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Outline

 Challenges in medical imaging instrumentation
« PET
« SPECT
« CT

 Hadron therapy monitoring

 Other
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Medical imaging

Discovery of X-rays: W. C. Rontgen, 1895.

— First Nobel Prize in physics, 1901.
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Medical imaging

Structural Functional

PET

Ultrasounds
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Goals

* Improve diagnostic accuracy
 Reduce dose / time

+ Lower cost
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e Positron emitters
* 511 keV photons

radiotracer: *F-FDG

Positron Emission Tomography (PET)
* Most common

Ring of detector heads

n

Coincidence
detection

Wencas GYANEXT 6

R fus

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Line of response (LOR)
Gabriela Llosé

ASFAE Workshop, 4-6 March 2024 -

ancial support from th
ationEU and

h projects acknowledge the fi
nion Nex

The ASFAE’s
MCIU with funding from the Europ V] NextG
iana.

a’ e
n i
Generalitat Valencia



PET - detectors

Scintillator with
cut light guides PMTs

Block detector: BGO + PMTs. \
4-6 mm crystal size |

|
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LSO / LYSO + SiPMs. 3-4 mm P o c—
crystal size e

One-to-one coupling or
Multiplexing solutions to
reduce the number of
channels

(- PET/MR)
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Time-Of-Flight (TOF) PET

500 ps timing resolution
= /.5 cm localization

_ Annihilation

More accurate determination of the emission area of the photons
- better signal-to-noise ratio (SNR).
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TOF-PET first generation

* PHILIPS Gemini TF: LYSO ~550 ps FWHM
 Siemens Biograph mCT: LSO ~529 ps FWHM

SIEMENS -

. - E [ g
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TOF-PET

Liver lesion Surti et al.
J Nucl Med 52(5). 2011
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TOF-PET
TOF
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TOF-PET

Last generation with siPMs: 214-380 ps FWHM

214 ps

540 ps
nonToF 540 ps
.o
an

214 ps ;
Sphere size (mm) 5, 8,10, 13, 28, 37; 4.1 CBR
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TOF-PET

The 10 ps challenge -» 1.5 mm LOR Non-TOF

1loPscience Q, Journals~ Books Publishing Support € Login ~

Physics in Medicine & Biology
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Abstract

Since the seventies, positron emission tomography (PET) has become an invaluable medical
molecular imaging modality with an unprecedented sensitivity at the picomolar level, especially for
cancer diagnosis and the monitoring of its response to therapy. More recently, its combination with
x-ray computed tomography (CT) or magnetic resonance (MR) has added high precision anatomic

unlikely that a CTR of 100 ps or better can be reached with standard scintillator technology
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TOF-PET

Next generation limited-angle time-of-flight
PET im ager Preliminary results (non-integ. sensor)
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Explore the ultimate time resolution (<80 ps CTR) by PP S
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TOF-PET

New materials / metamaterials.

BGO + BC-422
sampling pixel

BC-422
3x3x0.25mm>

LYSO/BGO
3x3x0.2mm3

—

/x8

DTR (ps)

R M Turtos et al. Phys. Med. Biol. 2019
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TOF-PET

Prompt / Cherenkov photons in scintillator crystals.
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5. Gundacker et al. BGO could be a promising scintillator

Phys. Med. Biol. 61 ! €al
(2016) for this application
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Cherenkov PET

8. Korpar et al. / Physics Procedia 37 (2012) 1531 — 1536

PbF, crystal

- PbF, + MCP PMTs

« 511 keV photons produce

*Na source

~ 10 Cherenkov photons.

MCP PMT

[} M ea Su red ti m i n g reso I uti O n : Fig. 1. The experimental setup with **Na source in between the two PbF; crystals coupled to MCP PMTs.
84.6 ps FWHM.

Tests with cooled SiPMs.

