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HISTORY OF HADRON THERAPY
The problem: cancer
Cancer figures among the leading causes of morbidity and mortality

worldwide, with approximately 14 million new cases and 8.2 million
cancer related deaths in 2012(1),

Available therapeutic strategies

* surgery: the most successful therapy for well localized tumors (the
earlier the diagnosis and the smaller the tumor, the better the
chances for a good therapeutic outcome);

* radiation therapy: used when the tumor is inoperable but is well
localized in a specific region of the body (often in combination with
surgery);

* chemotherapy: used to eliminate the disease when it’s spread in

the whole body (with distant metastases).
(1) World Cancer Report 2014, International Agency for Research on Cancer (IARC). 4




HISTORY OF HADRON THERAPY

1895: discovery of X rays

1898: discovery of radioactivity Wilhelm Roentgen

Henri Becquerel Pierre and Marie Curie



HISTORY OF HADRON THERAPY

1946: R. Wilson first proposed a possible

therapeutic application of proton and ion beams

R. Wilson, Radiologial use of fast protons, Radiology 47, 487-491, 1946

Radiclogical Use of Fast Protons

ROBERT R.

WILSON

Research Laboratory of Physics, Harvard University
Cambridge, Massachusetts

XCEPT FOR electrons, the particles

which have been accelerated to high
energies by machines such as cyclotrons or
Van de Graaff generators have not heen
directly used therapeutically. Rather,
the neutrons, gamma rays, or ariificial
radioactivities produced in wvarious reac-
tions of the primary particles have been
applied to medical prablems. This has, in
large part, been due to the wvery short

nonnfratinn in fticcite af neafanse denternane

per centitneter of path, or specific ioniza-
tiom, and this varies almost inversely with
the energy of the proton. Thus the specific
ionization or dose is many times less where
the proton enters the tissue at high energy
than it is in the last centimeter of the path
where the ion is brought to rest.

These properties make it possible to
irradiate intensely a strictly localized
region within the body, with but little

el-itys Amce Tt will ha poevw tn nradiies well

ki

. 1954: first patient treated with

deuteron and helium beams at

Lawrence Berkeley Laboratory (LBL),

£
| California (USA).




HISTORY OF HADRON THERAPY

The first hadron therapy centers operated at the nuclear and
subnuclear physics laboratories:

= 1957: Uppsala (Sweden);

" 1961: Massachusetts General Hospital and Harvard Cyclotron
Laboratory (USA);

= 1967: Dubna (Russia);

= 1979: Chiba (Japan);

= 1985: Villigen (Switzerland).

1990: the first hospital-based LLUMC (California, USA)
proton therapy facility at b |
Loma Linda University
Medical Center (LLUMC).




PHYSICAL BASICS
Hadron therapy

Treatment of tumors through external irradiation by means of
accelerated hadronic particles:

neutrons, protons, pions, antiprotons, helium, lithium, boron,
carbon and oxygen ions.

Protons and heavy ions (particles with mass greater than helium)
have physical properties, and so radiobiological effects, such that:

1.high and conformal dose is delivered to the tumor target;

1.minimazing the irradiation of healthy tissue.

Ideal dose distribution:

- 100% to the target
- 0% to surrounding healthy tissue




PHYSICAL BASICS
Most important physical quantities

Physical absorbed dose: the mean dE

energy dE deposited by ionizing Dose = _~—_ [Gy=J/kg]
radiation in a mass element dm dm

| Bragg Peak

100 [

20

Range: penetration depth such
that dose absorbed is 80% of

peak value.
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g L Range .
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Depth (cm) Penumbra
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PHYSICAL BASICS
Interactions of protons with biological matter

Recoil

Dose

(A
© —> I oo
O~ ®
Nuclear scattering

at Bragg peak

:. :.-"..‘. -*-.,_'....":'._..‘.L‘.:
g-q condensed state
Coulomb interaction

L) Baryonic charge area

b
T

Depth
Interactions of protons with biological matter

Seo Hyun Park, Jin Oh Kang, Basis of particle therapy I: physis, Radiat. Onol. J 29(3), 135-146, 2011
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PHYSICAL BASICS
Interactions of protons with biological matter

