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DNA breaks clustering into radiation-induced foci 
predicts cell death for a broad range of radiation quality

Context

Methods

Results

o Space radiation 
environment and particle 
therapy exposes healthy 
tissues to high charge and 
energy (HZE) ions that 
have a broad range of 
linear energy transfer 
(LET)

o High LET ions induce 
complex clusters of DNA 
double-strand breaks 
(DSB)

o Repair proteins form 
Radiation-Induced Foci 
(RIF) at site of breaks

o Clustered DNA DSB 
promote cell death

DSB simulation
o Track structure simulation with 

Monte Carlo tool RITRACKS [2]
o DSB calculation with RITCARD 

[3,4]
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Objectives
o A mathematical formalism predicting cell death based on the clustering of DSB at sub-micrometer scale due to chromatin 

movement is validated for five normal human cell lines [1].
o The model is used to predict the effect of change in nuclear and beam geometry on cell death
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Simulation set-up
o 1000 simulated cell nuclei for each condition below 
o 𝐷 ∈ [0.25-2] Gy for ions and [0.25-6] Gy for photons
o Z = 1, 2, 6, 8, 10, 14, 18, 22, 26, and Cs-137
o E = 5, 10, 50, 100, 200, 400, 800, 1000, 1600 MeV/n

o 𝐷: irradiation dose
o 𝑁𝑐𝑒𝑙𝑙: total number of cells
o 𝛾 parameter
o 𝑛𝑐𝑜𝑚𝑏,𝑖 𝐷 : number of combinations for cell 𝑖

o 𝑛𝑖,𝑗: number of RIF containing 𝑗 DSB for cell 𝑖

o 𝐶𝑙𝑚𝑎𝑥,𝑖: maximum DSB within a RIF for cell 𝑖

o Example: a cell 𝑖 contains 
7 RIF: 4 RIF with 1 DSB, 2 RIF 
with 2 DSB, 1 RIF with 5 DSB.
𝑛𝑐𝑜𝑚𝑏 = 2 × 𝐶2

2 + 1 × 𝐶2
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𝑛𝑐𝑜𝑚𝑏 = 2 × 1 + 1 × 10 = 12

DSB clustering into RIF
o The cell nucleus is divided in 

cubical repair domains of side 
length 𝑑𝑑𝑜𝑚 (parameter)

o DSB within a cubical domain 
cluster together inside a RIF

Definitions
o < 𝑛𝐷𝑆𝐵 > ,< 𝑛𝑅𝐼𝐹 >,< 𝑛𝑐𝑜𝑚𝑏 >: average number of DSB, RIF or comb. per cell
o 𝑃(𝑛𝐷𝑆𝐵), 𝑃(𝑛𝑅𝐼𝐹), 𝑃(𝑛𝑐𝑜𝑚𝑏): cellular distribution of DSB, RIF or comb.
o 𝑃𝑠𝑢𝑟𝑣 𝐷 = exp(−𝛼𝐷 − 𝛽𝐷2) and 𝑅𝐵𝐸10% = 𝐷𝛾 𝑃𝑠𝑢𝑟𝑣 = 10% /𝐷𝑖𝑜𝑛(𝑃𝑠𝑢𝑟𝑣 = 10%)

Experimental data
o RIF per cell: 30 min to 1h post irradiation; cell lines: HSF42 [5], AG01522 [6], 

MRC5 [7], Lymphocyte [8,9], MCF10A [10-12], VH10 [13], NHDF-Neo [14] 
o Survival: cell line: HE, calibration: 𝑑𝑑𝑜𝑚 = 0.9 µm and 𝛾 = 0.063 [15-17]

𝑃𝑠𝑢𝑟𝑣 predicted by number of pairwise comb. of 
DNA DSB in RIF  for 5 cell lines HE [15-17] and 
AG1522, HF19, HSF, NB1RGB [18] (not shown)

< 𝑛𝐷𝑆𝐵 > ,< 𝑛𝑅𝐼𝐹 >,< 𝑛𝑐𝑜𝑚𝑏 >

depend on nuclear geometry 
but not on beam geometry

< 𝑛𝑅𝐼𝐹 > reproduces 
experimental data [5-14] 
(LET and dose saturation)

𝑃(𝑛𝐷𝑆𝐵), 𝑃(𝑛𝑅𝐼𝐹), 𝑃(𝑛𝑐𝑜𝑚𝑏)

depend on nuclear and 
beam geometry for high LET

𝑃𝑠𝑢𝑟𝑣 depends 
nuclear and 
beam geometry
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