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2010 4, B G KH MWT R 1) 8h4) 42505 PET (B4 Trans-PET BioCaliburn SH 1. 0) #F#l5¢
", HORA T 6 AMBEHL RN RS, AT B AR S R L SO F B R A, IR MVT SRpE
PICHHATEC AR o BRI SRR 9. 2 em BOFR IR FOV A 5. 3 em [l FOV, FESEBLT 1. 2 mm (#5250 43
PR, BEHEHE T 12 MBI ERI 28 ) Trans—PET BioCaliburn SH2 F Trans—PET BioCaliburn
LHWFRISE R B (e 7 RAERIFLAR, (U904 2 5%k FOV GA#) 10.6em), $#R-4ET 4 51 R
WO JEFOREE T I ()5 FOV, Ry K 742 FOV GAR] 13 em), W RLSEILSE w4 fi@ &, I
SR TSR R F) 1. Omm. 2014 4F, 16 Trans—PET BioCaliburn LH {EABN#)sS2ie & 44
HORHEE R 27 [R5 B2 27 ot B g W R e 6L, JF 86 - ST A SR S sh D e I 55

B I 9 4F, D& 10 ARG EI 507 PET o alde b B Ll BN, ZF=%H
FEM, TFRAFE/E KB BT BT DUEUE S 2 P s P BT OoRk S Sis s ks Tl
it 100 ZERHIE AL, N F ST ) 200 a SE RIS 22 F 90 ST . MR R O IERFSE. At
W RS WO GRS 2. A 10 aEEL, I8 I B AT PET SRS 1 H i 100 TB,
W 9T 45 3 M 4k % % 4E Nature Communications™. Nature Medicine™. Nature Biomedical
Engineering'”. ACS 2%k, ZiHIBMiLIC 70 &5,

% 1 ARE W% PET Trans-PET BioCaliburn ZR%1 7R H 24 PET MBEALAL A, AR
BRI g m] DL A SR R — B, BRI RS, RS R A AR R RS, BN A
I 5%

BJn, o5 24N, 3 3 ARE My PET 4K i, 47T Trans-PET/CT Discoverist 80/180,
Trans—PET/CT Explorist 180 ¥ & iss, Mm/MR. K. BT BTERNREE 3,
M4 T R BT B FET 5T WM (contract research organization, CRO) BHIFHRS: 9Kk BH)
PSS AMTIAE (R 1) o

# 1 MEHTIPRR 2 ECT PET BRAES
Table 1 The typical All-Digital PET instruments for scientific

SiH Trans—PET Trans—-PET Trans—-PET Trans-PET/CT Trans-PET/CT
* BioCaliburn SHI1.0 BioCaliburn SH2 BioCaliburn LH Discoverist 80/180 Explorist 180
AFOV/mm 53 130 53 100 200
FOV/mm 92 92 130 80/180 80/180
PR S ECE /A 6 12 12 12/24 48

2021 4, THIEREVE B H AR K XA 20T PET ELRENL S, Bext A g sh it sh it 4y
r T G o I TR 3 B R S AN, JE S SRR IS B ) B AR AR S M KBS 2, i B S
ML B 2022 45, FAAECF PET WEARREGIS", QUL PET MLIIAE Y 1 Th B i
B ARSI RE
2 2¥F PET EfTai

2015 4F, 7 G R HI MVT H AR B 2 10 i R 42 307 PET B2J7 B4 DPET-100 J FEAEBLOT ) 78 o 1%
FEHLR A 88 AN AL e Ak 00 4% BE S 2RI 25 KT 4mm < 4 mm x 20 mm (1 PR & 4 10107 SO &
4mm > 4mm [ STPM, AN STPM R — A7) MVT SRS AT A 8CTACRAE, TERCL 0 10 1 RIS,

