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Spread-Out Bragg Peak
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Extrapolation of Proton Therapy Models 

Space Radiation for Astronauts
Biological risks: cancer, cardiovascular diseases, central 
nervous system damage, and other degenerative effects.

Radiation
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(mainly, cell death and chromosome 
damage)
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Space Radiation in free space
Galactic Cosmic Rays (GCR) 

    
87 % protons 12 % He-ions

1 % Heavy-ions

Maximum Dose Rate = 0.5 mGy/day 10
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Research in Pavia

“Incorporation of dose-rate effects into the BIANCA biophysical 
model and application for space radiation risk assessment”

ARES project
Istituto Nazionale di Fisica Nucleare

which investigates the biological risks associated with space 
radiation exposure of astronauts.
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Linear Energy Transfer (LET) 
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Radiation Type Recommended 
RBE

Range

1 to 5 MeV 
neutrons

6.0 4-8

5 to 50 MeV 
neutrons 
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Heavy ions 2.5 1-4

Protons > 2 MeV 1.5 -

NCRP recommendations on the RBE values 
for non-cancer effects.

Fixed values 18
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Main assumption: DNA “critical lesions” lead to chromosome 
aberrations, and some chromosome aberrations (e.g., dicentrics) lead to 
cell death

Energy 
deposition

DNA «Critical 
Lesions» (CL)

Lethal 
chromosome 

aberrations (f)

Cell death

BIANCA model developed in Pavia 
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Linear-quadratic cell survival model
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Linear-quadratic cell survival model

S(Di) = exp -(αiDi + βiDi
2)
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Linear-quadratic cell survival model

S(Di) = exp -(αiDi + βiDi
2)

Prediction for
Different LET
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Example of radiobiological database for V79:

Cell death for each ion and LET:

BIANCA model

S(Di) = exp -(αiDi + βiDi
2)
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Lea-Catcheside Model S(Di) = exp -(αiDi + G(µT) * βiDi
2)

23



Lea-Catcheside Model S(Di) = exp -(αiDi + G(µT) * βiDi
2)

High-dose-rate fractions
1 Gy Triple fraction

1/3 Gy ∆T ∆T 
1 2 3

X Gy n fraction

X/n Gy ∆T 
1 2 n 

….

23
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Lea-Catcheside Model S(Di) = exp -(αiDi + G(µT) * βiDi
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Continuous low-dose rate
T 
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Lea-Catcheside Model S(Di) = exp -(αiDi + G(µT) * βiDi
2)

Continuous low dose rate → G

T is the irradiation duration

μ is the DNA repair rate constant

T 
Continuous low-dose rate
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Example of radiobiological database for V79:

Cell death for each ion and LET:

BIANCA (αi,βi) + Lea-Catcheside

S(Di) = exp -(αiDi + G(µT) * βiDi
2)
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VOXEL
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Particle Transport Code 
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BIANCA (αi,βi) + Lea-Catcheside
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BIANCA (αi,βi) + Lea-Catcheside

VOXEL

RBE= Dx/D
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SPE: DOSE and RBE calculations

Male and female 
ICRP phantoms
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Model validation

Irradiation of AG01522 human 
fibroblast cells with different dose 
fractionations 
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Model validation

Irradiation of AG01522 human 
fibroblast cells with different dose 
fractionations 

combined with experimental data 
from the literature
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Lea-Catcheside Model validation
AG01522 human fibroblast cells irradiated at the CNAO center, 0.70 keV/µm proton 
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AG01522 human fibroblast cells irradiated at the CNAO center, 0.70 keV/µm proton 

Lea-Catcheside Model validation

Green gamma-ray acute irradiation obtained in this 
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 —  Coefficient β was modified 
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      Double fraction experimental data 

Green gamma-ray acute irradiation 
are also reported for comparison.

       Single fraction experimental data
 —  Coefficients α and β for single 
fraction irradiation using BIANCA

 —  Coefficient β was modified 
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