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Physics for A Basic principles of Radiation Therapy
cancer A Basic principles of Charged Particle Therapy

- A Accelerators
Instrumentation ABeam delivery system
Beam m()nit()rs A Gas ionization chambers

What 0s next ?
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The number of cancer survivors Is Increasing

Estimated US cancer survivors

~19 million new

As of January 2016

As of January 2026

cancers/year cancers/year
Male Female Male Female
Prostate Breast Prostate Breast
3,306,760 3,560,570 4,521,910 4,571,210
Colon & rectum Uterine corpus Colon & rectum Uterine corpus
724,690 757,190 910,190 942,670
Melanoma Colon & rectum Melanoma Colon & rectum
614,460 727,350 848,020 885,940
Urinary bladder Thyroid Urinary bladder Thyroid
574,250 630,660 754,280 885,590
Non-Hodgkin lymphoma Melanoma Non-Hodgkin lymphoma Melanoma
361,480 612,790 488,780 811,490
Kidney & renal pelvis Non-Hodgkin lymphoma Kidney Non-Hodgkin lymphoma
305,340 324,890 429,010 436,370
Testis Lung & bronchus Testis Lung & bronchus
266,550 288,210 335,790 369,990
Lung & bronchus Uterine cervix Leukemia Uterine cervix
238,300 282,780 318,430 286,300
Leukemia Ovary Lung & bronchus Kidney & renal pelvis
230,920 235,200 303,380 284,380
Oral cavity & pharynx Kidney & renal pelvis Oral cavity & pharynx Ovary
229,880 204,040 293,290 280,940
Total survivors Total survivors Total survivors Total survivors
Total survivors 7,400,000 8,200,000 10,000,000 10,300,000
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+53% survivors im ltaly

LASTAMPA 4 Febbraio 2020

Tumori: in 10 anni in Italia +53% di pazienti vivi dopo la
diagnosi. Ma l'accesso a test e cure non € uguale per
tutti

Fra i prossimi obiettivi della comunita scientifica 'abbattimento delle differenze regionali nel
trattamento dei pazienti. Da AIOM appello alle Istituzioni perché venga seguito I'esempio
delle Regioni piu virtuose
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Clinicall strategies fonCancerTréeataent

b Surgery

Chemotherapy

Radiotherapy
Immunotherapy
Biological and targeted -therapy

Combined and personalized therapy
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Radiatiom therapy \aftéreMarie i€urie

Bl C www.nature.com/bjc

British Journal of Cancer

REVIEW ARTICLE
Practice-changing radiation therapy trials for the treatment of

cancer: where are we 150 years after the birth of Marie Curie?

Mareike K. Thompson', Philip Poortmans?, Anthony J. Chalmers®, Corinne Faivre-Finn®, Emma Hall®>, Robert A. Huddart®,
Yolande Lievens’, David Sebag-Montefiore® and Charlotte E. Coles’

Reference [3]
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lonizing: rachiations damageand kil iouricells
The target Is the DNA
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Single and Double Strand Breaks

-

X-ray "5 A 40 mm from the |
* ‘f‘\.\‘ | e Carbon stopping point
FA Y ’ ion
Proton _ |

1 Single St and Break }‘}
Isolated damage "9 SN > electron

SSB
Single Strand Break

Double Strand Brea Clustered damage

—_— ==

DSB
Double Strand Break

Sublethal effects Lethal effects

chromosome
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Radiatiom therapy

Tumor cells are more sensitive to ionizing radiation than normal cells

FREASECS S L
SR e

A Healthy cells
repair themselves
more easily
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The killerramountofcEnergy.

R e N )
T ma_ T g

The effects DEPEND ON DOSE
ypical killer dose 60 -80 Gy

The effects DEPEND ONDOSE RATE

Delivered in 30 -35 days A ~ 2 Gy/day
2 Gy delivered In 1-2 minute (averaged dose rate 2-1 Gy/min)

The effects DEPEND ON several other parameters like
radi ati on type, tilssue type,
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Tumor control vs dose

General principle to select the best dose
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VS dose

General principle to select the best dose that minimize the complication rate
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Clinical goal : tumor control without complications
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Radiation oncology research and technological

Improvements
work to increase the therapeutic window
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Radiotherapy clinical goal

Kill efficiently the tumor cells while minimizing toxicity  to normal tissues

Sensation Oper

\\\\\\\\\\
Absolute

Clinical goal

Dose Profile

'|
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X-rays, pnotomssanc-canbonrnons

Interact differently with matter

Leading to different Depth Dose Distributions
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Photon attenuation

W owv W

Ny Ny
Number of photons |
decreases exponentially Exponential ->
5 Infinite penetration
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X-rays Depth Dose Distributions
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X-rays come fromrseverahdiréctions
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To save healthy tissues, several beams coming from different directions around
the patient are used. They are arranged to maximize their overlap into the
region to be treated .
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Charged particle Stopping power

Representsthe mean kinetic energy Kp loss per distance travelled by charged

particles traversing matter (Y Q TQ d
lizrs——> —
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Heavy charged! parnticles domotattenuate
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Protons and ions depth dose distribution
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Average dE/dx variation over a wide energy range

