ô�ϫǻķͺń

�ƏɋjTțŞ̰�̤�xͺń� S/N �ύŝjr

[3]r 
 

 �  
 

Fig. 1. «�ßéĢǁ !3A��"7�	 Þã¨ѝĥ̋ 
 

 
 

Fig. 2. !3A��"7 ʹ ) Ȍ 2 7 ˽ŝƱ 
 

�  
 

Fig. 3. ǯԓ³¹½�¹ËzŞёЎќīy�͞ϳ͊�ğ

Ͽ 

������		

�� ���		

PET$	��

������

Offset(mm) 0 40 60 8020
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	� ƃĹ�

Ʒ 4 } MRI ʥń͟jTƜˇʥń(FSETEPI)�и

urǈƚy� PET ˽ŝƱ� Áß¦æ±Î§½ß

�Ψlr Áß¦æ±Î§½ß�ƙϧˋӕ�Όŉ

ӆ�țåMPPC �ª�ã���v`φ�у̐�иu

rͦyv�r Áß¦æŞƓЎ�Tp�q� 19.3 % 
(MRI ͈Ǯ͟j), 19.3 % (FSE)T 19.4 % (EPI)yv�T

MRI ͈Ǯ}��əЎŲź�ы��|^urr�rT

ϧˋȶţЎ�ǐź_͟ZzZxϧ˭_ɋ��xZ

�r 
Ʒ 5TƷ 6 } FBP ̰TOSEM ̰}�uxɋ��

rƙϳ͊ğϿy�ξӕŞёЎ�ΨlrOSEM ̰y

� 8Ê³¹½T5ƍɍy�єύϧ˭�ΨjxZ�r

ſķȤy FBP ̰y� 3mm ēíTOSEM ̰y�

1.6mm ēí�ξӕŞёЎ_ɋ��rr�rT Á

ß¦æŞёЎzƜkb MRI z�Ɯˇ͈Ǯ}]Zx

�ξӕŞёЎ�Ųź�ы��|^urrűyx DOI
�Ŵ˭}�� FOV �ς�ҽŞy�ξӕŞёЎ_Ǔ

`bŲźl�fz�͟^urr 
Ʒ 7 } PET рϿ�Ǝө�и�|^urǈƚzT

ƜˇƎө�иurǈƚy� MRI ϫǻķͺń�Ψlr

p�q�É�ã½ÔôǗy� S/N �ķ� 259.7 z

209.4 z|ux]�T2 ŬηȰ� S/N �Ųź_я͈

h�rrS/N �Ųź�Ƈƴ�év�ӭ͊^��Â�

²yv�Tf��ÎÁ½àæ¯ÛãÅÁß�Εũ

}É�ß¶Ƴ҈�ʏŋl�fzyĠ̈́l�fz_T

ͮƼ�y�ǯԓyŞuxZ�r 

 
Fig. 4.  Áß¦æ±Î§½ß 

 

 
 

Fig.5. FBP yɋ��rξӕŞёЎ�ğϿĪǤə 

 

 
Fig. 6. OSEM yɋ��rξӕŞёЎ�ğϿĪǤə 

 

�  
Fig. 7. PET Ǝө͟j(γƷ)T˗�(ƖƷ)y� MRI ͺń 

 


� ƃƬ�

RF «�ßéĢǁ PET/MRI �ʹZxTƜˇʥńí

}]d�əЎ�ќī�иurrPET рϿ��Õæ

°ã¨əЎ�TƜˇƎө}]Zx�Ųźl�fz

_͟bTэӅŌĢy 1.6mm ēí�ξӕŞёЎ_ɋ

��rr�r MRI ͺń�ƜˇƎө�ӥ} 2 ŬηȰ

� S/N �Ųź_ы��x]�TČɈ�ӭ͊Ý�ã

}É�ß¶Ƴ҈�ʏŋ�иxfzyʨưjxZb

āǮyv�r 
 
ÐƉġŝ�
 

[1] Nishikido F, et al., “Feasibility study for a PET detector 
integrated with an RF coil for PET-MRI”, IEEE 
NSS-MIC, M13-7, 2011. 

[2] Nishikido F, et al., “Feasibility of a brain-dedicated 
PET-MRI system using four-layer DOI detectors 
integrated with an RF head coil”, Nucl. 
Instruments Methods. A. 756 (2014) 6-13 

[3] ̢̺͂Ǔ ďԟtPET/MRIéĢǁ˽ŝƱ�ӔΌԭ¯

æß¾Ð¹§±�“ӭ̸}��Ą̍Φͻ�ќīuԟ

ȦɪԥԨȧȰ̍ñđPETνǇƣ˓ԟ62-63. 
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ǖǞǗ7.� C¼Z��k�etƓØT=��r�q�Z��k�eŋe�

ǅū�
͵˺ȹø 1)TЏƾίŊ 1)Tƛ͵Уř 1)TƩƽƫȺ 1)TȍѲ̳Ѽ 1)TͲԒ̴Ǣ 1) 

1) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 
 
 
�� I8mF�

ͲĢŒy�Tǒ̄|ϥϽ�Ϣ→_Ζą}Ƕʖ}

ӖĮj|_�p�ɚμə�ϮʉjxZ�rВ̷ŵ

�Ĩ}ʌe�zTΫϦ̷ŵ}ěx Áß¦æ̽Ѻ

�T̽Ѻ}ǻl�ҳş|Вж̸ѫϐ}�ux Á

ß¦æ�Ӯшzĩϩ�ǩǮhnTɚμə�Ϯʉl

�rf�ˇTΫϦϢ→�¨Þ�Ϣ→�жώϢ→_

Ƕʖ}Ζąĥʹl�fzy̐μ|̋Ў_ɪ�ρvr

f��x|ϥϽåϢ→ӕ�ΖąӖĮ�ёʿl�f

z�TͲƧ�ǅΓÕ£À²Ô�Ͱё�―�TΆɦ

њʷ�̫Ί̰�ӔΌ}v|_�rхʰ�ͲĢÅÝ

Õæ¶æ�͈ǮjΖą}̞ґl�r�}�TƙÅ

ÝÕæ¶æ�͈Ǯ}˕ҳ|Ö·Þ»�æ�ϥ�ƚ

�n�fz_ӄшyv�TÒß¸Ö·ß�Õæ°

ã¨_˕ҳ|͈ǮºæßzЅy�r�rTƙ͈Ǯ

¯±»Ô}�͈Ǯì�Ӛͻ_ǤƼl�_TÒß¸

Ö·ß�Õæ°ã¨�ʹZ�fzyîɋɣ|͈Ǯ

Ӿǃ�Ζą}уǪjvxfz�y`�r�

˞νy�TȂŵͦ�В�ǻѴzjrŉ�Õæ

°ã¨zӟӭǢʪŝʷȌʥɃ̰Ԝ!3Aԝz�Ɯˇ͈

Ǯ¯±»Ô�ӔΌjrrȂŵͦ !3A �TŌВΐ|

В̋Ў�͜·�ΆƇ¶ãÅ§φ�КȬνzŎҤ

�͈Ǯɴйyиxfz_y`�réʹTŉ�Õæ

°ã¨�TКȬ͈Ǯɴйz�úӫjxZ�_TÓ

§áãàÍß�ξӕёńȰzÓÞγƁğ�ˇӕŞ

ёЎ_v�T!3A ���ѠϢ}ͲƧͮѴ�яǹy`

�rl|�tT!3A zŉ�Õæ°ã¨�͈Ǯɴй�T

́�xРǜ|ΖуΐӖĮ}v�zZy�r˞ν

y� !3A zŉ�Òß¸Ö·ß�Õæ°ã¨̰�Ӕ

ΌjTŵͦǯԓ}��ќījrr�

�

�� Ĥŋ�

ŉz !3A �Òß¸Ö·ß�Õæ°ã¨¯±»Ô

�TԦv�шϠɴй�ϥ�ƚ�nr̃ɪz|ux

Z�ԜԜԤԝ VLT!3A	TԜԥԝԕҥ 112 £ÕÝ¯±

»Ô�ħurŉ�Õæ°ã¨ԥTԜԦԝюӂÒ�±

�ǯԓϜԦԝrēí}ѠϢ�іҝl�r�

�

 VLT!3Aԭñͻš�Ӕʪǁ !3A рϿyv�T˽ŝ

Ʊ_Ɠŵȷ}|uxZ�r˽ŝƱ�ʶ�}ҿϿl

�fz}��T͈ǮǻѴŵͦz�ӕ}±Îæ±_

Ͳk�rf�±Îæ±}ŉ�Õæ°ã¨ʹ�ǻͦ

àã²�јϿjrԜƷԤԝrf�ˇTǻͦàã²

�  VLT!3A �͈ǮӾǃŒ�ǑĻ}јϿy`�r�T

ŉ�Õæ°ã¨рϿ}��Â�²�ǓȤ}̈́�n

�r�

�
ƷԤрϿ̇ȷƷ�

�

ԕҥ 112 £ÕÝ¯±»Ôԭǅ˞ΐ}�Ãáªã

ÝãË�r�àæ®æyВм�͡ǿjTдŉ�r

�ƍǿŉ�Zbv^�дŉÉ�ß¶æz·�§á

¹§ÓÝæ�ʹZxԥv�̱Ӓ�ŉ}Şdxp�

q��ԥv� 112 £ÕÝ��P1/��
��0WHPT[P;PUT��

AU4]U��8HVHT	 yƜˇ͈ǮjrԜƷԥԱԝr͈Ǯ̰

�TЖӭğɤƐəСϠ�Õæ°ã¨ԜC#27ԝTÉ

ÝÇãдŉ¶ãÅ§�Õæ°ã¨�4/7	 TŒƴəĲ

Ɨ�Õæ°ã¨�7 #7	 Tàæ®æ±Î¹§ß�Õ

æ°ã¨Ԝ�#7ԝ_ƓЎyv�Tԥv�ϥ�ƚ�n

xƜˇʥńl�fz_y`�ԜƷԥԲԝrC#27 �T

ЖӭğɤƐСϠ�ʹZxΫϦ̷ŵ}ěxЖӭğǐ

ź�͈Ǯl�fz_y`�Ԝų҂ŉ �(�TԮдŉ

���TSԝr4/7 �TΫϦ̷ŵ}ěxÓ½«ã¾Þ�

�ӁϠđѯ_ʈɹl�fzyͲk�ӭǢĚҰϜŒ

�ӁźǁÉÝÇã¶ãÅ§}��ЛǳдŉȾȰǐ

ź�͈ǮjxZ�rf�}��TВѿ̷}ěxӁ

Ϡđѯǐź�͈Ǯy`�Ԝų҂ŉ )�TSԮдŉ

(TSԝr7 #7 y�TӁϠźÌÖ¨áÇãzБӁϠ

źÌÖ¨áÇã�φƠŉ͞}ҚZ ,�TS �ŉ�В

м}͡ǿjTp�ƍǿŉ�Ơŉǐź�͈Ǯl�f

zyϲÌÖ¨áÇã�͈Ǯl�rϲÌÖ¨áÇã

ӆ�TÌÒ½§Þ¹½_éǮyv�zĔǮjrǈ

ƚTВж̾ӆzΖƜ|ķzZy�r�#7 �TВм}

àæ®æŉ�͡ǿl�ăyͲk�±Î¹§ßÅ¶

æã�ˇӕǐźͬ�ͺńźjxZ�ԡf�ǐźͬ

�ö}ҁжͯ�ŵ`}ĪǤl�r�TВж̸}Ӗ

ҧjr͈Ǯķ�ɋ�fz_y`�rffy�ԟͲ
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ĢŒҢҮə�ԕZ ,-�TS �ҚҁǑàæ®æ�Вм

}͡ǿjԟ112 £ÕÝyʥɃjrr�

�
Ʒԥ� ŉ�Õæ°ã¨рϿƷ�

�

юӂÒ�±�ǯԓϜԭВм�ŉ�Õæ°ã¨yΕ

ʖ͈Ǯl�r�}TÒ�±�Ԁҽ}ԀЭπ̰ԜԀ

ЭԔ�œɁ}ӜƉjxВм�ӰŝhnTp�ì^

�¤Ý±Ëàæ½yǶǽl�ԝ�ʺjrrf��

y}ɫs�Tюӂͨɦ�Ò�±�ǩǮjxрϿ}

ƸǮl�ʹ̰�ʻ}ӔΌjxZ�Ԧrf�ʹ̰y�T

Ò�±�Ԁҽ��ƸǮh��_TĢ�ƻϺξ̡y

̻ҫl�Ðæß�ì}ûux]�ԟҬŵˇ}�Њ

�ŵ`yͭ_ƳҎl�ԡf�ƳҎ}��Ò�±�ԟ

Њ�ŵ`�ʃˤh��ă|bЛͶ}Ҭŵy`�r�

�

ɫs�T VLT!3A Œ}ŉ�Õæ°ã¨рϿzюӂ

Ò�±�ǯԓϜ�ϥ�җ�fzy !3A zŉ�Õæ

°ã¨�Ɯˇ͈Ǯ¯±»Ô�ĥɪjr�ƷԦ	 r˞

ǯԓ¯±»Ô�ʹZ�fzyTюӂÒ�±^� !3A

zŉ�Õæ°ã¨�Ɯˇ͈Ǯ�иZTò͈Ǯķ�

̞ґё˪l�fz_y`�rffy�T¾æÅÓ

ã 2
à³Ë¶æϧƚЎ͈Ǯʹ½àææyv�

F		1G�WHJRUVWPKL�ʹZr !3A͈Ǯzàææ±Î

¹§ß�Õæ°ã¨}��Вж̸є͈�иurr

!3A ͈Ǯy�TF		1G�WHJRUVWPKL �ӳАŒɸïɈT

.� Şӕ�·�¿Ó¹§ !3A ʥń�иurr�

�

	� ƃĹ�

Ʒԧ�T VLT!3A zŉ�Ɯˇ͈Ǯϧ˭�ΨjxZ

�r�#7 }��Вж̸�Õæ°ã¨�T VLT!3A р

ϿŒy�ǩǮjx͈ǮƓЎyv�fz_Ψh�r

� Ʒ ԧ ì Ʒ 	 r h � } ͝ Ӂ ¤ ± Ơ ŋ ѵ Ф

Ԝ6]VLWJHVTPHԝ}��Вж̸ǌű�ΥѢy`rr

!3A ͈Ǯ}]Zx�T�F		1G�WHJRUVWPKL �ϳ˥Ģ

}]d�өμ�ΥѢy`r�ƷԧíƷ	 réʹyT

à³Ë¶æ�ȃ|ZȂВ}]Zx�Tv��өμ

_ы��|^urrF		1G�WHJRUVWPKL �өμ�TŒ

ƴə�¾æÅÓã�ʪŝ}��ǐźl�r�T¾

æÅÓãʪŝӆ�ќīy`�r!3A ½àææ�T

Вж̸}�uxВŒ}Ҭ���r�Вж̸ǐź}

��͈Ǯķ��Ƀӹ_Ѕy�y�rČɈ�Tf�

!3A zŉ�Òß¸Ö·ß�Õæ°ã¨�ʹZxT

!3A ͈Ǯķ}ǻl�Вж̸�Ƀӹ�ѫ�xZ`r

ZzЅyxZ�r�

�
ƷԦ�Òß¸Ö·ß�Õæ°ã¨¯±»Ô�

�

�
Ʒԧ�� VLT!3A zŉ�Õæ°ã¨�Ɯˇ͈Ǯ�

�


� ƃƬ�

˞ν}��Tŉz  VLT!3A zϥ�ƚ�nrÒ

ß¸Ö·ß�Õæ°ã¨¯±»Ô�ĥɪjTȂŵ

ͦǯԓ}]ZxǩǮjx͈ǮƓЎyv�fz�Ψ

jrrͮƼ�y}Tŉ�Õæ°ã¨�TΫϦTӁ

ϠđѯTВж̸�͈Ǯ_ƓЎyv�Tf��zǒ

ʰ� !3A ½àææ�ϥ�ƚ�nx͈Ǯl�fz

_y`�rČɈ�T΅ɞÖ¼ßŵͦ|{��ɔʹ

ν�ҤkxTh�|� !3A zŉ�Òß¸Ö·ß

�Õæ°ã¨ɴй�ƓЎə�ʕuxZ`rZr�

�

ƊЅʲͫ�
[1] Yamaya T, et al, Phy Med Biol 53:757-775, 2008 
[2] Takuwa et al, J Neurosci Methods. 237:9-15, 

2014  
[3] Takuwa et al, Brain Res. 1369:103-11, 2011
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ǖǟǗƧŰŧep[ PETǤ�´eƁƋeŦĊP½ƍiŌÑVTƼŶtƸL 
 

̅ƑΚĊTõȍȀ̺TȒ͵ʳTϓҲċTǦʴTȂӅԘлǢTġƇɪɂT͵˺ȹøTȽʿ˲TӽƇƫý 
ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 

 
 
�� p[ PET eűŷǅū 

�ßºÃ�ÒæΆԜADԝ��k�zl�ΫϦǐ

əǁѢΞ·�T�Óá�¾βԜAβԝ�¶�|{TΆ

ΐ¶ãÅ§�ϳϮəśөĢ_ВŒ}Ьμl�fz

�ΆͰǧΐͧɐzl�rΆΐϳϮ�β¯æ½zZx

Ą̍̃Ҧỹɪh��fz^�Tβ¯æ½}ϧƚl

�ĠŞǢźƚͦ�±§ÞæÀã¨z̃Ҧʨǐ�Ҥ

kxTAβ�¶��ϳϮ}ҵɼə_ԕZʪǿəÞ¤

ã¾�ӔΌjTPET }��Ö¼ßÒ�±�Æ½y

Άǐ�˽ŝl�Ə�ϥ�_|h�x`rrAβΆǐ

� PET �КȬ�¶� PET }ňиjTƙƹyаăɳ

Ѣ_ɋ��Ǟ�xZ�réʹT¶� PET �ƹŒǑ

ƚ�nx 3 v�¨ßæËyöш|Þ¤ã¾_ͪЛ

}ĥфh�T̞ Қ}|�КȬɔʹ_ҩȊjxZ� 1r

f�}��T¶�Άǐ� AβΆǐz|�TЬμҽ

ğ_ AD Ά˚�ҤkxʆǓjϭd�fz_Ţʿj

rԜƷ Aԝ1rɊux¶� PET �˜Ά̍˚^�ӄ·

AD }М��yTéѷjxӄ·Ȱ�ʊ̆z|�x�r

f�� AβΆǐ PET }�|ZͧӒyv�T¶�Ьμ

_΅ɞ�ҩи}Ƕʖ}ϧ�vZxZ�fz�ɣƥ

l�rAβЬμ_҂f�|Z�x|Ӵ AD ǁѢΞ·

}]Zx�T¶��j�j�ô˶ΆͰzjxВŒ

}ЬμjTPET y˽ŝh��¶�ЬμҽğzВЧ

Ϻҽğ_�béНl�fz^� 1T¶��̄s|Ϋ

ϦǐəǁѢΞ·yΫϦ̝ə�Όʜl�zЅy��

�r 
 
�� ��_{ZwCTAep[ŦĊ 

¶� PET yΨƬh�rӄш|ɰы�Tűԙ}ě

Zіɩ}Ӗ��ВӾǃyv�̼ԏĐҚy AβЬμz

�ͪρ}¶�_Ьμl�fzzT�zr� AβЬμ

_Ͳk�z¶�Ьμ�̼ԏēǑ�Ӿǃ�zʆǓjT

AD Ό·�Zx�ӄ·ź}М�zZxfzyv�

ԜƷ Aԝ1rҚȧT¶��ģ�^�ͰͶyμ|ρ

Ģ̃ҦԜ«ãÉ¡Õæ¯Ûãԝ�Ƣl�zTp�

_Ӌǁz|ux̐μ|¶��μ«ãÉ¡Õæ¯

Ûã�¶�}ǐyxj�xzZxϢ→ŒĚˮÕ£

À²Ô_̲Δh�xZ�ԜƷ Bԝ2rh�}μ¶

��Άΐ|ΫϦϢ→^�̐μ|ΫϦϢ→�zϢ→

ӕĚˮԜĚʤԝjTӋǁz|ux̐μ|¶��ҧ

ӏΐ}μ|¶��zǐʚl�fz_ǅΧνy

Ψh�x]�ԜƷ Bԝ2TКȬ¶� PET �ɰыzƚ

НjxZ�rf��x|ӋǁͧəzĚʤͧə^�

|�Ěˮə�ËÞ¢ã¶ãÅ§}đмh��̄s

|ΫϦ̝əƴǢ�ͧɐyv�fz�ŢʿjǞ�x

]�TËÞ¢Â�¾|{zϲδh��r 
 
	� ń�§Z��k�eFnT��_{ZweĽÁ

CƸƲ 
ËÞ¢Â�¾Άɦ�TƇͰΐ}�ƁéΫϦϢ→

�ĢϢ→ҶĚǢǐ|{}�uxTËÞ¢Â�¾

ŞǢ�«ãÉ¡Õæ¯Ûã_μ�`rlfz}

ς�Όjx�ԜƷ Bԝ_Tf�_ď�Ϣ→}ŋ�җ

×yǐ�|ZËÞ¢Â�¾ŞǢ�«ãÉ¡Õæ

¯Ûã�μźl��yTéыl�zҶĚǢǐ

_Ӗïj|ZΆɦ��x}ʐy���^�j�|

Zr�rTΆɦ�˕š˚�ƁéϢ→�μyv�T

f�_ɎȂͱǋ�ΤϰT�Zx�ΫϦƳ҈�Ěu

xŌВàÍß�μ�ȸ`҂flzЅy���r

Άΐǐź�Ǟ���ʐyTtпǲu_˕Ȃ|̙Ӣ

y̫Ί�иxr�}�TÃæ¾����Ӷʸ�҃

ԕ̞ʪǿЎÞ¤ã¾�ǯͮ|{�ҤkxTPET }

��ËÞ¢Â�¾˽ŝ�ɤȰzξӕŞёЎ�ƞì

hn�ɒш_v�rh�}ɎȂͱǋ�ΫϦƳ҈�

�Ƀӹ�ѠϢ}ё˪l�ΔΐyTPET zŉ�Õæ

°ã¨åMRI �ϥ�ƚ�nrÒß¸Öæ·ß|є

͈̰�̤����rǯӥ}ʪżyӔΌh�r¶

� PET Þ¤ã¾�дŉËáæÊzjx�ħʹy`

�fz^� 1TÞ¤ã¾_ϧƚl�¶�śөĢ_Ƥ

ƶ�ͱǋ}ƌ�lɃӹ�ŉ�Õæ°ã¨yʐy|

_�TPET y��ȫZϑƶ�ыͅlfz�ƓЎy

v�r�rTÈãÑ�ã½�ł^|ǐź�ϙǶ}

˽ŝl�r�}�T±¥×ãô�Ģŵ�Вж̸ǐ

ź�Ƀӹ�űƥjx·�¿Ó¹§ PET ¼æ¶�у

̐l�ɒш_v�Tp�ɣƥy PET zŉåMRI �
Ɯˇє͈�Ʉρtx�r 
 

� ��_{ZwªĘŃûeĽƤCŉũi 

Ò�§á·��Þ¯±�ʹZrΫϦβǧν}

��TAβ�¶��ΫϦϢ→^�̷əĪǤΐ}ʪŝ

h��fz_Ψh�x`xZ�rf�fz^�T

ͧǮ�ΫϦƳ҈�μОǛzËÞ¢Â�¾�Ěʤ

�Ζąįҩΐ}ĥʹjƚxzʗ͈h��rfxj

rͧǮΫϦƳ҈�ŦɌj|_�ËÞ¢Â�¾Ьμ

ҽğ�ʆǓ_ɷy���fz�˽ћy`��TË

Þ¢Â�¾Ěʤ�ΫϦ̷ŵĪǤə�ћʿy`�z

Ɯˇ}TĚʤ�ԌZ̏��̫Ίɱ̙_�r�h�

�rӚȇjrΫϦЁ�Ƴ҈�ҲӣŦɌl�ɱ̙z

jxTǐǁΫϦƐǴĢyv� Designer Receptor 
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Exclusively Activated by Designer DrugsԜDREADDԝ

_ӔΌh� 3Tʪży� DREAADD �Ɠэźl�

PET Þ¤ã¾�ӔΌ�ҰɪjxZ� 4rDREADD
�ŒƼəΫϦĚҰͦҀz�ƍɔnmTǑ^�ɸï

jrĊβÞ¤ã¾zƍɔjxTϢ→̷ə�ǐźh

n�rËÞ¢Â�¾Ьμ_ÈãÑ�ã½y˽ŝh

�r̙ӢyTDREADD �ʠҒjr��ß±Í§¶

æ�TDREADD �Όͮl�Ϣ→�̫ΊϠǢzjx

p�Ñ�ã½}̲ŋjTPET y DREADD �Όͮ�

ΥѢj|_�TĊβÞ¤ã¾�аŴӆyɸïjx

Όͮҽğ�ΫϦ̷ə�ҲӣŦɌjx�rf��x

|ŦɌ_ËÞ¢Â�¾Ěʤ�ΫϦƳ҈μ�ɷŦ

jx�^{x^�TÒß¸Öæ·ß�Õæ°ã¨

y˽ћy`�zыҗ���rh�}Í§¶æ�Ϣ

→}�TsiRNA �Þ«ãÇ¿ã½ɹĢ|{T̫Ί

Ŵ˭�ԕ��ƴǢ�ƚ�nxʠҒy`�r 
 
(� ƃƬ 

ВŒ�ÈãÑ�ã½}]d�μ_Ƴ҈}̭u

x̱ƌjTѢΞ·|{�ΫϦ΅ɞΌ·}М�zZ

xΆɦĔѧ�ћʿjT҃ʽ˚�њʷ�ƓЎ}l�

ìyTʪǿаū�Ɵ�r PET ¯±»Ô�ԕɤȰź

zԕŞёЎźzTÒß¸Öæ·ß|ͺńє͈ɴй

_îƓ̌z|�x�r̫ Ίčŋy� DREADD ��

x|�Õæ°ã¨zŦɌ�òʹ�éʌ}ǯͮl�

ŞǢ_ŤʹƓЎz|�T̫ΊϠǢ�ÈãÑ�ã½

�̲ŋzͺńÖÀ¶Þã¨}�uxT҃ʽ˚�̫

Ίzp�ќī�ǯͮjx�r 
ÈãÑ�ã½�μ_ВŌĢ}Ěʤl�Õ£À

²Ô�T¶���x|ËÞ¢Â�¾�Ьμ��|

�mTx×^×TɎȂҽğy�гжåŝжåɤˮå

Ǒŀ|{T̄s|Άΐǐźyɀx���fz�Ѕ

y��TВ΅ɞνzњΊ}]d�Êàæ§±ß

æ�˚Ɇh��r 
 
ÐƉġŝ 
[1] Maruyama M, Shimada H, Suhara T, et al.: 

