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#F1 WHACPET @B Y n Y = 7 O

TRIEE |FRIMEE |FRIGEE | FRICEE | FRITEE
SUFL—% : >
(A Iy hBE (hnT) !
S BT >
RAEINE ) e Y=, ~ |
Hahae — > |
&EE)| (B (845E)
BS54 E 25
rrym gErTre I
IEELAST - R . ’
R (83 (F2 Hy—) (%) g
B PR > >
g (1 $HRH )
= ==t
e PR A BR (ﬁap?«%ﬂﬁ>
eV 1Y VT B
5@&%U>7

2005 £ 8 AiTiE, 120 O HE~L =y FORYENTE T L7z, 5HttisR) » 7 & MY —RIiC
FEAE U CRIE L7oAER, ERBF ORI IT 2D 100 keps/MBq LA ETH D Z & Z R LTz,
ek, B THEEEHNESZBEERE TR CUEL TR, 7/ — RZEOHMEEEDOEH %
METE2XL91C, 10 AS 1 7 AT CTRE BT EMER (ASIC) 122 LB HUBEIT-
7z 12 AWIDICR S fFEse oM AR S, FRFFHEOREHIZ A 14 ns 7°5 10 ns ICHFHETE 72,
FRIHAREN =L LoD T, M7 7 > P A K DHE T AT LRI 2 MRS L7, 12 A 19
HIZART 7 4 THIEZTIT LTz, 26 ORIET —2 1%, #Hi#ll DOI R TH L 5 g & &M
Zm BT ORISR SN D, 11X, A7 7 4 7HESO [GPET-D4) OFEE, BIBZED 2R
7t FDG Wit TdH 5, [JPET-D4) TiHk KU > 7% 79 TR TE 50, 22 T 6 IZHIRL
THBHEREZITo 72, 4%, A07 DOI3RITEBGFHER Y 7 NV =7 2R LT, /8T A—
Z e T IVUIE R D5 E OUEN RIAEND,
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M1 ARZo7 4 T7HEFRD JPET-D4 () &%d 2%t FDG iR (f)

3. EBEEROEREZ

5AERTOD Z A 13K 2000 45 12 A 4 A 5T, PET/CT @A R TR EMREH 340 1 SlcsiE
Nz, COFRUK, PETCT MR IR CARIIR L, 4 CHEEBKEYC PET 5 —RE 1 5 1
& 7257z, PET/CT O X 5 \CE M 72 Babk i PET M@ OBSI%% BIRT L 25 L, 20 BT
2T KBS D, &1, MOBRGER L KL ETRABRORSEENT A 7Y v P
PET #i# T 5. PET/CT 7> b iE, PET/MR X PET/EE IR EREZ LN DN, Z O
i< PET 3B OMREBAA DI & 5 AR i iaskd BB 55, 45 21%, Bl 2 ol
TR < AR CE B AT AR PET M G 5. PET B SR 5 < R 12
P T, TOFEEIMT H ThD, TNHOEEBEREEZRD &S LTET 5 ERIT, PET
PAS b SR A B X 5 & 5 2 BRI OFHRMRE S L. 25 BRI OMR A D4
T 272D BRYBOFEMEN ) LE I REITH D,

3. 1. "M 7V v FEIPET &

PET/CT ¥£@Ei%, PET #@EOMEZM ELZZ LI DTV, Ry RICHlRE 25 EE S
N7i=FE T, CT & PET OFHAINTE D X0 LEAREFRHTHY, WhiZ1+1%23 & Lz
A7V MUEEE LESIT D, ZLEE U oERE & LCid, MRI & PET Z#5fE L CRIFRC
MR % & PET #if% %2455 PET/MR #E& 35 2 bivd, BEICHZEBR N ED STl (6], ZHkE:
O EOEFR TR SN B b Z STV THA I,

FDG OFF(EfE< LC, PET/CT %D idd 0 57203 o7, FDG A TIE, 3AIB -4 e oy e
MIAMRGE L IR RES A A3 22 E L= 5 T PET g 24589 %, BIIRELM & BIRERIE & 23,
Fr L g T — % OUUE D H CENEHIERE & RSO RETY K 7FHERES 3 ktEgbca b2 &
7. FDG-PET EDO KX M TH YV ERTHERTH D, EEMNLOHAD L, 2O LD 2Rk
TIEEE LWPERBEER AR b D 2 &322 < HTIZZ D5 > T THERICRE 213 AE T
12V, LS T, Bia 2 BERICIE Ui hude S22 WEFE 0 2 & L 13 RIZ, FDG-PET
LS E IR S BAE L 22D, OB, BEREREIT, NEREROS MRS L <iEm
RSB IERE R T ST IR 2 I EO R EEREE L LT, HEERE AT CE
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LEbND,

—Ji. MRI &l & PET Hlll % RIRFIZAT © 7200 PET/MR 25& 2 284 51213, MR ZEEITER
T LGSR B S UC < W PET &GO FZAERI R AIR TH 5, Mithdaalkd oo v F L —
ZBIONEFHERTPESG ISR EbR/MFD 1oL %, o, BE L PET ORI
2B % PET/EEEEERE T, g% (£/3A V) PET OBRENRIC/RDTEA D,

3. 2. BV AT LR PET #E

Wl ee A @ < CEIE, S T A2 EGALT D 7o OFEREN M BT D720 EEE TR
DTOEFBEZEBLT LI ENTED, Thbb, (KARFT~IVIAENDHEHEN LV miRE &
BTN, FHIT 2RO OE SV OEBENMLETH D, FMD X i, BEORMGHL
FH O RERR LI HRB L CTHIINT 2 O lzxt LT, B8 RIRFFHECRITRST iR o 2 e TNT 5,
B % ol 5 @R EUIEE 2 5 b SE 5720, BEIC L o L@ RE DT A
ENLENRNT LA RBICEW T, EEMERZ LB LT & Th D,

EBROFHHEER (/A REMFHEER, NECR) (3. BUHBRRE OARW G T CIIBGT el B o N &
HIZHET 2 IZIFEERFERF RPN B ORRFHECR L RREIC R DM TRR E 2D . DIEITRED
T 5, TORKEETRK ) A REAMFHHER (NECRmax) & WU, Z OB} T O AN i BE I 25 )
Bk b DR RIS LTS, NECRmax (%, FIRFEHELORFRIZ IS FI9 528, R
2. Y IVEHERICH T D RIFEHECE OB G O 2 FITIZZHAFIT 5 [7], Z vk, @EFREFSFRE T
oD EFRRHIE Y AT MEEOHEEIZ S NECRuax VE< 785 2 L 2R L TR Y, mitkiE PET &
EBTDH ETHEEREMHTH D,

LLEOBLENG, AT AEEOEVEEIZE&ET — X WENFRE L 720 | #IE < BRI L 3t
2, MAERMZEMTEDLZ LN Db0 D, B EH O RHERMEFE L CTEEEL TR MEN T
TAUT, S OICEHAIR I IEMEATRE S 220 0 1 ANM72 0 2 0 IN ORI & FIRE L 72 5725 9,

(a) BHEZRF

511 keV O~k 22RO RS, PET ZEE O & U CIL MRS &2 vy
YFL—va VRIBERDES TV D, BT X —W oI & Uk A 3T 7 el E R
Bl EORMBRNSRZ SRGEEEL LCRHHT 2L b TELN, MENED D, BRELZHET
D EEREERE AT 2R LUERN O HD L OO, FASCLEIEDOE DA77 HTHRATEREIC
RIENH V| LI E S T2HTE 7270,

AR HEROFR TH . ERR %528 Nal (23T CdTe X° CZT Miigsid, Wil c& 5 &
WIHETERTEY, Ho~hATRABREETE L CHARED LR TWAI8], UL, B R
BEN Y U TF L— a VRHHERICA B 72 E D 5 PET fifithgs & L CoFMEF T a9, =xv
X — D REERFEDEN TV D 2 & VB H R ORI O T, FIRFFHECCE R R A i
L7 b, MHENZEMEBIEHOGNER 21T 2 Fi B O3 m< EEN 5,
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Detector ring ‘:;;ﬂg\\ , ~:;J&_\~
\

HHHHHHHHHH\W uu\HHHHH“HHWm“m“

=

2[RRI T DHATHIHIZE (TOF) {5

PET HICHEENRE SIHEEMOENS v F L—E RNBEENTHY . 7O LRI 3 R
WAL CE e, RIERZEDTWDLIDOIE, k7 ¥ (LaBrs) Tho, FKELN Nal(Tho
1.75 % CTHOGHERIFRA 25 ns L2, T XX —3FRET b % LA, [FIRFEHE O R /) fifae
TO0.3nsLA FAER L TWAH[10], FERHET7-EF 1L Nal(TD & FIEF U TH DAY, [RIRFFHE O R 7=

(TOF) A FATIUE, 25 A PET & CIRRE 2 Z9Mcm ET& 5729, BGO %% <Ak
EAERTELARERDHD (M2) . IHIT, BAFRRERHISMFEEIC L 0 M RRE R & i © &
BFIIRE <, NECRmax BKIEIZH ETE 2 EMFEEN DO T, MAERREMHICIKRE SERT S
AREMENR B D,

(b) ZHHEF

PET/MR H DO tHEFICEZEXNEFHEE L WD &, BN TOEFHIED I L0 i
LA, EFITENR, S HIT ﬁEﬂiéﬂf_mﬁu%WFﬂW PET HfHas 2@ 3 512i%, /N
SNFFHMLETHY BRI 2 ET 2B HEEE IR TH 5, #%ﬁ—‘x)’lﬁ%?“(
&é?ﬂ?yvl-7¢b&4ﬁwb(Mm)%mwni Wb DN AL T & D721 T
300um LA F & 3 IC#< T& 5729 PET/MR EEAOZHET L LTl LT 56l

F7-. &l Silicon Photomultiplier (SiPM) & #3 2 BEARSLE FIEE BB S h>2oH D
Hﬂo;ﬁ I, MU APD E 122 HESIL, WA HT—F— RTHEMATSZ L T10 HFEOE IR

