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Adroterapia 

“hadrons are made by quarks” 

... Carbon ions = 

6 protons + 6 neutrons 

Atom  

... Protons or  

Neutrons 

quark   “u” or  “d” 

elettrons   “e”  
dal 1993 ……. 

 
Prima:  

radioterapia con particelle pesanti,  
terapia con particelle,  

neutrontherapy,  

protontherapy …. 
 
 



Adroterapia: 
  

Un pò di storia … 
                                

                                

 



Neutroni 

•  Anni 30’: primi trattamenti a Berkeley 
(Zirkle RE, Am J Cancer, 1935) 

 
 
•  10 anni dopo vengono riferiti gravi 

effetti collaterali  
      (Stone RS, Am J Roentgenol, 1948)      

                                                                             
•  Ripresa all’Hammersmith di Londra  
      (Catterall M, Br Med J, 1975) 

                                                                         
 
 



Experience w/h fast neutrons 

 
•  Soft tissue and bone sarcomas 
                         (slowly growing/well differentiated) 

•  Chondrosarcomas   
•  Melanomas    (inoperable/recurrent) 

•  Salivary glands tumours  
•  Paranasal sinuses 
•  Prostatic adenocarcinomas 
                          (locally extended/well differentiated) 



BNCT 
•  Proposta negli Anni 30’(Zirkle RE, Am J Cancer, 1935) 

 
•  Tra il 1951 e il ‘61 in USA per tumori 

cerebrali (Sweet W RS, NEJM, 1951)      

                                                                             
•  Dal 1968 in Giappone con teca cranica 

aperta (Hatanaka H, Nucl Sel Appl, 1991) 

•  “Concerted Action” della UE al 
     High Flux Reactor di Petten  
                                                                         
 
 



Protoni 
•  Proposta da Wilson nel 1946 (Radiology,  1946) 

 
•  Negli anni ‘50 primi pazienti ad 

Uppsala e a Berkeley (Sweet W RS, NEJM, 1951)      

                                                                             
•  Negli anni ‘70 primi pazienti in Russia 

ed in Giappone 

•  Nel 1990 il primo centro clinico a Loma 
Linda  

                                                                         
 
 

•  First hospital-based 
proton-therapy centre 

•  First patient: 1992  

7m  
synchrotron 



Ioni 
•  Primi pazienti nel 1975 a Berkeley 

sebbene le proprietà degli ioni fossero 
note dagli anni ‘50 

 
•  2000 pazienti con ioni elio e 500 con ioni 

neon in 20 anni  (Sweet W, NEJM, 1951)      

                                                                             
•  Nel 1994 in Giappone il primo paziente 

con ioni carbonio 
                                                                         
 
 



Experience with light ions  

at LBL 
 

1314 patients treated from 1975 to 1992 
                          
•  64% with He (low-LET), 32% with Ne (high-LET)   

•  347 uveal melanoma (He only), 194 pancreas       
(55% He), 94 chordoma (85% He), esophagus, 
biliary tract, salivary glands, paranasal 
sinuses, lung, prostate, ...... 
                        



Fast neutrons & Neon ions  

BEVALAC complex 
 (SuperHILac linear accelerator + Bevatron) 



Helium & Neon ions 

BEVALAC complex 
 (SuperHILac linear accelerator + Bevatron) 



Development of Hadrontherapy 
 

Up to day, more than 60.000  
patients have been treated. This number is 

expected to be strongly increased  
  



10 centers of hadrontherapy, 9 with protons are 
currently working in Europe  



In the next 4 years other 14 centers will be opened. 
Five will offer both proton and C-ion therapy  



Adroterapia: 
 

Un pò di razionali … 
                                

                                

 



Il nostro obiettivo 
…… 



Una nuova  
dimensione ……. 

 
 



RT Stereo Adroterapia 

Adroterapia IMRT 

Physical Selectivity 



X-ray IMRT Proton 
CTV  90% 90% 90% 
Heart  18.2 17.4 0.1 
Right lung 3.5 21.9 0.1 

Esophagous   11.9 32.1 10.2 

Stomach  3.7 20.6 0.1 

Right kidney 3.3 29.8 0.1 

Transvers colon 2.6 18.0 0.1 

Protons in pediatric tumors  

Protons 

Photons 



Biological Selectivity 

10 – 20 keV/µm = 100 – 200 MeV/cm = 

20 – 40  eV/(2 nm) 



High – LET particles 

 
•  Not related to OER 
 
•  Not related to DNA repair 
 
•  Not related to cell cycle phases 
 
•  ………………………….. 
 