Neuron79: 1094-108, 2013 
[2] Hardy J, Revesz T: N Engl J Med 366: 2126-8, 

2012 
[3] Zhu H, Roth BL: Neuron 82: 723-5, 2014 
[4] Ji B, Kaneko H, Inoue H, et al.: Neuroscience 

2014, 850.07 
 

 
 

 
  

Ʒ� (A) ʪżyӔΌh�r¶� PET Þ¤ã¾ PBB3 }��Æ½В PET ͺńrűԙ}ěZ¶�Άǐ�

̼ԏĐҚԜΝԀԝ}Ьμl�_f�ˇ͞y�ѢΞӦǲ��z×{Ѣ�|ZrҐȰѢΞӦǲ^� AD Ό·å

ҩи}М�ҮηyT¶�Ьμ�̼ԏēǑ�Ӿǃ�zʆǓl�r (B) ¶���k�zl�ËÞ¢Â�¾

�ВŒĚˮԜĚʤԝÕ£À²ÔĔѧrѠϢ�˞ʲ�Ɗ͡�fzr 

A 

B 
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ǖǠǗĜðƅZ��k��B¯tƛTeOǥ 
-a��`��Oog��v�`��tōšTA- 

 
̪ƽ˗˛ 

ʼ˞ƇǢůνӔΌ̋̃� ӆǢÇæÔɔʹν³ã¶æ 
żΊåÄ�¢ɔʹӆǢÇæÔɴйνÚÀ¹½� RI �Õæ°ã¨ν¨ßæË 

 
 
�� I8mF 

Ɋ˦� PET, SPECT рϿzZurżʹʪǿϳ�

Õæ°×æ}��ƓэźǻѴ�Ttњʷu�Δΐ

zjr RI ̆Ѱjrźƚ Ԝͦаūԝ_ö̸vur_T

��μ́ΐ}t̫Ίu�эӅ}ŋ�rʪǿϳ�Õ

æ°ã¨_̍ñđ�рϿӔΌ}̤���xZ�r

éʹTͲĢŒ^��¯¨¿ß�ť˦ʹƞ�˽ŝl

�ɱ̰�TPMTT¯ã¸àæ¶TſȁĢ��k�

zl�̄s|ʪǿϳ˽ŝ¼Ä�±�ɴйӶʸ}�

uxǒ̄źjx]�Tp�Δΐ}̭ur�Õæ°

ã¨ɴй�ӔΌ_ɒшzh�xZ�rʪǿϳ�Õ

æ°×æ�tģ�ы�r���^uzZxǅ˞

ΐ|±¶ã±�ʎ�қ�TČɈ�рϿӔΌ�ϛz

|�ѱѬ�ҩ�rZr 
 

�� ĜðƅZ��k��eŒëïư 
ʪǿϳ�Õæ°×æ� PET, SPECT zp���

ǅΓzjrеƚрϿTʸr|Ɂͨ�«ÞÕæ¶�

ʠҒjr¤ãÒ£ÕÝTҚȧ�ԕɤȰԕŞёЎ|

ʯþĢǁ˽ŝƱԜЯZʪǿϳ˽ŝƱԝ_ƓЎ}j

r«ãË½ã£ÕÝT¸�àã«ÉŉzѓurƓ

эŉ�ǻѴzjr£ÕÝφ�y_p�ϑƶz|�r

�Õæ°×æ�̷ʹʹ̰zjxTͮƼTñͻy˕

�ϙůΐ}ӔΌ_ҩ���xZ�͈ǮǻѴ�Tϗ

Ǣϳ̫Ίˇ�ÇæÔzͲĢz�Z���t˶ƍɔu

yv�r˶ƍɔyv�_ʬ}p�Ӿǃ�ȫbT͈

ǮǻѴz|� Áß¦æӾǃ�Əʑҵɼ_Tƙɴ

йӔΌ�ͧСz|uxZ�rRI ņϠp����ы

��^Tźƚͦ�ŵɦ�ы��^TzZurҵɼ

�ɴйӔΌ}]Zxӄш|шϠz|uxb�r 
 

	� Ķ£ǊÈŴõŹ�Ïū ĝtL4A 
2011 ȧ 3 ˖�˧ʼ˞Ǔӯ͚}��˧ĉӭůήȒ

τéƇΌăʬ�Ƀӹ}��Tȫϑƶ�ƺƽ_ʪǿ

ə³¯�Ôy̦ˮh�rfz�ƐdT¤ãÒ£Õ

Ý[1] [2]�«ãË½ã£ÕÝ[3][4]zZxʪǿϳ�

Õæ°×æ_ΩęéП^�̲Δh�rfz�іɩ

}ʸjZr£ÕÝ�Δΐ�Tö} 137Cs ^�� 622 
keV �¯ã¨ßÉ¡½ã�˽ŝjTԋʯjrʪǿə

³¯�Ô}��ͱǋô�̦ˮ̮ͨ��Õæ°ã¨

l�fz}v�rͦͰΐ|«ÞÕæ¯Ûã�иx

¤ãÒ£ÕÝy�T¤ãÒϳ�ҢҮ�ʯþ�Ƀӹ

_Ǔ`ZƍӵTf��yŽŞ}˽ћh�x`rɱ

̰yv�ʬ�Ĳԃə�ԕZќḭ̄Tī˸�ìy�

̷ʹy`�ϑƶ�ȫZ��zɗ��rr�rTͦ

Ͱΐ|«ÞÕæ¯Ûã_îш|«ãË½ã£ÕÝ

�ҐӆyTԕɤȰ|ʪǿə³¯�Ô�Õæ°ã¨

_˚Ɇh�xZ�_Tī˸�Ҭʹ�ӵ}]Zx�

p�Ŵ˭_Όʜh�xZ�z�ѓZ_rZrњʷ

Ԝ̦ˮ̮ͨ�ɶʛԝ^�̫ΊԜӜˮԝzZxéҧ

�ĥ̀�эӅ}ŋ�r�Õæ°ã¨ɴй�ӔΌ_T

ČɈɒшzh��±�xr 

 
 

ƷԤ� ʪǿə³¯�Ô�Õæ°ã¨�Δΐzjr

ÈãÏæßǁ¤ãÒ£ÕÝz«ãË½ã£ÕÝ 
 

ÐƉġŝ 
[1] Hitachi, Ltd., 2012, http://www.hitachi.co.jp/ 

New/cnews/monh/2012/08/0802.html 
[2] Toshiba Corporation, 2011, http://www.toshiba. 

co.jp/about/press/2011_12/pr_j1302.htm 
[3] ԕ̊ɕȨ, ̑͵ĜéҼ,ͅҕĜ et al.: ���

��	 	 68: 382-386, 2013 
[4] JST, 2013, http://www.jst.go.jp/pr/announce/ 

20130910/
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ǖǡǗŁŭXZov��ũŋFN4TŢ¹ƣĢieıă 
 

ƛ̣ɛéҼ 1)  
1) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 

 
 

 
 
�� I8mF 

ҚȧɟəГΉ�Άɦёʿ_ҩ�TɟəГΉ}Ό

ͮl�ГΉͧə�v�Ϣ→�мӵɹƇ|{�

ёʿ_ɘҥ}ҩиjx`xZ�rf�ΌȊ�ņ}

źǧΊ̰åŞǢ̆ΐа|{_ГΉ}ͧə�v�

мӵɹƇ�¶æª¹½jr̫ΊzjxΌȊjx`

xZ�rʸr|_×̫Ί�¶æª¹½�ν_ҩ

× ± f z _ ̆ ΐ � � µ ½ æ Ë Ί ̰ (Targeted 
Radionuclide therapy TRT) }�Ҹņh�Ty r|¶

æª¹½}ϧƚjx�̫Ίʹʪǿəаū�ӔΌ_

ƓЎz|�ɟəГΉ�ʸr|̫ΊҵɼЊzjx̲

Δh���x}|ux`r��		 rA"A }]d�ͺń

њʷ�ɄŬ�̫ΊӔǞũ�̫Ίҳɔ̧ǮT;YHNPTN

]��̫ΊɈ�̫ΊŴ˭ќīz|�rɊ˦� 1A |

{�Ɂɦͺńњʷ_̫ΊŴ˭ќī}ʹZ��xZ

r_TҚȧ�ГΉ�ͲͰΐɠǇzɁɦɠǇ�ƚ�

nxќīl�fz_ƓЎ| !3A�1A �ӄшə_ A"A

�ʺи}Ǔ`|ɄŬ�˭rjx`xZ��
	 r 
 

�� Łŭ¿ŘðũŋCI 
ГΉϢ→}ͧΐ}өμl�ͦҀ}ʪǿəƜğ

ņϠ�ϥ�җ�ʪǿəżаƩ�ƚɪl�rϦƑv

�Z�ӳАŒ^�ɸïh�rаū�̆ΐГΉϢ→

}ϧƚl�rp�Ɉ̆Ѱh�rʪǿəͦҀ_ DNA
ʟŀ|{�Ϣ→Ӧǲ�ȸ`҂flfz}��̫Ί

Ŵ˭_Όʜh��rTRT y�CϳTaϳ�̆ѰjT

f��}��Ϣ→Ӧǲ�Ťʹl�fzz|�(1)r 
ͮƼ�y}КȬɔʹh�xZ� TRT ʹ�ʪǿə

żаƩ�аū�ͲͰΐ|ϥϽ��өμ�Ťʹjr

��ƌ�ГΉϢ→�мӵɹƇ}ʖƚl�аū}Ǔ

ţh��rͲͰΐөμ�Ťʹjrаūzjx�

I-131 �ʹZrͷͨЕ_×̫ΊTI-131 MIBG }��

ɟəŒŞ̯ГΉ}ǻl�̫ΊTSr-89 }��Ҏεə

ԔГΉ}ǻl�΄Έ϶ƨΊ̰_đмΐyv�rм

ӵɹƇ��ʖƚ̋φ�Ťʹjr��zjx� Y-90 
zevarin }��ɟəÞãÅГ��̫Ί_đмΐyv

�r 
 
	� ŁŭXZov��ũŋFN4TŢ¹ƣĢeĂÇ 

TRT ̫Ίũќī 
å� TRT �Ǔ`|ͧɐ�bϳ�Ɯˇ}ʪŝl�ʪ

ǿəżаƩ�ħʹl�ǈƚT̫ ΊӔǞũ}̫Ί

ӆz̞ґj��^}ȃ|Z˽˱ʹ�ɸïӆy

ħʹl�ʪǿəżаƩ_̆ΐz|�ГΉΆǐ

}өμl�^ΥѢy`�fz}v�(3)rf�

͞�ɹ_×ū̫Ίy�ӬjZ͞yv�T̫ ΊӔ

Ǟũ}̫Ί�ҳɔ�˗͟�̧Ǯl�fz}ǵ

ïl�fz}|�réПΐ}�аūөμ_͟d

��̫Ίҳɔz�|�|Z(4)r 
PET/CT �Ɵ�ͺńњʷ�ɄŬ�̫Ί}ӥjx

� staging }v�r�r TRT �̫ΊŴ˭Όͮ�

϶ɉyv�r�TԔɺÞ±§�ԕZΆǐ|{

TRT ʺиũ}ϱɘ}̫Ί�шl�Άǐ�˽ŝ

�ӄшyv�r 
� Қȧ��Ëáæ¸zjx� PET/CT�̫ΊŌ

хʰƳ�ɰы�ǅ}ΆŸ�ќī�иZTɘ͕|

ҩи·Ĩy�̫Ίà°Õ�ǐ˒�˽ѕl�|

{}vZx������ѝ�xZ�r 
� éʹTTRT}Ťʹh��аū�˽ŝ�SPECT
рϿy�ʥńz|�ёńȰ_ŽŞy|Z͞_

ƮԄyv�(5)rҚȧ SPECT ˶θzԈĝ� PET
źƚͦ�ӔΌ_ҩ×yZ�fz^�Tаūөμ

�ΥѢzjx� PET ˶θ�ʹZ�fz�и�

�xZ�(6)r 
 
TRT ̫Ίô�ͺńњʷ�ɄŬ 
å� TRT ̫Ίˇ}�ʪǿϳ̫ΊΆǰ^�ʪǿϳӣ

ӫ_ϤĀl�zbϳʪŝаūy�аū�̆ΐ

ГΉΆǐ��өμηȰ�ΥѢ�иZTҟű̫Ί

�ҳɔ�˽ѕl�rf�ǈƚ�Ҥμ SPECT ʹ

�¤ãÒ£ÕÝ_ʹZ���r 
 
TRT ̫ΊɈͺńќī 
å� TRT ̫ΊɈ}�̫ΊŴ˭ќī�ж̾ͲźǧÒ

æ£æTКȬɰы]��ͺńњʷ}xǯʺl�r

Ɋ˦�ɹ_×ū�̫Ίќī}�Ɂɦњʷ� CT
_ʹZ�� RECIST ǅ͋_ƹӥΐ}ʹZ��

x`rrj^jTɁɦǧΐ|ГΉϺȂŴ˭�̫

ΊŴ˭zjx�ď�ʊ̆}̞jxӊʭy|Z

fz�ăǯyv�(4)rpfyҚȧy� F-18 
fluorodeoxyglucose (FDG) PET }��̫ΊŴ˭

ќī_ TRT �̫ΊŴ˭ќī}vZx�̷ʹh

�x`xZ�(7)rĞjT̼Ǒy� PET �КȬ

ΐ|�§³±}Ӛ�_v�̫ΊќīÖÀ¶Þ

ã¨zjx�ɔʹ�ͮƼ�ɰŽŞ}˽ѕ_|

h�xZ|Z�_ͮͨyv�r 
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� ƃƬ 

ҚȧΌȊ_Δю�jZ̆ΐ��µ½æË̫Ί�

ǯ҉}]d� PET/CT �ɄŬ�Ǔ`|��z|�

fz_˚Ɇh��rČɈ�̫ΊаԈĝ� PET фū

�ӔΌ]��̫ΊќīÖÀ¶Þã¨�˗ʹ}vZ

x˽ѕ_ҩ�fz_˚Ɇh��r 
 

 
ƷԤ� TRT ̫Ί}]d�ͺńњʷ�ɄŬ 

 
 

ÐƉġŝ 
[1] Jackson MR, Falzone N, Vallis KA. Advances in 

anticancer radiopharmaceuticals. Clin Oncol (R 
Coll Radiol) 2013;25:604-9.  

[2] Ford EC, Herman J, Yorke E, Wahl RL. 
18F-FDG PET/CT for image-guided and 
intensity-modulated radiotherapy. J Nucl Med. 
2009 Oct;50(10):1655-65. 

[3] Chatal JF, Hoefnagel CA. Radionuclide therapy. 
Lancet 1999;354:931-5. 

[4] Yoshinaga K, Oriuchi N, Wakabayashi H, 
Tomiyama Y, Jinguji M, Higuchi T, Kayano D, 
Fukuoka M, Inaki A, Toratani A, Okamoto S, 
Shiga T, Ito YM, Nakajo M, Nakajo M, Kinuya 
S. Effects and safety of 
131I-metaiodobenzylguanidine (MIBG) 
radiotherapy in malignant neuroendocrine 
tumors – Results from a multicenter 
observational registry. Endocr. J 2014 (in press) 

[5] Yoshinaga K, Tomiyama Y, Manabe O, Kasai K, 
Katoh C, Magota K, Suzuki E, Nishijima K, 
Kuge Y, Ito MY, Tamaki N. Prone-position 
acquisition of myocardial 
123I-metaiodobenzylguanidine (MIBG) SPECT 
reveals regional uptake similar to that found 
using11C-hydroxyephedrine PET/CT. Ann Nucl 
Med 2014 (in press) 

[6] Timmers HJ, Chen CC, Carrasquillo JA, 
Whatley M, Ling A, Havekes B, Eisenhofer G, 
Martiniova L, Adams KT, Pacak K. Comparison 
of 18F-fluoro-L-DOPA, 
18F-fluoro-deoxyglucose, and 
18F-fluorodopamine PET and 123I-MIBG 
scintigraphy in the localization of 
pheochromocytoma and paraganglioma. J Clin 
Endocrinol Metab. 2009 Dec;94(12):4757-67 

[7] Menzel C, Graichen S, Berner U, Risse JH, 
Diehl M, Döbert N, Hamscho N, Grünwald F. 
Acta Med Austriaca. 2003;30(2):37-40. 
Monitoring the efficacy of iodine-131-MIBG 
therapy using fluorine-18-FDG-PET. 
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ǖǢHǛǗWhole Body Radiation Imager g�n�v(1) 
 ǘń�§ Whole Body Counter CTAeŞå¶Ooeıăǘ 

 
˳Ƈ� ̫ 1)ԟȍѲ̳Ѽ 2) 

1) ʪǿϳżǧϲƚνɰåϱɘп�bżΊν³ã¶æ 
2) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 

 
�� I8mF 
� ĢŒ}Ə�җ��rʪǿə˶θ�Εʖ͈Ǯl�

ʹ̰zjxĢǑє͈̰_v�ԟÏæßÐ¼�£�

ã¶ԜWhole Body CounterԟͿjx WBCԝ�p�

đмΐрϿyv�rɫ_ƹy�ԟɊũ��ԟƇǢ

ůӖҧʺј}]d�ʪǿϳ̀ŶɊăІ�Œҽп�

bÖÀ¶Þã¨�ör�Δΐzjx WBC �Ťʹ

jx`rϦϷ_v�_ԟήȒτéƇǢůΌӭɰă

ʬ�Ǚ̋zjxԟǢĩ�Ɵ�éПōз�Œҽп�

bÖÀ¶Þã¨}� WBC _ħ����x}|u

rrͮƼԟήȒΘí}�Ϟ 50 ̋� WBC _κŃj

x]�ԟ2014 ȧ 11 ˖˝ˇ͞yϞ 23 êĊ�ήȒΘ

̠ԜΘǑҷӬІ�Ɵ�ԝ�˽˱_ϤĀjxZ�r

˞λy�ԟWBC �͈ǮƇͰ�ɴйΐѪԄ}vZx

̂ѧl�zz�}ԟ̍ ñđ WBC }ǻl�ͮǈĻ^

��˚Ɇ�ҝ��r 
 
�� WBC eŒëÏş 
� ŖԀyҝ�rĢǑє͈̰z�ԟĢŒ�ʪǿə˶

θ^�ʪŝh��ʪǿϳ�ԟп˽І�hĢǑi}

ҚʖjxҿϿjr˽ŝƱ�ʹZxє͈l�fz}

Ͷ˦l�rp�ʹ̰^�Ş^�̄}ԟĢǑє͈̰

�ör�͈ǮǻѴ�bϳʪŝ˶θyv�rWBC �

͈ǮƇͰ�ԟ͈ǮǻѴ_Ċyv�zZx͞�Ӝd

�ԟͱǋѝʵ�bϳ±Î§½áÕ½Þzģ�ǐ�

���y|Zrl|�tԟ{t��ǅ͋z|�ϳ

͊}ǻl�Ζǻ͈Ǯ�ǅ˞zjxZ�rWBC �ǅ

͋z|�ϳ͊�É�ã½ÔzƦ��ԟʻΞ�˶θ

zʪǿЎ�Ɵ�œψɁ�r�˿œ˰Ɂ�Ģμϳ͊

�ϥ�ƚ�nxĊ�Ōҋ_̇ʦh��rf�É�

ã½Ô�п˽І}ыρxx WBC y͈Ǯjԟє͈ӆ

Ԝ£�ã½ԝzĢŒʪǿЎԜBqԝ�ӖҧĐd�˽

ŝŴͬ�ăũ}̤�x]br 
� ĢŒyΌͲl�bϳ�ĢǑ}ŝ��y}ԟĊĢ

ϥϽ}��̈́н�Ɛd�fz}|�rĨy� 137Cs
�bϳԜ662 keVԝy�ĊĢϥϽԜҍϥϽԝô�ſ

īȌ�Ϟ 8 cm z|�_ԟ³¯�Ô_Ōҋ}ƿφ}

Şȟl�fz�ɢǮl�zԟȦƿΐ|ɪĊĢ˸�

п˽Іy�ԟĢŒyΌͲjrŌbϳ�Ϟſʰ_Ģ

ŒyƠƎh�ԟ̘��Ϟſʰ_ĢǑ}ŝ�fz}

|�rr±jԟɈІ�Ōx� WBC y˽ŝl�fz

�ԟ˽ŝƱ�Ɂͨ�Ĵʰ�ŦӚ^�ƇͰΐ}ŝ˦

|Zr�rԟWBC �˽ŝŴͬ�ҤμԟŌƠƎÈæ

§Ŵͬ�ʊl_ԟ̞ґΐǓ`| NaI(Tl)¯ã¸àæ

¯Ûã˽ŝƱ�˗l�Őǁΐ| WBC � 137Cs �b

ϳ}ǻl�˽ŝŴͬ� 1%}�͉r|Zrj^j|

_�ԟp�̄|ĠZ˽ŝŴͬy�ԟWBC � 137Cs
� 60Co φ}ǻl�˽ŝӚͻķ�ʰŞӕ�͈Ǯyʰ

Ώ Bq �Ұɪjx]�ԟŽŞ}ĠZàÍßy�Œҽ

п�bϳӆ�˽Ξy`�fz^�ԟWBC �˽ŝɤ

Ȱ_ƮԄz|�fz�ȃ|Zrt|�}ԟ137Cs �

Ōҋӆ_ 200 Bq yv�п˽І� 2 Şӕ͈Ǯjxɋ

���Èæ§єʰ� 200 £�ã½ηȰyv�_ԟ

f�}Л͠ʪǿϳ�Ƥƶ�ǝǲ˶θ^��єʰ_

Ä¹§¨Ý�ã¾zjxű��r�ԟp�Ƀӹ�

Ġ̈́l�r��Ҵ�ZĢ� WBC �ӄш|јєш

Ėz|�r 
 
	� WBC eĎƕŭƫǒC¤Ąeóİ 

Ζǻ͈Ǯ�ǅΧzl� WBC ͈Ǯy�ԟп˽Іz

É�ã½Ô�Ģ˸ț}҂ƴl�˽ŝŴͬ�Ѧț�

ũʙzl�ĢŒʪǿЎŞȟ�îΥǯə}ěxѦț

_ƮԄz|�rf�θ�Ѧț�ԟЌô}̘ͽl�

�§¸À¾˶θԜ239Pu � 241Am |{ԝ�ĢǑє͈

l�r�}ӔΌh�rЌÖÀ¶y�ԟΛΔl�ͧ

ə X ϳ�bϳ� Áß¦æ_ĠZfz^�ԟΖɀ

Ǔ`b|�fz_Ѕy���rfxjrƮԄ�ё

̧l�r�ԟCT ͺńφ^�̃ϒh�rϙǶ|ʰķ

É�ã½Ô�ʹZxԟėɣ�Ģ˸�˶θ�ĢŒʪ

ǿЎŞȟ}ǻl�ĢǑє͈рϿ�˽ŝŴͬ�єύ

̋ìyŕͮl�ѝ�_Қȧǒbы���rj^j

|_�ԟWBC �š�zl�ʻǤ�ĢǑє͈рϿy

�ԟ˽ŝƱ�±¥×Àã¨hn�̋̃�ʉrnx

�ԟĔǮjrĢŒʪǿЎŞȟ�сĐd�ɠǇ�ɋ

�fz_ƵӬyv�rf�ɴйΐѪԄ�Êàæ§

±ßæ}�ԟ˶żǧŞӅyǄ��x`rʪǿϳ�

Õæ°ã¨ɴй�ɔʹ_ӎ}|�zɗ���rǯ

ӥ�ĢŒʪǿЎŞȟ_ѠϢ}ɶʛh��fz}�

�ԟĴĊ�đѯ�ЅɧjrŒҽп�bϳӆќī�ԟ

˶θ_ȇƼl�ǈƚ}]d�ƤҕϥϽ�ƠƎϳӆ

�Εʖΐќī_ƓЎz|�ԟϱɘп�bżΊ�ϑ

z|�ԕϳӆп�b�ěxăʬy�ӄш|ɠǇ

�ïy���zɗ���r˕ʸ� PET рϿ�ɴй

�ēuxjx�ԟp� WBC ��ɔʹ}�ǒ˶θƜ

ˇ˽ŝ�˽ŝɤȰ�ԋҊΐƞìφ�ʸr|ѪԄ_

Ͳk�_ԟŞӅ̉ʷΐ|�ÂÍæ¯Ûãνzj

xũҩl�fz�ˆӴ˚ɆjrZr 
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ǖǢHǜǗWhole Body Radiation Imager g�n�v(2) 
ǘl�~�PET eĖļǘ 

 
ȍѲ̳Ѽ 1) ԟ˳Ƈ ̫ 2)  

1) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 
2) ʪǿϳżǧϲƚνɰåϱɘп�bżΊν³ã¶æ 

 
 
