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Positron Emission Tomography (C ==
in Particle Therapy

Particle Therapy
What & why
Open issues (range monitoring)
Prospects

How to design, build, operate a PET detector

the INSIDE project (in-beam PET in Particle Therapy)

)
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Cancer Statistics
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Ca ncer Stati St i CS s

Cases Deaths

8.2 million

Female Breast Cancer Treatment Patterns (%), by Stage, 2011

35
33
30 |—
] BCS alone
251 [ BCS +RT
Il BCS + RT + chemo
. 20 | — [] Mastectomy alone
g 17 17 16 [ Mastectomy + chemo
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151 — 14 [ Mastectomy + RT
12 Bl Mastectomy + RT + chemo
10
10 | — 9 ] RT and/or chemo
6 7 [ No surgery, RT, or chemo
51— 4
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0 [ ] | J
Early stage (I and II) Late stage (Il and IV)

BCS = breast-conserving surgery; RT = radiation therapy; Chemo = chemotherapy and includes targeted therapy and immunotherapy drugs.
Source: National Cancer Data Base, 2011.38

American Cancer Society, Surveillance and Health Services Research, 2014
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] IN Istituto Naz ionale
Tumor therapy comparison - ==

Tumor-
cells Macroscopic tumors: 25mm (> 107 cells)
1019 Microscopictumors: <5mm (1-107 cells)
108 l l l l l l 6 Chemoth.
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®  Cellkill after Chemotherapy:
2 2 L 102 |
10- | only about 3 logarithmic steps
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(Molls, TU Minchen; according to Tannock: Lancet 1998, Nature 2006)
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Istituto Nazionale
di Fisica Nucleare

Medical Imaging
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Medical Imaging MM

Physics and Medicine have been
tightly bound by Medical Imaging
technologies for more than a

century...
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Medical Imaging can be...
... morphological (e.g., CT)

X-rays!!! (Roentgen, 1895)
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Medical Imaging

X-rays are absorbed by the target (i.e., ay T FOIH%W1
the human body) . | AT

Absorption is related to the density via the
Lambert-Beer law

I(z) = 1(0) exp(-H(p)z)

p=p(z)
By measuring |, y can be evaluated!
And then the body local density, with an

amazing resolution...

. ‘"“ ‘.,1
AN Y Y Me vl
Let’s take a look at a CT scan... b i ME\D'CAL\U.SﬁE. :
PERAET 1 TR
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Medical Imaging

Computed
Tomography

Spatial Resolution: ~ 100 uym
Time Resolution: irrelevant

Energy Resolution: irrelevant

IS morphological information enough |
fo_r diagnosis, staging, follow-up of a 'gl‘f"‘%“trsim;,.
disease? 'NOT FOR MEDICAL USAGE
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Medical Imaging MM

Physics and Medicine have been
tightly bound by Medical Imaging
technologies for more than a

century...

« Increasing Frequeacy (v)
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Medical Imaging can be...
... morphological (e.g., CT)

... functional (e.g., PET) X-rays!!! (Roentgen, 1895)
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Nuclear Imaging

Positron
Emission
Tomography

Spatial Resolution: ~ 3-4 mm

Time Resolution: crucial

Energy Resolution: very important

functional information is particularly
relevant for diagnosis, staging,
follow-up
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Particle Therapy
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Standard of care: Radiotherapy C ===

Breast tumour

Dose [a.u.]
F 1e+06

— 8e+05

Photons
— E =6 MeV

700

Daily Dose : ~ 2 Gy
Sessions: ~ 10 - 20
Total Dose: ~ 20 - 40 Gy

800

— 6e+05

y [mm]

900

— 4e+05

— 2e+05

1000

healthy breast

—— 0e+00

450 500 550 600 650

X [mm]
slice atz =30 mm

small, reliable and not so expensive ->40 years R&D
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Standard of care: Radiotherapy

1

1 i 1
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Particle therapy: the Bragg Peak C ===
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B a rti cl e T h era py (- o ome

X Protons lons
— Emax= 250 IVIeV — Emax= 400 MeV/U

BRAGG
Peak

100

PHOTON beam
6MV

50
modified PROTON beam

Da||y Dose: ~ 2 Gy 250MeV

SESSIOnS - 10 . 30 native PROTON beam \
Total Dose: ~ 20 - 60 Gy | 250Mev

Dose‘ﬁ)
0
r

0 10 20 30
Depth in Tissue (cm)
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Particle therapy
shows better
selectivity with
respect to
photon-based

techniques

Yet, randomized
clinical trials seem
the only
commonly
accepted method
to assess eventual
superiority of PT
technique..
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Radiosurgery
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Particle Therapy in the world ..

Facilities in Clinical Operation and

No. of Patients Treated (1955-2014) Still a
160000 60 minimal
Under construction: 25 proton/ fraction of
<14°°°° :> 4 heavy ion centers. Only in USA = photon RT
120000 - 27 new centers expected by %
T 2017. First entirely pediatric PT | 40 &
£ 100000 7 center opened (St.Jude Hospital) — 3
'§ 80000°9 - 30 2 Patients
§ .§ Facilities
© 60000 - =
S - 20 B
= =
40000 - @
(=
L 10 <
20000 -
0 - - 0
'&6’9 Ref.: PTCOG, 2015

Community looking at “He — "°O beams: begin to be tested at clinical center
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Particle therapy in ltaly: CATANA- ===

INFN — LNS
62 MeV protons
Eye melanoma treatment

since 2002
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Particle therapy in Italy: ATREP O ==

Agenzia Provinciale per la Protonterapia
A Azienda Provinciale per i Servizi Sanitari
re Trento, Italy

Since 2014

LLLl - --/I
“"(L’LLL”I“FL! 7

Cyclotron
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Particle therapy in Italy: CNAO (s

Head & neck / pelvic tumours

Treatment with
protons since 2011
Treatment with
carbon ions since 2012

Synchrotron
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Particle therapy how-to = C ===

