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Fig. 1. Photographs of the AS-SROP prototype showing its 2 modes:
(a) OpenPET mode; and (b) conventional PET mode.
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Fig. 2. Detector arrangements for the AS-SROP geometry: (a) the
OpenPET mode and (b) the conventional PET mode. The Z direction
is the axial direction.

Z Dircction

{p) Conventicnal PET mode

Table 1. Basic scanner specifications of the AS-SROP prototype.

Scintillator crystal GSOZ
Size of a scintillator crystal 2.8 x2.8 x 7.5 mm?
Number of crystals per detector 16 x16 x4

Block size of the detector 46 x 46 x 30 mm’?
Number of detector rings 2

Number of detectors per ring 16
Ring diameter 250 mm
Open space 139 mm
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Fig. 3. Sensitivity profiles of the AS-SROP prototype for the (a)
OpenPET mode and (b) the conventional PET mode.
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Fig. 4. Spatial resolutions of the AS-SROP prototype for (a) the
OpenPET mode and (b) the conventional PET mode. Spatial
resolution is the mean value of radial, tangential, and axial FWHMs.
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Fig. 5. Reconstructed images of the small rod phantom for (a) the
OpenPET mode and (b) the conventional PET mode.
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Fig. 6. Count rate performance of the AS-SROP prototype for (a) the
OpenPET mode and (b) the conventional PET mode.
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Fig. 5 Tumor tracking results with HMM gate

Table 1 Summary of tumor tracking results with

HMM gate
Volunteer =~ Mean error Maximum  Efficiency
# [mm] error [mm] [%]
1 0.875 +0.632 3.99 99.0 (86.5)
2 0.994 + 0.582 3.33 99.5 (86.9)
3 2.27+2.28 12.3 71.6 (62.6)
4 1.59+1.33 7.88 83.1(77.6)
Average 136140 6.88+3.58 883+11.7

The numbers after the + signs indicate the standard deviation. The

numbers in parentheses means efficiency which includes training time
of the HMM.

Table 2 Summary of tumor tracking results with
prediction interval gate

Volunteer Mean error Maximum Efficiency
# [mm] error [mm] [%]
1 0.806 + 0.505 2.48 60.1
2 0.946 + 0.550 2.66 80.8
3 2244227 11.1 20.5
4 1.51+1.24 6.14 293
Average 1.11+1.07 5.60+3.50 47.7+24.1

The numbers after the + signs indicate the standard deviation.
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O, FEFEBHO BB W T, BB 2% mE
T A, E EREDOHENMFONDZ LT LT
ey Ial—ya s iAllVRLTE, ZOFH
L LT, ROI HHRICKk > TAHEUDEETTLEL
TARAT ALY A RTKT HEE T 720
T EZZLND, AW TIRET S GBI
i Tl . ES

P —

WRE—<wF U TEITIT-
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ROI Entire FOV

X3 17L—A05OMIZEHNENZY X E
— RF— % LR R % R L 728 & ROI
AR Lo mB T ClEE 2 & A TR AT A Z2DA

Entire FOV ROI

30.00 30.00

25.00 25.00
20.00 20.00

15.00 15.00

Mean Error [mm]
Mean Error [mm]

10.00 10.00

5.00 5.00

0.00 0.00

30mm o

Tumor Size in Diameter  10™M™

4 HEFERZ K L7Z5E & ROT FAERL
AT > T2 ORI IB M K O Hik

DGIZHET DHERPEETH Y . EEMREIZE
NIEERELRNWEBZOND, T,
OpenPET ROI Fi#RiEIL, FAlfEHREL TH+4
REVE G B, FHREEE KEICHIET 5 2 &2
AREZR 7D BB O 7= D+ i ERE A A L
T LRt o s,

AENIA O & LT, &b —#irI72 OSEM
% otll, CPU ITHEIE LT, A% DOTPEL LT
L IR R < KV SRR R TFIETH D 3D
Y 2 b % — F DRAMA ( dynamic row-action
maximum likelihood algorithm) 7%(Z ROI fA# A D T+
WA L, KREEE W5 G 5H 2 W HE 72 GPU

(Graphics Processing Unit) [ZBWTHEETDHZ &
ZEHE L TWA6], F£7o, XV EMERE e Eg R
FIEOKGO, B IED FIERR[T]D 5% O
BMTHD,

ZE X

[1] Yamaya T, Inaniwa T, Minohara S et al.: Phy Med
Biol 53: 757-775, 2008

[2] Yamaya T, Yoshida E, Inaniwa T et al.: Phys Med
Biol 56: 1123-1137, 2011

[3] Tashima H, Yoshida E, Kinouchi S et al.: /[EEE
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Trans Nucl Sci 59: 1977-1983, 2012
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1. [ZL&HIZ

TIVETIT, HSHREFR G Tk, HE
FFRERRALER (2 GPU(Graphics Processing Unit) 2 U
72 Dual-ring OpenPET D Y 7 )V Z A4 A A =T 7
VAT AEREZL TS, GPU &1X, b bt
7774y AFEREICHWLNS T rEyTH
%03, 2007 4512 NVIDIA #1723 NVIDIA GPU [a]i} @
V7 MU T HBERE CHDH CUDA 2V U —RA L
TURE, GPU zZLHEHHEICH WS Z & (GPGPU:
General-Purpose computing on GPU) 7238 % T & T
Wb, UTNEA LA A—T TV AT MZEW
Tt. CUDA & NVIDIA GPU % iV C i Ak
Z{ToTWBHMN, & MY A XD OpenPET (2% LT
WHL, ERET 720335725 &HE LR L
TLInTWnb,