 

 
Suitable for 

“radioresistant” 
tumours 

 



Before After 5 years

Retro-peritoneal rhabdomyosarcoma      



Adroterapia: 
  

Un pò di radiobiologia … 
                                

                                

 



Caratterizzazione radiobiologica 
dei fasci di adroni 



Caratterizzazione radiobiologica 
dei fasci di adroni 



 
 

Caratterizzazione radiobiologica 
dei fasci di adroni 

•  Protoni (60-250 MeV): 
 RBE assunto di 1.1 
- Caratterizzazione 
  in vitro 

 
 
•  Ioni carbonio (120-400 MeV/n):  
  RBE variabile 
- Caratterizzazione in vitro e in vivo 

 

Iso-effect 

Iso-dose 





Sperimentazione CNAO 



Cells are plated in appropriate samples (flasks and/or especially designed 
dishes) and irradiated as cell monolayer 
 
A number of sample are irradiated in 3 (for protons) or 5 (for carbon ions) 
position along the plateau and the SOBP 
 
Cells are irradiated at 5 to 7 different doses, in the dose range 0 – 8 Gy, 
depending on the cell line radiosensitivity  
 
Clonogenic cell survival curves are measured 
 
Three independent experiments are performed to evaluated the fitting curve 
parameters (a; b) by using the L-Q relation SF = exp (-aD-bD2) or linear one 
SF = exp (-aD)  and  then the RBE: 
 

RBE10 = (D10Rg /D10ione )SF=10% 
 

RBE50 = (D50Rg /D50ione )SF=50% 
 

RBE2Gy = (SFRg /SFione )D=2Gy 
 

Iso-effect 

Iso-dose 

Material and Methods 



Sperimentazione CNAO 









C-12. Mice crypt survival assay 



R. Cherubini 
INFN-LNL 
  

35 

Total body irradiation

sacrifice

3.5 days
HistologyGut Cross 

sections

Microtome 4 µm sections

Counting…

8-18 GyE

Mice crypt survival assay 
• topi femmina strain C3H/He 
di 10–12 settimane acquistate  
dalla Charles Rivers Company 



Mice crypt survival assay 



Mice crypt survival assay 



Mice crypt survival assay 



Mice crypt survival assay 
Risultati novembre 2010 
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Carbon ions (120-400 MeV/n) 
 
Prescription of biological dose 
 
- LEM (Local Effect Model) 

- NIRS Model  
       
        



Prescrip(on	
  doses	
  (GyE) 
(16	
  frac(ons,	
  4	
  frac(ons	
  per	
  week) 

Indica(on 

NIRS	
  dose CNAO	
  dose 
Opposed	
  ports Orthogonal	
  ports Single	
  port 

q.e. q.e. q.e. MC 

Cubes	
   Spheres Cubes	
   Spheres Cubes	
   Spheres 

Head	
  and	
  neck	
  non	
  mesenchymal	
  
cancer 3.6 4.2 4.15 4.2 4.15 4.2 4.15 4.19 

Skull	
  base	
  chordoma	
  and	
  
chondrosarcoma 3.8 4.35 4.3 4.35 4.3 4.35 4.3 4.33 

Head	
  and	
  neck	
  non	
  mesenchymal	
  
cancer 4 4.5 4.4 4.5 4.45 4.5 4.45 4.47 

Spinal	
  chordoma	
  and	
  chondrosarcoma 4.2 4.65 4.6 4.7 4.6 4.7 4.6 4.64 

Head	
  and	
  neck	
  sarcoma 4.4 4.8 4.7 4.8 4.7 4.8 4.7 4.75 
Bone	
  and	
  soS	
  (ssue	
  sarcoma 4.4 4.8 4.75 4.8 4.75 4.8 4.75 4.78 

NIRS – CNAO Collaboration 



Rat spinal chord tolerance 



Rat spinal chord tolerance 



Rat spinal chord tolerance 

•  Ingresso e centro SOBP da confrontare con i fotoni 

•  150 ratti (10 controllo, 50 plateau. 50 centro SOBP )  
   con 5 diverse dosi totali 