S. Korpar et al. Physics Procedia 37 (2012)

Fig. 2. Cherenkov radiator crystals used for detection of 511 keV photons in the present experiment.
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Total Body PET

TOTAL BODY PET
EXP LORER

Y UNIVERSOADES

7 pEeeE

WHOLE BODY PET
CONVENTIONAL PET
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Total Body PET

Clinical PET/CT EXPLORER total-body PET/CT @

. * Sensitivity 40x: faster images or lower dose
- /= - repetition of scans, pediatric scans...
* Image of the whole body in 20-30 s.
sof : * Large FOV: activity in all organs and tissues
simultaneusly.
Tumour  Possibility of acquiring images furing longer time
e (reveral radiotracer half lives)
o | 4‘ — Kinetic studies and dynamic images.
o : * Umprecedented quality.
@ Very high cost
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Total Body PET

EXPLORER
Whole body length

Biograph
Vision Quadra™ -

Bigger perspective. Better answers.

Biograph Vision Quadra
1 m length
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Total Body PET — affordable approaches

JPET: plastic scintillators IMAS: semi-monolithic LYSO detectors
+ trigerless acquisition -. : —

Courtesy of A. Gonzalez

Again BGO?
Other?
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Depth-of-Interaction (DOI) determination

Parallax error degrades the resolution at the
edges of the scanner

il
T s
A
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DOI determination

Green et al. Molec. Im. 9(6) 2010
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DOI determination

NOT
DOI CORRECTED DOl CORRECTED

Filtered Back Projection (FBP) Reconstruction
Ramp Filter-- Scatter Corrected

Green et al. Molec. Im. 9(6) 2010
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DOI determination

eT T

Phoswich design Double-sided readout Stacked layers with a relative

displacement with respect to each

other

W

Layers with reflective

: Multiple photosensors Width of the light spot in
optical structure

continuous scintillators
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DOI determination

PMT
signal

Crystal map response

LYSO pitch=1 mm
EE B EEEEEENRBN .
AGAGAQAGAGAGAGADADA £l
EE BB EEEEHNERN ﬂgxm $id
AGADAGARAGAGAGADABA 4mm
HE B B B BB B EEN
AGADAGAGAGAGAGADADA
E BB B EEEEEEREN zmmxm Total
ADADADADLDADLDLAGADA 4 mm thickness
E EHEEEEEENEERES=E 4 QBINEEREREN
g 8A8401040404040404 =15 mm
AGARAGADADABABARABA 311X 11
"MARRARARRARR 7 mm :
g 8A8A8028A0A00A0A O ngher cost
A0A0AGLOA0A0A0A0A0A Generally not included in
"18282828.8.8.8.8.8." — T
Bl | o : ; scanners
= 1.1.1.&.1.1.1.&.1.1 : i
LI L R EEEBR SiPM: 13 mm
T—'I'w‘taezlial
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Spatial resolution

FWHM= a \/(d/Z)Z + b* + (0.0022D) + r?
o Geometric Coding Non- Positron

Tomographic colinearity range
reconstruction
1.1<a<1.3 Detector size 1:1:1 Ring diameter 18F
=1 (triangular) coupling D=79 mm -0.1 mm FWHM
=L 10 FeCo. ) d=1.12 mm b-0 mm -0.2 mm ~0.5 mm rms
L. A L o
Y W

LabPET Il ~ 0.56 mm ~ 0.54 mm

Scanner Expected: ~0.8 mm FWHM

Measured: 0.75 mm FWHM
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Spatial resolution in PET scanners

Crystal/ Coding Source size |
photosensor Non-colinearity | AR,
o HRRT 7488/140 1.5 Xozwos
E 3T M(GE) 12/6 1.8 e .
= Vision 200/ 128 1.4 Exact HR MI (GE) @ ___..-"'
St 1 Vereos 1/1 2.0 == Vision '__.--"'
. L MADPET 1/1 < 0.2 (Siemens) ’n-"'
Small animal and S 51 LabPET  1/1 <02 ST e
dedicated . ® WIRT _B" (Munich)
edicatea scanners re) e APD-BGO
wh 4 ___.-' ( Sher brooke)
Q _
(1 L Donner 600
1 - MADPET Il (Berkeley)
% 1 - - LabPET s  Light Sharing
g 1 "_dﬁ"m“ - Electronic L'udill::'
s - = Individual Coupling
- ___,-"’ === Crystal Resolution (d/2)
0 1 2 3 4 6
Crystal Size (mm)

* In clinical systems: 3-4 mm FWHM ‘

 High resolution would allow to visualize
tumour heterogeneity

Tumeor 1 Tumor 2 Tumeor 3

s The ASFAE’s research projects acknowledge the financial support from the Gabriela Llosé Financiado por GONDNO  HINSTERIO T\ % GENERALITAT ANEYT
8 B MCIU with funding from the European Union NextGenerationEU and SF E W k h M h 2024 “ laUnlon Eurapea § B | T e . \\ valEnciaNe GYAN 28
! . ASFA orkshop, 4-6 March 20 NextGenerationEU e S

,,,,,,,,,,,,,,,,
Generalitat Valenciana.