REE T2 LWHEHOZNHEF THD, MM OBEOHEEELZ S D APD Ol TOLE A

ﬁﬂﬁ@%%};?ﬁ)%&’@% L2, A X RBIIEKTE 2 2 &R MISE R H < 72 5 AlRetEd
S TRY, ERMICAT 25 %ONROERIHIGF S D,

(c) DOl &t

PET Wif§ D @& & w2 L ER T 51213, 3RO FRALER 372> 5 DO # Hi 23 %
PR L 725, DO Mg 2 F iR, BRERE OSSO —RAREMEE L FEIRTE L5 2
LB RERFFRTH D, PET/MR O PET s 2 SO ZE BN CHRE IS S8 TR E T 2
Y2l DO MR HHERIIMNA L R D724 9,

13



[EIBF 5T 5 BE

I E/NAJLPET
avEa—4
(i PR AR

1 AEER - iRERLGE

B AIPETSE

WA [CHHA AT AR

SR - ERIEL
ERERRE - B
£5 A PET

3 PET OWTES) %1573 DOI gk 0%

BIE, 4J8 DOI HilinEZMbS>oH 503, S bICLE L2 LD T B H e 2R A 23
AREL 720 | PRE~DOEEEE LA S LD (K3) . &k, BENONIIES 1—7Tid 8 )& DOI
Mg ORIEICRE L7z12], 513 DOI M0 7 — Z JABREICE L T b AR A Aty THFZERE %
TLTPETHY ., ENA/VPET OFERICIT - ERIEIFTE 5,

Flo, BHBOMPNLEZ 3RTCIICFEETE 2 &, TOMERFHRIZ LD =L —36 LUWEH
Tz mRE R IR E T & 5 [18], FAREHIIC BT 5 TOF iE#mAFIH T 284, DOL ERAETEH T2
L THRMMEZLWETE 5720, L0 MFREFERG oz K LRE 2 L Tx %, DOI-TOF i
ar DRBIN TR PERED @ PET 28E 2 B M AR~DEZ YV A< £ BEZ TS,

(d) BERESNEE

DOI s aFIHT 2 &, MHBFEITET TEE R0, EROT T e 7RI L2424 I 07
BFEEOT —ZWEFRXCIXFAMNFELENHEICEDbRVWBENRH D, o, RHFETOREEEL
LR TR E - T, BB FR BB AR 7 & W~ TR B 0Ek T, [E1#%
DEDLIEMER NS HEREBEE LTORRELZREERY, ZOMBEEZTRRT 272012, 25
OB ERE %2 ) T2 A 2T 5720 ASIC OFEAFNRAI K Th %[14], ASIC OF|HIC
XV, BEEORmEESOHMERKAZFER L, BWIZS UESAR L REEHRIEVITY 7 v 2 A
LZAT- T, oM ERHFE B & OB ZWS L TIT o LERH S,

— . TEROFRFFHEROF IS T —2EHSFA (EA N T L4F—F) TIX10EEVIC
BIRRFEHER T — 2 D END 2 LR 20, BUMOBRIRGH X1 7 L —2a5H720 100 TH Y
VINRETHLTD, FEAEORBLIEEORHIZ0 DR E D, 20X ) I iEERA [FET 5
2L, FIRGHEER D LIRS TERET 2V A b E— RFRXEBRAT R ELT, 41TV
Vv MbEK D MBS A B LT B [15],
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S - e TIROPETEE | MEBMEOEE | KHAPETES
(RiTsTED (10FE T8
7 HRIE AR BHEEBD L | 2R5TEE 3RITHED 4R TTAE
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EERE TEXT 1 315 3018
it = 5l 1 1/3 1/30
e HEFREIENE | 300 105 17T (BLES IR
(g HHE) LRI
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% B 12 1% EEEEI PET/CT 3L PET/CT/MRI/ &
BIEXT S EXC0c =B (HIHE) | 7EL = 5 (—1EHFE)
BR{ Bl =\ SEEFEH FEE U
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(e) HEDMEETFHI

# 2|2 PET HEORR T 279, FEMETLMZ DOI fHige73 % & L Tad M PET 2&E 14
M &t mEOE SR ER S, S ZERE RIS EL LR TE 572D, &
g 2 Rf 5 s & <ESI LR KLY 3 5Ll EmE T, 232 3 mm DOEREGEDOMERE LMK T &
%, E£72. 0.2 ns BEOFHEFEGEL © > DOI-TOF Mt EHA LI, 30 FHEE OV
PET JEENEIRTE 571259,
DOI #iti#sz A 7ERAL5] PET 2&(& & LT, LRI EITRHME L72E /31 L PET 2EE7
HETH D, FRIEO®mWHHD 7 0 —7 2% Shiud, IO &E S 27 AL PET $EE(1C
FEEEDOTIERAN 2 5 59 D720 TREANAREL 25 A b TiEAR< M
T DR EDEN ST 1 AYS2 0 1 T HREO LM mAERE T < O AN PET 40 B
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EEZTELRIERDIESD,

4. £L

& 9 %2< BARIX DOL S BV TR DO JEHRIC DN TE 72,
IS om R A 7R & CIEHCRIZ KT R WO REBR TH 5, DOI-PET & 2 % OF| Rz 1E72 L T
BRRBLGICRIH CZ 5 X 51T 212i%, R T — % OB EFiiR 3§~ & Hilr ORI AR % <
RENTND, ERMHECRERICENTZFEOERIIFICEE TH D, ZOK S RIERZRT S
7o DA 2 BRFEMZET 2 BT, /NEH] PET 2EEI1X Y 2 7 28 LBAFEHE A NE 925 Z & IR
VICEBRT %,
SRITAARDPFOBWEZR T TH D DOI MR ORrR 2157 L/ AEER 2 T < &R,
i DEREIF O BRI A2 PEFE T I L TIT O B B 5, PET O b OWAES) ZFENL TV
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(2) PETAYYFL—%

TEARRRE., MR, GEATED], B, (EAE T Affks
H SEALRR T3kt

1. IXCHIC

PET & Tlx. 0.511 MeV O y #t & &EE TR T 2 72O IC RS v F L— 2 R PR REICH
WHiLd, Y FL—2OMEREX PET OMREAZRET b BEEARERO—2OTHY . EiEEE)D
Ka A bRy v FL—ERNROLNTND, P FL—FOMEEL LTI, v RIS BEE, 308
7, BRI, =L X —0fiRfe, (LFENLEMN. VT L—a VREOR M B3 ZET
HiLd, &I THAE, AL TIREEH AR E < SAEEEFMAH, Ka X My rFL—
% & LT Lu0sGdi.6Si0s: Ce (LGSO)DEAFEIZ E DA TV, ¢ 25 BifidhA > 2> FO/NS WO
OFRVE TR 21T > 72/ Ce=2.0 mol% Z W L7 & E D LGSO N bENT-v v F L— 3
VEMETTH D Z AR Ls, v BUCKT BRI GSO & RS (WINARER 0.70 emt) | HOBH X
GSO D#) 2 fi5, WIEIERRET 65ns THH72[1], £ 1l FL—r g VEMEEZRT,

PET #EIIIKEDO L > F L—HFTEFEHAT L2 L0 5, LGSO O X 5 ICEN Rk & 28
v FL—2OEE L THEOKRBULER OIS ® 5, KEULIZIZHFIN-OR N o &G L
W, Yo FL—yva VFERY—THHZ ENEEND, £ 2T, AFSETIE, ¢60 ORBH
A 2y FOERIAZRL, ey o TF L—a VIR R S -0, BREEO RSOV T
L7z, 72, EHIT LGSO Oy v FL— a VR AR L NS T A 720 s il R 225 L <
PR, XL O UV I3t 2HHEAT bV L SRBER R OB RIKTFEHEZIE Lz, Zhb
DFERITHONTHET D,

F1 rFL—m UM
WL £% % (cm ) HOEH )

YETET suMey) gty e @s)

Nal 0.34 100 230
BGO 0.96 7-10 300

GSO 0.70 20 30-60

GSO-Zr 0.70 25 30-60
LSO 0.87 40-75 40
LYSO 0.86 40-75 40

LGSO 0.70 40 ~65

2. REUBER O

LGSO XfEiutEiEns C2/c TH Y . GSO(P21/c) & Fig o T~ PHMEIX 2V, ZAUTFEMERIZB
THERIC WD R TE %, LA L, LuoaGdieSiOs 23 6> Lu & Gd OfakkIE, #&E C2/e
25 P2i/e ~EALT HEERICE (1], BB EASLT WOl A LB R& Sz, 72625
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TD LGSO OB OEE T, Ce & 2.0%RNMNT 5 L FANEZ VALHNZRTIETLES &
IR L -], i, FRE NLEHESICLTTHIA T4 > 7 ==/ (fEmERE. <1
WERRFR IV S T EIRO E FIREE 2 4 RFRREE L CRid &2 7 =— L3 2 5l CZnafifgik+ 5
LI L) FEAREL D LR E TRIIMEDLVIC Y, AarkRELEI IR
WRTREMED N B 5

Foexld¢20 THREMBE R LIz & FAEEC NLICHMED 0,21 = HRAKIZE VT e 60, ES 170
mm DA > Iy hEBRLIEEZ N, FZHATOA T A T ==V EIToT2, BIHRERRREA Ty
EREONTED, BREERICRET A ENTERP ST, K 1A U TA T ==L EIT572 6
25 & ¢ 60 DHFEA > Ty M DUIH L7z 4X6X20 mm®H > 7L d 187Cs D =R /LF—RAT |k
NERT, 660 DT ¢ 25 DK 60% TH o7z,

WIT, BERFIZRIT 2555 AE N, OB L TR E B LT & 2 AEGRNRD 2 BAF RS 05
Nice K2IZN, /0, KON, FFHKTHER LT ¢ 6 0LGSO OHEtH ) OfER A~ 7, famIMBT
N, +O0,FHRTIE GSO LT 1.2 THDDICH L, N, FHKTIFN 1.8 5 Th-7=[2],

400

—— $25LGSO In-line annealing(Ce2.0%) 3
' —— ¢ 60LGSO In-line annealing(Ce2.0%) _\_I'_ I r E M
300+ Peak435ch Peak685ch i [y - C_
ER 11.5% ER9.1% 3 I 5 |
z B E M C
200+ - T |
B
© =1
o
1001 - a5 |
-
O n 1 1 n . 1 l] N2
0 200 400 600 800 1000 N2/02
Channel
M1 AvFA2T=—A%{F>7 LGSO O X)L X2 BHREMAKIZED ¢60 LGSO OHEH )
F—RT M, $25 GRERD) . 660 (AR EG#as ). M (REdasNE & oo ki) |