Diagnosis (& staging)
CT - PET/CT

Image size: 512 x 512 Anonymous ( -, -)
View size: 1168 x 1252 Unnamed
WL: 40 WW: 300 4
X: 342 px Y: 697 px Value: 0.00

Fused Image : X: O px Y: O px Value: 0.00

X: 84.25 mmY: 284.71 mm Z: -660.50 mm

Zoom: 140% Angle: O

Im: 98/568 S (S->1) INOT FOR MEDICAL USAGE

Uncompressed 2/12/1510:07:25
Thickness: 1.50 mm Location: -660.50 mr Made In OsiriX
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Particle therapy how-to C s

Treatment Planning

_._'L" SR I BT,

)
1
e
_EW
Y
15
o
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Particle therapy how-to (s

Pencil Beam

Energy Range (p) 60 — 250 MeV
Energy Range (12C) 120 - 400 MeV/u
Energy Step 0.02 MeV

Beam size (mm) 4 - 10 FWHM
Beam position (xy) < 0.05 mm
Maximum field size 20x20 cm?

Beam Intensity (p) 108 -10%9 /s

Beam Intensity (*2C) 4x10° - 4x108 /s
Time Structure 1s spills + 4s pause
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Particle therapy how-to (s

2D beam monitor

Piergiorgio Cerello — cerello@to.infn.it
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Range verification in Particle Therapy /N

N What prevents particle therapy from becoming mainstream?
o . :
~ * 35 % unproven clinical advantage of lower integral dose
E + 33 % range uncertainties
:EE * 19 % will never become a mainstream treatment option
A little mismatch in density (by CT)
=> sensible change in dose release
1.0—. 1.0
x 0.8 0.8 o n
2 QE 0.6 SEOG _5
O Qs Q o4 _8
o
0.2 0.2
0 ‘ T ‘ - P— r ’ 0 - . : , r r T
0 2 - 6 8 10 0 2 - 6 8 10
Penetration depth / cm Penetration depth / cm
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Particle Therapy: error sources &=
— Treatment planning (body density)
— Treatment delivery

Current approach: Desirable approach:
Opposed fields, Different beam angles and
overshooting no overshooting

ot |

B <™ . o o
- In-vivo verification
AL ' Tl SR o = e
0 10 20 0 40 50 70 80 0 10 20 0 40 50 70 80
Dose [GyYE] Dose [GYE]
Protons
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Range Monitoring
in particle therapy
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Secondary particles: a SIGNAL! C ==

* Check of dose release shape
* Feed-back during the treatment (in-beam) Y 511 keV
A

 Integration in the treatment work-flow J
proton

beam
 Prompt photons
« Charged particles
« [+ emitting isotopes Ly
Y 511 keV ¥ prompt
\Z

neutron
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Secondary particles: a SIGNAL! C ==

\1 beam delivery

prompt y-rays charged particles (from 12C beam) B+ emitters
in-beam SPECT Interaction vertex imaging PET
Pass:ye collimation Solid state offline
slit cameras Tracker PET
Electronic collimation _
GEM, SciFi PET

Goal:
<1 mm uncertainty on the Bragg peak position!
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160 MeV proton beam = Blue: Fluka

Energy spectrum of prompt “photons” g‘g " Red: data

(J.Smeets et al., |BA) ilc;lrgtéeos»;errari ¥ — Green: dose 0o

20— r—T—TTT—T—T 0s [ profile A ! *t
Experimental data —— ' v H H

Simulation w res. —— 05 [

—
o
1
S
o~

Absolute comparison 03

o1
(@)

Counts/proton/MeV (x1 0'5)
o

1 2 3 4 5 6 7 8 9

o
o

Energy[MeV] 0
The energy spectrum is in the 1-10 MeV range EN\%N
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Prompt photons: slit camera e

« Simple geometrical concept

« Optimized for range

measurement on proton beam
E X
[ T7 TTT 2— 2
3.0 b S
r A100Mey [ ® Rl -
2.5:_ ™ 160 MeV - g & g
F ®230MevV 0 © —,3;

2.0'—

O.Sf

Standard deviation of range estimation [mm]
T

10 10

Protons (reference setup)

Piergiorgio Cerello - cerello@to.infn.it

IBA, Politecnico di Milano, Xglab

[.Ill[!lllll:

i L B N

10 J Smeets et al. Phys. Med. Biol. 57
(2012) 3371
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Prompt photons: Compton camera (..

7 N\
100 blocks of streaked BGO crystals
— N 3.8x3.8x3cm?
Lﬂ ion beam
I N
- X '\\ M
— L;]& z stack of 7 Si layers \ \\
9x9x0.2cm? NEN TN
\\ ™ h\
< NJ \\
0 \\ \\ ™~
o \\ \-\ .
N il
S ™ \\ \\
NN
I \\ \\ \\
i secondary particles NYEAN h
“ AN AN NG
LN
Il
Q. PMMA 10 x 25 x 10 cm? \\\ N CN RS,
N
75 20cm 6cm 40 cm AN UCB Lyon
@) < »>< >< o
Q

Scatterer: double-sided Si strip detectors
* Large size detector bonded on PCB
e Dedicated _—

|
l;\_ _.JJ

low-noise ASIC
ENV/

Absorber: Scintillator
* BGO 35 x 38 x 30 mm?3
« 4 PMT
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C h a rg e d p a rt i C I e S (L oo

-’- stcom 12¢C (16Q)
* detection efficiency ~ 100%

 easily back-tracked to the J | beam
emission point y

LYSO Crystals

« Low emission rate

« Escape energy threshold ~
50-100 MeV

PMMA

e correlation to the beam profile

Beam radiograpi‘\y

o
FTTTT I TTTT I'[I.!»H-..I',I,'I'nl l,ll TTTT I TTT I|

. ﬁjBr'agg * multiple scattering inside the
S L i Peak patient -> 6-8 mm on single
B I S B R track back-pointing resolution

