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Introduction to cancer hadrontherapy!

Part 1!
>" Introduction to medical applications of radiation physics!
>" Conventional radiation therapy!
>" Hadrontherapy: basic physical and radiobiological concepts!

Part 2!
>" Tools and techniques in hadrontherapy!
>" Some new ideas for the future of hadrontherapy!
>" Discussion!
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The starting point of a long adventure!

•" Nov. 1895: W. Röntgen discovers X-rays!

•" Dec. 1895: first radiography !
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The first radiography: December 1895 
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Crookes tube 
the best accelerator at that time 

keV 
electron 
beam 

X-rays 

Photographic emulsion 
the best detector at that time 

Question about radiation protection: was it harmful?!



Only one year later!

>" 1896 : discovery of natural radioactivity !
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Maria Sk!odowska-Curie  and Pierre Curie 

Henri Bequerel 

From the thesis of Mme Curie – 1904 
", #, $  rays in a magnetic field 



The birth of cancer radiation therapy!
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•" 1908 : first attempts  of radiation 
therapy in France 
•" The name “curiethérapie” is still 
used! 

Picture: Dr. Chicolot, Musée de l’Assistance Publique, Paris 

•" Basic concept:  
Local control of the 
tumour 



Slow neutrons, Rome, 1934!
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Oscar d’Agostino, Emilio Segrè, Edoardo Amaldi, 

Franco Rasetti, Enrico Fermi!



From fundamental physics "
to medical applications!

The 1 MV Cckroft-Walton accelerator built in Rome at 
the National Institute for Public Health (ISS) in 1938 !
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Conventional radiation therapy!
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Conventional radiation therapy 
!
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>" Brachytherapy 
—" Insertion of radiation sources in the body 
—" !5% of all the patients 
 
 

 
>" Tele-therapy 

—" Bombardment of the tumor tissues with radiation coming from outside the 
body of the patient 

—" Based MeV gamma rays  
—" It is the most common clinical modality (>95% of all the patients) 



Interactions of photons with matter!

>" Photoelectric effect!
!

>" Compton scattering!
!

>" Pair production!
!
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Strong dependence on!
•" Z (atomic number of the target material)!
•" Photon energy!



Which effects dominates? When?!
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Compton scattering!

>" Collision photon-loosely bound 
outer electron (!free)!
—" Binding energy neglected!
—" e- is ejected (recoil electron)!
—" "’ is scattered at angle # with 

energy E’!

—" "’ has a lower energy !!
13!
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Pair production!

>" Momentum and energy conservation!
—" The interaction with a nucleus is needed!!

>" The photon disappears!
>" Threshold: 2mec2!

>" The positron travels (ionization), stops in matter, annihilates 
with an electron and gives two back-to-back 511 keV photons!

>" These photons interact again …!
>" Process: varies as Z2 and dominates at high energies! 14!

! " e+ + e#



Absorbed dose!

>" Consider a volume dV of mass dm and a radiation field!
>" d$ is the average sum of all the energies imparted to the 

volume dV minus all the energy leaving the volume!
>" Mass–energy conversion is taken into account!

—" Pair production, for example, decreases the energy by 1.022 MeV!
—" Electron–positron annihilation increases the energy by 1.022 MeV!

>" Applicable to both indirectly and directly ionizing radiation!
>" Units: J / kg or Gy (Gray)!

15!

D =
d!
dm



Photons in matter and "
the build-up effect: a simple model!
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•" Photon beam in water: 100 keV, 1 MeV, 10 MeV!
•" Assumption: !

•" all the photons are parallel (one-dimensional model)!
•" Absorption coefficients from NIST (www.nist.gov)!

•" 1 mm steps!
•" 0.983,  0.992, 0.997  for 100 keV, 1 MeV, 10 MeV 

photons!
•" Assumption (“crude”): !

•" all secondary electrons are monoenergetic (Ee = E"/2)!
•" Approximation: !

•" Range of the secondary electrons R = (Ee[MeV]/2*10) 
[mm]!

•" Energy of the radiation field (Arbitrary units)!



