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B2 G B R 1R V- PET W& O EE 18 _E 12 B4 A58

HHRTEKRE

B A TR
HBEERT S EY
A RE

AR, TRERRY LB B R F1E4 AV - PET B O EE M L I2B 4 2530 | LB
L. 6 BENOLE> TS,

F 1 EBEIFRICE ROERR VBN R, £ HREITR S L-BET i
R DR 53 Fi % Eif§ k.92 Positron Emission Tomography (PET)iZ., APl ES /2L 004
B RE L BRI T 2N LEERTANED SN TOAN, L& EARB AT/ O100T
PET E{ROE R EARAIR THDHEM T2, £7-, HED PET EBEIL, v BOBREDE
b LAl BITFEORVRIBETFE AN TOA0, SRIHBHSMIEZEICH LTS
DRRE ST, BHIFR D LIZ R REFEIROMIZALB DL LR BT L a7, #
LT, — 892 E{G BB F5THD Filtered Backprojection (FBPYEIT, BHE BT/ 700)
BT — 2 B EOHIESETHONDIEAEEL TV, LD SR O
MEEETET BEAGROBEEOM L2HIRL TWAILAERL, ZhizstL T, i3k
FYL G BHER FIEE, BHREELSET AL TEAZ LMD, BEKEOBE LR FT
BETHLEM AT, 2T, AWFED BBYE, I FHRICE-S<ERR PET Eig B
FIEZFAREL, PET BROBEE 2 A E+HZLThHHER AT,

55 2 BIPET Bl R CEEHHRRK FE) T AFEORSE425 PET BI% B L O
BB FIEIC OV T~ 7z, £9°, PET OBHEB L PET &2V CHESL . PET &
BRI T I NUT NG DT LR BSM *u‘:o Fo, BT T L LG FERFE
DRI DV TR~ m**}#& PET BE{Z557-0I12iF BEOBRFHEZTELLE T L
FHUENDHHT LA LT, S5IC, FBP /fki@ﬁi&é%ﬁ%ﬁ%ﬁk%/ﬁ ZOWTHE
Bl RBRFIEL, BRAHERRZLEET 528, FBP I TCHHEWRO ONEE Ch-o7-
MR BN RE ELSET AL TRADERTR T,

% 3 BEMUREIFIEL AV PET B EHEME S EREFE T, PET BIHIZORK
53 ﬁl@é‘&%m%b RO LRERBFREEFED— D TH D Generalized Analytic



Reconstruction from Discrete Samples (GARDS)% 18 45 & 3612, E{E FHERIC M B2 i
EHSL IR G IEROBE R EICHE T2 FELBR L, BRI, KEBE 1R
REP IR FIELL TINOND IR DRI, (FEATHIOE A A EEL T BIEL
PHPED ] £ T DILICEIRL . GARDS 12451 AR AT HIC B L 7~ ATAVE FiE AR 2 7-,
TLTC BEMZW A O/ PET EBAREL-F B oL —2a 2170 BlZOE
FERET NALICE ST, BRIEOBEE A FBP MIZHAKEE L3508, BSLOUREL
EEEEEFEIC LS T BHRIGICEEE2 52912 GARDS O ENY3EITEE LS
NHZEHERLIZ,

AR FIROI LI BLEER PET 8~ M T, B ES EERK
FEZERR PET #EBICHEAT D22 BRLL T, BT — 40 0B (2415854~ —
FELENIRD D FREME L, HEROREOREEGFEERFECE. WEDEED
RICBIT 2B EIL, BRIESN-FT R TOT —ZOEMITHEFf L L CHESRBOICSE
L ARFIETH ZOERMREDNSOBRT — 4 13RI T 2 F 5 DB A/ ENE
X MEZEMOLET LIBRT — 2458 T LT, BT — 2 OREIZLY . HTEIRED
RITEDEFHEATRERL ~LIZ TS, RO FECHEEE TH-7- R A <L —
SORE - RIFNFIEEICARD, T LT, AFELEER PET B ~EAIL. FBP ELRIEED
FHEEEIT, RO FIEL R E D PET BEMELN D7 5w T,

% 5 ¥ Time-of-flight (TOF){& %% AL PET E{@FE+ERL Ti. PET Ei{£ SN k-
) L9 520% BRILL T, RIREHRIERICBOND v BT ORITHERIZTHS TOF
EREFI L7387 PET EHE AR FIELRE L /-, BIEMICIL. TOF-PET 8% %
EFEITET/ALL, GARDS %@ L7, 2L T, /N TOF-PET #B% (R EL /-3t Bl
Rab—alZAT0, TOF EREFMT 5 C > THEER G OBE ) M L+ A7 550
7o

HO6F 53 T, A, PET E{&OBE £ L35 £ B EER Fiks
FAREL, BB 2L — 2 ab BELUOERICIVE DML O LI-b O ThH B~ 7=,
TLT AT TREL-EMBTHE OB PET ES B FIEOH At ERL o
REMEREL0 | RO BN, LOEEA PET BiE BTl aE e, MM B O A—
P TIeE | PET fRFROEHO—BE 250 DL IS D L a ik~



HR

1.1
1.2

2.1
2.2

23

24

2.5

3.1

3.2 PET 8HIROET /L& GARDS DA

P o
W &

ARG L ODOMERL

PET BRARLEREEE T
FE

PET #HI%

22.1  PET OFELESF A
222 PETEH&OEE

223  PET #%f&

224  PET BBIZROEMIRIES

FEAT RO PR R 1k
231 BAEZROTTILL

232 Filtered Backprojection (FBP){&
233 FRATEYRES EAE R RIE ORI S RIS

RERCE & B T
24.1 BRROTT AL

242 Generalized Analytic Reconstruction from Discrete Samples (GARDS)
243 PEOBEB(LEER FHERK
244 REWVCEBGEBRFIEOHUEMES

F2EOFLD

~

REMFEEALV- PET BRBEHR LS EEE T

FE

i

16
20

20
21

24
25

25

30 -

34

35

36
37

38



33

34

3.5

4.1
4.2

43

44

3.2.1 PET BRIFZDET /UL

322  GARDS # A\ /- PET Ei{g H AL
A R

3.3.1 Fik

332  GARDS vMNZIZADEKERBOHE
333 FHEmE&E(L

HEH oL —1 gy

3.4.1 PET #.1%

342  EHERROEE TR E
343 R

BIEDOEED

R FZOELEHEERK PET B~ D#EA

FE
TPl FE
42.1 FiE

422 GARDS & D Hr#
423 Bl —2DRE

424 B R — 2 ORI E S R

42.5 HEEOHE
HEW 2L —1ar

43.1  E&BK PET %8 :ECAT EXACT HR+
432  FHERUEOEE A

433  EETDHEAT S EOF#EL
434 EREEBFOV)

435. fER(EHFFHFOV)

436  FHERMH

&R PET &~ A

38
41
42
42
46
48
53
53
54
55
59

60
61
62
62
65
67
68
69
70
70
72
74
76
83
85
87



4.4.1 77 hAFER
.442 F—HHHIE
443  FEWERIGOEE TG E
444 @ ER
45 FEA4EDOEED

5. Time—of-flight (TOF){&#RZFI AL = PET EIR B
50 F&§
5.2 TOF {8 &AESH D TOF-PET HEi{§ BAE K Fik
52.1  TOF 5%
522  TOF-PET %{&
523  {€3%? TOF-PET B FH#ER FikE M S
5.3 TOF-PET 8% DE 7 /L {k& GARDS D3
54 FHEHIIaL—Tav
5.4.1 TOF-PET #L#%
542  ERERBOEETHEE
543 R
55 FES5EDOFELD

6. F

HEF

Appendix: B PET &
List of Figures

List of Tables

B RN

W FE 3K

» Summary

87
89
92
93

95

96
97
98
98
99
100
103
106
106
108
109

114

115

118
119
130
135
136
144

147



ik

1=

-



F1E FA

11 FEOERLAN

Positron emission tomography (PET) ["1)-{"4]i. BBEF i B FE CIERL 7= 3KH1 2 9%
REIBEL, ZOERNDHLEBRILTIMABEZREFA AV T BT THD. BETFH
HIZ L > TAEUAMRE v BA R EICL->TEAIL, BREERFEE AVTERRT
—Z D IEOEEY T EHEE T D, PET (1, BELREAEROHILITLY, s £
LR O (L F R BB A B D L TEDTD | RSP ES - EMFRRIZB VW THA
AREDHN TS, MR, MR, BERHHE, FEARE, #RLETY—0OBBHREE
PET 2V TERILTHIECE-S T, ML EEE, TANA FR. FEHSRIN, IS
PORMBERIILSD, OfF, i, gL OBE, BRNEREDIIEEZITIZENTED,

A . R BIARRE (LR B OEFR S AL TEY, PET 2HVW=TH, &4
R IBEOBELIEDLATHS [M5], Ll BRORENSHERIRAZTHLILIZ
Nz, BEEBEOHIBCREBOEELRE)S, PET EROBEE X+ Tidky, Lo T,
PET EgEMOmEE(L, BERECEREESBEONE, MENE DA A—D L TREEE
B4 5751213, PET EEOEZEOR _ EBARFI R THS,

H/ED PET #BEIE. v BoBHDEE EIF 572012, BARBIZI T 5~10 FIZER
FEORVRHEZEFEZAOTOS, 2O, SRHBRIDVWEEMITHL THORE S
TSR T LI B, REEIROMICALE T HEEERVEDL D, ELIZ AT AT
2EBREUIEHBICL > TEREAER TS 3 Ko7 —ZIRER PET EE ["6]Ti.
Vo T ERREVIFERE ST E#E S RIZENDS, —REOLEGREERTETHS
Filtered Backprojection (FBP)IE ["7)i%. BHEEIT DV, BRIT — 40\ EOBFE T E
THLNLILERELTWAY, EROBESMOMRELEETET . BEKBOBEE
O _EDHIFREI TS, —F ., Generalized Analytic Reconstruction from Discrete Samples
(GARDS) ["8] . Natural Pixel Deéomposition (NPD) ["9] . Algebraic Reconstructioh
Techniques (ART) ["10)728 OREAIZEGEHER L. RESHEELZELERTE
B0 EEREOBEEOR EATRETHD [F11)-[115], 2, REEIFIEL. WEO KR
iy OBARLBIE S TH DI, MIEIC BT A MORERSEONLHET, /
A ZDOIEIRZE ARG E O EBBIFTED [M16]. Ll —REVZLREEFiEIT, Bl
F—ZBUTE LR TOFITFIHE, HOIZIUALE THHEEITI0, PET 2EK
RECBARICERT 56 R ERELEETD [117)

. FITABIZETIE, PET EROEER B4 B#HEL T, REHFEICESERANRE
BEERFEORELIT). 9, BRESHBEEELEBRL CBAROET MALETO., K
BRI ESVHEE 21T, PET EEiL. M ESCEHMERICAVWD/ MRS AT L iR
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KRADOKBIAFIZKUSNBTD, FNENDIA T2 T T o —F 5 RET D, 8
¥R PET BB T, BT — 2B BRI D7 | F-ZERIMREE DRV PET B3R
BIRTOBIEND, BT — &b — A28 HEE T4 TH% GARDS i@ AL, GARDS
IZB B ITRIE A EEICEE T S FELIRE TS, GARDS I, #ik-B#e T VICE
SLEEEERFETHDD, RIS THREE AOCTICBRROGEREIE- T
B AR AITIZENTED, T2, BBR PET %EE T3, ERMRHEANTERELR
HERBABAZENERISD GELBLORTAEE AV CHHERMZHIB T D2 FiEE 12
£T15, &bIC. ARHEREICBITS v BAEFORITREMZEDIER THS Time-of-flight
(TOF)& 84K LI~ BB AL F 14 4R E L, PET B8O SN tLorm 2D, 3
f£0 PET 3B, B BSOS MEES TSI ELNRN 2 TOF FHRAlZIT-> TN
MNOFEE, TR EFORRICEV TOF B PET HE OB LIRS TV,



F1E il

12 ARTOBR

2 DR A TRICTRT, 8 2 ECIL. PET 8RR BLO— R EG B FIE
IZHWTHESL . PET BRIRORM B L OREROE R EER FIEORMBERIZ OV TER
45, 8 3 =TI, PET BRIFH4E7 {EL. GARDS ##@HA 35, SH1Z, GARDS (2815
FFIE EAEEICEETAFELREL, /N PET BB REL/HEH 2 —1a
VEFTS. B AE T ELEB SO E O CE B A HIR T AR IR R EL,
BEFF PET 3E@B~E A5, ZLC. & 5 = Ci3. TOF t§8%FIHL 7= PET B BERFIE
REL VB PET EBAREL-EHEE Il —av 2175, B 6 BT, KR X O
iR R5,

—-_—
2. PETHAI R CERBEMTFE |

3 RMEBEZEALE | 4 RRMEEOENEEL
PETERBHRLMERET A | BRPETREOER

5. Time-of-flight (TOR){&E®REFIALS-
PETE{R B8R

s

6. 3 |
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BoE PETHARCEEBEEFE

2.1' FE

PET i3, BB E T M TR L - A Z BRI OPE R IVIERE TR G L,
BETF BB - TEULER v B2 R R E Lo TERRT S, 2L T, ERFREX
2T RO BA DA ER{LT5(Fig. 2.1.1), PET OVAT AL, 7 —2 2R T HE
3 ThhD PET Ak v e, F—ainbBS T HE T THOIEBRBEERO2IIK
B, PET BB OEEIXZ D2 > DRI REUKTFET S,

— iz, BEIF 200 0OMBRBOHE IS RBELRIEND. LT HETOMEER
PIEETAZE A M2, BRF — S EETHZEME BRI ZER MO, WE OBRE
S TERREMES, B, WEZEMISBRER~DIERE SRR THLYFEE
B RIREL MRS, PET B BHARIIHIE SR CHY . BREOBNSIMHE TLHHE
BIZHEE TS,

EEBERTEDT. BURERTEEEFALOMEREL CEBEND, Lo T, IEHE
REE EERE T, BRIREZELKET LT DIENEETHD, BEOBRR
HREL-HEETFANRRAEDEE . TFMLICER§ 538 % (systematic error) SR &
ICALS, BREIROET T, Bk EBRIZE OB FHRBROOENNL, BT O3
DITKBEND,

<A ZS 33 L OVER I 22 P 4R B R RO s - T T L
R Ze R 3 L OVE I ZE A S I BE SR TR B - BERCE T L
W IRZE A 5dRE R T BRI ZE R BERCR TIROERL - BT TV

PET measurement
image T
reconstruction

Figure 2.1.1: PET system.
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PET BRIRICBOTELOBHRFR T, #ETIHEEITERFIFEETILOTHAHD
Mk ZE R LEEE R T H 2 DAL, B S SR CBE B LS L T 27O BLRNZE R S BERCR
TEHEZLNS, Fo T, BED PET BUEIRIL. i -BElCE 7 /L TRIEND, Efc- BT
FANCRL T, BT — 4 N EERN I IR DL E T DLER:  ERET VI, D
BRI C R IR CEXBLRE T DEBERL - BERCE T L IT225,

—% . EEEER TR SEROEERRERRO OB DD, TROIICHETF
R FEICRBIE D,

-FRATEO T GEfE - HEEE T VIS EHE R FE)
-REBIFIE GEE - BEBCE 7 B SSEG BHERL T,
B - BERCE T VIS EOKER BB TFIE)

AETIL, 9 PET OEHE, ZOESFA, 7 —FOEOBEIZ >V TEERL . PET 81
BT DL S B L O ERBEERFIEICROONIEMEEALNICT S, KIS, FRFTRIZLE
e EERFEBIOREMNFIEI IOV TR, ZORBBEMBERZALNITD,



F2E PET MARCERBMATE

2.2 | PET #3l%

221 PET OREELEZEFA

PET 311, 1970 ERH5HKEL P LIRS, 80 FRIZIIFEOMR THEAIN
23177, PET ORXREEBIL, "C, "N, "0, "F 7ol EFEBRTROBET
BCERL-. K, BEE, TRV, JElEe Y AR A FHIMER T ORLLEME
Fo—H oL TR E IR 53220k T ABOBEFEABONL L THSH[*1].
7=, PET i, RBEHERIEICL> Ty MOAFHMERET B0, a02YA—-FEHND
SPECT(single photon emission CT)IZHS, BRAE, MZEM A ARREER KB D, SHIZ, PET
. FEERHORE OREIC LT, AMEIZED v ROTRE— BRI ERICHETED
EVIREED O,

BE RO SITERBANEL, "C T2 4, "0 T2 4. "F T 10 AEETSH
%, Lo T, WRE OB RL VR TED—F BRAIMROY A raba 2B TR
MRS B EAETALENDD, TE, HBAEEHOR "F ERERERNTERE
L. fEAHR T AEE A ED N TS, 52 *F-FDG- (2-deoxy-""F-fluoro-D-glucose)id, f&
BN DR A EHEOREN TR TH D0, *F-FDG O A A E T IHE
PET OEEFRFAIFH OPLRBERFEN TOD[2)

Fig. 2.21 [ORT IO, BFABEFHETIL, MHESNBEFIIEVERE
(positron range)ZEA THEBT RN X —ZKSTZOL, WMEEER L CWDIETFLRHELT
IR (BT 2B 35, ZDEE, 511keV D—XtOIEBE v BOSEN MZIER O H I R

’ ’v‘ 3 | K/
detection N LB 511keV \

! "{ photon

ositron-emitting
f? nuclide

. positron
range

511ke
photon J

Figure 2.2.1: Principle of PET measurement.



F28 PETHARCESEMETF X

SN, ZLC HHEVEF (time window) PIIZ, 200K SRS Z4LE 4L 511keV
Dy MERHLIZEE ZORMBINIIAT UM 525 (RIEFHED) , BHBHI LTy
PMEERTHILIZES T, BT — 403 EB5N5,

PET BT —#IZid, y ROBEBRICER TIRTY L /AX, BRAIBRETHD v #
DT, #EL - BRRRFEH R (Fig. 2.2.2), AL REBREOTY — OB ELEMN
BEND[3],

a) N7V /AR (Poisson noise): METEFNL LR ORABITHEERHE THY, REEKITRY
VRHIHED Lo T PET 74D SN b b L3 572DI2i%, v BOMT L MR
TIENEETHS,

b) AMEIZED y BROWIT (attenuation): v FRITANEIZL > TRINAZIT5, PET T, [{
FFEHERIE OIRBIZTE, y MO HBFL R IE DI BEIR CIRESH, IS H
EFELRV, Jo T, SRR A AV 2 hF 2 Ay 3 A% 4 (transmission scan) (Fig.
223 FATHIZLIZLID | I RIT EREICRIEHIEEIT) Z &M TED[4],[25]

c) BAELFEFE K (scatter coincidences): ABIZL->THELL - v BITER T 5 R %
BELRIE ML D, BIE T HEIZIL, convolution-subtraction H[*7), B EEF O EH S8
ELER T — 22 HEL TELSIKFHIE, BT ALl Ial —a it ko ToBELRD
RELHBTHHEP6)eEBMREIN TS,

d) fBFEREFE L (random coincidences): 2 HETCRIBHIFAEL-2X DM v BROE &
DR FH, REFFHREL TRIBESNDD O BRRREH L), BRERGHROMEIT,
BIEEBRI L > TR R EERE ST L HIEL, £T AT 7XOHEE R R, LEREL
DBRREFETEZE 2tR,R, THETLHENRHSD,

- Figure 2.2.2: Attenuation, scatter coincidence and random coincidence.