C (L)

3. HOLHERFE

3. 1 #HEAXRZ bV

LGSO LMD 7= 8 GSO O XA I X 2 K ik 300nm~800 nm DAY L& JIE
L7z, H 7AYo X 4X6X20mm® OFEELED 6X20mm* HIZ XA LT, FHLZE 7 7 AN
—%&HWT CCD 7 A Tt & D4y tas Tt Lz, RBICHIERZ =T, £72 UVIC X DhilE - #0k
AT MVEEICEERE (B2 F4500) 2 W THRIE L7z, B R f#EEkIEL 200nm~ 400 nm, #
S R fEIR I 300 nm ~700 nm (25 L CHIE Z1T- 7=,

BJ 42X BRI K DA~ b V&Y, LGSO IZiF 2 20Et ' —2 (430nm, 495nm)
MBI, S51ZR L7 UVICED AT FUZh 285nm DB IZ%f LT 425nm, 385nm D)
E2IZx LT 510nm D E— 7 NA B, X & REROBM A A b7z, 2O XL 5 7 500nm {FiT
BN D REROENITIHR NF A 4 — RROKBRBGBRICAEATHDL LB 2 HN5I[38],
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3. 2 WABEHBROBREFE

LGSO TIEHMEN TN D Ce3td 4f—5d BK THENEDE Z 5 EE X LN TV DHH, Fil 2 XS
Ce*NIRMEAL TV D GSO X LSO O X H ITRHARE N R D & 2 Oa I RRHO IR b
FT2 D DI —MAITE, O RRaOEE R Y, IRINC R Of e TIC BT 2 EHIRBITIKET 27
WTH D, LGSO DEN AT MZIZ 2 oD E— 7 ENRR SN, 2L LGSO @ Ce3*DE
TARREN 2 FidEd D = L VB 2 D, EEEERENEE ORI L > TR D ATREMENH 5, 2t
BRI DWW RARAFIEZ TR D720 SO IR 2 CEFHEE  (RRA b= 2 H7195) &
717 —7 4 )% —(Y-46, HOYA) ZHWCHIE L7z, BT —7 4 /L% —13460 nm XV EWERE O
Ww Ty MDDV, BREEM OO Bt ) U 7o SO R & 2T oab & Mt L7z
& & TR,

6 IZEBRFE R A RT, 74 v F—E e & X OEEERIX 69ns (B RO =R 83%)
& 157ns (17%) THHDIZxIL T, 7 4 ¥ —E M\ & 2O NPEERRHIT 66ns (74%) (%}
L 150ns (26%) T o7z, LGSO O EH Ry & B RS O OBREER L 65~T70ns TIE & A

19



EENIRNZ LIS NI 72[3],

o=ens (8% c1=66ns (74%)  Cut (460 nm)
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(1) ¢$60® LGSO HfifhA v Iy NEBFRT D Z EITE LT,

(2) ¢60® LGSO Dzt i GSO T 1.8 FFRETH - 7=,

(3) LGSO Ot A~T7 MUZIZ2 2O — 27 RN & 5 (XHEIEIZH) T 430nm, 495nm),

(4) LGSO OHERER OB RIKFEMETIZ E A LR,

FEsnORIUL bR, I RERICHIEMITE B2 &V D Bl R s Al & ivlz, 5% & LI
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(3) 4EDOI ¥R T 0 v Y BAILTHE & 1EREST

INEFRRAT VPO RTINFEHE Y WA FHE Y FEE T Y, EAMm LY AR Y
1) TR - BARENIER, 2) HEHBRELREOIIERT « EEEWBLET,
3) FEERT - #HPEE, 4) PAEHRPERF R - BT 5ER

1. IICHIC

jPET-D4 fifitigs & LT, Fx D7V —7TlI4 & DOl MR DB %217 > C& 7=, jJPET-D4 1%,
TR Y 7 o&, 24 g = b2 HRKY . SRR Y v/ 2 EhT 120 oKkt =
v TR S LD,

4 J& DOl M 28 ofE 7 v v 71, 1024 fHO L F L— g UiEaH#E 14 3 IRThIZ L= b D
THY., BERERHB LSRN LR T T L— a3 URDIEN Y T 572912, fdaE
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B (T — 707 vy 7 NS i A BRR L. 120 B 4 8§ DOI fiftigs 7 = 7 Z{ERI L
Too FANLHIEOBFEMEL DY, 4 120 g7 2 v 7 RO~ a2/ 5720, ZNEhOfsm T
2y 72T, WA, R —REE L B Y — 7 A L7z,
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B 1ichtgsr =y FOMBlZ R T, BlsIE, Y FL—F & 16X 16 RS L 4 Bl ERHE
fh~7 1> 7 L 256ch Flat Panel Position Sensitive Photomultiplier Tube (256ch FP-PMT)
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(A TEEM D) <l2] 1EH, 2/ B 723 0.5 mol%Ce, 3JEH. 48 A 1.5 mol%Ce, &
Ce IREDE 2 GSO fifmFE T2 HN TS, 2 1T X912, GSO #dhix Ce DIRIIEIZIE T
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21



B (1,2EH) . TE B4JEH) oFNET 512 [HOFE&MFE 11X, 2X2 S DOMIZFEAINS
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3. 4@ DOI iR T v v 7 #HSL
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4. PIE - FHE5E
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RTV I ATHRFEET D0, ARNITELSE CHE Lz, ZHUdkEd7 v v 7 MO EDE—MEERT
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5. EBRER

5-1 T vy 7 OERFRB], 2IRTERT T a VR NS T ARV S SR
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& 0.5mol%Ce ZikAI L. THTND 2RTARY v a b 2 NI AMESND, M TO)RENTH
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5-2 KI5
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20{ ¥ IH T et Al
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L0, &1 FHIE Dan DY, FEVERZE, RKME, fME
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0 20 40 60 80 100 120
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Ce DILTEBHWB%D HILIARD 3 5B D Dab ZHEHRE T4, Dab D113 2.19, HEHER 213 0.23
ThHsHER 1,

5-3 XEL—7HE

A
3 Ist lay 2nd lay @
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g0l e Vimeme 100 e a0 1.0 -s,
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K9 fim7 e yZ 120 @SN T, FEONEL—7HEOEL-X
(BZLOMITHEMET, 4BEZ1 &L~ )

£2 fER7 vy 7 120 HOKJE TOIE E— 7 D) L AR TR =
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5-4 TR )L X —43fRAE

A Ist layer 2nd layer _ 3rd layer _ 4th layer
S|2 2 25 2 .
= ) . 2 20470 e st R R
g 1 .ﬁ':-a_é.:-,akf'.{;“.zw:wm\::.‘ | Sl e i |5 R PSS a gt
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Block Number
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£ 3 KTy 7 120 85 DK 8D T XX — 5 fERE D1 L EHE(R 7
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6. BELELY
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BABFEICEHEINTEY . BELEESE OMINES Th 5, £1-, RAUETHERRONS
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(4) GSO-8 & DOI #xtHzs

FAEET U FHLFEHE D R D2 | N D P AR DY
1) FHRRE AT IERT - B ELED,
2) TEERT - BRBZEHIER, 3) BRGHRF R - BT 2R

1. [ZC®IT

R 2 R b OO B R & FER T 5 8T Ly PET & (GPET-D4) 0FEHZ BIEL., FxldtD
# & 72 % Depth of interaction (DOD) & H&R DBHIE A 1T > T & 7=, DOI ML, B # & Mt L7z r
B ARSI &G DT 3 IR CRIET D cd 5, BA% L7 DOI Mitasid, HAlEo R %
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DIFHMIFAD TRIZE DV F L— 3 UHOIENR ) OEAE TR Z B U7 dh O R E 21T
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5 ::ﬂl Layer-6

/L T g it ﬂ, A/L++++
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0y 7 DEEUNE M T BB, 77007 —7THEE L, ERNOKEMEALEZK 1
b) TR T, e 5 2 JEAE UM &I 72 > T b,

28



2 1%, MERERHMFEZBRDIEEETh 5, Mithgw B D 137Cs mifRIR B D y 7 (662 keV) & —
BREEA L, KHiF = — > [4] #i8 L7 256ch FP-PMT 22507 /— KEH (£ 1615%5) 27 4

—FELTEOND 2%kt 2D) KPPy a b A N T ATREEENELZTMT 5, 167/ —RE
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#1 o PET & & o ik

JPET-D4 HRRT [3,4] G-PET [5] ECAT HR+

Crystal GSO LSO (—#f LSO/GSO) | GSO BGO
Crystal size 2.9x2.9x7.5 mm 2.1x2.1x7.5 mm 4x4x10 mm 4.05x4.39x30 mm
Number of crystal 122,880 119,808 18,560 18,432
DOI 4 2 1 1
PMT 256¢h FP-PMT Round 19 mm PMT Round 39 mm PMT Round PMT
Number of PMT 120 (30,720%) 1,120 288 1,152
Ring diameter 390 mm 469 mm 420 mm 824 mm
Transaxial FOV 256 mm 312 mm 256 mm 585 mm
Axial FOV 260 mm 252 mm 256 mm 155 mm
Coincidence timing window 10 ns 6 ns - 12 ns
Default energy window 400-600 keV 350-650 keV 411-665 keV 350-650 keV
Energy resolution 16 % 24 % 18 % 25 %
Sensitivity (Point source) 71% 4.6 % - 3.7%
Scatter Fraction (NEMA 1994) | 39.7 % 56.3 % 39 % 321 %
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[1] N. Orita, H. Murayama, H. Kawai, et al., “Three dimensional array of scintillation crystals with proper reflector arrangement
for a DOI detector”, Conf. Rec. 2003 IEEE NSS & MIC, M7-114, 2003

[2] E. Yoshida, T. Yamaya, M. Watanabe, et al., “The jPET-D4: Detector Calibration and Acquisition System of the 4-layer
DOI-PET Scanner”, 2005 IEEE NSS & MIC, M11-270, 2005

[3] L.Eriksson, K. Wienhard, M.Eriksson, et al., “The ECAT HRRT: NEMA NEC evaluation of the HRRT system, the new
high-resolution research tomograph”, IEEE, Trans. Nucl. Sci. Vol. 49, No.5, 2085-2088, 2002