AR TIE, BMEDOYV TNAEA LA A=V T
VAT LAOERERTIEE— A2, GPU (23 L7-
TIEEZSDIZRY ANDZ LT, FEROS L2
LEndfbxz Bied, £72. v/VF GPU O FELEL KR
L. 7L GPU & OMRED I Z1T 5,

2. AL
21 BHFEVRATLOEBRBEATFE

FERRIZIE, IR0 LOR (Line of Response)f&
WAERFLIZU A NE— RT =X 2EHEH ., B
M7 a) A5, 3D U /RAY A RE—F
DRAMA (Dynamic Row-Action Maximum-likelihood
Algorithm) [2-4] & 3 %,

B 1 ZBEFES AT AOBE R TFIED 7 1 —
Fx— hNERT, HAEEOZ W, ARKEE -
A LW O TR - A (GO E T OB
MW 2 BFMREBO D FEHT %2 GPU TIT - T 2, B
DEIRITILILD R A) & BRI FEAET D, X 2 (Z8E
£ AT L OB FAE R O S L TFE DO 2 7R
7. LOR B+ Z WA, B 2D & 5124
LOR 24 A Ly RIZHEID HTHZ & Tl
EROZEMARETH DL EEZBND, Ll
"5, LOR 23072 55<° DRAMA O L 5 (287
Ty MEL< LTGHET 256, WIHER KL
72%, FRIUTHFO GPU 1A = 7 A5 2 S8
WZH DD, WHPEDER TITRE 2REICR D,
ZOD, BFV AT LATIE, K2b) DX HICAT
A AT L OFHFEDOIFHE (LOR parallelization) $ 1T
W, ALy FEZEHERT Z L TEWIESIM A2 ko
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rolcLTnwa, B, AT7A4 AT LI L
T25A0E, EREHERIC, MENRLEL D,
[ Eomt: |

BE{§DGPU~D
i l

RISHETZHT2vrD || IBREZEE
LORT—42NGPU~DIRE| | #ik%EE

EfROCPU~D
X

[] crucosts
] crucostz
[] cru-cPurnT—s8mi%

X 1 BEfF S AT A OB ERERTIED

7r—F¥—h
RIAR AIAR
LOR1 LOR1
LOR2 LOR2
2ZLyk (23 51) 6Lk (61t 5)

(a) HELOREEZALWRIZEIYST  (b) ()IThZ. RSARTEICFIE
(LOR parallelization %L) (LOR parallelization #Y)

X 2 BEAfF v AT DO ERE KOS Fik

22 REFH

Y AT AOFIECIZ., FRROFEZTRDY
ANT-HERTEE L, @bz BT,

2.21. LOR #XEMIAMIZHT1-53tE

Cui HIZTX > TIEINT LOR & ZEHIH M
T CHET D FIE51 28T 5, K312 LOR %
KRR IT AN oy T 7GR O 209, T
KN LOR % HAIZIRE R AINATOLEE L 7= 555,
LOR O H ML T » F M5 720, FHAER R~
DAEY T 7V RAERFTIICT S Z EIIARAFET
HY ., T, FENIG UMD N ME L 720 |
Sy I DAL N ARG E T D GPU TlXEHE DR
My 7 e 0 25, ZDD, 3T &
IZHFANZ LOR O AR M(x & L < 1L y)l2or S
THhBIEEEERA, HREERRZITY, K31E1
DODY Ty A 5AKD LOR M OEREN LB %
RLTWA, LORI, LOR3 & LOR4 /L x HaIn%K
Flff)72 LOR TH Y | IEEEEF TR Z O 3 KD
LOR IZX LTAT 9. WIT y HAAXEA 72 LOR
(LOR2 & LORSHIZOWTCIEHREHERE 2179, Wi
ELEETH D, 2B T RO EIE CPU TITUV,
S ENT=T 2 B FNTE GPU D AT ) ~#Rk
95, F£72. LOR X F I, ITH T & T,



BEIINEVWREELRAEY T 7 ANARERY
27— KAV ZFHATE D720, ZNr2FHAT
éo

yA RN X ERZELOR
LOR5 LOR2
1/
i
4— LOR1
N
L },4~LOR3 xH A A X ERIALOR

-1 ~§

| LOR4

L.

[X] 3 LOR % ZHECEY s 43 i -3

222. FHELEREDRFET

NVIDIA GPU TiL, it &7 — X izt D[R RF3E
TRAEETH D, W2 CTRLIZ7e—F v —FD
W, BGOSR - L OFEFHERICHET L7k
v F® LOR 5 —# & GPU ~D¥&¥kIL., [FEFICAT
IZENTXLEFTTH DD, Dy & R
ATV, b —Z L OALERIFRE] & 4E80E T 5,
223. <J)IF GPUTOEtE