Ko RIS M) EH A T2 ems i) 10 em WIERINEA, 1277 5 B K FH 4 A% S 25 60 s 130/ 9 s 13 10
(transmission control protocol/internet protocol, TCP/IP) W] ¥ FEilAZ Uil sk M
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FERRAFETH by B ORAE KRS I 25 4 e R ML e 4 LR T 3R & 02, BE R A () T
SRR LA . OSBRI PO S A BRI R A, SO T IR AR H] . RG-S K
PEZ A1 58 A fRAR o

DPET-100 =i B4R/ {NAT 100. 6 mm [¥)4k 7] FOV,
TSR 3AT T L 3. 6 keps/Mbq ) R4 RIUE,
JFREAE 15min P 58— kIR 4 5 14, A
RAFL 2. 0mm (W% AR R 20 F e o RIL ARG
B A ET PET #K, DPET-100 T+ 2018 4F 3k 15
H ] ] 5% 2 B B R ) B S T 2 b )
Y, FET 2019 AR E R 20 B A FL R

RPEETT BGEMIE . FEp CR iR ot BB B 1 EANIRR A S0 PET/CT DPET-100

FEAGIGAS . SEREIEIE A 1 10 1Ry =k, sz Fig.1 The first All-Digital clinical
o L e A e PET/CT: DPET-100

T AR . BT ESEEAR, JRE TR

Pl i) RBE SR EET MVT J ikt i A AR 4 30 PET BT s (B DD o

520 TREHAL BRI 38 B FIUR R X RGEAEM IR 305 PET By B4 1K 7™ i BRI E N T
R . AN 3 ], 58 2 ARG IR 43 80T PET/CT DigitMI 930 T 2022 SEHUAG [ 58 24 5 I B
PI 5 (National Medical Products Administration, NMPA) —ZKEy72ehiyiARiE"". & 2 18/
iy FOV B JEE] T 30.6 cm, HAEMEL 840 BIHAT T, R IR >R B —
WHRTE. IR A% PET/CT 5 R MG S HOR B 42 () PET RGEAH LL B T AR S8 PR RE L #Y, DigitMI
930 3RKAF T 249 ps 19 WATIS A 23 M4, 17.0 keps/Mba ARG RIBUE, 325.6 keps MM A ERTHHL
Ko A B GEAE I IR L RE SCHRFLE 0. 05mCi/kg MEFE R, 135s N 58 30 M P 31 R 1)
B (& 2)

S Soe . PR

PN 7§
B 2 DigitMI 930 Ifi/K4>%( PET/CT KB 3 DigitMI 130 Ji#B% Fl4%7 PET
Fig.2 DigitMI 930 All-Digital clinical Fig.3 DigitMI i30 All-Digital brain PET
PET/CT

BERS 9 AN, [FIFEBOREE T 1 3 3K IR A% PET/CT 77 DigitMI 920/925/930 + AH44 3K
3 NMPA = 28 B2 7 2B MHIE P e o AS TR I PR A 507 PET/CT 341 R FH 380 42 (1) 4 2507 A 00 23 A
B, AR SR R B, TE I RO AR BT, R POV R[N PET R4, LANXEASIH]
(I AR 7 3K o

AN 1) Ji 38 5 T 1R 4 %50 PET 775 DigitMT 130 o iR $R75 NVPA #ieufk, Wb 6 kAT
(KA 507 PET BEy7 oS bl, 2 B A IO 8 & ) PET BT 8 bl (1 3) o il 4%y PET HiR 444
R, I A B0T PET JEEAEHLOUN 3 AN H BRSE et ™, 3 WA H 521k 384 Bl RHIF I
PRI, JF AW TR . WAk Bl R 22 BRA%E 8 Fhl o I AR T, OIS 1 ARG IR R 42
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7 PET/CT HA W 2 o e R R ™ (B 4) o 130 REAESHAENL LE— DAL, 4Rk
HIFCPET BEt, S AN TRBEM ISR, Joils CT R4e, (UEH] PET Kol B BESE 1 H WAz e, (ETERE
FIEOL TR Ty, R RERE AU T 250 ps IR RS BEA IS PET R 48, I H 44 20 keps/MBg