•  Follow-up necessario: 10 mesi 

•  Curve dose-risposta e calcolo ED50 per RBE 





Adroterapia: 
  

Un po’ di clinica … 
                                

                                

 



Alternative all’EBM 

Eminence 

Confidence 

Diffidence 

Providence 

Vehemence 

Eloquence 

Nervousness 



Working Group 
2003, 2008, 2009 

Estimated 15.000 new eligible patients in Italy  
 
for protons (2008) 
 
 

 
High priority 
 
 



Ref    Institutio
n  

Pts Histo RT GTV Dose , 
mean 
(CGE) 

% LC Fu 
(Months) 

Hug et al,  
1999 

LLUMC  58 C (33) 
CS 
(25) 

X+p 
 

(9%): 0 to ≤15 mL 
(12%): >15 to ≤25 
mL 
(79%): >25 Ml 

71.9  
(66.6-79.2) 
 

3 yrs:  67    (C)  
5 yrs: 59 

33 
(7-75) 

5 yrs:  79   (CS) 

 
Munzenrider et 
al, 
1999 

 
MGH 

290 C X+p NA 72 
(70 – 75.6)  

5 yrs: 73      (C)   
41 
(1-254 )   

5 yrs: 98     (CS) 229 CS 

Igaki  et al, 2004 Tsukuba 13 C X+p  (5) 
P only (8) 

33.7 mL (3.3–88.4) Median 
72.0  
(63.0 -95.0) 

3 yrs: 67.1   (C)  
5 yrs:  46.0 

69.3 
(14.6-123
.4) 

Noel  et al, 2005 CPO 100 C X+p 23 cm3  
(1 - 125 cm3) 

Median 
67.0 
(60.0-71.0) 

2 yrs: 86      (C)  
4 yrs: 53   

31  
(0-87) 

Noel et al, 2004 CPO 26 Cs X+p NA  Median 
67.0 
(22-70) 

3 yrs: 91    (CS) 
  

34   
(3-74) 

Ares C et al, 2009 PSI 42 C (42) 
CS 
(22) 

p ≤25 mL 
n=24 (C) , n= 15 (CS) 
 
> 25 mL 
n=18 (C) , n= 7 (CS) 

73.5 for C 
(67-74) 
  

3yrs: 87      (C)  
5yrs: 81    

38  
(14-92) 

68.4 for CS 
(63-74) 
 

3 yrs: 94    (CS) 
5 yrs: 94    
 

PT in Skull Base Chordomas and Chondrosarcomas  



  Protontherapy for Atypical  
and Malignant Meningiomas 

Hug E, J Neuro-Oncol ,2000  

IMPROVED  L C  with  
 
Proton-Photon:  80% at 5 yrs    
 
Vs 
 
Photon  only:  17 % at 5 yrs      
                                    

                                    (p=0.008)  



Terasawa T et al. Systematic review:  
Charged-Particle Radiation Therapy for Cancer 

Ann Intern Med 2009; 151: 556-65 



1982-1995, T3-T4, 67.2 Gy vs 75.6 Gy 
  

Shipley, IJROBP, 1995 
  

 
MGH 

 
Boston 

 
 
 
 
 First Phase III randomized trial 
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Zietman AL et al, JAMA, 2005  
 

Update at 10 years 
b-NED 

High Dose                            83.7% 
Conventional Dose              64.7% 

(P=0.0001) 

MGH & LLUMC 
 

392 patients  
with early-stage 
prostate cancer Same results of MD Anderson 

 
 phase III trial (70 vs 78 Gy) 

 
with photon EBRT 

 
Pollack A et al, IJROBP, 2002 



 
Integral Dose 

 3 times higher 
 for all  

photon’s  
techniques 

 
 

 
Weber DC et al, Radiat Oncol, 2009; 4:34 

 





Statisticamente significativo e quantitativamente  
molto rilevante diminuzione della tossicità dose 
limitante anche con un incremento della dose di 
prescrizione 



Working Group 
2003, 2008, 2009 

Estimated 7.000 patients with “radioresistant tumors” in Italy 
(2008) 
 
About 20% of these tumors should  be treated by ions 
 

 
High priority 
 
 



Malignant Head and Neck  Tumors   
NIRS experience –  Phase II Clinical  Trial  (Protocol 9602):   
 
