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HadrontherapyHadrontherapyHadrontherapyHadrontherapy
from laboratories to hospital based centresfrom laboratories to hospital based centres
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The main goal of radiation therapyThe main goal of radiation therapy
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Courtesy J.P. Jerard, MD, Nice (France)Courtesy J.P. Jerard, MD, Nice (France)

Local control of the tumour!Local control of the tumour!



The first facilitiesThe first facilities
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Proton therapy centres in operationProton therapy centres in operation
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The Loma Linda University Medical Center (USA)The Loma Linda University Medical Center (USA)

•• First hospitalFirst hospital--based based 
protonproton--therapy centre, therapy centre, 
built in 1993built in 1993built in 1993built in 1993

•• ~~160/sessions a day160/sessions a day

•• ~~1000 patients/year1000 patients/year•• ~~1000 patients/year1000 patients/year
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(Incomplete) list of future new facilities(Incomplete) list of future new facilities
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Hadrontherapy in the world Hadrontherapy in the world 

Rome - 15-18.03.10 - SB - 6/8 8



Today there are two main kind of  treatmentsToday there are two main kind of  treatments

Treatment of eyeTreatment of eye--melanomamelanoma
Sh ll tSh ll tShallow tumourShallow tumour
About 65 MeV of energy are neededAbout 65 MeV of energy are needed
Relatively small cyclotronsRelatively small cyclotrons
Very high local controlVery high local control
Many centres in operation (ex. Centre Antoine Lacassagne in Nice)Many centres in operation (ex. Centre Antoine Lacassagne in Nice)

Treatment of deep seated tumoursTreatment of deep seated tumours
Energies up to about 210 MeV are neededEnergies up to about 210 MeV are needed
Much larger infrastructureMuch larger infrastructure
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Much larger infrastructureMuch larger infrastructure



What do we need to treat deep seated tumours?What do we need to treat deep seated tumours?
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Dose distribution systems:Dose distribution systems:Dose distribution systems:Dose distribution systems:
from passive spreading to active scanningfrom passive spreading to active scanning
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A ganrty for  proton therapyA ganrty for  proton therapy
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The “SOBP”The “SOBP”

A tumour 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)
For carbon ions the RBE has to be taken into account !For carbon ions the RBE has to be taken into account !

Spread Out Bragg PeakSpread Out Bragg Peak

GSI
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Protons (RBE=1.1)Protons (RBE=1.1) Carbon ionsCarbon ions



Dose distribution: passive spreadingDose distribution: passive spreading

‘Double scattering’‘Double scattering’gg

‘Layer stacking’‘Layer stacking’y gy g
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Standard procedure: Passive beam spreadingStandard procedure: Passive beam spreading
with respiratory gatingwith respiratory gatingwith respiratory gating with respiratory gating 

Double scatterer

Collimator

Bolus and collimator have to 
be machined for each field!
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Advanced procedure: layer stackingAdvanced procedure: layer stacking
with respiratory gatingwith respiratory gatingwith respiratory gating with respiratory gating 

Collimator adapted to transverse shape of each slice.
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Dose distribution: active scanningDose distribution: active scanning

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

patient

Longitudinal planeLongitudinal plane

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

fast slow

Transverse planeTransverse plane

The image cannot be  
displayed. Your computer  
may not have enough 
memory to open the image,  
or the image may have  
been corrupted. Restart  
your computer, and then 
open the file again. If the  
red x still appears, you may  
have to delete the image  
and then insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have enough 
memory to open 
the image, or the  
image may have  
been corrupted. 