Photons in matter and "
the build-up effect: a simple model!
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Cobalt sources 

Cobalt source 2000 

Cobalt-60 apparatus 
(! 1  MeV gammas)  
Produced in reactors 
by slow neutrons 
First treatments in 1951 
Now obsolete 

 

>" Advantages: 
—" Higher energy than X-rays, easy to install, no maintenance 

>" Disadvantages: 
—" Half-life 5.27 years (the source has to be periodically replaced; radioactive 

waste issues) 
—" The treatment time depends on the age of the source 
—" Relatively low energy (high dose to the skin) 



Electron linac mounted on a gantry 

•" About 10’000 installed in the world  
•" 6-20 MeV electron linacs produce gamma rays by Bremsstrahlung 
•" Today: 20'000 patients/year treated every 10 million inhabitants 
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Doses in conventional tele-therapy!
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Standard Dose Parameters

• Standard fractionation:
1.8-2 Gy/fraction; 1x day; 5 days/week.

• Total dose:
low (20-30 Gy): seminoma, lymphoma,...
medium (45-55 Gy): subclinical disease,...
high (65-80 Gy): prostate, sarcoma,...



Treatment planning 

21!

 

>" CT images with patient in treatment position: 
—" Define the volume to be irradiated 
—" Individuate the Organs At Risk  (OAR) to be effectively spared 

>" On the basis of CT data 
—" The radiation fields are chosen (direction, shapes, etc.) 
—" The doses are calculated 
—" The treatment plan is optimized 

>" The treatment plan is transformed into instructions for the 
accelerator 

>" Patient positioning plays a crucial role during irradiation 



Definition of the volumes!
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•" Gross Tumor Volume (GTV) !
!“The Gross Tumour Volume (GTV) is the gross 

palpable or visible/ demonstrable extent and location of 
malignant growth”!
!
•" Clinical Target Volume (CTV) !

!contains a demonstrable GTV!
!
•" Internal Target Volume (ITV)!

!takes into account the variations in the size and 
position of the CTV!
!
•" Planning Target Volume (PTV):!

!it is a geometrical concept used in treatment 
planning!



Dose-Volume Histograms (DVH)!

23!

Ideal case!

Real case!

DVH for PTV and OARs derived from direct dose 
accumulation (solid lines) and deformable dose 
accumulation (dotted lines) in a prostate case!
(http://www.omicsonline.org) #!



MRI: tumor of the Central Nervous System 

Cerebellum 

Nose 

Ear 

Tumor 

Courtesy 
Prof. R. Miralbell, 
HUG, Geneva 
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100 
0 0 

0 

The ideal case" with ideal radiation !!! 
25!



Conventional 3D conformal RT with photons 

80 30 50 

The real case ! 26!



30 80 50 

Conventional 3D conformal RT with photons 27!



110 110 100 

Conventional 3D conformal RT with photons 28!



Intensity Modulated Radiation 
Therapy (IMRT) 

The multi leaf collimator 
moves during irradiation 

•" It is possible to obtain concave dose volumes 
•" IMRT is time consuming and is used for selected cases 

•" Photons: non-optimal depth-dose distribution 
•" Limit always due to the dose to the healthy tissues (OAR in particular) 

 ! Several beams from many directions and modulated intensity 
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Tomotherapy 

•" The accelerator rotates and the patient is moved (spiral pattern) during 
irradiation 
•" The intensity is modulated through the use of a multi-leaf collimator 
•" CT imaging is integrated in the apparatus 
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Can we do better ? 

9  X-ray beams   (IMRT) 2  X-ray beams 

Question for physicists: 
Are there better radiations to attack the tumor and spare at best the healthy 
tissues?         
Answer : BEAMS OF CHARGED HADRONS 

31!
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Hadrontherapy: basic physical and 
radiobiological concepts!
!



The basic concept of hadrontherapy 

Fundamental physics 
Particle identification 

Medical applications 
Cancer hadrontherapy 

L3 at LEP 
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Interactions of heavy charged particles "
with matter : the Bethe-Block formula!
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The Bragg peak 

Fragmentation 

Straggling and 
multiple scattering 
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Single beam comparison 

X rays Protons or ions 
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IMRT and protons 

Tumour between the eyes 
 

9 X ray beams                                            1 proton beam 
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Bob Wilson "
and the birth of hadrontherapy !
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Robert Rathbun Wilson !
(1914 – 2000)!