T e R B

(a) (b) (c)
Bl 4 DigitMI i30 M mifgst &
Fig.4 DigitMI i30 brain imaging performance

[19]

B 5 JiRIT T HASCT PET FEHL
Fig.5 All-Digital proton—therapy PET

(b

(a)
Kl 6 SLERLHT PET FMHLAS (o) MM AR AR 2ET PET FUHLARSE (b)

Fig.6 All-Digital helmet PET prototype system (a) and magnetic resonance
compatible PET-insert prototype system (b)

FEVEZ Ah, ZFh BT PET BT SR b ARk B IT & o 2018 4F, RFI A%y PET BRI A% (18 i) it 7
IR AE R 3L PET RGN TS, RGLLFY 4. 85Mcps ¥ s Ak 38000 o7 ISEIL T i1
WA AELRAE AR = (B 5) o 2019 4E, AR A 4307 PET (U152 1, 1% PET a8 375
T 5.97% [k dan RWUE, FEIAF| T 273keps @ 78 kBa/mL (U S5 80 AR VB Y, AMUAERE
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RE L SEBL T M R BUE, JF HLPUOA Sk B A devh B SE B “ 2Btk 3h” M ThRE, 7T LAEIZ S HIE 55 )
PR SE NI, DR IR AA SR E RO T (6 (a) ) o LRI, A ik
AN AHCF PET SEH A R G TT A (J81 6 (b))

AR PET BERAAHE T PET [ PERE, 7R PET I ZhRe RN H (18 7, i KM F & T 8
PET 97 Sl (107 i B AR, s PET By s ) SE B IR AR, DR i A 7 22 Fh B10BT R SE 1)
R, TERCT AR

T e T-ToSCTE - “EL Sk Pt A
T T i L s 1o

K7 s shAY Ay PET REUn K

Fig.7 Schematic diagram of axial dynamic expansion All-Digital PET system

3 T PET wah W E MLt L

SHUCT PET St 7 —NITIRAOHER,  JF HAESEIURE I 70 CAVBRAR PR fi A 25 TF 530 (AT
BN, Fe AR R GRS AN ALRIR 72 IR AR ISR el GBS AR U e . 722 A
HMAHATABIZANAE, BRESNAS, XA DMEL S1F. Joft. e Lk =0 .

3.1 2¥ZF PET AR AMB LR

H PET £ 2E LIk, PET A H 1) N SR fm A& — BEAEAWT & &, Mt 2: Nal 2] BGO, GSO Y Fi%
3 N I LSO (LYS0), Ho & FE w25 B g (Rt o 0 R P s ) ) 5 s 14D 8% 5 R B i [ A 2 B
PEJT AT HE, DAk S S (R () 43 e, o R R RO A R R . e LSO (LYSO) A L H
BRI TR ROCRCR TR S, HRT RO PET INARGAR I SR, 480 PET HEZL Y, 1A
SRem A PERE 2 OC R PET P REMIIEAT, Wit — P48 m i AR I I TR PR e 39 PE L BRI SR RN
25 A [ AN Z BRI LR . AP (R e ZEIGPRESS T 3 biidt % b, W17 Vision™,
A A6 6 DigitMT 930 Al DigitMI 130, i@ EEJ7 Discovery™ . KAl Vereos™ . BEH uMl
780" B X R MR AR REAT T ST AER X I R HEAT T AR, 4 B SEBL 214, 249, 249, 375, 316 A
430 ps RIS ) 23 HE2 A BE o

PR R IR SRR RS, SEREIAT IR () 43 HE R R 23 () 40 6%, K5 T LYSO: Ce AR i
AR 2% T2 ANIA) ) A 5 5 R TR RO ST o A ) (9 3 T Ak B 45 22 DRSS b AE AR AE TT RS, K 4%
L TR (R R 0 2 P P i) 2 R R 3] 122~ 148 ps™ ™ (&1 8) &