~/LF GPU TOHIX, 7> A LOR
4 GPUIZHH L CEID YK THZ L TITH, FHiE
FCEMR O B, Wi AR R A 1 ST
L7giFiuid7e b7enizd, 5 1GPU ~7 — H g
%9 %, GPU MOTF—#i5kx, GPU M CEET
7% 295 GPUDirect #ff 9 Z & TH—/3—~v
RZEJR 6T, B SNZmEBgIx, FO% GPU ~i5
BELRTER S0, TN OFEF L
RIRFIZAT X D720, G5 RO RIFFFAITEIT ),
3. WHREER
RETIEOEIEEMRT 272D, ALEEREH
Rl %, AL CTOERE TEE 1 1TRT,
X 4 12 1GPU O WLEE IR [ (10 12 FA ik D A D IRE [ C
T — 2 RS ORILE A TRV ERT, BETF
¥ A7 LD LOR parallelization & A58 THLY At
T FEOMBEDENEN T L0 EHERT 512
OIRLETIEN S LOR parallelization % RNz DT
) ALEREE [ A 7 E L 72, LOR A% 1,000,000 D354 T
1 BEE Y AT DO TFHEN 29.90 I L, 2R T
13 1.22 b & K72 @i by 24.5 f5) & @Rk L C
W5, LOR DD WGEICIRETIEDIE O MLE
R R D72 7o THBY, ATARZTLOFHED
AFFUE DA B IE AR TE %, RIZ 1IGPU & 2GPU
DA DB 2 53 5, AHAF%E TiX, LOR
A% 1,000,000 [ZOWTEHMlIZTT 5, & 2 12 GPU
w28 2 1-%56 ORI % 7~k 9, 1GPU TliX 1.22
FZ®k L, 2GPU Tlit, 079 & 72~ 7z,

4. #EH
BEAE S AT MTHA, BR FEHE R O AL BRI ] 0
(R 2 MR8 L7=(3 > 7 /v GPU O Ll THI 24.51%),
* 1 EBra T
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GPU NVIDIA GeForce GTX TITAN x 2
(Compute Capability : 3.5)

CUDA
Y — L% b Va3
Ef%g@{%ﬂ*ﬁ 76 x 76 x 84
R7EALHA X | 1.5x1.5x 1.5 mm’
UPAPAN S 50 ([EE)
AE Rk 1 (7€)
FHi#s AT BB —x YA
R B X 13x 13 B &)
JESEAHIE L

b ——BEVATLOF R

—m—ERFE

100.0

[ —& BEFEHLLRAFIRAILD
HEQLIUEERV LD

e — A
_—/ A
10

10,000

IBERY (1]
S
5

01

LOR#

X 4 1GPU ~C AL B R (i1 FEA% AL 0D 4 D HERE)

# 2 GPU % 2 1= 356 O TR

(M2 FAE AR D A D IFERE)
Fik LOR % | GPU %t | ALBRER [FD]
y . 1GPU 1.22
BEFE | 1,000,000 GPU 079

F/o. vTF GPU TOHFMEEZRER LT, 4%D
FLEEIX, /LT GPU TOA— 3 —y RS,
BHHRRIEIR E DB AL VR L L2V A A U T
& % Single-Ring OpenPET[6] TD U 7 /L X A LA A
— VU T VAT ADEENEZ 5ND,

SE Xk

[1] H. Tashima, et al, “Real-Time Imaging System for the
OpenPET,” IEEE Trans. Nucl. Sci., vol. 59, no. 1,
pp.40—46, Feb. 2012.

E. Tanaka and H. Kudo, “Subset-dependent relaxation
in block-iterative algorithms for image reconstruction in
emission tomography,” Phys. Med. Biol., vol. 48,
pp.1405—1422, May. 2003.

TR, fh, “JEfio> PET g FEA A% DRAMA
—HLWEM AT A =2 Hl#EL D N R
DRAMA D#E%E—,” FhL 21 FE KA PET HF%E
Wit E, pp.76-81, Mar. 2010.

S. Kinouchi, et al, “ GPU-Based PET Image
Reconstruction Using an Accurate Geometrical System
Model, ” IEEE Trans. Nucl. Sci., vol. 59, no. 5,
pp.1997—1983, Oct. 2012.

J. Cui, et al, “Fully 3D list-mode time-of-flight PET
image reconstruction on GPUs using CUDA, ” Med.
Phys., vol. 38, pp.6775—5786, Dec.2011.

H. Tashima, et al, “A single-ring OpenPET enabling

PET imaging during radiotherapy, ” Phys. Med. Biol.,
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1. [XC®IZ

BUE BRI e S AT FE T & O S BR AR PET
HEE TH D [OpenPET) DOAFZERIFE A D H TV
%[1], OpenPET |Z#FRAY 2B lkEIkZH L. U T
JV B A L PET/CT R0 izl - IRIRRL G > AT Mg
EL BaEARBEIR TS, Bt
OpenPET T#& % DROP (Dual-ring OpenPET) TlX
BB BRI W TG R VWD Z &3 T &
% LOR 23R} D b DIZ R &40 2 7= 8O (il 7 18 DK
JEWE 5y D3 KAR L[2]. OpenPET {4 F-A# a2
Rl L 72 5[3]12 &b, RITHY TiE 2 H
T 5721, KBJEW A I B2 1L (Projection onto
Convex Sets : POCS) [4]% AW CXERHEICL W E
TEEEDPFENRERINTNDH[56], LML, 2D
FIEIT 7 A RO T8\ T A% R 1 BEIR
DT —F 777 ERRETLRE, BINEZELR
VMETAI S HERE STV B [6], TSR L TR T
W, PERTIEAWD Z ENTE 720 >7- LOR & [
WCHIIESRICET D SN texm Estd, 7—F
77U NERBSE D FIEERET D,

