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Tumor Control vs Tissue Complication

* Part of multi-disciplinary approach to cancer care

« Useful for 50-60% of all cancer patients (also
together with surgery, chemotherapy)

« Can be given for cure or palliation Therapy window
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The conventional RT

The photon (and e-) beams are the most
common in RT. Cheap, small, and reliable.

The energy release is not
suitable to release dose
in a deep tumor.

But the use of e e srey
sophisticated imaging ey
(CT), superposition of |

several beams, computer

optimization, multi-leaves
collimators and >40 year

of R&D make IMRT
effective and widespread

Dose-depth relation for y and e




But physics can help...

On the other hand, the release
of energy by charge particles
has very different, and
attractive, features... why not
to use them?
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Particle therapy vs Photon RT

Photon beams are RT baseline. Hard competitors:
small, reliable and not so expensive ->40 years R&D

Beam penetration in tissue
function of the beam energy

Peak of dose released at the
end of the track, sparing the
normal tissue

Accurate conformal dose to
tumor with Spread Out Bragg
Peak

.. Mostly proton
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Examples of Photons vs Particle saga...

z
, Particle therapy
N | can easily show

better selectivity
with respect to
photon
techniques...

Yet, extensive
randomized clinical
trials (the only
accepted method to
assess eventual
superiority of PT
technique in EVM)
are still missing

Radiosurgery Particle therapy




Charged Particle Therapy in the world

Facilities in Clinical Operation and

No. of Patients Treated (1955-2014) Yeta
160000 - 60 minimal
Under construction: 25 proton/ fraction of
<14°°°° :> 4 light ion centers. Only in USA e photon RT
120000 | 27 new centers expected by %
S 2017. First entirely pediatric PT (7
5 : =
2 100000 9= center opened (St.Jude Hospital) i
E 80000 - - 30 2 Patients
a ) i
5 60000 - 95% proton % Facilities
2 5% 12C ion [ * £
40000 A =
o
L g0
20000 -
0 - - 0
% O O A S D D P O O > >
> '@@ K FCRCANIC LR i e '\9& S S S Ref.: PTCOG, 2015

Community looking at “He — "°O beams: begin to be tested at clinical center



Typical Hype Cycle for Innovation Technology

Peak of inflated Plateau of
S Expectations Productivity
f (general interest) (general _:l‘es
o acceptance) '
0 Slope of
> ‘ Optimization
(hard & long)

Trough of
Disillusionment
(system criticism)

If you are
optimistic
Particle Therapy
is now in the
Optimization
Stage: plenty of
space for R&D

Technology trigger Matu rity

adapted from Becker & Townsend 9



The range verification problem

AAPM, August 2012

Aug 22, 2012
Will protons gradually replace photons?

D€|€9Cl1'65 were asked what ’rhey The dose distribution advantages offered by proton therapy,
conhsidered as the main obstacle particularly with the introduction of pencil-beam scanning,

. have stimulated increasing interest in this modality. But is
to pl"OTOﬂ Ther‘apy becommg the large capital expenditure required to build a proton

mainstream: therapy facility hindering the widespread implementation of
this technique? And how big a problem is range uncertainty,
which can prevent proton therapy from meeting its full

o .
35 % unproven clinical potential?

advantage of lower integral dose
» 33 % range uncertainties

* 19 % never become a
mainstream treatment option

Protons _

Protons versus IMRT

http://medicalphysicsweb.org/cws/article/research/50584



Dose profiling in Particle Therapy

Why is so crucial to monitor the dose in particle therapy with respect to
photon RT? It 1s like firing with machine-gun or using a precision rifle..
Inhomogeneities, metallic implants, CT artifact, HU conversion, inter
session anatomical/physiological changes-> range variations

Effect of density changes in the target volume

f.i. a little mismatch in
AR~3-8 mm T density by CT =»sensible
o= Y 1.0 1.0 change in dose release

1.04 1.0
éos <€ éoe By 8
8 Q o0s Q 06+ (@)
o = = ©
— Qo4 Q o4 P
o
0.2 0.2
0 ; T ; - ‘, T T 0 T T ' T T T T
0 2 4 6 8 10 0 2 4 B 8 10

Penetration depth / cm Penetration depth / cm



Accounting for uncertainties

In the clinical practice
[Tang et al. 2012]

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

70 80 0 10 20 30

40 50 70 80
Dose [GYE]
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Spec's of particle therapy monitor

In PT the beam is easily monitored in the transverse
direction but longitudinally stops inside the patient.