[, 4807 PET BRBSRIRIUR LA Bt I IR RS B, R IR b AR i) 2% 7 VR 4 4l 7 A
—FE S AT ) o 90 MVT SRAE T35, PRI I 8008 8 KA 2 DA 6 ot A2 PR 0 S 16 588 v AN T
BT, BT DA KR i s Bk B T () — S T RE SRR EEEL . [RIN, AR Rk T IR R T K
AR A% 43 1A T R W SRR VR DS IE A 5 (0B L, 51 N DA A 5 Rl B SRR 4k 1R 308 i) JEL 44
SEHUCRFEFE S XU 324G, 1 m R ME 5 7 AR R ST R e BT P o T 2

A H B R PR R, @ AOEHLEIRT AT S LA R b TR, ST
31. 1ns ZEUNS [A] IR DDA KR dat PRAE 61, B B8 TR) 20 R AR T T 20. 2% &
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1500 800

Bl std LYsO: Ce B std LYSO: Ce

—— Gauss fit —— Gauss fit
600 |
1000 |
5 =
%}; Za00p
CTR = 178 ps
500 R-square: 99% CTR = 142 ps

200 + R-square: 99.6%

0 0 1 1
-250 0 250 500 -500 -250 0 250 500
i /] 22 /ps I} [ ZE /ps
(a) FR#E LYSO: Ce K&/ (b) PREEJRIS ] LYSO: Ce FEfh

8 TN IR) 7 AR M4 R

Fig.8 Coincidence time resolution test results

3.2 &HFPET HHBBHLE

JCHLS AR AE S PET RGBT — 38, R RS AR I 6 S e A s S e B LS 5, BE
# PET WK JE, Dt HL A 3G 38 328 0 I 25 1RO R A 38 A8 2 1) ek O LA S0 o AR BA A 2005 41 5F
2RI RO 545 (silicon photomultiplier, SiPM) 7F PET M AT 5%, $&H &N T PET
5 SERMN A SIPM B, A5l T SiPM #F PET Fh iy sehr N o GidimE Bl (& i, SiPM &
281k PET P27 28R ATER o 4% = S My 16 a8 1, &AMk Sl (0, i 1] F Vision™. GE
Discovery MI 3-ring/4-ring/5-ring™ . KAl Veroes™ . AP\ DigitMI 910/920/925/930.
DigitMI 130, BERZ uMI 550734157 11 SiPM 4 ot Hafis 4 284

PET 24, SiPM 5 EA LW w1 28 & 16 BRI 28 2% (photon detection
efficiency, PDE) MIMSEINEE 2 (064K, HE— P48 TR 23 28 [ SiPM A5 EER LA K
G THEOR PRUE S e L thAh, STPM 75 254 88 M AIE 3 S CR RAE S AVE

R PET AEZE T, AR BB IASZERINAT AT ISR i AR FD G L g A AT T LUk 1) 1 2 1 Bl AT R,
R b R TR ERE, XK ZESKk SIPM H & 2P0l BT R S i) RT, TR ISR A i v 4
& FHE ATt .

SiPM ZENTAE R ME e A R, PDE RWRHET:, WEME PRI R R, kA ™, om™ . 2 3e™ %40
Ak, Sanzaro™. Villa™. Mazzillo"™ ZtF5¢ BB LL B A BN " 3+ % B AR I T 201 & AR
SiPM, HAM%Z RPN 15 um ) 67 um, PDE M 11% % 43%, W5it-$\BA% 45 kHz/mm” 3 1. 19 MHz/mm’.
o A H AW STPM 2SI T fe 43% (1 PDE™, A7 e AL e v fg .

H T HE RN SIPM DG TR . JER B ATEE, BB T Ak APD R A K IR [A]
WREEMFR TN . EilfL (through-silicon via, TSV) F#EEFIAR . SR E KL R A
YT UAAE B I ) SiPM R A5 318 1 .