K Gwosch et al PMB 58 3755 e MC high|y unreliable
C Agodi et al PMB 57 5667

~ 103 events required to achieve desired accuracy on the
emission point distribution: detector size matters!
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« Large area gas (!)
detector

« Acceptable solid angle
even far away from

the patient

107s = * No need for TOF

CERN-TERA

secondary protons
Bl primary protons

Expected performance
OGEM-spatiaI = 400Mm

oy = bmrad Angular
resolution

Q2~0.3% (0.04 sr) Solid angle

TN Courtesy of
TERA Foundation
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PET Radioisotopes: 53 + emitters C =

Phantom vs Human Body composition

I 72 GO O O C

PMMA 1.18 45% 48% 7%

Body 1.0 18.5% 65% 9.5% 3.2% 3.8%

B + emitters

Half-life (s) 1223 11 x
103
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Arbitrary units

Piergiorgio Cerello — cerello@to.infn.it

INFN

3 * activity and dose: correlation C ==

Isotope 12¢C Nuclear
Medicine

Activity density 1600 1030 10%-10°
Bgcm3Gy! Bqcm3Gy! Bgcm3

Projectiles & target Target measured
fragmentation fragmentation
1.2 |
Activity | Activity
1.0 - == Dose A 1.0: """ Dose
120 E=212 AMeV C e, 5
7" Target: PMMA L RN, 506
o 11C [ —.
0.4 - < 0.4
[ A < J
0.2 0.2 / [
g — 7 l \_\\__ A
0.0 — | 0, 11c'.1o‘c‘.‘_. e, B . el TR IPTIIG waa
20 0 20 40 60 80 100 120 -20 0 20 40 60 80 100 120

Penetration depth / mm
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The In’idle Project @

INnovative Solutions for In-beam DosimEtry in

Hadrontherapy
Funding by: PRIN + Centro Fermi + INFN (RM1-TO-MI-PI)

proton emission

Tracker + B* activity
Calorimeter = distribution
DOSE PROFILER IN-BEAM PET
HEADS
0 Dual signal operation
0 integrated in treatment
room
0 in-beam feedback
O Challenge: fusion of

charged and PET
information
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Istituto Nazionale
di Fisica Nucleare

PET Imaging
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di Fisica Nucleare

1) a B+ decaying isotope bound to
functionally-relevant’ molecule

the emitted e+ annihilates (almost
at rest) close to the emission point
into a (nearly) back-to-back 511
keV photon pair

2) a photon detector (typically a
crystal)

generates a list of Lines Of
Response (LOR)

3) Reconstruction software

provides a 3D activity map
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How do you design
a PET System?
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PET Imaging

Conventional PET detector

Optical reflector

~ Istituto Nazionale
di Fisica Nucleare

light is converted to an electrical

Primary
Photon

Scintillation

PMT

|

y 4

4
photon converts to
optical (secondary)
photons (number
proportional to gamma
energy, typ. 1000’s)

Piergiorgio Cerello — cerello@to.infn.it

I L |
photons are collected at
the end of the crystal

Scintillator crystals

_/ signal & amplified

Pre-Amplifier
+ Electronics

Front-end electronics: signal
processing

Crystal cuts form
light guides ’
\ - S—PMIC
et '
A | |
| 4
«< PMT D
«< PMT B
A
— PMT A
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P E T I Ma g i n g (L oo

Line of Response Sinogram

What are the critical parameters of a PET system?
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Field Of View
Photon detection efficiency
Energy resolution

- Compton scattering vs. photopeak

Spatial Resolution
- positron path
- depth of interaction
- time of flight
Time Resolution
- Annihilation point along the LOR

Pier Giornate di Studio sui Rivelatori - Cogne, February, 23d-26t 2016
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PET Imaging: detection efficiency (..

Detection efficiency

(aka sensitivity, stopping power)
Reduces noise from counting statistics

Reduces dose

Example: 2cm of LSO
~ 82% (singles)
~ 67% (coincidences)

55M Events
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simulation

300

250

200

150

100

o0

PET Imaging: Energy Spectrum I..
simulation
Entries 7996
E Mean 514.8
:_ Na22 spectrum * — simulation -
E_ M Photopeak —— data
:_ Compton } ’
- shoulder
| |
: o
% %‘% ;!
E ﬁt w |Sr i it
200 400 600 800 1000 1200 1400
Energy (keV)
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PET Imaging: Compton background ("

||||||||||||||||

Energy resolution

Scattered photons change direction
AND lose energy

Affects acceptance of scattered
coincidences

v"_" /
Currently ~ 15 - 20% e -
.« B & --- -
AL tr T -y
Deadtime / Rate
single channels must handle 3

MHz count rates!

multiple coincidences rejection
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PET Imaging: Depth Of InteraCtion (L oo

Depth Of Interaction
- parallax error a@
- goal ~1 mm

T
IEENEERANAE
IEEERERERE
EEEREREERARY
By o8 B0 T
] 8 SR EAERRY
411\
BB
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A
PET Imaging: Time of Flight e

Time Of Flight

more information on LOR

less background xmo""-; X
Detection Quantum Efficiency & . g.\‘ E
present intrinsic limit: ~ 100 ps g —
P(x) ~ exp(-(x - x,,)/2 0°2) \
L1

o(s/N,) _ |2D
O‘(S/]\'/Ynon—tof) B CAt.
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Istituto Nazionale
di Fisica Nucleare

PET detectors
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Istituto Nazionale

How to improve PET performance? L ===

* 4D detectors with new design

— Depth of Interaction
e Parallax error

— Time Of Flight
« Weighted Line Of Response

— MR compatibility
« PET/MR Hybrid Imaging

— Compactness
* In-beam PET in Particle Therapy

— Cost & Scalability
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How to improve PET design? C mmm
o Scintillators
 Photon Detectors