2. ik
POCS T & 2% JAE# A8 5ei% Tl £ 3 DROP Tif
WAL D KD D LOR D A% VN THENTHY 3 T H]
BEERTIECH L ERE Y — U =L H#iE (Direct
Fourier Method : DFM) 12 X 0 ®IHiE& % £k 3 5,
DFM TlIMA % 522 B D I WERME D 2 ot
T —2IT7—F 777 bOFREKICRD-0, i
SEFETIER 1 O X D ICKRBEOLE L2 WMERAE,
DEET—ZDHEHNTWER, ZZTHN
LA ) A XDOEEN KA TWDLGE, 7
RLEMRIZK 2 D X 5 Bk T —F 7 7 7 bR
FRAETH, TIIXH LT, AETE, 7—U=x
v’ =27 (Fourier Rebinning : FORE) £ [7]% i
T5HZ LT, Mtk HNDZEDTERM-TH
BHAOT — X ZEMERICFIH L, wIEiGgo 2 A
ADEBERRKT 5 FEERE LT, 22T, @
% FORE ETIHB D ORET — X 2HE D/an
BT — 2~ e = 7T 508, RFEETERQ)
%z A T DROP CTELILLFE A DI R~OEET
— %K1 O—EERAO, T ~DRET — X IZ
Y= 7L TWa,

'7”0) €Y)

(r—ryk
w

P(w,k,z,7) = P (a), k,z—
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ZIZT, P(wk,z,)iXVA 2 7T Lp(s,¢,z,1)D
SEP IZONTD2WILT7— U =M THY | zIX
LOR O H1 S Dz A% rI3AERT I 12 %55 LOR O
EDOIEHETHY .y =tanf, TH 5, EETIHETIE,
VB =2 7 %2475 722 DEMIC X 0 g F gk &
TV, ARk L= #1842 POCS 2 H 9 5, 72
B, INLEMEETE%E [DFM+POCS) | T
1% [FORE+POCS] & HKi7 5,

X1 DROP & —EHHAH46,0 LOR

ole

5 Bk
HIMER B

X2 A RXDOREETCTOMEREORE R

3. Y3al—yarER

DFM+POCS & FORE+POCS # 3 I = L—3i g
T —X A L7z, 487 L7z OpenPET & 4 [X] 3
2y TONRTA—=HEFRK1LITRT,

T 7 b AR 4 D XD AR EAR 15 em, (KT
MOES 7.5cm OMFENICERE 7.5cm, JEX 1.25
cm O PR O e $IR % 1.25 cm ORFIE C 3 #hid
ELEZLOEFEH L, £, #ET—XITIER
T A R 20 %ML TV B,

—st

T

“S’l.
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¥y 115em

t15em |
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z
| 18Yn e

zw:'f
Y3ial—va UERTHEELE
OpenPET i
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#1 YIalb—ralryERTEELL

OpenPET & D /3T A —H
VT
Fr v g

Radial A O > 7Y 58

Angle FROY 7 2
D]

BEDY R U 2201 X
Ry X

48(24 ¥ 2)
100mm
128
128
6.25mm
128 X 128 X 128
3.125mm X 3.126mm X 3.125mm

Transaxial

Sagittal
Vialb—va ryERTHW:
T 4RI T 7 R4

X 4

4. FEREER
SITIMH R E D KT X 2 PR 5 & EAE

& O NMSE EOZEAbA <3, 72 1% 6 I[ZKTE 1200
[BIFF & 5000 [IRFO PRI A . P17 12X 6 D 5L
MEoTa 77 A4 0%E7R7, X5 LD, DEFM+POCS
TIX, 1200 [A1%Z# 2 % & NMSE fl03 3192 23,
FORE+POCS Tl 5000 S8 21T > T HAEDIEHUE
MR 65 7eh -7z, 2k, FORE Oz L v
EOUUR IR D Z b & ) A XD BN
MENTEMEICESERT S RoTWNHEHTH
LEEZOLND,

*7-. K6 XY, FORE+POCS Tix DFM+POCS
TRAELTVWDEIRO T —F 7 7 7 M &8l T&
TWbZ ERbNrd, 61T, 7LD
FORE+POCS Tl& DFM+POCS & H#k L TEDIE S
DENRMWZENTND Z ENRprDd, XKiE 1200 [[]
RF C X FORE+POCS LUK L TW AR W7z
DFM+POCS @ i DN EAEIZ I VME 2 "3 28 . IR
5000 [EBED 7 17 7 A V& RS L, FORE+POCS
PMEDOIEX LS X 2 MZ N5 BEEIZITVEZ R L
TWBbZ ENbnbd

0.3
0.25 7

02 7

w
€ 015 1
z —DFM+POCS

01 4 = FORE+POCS

0.05

5 MNEIEDOKIEIZ L D NMSE fEDZ 1L
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Transaxial Sagittal Transaxial Sagittal
DFM+POCS FORE+POCS
(JRig1200[E]) (R #&5000[H])
6 (hWHESIEIS X 2 PR A
R 12003 R ifis000E

Transaxial
¥ 8 88 8
~
5
- b
P ;‘
E B E & 8§ 8
(S
;

