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Paresis grade II
Late tissue 

reaction

[Karger et al., Int. J. Radiat. Onc. Biol. Phys., 2006]

Experimental Data



Experimental photon data

Dose per fraction (Gy)

N
TC

P
1 fx

2 fx
6 fx18 fx

[Karger et al., Int. J. Radiat. Onc. Biol. Phys., 2006] 20
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Mechanistic

[Withers et al., Int. J. Radiat. Onc. Biol. Phys., 1988]
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18 fx 6 fx
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Photon 

data fit

22

Photon k, N fixed 

for ion NTCP 

predictions

𝜶𝑿 e 𝜷𝑿

[A. Casali et al., Phys. Med. Biol., 2024]
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23

Real Mixed

Field

Real Mixed Field

Beam axis

𝑯𝟐𝑶

Primary beam

BIANCA-Geant4 

interface

[in collaboration: GEANT4INFN project]
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Monochromatic 

Field

BIANCA
[Ballarini, Carante, Radiat. Phys. And Chem., 2016]

Table of α and 

β for several 

particles and 

LET values

LET [keV/μm] = 

Stopping power
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Real Mixed Field
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NO free - parameters
Full predictions of 

ion NTCP curves

Real Mixed Field

𝐍𝐓𝐂𝐏 = 1 − 1 − 1 − 𝑒− ഥα𝑛𝑑 − ഥβ𝑛𝑑2 k
𝑁
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Carbon ions 66 ± 6 keV/μm (≅ 375 𝑀𝑒𝑉)

18 fx

6 fx

2 fx

1 fx

N
T

C
P

Dose per fraction (Gy)
[Karger et al., Int. J. Radiat. Onc. Biol. Phys., 2006]

[A. Casali et al., European 

Physical Journal Special Topics., 

submitted, 2025]



Dose per fraction (Gy)

Helium ions 𝟗. 𝟒−𝟏.𝟒
+𝟎.𝟔 keV/μm

(≅ 90 𝑀𝑒𝑉)

18 fx

6 fx

2 fx

1 fx

N
T

C
P

Dose per fraction (Gy)

Carbon ions 45 keV/μm

(≅ 600 𝑀𝑒𝑉)
18 fx

6 fx

2 fx 1 fx

Dose per fraction (Gy)

Protons 2.7 ± 0.1keV/μm

(≅ 19 𝑀𝑒𝑉)

18 fx

6 fx
2 fx 1 fx

30

For other particles and LET values
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Carbon ions 10 keV/μm

(≅ 5500 𝑀𝑒𝑉)

Carbon ions 80 keV/μm

(≅ 285 𝑀𝑒𝑉)

1 fx

1 fx
4 fx 4 fx

32
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Validation limited to one dataset

Multiple parameter sets fit the data
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Stochastic effects
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[A. Casali et al., Phys. Med. Biol., 2024]

[A. Casali et al., European Physical Journal Special Topics., submitted, 2025]

Worth implementing to make 

it as general as possible

e.g. radiation-induced

tumours
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[Image credit: Grant et al., BioMed research international. (2014), 389048. 10.1155/2014/389048]

Proton Spread 

Out Bragg Peak
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[Image credit: H. Rocken, Vrian Medical Systems]
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Lyman – Kutcher - Burman (LKB) model

Phenomenological

Assumptions:

Uniform dose 

distribution

Day 1 Day 2 Day 3

𝐷50(𝑉) = 
 𝐷50(1) 

𝑉𝑛
Power law

N
T

C
P

 (
%

)
Total Dose (Gy)

𝑫𝟓𝟎

t(D,V) = 
𝐷 − 𝐷50(𝑉) 

𝑚 𝐷50(𝑉)
where

NTCP(D,V) = 
𝟏

𝟐𝝅
∞−׬

𝒕
𝒆𝒙𝒑 −

𝒙𝟐

𝟐
𝒅𝒙

NTCP

[J. T. Lyman, Radiat. Res., 1985]



NTCP(𝒅𝒊, 𝒗𝒊) = 𝟏 −  ς𝒊=𝟏
𝒎 𝟏 − ( 𝒆−𝒌𝒆−𝜶𝒏𝒅𝒊−𝜷𝒏𝒅𝒊

𝟐

)𝒔
𝒗𝒊 𝟏/𝒔

Relative Seriality model

Phenomenological / Mechanistic

[P. Källman, Int. J. Radiat. Biol.,1992]

Parallel organ s → 0Serial organ s = 1

𝑃(𝑑𝑖)𝐹𝑆𝑈 = 

= 1 − ෑ

𝑖=1

𝑚

1 − 𝑃(𝑑𝑖)𝐹𝑆𝑈
𝑣𝑖

𝑃(𝑑𝑖)𝐹𝑆𝑈 = 

= 1 − exp ෍

𝑖=1

𝑚

𝑣𝑖𝑃(𝑑𝑖)𝐹𝑆𝑈



Total Dose (Gy)