 Front-End Electronics

« System Design & Integration
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= INFN
Scintillators C s
Nal |[LYSO [LGSO |LuAP |YAP LaBr;
Lightyield |38 32 16 12 17 60
103 ph/MeV
Primary 250 [41 |65 18 30 16
decay time
AE/E (%) at |6 10 |9 15 24 |3
662 keV |
Density 3.67 s 7.19 | 6.5 834 |5.5 5.08
(g/cm?) |
Effective Z . |50 64 |59 65 33 46
1/p@511 |25.9 (12.6 |14.3 11.0 21.3 223
keV (mm) :
PE (%) at |18 33 |28 |32
511 KkeV

Piergiorgio Cerello - cerello@to.infn.it
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Photon Detectors C e
Detector PMT APD (d)SiPM UFSD
Gain 1055 50-1000 | ~ 1076 5-15
Rise Time (ns) ~1 ~5 ~ 1 ~0.1
QE @ 420 nm (%) ~25 ~ 70 ~25-75 (PDE) | ~ 75
Bias (V) > 1000 | 300-1000 | 30-80 100
Temperature sensitivity (%/K) | <1 ~3 1-8 Negligible
Magnetic filed sensitivity Yes No No No
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Front-End Electronics L

- "Catch the first de-excitation photon”
Speed
s Low Noise
Low (double) threshold
Low power consumption

signal
o

First with 3 Low threshold t
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SySte m D es i g N (- o ome

+ Segmented vs. Monolithic crystal
Axial
Block

 Time measurement strategy
Single secondary photon detection
- noise
- dark counts
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4DM-PET Detector Layout &

A. LYSO scintillator slab Size: 48 - 48 - 10 mm?
B. Top /bottom SiPM layers

. 16x16 square pixels, 3mm pitch
C. Independentidentical readout boards

* Depth Of Interaction

| cluster asymmetry vs Dol |

Compton effect

N
[
©
+
c
s L.
(=]
i
N
[

EEEED

— Size Asymmetry: (t - b)/(t + b)
— Simulated FWHM: 1.0 mm

Entries 1292
Mean x 6.082
Mean y -0.05602
RMS x 2.626
RMSy 04943

cl_size,down-cl_siz

TS RS W
10 N

Zint (mm)

Courtesy of the ADM-PET
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Preliminary DOI
measurement on a 5x5 mm?
detector with 4x4 channels

- "worst case scenario”

-2 mm FHWM

06

Energy Asymmetry
' =
(o] (88

=
[#%)
T

-06

Piergiorgio Cerello — cerello@to.infn.it

4

-

4

-2

Beam Position {mm)

0

2

4

16x16 module with TOF
capabilities under
construction

Courtesy of the ADM-PET
Collaboration
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TOF-PET: crucial

real “phase transition™:
time resolution ~ 10 - 20 ps

the challenge lies in the detector
rather than the electronics...

Any idea?
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 Why Particle Therapy?
 Why Range Verification?
 Why Positron Emission Tomography?

INSIDE
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The INSIDE Project o4 4

O

CNAC_ 5—

|
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The INSIDE Project o

INnovative Solutions for In-beam DosimEtry
in particle therapy

DOSE PROFILER IN-BEAM PET HEADS

Designed to:

0 integrate in the
gantry

O operate in-beam

Q provide an
immediate
feedback on the
particle range
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AT514 kev

Th e I N S I D E P I Oj ect (et
_J

Real time monitoring of Bragg Peak depth &)
with passive signals by secondary particles

Hadron

IN-BEAM PET HEADS

B 2 R i i st S i o e o e e e s e ]
! Activity + 1VI
240 el Dose E a.CtIVI}y
s distributio
= 08| ;
= I ]
= i
c 0.6
.
S04
<

-20 O 20 40 60 80 100 120

Penetration depth / mm
J Pawelke et al., Proceedings IBIBAM, 26.-29.09.2007, Heidelberg

PET image reconstruction

vV
DOSE PROFILER
§220;— t
9:200;— promp
<180 secondary
3 particles
20 emission
100;—
80;—
60—
ao0f-
O-_1]oh s ‘5 . ‘}5 o 1|0
L. Piersanti et al. Phys. Med. Biol. 59 1857 Xeunas (€M)
track and interaction point reconstruction
F

Piergiorgio Cerello — cerello@to.infn.it

SIdl
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INFN
(L smeyaense
IN-BEAM PET HEADS DOSE PROFILER
Signal B+ decay Secondary (charged) particles

In-spill, inter-spill,

Acquisition after-treatment In-spill
0 heads face to face
. 0 _perpendlcular to the beam a3 forward direction
FEstel axis 0 60° wrt the beam axis
o fitted position wrt the '
isocenter
Dlstar)ce from 25 em 40 em
beam isocenter
Output 3D activity map / profile Emission point distribution

e
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The INSIDE PET INFN

10 x 20 (25) x 5 cm3

Distance from the 256 LFS pixel crystals (3x3x20mm?3) coupled one
Isocenter = 25 cm to one to MPPCs (Multi Pixel Photon Counters,
SiPMs).

FE board
(Tofpet ASIC)

In-beam PET
module

5id
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The INSIDE PET design: simulations ¢ ===

—_—

Beam delivery
Target (phantom, patient CT)  GEANT4,

Activity generation | FLUKA

PET module structure

Signal generation i

Electronics

DAQ i g:flte‘l);?oment
Reconstruction

Data Analysis _ 5—» l
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The INSIDE PET design: simulations ¢ ===

Beam delivery

Linac

« €E E Carbon = Panne—
source - —
Proton -
& source Af = P |

CNAO beam

Synchrotron
Time structure
(e
((((
10° (@
25 i (( (@
B H — RTPLAN
20— M —— Monte Carlo En-1 En
w 15 :—
& o[-
[ I htto:
C ttp://www.fluka.org
° : : | ! i
ANER ' '
0 i L1l L1l L1l Ll F':.‘ n F.I r‘i ll
0 5 10 15 20 30 35 40 45 |