Monolithic detectors?

Positions COG - black slab

.4', .4/ L = 6
L L .l
E - x > = > bt >
il 2 = F = -
il 1 5 a4
B L x = 3 3 3 <
2 [
> 2
X b g = b g L2 b g
o—
Fox x =< x = x
-2
™ -
Foox > = > 3 x
-4— =
> > > > > >
7y T T R B! Ll
-6 -4 -2 0 4 6

1
2
X position (mm)

Neural Networks trained with Monte -Carlo
simulations are promising

Performance parameter Monolithic State of the art
Energy resolution (% FWHM) 11-12 ~12

D. Schaart. Spatial resolution (mm FWHM) 1.0-1.6 4-6
ICTR-PHE 2014 DOI resolution (mm FWHM) 3-5mm None
CRT (ps FWHM) 160 - 185 500 - 650
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Gamma cameras

Photomultipliers

Scintillators

Collimators

Y emitters

* Single photon emitters
* Most common radiotracer: *"Tc- 140 keV
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Gamma cameras

Small, dedicated systems (heart, breast...): mostly scintillators,
but other types considered.

SiPM board

ASIC board
FPGA board

Readout
electronics

CZT, I. Blevis et al. 2011 IEEE NSS MIC conf record.
LaBr3, R. Pani et al 2015 JINST 10 C06002.
GEM- T. Koike et al. 2011 IEEE NSS MIC conf record.
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Single Photon Emission Computed Tomop;ra,phv

(SPECT) of ./

® ® D ©DDDOD> A A
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SPECT

Dedicated systems

Mutipinhole brain SPECT

Detector

Shaelding

» Collimator & | (b)

N. Zeraatkar et al. Biomed Phys
Eng Express. 2021

(a)
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SPECT

Veriton-CT (Spectrum Dynamics Medical)

CZT detectors. Only SPECT, no gamma camera.

Conventional SPECT Design Challenges VERITON: Designed for 3D Imaging
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SPECT

Veriton-CT (Spectrum Dynamics Medical)

Total body CT 18min scanning time
| - .
VERITON-CT = & ozt
1 L
b
L
E 1 . ] ]
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Compton cameras

Backprojection
E2 '-‘ ABSORPTION
, 1+ DETECTOR| ~
9 ¢ 3
) |
y 7 .
E ' % SCATTER yrr

DETECTO

5 events 1000 events

+ Image reconstruction

---------------- e Higher efficiency than gamma cameras
e Better at higher energies
e Better for multiple energies

s &
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Compton cameras for radionuclide therapy assessment

 Radionuclide therapy is expanding due to its good results.

 Imaging can be used to visualize their distribution in the y
body and carry out dosimetry employing secondary
gamma radiation. i

 More challenging than diagnostic imaging since photon
energies and activities are not optimized for gamma,

cameras e

e Particularly complicated for alpha emitting radionuclides ‘ ‘.
due to low activities and high photon energies.

« Compton cameras, initially developed for astroparticle Powerion Anterior
physics experiments, can overcome the difficulties
encountered by gamma cameras. Gamma camera images of

. . 131
e Higher efficiency. a patient treated with ' I-Nal.

* Better suited for high energy photons. Compton cameras are a
» Better suited for multi-gamma emission. promising tool for theranostics
9 The 's research projects acknowledge the financial support from the Gabriela Lloss, Financiado por W | e 4 GENERALITAT
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Compton-PET / WGI

PET and gamma tracers simultaneously

16x16x4
2.8x2.8x7.5 mm?

brown brown
| adipocytes | adipocytes .