[4] C. Knoess, “Evaluation and optimization of the high resolution research tomograph (HRRT)”, Ph.D.Theses, 2004

[5] J.S. Karp, S. Surti, M.E Daube-Witherspoon, et al., “Performance of a brain PET camera based on anger-logic gadolinium
oxyorthosilicate detectors”, J. Nucl. Med. Vol. 44, No. 8, 1340-1349, 2003
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[1] dbAtEH : PETICHBT 57 — X Hli1E & B FAEA, Med Imag Tech, 19, pp.462-467, 2001

[2] Yamaya T. et al.: DOI-PET image reconstruction with accurate system modeling that reduces redundancy of the imaging
system, IEEE Trans. Nucl. Sci., 50, pp.1404 -1409, 2003

[3] Badawi R.D.: Aspects of optimization and quantification in three-dimensional positron emission tomography, PhD Thesis
University of London, 1998

[4] Yoshida E. et al.: The jJPET-D4: detector calibration and acquisition system of the 4-layer DOI-PET scanner, Conference
Record of IEEE NSS & MIC 2005, M11-270, 2005

[5] Ferreira N.C. et al.: A hybrid scatter correction for 3D PET based on an estimation of the distribution of unscattered
coincidences: implementation on the ECAT EXACT HR+, Phys. Med. Biol., 47, pp.1555-1571, 2002
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(9) Rt PET E{EBH#ERL
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- EEER

1. IXCHIC

EfE 72 BT 7 A EE S R TSR TIRIE. BT UL ZEICE RN 3 2 B b 2 B3
%5, —J4. DOLJE¥ D 2 FelZ bl L T 3 7553 #8035 DOI-PET 254 T,

AFHE = 2 hosIinainz.,

(B)1 MR8 72 0 Oy SR B O WER T — % OFEHEEIRT

M E 72 %, BARMIZIX, JPET-D4 OfE i FE T3 4.4X10° (ECAT EXACT HR+® 50 {%)
LR TH DA, 3mCi FDG #5100 7312 40 73 AF ¥ 2L D L, BONDMA 7 M 1X
109FRETH A28 1 faasE T3t oo D OHFEE w2 ME 1A (0.23) &b,

(A) D I3 LAWFZE T,

O#MHET Lo EHEFIEN], B LW

QEH T — % OILEMERRZE (DOI compression(DOIC)Y%E) [2]

ZBA%E L. DOI 1F#IC X 2EE 1 FSR A RS S HEAERM O 4K %, DOIC LI Lo
HELHD 0D, FFFCBOMELEMT 5, 2004 FEETIZ, OBXLOQ0 FiEE
jPET-D4 OFEBRT—4 (2 wotL-Uv) (T L, DO 1E#ic X 2 Wik N figfer L2 g4 5 &
HACHHEEFHE 1/1000 [CHIB S VD Z & &R L, F2R0RIE 1 RIS (200547 A 25 H)
TlE, BB FEEZ SWROTIZIEEL, 1 U7 JPET-D4 O 7 7 > b AEERT — X2 H U7 ks R %2
L7, 4. 59 2 jPET-D4 RAIEH ORI A E T,

3D v AT A~ b U I AERRFHATFIEOR%E
T—HE AT A (FEER AT L) BIOT—ZHIE SIW (BERER) & os
FDG 5 AR 7 > 7 4 7 EBRE L OT — Z 4Lt

ATl OTHET D,

2. F&

(1) galeEs voiurfiell]

Detector Response Function (DRF)73 i H 5 1%t & 5 SHER(LOR) LIZ¥—TH D EIRET D &,
DRF 13 A0 0 B2 (DRF-LUD) CERHE SN, Y AT A~ b 7 ZAD%EFHIT sub-LOR & Wi ILER]
BoZb %k S%Z DRF-LUT OEZZMH T TR LEDEDS Z L THLAS (K1), ZZTsub-LOR
DOERAL (X, FHHEa X b EFEPREDNT L AZGIHT 537 A =2 Th b, N7 L% LR
WA, sub-LOR &R 7 DA H 5K i Siddon O HIE[B]ZHWTEMIZFHHE TX %,
DRF-LUT /%, EfglZE# L7z DRF Ol a 83 5, £ LT, BriNds X MK iz 22
DRF-LUT #E# L, sub-LOR % 3R CEEM TRMT 5 Z LI - T, AFEEZ SRR LT,
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center of crystal . e
4 Approximated system model /\é
M( i.j) ,,;’"' i ; "\\
a(l Ik z h(l J)sm m k (1) / P \\

= om mdex for sub-LORs
h,m: Profile of accurate DRFs (DRF-LUT)

I, « - intersecting length between ¥ ;/”/L/
voxel and sub-LOR (Siddon’s method)

s AL :sub-LORs interval (0.3-0.5mm) subLORS\KQM(

Ly ERT) jth detector pair

/' ini-the DOIl-layer pair
/

\/ // Z';/

DRF-| LUT e
1 AL L8 F /1, Sub-LOR & R 7 B/ DEZDHLESIZDRE OFEAZDIT TR LADESL Z LT K
>, Siddon X—ADSHFETDRF Z2EB LIV AT L~ M) 7 AFEEFER LT,

(2) DoIC #[2]

DOIC £ TlZ, 16 @ DOI BT D 9 LEE D& DO BT bin 25 L, %\ DOI @7
DT =X EFHBEADOEWEWD DOL BT OF —X IR LAbESLZ & T, DOLEHROMEE K Z L
I T—H Wk EHIR L, EMEAT — % OfGHEEN E2EHET 5 (K 2) . &IV DOI
JBAT O DX, EMER L EBRE DN VA BRI 58T A—2 ThDH, AFIEX, TV
DOI JEDMHFE T E v BROBHHEE MRS | itDRFi%ImIm%Tm%ﬁﬁ%w&w5\
DOI-PET [EA ORICIER LETETH D, T— X DR LAEDEEOFHF IR Z2ET 5720, F
@Ebébﬁ%%%ﬁLDomLUT&Lf%ﬁbfﬁ<o%Lf\mﬁmﬁiwwwﬁﬁm%n%
A DOI-LUT #E#% L, HEMFHHE 22 T3 %o DOIC &£ L7z,

DOl layer

Preserved
front) «——>
bop  \ont) < o (fhar) bins of DOI-
layer , 7 ), layer pairs
(front)1C ! I8 —-1-0\
’ 5| 9 | 13| combined
3rd

into
8 [12]15/ '
(rear) 4t

“nearest

neighbor”
111546 o

A#Kl\)

2 DOIC {EDOBEEK, DOT T Z iRV ERT (R EWET) M OIHIC 1~16 £TA > 7 v 7 Z (D01

index) 27 CEY, LT, VAFE—RFRTF—Z %&b A N/T LT HEE DOI index 28 D LV K&E WA

VAR, RBFAEBEOEW DELTO DOI index DF —# bin W& L, i 2=3 OfFl, FEEIX =3 £7-1
D=1 e LT,

(3) 3D Y RT A~ b 7 ZAEFIFHEFE

7,000 7T 34 MIbhiET S JPET-D4 O AT A~ FU 7 Z%& | HlEE - (145 2 L1385
B T7W=®, on-thefly #HT 5 Z ENEE LV, IELENIET L& DOIC {EDOMHAADEI
1000 fEDFF 2 2 FEIBZIERH S5 H DD, 1 U 7 jPET-D4 T — X IZMHALIZE Z A, 8K,/
KAEFEE (single Pentium 4 3.2GHz PC) O HEEHZZ L7, 5 U > 7R L7256, £ 25(=52)
EOFHERHINTHEEND, T2 THRE, YATLY M) 7 ZADEL OEEZERY O THDHZ LI
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R VAT ALY N7 AOQBEMBRBAIMEEFIHT D L BTN, FETHHITE ST LIZER L,
VAT A M) 7 AEFRFEE R T D2 FEEHE Lc, BERMIZIZ, Vo i) T Ik
T2 EFBOREFZTT L mEABOBEZELOMREERT VAT LA~ M) 7 A HFE L2 al b mE L
Hh. FEEaa0,,k miOHEFREE - R L TR TR, atis kb m= a0,/ 5,k mIiZRd
MBI TTEOER LRSS 2 LN TED (K3) , 16 FHREDOKRFEATEY ZH#H L1z
FHELHEIE. 150 THI~200 T CTHAT 2 Z LN TE 5,

fi>=0DBE i’ =0 E
SRTLIRN)OR 0 1 2 3 (4 1 2 3
D—EDHE i i
FRHE &R - i .
0 1 2 3 \ \\ \
i N A N\ ERDzERE
= N = ) AN 7k
\\\ \\ \\‘ \\
\ \\\\ 0 1 2 3 0 1 2 3
N
N T
— N , i =@
0 1 2 3 Fi<ODIBE i’ =0 %E
j 0 1 2 3 0 1 2 3
/ 1 I

A Th BERDZEEE
v - AN Rz I+
7 N
0 1 2 3 0 1 2‘ 3
j j
i =()
X3 3D AT A~ Y7 AFEFFREOMARK (XiX4 V7 PET OB . U 7T i-7080-0 025 0-3
TRV 7B ETHOVAT A~ b 7 ZAEH[FHE - RF LTI, EEORHFE TNt 25 >
AT L= MY 7 RABERIF, Vo T7HEZOTT N EBER 2 EREORES « 7 MIE o THRIFIZHE LD,

3. T—HIEIRT ABIVOT —FMIES/N & DO@E

T=HIWE T AT b OREIERY AT LB8%) BEOT — 2 MIE SIW (SHERIERTBHZE) &MAG
¥ T, JPET-D4 B FHERS AT LA LT, A 41277,

+ histograming & DOI compression

emission scan 7 —# & blank scan T — X DENZEND Y A NE— KT —F Tk L T,
400-600keV - 500-600keV O 2 FHFHO = R/LF T ¢ R prompt - delayed £~ MIHH LT
%, 142 b3 DDOIC £#1 L, rawhist 74—~ MIE X 7T AMET 5,

+ data correction

7 U F LRER, BEREYERTBHIE O 2 AR — o b — 2 REEEHIE [4] 36 K OVBGELA IE 1% (Hybrid
Dual Energy Window (HDE)E)[4]lZ##H T 5, £ LT, BHET NV EOERERMIE L2k, I
MIEZAT D, WIHIE Y 7 7 2 —1%, BREEFBIE O Y 7 b U = 74l X - T Emission 7—#
P DRI G A ARl U, R G A B BB RH LT 2