BRYEREZ AN, W fa] FEA STPM 4 T 20 B S e 55 i vt 50 R 0 B Ol FE B 2R DG 2. 2017
SRR BN AR SGSEI T R 350 um bk BN R A - S 4K (complementary metal oxide semicon—
ductor, CMOS) T 24 & il T 2l SiPM™, Z 7 iA B IA N2 STPM 7E PET 45 b5 2% JE A5 AT b
MER T, X BRI T SiPM T 1), ek T HAE PET (¥ T4 .

3.3 ¥ =F PET HNS

30y PET HESLR R RE AR AR () A S8 528 1 RN 5% (008 2 ek o i T4 57 1Al B AR AR & A
BRIy, Ay PET SRINGS 1 it Rl 25 )8 s B — A S A5 5 34T RSk, &
B3 AT AR A5 5 (RS S CINRERE L W {ELINS [8]) 10 BE v (R AL L B A TRUAR B L it () I
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A DL KR FE R AR B DA R b A5 5 B SR R

BT, RS NSRS RS G AE, 5 TR F T DAL Ik ol B4 R 1k 42 555 PET Y EE 2L
Jrl 2008 4, AHABNTE [ 34 PET ¥it 745 1A% PET ¥RIN%E, ROSEp T 9 iR
B F4E, Ritt 2RI DRS 5 H 2R 4 PET ARk i BB Ak, Wi B e 4 % 7 PET
E7RIERR 2011¢, Kim™'3EF-DRS 4 i F FFR AR PET B3 10 HL 12438 4> o

2013 4, APBNIET WVT J5ik, RSE0HE TN rI 9 fe 1B %1 (field programmable gate
array, FPGA) BIVAT 58 J N R kb BB R BE (1) A 80 PET SRUNER ™ (18 90, fEiZ kit b, KM FPGA
R R 74 (low-voltage differential signaling, LVDS) i AN ERACE I(E LLEcHs, M AFEE
HofRj4k T L vk, FEARIT BIE . IR B 2% (timer to digital converter, TDC) LA kot
PUEERIATRAMIE LT, 3R1F 16 % [MRER 7> HE L) 500 ps [T A] 73 A . 1K — ik N fg
FBSLE LA 280k EAR A SEBL, 457 PET B4 TP SR R 2 ™ B, fE[H
FERIRMIZSAESE TS, 22 PiAS [F) 15 B (0 B0 25 S B AH 48 T A ik, ik 3] 0. 7 mm B8 1w 2% 18] 73 F 2R (1 4R
T 8 DL AN ] R . FH 3 5m FE e 7 K

(a) (b

9 4T PET #90%%
Fig.9 All-Digital PET detectors

BEAh, MVT B A7 V200 R Bk 7 [ B PET $ptb iy A e it fE . 2004 SEAR B A BH T MVT J7
%, WE, RINER S ESAR E PR E—B0A . PETT FR AR EIBGA S MVT J7 3] LA ADC
FI-T PET IN BRI 0P BB 2 4 AR i oL R 56 [ U7 AR K2 PET W A1 BN g, SRS
CFD A1 LD J7 v At b, MVT J7 v ] LS Sy R 6 0 S B R R Ak ob (B T4 )0 S5kl i, 3Ad PET
WEFULR RN RS 8 0 T AR R BT A B 7 6 DL HE B 5 B B FIR 28 I 0T 5T . 2009 4
P 1T 42 H Waveform Sampling 30524k J5 75" 2010 4 &R $2 t 8050k 1T B a% (digital
photon counter, DPC) ¥UFALEIA ™ 2012 4E W HAE K2 PET WFST B BAHHE MVT SRR J5 38T & )
Level-crossing ADC 735" [F4E, Z5 50 K% PET WF 9T 1 DAt AS 45 MVT 536, 2t T TOT (time
over threshold) J7ik"™ . MWk 5 710 H 252 ) WVT J7 358 B G AR gk i, 7Edbis 5t F
PET £ M3t ke 7 e & R 1R B o