FoE PET BARLERBMATFE

emission scan transmission scan blank scan

Figure 2.2.3: Various PET scans. Transmission data and blank scan data are
used to correct emission data.

e) HHIEL (dead time count loss): fEF4LEEL TV BENZROIE B HRDEFHEH RN
BIb, BEFEICL, BREEFERORRFEHESREHLNLDHREL TBNT,
HE B OB FEHEEOENHEO R FHRICN T 2R RIEMAERKEEA 5T
END D,

f) RHBREOTH —MH: ZRHBORED, B OREROFEDE, 7oy 7 BED
BN (T oL D, INIHBIEA FV 2T T 7 A% v (blank scan) (Fig. 2.2.3)%1T
WV, B BOBEMELTO8L[9]. '

f£32E972 PET REIZIL, PO A RICEBRMM T, BRI, mMREDORIE, PO KIZLD
NI FE O P E, PE-FDG (2L DERBOBIE, "C BRI LD LR SAEBOBIE, 6-°F-
INAR-L-F—/% (PF-DOPANCL DR — /S REATHREEDORIE, "C-N-AF VAL~
| (NMSP)CEBR— S SR EOHERE BHDH[*10]. TNHORE I, R E (i E
= HR GEBEE. CANMA ERRR) RS (EnEORE. DHE, BIREL) . &
B BERAY OBEHCHAVLR TS, — R E T, BRERELIZOL, KR5
O PET AFtL (FAFIvIAFvo) %47V, 1 B AN OEFIREORBZE(LIIXL T
BT T L (2o 28— R AV NET L) 2 Y Tidd , BHIOFEE T A—5%KHH[711], Fig.
2247, "F-FDG ORE oL Ofl% R T, '

1 FDG
poslitioning injection
l trans- 1y dynamic | ‘_”ggﬁe ; static
mission emission émissi\c/)‘ emission
scan scan 7 sean scan

—rd
o[ 2 [

Figure 2.2.4: An example of time schedule in ‘*F-FDG PET.

10
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222 PET E{% 0 id K

PET BEfeOEELL T, M., ZRIFEE, 2 M ANEE, F-INbDEBTIZE
A — R E AT B, PET BEifg O EBMIZIE, LTOIOREFHEERTD,

a) RHBBEDOIEIHHOX

b) B

c) HRELFIRFE K

d) BREFRREE

e) FHERIAR

f) PET B {E &M HEL O ARIE
g) RWrYr/ARX

~Dit. METXBEFLEZLNTOEN, gDET Y /AR, FEMICIHE TR
BAFTdhd. EBED PET A%y T, BERE . RERE, BERGELREOHIRIG,
By NI BEL NN BTV JAAIZED PET BEfEOHEBKREN, LT,
PET EROEEMH [ ET57-01011, 27 MREECTIENTRARTHD, —HEI
1T, —EEARAEET 7 FAO BBV T, BOICBIAEYERE S LEEEOE
HRZE N Ok S/N i3,

S/N___WSS/ZNTI/Z/(KD3/2)

TEZOHNB[F12), 22T w, RFRLE & =BEEREO SR BEROEER, N, (32
By N DITERTRER . KIZER y OB EBFEERIEKFETOERTHD. T,
BHERE Lo SN A —EICL CERRGES 2 (FI23 5720103, &7 MIE 8 &I
FHUBENHDIENRND, F1-. EOITEEFMOZRREELY 2 FI275720103, A
SARBER 4 (BT DUENHDH-O, BAVNEE 32 FILTHLERDD,

2% BEE BT AL, B ~ORBEECTIET TR BRI OBEIC
LEET R F, HRERERAEOT LT, BREOHEBREL IO [F13]720 TR R
BRI E OB S OEMIZE-> T, EORBHEIC T RIT0 20, Wi nERER
L OB E OB EITIBERE | BREIZL> THHHEEREOR 5 BEOFIBS NG E
b5, LT, PET B0 EEMEZM L4562, PET EBOREOR LR T
55,

£ PET ERITROONSER L, PET REICL>TRARS, "F-FDG & AV EE
BRERE T BERBOBOELAZENG, BiFRar MANEERROOND, 2, IHH

11



F28 PETHARIERERETFE

BRGZEOMRFL, T M EE V- EMIIE T, ERRGENEREND, REOKR
B PET EBORSZEMMEED 4mm BE THHLOIZXL T, BIA PET T, 1~2mm
BEOZTERRIEENLE CTHALEDNTOB[F14]-[217]), — K., BT vBRORHIZE
I+ AL LT, AU ML ORER (positron range)& AL < HRORITH D 180° A
LOFH (angular deviation)3FFEL , PET EEDHHEOHEMRALEZLN TN,
angular deviation (Z&ABRHALE DT T, 100cm EFED PET L& T 2mm F2E | positron
rang DRESIIHEOBEIKAEL, FHNLRRIZI "F TH 1mm, "C TH 2mm, "0 T
% 4mm THB18)[19]. ZERIFREE DM LT, HAEBFHROMHIZLoT, 2 MFAR
OEIEICHRIRD DD,

12



¥28 PETRMRLEGBFMAFE

223 PETXE

PET 3£&/1. Fig. 2.2.5 |27 35910, RSB T vy &M E Rk~ Rii&) 7%
SBICERIEBNR BRI THL, BEBT oy 2, L FL—F (ERE) LEETFHEE
% (photomultiplier tubes; PMTs))HREY L, o FL—ZIl y B AFH T HLBINS N>
FAF-IECTREL, AEFHEFE TEREFICEREND, L FL—FO/PRYEIZ
HLTHEFREEO/NBULIZIER RS-0, BEFZHEOVFL—FIZVEDK
EFREEPRPSDEEEN TR THY ., BETOIABEFRBEEOHAEDEIGND,
Hy < BRAF L= FL— 2 BETH[720). REEKELZ LT 5729, S FL—2ITE,
BRI EEBESEVEDRFESOREAZTHAVOND, £, FHEERFEBLT
TRAE—SEERES BT A0 BAEBERBSE BAENKREVLONEEND,
Table 2.2.1 |-, fAEAI 2L FL—FORMETRT, BIAETIRSNA TS PET FRE T, £
PRFESOKEN BGO BSHAWVLA TS,

PET %3, XE22 5 MERIK PET %E[721) 271, AR /NS 7%
SIc#{L L7 /B PET % B[>22)-[*26],[*28],[*29]ic KAIE 1%, PET EREBEOBMEZ
appendix {23, ZZ Tid. BGPE PET 4 > ECAT EXACT HR+ (Siemens/CTI), E1%7 /4 PET
#£EC% SHR-7700 (Hamamatsu photonics K. K.)33L U MicroPET (UCLA)D#EE % Fig.

2.2.6 BL U Table 2.2.2 127",

4.05 x 4.39mm \

E each
N e scintillator
% //\/7/ £ cut into
4 ) : el ()
£ v:‘ J\"-' '{ .“‘"—-—'; 5 et [¢p] 8X8 Crystals
1 e e : 3

am| ]

: e Ll e

j " D )

; \ block detector /

'Fi"gure 2.2.5: An example of clinical PET scanners, ECAT EXACT HR+.
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Table 2.2.1

Some physical characteristics of scintillators

material Nal(TD) BaF, BGO LSO GSO YAP
chemical formula Nal BaF, Bi,(GeO,), Lu,SiOs Gd,SiOs YAIO;
decay time [ns] 230  0.8/620 60/300 40 60/600 25-30
effective atomic number 50 54 73 65 58 26
u[mm’] 0.0326 0.047 0.0862 0.0813 0.0667

integrated light output 100 6 15 75 20 40
(PMT) [%Nal(TT)]

BGO

L1
10cm
ECAT EXACT HR+ SHR-7700 MicroPET

Figure 2.2.6: Axial views of clinical PET scanner (ECAT EXACT HR+)
and animal PET scanners (SHR-7700 and MicroPET).
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Table 2.2.2
Characteristics of Commercial PET Scanners

ECAT EXACT HR+ SHR-7700 MicroPET

maker Siemens/CT1 Hamamatsu photonics UCLA
KK.

year of manufacture 1997 1997 1997
reference(s) [*27] [*28] [29]
object(s) human (whole body) animal (monkey) small animal
crystal BGO BGO LSO
crystal size [mm] 4.05x4.39x30 2.8x6.95x30 2x2x10
arrangement in a block 8 x 8 crystals 8 X 4 crystals 8 x 8 crystals
acquisition mode 2D mode / 3D mode 2D /3D mode 3D mode
detector arrangement full ring full ring full ring
ring diameter [mm)| 827 508 172
max axial acceptance angle  +10.6° +12.6° +6.0°
FOV [mm] ¢585 x 155 $330x 114 9112 x 18
# of blocks 4 rings of 72 blocks 4 rings of 60 blocks aring of 30 blocks
# of crystals 32 rings of 576 crystals 16 rings of 480 crystals 8 rings of 240 crystals
septa retractable retractable no septa
sinogram size (slice) 288 x 288 (63) 256 x 256, etc. (31) 100 x 120 (15)
efficiency [kcps/MBq] 5.2(2D)/37(3D) 4.0
peak NEC [kcps] at 84 at130(2D) 185 at 200 (HS-2D) 4.1 at 296 (rat body)
[kBg/ml] 110 at 24 (3D) 185at25 (3D)
resolution at center 4.5x4.5%x3.9(2D) 26x2.6x3.2 1.8x1.8x20
(tan. X radial X axial) [mm] 4.5x4.7x3.9 (3D) (HS-2D, wobble)
resolution at off center 45x6.0x4.8 (2D) 31x50x54(HS-2D, 25x38x22
(tan. X radial X axial) [mm] 4.5x6.0x5.3 (3D) wobble)

[10 cm off center] [8cm off-center] [5 cm off-center]
scatter fraction (%) 17 (2D)/ 37 (3D) 29.8 3D) 30

15
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224 PETHAROBHLBER

BED PET EE T, BEREL LIF57-5I10, BIIXL T 5-10 FIZLBTEORY
SUFL—BERANTNS, D70, Fig. 2.2.7 {27 T MicroPET OBHEIRIOIZ, FHrtiss
HAMEZERIC L Th ORES AL, FLEAMUTRERRD, ECAT EXACT HR+B X
O* MicroPET (23613 2 E SR T a7 74 L D% Fig. 2.2.8 1277

I,
%,

o

r""h\'\.

|

%W m@ lcm
Figure 2.2.7: Shift-variant characteristics of the MicroPET scanner. The

sensitivity functions of each detector pair are broadened from center to edge
of the field-of-view.
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Bo® PET RAREEGEMEFE

5.E-05 7.E-05
microPET HR+
= 6.E-05 =
2 4E05 y=0.0 z y=0.0
8 S 5E-05
£ akos I
5 5 4.E-05
2 i)
E + 3.E-05
© 2.E05 [
E =
8 g 2E-05
® 1E05 @
1.E-05
0.E+00 : 0.E+00
10 0 10 20 30 40 50 60 70 -50 0 50 100 150 200 250 300
X- position [mm] X- position [mm]
5.E-05 - 8.E-05
microPET HR+
AEO5 x=0.0 7.E-05 x=0.0
2z ’ 2z 6.E-05
8 3E05 | 2 sE05
g £ 4E05
£ 2E05 £ 3E£05
E £
§,1.E-05 §) 2.E-05
1.E-05
0.E+00 : : 0.E+00
-60 -40 -20 0 20 40 60 150 -100 -50 0 50 100 150
Y- position {mm] y- position [mm]

Figure 2.2.8: Profiles of sensitivity functions of MicroPET (left) and ECAT
EXACT HR+ (right).
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T, SLIZEBORELY EIF 572012, ERD2RT —FIEIZXL T, Fig. 2.2.9
ICRTINTE T 2 EBREL TIRITHNS v BEUNE TS 3D PET ORI A ED LN THDH[*
30),[*31], ECAT EXACT HR+%° SHR-7700 {3, BOSL TEH T4 2ELEL TEY, 21K7T
4 (2D mode): 3K TTINE (3D mode)DEINEE X D3 FTRETH D, 7=, MicroPET (3, &7
AHHEELTEDST, 3D mode B TH D, 2D mode TIXRELIZVT <D 99%LL L4
HTEFTITEETTLEID, 3D mode Tid 5~8 (FRERENM L35, —FH, Lo FL—FD
BATENRWVZO, VoV ERKREVR BB ORESMISE#E ST MIZERVEL D
(Fig. 2.2.10), S04, RE FMRFLILRL, VoV BEM/NT2ILITE- T, SHICRES
B LT3R MEIN TOB[F32]-[*35108, ZO8E  BRE S O S MO RAIES
BIZKEL2D,

UL kD, PET BBIROFHELL T, BRESABEEIL TMNIT U NTHLIEREITH
o, BESHBEEOT 7T MERRVE S | ZERIRGEDIKTRT =747 778D
HE L BRI OEENELTHBNBHD, LoT, BREERPET ERAG57-0ITI,
RESABARLELKERBTILDNERETHS,
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retractable
septa

et

C AT N ‘
AT i ___|
2D mode 3D mode

(septa retracted)

Figure 2.2.9: 3-dimensional acquisition PET without the interplane septa.

Figure 2.2.10: Shift-variant characteristics of 3D PET. The sensitivity
functions are blurred when the ring differences are large.

19



F2F PETHARLERBMEFEE

2.3 BFNLERERET®

TITH, PET BREEREEELTHEEL-ELESH VSR TS Filtered
Backprojection(FBP)¥E[ 712DV Tk | FBP IEOFEBLUOME A EAOMNIT D,

231 HAURDETILE

FBP (&3, & #ERE 7 /> TREIRE T T LT 5, @ EET 7 /LT,
MAEBLOBAIT — 2 EREHE TRASN, FRERBIIEBITNICEZONS, BRDOH
IS TRETHALRET A0, BHELBEIRETO LT,

HHE - EREE T LTI, PET 8521 Fig. 2.3.1 DIHIZETF VLEND, 2R TTOBTE
DHREER B (r,y) TRL,EDBB T — % (A /7T L) %8RB g(0,5) TR T L, g(0,5)
i1, IRADLITEBR xcosB+ysinb=s |ZiR-7= f(x,y) DERHESETRENAS,

g(,s) = f f f(x, )0 (xcos8 + ysin 8 — t)dxdy (2-3-1)
TIT, g(Bs)E, 221 TR BRT — A8 ENAFE 42 RBRENERIZHIES N B
BHREBRIT — 5 THHET D,

4

DO
& O
O

Y

N \

\ \
\\ 1] s
\\
0 h
\ INCE LN

N g(6,9)

\

L K]

Figure 2.3.1: Geometrical model of PET measurement system in analytica
methods.
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2.3.2 Filtered Backprojection (FBP)i%

FBP iEiL. 2R TR E EH[ 72 EICL TEINDIFETHD, UT, RKXFOLHK
XYS It FREIVNLEOER xy,s D7 —YTZERIZBI DERER T, g(05)P s 12O
TONRTT —UTEH GOS)IFKRATRIND,

G(8,5) = # {g(6,5)}

= j‘g((), s)yexp(-2mjSs)ds

€ T B

= f f f f(x, y)8(xcos@ + ysin8 — s)exp(-27jSs)dsdxdy

- =0

-

= [ ffCx.y) exp{— 2758 (x cos 6 + ysin ) }dxdy (2-3-2)

—-%—

F7-. f(xy)D2R L7 —V = E# FXY)ITRATREND,

F(X,Y) = # {i(x )}

[ 4

= [ [fCx, yyexp{~2m(Xx + Yy)} dxdy (2-3-3)

-X—%

Znomb,

G(6,s) = F(S cos, S sin ) (2-3-4)

DEMEISENND, (2-3-4)3F, EBEOBEEH MICEWT, 2RTEEK )Y/ 7T 5
BT 7 — VBB b DI, f(xy) D2k T 7 — TEBREREE IS T oA K TY-o
FEFEICZE L V), 2R TR E EEERL TV, (Fig. 2.3.2)

O IR B E T TG CEE R AT -0z, 7V ZEBIZBITS 2 RITOM
Ma Y BLT 520, HESREEIRD, £IT, ﬁ«ﬂl%ﬁﬁtr 1 RIETANZV T 5T
kDb, 2 REOHEZERICERE TS, FBP EARESN TS, 2-3-3)REY. ())&
FX,Y) D7 —) T TET L,
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f(x,y) = [ [FCX.Y)exp{2mi(Xx +Yy)dXdY (2-3-5)

- —C

EiA, 2T X =ScosB . Y =8Ssinf ERLTENRTELDT,

f(x, y) = f [F(S cosB,Ssin6) exp{27jS (xcosB + ysin 8)}S|dSd6 (2-3-6)
0 -x

ZLT, 2-3-)RO2K TR EBEE AV HERAEZED,

f(x,y) =}}’G(0,S)|S|exp{2ﬂj$s}d§d0 (2-3-7)

@-3-DRiL, F7 VT EBREITOA L —F A VERNT,

f(x, ) = -7 *{G(@.S)s[k6 (2-3-8)

TRTIENTES, F-, (2-3-8) R, TR a—Ta FEIZEY, KADIHITHRED,
f(x,y) =ffg(9,s')q,m (s-s")dsdo (2-3-9)
0-x

ZIZT, s =xcosf + ysint,

Fourier
transform

Figure 2.3.2: 2D projection theorem
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Qo () = ﬁS’exp(Zm’Ss)dS : (2-3-10)

2-3-8)RT, BT —FIx L7 — ) T ZEF TS| CHEALNDT AL F A ERS BT &IH &
YA ATLEERLTWA, 207 /L ZBE%I3 Ramachandran 74V ZLRET, EZER T
(2-3-10)3 . TF &N, Ramachandran 7 /L 280, 7—Y T ZERITOMEEATILEILR
P, BRI/ A RS OME O 7-®1Z, Ramachandran D7 /L2 O B 55 23 L 72
HOBAVDI, ZDOLIRT ANEZDRERA2HDIZ Shepp & Logan TANB LT NDHD
#333., Shepp & Logan 7A/L% Qu(S)i%. S =0 T Ramachandran 7 (/L ZLFCHEEZL D, S
=N, TIEED 0 LD INTEEH SN T D,

Q,(8)= 2N, (2-3-11)

N
sin LS
5]

v 4

ZITON, BB — 2 OBBILIC Lo TRES RS T A X ANAEK[2-36) Th D,
Ramachandran 7 (/L% & Shepp & Logan 7 /L2 DJEEEF#E% Fig. 2.3.3 IZ7 7.