Energy transfer relies mainly on:

» Coulomb interactions (Stopping) with the outer-shell electrons
of the target atoms -> excitation and ionization of atoms ->
protons slow down - > energy loss (80 + 90%)

* loss per interaction small -> continuously slow down

* secondary electrons have range < 1Imm -> dose absorbed locally

Energy loss is given by Bethe-Bloch equation:

— = K2 T _—lll 5 — € — -
dx A (34 |2 o 2
z¢  Charge of incident particle K/A 4n '\"__1"‘2713 2 /A
'y v ‘r i E, EJ / 'y
Z Atomic yer of absorber
nmy numbe 1‘ of absorber T max energy transfer to free electron
A Atomic mass of absorber T st s, shaieg
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PHYSICAL BASICS
Interactions of protons with biological matter

» Nuclear reactions: nonelastic nuclear reactions with the target
nuclei (energy loss 5 + 20%) -> production of secondaries such as

* protons, a ,recoils nuclei, y-rays (nuclei excitation),
neutrons -> radiation safety

* radioactive isotopes (tissue activation), es. 1°0O, 11C, 13N (B*-
emitters) -> from isotopes activity 3D dose verification with PET/CT
(topic of part Il)

1 R I SIS T
- — Activity ]
1.0 v Dose : s
2 0.8/ : :
T ME .
; - 6:— SH B TRk . K. Parodi et al., IEEE MIC CR, 2002
g s Target: PMMA
5 045 .
< G5 > Proton beam @ 110 MeV
r 15 11 13
00 — BN, 00 R

20 0 20 40 60 80 100
Penetration depth / mm 12



PHYSICAL BASICS

Interactions of protons with biological matter

Angular deflection of hadrons is due to

> Multiple Coulomb Scattering (MCS): elastic Coulomb interactions
with the target nuclei -> superposition of small deflections -> beam

lateral penumbra (important for its effect on organs at risk)

Proton mass >> electron mass -> deflections for elastic collisions can

be neglected

MCS is well described from Moliére theory

p 14.1 MeV [ L 4 11 ( L )
0 . \/LR. 9 210 Ix

p proton momentum L target thickness

v proton speed Ly target radiation length

Lateral scattering can be approximately described with a Gauss

distribution.

13



PHYSICAL BASICS
Interactions of protons with biological matter

dose 4

multiple
Coulomb scattering

plural/single
Coulomb scattering

_ proton halo from
inelastic scattering

. —
lateral distance

Proton beam angular spread caused by MCS, scattering at large angle (very
rare) and secondary protons production.

Lateral dose falloff (apparent punumbra) is of great clinical
importance because the normal tissues adjacent to the target
volume can be exposed to the radiation.

14



Interactions of carbon ions with biological matter

PHYSICAL BASICS

Due to their heavier mass ions (C-ions) exhibit a sharper lateral
dose falloff (small lateral deflection) than protons -> ion beams

Relative Dose

ideal for the treatment of small target

= o s B = = SRR
o 140MeV carbons

100 Lo 7OMeV protons 3ﬁﬂﬂﬁﬂﬁﬂﬂﬂﬂﬂﬁﬁgﬂg
[ p =
80 | ﬁ a0
60 ¢ a
o
40 P 9
o e
20 -
i o ? 8
' O
0 L. D&g"o'? e L ‘:‘DE‘F'D
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Lateral Distance (mm)

Fig. 4. The penumbra
of a carbon beam is
much sharper than
that of a proton
beam of the
comparable range.
(Based on the paper
presented by H.
Tsuji, at the 39
meeting of PTCOG,
San Francisco,
October 2002.)