25
time [s] |

'
!
2
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The INSIDE PET design: simulations ¢ ===

Target / Activity generation

Plot #5
20 . . . . . . . . 0.0001
Protons on a

le-05

5x5x40 cm?3
le-06

water phantom
. . le-07

simulated with
if ! 1le-08
Wh— le-09

0 5 10 15 20 25 30 35 40 45

http://www.fluka.org ~ e
cm
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The INSIDE PET design: simulations ¢ ===

PET module structure

Lutetium Fine Silicate (LFS) [ g
16 x 16 crystals / module

3 x 3 x20 mm:? size

5 x 5 cm? module
25 x 10 cm? head

Coupling to SiPMs
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The INSIDE PET design: simulations ¢ ===

Silicon PhotoMultipliers (SiPMs)
Avalanche Photo Diodes in Geiger (saturation) mode
50 x 50 uym? cells
- single photon counting!
Gain ~ 10°
Risetime: ~ 1ns
Bias: 30-80 V
Temp. sensitivitiy: 1-8%/K

Compactness
Magnetic compatibility E ' ;]
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The INSIDE PET design: simulations ¢ ===

Front-end Electronics

The TOF-PET ASIC
LIP (Lisbon)/INFN
64 channels
100 kHz/ch
15mW(/ch
Energy: ToT (not linear!)

Time resolution: 150-200 ps
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PET “prototype”: few channels

/ Sketch of the \
experimental set up

* Beam
* Energy: 95 MeV

* Intensity: 2*10° p/s
* Target II
* PMMA phantom 5 x5 x7 cm3 II

e Detectors

 LYSO crystal 3 x 3 x 10 mm3

* RGB SiPM from AdvanSid 3x3 mm? \\
* Front-end ASIC: TOFPET

Piergiorgio Cerello — cerello@to.infn.it

—
- N —

PMMA

1

Proton

beam

SiPM

LYSO

/
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PET Single Trigger Rate Lo

_Raw Data Simulation

A80 Me
~ -
. AWSs 908!
= L -
440 [~ 3500
= i
@ 1

120 |- 3000

100 - 2500}

8o 2000

60 - 1500k

sof 1000fH

20} 500

() DR o) - [ RN Ty y L1 111 ll O-thh‘u‘k |“|||||||||||||||||||||||IX103

[} 50 100 150 200 250 300 0 50 100 150 200 250 300

t (ms)

Peak to valley: ~ 15 (Raw Data), ~ 16 (Simulation)
DAQ Rate and full beam/in beam structure under control

5id

Piergiorgio Cerello — cerello@to.infn.it Giornate di Studio sui Rivelatori - Cogne, February, 23d-26t 2016




Test Of PET System "prototype" (e

/ Sketch of the \
channell .
160 : - , experimental set up

~ spilll0 .
140 ——  spill20 [ / SIPM
spilla0 - —
spill60
e ‘. Spill75 PMMA LYSO
- H spill8s II

I Proton
beam
5
tot (s) le~7

511 keV photopeak events 5_’ ’l
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AnnihilatiOn pOSitiQn (e

« Simulation of the annihilation position :
— 2 ms beam on + 300 s beam off
— Plot of the (known!!!) annihilation positions

- Beam ON " Beam OFF

w2 =
E —_ 200
£
£ £
N ~
Y
%
/)7/ 50 50 40 3 <\ mm\
[
prompt annihilations B* decays only .'
!
& B* decays !
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AnnihilatiOn pOSition (e

« Simulation of the annihilation position :
— 2 ms beam on + 300 s beam off
— Plot of the (known!!!) annihilation positions

| annihilations with beam off, distance fromZ | ann_dist 7 baamOFF
Entries 983453
a.u. Mean 2.803
05H 6.061
L Beam OFF s aniniihilations with beam off, distance from Z
04 :-—- Beam ON —— annihilations with beam on, distance from Z
0.3H
0.2F=
01—
e i

|
O L1 T nlnl-lllllllllllllllllll_l_.lllllllllll ||
0 5 10 15 20 25 30 35 40 4 50 |
d (mm i
|
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The INSIDE PET design: simulations C

Beam simulation

T

s

>

Time-tagged
activity scoring

> PET simulation

)
INFN

Ismuto Nazionale

>

About 1/100 of primary
hadrons

a Annihilation time and
position (gold standard)
8] Isetopes preduction map:
e (t1/2=1220.04s}) 100*
0 (t12=122.4s)
"¢ (t1/2=19.290s)

Detector simulation.

All positrons are simulated.

Data analysis &
PET image
reconstruction

Same as real data:

O Line Of Response (LOR) list
extraction

O image reconstruction
(MLEM algorithm, 5 iterations)

In-beam PET heads simulated geometry

LFS side

Piergiorgio Cerello — cerello@to.infn.it

—15 —14 -13|-12[-11}-10{-98-80-7R-6 N -50+4E-30-28-1

=

[
s

0
r

T
[

T
IS

4
2
011 2 3 4 5 6 7 2023

24 25

MPPC

]
2 27 28 29

Giornate di Studio sui Rivelatori -

0 Simulated detector:
o 15% s DE/E
0 600 ps time resolution
o 2.5 ns coincidence time window

|
|
|
!

Cogne, February, 23-26th 2016




The INSIDE PET design: simulations C ==

after treatment

ANNIHILATION DISTRIBUTION | treatment
1800 —
— % 80( -
1600—
o 25 em 1400 —
1200
s 1000—
PMMA 800:—
600
400+
— 200
| Ll
Monoenergetic 2D proton 500 L

treatment:

uniform irradiation

4.5x4.5x0.3cm3 slice @ E=66.34 MeV
4.50E+10 protons

59 spill

7.63E+8 average protons/spill

Piergiorgio Cerello — cerello@to.infn.it

- 150
10C
11C

WMWMWMW

-‘J’-J|II||_LJ[|||J

0 200 400 600 800 1000 1200 1400 1600 18

Us]

11c, 10C and 150 simulated annihilations for the
whole treatment plan = 3.2E+8 in 1800s.