ﬂuu - b A
L L

Sagittal
§

\

—DFM+POCS —FORE+POCS

X7 X6omEoOTa 7y AL

Ideal

5. &

DROP (Z81F 27 7' e —F I LR
% 15 Cdh % DFM+POCS a’m\f/4xa>,?/
Bl T HME 2 %ET 5729, FORE £% H
WTRO O LOR # RIS FIH A TREE 775 2 & T
WIHEAEE O SN tham ESE3 FEEZIRE LT,
REFIETIIEEREGICBIT27—F 7727 b
DIRJEHEEME D A IMZ BN TS Z & &R
L7,

SE X

[1] T Yamaya, et al.: A proposal of an open PET geometry,
Phys. Med. Biol., 53, 757-773, 2008

[2] E Tanaka, Y Amo: A Fourier rebinning algorithm

incorporating spectral transfer efficiency for 3D PET,

Phys. Med. Biol., 43, 739-746, 1998

SS Orlov: Theory of three-dimensional reconstruction. 1.

Conditions for a complete set of projections, Soviet

Physics Crystallography, 20, 312-314, 1976.

DC Youla, H Webb: Image Restoration by the Method

of Convex Projections: Part 1 — Theory, IEEE Trans.
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T Katsunuma, T Yamaya, et al.: Analytical approach to

compensate loss of low frequency information in

OpenPET image reconstruction, in International Forum

on Medical Imaging in Asia, 252-253, 2011.

H Tashima, et al.: Restoration of the Analytically

Reconstructed OpenPET Images by the Method of
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M Defrise: A factorization method for the 3D X-ray
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1. [FLCBHIC
Rt U v TS A A= 7 Al e 7 B i ZE )
aFEoO ZEY 7 OB KA PET # &
[Dual-Ring OpenPET | (3. {481 5[] D HREFFL S0
BEDOA NV ALK 2 RPBHH[1], Ll
7273 5, Dual-Ring OpenPET O Bf it 22 [ Cifld D
LOR (Line of Response) L2HIET5HZ LN TE
T Orlov D[] 28 L7228, B 72 i
B ZIT ) Z T TERWVWABEMELE S D,
BAMZERT T, X 1IR3 X9 AR R 7 DK
BRACLS, LM»LAAL, MLEM (Maximum
Likelihood Expectation Maximization) 5X°> OSEM
(Ordered Subset Expectation Maximization) 75®M J
D IRBE AT DR R AR FIE A % 2 L T
T3 7R EE O FERG E SN D T & AERIIC
IRESNTWA[3], 22T, BRI {5 A% Ak
BIZE 2T, ARRBEBENIEOND ZEREN
TWDMR, 4 A=V THBOIRIC L - T,
KW R 7 D RB O E 2R =T, BNT —F
T NRBENAZ ERDHD, THETIZ, UV
JHEBISLO R TR E I N—TEHRES
D7V Ut LA T T REESR AR E T D 2
LT, BITICEERERGOoND VA AN
[Bridged OpenPET) DFEZEA1T-> TV 53, 180
DREHZRO A A FBRDELITEZLETH D[4,
— T, B, FIRAEMEE S N—T v LY
YU PET OVFAA NI DX D, ERREET —
X % HufFC & g PET % IC%F L T, TOF
(Time-of-Flight) 1% &} FTHE7e PET i Hi#s %
AN ZeT, AEafEORBL RS 51
LD INAT LI TV D[5], & 2T AR T,
B ZE I 31T DR RO E LM S Z L2

Frequency domain

Yy

Lost frequency region

Dual-Ring OpenPET D BHZERIZI 1T 2 JE
P Hk oy D R AE

X 1

40

BFA A= TR 2 —

i X% TOF 15 #H OpenPET Wi #4 HA% ik (12 5- %
LB ERE L,

2. ik

¥ 2 ({2779 & 5 72, TOF Dual-Ring OpenPET 4
ARNVEHNT, JARXTV—DA A=V T
Ralb—var&irolc, A 73Nt 4
DOV TV T ERRL, BT o TIEERER 48
& DOI (Depth of Interaction) MHZFT 1 v 7 />
5725, BT v v 713 6.0X6.0X7.5 mm3 D
VFL—HE IX8X4 ITEAHI LT, vl —
a » Off LD 7=, DOIC (DOI Compression) 5
ZHEATHEREL T IBREOAOEE T — % %,
RHTHIC R D T2 AT A~ FY 7 A2 L B IEHE
THAR L7z, £ OB, B3 EE (FWHM: Full
Width at Half Maximum) C 500ps O FF[E] 53 i RE & A
T 5 ERE LT,

a7 7> hAaE LT, ARy v 77 hAk
FYART T 7 FAO 2 fEHERAWE, ARy K
7 7 v b MRS EEO MR (B 400mm, £
S 150mm) Oy 77Ty RE15DAR Y FA
Ry bbb, Nv 77T REKRy hAR
Yy ROAV NTARNIT 4 E LT, T4 AT T
¥ N AFRRRICAR B BEOME ROy 7 7T D
v RE 25mm OB TIEATR 3 >2OKRy b7 4 &
7 (E£ 200mm, £ 25mm) 226745, T4 A
77 AT, A= E— AT —F T 7T &
ST HBRIC VS D Defrise 7 7 > b b &
LTW%, LT, MmH#IHISER% (DRF:Detector
Response Function) % & J§ L 72 IHEZIZ L V. TOF
BHRAY LELOBAEOKRET — X 2 AR LT,
Z LT, OSEM £ (8 7> b, 10 K1) 12X
D B AR Z 1T - 7=, Z Z T, Inverse Crime (273