Chu W. T., Columbus-Ohio, ICRU-IAEA meeting, 18-20 March 20006
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PHYSICAL BASICS

Fragmentation reactions of heavy ions

At energies of several hundreds MeV/u and at large penetration
depths the nuclear reactions may result in a complete disintegration
of both projectile and target nuclei (e.g., in central head-on

collisions)
i v Loss of primary beam
§ o particles;
? *® v’ the sgcondary fragments
®-® » move with about the same
Fragneniton velocity as the primary ions
.............. and have a longer range ->
= significant overdose
Interaction of carbon ions Fragmer_\tation beyond the actual stopping
tail range ->

Seo Hyun Park, Jin Oh Kang, Basis of particle therapy .
I physis, Radiat. Onol. J 29(3), 135-146, 2011 side effects and secondary

cancer inductions. 16



relative dose

PHYSICAL BASICS
Depth-dose curve

o Bragg Peak
e 200 MeV protons —»

ey 4800 MeV carbon ions

80 - /)\ e
K 8 MV X-rays
40 \”
60 - 2
\“
40 -
20- t'._ b — =]
eV slerins &, carbon fragmentation ———*-.._|
0 | e | | William Bragg
0 5 10 15 20 25 30

depth in water equivalent {cm)

From the Bethe-Bloch Formula : -dE/dx o B2 where B =V/c

_ dE e V2 the highest dose is released near the end of hadron
range giving rise to the “Bragg Peak”

dx
Range and dose distribution calculation must be
as accurate as possible

17




Dose [Gyl

PHYSICAL BASICS
Spread-out of Bragg Peak (SOBP)

_ SOBP is the sum of several

o} / individual Bragg Peaks at
. J | staggered depth.
1 | '

0.8
0.8 ! T °
[ | By modulating the beam
b | energy is possible to cover the
v 77775 ~~__1 whole target volume.
0 I ZIU . ilﬂ . E;J . BIU I 'IEIEJ ’ 1_2:13_ 1-IIU B 15.0 180 200

Depth [mm]

Beam energy
modulation
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BIOLOGICAL BASICS

e DNA o] radiation
® track

ionization

Photons Hadrons —

clustered DNA
damage

le) L]

P isolated damage

Ioﬁization density Effect on cellular DNA

Modern research in particle radiobiology on cellular DNA damage
and repair mechanisms now allows an unprecedented insight into the
molecular damage induced by fast ions: densely ionising radiation
(hadrons) induces a high fraction of clustered DNA damage, which is
more difficult to repair and triggers a different intra- and inter-cellular
signaling cascade compared to sparsely ionising radiation (X-ray).

19



BIOLOGICAL BASICS

Relative Biological Effectiveness (RBE)

RBE: the ratio of the dose of a reference D
radiation (typcally X or y rays) to the RBE;,, = DXJV—S
dose of radiation in question to produce particle

an identical biological effect (isoeffect)

D part. D X-ray Dose o
100% ' : - RBE depens on many factors:

| I
| | D xray * energy;

T 10%F-———- S e D particle ,

g :

E | i * particle type;
i | e organ dimensions;

1% | : : .
i : * tissue type;
| aicls o * presence of oxygen.
Y

hadrons more biologically effective than photons:
lower dose is required to cause the same biological
effect 20



BIOLOGICAL BASICS
Linear Energy Transfer (LET)

LET = —glE— [keV/um]

LET -> ionization density -> quality of

ILH radiation
High LET (> 10 keV/um) -> multiple DNA
Ionisation density prop. Z2 d a m a ges
?WM Hadrons are high LET with respect to
photons

Relationship
between RBE and
LET as a function of |
particle type — 1

25 100 200  keV/pm LET




BIOLOGICAL BASICS
Protons Vs Photons

Physical advantages :

v’ finite range and high
ionization density;

v lower integral dose;

v small lateral scattering
(larger flexibility).

CT image: dose distribution calculated for
proton beams and X-rays.

Clinical advantages :

v’ treatment of deep-seated, irregular
shaped and radio-resistant tumors;

v small probability of side effects in
normal tissue (critical structrure);

v' proton therapy suitable for
pediatric diseases (reduced toxicity).

22



BIOLOGICAL BASICS
Carbon ions Vs protons

Compared to protons, carbon ions:

|. allow a more precise concentration of the dose in the target volumes
with steeper gradients to the normal tissue;

Il. higher RBE for tumors which are radio-resistent to the conventional
treatment.

