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Disclaimer 

 Research and development funds from ViewRay 
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Learning objectives 

 Linear-quadratic model as basis for RBE modeling 

 Parameters 

 Isoeffective RBE definition  

 

 Differences in RBE modeling between proton and carbon ions 

 Fragmentation  

 RBE prediction for carbon ions  

 

 Uncertainties in RBE modeling 

 Origin, impact and analysis 

 Variance-based uncertainty and sensitivity analysis 
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Relative biological effectiveness (RBE) 
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Relative biological effectiveness: 

 C6+ 
(p+) 

𝑅𝑊𝐷 = 𝑹𝑩𝑬 ⋅ 𝑑𝑝 

𝑅𝑊𝐷 = 𝑹𝑩𝑬 𝛼𝑝(… ), 𝛽𝑝(… ), 𝛼𝑥, 𝛽𝑥 , 𝑑𝑝 ⋅ 𝑑𝑝 

RBE-weighted dose: 



Differences between p+ and C6+ 
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Fragmentation 

C6+ p+ 

Kamp et al., IJROBP 2015 Courtesy of K. Parodi and G. 
Dedes, LMU Munich 



Influence of fragmentation on RBE and RWD  
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C6+ 

Kamp et al., IJROBP 2015 

 Accounting for 

fragmentation reduces 

RBE 

 It is crucial: 

underestimation of 

needed dose of up to 

30% without 

fragmentation 

 

 General: RBE is a main 

factor for carbon ion RT 

 



Uncertainties in RBE modeling  

 

 

 Many factors: 

 Determination of radiosensitivity parameters 

 Validity of the LQ-model 

 Extrapolation from in-vitro experiments to the 

human body 

 Uncertainties in the biological models and their 

parameters / assumptions 

 … 

 Every model is wrong, some are usefull* 
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68.3% confidence interval of the fit 

Experimental data courtesy of D. Habermehl 
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*George Box, https://en.wikipedia.org/wiki/All_models_are_wrong 



Example: Impact of uncertainties 
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constant 

Change one biological modeling (Σ/Σ𝑋) parameter by 10% 

PTV 
(target) 

optical 
nerve 

dRBERWD 

5% deviation in RWD 

C6+ 

 Multi-field biological 

optimization with RMF 

model for carbon ion RT 

  (𝛼𝑋/𝛽𝑋) = 2 Gy 

 

 



Uncertainty and sensitivity analysis 
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Teaser 

 All RBE model predictions are uncertain  

 Uncertainty and sensitivity analysis 

mostly done by changing one parameter 

at a time in the model.  

 Variance-based uncertainty and sensitivity 

analysis to combine „physical“ uncertainties in  

 range 

 setup (isocenter shifts) 

 with uncertainties in RBE prediction originating 

from: 

 𝜶𝑿 and 𝜷𝑿 (or (𝜶𝑿/𝜷𝑿) ) 

 RBE model input parameters 

e.g. Böhlen et al., PMB 2012 



Variance-based uncertainty analysis 

10 

Add uncertainites to treatment planning 

 Execute RWD calculation many 

times (103-104) with randomly and 

simultaneously changed: 

 Isocenter  

 Range 

 Biological model parameters 

 

 Requirements: 

 Fast RBE model execution given 

changed input* 

 Fast RWD calculation 

p+ 

Hofmaier et al., conditionally accepted Med. Phys. 

*e.g. Wedenberg et al. Acta Oncol, 2013 , or RMF model 
as described in Kamp et al. PMB, 2017 



Variance-based sensitivity analysis 
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Break down resulting uncertainties  
into impact of the input uncertainties 

Biology 
Setup 

Missing sectors of pie chart:  
Interactions between different uncertainties 

Preliminary results, courtesy of Jan Hofmaier, LMU Munich 
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 RBE for proton therapy 

 See other talks in this session 
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