100 —

Proton Beam

Bragg Peak

o

I
0 5 10

Depth in tissue (cm)

15

Carbon ions (Z=6)

12C

A Narrow Bragg Peak

A Dose in the Peak
tail due to
fragmentation
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Beam energy and range modulation

Spread Out Bragg Peak for dose: maodulationinidepth
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Beam energy and range modulation

Spread Out Bragg Peak for dose: maodulationinidepth
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Range In water vs energy for different ions
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Nuclear interactions)ofcheavyvions

,
o

‘He

v
12C — v, 1N

ol |
Tay.
»

Nuclear interaction (fragmentation)

New detectors for beam monitoring in particle therapy - S. Giordanengo INFN Torino - Cogne 2020 ple)



Dose from fragments with carbon ions
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Impact of target fragmentation

@ Cell inactivated by ionization Tu 5 < < . +

.
@ Generation of recoil fragment s 2 . v 1 n

Relative Dose

0 -'-

BAON PP T X R I8 X B TN Krall T

40% cell killing

3% cell killing \m e

- 4

- Entrance channel: = 3% cell killing, = 0.25% cells undergoing nuclear inelastic interactions
- Bragg Peak: = 40% cell killing, = 1% cells undergoing nuclear inelastic interactions L

Depth

Tommasino & Durante, Cancers (2015)
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Nuclear interactions)efof protons
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Protans vs photaons: forr head&neck: tumaors

IMPT PROTONS IMXT PHOTONS Added Dose w/ IMXT

is high dose, GREEN is intermediate dose, is Lower dose
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Protons vs photons for pediatric tumors

Medulloblastoma

Protons Photons

-~
a
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4

Pediatric brain tumors
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X-rays, protons and carbon ions

Show different Linear Energy Transfer

Leading to different radiobiological effectiveness
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The relative-biological-éffectiveness:ss - RBE

RBE Is a function used to describe the biological
effect of a radiation compared with X -rays effect
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Survival curve and RBE
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Relative Biologic Effectiveness (RBE) depends on

Linear Energy Transfer (LET)

X-ray 100 keV/u 200 keV/u

Carbon ions: high LET where needed
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Carbon ians vs X-rays

Carbon ions

X-rays

195.00 (%)
1 90.00 (%)
180.00 (%)
1 65.00 (%)
150.00 (%)
120.00 (%)
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Centers worldwide and patients treated

January 2020
217400 30000

[Ref 5] 2000((: ._._.__‘__.__.__‘_".__./o——‘

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2020
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Itallan particle therapy centers
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Itallan particle therapy centers

Beam line in the INFN Physics laboratory

CATANAO Catania
15t patient 2002
400 patients
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CATANA In Catania

First center to treat with protons
eye tumors

15t patient in 2002

~200treated patients

Centro di AdroTerapia e
Applicazioni Nucleari Avanzate
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Italian particle therapy

Fondozionec NA

@ INF g
CNAO- Pavia
5

15t patient 2011
2500 patients 2019

| Lo BN

El -.. M

Experimental beam line L

End of commissioning 2020 f:;u ;5/
liu_‘-\_

INFN

INFN

centers
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Centro Nazionale di Adroterapia Oncologica - CNAO

One of the 6 facllities Iin the world

with both Proton and carbon ions beaifa (
e treatment rooms .,
- C S .

A1 experimental room under
commissioning

-/

ooooooo

https://fondazionecnao.it/it/
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1991 the idea A 2011 first patient

1991 : Ugo Amaldi (CERN) proposed a center
for teletherapy with hadrons

First Italian center built

for:
APatientsod trea

carbon ions and
protons

A Clinical and
radiobiological research

2011, September: beginning of the treatments with protons
2012, October : beginning of the treatments with carbon ions
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o CNAO The CNAO nozzle INFN

~ TORINO

Developed by Fondazione CNAO, INFN and University of Torino

[9] @ouBalia)oy

CNAOQO Dose Delivery System: Particledetectors integrated with
the synchrotron to guide and monitor the beam in real time
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Particletherapy.ybeéyonchd cancer

SCIENTIFIC REPg}RTS

Feasibility Study on Cardiac
2016 Arrhythmia Ablation Using High-
Energy Heavy lon Beams
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Madine Erbeldinger?, Ann-Kathrin Rahm?3, Rasmus Rivinius?, Dierk Thomas?, Hugo A. Katus?,
susan B. Johnson?, Kay D. Parker?, Jirgen Debus®, Samuel J. Asirvatham?, Christoph Bert®*,
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CULTURE zz:ov/20201414

N Ot on Iy cancer Aritmia vensz‘iucholéll-re trattata con un fascio di

protoni, prima volta al mondo

January 22, 2020
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Itallan particle therapy centers

. (3) Proton Therapy Trento
@{(;é\@h ., 1stpatient 2014

== [VJCA 700 patients

Experimental beam line

INFN

)

INFN
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PROTONTERAPIA TRENTO and TIFPA

Two treatment rooms with gantry

One experimental room for research ‘

First treatments A end of 2014
1000 patients A end of 2019
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