Disadvantage: due to the nuclear fragmentation, beyond the Bragg
Peak the dose deposition does not decrease to zero -> overdose.

o
—TT

o
T T

Protons 131.46 MeV/u

Protons are more widely
used than carbon ions

Relativg Iorlization

~N
T

2C 250 MeV/u

(-] -
v T

100 105 10 115 120 125 130 185 140
Depth in water [mml

Measured Bragg Peaks of protons and*?C ions having
the same mean range in water (Schardt et al.,2008). 23




FACILITIES AND TREATMENT TECHNIQUES
Main parts of a hadron therapy facility

Beam Delivery System

ACCELERATOR {}
(cyclotron,
synchrotron, E BDS
linear)

Beam Transport System

i

Hadron therapy facility scheme - IBA (Belgium) 24



FACILITIES AND TREATMENT TECHNIQUES
Particle accelerators

===’ Synchrotron: presents

a cycle (spill) that lasts

SR about 2 s, beam is Energy range for
& Vacuum therapeutic hadron

e present forabout0,5s| peams:
and its energy can be
varied from spill to spill
without passive

* p: [60, 250] MeV
e 12C: [120, 400] MeV/u

elements.
LS | @@ Cyclotron: high intensity, continuous beam,
. = jts energy is fixed and can be degraded with

passive absorbers in the Energy Selection
System (ESS).

Cyclotron ESS

fig. 1. Detail of the Energy Selection System (ESS) showing the location
of the carbon energy degrader and the momentum spread linnting shit (SL2).

25



FACILITIES AND TREATMENT TECHNIQUES
Beam Delivery System — Passive Scattering System

%ﬁ b B o Beam is widened and flattened
- O R by means of personalized
w B collimators and compensators.
Range shifter (rotating wheel
with different thickness) is used

to irradiate at different
penetration depths (SOBP).

5cattei in
g { tumor
y

Collimator and compensator Range Modulator
26



FACILITIES AND TREATMENT TECHNIQUES
Beam delivery system — Active Scanning System

polefaces
of dipole magnets

tumor

first magnet second magnet last layer
horizontal vertical Mminimum energy

scanning scanning first layer
maximum energy

Active Scanning System

v’ Hadrons can be deflected magnetically -> a narrow mono-
energetic “pencil beam” can be scanned magnetically across the
target volume in a zig-zag pattern in the x-y plane perpendicular to

the beam direction (z);

v’ the depth scan is done by means of energy variation.
27



FACILITIES AND TREATMENT TECHNIQUES
Dose delivery system — Active Scanning System

. Pencil Beam Spots used by
Scanning

Direcion T‘-"‘"a"‘”“““i"gsﬁ’“‘”“ Discrete spot scanning: (developed at

PSI - Zurich) dose is delivered to a given

spot at a static position (constant

magnet settings). Then the pencil beam

is switched off and the magnet settings

are changed to target the next spot,

dose is delivered to the next spot, and so
~ forth.

Principle of active
beam scanning

Single beam Lateral Scanning 3D dose
scanning in depth distribution 28



FACILITIES AND TREATMENT TECHNIQUES
Dose delivery system — Active Scanning System

Raster scanning: (developed at
| GSI - Darmstadt) continuous path, beam
. Pencil Beam Spots used by .
Sy TreantPlanmngSystem does not switch off between two voxels
" (except two spot are away from each
other).

Dynamic spot scanning: beam is
scanned fully continuously across the
target volume. Intensity modulation
Principle ofactive ~ Can be achieved through a modulation

beam scanning of the output of the source, or the
speed of the scan, or both.

29



FACILITIES AND TREATMENT TECHNIQUES
Active Scanning System vs Passive Scattering System

Advantages of Active Scanning technique:

1. No need of compensators and collimators (dependent on patient
anatomy), the beam has less nuclear interactions outside the
patient, this means less neutron contamination and overdose;

1. great flexibility, arbitrary shapes can be irradiated with a single
beam, this allows better target conformation.

