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Positron emission tomography (PET)
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« Medical imaging technique that uses radioactive tracers to produce 3D image of

functional processes in the body
« CT, X-ray, MRI — anatomic imaging

 PET - functional imaging
» Leading method
« But costly (min. 2 MEUR/device)

* Need for early diagnosis and treatment: oncology, cardiology, neurology
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Time-of-flight PET (TOF-PET) Q

 Limits the reconstructed position of annihilation along the LOR
* Improves the quality (signal-to-noise ratio — SNR)

 \What kind of time resolution is needed?

At ~ 300ps — AX = C,At/2 ~ 4.5 cm
At ~ 66ps — AX = C,At/2 ~ 1cm

At = coincidence timing resolution (CTR)

Annihilation
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S the European Union

Current situation

« Standard clinical scanners are sub-optimal:
» Cost of equipment and siting costs, limited access, and performance.

* Novel long axial PET scanners offer a very attractive solution in
terms of
* Increased sensitivity and
» Enabling fast pharmacokinetics/pharmacodynamics.

* They pose significant challenges both
« Financially: Cost of equipment and operation
 Logistically, integration with conventional PET scanners.

This project has received funding from the European Union’s
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State-of-the-art in TOF-PET

Essential parameter: CTR — coincidence timing resolution

e Clinical scanner:
« Siemens Biograph Vision PET/CT — 214 ps

« Laboratory measurement:

https://www.siemens-

 Gundacker et al, Phys. Med. Biol. 65 (2020) 025001 (20pp) healthineers.com/molecular-

2X2X3 mmLSO — 58 pS* imaging/pet-ct/biograph-vision
2x2x20 mm LSO — 98 ps*

* measured with single crystals with high power readout electronics that cannot be scaled to large
devices

This project has received funding from the European Union’s
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Gamma detectors for PET Jo

Scintillating crystal:

- converts gamma energy into
optical photons

Photodetector

~ converts optical photons
Into electrical pulses

Time resolution in TOF PET limited by
L : .. Addressed by 10 ps challenge
- scintillation light emission m— — —————————————)
- rise and decay time https://the10ps-challenge.org/
_ optical photon travel time spread in the crystal Paul Lecoq et al 2020 Phys. Med.
_ photodetector response Biol. 65 21RMO1
- readout electronics

D « detection efficiency ng, of the detector
- Ngeom the geometrical efficiency (angular coverage)
At D the diameter of the object imaged

» At coincidence timing resolution - CTR

Important: Optimize detector CTR to maximize sensitivity

Effective sensitivity ~ Sefrp & r]get Hgeom

This project has received funding from the European Union’s
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https://the10ps-challenge.org/

Limitations on timing due to optical travel time

. Optical photons, produced in the crystal, need to reach the photodetector
. Inside the crystal, optical photons travel more slowly than gamma rays

. Intrinsic travel time spread due to different gamma interaction depths

At the entrance or Exit of the crystal
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d=15mm,n=1.8: t=dn/c,=90ps t = d/c, = 50 ps — At = 40 ps

« Canin principle be corrected for by:

—- Measuring the depth of interaction (DOI) -> 20 mm crystals DOl 2,7 mm, CTR improves from 132 to 85 ps
- Using Cherenkov radiation DOI: 10.1109/TRPMS.2022.3202138 Potential of a Cherenkov TOF PET

scanner
- Using shorter crystals — multi-layer configuration

This project has received funding from the European Union’s
Horizon Europe research and innovation programme under grant
agreement No 101099896
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https://doi.org/10.1109/trpms.2022.3202138

Can we simplify the TOF-PET scanner

and make it cheaper and flexible?

Funded by This project has received funding from the European Union’s

- the European Union Horizon Europe research and innovation programme under grant )
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Panel detectors — scalable TOF-PET

« Superb time resolution enables reduced angular sampling -> simple geometry

* The flat-panel design allows PET detectors to be positioned close to the patient,
alming to enhance sensitivity and spatial resolution through improved geometric
coverage

Limited angular @y,
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PET scanrner ... ========
Panel-based limited

angle PET scanner

Ll

Limited-angle PET scanners
generally produce distorted images

with artefacts unless they have D . 500 ps A
. _ _ . . . ™ .
good time-of-flight information Settp X ”ﬁet Mlgeom " ' .Q » .
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S the European Union

Why flat panel detectors?

Mobility
« Portable or bedside PET imaging

Flexibility

* Adjustable FOV and sensitivity § !