48 blocksin ring 180 mm
L | Ll,_A_A_lLJ; 30mm
/§
Y L S
5 3 Scintillators
//§ 3 48m
;& /NI
/§ H
iR VI
6;2”‘ / Photo detector|
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HTLERRET DTS, FERRICIIRE T — 2 4&
R & 132 D 2 L7 DRF & VW,
FRERR LzEifgicx LT, 77—V =f@tr 247 -
72, Dual-Ring OpenPET T/ U % K4EfHEL (1)
BT DT 24T D T2, BET 7 v A
Wpitgz 3 o7 — U =&, ZLT, Z1
ZIUTHOWTIRIBRL D O AFHEN 112725 K 51
kAL Ui LT,

3 HREER

K3, 4iI2ARY N7 7 NAET 4 AT T 7
v b AOFERERG, WS 7 — U T ORE R A
Tt ARy N7y b AOEEIEL, TOF [ IE
LTHAy hARy MBERICHMER Sz, L
MWL, T4 AV 77 hAOEAITIE, TOF Hi#
ZHWARWES, MW7 —F 777 RRENATL
F T A7 ELOHBINREL I o7, Fh
I2xt LT, TOF fFMEH 5L T, T4 AT 7
7Y MARARYy b7 7 N AOMEE Ay 7T
Ty RIZENTZT —F 7 7 7 b KIBIIKE S
NTWDERDLND, FTo, 7— U T ORER,
ARy F 77 RAEHEEL T, T4 AT T 7
N DT ER R EIRICZ < O & B ATV D
ZENGND, £ LT, TOF [HHMEL 0S4, K
B OGE SR oI E TS TICRE RBREL
725705, TOF A WD Z & T, ZDiRENK
TEIIE S LTV Z LMD,

TOF & # & & A 72 DRF 1%, WA LKL L
TLOR L&V TV T LItk T ABEKEE
IANBEFLZ4TH Z L TEFT L TE %, Dual-Ring
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1 INTRODUCTION

HE essential value of the whole-body combined

positron emission tomography (PET) and computed
tomography (CT), or whole-body PET/CT imaging, is to
detect the spread of a certain disease over the whole
patient body. By examining the metabolism of the
internal organs, distribution of diseases such as cancer
could be determined. Conventional PET/CT system
consists of two parts, the CT scanner and the PET
scanner, which are axially assembled in one single
gantry. For the whole-body imaging, patients will be
moved progressively through the CT scan and then the
PET scan with multiple bed positions. However,
patient’s movement during the imaging process would
cause inaccuracy of attenuation and scatter correction for
emission images [1]. Bed shifting also means long scan
time for the whole-body range. Though studies on the
entire whole-body PET scanner with extended axial field
of view (FOV) indicate an improved sensitivity [2][3],
clinical PET/CT is not cost efficient.

In this paper, we propose a new conceptual
whole-body imaging geometry based on the OpenPET
structure designed by the National Institute of
Radiological Science in Japan [4]-[7]. By taking the
advantage of OpenPET structure with reduced detector
number, the proposed geometry could cover a large FOV
with an affordable practical cost. The larger FOV could
enable the whole-body imaging with reduced bed
positions, or even without moving patient. Meanwhile,
the CT scanners could share the same FOV as the PET
scanners. This simultaneous imaging process largely
reduces the registration artifacts in measuring blood
perfusion and metabolic activity. We expect that the
simultaneous whole-body PET/CT could provide new
knowledge. In this work, we study the feasibility of the
simultaneous whole-body PET/CT geometry by Monte
Carlo simulation in terms of sensitivity profiles. Also,
the CT images reconstructed under the proposed
geometry are analyzed.

2 Method

2.1Simultaneous Whole-body OpenPET Geometry

In OpenPET structure, two PET detector rings are
placed axially with a gap in between. Although the
projection data for gap region are incomplete, we
showed by simulations and experiments that the PET
image reconstruction is feasible by using iterative image
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Side view

PET detectors x-ray tube 48mm
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4 N 800mm
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Fig. 1. Simultaneous Whole-body PET/CT Imaging Geometry.
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reconstruction methods [4]. For the whole-body PET
imaging, multiple small open gaps structure was studied
[8][9]. In this work, the basic dual-ring OpenPET
structure is adopted.

As shown in Fig. 1, three x-ray sources are
implemented to ensure the same FOV for both of the CT
and the PET scanners. Furthermore, simultaneous
gamma ray and x-ray detectors for CT scans are also
required, which are now under investigation. While the
CT detectors are inserted to cover the gap region, PET
detectors of the OpenPET rings will now be used for the
x-ray detection as well. Therefore, the extended FOV
not only allows the whole-body imaging without moving
the patient bed, but also enable simultaneous imaging
process for both CT and PET scans.