!
 in Los Alamos during the !
Manhattan Project (left) !

and  at CERN in 1996 (right)!



A very interesting and still actual paper 

R.R. Wilson, Radiology, 47 (1946) 487 

 
>" Bob Wilson was student of Lawrence in 

Berkley 
>" Studied  the shielding for the new cyclotron 

!”re-discovered” the Bragg peak 
>" Interdisciplinary environment = new ideas! 
>" 1946: he suggested the use of protons and 

charged hadrons to better distribute the dose 
of radiation in cancer therapy 

>" At that time: no imaging and no powerful 
enough accelerators " hadrontharpy was 
just a dream " 
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The beginning of hadronthearpy: 
Berkeley, 1954 

C.A. Tobias, J.H. Lawrence et al., Cancer Research 18 (1958) 121 

>" 1954: first patient treated 
with the Berkley 340 MeV 

proton cyclotron!

!
>" First clinical trial: 

irradiation of the pituitary 
gland in 26 patients with 
metastatic breast cancer 

40!



The basic figures of hadrontherapy 

 
>" Bragg peak 

—" Better conformity of the dose to the target # Healthy tissue sparing 

>" Hadrons are charged 
—" Can be magnetically driven # Beam scanning for dose distribution 

>" Heavy ions  
—" Higher biological effectiveness # Cure of radio-resistant tumors 

Beam of hadrons 
slowing down in matter 

27 cm 
Tumor 
target 

 
Protons  
200 MeV 
1 nA 
 
Carbon ions 
4800 MeV 
0.1 nA 
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Cells and their dimensions!

42!

•" Cell: 10-100 µm!
•" Cell nucleus: 3-10 µm!
•" DNA!

•" Pitch and “diameter””: 
3.4 nm!

•" Total length: 3 m!
!
What is the relation 

between these 
quantities and 

ionization?!



Direct and indirect action of radiation 

Free radicals 



7 
µm 

e- range = 15 mm 
X ray = 4 MeV   

LET = %E/ %x 
 expressed in  
keV/µm = eV/nm 

d = 30 eV / LETeV/nm= 150 nm  

- 260 mm 
200 MeV 
d=90 nm 

2 nm 
20 nm   

Microscopic distribution of ionizations !

e- energy = 3 MeV   

Electron!
0.2 eV/nm!

LET !
Linear Energy Transfer!



- 260 mm 
4800 MeV 
d=4 nm 

- 100 mm 
2800 MeV 
d=3 nm 

- 42 mm 
1800 MeV 
d= 2 nm 

- 1 mm 
200 MeV 
d=0.3 nm 

- 260 mm 
200 MeV 
d=90 nm 

- 75mm 
100 MeV 
d=50 nm 

- 4 mm 
20 MeV 
d=15 nm 

- 0.2 mm 
4 MeV 
d=4 nm 

2 nm 
20 nm   

Microscopic distribution of ionizations !



DNA visualized by immuno - fluorescence of ""-
H2AX histone in human skin fibroblasts exposed to 
2 Gy of ionizing radiation  ""-rays 

silicon 

iron 
Cucinotta and Durante, Lancet Oncol. 2006 Nuclear emulsions 

Microscopic distribution !
of ionizations !



Why ions have a large biological 
effectiveness? What is RBE? 

RBE = 1 RBE = 3 

ionization 

cromosome 

40 mm from 
the end of the range 

X 
quantum 

carbon 
ion Break of a  

single/double 
helix of DNA 

electron 

Multiple breaks of 
both helixes 

cannot be repaired 



Survival curves 

•" Example: "=0.25; #&0 for a certain radiation. Which is the dose that gives a 
survival probability of 10-9 ? Answer: 80 Gy 



LET and RBE 

•" RBE – Relative Biological Effectivness with respect to X-rays (RBE =1 by 
definition) 



The oxigen effect and OER 

•" OER – Oxygen Enhancement Ratio – Low LET radiations are 
sensitive to oxygen (formation of free radicals) 



Effect of radiation on tissues 

Sigmoids ' small increase of dose may correspond to large increase of control! 
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Tools and techniques in hadrontherapy!
!