Disadvantage of Active Scanning technique:

1. Difficulty to treat “moving organs” (organs subject to motion
due to respiration) such as lung cancer, it is necessary to develop
systems to synchronize the beam and the patient’s respiration.

30



FACILITIES AND TREATMENT TECHNIQUES

Gantry and nozzle
Conformal radiation therapy requires target irradiation from any
desired angle. The beam is deflected by the magnetic field in the
gantry. Treatment nozzle (final part of the gantry) consists of
various components for beam shaping and beam monitoring.

Gantry at Hidelberg lon-beam Therapy Center Treatment room at Boston Northeast
(HIT) Proton Therapy Center (NPTC) 31



FACILITIES AND TREATMENT TECHNIQUES

Disadvantage of hadron therapy: the problem of the cost-
effectiveness

Hadron therapy is useful for treating solid tumors (also combined with
standard radiation therapy, surgery and/or chemotherapy) such as:

 Central nervous system cancers (including chordoma, chondrosarcoma, and
malignant meningioma)

* Eye cancer (including uveal melanoma or choroidal melanoma);

* Head and neck cancers (including nasal cavity and paranasal sinus cancer
and some nasopharyngeal cancers)

* Lung cancer;

* Liver cancer;

* Prostate cancer;

* Spinal and pelvic sarcomas (cancers that occur in the soft-tissue and bone);

* Noncancerous brain tumors;

* Pediatric cancers (only proton therapy for brain, spinal cord and eye
tumors);

32



FACILITIES AND TREATMENT TECHNIQUES

Disadvantage of hadron therapy: the problem of the cost-
effectiveness
But hadron therapy is very expensive -> limited availability

Large investments for building accelerators, beam transport systems and
gantries.

The equipmets of a proton thetrapy center is of the order of 100 M€,
the operation and tratment/fraction cost must also be considered.

Limited number of clinical studies, so there is an open discussion:

Are the medical benefits large enough to motivate the high costs?

33



FACILITIES AND TREATMENT TECHNIQUES

Status of hadron therapy in the world: facilities in operation

Facilities in Clinical Operation and
No. of Patients Treated 1955-2014

160000 60
140000
50 _
=
120000 iz
-a ﬂJ
s - 40 5
g 100000 =
= =
0 =
£ g0000 30 © .
2 = === Patients
a i I
— = Facilities
60000 z
. (=
. // 3
e
40000 °
=]
/ 10 =
20000
0 0

3 o &g PP »
FFFS S \909'3’ '19@196,'\9 D Ref.: PTCOG, 2015

From Eugen B. Hug, 2° Annual PTCOG!2 2015 — San Diego.
(2) Particle Therapy Co-Operative Group (PTCOG) web page: http://www.ptcog.ch/ 34



FACILITIES AND TREATMENT TECHNIQUES

Status of hadron therapy in the world: facilities in operation
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Proton (red-orange) and C-ion (green) centres active worldwide. The size of the spot
is proportional to the number of patients treated as indicated in the figure legend.
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(2) Particle Therapy Co-Operative Group (PTCOG) web page: http://www.ptcog.ch/



FACILITIES AND TREATMENT TECHNIQUES

Status of hadron therapy in the world: patient statistics

Patients Treated with Particles 1954-2014 Patients Treated during the year 2014,
Protons and C-ions

He, Pions &
Others
3%

Europe, C-ions
4%
Total 137504 patients :

Protons 118181 pts.
Carbon 15736 pts.

Total 15432 patients :
Protons 12863 pts.
Carbon 2555 pts.