1.0

Ramachandran

0.0

frequency P

Figure 2.3.3: Frequency response of the Ramachandran filter and the
Shepp&Logan filter
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233 BHNLEREREEEORNEMES

FBP i1, i EEE T I ESERBEERFETH), MEORESETEZD
NDBETF — B ERITHDNY L TV T TRONDLREL TV D, Ll EERD PET
BRI, BT — 50 T AENERT, 7Y 7 IR BRI LA
DS TR, E, BE SR BEITRR SA L b, BB RO EIC > TR
CEA%. YoC.FBP . PET BBIREZELLEF MET BN TET, BHRKGICS 2
FYTAYIET—EBIERIT. Lol BB ST 52BN D70, B E EATT
BEThHD, BT — & DR THRREW KR PET B IZFV T, fast Fourier transform
(FFT) P37 AV 320 T, 3R BOBMEME T 5200 TED,
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24 RENLESEEREE

KRB EREERFEL FEOBESHREREERETELD, BHLBNRE
Bl - e TED, AF T £ PET BRIREZELET L TEHER BERET L&
L., BT — AV T LD — R MHETE FiEL L THIGLD generalized analytic
reconstruction from discrete samples (GARDS)["8JI W\ Ttk <5, F7-, WA Z BB ZHk
R BERE T LIS ER B R RIC OV TIIBLL | i BT T L e ORIRE
O B,

241 BARDETIVE

PET BRI L. Sk ZE 1486 R . BLAIZE M2 BEBCR THROERL -BEBRET VICR
+5. MikAEER (r). BT —2EFIIML g=[g,,....a&] TRTL. g D j HEBOME
g I IRATEROND,

g; =fhj(r)f(r)dr (G=1,....N) (2-4-1)
. .
CIT. r HEIEZER C BT AR, hir)iE j EB ORI ERIIHL TH O
BB AR T, BESHEKICIIS IS FMBEL ED DLV TEHID, B

BHZRLFLERTAEMNTED, Fig. 2.4.1 12, & -BESET L OBLERZT T,

j-th sensitivity
7 function:

object
support: C

Figure 2.4.1: PET measurement system.
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24.2 Generalized Analytic Reconstruction from Discrete

Samples (GARDS)

WK ZE B BRI ZE R ~OIE R B2 R T -4- )R, MURET HOEHL Ok
Plksh,

g = H{f(r)} (2-4-2)

KiZ, BRHIZERDOOMEER~OFRE LRI HEERATF H (2 ERT L. ¥RERE
Fi3 KERDOIDIZE A SN RE SRR OBREATERTLDONEY THD,

H'{g} =h"(r)g (2-4-3)

ZZT h(D)=[hy(1), ..., hy(r)]" THD, KIZ, HH'{}EVIHIEEF#E X, BRI g ITHL
TIERSE-RRE gb35L, kb5,

g'=HH' {g}
- Hb"(n)g]
= fh(r)hT(r)dr-g (2-4-4)

A, HEF HH {ME, BRIZER OB ZER ~OEBAITHOEEF THY, kA TE X
ONADEFEEH D NXN OITH| LB LN 4505,

[aH'], - [h,@)h, (r)dr (2-4-5)
C
ZD4751% GARDS <R 7 ALRER,

HIZ, GARDS ¥R ZA(Z-5U T Singular Value Decomposition (SVD)AZHT [38)% 1T\,
WEBEATORE T2 T 5, GARDS vN A, KROIHIEMEND,

R
‘ HH' - Z%ZVMT - (2-4-6)
ZZTL (A2, N)E GARDS ~MZZOBEAME, {v}(i=1,... N)id GARDS <hJZ 2D
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BHAIMLTHY, RAETR 2
HH v,=A’v, (I=1,....N) , (2-4-7)

%7-. REN £ GARDS = NZADT L 2% T, BHE{AHIEOREWEIZIE~THY,

A0  (=1,...R)

A’=0  (I=R+1,....N)

Bl BRI v, 1 BREREED SR, MR ZERIA RS ISR u(r)
L KR TREND,

u,(r) = %HT{V,} (=1,....N) (2-4-8)

7

LT, MARERORERBIEREOREF L ERSE LR RER/S,

H{u(r)} = A, v, (=1,....N) (2-4-9)

ThEY. MEERORERE oRERE DL, AU 3o T BRI ZER O EEA~
L v ICEBRENDIEDR DD, Lo T MEZEROBIRIZER ~OREREL, FFRIE
BNSVRAIEE IS, B RES YR OB EEEESNRY, WIKEROEERH
{u(n)} (I=1,..., Ry CHEDLNHZEM% measurement space £V Y, {u(r)} (=R+1,... M) TIROIL
5 Z2fE% null space £V )(Fig. 2.4.2),

object space - measurement space

measurement
space

null
space

’ f(r) g

Fig. 2.4.2: Transfer characteristics of the measurement system based or
continuous-discrete mapping model.
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=7 C. Moore-Penrose DEELLFTH(pseudo inverse)DE x F& FL DL H{} DEELH A HL
BEF H{HIKRRDIIIRED,

R
N 1
H'{}= Z;u,(r)vf (2-4-10)
=1 4
- DL SRR T BT — 7 g AERSEL . AR L) BONS,

f.(r)=H"{g}

vV, 8
!
— r
= Z, A u,(r)

- Hf{g(%’%]v,} (2-4-11)

FRiT GARDS v hIZRAEHNTRTIEL TED,

£,(r) = H*{(zv—;—)g}

-H'"{HH'}'g (2-4-12)

ZC, (HH'WEATF] HH ORI TFI% KT, £T, GARDS IZLoFE RO T
HY. GARDS <R 2D ITFI TR T —2& TN AU T U RIERE T D%
LTS, -

2-4-11)FL0 NS s, DIE T/ ARGy D BAEZ T RTVIEB D, ZOLITR
JARXDOMFEFFE | 72475 HH DB ERITRWIEA IR ER b (regularization) % H
BT, BRI T A—F a ZE AT D, '

1 - Vng )
f(ry==H Z; —L 2 |y 2-4-13
e() {_(Aﬁﬁ-a) I} ( )
GARDS < N Z72% WA ERADIHIZERED,

f.(r)=H"(HH' +al}7g (2-4-14)
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LIk Z e, GARDS %V E AT, IHEOBRE RICAIL /-8 - BEE 7 v
FROTT AT /X DORESF B> THEREE T2 ERTHOT, TOBRIHMA
B MIRIC T AR ER BT I el BT — DB BT DIENTED
TEBID, UL, BRI R E B TR ZE IR FTRETHY . IR DT DI K
ShiEgE ke TV ST AMENDD, TIT, B et LTI TSI O
HEF S{IZEAL,

f =S{f. ()} =SH"{HH" +al} 'g (2-4-15)

DINH TV TENT-BHEREB L EE T,
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2.4.3 HAEORERIL SE R EER
WA BERAD ISR B R R B AR RSV O BREEN TV, ZhEDFE
1. SRR IE ()73, EE O EEBE b(r)=[b(r), ..., by ()] OFEFLL TRKDLD

(CRETEDLRET Do
(2-4-16)

f(r) = b(r)'f
T, f=[f, BT XA TH S, EEEITIE, LSRRI LRY rect AR
AVBIERE, (2-4-16)RF(2-4-DRURAT DL, KRAEFD,
(2-4-17)

g= fh(r)b(r)T dr-f

ERETF, M ERVTRET 5L, kRER=D,
(2-4-18)

g=Hf
ST H 3 BRROGEBEERT NXM OYATLAVRNIATHY), TOEHIT

KA THEZLND,
(2-4-19)

[H], = fh,(O)b,(5)dr (=1, M), G=1, M)

Fig. 2.4.3 |ZBE#L-BESCEF A E RV EF ULOBAERE T T, SoIC, BANIH) /(X
# NIRFTEOF|IARIML n TRT L, /AR ED-BRAIRITKATREND,

g=Hf+n (2-4-20)
B - BECE T VICE S EHR BB R FIREIL, g 0 | RHETDIETHD, TOFIE

L BELEITEIR BV EE . BRGEEE BIC Lo THEE T HIEICRRIS NS, 22T
AT IZ W TS 5, BRELETFIZ AV - ERBERRFIETIE, BERE £ 3RKT

52%“60 )
(2-4-21)

f=H'g
IITHHIV AT A N2 A H OREWTTHERR T, NXM OV AT AR ZAH L, SVD

AW TKRAOIOICERRAES NS,
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R
H= Z]LkvkukT (2-4-22)
=1

T AN RE, (ud(k=1,... M)IIHEZEREED M KTOERBEREER TN,
V=1, ... BRI ZER BRI EREREE NIV, REMN [FVAT LvNIRADT Y
sThB, Eo BREANIEOKRESVIBIZERTHY,

A>0  (k=1,..,R)

A=0  (k=R+1,..., max(M,N))

BT, L RAT AV AR ERZEROEEBKIERSEDE, XM OESRERED
SIRAERD.

Hu,=4,v, (k=1,...,M) (2-4-23)

ThEY BBEEEORBESIML w il AT AN IR H 2{ERSEDLE, T A4 5300
SEBRIZEROEESIML v TEBRENDIEDI DD, Lo T MERZERPLERZER~
DIEESMIT, B REINSORMEE NS HFRES POy 3 EdmES e B
KZER O B E X7 MV {u) (=1,...,R) THED IS ZE M {L measurement space . {u}
(i=R+1,... M) CIROALDZERNE. null space 125532,

i-th image j-th sensitivity
?asi?_ 2 fun(ﬁion:
unction: r
o0, o
S
object '. original
support: C object: f(r)

Figure 2.4.3: PET measurement system based on discrete-discrete mapping
* model.
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S AF A )Z AP Moore-Penrose DEELHEITINIRA THEZLND,

R
R 1
H' = Z;k uyv,’ (2-4-24)
FEREICBITABR RO REEEER D700, LTI 21T,
f=H'g

(4

=H'Hf

< 1 T & T
(,]Ekukv,{ )(zkkvkuk )f
2(“ka)‘/:

R

Zakuk (2-4-25)

7L, a=nf &5, ZhEY, BEREIT. WEORERKO 1-R FHETOMMNITE
2UEMRLZLLRDD, R E B UBRORFIERDOND LB G0 D, /A XL EUEE
RO EATOE,

f.=H'g

=H'(Hf+n)

- ﬁakuk " 2 ( v, n ]uk (2-4-26)
= = llk ?
L%, LY BRED/NSIRE S T, A RIS DEERRERDIERTND, LT,
EBRSEIARRS D/NT R E0RNG, @Y REZAT k 2T HULLEDRDH D,
PET B0 L7 KB BRIV T, SVD 21TV R T AR NI ZDRELETS

EROBILE, HEIRNEREMED EPLEL, ZOBE . (2-4-18)RaRADINIEFE
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Bz,

f=H (HH") g (2-4-27)
EBIZERNE ST A— S a8 AT D,

f=H (HH'+al)' g (2-4-28)

FHHL RTFA—F DB AL T, JAADROBEEICB W TODRE REE /LI LI TERD
7. SVD AT BT A RIEDOFTHOI ERIRRIZ /A X Mf 35203 TED,

BB BEECE T LI E SKE B BB B A BRI E T 5 FIELL T, Algebraic
Reconstruction Techniques (ART)["10]03MBEEN T V5, ART i3, BB OBRENLER
VARABLT (28 21 /A R~V L TR E) 12720 i ZATRER LD HIENTEDIZD,
AE TR~ F B CH BB EME TN TED, o, HFADMEEMFZEA
THIENTEDEV I ES D, ITE, BEEKEL T, #EROR A ORDYIZEE
HesEROREREAERAL, DRV RERE T/ A AEIH LI RE R BERRER
BRESRBESNTVB[9],

¥t FE, BTV AR ELBRT — bR AT ERE 5L B VORI B K
F#:&L T, Maximum Likelihood Expectation Maximization (ML-EM)#[>40]35 K UM R
k% 7- Ordered-subsets EM (OSEM) [*41)03E B STV 5, ZNODOFIEIL, METHYLF
ETHHOREAFHELITRRDN, BEC-BERT T VICESSFED IO THD,
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244 RENTESBERFEZORMEMER

M EEEER TR, EEORESTEEZER TELD, BHLBAR%Z
FkHZEMNTES, LT, PET BBIRDINIRE SRS 7 DT o Maketeeb
B4 FBP B AR THEERGROBEE W LS FTRETH D,

REPFEIT. WEZEROTRIVB O OEWNL ST, Efe BB 7 VI ES<ESRE
HEFR T 1R L B BT T VIC B O] B R TR IO AN, PET BLHIRITER: - B
HEFILZRIZEDD, FIEDOFEL, HOPIMEIHL AT T /2T —2E %
RO B EERABLIIENTED, —F, BEOFEL WENHLEEREOBRIE
ATEABIZEBTELILAFEL TV5D, Lo T, BEMES KL ERIIFRER TERNE
& FRRBICHEOBEILICER LIS AT T4/ 7 —BELHBNLH D, —KIZ
PEEFRITHHIEN SN2 REREOBRIZIIEEDRLETHD,

REBZEG R FET. BERROEER EXTRTHIN, BT 7%
LR TEDSRLLHEFTFIFE, HHVILZAUTAR Y THHELITI20, BRIT —ZHEBKE
WIEA | RS EaR N ET ALV DD, B - BEBCE T T E S ER BB
FET, BRIEBFEZ RO THEEREITIZENELS BERRERKTHEZR TSE
Bl ko CHERMLEHSEAILNTRETHS, LoL, REEKL, FEREOEE
CEBEEX FPERICKRERETDILND, TORTEICIERDPLETHD,
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2.5 %éﬁwit&)

PET MBI, BEZ FIF-IiBEF MRV FL—SERVTEY, & HH 28t
P ZE R Z R Th R S IR B T LT E R D, FBP i RESNLHE
A EREER R R, BT —20MEORES MECTEHZBNDEREL TNDTZ®D,

RO ZE TR, BERGIIT AT I Ty 2T BELD, — 75 AREEY7RE
BEERFEL CEORESMBEREERTEILLD, EHERGQOBEEOR EAFEET
b5, L., REE AR E G E R R F R, B F A LELVORTOFTHIFREZLE
LB REMEBRIRIE R 357201 IS E oA RNEEIE T D TRPBLETHD,

PET BHIRIL. WAL ERR T, BRZEME R TERL R BEECET LV
15, THUCRILC. BT — 2 B ERE R T EADNDEVH REZMA DL ERL: ERFEET
il . —F5 . MR DBEERR TE AN DR E T DB - BT T L £72D, Hebe ill-
conditioned 72 PET BHIFRIZXL T, BT OVIC RS E R EER TR o
BEAEETAH S DB ERET D, ZHIIHL, By BT T SRS E R BT
EMEI R EANZ B LIS L TRVARMERE L | 72, Eige T M E ]
E{e AR B IR OBROT R TRRS N TV LREL TS, B BEEET I
o< i AR TR RRATR R ChY | G - BT T L B L UBERL BEECET VICE
SEGEERFEIAEHFECBT D,
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31 BE

EEEEHET VICESHARENREGRBEBKFILE THD Generalized analytic
reconstruction from discrete samples (GARDS) ["8]%° Natural pixel decomposition (NPD) ['9]
. BHRE ERICET AL TES0, BEREBOEEOR LATFRETHD, TITEE
Tid. £, PET BLHIZ ORLEE Sy %% E &L . GARDS % PET BlAlR ~EH 95,

LAl SO0 FELRAVTEEREITI720IZIE. GARDS <RJZ7 R (NPD T
natural pixel projection matrix) & FEIEIBITHIEREATHIL T DR/ 2E L — R ITIEAE
2L E D, GARDS < N7 ZDOWRTEITER T — 2z E L), BED PET HiE
~ERLES . B — R RS B R R 2 L LT 5[] R AEER
2l OEFGERL T, RAEAE 1R FBRAE DTS FELL TRAVLNS[ 3],
LR AREOIN R, RETFOEABEICKEL, R XEFELR/NEAEL/ DS
FEEMAE_ ETAIERMON TS, FITAE TR, HEAEEODRMEOR L&
Hi9&L T, GARDS <k 27 AL - AT FiEARE TS, 708, GARDS & NPD i, &
HERWTEMTHA-O, ABETHRET 5B EEFIEIT NPD ISHEHATES,
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32 PET BRFZNDTET/L{LE GARDS O

32.1 PETR®ARDETIVE

wikE (). j] BB OT AT 27X LHBAIEE g LT DL, WEOBRIZARICKAT
rRIND,

g; = f h, (r)f(r)dr (3-2-1)

ZIT O j EBOT AT IS DEERICHL ThORESMBEE THD. BE DB
BIEEICER TEL-0, BHALBRAIRLELLET AL THIENTED, Fig. 3.2.1 (7T

detector

Figure 3.2.1: Various physical processes where photons from position r are
detected by the pair of detector, jA and jB.
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+ 1512, PET BHI%/L. positron range. angler deviation, AfIZ&D vy BROBUL - HEL, >
FL—BND v ROBE - BB, L FL—FORMHEEBRL, SESERBMLRHFEEZD
5, BT ALY I2L—ar P10 1AV TINS T N TOMBR R LR E 21 ES
oA T BT LA RETIEH DB, BT aLIal — L al ACLER RN, RE
SRR MARE T AT OICLER T — SRR, RESHEROMKEFNR2EEE
2 HEBEHTITAR, WRZE 2 BEECE THRARDBER - BERCE T LIZR N T LK DR
EOLTINSOYMBRELLERZICBRAL, VAT AN I REHRIHEETLFEDRE
RINTWB[M12),[713] AE T, PET BHIRIZBWTHEIREVEEDNS, VT
— A DR EL L FL—ENO y BROBBEEEEL T, RESHBERELERT S A
Kiz kD y BOBIL - #ELIE. FHICEEICHESN TWAERET D, 2, ZOMOBA
FIEETAERIT, FEEOICIRESHERICEATLIIENTELN, ZITRHEOE
I NSNEEZERT D,

511keV Oy BEFEMEOHEERICIE, REHRE TN HRDBHD 4], HE
MBI EFAMECARHLT, ZORFOMEEFEZRFOOROIZSE T RNLT—%
EARBTHD, KEDRLRTHERIL, BFEEOB U OENRNEFIZEREV, KT
DIREEEvET DL KBDRICEDAFOBBILIE 22V 135, 72, 2T b
MBI ARLENFAEREFICERL TEOIAX—D— 2L OBFIZHEAT1%
CBE T ARG THD, UL EDO2OONRITES T, LB y BT, BE | OX—1mE
CARLZBE . BB T Dy BAETFHROE T, KA TEXLND,

1= Liexp{-i(E)!} (3-2-2)

ZIT, WEWIHRI A PR, PET BII% Tt XERICIDBEuE). 2T
HRIZEDBBu(E)DF1L LT, KR TEHEZLND,

W(E)=pt, (E)+1(E) . (E<511keV) (3-23)

R LTI ARBLOS L FL—FRO y ROBELEZ TR 5720 BBEBHHREIIKK
TRIND,

1=t E0) (E,=511keV) (3-2-4)

BT L FL—HERBETFREEHOERED, P F LI AR Ly BRIZE
STHEHENT- BT, aT TEHCRELZEL, ZhOALLICELSBRET, TINL
T IR ZHFILTBREDON v FL—a) BB T D, B FHEEEIL. ZOWE
RNABFICERL, WIBEITH. T70bb, RO y BT3B RIT, AFLE
y BB FL—HNTHREDRELETHREL TR T IEN TS, KEN R THERIZ
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i,V FL—ENO y BOERE - BEL, AEOY S FL—HT LRI - BEL R E | R
WRBRSELEETILENRDHDIN, ZITH. v BOBEITEELE T Fig. 3.2.2 @R T
D, o FL— A OSAIMELEL v ROBBEEE TS, ZOHE, RESMERIT. <
P ICBOTELIERK y B2 j & B ORHEIBN(A BLO jB) TRERFHRIE L > TR
SNBREREL T, R TREND,

h,(r)= 21; f: " -expl- (@)}t - expl- w1, @)

o exp|- ul a (@.r)|expl|- ul 5 (@,r)ke (3-2-5)
SIT QA r BRLETAEA, L(Qr) BEY Q) i1, v ROFITERIZR -T2
EHENATRTNRLLFL—F jA BLO jB 2BYUILESTHD, 2. [ (@r) BLO
L(@r) L. BRLEBRI L FL—F jA BLO jB OREINET D FL—FEfY)
HEX% KT (Fig. 3.2.2 (b)),

detection non-detection

(a) (b)

Figure 3.2.2: (a) Single detection of photons. When photons are absorbed
by the front crystal or penetrate the crystal of j-th detector, the j-th detecto:
doesn't detect them. (b) Probability that a pair of photons is detected by the j-
th pair-of detectors (crystal jA and jB). )
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3.2.2 GARDS Z#f\\/- PET B2 B

AE T, BTECTESL B 5 B E0E AV T GARDS % PET IR ICEA T 5,
GARDS (1. #{EIZx B REEZ AV RO EGRBH#ERFIETHL20, BRERO
EEHENE R RBICEN LB FER AT L TESD, GARDS % F\ 7= g B &AL
i1. GARDS <hJZ7ZDHEH . GARDS < I ADRLLEITFIFE, i RENI>DRT v
THERENS,

