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1. Rationale for Hadrontherapy 

•   Physics Rationale 

► Small lateral scattering 
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Kraft, Prog Part Nucl Phys 45 (2000) 
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► Inverse depth-dose profile (Bragg-peak) 
Kraft, Prog Part Nucl Phys 46 (2001) 



1. Rationale for hadrontherapy 

•   Physics Rationale: Active beam shaping (12C6+) 
Haberer et al., NIM A 330 (1993) √ Inverse depth-dose profile (Bragg-peak) 

√ Small lateral scattering 
► 2D steering by magnetic deflection 



1. Rationale for hadrontherapy 
•   Physics Rationale 

Clivus chordoma at the base of the skull 

      Depth 



1. Rationale for hadrontherapy: carbon ions 

•   Localized dose = better sparing of organs at risk 
GSI Nachrichten (1999) ► Before and 6 weeks after radiotherapy with 12C 

Before After 



1. Rationale for hadrontherapy 



1. Rationale for hadrontherapy 

►Combined factors 
allow  
 very high tumor-
conformation, 
therefore enabling the 
irradiation of 
inoperable tumors 
growing in 
 close vicinity to  
 organs at risk 

Carbon ions, 2 portals IMRT, 9 portals 

 Tumor, 95 % of maximum dose 

Brain stem, critical organ, very radiosensitive 
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•   Localized dose = better sparing of organs at risk 



  Some evidence of advantages of PT over state-of-the-art X-rays 

Two-field intensity modulated PT                 Volumetric intensity modulated arc therapy    

Low-grade glioma, female, 38 y.o.: dose reduction accepted as being 
clinically relevant  

van der Weide et al., Radiother 
Oncol (2020) 



IMRT – 
intensity 

modulated 
radiation 

therapy 

Pediatric medulloblastoma: Dose to 50% of the heart volume was 
reduced from 29.5% for IMRT to 0.5% for protons 

Clair et al., 
IJROBP (2004) 

PT   

  Some evidence of advantages of PT over state-of-the-art X-rays 



1. Rationale for hadrontherapy 

•   Radiobiological Rationale: Ionization density 

√ Inverse depth-dose profile (Bragg-peak) 
√ Small lateral scattering 
√ 2D steering by magnetic deflection 
► Increased ionization density only at       
      Bragg peak 
 

Krämer and  Kraft, Radiat Environ Biophys 38 (1994) 



1. Rationale for hadrontherapy  

•   Radiobiological Rationale: RBE 

√ Inverse depth-dose profile (Bragg-peak) 
√ Small lateral scattering 
√ 2D steering by magnetic deflection 
► Increased ionization density only at       
      Bragg peak 
 

K.-Weyrather and Debus, Clin Oncol 15 (2003) 

► Increased relative biological effectiveness 
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1. Rationale for hadrontherapy  



1. Rationale for hadrontherapy: X-rays vs protons vs carbon ions   



1. Rationale for hadrontherapy 

►HIT - Heidelberg Ion-beam Therapy centre 

•   Better outcomes of inoperable tumors in dedicated hospital 

► Rotating gantry in operation 
► Dedicated hospital facility in operation 
► Aim: 1000 patients / year 



1. Rationale for hadrontherapy 

►Less complicated: proton therapy center (cyclotron instead of synchrotron) 

•   Better outcomes of inoperable tumors in dedicated hospital 



1. Rationale for hadrontherapy 
•   A proton therapy facility in Portugal? 



1. Rationale for hadrontherapy 
•   A proton therapy facility in Portugal? 



2. Rationale for imaging in hadrontherapy 



3. In-beam PET: Near future 
Monitoring other species 

•  Protons (p+): •  Helium-3 (He2+): 

Protons: Parodi et al., IEEE Trans Nucl Sci 52 (2005) 
Helium: Fiedler et al., IEEE Trans Nucl Sci 53 (2006) 

- Proton and helium: only target activation 

•  Carbons (C6+): 

Activity 

Photons: Enghardt et al., Phys Med Biol 51 (2006) 



3. In-beam PET: monitoring proton therapy 
•  Consortium between PETsys Electronics (Lisbon), LIP (Lisbon & Coimbra), 

ICNAS-UC, IST, Un. Texas at Austin, USA, MDACC (Houston), USA 

Coincidence time resolution of 200 ps FWHM 
(corresponds to Gaussian with 3 cm FWHM) 



4. Prompt-gamma imaging: the concept 

Provides real-time images of selected 
region without rotation of beam source. 

Image with prompt 
gammas “stops” at beam 
range 

•  Collaboration between LIP (Lisbon & Coimbra), UC, IST, FCUL, LMU Munich, 
Germany, TU Delft, The Netherlands (running proton therapy facility 



4.1 Change of brain density due to fractionated RT 
4. Prompt-gamma imaging: feasibility study 
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4.1 Change of brain density due to fractionated RT 
4. Prompt-gamma imaging: feasibility study 

 (Cambraia Lopes et al Physica Medica 2018) 
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