Modularity
« Combining multiple panels — multi-organ/total-body PET scanner

0&» LI

Accessibility S S o —
* Reduced manufacturing cost (4-5x lower) and complexity

This project has received funding from the European Union’s

Horizon Europe research and innovation programme under grant )
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Rl the European Union

Simulation of a limited angle system

Geant4/GATE — Monte Carlo simulations of digital phantoms
and different scanner designs

Castor — image reconstruction with Maximum Likelihood
Expectation Maximization (MLEM) algorithm

* Investigate the benefits of coincidence time resolution

 Study the performance of two-panel and four-panel
designs

This project has received funding from the European Union’s

Horizon Europe research and innovation programme under grant )
agreement No 101099896 Lozar - Exotic atoms 2025
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Enabling Open Geometry systems

Two pairs of 30x30 cm2
panels with 50ps CRT
3x3 mm2 LYSO crystals 4panels_Smm_50ps

Siemens Biograph
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Simulation study — qualitative analysis

100
- (13 mm hot sphere {
< 80 P
X o
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s w ¥
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@ ch y ~+}+ 4panels 5mm_50ps
D . -4+ 4panels 10mm_75ps
o 201 # +H-  Reference scanner
o Measurement
% 5 10 15 20
Background variability (%) Retsrance scanne;
Simulated arrangement of Percent contrast versus background Reconstructed images of a torso
30x30 cm2 flat panel variability and head for the flat panel
detectors detectors and the reference

scanner Siemens BV

G. Razdevsek et al., "Multi-panel limited angle PET system with 50 ps FWHM coincidence
time resolution: a simulation study,” in IEEE TRPMS, doi: 10.1109/TRPMS.2021.3115704.

Funded b This project has received funding from the European Union’s
the Europ):ean Union Horizon Europe research and innovation programme under grant _
agreement No 101099896 Lozar - Exotic atoms 2025 13




Fast CTR PET module

How do we achieve such a good CTR

Integrated Photon
detector module

Improved detector

Current detector
Gamma ray « Thinner scintillator
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Light sensors

% Gamma ray

Front end electronics

3

Light sensors

Scintillation array
| | |

SiPM
array

PCB
interposer

FEE ASIC

3 T 1 + SiPM Improved PDE and timing mini SIPM 1,
Scintillation « Fast ASIC (~3mm)
% array +/ 2.5D integration

ASIC ASIC ASIC ASIC

# Time, energy, position # Time, energy, position

~3mm

This project has received funding from the European Union’s
Horizon Europe research and innovation programme under grant
agreement No 101099896
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Choice of photodetector

Microchannel plate PMT - Incom LAPPD Genll 20x20cm2
PDE ~30%, SPTR FWHM 80 ps

Monolithic ground plane anode, capacitively coupled to
the readout electronics on the external side

U, =200V [N=267000
7 bin=10.0ps
FWHM = 78 ps A =14926/bin

n=-1.0ps
b mex = 569 ps G:=32p 5
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Reduction of optical crosstalk of SIPMs

Microcell (SPAD) of SiPM

Metal
Connections

Quenching
resistor

« FBK and Broadcom: new NUV-HD-MT technology |
with metal-filled deep trench isolation High-feld region :D (

 Reduction of c-talk increases the maximum usable
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excess bias of the SIPM, increase PDE and better o Mewkiled DT
S P T R ?onc;pltuall c:irawing of the NUV-HD-MT, with the addition of metal-filled Deep
Direct Crosstalk Reverse |-V
40% :
) 1€-4 ; -Usable range
35% ——NUV-HD-MT ’
‘ Usable range / “ NUV-HD-MT
30% —e—NUV-HD - -{
25% [
b 20% > 10x . 1
i = ]
15% reduction £ |
10% :
. i
. "-’-M/ 0
0% =
0 2 4 6 g8 10 12 14 16 18 20 22 24 26 28 30 °
Excess Bias [V] 4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24
Excess Bias [V]

Reduction of optical crosstalk probability in NUV-HD-MT, compared to the
“standard” NUV-HD. Measurement without encapsulation resin, i.e. only

2 e 2 ; :
considering internal crosstalk probabiliy. Reverse |V measured on a 4x4 mm?2 NUV-HD-MT SiPM with 45 um cell pitch

under different conditions.
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2.5D Iintegrated SiIPMs: enabling TSV technology Kol

« Through-Silicon Vias (TSV): vertical interconnection between SiPMs and readout ASIC

 Allows for high-density (less dead space), low-latency interconnections to the front-end and
high-segmentation.