(-2-59 R TRENDRE DA EE HV T, GARDS v NI ADERELAATRNIRDD
THIREETH SO, GARDS N IZAOBERIIEERE S E AV THE TS, BAERIZE,
RESHEKOELRYSIBBEBEREOREBSHRN RV ERE IS 77 BT 5
L. #7E27 v OFLOEENRRELL TEREHE TS, 22T AEIZED y BOK
I BMELOEBIIERICHESN T DIEREL TWDH728 , BRE 7 BEEUIBLAIR I
DHEFELEIITRTELRY, ZOH A, GARDS < N I7ALBRIZORIETF 579,
GARDS <M ZAOEFROFE T, BHRRIZHLT 1 EFHE, RELTEITIZL, GARDS
7 )7 2B T — 2 DOREEIRTTIZH D720 —RICKERRITHIL 725725, GARDS < hV
IR BTy s KEITHIE B0 RFTHIERIIKRBICRESND, T2DL,
BRT —2NF 47228 D, BlEEF BV TEXLNIZEA . GARDS ~ 7R DVXDV
DTN EAenD, ERICHRFTL2ERITL VXDV THD,

GARDS M7 ADGRLLSEITHIFEIZ VTR, IRETTHl 5,

GARDS 1, I L-> THEONLFER G LR T ERENE, ROzt
FUL 7 LT, RED IR R f = [, f, 1" 255,

f, = fs.®frydr (3-2-6)
ZZC, f(r) % GARDS |ZLBFHRE. s(DiTH 7V VB THE, o7V T EED,

BlELTit. rect BAEER° Dirac DFNLZEEMBZRITOND, -, BERBOY 7V 7
BMETHE, SHJEVHIRETILNXM OITFITRBTE, FOERITRADLIITRD,

[su', = fs,m, (ydr | (327)

EEICEBRRATTOES . COTF R RRITAIC RO ALY SiRE LT SRR
IAFOONEELL,

*
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&3%&&%%%

331 Fi&

N RIEDFIRZIMLTRLU-BRIT —% g (28U T, GARDS ([ZLDFHEREITKRAT
5zbhd,

f(r)=H'{HH" + o)’ g} (3-3-1)

HH'IZ NXN @ GARDS ~hZ72 H' (HIFHRERET. dIEAL STA—-FTHD,
GARDS |ZL2EHER 21T, GARDS <N ZADRELITHI T2V 7 UT-BRT —4%
RHRETAILIZLVELNS, LA L, GARDS < N7 ADORTEHITBEI T — 2 8IZELL
g PET EB T 1 HIRCREE, Ba A PET & T 2~-8 HRTRE (2D mode, 1 271
AT HeB, LT, GARDS <M ZADRLELFEITFIOFH BB L ORFL, BEOHE
OB EZDERARETHHLEZD, FI T, FFE3-DRERRDOLIICERL ., KK
DEHIT GARDS ¥R 7 A &R AT H& T D8N —IR HFRAZ A

f.(r)=H'{g}

(HH)g'-¢ (3-3-2)

ZLT, ERICEB AR ELBEAL, BT ISR 2R EFEL AV TR DB EOIE
tEm 9D,

£ AEEL, REITHORKE A EE &/ EHMBED L THS condition number (CN)
PNSUNEL IR RO EDREIHIL TS, 2T, RRODLIIZ, GARDS v N ZZ HH' |
2R T NXN OFT5] D ZRIEBITHIE L TERSE, ON 2/NE&T22L%E 25,

g=Dy ‘ . (3-3-3)

[(HH)D]y=g . (3-3-4)

ZIZT,y i N RITOFINT L THD,

" Iz, HH)D O CN % /hELTHITF DA F O LR D D, GARDS whZZAD SVD
BEICL->TEONIBEEE{A, ... M} BH ST My, ..., vy HIREGIZ T
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(HH*) v, = AV, (=1,....N) (3-3-5)
IIT KRR TERIND bk IROZLIEK Fy(x)

F(x) = a,+ax+ax’ ++ax (3-3-6)
FRWT TP D ERADIDITERTD,

D, = F(HH)

=aJ + a,HH' + a,(HH'Y +- + q(HH')* (3-3-7)

751 DA ML v 2 ER S EHERAZHD.

Dy, = [a] + e HH' + a,(HH')* +* + a,(HH')] v,

=(a,+aM+a N+ +al)v,

=F(\) v, (3-3-8)

&Y. HHYD, TREINDA S —FIRRDINIRTENTES,
(HH"D, v, = F,(A) (HH") v,

=MF) v, (3-3-9)

(3-3-9)RUL{N, FO)}BHHD, DEFE THHILERLTERY, ZRE HHEICRES T
L, bt HH R R KEEEL, TEDZET 021 (I=1,... N)&T 5L, (HHHD, D CN
NS TBEHREERX Fx)id, xF,(0)8 0<«x=1 TUIESIIIRONITL, 2D 89
72 B, RRDRMELOR DB LB TEB[S], [F6]. ‘

1
‘ minimize [1 - xF, x)]zdx : (3-3-10)
(
. 0

e

K k%105 14 TCEEIE OB F ()D& F% Fig. 3.3.1 1577, Zhd&D &
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1.5

1.0

0.5

x Fy(x)

0.0

_0.5 [RNN N TS WS NNUO TR SAY SN G NN TN NN SR SO NN TS NN TVUN N (NN NN VN N |
0 0.2 0.4 0.6 0.8 1 1.2

X

Figure 3.3.1: The function xF,(x) is plotted with varying k (k=1,2,--,14).
which is the order of the polynomial function F,(x). k is labeled as k=1, k=Z
and £=14.

WIZHDIFE . 0«x =1 OHEFIZRB W T—HREAR DR Ty 7T BEITEIKIEN TS,

LLFIZ. GARDS < hZADREMITIICTT AN LI T SNIBRT —F ge/AOET
DFIEZTRY,

1) GARDS ~ 27 ZAD R

a) GARDS “hIZZADBKEH B A, ERDD, Ay 13 WETRADLFIEZAND
&L HEIOITF| - RIMVEE THE T HIENTED,

b) GARDS <hZ2 HH'% (1/A,, ) HH) I EEZ#Z D,
o) (3-3-DRUTEV, BILEITF i) EEHETD,
d) GARDS ~hJZR%&RILES S, (HHHD
2) {5 AL
a) BAIT—4% g 2(1/A,,)g (LB D,
by EBEAEEL AV TE 1K SRR [(HH)D]y=g ((3-3-4§ft)%ﬁi’=<o
¢ g=Dy%EET5,

BLEDFIRIC I T, BB RO S EO DAL, 10k 2-6)02oThY, ZhbEHE
MO BB LB E RIERTES, B0, 1O RMBATIE RO BH BT,
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GARDS <RI ADFEEARDELFHET IO, Z<OHEEZETH, LinL, 22T K
IV, BELHIEFEAOBAIT — 2 ~O@EAZEITREL TWOD728, BT IERICEEE T,
IEHELTRITIE., TN TOBRIT — 2 ~EHA TS,
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3.3.2 GARDS Yr)IADBXKEHEDHTE

GARDS <7 2D K EH B A(=An )i, power method[*7)ZLD, HEIOFTH] —~7
MUEEE CHEETAIENTEXD, N REDEB DO ME e T 5L, 1L GARDS <R
HADEE IV, .. NOBFEREELL TR TREA TED,

N

u® = Zc,v, , (3-3-11)

22T, {e}(=1,... NITRBARE THS. 22T, GARDS <hZ72 HH'E~IML uO D%
ueTHL uIFRRTEROND,

N N

u® = (HH" u® = ZC’ (HH")v, = Zk,c,v, : (3-3-12)

FKEIZ. GARDS =hJZ 2 HH'E <7 ML aODiE%E n BEREVIRS &,

y .
u® = (HH")"u® = ZA,"C,V, : (3-3-13)

LB, DT A > A, THHIEEEBT DL, n BHHIREDD ¢, LR THHEE,
A e At AT TERTES, Lo T, (3-3-13)R T KADISITEEITED,
u” = A"cv,, ' (3-3-14)

UL a™E ER LT A 1255 T, GARDS < N ZAOBRKER 7ML v BHEESND,
¥ R REAEEA X KX THESND,

A =(EH Y, ) (HEYY, ). (3-3-15)

175 — _I AR E UL n ZEIET 57291213, GARDS v N ZADKRKEH 7
MU v, GO A AN PL uOL L TRELER DD, — MR, RKEH N7 MV
BRI T A5 NTHY, 2 GARDS v NJZRADRKER <IN,
(KRR 2RI — B MR T 2 IEOBIRIF —Z b DILRBTENR LV, £ T, MEH
AR —AEDHTEMEOBRRT — 22 ERIELZL ORI~ ML vOL L TRV,
EROFEEFNT, 512 KIERBLV 1024 KIED GARDS < N7 ADRKEH HE KD,
FOWERZES Table 3.3.1 (277, Zndh, 1EOTF -~/ M BERAE CHEREZ
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021%BICMMRDIENTEDZEN DD, ABEORUBEF LT, BEErBEIE2E6EEY
RE+TLH-OICRKEFEEZFHALTOS, Lo T BREHEIIEEBHEESNLLE
HRW=h, BEIOITE — I EEE TS THA,

Table 3.3.1

The error of the estimated maximum eigenvalue of the GARDS matrix when the
projection of object support is used as the vector u”. M is the dimensions of
the GARDS matrix, and n is the number of matrix-vector multiplications. Only
one or two matrix-vector multiplications are sufficient to obtain A,.

N=512 N =1024
n=0 0.33% 0.33%
n=1 0.21% 0.21%
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33.3 FMEM#EL

AFTHL B I2L— a2 VT, R GARDS OEEREFED, HF
REORBEICEEY 52 I, HEAEHELTEDILERT, RELATABETEILLD
CN DBIBE LA AEIEOIR S LA 3T 572010, BT —F ORI HE
B/ NSO R A BV S BRI a L — S ar BT, — I, VU7 RICBR B AELE S
7= PET EE T3, REBESERICORWES BT —20Y TI T Bi+210G
LR, FIT, 2T, Fig. 3.83.2 IOR IR T7 70 E— A0 X # CT EBZ{RE S 5.
X 8 CT EBORENHEEL PET EBORESHEKIGEL, BICRERESNIZE
— y #BF A\ 7= PET 3B transmission scan[*8],[*9)iL. X # CT HBELFE2BLH
AN

WiEB L OB RT3 K L ZER TRk DN, mid-plane EOWHEBEZEHERBR L TH
%, i EAOBESMBERIT, KX TERIND.

X-ray | [ R i-th
detector

Detector
array

X-ray = L
source Rotation
. axis Detector

Figure 3.3.2: Geometry of fan-beam X-ray CT. Radius of object space:
R,=25cm, radius of source-rotation: R=60cm, distance source-detector:
R,=100cm, detector aperture in axial: W,=2cm. The detector aperture in
trahsaxial, W,, is determined by the number of detector bins.
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h(r)= (r in the region p)), 0 (otherwise) (3-3-16)

2

TIT A X BRRIRONLE ., ik, 1 r, SRR OB D TROND M AHEDOFTETT,

F7, LEROKRE k ORBELEITHZOIL, To7 754816, BEHME 32(360° 1)
M) \iﬁ’rﬁéﬁ%ﬁ%ﬂi;&bf:ﬁ%%/::Ll/-/a/%:ﬁoto ATALELX N7~ GARDS <22
(HHND OEAEBLUHEAEEDOIK O TFA2ENE 1L Fig. 3.3.3 BLU Fig. 3.3.4
IZR, Z2C, R AR EOIE AINIE BRI AT ML TR ELS, BHTERT ¥
KT D20, BEDOTU S A/ AXEBRT — 2 LU TRV, £ #RETLIC, KK
TEHSHSBRIZEMZ 35115 normalized mean square error (NRMSE)Z #8372,

g - (HH")D,y
2]

NRMSE = (3-3-17)

ZITL YR n RIEROEETT, ZRHORERNS, ATREIZL - T, CN ORI
B ABEOIEMES T L, RIAEIZAVDZEAOKRE k HREUFEZDHRMKES
RBZEDIND, —7 | k=10 i 0, k OEIMIHED ATLEOZRORE LIT#eD,

Wiz, BTEBIZ LA EBHIE O BE kK OB T Fig. 3.35 (73T, 22T, &L
REOEIERLHERL L CEEL, g2 B3O LERHERS AIABEEHVRWESL
a7, 2B, ATV EARFE RIS T TV, k=10 LIEEIE £ OEINIIXY 5
HEBEHIBOMRITE D, ZOBBIR T, k=10 AP REE THHEEZLND, R
BN OB EIZBAIRITKET 0, BRRAS KBRS S HHEaRANORENLFE
BREBLEITIZETE# L., £, THEMBEICRIPI DO BEDE L EETHE k
DERBENEVIHEEIZBONDLEEZLND, T2 C, KWL T, MEEEFEIIBIDS
RTAERATH DR BB RITES T k=10 (ZEE T Do
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10
1 k=10
o 0.1 .
c_:; without
P preconditioning
S 0.01
w
0.001
0.0001
1 10 100 1000

Eigenvalue index

Figure 3.3.3: Comparison of the eigenvalues. The order of the polynomial
function Fy(x) is labeled as k=2, k=6 and k=10. The eigenvalues of the
GARDS matrix (i.e., without preconditioning) are also plotted.

10°

1072

10
Ly -6 .
%’ 10 without
o -8 preconditioning
= 10

10-10

10713

10_1 4 , S,

0 100 200 300 400 500
Iterations

Figure 3.3.4: Comparison of the convergence of the CG algorithm in the
observation space. Each convergence point is marked, and the order of the
polynomial function F(x) is labeled as 1,2 ,3 and 14.

.
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09 |
08 |
0.7
0.6
0.5
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03 |
0.2
0.1

Amount of computation

0 5 10 15
k

Figure 3.3.5: The ratio of the amount of computation with preconditioning tc
that without preconditioning, excluding the amount for the preconditioning.

WIZ. FAT75% 90, B F A 150360° O X # CT EBEELI-EHEEI I
A AT, BRIZ -, BEREOE T B 5 PICRE SR TEBIL
%%, Fig. 3.3.6 3L U Fig. 3.3.7 (BB OHIZRT, Fig. 3.3.6 L. mid-plane kil
ROATER 6, 8, 10, 12, 14, 16 mm OEROERINDFHEBE T 7 MaE BRERLICER
THY, IAREEENLR, R AEEOWFIZLE R RE RIS, AILELRL T 2250 K
., AL (k=10)HY T 560 RETHD, AL ERFE &L, GARDS 7R3t
BT o IERITHI ChHAIL A E R T 5L HEAEIEDORX (T 47 75E)/2)EIOK
EIoVEARHERIZELY, ZOBBR T, ATLEE=10)\- LB R R, HRIEIE
D 450(=10X 90X 0.5)E DR EFHEITHE L 45, LT, ATLEICBHELHEZZOTH,
HE BT 39% ZHIBE ., RTEZ & 0N E 25%IZHIBEND,

Fig. 3.3.7 (1. MR EZEEL-HEHE T 7 PAEBERLERTHY, 2ITHE
0.01%D /A RVEGENTWD, BEIFT —H A ZXBEENDHEE, /AROEFAEI 20
o BRI B ARENR A XL UL TFIL R T2 ZATREZ T HHID L E RS D,
TOBAEORERIL. FIEEBAVROE AR 75 REICXL T, ATAEK(=10)Z A\ /=%
&1 10 RETHD, BB EEHL-HERIT 40%ITHMT 203, fILEL E 0LV E
BRI 13%ICEIHSS, Ll PET % X # CT Tid. GARDS VN7 AITEBDOHIZHK
FEL TS -, BTAEREET 1 BEHEL TRIHET R TSR T — 28
Brexn, U EOKEND, BRELU-BHEREFEL, BERBOBEBRICEELSADILR
., HBEEHELTEXHILDRINT,

51



EIE KRBMNFELALV-PET EREMRESERETX

LR B BE BE BN A O BN N
.

Figure 3.3.6: Original cross-section image of the mathematical phantom (a) and the
reconstructed images using (b) GARDS with the preconditioning (560 iterations), and (c)
GARDS without the preconditioning (2250 iterations).

Figure 3.3.7: Original cross-section image of the mathematical phantom (a), and the
reconstructed images using (b) GARDS with the preconditioning (10 iterations) and (c) GARDS
without the preconditioning (75 iterations).
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34 FHEBEIIAL—3Y

341 PET#HAR

AETE, BAROERRETFT I CEBREOEENE L2558 . BLOWE
FREFEIL > CHEENHIBEND 2L 2R 72012, R ZE Ao/ PET 8%
ELI-EH R 2l —2al 41T\, GARDS IZEHEEE F k4 L 7~ F#(GARDS+
EIRIE B FiE)E FBP IEIZ LRk (5 e+ 5,

REL7-BLRIRIL, Fig 3.4.1 127791572 PET S8 ThY ., (THYY A X% LU FIZ5R4,

TAT IRV T HEE :420mm

Wik E R :230mm

TAT I :128 / ring

UFL—EDBA :10.2X10.2mm

BT —5% 149 747 7% bin X 64 F7[H) (N=3,136)

O, BRIRE 2 REZMTERIR, KBFEOELIZELAD, T F 7
HE, o FL =S DRIEOH TR Ty MERHT B3 ebb, L FL—FDy
BRIZH T DI R B 0V ARTE T 5. AMEIZLED v BOBEL, Lo FL—FND y BOE
B BELIIZZTIEB LR, v ROBILAIL, B 200mm OKERE-L-MGEL. Uy
TIRONEHRIFA AV CRIEL 7= transmission 7 — 4% B\ TRILH EA1T5. GARDS T
i, 321 HOGB-2-5) N TRINDBE DKL HE AL, BHRELIL. 1.8mm EFE? Dirac
DT H B%E A CRTAR k(128 X 128) L 7=,

detector

e

Figure 3.4.1: Small PET
scanner for brain scans.