* image reconstruction

IEBLE T U S & VAT A~ b 7 20— {EHE L FalFHE - (RFFT %, jJPET-D4 Tl
g7 vy 7 U o OB EZ S D EARNIZ 88 Vo7& D, V70 1D 8T ETOY
AT AL~ M) 7 ABEFEEZFHET DL YA XL 24.8G N1 b, FHEFREIZA 26 K (single
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Pentium 4 3.2GHz PC) & 72 o> 7= (GEEIBLHIE 7 L DK E AL=0.5mm ., 1.5mm3 R 27 & /L
168x168x177 ~ LU 7 ADEFE) , FHHEMO AT FEBRETLHHAT,. ATV RRICADET
BRI HEERIRT D2 8T, REFETHVAT A~ M) 7 20 XEHET 5, A0l E SR
FiEE LTI, 2ot ML-EM {53 X O 3 kot OS-EM {£%&324E L 72,

4 blan n emissjon~gcan
list-m ata list-m: ata
histograming af $0-60 af $0-60
Compression \Z v \Z v \Z v A\ v
| | | | | | | |
\_DOIC | DoIC | DoIC | DOIC | DOIC | DOIC | DoIC | DOIC |
6 JLEB)
[ mEfEasme 27 LRI
randomB& = | randomp& | randomB& & | randomp& = | B T R 5
component based normalization
I
data scatter correction (HDE)
correction system model ~ .
o v
forward projection forward projection
system normalization |<—
attenuation correction e
v
= v
pre-compute system matrix |
image . — .
reconstruction iterative image reconstruction

X4 JPET-D4 B ks OMEE, ITPIBLAE T /L, DOICHE, 3D AT A~ MY 7 ZHREIEEL . F— 2N
E AT L (RZHEHU AT AR BT —ZME S/ (HEBRUIERBRR) 2AGbE T, —EHDEE
FRERR S 2T NERER LT,

4. 77V b AER

(1) BN FReaE M (2 RITERBRERK)

BEF LN BRES A~ 9 RD=— KLYV —2 ($0.8mm, 8F) #ZHAIL. jPET-D4 Wik
N fiRRE & IR (FWHMIZ CREM L2 #E 521X 5 12 d, 2k v jJPET-D4 (2L -> T, 3mm LA
TOIZIFEY) — e WHNSREN S OND Z ERN DD, 22T, Bl -7 7 v b a%
UA—LNy 7T RELTNRELT, Ny 2 770 KA XNRE CICAR 5 KRR Tl L
T3, BAEMIZIE, DOIC T —4 (D=3) 2% LT, 7V & AliiE, BEMIE, WIUHIE, Bl
E&21To 7%, BT T V(AL=0.3mm) % V72 2 kot ML-EM %M L7z, E#iT 270x270
YTV T, B AT A XX Imm W5 Th D, FHEEFEIL. VAT A~ U 7 A& FRiEHE
(259 1) LA 2B,/ KiE, A7 L~ kU 7 2% on-thefly st L7245 1 45/ KIETH
% (single Pentium 4 3.2GHz PC) .
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6.0 6.0
—=—non-DOI (141 itr.) —=— non-DOI (141 itr.)

g 50 t  —+—DOI (85itr.) 50 f — DOI (85 itr.)
‘c 40 | / 4.0 |
kel
% 3.0 3.0
(%]
e P‘;/“i{‘/ M
= 20 § 2.0 o o
=
I
; 1.0 | 1.0
L
0.0 L 0.0 L
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Radial offset [mm]
(a) Radial resolution (b) Tangential resolution

5 JPET-D4 Wit N/ fiRseiTli, 13RO T

(2) DOI FMOMEDFIH (2 RITEGEHERL)
DOI RO FZ AT 5729, 0.03mCi @ 8Ge-65Ga MHIAGES 1.7Tmm) % 2R v R 7 — LA
TEESHE (1564 /1KYy ay) . 6mm MR T 189 sl L7 7 7 F A EER LT,
(1) LA UL CEEBHHEL-ERER 6 1277, DOI HHRAFIAT S Z L2 k- T, HEFE
WERORGEN R E L &FE L, HFSERTIZE ERMBENEOLND Z EBDND,

non-DOI

6 DOI fH#mzhA, EAE 1. Tmm OHEMIRA 6mm MR T 189 T E S &7- (4GX) . DOI fE#ERIMT %
Z LTk o, RE OB ENLET D T L0005,

(3) W7 7> FADA A=V 7 (3 RITEHREHERK)

0.77mCi O 18F /K¥ik A i 72 L 72 Hoffman 3D I~ 7 > k L% 480 /> f&EHAI L, 3 kot OS-EM £
CTHEG SR Z1T - 70, FHEREEIX, #0238 70/ KIETH D (single Pentium 4 3.2GHzPC) , =2
Tl WINAHIE 7 7 7 2 — 1 TWICRAHIE O PR RG> Dim sl 2 i L 72 %3 IS L v Rd T, &
T BELB B T > T 6T, AEIXHEEREG D —EEEZRET S Z & TG L, ko=
O, P PET (& CTo 5 Siemens L ECAT EXACT HR+% H W TR L7 7 > k 4% 3D mode T
FHAI L, MEFOEEK XT A—% T2 3DFBP(7 1 /L4 : Hanning 0.4) % F\ CHEif AR L 7=,
EREIX 0.95mCi @ 18F KRR, FHEIFERIIX 220 0 & L=, EBROKSG L. BIEEE IXFE O
JPET-D4 DOFEBREEIR D3, 77 M ANS I S IVTIHIET o~ BROBBS R/ D K 5 &
HRFR 2B L CnD, Lo T, HaAW L L FEHIRIKFOREZ A LGS, RIS
iPET-D4 & A5 TH5 L ER 5,

jPET-D4 A {EH4IZ L 5 7 7 > b Al % ECAT EXACT HR+IZ X A g & bl L7k R &2 712
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9, Hoffman 8D ¥~ 7 o b AIHHME/ G 2 FF > TV D03, fEREERE & bk LT, jPET-D4 1%
COBMEIEE ZFERICHI T TE TV D, RIS, REHRRR B O IER R T b 2 KK EE DO D
FICEg L TE TWD 2 ENnhnDd, 220, TERIEE THW- B R FIE TH D FBP 1E1T,
BRSO E DA B2 EICER TERNWI &R ENDL, ML-EM JEE B R/EE2 o2 LR
MO TND, Ko TRIIRIL, ~N— Ry =7 (B4 - 2ZE@) I K 2@z, Y7 by =7 (H
BERERIE) ICED2ENBEA TN D, EEFEHERTIEZRZ 2L, SBOBEOOLESTH D,
4 a1 JPET-D4 Ti, #EED 2T VHIR (2G4 N) 26, KU V%A 9ICiA o=, Hifg
FHERRICRIE LioA R bid, &40 b0 28%REICRE £ D, 5%, KB AT OHFkE
HWTIRRY v 725 PRTIUE, AT PO L > TS H 22 EEOM LRSS,

JPET-D4

v'mrd=9, no span

v3DOSEM (8 subsets, 5 iter.)
v1.5mm? voxel

v'Post-filtered (1.5mm Gaussian)
v'Scatter uncorrected

HR+

v'mrd=22, span=7
vFBP (Hann 0.4)
v'2.7mm? x 2.4mm voxel

7 W77 haEHWE JPET-D4 & pEH% ECAT EXACT HR+ & o ki,

5. FOGRERT T 14 7 ER

HHART T 407 (BiE) 1252 18F FDG Ax ¥ v %47 -7, AERIT, MEMERSHEERS
KRNTHAGE SN MEH R T T 4 TIZ L DKM PET SRAEM O MERERTAT 1 12 S & | 2.82mCi FDG
#5100 5406, 40 pHE L (K87 o Wi EMsEtEIx, lattmyF - 74 - 74—
REHEH (Itanium2 1.6GHz CPU, 16GB A € U #5#) #H\TIT7-7= (K 84) . KAEATVIZ
L VIRKY 7 EE BAICE TR TE 2720, BIEDOK 90%D A X & WG FEERICFI AT 5 2
EMNTE =, 3D OS-EM OFFERFRIIX, £ 11.5 BFl]/ KETH 5, FREK 9~ 12 1Z7R-7,

8 JPET-D4(2& 2% FDGFERT 7 4 7 HEEOT () LERFRIC VR ) .
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9 jPET-D4 |2 % FDG f# R F > 7 1 7 transaxial Fif£(168 X 168 Ei{g X 177 % T A A)

10 jPET-D4 {2 X % FDG &R Z > 7 4 7 coronal Mi# (177 X 168 MHif5 X 168 AT A A)
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ANBBSESSDONANAS
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f 65 5 B 6 D D 0 L e e e 8 e

k- : & & & E & & s

11jPET-D4 {2 L % FDG % AR 7 7 4 7 sagittal BR(177X 168 HifE X 168 A T A &)

JPET-DAD B BHE R &

-mrd=54 (90%), no span

-3D OSEM (8 subsets, 5iter.)
*1.5mm3 voxel

-no filtering
-#911.585. k8
(Itanium2 1.6GHz)

12 jPET-D4 {2 &L % FDG HE R T > 7 4 7 EBRO—{]
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6. £LB

JPET-D4 B A& S AT LA EBLL, 77 FAERBIORFERT 7 4 T EBREZITU,

jPET-D4 OENT-A A=V FVEREZ R LT-, BERMICIE, LLTOEEY,
EREIHIE T v, DOIC ¥, 3D A7 A~ hY 7 ZAHREIRFIED 3 FIEIZX > T, HE
[ R 2 11 g T TR VAL Bl
T—HIET AT A (FEHERS AT AR BT —ZMIE SIW (SEEAEFBH%E) &
R 3 FEEFA L, o jJPET-D4 Wifg FAE Rk 2 £ L 72,
77 v N AERBIOFDG @EHER T T 4 TEBREITV, JPET-D4 OENTA A—T 7
PEREZ R L2,

SHOBEIILLTO LB ThD,
71y 7 BRI ORI T M G ORI, REHRRE D A X — T T PEREREAM
Dynamic RAMLA (DRAMA) [5]7¢ &M @OV EHE AR FIE OB AT L ONEFIEHRAL
(2 K DR FHERL O EndAL
BAEMHIE O B AR N~ DFZA % (Ordinary Poisson #£[6]) (2 X 2 /& ) |k
U A & — NG AR~ DR
HAFIvIARA=V T OFEE]

Eif33

JPET-D4 Bifg iRk > A7 L OREIT, RILPET &AM B LY 7 by =T U—
X IN—TREAREFALDO ZRNCE DD TH D, FrZ, 7 —FHHIEZ TOICHRAS R R
{ERT A ERIE LN EE RIS « THHRATHES & L b, 7= IERFZE TIIAEHR S A
7T LRASH AR E—RO 2B ATAVW ., o, ERT — 2 WA EMEREMHER S BBV T
ERE &SR, EFERERNOZRRBHETHN, KR, 77 FAFERBLORT
T4 TRERTIE, ES e O, SRR A BRI, AT AZIT LD, K
EWHRIR PET BRE SO T ) 2 THW ., JESHELE L ET 2,

BE3CHR

[1] Yamaya T, Hagiwara N, Obi T et al: Transaxial System Models for the jJPET-D4 Image Reconstruction Phys Med Biol 50:
5339-5355, 2005.