« Aim for short and medium term is medium density interconnection: w/o increasing complexity
and cost too much

14

[ Integrated Photon Detection Module J

| miniSiPM |

o=
i '“‘ -
I A N <— PCB Interposer

_ _ }FEE|ASIC

1 -3 mm interconnection pitch

SiPM array

Conceptual drawing of the 2.5D
photon detector module under
development

This project has received funding from the European Union’s
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Next generation ASICs Q

1000.00 5.00%
e Energy ——Ideal —=—Error Energy
« FastIC: Highly configurable 8-channel ASIC for fast single photon sensors =, B
- collaboration between the University of Barcelona and CERN 8
= r -1.00% S
» For measuring energy (linear response) and time of arrival, 12mW/ch El s
« FastiC+: integrated TDC with 25 ps bins on FastIC T
og Input peak current (mA
 First production finished, currently exploitation of functionalities Adapted to different detectors:
.. . ) LYSO/LSO, BGO, Cherenkov,
* Next step FastlC32: 32-channel ASIC (PetVision) with pixelated structure Monolithic, etc.

X 2 clusters FastiC+
BINARY TO DIGITAL

» For 2.5D (BGA, flip-chip, etc) or 3D integration e 5

m: 1 (SUM) ,2 (DIFF) or 4 (SE)

CHO CH8 Link+ 12C CH16 CH24
— Signal Multiplexor
Analog FE (1) Time
based on (2) Energy
E FastIC 8ch i T'mT + Energy
5 = SENSOR | CLUSTER OF
FastiC 32 il = | Somumes
|
EEEEREEEEEE £ : —> 01100011

: — : [

| ASIC: BGA or flip-chip | ; Back End Readout
: Event builder, data

output multiplexing

and serializing
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Note: Back End Readout can be shared
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From Limited-angle panels to Total-body Jo

Increased sensitivity by larger panels for very early diagnosis of cancer

Capability of the planar TOF PET imager:

Image of a reconstructed 3 mm slice of a digital phantom
acquired by two 120x60cm2 panel detectors (above and
below the patient), assuming 100 ps TOF resolution and
10 mm LY SO scintillator thickness.

Funded by This project has received funding from the European Union’s

the European Union Horizon Europe research and innovation programme under grant _
agreement No 101099896 Lozar - Exotic atoms 2025 19




Timeline

Photo Sensor with
improved
performance

vearz I Year3 ) Yeard [ Year5 D veor o7 D

FastlC+ ASICs and
integration into a
digital module

agreement No 101099896

Integration of the
smaller prototype
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Validation in a
hospital
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: Rok Pestotnik
David Gascon Coordination, Design

Chip design ' Integration, Reconstruction

: @@ Institut
B [UNIVERSITAToe @@ _ " ozof Stefan”

iilt BARCELONA 4 ® o8 Liubljana, Siovenija

Jose Benlloch
Readout Electronics
Data Acquisition

GisMm

Georges El Fakhri Rafael Ballabriga
Associated P. Hospital: Associated P., Chip design

Design & Validation
Yale @\
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Photo sensors
2D integration
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Summary — limited angle PET scanner o

« PetVision project is developing a mobile, accessible, flexible, modular PET scanner

« Good coincidence time resolution can:
« Compensate for lower detection efficiency or smaller angular coverage

» Enable us to obtain good image quality with a simple limited angle PET system without
distortions or artifacts

Enabling Modular
Current PET Time-of-flight scanner Total body

PET principle PET imager

P
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Annihilation
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https://youtu.be/Uksh-Y XpV8k

“We are what we repeatedly do. Excellence, then, is not an
act, but a habit.” - Will Durant.

Follow PetVision
project on LinkedIn
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https://youtu.be/Uksh-YXpV8k
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Positron emission tomography (PET)

In-vivo imaging of biological processes via detection of
511 keV annihilation y rays

By using bio-markers containing a beta+ emitter

Fluorodeoxyglucose (FDG) is the
most commonly used marker — indicates the uptake %@QDDDDDDOOO
&

glucose @@@ 7. Photomultiplier
Q ucleus § OO@ Scintillator
h , @% Crystals
~0.5mm \\e+ Y (511 keV) %
LT R T —
| — 5
—_— &
line of response (LOR) y, § | REfRERanE AR
000@ QQQ@ detector ring
Shganust

This project has received funding from the European Union’s
Horizon Europe research and innovation programme under grant
agreement No 101099896
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Time-of-flight PET (TOF-PET) o

 Limit the reconstructed position of annihilation along the LOR
« Improves the quality (signal-to-noise ratio — SNR)

5 * (G —geometric coverage
E' o _ . .
SNR « |G — kAt k — patient .(attenuatlon, scatter)
t reconstruction parameters
o o _ * A —amount of activity in the scanner’s