[
liver heart heart

Three gamma imaging *Zn bladder
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X-rays and Computed Tomography (CT)

Counts

0 & 42 1B I 39 35 41 47 53 S5 BS M TE 22 26 94 100 106
Emergy {ke'f]
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CT detectors

Direct Conversion Indirect Conversion
(X rays) (X rays) (X rays)
X-ray interaction Scintillator Scintillator
(Optical
X-ray Photo- *}} } ; (Visible light) coupling
conductor REEE to CCTS)
‘Conversion to {a-Selenium) Photodiode
electric charge {a-Silicon)
TFT Array TFT Array

nl Iw '

SEM image of Csl crystals
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Photon counting CT

X-ray photon X-ray photon X-ray photon X-ray photon
(high energy] (low energy) {high energy) {low energy)

scintillator
secondary

light sensor

C 't d -
Quantify the energy of each individual photon

-~ Images at different energies and reduced noise
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Photon counting CT

30-40 keV 40-50 keV

r

Conventional CT

Possible with
scintillators?
La,Br3?

% GENERALITAT

 VALENCIANA GVANEDT

Financiado por q
la Unién Europea

MCIU with funding from the European Union NextGenerationEU and ASFAE WOI'kShOp 4—6 March 2024 “ g ol __ TUNNERSOADES Plan de
] iextGeneration| Transformacién y Resilienci

Generalitat Valenciana.

o

The ASFAE's research projects acknowledge the financial support from the Gabriela LlOSé.

42



Hadron therapy treatment monitoring
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Hadron therapy treatment monitoring

IRRADIATED TISSUE RADIOACTIVE NUCLERESIDUAL NUCLF

POSITRON
PROMPT RADIATION EniSSION AND 511 keV y-rays

Prompt y-rays ANNIHILATION
E ~1-15 MeV
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Treatment monitoring

 Dose deposition through electromagnetic interaction.
* Monitoring through secondary particles emission (nuclear interactions).

« Different, but correlated quantities. Indirect measurement.

lon beam ,

Tlssue atom

—_—  Activit
1.0 y |
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ot |
= 0.8 |
=
> 0.6 |
o
§ 0.4 |
= 0.2 |

0.0 |y

1 L I 1
0 20 40 60 80 100
Penetration depth (mm) . ,
Pl The ASFAE's research projects acknowledge the financial support from the Gabriela Llosdé = pemm Financia iado por A | e T‘ % SAETEEBTSILALf GVANE)T
B s B MCIU with funding from the European Union NextGenerationEU and ASFAE WOI‘kShOp 4-6 March 2024 n :\?U(G“ Ei“";%ea 4 é < e o dt V 45
. . ) Transformacién y Resiliencia =~ Universidadesy Emple

Generalitat Valenciana.




Monitoring with PET
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Monitoring with PET

’
f
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i
f
A
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Modalities

- Higher influence of the metabolism, lower beta activity —»

in-beam —— iNn-room e off-line
o, N e | —_—s 1 —
Beam 60 s i
— O 1+— e= 10 min
Measurement during Measurement shortly after Measurement some time
irradiation the irradiation after irradiation
Irradiation Decay of positron emitters
& T off-line PET
ne o
@2 = =
) = 4=
2
@
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PET Limitations

* Positron production does not follow irradiation immediately.

» Biological washout- activity carried away by metabolic processes.
« Low amount of p+ activity induced- low efficiency.

« Difficult online studies - partial ring.

 Photons produce significant background.
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Research

 Models for washout.
« Use of short-lived isotopes.

« TOF PET to minimize gap effects.
* PET integration with the gantry.
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Monitoring with secondary charged particles

&
n

Interaction Vertex Imaging (mainly Carbon ions)

1
Hadronic /

fragments

1
Hadronic /

, fragments
P Henriquet et al.,
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Monitoring with prompt gammas

 Most promising approach nowadays

* Emission ~ns after irradiation.

e ~ 7 x more photons /cGy than positrons.

 Emitted in a continuous energy spectrum in the MeV range with characteristic
peaks.

1.E+Q0
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1.E-02

1.E-03

1.E-04

Yield Per Incident Proton

1.E-05

1.E-086 H i H bk ot . } i
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Photon Energy (MeV)
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Prompt gamma spectroscopy

 Measure differential cross sections for 15 prompt gamma-ray lines from
proton-nuclear interactions with **C and *°O at proton energies up to 150 MeV.