420mm
230mm

53



HIE RBMFEAZMLV-PET EIFEREEBERRFE

342 EMREOEE LR

EHREOEE L. 2SRRI hot spot D= N7 ANEIE(hCR), —HRFEIROIZHER
#(normalized standard deviation; NSD)YZ i\ CEHliE 1%, ZZMIARE 1L, 25mm, 50mm,
75mm, 100mm B4 72 SUIALE 5 AEH BEK D radial 1736 LT tangential 77 @ O¥-E
#8(full widths at half maximum; FWHM)DXEHMESL TERS D, £72, hCR (X, hot spot
phantom (Fig. 3.4.2) DE#E G L AT, RATERIND,

hCR =228 / hCR o (3-4-1)
my

hot spot phantom IZ, E £ 200 mm & (warm)DHZ 3 ADELE 20 mm D +E(hot)2S A
S>THY, AFEHEOKRBRERIX 1.5 Thd, 22T, my (XAEmoty DRI ESH
1-iE B fEif(region of interest; RONNDFLIE, my, 13 H(warm)FEBUZER EL 72 B fE@ O
ROI ADFEHEE KT, T2, hCRope I EEMEDFFAMEL ZZ T hCRygg=4 T
Hb, 3 2D hot spot {ZOWVTR 7= hCR & EHLL 7-H D& FHMES L TRV D, hot spot
phantom (2% 3 28RN T — 2 DON—2N AT NE, 2M BT 5, F2, —REROERE
RENSD)L, BHRBIZBIL /A XOEBETTIRETHY, — K7 7 PAOEHERE
HRAWT, KA TERSND,

—?—‘/Tiz— (3-4-2)

mg

NSD =

IIT, 0 BEOm, 3. FAFAROIRIZEITA RIAT RO SBISIOVEEEZ R T,

. Figure 3.4.2: Simulated mathematical phantoms of 200 mm diamete
containing three cylinders of 20 mm diameter placed at center, 40 and 80 mm
off center. The cylinders were filled with activity at a ratio of 5:1 witl
respect to the warm background.
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343 B

Fig. 3.4.3 2B E B LY hCR & NSD O —RA 7427 ayhd3, ZIT,
GARDS BLUFBP Tidk, #NEFNIEAUL/ T A—ZDIER LT Shepp&Logan 7 /L FDH
AT EEELSETHMER -, FBP DAy 7 EIL, FAFANAEE Ng 1L T,
1.0 Ng 7% 0.125 Ng ETELEET-, 2, GARDS (2L 5B #a&IX, 97XTD NSD
BBV TEBIAREE . hCR Wi H 2BV T, FBP IZLABEBREBSIVENL TWAZENSD
%, NSD 1L, BB/ A ADEEL TR THLILNG, BERED SN
MREILHE . GARDS IZL-> T RFRZEMFEE B L M ANEHEA /LD, HDWIE,
BRUERBBEHD NI N ANEIE LSS5 E . GARDS [3H#AE 0 SN Him b
T&5, PET B OFILL T, A BEEL 7-3H B8 T 7 P A2 VT 100k M—ZA BT bD
BT — 2% {ERL, NSD —7E(0.056)i28\T 2 &% LL# L 7-(Fig. 3.4.4). Z4LL0,
%72 /A XL 2T, GARDS (2L 5B 8R4 FBP (2@ W R G EZS
ZED DB,

A Ial—ialTiE, GARDS (2R L CRTLE (k=102 A\ @ EEE FHELE AL
7=, Alpha S00MHz PC #2354 RILERICLERFEREEITN 6 7 THD, £EAE
EOIEMET, AWVSIERHE ST A—ZIEKFS5H728 . Z2Tid, NSD=0.056 (Z35\) HEi&
HFERIZER T, £7, 8RIZERIZBIT 2B ABEIEDOINR O F% Fig. 3.4.5 (277,
¥~ AR B I OER BRI L BRI BRE OB 2B L Fig. 3.4.6 (27”9, Alpha
500MHz PC {23175 GARDS Z RV 1 ARSIV OE G EHREERIT, SEEEF
HITEoT, 72 B 24 BICHIBEN, 8, AFHEORQEL, 1 EHELTBIE,
BEL - WU EFE A DOT X TOBRT — 2L TERATAZERTED, EBRIL, /1 XL
~IUZIEE T GARDS v M ZRIZIERHE ST A—=FEMA D728, W ODIERE/ 3T A—
ZIZKL TP ORTLEITHZFE ., REL TBUERHD,
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13.0 . —>— GARDS

Spatial resolu

0 0.05 0.1 0.15
NSD

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

" hCR ratio

0 0.05 0.1 0.15
NSD

Figure 3.4.3: Graph showing the trade-off between background noise
(NSD) and spatial resolution and the trade-off between background noise
(NSD) and hot contrast recovery (hCR), using the GARDS with different
values of regularization parametet and the FBP with a Shepp and Logan
filter of different cut-off frequencies.
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Figure 3.4.4: Original source distribution of the numerical brain phantom
(a) and reconstructed images using (b) the GARDS and (c) the FBP. These
images were compared at the same background noise levels (NSD=0.056).

1.E+00 §
1.E-02
1.E-04
1.E-06
1.E-08
1.E-10
1.E-12
1.E-14
1.E-16

without
preconditioning

NRMSE

pre-
conditioned
(k=10)

0 20 40 60 80 100 120

Iterations

Figure 3.4.5: Comparison of the convergence of the CG algorithm in the
observation space.
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@ (o)

Figure 3.4.6: Calculation time to reconstruct one image slice on Alpha
500MHz PC, using (a) GARDS without the preconditioning and (b) GARDS
with the preconditioning (k=10).
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FIE REMFELAV: PET BIRERRLEREE T4

35 BEIEDELD

AETILPET EOEE R L4 BRISLT, R - BERE T VIR SR E S
Bk PET BURICEAL 7= %7, BRI LB L TH A S a4 L%
BRIEL T ATHIO ZER A L 7 TR 4T\ R ABRLEOIWN R R A FEA R
RUI ZUC BB 2L — 2 g 21700, AL FIE N EERGOEE I E s 52
T R BT 7 S B S B R A B L X Bl AT ZHEKORB D5
BILE1T 7=, E7=, SEEZ M /N8 PET EEELEL-FERS 2L —as 2T,
GARDS &M\ ER BHEAETT-7, ZLC, BRIROERATFA(IZL T, BHRg
BOBED FBP IRIZHNE L4528, BLUOEEREEEIZE>T GARDS Vg LAV ]
B EER D RIBMEICEmE SN AZLE R,

BIE, BRI PETSEELITAN, EIN B E X R SESFAPET EB OB,
REDEDLNTRY, BT, MHEBETF S/ L D455 G AL YOI TV B (Appendix &%
). /N ELBYVD OB - BEEH TAER BBV lE AL 7= B PET 4B T, ZE 7
BEOE PET HENEREND, 20720, BB —F AR RESITIREE PET &
BR20, ZVHEAANSLETH->Th, BREAREEBEERIZEN5. GARDS e
R BEBCE T/ S E I I A F IR, RERHBRANEL T2, MIRIIRE %
BOTIBRARE EMICET AL T DIENTED0, BRIR DB+ IE DL
WELREERIGEBDZLNTED, LoT. GARDS I, 814 PET HEITHEL-EGEE
ﬁﬁ?“(ﬁf‘%étb\iéo

FETREL-EHEEEFET, BERGIC—Y0mREsr 52 - BN R
CREIL T DILHTED, Lol HTFIEHBIC B AR E RI R TE R D3RI~ H 45
CEEERDE, MBRTOBET — 2454 K PET HB~EALIEE . STEEOsM
[LBET DA, BEAR PET T, PET B OB E 3tz ERM2S E o b ER A LS
O REOFIELERER PET BB ~SEAT 3L ERAB A, KETH. I
BT 7T r—F %\ T, FBP LRIBE OSBRI T GARDS &[RRI & E S PET B {5
CROLFIEERETS,
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FAE BT EAOELEGHLERPETEE~DHER

4.1 l#".%‘

ATEETuR~7=&91Z, generalized analytic reconstruction from discrete samples (GARDS),
natural pixel decomposition (NPD), algebraic reconstruction technique (ART)%2&, fRAEkA072
B EHELTFEL T MUT UM E D 0 PET BEIRE ERICT T L TEXE0,
BEREOEE DR _ LB TRETHSD, L, INOORENZRFHEZ, BAlF —s%L%L
WRTTOITHIFHEZITID ALHEREZLEL TS,

RETH, SRR ZERICET LU -REA 2 B BB R F 54K PET B~
BRI BRIEL T BN AW FEEER TS, HEROREMLE G EERFE
T MECEEDRIZB I AMEEL, BRISN =T X COF 2O EXRFITHEFEmEL
THESND, AFETIE BR PET 7 —213. REMESCEER S BOHIRNHEID
AXRFE B LT LMD, ZOBEMEBEINNSOEHIFT —Z I EEICH T 2EF50EEN
MEWEB R MR ERMOIRT L, BERREORESEEBL CBAT —242%RET 5,
LT OB ZERO LRI LIS, @ELBAT — 23 ¢ D E MR (FER AL —2) %
FOHEL TRFT D, Z2THL BRT — 238 EL - BRI ER Z R Th b ORREL
TWDIzth, —EBRHERA XL — 452 EL TRBE, T TOBRAIF — 2@ T&5, &
BT, ET U FIELREL, R PET & ThD ECAT EXACT HR+ (Siemens/CTI)%
RELIZFEHS Iz —Laildo T REFEOFMEBLORBE LT, I5I2,

S e

ECAT EXACT HR+Z AW THREBL 7= EBRT — 452 W, BEFIEOFTEEIT,
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4.2 SEQIEE

421 Fix

BT —52RT N KITOFIRI ML g=[g,,..., g\]” LFADRE T8RRI ()0
HiT. kR THEZLNB,

g; = [h,)fr)dr (=1, ..., N) (4-2-1)

IIT r IR C T ANIE, h(r) 1T j & E OREEAHIEZRICHL Th o
BESMBEE TH D, T2, —BRICEBRBUIY L TV P ks TARILERA T EMs
YTVATENTEMEO i FBOBERKIT, AR TEILNS,

fi= fsi(r) f(r)dr (=1, .., M) (4-2-2)

ZIT s(r) i1 i BEEOBEROY V7 BB (BT, rect BIED) M 139> T 7%
R, AEARREIL, BT —% g=[g,,..., &' D I=[f,,..., ful EHEETBILETHBA,
UTFTH, BBI7 =% g=[g), ..., ga| 0O £ D i BB OER f4HET DL IEL KA,

ET N BOBRT -2 OEFENS N (N'sN) BOF—F5BEL., BELIF —2D
ATy I ADERLLT, BT b S, 2EHTD, ZLC. f, DHEME [ 2KREOLSIC
EEENZERT,

f = ; a,8, (i=1, ..., M) (4-2-3)

ZIT ey} HERMEH(BRRA L —2) 28T, @-2-DREE-2-)R~RATBE, K
R%f55, '

fi = [8.@®f@)dr ‘ (4-2-4)

yx—.fc\‘
— Y
*
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S,(r)= ; a, h,(r) (4-2-5)

Thb,
B L —H{a,} 13, BEREBOEERMERE T ORREMS

fs,.(r)dr=f§,(r)dr (4-2-6)

DTFT,

<( fi-1 )2> — min (4-2-7)

ER/MITDHILIESTRED, 22T, <> ISP EICKH T2 TV EHERT,
(4-2-6)RDHHR G413, Backus-Gillbert DFIE[*1]°FOEF[2]THOLLA TV, #FE
BB OB EEZ LT HME G LB &2 35,

(@-2-nRiF, KADIDIZEFSND,

- (£ - (Feo) Xfry - (fa)))

(5, () -8, @)Xs, (r') -8, (r)drdr’ - min (4-2-8)
LT YTV TSN EMRLEROEEROEHESELY, ThDDL,
(f)=(F) = ] ERBIEBATEL — s, BT ABRIEMIUIRTLBE THDT:

0, (4-2-8)AD H B BORITRALI D Lo T, (¢4-2-8)RiT, RADIHIZ2D,

[ @) - (E@)) Yo, (x) - 3, ) dr — min (4-2-9)

C

MIEROHEHAEE NN THLES . LR OEERT 2L — 25 8 AT LR TEDHN,
KD PET TiE. BIEOEBRIEREBAZLITH LY, 22T, 22Tl s Ba R THS
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LREL T, (4-2-9)XERAXDIHITERIT S,

f(s,. (r) - §,(r))’ dr — min (4-2-10)
C
—fRic, BRI OY ) TR s(r) RZERMICBESN TV, ZOEBIZED
BRI VRN LR Db,

Lagrange D ERHiEE AV T@-2-10)X%(4-2-6) RO EM T THEL, i BEO
WEEEEDIOOFEEA R — 42 RTFHI~IMa, ={a,} 1T, KEADOIIH™OLND,
(*3]

P'h, (4-2-11)

a, = P,-+b,- + [(fsi(r)dr _hilPi+bi )/hitpi+hi
C

ZITC, HIBREMITRIER R T, £ P, (IR TEZLND N XN DITFI,
[Pi ]k,[ =fhk(r)h,(r)dr (k.I€S;) , (4-2-12)
C
b, &£ h, (FKRKTEZLND N RITOXITNLTHD,

A [hi]k =fhk(r)dr’

b.], = fs:@h.(r)dr (k€ES,) (4-2-13)

BN PrOFEIL, RUMTIIELEICHEL, O/ A XOBREBENT, E
Bt 35 A—ZaZ B AL T, (Pral)y! DEITFTH, ERNL T A—ZDEIL, BRIT—FD
JARL UL, BHERGOBEE Yo ba—/L35, FBP #MV 7= PET B EH#EK
Tl REF oL ZHZROLN T AV Z BL Oy M7 ERROONEZENRE, [F
B, EBHL S5 A—FY, S 3al —tar F—AOEERABIC LT, BEREOHEED
ERES(structural accuracy), hot spot O (hot-spot detectability), cold spot DR HZ
(cold-spot detectability)/2 & DIEIE[*41% AW EHEZITOZLI2ED BRET mhaL T8I
BB BB TEDEEZEZLIND, '
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422 GARDS tDH&;

oL EBIEES GARDS LHERL . B BRIV TRIR{EL 7 GARDS
ARG LR R LAREOBREFLINIT D, 7255, NPD i, BHARRWNT
GARDS C%{fi T 5, GARDS IZ LB,

f(r) = 2 g,'h, (). (4-2-14)

THEabN, PV TEN-EEREO i & B OEREIRATERSND,
f = fs,.(r)f(r)dr (i=1, ..., M) (4-2-15)
C

£ EIRH =g, ., o] HKADLITRES,

g=P, e, (4-2-16)
22T, NxN D175 P,,, i3 GARDS ~NJZZ2 HH'THY, TOBERIIKRATEHEZ LMD,

[P<w)]“ =fhk(r)h:(l')dl‘ (k=1 ...,N) (4-2-17)
4-2-18R~(4-2-16) RN 5, $o TV T EN-BRFERO | FBOET KADOIITHE
INnb,

fi = a(w)iTg (=1, ..., M) (4-2-18)

ZIT, agy il | & B OBERELBLOOBERA L —5:

a,y =P, b, . (4-2-19)

THY, by, (IN KILOFI<IML:

Ibe, ], = [s.(0)h,®)dr (=1, ., N) (4-2-20)

BRI REERIZET LT HIEMND, GARDS I3V ATV T 4y7x7—% /ML, Bfl%k
Db R EEMEE RRRIEN LB EEREITIZENTED, LiL, BRIT —F 0K
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F4E RBMFEOELHELBERPETRE~DOEMA

TH N BDREVES, HTFFEICER2HERMEET D, Lo T, (@-2-18)RUEVF
WAL —4 {a,, ) FRTLE R THZLIIREETH L0 EBRIT, (4-2-16)OH L 1
KAEBRAMRE WRE((4-2-1)R)BLOV TV 7 (4-2- 15TV BIER G HE D,

(@-2-18)Ri3, P 7V T EN-BEREOFERELS, TATOBAT —FDER
fHIRERMEL TBLNAZEERL TS, ZHICSTUE I RE T, BERA | TEIC &
HMEH(a,,] DEETEDZE/NIVERRIT —F g 200 TS, BRIT —FOBEIZLY,
WTHIF B ORTEMNFE AL ~LIZ T3, GARDS ZREERDORBEIFIE TR
B ThHoT-EERA L —Z ORTLEH B - RIFNFTRELR D, E6IT, REFIEIL, HHERK
HILIZEERA L — 45 RD D70, GARDS TIEEANEEE THDH(4-2-6) DL )72
RERMGEHEIZAIMTHIENTED, —HXIC PET BB AT ill-conditioned 72 FEIRE T
HDIZS | ZOL e EREIIEERGOEE R LICHRATHD,

ERFEICBDTH T2y NS} T X TOBRT — 22 Z LW =NE &, TFED
B AL —£((4-2-11)X)D % 178X, GARDS O EHERA L —#((4-2-18) )& — B L,

%ZIEGifs,.(r)dr <‘:f§i(r)dr DEZFET D,

ERLFEIZBOT, BHERA L —2%2ROD5 BT, BRIT —2OBEILL>THE
AEEIC2DL OO0, BHERS | TR WRRHERLE TS, Ll 1EE
BREL TR, T TORI - BELFEFAOBRT — XL CEATHIENTE
%, B ERERE L, 4-2-3)RIRT 8000, B ~7 M NG EORVIEL THHT
», BRIV ERFERREKIBICHIBT 5208 TED, 28, EBRO PET REIZBW
T, BREORE 72 h=uLlffx T, ERHE TG A—2 & E X BB L — 22 5 E@ 7
B-RELTEL
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F4E KRBT ROELENLEBRPETRE~ OB

42.3 BRAT—2DRE

IR ETIE, PET 5 — 23 ZL D /A XS WEENDIEND, BHAUR | T&IZ
FEDKXONEIZERT — 258 E TS, 22T, BEITF —FOER g OBFERR i I
BEEIL, XIS T5 GARDS OEMAA L —ZDEH[a,,] LLTEESND, LL, Hl
BTk ~27-L512, GARDS DEHEA <L —F% T X TOFERAUII DOV T DI
BEATIIAR 8, 22T, lines-of-response (LORs)EMFIEN A1 H B8 % 446 SEARE
WA S O SRR YERE L U CEBII T — 4% % E 97 5(Fig. 4.2.1), LOR i3, HFRHE&ZOI T
—FHEOH EEI LA FESNEREL TERESNDIIENE, £LT, FHER ARSIV LOR
SRS BT — 22 BB E~OFENRENEE X, EEEIEVIEICBH T —~
PRETS, EHEESOMBBGRICOVWTE, HERL oL —ailB0TEAD, &
ETHERT — 2% NITEBIRIEFL, T ROLZLFE L0, HEB 2L
—a VTR BEEIT, 22T BRESS T MU T U MEEER R OB E NOK
BREIEERAICKRETIEE2LND, NG EATREREE T-H oI REVEEZFF S
A, —EICRDT-EET X TOBERAICBWTHRIZAWVDIENTED,

i-th image j-th sensitivity
basis b function:
h(r)

s(F) L% L on
g

function ~ / :

original

support: C s object: f(r)

Figure 4.2.1: Distance between the line-of-response and the point to be
reconstructed. The measurement is selected in the order of increasing the
distance.
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424 BMRARL—20OTNBLEREHRR

TP FIEL, BT L — 2 OB L E R EERO2 > OERNSERIND, L
TIZ, PET B 255 TOFIELZ =T,

DEERA L — 2 ORI

a) BHALR i IZOW T BBl — 2@ ELY T Eobh S, #EHT D, £LT, @-2-11)=
IZHEV, PR 10T D AL L — 2 25 E 15,

b) A7v 7 a) &4 NTD i (i=1, ..., MUV THRYIET, Figure 4.2.2 12731910, &
BRICEH B4~ ERUA L, REFRIRANO SIZROI, SOIZB RO St Z
B DEED 18 IZHIRIND, FIxiT, BHEREOT 7 7 8% M=128%X128 &35
& BRI E T R EEBRRORKIX, M*=1,627 L7125,

QB EERR
a) BEHERRR i 12DV T, (4-2-3)UChEV £ 23 E 55,
b) A7 v a) 4 NTD i (i=1, ..., MOV TEDIET,

Figure 4.2.2: Only for the points in the field-of-view, the reconstructior
operators are obtained. Furthermore, considering in-plane rotatior
symmetries, the number of points is reduced to one-eight.
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425 HAROLE