A PT range monitor should measure the shape and (possibly)
the absolute value of dose release with the following spec's:

v Must relay on the signal by secondary particles,
generated by the beam, that comes out from the patient

v Must deal with the background of the "non signal”
secondaries that come out

v Measurements and feed-back should be provided during
the treatment (in-beam). Even better if the monitor
response can follow the irradiation scan on line

v Must be embedded in a freatment room: space, reliability
and “easy to run” issues are crucial



Beam secondaries.. Background or Signal?

Indicative secondary flux
emitted on full solid angle by ~
150 MeV p beam

Incident protons: 1.0
Photons 0.3
Neutrons 0.15
Protons G4 0.005
simulation

The p, 12C beams generate a
huge amount of secondaries:
, PET- vys, neutrons
and charged particles (in
particular 2C beam)

Can be used to track the
tumor path inside the patient

How much are the nuclear
models reliable? Huge
experimental and theoretical
development effort ongoing to

improve model and update MC

"
7511 kev
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Y
prompt
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baseline dose monitoring in PT : PET

Baseline for monitor in PT is PET : autoactivation by
hadron beam that creates p* emitters.

« Isotopes of short lifetime ''C (20 min), *°O (2 min), 1°C
(20 s) with respect to conventional PET (hours)

 Low activity in comparison to conventional PET need
quite long acquisition time (some minutes at minimum)

« Metabolic wash-out, the p* emitters are blurred by the
patient metabolism

NnC — "B+ e*+v,
T

No direct space correlation
between 3* activity and dose E,=511keV

release ( but can be reliable x~180°

Annihilation y-rays

computed by MC)



Correlation between f* activity and dose

Therapy beam 'H [ 3He | 7Li | 2C | '®0O | Nuclear medicine
Activity density / Bq cm=3Gy' | 6600 | 5300 | 3060 | 1600 | 1030 | 104 - 10°Bgcm™

p treatment uses more particles than 12C treatment(dose ~ Z?)

bea.m &. target Target activation
. [activation Carbon beam 12 Proton beam

Activity ! Activity

Dose A J s = s Dose
£0s =0, £ os)
5 120:E=212 AMeV o, 5
S U5 Target: PMMA I 5 O
£ Cifac |
- \ \ e — 04
< <

- 0.2
150' llc' 10¢ ... .- 0.0 ,_ -

-20 O 20 40 60 80 100 120

Penetration depth / mm Penetration depth / mm



In-Vivo range measurement with PET: workflow
and potential

W. Enghardt et al.: Radiother. Oncol. 73 (2004) S96

pr-activity

Problem to solve: Metabolic Washout! In-beam measurement is really
necessary, but difficult. Trade-off: in-room or off-room measurement
after irradiation (Heidelberg for example)



The prompt photons solution
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The prompt y emission: summary

The gamma are quite copiously produced — gy~
by proton and 2C beam by nuclear |
excitation.

The emission region stretches along all
the beam path but has been shown to
ends near the Bragg peak for both 000 i} 14

beams. g

It's not simple backpointing the y -

= Selected Y:
E,> 2 MeV, within

Energy (KeV)

direction: the y energy is in the 1-10 4000; - s v

MeV range-> much more difficult to stop
and collimate with respect to *°Tc 144 3000{
KeV vy in standard SPECT imaging

Huge background (beam, energy and site —
specific) due to neutrons & uncorrelated 1000

vs produced by neutrons. TOF not easy § T 18 16 55 0% & AF db
to exploit in clinical practice

few ns from spill

18

16

14

12

T Time of Flight (ns)



TOF & Py profiles in collimated cameras

160 MeV protons in PMMA Roellinghoff PMB 2014
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Beam axis (cm)

Designed and assembled by IBA, in
collaboration with Politechnic
Milano.