 
�� I8mF 

ͮđ�żΊ�ʪǿϳ|bjx�ɪ�ρr|Zz

ѓ����x}Tʪǿϳ�T_×|{�њʷ}î

Ɠ̌yv�éʹTƇǢů͚ǲ�˶åʪǿЎ(NR)»
á}]Zx�ĺȳ�ǲl�шƴz|�rє͈̋Ʊ

zjx�TũІ}vZx�Ñ°½áãʪǿʷȌ

(PET)рϿ|{_ǯʹźh�TɈІ}vZx�Ïæ

ßÐ¼�£�ã¶æ(WBC)|{_ǯʹźh�xZ

�_TòІ��urb|�ɴйzjxӔΌh�

x`rr�Tͳ̀ΐ]��Ωęΐ}Κī�Όʜj

xZ|Zrͧ} WBC }vZx�TӴμ}ԂȰ�ȃ

|Zăʬφ}ǻjxTрϿԕȰź�μ́ɸѽ�ˉ

ƌåÕã»¿ã±Ϯʉ�ǯͮl�fz�ƵӬyv

urrp�r�TPET _f� 20 ȧӕyǓ`bҩ̒

jr�}ǻjxTWBC �T50 ȧӕ�z×{ҩ̒j

x]�mT�rT˧ĉӭů(˵)ήȒτ 1 ƇǢůΌӭ

ɰ�ƇǢů͚ǲˇ}��z×{�̋Ʊ�ҳş|˴

̐_|h�xZ|^urfz^�Tϱɘăɦ}Ž

Ş}ǻɔy`|^urrpfyTPET z WBC �ɴ

й�еƚjr Whole Body Radiation ImagerԜWBRIԝ
�«ã³Ë½�ʙ˹l�r 

 
�� WBRI g�n�v 

PET φ�żʹњʷ̋Ʊ�ɴй�ɔʹjr̍ñđ

WBC yv�TŏĢΐ|ш͞�ēí}Ψlr 
! żʹ̋Ʊőʹ WBC zZxf��y}|Zʸ

jZΌɢԜȦˇ�њʷʹTϱɘˇ� WBC zj

xŤʹԝ 

! f�}�� WBC �˕ʸɴй�ȁŋ�ˉƌφ

_ҩ�TǩŌǩɑ�ΩęǅΓ�Ǔ`bҩȊh

n�r 
! ȫ_�Òæ©¹½rPET φ�ɴй�ȁŋ}�

uxTƁ|�ʪǿϳ£�ã¶æ^�Tͺńź

y`�ÏæßÐ¼�ʪǿϳ�Õæ°×æ

(WBRI)��ǐӶr 
! pjxTČɈ˧ĉӭů(˵)ήȒτ 1 ƇǢůΌӭ

ɰ�ȴ͛ĥ̀�Ȁ˦�ƇǢů͚ǲTNR »áφ

}ӥjп�b�ƓЎə_v�ăѴ_Ͳkrӥ

}Tƙп�bІ}ҳjrϳӆќīƌ�Ӝˮ�

ҘҥåΐΥ}ǯʺjTп�b}��ĺȳɃӹ

�˕Ȃźhn�fz}Ѷͫr 
! �rTĠʪǿЎåǒ˶θƜˇє͈� WBC �ɴ

й� PET }É�æ¾Ä¹§jxTv���˶

żǧ˽˱�Ɯˇ}Ġп�bԜɊ˦� 1/10 ηȰԝ

yиy�±æÅæPET �r 
 

	� ���dl��ƚƀ 
Ɋ˦ PET y�TɤȰ_ WBC �{�ԕb|bT

PET ˶θ��j^ͺńźy`|ZƮԄ_v�r�

uxT 
! «ãË½ã�Õæ°ã¨ő PET �˽ŝƱ 
! ԕŴͬ˽ŝƱTԕρĢѐ˽ŝƱҿϿ 
! ǒ˶θƜˇ�Õæ°ã¨ɱ̰ 
! �§»�Ê¯æß¾ɴй 
|{_ё̧l�`ѪԄzjxʌe���r 
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�

ǖǣǗŽèƅŉũFN4TƎŨeƅǂĈŻĉƜŒjlu�eűŷǅūFÚ4A�

H� ŽèƅŉũZ��k�eeŮēVƽ� H�

 
чȆέ̫ 

ƹρ_×ν³ã¶æ˧ΆӛКȬӔΌ³ã¶æϗǢϳżǧӔΌŞӅ 
 

�� I8mF�

ҚȧTƁͪΊ̰y˷̫�ͩurTȾȰǐѫʪǿ

ϳ̫Ί�ϗǢϳ̫ΊzZurԕϙȰʪǿϳ̫Ί_T

ƹŒǑ}]Zxˉƌ_ɘҥ}ҩ×yZ�rԕϙȰ

ʪǿϳ̫Ί�ͧɐ�T_×ГΉ��}ʪǿϳԜϳ

ӆԝ�өôhnr̫Ί_y`�͞yv�rp�ô

y�TӟǢϳ�͝Ϡϳ}��ϗǢϳ̫Ί�T_×

ГΉ�͡ǿh�rϗǢ_ГΉŒy̏��Ǻũ}p

�Ӿǃ�Ǔ`| Áß¦æ�Đïl�ͧə�̷^

jrT˕ňς�ʪǿϳ̫Ίyv�rɞІgz}{

��x}ϗǢϳ�͡ǿl�^�Ǔǁєύ̋�Ťʹ

jr̫Ίєͺ}�ux̧Ǯh��_Tf�̫Ίє

ͺ^��ɞІĢŒ}]d�ύŝϳӆŞȟzǯӥ�

͡ǿϳӆŞȟz�ӕ}ԕZʱƚə_ш̤h��r

ϗǢϳ̫Ίy�T˕Ǔ�Ť͞yv�ϗǢϳ�ГΉ

ŒҽyĹ̏ŝ˦�̫Ί͡ǿ�̷ʹl�fzyӄш

yv�_T̫Ίєͺ}]d�p�Ĺ̏ğϿєύϙ

Ȱ� 3%�{v�zh�xZ�r 
f��yTɫs�ϗǢϳ̫Ί�évyv�ӟǢ

ϳ̫Ί}]ZxTŋǿӟǢ˶zɞІĢŒ}v�Ƈ

Ǣ˶z�̆ΐƇǢ˶ΤΣƍɔ}��Ͳɪh��Ñ

°½áãʪŝ˶}ΛΔjTӟǢϳ͡ǿӾǃ�Ɠэ

ź�νӔΌ�ǯʺjx`rr̆ΐƇǢ˶ΤΣƍ

ɔ}��Ͳɪh��Ñ°½áãʪŝ˶�Şȟƌ�

ȾȰ�p�ğϿ}͡ǿh�rӟǢϳ�ɠǇ�Ɵ�

Òæ£æz|�r16O ˶^�Ͳɪh�� 15O ˶

Ԝ16O(p,X)15O ƍɔԝ�öɪŞzl�Ñ°½áãʪ

ŝ˶^�� 2 ˞� 511keV ͎̽¤ãÒϳ�Ɯˇє͈

l�fzyTĢŒô�Ñ°½áãʪŝ˶�ğϿå

ȾȰ�я͈jTє͈¼æ¶�ʰķźƌ�ͺńźl

�fz}�uxГΉ}ӟǢϳ_ΐΥ}͡ǿh�r

^�ΥѢy`�rp�͎̽¤ãÒϳ�є͈zƓэ

ź�r�}Tbeam ON-LINE PET systemԜBOLPsԝ
�ӔΌjrԜƷԤγƊ͡ԝrBOLPs y�TӟǢϳ̫

Ίҽğ̜�̄s|͡ǿӾǃ�Ɠэź�ǯͮl�f

z_y`rrp�ɪ˭�TɞІĢŒôy�͡ǿӾ

ǃƓэź}Ӛ�mT̫Ί˚ӕô�ГΉ�ϺȂ}ě

xƓэźӾǃ�ξӕΐğϿåɁͨǐź�я͈Tϳ

ӆɸïӆ}��ГΉŒϢ→�ŕӁϠź}ěxzʗ

͈jxZ�ƓэźӾǃ�Ϧˇΐǐź�я͈�ƓЎ

zl�fzȳs|ɪ˭��r�jrԜƷԤƖƊ

͡ԝrӟǢϳ̫Ί}]d�ƓэźӾǃ�ξӕΐƌ�

ˇӕΐǐź�я͈�TĢŒôy�̆ΐƇǢ˶ΤΣ

ƍɔ}��ͲɪÑ°½áãʪŝ˶�ГΉ�ϳӆɔ

ωə�ΨlÒæ£æz|�ƓЎə�ΨƬy`rԜT. 
Nishio, et al, Int. J. Oncol. Biol. Phys. 76(1), 2010ԝr�

rT̆ΐƇǢ˶ΤΣƍɔ}��ͲɪÑ°½áãʪ

ŝ˶y�͡ǿӾǃƓэź�TʰŞ�ſ̈́˚�ʉv

Ñ°½áãʪŝ˶�ŤʹjxZ�r�TӟǢϳ͡

ǿô}Þ�ß¶�Ôy͡ǿӾǃ�Ɠэźl�fz

�ƵӬ|̮ͨyv�T͡ǿô�ƓэźӾǃ�ǐź

�Ѕɧl�fz_ŝ˦|ZzZurƮԄ͞�ɽy

xZ�r 

 
ƷԤԭνӔΌh�r BOLPsԜγԝzЉИ�ГΉ}ǻl

�ӟǢϳϳӆɔωəя͈ϧ˭ԜƖԝr 
 
ͮƼTɫs�TϗǢϳ�ͧə�˕ǓӚ}̷ʹj

rӶʸΐ|ԕϙȰϗǢϳ̫Ί�ʙĩl�r�}T

ǯӥ}͡ǿh�rϗǢϳ͡ǿӾǃ�Ɠэźhn�

νɪ˭�Íæ±zjrΌȊ}��TϗǢϳ͡ǿ

}ǻl�ɞІĴţ�ГΉ�ϳӆɔωə}Ӗl�

ν�ǯʺjxZ�r 
 
�� 1G�D" ��!�#�65�325.�7.���B#CFB$���#!D��EGEF!#

ǖ1��637�.���EǗ 
ϗǢϳ̫Ί}]ZxГΉ�ϳӆɔωə�ԕϙȰ

yя͈l�r�}�TϗǢϳ�ɞІ�͡ǿjrӥT

ĢŒ^�ʪŝh��T͡ǿô�ö}ƅΌ¤ãÒϳT

͡ǿΕɈ�͎̽¤ãÒϳ�є͈y`�Tˇӕҏ�

Ɵ×± 3 ̍ņƓэźӾǃє͈¯±»Ô�ӔΌ_ɒ

шîƓ̌yv�ԜƷԥƊ͡ԝrpfyTϗǢϳ͡ǿ

ôy�ƅΌ¤ãÒϳTϗǢϳ͡ǿΕɈ^��Ͳɪ

Ñ°½áãʪŝ˶^��͎̽¤ãÒϳ�Ŵͬ�b

є͈l�r�}T«ãË½ã£ÕÝє͈ƇͰz PET
£ÕÝє͈ƇͰ�ĦnʉvÃ�ÊÞ¹¾˽ŝƱ�

ľyr¯±»Ô�̃ϒ_ɒшyv�r 

 
ƷԥԭϗǢϳ͡ǿ�ˇӕҏ}ǻl�ГΉ�ϳӆɔωəя

͈}ɒш|ƅΌ¤ãÒϳ�Õæ°ƌ�͎̽¤ãÒϳ�

Õæ°�Əɋ�̂ɖƷr 
 
ϗǢϳ͡ǿˇ}«ãË½ã£ÕÝє͈ƇͰ�ʹ

Z�}�Tǒӆ�Ä¹§¨Ý�ã¾�ʓӜl�̋

Ў_͟d��ͮǯΐy�|ZrĉǓyӔΌh�r

proton 
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Increase of washout effect 
in necrosis region !! �

� 
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ӭǢԋ҇˽ŝǁ«ãË½ã£ÕÝT Electron 
Tracking Compton CameraԜETCCԝ�¤±˽ŝƱ�

ʹZ�fz}��Ä¹§¨Ý�ã¾_Ŵͬΐ}ʓ

Ӝy`TӟǢϳǈy�ƅΌ¤ãÒϳ}��ÊÝ¹

¨Èæ§��Õæ°ã¨}ñͻyš�xɪŰjrr

ԜƷԦƊ͡ԝf�ɪ˭�TƅtT͡ǿ¢ã¶�Ô

ˇ�Òæ£æͺńź_ƓЎyv�ԜS. Kurosawa et 
al., Current Applied Physics, 12, 364-368 (2012)ԝr 

 
ƷԦԭĉҾǓǧǨǭϳͦͰνǰyӔΌh�r ETCC }

��Ò�±ôy� RI аūөμͺńϧ˭Ԝγԝz̢ô�

�ӟǢϳ͡ǿ}�uxя͈h�rƅΌ¤ãÒϳ�Õæ

°ã¨ϧ˭ԜƖԝr 
 

BOLPs �ƹρ_×ν³ã¶æ_ӔΌjrñ�

ô}ƭé�ͺ˚ΐ|͡ǿӾǃƓэź¯±»Ôyv

�rETCC �ĉҾǓǧ_ǨǭϳͦͰνʹ}ӔΌj

rǯϻ�v�рϿyv�rƹŒǑ}]ZxTʻ}

f���Ӵμ}ԕZќī�ƐdTԕZͪŭə�ʉ

uxZ�rf��y�˕ňςνzɴйӔΌɪ˭

�ϪƚhnTƙs_ʉvє͈̋Ў�ʟ|�m}T

ϗǢϳ͡ǿôƌ�͡ǿΕɈ}ĢŒ^�ʪŝh��

ƅΌ¤ãÒϳƌ�͎̽¤ãÒϳ�ԕğϿŞёЎå

ԕŴͬyє͈ƓЎ|̋Ў�ʉv Hybrid Beam ON 
LINE PET/Compton Camera systemԜH-BOLP/CCsԝ
�̃ϒl�ԜƷԧƊ͡ԝr 

 
ƷԧԭνӔΌô� Hybrid Beam ON LINE PET/Compton 
Camera systemԜH-BOLP/CCsԝ�̂ɖƷr 
 
	� 1��637�.���E eűŷǅūŜŊ�

˞¯±»Ô�νӔΌ}]ZxTPET ˽ŝƱϜT

«ãË½ã£ÕÝϜT¼æ¶ŜͰϜT¼æ¶мΨ

ϜT¼æ¶ё˪ϜTєύϜ�ϜŠyǯʺjxZ�r

ȄT˞¯±»Ôy�T3mm ēí�ξӕŞёЎT

15cm×15cm×15cm �͡ǿӅӾǃT 100keV ^�

2.5MeV � Áß¦æӾǃy�¤ãÒϳє͈T¼æ

¶ƎөϜ�ʰ kcps �ŜͰЎů_ш̤ǅ˞Ď̄z|

uxZ�r 
PET ˽ŝƱϜy�T2mm×2mm×25mm � GSO ϧ

ˋ¯ã¸zğϿ˽ŝǁŉӭǢǌĵώ^�|�ѝĥ

GSO ˽ŝƱÚÀ¹½�ŦĥjTʎŵѝԓTкʣѝ

ԓTͱǋѝԓ�ǯʺjrԜƷԨƊ͡ԝr«ãË½ã

£ÕÝϜy� ETCC �¤±˽ŝƱ�ӔΌzəЎ˽

ћ�иurrϥ�ρxr¤±˽ŝƱÚÀ¹½�Ǵ

ƱzǅΓ}ǻjxϳ͊}���¿á¨ĲƗŝů�

ΥѢ_ǯʺy`rrєύϜy�µÉ½���ӔΌ

ô� GEANT4 Öã»£ßá¯ÓÙàæ¯Ûã«æ

¾�«�}ʉvϗǢϳ̫Ί¯ÓÙàæ¯Ûã

ԜPTSIMԝ�ǅΓzl�͡ǿӾǃƓэźÖã»£ß

á¯ÓÙàæ¯Ûã�̃ϒ�ǯʺjxZ�r�rT

͡ǿӾǃƓэź¯ÓÙàæ¯Ûã�ϙȰƞì}ӄ

ш|¼æ¶yv�TϗǢϳzĢŒôƇǢ˶z�

12C(p,pn)11C ƍɔT12C(p,p2n)10C ƍɔ�ƇǢ˶ƍ

ɔʷӵμķ�є͈zp�ķ�ȁŝy`rԜƷԩƊ

͡ԝr 

 
ƷԨԭѝĥjr GSO ˽ŝƱÖ°Ùæß�ʎŵѝԓϧ˭r

γ^� 0GT5GT7.5G �ϧ˭r 
 

 
Ʒԩԭ12C(p,pn)11Cƍɔƌ� 12C(p,p2n)10CƍɔǯԓԜìԝ

zƇǢ˶ƍɔʷӵμķ� preliminary ϧ˭Ԝíԝr 
 

� MCmC¤Ą�

BOLPs z ETCC �¯±»Ô�еƚ}�uxThϗ

Ǣϳ̫Ί�Õæ°ã¨�Δʊlүi�év�үz

jxЅy���TϗǢϳ̫Ί}]d�ГΉϳӆɔ

ωəя͈¯±»Ô�Ď̄�Ѕ˹zјєTӔΌ�Ӕ

ǞjrrČɈT3 ȧɈ�ΔŜ}¯±»Ô�Ǫɪ�Δ

ʊjxӔΌ�ҩ�xиbāǮyv�r 
ȄT˞ ν�TJST ňςє͈Ş˪ɴй̋ƱӔΌË

á¨ÝÔ�ʧʝ�Ɛdrǯʺh�rr 
 

Hybrid Beam ON LINE PET / Compton CAMERA system�

proton beam�

���
�

	�
�

��	 �����
PETs (GSO detector)�

CCs (Gas chamber 
+ GSO detector)�

PET����"�����	 	
�"������!��

� ��� 

PET����� 

���������� 

����� 

�������������!��

#� #� 
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ǖǛǚǗǇèƅŉũFǆƻT=ģT.Z��k�eŋeǅū 
 

ȍ˞ѥé 
ƝƒȉǓǧǓǧӛżǧϜνβ 

 
�� I8mF 

ӟǢϳ̫Ί�ԟҵɼΐ}ԕϳӆ�ГΉ}ïy�

fz_ƓЎ|r�̲Δ�ө�xZ�rӟǢϳ̫Ί

}]Zx�ԟӕұZ|bӟǢϳ_Δΐzl�ҽğ

}͡ǿh�xZ�fz�ΥѢl�r�}ԟ͡ǿô

v�Z�͡ǿΕɈ}п˽Ģ}ǻl�ϳӆ͈Ǯ�и

ZrZzZxш̤_v�ԟӟӭǢʪǿǁʷȌʥń

̰Ԝ!3Aԝ�ʹZxԟӟǢϳ͡ǿ}��ͲkrÑ°

½áã�ͺńźl�fzyϳӆŞȟ�ɋ�fz_

ѝ���xZ�F	�(GrʪǿϳżǧϲƚνɰԜʪ

żԝy�TӄϗǢϳ͡ǿ}��Ͳk�Ñ°½á

ã�Şȟ�ͺńźl�r�}  VLT�!3A zƦ���

·Êß¾æ¿¹º̃ɪ� !3A рϿ�ӔΌjTÞã

¨ӕ�¢æËã±Îæ±yӄϗǢϳ͡ǿ}��Ͳ

k�Ñ°½áã�Şȟ��Õæ°ã¨}ɪŰjr

F)Grɫs�ӟǢϳ͡ǿğϿ�Þ�ß¶�Ô˽ŝ�

ɒшə�Ѕy�zTӄш|νŞӅ}ΌȊl�z

ЅyTʸjẐɖ}ǅwbӟǢϳÇæÔ�Ɠэź

�ѝ�x`r�yϣčl�r�

 
�� ��C�7.� FnTǇèƅŘðŠČ�kv��Z�

�k�e�

ӟǢϳ͡ǿôv�Z�͡ǿΕɈ�˶ΤΣƍɔ}

��Ͳk�Ñ°½áã��Õæ°ã¨l�r�}

˽ŝƱÞã¨_ΠˇӕyӔZr�ӓkr�l�̋

̃�˗l� !3A рϿ�Ѕ˹jTp�ӔΌ�иurr

f� !3A рϿ� 5HV�!3A zƝĐdrr�

   
� � � � � (A)                  (B) 

 
� � � � � �          (C) 
ƷԤ5HV�!3A �̂ɖƷԭӤӕ�˗l�ͨɦԜ5HV Ö

æ¾ԝyӟǢϳ�͡ǿԜ/ԝTÑ°½áãŞȟ� 5HV

Öæ¾yËá°�§¯Ûãͺń�ʥńԜ0ԝT˽ŝ

Ʊ�ӓkxԜTUT�5HV Öæ¾ԝyŕ̃ɪͺń�ʥń

Ԝ1ԝ�

 
� ƷԤ} 5HV�!3A �̂ɖƷ�ΨlrӤӕ�˗l�

ͨɦԜ5HV Öæ¾ԝyӟǢϳ�͡ǿԜ/ԝjԟͲɪ

l�Ñ°½áãŞȟ� 5HV Öæ¾yËá°�§¯

Ûãͺń�ʥńԜ0ԝl�r�rp�Ɉԟ˽ŝƱ�

ӓkxԜTUT�5HV Öæ¾ԝyŕ̃ɪͺń�ʥńƓЎ

yv�Ԝ1ԝr�

Ʒ 
 }ӔΌjr 5HV�!3A рϿ�Ψlr5HV Öæ¾�

�/	 z 5HVRL;; Öæ¾�0	 � 	 ŞēŒ}ş�˔y�

fz_ƓЎyv�rƷ ( }ӟǢϳ͡ǿyͲɪjr

É�ã½Ôô�Ñ°½áã˶θ� 5HVRL;; Öæ¾

yʥńjrʷȌͺń�ΨlrÉ�ã½Ôô}Ñ°

½áã͡ǿ}��ͲɪjrÑ°½áãŞȟ��Õ

æ°ã¨l�fz_y`rr�

  
(A)     � � � � �     (B) 

Ʒ 
� ӔΌjr 5HV�!3A рϿԭ5HV�Öæ¾�/	 z

5HVRL;; Öæ¾�0	 �

�

����
Ʒ(� ӔΌjr5HV�!3AрϿ}��ʥńjrӟǢϳ

͡ǿ}��ͲkrÑ°½áã˶θ�ŞȟԜΎZҽ

Ş_Ñ°½áãŞȟԝ�
                                         
	� Ǖ]z�c�a��`��ƗƇFnTǇèƅŠ

Č�kv��eŢ¹Ë 
PET �ӟǢϳ̫ΊyͲk�Ñ°½áã�ԕɤȰT

ԕŞёЎyͺńźƓЎ|˗ʹ|ʹ̰yv�rj^

jTPET рϿ�˽ŝƱ}ǒӆ}¯ã¸àæ¶ó�

}ŉ³ãæ�ɒшzl�r�éПΐ}ԕīyv

�r�rп˽Ģ�òĻ^�ʍ�җ�^TÞã¨y

ƶ�ɒш_v�˽ŝƱҿϿ}ŦϞ_Ͳk�ǈƚ_

ǒZrԕ Áß¦æ¤ãÒ£ÕÝ�Ñ°½áã�

ͧţǵλ 
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�Õæ°ã¨_ƓЎyv�TӟǢϳ͡ǿ}��Ͳ

krÑ°½áã�ͺńźy`�ƓЎə_v�r�

réʹƞ^���yʥń_ƓЎyv�Ť͞�v�r

pfyԕ Áß¦æ¤ãÒ£ÕÝ�ӔΌjTӟǢ

ϳ͡ǿɈ�Ñ°½áã�Õæ°ã¨�ѝ�rr�

Ʒ )Ԝ/ԝ}ӔΌjr¤ãÒ£ÕÝ}ʹZr 5/55

Êá¹§�ŗΚ�Ψlr5/55 È§³ß�²�

��-?��-?	� çy 
�?
� }ҿϿjr��� 	 �ã

¸ğϿ˗ɤǁŉӭǢǌĵώ}ŉǧϧƚl�fzy

̃ɪjrrӔΌjrԕ Áß¦æ¤ãÒ£ÕÝ�

ŗΚ�Ʒ )�0	 }Ψlr˽ŝƱÊá¹§ŌĢ� 
 è

�¶ã¨±»ãǴƱ}ǽŋjTÈãÏæß«ÞÕ

æ¶�ũӵ}ҿϿjrr�

ɋ��rӟǢϳ͡ǿˇ}ͲkrÑ°½áã�ͺ

ńĨ�Ʒ �/	 zԜ0ԝ}Ψlr	(.�LC ͡ǿˇ�Ñ

°½áãŞȟ�¤ãÒ£ÕÝzŉǧͺń�еƚͺ

ńԜ/ԝz 

	�LC ͡ǿˇ�еƚͺńԜ0ԝyTӟǢ

ϳ͡ǿ}��ͲkrÑ°½áã�Şȟ�¤ãÒ£

ÕÝ}��ͺńzjxɋ�fz}ɪŰjrFGr�

� �
Ԝ/ԝ� � � � � � � � Ԝ0ԝ�
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r��zЅy���r 
� Ʒ 5 ƌ�Ʒ 6 }œ˰É�ã½ÔyƏɋjr¯ã

¨ßєʰͬzƜˇєʰͬ�Ψlr¯ã¨ßєʰͬ

� 300 MBq ĐҚ}]Zx� dead time _ʰ%ēíy

ŽŞ}ǯʹΐ|ϧ˭_ɋ��rrƜˇєʰͬ�

True+scatter _ random z Ĉ ț l � ͞ _ 500 
kpcs@170 MBq yvurrƷ 7 }µÉ½���Ɯˇ

єʰ�єύˇӕ�Ψlr250 MBq ēí�y� 1 Ş

є͈�¼æ¶�ŜͰl��} 1 ŞēŒyϤĀjx

]�ŽŞ}ǯʹΐyv�r 
� Ʒ 8 }ӄϗǢϳ̫Ί�͡ǿӅ�Õæ°ã¨ǯԓ

�Ĩ�Ψlr12C }]Zx� 9 mm �àã°¯É¶

æ�ΥѢy`rrRI ÇæÔyv� 10C z 11C y� 9 
mm �àã°¯É¶æ����u`�zΥѢ_Ɠ

Ўyvurr�r dose profilez�ț� 10C ,11Cz 12C
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}]Zxp�q�T7.8 mm, 1.5 mm, 1.5 mm yvu

rr 
 

 
Ʒ 5� ¯ã¨ßєʰͬ 
 

 
Ʒ 6� Ɯˇєʰͬ 
 

 

 
Ʒ 8� ӄϗǢϳ̫Ί�͡ǿӅ�Õæ°ã¨ǯԓ�

Ĩ 
 

� ƃƬ 

˞νy�Éà¥¯Êß|¯ã¨ß²å¼æ¶

Ǝө¯±»Ô�˗l�Æ½�² OpenPET ǯћ̋

�ӔΌjTp�əЎќīǯԓ�иurrin-beam PET
zjxŽŞ|əЎ�˗jxZ�fz_Ş^urr 
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ǖǛǝǗIn-beam OpenPET j����j�� 
 

͵ȒУ˘ 1)TȦӅάø 1)Tƛ͵У̫ 1)TC. Kurz 2)T K. Parodi 2)TȍѲ̳Ѽ 1) 
1) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 