The Loma Linda University  
Medical Center (LLUMC)  

•" Near Los Angeles!
•" First hospital-based 

proton-therapy centre, 
built in 1993!

•" ~160/sessions a day!
•" ~1000 patients/year!

53!



Proton-therapy: 
two main kind of  treatments 

"" Treatment of eye-melanoma 
#" Shallow tumor 
#" About 65 MeV of energy are needed 
#" Relatively small cyclotrons 
#" Very high local control 
#" Many centers in operation 

#" ex. Catania, Nice, PSI 

"" Treatment of deep seated tumors 
#" Energies up to about 250 MeV are used 
#" Much larger infrastructure 

OPTIS 2 at PSI!
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What do we need to treat  
deep seated tumors with protons? 
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Proton therapy in Switzerland: 
PROSCAN at PSI 

Gantry 2 

Gantry 1 

Cyclotron 
Experiment 

OPTIS 2 

•" Superconducting 250 MeV proton cyclotron 
•" New proton gantry for advanced scanning 56!



Carbon ions: HIT in Heidelberg!
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•" 25 m diameter synchrotron!
•" Injectors: Source + RFQ + Linac!
•" 2 fixed beams + 1 gantry!
•" First patient in 2009!
•" 2500 patients treated (end 2014)!



The Centro Nazionale di Adroterapia 
Oncologica (CNAO) in Pavia!
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The Centro Nazionale di Adroterapia 
Oncologica (CNAO) in Pavia!
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•" 25 m diameter synchrotron!
•" Injectors: Source + RFQ + Linac!
•" 3 H + 1 V fixed beams!
•" First patient in 2011 (p) 2012 (C)!
•" 700 patients treated (end 2015)!



•" Proton therapy: 4-5 m diameter cyclotrons and 6-8 m diameter synchrotrons!
•" Carbon ions: 20-25 meter diameter synchrotrons!
!

Accelerators for hadrontherapy 
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Cyclotron !
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Synchrotron!
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Injection magnet!

Linac RF generator 
(klystron)!

Extraction magnet!

RF generator 
(klystron)!

Accelerating !
cavity!

Bending dipole 
magnet!

Focusing/defocusing 
quadruple magnet!

Ion source!

To treatment 
rooms! time!



Radio Frequency (RF) linac!
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200 MHz 
(= 1.5 m  

A modular variable energy linac for proton therapy:!



Cyclotrons, synchrotrons or linacs? 

•" Cyclotrons and synchrotrons are commercially available!

•" Linacs present some advantages and are today a research issue!
!

64!



Dose distribution: 
a gantry for  proton therapy 
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The Spread Out Bragg Peak (SOBP) 

>" A tumor is much larger (few cm) than the Bragg peak (few mm) 
>" Particles of different energies have to be used 
>" Many Bragg peaks have to be superimposed with the right weights to 

obtain a flat dose distribution (Spread Out Bragg Peak – SOBP) 

66!

Distal fall-off!



SOBP and RBE "
for protons and carbon ions!

67!
IAEA – Technical report 461 !

Protons! Carbon ions!



Lateral penumbra !
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>" Lateral scattering is a very important feature (lateral penumbra) 
>" Often the lateral penumbra – and not the distal - is used to protect the 

OARs (organs at risk) 



Dose distribution: passive spreading 

Double scattering 
technique 

>" Primary energy: determines the depth of the SOBP!
>" Range shifter: determines the width of the SOBP!
>" Scatterers: produce a transversally flat beam over the surface!
>" Collimator: shapes the beams in the transverse plane according to PTV!
>" Compensator (or bolus): shapes the beam in depth according to PTV!

Primary beam!

PTV!
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Dose distribution: raster scanning 

New technique 
developed at GSI 70!