At — coincidence timing resolution field of view (FOV)
* t —acquisition time (10-30 min)
« ¢ - detection efficiency

e

5 [ M € x 1 — e HPZE)xX

Annihilation

[ ot <:SNRT l J

CTR', spatial resolution

Funded by This project has received funding from the European Union’s
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Costs of total body PET

System component cost of a total body PET

uCT
® Electronics
x4
® Scintillator
" SiPM x 2.8 I
20 70 100
Axial length

This project has received funding from the European Union’s
Horizon Europe research and innovation programme under grant
agreement No 101099896
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S. Vandenberghe et al., EINMMI Phys, 2020

X 7L

x 5,5

140

45-50% of total cost
Scintillator cost|~7M€

200

~15M€
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Global Imaging Access and Impact

() IAEA

— International Atomic Energy Agency

Countries with
Countries PET scanners Regions

212 109 6

© 2023 Mapbox © OpenStreetMap

7,674M

PET scanners (per 1 mil)

Number of PET scanners
PET scanners (per 1 mil)

5,672 0.739

16 11 12

.22
|
3 88
63

PET scanners ranges

B More than 3

[ Between 2 and 3 (inc)
Between 1 and 2 (inc)

[] Between 0 and 1 (inc)

No PET or PET/CT scann...

Country

' [[] Datanot available

Funded by

agreement No 101099896

This project has received funding from the European Union’s
the European Union Horizon Europe research and innovation programme under grant

Access gaps in low- and middle-income
countries

« Severe shortages of infrastructure and
workforce

» Poorer disease outcomes

« Imaging is vital for managing non-
communicable and infectious diseases

Economic and health benefits:

« Better imaging could prevent 9.5 million
deaths in 10 years

« Estimated return of €12—43 for every €1
invested

Lozar - Exotic atoms 2025 29
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Breakthrough innovations

New gamma sensor with improved coincidence timing resolution:
e 200 ps ->75ps
* enabling new geometries

Key improvement: 10 x image sensitivity*

Images of comparable quality
with many fewer sensors

*wrt. the state-of-the-art reference scanner

This project has received funding from the European Union’s

Horizon Europe research and innovation programme under grant )
agreement No 101099896 Lozar - Exotic atoms 2025 30
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Simulations of a limited angle system - Sensitivity and

NECR

2 panels 30x30 cm?
Sensitivity for different panel-panel distances

2panels-80cm
0.10/ 2panels-60cm
—— 2panels-40cm
oos /SN0 SiemensBV-MC
2
= 0.06
©
5
»n 0.04;
0.02
00072357 —10 =5 © 5 10 15

Axial position (cm)

This project has received funding from the European Union’s
Horizon Europe research and innovation programme under grant
agreement No 101099896
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Geant4/GATE — Monte Carlo
simulations of digital phantoms
and different scanner designs

CASToR — image reconstruction
with Maximum Likelihood
Expectation Maximization (MLEM)

30 cm .
algorithm
300 —— 2panels-30x30cm-3x3x20mm
250
200
o
@]
% 150 SiemensBV
100
50
03 40 50 6 70 80
Distance between panels (cm)
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Integration: Enabling TSV technology Q

 Allows for high-density interconnections to the front-end and high-segmentation.
« Technological advancements in the SIPM production at various levels are necessary.

(" Hybriasipm ) (* ~50 um SPAD pitch )
G TSV SiPM [ Segmented O 3D-integrated SiPM\
SiPM —i1 - . i
— L | | SPAD array
-X$ €& = 2 s
\ = | FEE ASIC
|
1 channel 1 channel Tens of channels

-

( Integrated Photon Detection Module J

Hybrid SiPM: Custom sensing SiPM + cMOs processing
layer, exploit optimal segmentation — Digilog project

T T T The 2.5D integrated module (50x50 mm2)
T | S L

Y A M <— PCB Interposer

_ _ - FEE|ASIC

1 -3 mm interconnection pitch

— SiPM array

Funded b This project has received funding from the European Union’s
the Europ):aan Union Horizon Europe research and innovation programme under grant _
agreement No 101099896 Lozar - Exotic atoms 2025 32




Technology Choices Current PET PetVision

PDE up to 70% , SPAD SPTR 20 ps FWHM

Better sensitivity: Increase active area 1% & Rl 92%

Better timing: decrease C, 3mm pad - SPTR 150 ps 1.5mm pad — SPTR <50 ps

Current mode: Linear Time over Thresh. with 180 nm CMOS 65 nm CMOS

high dynamic range FrontEnd e Fastic.
S~ a ion i
| >—r Summation in clusters of 4 ch.