2) ßæ½ä�ÆåÒ§¯ÓÞ�ãǓǧ 
 
 
�� I8mF 

ʪży�TPET (Positron Emission Tomography) 
њʷzʪǿϳ̫Ί�еƚ�ΔʊjxTӄϗǢϳ̫

Ίô} PET ͈Ǯ_ƓЎ| OpenPET �ӔΌ�ҩ�x

Z�[1-4]r͡ ǿÇæÔzjx 12C �ʹZrӄϗǢϳ

̫Ίy�T˶ΤΣƍɔ}�uxӟӭǢʪŝ˶_Ͳ

ɪh��fz_Ξ��x]�TPET ͈Ǯ}�ux

̫Ίєͺzǯӥ}͡ǿh�rϳӆ_éНjxZ�

^{x^ΥѢy`�z˚Ɇh�xZ�[5-7]rf�

�y}TϗǢϳ̫Ίyǯӥ}͡ǿh�rϳӆŞȟ

�ΥѢ�иxr�}T͡ǿɈɞІ� PET рϿ�ε

ŵhnx^�͈Ǯ�иx¢ÉÝ�ã PET �T

Dual-head £ÕÝ�ʹZr¢ãÝ�ã͈Ǯ_ǯʺh

�xZ�[5-10]rf�}ǻjxTOpenPET �¢ãÝ

�ã͈Ǯy 3D � PET ͈Ǯ�иxfz_ƓЎ|°

¢Õ½Þyv�r�Tf��y}|ZɠǇ_ɋ�

��z˚Ɇy`�_Tp�˗Ŵə�ʿ�^}h�

xZ|Zrpfy˞νy�T̫Ίєͺ�ņ}j

rєύ̋¯ÓÙàæ¯Ûã}�uxTOpenPET �

¢ãÝ�ã͈Ǯ}�uxƏɋƓЎ|ɠǇ�˽ѕjT

¢ÉÝ�ã� PET є͈ƌ�¢ãÝ�ã͈Ǯ�ǻƞ

ǁÑ°½áã£ÕÝz̞ґjrr 
 

�� Ĥŋ 
¯ÓÙàæ¯ÛãŌĢ�̸��ƷԤ}Ψlr̫

Ίєͺ� CT ͺńzͦͰϳӆ�ɠǇ�ņ}TÖã»

£ßá¯ÓÙàæ¯Ûã�Å¹©æ°µÉ½��

�yv� FLUKA[11, 12]�ʹZxTӟӭǢʪŝ˶θ

�Ͳɪͬ�̤��fz_y`�rpjxTͲɪh

�r˶θ�̈́н�ж̸}��̵Zŝj�Ŵ˭�Ö

¼ßźjr̍ȷ}�uxT͈Ǯˇӕô�Ȧƿʪǿ

Ў͖Ȱ A �єύl�fz_y`�[6, 7]r 

A = Mi
i∈s,m, f
∑ N j

j
∑ 1− e−λ jtirr

tirr
e−(λ j+λi )Δt 1− e

−(λ j+λi )t frame

(λ j +λi )t frame
(1) 

ffyTMi�̵Zŝj�ɪŞzjxҪZɪŞ(ſ̈́

˚ λs)TôӕɪŞ(ſ̈́˚ λm)TҥZɪŞ(ſ̈́˚ λf)�
Ŭƚ�мjTƚє_ 1 z|�r�rTNj �͡ǿ}

��ſ̈́˚_ λj �ӟӭǢʪŝ˶θ j �ͲɪͬTtirr

�͡ǿˇӕTΔt �͡ǿϤĀ^�͈ǮӔǞ�y�ˇ

ӕTtframe�͈Ǯˇӕyv�r̵ ZŝjɪŞ�Ŭƚ�

ϥϽgz}̧�uxZ�zĔǮjTϥϽŞԈ� CT
ķ�ӗķ}�ux³¨Õã»æ¯Ûãl�fzy

иurrŏĢΐ|ÅÝÕæ¶�ʲͫ[6]}іҒh�

xZ�ķ�ħʹjrr 
¯ÓÙàæ¯Ûã�иur°¢Õ½ÞzT¢ã

Ý�ãT¢ÉÝ�ã͈Ǯ�ˇӕ̃Ҧ�Ʒԥ}Ψlr

ƙ°¢Õ½ÞyTŎҤ� DOI (Depth of Interaction) 
˽ŝƱ�ʹZrrDOI ˽ŝƱ�¯ã¸àæ¶� 3.0
B3.0B7.5 mm3 � GSO ϧˋyT16B16B4 �ҿŠ

zjrr¢ãÝ�ã OpenPET �TτĄñđ OpenPET
yv� Single-ring OpenPET �°¢Õ½ÞzjTӔ

ʪξӕ� 26cmT˽ŝƱʰ� 1 Þã¨vr� 40 Ĵ

B5 Þã¨� 200 Ĵzjrr¢ÉÝ�ã PET �˽

ŝƱʰ�Ɯ̄zjrr¢ãÝ�ãÑ°½áã£Õ

Ý�Tǻƞl�※Ļ�ӵ�̃ɪl�˽ŝƱʰ� 25
ĴzjTƚ�nx 50 ĴzjrrÖã»£ßá¯Ó

Ùàæ¯Ûã�r��ºæß¥¹½zjxTGeant4 
(version 9.6) �ħʹjr[13]r¢ãÝ�ã͈Ǯƌ�

¢ÉÝ�ã͈Ǯˇ�ӟӭǢʪŝ˶θŞȟ�ΥͬǶ

ȰӖʰzjxT˶θȕǎ�ǈɰ�Υͬΐ}̧�T

bϳǻ�ΌͲhnrrr±jTffy�ӟӭǢԋ

 
ƷԤ� ̫Ίєͺ�ņ}jrєύ̋¯ÓÙàæ¯Û

ã�̸� 
 

 
Ʒԥ� ¯ÓÙàæ¯Ûã°¢Õ½Þzˇӕ̃Ҧ 
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η�Ѕɧ}ŋ�xZ|ZrpjxTȕǎ�ʰ�˶

θŞȟ�ƚє^�ыμ��T¢ãÝ�ãє͈ˇ}

6M £�ã½T¢ÉÝ�ãє͈ˇ} 2M £�ã½z

jrrpjxTƜˇєʰh�rÞ±½Öæ¾¼æ

¶�іӍjrrͺńŕ̃ɪ�T2 ̍�Ȧ͐źӖʰ�

ʹ Z r  List-mode MAP OSEM (Maximum a 
Posteriori Ordered Subset Expectation Maximization) 
̰}�uxиurr|]TɤȰу̐Tʯþу̐T

Ýã·Ôу̐�иuxZ|Zr 
 

	� ƃĹ 
ƷԦ}̫Ίєͺ� CT ͺńzͦͰϳӆTƌ�ƙ°

¢Õ½Þyɋ��rŕ̃ɪń�Ψlr�rTƷԧ

}ͺϠķ�ËáÉ��ß�Ψlr¢ãÝ�ã

OpenPET y�TƜk͈Ǯˇӕyĵēì�£�ã½

�є͈y`TÂ�²�ȃ|Zͺń�ɋ�fz_y

`rr¢ÉÝ�ã PET y�T̵Zŝj�ɃӹyÊ

Ý¹¨Èæ§��ɱũ�Ӿǃ�ʪǿЎ͖Ȱ_Ġí

jTÂ�²_Δρvϧ˭z|urrǻƞǁ�Ñ°

½áã£ÕÝ�TŘͨӵͺń�Şȟ�ϙȰРbƏ

ɋy`�_Tp�ēǑ�ʷӵy��æ¸É�§½

}��Şȟ_Ǔ`bȫ_urr 
 


� ƃƬ 
ӄϗǢϳ̫Ίô�¢ãÝ�ã OpenPET y͈ǮƓ

Ў|ɠǇ�˽ѕl�r�}T̫Ίєͺ�ņ}jr

Öã»£ßá¯ÓÙàæ¯Ûã�иurrp�ϧ

˭T¢ãÝ�ã OpenPET ͈Ǯ}�uxTÂ�²�

ȃ|ZԦ̍ņͺń�ɋ���ƓЎə_v�fz_

ΨƬh�rrČɈ�āǮzjxTԀҽēǑ�·Ĩ

}ǻl�˽ѕ�T͡ǿz͈Ǯ�ˇӕ̃Ҧ�ǐ˒j

rӥ�Ƀӹ�˽ѕl�rŏĢΐ}�T¯ã§á½

áã�ɢǮjr͡ǿÇæÔӕ}͈ǮƓЎ|ˇӕ_

v�ǈƚ�T¢ÉÝ�ã͈Ǯˇӕ�˕ҳźjrǈ

ƚ�˽ѕ�иxr�rTIn-beam �°¢Õ½Þzj

xTʲͫ[8, 10]zƜ̄}TҽŞÞã¨�˽ŝƱ�ɢ

Ǯjrǈƚz�̞ґ�иxr 
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ǖǛǞǗ0.8 mm ÂÇ X’tal Cube ĽÁÝeƦ° 
 

ʸ͵ǫǥ 1,2)TιͭΕǢ 2)TȦӅάø 2)Tӌɭʲɂ 2)Tƛ͵У̫ 2)T͵ȒУ˘ 2)T̪ƚίȨ 1)TȍѲ̳Ѽ 2) 
1) žЩǓǧ 

2)ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ�  
 
�� I8mF 

Ȃŵͦ� PET є͈}��ͲĢν��ɔʹ�Ò

ãÖ PET �КȬź�ΔΐzjxTPET ˽ŝƱ�ԕ

ξӕŞёЎź�ñͻΐ}νh�T̫ ӵμ_ 1 mm2

˜͉�ϧˋ�Ԥҕ 1 mm �ρʹĢϧˋ�ʹZr˽

ŝƱ�ӔΌ�Όмh�xZ�[1],[2]rрϿ�эӅŌ

Ģ}]ZxԕɤȰzԕξӕŞёЎ�Ұɪl�r�

}�T˽ŝƱŒy�¤ãÒϳ�˽ŝğϿ� 3 ̍ņ

ΐ}є͈l� depth of interactionԜDOIԝ˽ ŝƱ�ʔ

ʹ_îƓ̌yv�r 
pfyTɫs�̍ñđ DOI ˽ŝƱyv� X’tal 

Cube ˽ŝƱ�ӔΌjx`r[3]rŏĢΐ}�TŒҽ

}àæ®æűβ_ʺh�r¯ã¸àæ¶Êá¹§

�хʰӵ}TЯǁ�ſȁĢŉ˽ŝƱyv�

multipixel photon counter(MPPCT̹˨Ï½À§±Ω

ф)�ŉǧϧƚjrrƷԤ(a)} X’tal Cube ˽ŝƱ�

̂ɖƷ�ΨlrŒҽ}Ϣ^|ρʹĢͨ�ϧˋ³¨

Õã½_Ɂɪh�T̄ ã¸àæ¯Ûãŉ�ƙ MPPC
}ȫ_�Tp�ĲƗ�ӄɑ͒ύ�ϧ˭� 3 ̍ņÆ

±½¨ÝÔì}ʘbfzy¤ãÒϳ˽ŝ³¨Õã

½�̧Ǯl�ԜƷ 1(b)ԝr˞˽ŝƱ�ͧɐ�Tϧˋ

³¨Õã½_φʹΐ|Ɂͨyv�r�TPET эӅ

Œ}]ZxɊ˦� DOI ˽ŝƱ�����é̄|ξ

ӕŞёЎ_ɋ���fzyv�r 
ͮƼ�y} X’tal Cube ˽ŝƱ�(Ԥmm)3�ϧˋ³

¨Õã½�Ѱţ�Ұɪjr[4]r˞νy�T˒|

�ŞёЎ�ƞì�ΔʊjTPET ˽ŝƱ}]Zxñ

ͻ˕ԕŞёЎz|�(0.8mmԝ3�ϧˋ³¨Õã½�

ʉv X’tal Cube ˽ŝƱ�ѝĥjTp�ϧˋ³¨Õã

½_ѰţƓЎ^ǯԓyΥ^�rr 
 

�� Ĥŋ 
˞  ν y ʹ Z r ¯ ã ¸ à æ ¶ �

Lu2(1-x)Y2xSiO5(LYSO, x = 0.1, Crystal Photonics Inc. 
(CPI); USA)yTϧˋÊá¹§��²� 13.6 x 13.6 
x 13.6 mm3yv�r̹ ˨Ï½À§±Ω}��àæ®

æűβɴй[5]}��ϧˋÊá¹§Œҽ}� 0.8mm
ӕӣyŉǧΐîҧϭӵ_Ͳɪh�T17 x 17 x 17 Ĵ

�³¨Õã½_ĥɪh�rԜƷ 2(a)ԝrŉ˽ŝƱz

j x � 4 x 4 � à � ¶ � Ë � MPPC
ԜS12642-0404PB-50(X), ̹˨Ï½À§±Ω, È§

³ßʰ 3600TÈ§³ß�² 50 µm x 50 µm; ˗Ŵ

ɤȰӾǃ 3.0 mm x 3.0 mmԝ�ʹZr(Ʒ 2(b))rMPPC
�à��ϧˋÊá¹§ƙӵ} RTV ¬ÔԜKE420, Ĳ
҄¯Þ«ãΩф; Ȉɺͬ 1.45ԝ�čjʖΛjrrƷ

3 } MPPC �à�Ɛŉӵzϧˋ³¨Õã½�ğϿ

ӖĮ�Ψlr 
22Naϳ͊^��¤ãÒϳ�˽ŝƱ}é̄͡ǿjT

NIMTCAMAC ¯±»Ô�ʹZ¼æ¶Ǝө�иurr

¤ãÒϳzϧˋ³¨Õã½�ΖąĥʹğϿ� 3 ̍

ņ Anger єύ�ʹZxєύjrr 
 
	� ƃĹ 

 Áß¦æ��ã¾�� 511 keV ¤ãÒϳÈæ

§}ǻjxʔ�(A3e�ϑƶ)TAnger єύ�ǯиj

rz`� 3 ̍ņÆ±½¨ÝÔ�Ʒ 4 }ΨlrƷ 4
}ыy�ƙɔω�ƙϧˋ³¨Õã½}ǻɔl�r

10 ȌΔ}ǻɔl�ϧˋɔω�ҵɼjʘZr 2 ̍ņ

Æ±½¨ÝÔ�Ʒ 5(a)}Tp�ôǗҽŞ�ËáÉ�

�ß�Ʒ 5(b)}Ψlrς�ɔω}ӄ|�_ы���

_Ԝɔω 1,2 zɔω 16,17ԝTp�ҽŞēǑԜɔω

3~15ԝ�ϧˋɔω_ȶţy`T³¨Õã½�Ѱţ

_ƓЎyv�fz_Ş^�r�rTÈæ§ 4Զ14
� peak to valley ratio �Ȧƿķ� 2.9 yvurrƷ

5(b)�ɔω 9}ROI�ҵɼj Áß¦æ±Î§½ß

�ƏɋjrÆ±½¨ÝÔ_Ʒ 6 yv�r511 keV �

 Áß¦æŞёЎ� 9.0%yvurr 
 


� ƃƬ 
X’tal Cube ѝĥƱyT(0.8mm)3�ϧˋ³¨Õã½

�Ѱţ_ƓЎyv�ԜƷ 4T5ԝT Áß¦æŞё

Ў}]Zx�ԕZəЎ�Ψlfz�ΥѢjrԜƷ

ԩԝrς�³¨Õã½ɔω�ȶţ�Рbl�fz

_ѪԄzjxʌe������T˞˽ŝƱ�Ê

ÓÞÕæ½ß�ξӕŞёЎ�φʹΐ}˗l�

DOI-PET ˽ŝƱzjx˗ʹyv�fz_Ψnrr

ČɈ�˞˽ŝƱ�ˇӕŞёЎ�ѫ��r 
 

 
ƷԤ� (a) X’tal Cube ˽ŝƱ̂ɖƷz(b)Anger єύ

�ϧ˭�ʘZr 3 ̍ņÆ±½¨ÝÔ 

������

�����
�

�
�	���


����

(a) (b)

1�����
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Ʒ 2� (a) ǯԓyʹZràæ®æűβh�r LYSO
ϧˋÊá¹§z(b) 4x4MPPC �à� 
 

 
Ʒ 3� ϧˋ³¨Õã½z MPPC Ɛŉӵ�ğϿӖĮ 
 

 
Ʒ 4� Anger єύ}��ʘ^�r 3 ̍ņğϿÆ±½

¨ÝÔr Áß¦æ��ã¾�� 511keV }ǻjx

ʔurr 
 

 

 
Ʒ 5� (a) Ʒ 4 }Ψh�� ROI � 2 ̍ņÆ±½¨Ý

ÔT(b) γƷ}Ψh��ҽŞ�ËáÉ��ß 
 

 
Ʒ 6� Ʒ 5(b)}ʘ^��ɔω 9 }ǻjxɋ��� 

Áß¦æ±Î§½ßr511 keV Èæ§� Áß¦æ

ŞёЎ� 9.0%yvurr 
 
ÐƉġŝ 
[1] A V� Andenbroucke, A M K Foudray, P D 

Olcott and C S Levin Phys. Med. Biol. vol55 
5895–5911, 2010 

[2] Yamamoto S et al. : Phys Med Biol,.vol 58, pp. 
7875-7888, 2013 

[3] Yazaki Y, Inadama N et al. : IEEE TNS, vol. 59, 
No. 2, pp. 462-468, April 2012. 

[4] Yamaya T, Mitsuhashi T et al. : Phys. Med. Biol., 
Vol. 56, pp. 6793-6807, 2011. 
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ǖǛǟǗd�lp�b���ĽÁÝ 
3 ńºĐďry��FnTƪNÁTr�z�ÅŐ 

 
ӱȒȫ̑ 1)TȂȆԕƕ 2)Tƛ͵У̫ 3)Tӌɭʲɂ 3)TƩƽƫȺ 3)Tʸ͵ǫǥ 3)4)TХȩͲ 5)TȍѲ̳Ѽ 3) 

1) ˧ĉβ̀Ǔǧβǧҽӭ̡ӭǢβǧβT2) ˧ĉβ̀ǓǧńɠǇβǧνɰT 
3) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æT 

4) žЩǓǧͰǧνβT5) žЩǓǧÉáã»��żβǧ³ã¶æ 
 
�� I8mF 

§Þ±¶ß¥ÙæÊԜXCԝz�Tʪǿϳżǧϲ

ƚνɰ_ôɑz|uxӔΌjrԕZφʹξӕŞ

ёЎ�ʉv PET ʹ 3 ̍ņʪǿϳ˽ŝƱyv�[1][2]r
Ɋ˦� 2 ̍ņʪǿϳ˽ŝƱ_¯ã¸àæ¶ϧˋ�

Ԥӵ��}ƐŉϠǢ�ҿϿl��}ǻjTXC y�

ρʹĢ�¯ã¸àæ¶ϧˋ�à��ԩӵ}ſȁĢ

ƐŉϠǢ�ҿϿl�rf��y}(0.8mm)!�ɎȂ

¯ã¸àæ¶ϧˋ³¨Õã½�ğϿȶţ}ɪŰj

r_[3]TƐŉϠǢ�ŝůĲƗ�ͪρ}Ѩ�ŝjx

¼æ¶�Əɋl�ǈƚTѨ�ŝj¸×Áßʰ_ǌ

űjƳ҈ь̇_Ǔ`b|�͞_ѪԄyvurr 
Ɋ˦�ԤӵѨ�ŝj}��˽ŝƱy�TѨ�ŝ

j¸×Áß�Ũ̈́l�ʹ̰��zvzjx 2 ̍ņ

ɾɹ¸�æãԜ2D-RCԝ_ʹZ���rffyɾɹ

¸�æãz�TɾɹƳ҈}ŋůh�rӭ̸_ɾɹ

ķ�̞}ɊuxŞ̸h��əҀ�ŤʹjTğϿ͒

ύԜӄɑ͒ύԝy`�ͨɦ�ıt|_�ŋůĲƗ

�¸×Áßʰ�Ũ̈́l�ƐŵɾɹƳ҈�fzyv

�r˞νy�f�� 3 ̍ņ}ʆȽjT3 ̍ņɾɹ

¸�æãԜ3D-RCԝ�єύ̋¯ÓÙàæ¯Ûã}�

�јєåќījr�yǇƣl�r 
 
�� Ĥŋ 

9B9B9 Ĵ}³¨Õã½źh�rϧˋ�à��

ԩӵ} 4B4 Ĵ�ƐŉϠǢ�ҿϿjr XC �ǻѴz

jrrv��ɾɹ¸�æã��ŋů¸×Áßʰ�

96ch yv�rŝů¸×Áßʰzjx�T8ch z 6ch
����˽ѕjxZ�r˞ λy� 8ch ���}vZ

xǇƣl�ԜƷ 1ԝr 
3D-RC �јєåќī�ēí�ɱӼyиurr 
l ɾɹҿϿÅ¶æã�̧Ǯ 
m ɾɹķ�đŋ 
n ŝů^�Ñ°¯ÛãÒ¹Ë�Ͳɪ 
o ќīķ�ύŝ 
p m}ɮ� 
lԭƷ 2 _˞λyǇƣl� 96ch ŋů 8ch ŝů

3D-RC �ɾɹҿϿƷyv�rƙӵ} 4B4 Ĵ�ŋů

͞�ʉv 2D-RC �ąZұZ}ҿϿjr̃ɪ}jT

Ѩ�ŝj͞�ρʹĢ� 8 v�Ӻ͞�ğϿzjrr 
mԭly̧�rƳ҈�Ƴ҈¯ÓÙàæ¯Ûãºæ

ß spice ìỹɪjTɾɹķ�đŋjrrɾɹķ�

2D-RC zƜ̄}TƙӵôǗҽ�ɾɹƱ 12B6 Ĵz

ҕҽ�ɾɹƱ 6B6 Ĵ}vZxp�q�Ɯé�ķ�

z���zjTf���p�q�RC (a.u.)TRE (a.u.)
yмjrrɾɹķ� 1Զ100 �ʱʰķ}ӚǮjTƁ

ğ�ėɣƁğzjrr 
nԭ̃ɪjr 3D-RC }ƐŉϠǢ�ŝůĲƗ�ŋ

ůjTŝů�ӄɑ͒ύjxÑ°¯ÛãÒ¹Ë�Ͳ

ɪjrrƐŉϠǢ�ŝů}�Tév�ϧˋ³¨Õ

ã½yΖąĥʹ_҂`rǈƚ}ƙƐŉϠǢ_я͈

l�ŉǢʰ�ŕͮl�ŉǧ¯ÓÙàæ¯Ûã�Ԥ

³¨Õã½vr� 500 ƳmvǯиjTp�Ȧƿķ

�ʹZrrͲɪjrÑ°¯ÛãÒ¹Ë�ɔω�ƙ

³¨Õã½�ôɑ͞}ǻɔl�r 
ȱ̆ķ!�̤��ӄɑ͒ύ�ȷ�T8 v�ŝůĲ

Ɨķ A�B�C�D�E�F�G�H }ǻjxT 

! = ! + ! + ! + ! − ! + ! + ! + !
! + ! + ! + ! + ! + ! + ! + ! !!!!!!!(1) 

yǮЂjT˕ǓyԤT˕ȂyԠԤz|��x}j

rrY,Z }vZx�Ɯ̄zjrr�rT̞ґ�r�

}ͪρѨ�ŝj�ǈƚ�Ñ°¯ÛãÒ¹Ë�ĥɪ

jrrȱ̆ķ!� 

! = 1
! !!!!

!"

!!!
,! = !!

!"

!!!
 

zjx̤�rrr±jT!!�ƙƐŉϠǢ�ŝůyv

�T!!�ӄ�yTƷ 3 }ΨlҤ�ϠǢӵôɑ_φӕ

ӣ}ó�zjrz`�ôɑȱ̆zjrr3D-RC �

ʹZ�ǈƚzƜ̄}ȱ̆ķ_˕Ǔy 1T̞ Ȃy-1 z

|��x}jrrY,Z }vZx�Ɯ̄zjrr 
oԭÑ°¯ÛãÒ¹Ë�ќī}�TŌx�ӧʖ

l�ɔωӕ҆ӫ�˕Ȃķ�ʹZrrffyév�

³¨Õã½}ӧʖl�³¨Õã½ʰ�˕Ǔyԩz

jrr 

 
ƷԤ� 96ch ŋůå8ch ŝů� 3 ̍ņɾɹ¸�æã

�ũɈ}]d�ĲƗ¸×Áßʰ�ӖĮ 
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Ʒԥ� 8ch ŝůԦ̍ņɾɹ¸�æã�ɾɹҿϿƷ 

 

 
ƷԦ� ͪρ}ѨŝjrĲƗ^�ӄɑ͒ύl�r�

�ӄ�!! 
 