REOHAEFBELHBERLLTERL, AUFHEICLERFERL FBP BLV
GARDS LHEET D, 1 AT ADBEERGEB/L-OICLBRHFHBEREIT EUFEZAVD
L OMNNET2D, 22T M ISFEERGEOY TV 78 N (s N)ITEIRT 58017 — 75
Thb, 181, BT XL —FORIEIZLELRFE R, BEOBERAOEE M (<M)
ETDE, OM'N' HeAed, ZHUZRL T, FBP IZL5E R EHERIL. FFT 2BV 7274
TEWRENORYME, LWERFHERIT O(DViog,D+MV)E725, ZZC, D BLOViH o
ITFEDT 4T 7B LOEEF R THDH, ERE. FBP Tid, "SRV 77 %%
WeDIZT 4T 78 F IR EIT), TD7=H, DXV IBHT — 4 N IV ETFREL
RHBZEME VMR, ZCTIHEBEOH DaV N L4254, FBP I[CHLEARFERIL
O(Nlog, VN +M N )Y&72%, 7=, GARDS (ZE5 B EIL, #E S 1R FRROME W
THLEZE->THELN, LERFHERIT ON +MN)E/2D, — I, BRIT —4 8 N LFHiE
ROV TV T M IZRCA—F —ThHHIENL, LEOHEEESFLEDSL Table
421 OIS, T &Y TP FEICLERFHERIL. GARDS LY KiBIZD 2L, -
FBP TV ZER DM D, F2 EPFEIIBWT, BREERICLERHERITERETS
BT — 5B N'D 1 ROA—F—THEDIZRL , BEAA <L —F ORI EIL 3 §
DA —F =722, BETHBRT —48T. BERBOBEELHEZANDNTU R ZEE
THZEME, EBEO PET HEF#RIZE T, BiERBOEEIEELRNEE /NS,
NERWSULERHD,

Table 4.2.1

Order of multiplication operations to reconstruct a one slice image, using the
proposed method, FBP and GARDS.

method image reconstruction pre-computing
proposed method OMN") OM'N'?)
FBP OMJN)
GARDS O(N*)
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43 EHEHMI1L—3Y

AHITIL, BRIK PET %8 CTd% ECAT EXACT HR+(2D mode)4 (R EL7- 3 B <=
V—al BT B FEE FBP B L OE3E CHREL S E R E F 48 AL 7 GARDS
LB D,

4.3.1 EREKPETE:ECAT EXACT HR+

ECAT EXACT HR+{Z, Fig. 4.3.1 (TR dDI, R BOTavsF 45225538 /077 B R
827 mm DT T2V VAR E R SR LTV, ENENOT AT o4 7 av T, 8
X8 IZELFIS 72 4.05 x 4.39 x 30 mm O BGO A& THERENS, $7/-18 B 1% field-of-
view; FOV)id, @HER 585 mm, KE#A ) 155 mm Thd, EAFrFHit, E775EL
723D mode {IZLHRIESL FIRETH DM, ZZ Tl 7/ # 2 EE L7~ 2D mode | 2 L5 HIERTR,
7%, ECAT EXACT HR+THE, BBl 7 —# DY 1 XO#f/ v SN Hod[6]_E D781 mashing
LTI DART A R LB F 8 O EHME(angular compression)&, span &L IE 15 dF 14
OBRT —Z DMEAFTH, mashing 13, BEETHRE FROT — 25 MESBLOT, A
Lab—=3a T, T74/VMETHS 2 fED mashing 21757, 7=, K5 M OF — 20
RIZ2U T, EXACT ECAT HR+ODF 7 4/L Tl span=15 THHHR, AL Izl —iar T
FEILATARE LIS PET E#EEHRHIT-0D, 22 TIEEF BICh o 80 K0 072
U span=3 Z{E L 7-(Fig. 4.3.2), 723, #@HE OREF IR (25 F FOV) 22 C, SEEZE
RoOREFGEEE L CTE R 260 mm OFEEH FOV 2 &L=,

BT =2 OY A3, £FF FOV T 288 FAT24 X144 FE(N=41,472). T
FOV T 116 747 7% X144 F[A(N=16,704)TH 5, & F FOV (18T — & Dk T A
KIZ72572%, GARDS (FEEE A FOV DAL=, 7235, FBP Tit, F—4HL 7V 2
DRE)—EEZHIEL ., 7> FFT 2FH 4280 T, €88 FOV T 512 F4774 X144 %
7, B FOV T 256 74704 X144 F US> Ve 7 L8R — 25 E F+ 5%,

BRABROY 7V 78T M=128X128 THY, 47V 7B s(r)L TR B
BRIV, 7L, 25 A FOV T 4.6 mm 18, SEERA FOV T 2.0 mm 18 THY., (Kl
MORIIIHIZ 22 mm THD, BERA L —FE 3BT 2EERA . GBS ERE 8
ROMBELZET DL M*=1,627 IZBESND, BRESFERKIL. B 3 ER7-491,
ST L—E DB B LS FL— 2N y HROBEBEEZERL CEHEL, £, K3
a2l —ar T, ZM% 3 KTk,

L4
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?

1 Q if——see*a
w‘r Y % MN
®| © =
S block
yae A detectors

NV T

0TI 1 VT 11 YA

ik

span=3 span=5 span=7» . Span=9

Figure 4.3.2: Binned data in axial direction. Span is defined as the number
of LORs binned into the direct plane (solid line) and the cross plane (dashed

) line). Manufacture's default values of span are 9 in 3D mode and 15 in 2D
mode.
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432 BMREOETEHLLE

EHEREOEE L. 2RI, hot spot D= hFANEE(RCR), cold spot D=/h7
ZMEE (cCR), — R ARIK DI HE (R #(normalized standard deviation; NSD). normalized root
mean square error (NRMSE)% fl\ CEHliE 115, ZMARE I, F.0B LT 40mm, 80mm,
120mm L= ST B T2 A LA B radial 71813 L0 tangential 71810 4-{E#E(full
widths at half maximum; FWHM)DEH{EE L CTEZRS D, F72, hCR 1L, hot spot phantom
(Fig. 4.3.3 () OB #RHGE AV T, KA TERIND,

hCR =2n " "s /thORG (4-3-1)
mg

hot spot phantom (3, E & 200 mm ¢ M3 &(warm)?DHiZ 3 ADEEE 20 mm OFHE(hot)2 A
STHY, AL AEOREBELIT 1.5 Thh, 22T my, Ao EL7:
¥ B 4R fsk(region of interest; RO I, m, 13 & (warm)FRIKIZEE L 725 {8 P ROI
NOEHEEFET. F/-. hCRoge TEBEDIFFANERL , ZZ Tl hCRppe=4 TH D,
320 hot spot {ZOVVTR¥HIZ hCR ZEHHLLTob DTl EEL TRV, F7z, cCR I,
cold spot phantom (Fig. 4.3.3 (b)) DEMEREE VT, KA TERSND,

cCR =1- P (4-3-2)
. m,

cold spot phantom iZ, B 200 mm > M fEi(warm)®H(Z 3 ADEE 20 mm O HE(cold)??
A-THY. BEEAROZRBBEIT 1:0 THB. 22T, me (ZAFE(cld) D NRIZEEL
7= ROI OFEHIE, m, 1M & (warm)FRIRICEREL 723 E D ROI ADFHEEZ RS cCR b
12, 3 D cold spot {29V T 45, hot spot phantom 334U cold spot phantom (%t
THERT —FDOr—ZN AT MNT, I 2M AT ReT D, —AREEIROFERZE(NSD)L,
BHEREIIBIL /A XOEBLTRTHRETHY, — K7 7V FaOEHEREE AT KX
TERIND,

NSD =

E ‘ (4-3-3)

Mg

TIT. 0f BEUm 1. TREN ROIFIZEITS RIAT MO SBBIOEHIEER T,
ZZ L. hot spot phantom &%\ i cold spot phantom % VT, —HRERIKIZEED ROI &
EFELIZ, £/, FHERIRDO NRMSE i3,
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NRMSE=\/2(frfi)z/2(fi)z. (4-3-4)

TEHRERIND, ZZ T, hot spot phantom O EHERK 812DV T NRMSE Z#3H L7,

(@) (b)

Figure 4.3.3: Simulated mathematical phantoms of 200 mm diamete:
containing three cylinders of 20 mm diameter placed at center, 40 and 80 mir
off center. (a) The hot spot phantom filled with activity at a ratio of 5:1 witt
respect to the warm background. (b) The cold spot phantom filled with
activity at a ratio of 0:1 with respect to the background.
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433 BETIRAT—SROBHL

HUBHIT. HLEERA | o5 BOBEIT —20%F Ba,,] £ j BEEORHE
%S LOR SEHER SOER d 12oWT, TNOOMEBIMZ A~ EREORKEZ 1
FLTHR(EL . HAIERELL T 0BT —Z 8T B([a.,]) PTIZERLLZHO

[a(w),]J /2 i ]
JE(kldistan ce<d )

PRMESRILCERT AL, L REE 5 E ORI Fig. 4.3.4 OJOIT0D, ZHUT.
B1.058 80 mm BT SIZ DOV TR R ThD, 7 /L% Table 4.3.1 (T,

1.1

1.0 Jr

0.9

0.8

0.7

0.6

Cumulative contribution factor

0.5
0.0 0.2 04 06 0.8 1.0

Relative distance

Figure 4.3.4: Correlation between the contribution and the distance for the
point at 80 mm off-center. The cumulative contribution factor was defined a
the normalized sum of [a,,,]; in the subset that contains the measuremen:
data under a particular distance, where the distance was normalized so that
the maximum distance became 1.0.

Table 4.3.1
Some samples of Fig. 4.3.4.
distance cumulative contribution factor
001 0.5938
0.05 0.9979
' 0.1 0.9998
0.3 0.9999
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SE|Z FEEH FOV 2V TORBIFETRETIEET — 28 NeR#Et 5. N
RIS ECEEREOZRIAREE  hCR. NRMSE %38, GARDS LU FBP OfERE
HEE L7, 22 G T FES L GARDS TIIEELEITHIOERNL T A—F %, FBP Tid
ramp 7 A/VEDH v AT EETFIEEL . NSD 72— E(NSD=0.105)i272 5 &M T THERLT,
ramp 7 A/LFDH v A7 #IL, 0.44 Ng(Nq i3 Nyquist frequency) TéH%D, ZZ T, hCR B,
1/hCR £ LTHERL, T CTOIMEIL. GARDS 7% 1 &2 5028 & (Ll 2D, N3
1 4,000 #EZ DL ELFEICIAFEREOEENEEL. GARDS LXTRIFIZLDT
LIS, SESERMEICHL TR BEEBRGREEL-OI1C. ZOBRR T N'=5,760
(BT —ZDK 13 ITHH)ET D,

2.0
';é,_- 1.8
o« 16
Q
@ 1.4
=
2 12
@
2 10
5 0.8
(¢} .
o
0.6 ‘ S
0 2000 4000 6000 8000

Number of selected data, N’

Figure 4.3.5: Performance of the proposed method as a function of N' at the
same background noise level (NSD = 0.105) compared with GARDS and
FBP. Here all FOMs were normalized so that FOMs of GARDS became 1.0.
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434 2 (EEEME FOV)

AETIL, A FOV % AW, Il F % GARDS 3L U FBP LHET D, £L T,
EFEB LT GARDS THEELEITFIOIERIE/ ST A—F%  FBP Tid ramp 7 A/LZD
Ay bA7EEFEL T NSD EEE LS, ZERAFBE, hCR. cCR LORREH <D,

F9°. NSD &Zefiifigte B DOE{%% Fig. 4.3.6 (7”9, FBP Oy A 7L, 0.25 Ng >
5 1.0 Ng $CE(bEET, BRIRZERICET METHILI8-> T BRIRS A KR
EHUE R RIBICENL-ERFEEREITOIZENTES, Lo T B FERS LT GARDS
L AZERIRRR BRI, FBP (CH K& H L TWA, $7-, FBP Tid NSD EOED (741
BDFy AT EZ T B SIS ICAEWERAHEE MR T 3528, Tl F#EE GARDS
TIHEF—FEO LRI ENELN TS, SHIZ, Tl FEE GARDS (I, IHIFBED
ERRGE 2R TWAIENS, RIS D ZERRGE O SLLITFEF DRV EE D,

Fig. 4.3.7 {2, NSD=0.080, 0.105, 0.150 {Z331}5, radial /51A1& tangential 75 D22 1%
BEOSHEZRT, WL FETE, BRROERK~ET MEizk-T, R NSD fEiZEW
T FBP (ZH AR E R B SN DA, GARDS L AEETFTERABFBEDLL2ERL
WETFTAROND, ZiU, ZEREREEOFTM T/ A X7V —D8HIT — 22V TH5H,
BT — 5 OB EICLHELBRENBRBINLEZOND, BERICIT. BEREAIEC
BETAHEAT —#EAEEL CRBELETo 20, —HOBERAICBWTELT —4
BB+ Tiehor-2b, -, BHERRA L —FREFHIAWAITIII B R Z &8
HANBD, FAEIZBWTEELZIEANL ST A—F2FERLI-ZEREREZHND, Lo T,
KB EA T GARDS LEILEEZBA-OI0E, AVS8HIT — 4B LIOEAL Z
A=A BB AT RBIETALENRDHD,

#RIZ, hot spot phantom 33U cold spot phantom %V T, NSD & hCR LU cCR O
BRATAEL-HERL Fig. 4.3.8 (N7, IBLIFEIL, BEACE L — 22 EHI LRI,
BRSO EBEZ RO ERME(4.2.6)0)E ML TW5, BB OE &M M L9
BL, ahIANEEL A L5, 22T MEREGORET T, MR EEZRVCT
(B - BT~ — 22 OB A L ORBLIT T, ZOBE ., TS TOHMT —
S FWBN'=N)EEEIF T GARDS &—E T2, MEEHLAMLARVES, (4-2-11)K
DOEABRCA XL —413, RRADITRD,

a,=P'b, (4-3-5)

i 4 1

Fig. 4.3.8 £V, BLRIADIERERT T /LEIZL ST, GARDS (& B M ANEIE L FBP &9
bRIFTHLHIENT DD, Tz, BRF —2OBRETHIETHELDAVNFANEEDE T2
WEREENEIZ LI LT OEBPFEICL D M AMNEIE X GARDS L0 REFTHD,
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BH#REOFIELT, 3,4,5,6,7, 8 mm OFRNOERINLEHEHT 7 FA(Fig. 4.3.9)
OEHEREGY Fig. 4.3.10 |7, 22T, FANE AT A—ZB LUy M 7 ELREL .
NSD {&— 7E(NSD=0.080, 0.105, 0.150)> 44 F Tl Fi%. GARDS, FBP Off % 8L
oo 12, + ORI U IRBLNAZEEREL BRI T — 2T/ A X Zh TV, 2
O R FEB LY GARDS 124- T RIFRZEMMBEENSFLIL. TOBRIL/ A XM
DEREZTT NSD EITEKEETIHE—ETHHIER DD, FRRIZL T, FHE#E ETE
L7~ 7> A(Fig. 4.3.11)OBERUHE% Fig. 4.3.12 (T~ 7, BBER T, +oAv b
RELNRV (BHEIT —5D SN BBV BEE, BB T V200 A7 BZ2 T T,
JAREMET 5, FHEM 2L —ar Tt ThEEML, BT —2 D=7 b
i1, 50k (NSD=0.080), 100k (NSD=0.105), 500k (NSD=0.150)&L7z, ZD#ERMNG, FEEF
HICEY, GARDS EFIERBEHERESBOIL. BT, h—2N AT MRDIRNEE, FBP (2
AT ZERR G E DS RIBICKBESNDZEDIHND, SHIT, BRRIZIITS PET EfROF|H
FEIZHES T, post-filtering L7- % IZ BBV T —RRLUT-FER% Fig. 4.3.13 IR 7

12
R T SN _ . Proposed
c o0l e e method
= GARDS
— 9} -4 FBP
'§ 8 B \‘\\
T f .
S °f s ~A
s°r T B
I e e VN
3 R
o
2 N 1 1 1 1 N 1 1 " 1
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

NSD

Figure 4.3.6: Graph showing the trade-off between normalized standard
deviation (NSD) and spatial resolution, using the proposed method and
GARDS with different values of regularization parameter and FBP with a
ramp filter of ditferent cut-off frequencies.
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Figure 4.3.7: FWHM resolution of the point source image using the
proposed method, GARDS and FBP at the same background noise levels: (a)
NSD = 0.080, (b) NSD = 0.105, and (c) NSD = 0.150.
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1
09}
08¢
0.7t

-~ Proposed method

-%- GARDS
0.6} -/ FBP

—-©— Proposed method (without constraint)
0_5 1 . 1 i

0.04 0.08 0.12 0.16 0.2
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1
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VS Shi |
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_ —a— Proposed method
0.7 | & - - - GARDS
- -+ - FBP
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NSD

Figure 4.3.8: Graph showing the trade-off between NSD and hot contrast
recovery (hCR) ratio (upper), and between NSD and cold contrast recovery
(cCR) ratio, using the proposed method and GARDS with different values of
regularization parameter and FBP with a ramp filter of different cut-ofi

frequencies.
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Proposed

method

Figure 4.3.9:

(a) Original image of the
numerical phantom which
contains hot cylinders of
3,4,5,6,7 and 8 mm
diameter, (b) the sampled
original image.

Figure 4.3.10: Reconstructed images, using the proposed method (left
column), GARDS (middle column) and FBP (right column). Each image is
* compared at the same NSD value, NSD=0.080 (top row), NSD=0.105
(middle row) and NSD=0.150 (bottom row).



Figure 4.3.11:

(a) Original image of the
numerical brain phantom,
and (b) the sampled
original image.

Figure 4.3.12: Reconstructed ima
column), GARDS (middle column) and FBP
compared at the same NSD value, NSD=0.0
" (middle row) and NSD=0.150 (bottom row
row), 100k (middle row) and 500k (bottom row).

ges, using the proposed method (left
(right column). Each image is
80 (top row), NSD=0.105

). Total counts were 50k (top



Figure 4.3.13:The same reconstructed images as Fig. 4.3.12. All images
were post-filtered using a Gaussian kernel with a FWHM of 2 pixels.
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435 ¥R (£5HFOV)

AIETIE, 25 H FOV #HW-HEET 2L —Tav %17, BERE&IL. 4.6 mm 18
DRT'NERVT, M=128 X128 |27V 735, Fi-, BT —28ix. 1 R 2D
Y N=41,472 (272578, StEXNORBENS GARDS (@A L2V, BIEEFEERIZL T,
NSD &ZEMIARME E OBEWR AR 7% Fig. 4.3.14 27”7, 288 FOV [ZBWWTH, &
PIFIEIT FBP (ICH BV BRI EA /I LN TED, /-, AIELFERIZ, NSD fE—E
(NSD=0.070, 0.092, 0.118)(>%:{4 F CHBIL 7=, radial J7[M& tangential J71H0> 2 ARG HE
D4y Fi% Fig. 4.3.15 (23T, 22Tk, & LU T, BEHA FOV IZ8175 GARDS (285
#rifss . £ FOV IZBITAR 7BV ERWTH LAY 7452812485 T, GARDS (2
LA RLE DT FBP IIEERIANZ DI AT IZE > TEMBBRENRKELLLTD
2, EELFER GARDS Tit, NSD fEIZE ST, BRIRO S RREMMEN B EIC KBS T
WHIEDGMND, RITE TR A7-FHIZL> T, T EIFETIX, GARDS (ZH A~ HHEFGRIED
IRV TETOZERMBBEOCKTHRLND,

14
—_ A
€ 1o . —&— Proposed method
£ .
— A - - FBP
= 10 ~
= b

: A

L 8 *
c AR
g 6 E\E\é‘-*é-
= < A
2 4
(0]
o

2

004 006 008 0.10 012 0.14 0416 0.18
NSD

Figure 4.3.14: Graph showing the trade-off between normalized standard
deviation (NSD) and spatial resolution, using the proposed method with
different values of regularization parameter and FBP with a ramp filter of
difterent cut-off frequencies. '
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Figure 4.3.15: FWHM resolution of the point source image using the
proposed method, GARDS and FBP at the same background noise levels: (a)
NSD = 0.070, (b) NSD = 0.092, and (c) NSD = 0.118.
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4.3.6 EHWER

Alpha 500MHz PC (235135 1 AT AH -0 D AR B LOATU E% Table 4.3.212
F¥, - FEE A FOV I2oWT, FF7{EL-b 0% Fig. 4.3.16 (2779, GARDS T,
BLLEATHIR B R AR ESERL, fE CREL-EEREEFEL AV TEOREZ 1A
L7, EEREFEORLERIZIE. K 12 BRIOFERBLK 30M N AhOAT)ZE
4%, B REIEOI ML ERNE ST A—ZIIHKET 5720 GARDS O ERRIZIT
SEHEA BV, 7235, GARDS < 22 P, i, SEELRETHRITH P, Vb REW KT
Lo, AT Y K EFTHITH D=0, GARDS TEBRIZNLERAENLELFEL
DE /DR, B, SEEIRIEIC LB B R L, GARDS & FBP LIEERIETHS
ZEBTHD,

1 By hOEHRA L —FORERIZIE, 9 8 BOFEREMLE 132M A DATV%E
F45, Lal, 1 EEEL TR, BRI BEMEFHOT X COBRT —ZIZEMATD
TEMHED, BHERA L —ZIEERE TR L CHE T HIEN TESD, AF
Iz d > CEHEREZ D EMNICERT AN TES, -, FITHIFHEOHEEIITSIO
RIED 3 T THEME, BET IR T —F % JVEE ITREL T DILIZL-T
HEBEZHIB T HIENTED,

Table 4.3.2
Comparison of the averaged calculation time to reconstruct one image slice on
Alpha 500MHz PC.
FOV proposed GARDS FBP
method
regular (time) 6.7 sec. - 3.0 sec.
(whole-body) (memory) 56 Mbytes - ~1 Mbytes
brain (time) 4.7 sec. 28 min. 2.8 sec.