N
T

C
P

 (
%

)
Split field 

8 mmHomogeneous 

single field 

8 mm

Brain

4 mm

4 mm

12 mm{

Brain

8 mm

Homogeneous 

single field 

4 mm

Brain

20 mm

Total Dose (Gy)

N
T

C
P

 (
%

)

Brain

4 mm

Brain

+

[Bijl et al., Int. J. Radiation Oncology Biol. Phys., 2003]

Bath

4 Gy

Bath and 

Shower

Shower



Shirato model

𝐍𝐓𝐂𝐏 = 1 − 1 − 1 −  𝑒− α𝑛𝑑 − β𝑛𝑑2 k
𝐿

𝐿1Critical Element 

model

{𝑳𝟏

N

𝐍𝐓𝐂𝐏 =

= 1 − 1 − 1 −  𝑒− α𝑛𝑑 − β𝑛𝑑2
𝟏 −  𝒆 − 𝜶𝒏𝒅 − 𝜷𝒏𝒅𝟐 𝑵∙𝑰

k
𝐿

𝐿1

Prob. to kill 1 cell

Migration term

[Shirato et al., Radiotherapy and Oncology, 1995]



N
TC

P

Dose per fraction (Gy)

Carbon ions 13 keV/μm

18 fx
6 fx

2 fx

1 fx

Monochromatic 

Field

[A. Casali et al., Phys. Med. Biol., 2024]



Dose per fraction (Gy)

Helium ions 2.9 keV/μm

18 fx
6 fx

2 fx

1 fx

Dose per fraction (Gy)

N
TC

P

Carbon ions 99 ± 13 keV/μm

18 fx

6 fx

2 fx 1 fx

Dose per fraction (Gy)

Protons 𝟓. 𝟓−𝟎.𝟔
+𝟏.𝟔

keV/μm

18 fx

6 fx

2 fx

1 fx

Monochromatic Field
[A. Casali et al., Phys. Med. Biol., 2024]



Statistical analysis

< 1 %

< 5 %

< 20 %

2

| 𝑫𝟓𝟎
𝒎𝒊𝒙𝒆𝒅 − 𝑫𝟓𝟎

𝒎𝒐𝒏𝒐 |

𝑫𝟓𝟎
𝒎𝒐𝒏𝒐   100

C ions high LET

Real Mixed Field

47 / 56 NOT significant 

difference mono - mixed



MC simulation for p-values

Number of irradiated rats 

for a certain dose level

NTCP with Critical 

Element Model

1. NTCP simulated experimental data: 

2. N repeated extractions

Binomial 

distribution
b (x; n, p) x / n = NTCP 



MC simulation for p-values

4. Count χ𝑅𝑠𝑖𝑚

2 > χ𝑅𝑠𝑝𝑒𝑟𝑖𝑚

2 (c)

3. 𝛘𝐑
𝟐 between simulated NTCP and NTCP predicted with the model 

5. Divide c for the repetition number (N) P-value



P-values p - value > 5%



Incomplete Beta Function 𝐼𝑝 𝑥, 𝑛 − 𝑥 + 1 = ෍

𝑘=𝑥

𝑛
𝑛

𝑘
𝑝𝑘(1 − 𝑝)𝑛−𝑘

෍

𝑘=𝑥

𝑛
𝑛

𝑘
𝑝1

𝑘(1 − 𝑝1)𝑛−𝑘 =
1 − 𝐶𝐿

2

෍

𝑘=0

𝑥
𝑛

𝑘
𝑝2

𝑘(1 − 𝑝2)𝑛−𝑘 =
1 − 𝐶𝐿

2

Clopper-Pearson

equations

x = n. rats with paresis

n = n. irradiated rats

X = 0 𝑝1 = 0 𝑝2 = 1 −
𝑛

1 − 𝐶𝐿

X = 1 𝑝1 = 
𝑛

1 − 𝐶𝐿 𝑝2 = 1 



Statistical analysis

Photon fit 

χ𝑅
2 = 0.49

p-value = 89.5 %

α/β k ∙ N

Best-fit parameters

2.40 Gy               

1.70 Gy                      4.90 Gy      4.5 ∙ 106 cell                 45 ∙ 106 cell      

27 ∙ 𝟏𝟎𝟔 cell   



RBE (different outcome levels)

Carbon ions 1 fraction Carbon ions 2 fractions Carbon ions 6 fractions

RBE with NTCP = 0.5

RBE with NTCP = 0.01

Cell survival RBE



RBE (cfr LEM)
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