	� ƃĹCƉî 

Ʒ 4TƷ 5 } RETRC �ƸǮjx RCTRE �

ǐźhnrǈƚ�ɾɹķzќīķ�ӖĮ�Ψlr

Ϲҏʹƞ}Ǔ`Z�{Ñ°¯ÛãÒ¹Ë�ğϿȶ

ţəЎ_ԕZfz�ɣƥl�rќīķ_˕Ǔz|

���TRCԯ100(a.u.)ԜƷ 4ԝTREԯ1(a.u.)ԜƷ 5ԝ
�z`yv�rɾɹķ� RCԯ100TREԯ1 zjx

¸×Áßʰ� 8ch }Ũ̈́jrĲƗ^�̤�rÑ°

¯ÛãÒ¹Ë�Ʒ 6 }Ψlrf�� 3 ̍ņÑ°¯

ÛãÒ¹Ë�ąZ}ΕĈl�|� 3 ҏʹƞp�

q�}ɸɃjr��yv�r{�ʹƞ^�ыx�

��Ɯé�Ɂͨ�ȫ_��ʉvfz_Ş^�rƷ 7
� 3D-RC�Ҥhm 96ch�ĲƗ�ͪρ}Ѩ�ŝjx

̤�rÑ°¯ÛãÒ¹Ëyv�r3D-RC �ʹZr

ǈƚzpxy|Zǈƚzy̞ґjxTɋ���Ñ

°¯ÛãÒ¹Ë���Ɯ̄�Ɂͨ�jxZ�zZ

y�r 
 

 
Ʒԧ� RE �ƸǮjx RC �ǐźhnrǈƚ�ɾɹ

ķzќīķ�ӖĮ 
 

 
ƷԨ� RC �ƸǮjx RE �ǐźhnrǈƚ�ɾɹ

ķzќīķ�ӖĮ 

 
Ʒԩ� Ԧ̍ņɾɹ¸�æã�ʹZx¸×Áßʰ�

Ũ̈́jrĲƗ^�̤�rÑ°¯ÛãÒ¹Ë�TxT
yTz ҏʹƞ��ƙɸɃƷ 

 
ƷԪ� ͪρѨ�ŝj}��ĲƗ^�̤�rÑ°¯

ÛãÒ¹Ë�TxTyTz ҏʹƞ��ƙɸɃƷ 
 


� ƃƬ 
§Þ±¶ß¥ÙæÊ�ĲƗ¸×Áßʰ�Ũ̈́l

� 3 ̍ņɾɹ¸�æã�ɾɹķ�ǐźhn|_�

Ñ°¯ÛãÒ¹Ë�̤��єύ̋¯ÓÙàæ¯Û

ã�иZTp�ôyğϿȶţəЎ_˕Ǔz|�ɾ

ɹķ�̤�rrp�ϧ˭T3 ̍ņѨ�ŝj}]Zx

¸×Áßʰ� 96ch ^� 8ch }Ũ̈́j|_�ͪρѨ

�ŝjz��Ɯφ�Ñ°¯ÛãÒ¹Ë_ɋ���

3 ̍ņɾɹ¸�æã_̤���rr 
 
ÐƉġŝ 
[1] T. Yamaya, et al., Phys. Med. Biol. Vol. 56, 1123-1137, 

2011. 
[2] Y. Yazaki, et al., IEEE Trans. Nucl. Sci., Vol. 59, 

462-468, 2012. 
[3] M. Nitta, et al., IEEE, NSS MIC CR:M04-1, 2014. 
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ǖǛǠǗĭòĔëŋtš.=ƃī¿Ğ�tƉċT=¬ƇýÃX�h�m�e

ǅū 
 

ϓƇ͏Ȧ 		 ԟХȩͲ 	�
	 ԟƛ͵У̫ (	 ԟӌɭʲɂ (	 ԟιͭΕǢ (	 ԟ͵ȒУ˘ (	 ԟȍѲ̳Ѽ (�		 �

�

		 žЩǓǧǓǧӛβǧνβԟ
	 žЩǓǧÉáã»��żβǧ³ã¶æԟ�

(	 ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ�
 

 
 
1. I8mF 

X’tal cube(s�vx�r��})[1]g�u�y��u�
��n�26e+
bYljVe�;'�"1bTl

@(}�zsf�afEQe�����>�bTl

multi-pixel photon counter(MPPC)nLA]aUl�h
_�S�FCn�3^l_ie�@(}�zsf	K

g 3 .�6e?WZ��\maUl��'��P��
�An ^lOeg�@(	&�X�A�FCf

��n!YI[^��edl[cX8kmaUl�*

9:bg�@(	&�nB$]_)�%�0[2]n4
U_�A p�t�w�nN5^l[cn76c]_�

G<-u����u��[3]n4U_�Rej`a��
P��q~�{c@(	&�q~�{f�=��|o

�v{q�x�su��@(%�=�n�D6d�A

 p�t�w�bTlAnger0c/J^l[cb+H
]_� 
 
2. Ĥŋ 

2.1 j����j��ơë 
� @(}�zs	KfϧˋϠǢ�Ɂɪeàæ®æű

β�ʹZr X’tal cube nɢǮjrԡ3.0 × 3.0 × 3.0 
mm3� Lu2xGd2(1-x) SiO5:Ce (LGSO, x=0.9) (Ȉɺͬ = 
1.85)�ϧˋϠǢ� 6 × 6 × 6 }ҿŠjrԡϧˋмӵ

�Ӑӵ(Ϙӵͬ = 0.2)zjrԡƙÊá¹§мӵ}�ԟ

MPPC � 4 × 4 }ҿŠjԟp�ēǑ�мӵ}�ƍǿ

ˢ�ҿϿjrԡƙ MPPC �˗ɤӾǃ� 3.0 × 3.0 mm2ԟ

ƍǿˢ�ƍǿͬ� 98%zjrԡ511 keV �͎̽ʪǿ

ϳ� X’tal cube ìʹ^�é̄͡ǿjrԡ 

 
Ʒ  1 X’tal cube �̃Ҧ  

 
2.2 Anger ŋ 

�A p�t�w�bTl Anger 0[4]g�3 ̍ņ

Æ±½¨ÝÔ�ĥɪjԟΖąĥʹ�҂fjrϧˋ

�ʗǮl�r�}�D6e�4\maUlԡAnger
0ejlM#�,�(x, y, z)�ԟ 

  (1)   

  (2)   

  (3)   

y̤����ԡ(Xi, Yi, Zi) �p�q��ʹƞ}]d

� i Δ�ƐŉϠǢ�ӄ�ԟsi� i Δ�ƐŉϠǢ

�ŝůĲƗԟS �ŌƐŉϠǢ�ƚєŝů�мlԡN
�ƐŉϠǢʰ�мlԡ 

3 ̍ņÆ±½¨ÝÔ�ƙ§Ý±¶�ԟϧˋÊá¹

§Œ�p�q��ϧˋϠǢ}ǻɔl�ԡ͎̽ʪǿ

ϳ 1 v^�ŝůh��ӄɑȱ̆zŌ§Ý±¶�ô

ɑȱ̆z�҆ӫ�̤�ԟ҆ӫ_˕�ΠZ§Ý±¶

}ǻɔl�ϧˋyΖąĥʹ�҂fjrzʗǮjrԡ 
�rԟϧˋ�§Ý±¶gzyϧˋ�ôɑ^� D

È§³ß(D =3,4,5)� ROI �Ə�ԟp� ROI Œyv

��ŉӭƠƎ�Íã½zŢţjԟROI Ǒyv��

ϧˋŒʯþ�Íã½zŢţjrԡ 
 

2.3 ąĵeĭòĔëŋCĖļčŋ 
� Ɋ˦�˕ȅʗǮ̰�ŉӭƠƎ���ЅɧjxZ

�ԡ˕ȅʗǮ̰(1 ͞ʗǮ)�ēí�±»¹Ë^�̃

ɪh��ԡ 
I. ¯ã¸àæ¶z͎̽ʪǿϳz�Ζąĥʹϧ

ˋ c }ɔkrƐŉϠǢ i �ȦƿƐŉϠǢŝů

ɔωӖʰ fi (c)�ĥɪl�ԡ 
77� ɔωӖʰ�fi (c)�ʹZԟƐŉϠǢ�i��ŝů�si

^�ȅȰӖʰ p(s|c)�ĥɪl�ԡ�

 
 

(4)   

III. ƙ�Íã½}ǻjԟȅȰӖʰ_˕Ǔz|� c
�̤�ԟϧˋ c �ΖąĥʹϧˋzʗǮl� 

 
� ˞νy�ԟ˕ȅʗǮ̰(1 ͞ʗǮ)�ʨРjԟϧ

ˋŒʯþ�Ѕɧjr˕ȅʗǮ̰�ӔΌjrԡϧˋ

Œʯþ�Ѕɧjr˕ȅʗǮ̰�ēí�±»¹Ë^

�̃ɪh��ԡ 
I. ͎̽ʪǿϳ_ǀΕ}ŋǿh��zĔǮjԟΖ

ąĥʹ�҂flϧˋ�ϥ�ƚ�n̜�ʯþѐ

θ�ĤȻѐ�ύŝl�ԡʯþѐ_ 0 Ȱ}|�f

z�|Zr�ԟʯþѐ_ 0 Ȱz|�ϥ�ƚ�

n�Ӝbԡ 

) N ,… 1,=(ii  / SisiXx =∑
) N ,… 1,=(ii  / SisiYy =∑
) N ,… 1,=(ii  / SisiZz =∑

��
!

)(
)|(

)(

1 i

cfs
i

N

i s
ecf

csp
ii −

=
∏=
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II. ͎̽ʪǿϳ_ 2 Ƴ�Ζąĥʹ(«ãË½ãʯþ

kŉӭƠƎ)y Áß¦æ�l�xШzlzĔ

ǮjԟI yʹZrĤȻѐ�ʹZԟ§Ý�ã-ċ
β�ȷ(5)��ԟ2 ͞p�q�yШzl Áß

¦æ�ύŝl�ԡ˕š�Ζąĥʹ(«ãË½ã

ʯþ)yШzl Áß¦æ� E1ԟ2 ƳΔ�Ζą

ĥʹ(ŉӭƠƎ)yШzl Áß¦æ� E2zl

�ԡ 

 
 

(5)   

III. Шzl Áß¦æ�Ŭƚ�p�q��ϧˋ}

ǻɔl�Ɋ˦ɔωӖʰ�ŝů}^dԟ҅jƚ

�n�ԡ 

  (6)   

IV. ɔωӖʰ fi (c)�ʹZԟǯӥ�ƐŉϠǢ i �ŝ

ů si^�ȅȰӖʰ p(s|c)�ĥɪl�ԡ 

 
 

(7)   

V. ƙ�Íã½}ǻjԟȅȰӖʰ_˕Ǔz|�

c1 ,c2 �̤�ԟϧˋ c1�˕š}Ζąĥʹ�҂f

jrԜÉ�æ±½�ã¶Ý§¯Ûãԝϧˋz

ʗǮl�ԡ 
 

ʙ˹ɱ̰�Éáæ¸×æ½�Ʒԥ}Ψlԡʙ

˹ɱ̰y�ԟŉӭƠƎ���Ѕɧjr˕ȅʗǮ

̰zϧˋŒʯþ�Ѕɧjr˕ȅʗǮ̰yύŝh

��˕ȅķ�̞ґl�ԡŉӭƠƎ���Ѕɧj

r˕ȅʗǮ̰�˕ȅķ_ԕd��ԟŉӭƠƎ�

Íã½zŢţh�ԟϧˋ c yΖąĥʹ�҂fj

rzʗǮl�ԡ�rϧˋŒʯþ�Ѕɧjr˕ȅ

ʗǮ̰yύŝh��˕ȅķ�ʹ_ԕd��ԟϧ

ˋŒʯþ�Íã½zŢţh�ԟϧˋ c1 y˕š�

Ζąĥʹ�҂fjrzʗǮl�ԡ 
 

 
Ʒ  2 ʙ˹ɱ̰�Éáæ¸×æ½  

 
2.4 ƥ²Ĥŋ 

ŉӭƠƎ�Íã½zϧˋŒʯþ�Íã½�Ţţ

}vZxԟŢţ̐ωͬz Ýæͬy̞ґjrԡ 

Ýæͬ�ŉӭƠƎ�Íã½�ϧˋŒʯþ�Íã½

zŢţjrŬƚzϧˋŒʯþ�Íã½�ŉӭƠƎ

�Íã½zŢţjrŬƚ�ύŝjrԡ 
� ϧˋʗǮϙȰ�Ǯӆΐ|ќīʊ̆zjxȦƿѦ

ț҆ӫ(Ʒ 3)�̤�rԡѦț҆ӫ�ʗǮϧˋ�ôɑ

^�ǯӥ�ΖąĥʹğϿ�y�҆ӫ�мjr��

yv�ԟ3 θԈ�ɱ̰(Anger ̰ԟ̞ ȅʗǮ̰(1 ͞ʗ

Ǯ)ԟʙ˹ɱ̰)}��ϧˋʗǮ�ϧ˭�̞ґjrԡ

�rԟŉӭƠƎzŢţh�r�Íã½ԟϧˋŒʯ

þzŢţh�r�Íã½p�q�y�ȦƿѦț҆

ӫ�̤�rԡ 

 
Ʒ  3� Ѧț҆ӫ  

 
3. ƃĹ 
� Anger ̰zʙ˹ɱ̰}��ŉӭƠƎzϧˋŒʯ

þ�Ţţϧ˭�м 1 }ΨlԡƙΖąĥʹƳʰ}]

d��Íã½ʰ�Ŭƚ�Ʒ 4 }Ψlԡʙ˹ɱ̰�

Anger ̰}̞�ԟŉӭƠƎԟϧˋŒʯþz�}ϙȰ

РbŢţy`xZrԡ 
 

м  1 ŉӭƠƎzϧˋŒʯþ�Ţţϧ˭  

 
Ţţ 

̐ωͬ 

 Ýæͬ 
ŉӭƠƎk 
ϧˋŒʯþ 

ϧˋŒʯþ

kŉӭƠƎ 

Anger
̰ 

D = 3 
pixels 84.1% 10.1% 5.8% 

D = 4 
pixels 88.6% 5.2% 6.2% 

D = 5 
pixels 86.0% 1.1% 12.9% 

ʙ˹ɱ̰ 90.3% 3.7% 6.0% 
 

 
Ʒ  4 ʙ˹ɱ̰y�ƙΖąĥʹƳʰ}]d�

�Íã½ʰ�Ŭƚ  
 

3 θԈ�ɱ̰(Anger ̰ԟ˕ȅʗǮ̰(1 ͞ʗǮ)ԟ
ʙ˹ɱ̰)yύŝjrȦƿѦț҆ӫ�Ʒ 5 }Ψlԡ

ʙ˹ɱ̰yŉӭƠƎzŢţh�r�Íã½}]d

(2)
cos2
1

,
cos2
cos1
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�Ѧț҆ӫ�Ʒ 6 }ԟϧˋŒʯþzŢţh�r�

Íã½�Ѧț҆ӫ�Ʒ 7 }Ψlԡ 
ʙ˹ɱ̰�Ō�Íã½}]d�ȦƿѦț҆ӫ�ԟ

Anger ̰ԟ˕ȅʗǮ̰(1 ͞ʗǮ)�ȦƿѦț҆ӫz

��φjZϧ˭z|urԡ 
ŉӭƠƎzŢţh�r�Íã½}]Zxԟʙ˹

ɱ̰�ȦƿѦț҆ӫ�Ϟ 1.5 mmz|�ԡAnger̰ԟ

˕ȅʗǮ̰(1 ͞ʗǮ)z��φjZϧ˭z|urԡ 
ϧˋŒʯþzŢţh�r�Íã½}]ZxԟΖ

ąĥʹƳʰ_ 1 Ƴ��Íã½�ʙ˹ɱ̰�ȦƿѦ

ț҆ӫ�Ϟ 0.8 mm Ӓb|urԡΖąĥʹƳʰ_ 2
Ƴ��Íã½�ʙ˹ɱ̰�ȦƿѦț҆ӫ� Anger
̰ԟ˕ȅʗǮ̰(1 ͞ʗǮ)z̞�ԟϞ 0.5 mm Πb

|urԡΖąĥʹƳʰ_ 3 Ƴēì��Íã½�ʙ

˹ɱ̰�ȦƿѦț҆ӫ�Anger̰z̞�Ϟ 0.2 mmԟ

˕ȅʗǮ̰(1 ͞ʗǮ)z̞�Ϟ 0.3 mm Πb|urԡ 
ʙ˹ɱ̰y�ԟΖąĥʹƳʰ_ 2 Ƴ��Íã½

}]Zxԟp�q��ΖąĥʹyШzl Áß¦

æ_��φjZǈƚԟ̐jbÉ�æ±½�ã¶Ý

§¯Ûãϧˋ�ʗǮy`|ZԡϧˋŒʯþzŢţ

h�r�Íã½�ȦƿѦț҆ӫ�Ǔ`bʨưl�

fz_y`|^urr�ԟŌ�Íã½}]d�Ȧ

ƿѦț҆ӫ_ Anger ̰ԟ˕ȅʗǮ(1 ͞ʗǮ)z��

φjZѦț҆ӫz|urԡ 
 

 
Ʒ  5 Ō�Íã½}]d�ȦƿѦț҆ӫ  

 

 
Ʒ  6 ʙ˹ɱ̰yŉӭƠƎzŢţh�r�Í

ã½}]d�ȦƿѦț҆ӫ  

 
Ʒ  7 ʙ˹ɱ̰yϧˋŒʯþzŢţh�r�

Íã½}]d�ȦƿѦț҆ӫ  
 
4. ƃƬ 
� ˞νy�˕ȅʗǮ̰�ʨРjԟϧˋŒʯþ�

Ѕɧjr˕ȅʗǮ̰�ӔΌjrԡʙ˹ɱ̰�ԟŉ

ӭƠƎ�Íã½zϧˋŒʯþ�Íã½�Ţţ�ϙ

Ȱ�ԕ^ur_ԟÉ�æ±½�ã¶Ý§¯Ûãϧ

ˋʗǮ�ϙȰ�ԟAnger ̰ԟ˕ȅʗǮ̰(1 ͞ʗǮ)
z̞�ԟ��ƜkϙȰyvurԡ 

 
 

ÐƉġŝ 
[1] Yazaki Y, et al, IEEE Trans. Nucl. Sci. 2012; 

59: 462-468  
[2] T. Yokoyama, Medical Imaging Technology Vol. 

28, 223-228, 2010Moriya, T. et al., IEEE Trans. 
Nucl. Sci., Vol. 57: 2455-2459, 2010 

[3] Haneishi H., et al., Rad. Phy. and Tech. 1: 
106-114, 2008. 

[4] Anger H.O. Rev Sci Instr 29: 27-33, 1958 
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ǖǛǡǗMPPC CĐďÂÇtš.= 4 ô LYSO X�Zeƥ² 
 

ƛƇ˗Ӄ 1)Tôˣ̳ʿ 2)TȒ́ĺ̍ 1)Tԕ̺̊ø 1,2)Tӌɭʲɂ 3)Tƛ͵У̫ 3)TȍѲ̳Ѽ 3) 
1) ˧ĉǓǧǓǧӛβǧϜνβƇǢůƹӥǾʩ 

2) ˧ĉǓǧǓǧӛβǧϜνβÄ�¢ ã°À�Þã¨Ǿʩ 
3) ʪǿϳżǧϲƚνɰŞǢ�Õæ°ã¨ν³ã¶æ 

 
 
�� ƊĪ 

_×˽˱|{�КȬѝԓ}ʹZ���Ȃŵͦʹ

ӟ ӭ Ǣ ʪ ŝ ǁ ʷ ń ʥ Ƀ Ԝ Position Emission 
Tomography; PETԝ�˽ŝƱy�TÍæ¶ËÝ±ȕ

ǎ}ěZʪŝh��ǻ͎̽¤ãÒϳ�Ɯˇ�Íã

½zjx˽ŝl�fzyϳ͊�ğϿ�Õæ°�ɋ

�rp�˽ŝƱ}�Tǻ͎̽¤ãÒϳ� 511keV �

 Áß¦æ}ǻjxҳş|˽ŝɤȰ�ʉrn�r

�TéǮēì�ƆhԜ―hԝ�˗l�¯ã¸àæ

¶�ħʹl�rj^jTƜé¯ã¸àæ¶Œ}]

d�¤ãÒϳzΖąĥʹğϿ�ͧǮy`|Zr�T

¯ã¸àæ¶�ƆhŞ±dğϿŞёЎ_Ġíl�

fz_Ɋ˦^�ʊʢh�xZ�r 
f�ƍɔ―hɠǇ�̌Ш}��Ͳk�ğϿŞё

ЎĠí�ʨưl�r�TƙȌy|�ƍǿˢҿϿ

�˗l� 4 Ȍ LYSO �à�_Ѕ˹h�r[1]r˞�

à��̃Ҧì�ͧɐ�T¤ãÒϳz�Ζąĥʹ_

҂furϧˋŒԦ̍ņξӕy�ğϿ_Tӄɑ͒ύ

}��ԥ̍ņȦӵ�zШzjҗ���fz}v�r

f� 4 Ȍ LYSO �ќī�TǩǮΐ|ӭƻǌȤͬz

Ņ�rˇӕɔω�˗l� 16ch MPPCԜMulti-Pixel 
Photon Counterԝ�ʹZxи|urr 

 
�� 4 ô LYSO X�ZBeÒĈ¬ƇśëeÏş 
� 4 Ȍ LYSO �à��̃Ҧ�ƷԤ}Ψl[1]r4 Ȍ̃

ɪz|ux]�TƙȌy|�ƍǿˢҿϿ�˗j

xZ�rƍǿˢ�ϧˋŒ�¯ã¸ŉ�éҽ�ѣȁ

l�rp�}��Tƍǿˢ�|ZƁϧˋ�ǈƚ�

ӄɑ͒ύ}��Ñ°¯ÛãÈæ§�ôǗ}ͮ��

_Tƍǿˢ_v�ǈƚ}�Tƍǿˢ^�ӫ�rğ

Ͽ}Ñ°¯ÛãÈæ§_ͮ��rf�ƇͰ�Ťʹ

jxƙȌy�Èæ§_Şӫh��r 
 
 
 
 
 
 
 
 
 

ƷԤԭ4 Ȍ LYSO �̃ҦzƇͰ 
 

	� ìǔ 
3.1. Œëž 
� ŌĢ�͈ǮϜ]��˽ŝƱ�̄Ǣ�Ʒԥ}Ψlr

4 Ȍ LYSO �à��ʖϭjr MPPC � 16 ¸×ãÁ

ß�ŝůĲƗ�ɾɹŞŬƳ҈}ŋ�rrɾɹŞŬ

^�� 4 ¸×ãÁß�¯�æÅæ�ãËԜORTEC, 
570ԝ}ŋ�ṮɁɪɁˇӕ 500nsec y 10 ĵ}ǌȤ

l�r¯�æÅæ�ãË^��ŝůĲƗ�¢¯á

±«æËԜLECROY, HDO4054ԝ}ŋ�Ṯԕķ¼

æ¶�Əɋjrr 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. MPPC 

̹˨É¡½À§±}��фҦh�xZ�¤�¤

æ Ö æ ¾ ȷ APD Ԝ Avalanche PhotoDiode ԝ �

S12642-0404PA-50 �ħʹjrr˗Ŵӵμ 3.0B
3.0mm2�È§³ß_Ȧӵì} 4B4 ó×yZ�r16
¸×ãÁß� MPPC È§³ß}TéȦӵ} 1.9B1.9
B5.0mm3�ϧˋ_ 6B6 ó� 4 Ȍ LYSO �à��ŉ

ǧ¨Þæ±�ʹZxʖΛhnrr|]TMPPC � 4
Ȍ LYSO �à�� 1 ȌΔ}ʖϭjrr 
 
3.3. ĐďÂÇ 
� ɾɹŞŬƳ҈zjxTƷԦ��x|ӫʯğϿƳ

҈ԜDiscretized Positioning Circuit; DPCԝ�ĥɪjrr

MPPC ^�� 16 ¸×ãÁßŝůĲƗ}]ZxTZ

m�^�ŋů_vurǈƚ}Tp�ŋůĲƗ�ɾ

ɹ̞}ɔkx 4 v�ӭƻķ Va,Vb,Vc,Vd }Şʯh

��r�  
� f�ӭƻ̞^�TȷԤ�єύ�ʹZ�fzyT

{�¸×ãÁß}ŋů_vur�^�ͧǮl�f

z_y`�r 

Ʒԥԭ͈ǮϜ 

(b) ˽ŝƱ (a) ŌĢƷ 
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4. ƃĹ 
4.1. DPC ãķe�kj����d¬Ƈ 
� ĥɪjr DPC ǅ˩y�Ñ°¯ÛãÈæ§�ŝͮ

ğϿ�ΥѢl�r�T˕Ǔӭƻķ 130mVTƤ̱ʰ

100Hz �ΟɁ̱�ƙ 16 ¸×ãÁßp�q�}ŋů

jxTDPC ǅ˩�ŝůĲƗ�͈Ǯjrrf�z`T

¢¯á±«æËy 3mV �ρtì_�}½Þ¤æ�

јǮjrrɋ��r¼æ¶ķ�ȷԤ}đŋjxȁ

ŝjrÑ°¯ÛãÒ¹Ë�Ʒԧ}Ψlr 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2. MPPC ÁÈ³× 
� MPPC �ͧəΥѢzjxT2.0B2.0B10.0 mm3�

ϧˋ_ͪρy 4B4 ó� LYSO �à�Ԝͪρ 16ch 
LYSO �à�ԝz 4 Ȍ LYSO �à��ʹɣjTMPPC
^��ŝůĲƗ�͈Ǯjrrf�z`T¢¯á±

«æËy 9mV �ρtì_�}½Þ¤æ�јǮjrr

p�q� MPPC ŝůĲƗ�ƷԨ}Ψlr 
 
 
 
 
 
 
 
 
 

4.3. ƅœtƇOb.åØe�kj���s� 
¢¯á±«æË�½Þ¤æ� OR100mV ēì}

јǮjxTͧǮ�ϳ͊�Ͽ^m 4 Ȍ LYSO �à�

�ЛȜȕǎ Áß¦æ���͈ǮjTȁŝjrÑ

°¯ÛãÒ¹Ë�Ʒԩ}Ψlr�rTf�z`� Y
ҏzǀΕʹƞ�ʷӵɸɃƷԜ̉ʷӵƷԝ]��ȍ

ԜÑ°¯ÛãÈæ§ԝzѲԜÍæ±Ý�ãԝ�̞

�zuxөєjrϧ˭�Tp�q�ƷԪzмԤ}

Ψlr|]TмԤ�өєϧ˭}�TÈæ§_ӄ|

uxZ�Ƥҕҽ�Ɵ��xZ|Zr�rTƜˇ}

хʰ�Íã½_҂furz`� Ýæ�Íã½z

�|jTµÉ½ìy£¹½jxZ�r 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

ƷԪԭ4 Ȍ LYSO �à��ЛȜȕǎ��̉ʷӵƷ 
Ʒԩ�̉ʷӵ A - J �ɸɃjrÆ±½¨ÝÔ 

 
мԤԭ4 Ȍ LYSO �à��ЛȜȕǎ��Íæ±Ý�ãǻ

Ñ°¯ÛãÈæ§̞ 

 

X = (Vc + Vd) / (Va + Vb + Vc + Vd) 

Y = (Va + Vc) / (Va + Vb + Vc + Vd) 

ƷԦԭDPC 
Ʒô� + } MPPC16 ¸×ãÁß�ĲƗ_ŋůjT

ɾɹ̞}��ŞŬh�xTa, b, c, d ��ŝůh�� 

(1) 

ƷԧԭDPC �Åßæ»±½ 

(a) ͪρ 16ch LYSO �à� (b) 4 Ȍ LYSO �à� 

Relative X-axis 

R
el

at
iv

e 
Y

-a
xi

s 

ƷԨԭLYSO-MPPC ŝů̱ԕķ 
MPPC ĩϩӭƻ 66.7VT1.04 MBq � Cs-137 �ƙ�à

��ôǗìҽ�� 1.3cm ӫ�rǈɰ}јϿjr 

 
Ʒԩԭ4 Ȍ LYSO �à��ЛȜȕǎ��Ñ°¯ÛãÒ¹Ë 

MPPC � 12B12mm2 Ȧӵ 
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4.4. ƅœtƇ.=åØe�kj���s� 
̍}T4 Ȍ LYSO �à��Κì 1.3cm �r�Κí

1.7cm ӫ�rǈɰp�q�}T1.04 MBq � Cs-137
�Ʒԫ��x}јϿjrrf�z`�Ñ°¯Ûã

Ò¹Ë]��̉ʷӵƷ�ƷԬ]��ƷԤԣ}Ψlr

|]T͈Ǯ˥Ė� 4.3.zƜkyv�r 
 

 
 
 
 
 
 

(a) Κì}јϿ� � � � � (b) Κí}јϿ 
Ʒԫԭϳ͊ Cs-137 �ğϿ 

 
�
 
 
 
 
 
 
 
 

(a) Cs-137 ΚìјϿ� � � � (b) Cs-137 ΚíјϿ 
ƷԬԭ 4 Ȍ LYSO �à�� Cs-137 Ñ°¯ÛãÒ¹Ë 
MPPC � 12B12mm2 Ȧӵr1.04 MBq � Cs-137 �ħʹ 

 
 
 
 
 
 