(memory) 56 Mbytes 10 Mbytes ~ ~1 Mbytes
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28 min.

2.8 sec.

GARDS+ - proposed FBP
preconditioning method (<1MB)
(10MB) (56MB)

Fig. 4.3.16: Comparison of the calculation time to obtain one image slice

on Alpha 500MHz PC.
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4.4 BSEK PETREBA~ADEH

AHITI, BRIE PET %8 T2 ECAT EXACT HR+Z AW CTEREL-ER T — 2|2
PFE2@ERT5, 2% v F 0TI, B B ol —o 2 LRIEIC, span=3 O 2D
mode ZL7-(Table 4.4.1), 7=, 52T+ HEMF — 2% RESHE%, BEkgor~
Vo7 S E B B R R R ORI RIEIOF B 2L —Sa \cCRLEBY b
%o TREFRRISIT. SHE A FOV % Av -,

Table 4.4.1

Acquisition parameters of the ECAT EXACT HR+ scanner.

time frame 110 min. X4 frame
acquisition 2D mode
ring difference 1
span 3
angular compression no
energy window 350 —-650 keV
acquisition mode normal
sinogram mode true
bed position 41.496 cm

441 J7URLREER

B R IE A8 BB FERTIZC. ECAT EXACT HR+Z 27 7o A EBA1T-7-. PET
REONES Fig. 4.41 TR, MW7 7 b A, Fig. 4.4.2 1273557 cold spot
phantom T&HY, B 20 cm, £& 19 cm O 2.83 mCi *F KBREG L= DT,
KEEREMIZUT 2 KOMEEE ST, 77 MAERBFEBOBLIZERE L, 330 S RRIE
L72DD| 63 RTARDYA /275 50058 23, 25, 27 EH DATARZEMELI-FER, 3.2M b
Y NegTE,
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Figure 4.4.1: The ECAT EXACT HR+ scanner in National Institute of
Radiological Science (NIRS).

cold spot phantom .

Figure 4.4.2: The cold spot phantom, consisted of a cylindricai vessel (200
mm in diameter and 190 mm in length) with "*F activity, and two cold rod:

with water and air.
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442 T—ARHIE

Emission 7 —XIZEENIMEAX R TT—%HWIET H729IZ, emission scan |ZH1Z .
transmission scan, blank scan, calibration scan 2179, Fig. 4.4.3 |2, L —F L TIFbH T 5
TARMEDHIETT, BE, HXF YL TH, T4 AEESNLORERT — 5T
RIFSND, £ BEMBIZIT) transmission scan &. ERIFZ (F1213% B) 459 blank scan
LLV/ROND 2 57— 25 BT, RIEELITY, 2L, EHIIC (Bl 3 E8) 175
calibration scan IZLV/RONDT — DL BEHEN B ERELZ AV CRERTE

(normalization)% 179,

SR B IEIZ W T, EROL—F L OFEICHE-7-, UL, REREORS
EfBITHEMRT A — <y M-SV TWBS . 4 ET, Fig. 4.4.4 (2R3 5510, B—7 7
YPADEBRT =2l al—varF—2D 2 SERHOTREGELfTo7-, H—7 71k
A3, Fig. 4.4.5 (28T K57, R 20 cm, £& 19 cm OEEIZ 2.04 mCi O ¥F KIS %
LD THD, ¥ —7 7 b AD emission F— #i3. cold spot phantom & [R] k|
transmission 7 —% 3L U blank scan 7 — &% RV TR TEZ1T-7-, 2L C. HE# <
2= a TIERL 2B 7 — 2 L O H %R, cold spot phantom 7 — % DELEER E 41T
72, 7235, 2D mode TIXHLBABELROB BT/ ZEE, =2 CHBEEE 1T
VNRUN,
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. daily scan weekly scan
<Emission scan>  <Transmission scan> <Blank scan> <Calibration scan>
random using 20cm %8Ge

correction uniform phantom

daily atten. calibration
blank S. scan S.

L R SR TV S
AR

TR L L

attenuation
correction

AR

2D meas.
atten. a.
scatter :
correction | normalization
+S

i

".

corrected
emission data

Figure 4.4.3: The typical steps in correcting emission data.
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* cold spot phantom | uniform phantom |
<Emission scan> <Transmission scan> <Emission scan> <Transmission scan>  <Simulation>
random <Blank scan> <Blank scan>
correction ‘ ?
£ simulated
emission. S
! attenuation -~ — ~ attenuation 7
. correction it i correction o4
L 2D meas. b 2D meas.
- |  atten.a. S atten. a. !
| j ‘
1 T A I IR SRR i R e .
1 g .
i simulated
E measured
. normalization §
\g%uw R S S R T e A TS e s A T 6 By "

corrected
emission data

Figure 4.4.4: Data correction used in the experimental study. Emission dats
was normalized using experimental and simulated data for the uniform

phantom.

18F solution

N

uniform phantom

Figure 4.4.5: The uniform phantom, consisted of a cy'lindrical vessel (20C
mm in diameter and 190 mm in length) with '*F activity.
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4.4.3 BMEEOE H XA

cold spot phantom FHERE OEE L. cold 1 N7 ANEIE (cCR)F LU —HRERIROIENHE
{RZE(NSD)Y% AV CFEAME 972, & cold spot (2% 9% cCR 1%, KA TERIND,

cCR=1-"¢ (4-4-1)
my
=T me X cold SO HIZEEL - ROI ND RI AV NEXE, m, (33RO hot fBIK

:a&féut 4 >0 ROI WD Rl B MEEIETH D, 2 2D cold spot | :Foz% cCR fEZ
L5,

NSD &, kA CTEEIND,

s =1

Mg

(4-4-2)

ZIT, o tE, RO hot FEIRIZEREL /- ROI NIZHITS RI v My#ihk R T, NSD fi
iX. 4 2O ROLIZEBWTEHLT 5,
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4.4.4 ﬁ%

NSD fEE = NI ANRE DBIE% Fig. 4.4.6 1274, AEM oL —a LRI,
MREME O PICEE A =L — 258 LIZB B LDLBLIT-7-, Zh LY. GARDS
{Z&->T FBP FORMF R MR NEERELNASL. o BT — 2 OBEIZLESTED
O M ANEE DR F ARSI L s Lo, TR FRICLDa SR NEE T
GARDS JVELIZ BT THAZENS B,

NSD fE—E(NSD=0.22)L7:5 L5z, EREARTA—EBLUOD b7 EETEL 5
BFikizc L omH#Re % GARDS .10 FBP CHBL7-#5R% Fig. 4.4.7 |ZR%, FBP ©
12, 0.56 Ng THY AT LIz ramp 74N # %L, =0Tl FEED 1 B uiciay
THH AR A F T post-filtering %1772, ZH.J0, ELLFEIZ LT, cold spot D3 E
BWICHBREIN TOBZ LMD,

1
0.9 f 5
_*__x__—*—"_—x N\
08l Ar-----)g’fa ------ A Ao A A —©

cCR ratio

—&- Proposed method

0.7 } ¢ GARDS

-&- FBP

—©- Proposed method (without constraint)

0.6 ' '
0.1 0.2 0.3 0.4

NSD

Figure 4.4.6: Graph showing the trade-off between background noise
(NSD) and contrast (cCR) using the real PET data.
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Figure 4.4.7: Reconstructed images from the real PET data at the same
background noise level (NSD=0.22), using (a) the proposed method, (b)
GARDS and (c) FBP. All images were post-filtered using a Gaussian kernel
with a FWHM of 1 pixel. Black and while images (0 - 15,000) are shown in
the upper row, and colored images (0 - 20,000) are also shown in the bottom

row.
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45 HABDOELD

ARETIL, BARELERICET M EL7-REMLEG BB TIELERR PET EE~
EATLZEE2ERELT EEERVZFERRE L. AFIE T, K PET 7 —212i%
EDIAXEANEENLILEEEL MEZERMOLET L, TOE~DFERREOE
BIF—SEARET D, LT, MERERO1EZ LI, BELZBAIT — 2o+ 5B A
N —25FOFEL TRTFT S, BERA L — 2 OB ICIIZLOHERBEZETS
B, —EHELTBINE, T ToBRT—#IEH &5, #L T, HEM 2L — 3
BLUEEER PET 248 T4 5 ECAT EXACT HR+% V=7 7 FAEREITO IERIFIEIC
£ T, FBP SEREDOHERMET, (EROREKOFELABREOEELH T 5EHEKE
PR/ONDIEERLIZ,

IELFET, JRERAYIZIE 3D mode @ PET 7 —#IZE A T&203, IRTEMB KIS
IOICEBREOHBIIRE THLHEE X OND, T4, 3D mode @ PET 7 —4% 2D mode 7
PET 7 —ZIZW 25 F 5L LT, Fourier rebinning (FORE)[*S|IEMAREIN, ZEBZR
T %, FORE #1249 2D mode @ PET 7 —ZIZW OB X /=14, €K D 2 RITOEEGF
W FEEZEA T 5281285 T, 3D mode @ PET 7 — ¥ DEIGFERAITOIZENTED,
&HIZ, FORE EIZL D E A MIBOMEETENL 22, 3 RO BB EERET
WEBRBOBEE LR ET524L% B#EL T, 2.5D simultaneous multislice reconstruction
approach [*6]23REE TV %, FORE AFIA LT 2.5 IRTEGEHEKROFEE A2
LIZE T, Il FE% 3D mode O PET 7 —Z BT AZEMTES,
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51 FE

PET Cl3. RS EHERIE BB, 1h7 M, RO BERENER LI
BET S, SHIT, v BETIHHTHETRITTHIEAFAL T, ARFHEREILBITD Y
B FORITHEMZETHS time-of-flight (TOF)EFHN S, HEOER LOMBEZRET D
TLMNTES, PET RBOEESMELRETHAERER THLL L FL—FOEIE mm
BEETHADIZ L, TOF $HAO BRI R8I I8 T & =) (R AFRE T8 em) BE[1] T
b5, LT, TOF {ERIT. ZRMEEOR EIZIFMETHIN, /A XMeiET HHFHZ
BRETESILME, EHRED SN OB LICRESHHZENMON TS 2L 3], 372
bt TOF 2Hifll%1T5 PET ${B(TOF-PET &), 73K PET %E(non-TOF PET #iE)
12l PET B OB EZH ETART L vV EfFoTHD,

1980 A 1990 BTN T, B SRREES B L FL— 22 VT, HiES
o TOF-PET %BMRIESN[*4]-[>7). THEHOD TOF-PET #E T, FBP IHICESWC
Fay R a—a g2, [F81T10]8 AV bz, Lol FBP i&id PET BAREZIELCE
FAAL L FETIRAVD, 2T 2R a— T al B LD BB BRI AT~ T 1y
yrS5—kate, Lo T, fE¥KD TOF-PET EEEMM TR, AKBIHA2 G TOF fF#H
OEF LU L4 BI LTV, 20 L5112, TOF-PET EEICE L 7~ B BN T
ERBARS NN -T2l IZMZ . BGO EF N EHEARDH T, KR RLER R 5 AERED
ECENT- LD SRR BERINL) -T2 END, 1990 FRIZ/ARDE, TOF-PET HEE
DERITEER o7, L, EE, BHERFEFLLTHAREIN LSO (lutetium
oxyorthosilicate) % 7% i\ V7= TOF-PET O REEMI SN TIY[713]. TOF {F#z A
7- PET B OBEE M L EFS A TWD,

# 2 TABIZE T, TOF H#EF LR EGBERRFELRETD BEF
T, TOF-PET BLIFZAETAAbL | - BT 7 s SR B B+
WC#D GARDS @+, 7L T, HERK =L —a &0, BRIROERRET .
MUz LB BRIZIZ T, TOF FHA I 528icE->C, BRRBOEENM ETHZL
Y,
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5.2 TOF fE#R- 4t TOF-PET EEE MR Tk

A CIE. TOF HBL0F 4 BV - TOF-PET EEIZ W TR T 5, 7=, 7K
@ TOF-PET B BEHRK FEICHOWTORR, ZORBESEZHLNITS,

5.2.1 TOF 1K

ZITHEL y TFO time-of-flight( TOF)E B LB B A HEE T DRBIC OV THR
BiL7-#%. TOF {58 ORBEMIZHOVTIRB, RRFHERIE L, HIR y BOE % HH D
2 (HA LT AR 2D TF AT /A TRIENTZL & ZOT 4T 71T M 5
D xD, ZIT y BRTFIRHE —EEE OfE) TRITTAIEND, v AL F ORATRH 2
(TOF)1& 8% FIV - CRRED (I BAHEE T DL TED, Fig. 5.2.1 (TR T IO, /& B O
HISBR(A BLOBYT 1 #Oy BEBHETEHE, v ROFRITREEIIB-/-ERE | &7
A&, TOF 1§80 t=1, - ty AL MIRKOIDITRES D,

I =ct/2 (5-2-1)

ZIT. e=3.0X10° m/s IX¥EAF T, LinL., T AT 27X OREE 3 ARREIT HMEIE T 400ps (AL
8 5 AREE 6em) BLEE THHT2%, EiE R 21T JIC TOF @ HEFEEEE R PET B
s BAZ LT THD, L L, TOF 1E8I3, KR BEZRETIILII> T/ XD
FEIAHIIBTXAZEMNE, PET Eiff0 SN HoE LR THLZEDHLN TV D,
&5Z. TOF #5813, 3D mode BHIF —#ICEEER TEHIL, REEHAEREN LW 2T
BN I & FUF LAY MBI CELZLREORIREb D [F11],

Fig. 5.2.1: The principle of TOF measurement.
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5.2.2 TOF-PET &

TOF-PET ¥E& DRA/E#DOLHE% Table 5.2.1 (2R $, P FL—#d, B #FREDOR
WHOBEFNTEY, DB Tl BaF, (barium fluoride)E F[12)ME S 7=, UL,
% 2 D Table 2.2.1 (IR FL—FORMELLBILY | BaF, I decay time (3323,
HIEEH THD BGO (bismuth germanate)3& T BT 5L, 511keV D v BRIZXT T 2 HRHEF5
FRED NS N Z LGB, ITEE, BGO IGEWEE AL B, BGO L0 decay time A%<t
BHE0 LSO AR S TEY, LSO (2L BaF, &RIRE OB SREENFONIIENH
HINTHB[13].

Table 5.2.1
System description of TOF-PET scanners
Super PETT 1 SP3000 — TTV03

maker Washington Washington Tohoku LETI?

university university university & CTI
year of manufacture 1982 1988 1990 1990
reference [*4] [>5] [>6] el
crystal CeF BaF, BaF, BaF,
crystal size [mm] $25X45mm 7X24X45mm  10X18X45mm  7X18X45mm
# of crystals 96 X 4 rings 320( X 4rings) 256 X1 ring 324 X 4rings
ring diameter [mm] 900 900 102 89
FOV diameter [nm] 465 — 900 520
orbit of wobbling**)  ¢30mm - ¢$12.4mm ¢17.6mm
reconstruction confidence confidence Ishii’s confidence
method weighting weighting method™™™" weighting

algorithm™™" algorithm™" algorithm™™"
sensitivity 486 20 4.1 82
[keps/uCi/ml]
time resolution [ps] 500 540 623 750
resolution(FWHM) 12X11.4 7.5%X6.8 8.0X75X9.7 5.7X5.6%X8.8
at center [mm]
(tan. X rad.( X axial)) i
at off-center[mm] 12X11.4 8.1X6.9 8.0X9.0X9.7 5.7%X6.5X10.3
(tan. Xrad.(Xaxial))  [15cm off-center]  [8.5cm off-center]  [12cm off-center]  [1lcm off-center]
*) Laboratoire d’Electronique et de Technologie de I’Informatique.
**) An improvement for spatial resolution is achieved by wobbling the gantry.

*EEY See subsection 5.2.3.
¥**¥)  See subsection 5.2.3.

*
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523 #3¥ TOF-PET EEEMRFELMEA
G}

== G, %0 TOF-PET EEEHRFHETHDLT 2R a—a B[ 2][781[9]
£ 108 Ishii’s method[F 102DV THESL . HERBOMBRZRASNICT Do

%" TOF-PET OE{EEERFIEOERLRLT 2R 2—3av(deconvolution) [
8PV THBAL , confidence weighting algorithm[*2] ~SHEIES B, T AR a—Ta ik
i3, Fig. 5.2.2 (IR T L7222k eDBRIRET VERVD, 2R TTOREIE Sy A e B K
f(ry) TR LU BT — 5285 g(0s) TR LT, KILFOEH XS 3, Thth
INTEOEE xys D7 —Y IR DEEL T Y g(6s.)E f(x,y) D BRITIRATE 2
b,

g(0,s,1) = }f(x', yOn(d - 1al' (5-2-2)

727°L. x'=1'cos@ - ssinf, y'=1'sin@ -scosb .

ZZT. )i TOF FHRIOINEREEZRT, Fay R a—ia ETH, BERE Loy
KA TREND,

aT x x

f.(x,y) =fffg(0,s',l')w(l -1"q(s - s")dl'ds'd6 (5-2-3)

772U, s = xcosf + ysin@ , 1 = -xsinf + ycosf.

