10 ps: a Challenge for the Future of Positron Emission Tomography

Christian Morel
Aix-Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France
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Radial spatial resolution

d 2
R=a (E) + b? +r? + (0.0022 D)?
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Pixel size

Ring diameter
Positron range
Detector crosstalk

Image reconstruction algorithm
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Spatial resolution at image centre

d 2
R=a (E) + b? +r? + (0.0022 D)?
\

a~ 0.5°

Pixel size

Ring diameter

Positron range

Detector crosstalk

Image reconstruction algorithm
(1,1 -1,3)
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Backprojection

Annihilation .
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SNR and counting statistics

Improving spatial resolution x 2 = increasing counting statistics
X 16 to get unchanged SNR in the reconstructed image voxels

/7 scan duration 7 crystal thickness (crystal efficiency)

/7 injected activity 7 solid angle
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Noise Equivalent Count Rate (NECR)
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Point source activity (MBq)




BGO

BaF,

L(Y)SO LuAP

Density (g/cm3)

Effective Z

Photofraction (%)

Decay time (ns)

Light yield (ph/MeV)

Peak emission (nm)

Refraction index
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Radial spatial resolution

d\> (w?-—qz2
R(s)=a (—) -+ ( )52 + b? + 1% 4+ (0.0022 D)?

DZ

\

Pixel size

Pixels thickness
Ring diameter
Positron range
Detector crosstalk

Image reconstruction algorithm
(111 - 113)
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Time-Of-Flight (TOF)-PET

Al = ¢X —

2
Annihilation .
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Impact of TOF-PET on image SNR

16 | PHENIICS Fest — May, 16 2024 — Orsay (A'ﬁnMvaerssﬁlt'ge




Impact of TOF-PET on image SNR

Ly? , L
Neyt = (E) X SNRfonTOF X (E)

Ly° , AL
Nth — (a) X SNRTOF X (7)

( SNRop )2 2L
SNR,,nror/ ¢ X CTR

es deux infinis
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nonTOF 527ps-TOF
PHENIICS Fest — May, 16 2024 — Orsay

M. Conti and B. Bendriem, Clin Transl Imaging 7 (2019) 139-147

210ps-TOF

: : 300ps-TOF
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Brief history of (TOF&TB-)PET scanners

60s:

80s:

90s:
Mid-90s:

Mid-00s:

Mid-10s:

End-10s:
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TOF-PET advocated by Anger (LBL), Brownell (MGH) and Budinger
(LBL)

First TOF-PET scanners for 1°0 and 13N imaging using CsF/PMT and
BaF,/PMT (PETT (St-Louis), TTV01-3 (Grenoble), TOFPET-I
(Houston), SP3000/UW (Seattle))

CTR: 450-750 ps FWHM

3D-PET imaging with nonTOF-PET scanners using BGO/PMT

nonTOF-PET/CT scanner using LSO/PMT
(4-6 ns coincidence time window)

TOF-PET scanners using L(Y)SO/PMT or LaBr;/PMT
CTR: 450-550 ps FWHM

TOF-PET scanners using L(Y)SO/SiPM
CTR: 300-400 ps FWHM

TOF-PET scanner using LSO/SiPM
Biograph Vision CTR: 210 ps FWHM

Total Body (TB)-PET using L(Y)SO/SiPM

Aix:-Marseille




Brief history of (TOF&TB-)PET scanners

60s:

80s:

90s:
Mid-90s:

Mid-00s:

Mid-10s:

End-10s:
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TOF-PET advocated by Anger (LBL), Brownell (MGH) and Budinger
(LBL)

First TOF-PET scanners for 1°0 and 13N imaging using CsF/PMT and
BaF,/PMT (PETT (St-Louis), TTV01-3 (Grenoble), TOFPET-I
(Houston), SP3000/UW (Seattle))

CTR: 450-750 ps FWHM

3D-PET imaging with nonTOF-PET scanners using BGO/PMT

nonTOF-PET/CT scanner using LSO/PMT
(4-6 ns coincidence time window)

TOF-PET scanners using L(Y)SO/PMT or LaBr;/PMT
CTR: 450-550 ps FWHM

TOF-PET scanners using L(Y)SO/SiPM
CTR: 300-400 ps FWHM

TOF-PET scanner using LSO/SiPM
Biograph Vision CTR: 210 ps FWHM, AFOV: 26.3 cm

Total Body (TB)-PET using L(Y)SO/SiPM

UEXPLORER CTR: 505 ps FWHM, AFOV: 194.8 cm

PennPET EXPLORER CTR: 250 ps FWHM, AFOV: 140 cm
Biograph Vision Quadra CTR: 230 ps FWHM, AFOV: 106 cm




Total Body-PET scanner Biograph Vision Quadra

Ring diameter: 82 cm # of crystals: 243,200
Transaxial FOV: 78 cm || # of SiPM arrays (16 x 16): 9,728

Axial FOV: 106 cm Coincidence window: 4.7 ns

CTR: 230 ps FWHM Energy window: 435-585 keV

LSO crystals: Scatter fraction: 37 %

3.2 x 3.2 x 20 mm?3 Peak NEC: 3.0 Mcps @ 27.5 kBg/mL (NU 2-2018)

G.A. Prenosil et al., JNM 2021

I. Alberts et al., EINMMI 2021

SAFOV LAFOV 10 min LAFOV4 min  LAFOV 2 min LAFOV 1 min LAFOV 0.5 min
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Time-Of-Flight (TOF)-PET

Annihilation .