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have enough 
memory to open 
the image, or  
the image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the image  
and then insert it  
again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have enough 
memory to open 
the image, or the  
image may have  
been corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the image  
and then insert it  
again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have enough 
memory to open 
the image, or  
the image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the image  
and then insert it  
again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough memory 
to open the 
image, or the  
image may have  
been corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough memory 
to open the 
image, or the  
image may have  
been corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then  
open the file again. If the red x still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open  
the file again. If the red x still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image  
and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image  
and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open  
the file again. If the red x still appears, you may have to delete the image and then insert it again.

beam

The image  
cannot be 
displayed. Your  
computer may 
not have enough 
memory to open 
the image, or the  
image may have  
been corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the image  
and then insert it  
again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have enough 
memory to open 
the image, or the  
image may have  
been corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the image  
and then insert it  
again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough memory 
to open the 
image, or the  
image may have  
been corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have enough 
memory to open 
the image, or  
the image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the image  
and then insert it  
again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have 
enough 
memory to 
open the 
image, or the  
image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the  
image and then  
insert it again.

The image  
cannot be 
displayed. Your  
computer may 
not have enough 
memory to open 
the image, or  
the image may  
have been 
corrupted. 
Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the image  
and then insert it  
again.

Restart your  
computer, and 
then open the 
file again. If the  
red x still  
appears, you  
may have to 
delete the image  
and then insert it  
again.

beam

horizontal
scanning vertical

scanning

tumour volume

i ti

New technique developed New technique developed 

energy variation

Rome - 15-18.03.10 - SB - 6/8 17

mainly at GSI and PSImainly at GSI and PSI



Active “spot scanning” a la PSIActive “spot scanning” a la PSI
1 2

Single ‘spot’
Lateral scanning with
magnet: 2 ms/step

43

Depth scanning with
upstream absorbers

Third scanning by
a bending magnet
and movable bed

Depth scanning
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High precision RT with proton beams
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High precision RT with proton beams
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High precision RT with proton beams
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1005030 1005030

High precision RT with proton beams
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FrontFront endend

A detector for spot scanning:A detector for spot scanning:
The strip chamber developed by TERA for PSIThe strip chamber developed by TERA for PSI

FrontFront--end end 
boardsboards Mylar windowMylar window

“T” Anode“T” Anode

22--sided sided 
aluminizedaluminized
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“U” Anode“U” AnodeMylar windowMylar window aluminizedaluminized
cathodecathode

In collaboration with University and INFN TorinoIn collaboration with University and INFN Torino



Beam tests on Gantry1 at PSIBeam tests on Gantry1 at PSI

SAMBA 

Strip Accurate Monitor for Beam 
Applications

Measurement of a spot
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Time profile of the clinical beamsTime profile of the clinical beams
ty

SPOTSSPOTS
Average flat top Average flat top 
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A line of dose  made of spotsA line of dose  made of spots

Rome - 15-18.03.10 - SB - 6/8 26



Patients and centresPatients and centresPatients and centresPatients and centres
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Number of potential patientsNumber of potential patients

XX--ray therapyray therapy every 10 million inhabitants: 20every 10 million inhabitants: 20'000 pts/year'000 pts/year

Study by AIRO, 2003                     Study by AIRO, 2003                     

Italian Association for Oncological RadiotharapyItalian Association for Oncological Radiotharapy

XX ray therapyray therapy every 10 million inhabitants:  20every 10 million inhabitants:  20 000 pts/year 000 pts/year 

ProtontherapyProtontherapypypy

14.5% of X14.5% of X--ray patients =         2'900 pts/yearray patients =         2'900 pts/year

Therapy with Carbon ions for radioTherapy with Carbon ions for radio--resistant tumoursresistant tumours

3% of X3% of X--ray patients =                  600 pts/yearray patients =                  600 pts/year

TOTAL    about  3'500 pts/year    TOTAL    about  3'500 pts/year    
Every 50 M inhabitantsEvery 50 M inhabitants

•• ProtonProton--therapytherapy
every 10 Mevery 10 M44--5 centres5 centres

•• Carbon ion therapyCarbon ion therapy
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1 centre1 centre



The sitesThe sites

Up to presentUp to present

•• ProtonProton--therapy:therapy:

~ 55 000 patients~ 55 000 patients

•• Carbon ion therapy:Carbon ion therapy:

5 000 ti t5 000 ti t~ 5 000 patients~ 5 000 patients
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Tumours of the central nervous systemTumours of the central nervous system

