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Hadrontherapy

BASIC NOTIONS




Standards of cancer therapy
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Hadrontherapy

olnvolves the use of hadronic beams to deliver Site of cancer
energy to tissues: 100
i
oMain advantage: deposited energy shows a &
steep peak at the end of range, known as E |
Bragg peak g :
o Better depth-dose distribution compared to 2 —
radiotherapy &al

o Reduction of side effects

o Downside:
o X-rays are a cheaper solution!

Protor beam ..

Charged particle beam {carbon)

o Range uncertainties
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Passive scattering vs Active scanning

oPassive scattering:
o Narrow beam broadened using:

o Apertures for lateral conformation,
o Range compensators that yield the Spread-Out Bragg Peak (SOBP)
o Complex and patient -specific machinery required

oActive scanning:
o Narrow, mono-energic pencil beam scanned across the target via two magnets

o Planning is easier
oYields a greater target dose conformity



Spread-Out Bragg Peak

oThe Bragg peak must be extended to cover
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Range uncertainties

oGeneral uncertainties:
o Beam reproducibility

o Positioning of patient and tumour variation
o Compensator design

oDose-dependent uncertainties
o Biology: relative biological effect
o Imaging and calibration?

oNo analytical approach available

o Monte Carlo simulations are performed in
order to study adequate treatment plans
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oln active scanning, organ motion jeopardises the
dose distribution:

oUpper figure:

Planning requires uniform dose the
clinical target volume (CTV) and in
the Planning Therapy Volume (PTV)

olLower figure:
Non-uniform dose due to organ motion!




Treatment monitoring

SECONDARY RADIATION
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Monitoring proton therapy

oPrevious examples show the importance of monitoring

oExploit the properties of charged particle therapy:
o Secondary radiation such as photons and charged particles

oThree different methods:

o PET (Positron Emission Tomography) — positron emitting nuclei can be created when ion beams travel
through matter

o Prompt gamma radiation — some nuclear de-exicitations lead to photon creation
o Charged particles detection — charged particles can be detected



Secondary radiation

oKinetic energy is transferred from the beam to the target, leading to several processes
o Nuclear de-excitation

o Nucleon loss, leads to
o Charged particle emisson
o B+ decay

oPET focuses on 3+ decay and consequent

positron — electron annihilation
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B+ decay and PET imaging

G(A,Z) > F(AZ—-1) Detector hit 2

p-on+et+v,

The isotopes most commonly found in
biological systems are 150 and 11C:

b 4

B 3 Coincidence Image reconstruction
Tis0=121.8s T, (=1222.85s processor
Positron emission is followed by annihilation
with an electron:
et +e” -2y
The energy of each lohoton created in the Detector hit 1
annihilation is equal to the rest energy: 511 keV



Off-line PET

oMeasurements are carried out after ion irradiation

oThe patient is moved to a conventional PET scanner

oActivation induced by irradiation is compared with a Monte Carlo simulation

olnfluence on treatment plan:

o 25-40 mins extra time Oﬁ—llne PET

o Activity is influenced by decay of emitters and metabolic processes
Beam
o Low costs —r

10 min




In-room PET

oA PET scanner can be positioned in the same room where treatment takes place

oReduction of time delays: 4 mins per radiation
oActivity is moderately influenced by the decay of emitters

oModerate cost

In-room PET

9_9




In-beam PET

oDelays in treatment plans are reduced to 40 sec per radiation

oMeasurement is more relevant than off-line and in-room pet:
o Better correlation between distribution of the measured activity and the deposited dose

oHigh costs compared to previous methods

oCyclotron machines produce continuous beams

oSychrotron machines deliver beams during short phases, In_beam PET

known as spill, followed by a pause (interspill)




INSIDE project

SOME RESULTS
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NSIDE project: Innovative Solutions for
n-beam DosimEtry in hadrontherapy

oINSIDE project is an example of on-line
verification

oBimodal system
o B+ activity
o Charged particle tracking

oActive delivery system, the target is
subdivided in isorange slices

oBeam energies: 74-135 MeV
oDoses 1-2 Gy

Ref: Bisogni et al. «Inside in-beam positron emission tomography system for particle
range monitoring in hadrontherapy.» Journal of Medical Imaging 4.1 (2017): 011005-011005