375 patients (378 lesion treated) .  From  April 1997  to  February 2010 
 
Dose 64.0 GyE in 16 fractions over weeks  (57.4 GyE when wide area of skin  within target volumes) 

 
 

Adenocarcinoma  (N=46)                              
5 yrs LC:    79 %           5 yrs OS: 66  %   
    
Adenoid Cyctic Carcinoma (N=134)            
5 yrs  LC :   81 %          5 yrs OS 72 %  
 
Malignant Melanoma (n= 102)                  
 5 yrs LC:   78 %           5 yrs OS 36 % 
 
 

5 yrs LC : 75 % 
5 yrs OS: 54 % 

Okada T et al, J Radiat Res 2010   
Hasegawa A et al, 2010   (personal communication)  



Jingu K et al, IJROBP, July  2011 – In press 

Head and Neck  Sarcomas   



Comparison in Local Failure 
　　　 Local 

failure
Radiotherapy Dose No.pts. No.failure (%)

RTOG 9413*
Whole P + Boost 70.2Gy/39f 641 49    7.6%
Prostate only 70.2Gy/39f 638 46    7.2%

MDA Trial#
Conventional 70.0Gy/35f 150 12    8.0%

 3DCRT 78.0Gy/39f 151 7    
4.6%

Carbon 63.0~66.0/20f, 57.6/16f  545 4    
0.7%

*M.Roach III et al: JCO 21(10); p1904-1911, 2003
#A.Pollack et al: IJROBP 53(5); p1097-1105, 2002



Treatment Dose            OS* in each Risk Group**
(Gy/f) Group 2 Group 3 Group 4 

No.pts 5-y OS No.pts 5-y OS No.pts 5-y OS 

RTOG Meta analysis#

RT alone 65-70/35 443 82% 338 68% 324 52%
RT+ Hormone 114 76% 138 79% 103 63%

Carbon
RT+ Hormone 66.0/20 187 99% 186 94% 77 84%

#RTOG: Radiation Therapy Oncology Group
 Mack Roach III et al IJROBP; 47(3): 617-627, 2000

Comparison in Survival Rate 
with Results of RTOG meta analysis 

*Overall Survival Rate **Risk Group: Group 2; GS2-6, T3 or GS7, T1-2
Group 3; GS7, T3 or GS8-10, T1-2
Group 4; GS8-10, T3 



2011 



Adroterapia: 
  

Un po’ di Italia … 
                                

                                

 



Extracted beam on SFH 

October 26, 2010: Beam in Room! 



170 MeV 

160 

150 
140 

130 
120 MeV 

Beam direction 

Spead Out 
Bragg Pick 

SOBP    



T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18

1 2 2 2

2 3 3 3

2

3

1 2

2 3

Task	
  1 Calibrazione	
  della	
  Macchina	
  Acceleratrice	
  e	
  Dose	
  Delivery
Task	
  2 Dosimetria	
  Sperimentale
Task	
  3 Calibrazione	
  e	
  input	
  del	
  Treatment	
  Planning	
  (TPS)
Task	
  4 Radiobiologia	
  dei	
  Protoni
Task	
  5 Radiobiologia	
  degli	
  Ioni	
  Carbonio
Task	
  6 Trattamenti	
  dei	
  Pazienti	
  con	
  Protoni
Task	
  7 Trattamenti	
  dei	
  Pazienti	
  con	
  Ioni	
  Carbonio

1 3

Durata	
  del	
  Progetto	
  (Mesi)

Trattamenti	
  dei	
  pazienti	
  con	
  Ioni	
  
Carbonio

Trattamenti	
  dei	
  Pazienti	
  con	
  Protoni
Trattamenti	
  dei	
  Pazienti

	
  con	
  Ioni	
  Carbonio

Trattamenti	
  
dei	
  Pazienti	
  
con	
  Protoni

Trattamenti	
  dei	
  Pazienti	
  
con	
  Ioni	
  Carbonio

1 3 5 5 5

41 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Sala	
  1
Fascio	
  Orizzontale

Sala	
  3
Fascio	
  Orizzontale

Sala	
  2
Fascio	
  Orizzontale

e	
  Verticale

Time Plan (mesi) 