2.2 Performance Evaluation

We simulated the OpenPET geometry as shown in Fig.
1. The CT detectors were arranged as a curved plane out
of a virtual block ring with the radius of 380 mm,
covering a 120° span. CT detectors of different axial
lengths were simulated in regards to image artifacts
reduction and noise performance. The blocking effects
were examined in terms of sensitivity profiles for the
PET detectors. The suitable detector length would be
determined based on the sensitivity profiles. For PET
scanners, the OpenPET had 16 block detector rings with
the ring diameter of 800 mm. Each of the detector rings
consisted of 48 4-layer depth-of-interaction (DOI)
detectors [9]. Each DOI detector was 48 x 48 x 20
mm? and the pitch of their axial arrangement was 48 mm.
The OpenPET had an axial FOV of 1104 mm in length
with a 336 mm open gap, in which 7 virtual block rings
were assumed.

Sensitivity profiles were determined from the
simulation of a 1200 mm line source of 500kBq. We
placed the line source in the center of the FOV. The



number of detected true coincidences was summed for
the blocking CT detectors of different lengths. With
the CT detector axial length fixed, we examined the CT
image quality by imaging 3D Shepp and Logan phantom
(128 x 128 x 128). We used two methods, the
standard Feldcamp (FDK) and Maximum Likelihood
Expectation Maximization (ML-EM), to reconstruct the
CT images. Root Mean Square Error (RMSE) and the
Normalized RMSE of the images were calculated.

3 Results

Fig. 2(a) indicates that as the cone angle increased,
the image quality decreased in general. Still, the iterative
methods had superior performance to the analytical ones
in terms of large cone angle effects. After comparing the
horizontal profile values of the transversal slice for both
algorithms under the cone angle of 60° , we can see the
ML-EM outperformed the standard FDK with less
fluctuation in Fig.2 (b). Therefore, under any cone angle,
the ML-EM had superior performance to the standard
FDK in terms of image quality.

.
F‘—‘—M St o
e
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e
E‘EA}’_‘E/{}’_‘E/{ 0.4
o B—— -
02
w % W
Axial Cone Angle [Degree]
(2) (b)
Fig. 2. (a) RMSE of images under different cone angles. (b) Horizontal

(85) profiles through transversal slice (65).

We compared the images reconstructed with different
levels of Poisson noises. Fig. 3(a) indicates that, through
the calculated NRMSEs for both algorithms, the
tendency of high level noise tolerance was verified.
However, for the images with acceptable clinical
diagnose value, ML-EM was the better algorithm in
terms of noise performance. RMSE of images
reconstructed with the incomplete projections were
calculated. As Fig. 3(b) indicates, the ML-EM
algorithms had better performance than the standard
FDK in terms of image quality.

—— Standard FOK
——MLEM

o 0 20 30 0 50

Projection Data Incompleteness

SNR [dB]
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Fig. 3.

(b)

4  Discussion

The OpenPET based simultancous whole-body
PET/CT geometry provides an extended FOV for both
of the CT and PET scans, as long as the gap width is less
than or equal to the detector ring width. This enables
whole-body imaging without moving the patient and

(a) NRMSE of images reconstructed with different Poisson noise
level. (b) RMSE of images reconstructed with incomplete projection data.
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allows simultaneous acquisition of the CT and PET data
with the same FOV. The simultaneous imaging process
enables the whole-body dynamic scan to get the
functional and anatomical information at the same time.
Attenuation correction artifacts caused by the organ and
body movement could be significantly reduced as well.
Since the OpenPET structure requires limited number of
detectors, costs for clinical application would be
significantly reduced.

For the detector arrangement, however, the PET
detector element size (2 - 3 mm) is larger than that of the
CT detectors (1 mm). Therefore, degraded CT image
resolution would be expected. By axially extending the
CT detector plane under the premise of adequate
sensitivity profiles for PET scan, we improve the image
quality with larger CT detector coverage instead of the
PET detectors

Three x-ray sources were used in the proposed
geometry, thus weak x-ray sources should be adopted for
low dose radiation to the patients.

For the whole-body cone angle of 84.0° in this
geometry, CT images suffered from a severe degradation.
However, the iterative algorithm reconstructed image
with better quality compared with those obtained from
the analytical method. With regard to the computation
time, modified reconstruction algorithms should be
explored in the next phase.

5 Conclusion

The OpenPET based whole body PET/CT geometry
enables simultaneous PET and CT scanning which can
image the same FOV at exactly the same time. Improved
attenuation and scatter correction could be expected.
Simulation results indicate that iterative methods have
better performance in terms of image quality compared
with the analytical methods. However, modified
reconstruction algorithm should be developed to solve
the large cone angle artifacts with regard to the
computation efficiency.
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(b) Laser-processed block
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Fig. 1. Photographs of (a) a monolithic LYSO crystal before laser
processing and (b) a laser-processed block. (c) Segmented array
blocks manufactured with 2 mm cubic LGSO crystals. (d) The
segmented array block with glue was optically coupled manually. (e)
The segmented array block with air gaps was enclosed inside the light
guide box.
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Fig. 5. Energy spectra and timing histogram of four- layered LGSO
array after the detector calibration.
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8x8 reflector 13.0£0.1 209+5
8x8 without reflector 17.2+0.1 210+4
8x8 4layer 16.7+0.1 293+2
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Fig. 3 Positions of shield boxes in this sequence without (left) and 8
(right) shield boxes.
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Table. 1 The ratio (ppm) of the secondary magnetic field to the static
magnetic field strength (3T)

Gx Gy Gz
without shield box 0.092 0.063 0.089
8 shield boxes 0.091 0.062 0.088
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Fig. 1. lllustration of single photon interacting with multiple detectors
in a coincidence event.
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Fig. 2. Distributions of Compton scatter angles calculated from
energy and coincidence LOR information for the LSO detector with
several DOI resolutions. The rat phantom was used. The black line is
the ideal line which has the ideal interacting position, ideal energy
resolution and true FI estimation. Red points are falsely estimated FIs
and blue points are truly estimated FIs as obtained by the
preprocessing judgment.