Spot scanning at PSI 

SAMBA  
Strip Accurate Monitor for 

Beam Applications 

Measurement of a spot 

U direction (magnet) 

Superposition of 
discrete spots!
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Time profile of the clinical beam 

5 ms 

Time 

To
ta

l I
nt

en
si

ty
 

SPOTS 
Average flat-top 
current 0.2 nA 
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Dose distribution: spot scanning 

New technique 
developed at PSI 73!



Dose distribution: spot scanning 
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Dose distribution: spot scanning 
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100 50 30 

Dose distribution: spot scanning 

76!



77!

Some clinical data 



Number of potential patients 

X-ray therapy  every 10 million inhabitants:  20'000 pts/year  
 
Protontherapy 

  14.5% of X-ray patients =         2'900 pts/year 
 
Therapy with Carbon ions for radio-resistant tumours 

   3% of X-ray patients =                  600 pts/year 
 

    TOTAL    about  3'500 pts/year     
           every 10 M 

 

!Results of clinical studies conducted in Italy, France, Germany, 
Austria and Sweden!
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Present of hadrontherapy 

>" Proton-therapy!
—" > 100 000 patients treated (but only 3% using scanning)!
—" > 20 hospital based centers!
—" Many centers under constructions and in project phase!

!
>" Carbon ion therapy!

—" > 13 000 patients treated (mainly in Japan)!
—" 8 centers in operation (4 in Japan, 2 in China and 2 in Europe)!
—" Several projects!
—" Clinical trials!

More information on: http://ptcog.web.psi.ch/!
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Hadrontherapy, a developing discipline 

Courtesy: S. Rossi, CNAO!
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Some new ideas for the future of 
hadrontherapy!



The future of hadrontherapy 

>" Two main driving forces!
—" Improve the local control and minimize secondary effects!
—" Reduce costs, size and complexity!

>" There is a lot to do on!
—" Accelerators!
—" Gantries!
—" Dose distribution systems (moving organs)!
—" Imaging!
—" …!
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As a summary on hadrontherapy you can read:!
U. Amaldi and S. Braccini, Present challenges in hadrontherapy techniques,!
Eur. Phys. J. Plus (2011) 126: 70.!



Patients and treatment rooms 

Single room facilities: future of proton-therapy?!

U. Amaldi, S. Braccini et al., Nucl. Instr. Meth. A 620 (2010) 563!

83!



Compact superconducting 
synchrocyclotron 

Courtesy Mevion Medical Systems 

•"  250 MeV, 15 tons synchrocyclotron 
mounted on its gantry!

•"  10 T superconducting magnet !!
•"  8 systems (in operation/construction)!
•"  First patient treated December 2013!
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The IBA Proteus One "
single room facility!

85!
Courtesy IBA 



A turning linac? … a dream?!
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TUrning LInac for Proton-therapy (TULIP)!
•" 24 MeV cyclotron: injector (+ radioisotope production)!
•" Advanced spot scanning (moving organ tacking)!
•" On-line proton radiography !

Patent US8405056 B2 and EP2106678 B1!



In-beam PET!
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Measurement of the real  3D dose 
distribution given to the patient 

PET detectors (GSI, Darmstadt)!



In-beam PET 

Simulated from TPS 

Measured 



Proton radiography 

Radiography with X-rays 
•" “Counts” the number of photons  
•" Almost all the photons stop in the 
patient’s body giving unwanted dose 

Radiography with protons 
•" Protons with enough energy 
penetrate the body   
•" Residual range measurement 
•" Every proton brings information! 

•" High Z material dominate in X ray radiography (and CT scan)!
•" Treatment planning in proton therapy is based on CT!
•" Small density changes are hard to observe with X rays!!

•" Small density changes :!
•" Produce uncertainties in the proton range!
•" Distortions in proton-therapy planning (important for proton therapy!) !



Proton radiography 



Ionoacustics: “hearing” the ions …!
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Conclusions and Outlook 

>" Since the beginning of particle physics, more than one-
hundred years go) 

 
Particle physics offers medicine and biology 
very powerful tools and techniques to study, 

detect and attack the disease 

Cancer hadrontherapy is a sound example of a 
discipline in constant evolution 

Physics is beautiful and useful ! 



To know more on"
hadrontherapy …!
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http://www.worldscientific.com/
toc/mpla/30/17!