[ /7
o5

— \‘[l]n Jf(x,y) —] X
&

47[;

g(6.s)

l Figure 5.2.2: Geometrical mode! of TOF-PET measurement system.
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ZIZT, WL B % (weighting function)., q(s)iXEHER T 4L 7 TH B, (5-2-3)FiT, &
KOINTEERZHILENTED,

£ (x,) =j‘}g(e,s,l')w(1 ~1'dl'd@ (5-2-4)

fe(x’y) =fp(x’y)**a(x’y)

- 7, (X, V) Q. 1))} (5-2-5)

LT HIZREDT R 2 — S A WET . ANI2RTEOM T~ T EREET , F(XY)
3 L) O2RTET -V E R, QX,Y) 37—V =M BT BRI L 25 RT, (5-
2-4)F i, AV MBIZHEREAITIZE T, VT VHALIT preimage f(xy)&BbNM BT L4T
LTWB[9), £L T, (5-2-5)FUZHEL, preimage (L T2RTDF AL R 2a—ar %1T
WEHERB D,

BT L5 QX,Y) i, B 72 B ChH 5 F A% 0 5K 230 B # (point
spread function; PSF)%% Dirac D7 /L4 BIsIC— BT 2 &0 LRESNS, TOF FHAOM
BRI, —KIZ5 o, OHF VA TRED, 22T, TOF IO EEIE w, i1,
w, = 8In20, Th5, ¥/, FHEEE Wi, EBROKEXSEL>— 7 7 NAOEHER
BOIBER/PZTDREND, w=n()LRESND, ZOL &, BB T Z QX,Y) T
KATERLNB[ ],

exp(—zfrza?'(X2 +Y2))
expl- 2720, (X2 + YL, 2770 2 (X +Y7))

QX,Y) = (5-2-6)
ZIT IEE 1R 0 R~y /LBI%(0® order Bessel’s function of the first kind) TH D, F7=,
Ol FHER 5> PSF OH-MEIR w, KVIRESND W THD, (5-2-6) e BER 7212
W F AR 2 — a1 confidence weighting algorithm &FEIT LS,

TAarR)a—a Rk VT AEAL LS R ERE ORI REMSEL >— 5T, 2R7T T —
VBB LT AN ARV EE TS, Z2TTE 1RIEOa R a—a EES A
72 TOF-PET DB HBAERK F15THS Ishii’s method 12>\ THES 3%, TOF B0 Z R
Bz F-EHE w, O ABa%%

)= waﬁ exp(— (L) In 2] (5-2-7)
w W,
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%34 & Ishii*s method (2 LA BEHERLE £y FRATERSND,

f.(x,y) =ffg(97s"l)qTOF(S - s')ds'd0 (5-2-8)
0-=
ZI T, s=xcosB +ysinB , | =-xsinf + ycosb

FRER RO PSF 1. TTORHESAR f(x,y)=00)0y) D BEHEMBLL TRHZENTED, ZIT,
8()iE Dirac D7 /L #B#% R T, Ishii’s method DFEERLT /LI, (5-2-8)RUZF1F% PSF
#3 FBP #® PSF £ — B3 5L IR MENS, LLTDEITRD,

o =", 9705 529
T, q.(s)it FBP #£i23513% Ramachandran 7(/L# DEZERBETHD. Fayha—
S ENR 1 BT MBI R B AITHIDICRIL T, Ishii’s method i, FBP iE&FHRIZERIT
—BER BRI EREERETT). Lo T, TOF EHRITBERBILL TEADLEDDHD.

PLEXD, 73k TOF-PET El @ﬁ%ﬁii?ﬁf&;é?:yﬂr—yawﬁsnﬁ Ishii @
Tk BRT —ZABESE TELRALEEL TV FBP Bl TRIan/z, &
& EETEFACESKEETHS, Lo T ENLOFEIL, TOF-PET @H@IJ%:%EM%T
JALL TR = . ASRELEIR 2 TOF FHORT vl a+oI5 | &, BE
g OEE DR EEHRL TWD,
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5.3 TOF-PET EHRDET/LILE GARDS D&M

AIE T, EEE - MHCE T LICES% TOF-PET BHllREET LT 5, £3 . FBD
RBRHSER(A BLUUB)T 1 /D v BEBRIETHILEE R v BORITRBITIR -/ ERE
LT3, LT, W (IRt LT, j & B OREEXCEEISNS TOF F# g()%(5-2-1)=\
FRVTEROERICERL-LOE g(heTHE, ZNHDBRIL.

g(h= (D= n() (5-3-1)

THAHNS(Fig. 5.3.1(2)(b). 22T\ 1) i% TOF HHEOZERISEREK, « i R)a—
TarREART, XERP1OEBRE RO, TOF FHlOZEMLRZEBEEIITY AT
FIENTE, FRHBROA T Y/ R jPRHBEOME HTEFLRWIEALAT
WD,

Kz, TOF RO S fEREL ZEL T, &7 —4 bin (LB H8EI T —F OREFRE
EIHIT 572512, TOF 158 g,..(0) ZEXR 1,-A2<t<t,+ A2 T%ﬁ 7L, B b7z TOF
FEWERKXOIDICERT D,

8 = I A’/Zg (0)dt = f g j(t)rect(i(t—to))dt (5-3-2)

ZIC. At X TOF EHBIOBRSREN LR ESNIEHRMERT. -2-D)XZANT,
BEEC (LS 7~ TOF 1§84 Z2fIf72 TOF fHHICEHRT 5L, Bk n - Z/HIf7: TOF 1§

TOF TOF TOF

measurement measurement measurement
n() gD g()
. ! — . ! — o~ N\ —
g p
) () ©

Figure 5.3.1: TOF measurement of photon pairs using a pair of detectors:
(a) impulse response function of the TOF measurement, (b) TOF
measurement data of the distribution of nuclides. These two are continuous
representation. (¢) Discrete TOF measurement data.
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# g £1B5,

8= [ 0l = [ g, (l)rect( (i- A))d (5-33)

ZIT. D=c A2 I3ZER G ROFE S XA R T (Fig. 5.3.1 (c). 1T v/ AT 13, B &%t
DORENZERSNHZERAIZ: TOF BROT —4 bin 277, (5-3-1)R&(5-3-3)RUARATS
& RREHBS,

8,0 = [0 O (h (5-3-4)
T D) 1 IR TERS NS TOF HHRIOZERIMZRRESHRBEEEET.

h™F . (1) = rect(%(l - A)) xn(l). (5-3-5)

LA kD TOF BHRIOETNEE 3 BT~/ PET BAIE T NVIEAT AL Hike R
TERREE f(r) &, j FHORHBAZIITH2E B O TOF #HEIF —# bin THHLAELH
74 g DERIL, R TETMLENS,

g = fh (O)f(c)dr (5-3-6)

ZITRESMBEE b ()iE, 3-2-5RUG-3-5REEATHILIZEST RADIHIZHE
Ehd.

h jr (l') = iﬁ:ﬂ {1 - exp[— /'de (Q,I')]}{l - exp[— ‘Lij (Q’ l‘)]}

. exp[— ul, (Q,r)]exp[— ul 5 (Q, r)]' h™F, (1(Q,r))dQ (5-3-7)

THUT, Ror TEUZHER y #2203 j T B ORHEERTO % B O TOF I bin THIBIS LD
RERLTEY, (QD)iEy MORITRIBIZID-T-E % £ 9 (Fig. 5.3.2), TOMODIEEIZ
DWTH, H 3 ECRABITHS, T2, B 3 ETAVRELRRC, 2T, A
BLOY U FL—FAD y MOBELUIERL . AFIZLS v BOBRIUIERIZHIESNSD
EERREL TS, FHI, TOF FHIEATIZLZL T, BELRRFEHE R L OT & L0t R
iz K%éiéné[ 1TEDD, AMEIZEABE A BB LR E IR Y THHEELILND, £-,

positron range X angular deviation DZIRLZZ TIZEEL TRV, ZOWBRAY R HEE
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HTHIUTHEIGEATAIENTED, (5-3-HRUCBV T, TOF FHIORE SRR
<L, TOF 1§ 8% B\ Ve @ % o PET BRIRORE DM L2,

LI Eic XD, TOF-PET BIHI%%ERE - BET 7 LIV BRIBRNTE T ML TN T
X7, F LT, REE A ERERER A8 A5 8ICk > T, TOF-PET BHIRALORT
LN B EN LU B EAER AT LA TED, DT, i BEECE T L ICEOSER
B FIETHD GARDS 215,

Figure 5.3.2: Geometrical model of TOF-PET measurement system.
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54 FHEMILL—3y

AEITIE, BB 2L —S 51TV TOF B8O A1IZL% PET B OB A k4
FHI %, 22 THL — MRS FL—HTHhD BGO 12 K. TOF-PET THREFRALNT
&7z BaF, [y ROBIP RS+ 3BV 2 e % ZE L, TOF-PET B non-TOF PET
KEOBELELREL-FHEMS 32— 2222 T . TOF-PET HEDORKEE non-
TOF PET @53 EL 723t B T2l — 2 a1/, GARDS 1. LZE s e Y
EEAOTIC, BHIROG R R - /- B AR A 75275, PET *EB KD
Rt BRAEOREDSFEMT DI LN TED,

5.4.1 TOF-PET BJ%

SR —ar T B 3 BEORBE#I 2L —La CHO-ESSEE O /)
% PET |Z TOF BHAlO#REL B - 8RR A (R ES 5. PET EEOENTA—FHIHE 3 &
TRLISENTHD, o FL—H 3RS AREE 400 © =) (LB S AZEE 400 x 102 x ¢/2=60
x 10° m) 2D BaF, 2{REL . TOF 3Hll0> 22 i A B 81 508 57 5mm DH AL
L7z ARFIETIE TOF 15 EBERAL 3578, Z OBESK{LIE D4L. D. G. Politte bizkdELE
14125 &IZL T, TOF FHRIOIEE B Y- EHE(57.5mm) & L< L=, TOF {58l
E8I3. MEREOERZBE(LIE CEIBZ LIZ LT, 230/57.524 Li2D, BNTA—F%
LATFICEED D,

TAT OB T ER :420mm
Wik E R :230mm

TAT I8 :128 / ring
YFL—EDRO :10.2X10.2mm
T —H :BaF,

TOF FHAIDZEMSIAREE  :57.5 mm (FWHM)

TOF FHIOBERL LR :D=57.5 mm

TOF ##1 bin £ :4

BURIT —5% (non-TOF) :49 74724 bin X 64 H1f] (N=3, 136)

BT — 4% (TOF) :49 74774 bin X 4 TOF bin X 64 J51f] (N=12,544)

Iiilﬁﬁ#ﬁﬁﬂﬁui non-TOF PET %<iff C1(3-2-5)2U 4> T, TOF-PET 18 Ti4(5-3-7)R0 =
P> TRDT=, ﬁ%‘@@)ﬁﬁfﬁ&?i&@fﬂ% Fig. 5.4.1 {Z7R 7,
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.

0.01

0.005

0.015 -

0.0

0. 005

(b)TOF-PET

Figure 5.4.1: Examples of the sensitivity function, for (a) the conventional
(non-TOF) PET scanner, and (b) the TOF-PET scanner.
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54.2 B SOEEEMELE

PR OB, ZERAHIZE . hot spot DL ITANEIE(hCR), —HE BRI OB (R
#(normalized standard deviation; NSDY% FVCERMl 45, ZEMMEE B L. F.0%5 25mm,
50mm, 75mm, 100mm BV 7= U B 2 SRR OB T — #2123 L THEG B R 21T,
€D radial 7735 LU tangential 7514 O 4 fEAE (full widths at half maximum; FWHM)? ]
EEL TEHT D, F72, hCR (L, hot spot phantom (Fig. 5.4.2)0FEHEREE AT, kAT
ERIND,

hCR =22 =" /hCRORG (5-4-1)
mpg

hot spot phantom i3, £ 200 mm ® Ff&i(warm)DH(Z 3 RODEEE 20 mm O M4 (hot)2s A
S>TRY, BFEAFEOKERELIT 1:5 THD, 22T, my, FAEMot)DARIIZRES
7= 1% B fRiSi(region of interest; RONNDEHIE, my 1B (warm)BEIBRIZR EL - KB D
ROI ADFEHEAFR T, /-, hCRoge IFEMEDIL N AMEEL, Z2TIE hCRgg=4 T
H%, £L T, 32D hot spot {22V VTR 7= hCR ZFEEHEL 72 DEFEMEE L TRV VS, hot
spot phantom (2% 9 B8 7 — X Dr—F /AT MNE, 2M BT R B, -, —BEEEIRD
RERENSD)L, BERBRICKTE /A XOEEBE TR TRIETHY), — K77 b ADEE
g RAVT, KRR TERIND,

W{UBZ
NSD =Y2_ (5-4-2)

mg

ZIT, g BEUWmy i3, #R TN ROI NIZBITA RI AT MOSE B L OESESF T,

Figure 5.4.2: The Simulated mathematical phantom of 200 mm diameter
containing three cylinders of 20 mm diameter placed at center, 40 and 80 mmr
off center. The cylinders were filled with activity at a ratio of 5:1 with
respect to the warm background.
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543 8

+4. TOF-PET 3B ORES, non-TOF PET HEBOBELELVHELRELTZ TL
<. non-TOF PET BLAI:%33L 18 TOF-PET BHIFRIZENE 4 GARDS Z#@HL . TOF 5
BRI AL OB BEET T 7. BRI RO ERRET M LIZLDPRET T 2O,
1on-TOF PET Ei8I%IZ FBP % ¥7- TOF-PET LB Ishii O L[ 10]& 8 M L7 Fig.
5.4.3 |- ZSfARMEEE $5 L0 hCR & NSD OEfRE 71y %, 22T, GARDS 4T FBP
Tt FNFENIERNL T A—FZDIEFR LU Shepp&Logan TANEDT AT EEE S
7. FBP OAv A7 {fix. FA¥ANEEEK Ng 1L T, 1.0 Ng 75 0.125 Ng FTCESE
7-. non-TOF PET BlI5% 35X 18 TOF-PET BHAIRIZENZ 4L GARDS AL RERDD.
TOF T%%E%Hﬂuﬂ%:tL:;ofﬁ#ﬁﬁié‘a@@gn%‘rﬂLa‘é:&ﬁ%b%o Klo, B RE
@%F‘aﬁﬁﬂ%ﬁ)éu\cinyh—?%@%ﬁzi‘%ﬁ@v&‘/w:fxémc:@@ﬁ%ﬁ%ﬁé%ﬁ\
TOF 8O Lo TKIBIL /A R OFBAMAHIENTED, £/, TOF-PET BLAIRIZ
BT Ishii DF1EE GARDS 2N FhE AL 7-fERE BT He. BRROERRET
AAKIZ LD . ZERRREE B L O M ANEE A3 B DD D, non-TOF PET =R
ZIZH\ T FBP BLU GARDS #ZNZFEALIERDOH. FRE R EDREND, 72
B. Aol —ar TR S LB D 2 B R 2 RE L 72728 TOF HEHON
=L AR FOL BRI DT F LD EOIEINKEEN TS, B PET HE2Y
RHEEOLWVERRICERALIZEE IS, TOF BHROMMCIAESEIRNLEE LN
%, F7-. Ishii OFEE, TOF e EeE R TR T M- TEHINDFETHD
F¥. AL Ial —iar Tl FBP (2~ TOF HHROMNICLDRIZREN DT A
SHEHT 7L AR A E R OFILL T, non-TOF PET BlHlIF%F LU TOF PET B
FICF NN GARDS %@ AL E% Fig. 5.4.4 TR d . ZI T i D22 R B S
FICAE(7.0 mm)E72 5 I BRI ST A— S THBEL T2, -2V AT N 100k ThhH, T
Y. R EAR S S . TOF 8T 528128~ T, BHEMED SN Leas g
BIEDTD B,

Iz, H. C. Gifford HOBFZE[*15]%%5 %L T, TOF-PET #{EDEE? non-TOF PET
BB DS ChHHBEEIREL T, EBIT, TOF-PET ¥EBOREZEEL. non-TOF PET
EBOREY 2 5127, FRRICZERMFEE LU hCR &'NSD DR —RF 7% 7Tyl
% 8% Fig. 5.4.5 (O’ 9, 22T, non-TOF PET (LOW)i3 TOF-PET B RENFRLS
£ non-TOF PET (HIGH)i TOF-PET & 2 BEORELLOHEETT, IV, 2 &
DEEDENDHDHEE . TOF FROMMIZLDHRIL, RENEILEAICHATEEL .
123 RS A NEHE I AW TR R EN RO RBIEN TN, LT, Kylab—ia
ERELEE Gl TOF RO Mc L B g OBEE £ 572021, TOF-
PET %& 7S non-TOF PET B DFIES U LORELL SOUBEVHHEEAD,

109



14.0
13.0
12.0
11.0
10.0
9.0
8.0
7.0
6.0
5.0

Spatial resolution [mm]

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

hCR ratio

® 5% TOF {BREM AL PET E{REMKAL

—=— GARDS(TOF-PET)

- <0 - FBP(non-TOF PET)

—>¢—GARDS(non-TOF PET)
X Ishii’'s method(TOF-PET)

0.05 0.1
NSD

0.15

® —B— GARDS(TOF-PET)

—>¢— GARDS(non-TOF PET)
X  Ishii's method(TOF-PET)

- - - FBP(non-TOF PET)

0.05 0.1
- NSD

0.15

Figure 5.4.3: Graphs showing the trade-off between background noise
(NSD) and spatial resolution (top), and the trade-off between background
noise (NSD) and contrast recovery (CR) (bottom), using GARDS with
different values of regularization parameter and FBP with a Shepp and
Logan filter of different cut-off frequencies.
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Figure 5.4.4: (a) Original source distribution of the numerical brain
phantom, and reconstructed images using (b) GARDS for TOF-PET and (c)
. GARDS for non-TOF PET. These reconstructed images were compared at
the same spatial resolution (spatial resolution=7.00 mm).

111



10.0
9.0
8.0

7.0

Spatial resolution [mm]

6.0

5.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3

hCR ratio

% 5% TOFiRHL AL PET E{REMRR

—5 GARDS(TOF-PET; LOW)
—— GARDS(non-TOF PET: HIGH)
—A— GARDS{non-TOF PET; LOW)

0.05 0.1 0.15
NSD

—E— GARDS(TOF-PET; LOW)
—%— GARDS(non-TOF PET; HIGH)
—A— GARDS(non-TOF PET; LOW)

0.05 0.1 0.15
NSD

Figure 5.4.5: Graphs showing the trade-off between three FOMs, using
GARDS with different values of regularization parameter for TOF-PET
(low), non-TOF PET (low) and non-TOF PET (high).
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Figure 5.4.6: Calculation time to reconstruct one image slice from TOF-
PET data on Alpha 500MHz PC, using (a) GARDS without the
preconditioning and (b) GARDS with the preconditioning (k=10).
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Summery

In positron emission tomography (PET), filtered backprojection (FBP) method limits the
accuracy of PET images, although it requires little computation, since it does not take shift-
variant characteristics of PET scanner into account. On the other hand, the algebraic
reconstruction methods, such as generalized analytic reconstruction from discrete samples
(GARDS), have been successfully used to improve image quality through accurate system
models, but they have computational burden. The aim of this thesis is to develop practical PET

image reconstruction methods based on algebraic techniques to improve PET image quality.

First, PET measurement systems are modeled accurately using sensitivity functions, and

- GARDS is applied. In order to accelerate the iteration solving linear equations in GARDS, a
method to precondition the coefficient matrix is proposed. Numerical simulation results show
that the quality of PET images is improved by the accurate system modeling and that GARDS is

accelerated effectively by the proposed method.

Next, an approximate method based on algebraic techniques is proposed for clinical PET
scanners. The proposed method estimates each element of the sampled image using a subset of
measurement data, while conventional algebraic reéonstruction methods use all the data. For
each image point to be reconstructed, the subset contains the measurement data that contribute
significantly to the image point. Then operators to obtain PET image directly from subsets of
measurement data are pre-computed and stored. The proposed method was applied to simulated
data and experimental data for a clinical PET scanner. The results show that the proposed
method produces images with almost the same quality as GARDS does and has a similar

computation time to FBP.

Furthermore, in order to reduce the statistical noise in PET images, an image reconstruction
method using time-of-flight (TOF) information is developed. TOF-PET measurement system is
modeled accurately, and GARDS is applied. Numerical simulation results show that the signal-

to-noise ratios of PET images are improved by using TOF information.

The improvement of PET image quality achieved.by the proposed methods is expected to
advance PET studies, such as the clinical diagnosis, the analysis of brain functions and the

~

molecular imaging.
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