SR E, BEE S PET RAEMKIE, RGN &0 BFIHE AR YERESE B m i 2k, bR,
MBS 2845 AR A B T RTET AR A R . X MARIE LSk BTk im0 1, 3 Ji—
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FIK . PR LR P M8 WA BRI 458, ik PET RGEVEREMRRG, L BEMERE, Aifi 5]
LMW TN A AP BRI IAE, 80y A SUREEAT ST EOR TS, #fE
EhAK T PET (WA R

4 ¥ ZF PET RafrESHERZENARE
4.1 2¥F PET EITSSMIRAREXR

A3y PET i PET (45 S HEEAT T NS T RS, JFREAE & N AL BIA T HEAT AR . 25N IATY
R4 11 S SR REAS SN I £ 3 SCRIAE o« ANF] ARSI PET R EORIUMN R Ge s AL e = 1T AT
TARMIPEAL, 4807 PET BE NER BEI & DN IATTREAT 20K, Tk, 2019 48, AP BRI A2 3L
SE BTG 407 PET (B AR LSRRG .

2ol B4R, RUE. SEIGANAIA, 2023 SEH[E 5N EC PET AT ARE I o7 S 12 B
B ERCPAEARER) IEREA, I8 T 2024 4 7 HIERSE . B A0ks WG 7307 PET LSk
DU ER K R (FORS B RAE O H R, 0 87 PET R EOR . AR H 38 7 vE HEAT T 4t i i
FERF TR BT PET BORA R AUHT I TE BES BOPP A AT T #5E

4.2 ¥ZF PET EIr=5W EMIESEN

BtiE PET A AR, 205 PET P= SRR 3E n, 207 PET BB T7 bl e B o I v 75 sk 15
B AR,
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Abstract: The digital positron emission tomography (PET) innovation technology system, which gradually evolved from the
Multi-Voltage Threshold (MVT) sampling method, has driven the development of many fields, including key materials, core
devices, electronics, intelligent algorithms, and industry standards, forming a new PET industry ecology characterized by
modular hardware and intelligent software. In 2010, the world's first All-Digital PET scientific instrument, based on the MVT
method, was successfully developed and showed an obvious spatial resolution advantage. With the modular characteristics of
the All-Digital PET’ s detector, it has successively developed digital PET scientific instruments with different apertures,
different fields of view (FOV), and different geometric structures for small animals, large animals, primates, and plants, and
has been put into various scientific research applications. In 2015, the world's first All-Digital PET medical device prototype
for human scanning was successfully developed. In the following 7 years, several clinical All-Digital PET products have been
developed and put into the market. These All-Digital PET products break the fixed architecture of conventional whole body
scanning in the past and use modular digital detectors to build various medical devices, such as site-dedicated PET systems,
PET-insert system, wearable PET, and proton PET. It has helped promote the rapid expansion of PET applications from tumor
diagnosis to new application fields such as nervous system diseases, unexplained fever, and proton precision treatment. The
vigorous development of All-Digital PET ecology has also brought innovation to the industrial division of labor. The new
scintillation crystal materials, the new silicon photomultiplier (SiPM), and the modular PET detector are developing
independently and rapidly, forming their own standardized component or interface. The synchronous progress of upstream and
downstream technologies has promoted the development of the entire PET industry chain and innovation chain. With the rapid
development of All-Digital PET, the proposal of a variety of PET digital technology routes has also put forward new
challenges to industry technical standards and regulatory systems, such as technical requirements for the digitization of PET
medical devices and the registration guidelines that have been updated and developed simultaneously. This paper reviewed the
dynamic progress of All-Digital PET in scientific instruments, medical devices, the industrial chain, and regulatory science in
the past 20 years and looked forward to the future ecological development of All-Digital PET.
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