 Model discrete prompt gamma-ray emissions along proton pencil-beams.

* Fit detected prompt gamma-ray counts to these models, simultaneously
determine the beam range and the oxygen and carbon concentration of the
irradiated matter.
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Verburg et al. PMB 58 (2013).
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Prompt gamma timing

-’
—3
n

Gamma emission time is correlated with proton stopping time in the tissue,

and thus with range.
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Hodoscopes

Silicon detectors: 4-plane proton tracker 2x2 cm?.

Hodoscope /7 12 um Si-CMOS pixels , 50 um thick,
P > s Plastic scintillators

N 4 -ﬂ

Scintillating fibers
128 +128 fibers

Gaseous detectors
Gas Electron Multiplier

chambers (GEM),.

2
30x30 cm
active area
°
Diamond
detectors
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Prompt gamma imaging with collimated cameras

e Tungsten
Collimator 4 Segmented
2/ Irradiated  \. €M detector

LYSO
20 x 0.8 x0.32 cm’®

Beam

J. Smeets et al.: Phys. Med Biol. 57 (2012) 3371
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Prompt gamma imaging with collimated cameras

 Range variations in the ~mm range have been observed.
* Successful results at therapeutic doses.

 Large, heavy system.
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Scatterer/Tracker:

Thirolf et al., NN 2015
Dsssh

Absaorber:

Prompt gamma imaging with Compton cameras
{I:-EIEI':-HST}

Iy
gy, »
4

DSSD + LaBr,

CZT + BGO
CZT
Polf et al., PMB 60 (2015) 7085
McCleskey et al., NIM A785 (2015) 163
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Scintillator CCs

MACACO with LaBr3 detectors

88.38 MeV 90 MeV 91.62 MeV

SiFi- CC: Compton camera with
scintillating fibers under development

8838 MeV
~—— 90 MeV

|

>

Proton beam at
different energies

Normalized Intensity
s
2
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Combination Compton-PET

Compton cone:
prompt y

Thick Graphite

Scatterer: DSSSD

K. Parodi. NIM A 809 (2016) 113-119 J. Balibrea-Correa et al. Eur. Phys. J. Plus (2022) 137:1258
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Inside project

The 5_';’] Project

DOSE PROF!].ER | BI-MODAL IMAGING SYSTEM

: : for particle range monitoring and verification
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Coaxial Prompt gamma - ray monitoring
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Emulated scintillation waveform at 2.5 GSPS and 10 Mcps

*DAQ system working in raw-streaming mode 7
(triggerless) with zero dead time 8 ruoo-
Continuous streaming of full waveform during e
measurement (~30 s) 200
*Offline processing with pile-up reconstruction :::?
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Reduction of space, weight, channels and cost

O

F. Hueso-Gonzalez et al.
2020, IEEE TRPMS 4-2.
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Hadron therapy treatment monitoring

Unsolved problem
Challenging application

Even more challenging with modern synchrocyclotrons and flash
(UHDR) therapy

Needs to be compatible with treatment
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Proton radiography/tomography

phantom
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Microdosimetry

« Measurement of the energy deposition at the microscopic level.

« The measurement of the LET is important for the determination of the
RBE, which is necessary for treatment planning and not well determined.

« TEPC (gaseous) microdosimeters were pioneers.
* Silicon and diamond are possible alternatives.

Anode wire holder
(Teflon)

Detector holder
(Kel-F)

Detector PCB
(voltage divider)

Preamp PCB

* Size similar to cells.

* Low bias voltages. - Connector PCB
* High resolution. Microdosimeter (pm) Cells -
* Arrays of sensors to characterize the dose e e e
deposition along the protons’ path. =
LET — Linear Energy Transfer . /
RBE — Relative Biological Effectiveness @ o

TEPC- Tissue Equivalent Proportional Counter
% GENERALITAT
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Conclusions

« Many aspects in which the performance of medical imaging devices can be
improved.

* Instrumentation from astrophysics and HEP can lead to improvements in this field.

 Necessary contact with hospitals / specialized groups to know what the
requirements are and to address properly the needs.
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