[

|

|

!
/l.. l
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ACTIVITY PROFILE ANALYSIS
— e
‘.25 cm
. ST ) )
o o

]
5 0.07

:_ _’_|—I_. — simulated PET image
006; g '_,—r— I_|_ — isotopes production
0.05— rf
e 0.04 L
0.03—
Monoenergetic 1D proton -
treatment: 002 i
single spot @ E=68.3 MeV 0.01— |7
2'E+11 prOtonS Oin—"l"_\ L Ll L i SR |
0 p beam 1 2 3

102 spill 4 =l
1.96E+9 average protons/spill (0
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Beam test May 2015 @ CNAQ__ '

‘4, 25 cm
pbeam_ . ____| |Moi]
—_— !
PMMA
BN

TOT raw [ns]

chip 7, channel 40 _
B

Enries 20133

Piergiorgio Cerello — cerello@to.infn.it

di Fisica Nucleare

Monoenergetic

1D proton beam

Single spot @
E=68.3/72.03/84.3 MeV
2E+11 protons

100 spills instead of 10
PETmodules (emulate 10 modules with
just 1)

DATA ANALYSIS:
o Online/offline analysis
0 Automated energy window selection for
each channel
0 Automated time delay calibration
o 3D PET image reconstruction '
o Profile analysis 5 !.'
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Beam test May 2015 @ CNAQ_ ' _

Is ‘in-beam’ really in-beam?

Peak-to-peak period:

690 ns
‘ﬂ. ,A | ﬁ 630 ns
] g 4 || || PwHM: 138 ns
:gzg :::; | ” | \. /' ‘ Peak amplitude
S ool e \W ' modulation
“‘2500 ’ : \J \ “\w 10 kHz
S 2,000- / L ;_,,»-"” o i
51 500 / in-beam DAQ!!!
v i
¢ o [ hwwwnmw oA Y

0 2e-05 de- 05 6e-05 8e-05 00001 .'I
Delay (s) /
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Beam test May 2015 @ CNAQ_ ' _

0.07

0.06

o
o
a

norm. counts
©
o
S

g
o
)

Nazionale
di Fi Nucleare

Monoenergetic 1D proton treatment @ 68.3 MeV

Entries 49398
— in-spill CTR

PET reconstructed images

— inter-spill CTR

\I‘III]|\I\I‘I\II|IIII‘I\

5 -2 1.5 -1 -0.5 CTRO(nS) 0.5 1 1.5 2 25 _g- o
in-spill inter-spill

Coincidence Time Resolution (CTR)*

Interspill =699 ps o (blue)

Inspill =851 ps o (red) .

*detector calibration to be optimised S |
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Beam test May 2015 @ CNAQ__ '

di Fisica Nucleare

Activity profile / interspill data

m :.ﬁ'j:i#%i‘— — 72 MeV
70000/ 1 _|_ij;i i ++ — 68 MeV
60000 + JF + PMMA phantom
= 4 VoA Difference in the distal
50000 — 1
- . fall-off
sdagam in
£ ——> Voo
g Wy Expected:
=30000 +
- LY 3.7 mm
20000}~ i }l L Measured:
10000E- BN (3.6 +/- 0.3) mm
00;—-1—!—_#_1__1 'I| L1 é L1 :I3 [ T ;I"*T"‘:'———?-wug:
Z (mm)
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Beam test May 2015 @ CNA

Reconstructed images Activity profile

—&— inkerspill
#— inspill

- -I -
sty e

in If '.
i I.hl-'
L .,." “";.._.".-'
U a0 d”th . :';m’ qu S0
inter-spill in-spill
Distal fall-off cleaner for inter-spill data
4x
no background from prompt events T |
I;
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Beam test May 2015 @ CNAQ_ ' _

llllllllllllll

Collected events vs time
Single spot @ E=68.3/72.03/84.3 MeV, 2x10'" protons

Coincidence Rate: p @ 68/72/84 MeV/u

8000 e s Simulations do not take
27000 oo s T2y into account all the
6000 | o sy produced isotopes!
5000E- [ TR M- 154 10
4000/ 'ril:-_.:.__ C, 0, Con |y
3000 “ e
2000C 47 ¥ —>~|  LFS absorption
10005 R properties not well
1 | | 1 1 1 | 1 1 1 | 1 1 | | 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 | 109
0O 200 400 600 800 1000 1200 1400 1[60]0>< k nown
t[ns

Half-life (s) 1223 11 x lu'
103 /
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Beam test May 2015 @ CNAQ__ '

di Fisica Nuclear

Coincidence event rate

. _ Coincidence event rate
E 800 — Entries 380008
= — Mean 6.512e+11
00 RMS  4.421e+11
5 L
S F Data
600 _ _ Energy
3 Simulation windows
500
3 to be
400 optimized?
300
- Other
Isotopes
100 (12N)?
O [ | I | | I I 1 | I 1 L1 I L I I L1 | I | | 1 I 1 L1 I I | ><1 O9

0 200 400 600 800 1000 1200 1400 1600 1800

t [ns] ? i
!;
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bUiIding INSIDE___ (- o ome
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bUiIding INSIDE___ (- e mene

the front-end board... in the cooling plate

2
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bUiIding INSIDE___ (- o ome

the boards in the box

el —
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bUiIding INSIDE_" (- e mene

the boards (& their cables) in the box

=N
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bUiIding INSIDE___ (- o ome

the FPGA boards

4 /
Giornate di Studio sui Rivelatori - Cogne, February, 23d-26t 2016
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Uilding INSIDE_,_ (L o tonae

the slow control console: monitor T, V

o
{3 InsideSlowControls.vi lgﬁ_}_|

File Edit View Project Operate Tools Window Help

Pagel | Page2 | Debug1 | Debug2 | Boards enabled [[EY 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 10 [ IS ENGRUEE NSRS SR | T |
- — - — - 34 : Switching board 8 LV on z

start state |End stop state |[End LV on LV off | Bias on (calubramon)l Bias on (acﬂulsmon)l Bias off I LV stable | Bias off | : Switching board 9 LV on