= approx. 80% Protons : 20% Carbon lons

From Eugen B. Hug, 2° Annual PTCOG 2015 - San Diego.
36
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FACILITIES AND TREATMENT TECHNIQUES

Status of hadron therapy in the world: facilities under construction
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(2) Particle Therapy Co-Operative Group web page: http://www.ptcog.ch



FACILITIES AND TREATMENT TECHNIQUES

Status of hadron therapy in the world: facilities in planning stage

Particle therapy facilities in a planning stage:

NO. OF

COUNTRY WHO, WHERE PARTICLE Max. ENERGY (MeV) BEAM DIRECTIONS TREATMENT START OF TREATMENT
PLANNED
ROOMS
- 230 1 gantry,
China SJFH, Beijin 2 7
~EEing P cyclatron 1 honiz fixed beam
28050 3 gartries,
benmark DCRT, Aarhus P cyclotran 1 harez exp fixed beam 3 e
230
France ARCHADE, Cagn P eyeton 1 gantry 1 2ma
Inciia Proton Therapy Hos pital, Mum bai p open open ? 20177
Teisinaki Corporation, Sapporo, 230
Japan Hokkaido P cyclotran 1 ganiry 1 g
Netherdand APTC Amsterdam p open 2 gantries 2 ?
230
a
Nethertand PTC, Maastricht P eyeiton 1 gartry i
Russia Hospital N0.63 PTG, Moscow ) open ? ?
3 : ! P synchrotron s !
Slovak Rep CCSR, Bratislava o] 2 1 horiz fixed beam 1 ?
cyclotron
230 4 gantries
. ?
Switzerland PTC Zinichobersee, Galgenen p eyelaton O Teeh Bas 5
National Taiwan University CC, 250 5C 2 gantries,
et Taipei P cyclotran 1 hariz fixed beam J 2
The Christie Proton Therapy 2805C
United Kingciom Certer, Manchester p eyeiaon 3 gantries 3 2ma
United Kingdarm PTC UCLH, London P s 3 gantries 3 2018
cycldtron
usA Protan Institute of New York, Ny P 230 47 gantries 47 7
cycldtron
Alartic Health System, New 330 i
: ? ? ?
B Jersey, NY P synchratran S ganiics; g i
330
»
US4 MGH, Biostan, M4 p " . 1 gantry 1 2017

16 proton beam therapy centers planned'?

(2) Particle Therapy Co-Operative Group web page: http://www.ptcog.ch/ 38



FACILITIES AND TREATMENT TECHNIQUES
Hadron therapy facility in Italy

CATANA (Centro di Adroterapia e Applicazioni Nucleari Avanzate)
@ LNS (Laboratori Nazionali del Sud) - Catania

| v il
/ .
@)
¥ Jﬁl
/

=

|

CATANA
treatment room

Since 2002 eye tumors are successfully treated with proton beams
of 62 MeV produced by a superconducting cyclotron (SC).
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FACILITIES AND TREATMENT TECHNIQUES
Hadron therapy facility in Italy

CNAO (Centro Nazionale di Adroterapia Oncologica) @ Pavia

* Treatments with
protons started in
september 2011

* Treatments with
carbon ions started in
november 2012

o E:[60, 250] MeV
| C6* E:[120, 400] MeV/u

Syncrotron

3 Treatmet rooms (26 m diameter)

3 Horizontal beam lines

1 Vertical beam line
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FACILITIES AND TREATMENT TECHNIQUES
Hadron therapy facility in Italy

ATreP (Agenzia Provinciale per la Protonterapia) @ Trento

Cyclotron (4.34 m diameter)
Proton beams extracted at 230 MeV

Two treatment rooms

Inaugurated in July 2013, after commissioning the clinical
activity is started last autumn.



CONCLUSIONS AND FUTURE CHALLENGES

Hadron therapy reperesents an important instrument for the cure
of cancer;

it can be considered the direct application of high energy physics
research and technologies developed for the experiments;

it’s a multidisciplinary field (medicine, physics, biology, engineering, IT)
in continuous evolution;

there is a great collaboration between research and indutrial partners.
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CONCLUSIONS AND FUTURE CHALLENGES

R&D in medical physics and radiobiology is focusing on reducing
the costs and increasing the benefits of this treatment

to improve carbon ion treatment and introduce new hadrons
(helimun ions) by increasing our understanding of the biological
response of cells and tissues (in both tumors and normal organs)
to irradiation with various ions;

to improve beam delivery techniques and moving organs
treatment;

to construct new and less expensive accelerators (LINAC or laser
plasma accelerator).
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