[2] Yamaya T, Hagiwara N, Obi T et al: DOI-PET Image reconstruction with accurate system modeling that reduces redundancy
of the imaging system IEEE Trans Nucl Sci 50: 1404-1409, 2003

[3] Siddon R L Fast calculation of the exact radiological path for a three-dimensional CT array Med. Phys. 12, 1985

[4] ALFF=ET], A)I5eZ, KBS fi: PET-D4 (Zd1) 2 AFET — X HHIEIEOBISE Fak 17 R AR PET 240 BHIEAT
e E (REEE) | 2006

[5] Tanaka E and Kudo H: Subset-dependent relaxation in block-iterative algorithms for image reconstruction in emission
tomography. Phys Med Biol 48: 1405-1422, 2003

[6] Comtat C, Bataille F, Michel C et al: OSEM-3D reconstruction strategies for the ECAT HRRT. IEEE Med Imag Conf Rec
M9-167, 2004.
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(10-1) {kEhatRI - #HIE

WEEED, HE Y. BRIEYZ 1Y
1) ALEKEREGERRIIIER, 2) JLE AR A4

1. iIL®IC

BEFHRATOBRE ORENIIE 2B S ELFIK & 25, £ 2T, KRE 2 FHI LAHIES 5 Bl
WL 727, ZiE T, POLARIS (Northern Digital Inc., Canada) ® X972 3Kk b7 vF 7
HEEHNDFENREEN TS [1][2] . L, 2ok ik, BERTEF ORI PET
& JPET-D4 O L 5 72V > F U —FR— MZIL#s LIS WEE L H D, TD7=8, a3
LWWEYZFHII - #ETFIEOBRICE A TV D,

A GITESMEWZERICHLBEISTE D, 1 2OXFEI AT L, 1 ODONKR~—D—%HNT=H L
WEEEIE S FIEEBRE Lz [8] o WEFREORE IO TIE, BrlmNALEIZ OV TIE 0.3mm (B
R L) HaRllEREESOND 2 A MLz, LavL, AEOREREIZOW T 1 (E
R &R lEREEN S LTV o Tz, FoxldZ OFRNPNLE~—H—D TAERE DK X
ThodeEZT,

AENX, SEE~— T —Z BT IHER LTc, B LWL R~ — I — 2 L 72 3556 OA BERIER E oW
FlzonwT#sd 5,

2. Fi

Bl VARG FEOMBLZ R~ T, 1 DONAR~ — I —PNEFOIEIHICHY T b Tnd, Sk~
— I —IXHER T, 42D R~— I —=BHFNTND, ZOTEX 21TRT, ViR~ —h—% %
AT THRE L, TORBEMITT 22 L THE Gm) (v, B, ¢) ENiE &, y)OERESED
ZEMTED, Al WERER EOT-ONR~— I —ZH - IR T/EL (K2) .

HERGE Z 7T 272012, 3 Rt b7 v ¥ v 74 E OPTOTRAK (Northern Digital Inc..
Canada) & ORIRFHIE 21T o7z, FRFIIEFEBROMB AKX 3 17T, JFh A T T SN 7-BhHE
T PCITRAFE D, NP AT LNk~ — T — DL 7T0em ThH 2, ik~ ——iT OPTOTRAK
Dv—Hh—E L HITHICEE L, TNEEEHEOEMICES Uz, @58 B 2 Ei o) & &
30 v I 2L —hLTbbol, MR~ —I—DAE & AEOFHREICITHA BMER LT v 7 Z
LM E T,
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camera - q /T I

:}‘\:/ solid matker s — e
.x\‘\“‘\\ ._\\-_ __’-:\/’,—m-\\__ .
patient port \‘Lm.“ I
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OPTOTRAK
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AEEIZOWT, MR~ = —DOTEREEZ M LEE 5 2 & THORIERE XSG Z LN TE T,

ABb. A= —OW R, EliiRY - B R

OYERER b, FHAROBIEFIEORGE, MHIET

N Y LD E 2D, B E 2FPET ORI PET MAZFHT L L2 AET,

BE R

[1] M. Menke, M. Atkins, K. Buckley, “Compensation methods for head motion detection during PET imaging,” IEEE Nucl. Sci.

43:310-317, 1996.

[2] R. Fulton, S. Meikle, S. Eberl, J. Pfeiffer, C. Constable, “Correction for patient head movements in positron emission

tomography using as optical motion tracking system,” IEEE Nucl.

Sci. 49(1): 116-123,2002.

[3] H. Muraishi, T. Hasegawa, et al., "Head Motion Correction for jPET-D4,” Conference Record of 2004 IEEE NSS & MIC,

2004.
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(10-2) GATE ZRAWV=REHEPET 2al—Ya Y

WAFE D BRIINEL Y
) ALRRSEREGERRITIER, 2) AL RSP A 0

1. IIC®IC
ZhE TR PET EEMHBFEICITEERERAME T W vrea— N Th b EGS4,

GEANT4 3 3EEW PR MR- CA T — 2 B FER R R IR ST D, LarL, Zaubil
Mz — R, @ERTw 7 I IV TERPLETHY | FRIBRDPND E Vol REBH T, ik
F, LT IomEICEREZBWEH LW Iab—vara— FThHD GATE (Geantd
Application for Tomographic Emission) NI —n T N—T RN, A ST, 514,
BEFIEEICE D DMRICTE T 27201I21%, Fx B DOFTEORAHAMEZHRT HZ ENEETH
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(11) Correction of Inter-Crystal Scattering Effect in
Iterative Image Reconstruction of the jJPET-D4

Chih Fung LAM - /NE &
HOR TR - AE T AF50R

1. INTRODUCTION

Inside the detector block, inter-crystal scatter (ICS) occurs due to Compton scatter in detector crystals. As
shown in Figure 1 (b), when a gamma photon is irradiated into a crystal, it scintillates part of the energy into
light (first interaction) and scatters to other crystals where scintillation occurs again. As it is impossible to
output each scintillation positions in the case of ICS because of circuitry limitation, only one approximated
position is obtained after Anger-type logic calculation [1]. This causes error in position detection and worsens
the image contrast. Detection error caused by ICS is more severe for the JPET-D4 as compare to conventional
PET scanners due to the use of smaller discrete crystals.

There are several methods proposed to correct ICS in PET. Simple methods such as maximum energy
algorithms [2, 3] provide limited correction effect for ICS. Rafecas et al [4] proposed a method based on
Compton kinematics that requires energy and position information for each of the scintillations in ICS. As
detection of each scintillation positions for the case of ICS is not possible in the jPET-D4 due to circuitry
limitation, the method cannot be applied in our case. Other researchers [5, 6] proposed to limit the area of
position look up table to remove ICS. However, this may greatly reduce the scanner sensitivity. Instead, it is
desired to have an ICS correction method which makes use of all detected events.

In this paper, we propose to model ICS by using the Monte-Carlo simulator [7] where it statistically maps
first interaction crystal pair with the detected crystal pair. The model is then used to improve the modeling of
system matrix in order to correct ICS during Maximum Likelihood Expectation Maximization (ML-EM) [8]

image reconstruction.

(j 8d:Si0siCe (GSO) $

¥ one crystal size 2.9x2.9x7.5mm3

'
1§x16x4

' 1 detector block ring First

~ interaction
Erroneously L]
detected
2" interaction

Vv due to ICS

|

(a) \\ 4 (b

Figure 1: (a) The jPET-D4 scanner geometry. It contains 120 detector blocks, where each of the detector blocks
has 1024 crystals arranged in four DOI layers. (b) ICS that occurred in the detector block of the jJPET-D4 and the
erroneously detected position after Anger-type logic calculation.

i:?\
-

2. METHOD
A. ICS Correction in ML-EM
For ML-EM image reconstruction, list-mode data is first histogrammed into g; so that more than one event
detected by the same pair of detector crystals is summed. Notation g; represents total detected counts by i-th

crystal pair. Conventionally, ideal system matrix, a; of ML-EM (equation 1) is calculated based on the
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geometrical arrangement of crystals and gamma-ray’s penetration in the crystals. This ideal a; does not include

the effect of ICS. Notation n here is the iteration number, and f; is the j-th pixel in object space.

n+1

by Z%Zz (1)

Here, we propose to model the ICS probability, ICS;;, by using the detector block Monte-Carlo simulator.

The ICS probability, which is a statistical relationship between gamma-ray first interaction (FI) crystal pair and
the detected crystal pair, was modeled as shown in equation 2. Here, gj,; is the detected events at A-th crystal
pair originated from FI at i-th crystal pair; g; FI is the total FI events at i-th crystal pair. The detected crystal
pair may differ from FI crystal pair due to the presence of ICS.

. . . . . . . detected
We assumed ICS is a linear shift-variant operation as shown in equation 3, where g,“““"

represents the
detected events at A-th crystal pair. A linear shift-variant process in g; domain is also equivalent to including
detector response of neighboring crystals during ML-EM reconstruction. Thus, we proposed to model a new
system matrix, athCS as shown in equation 4 by making use of the ICS probability. This is a more accurate

system matrix that includes ICS effect and it is used for image reconstruction as shown in equation 5 to correct

the error caused by ICS.

ics, =% e @

g, =1CS,, ® g 3)

a,” = ICS, xa, @
= al”® 6))

/ za},CS z Z ICS

B. Image reconstruction

In this paper, phantoms that have same transaxial cross-section were used. We summed all axial slides into a
two-dimensional (2D) histogram. With this, ICS effect and its correction can be investigated in 2D image
reconstruction. Similarly, an equivalent /CS;; was modeled by summing all axial g;,; in equation 2.