: Switching board 10 LV on
B0 JORMORY Off B1 JORNORN Off B2 JORNORN Off B3 JORNORN Off B4 JORNORN Off B5 JOANORN Off B6 JORMORN Off B7 JORNOMN Off B3 JORNOMN Off B9 JORMONY Off : Switching board 11 LV on
10 JOMIOAY Off 511 IOMNONI Off 512 OMNONI Off 613 IOMNOMI Off 514 JOMMOAI Off 515 JOMNOMI Off 16 JOMNORI Off 517 NOMNONI Off 515 IOMNONI Off | B19 IOMIGAI Off e
: Switching board 14 LV on
EHV.VMon Pioto A% e e o TS T
ot N : Switching board 16 LV on
: Switching board 17 LV on
piot2 M - Switching board 18 LV on
piot3 NG : Switching board 19 LV on
: Setting board 0 bias to 60.0V (acquisition)
; " - ’ - " - - " - " " " " " " " " " " Pots 1AM : Setting board 1 bias to 60.0V (acquisition)
16:54 16:57 17:00 17:03 17:06 17:09 17:12 17:15 1718 17:221 17224 17227 17:30 17:33 E 17:39 1742 1745 1748 17:51 E Plot5 - : Setting board 2 bias to 60.0V (acquisition)
HV IMon Plot6 - : Setting board 3 bias to 60.0V (acquisition)
: Setting board 4 bias to 60.0V (acquisition)
plot7 N : Setting board 5 bias to 60.0V (acquisition)
: Setting board 6 bias to 60.0V (acquisition)
Pots N : Setting board 7 bias to 60.0V (acquisition)
Pt ¥ : Setting board 8 bias to 60.0V (acquisition)
. : Setting board 9 bias to 60.0V (acquisition)

i ! | | | | | | D | D D | D . - - " ! | Setting board 10 bias to 60.0V (acqu
1654 1657 1700 1703 1706 1709 1712 1715 1718 1721 1724 1727 1730 1733 1736 17390 1742 1745 1748 1751 54| plot11 A

FE board temperature plot12 JNG
plot13 AN
Plot14 AW
Plot1s AN
plot16 WY

D ! D p D D D ! D D D | ; 0 ! ! D
1654 1657 1700 1703 1706 1709 1712 1715 1718 171 174 ; 36 1739 1742 1745 1748 1751 54| prot17
LVaIMon Plot 15 [oNG

Plot1o WY

: Setting board 15 bias to 60.0V (acquisi

ition)
: Setting board 16 bias to 60.0V (acquisition)
: Setting board 17 bias to 60.0V (acquisition)

: Setting board 18 bias to 60.0V (acquisition)
: Setting board 19 bias to 60.0V (acquisition)
: Switching off board 0
: Switching off board 1
: Switching off board 2
: Switching off board 3
: Switching off board 4
: Switching off board 5

m

: Switching off board 9 bias
: Switching off board 10 bias
: Switching off board 11 bias |
: Switching off board 12 bias

: Switching off board 13 bias |
: Switching off board 14 bias
: Switching off board 15 bias |
: Switching off board 16 bias )
: Switching off board 17 bias

: Switching off board 18 bias |
: Switching off board 19 bias ~ 3
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Board select

LVd IMon i,_l—

D 0 D D D D D D D D D D D " 0 D 0 D
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INSIDE @ INFN - Torino: 01/2016 € ===

20

=€
ey

<SS
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the IN SI DE Ca I I brat|0n (L e

foreseen at IRCCS Candiolo (To) with '8F-FDG
planar source

logistics (transportation) issues
what could we do?
problems with radiation protection

maximum activity that can be freely transported (1 MBq)

ord
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available from Ospedale S. Croce e Carle (Cuneo




the INSIDE Calibration (G

drive to Cuneo, come back with 1 MBq 8F-FDG
point-like source (twice)
- channel map debugging + rates
- energy calibration
planar source (once)
- time calibration

ord
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the INSIDE calibration - mz
Point-like '8F-FDG source

Piergiorgio Cerello — cerello@to.infn.it
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INSIDE @ CNAO: 07/02/2016 Lo




Calibration with Ge rods -

- Test of high rate DAQ
- Verification of channel map
- Energy calibration

- Time calibration

ord
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INFN

Turnlng on INSIDE rate (Sl"gIES) (o

SIS IE] a SR 1) RO SunFeb 7, 10:52

e INSIDE GUI

Settings/Monitoring | Check acquisitionl Resultsl In-beam PET imagesl
Acquisition parameters Slngle event rate
3 n
time [ns] (min-max): 0 él 36012 él = 51 0 tlme_0_3.6e+12_ns
_ , T — Entries 6536013
energy (min-max-nhins): = 2048 = 2045 = =] —
[ o3[ e[ iy s L Mean  8.585e+11
-
Event selection 9 6000 __ RMS 1 0293+11
fraction (analysed frames/total frames)=1/ | 64 él —
inspillfinterspill threshald [Hz]: I_4sgggg il 5000 __
TOT window: l—gil lmél -
coincidence time window [ns]: 25 i‘ —
= 4000 —
energy window [number of STD): 10 i' N
Calibration :
fChannelMap/ EI 3000—_
Calculate Energy Window | —
™ Calculate Time delay calibration 2000 __
Save histograms I —
= 1000—
Port: [ 70040 2] —
X L
Port True Coincidences: 10030 5 — v 9
:I 0|||||||||||||||||||||||||||||||||||||><10
700 750 800 850 900 950 1000
t [ns]
total events [ 536010406 - total coincidences [191063 - inspill events [5 ¢5148e+06 - interspill events [1 30004e+06 =
true coinc. inspill < true coinc. interspill < multiple coinc. inspill < multiple coinc. interspill =
54063 =] 67000 == 901052 = | 75718 ==
[ 0%