CTR with 10mm LYSO (FWHM) 120 ps ‘ 75 ps

Medium-density
interconnection m— —

SoC and Flip-Chip S |—
Pixel Size 3 x3x20-25mm3 3x3x10mm?3 -
Reduced parallax error Compromise between sensitivity and CTR/

parallax error

Funded b This project has received funding from the European Union’s
- the Europ):aan Union Horizon Europe research and innovation programme under grant

agreement No 101099896 Lozar - Exotic atoms 2025 37



ARIS-PET

Fastsight

On the way and beyond PetVision

3x3mm2 Photo
Sensor with
improved
performance

DOI from the
photon yield from
the first and
second sensors

FastIC+ ASICs on the
plugin cards

1.5x1.5mm?2
Photo Sensor

Integration of the
smaller prototype
10x 10 cm2

20-25mm crystals
Dual-sided readout

This project has received funding from the European Union’s

Funded by
the European Union

agreement No 101099896

Horizon Europe research and innovation programme under grant

Validation in a
hospital
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7 FastlC readout chip

I
FASTIC: ASIC for fast single photon sensors
— Collaboration of ICCUB (Univ. Barcelona) and CERN 100000 5.00%
. . . * Energy ——I|deal —s—Error Energy
— 8 Inputs: 8 Single Ended (POS/NEG), 4 differential and ~ 4 =
summation (POS/NEG) in 2 clusters of 4 channels. g 1.00%
— 3 Output modes: (1) SLVS; (2) CMOS; and (3) Analog. g o 1.00%
— Active analog summation of up to 4 SE channels to improve time L 3.00%
resolution 100 500
e B R e S o Ioglnlpul peak current (mA) 1
- N e ¢+ High dynamic range with linear energy
el Sensors D A DRIVERS | response
Institute of Cosmos SiPMs s [4 SE posinea | 4, i -
e . I i PMTs %‘ 3| rmerovinesr LD yoy-svslZl o Adapted to different detectors:
@ § "J‘.E.'Es  — Fastanalog p i LYSOILSO, BGO, Cherenkov,
2 § i [2SE posineg Sugmien Lo 1 e m— [ Monolithic, etc
i REAY'OUT i Time ZJ\ ________ . ?;g)n;'lm’tdwlexor 3 %330 WUBRDYYTEY S
j Eetay s m. |5 Tme s ey : s
{[seroames} & Tz | [ e TP
Current mode input E‘:|2 DIEE e | = 2 p’?vaﬁkd?e aﬁf&mr;‘l Torre CMOS Drv ’bTm"EE 5
: i ow ana i | =
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Selection of the scintillator Jo

Samples 2.8x2.8x10mm to fit
on the 3x3mm2 HD-NUV-MT SiPMs
« Slight differences in the samples

scintillation rise time photodetector +

scintillation decay time crystal size
contribution

« 25% difference in the CTR CTR ~ 3.33 - JTd>eﬁ . (1.57 - 77 + 1.13 - OspTR4PTS) |
, LTE - PDE - ILY
Decf‘r{;'me F[ggﬂ C[TSR S. Gundacker et al 2020 Phys. Med. Biol. 65 025001
WM Number of detected scintillation photons
1 (detection efficiency x scintillation light yield)
A 97 34.2+0.8 107 104 86
25 CTR vs FOM for Crystal Samples
B 93 35.0+0.7 109 + 105 100 X _ .
46 sl FOM = SQRT( Rise * Decay / LY
(& 90 34304 122 + 107 108 X )
34 g 100 X
D 99 36.1+07 111+ 107 95 =
39 o o5 x ———>
E 100 31.8+0.7 83+ 100 81 g %l
26 .
F 107 34.8+7 114 + 101 86 85t X % Alignment
o 2 No protection on the SiPM &
G 104 38.6+7? 130 + 108 103 B0 0 101 102 103 104 105 106 107 108
? Relative FOM [%] (smaller is better)
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- - . - 7 —— 200ps-no-DOI-4min
Increasing sensitivity by DOI : -
« TOF crucial to compensate for limited angular sampling, S ” s 12 -
« DOI improves image quality by mitigating the parallax error. <! WAL L g A
23 P
Simulation of a Highly anatomically detailed phantom (XCAT) 25 - 2 E T |
e 2x 120x60 cm2 panels 4ot N R4
« Scantime: 4 min " P i i
« No filter applied e T L B

Position (mm)

2-panel PET system can achieve image quality comparable to clinical scanners while utilizing 4x less material.

/™

200ps-no-DOI-4min <70ps-DOI-4min_ - SiemensBV-214ps-4min SiemensBV-214ps-28min
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