Control at  5 yearsControl at  5 years

RTRT ProtonsProtonsRTRT ProtonsProtons
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

ChordomasChordomas 1717--50%50% 7373--83%83%
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Chordomas Chordomas 1717--50%50% 7373--83%83%

Chondrosarcomas Chondrosarcomas 5050--60%60% 9090--98%98%



Carbon ion therapy in JapanCarbon ion therapy in JapanCarbon ion therapy in  JapanCarbon ion therapy in  Japan
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HIMAC in Chiba is the pioner of carbon therapy (Prof H. HIMAC in Chiba is the pioner of carbon therapy (Prof H. 
Tsujii)Tsujii)Tsujii)Tsujii)Yasuo Hirao

Hirohiko Tsujii

4500 pts 1994-2008 

32CERN Colloquium  - 5.2.09 - UA

Since the cells do not repair. less fractions are possible

HIMAC: 4HIMAC: 4--9 fractions!9 fractions!



Hadrontherapy in EuropeHadrontherapy in EuropeHadrontherapy in EuropeHadrontherapy in Europe
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PROSCAN project at PSIPROSCAN project at PSI

ACCEL Experiment
OPTIS

SC cyclotron
Experiment

Gantry 2

Gantry 1

•• New SC 250 MeV proton cyclotron New SC 250 MeV proton cyclotron –– InstalledInstalled
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•• New proton gantry for advanced scanningNew proton gantry for advanced scanning



Centre de protonthérapie de l'Institut Curie in OrsayCentre de protonthérapie de l'Institut Curie in Orsay

A ti f 1991A ti f 1991•• Active from 1991Active from 1991

•• 5000 patients treated (Nov5000 patients treated (Nov--09)09)

•• 250 pt/year ophthalmology, 100 pts/year deep seated (Head and neck)250 pt/year ophthalmology, 100 pts/year deep seated (Head and neck)
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250 pt/year ophthalmology, 100 pts/year deep seated (Head and neck) 250 pt/year ophthalmology, 100 pts/year deep seated (Head and neck) 

•• Extension (New cyclotron + Gantry by the Belgian company IBA)Extension (New cyclotron + Gantry by the Belgian company IBA)



The ‘new’ CPOThe ‘new’ CPO

• New 230 MeV cyclotron

I t ll d i O t b 2008• Installed in October 2008

• New gantry now under 
commissioning

• Treatments have not been 
stopped during the installation of 
the new cyclotron and the new 
gantry!gantry! 

•Treatments with the new 
equipment + the 2 existing rooms 
foreseen in 6 months
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foreseen in 6 months



Carbon ion therapy in EuropeCarbon ion therapy in Europe

1998 1998 -- GSI pilot project (G. Kraft)GSI pilot project (G. Kraft)

200 ti t t t d200 ti t t t d200 patients treated 200 patients treated 
with carbon ionswith carbon ions
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PET onPET on--beambeam

Simulated from TPS

Measured
Measurement of the ”real” Measurement of the ”real” 
dose given to the patientdose given to the patient
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Measureddose given to the patientdose given to the patient



HIT HIT –– University of HeidelbergUniversity of Heidelberg

Carbon ion gantryCarbon ion gantry
MAN technologyMAN technologyMAN technologyMAN technology

December 2006

•• Hospital based centre Hospital based centre 

•• Project started in 2001Project started in 2001Architects Nickl & Partner, Munich andArchitects Nickl & Partner, Munich and
Heidelberg University Building AuthorityHeidelberg University Building Authority

•• Project started in 2001Project started in 2001

•• First patient treated in First patient treated in 
November 2009November 2009
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•• First CFirst C--ion gantryion gantry



Hadrontherapy in ItalyHadrontherapy in ItalyHadrontherapy in ItalyHadrontherapy in Italy
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The eye melanoma treatment at INFNThe eye melanoma treatment at INFN--LNS in CataniaLNS in Catania