Table 1. Sensitivities for several detector configurations using the
proposed method.

{a) Rat phantom

(b) Mouse phantom
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Fig. 3. NECR curves with several detector configurations using the
proposed method for rat and mouse phantoms.
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[11 S.-J. Park, W. L. Rogers, and N. H. Clinthorne, “Effects of

Positron Range and Annihilation Photon Acolinearity on Image
Resolution of a Compton PET,” IEEE Trans Nucl Sci, vol. 54,
no. 5, pp. 1543-1552, 2007.

S.-J. Park, W. L. Rogers, and N. H. Clinthorne, “Improvement
of Noise Equivalent Count Rate Using Compton Kinematics in
a Compton PET,” [EEE Trans Nucl Sci, vol. 54, no. 5, pp.
15891598, 2007.

E. Yoshida, Y. Kimura, K. Kitamura, F. Nishikido, T. Yamaya,
and H. Murayama, “Event-by-event random and scatter

[2]

(3]

Sensitivity (%) . estimator based on support vector machine using multi-anode
Scintillator Conventional Compton Gain outputs,” presented at the Nuclear Science Symposium
PET DOLPET (%) Conference Record, 2005 IEEE, 2005, vol. 3, pp. 1800—1803.
- [4] G. Chinn and C. S. Levin, “A method to reject random
Rat phantom coincidences and extract true from multiple coincidences in
LSO 1.28 1.66 29.3 PET using 3-D detectors,” presented at the Nuclear Science
GSO 0.77 1.14 48.7 Symposium Conference Record, 2008. NSS '08. IEEE, 2008, pp.
' ' ' 5249-5254.
GAGG 0.62 1.01 62.6 [5] K. Kamada, T. Yanagida, J. Pejchal, M. Nikl, T. Endo, K.
Mouse phantom Tsutsumi, Y. Fujimoto, A. Fukabori, and A. Yoshikawa, “Crystal
LSO 3.28 4.20 27.8 Growth and Scintillation Properties of Ce Doped
GSO 1.94 2.79 43.8 Gd3(Ga,Al)sO, Single Crystals,” IEEE Trans Nucl Sci, vol. 59,
GAGG 1.62 250 546 pp. 2112-2115, Oct. 2012.
Table 2. Correct answer ratio of FI estimation for several detector configurations using the proposed method.
Correct answer rate of FI estimation (%)
Scintillator  Only Preprocessing Proposed method (DOI resolution)
(20 mm) 20mm 10mm 50mm 25mm 1.25mm Ideal
Rat phantom
LSO 50.5 51 69.2 75 80.3 85.8 88.6
GSO 54.4 54.6 70.2 76.7 82.2 86.6 87.4
GAGG 56.1 55 72.2 79.1 84.1 87.8 89.5
Mouse phantom
LSO 55.1 53.9 67.8 73.5 79.8 85.7 89.3
GSO 61.1 56 71.3 77.4 82.8 87.8 88.6
GAGG 63.4 57.2 72.6 78.9 84.2 88.8 90.4
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Table 1. Specifications of the DOI-PET scanners

2.9%x29x5mm’
LSO

Crystal size
Crystal material

Number of crystals 16 x 16 x 4 (per detector)
19.2 cm (4 detectors),
Axial FOV 100.8 cm (21 detectors),

201.6 cm (42 detectors)
60 cm (38 detectors),

Ring diameter 80 cm (48 detectors)

Timing resolution 1.4 ns
Coincidence time window 6 ns

Energy resolution 15 %
Energy window 450-600 keV

Table 2. Setup for multiple bed position studies

Number chnner Number S_can Shifting Overlapping
of rings axial of . 'bed time per time
FOV positions  bed
42 201.8 cm 1 1200 s 0 0
21 100.6 cm 3 396.67 s 5.0s 58%
4 19.2 cm 19 62.210 s 1.0s 52%
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Table 3. Total sensitivities of six types of PET scanners for

multiple-bed position scanning and its gain (in parentheses) compared
with the conventional PET scanner

Sensitivity (keps/MBq)

Number of rings 60 cm diameter 80 cm diameter

4 5.67 (148) 384 (1)
21 122.67 (31.98) 89.0(23.21)
Y 306.73 (79.97) 260.8 (68.00)

Table 4. Peak NECR for six types of PET scanners and its gain (in
parentheses) compared with the conventional PET scanner
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Number Activity at peak Peak NECR (keps)
of rings NECR (MBq)
60-cm 80-cm 60-cm 80-cm
diameter diameter diameter diameter
4 400 400 69.4 (1.25) 55.1(1)
21 175 275 511.9 (9.29) 546.1 (9.9)
42 125 225 843.9 (15.31)  989.1 (17.95)
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Helmet PET w/ Jaw Detector = Helmet PET Cylindrical PET  Dual-Ring OpenPET
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