Stop monitoring!
Saving histograms on UDP20160207-103252histograms. root
histograms saved

] francesco@mag0 .. W ChannelMap i INSIDE GUI B Calculator

Peak to valley: 13
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Turnlng on INSIDE: rate (coincidences) ("'’

© Menu D FR & 'QJ& SunFeb 7,10:54

e INSIDE GUI

Settings/Monitoring | Check acquisition Results | in-beam PETimagesI
Single distribution W_—
Single event rate | Coincidence event rate
Coincidence event rate | —_ Coincidence event rate
Coincidence Time resolution (CTR) | £ — Entries 121063
Inspill coincidence Time resolution (CTR) | o 1400 — Mean 8.63e+11
Interspill coincidence Time resolution (CTR) | e — RMS 1 022e+11
Coincidences map on head | :
1200 —
CTR | —
TOT (not calibrated) | 1000 I
Inspill TOT | —
Interspill TOT | 800 __
TOT in coincidence | —
Inspill TOT in coincidence | :
Interspill TOT in coincidence | 600 __
400 — w *
— 9
0|[||||||||||||||||||||[||||||||||||||><10
700 750 800 850 900 950 1000 1050
t [ns]
total events [¢ 53g01e+06 - total coincidences [121063 = inspill events [5 goi4ge+06 = interspill events IW
true coinc. inspill [c40g3 = true coinc. interspill [g7000 = multiple coinc. inspill [gp1052 = multiple coinc. interspill Iﬁ
[ 0%

Stop monitoring!
Saving histograms on UDP20160207-103252histograms. root
. histograms saved

[ francesco@mago7xLl: /... W ChannelMap = INSIDE GUI M Calculator

Peak to valley: 5
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Turning on INSIDE: CTR &

© Menu "')E'?__? S 2 @ O | [& SunFeb 7,10:56

e INSIDE GUI

Settings/Monitoring | Check acquisition Results | in-beam PET imagesl
Single distribution | ———— _' — '_ """"" — e EEEE—
Singl event rae | Coincidence time resolution
Coincidence event rate | “ — inter-spill tlme reSOIUtion
Coincidence Time resolution (CTR) | §8000 — Entries 67000
Inspill coincidence Time resolution (CTR) | 8 E Mean O 1 005
Interspill coincidence Time resolution (CTR) | 7000 - RMS 0.5352
Coincidences map on head I : x2 / ndf 1484 / 35
6000 = Constant 6986 + 35.3
CTR | — Mean 0.109 = 0.002
TOT (not calibrated) | - Sigma 0.487 + 0.002
Inspill TOT | 5000 —
Interspill TOT | =
TOT in coincidence | 4000 :—
Inspill TOT in coincidence | :
Interspill TOT in coincidence | 3000 —
2000 —
1000
—||#||-- T v v v b v e Ly P SR
92.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2
CTR [ns]
total events [ 53g01e+06 = total coincidences [121063 = inspill events [2 g51480+06 = interspill events [1 300046406 =
true coinc. inspill [cap63 = true coinc. interspill [¢7000 =~ multiple coinc. inspill [gp1052 = multiple coinc. interspill |75713 =
| 0%

1 Constant 6.98602e+03 3.53325e+01 5.13591e-01 -1.07124e-06
2 Mean 1.09038e-01 1.91275e-03 3.58045e-05 -8.73910e-02
3 Sigma 4.87015e-01 1.56361e-03 1.47206e-05 -2.50538e-01

T [ francesco@mago7xl /... [ ChannelMap m INSIDE GUI M Calculator

Intrinsic time resolution < 480 ps
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Bragg peak depth validation N
g -
E—Bragg peak i, %++++

=77 MeV \ }* :

- Bragg peak beam|in
= P M R—

105 MeV \

- Expected difference Measured difference
_31 2+rrlm (30.2 +/- 0.3) mm
EE RN iy T RAEELR Y
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Image & Profile Reconstruction

Preliminary = 25/02/2016

— Simulation

1000 £ 1400 | 2 F .
= 3. F 3 400 ;
= ‘H|' | 8 1200/— g F |~ H|
800 — it - C i
- { .i|} 1000{— | 300— f lﬂ} d w i
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Treatment
plan

=75 MeV
103 MeV

=75 MeV
= 103 MeV

m m
N =
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« Key results

« Successful data acquisition during beam delivery
* Cyclotrons (Trento)!

* Real time reconstruction and analysis

- Real time Bragg peak position validation
« Hypofractionation
« Secondary tumour treatments

* a new detector, with larger acceptance, to be
operated in Trento?

 agreement with IBA? E -.-"ll
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INFN

~ Istituto Nazionale
di Fisica Nucleare

@
... the future ...
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Range verification: summary C ==

* The dose monitoring problem is a key issue to
improve Quality Assurance in Particle Therapy

* in beam-PET: metabolic wash-out and difficulty in quick
feedback limitations might be overcome

« prompt photons: can suffer from the presence of a
huge neutral background

« light charged particles: statistics could balance the
absorption and scattering in the patient body
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Can we still help in fighting cancer? "

Cancer and efficiency of treatments

Diagnosed 58% 42% 100%
Cured by:

Surgery 22%

Radiation therapy 12%

Surgery+radiation therapy 6%

All other treatments and 5%

combinations incl. chemotherapy

Total cured 40% 5% 45%
Fraction cured 69% 12% 45%

Per year over one million cancer deaths in the EU.

= improve early diagnosis
= improve systemic treatments
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Medical Imaging
will PET/CT replace CT as the
standard in oncology?
what will the evolution of PET/MR be?
PET Time Of Flight resolution?

= Particle therapy

real-time range monitoring?
hypofractionation?

how will particle therapy scale?
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Image & Profile Reconstruction

Preliminary = 25/02/2016

—— Simulation
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