10 ps
30 cm/ns XT = 1.5 mm

Les deux infinis
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TOF sinograms
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TOF sinograms

TOF: (s,0,z,5,t)

YUY

activity

+ nonTOF: (s,0,z,9)
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Resolution in TOF-direction ~1.5 mm

Resolution in detector direction 5 mm
true activity | nonTOF backproj | TOF backproj |

true attenuation ] nonTOF OSEM ] TOF OSEM ]
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Using only the vertical projection angle

true activity | nonTOF backproj TOF backproj |
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Signhal to Noise Ratio (SNR)

Noise free

nonTOF sinogram

TOF sinogram (1 out of 440) |

true \ nonTOF OSEM TOF OSEM

. With noise

i nonTOF sinogram

et - 1

Courtesy: J. Nuyts, Univ Leuven

TOF sinbgram (1 out of 440) |
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10 ps CTR
5 mm detector blur

10 ps CTR
55 mm detector blur
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nonTOF OSEM TOF OSE

Courtesy: J. Nuyts, Univ Leuven
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Sources possibles de photons prompts (< 1 ns)

Exciton/bi-exciton Activators Ce3+ : 5d-4f
stable at 300 K Ca2*+ & Mg?+ co-doping
(e.g. CdSe CQwells) 1.~ 20 ps 1y < 16 ns
—— -0 Hot intraband
; luminescence
—O— —-O=O
0.1-10 ps
(e.g. PbWQO,,

CaWO0,)

L= devwd [Pl

Cross luminescence _
<1 ns (e.g. BaF,) k/ ngh_donor band
semiconductors
< 300 nm < 1ns (e.g. Zn0O)
small light yields deactivatad at

Cherenkov emission room temperature
T ~ 5-10 ps
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The detection chain

Crystal SiPM Electronics
. /\ —V
0 S
to -
tpe = b + tph + Liransit + Csipm + trpc
o Single
Conversion depth ~ Scintillation -T—Paont;? Photon TDC
process Spread Timel | E_onversion
o~toh/Td _ p=tph/Tr (PTS) (RSeIE'(I)'Ru)tlon ime
p(tpn) = h(tpn) ————— Random deletion'1
Absorption, self-absorption | Unwanted pulses 1
affecting Light Transfer Dark counts, Crosstalks
T, XTg4 Efficiency (LTE) Afterpulses, Delayed-crosstalks
CTR Iy |
@energy Random deletion 2 | ynwanted pulses 2
SiPM Photon Detection Dark counts

Efficiency (PDE)
Courtesy: P. Lecoq, CERN (

Aix--Marseille
université
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State-of-the-art CTR measurements

CTR = 2.35v2/ [PDE x LTE X IPTD

~59% ~73% — @energy

- 14(1.577, + 1.1305pTR+PTS)

Tdeff( 1.57 ©,+1.13 G sprpsp1s)

E_ CTRanal tic — 3'33 \/
1 E:_ LuAG:Pr 2x2x8mm?3 i 0.43- ILY@ 511keV (340 keV for plastics)

O sprr+ prs — 39 PS

Energy deposition is 511keV except for BC418 & BC422 it is 340keV

=i BGO

|
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%"—,’G AGG:Ce:Mg CsI:undoped (PDE=17% Meltmount coupling)

CTR FWHM |ps
0
S

- L
BC418 Zug— LSO:Ce:0.2%Ca
—— """',, LSO:Ce:0.4%Ca BaF2 (PDE=22% of FBK VUV-HD SiPM
LYSO:Ce ", — and Glycerin coupling)
lll',"" . .
""" T
CSI:undOped '"luu"unullluuunnun--BC422
30 i (extrapolated with - '-"-"-"-'!'t'm---n..-mmnn.1.-..-..'..'..'..'..' T
PDE:SQ%) ALLULLTTTTT

Primarily crystal size 2x2x3mm? and FBK NUV-HD 40pm SiPM readout (PDE=59%)

0 0.01 0.02 0.03

initial photon— time— density [ photons/ ps’]

S. Vinogradov et al., Nucl. Inst. Meth. A 912 (2018) 149-153

S. Gundacker et al., Phys. Med. Biol. 65 (2020) 025001

ILY@Energy/{tdeff(1'57 Tr+1'1305PTR+PTS)} C
J |
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CPPM
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« Detection of scintillation and Cherenkov photons emitted in PWO

« Direct deposition of a photocathode (n ~2,7) on the crystal surface (n ~2,3)
« Encapsulation within a Micro-Channel Plate Multiplier Tube (MCP-MT)

« Coincidence Time resolution (CTR) ~20 ps FWHM (exluding MCP-MT)

MCP-PMT

cherenkov T
scintilation
<[/
e, 423 keV
7 l
Zj
Y

X
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D. Yvon et al., JINST 15 (2020) P07029

@mzm
Les deux infinis




Reconstruction-free positron emission tomography

» Use of Cherenkov light for timing

» CTR 32.9 ps FWHM (4.93 mm)

» direct Positron Emission Imaging (dPEI)

CRI-MCP-PMT
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S.I. Kwon et al., Nat. Photon. 2020
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The 10 ps challenge: a step toward
reconstruction-less TOF-PET

Thank you

g

B

34| PHENIICS Fest — May, 16 2024 — Orsay (A'ﬁn'\i"vaef%‘?'t'ge