Images were reconstructed by 2D OS-EM with 12 subsets. Normalization factor for simulation data was
obtained by comparing a Monte-Carlo simulation of a rotating rod source with the equivalent projection of the
reconstruction program [9]. The normalization factor was then applied to the system matrix of OS-EM.

Object sampling was 1x1mm’ pixel. Ideally, the sensitivity function for each pair of crystal can be
calculated by equation 6 [10], where x is the attenuation coefficient of GSO crystal, and € is the angle of y-ray
photon path around a sampling point j in the object space. It takes into consideration of geometrical
arrangement of crystals and gamma-ray penetration. /; ,(€2,r) and /; 5(Q,r) denotes the intersecting lengths of the

photon path within each crystal of the i-th crystal pair. /;,(Q,7) and [;;(Q,r) are lengths across other
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crystals before reaching each crystal of i-th crystal pair.
In order to make the calculation feasible, the system matrix a; has been approximated by length of seven
parallel lines across pixels. The weights of these lines are the sensitivity function at seven sampling points on a

diagonal line at the center of line-of-response (LOR) between i-th crystal pair, which is shown in Figure 2.

a,() == [T explpd, (@1} 1~ expl-ad, (@)}

o exp[—d, ,(Q,r)expl—pd, 5(Q, r)]dQ

(6

77
Qr " ".
;:A(QJ)I' '.‘r"h'g

7 sampling points on
diagonal line at center

i-th crystal-pair
of LOR P

Figure 2: (a) The seven sampling points used to obtain weights for calculation of system matrix.
(b) Approximation of system matrix by seven parallel lines.

3. SIMULATION

We modified the Monte-Carlo detector block simulator to simulate one detector block ring of the jJPET-D4.
We evaluated ICS effect by simulating a hotspot phantom. To investigate the effect of ICS on hotspot of
different sizes, a hotspot phantom shown in Figure 3 was used. The phantom has a uniform cylinder
background with eight hotspots with different sizes. The background cylinder is 150mm in diameter, 20.3mm
in depth, and it is placed at the center of FOV. The hotspots are cylinders with diameter between 2mm to
16mm, and are being placed at 40mm off-center. Each hotspot has three times the average radioactivity of the
background.

Object scattering and attenuation were not simulated. The detector has an energy window between 300keV
and 700keV. As comparison for our proposed method, two types of data were used for image reconstruction.
They were the normal detected data which contains ICS, and its equivalent FI data. FI data contains the ideal
interaction position which can only be obtained from the simulator.

Detected events from five crystal rings were used for image reconstruction. Since the phantom has same
transaxial cross-section, we summed all axial slides into a 2D histogram. With this, ICS effect and its

correction can be investigated in 2D image reconstruction.
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150mm
N
3
3

150mm 20.3mm

Figure 3: Hotspot phantom for Monte-Carlo simulation. The phantom has a cylinder uniform background with eight
hotspots. The hotspots have diameter between 2mm and 16mm.

4. RESULTS
Contrast recovery coefficient (CRC) against normalized standard deviation (NSD) of background is used to

evaluate the effectiveness of ICS correction. CRC for hot region is defined as shown in equation 7, where < >
represents the mean value. NSD is calculated as defined in equation 8 with SD represents standard deviation.
CRC is chosen as a figure of merit because it indicates the detectability of tracer in actual applications, for
example the ability to identify a tumor in FDG scans. CRC is plotted against NSD as we would like to compare
CRC of the proposed method at various NSD value.

CRC versus NSD is plot for each of the hotspot. Region of interest (ROI) definition can be found at
Figure 4 . There are eight ROIs for hotspots, with diameter between 2mm and 16mm. ROI of background is

taken by excluding hotspot areas.

hot CRC = < hot > — < background > @
< background >
NSD = SD( background ) ®

< background >

ROI3
6mm
ROI4, RPQ
£ 8mm mm
& d D ROI for background
- F:oonlqiq g - 2Rn$r)rl11 . ROI for hot region
° [ ]
ROI6 ROI8
12mm 16mm
ROI7
14mm
130mm

Figure 4: ROI definition for hotspot phantom. There are eight ROIs for hotspots, with diameter between 2mm and 16mm.
ROI for background is taken by excluding hotspot areas.

The total detected events for the hotspot phantom is 14.0x10°. There are three types of reconstruction
results; namely “FI”, “uncorrected” and “corrected”. “FI” is the ideal scintillation position (first interaction
position) which can only be obtained from simulator and it is plotted as a reference. “Uncorrected” is the

reconstruction result from the detected data that contains ICS, reconstructed by OS-EM without the ICS
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probability (equation 1). “Corrected” is the result reconstructed by the proposed method (equation 5).
CRC results for hotspots of different diameter (ROI1 ~ ROIS8) versus NSD are plotted at Figure 5 (a) ~ (h).

For visual comparison, images of “FI”, “uncorrected” and “corrected” at NSD 2.0, post filtered with Gaussian

filter (FWHM 2mm) are plotted at Figure 6. Profiles of 6mm hotspot are shown in Figure 7.
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Figure 5: CRC versus NSD results for (a) ROI1, (b) ROI2, (c) ROI3, (d) ROI4, (¢) ROIS, (f) ROI6,
(g) ROI7, and (h) ROI8. CRC of “FI”, “uncorrected” and “corrected” are shown in each graph.
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Figure 6: Images of (a) “FI”, (b) “uncorrected” and (c) “corrected” at NSD 2.0 post filtered with Gaussian filter.
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Figure 7: Profile of 6mm hotspot for “FI”, “uncorrected” and “corrected”. It is the averaged horizontal profile of the blue
area shown in the right figure. Images have been normalized such that mean background value is equal to one.

5. DISCUSSION

The presence of ICS causes error in position detection. It has been reported [4, 11] that ICS worsen the resolution,
particularly the full width at tenth maximum (FWTM) of a point spread function. This causes partial volume effect
in reconstructed image, where image contrast has been deteriorated. As shown in Figure 5, “uncorrected” result,
which contains ICS, has lower CRC compared to “FI” at same noise level.

The effect of ICS is greater for hotspot with smaller diameter. For example, CRC reduces from 1.57 to 0.94
(difference of 0.63) for 4mm hotspot; as compared to 1.90 to 1.71 (difference of 0.19) for 16mm hotspot. This can be
explained by considering ICS effect as convolution of “FI” image by a blurring kernel. With the same blurring
kernel, smaller diameter hotspot suffers greater contrast reduction as hot value spills outside of ROI easier.

From “corrected” result in Figure 5, it shows that proposed method manages to restore CRC value successfully for
hotspot diameter greater than 6mm. As shown by Figure 6 and Figure 7, it is relatively easier to identify a 6mm
hotspot of “corrected” as compared to “uncorrected” image due to the contrast improvement. This is significant
particularly in identifying a small tumor. It also helps to improve the accuracy of quantitative study of radioactive

tracer. However, proposed method does not perform well for hotspot below 6mm. We think this is because there are
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too few events detected from the hotspot of low contrast with small diameter. Proposed method assumed ICS to form
a statistical pattern on g; domain, thus with insufficient events from the hotspot, it could hardly work well. Even
though we evaluate the proposed method in 2D image reconstruction, since axial slides are being summed, the effect
of ICS as well as its correction is expected to be the same in 3D image reconstruction.

By observing graph CRC versus NSD, convergence speed of OS-EM reduces by using proposed method. This is
due to the wider detector response function, where there are more non-zero components in athCS as compared to a;;.
To reach 0.2 NSD, equation 5 takes 21 iterations as compared to 12 iterations by equation 1. The computation cost

issue is to be addressed in the future to make it feasible for clinical use.

6. CONCLUSIONS

ICS occurs in the detector block of the jJPET-D4. Due to the Anger-type calculation, only one approximated
position can be obtained for the case of ICS, and this causes error in position detection. In this paper, we simulated
and studied position detection error that caused by ICS by using the Monte-Carlo simulator. It was found out that
ICS worsens the contrast of reconstructed images and the error is greater for hotspot with smaller diameter. By
modeling ICS probability using the Monte-Carlo simulator and including it into the modeling of ML-EM system
matrix, we showed that ICS error can be corrected successfully as indicated by CRC values. This improves the

detectability of radioactive tracer, as well as its quantitative study.
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Hamamatsu 4ch- PMT G50s (5mm x 5mm x 10mm)
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Introduction

Small animal positron emission tomography (PET) is being used to non-invasively image live animal
models of disease in order to study the molecular bases of disease and to guide the development of
novel molecular-based treatments. Several new molecular probes labeled with positron emitting
radionuclides and associated small animal PET imaging assays are under development to target, detect,
visualize, and quantify various extra- and intra-cellular molecules and processes associated with
diseases such as cancer, heart disease, and neurological disorders. Examples of important new
molecular targets and processes to study and monitor in live animals using small animal PET are: low
levels of endogenous mRNA using PET probes targeted for mRNA; protein-protein interactions in
signal transduction pathways; cell trafficking as cancer cells metastasize to different organs; therapeutic
stem cells and their progeny; interaction of the immune system and tumor cells over time; and gene
delivery and expression in living animals to optimize the delivery of a specific gene to a chosen target.
Do currently available small animal PET systems [e.g. 1-6] have the “molecular sensitivity” to detect
the subtle signatures associated with these molecular targets and processes? We define the molecular
sensitivity of a molecular imaging modality as its capability to detect, visualize, and quantify low
concentrations of molecular probe and/or target. The molecular sensitivity is defined by a combination
of the probe specificity for the target and the photon sensitivity, spatial resolution, and contrast
resolution capabilities of the imaging instrument. This summary discusses the challenges of
developing and further improving small animal PET technology and the new imaging instrumentation
and software approaches we are studying to substantially enhance the photon sensitivity, spatial
resolution, and contrast resolution of small animal PET in order to increase its molecular sensitivity.
These instrumentation enhancements will be used in conjunction with new probe molecules that target
specific molecular processes associated with disease in order to push the molecular imaging capabilities
of small animal PET.