 
 
 

(a) Cs-137 ΚìјϿ� � � � (b) Cs-137 ΚíјϿ 
ƷԤԣԭ 4 Ȍ LYSO �à�� Cs-137 ̉ʷӵƷ 
ƷԬ�̉ʷӵ A - J �ɸɃjrÆ±½¨ÝÔ 

 
5. ƉîNnKƃƬ 
� ЛȜȕǎ Áß¦æ��yĥɪjrÑ°¯Ûã

Ò¹Ë�ы�zT10B10 �Ñ°¯ÛãÈæ§_Υ

Ѣy`�r�rTƙȌ�Ñ°¯ÛãÈæ§�Íæ

±Ý�ã}ǻjxȦƿ 3.8-5.7 ĵ}|uxZ�fz

^�T{�Ȍ�Èæ§ƜǏ�ŞӫƓЎyv�fz

_Ş^�rj^jéʹyTƤҕҽ�Ąv�Èæ§

�ӄ|uxZ�r�Şӫ_y`x]�mTѨ�ŝ

jƳ҈�Â�²�Шzl|{�ʨư_ɒшyv�

zЅy���r 
� �rTϳ͊�ϿZrǈƚ�Ñ°¯ÛãÒ¹Ë]

��̉ʷӵƷ�ы�zT4 Ȍ LYSO �à��Κì}

ϳ͊ Cs-137 �јϿjrz`�ìʹ� 4 ȌΔz 3 Ȍ

ΔTΚí}ϳ͊ Cs-137 �јϿjrz`�íʹ� 1
ȌΔz 2 ȌΔ�Èæ§_Ⱦbͮ�rrЛȜȕǎ�

��¼æ¶z̞ґl�zTp�q� 2 Ȍ�Ñ°¯

ÛãÈæ§_ҳş|ğϿ}ͮ�xZ�fz_ΥѢ

y`rr 
� f���fz^�TMPPC ]��ɾɹŞŬ�Ƴ҈

ʹZx 4 Ȍ LYSO �à��Ѩ�ŝj�и|urz

`TÑ°¯ÛãÒ¹ËƤҕҽēǑ}]ZxȌgz

� 4 v�Èæ§�Ѱţy`�fz^�Tp�ǯʹ

ə_ΨƬh�rrj^jTƤҕҽ�Ñ°¯ÛãÈ

æ§�Şӫ}�h�|�ʨư�шl�r 
 
ÐƉġŝ 
[1] T.TSUDA et al., “A four-Layer depth of 

interaction detector block for small animal PET,” 
IEEE Transaction on Nuclear science, 51, 5, 
2537-2542 (2004). 
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ǖǛǢǗ4 ô DOI ĽÁÝFN4TǁƙƃīĈŻeÂǉŋ 
 

̈вˠӸ 		 TƩƽƫȺ 
	 �TιͭΕǢ 
	 �Tӌɭʲɂ 
	 �Tƛ͵У̫ 
	 �TȍѲ̳Ѽ 
	 �)	 �T�

ӀĆŤʿ (	 �TǓчȓ )	 �TЃΡί˅ )	 �
1) žЩǓǧǓǧӛβǧνβT2) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æT 

3)̹˨Ï½À§±˵ȷęΩT4) žЩǓǧÉáã»��żβǧ³ã¶æ 
 

 
�� I8mF 

Depth of interaction (DOI)˽ŝƱ� PET �ξӕŞ

ёЎƞì}̌^n|Zɴйyv�ԟf��y}

̄s| DOI ˽ŝƱ_ʙ˹h�xZ�ԡʪǿϳżǧ

ϲƚνɰy�ϧˋzƍǿˢ�ϥ�ƚ�nrԧȌ

DOI ˽ŝƱ_ʙ˹h�xZ�ԡԧȌ DOI ˽ŝƱ�

ôɑҽŞyԕZğϿȶţϙȰ�Ψl_ԟéʹyƷ 1 
}Ψl�x}˽ŝƱ�Ƥҕҽ}]Zxϧˋɔω(ē
íԟ§Ý±¶)�ӄх�r�}ȶţЎ_Ġíl�Ѫ

Ԅ_̘h�xZ�ԡpfyԟ˞νy�ԟӄх§

Ý±¶�Ȍʹƞ}Şӫl�fzyӄх�Şӫl�

ɱ̰�ӔΌ�иurԡŏĢΐ}�ԟƐŉϠǢĲƗ

�ͪρѨ�ŝj�ĔǮjԟSupport Vector Classifier 
(SVC)}��Ȍӕy�§Ý±¶�ͧɐ�ǧЄl�

fzyӄх§Ý±¶�ȶţl�ɱ̰�ӔΌjrԡ 

 
Þ � � 4 ô DOI ĽÁÝFN4TƃīĈŻeǁƙ± 

�� Ĥŋ 
����ů¢°š¬ƇýÃŋĿƚ�

˞ɱ̰y�§Ý±¶�ȶţ�Ʒ 2 }Ψl�x}

Ą̙Ӣyиxԡé̙ӢΔy� SVC }��ǧЄjr

Ȍӕy�ƐŉϠǢĲƗ�ұZ^�Ζąĥʹ_ΌͲ

jrȌ�ʗǮjԟĄ̙ӢΔy� Anger ̰}��Ȍ

Œ}]d�Ζąĥʹ�҂`rϧˋ�ʗǮl�ԡ 

��� ôýÃŋ�

Ζąĥʹ_ΌͲjrȌ�ȶţ}� Support Vector 
Classifier (SVC) [2] �ʹZrԡǧЄ¼æ¶zjxé

ƳΔ�Ζąĥʹ_ɰ˙�Ȍ}ӚǮh���xԟȌ

zóи}͎̽ʪǿϳ�˽ŝƱ}͡ǿjrӥ�Ɛŉ

ϠǢ�ĲƗķzΖąĥʹȌ�ɠǇ�ħʹjԟȌz

ĲƗķ�ӖĮ�ѰţƱ}ā�ǧЄhnx]bԡp

�ɈԟƐŉϠǢĲƗķ^�ΖąĥʹȌ�ǧЄϧ˭

^�ʗǮl�fzyȌȶţ�иxԡ 

��	 � d�lpýÃ�

ìі�Ȍȶţ}��Ζąĥʹ�ΌͲjrȌ�ͧ

Ǯ�y`xZ�r�ԟ̍}ԟȌŒ}]d�Ζąĥ

ʹğϿ�ʗǮ�иxԡā�ΖąĥʹΌͲȌ_ʻΞ

yv�ǧЄ¼æ¶�ʹZx /TNLW ̰yƙȌ�Ñ°

¯ÛãÆ±½¨ÝÔ�ĥɪl�ԡpjxԟÑ°¯

ÛãÆ±½¨ÝÔì�§Ý±¶zϧˋ�ǻɔӖĮ

�ΨlƊ͡»æÊß�ĥɪl�ԡ˞νyʹZ�

2 7˽ŝƱ�)Ȍyv�r�Ɗ͡»æÊß�)ˬĥ

ɪh��ԡǯӥ�ʗǮy� /TNLW ̰}��ɸɃh

�rÑ°¯ÛãÆ±½¨ÝÔì�ğϿzƙȌgz

}ĥɪjrƊ͡»æÊß�ʹZxΖąĥʹğϿ�

ʗǮl�ԡ�

� �
Þ �� ů¢°š¬ƇýÃeŎr�

��
 j����j��ìǔ�

˞ɱ̰�ќī�иxr� 4 Ȍ DOI ˽ŝƱʹ}ј

єh�rÖã»£ßáŉǢĚʤ¯ÓÙàæ¶ [3] 
[4] �ʹZx¯ÓÙàæ¯Ûã�иurԡ˽ ŝƱ�

°¢Õ½Þ�Ʒ 3 }ΨlҤ�yԟ2 × 2 × 5 mm3�

�²� LYSO ϧˋỹɪh��ԡϧˋӕ�ŉǧΐ

ʖΛū(RTV)�r�ξ̡zjԟȌӕ�ˢҀ� RTV
yv�ԡƐŉϠǢ (MPPC) ��²� 3 × 3 mm2

y˽ŝƱ�Ȯӵ} 16 ĴҿϿjrԡ˽ŝƱ�Ļӵz

ƐŉϠǢ_јϿh�xZ|ZҽŞ�ƍǿˢyщ�
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�xZ�ԡ¯ÓÙàæ¯Ûãǯԓy�ƙȌ}ǻj

x 20,000 �Íã½�͎̽ʪǿϳ�͡ǿ�ɢǮjrԡ 

 

 
Þ 	� ĽÁÝek_�v��

	� ƃĹ 
ϧˋӕˢҀ� RTV zјǮjr¯ÓÙàæ¯Ûã

ϧ˭�Ʒԧ�H	 }Ψlԡ¯ÓÙàæ¯Ûã}��ĥ

ɪjrÑ°¯ÛãÆ±½¨ÝÔ}]Zx�Ƥҕҽ

y§Ý±¶_ӄхl�fz_Ѣ���rԡʙ˹ɱ

̰}��Ȍȶţ�иZԟƙȌgz}Ñ°¯ÛãÆ

±½¨ÝÔ�ĥɪjrϧ˭�Ʒ )�I	 }Ψlԡ ȶţ

̰ҳʹ}��§Ý±¶�ӄх�Şӫ�ǯͮjrԡȶţ̰

ҳʹũ�Ñ°¯ÛãÆ±½¨ÝÔ}]Zx§Ý±

¶�ӄх_ы��rҽŞ}̲Δjr§Ý±¶Şӫ

�ϧ˭�ƷԨ}ΨlԡAnger єύϧ˭y�§Ý±¶

�ӄх_ы��ԟğϿȶţ_ƵӬyvur_ԟğ

Ͽȶţ̰�ҳʹ}��§Ý±¶_éȌΔzĄȌΔ

}Şӫh�rfz_Ş^�ԡAnger єύϧ˭^�ϧ

ˋzͧǮl�Ɗ͡»æÊß�Ȍȶţ}��ŢǮh

�rȌ^�ŵΐ}ҵɼl�fzy§Ý±¶�ӄх

_Şӫy`�fz_ΥѢh�rԡ�

Κ�ΖąĥʹğϿzʙ˹ɱ̰yʗǮh�rΖą

ĥʹğϿz�Ѧț҆ӫ�ЛûȦƿȦʹ˷Ѧțyќ

ījrϧ˭�м 	 }Ψlԡʙ˹ɱ̰}��ӄх§

Ý±¶�Şӫl�fzyѦț҆ӫ_ 2.52 mm ^�

0.18 mm � 2.34mm ĠíjrԡɊ˦ԟӄх}��ď

�ϧˋ}ѦuxŬ�ɀx��xϧˋɔω�̐jZ

ϧˋ�Ŭ�ɀx�fz�Ұɪjrԡ  

 
Þ 
� j����j��ƃĹ�

 
Þ (� d�lpeÂǉ�

ƖǛ� ôýÃƾšÆĄBeƨ÷ƱǉeŇƵ (Î¬Ǥmm) 
  Layer1 Layer2 Layer3 Layer4 

RTV 
ҳʹũ 2.29 1.59 1.27 2.52 
ҳʹɈ 1.79 1.25 1.02 0.18 

 

� ƃƬ 

ԧȌ DOI ˽ŝƱ�Ɋ˦ǁ˽ŝƱz̞ґjxԕZ

ξӕŞёЎ�ǯͮl�éʹyԟ˽ŝƱ�ςҽŞy

§Ý±¶_ӄхl�r�}Ζąĥʹjrϧˋ�Ţ

Ǯ}ʨư�Ĥƽ_̘h�xZrԡpfyԟ˞ν

y�Ñ°¯ÛãÆ±½¨ÝÔìy�§Ý±¶ӄх

}��ğϿȶţϙȰ�Ġí�ʨưl�r�ԟƐŉ

ϠǢĲƗ�ͪρѨ�ŝj�ĔǮjrӄхŞӫ̰�

ʙ˹jrԡ¯ÓÙàæ¯Ûãǯԓ�иZԟʙ˹̰

�ҳʹjrϧ˭ԟɊ˦̰y�ς�§Ý±¶�ȶţ

_ƵӬ| RTV ǁ}]ZxԟʗǮѦț҆ӫ_̈́ȃjԟ

ğϿȶţЎƞì_ƓЎyv�fz_ΨƬh�rԡ 
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ǖǛǣǗ4 ô DOI ĽÁÝFN4T 2 ńº�kj���lve��e 
ƐÊne��u�j��ŋ 

 
ƩƽƫȺ 1)Tƛ͵У̫ 1)T͵ȒУ˘ 1)TȍѲ̳Ѽ 1) 

1) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 
 
�� I8mF 

ʪǿϳżǧϲƚνɰy�ӄϗǢϳ̫Ί}]Z
x̆ΐ�ÇæÔ_͡ǿh�xZ�fzÖÀ¶Þã
¨l�¯±»Ô�ӔΌ[1]�Δ̆zjԟñͻš�Ō
ҋʹ OpenPET �ӔΌ�иuxZ�ԡOpenPET �ӄ
ϗǢϳÇæÔ�ҤҮhn�r�}˽ŝƱÞã¨ӕ
}Ӕʪξӕ�˗l�̃Ҧyv�r�Ɋ˦ǁ� PET
ʹ˽ŝƱy�ξӕŞёЎ_Ġíjxj�x_ԟƜ
νɰyӔΌjr DOI(Depth Of Interaction)˽ŝƱ
[2]�ʔʹl�fzyξӕŞёЎ�Ġí�ɷŦjx
Z�ԡOpenPET }ʔʹh�xZ� DOI ˽ŝƱ� 4
Ȍǁyv�ԟ―hʹƞ}¯ã¸àæ¶_ 4 ŞŬh
�xZ�r�Ɋ˦ǁ�˽ŝƱz̞ґjx 4 ĵ��
ʰ�ϧˋɔω_ 2 ̍ņÑ°¯ÛãÆ±½¨ÝÔ(ē
í 2D-MAP)ì}ɸɃh��ԡŌҋʹ OpenPET }�
160 ˽ŝƱ_ʠҒh�ԟðvԟ1 ˽ŝƱvr� 1024
Ĵ�ϧˋỹɪh�xZ�r�ԟє 163 840 Å¶æ
ã�ϧˋɔω(ēí§Ý±¶)zϧˋƗ�ǻɔĐ
d|d��|�|Zԡf��ԟ163 840 Ĵ�§Ý±
¶_{�ϧˋyΌͲjrŉӭŴ˭�Íã½yv�
^�ǻɔĐd�Ɗ͡»æÊß�ĥɪj|d��|
�|ZzZxfzyv�ԡ 

˞Ǉy� 2 ̍ņÆ±½¨ÝÔ�Лŵ³¨Õã»
æ¯Ûã̰�ӔΌ�иurϧ˭}vZxǇƣl�ԡ 

�� Ĥŋ 
2.1 4 ô DOI ĽÁÝÑK�kj���lve�� 
Ōҋʹ OpenPET }ʠҒh�xZ� 4 Ȍ DOI ˽ŝ

Ʊ�Ǔ`h_ 2.8 × 2.8 × 7.5 mm3� GSOZ ϧˋ_ 1
Ȍvr� 256 Ĵħʹh�ԟƚє 1024 Ĵ�ϧˋỹ

ɪh�xZ�ԡf� 1024 Ĵ�ϧˋ^�|�ϧˋÊ

á¹§_ÉÝ¹½ÅÁßŉӭǢǌĵώ(Flat panel 
type photomultiplier tube: FP-PMT)}ϧƚh�ƙϧ

ˋ�ɔω_Fig. 1}Ψl�x}2D-MAPì}ɸɃh

��ԡƙȌy 4 §Ý±¶�є 16 §Ý±¶^�|�

³¨Õã½� 4× 4 ³¨Õã½zƦ�³¨Õã»æ

¯Ûã�ǅ˞Ɓğzjxɲxԡ 

 
Fig. 1 4 ô DOI ÑK 2D �kj���lve��ełþ

Þ 

2.2 ne��u�j��ŋe½®¹ 
³¨Õã»æ¯Ûã̰�ѠϢ�f�ēә�ϐ}

]Zxҝ��fzzjԟ˞ϐy�³¨Õã»æ¯
Ûã�ɱӼẑш�ΨlԡFig. 2 �³¨Õã»æ¯
ÛãɱӼ�Éáæ¸×æ½yv�ԡ�k�}ԟƏ
ɋh�r 2D-MAP }ǻjxĠƤ̱ɪŞ�ɿŝjԟ
p�ĠƤ̱ͺń�Èæ§ğϿ�ύŝl�fzy 4 
× 4 ³¨Õã½�ôɑ͞�̧Ǯl�ԡp�³¨Õã
½ôɑ�ǅ͞zjx ROI(Region Of Interest)�ş�
ŝjԟ1 ȌΔ^� 4 ȌΔ�zӼ}§Ý±¶zϧˋ
�ǻɔĐdxZbԡ˕Ɉ}ԟìҝ�±»¹ËyŬ
�ɀx��rǻɔӖĮ�ǅ}š˚ÅÝÕæ¶�ŕ
јǮl�fzyš˚ÅÝÕæ¶�̐Υh�ƞìh
nxǻɔӖĮ�ŕ�ʗǮl�ԡ 

2.3 ãŔŗżÁ 
2D-MAP ì�§Ý±¶zϧˋ�ǻɔӖĮ�̤�

�}vr�ǻɔĐd�ǅ͋͞�јǮl�ԡ2D-MAP
�Ƥ˚ΐ|̃Ҧyv�r�ԟp�ξӕƤ̱ʰ�ѫ

ʱl�fzyԟͧǮ�Å¶æã�ɿŝl�fz_

ƓЎyv�ԡŏĢΐ}�ԟĠƤ̱Ӿǃ�ɿŝjr

ͺń� 4 × 4 ³¨Õã½�ğϿ�Ψlԡͧ}ԟp�

Èæ§ğϿ�ƙ³¨Õã½�ôɑz��Ɯkyv

�ԡ�y}ԟĠƤ̱ͺń�Èæ§ğϿ�ǅ͋zj

x 4 × 4Ĵ�§Ý±¶�Ɵ�ROI�ɿŝl�fz_

ƓЎyv�ԡf�ŜͰ�ԟ1 ˬ� 2D-MAP ^� 1024
Ĵ�§Ý±¶�ǻɔĐd�иxƮԄ�ƙ ROI �ô

y 16 Ĵ�§Ý±¶�ǻɔĐdl�ƮԄ}Ɓϟźl

�ŜͰz�Zy�ԡ   

 
Fig. 2 ne��u�j��ŋ���r��v 

2.4 �ZmeëşFnTĈŻCƃīeïĈ¦4 
2D-MAP ì�§Ý±¶zϧˋz�ǻɔĐd}Í

�²�ǮͰ�ʹZ�ԡÍ�²�ǮͰ�ԟ 
! !|! = !(!)!(!|!)/! !  (1) 

zмh��ԡffyԟv � 2D-MAP ì�ğϿԟH
�я͈h�r 2D-MAPԟp(v) �§Ý±¶�ôɑ_ v
�ğϿyя͈h��Υͬԟ p(H|v)�ǻѴ�§Ý±
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¶}ǻl�ȅȰԟpjx p(H)�ȷ(1)�ŞǢ� 0-1
}̐ьźl�r��ӻyv�ԡȷ(1)�γҕ�ӻy
v�ăɈΥͬ�˕Ǔźl�fz}̲Δl�z̐ь
źӻ�ӜZx 

! !|! ∝ !(!)!(!|!)  (2) 
zϔƁźy`�ԡffyԟăũΥͬ p(v)� 2 ̍ņ¤
�±Şȟ�ʹZx 
! ! = !

!"! ∘ ! !! ,!! ∘ ! − ! !! ,!!!"
!!!,!!! (3) 

zÖ¼ßźl�ԡȷ(3)}]Zx∘� Hadamard μ, µ
�ǻѴ§Ý±¶�ôɑ�˚Ɇh��ğϿ, Σ�ŎŞ
ʯиŠ, i �³¨Õã»æ¯ÛãǻѴ�§Ý±¶�
ã¼¹§±
 j �§Ý±¶�ã¼¹§±ԟJ �шϠ
_Ōx 1 �иŠyv�. ˞ɱ̰y� 4 × 4 ³¨Õã
½Œy§Ý±¶�³¨Õã»æ¯Ûã�l�r�
i � 1-16 �ķyv�ԟ̊ Ɇh��§Ý±¶�ğϿ µi
� 16 Å¶æã_ʹɣh��ԡиŠ M �ʻ}³¨Õ
ã½h�rğϿ�Ò±§l�r��иŠyv�ԡ 
ȅȰ p(H|v) �¤�±£æÁßӖʰ�ʹZx 

! H ! = exp!( !! ! ! !!! !

!!!
)!

!!! . (4) 

zԟÖ¼ßźl�ԡffy N �ͧɐξӕ�ʰ, ϕk,
�ͧɐξӕ��ǐʚӖʰ, mi� i Δ�§Ý±¶�
ͧɐξӕ}]d�˚Ɇķԟσi

2 �˚Ɇķ�Şʯyv
�. ͧɐξӕ��ǐʚӖʰ}�ԟÆ±½¨ÝÔ�ķ
� 0-1 }̐ьźl�̐ьźӖʰƌ� 2D-MAP �ƙ
È§³ßĐҚ}ǻl��Íã½�өμ�ύŝl�
«ãÐÞÙæ¯ÛãӖʰ�ʹZ�ԡ  

2.5 ÀĔë 
ȷ(3)}]d�§Ý±¶ğϿ�˚Ɇķ µ �Ϧԓΐ

}јǮl�r�ԟp�ϙȰ�éҽ� 4 × 4 ³¨Õã
½}]Zx�ŇŞy|bԟѦț�шƴz|�ԡp
�r�ԟϦԓΐ}јǮjr µ �ķ^�ύŝjr§
Ý±¶�ôɑğϿ^� µ �ķ�ŕǮЂjԟʗǮ�
ŕ�иxԡŏĢΐ}�ԟǻѴz|�§Ý±¶�Ƥ
ҕ}v�§Ý±¶�ӄɑğϿ� µ �ķzjxŕǮ
Ђl�ԡŕʗǮ� 1 ȰΔ�ʗǮϧ˭�ʹZx˚Ɇ
h��§Ý±¶ğϿ�Şȟ�˒ʸl�fzyԟ§
Ý±¶ğϿŞȟ�ϙȰ�ԕ��ŜͰyv�ԡ 

2.6 Ġµj����j�� 
 ǯ͈h�r 2D-MAP ^�Κ�³¨Õã½ɋ�f
z�îƓЎyv�ԡp�r�ԟ˞ɱ̰�ќī}�
DOI ˽ŝƱʹ}ӔΌh�rʰķ¯ÓÙàæ¶[3]}
�uxͲɪjr 2D-MAP �ʹZrԡĝ 2D-MAP
� 50 000 �Íã½�͡ǿjԟFP-PMT ��Âæ¾
ª�ã�ǯӥ�ķ}ǅwZxјǮjrԡ 

3. ƃĹCƉî 
3.1 ãŔŗĽÁƃĹ 
 2D-MAP�³¨Õã»æ¯Ûã�Ǟ��ǅ͋z|
�͞�˽ŝl�r�} 2D-MAP �ĠƤ̱ͺń�ʹ
ZrԡFig. 3 }Ψl�x}ĠƤ̱ͺń�Èæ§ğϿ
z 4 × 4 ³¨Õã½�ôɑ���éНl�ԡf�ǅ
͋ğϿ�ôɑzjx ROI �ɿŝl�fzyԟ4 × 4
³¨Õã½�ͺń_ɋ��ԟ1 ˬ� 2D-MAP ^�
1024 Ĵ�§Ý±¶�³¨Õã»æ¯Ûãl�ƮԄ
� 1 ˬ� ROI Œ^� 16 Ĵ�§Ý±¶�³¨Õã»
æ¯Ûãl�ƮԄ}ϔƁźy`�fz_Ѣ���
�ԡ 

 
Fig. 3 ÜŌŢ¹CÏŢ¹eǁdØs:ƃĹ.öÞe

��d¬Ƈt�ćCTA ROI tơëVTCÖÞFųV

ƺp 4 × 4 ne��vtđÁÕƌB-T. 