Methodology

olnstalled at CNAO in Pavia, several tests performed:
o Homogeneus and inhomogeneous PMMA block — phantoms (5 x5 x 14 cm”3)

o Anthropomorfic phantom with tissue equivalent to
skeletal components

oRange assessment was based on the comparison between the expected PET image and the one
measured by the detection system

oFor the INSIDE project, a Monte Carlo code based on FLUKA predicted the induced B+ activity,
the production of prompt photons and charged particles

oPhysical processes other than B+ isotopes production were not taken into account



PMMA phantoms: experimental set-up

oComparison of in-spill and interspill data

beams (In-spill: 17 s, interspill 68 s) PET
head 1

IX /Beam
Y
PMMA phantom Z

oComparison of differences between phantom
A and B (A: 519 s, B: 485 s)

Bed

PET
head 2




Inter-spill VS in-spill

oln-spill PET (b) shows higher noise:
o Reduced acquisition time

o High background noise due to induced radiation

o Proximal rise and distal fall-off edges are in good

agreement
oThe agreement is promising for reducing 1) Bt
inter-spill time, confirmed by sigmoidal fit of 8l
« . >
activity 3
8 0.6
2 04
5
=
0.2
ol .
0 50 100 150 200 250

Z [mm)




PMMA Phantom A and B

oComparison of experimental and simulated data from the two phantoms (a) and (b) (without

and with air cavities)
oExposition time A: 519 s, B: 485 s, only inter-spill and after treatment data

oA fit with a sigmoidal function shows good agreement (within 1 mm) between simulations and

measurements
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Conclusions

oThe popularity of hadrontherapy is constantly increasing, due to better dose conformity
compared to traditional radiotherapy

oThe knowledge of the expected activity distribution and the experimental distribution can be
used to validate treatment sessions

oMonitoring is pursued through different mechanisms: the INSIDE project focuses on in-beam
PET monitoring:

o Real time reconstruction
o Good agreement between simulations and measurements
o Tests on patients is taking place now!

oTreatment of moving organs is not yet possible
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Proton acceleration: cyclotron and
synchrothon

CYCLOTRON SYNCHROTRON
oDipole magnets produce two regions of oParticles move on the same radius as they
uniform magnetic field accelerate thanks to electromagnetic resonant

, o cavities around the ring
oBetween the two dipoles, an oscillating

electric field accelerates the particles oThe strength of the magnetic field must be

_ _ varied in accordance to particle energy
oParticles gain energy and cover a larger arc

each time they pass through the gap oA synchrotron allows beam extraction for any

_ energy
oMono-energic beams are produced



Physics of proton therapy

o The energy loss of protons within matter is described by the stopping power: S(E) = %g—i
oBethe-Block formula o
Z1 (1 2mec?y“B*Tmax
S(E) =0307—— (=1 — %
(£) A2 (2 ! 2 d

: 1 L : :
oProportional to —-as the proton beam slows down within matter, the stopping power increases




Proton scattering

oDeflection through Coulomb interactions with electrons. This effect can be ignored due to the
mass difference.

oCoulomb interaction with atomic nuclei, effect known as multiple Coulomb scattering

olnelastic collisions with nuclei, in which protons are lost from the beam and nuclei composition
is changed




Detection modules of INSIDE PET device

oThe PET detector is based on solid state photodetector (SiPM), coupled to lutetium fine silicate
(LFS) pixelated scintillating crystals

oSiPM: solid state photodetectors made of arrays of avalanche photodiodes (ADP). They are
faster than photomulplier tubes.

oDetection module:
0 16x16 3x3x20 mm”3 LFS crystals, couplet to SiPMs

o 10 detection modules are disposed in a 5x2 array
o A single PET head contains 2560 detector channels

oThe channels are processed by front end electronics (FE) and DAQ system based on field
programmable gate array (FPGA)



Test on anthropomorfic phantom

oActivation map generated in the phantom by a proton beam shaped following a real treatment
plan with proton energies ranging from 74 to 134 MeV

oAim of the test: provide a proof of the system functionality in clinical conditions

oPET images have been acquired and reconstructed within the irradiation session in a set-up
reproducing a clinical treatment.

counts