•• LNS Supercoducting cyclotron LNS Supercoducting cyclotron 

•• 65 MeV protons65 MeV protons65 MeV protons65 MeV protons

•• 92 patients (oct 2005)92 patients (oct 2005)
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The TERA FoundationThe TERA Foundation

NotNot--forfor--profit foundation created in 1992 by Ugo Amaldi and profit foundation created in 1992 by Ugo Amaldi and 
recognized by the Italian Ministry of Health in 1994recognized by the Italian Ministry of Health in 1994

Research in the field of particle accelerators and detectors forResearch in the field of particle accelerators and detectors forResearch in the field of particle accelerators and detectors for Research in the field of particle accelerators and detectors for 
hadronhadron--therapytherapy

First goal: the Italian First goal: the Italian 
National Centre (CNAO)National Centre (CNAO)National Centre (CNAO) National Centre (CNAO) 
now under construction in now under construction in 
PaviaPavia
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Ugo AmaldiUgo Amaldi



CNAO on the Pavia siteCNAO on the Pavia site

•• Main source of funds:Main source of funds:
Italian Health MinistryItalian Health MinistryItalian Health MinistryItalian Health Ministry
•• Ground breaking: March 2005Ground breaking: March 2005

25 m25 m

PIMMS/TERAPIMMS/TERA

DesignDesignDesignDesign
•• Hospital based centreHospital based centre

•• Protons and carbon ionsProtons and carbon ions
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CNAOCNAO
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CNAO CNAO 

•• Hospital based centre Hospital based centre 

•• Project started in 2003Project started in 2003Project started in 2003Project started in 2003

•• Beams in the Beams in the 
synchrotron foreseen in synchrotron foreseen in 
D b 2009D b 2009December 2009December 2009
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Neutrons in cancer therapyNeutrons in cancer therapyNeutrons in cancer therapyNeutrons in cancer therapy
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Hadrontherapy with fast neutronsHadrontherapy with fast neutrons

Berkeley, 1938

Neutrons are neutral Neutrons are neutral → no Bragg peak→ no Bragg peak

MeV neutrons are produced with cyclotrons (p + Be reaction)MeV neutrons are produced with cyclotrons (p + Be reaction)

MeV neutrons produce nuclear interactions → high LET radiationMeV neutrons produce nuclear interactions → high LET radiation

Used for radio resistant tumours (ex. salivary glands, tongue, brain) Used for radio resistant tumours (ex. salivary glands, tongue, brain) 
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About 9 centers in the world [ex. Orleans (France), Fermilab (USA)]About 9 centers in the world [ex. Orleans (France), Fermilab (USA)]



Boron Neutron Capture Therapy (BNCT)Boron Neutron Capture Therapy (BNCT)

Concept proposed in 1936 by G.L. Concept proposed in 1936 by G.L. 
Locher (only 4 years after the Locher (only 4 years after the ( y y( y y
discovery of the neutron!)discovery of the neutron!)

Bring into cancer cells a nuclideBring into cancer cells a nuclideBring into cancer cells a nuclide Bring into cancer cells a nuclide 
that captures neutrons and that captures neutrons and 
disintegrates into high LET disintegrates into high LET 
fragmentsfragmentsgg

1010B is usedB is used
A il bl (20% f t l B)A il bl (20% f t l B)–– Available (20% of natural B)Available (20% of natural B)

–– Fragments of high LET and path Fragments of high LET and path 
lengths approximately one cell lengths approximately one cell g pp yg pp y
diameter (about 12 microns)diameter (about 12 microns)

–– Well known chemistryWell known chemistry
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BNCT facilities BNCT facilities 
Nuclear reactors or accelarators are Nuclear reactors or accelarators are 
used as sources of epithermal used as sources of epithermal 
neutronsneutrons
Many centers in the world, mostly for Many centers in the world, mostly for 
clinical trialsclinical trials

LimitationLimitation
Difficult to achieve Difficult to achieve 

selective localization in selective localization in 
the tumourthe tumour !
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End of part VIEnd of part VI
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