3.2 �ZleëşFnTne��u�j��ƃĹ 
Fig. 4 }Í�²�ǮͰ�ʹZr³¨Õã»æ¯Û

ã�Үη�ΨlԡFig. 4 �γŠ^�ǻѴzl�§Ý
±¶zjx�ȅȰԟϦԓΐ}јǮh�rǻѴ§Ý
±¶�ôɑ_ǤƼl�ăũΥͬԟʻ}Ŭ�ɀx�
�rӾǃ�ӜǑl�r��ăũΥͬ(Ò±§)ԟpj
xǻѴ§Ý±¶�ôɑyv�ƓЎə�ΨlăɈΥ
ͬyv�ԡFig. 4 ^�Ѩ�Ə���x}ԟȅȰ±d
y�ǻѴzl�§Ý±¶�ǪŌ}�ͧǮy`|Z
_ԟϦԓΐ}јǮjr§Ý±¶ğϿ(ăũΥͬ)]�
�Ò±§}��ǻѴ§Ý±¶�ͧǮy`xZ�ԡ
˞ɱ̰y�ȅȰ�ͺń�ғȰķ�ǅ}jxєύj
xZ�_ԟ1-3 ȌΔ�ƙ§Ý±¶�ҕϸҽ�ԟp�
��ìȌ�§Ý±¶zԈĝjxZ�r�}ԟȅȰ
y�ţ�§Ý±¶zjxŞӫl�fz_y`|Zԡ
h�}ԟȌgzȅȰ�ύŝjxZ�r�ƜéȌŒ
y�§Ý±¶�Ɯ̄|ȅȰz|�ԡÍ�²�ǮͰ
y�ԟȅȰ}ǻjxϦԓΐ}јǮjrăũΥͬ�
ʹZxŦӚ�űy�ăyҳɀ|§Ý±¶ğϿ�ʗ
Ǯ_иy�ԡ�rԟÒ±§ӻ�§Ý±¶� 1 vы
vd�Ȱ}p�Ӿǃ�Ŭ�ɀx̓�zjxăũΥ
ͬ_˒ʸh��r�ԟ§Ý±¶�ӄх�Ƴҷjr
ǩǮjr³¨Õã»æ¯Ûã_ƓЎyv�ԡ 

3.3 ÀĔëFnTne��u�j��ƃĹ 
Fig. 5 �ŕʗǮũɈ�³¨Õã»æ¯Ûãϧ˭y

v�ԡϦԓΐ}јǮjr§Ý±¶ğϿ�˚Ɇķ� 
ϙȰ_ɒmj�ŇŞy�|Zr�ԟ1 Ƴ�ʗǮ±d
y�ʿ�^| Ýæ_Ѣ����ԡéʹԟƤҕ�
§Ý±¶ôɑ�ǅ}jxŕʗǮ�иurϧ˭y�ԟ
ăũΥͬ�̐Υh_ƞìjxZ�r�ԟ Ýæ_
ʨưjxZ�fz_ΥѢy`�ԡ 

3.4 Ě«�kj���lve��Beƥ²ƃĹ 
ʰķ¯ÓÙàæ¶}�uxĥɪjr 2D-MAP }

ǻjx˞ɱ̰�ҳʹjrϧ˭� Fig. -7 }ΨlԡFig. 
6 }Ψh���x}ԟ2D-MAP �ƤҕҽēǑy�§
Ý±¶ǋͻƌ�§Ý±¶ôɑ�Ŏ}��éНjx
Z�fz_Ş^�ԡéʹԟƤҕҽ}]Zx�ʗǮ
h�r§Ý±¶ôɑ�Κķ���ǑĻ}εŵjx
Z�Łƞ_v�ôɑğϿʗǮ�ϙȰ_ĠíjxZ
�Łƞ_v�ԡFig. 7 }Ψl�x}ԟƤҕҽy�ô
ɑğϿʗǮѦț�Ȧƿ 4.59 pixel yv�ԟƤҕҽ�
ӜZrôɑğϿʗǮѦțȦƿ� 3.25 pixel z̞ґj
xϙȰ_ĠíjxZ�ԡ 
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4. MCm 
4 Ȍ DOI ˽ŝƱ�Ɋ˦� PET ʹ˽ŝƱz̞ґj

x 4 ĵ��ʰ�§Ý±¶�Ѱţl�Ɗ͡»æÊß
�ĥɪl�ɒш_˗�r�ԟЛŵy³¨Õã»æ
¯Ûãl�ʹ̰_˚Ɇh�xZrԡpfyԟ˞
νy�Í�²�ǮͰ�ʹZr 2D-MAP �Лŵ³¨
Õã»æ¯Ûã̰�ӔΌ�иurԡ4 Ȍ DOI �
2D-MAP �ԟp�ôǗҽy�§Ý±¶_ʿΜ}Ş
^�x]�ԟÈæ§æ¸�ß¬Þ²ÔφyǴˀ
}˽ŝl�fz_ƓЎyv�_ԟ2D-MAP �Ƥҕ
ҽy�§Ý±¶_¢æÄæÝ¹ËjxZ�r�ԟ
Èæ§æ¸�ß¬Þ²Ô±dy³¨Õã»æ¯
Ûã�ǪĀl���ƵӬyv�ԡpfyԟ˞ν
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1. INTRODUCTION 
Monitoring the delivered dose in the tumor and 
surrounding normal tissues is important in advanced 
ion beam therapy especially for light ion beams heavier 
than helium [1]. At present, PET imaging is the only 
diagnostic technique that allows non-invasive 3D 
monitoring of dose delivered to the patient because 
distribution of positron emitters generated in a patient 
body through fragmentation reactions highly correlates 
to the Bragg peak position [2, 3]. In addition to clinical 
trials of off-line PET imaging, in-beam PET imaging, 
i.e., PET measurement during patient irradiation, is 
desired because half-lives (HLs) of positron emitters 
produced through fragmentation reactions are generally 
short (e.g., ~19 s HL of 10C and ~ 2 min HL of 15O).  
Yamaya et al developed an open-type PET, OpenPET, 
for in-beam PET and three dimensional distribution of 
positron emitters was successfully imaged in phantom 
irradiated by carbon ion beams [4-6] (see Fig. 1(b)). 
However, there are remaining issues of theoretical 
differences between the Bragg peak position and the 
peak of positron emitter distribution as well as limited 
activity of positron emitters (100-1000 times lower 
than clinical FDG-PET imaging). Therefore, it is 
expected that positron emitter ion for radiation therapy, 
i.e., a radioactive beam as a treatment beam, offers the 
best solution for the in situ accurate monitoring of the 
dose delivery using PET imaging. 
 

 
Fig. 1. Layout of the 11C beam course (a), PET image of PMMA 
phantom irradiated by 12C (b) and PET image of PMMA phantom 
irradiated by 11C (c) [5]. ��
 
Radioactive ion beams are generally produced by 
in-flight fragmentation and Isotope Separation On Line 
(ISOL) methods. In the former method the desire 
radioactive ions are selected among the various 
reaction products after the interaction of a primary 
beam with a target. The separation stage is generally 
based on the use of several dipole magnets to achieve a 

final mass A and charge Z selection. In the Heavy Ion 
Medical Accelerator in Chiba (HIMAC) in carbon 
therapy facility 11C ion beams are produced through the 
in-flight fragmentation method with a 12C beam 
impinging on a beryllium target although its use is 
limited to physics experiment at this point [7] (Fig. 
1(a)). Because treatment beam is a positron emitter, 
beam stopping position in the target can be clearly 
imaged by PET (Fig. 1(c)). 
In this study, following the success of utilization of 11C 
beam, we focus on potentials of a 15O beam. Oxygen 
ions exhibit an increased relative biological 
effectiveness (RBE) in the Bragg peak as compared to 
the entrance region [8]. This advantage makes oxygen a 
good candidate for ion beam therapy.  
Ion radiotherapy of some tumors has already given in 
combination with conventional photon therapy for 
many patients [9]. A combination of different ion 
therapy such as protons plus carbon ions or oxygen 
ions might be favorable for a selected clinical situation 
in near future. The ion beam of 15O, which is a positron 
emitter ion, has high potential to be used for tumors 
treatment and accurate monitoring of dose delivery in 
tumor. Moreover, the 15O beam can be used for 
treatments with multiple ion beams. 

The aim of this work is to study feasibility of 
secondary 15O beam production for in-beam PET 
through in-flight fragmentation by applying 16O 
primary beam and optimal target. The nuclear reactions 
between the 16O primary beam and target atoms are 
being studied by the analytical and numerical methods. 
Production rate and Purity of the secondary 15O beam 
are investigated. The optimum target material and its 
thickness from the calculation results are evaluated 
practically for producing the secondary15O beam in 
HIMAC and in-beam PET imaging. 

 
2. MATERIALS AND METHODS 

ǜ.1 Simulations  
When a light ion beam penetrates a thick target, it 

undergoes nuclear reactions with the target atoms. 
Fragments generated from the target nuclei are emitted 
almost isotropically, whereas projectile-like fragments 
are characterized by a narrow Gaussian-shaped 
momentum distribution centered on the coming ion 
velocity and angular distribution described by a narrow 
forward-directed Gaussian spread [10].  

The LISE++ code [11] and the Monte Carlo code 
PHITS [12] were used for the evaluation of the 
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production of 15O from penetrating 16O beams in 
different material targets with various thickness in 
order to investigate the optimal choice of target 
material to maximize the production rate of 15O beam. 

The LISE++ code can predict intensity and purity of 
ion beams at the different stages of the ion beams 
accelerators for different primary ion beams. The code 
includes projectile fragmentation, two body reactions 
and other nuclear reaction models. The intensity of the 
secondary 15O beam for 16O beams decelerating in 
various materials with different thicknesses were 
calculated using analytical method of the code. The 
material has been varied over liquid hydrogen (H2, 
0.071 g/cm3), polyethylene (C2H4, 0.80 g/cm3), 
polystyrene (C8H8, 0.98 g/cm3), PMMA (C5O2H8, 0.96 
g/cm3), beryllium (Be, 1.85 g/cm3) and water (H2O, 
1.00 g/cm3). The energy of the primary 16O ion was 400 
MeV/u.  

Particle and Heavy Ion Transport code System, 
PHITS, is a general purpose Monte Carlo particle 
transport simulation code which was developed in 
Japan. It can deal with the transport of all particles over 
wide energy ranges, using several nuclear reaction 
models and nuclear data libraries. The PHITS was also 
used to evaluate the production rate of 15O using 
numerical method. A cylinder with the radius of 10 cm 
and the length of 200 cm was considered as target. A 
mono-energetic and mono-directional beam of primary 
16O ion with the energy of 400 MeV/u impinging on the 
target was simulated. The simulations were done for 
various materials as used for LISE++ code. The flux of 
15O beam in different depth of the targets with interval 
of 1 cm were calculated by the code.  

2.2 Measurements 
After deciding the optimum material as a target 

based on the calculation results, production rate and 
purity of 15O beam was measured for the optimum 
target in the HIMAC secondary beam line, as shown in 
Fig. 2 [7], for 16O primary beam of 430 MeV/u. 

 

 
Fig. 2. Layout of the secondary beam line, SB1, used to produce 15O 
beam. 

 
Finally, the in-beam PET image was obtained using 

a whole-body OpenPET prototype [13] as a Polymethyl 
methacrylate (PMMA) phantom of 10×10×30 cm3 was 

irradiated with the produced 15O beam from 
polyethylene target of 11 cm. 

 
3. RESULTS 

3.1 Simulations  
In Fig. 3, production rate of 15O beams produced by 

16O primary beam with energy of 400 MeV/u from 
PHITS code are shown as a function of target thickness 
for liquid hydrogen (H2), water (H2O), beryllium (Be), 
PMMA, polyethylene (C2H4) and polystyrene (C8H8). 
The highest production rate was observed for the liquid 
hydrogen target however, it was not practical to apply it 
in the HIMAC secondary beam line. So polyethylene 
was considered as the second optimum target. 

 
 

 
Fig. 3. Calculated production rate of the 15O beam produced by 16O 
with energy of 400 MeV/u as a function of target thickness in 
liquid hydrogen (H2), water (H2O), beryllium (Be), PMMA, 
polyethylene (C2H4) and polystyrene (C8H8) using PHITS code. ��

 

3.2 Measurements 
The polyethylene target with three thicknesses of 5 

cm, 11 cm or 14 cm was set at the HIMAC secondary 
beam line as a production target and irradiated with 16O 
beam of 430 MeV/u. Fig. 4 shows the production rate 
of 15O beam at the F2 in secondary beam line 
(momentum acceptance of ±5%). It can be seen that the 
polyethylene of 11 cm has the highest production rate.    

 

 
Fig. 4. Measured production rate (%) of the 15O beam produced by 
16O with energy of 430 MeV/u as a function of the polyethylene 
thickness (the momentum acceptance of ±5%). 

 
Purity of the 15O produced beam are given in Table I. 

The purity of the produced beam for three targets is 
around 75%, which is not high enough. There is a need 
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to increase the purity of the beam in near future since 
the most important contaminated fragments are 13N, 
positron emitter with the half-life of 10 min, and 11C, 
positron emitter with half-life of 20 min. 
 

Table I. Purity of 15O beam from irradiated polyethylene 
targets. 

Polyethylene thickness (cm) 5 11 14 
Purity (%) 75.9 73.8 76.9 

 
 

  

 
Fig. 5. Experimental setup for in-beam PET image in the HIMAC (a) 
and image results of the irradiated PMMA phantom with the 
produced 15O beam (b) and (c).  
 

In-beam PET imaging was also carried out in the 
HIMAC, as shown in Fig. 5. A phantom of 10×10×30 
cm3 was irradiated with the produced 15O beam from 
polyethylene target of 11 cm, Fig. 5 (a). The irradiation 
time was about 6.6 s and the PET data were measured 
immediately after irradiation for 13 min by the 
whole-body OpenPET. The results of the imaging are 
illustrated in Fig. 5 (b) and (c).  
 
4. DISCUSSION AND CONCLUSION 

The optimum material as a target to produce 15O 
beam from primary beam of 16O beam was decided 
based on simulation results from LISE++ and PHITS 
codes. The production rate and purity of the produced 

beam for the optimum target of polyethylene for 
thickness of 5 cm, 11 cm and 14 cm were measured in 
the secondary beam line of the HIMAC. The in-beam 
PET image of the produced beam for the polyethylene 
target of 11 cm was obtained using the whole-body 
OpenPET system. The 15O beam was successfully 
produced in the HIMAC. However it was also shown 
that the purity of the beam should be improved. The 
results for the polyethylene targets with different 
thicknesses show that the contamination of the 
produced 15O beam from 13N and 11C fragments is 
serious and needs to be improved in near future. 
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Fig. 1. OpenPET 

 

 
 

Fig. 2. ǯԓ³¹½�¹Ë 
 

 
Fig. 3. MPPC �ϿZrğϿ 



 

 
 

50 

 
MPPC �̹˨Ï½À§±Ωф S10931-050 (�

²ԭ3mm × 3mmT3,600 cell)�ʹZxќī�иurr

ќīʹ�ϠǢ�Ʒ 4 }Ψlz]�}T2 × 3 ��à

�ͨ}ǅ˩}ƸǮh�x]�TƜˇ} 6 Ĵ� MPPC
�ќī�иy��x}jxv�rp�q�� MPPC
јϿğϿ}ǻj 1 v�ќīǅ˩�ʹZTƙğϿ}

ǻjx 6 Ĵ�¼æ¶�Əɋjrr 
ǯԓy� MPPC �ƙğϿy 10-40 Ş͡ǿɈT͡

ǿǰŒ�ʪǿź}��Ä¹§¨Ýã¾�Ƀӹ�ҷ

d�r�}Tќīʹ¼æ¶�͈Ǯ�͡ǿɈ}͡ǿ

ǰǑ�ǯԓǰ}]Zxиurr¼æ¶�ƏɋɈT

ŕȰ͡ǿǰŒ}ќīǅ˩�εŵjҟű�͡ǿ�и

urrPos-1Tpos-3 � MPPC }ǻjx�ƚє 110
ŞTpos-2 � MPPC }ǻjx�ƚє 150 Ş}|��

x}͡ǿ�иurr 
ќīʹ�¼æ¶� 2.9mm × 2.9mm × 7.5mm �

GSO ϧˋ�ƙ MPPC ì} 1 ǻ 1 }|��x}ƸǮ

�иZTìʹ}Ͽ^�r Na-22 ϳ͊^��¤ãÒ

ϳ}ǻl� Áß¦æ±Î§½ß�͈ǮjTŝů

ĲƗ�ǐź�я͈jrrMPPC ^��ĲƗ�¯��

Èã¨�ãËyǌȤɈTMCA �ʹZxіӍ�иu

rr”Ȱǐź}��Ƀӹ�ȃ|bl�r�}TÎ

ß¸�ϠǢ�ʹZr”Ȱ«ã½áæßÚÀ¹½�

ʹZxҠԊ�иZTŝů̱ԕ_éǮ}|��yŽ

Ş}ˇӕ�]Zx^�є͈�иurr 
 
 

 
Fig. 4. MPPC ќīǅ˩z͈ǮʹˍϏ  

 

	� ƃĹ�

Ʒ 5 ǯԓϧ˭�Ψlr̉ҏ�͝Ϡϳ�͡ǿjr

ˇӕTϹҏ�͡ǿũ�̱ԕķ}ǻl�͡ǿɈ�̱

ԕķ�ǐź�Ψlr{�͈Ǯy� 6 Ĵ� MPPC }

ǻjxĝr�x|ϧ˭_ɋ��x]�Tŕͮə�

ŽŞyv�zѓy�r 
OpenPET ˽ŝƱ�ğϿ}ϿZrǈƚ(pos-1)T͡

ǿˇӕ_Ӓb|�zz�}̱ԕķ_í_uxZ�

fz_Ş�rf��T˶ΤΣ※_ŋǿl�ăy

MPPC Œ�Ò�§á³ß_ʟŀ�Ɛdŝůķ_í

_uxZ�zЅy���rPMT �ǈƚ�ʪǿź}

��Ƀӹ�ы��r���TʰŽˇӕ�͡ǿy�

PMT ЛĢ_ʟŀjəЎ_Ųźl�fz�͟^urr 
�rTpos-2 �ğϿy�ϧ˭�ы�zTpos-1 z̞

ґjxʪǿϳʟŀ�ȰƚZ_Ȃhb|uxZ�f

z_Ş�rf��TѐȰ_Ǔ`|ğϿy�ŋǿl

�˶ΤΣ※�ӆ_ȃ|b|�r�yv�r 
Pos-3 y�Tpos-1 z̞ґl�zʟŀ�Ǔ`h�

Ȃhb|uxZ����Tʿ�^}̱ԕķ�̈́ȃ

_я͈h�x]�TČƳ�ÇæÔ�É�ã½Ô�

˥Ėy�ÉÝ¹½ÅÁßǁ�˽ŝƱҿϿy�

MPPC �Ď̄�ƵӬyv�zѓy�r 

 
Fig.5. ͡ǿˇӕzŝůĲƗ�ӖĮ 

 


� ƃƬ�

MPPC �ʹZr͝Ϡϳ in-beam PET ʹ OpenPET
˽ŝƱ�ǯͮƓЎə�˽ѕ�ΔΐzjxTMPPC �

ʪǿϳЇə�ќī�иurrHIMAC y͝Ϡϳ�ʹ

Zrќīǯԓ�ϧ˭Tͮˇ͞y� MPPC �ʪǿϳ

Їə� OpenPET yŤʹl�}�ŽŞy|Zz�ϧ

˭_ɋ��rr 
ČɈ�TČƳɋ��rϧ˭�ѠϢ|ё˪�Ëá

½ãÇæÔ}ǻl� MPPC �ʪǿϳЇə�˽ѕ�

иuxZbāǮyv�r 
 
ÐƉġŝ�

[1] Yamaya T, et al., hA proposal of an open PET 
geometry”, Phy Med Biol 53: 757-775, 2008 

[2] Nishikido F, et al.," The influence of the fragment 
particles from carbon beam on an OpenPET detector as 
in-beam PET for heavy ion therapy", Conference 
record of 2009 NSS &MIC, J04-5 

[3] Nishikido F, et al., “Optimization of the in-Beam 
OpenPET Detector for Carbon Beam Irradiation”, 2012 
Nuclear Science Symposium, Medical Imaging 
Conference, Anaheim, CA, USA, 2012 

 

  



 

 
 

51 

 

ǖǜǜǗ½Ƴš Dual-Ring OpenPET Ţ¹ÀŀČFN4T 
ǋïŵ¡ńºa[lǆĠtš.=ĽÁÝĈŻǆĠe GPU ìƗ 

 
͵ȒУ˘ 1)Tƛ͵У̫ 1)TƩƽƫȺ 1)TȍѲ̳Ѽ 1) 

1) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 
 
�� I8mF 

ʪży�T˽ŝƱÞã¨ӕ}Ӕʪξӕ�ʉtT

͈Ǯô}ɞІ���§³±_Ǵˀ|Ӕʪǁ PET 
(Positron Emission Tomography) рϿtOpenPETu�

ӔΌ�ҩ�xZ�[1-7]rf��y}TĄӄÞã¨

ʹȷ� DROP (Dual-Ring OpenPET) zTéÞã¨ʹ
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ʶ�� LOR (Line of Response) _ǒZr�T―hʹ
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Ģҏʹƞ}ǻjxΕĈl�̉ʷӵ��}ҳʹh�

xZ�rҤμ� PET �рϿ�TэӅ}ǻjx̞ґ
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(xr, yr) = ((x - p1) · xr, (x - p1) · yr)yмh��rr±jT

· �Œμ�мlr 
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ǖǜǝǗ��r GPU tš.= OpenPET Ţ¹ÀŀČeĽƟ 
 

Ą͵ˊɂ 1ԝṬ͵̚ 1,2ԝT͵ȒУ˘ 3ԝTƛ͵У̫ 3ԝTȍѲ̳Ѽ 3ԝ 
1ԝ�m�ɠǇϲ˵ȷęΩT2ԝχ̱ǓǧT 

3ԝʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 
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ŕ̃ɪŜͰ} GPU(Graphics Processing Unit)�ʹZ

r Dual-ring OpenPET �Þ�ß¶�Ô�Õæ°ã¨
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¯±»Ô�ŕ̃ɪɱ̰�Íæ±}TGPU }ҳjr
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Ʒ 2 ʻǤ¯±»Ô�ͺńŕ̃ɪ�óŠźɱ̰ 
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v�rq �ǯԓΐ}̧Ǯl�ÅÝÕæ¶yv� 0 ē

ì 1 ēí�ķ�z�r 
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¸×æ½�Ψl(K = 1 �ǈƚ)rєύӆ�ǒZTӼ
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2.2 Ėļčŋ 
ʻǤ¯±»Ô�ɱ̰}űyTíі�ɱ̰�Ə�

ŋ�rŕ̃ɪɱ̰zjTԕҥź�Δʊlr 
2.2.1. LOR těǀŭĤÚFÂ4=ƞż 

Cui �}�uxʙ˹h�r LOR �ʧҿΐʹƞ}
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ʧҿΐʹƞ}Şdrєύ�̂Ϳ�ΨlrÊ³¹

½Œ� LOR �Ɓϟ}ˇϜŠӼyŜͰjrǈƚT

LOR �ʹƞ�Ýã·Ô}|�r�Tŕ̃ɪͺń�

�ÕÖÞ�§³±�ȇɰΐ}l�fz�îƓЎy

v�T�rT́ ƞ}ɔkr˥ĖŞȎ_ɒшz|�T
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x^�ӼɸɃ͒ύTҡɸɃ͒ύ�иxrƷ 3 � 1
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_ʹɣh�xZ�r�Tp��Ťʹl�r 
2.2.3. ƞżCƴƹeÙĨìƔ 

NVIDIA GPU y�Tєύz¼æ¶ҎҠ�Ɯˇǯ

и_ƓЎyv�rƷ 1 yΨjrÉáæ¸×æ½�

ŒTͺń�˒ʸåc�˒ʸz̍}єύl�Ê³

¹½� LOR ¼æ¶� GPU ��ҎҠ�TƜˇ}и

xfz_y`�ϋɰyv�r�Tp�ҽŞ�Ɯˇ

}иZT½æ¶ß�ŜͰˇӕ�ΠϺl�r¶�Ô

¸×æ½�Ʒ 4 }Ψlr 
2.2.4. ��r GPU Beƞż 

Òß¸ GPU y�єύ�TÊ³¹½Œ� LOR
�ƙ GPU }ŞʯjxŬ�ɀx�fzyиxrŕ̃

ɪͺń�˒ʸ�TҡɸɃ͒ύϧ˭� 1 ϋɰ}өϞ

j|d��|�|Zr�Tv� 1GPU �¼æ¶Ҏ

Ҡl�rGPU ӕ�¼æ¶ҎҠ�TGPU ӕyΕʖ�

§³±l� GPUDirect �ħxfzy¢æÄæÌ¹

¾�̈́�lr˒ʸh�rͺń�Tŕ�ƙ GPU �Ҏ 

 
Ʒ 3 LOR �ʧҿΐʹƞ}Şdrєύ 

 

 
Ʒ 4 ¶�Ô¸×æ½(єύzҎҠ�Ɯˇǯи) 

 
м 1 ǯԓѭņ 

GPU NVIDIA GeForce GTX TITAN x 2 
(Compute Capabilityԭ3.5) 

CUDA 
ºæß¥¹½ v5.5 

ŕ̃ɪͺńÐ§

³ßʰ 76 x 76 x 84 

Ð§³ß�² 1.5 x 1.5 x 1.5 mm3 
Ê³¹½ʰ  50 (ƸǮ) 
ƍɍƳʰ  1 (ƸǮ) 
˽ŝƱ 
ɔωӖʰ 

¤�¯�ãӖʰ (£æÁß�

²ԭ13 x 13 È§³ß) 
ɤȰу̐ |j 
 
Ҡj|d��|�|Z_Tf�ŜͰ�c�˒ʸz

Ɯˇ}иy�r�TєύzҎҠ�Ɯˇǯи�иxr 
2.2.5. ƁO.r��y�e 
p�ď}TʻǤ¯±»Ô�ŕ̃ɪɱ̰z̞ґjT

ēí}ΨlϢ^Z¸ÙæÀã¨�иxr 
å� fastmath �ħʹ(NVIDIA GPU }�TʊʰӖʰ

φ�ԕҥ}єύl�Ǿʹ͒ύƱ_v�r�T

p��Ťʹ) 
å� ±à¹¾ʰ�ѫʱ 
å� ӼɸɃ͒ύzҡɸɃ͒ύ}ŎҤ|ŜͰ�ăũ

єύ 
å� ßæË�ãáæÞã¨ 
 
3. ƃĹCƉî 

ʙ˹ɱ̰�˗Ŵə�ΥѢl�r�}TŜͰˇӕ

�ќīl�r˞νy�ǯԓѭņ�м 1 }Ψlr 
Ʒ 5 } 1GPU �ŜͰˇӕ(ͺńŕ̃ɪ���ˇӕ

y¼æ¶Əɋφ�ˇӕ�Ɵ×yZ|Z)�Ψlrʻ

Ǥ¯±»Ô� LOR parallelization z˞νyƏ�ŋ

LOR1

LOR2

LOR3

LOR4

LOR5

x

y

x�������LOR

y�������LOR

�	�����l=0
�����

�����

�	�����l=0
LOR����
��

�	�����l=0
�����
����

�	�����l=1
LOR����
��

�	�����l=1
�����

�����

…

�
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�rɱ̰�ϥ�ƚ�n_˗Ŵyv�^�ΥѢl�

r�ʙ˹ɱ̰^� LOR parallelization �ӜZr��

y�ŜͰˇӕ�͈ǮjrrLOR _ 1,000,000 �ǈƚ 

 
Ʒ 5 1GPU y�ŜͰˇӕ(ͺńŕ̃ɪ���ˇӕ) 

 
м 2 GPU ʰ�ǐyrǈƚ�ŜͰˇӕ 

(ͺńŕ̃ɪ���ˇӕ) 
ɱ̰ LOR ʰ GPU ʰ ŜͰˇӕ [γ] 

ʙ˹ɱ̰ 1,000,000  
1GPU 1.22 
2GPU 0.79 

 
y�TʻǤ¯±»Ô�ɱ̰_ 29.90 γ}ǻjTʙ˹

ɱ̰_ 1.22 γzǓȤ|ԕҥź(Ϟ 24.5 ĵ)�Ұɪj

xZ�rLOR _ȃ|Zǈƚ}ʙ˹ɱ̰��x_Ŝ

Ͱˇӕ_ȃ|b|ux]�T±Ý�±gz�єύ

�óŠź�˗Ŵə_ΥѢy`�r̍} 1GPU z

2GPU �ǈƚ�ŜͰˇӕ�ќīl�r˞νy�T

LOR ʰ_ 1,000,000 }vZxќī�иxrм 2 }

GPU ʰ�ǐyrǈƚ�ŜͰˇӕ�Ψlr1GPU y

� 1.22 γ}ǻjT2GPU y�T0.79 γz|�TϞ

1.54 ĵ�ԕҥźz|ux]�TÒß¸ GPU }��

ԕҥź_ΥѢy`�r 
 
4. ƃƬ 

ʻǤ¯±»Ô}̞�Tͺńŕ̃ɪ�ŜͰˇӕ�

Ġ̈́�ΥѢjr(¯ã¨ßGPU�̞ґyϞ 24.5ĵ)r
�rTÒß¸ GPU y�˗Ŵə�ΥѢjrrČɈ�

ѪԄ�TÒß¸ GPU y�¢æÄæÌ¹¾Ġ̈́�˽

ѕ�T��̐Υ|˽ŝƱɔωӖʰ�ʹZrǈƚ�

GPU y�ԕҥźT�rTʪǿϳ̫Ίz�еƚ}�

� ͧ ź j r ° ¢ Õ ½ Þ y v � Single-Ring 
OpenPET[6]y�Þ�ß¶�Ô�Õæ°ã¨¯±»

Ô�ǯрTќīyv�r 
 
ÐƉġŝ 
[1] H. Tashima, et alԟhReal-Time Imaging System for the 

OpenPETԟiIEEE Trans. Nucl. Sci.ԟvol. 59ԟ no. 1ԟ
pp.40Ԡ46ԟFeb. 2012. 