Benchmarking against alternative
detection methods (multi-slit) with
U. Lyon and Oncoray-Dresden

Close to clinical use, few mm
accuracy

0°s-

(wo) sixe 1030839Q

0'S+

What about heavier beam (?C) ?
LET grows as Z? and the nuclear
interaction increase with A. Thus,
for the given dose, *°C gives:

e |less prompt y than proton
e more background than proton

21

The simpler, the better: the |, I Smeets, PMB. 57 (2012)
IBA slit camera ? s



Non proton beams : something else useful?
Charged fragments (protons)

K Gwosch et al Phys. Med. Biol. 58 3755

C Agodii et al Phys. Med. Biol. 57 5667 Charged secondaries have
| BES=—— scveral nice features as
i mmmewes + |he detection
efficiency is almost one

 Can be easily back-
tracked to the emission

BUT.. point-> can be
* They are forward peaked correlated to the beam
* Energy threshold to escape profile & BP
the patient ~ 80-90 MeV
+ They suffer multiple MC highly unreliable, probing
scattering inside the the very tail of the angular

patient -> worsen the back- distribution of secondary
pointing resolution



Charged secondary emitted from BP ?

« Measurements at LNS (Catania) 12C beam @ 80 MeV/
nucleon. Range in PMMA phantom ~ 1 cm.

» Corresponds to the last part of the path in the patient of
higher energy, longer range pencil beam -> signal from BP

region

* Moving the target the
charged signal follows

2C beam y
I AN
z
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v
Charged particles

Drift Chamber detector

Zpmma, Ipmma (mm)
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Agodi et al. PMB 2012



Charged secondary from BP ?

« Measurements at LNS (Catania) 12C beam @ 80 MeV/
nucleon. Range in PMMA phantom ~ 1 cm.

» Corresponds to the last part of the path in the patient of
higher energy, longer range pencil beam -> signal from BP
region

* Moving the target the

22 I ndf 16.17/9 e

T
. E 20F| x0 8.634 + 0.1783 .
pe e x . . e T T nmnmnnmmnmnIIImoIOIImOoOoOonnoOOoggm
Chﬂrged 5'9n0| fOHOWS I OF [xt 0.9805 + 0.01885 »7
2 18f [ nat 5.715/9 //
ER SRR L -3.674+0.1683 _
= 10 y1 0.0005832 + 0.01829 e e ZPMMA
2C beam y = = VR _
gf.’! ........ » |&f s , , : )/ oYPMMA
z - &
(N ) I i S |
Start Counter vx of- v , */ :
s;‘:’_j—/&:k“‘?"é——*’——‘*——r@‘-L'
=) i
Charged particles 10 E?V .......... o e t— o P P l ...... S
Drift Chamber detector 20 a5 0 s 0 5 10
x&m(mm)

Agodi et al. PMB 2012



Charged secondary from BP ?

« Measurements at LNS (Catania) 12C beam @ 80 MeV/
nucleon. Range in PMMA phantom ~ 1 cm.

» Corresponds to the last part of the path in the patient of
higher energy, longer range pencil beam -> signal from BP
region

* Moving the target the
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charged secondaries & 1°C beam radiography

L.Piersanti et al. PMB, 2014
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Secondary emission point, BP and the patient

The materials crossed to exit from the patient modifies the detected
distribution ( absorption & MS). Similar approach of PCT needed:
exploiting the knowledge of the pencil beam transverse position and the

CT deconvolute the emission shape
Simulated emission distribution shape of

Measured emission shape of protons outside a protons as detected outside different

5 cm thick PMMA at 90° wrt the direction of PMMA thickness at 30° wrt the direction
220 AMeV ?C beam of 95 AMeV 12C beam

L.Piersanti et al. PMB, 2014 E. Testa et al Phys. Med. Biol. 57 4655
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Carbon beam @90° (reference runs)

Charged secondaries monitoring
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Carbon beam @90° (reference runs)
- Charged secondaries monltorlng
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Carbon beam @90° (reference runs)
- Charged secondaries monitoring

— e —

A non negligible preduction of :
charged particles at large angles |

The emission shape is

correlated to the beam entrance |
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Carbon beam @90° (reference runs)
- Charged secondaries monitoring
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Which detector should be used?

Any large tracking detectorll
seam The resolution of the back-

Diff between
true and
reconstructed
emission
point = Ax ~

tracking is limited by the multiple
scattering in the patient, not by
the detector resolution..