Definitions of terms used for PET in this summary

In this summary we will use the term coincidence photon detection efficiency, or simply photon
sensitivity to refer to the fraction of events where both 511 keV annihilation photons emitted from each
event are detected simultaneously on opposite sides of the PET detector gantry. This photon sensitivity
is often quoted for a point positron source placed at the system center. High photon sensitivity enables
high statistical quality of acquired data, which is required to realize desired spatial resolution
improvements in reconstructed images [7]. The photon sensitivity is a product of the geometric
efficiency, or the probability that emitted coincident photons will traverse detector material, and the
intrinsic detection efficiency, which is the probability that the two coincident photons traversing
detector material will be absorbed and detected. The term signal-to-noise ratio (SNR) will be used in
two contexts, the first related to detector signal formation, to refer to the ratio of the electrical signal
generated to the device noise, which will impact energy, temporal, and spatial resolution as well as
photon sensitivity in PET. The second context is regarding image analysis, to refer to the statistical
quality or the “noise level” of PET image data. Random coincidences are a source of undesirable
background counts that occur when two distinct nuclei each decay nearly at the same time and only one
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photon from each decay is detected within the system coincidence time window setting. Random
coincidence rates are reduced with lower detected single photon count rates and better coincidence time
resolution (hence narrower window settings). Scatter coincidences are another undesirable source of
background events that occur when one or both annihilation photons emitted from the same nucleus or
single photons from random events undergo Compton scatter before detection. Since a scatter causes
the photon to lose some energy, its effects may be substantially reduced by having excellent energy
resolution and using a very narrow energy window around the 511 keV photopeak during data
acquisition. True coincidences or “trues” are the good coincident events that we want in PET data that
are not due to random or scatter coincidences. Random and scatter coincidences produce a background
haze of mispositioned events in the images, which degrades image contrast resolution, or the ability to
perceive subtle probe concentration differences, and reduces quantitative accuracy, or the ability to
quantify or measure the probe concentration from the image data. The photon sensitivity, spatial
resolution, and contrast resolution work together to determine a PET system’s molecular sensitivity, or
the overall ability of the PET system to detect, visualize and quantify a low concentration of a molecular
probe labeled with a positron emitting radionuclide within a living animal subject.

Challenges of developing ultra-high spatial resolution PET instrumentation

(1) Relatively inefficient conversion of 511 keV photon energy into electronic signals

In recent years several high resolution scintillation-crystal based PET systems have been built or are
under development for small laboratory animal imaging for pre-clinical research [8-21]. The standard
detector technology for high resolution PET comprises scintillation crystal arrays coupled to
photomulitiplier tubes (PMTs), typically position-sensitive PMTs (PSPMTs). In a scintillation detector,
there is a complex sequence of events that leads from an absorption of a high energy photon to
formation of an electronic signal. This scintillation light process can be quite inefficient, depending
upon the scintillation crystal material and mechanism for light creation [22]. Only a small fraction of the
511 keV photon energy absorbed results in visible light emission. For example, in lutetium
oxyorthosilicate (LSO), a common scintillation crystal used in Siemens small animal and clinical PET
systems, for every 1 million electron-volts (MeV) of energy absorbed in the crystal lattice, <20,000
visible light photons are created.

There is also a relatively inefficient conversion of the available scintillation light into an electrical
signal. The detector pixel size dominates the system spatial resolution for small system field-of-view
(FOV) and low-energy positron emitters, such as 18F [23]. The push for higher resolution scintillation
detectors has resulted in systems with finer (< 2 mm) crystal array pixels [11-20]. Unfortunately a
majority of the scintillation light created in these needle-like crystal elements tends to get trapped or lost,
and the resulting light signal strongly depends upon where the light was created. The result is low and
varying light collection efficiency into the photodetector [24]. Significant additional light losses and
variations occur if fiber optics are used [11-16]. The need to achieve appropriate crystal surface
treatments to improve light collection also adds complexity and cost to the already complex
manufacturing process of the needle-like crystal arrays. Furthermore, the photodetector’s efficiency to
convert the remaining collected light pulse into photoelectrons, know as the quantum efficiency (QE), is
only ~20% for PMTs. Poor and varying light collection efficiency and low PMT QE mean a relatively
low SNR is available for finely pixellated scintillation detector arrays, resulting in poor energy and
temporal resolutions. Typical fiber-coupled, <2 mm wide crystal energy resolutions are 18.5-75% at
511 keV [11-16]. Note that if the scintillation light pulses for each event are on average smaller, the
coincident 511 keV photon sensitivity will also be compromised. Also, with low light signal the
"peak-to-valley ratio" between crystals in a detector flood histogram also degrades, which could affect
intrinsic spatial resolution as well since it is more difficult to resolve individual crystals.
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To maintain adequate photon sensitivity in a system with poor energy resolution, the pulse height
window of acceptance is typically set wide, which effectively increases single photon as well as random
and scatter coincidence detection rates and system dead time [25,26]. Computer simulations we have
performed for a 3-D PET acquisition of a rat-sized phantom, using a commercially available LSO
system, with a 350-650 keV energy window setting indicate that random and scatter events comprise
roughly 40 and 30%, respectively of the true coincidences. These background counts will significantly
degrade image contrast resolution and quantitative accuracy for low levels of probe concentration. For
typical system data acquisition architectures, a broad hardware pulse height window will also increase
the system dead time as well since the single photon rates will increase significantly.

In summary, provided the light signal produced from a tiny scintillation crystal pixel is above the
electronic noise level of the PMT, the crystal of interaction can be determined and excellent intrinsic
spatial resolution at FWHM can be achieved using a system built with these miniscule crystals.
However, we argue that high spatial resolution alone is not sufficient for a PET system to obtain high
molecular sensitivity. With weak and varying detector light signals, undesirable performance in other
important imaging parameters results. For example, the consequences of using fine scintillation
crystals are degraded energy resolution and either poor sensitivity (using a narrow energy window) or
increased acceptance of random and scatter background events and dead time (using a wide energy
window). The latter background sources yield severely mispositioned events, creating a background
haze in the reconstructed images that reduces contrast resolution and quantification of molecular
signals.

(2) Relatively low (<3%) coincidence photon detection efficiency (photon sensitivity)

In efforts to somewhat improve energy resolution and crystal decoding, most high resolution PET
designs utilize relatively short (5-12 mm long) scintillation crystal elements and special crystal surface
treatments to optimize light collection [8-19]. However, the intrinsic coincident photon detection
efficiency varies with crystal length as €.y = (1-¢™* ")2, where x is the crystal length traversed by the
photon, and p is the linear photon attenuation coefficient of the crystal. Thus, using short crystals
significantly reduces the intrinsic coincidence detection efficiency and, thus, overall photon sensitivity.
For example, using 1x1x10 mm® LSO crystals will help to achieve a modest to poor energy resolution
of 18-75% FWHM at 511 keV [11-19] (depending on whether fiber coupling to PMTs is used), but will
yield an intrinsic coincident photon detection efficiency of only 34%. Thus, existing systems that
utilize short crystals either require long scan times to achieve a given SNR in image data or must accept
low image count statistics and therefore limited reconstructed resolution.

Variations in 511 keV photon interaction depths in the crystal ring produce a blurring artifact that
worsens with radial coordinate (described below). To mitigate this effect in standard designs a
relatively large detector diameter is used so that there is a relatively large inner FOV “sweet spot” where
the radial blurring effects are limited. Unfortunately, a larger system diameter has detectors that are on
average further from the emission source, and thus system geometric efficiency is significantly reduced.
Gaps between crystals or adjacent detector modules and limited axial FOV, further limit the geometric
efficiency. Thus, low geometric efficiency multiplied by low intrinsic detection efficiency yields a
relatively low overall photon sensitivity (~2-3% for a point source at the center and 350-650 keV energy
window) for existing high resolution PET systems [8-19,21].

(3) Non-uniform spatial resolution for small system diameters due to crystal penetration

In order to improve geometric efficiency and hence photon sensitivity, a small animal PET system
designer might try to simply reduce the system diameter in order bring the detectors closer to the source
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activity in the animal. However, for smaller system diameters on average more photons will enter the
detectors at oblique rather than normal angles for the same imaging subject. In this case photons will
tend to interact at depth in crystals behind the first crystal traversed, causing a parallax positioning error
[27], which, ironically is worse for systems with longer crystals. The variation of photon interaction
depth within the crystals for oblique entering photons results in spatial resolution degradation that gets
worse with radial position in the scanner [27]. This blurring can be compensated for if the photon
interaction depth is measured. The measured interaction depth precision is called the interaction depth
resolution.

There have been several research approaches proposed to measure photon interaction depth within a
PET scintillation detector gantry, which can be used to avoid radial blurring by extrapolation to the line
of the correct (first) crystal element traversed [20,28-32]. These techniques involve either stacking
crystals of different decay time [20,29,30] or using “lossy” crystal surfaces [28,31,32], which result in
further reduction/variation in light collection efficiency, and quite limited energy and time resolutions.
Such designs also add significant complexity to the system and challenging calibrations. Only one
commercial high resolution PET supplier [2] incorporates a modest (~7 mm) photon interaction depth
resolution in their system.

New 511 keV photon detector technologies and geometries for small animal PET

The talk will describe the some of the strategies we are studying to address the challenges of
developing high resolution small animal PET systems. We are studying new 511 keV photon detectors,
configurations and system geometries that will substantially enhance the molecular sensitivity of small
animal PET. Based upon the performance achieved through extensive experimentation with these
novel detectors, the PET system specifications are (1) 1 mm’ spatial resolution achieved uniformly
throughout the active FOV using the new detectors’ capabilities to precisely and directly determine the
3-D interaction coordinates of 511 keV photon interactions in the system; (2) 3-12% FWHM energy
resolution at 511 keV and high coincidence time resolution, which are achieved since the new detectors
have superior electronic SNR; (3) 20% photon sensitivity (a factor of 7-10 improvement over existing
systems) using novel configurations and geometrical arrangements of detectors that facilitate high
intrinsic and geometric efficiencies. These properties, together with robust 3-D iterative tomographic
image reconstruction strategies, will yield unprecedented reconstructed spatial and contrast resolutions
that will enable superior visualization and quantifications of low levels of probe to enhance molecular
sensitivity of small animal PET.
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