[2] E. Tanaka and H. KudoԟhSubset-dependent relaxation 
in block-iterative algorithms for image reconstruction in 
emission tomographyԟi Phys. Med. Biol.ԟvol. 48ԟ
pp.1405Ԡ1422ԟMay. 2003. 

[3] βвƂȨԟďԟhν́� PET ͺńŕ̃ɪ̰ DRAMA
gʸjZ϶ƨÅÝÕæ¶ŦɌ̰zâãÅ±
DRAMA �ʙ˹gԟiȦɪ 21 ȧȰ̍ñđ PET ν
Ǉƣ˓, pp.76-81, Mar. 2010. 

[4] S. Kinouchi, et al, h GPU-Based PET Image 
Reconstruction Using an Accurate Geometrical System 
Modelԟi  IEEE Trans. Nucl. Sci., vol. 59, no. 5, 
pp.1997Ԡ1983ԟOct. 2012. 

[5] J. Cui, et alԟhFully 3D list-mode time-of-flight PET 
image reconstruction on GPUs using CUDAԟiMed. 
Phys.ԟvol. 38ԟpp.6775Ԡ5786ԟDec. 2011. 

[6] H. Tashima, et al, hA single-ring OpenPET enabling 
PET imaging during radiotherapyԟiPhys. Med. Biol.ԟ
vol. 57ԟ no. 14ԟpp.4705Ԡ4718ԟJul. 2012
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�ǜǞ	 7.��4�2 �®áĽÁÝFš.TǊŲŌj��w�sdle�

ƞŒF�MTāǍeëǂƥ²�
̢͂ ̺Ǔ 1ԟХ ȩͲ 1ԟӌɭ ʲɂ 2, ˳˫ ίĊ 3,  ȗͼ Ђɂ 4, 

ȍѲ ̳Ѽ 2ԟȂ; ӡи 2 
 

1žЩǓǧԟ 2ʪǿϳżǧϲƚνɰԟ 
3¯æÕã±å°×Åã˵ȷęΩԟ4ԕȒфĥɰ˵ȷęΩ 

 

���I8mF�

� ҚȧԟхƚǁњʷрϿyv�PET/CT�КȬɔʹ

_ҩ×yZ�ԡCT}��ԕξӕŞёЎyɁɦͺń

_ɋ���_ԟҍϥϽ�«ã½Ý±½_ùjbԟ

ʪǿϳп�bӆ_ǒZfz_ѪԄz|uxZ�ԡ

éʹԟMRI�CT��ԕZ«ã½Ý±½yҍϥϽ�

ʘͺy`ԟʪǿϳ}��пː�Ƴҷy`�r�ԟ

ʸr|хƚǁњʷрϿzjxPET/MRI_˚Ɇh�

xZ�ԡ 
� ͮƼԟʪǿϳżǧϲƚνɰy�ԟMRI�Ì¹¾

«�ß}PET˽ŝƱ�Ə�ĐdrԟtPET/MRIéĢ

ǁ˽ŝƱu�ӔΌjxZ�ԡ˞˽ŝƱ�ԟPET˽ŝ

ƱÞã¨�ΕɅ�ϺȂjԟ MRI�RFÌ¹¾«�ß

��ŒĻ}¯ã¸àæ¶ϧˋ�ҿϿl�fzyԟ

ԕŞёЎåԕɤȰ|PETͺń�Əɋ]��˽ŝƱĴ

ʰ�Ũ̈́}��«±½ɷŦ_y`�z˚Ɇh�x

Z�[1]ԡ˞ ˽ŝƱ�Ì¹¾«�ßzPET˽ŝƱ_Қ

ʖjxZ�zZxͧɐ}��ԟąZ_Όl�ӭΦ

̱�Ƀӹ�Ɛd�lŽ͞_v�r�ԟPET˽ŝƱ

�ӭΦ̱¯æß¾Ð¹§±yщxɒш_v�ԡj

^jԟMRIʥɃˇ}ğϿɠǇ�Đűl�r�}Åß

±ͨ}ΌͲhn�ŁʶΦǈ}��ԟȁĢyv�¯

æß¾Ð¹§±}“ӭ̸_ΌͲl�. f�xtԟ̈́

нˇǮʰ�ӒZ“ӭ̸�¯æß¾Ð¹§±�Ƥ�

}Ą̍Φͻ�ΌͲhnԟMRI�ƿé|ӳΦǈ}̓�

�ȸ`҂fjԟ̌ Ǯʰ�ΠZ“ӭ̸�MRIĲƗ�ğ

Ζ¯É½�ȸ`҂flԡ“ӭ̸}���æ¸É�

§½zjxö}ve����_ԟ «æËÝ¿æ

�Õæ°ã¨(EPI)y�N/2�æ¸É�§½yv�
[2]. 

˞νy�ԟ ¯æß¾Ð¹§±�ҴЮŴ˭�ʊ

̆z|�MRͺń�ĲƗǻÂ�²̞ԜSNRԝzԟˇ

Ǯʰ�ΠZ“ӭ̸}��Ͳk�Φǈǐź�Ąv�

я͞^�̄s|¯æß¾Ϡˢ�Ǯӆΐ}ќīl�

fz�Δΐzjrԡ 

�� Ĥŋ�

��� 7.� ƗƇ�

PET ˽ŝƱ�¯ã¸àæ¶Êá¹§ԟMulti-pixel 
photon counter (MPPC) �à�(S11064-050P, ̹˨

Ï½À§±)ԟ���½Ôǅ˩ԟ¯æß¾Ð¹§

±ỹɪh��ԡ̄ ã¸àæ¶Êá¹§� 2.0B2.0

B5.0 mm3 � LYSO � 19B6B4 Ȍ��à�ͨ}ϥ

�ìer���ħʹjrԡMPPC �à��ì}¯ã

¸àæ¶Êá¹§_ 2 ĴϿ^�x]�ԟ¯æß¾

Ð¹§±�ӔƑҽ��ԋ�ŝlɁyјϿh�xZ

�ԡMPPC �à�����½Ôǅ˩}Ə�Đd�

�xZ�ԡ 
 

��� �j��wƀĳ�

ňиν[3]yħʹjxZr 35 µm �Ӊόф�¯

æß¾Ð¹§± (224.8B94.0B36.6 mm3) }űyԟ

Ɯ�²�¤Ý± Ñ¥¯ÅÁßф�Ð¹§±}

ӉÕ¹¯Ù�£æÐãáæÇã¨�ѻ�Đdxԟ

¯æß¾Ð¹§±zjxħʹjrԡӉÕ¹¯Ù�

Ϙh�|�ëθԈ�ʹZrԜlϘԭƆh 0.2 mmԟ

ӔƑͬ 64~70%ԟmϢǶԭƆh 0.1 mmԟӔƑͬ

50~54%ԟnԕϢǶԭƆh 0.08 mmԟӔƑͬ 36~40%ԟ

ǕӟӇϯԝԡ£æÐãáæÇã¨ԜϼϮɅ 6.9 µmԟ

24,000 ˞�ˤ�ȤϞ 1 cm �ÞÐãͨ}�z�r�

�ԡToho Tenax Co., Ltd.ԝ�“ӭ̸�ʊƞə�̞ґ

l�r�ԟѻ�ʹ�ǐyx 3 Å¶æãʹɣjrԜFig. 
1ԝԡÐ¹§±�ϸ}�Ӊ»æËԜ50 µm Ɔԟ15mm
Ȥԝ�ѻ�ԟӵƜǏ�ӭ̡ΐ}ʖϭjrԡ 

 
Fig. 1. How to put carbon roving on FRP box 

 
��	 �4�2 ŒëensvXs��

Fig. 2 } PET/MRI éĢǁ˽ŝƱ� MRI �ǸƔ}

Ғnr ̄ǢzԟPET ˽ŝƱ�Ə�ĐdrÌ¹¾«

�ß�̇ȷƷ�ΨlԡMRI� 3T MRI (MAGNETOM 
Verio, Siemens) �ħʹjx]�ԟËá½ã�Ŏԗ

Ƥ̱ʰ� 123.2 Hzԟ¤ã½ÞŒɅ� 70 cm yv�ԡ

f� MRI ô} PET ˽ŝƱ�Ə�ĐdrÄæ¾©æ

°«�ß�јϿl�ԡÄæ¾©æ°«�ß}� 8
v� àÕã½_ 261 mm Ʌyó���x]�ԟ 

àÕã½ӕ} 8 v�¯æß¾Ð¹§±_Ə�Đd

����x}|uxZ�ԡ¯æß¾Ð¹§±}�

Ɯҏ©æÊß_v|_ux]�ԟÎÁ½àæ¯Û

ãÅÁß�Ҥkx MR ǰǑ�ӭ͊�¼æ¶Ǝөр

Ͽ}ʖϭh�xZ�ԡ˞ǯԓy� 8 v�Ð¹§±

Ōx}¯ã¸àæ¶ԟMPPCԟǅ˩�ʠҒ�ìԟÎ
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Á½àæ¯ÛãÅÁßyʖƽjrԡ�rԟϠˢ�

˽ѕƌ� PET ˽ŝƱ�Ҥӭ�ƖĻ�¯æß¾Ð¹

§±��}иurԡď 7 v}�ňиνyħʹj

rӉόф�¯æß¾Ð¹§±�ʹZrԡ 
 

 
Fig. 2. MRI and birdcage coil of the proposed 

PET-MRI system 
 
��
 �j��wĉƌeƥ²čŋ�

˞˽ŝƱ}ʹZ�¯æß¾Ϡˢ�ԟËá½ã�

ŎԗƤ̱ʰλy�¯æß¾əЎ_ԕbԟŁʶΦǈ

�ş�˔yƤ̱ʰλy�“ӭ̸}��Ą̍Φͻ_

ΌͲj}bZ��_˙�jZԡ 
�k�}ԟ¯æß¾əЎ�ќīl�r�ͺń�

ĲƗǻÂ�²̞ (SNR)�ύŝjrr±Èã «æ

̰�ʹZxԟÌ¹¾«�ß}ʏŋjrǊźÀ¹©

ß̢͍̾É�ã½Ô�ϫǻķͺń� 2 ˬƏɋjr

ԜTEԯ88 msԟTR=5000 msԟ±Ý�±Ɔԯ5.0 mmԟ

Ò½Þ§±�²ԯ 512B512 pixelsԟFOV=300B
300 mm2ԝԡSNR �ēí�ȷy̤�r[4]ԡ 

 
!"# = !/(!/ 2)!!!(1), 

 
ffy�ԟS � 2 ˬ�xt�※ʹ�ͺń�ӖɑӾǃ

}]d�ȦƿķԟN � 2 ˬ�țŞͺń�ӖɑӾǃ}

]d�̆͋ĸț�Ψlԡ 
¯æß¾Ϡˢ�ǐy�fzyÌ¹¾«�ß�ɤ

Ȱ_ǐźl�r�ԟPET �ʥń�j|Zǈƚ�ͺ

ń� SNR �ǅ͋zjxԟPET Ɯˇʥń�ӥ� SNR
�̐ьźjrԜȷ 2ԝԡ 

 

!"#!"#$%&'()* = 1 − !"#!"!"#$%&'(")
!"#!"#!!"#!!"#!!"#$%&'!(

∙ 100!!(2) 
 
f�ʰķ� SNR ̈́нͬzjԟ¯æß¾Ϡˢgz}

̞ґԡf�ķ_ȂhZ�{ԟ¯æß¾əЎ_ԕZ

fz�Ψlԡ 
 
��( �őǊŎFnT¡ńŲţeƥ²čŋ�

̍}ԟ“ӭ̸�ќīl�r�ԟEPI ̰}��É�

ã½Ô� k-space ¼æ¶�Əɋl�ԡk-space ¼æ¶

�ļʰиzǘʰи}Şӫjԟēí�ȷyĄ̍Φͻ

ŞȟԜ∆!!!mapԝ}ǐʚjr [5]ԡ 
 

∆!! !, ! ! !  

= ! 1
2!!!∆!!

!!"!# !, ! − !!"" !, !

− 2! !
!!

− 14 !(3)!, 
 

γ �Φ̡ƳҎ̞ԟΔTs �ãËÞã¨ӕӣԟθeven

z θodd�p�q� k-space ¼æ¶�ļʰиzǘʰи

^�ŕ̃ɪjrğΖͺń, Nx z Ny �p�q�Ѩ�

Ə�ŁʶΦǈʹƞzğΖ ã«æ¾ʹƞ�Ò½Þ

§±�²yv�ԡ 
� ČƳԟϠˢ�ǐyx̞ґjr��ƖĻ�Ð¹§

±év��yԟďԪv�Ӊόф�Ð¹§±�ʹZ

xZ�ԡpfyԟƙϠˢ�ʹZxƏɋjr∆!!!map
}ǻjxԟƖĻ±d¯æß¾�jxZ|ZÐ¹§

±�ħurǈƚ�∆!!!map z�țŞ�иZԟƖĻ�

Ð¹§±}��Ą̍Φͻ���ɿŝjrԡ 

	� ƃĹCƉî�

ƙ¯æß¾Ϡˢ�ʹZx͈Ǯjr SNR ̈́нͬ�

Fig. 3 }Ψlԡ¯æß¾Ϡˢ�ʹZ|Zǈƚԟ̈́н

ͬ� 41.7%zǓȤ}ͺҀ_ŲźjxZr�}ǻjԟ

Zm��¯æß¾Ϡˢ�ʹZrǈƚ�̈́нͬ�5%
ēŒ}|urԡf�}��ԟӉÕ¹¯Ù�£æÐ

ãáæÇã¨_ӉόzƜ̄}ԕZ¯æß¾əЎ�

˗jxZ�fz_ΨƬh�rԡ 
ƖĻ�Ð¹§±}¯æß¾Ϡˢ�ʹZ|Zǈƚ

�ΔB0 map^�țŞ�zurmap�Fig. 4}Ψlԡ

�rԟ Fig. 4 � map }]ZxԟƖĻ�Ð¹§±Қ

Ľ}ӖɑӾǃ�јǮjrӥ�Ą̍Φͻ�Ȧƿķ�

Fig. 5 }Ψlԡ Ӊόy 1.9 µT �Ą̍Φͻ_ΌͲj

xZ��}ǻjԟ£æÐãáæÇã¨y�ѻ�ʹ

ƞ}��mԟĄ̍Φͻ���ΌͲj|^urԡf

�}��ԟ£æÐãáæÇã¨�ʊƞə�ĠZz

Ѕy���ԡ 
 

 
Fig. 3. SNR decreasing rate for each shield box 
 
 

 
Fig. 4. ΔB0 in EPI for each shield box 
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Fig.  5 ΔB0 in the ROI near the shield box 


� ƃƬ�

PET/MRI éĢǁ˽ŝƱ}ʹZ�¯æß¾Ð¹§

±�Ϡˢ�ԟ¯æß¾əЎz“ӭ̸ɷŦ�я͞^

�Ǯӆќījrԡp�ôyԟ£æÐãáæÇã¨

�ԕZ¯æß¾əЎ�˗jvvԟ“ӭ̸�ΌͲ�

˕�ɷŦy`rr�ԟ˞˽ŝƱ�¯æß¾Ϡˢz

jx˗Ŵyv�fz_Ψh�rԡ  

 
ÐƉġŝ�

[1] Nishikido F, et al., “Feasibility study for a PET detector 
integrated with an RF coil for PET-MRI”, IEEE 
NSS-MIC, M13-7, 2011. 

[2] Jezzard P, et al., “Characterization of and Correction for 
Eddy Current Artifacts in Echo Planar Diffusion 
Imaging”, MRM 39:801-812, 1998. 

[3] ̢̺͂Ǔ ďԟtPET/MRIéĢǁ˽ŝƱ�ӔΌԭ¯

æß¾Ð¹§±�“ӭ̸}��Ą̍Φͻ�ќīuԟ

ȦɪԥԨȧȰ̍ñđPETνǇƣ˓ԟ62-63. 
[4] Kaufman L, et al., “Measuring Signal-to-Noise Ratios 

in MR imaging”, Radiology, 173: 265-267, 1989. 
[5] Buonocore MH, et al., “Ghost Artifact Reduction for 

Echo Planar Imaging Using Image Phase Correction”, 
MRM, 38:89-100, 1997. 

  



 

 
 

59 

 

ǖǜǟǗMR Ţ¹eǐâÂÇCë¬ßëæƿĜðƅœtš.= 
PET ŐÿƘŅŢ¹ŠČŋ(FixER ŋ)FN4TƑƾĴ¨eĽƟ 

 
ȗƑʂø 1)TȦӅάø 1)Tƛ͵У̫ 1)T°�É £æ¯Û� 1)TΎΡѹ̺ 2)TѲ˞Ŋø 2)T 

ХȩͲ 3)TȂ;ӡи 2)TȍѲ̳Ѽ 1) 
1) ʪǿϳżǧϲƚνɰåŞǢ�Õæ°ã¨ν³ã¶æ 

2) ʪǿϳżǧϲƚνɰåӄϗǢżβǧ³ã¶æ 
3) žЩǓǧåǓǧӛβǧνβ 

 
 
�� I8mF 

PET/MRI �̍ñđ�żʹͺńњʷрϿzjx˚

Ɇh�ɔʹ_ȫ_uxZ�éʹyTɴйΐѪԄ�

̘h�x]�Tp�év_ MRI ͺń�ǅ}jx

PET �̈́ȼу̐�l�ɱ̰�ӔΌl�fzyv�r

ËáæÊ^�ʪŝh��¤ãÒϳ�ͲĢϥϽφ�
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1. Introduction 
 Positron emission tomography (PET) is an imaging 
modality which becomes one of the most important 
imaging systems for the diagnosis of cancer at early 
stages. There is a continuous effort to improve the 
sensitivity and spatial resolution of the PET scanner. 
The spatial resolution of the PET system can be 
improved by use of advanced detectors which are 
capable of measuring depth-of-interaction (DOI) 
position. Dedicated brain PET scanners have been 
developed based on DOI detectors. PET-hat [1] and 
HelmetPET [2] are examples of the DOI based brain 
PET scanners. A four-layer DOI detector has been 
proven to achieve high spatial resolution in the 
jPET-D4 [3]. The sensitivity of a PET scanner can be 
enhanced by increasing the solid angle of the scanner, 
such as rearranging the detectors in different positions. 
In most cases, dedicated brain-PET scanners are 
designed using a conventional cylindrical geometry. A 
novel dedicated brain-PET scanner based on a 
hemispheric-shaped and a jaw detector was proposed to 
increase the sensitivity near the cerebellum region [4]. 
Its performance was evaluated using numerical 
simulations for a non-block detector configuration. In 
this study, we conducted a Monte-Calro simulation of 
the Helmet-Jaw PET scanner constructed from 
block-detectors. The sensitivity of the Helmet-Jaw PET 
scanner was compared to that of the conventional 
cylindrical PET scanner. 
 
 
2. Methods 
 Geant4 simulation toolkit was used to evaluate the 
sensitivity of the scanners. In the simulation, the 
Helmet-Jaw PET was constructed from a total of 52 
four-layer DOI block detectors arranged in a 
hemisphere having a radius of 12.5 cm, a jaw-part and 
a top cover. Each block detector has 16×16×4 crystal 
arrays with 2.8!mm×2.8!mm×7.5!mm  constructed 
from GSO. The hemispheric shape was formed by 
arranging cylindrical ring detectors in such a way that 
the side of each block detector in each ring has a 
tangential point on a hemisphere as shown in figure 1. 
 The top and the jaw part of the Helmet-Jaw PET had 
five detectors as shown in figure 1. The angle 
subtended by the jaw block detectors was 1230. A 
cylindrical PET, with a radius of 13 cm and a total 
number of 51 block detectors, was also simulated 
(figure 2b). The sensitivities of the scanners were 
evaluated using a point source placed at several 
positions of the FOVs. The energy window was set 
from 400 keV to 600 keV, and true coincidences were 
obtained. 

 
Fig. 1. Helmet-Jaw PET; (a) front view, and (b) side view.  
The detectors on the hemisphere and the jaw part are defined 
in the same sphere. The center of the scanner is defined 
halfway between the top detector and the bottom side of the 
16-block detectors ring.  
 

 
 
Fig 2. (a) Helmet-Jaw PET, and (b) cylindrical PET. Each 
individual ring in the cylindrical PET had 17 block detectors 
resulting in a total of 51 blocks. The broken lines pass 
through points of comparison for sensitivity. Lines (1), (2) 
and (3) intersect axial points at z = +5 cm, z = 0 (center), and 
z = -5 cm, respectively. Lines (4) and (5) pass along the axial 
axes through the centers of the scanners.   
 
3. Results 
 Figure 3 shows the sensitivities of the scanners at 
several positions. The sensitivities of the Helmet-Jaw 
PET for regions that coincides near the cerebellum 
region and the top part of cerebrum were 8.1%, and 
18.0% on average, respectively. The sensitivities of the 
cylindrical PET for the same regions were 6.6% and 
4.2%, respectively. The position of the cerebellum was 
estimated on the FOVs of the scanners around x = -5 
cm and z = -5 cm along line (3), while the position of 
the cerebrum was estimated along the x-axes at axial 
axes around z = +5 cm along line (1). 
 In figure 3b the sensitivities along the x-axes (line (2) 
in figure 2) through the centers of the axial FOVs of the 
scanners are shown. Figure 3d shows the sensitivity 
along the axial axes through the centers of the FOVs 
(line (4) in figure 2). In both figures 3b and d, the 
sensitivity of the cylindrical PET scanner had higher 
value at the center of the scanner (near the choroid 
plexus region). The main reason for this is that the 
cylindrical PET had larger solid angle coverage for the 
point sources near the center. It should be pointed out 

(a) (b) 
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that, the Helmet-Jaw PET had also a good sensitivity at 
this point.  
 
 

 
 

 
 

 
 

 
Fig 2. (a) Helmet-Jaw PET, and (b) cylindrical PET. Each 
individual ring in the cylindrical PET had 17 block detectors 
resulting in a total of 51 blocks. The broken lines pass 
through points for comparison of the sensitivities of the two 
scanners. Lines (1), (2) and (3) intersect axial points at z = -5 
cm, z = 0 (center), and z = +5 cm, respectively. Line (4) 
passes along the axial axes through the centers of the 

scanners. 
 
 
4. Discussion 
 Except near the choroid plexus region, where the 
helmet-jaw PET had also a good sensitivity, the 
helmet-jaw PET had a significant improvement than 
that of the cylindrical PET. This is because 
rearrangement of the block detectors enhanced more 
coincidence events to be detected. The sensitivity of the 
Helmet-Jaw PET at the edges of the FOV was 
enhanced by rearranging the detectors in the jaw and 
top part, without which enough true coincidence counts 
would not be obtained.  
 
5. Conclusion 
 The sensitivities of the Helmet-Jaw PET and a 
cylindrical PET were investigated and compared using 
Geant4 simulation toolkit. The results showed that the 
Helmet-Jaw PET scanner could achieve higher 
sensitivity and would be promising for the accurate 
measurement of brain functions. 
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(μŶƏϴɄ),ô˫ƨĊ MR ӔΌҽҽӒ 
[9] 2014/7/16 ˵ȷęΩ�½¹§± оȍȳΪ̟�^ 2 Ɲ, ëЦϲƚνɰ ԕ˛İ̫̟, ȍ͵̺Ϊ̟,  
[10] 2014/7/18 ¢ÞãÅ±Õ¼�£ß¯±»Ô²(˵) ɈӅƨȹżΊɴйӔΌҽӒ 
[11] 2014/8/8-19 žЩǓǧÕ¼�£ß¯±»Ôβǧβ 3 ȧͲє 7 Ɲ 
[12] 2014/8/19 ʲҽβǧΗ ȑ˞ȳǖβǧɴйåǧйʫϊȇ̍Ӓgéи 
[13] 2014/8/25 ʲҽβǧΗ βǧɴйåǧйʫϊȇ ͅҹp�ǢνӔΌǅΓѪӒ�^ 4 Ɲ 
[14] 2014/9/8 2014 ȧȰӖ˧τéƳ˜˦�ʀxƇǢůʺј�ыǧę(JAEA öĿ)géи 21 Ɲ 
[15] 2014/10/29 χ̱Ǔǧ Md Shahadat Hossain Akram ̟ 
[16] 2014/12/8 ̹̉ƹǓ ȐɝΚ̟ 
 
 
3. æƿƥ²ǖƖĀǗ(2) 
[1] ȍѲ̳Ѽ, τ 107 Ƴʼ˞żǧͦͰǧęǧйǓęǓęӒѾ “OpenPET project; a proof-of-concept of a 

novel transformable geometry”, 2014/4/13 
[2] ͵ȒУ˘ , τ 107 Ƴʼ˞żǧͦͰǧęǧйǓęǓęӒѾ  “Computational cost reduction using 

region-of-interest reconstruction for real-time tumor tracking by the OpenPET”, 2014/4/13 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
平成 26 年度次世代 PET 研究報告書 

 
平成 27 年 1 月 30 日刊行 

 

編  集    山谷 泰賀 
発  行    独立行政法人 放射線医学総合研究所 
郵便番号    263-8555 
住  所    千葉県千葉市稲毛区穴川４丁目９番１号 
連 絡 先    独立行政法人 放射線医学総合研究所 
        分子イメージング研究センター 
メールアドレス jpet@nirs.go.jp 
ホームページ  http://www.nirs.go.jp  
 
印  刷    株式会社 さくら印刷 

©2015 独立行政法人 放射線医学総合研究所        Printed in Japan 
NIRS-R-68



 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
http://www.nirs.go.jp 