Secondary

proton Typical resolution on
AX is of the order
of 6-8 mm

Integrating enough statistic (~ 103 events) helps to lower
the accuracy on the emission point distribution ( and then

on the beam profile) to mm level detector size




Tra C ke r + useo Storico della Fisica e

calorimeter — Centro Studi e Ricerche Enrico Fermi
DOSE PROFILER B* activity

distribution
IN-BEAM PET
HEADS

roton emission . ENTRO %
° 1. “FERM i

v integrated in treatment room
of Centro Nazionale di
Adroterapia Oncologica (CNAOQ)

v operated in-beam

v IMMEDIATE feedback on the
particle range

v Effective both on proton and
12C beam



The INSIDE PET system

e DAQ sustains annihilation and
prompt photon rates during the
beam irradiation

* Two planar panels each 10 cm x
20 cm wide. Each panel will be
made by 2 x 4 detection
modules

 Each module is composed of a
pixelated LYSO scintillator matrix
16 x 16 pixels, 3x3 mm? crystals,
3.1 mm pitch, for a total
sensitive area of 5x5 cm?

coupled to each LYSO matrix.
200 ps FWHM TOF capability



INSIDE- PET installed at CNAQO 7/2/2016

* Proton energy 124 MeV (111
mm in H20)

« 2*10%0 particles (~ 2 Gy)
« 50 x50 x 140 mm3
homogeneous PMMA phantom
« 17 spills
Inter-spill




INSIDE: charged tracker

« 6 XY planes with 2 cm spacing. Each
plane made of 2 stereo layers of 192
0.5x0.5 mm? square scintillating fibers

« 2x0.5 mm squared fibers read out by
Hamamatsu Imm? SiPM : S12571-050P

« 32 SiPM feed a 32 ch ASIC BASIC32

‘

)

SE g . -———
P

——HE

19,2 cm

A

v 4x4 LYSO pixellated
crystals tracking planes:
50 x 50 x 16 mm3

v Plastic absorber 1.5 cm
thick in front of LYSO to

screen electrons

v'Crystals read out by 64 ch
Hamamatsu MultiAnode



6 XY tracking planes: 384
scintillating fibers (0,5 mm) per
side, with the minimal plane
separation (2 cm) allowed by
fibers front-end electronics
readout in order to increase the
geometrical acceptance and the
compactness of the detector.

Tracker

Readout:

Hamamatsu 1mm SiPM.

Each SiPM coupled with two adjacent
fibers.

In total the 19.2 x 19.2 cm? sensitive area
is read by 192 channels per layer.

32 SiPM feed a 32 channels custom ASIC
(BASIC32_ADC; F.Corsi, C.Marzocca et al.
Politecnico and INFN Bari).

Plane controller: one FPGA every 6 BASICS32
38



Calorimeter

The role of the high density compact crystal scintillator placed behind the
tracker is to measure the protons energy helping in track reconstruction
(trigger and event selection).

64 x 64 matrix of pixelated LFS (Lutetium
Fine Silicate) crystals arranged in 4 x 4 blocks
(16 x 16 matrices5cm x5 cm x 2 cm from
Hamamatsu).

The crystal readout will be performed by
means of Multi Anode Photo-Multiplier
(MAPMT H8500 from Hamamatsu).

On the back, the MAPMT (MultiAnode
PhotoMultiplier Tubes), the acquisition
board (based on BASIC32_ADC) and the data
concentrator.

39




Proton emission shape attenuation
inside the patient

By means of the attenuation study of the

proton emission shape for different Example: SEAM
material thickness, we get a method to inhomgeneous
correlate the shape detected by the profiler PMMA sphere O
coming out from the patient with the Bragg  €ontaining a
Peak position. smaller sphere
We apply to each reconstructed track a of lighter -
weight which takes into account the material Detector
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Summary & conclusions

Particle therapy is becoming a new tool to help
oncologist in the multi-approach war to cancer.

Monitoring the beam range is a necessary step to meet
the quality standard of a mature clinical technique

The nuclear interactions of the beam provide the signal
to monitor the released dose: PET-y from p* emitters,
prompt v from nuclear excitation and light charged
fragments from fragmentation

Very fast R&D: solutions close to clinical practice for
proton, yet on the way for 2C: multimodal approach

I apologize since I neglected a lot of interesting
items/work/R&D as Compton chambers, ionoacustic
devices, etc etc ...
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Thanks....
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