Room 1 

Room 2 

Room 3 

Carbon 

Protoni Carbonio 

Carbonio Protoni 

Syncrotron Check and Dose delivery 

Experimental Dosimetry 

TPS Check and Input 

Proton Radiobiology 

Carbon Radiobiology 

Proton Treatment 

Carbon Treatment 

12 Luglio 

Carbonio 

Audizione CSS 





Chondrosarcoma G2  

Base of Skull 
  



Chondrosarcoma G2  



Maschera termoplastica con bite e marker riflettenti agli IF 
Maschera non traforata in corrispondenza dell’ingresso del fascio 



Contornamento con image fusion TC/RM 
                                               T1 post gadolinio 

sequenze in T2 



Dose di prescrizione:  
 
70 Gy (RBE) in 35 sedute da 2 Gy (RBE) 
 
Constraints: 
 
Tronco encefalico : superficie 64 Gy (RBE) 
– centro 53 Gy (RBE) 
Chiasma ottico:  dose massima 56 (RBE) 
dose media 50 (RBE) 
Nervo ottico: dose massima 54 (RBE) dose 
media 50 (RBE) 



Dosi pesate 
con RBE 
costante di 
1.1 



22 Settembre 2011 



Verifica st-up mediante sistema optoelettronico 



Verifica (qualitativa ) mediante 
PET di auto attivazione off-line 



Prima 
settimana 

Fine 
trattamento 

Quarta settimana 

Non sono 
apprezzabili 
variazioni 
significative di 
ADC in corso 
di terapia 



Dose  
74 Gy 
(RBE)  

Chordoma  





Adroterapia: 
  

Un po’ di cose da fare … 
                                

                                

 



T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18

1 2 2 2

2 3 3 3

2

3

1 2

2 3

Task	
  1 Calibrazione	
  della	
  Macchina	
  Acceleratrice	
  e	
  Dose	
  Delivery
Task	
  2 Dosimetria	
  Sperimentale
Task	
  3 Calibrazione	
  e	
  input	
  del	
  Treatment	
  Planning	
  (TPS)
Task	
  4 Radiobiologia	
  dei	
  Protoni
Task	
  5 Radiobiologia	
  degli	
  Ioni	
  Carbonio
Task	
  6 Trattamenti	
  dei	
  Pazienti	
  con	
  Protoni
Task	
  7 Trattamenti	
  dei	
  Pazienti	
  con	
  Ioni	
  Carbonio

1 3

Durata	
  del	
  Progetto	
  (Mesi)

Trattamenti	
  dei	
  pazienti	
  con	
  Ioni	
  
Carbonio

Trattamenti	
  dei	
  Pazienti	
  con	
  Protoni
Trattamenti	
  dei	
  Pazienti

	
  con	
  Ioni	
  Carbonio

Trattamenti	
  
dei	
  Pazienti	
  
con	
  Protoni

Trattamenti	
  dei	
  Pazienti	
  
con	
  Ioni	
  Carbonio

1 3 5 5 5

41 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Sala	
  1
Fascio	
  Orizzontale

Sala	
  3
Fascio	
  Orizzontale

Sala	
  2
Fascio	
  Orizzontale

e	
  Verticale

Time schedule (months) 

Room 1 

Room 2 

Room 3 

Carbon 

Proton Carbon 

Carbon Proton 

Syncrotron Check and Dose delivery 

Experimental Dosimetry 

TPS Check and Input 

Proton Radiobiology 

Carbon Radiobiology 

Proton Treatment 

Carbon Treatment 

October 2011 

March 2012 



ITALIAN NETWORK 

INTERNATIONAL 
NETWORK 



 

University of Milan, Milan 

University of Pavia, Pavia  

European Institute of Oncology, IEO, Milan 

San Matteo Foundation & Policlinic Hospital, Pavia 

Istituto Nazionale Tumori, INT, Milan 

Neurological Institute Besta, Milan 

Policlinicic Foundation & Hospital, Milan 

           ……………………………………………………. 

 

National CNAO clinical links 



 

 

ROL, Cancer Network in Lumbardy 

Alliance against Cancer 

Italian Network of Rare Tumors 

AIRO (National Society of Radiation Oncology) 

Other Scientific Societies 

 

 

National CNAO clinical links 

Creazione   
 
Centri Regionali  

di Riferimento 
 



Grazie ! 


