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Introduction
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Hadrontherapy
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Normal 
tissue

[Image credit: E. Sterpin, Université catholique de Louvain]

This study was conducted within the framework of innovative radiotherapy techniques,
among which Hadrontherapy stands out.

Hadrontherapy = 

charged particle irradiation

 High radiation doses to tumour cells enabled

by the Spread-Out Bragg Peak (SOBP)

produced by charged particles

 Spare surrounding healthy tissues, compared

to conventional photon radiotherapy

Well-suited for :

• pediatric tumours 

• tumours located near organs at risk



Treatment planning in Hadrontherapy

4

𝑫𝑻 = Tumour dose > 50 Gy

𝑫𝟏 = OAR 1 < 2 Gy

𝑫𝟐 = OAR 2 < 3 Gy𝑫𝟏

𝑫𝑻
𝑫𝟐

[Image credit: The Cancer Imaging Archive]

• Prescribed reference dose

(𝑫𝑻) to the tumor site

• Respecting certain dose

limits in nearby organs at

risk (e. g. 𝑫𝟏, 𝑫𝟐)

TODAY

TOMORROW
To develop treatment plans

directly based on the clinical

outcomes

Aim:

• optimize therapeutic efficacy

• minimize side effects

• develop more patient-specific

treatment plans



To quantify the 

clinical outcomes
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Tumour Control Probability (TCP)

Normal Tissue Complication Probability (NTCP)

curves

TCP

NTCP

Risk of 

complication in 

healthy tissues

Probability of 

tumour control

Hadrontherapy Aim:

 maximize TCP

 minimize NTCP

increase TCP – NTCP

gap as much as 

possible
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AIM of the study

To directly incorporate biological outcomes into hadrontherapy treatment 

planning to improve personalization and clinical effectiveness

Development of a novel approach to predict NTCP curves for late tissue 

reactions following Hadrontherapy

For rat spinal cord irradiated with:

Protons

1.4 – 5.5 keV/μm
Helium ions

2.9 – 20.7 keV/μm

Carbon ions

13 – 125 keV/μm

Monochromatic 

irradiation

Real mixed 

field

In case of:



Materials 
and 

Methods
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Experimental Data
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A portion of the rat 

spinal cord was 

irradiated

Clinical outcome: 

paresis of grade II, 

which is a late tissue 

reaction

The experimental data, obtained from the literature, were used both for parameter calibration and for the

validation of ion NTCP predictions. Further details can be found in [Karger et al., Int. J. Radiat. Onc. Biol.

Phys., 2006, 10.1016/j.ijrobp.2006.08.045].

Irradiation with:

• Photons (for parameter calibration)

• Protons

• Helium ions

• Carbon ions

for ion 

NTCP 

validation

https://doi.org/10.1016/j.ijrobp.2006.08.045


e. g. Experimental Data

Dose per fraction (Gy)

N
T

C
P

1 fx
2 fx

6 fx18 fx

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

• 2 fractions

• 6 fractions

• 18 fractions
Photon 

data 



Critical Element NTCP Model

Functional Sub-Unit (FSU) Basic unit that can 

maintain organ functionality 

Linear-Quadratic cell 

survival model (LQ)

𝑷𝒄𝒆𝒍𝒍 = 1 − S = 1 − 𝑒− α𝑛𝑑 − β𝑛𝑑2
Probability of 

killing 1 cell
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[Withers et al., Int. J. Radiat. Onc. Biol. Phys., 1988]

We selected the Critical Element NTCP model, which is based on the concept of

Functional Sub-Units (FSUs).
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𝑷𝑭𝑺𝑼 = (1 − 𝑒− α𝑛𝑑 − β𝑛𝑑2)k

Assumption:

1 FSU

=

k cells

Probability of depleting 1 FSU = 

probability of killing all its k cells

For serial organs, like

the spinal cord, the loss

of a single FSU is

sufficient to lack the

functionality of the entire

organ

N: # tot 

irradiated 

FSUs



𝐍𝐓𝐂𝐏 = 1 − (1 − 𝑃𝐹𝑆𝑈)
𝑁 = 1 − 1 − 1 − 𝑒− α𝑛𝑑 − β𝑛𝑑2

k
𝑁
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Model parameter estimation for ion NTCP 

predictions:

One set of ion α, β, k, N parameters for all the 

fractionation schemes

NTCP model that depends on only 4 parameters



k and N estimation for ion NTCP predictions

Dose per frazione (Gy)

N
T

C
P

 

18 fx 6 fx
2 fx

1 fx

Photon 

data fit
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Photon

𝜶𝑿 and 𝜷𝑿

Photon k, N 

depending only 

on tissue features 

Fixed for ion 

NTCP predictions

Photon data fitted with the 

Critical Element NTCP Model

Resulting parameters

Continuous lines = model fit

Points = experimental data



Ion α and β estimation for ion NTCP predictions 
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BIANCA

Beam axis
Primary beam

𝑯𝟐𝑶

Interface BIANCA - GEANT4

Monochromatic 

irradiation
1

Real Mixed Field2

Beam axis

𝑯𝟐𝑶

Primary beam

• Only primary beam particles at fixed energy 

were considered

In case of

• All secondary particles produced by the interaction of the 

primary beam with the water phantom were included

• The SOBP results from the superposition of Bragg peaks 

at different energies



BIANCA input

Photon 𝜶𝑿 and 𝜷𝑿
derived by fitting the 

photon data using the 

Critical Element NTCP 

model

Dataset of α 

and β for each

particle and 

LET value
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1 Monochromatic Field

Ion α and β calculated by applying BIANCA model

BIANCA: biophysical model developed by the Computational Radiobiology group of       

Pavia University  [Ballarini, Carante, Radiat. Phys. And Chem., 2016]

BIANCA output



BIANCA α and β table for each

particle, as a function of energy value
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Real Mixed Field

Ion α and β calculated by BIANCA – GEANT4 interface

GEANT4 irradiation simulation:

To reproduce the experimental

conditions and identify the secondary

particles generated

2

7 cm 13 cm

SOBP

Experimental Spread-Out Bragg Peak

(SOBP) from 7 cm to 13 cm,

reproduced by GEANT4 simulation

The ion ഥα and തβ values for the mixed field were calculated by averaging, over 

dose, the α and β values read from the BIANCA table for each energy and 

particle type produced in the GEANT4 simulation



Ion NTCP predictions
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NO free - parameters Full predictions of 

ion NTCP curves

𝐍𝐓𝐂𝐏 = 1 − 1 − 1 − 𝑒− α𝑛𝑑 − β𝑛𝑑2
k

𝑁

 Monochromatic 

Field

 Real Mixed Field 𝐍𝐓𝐂𝐏 = 1 − 1 − 1 − 𝑒− ഥα𝑛𝑑 − ഥβ𝑛𝑑2
k

𝑁

 All four parameters required for ion NTCP predictions have been estimated

k, N

from Photon data fit

α, β Monochromatic Field

from BIANCA
ഥ𝜶, ഥ𝜷 Real Mixed Field

from BIANCA-GEANT4



Results
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N
T

C
P

Dose per fraction (Gy)

Carbon ions 13 keV/μm

18 fx
6 fx

2 fx

1 fx
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Monochromatic

Field

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

Continuous lines: model predictions

Points: experimental data

• 1 fraction

• 2 fractions

• 6 fractions

• 18 fractions



Dose per fraction 

(Gy)

Helium ions 2.9 keV/μm

18 fx
6 fx

2 fx

1 fx

Dose per fraction 

(Gy)

N
T

C
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
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Monochromatic Field
[A. Casali et al., Phys. Med. Biol., 2024] Results for other 

particles and LET values



Statistical analysis
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Protons

Helium 

ions
Carbon ions

Carbon ions

p - value > 5%

p - value > 1% OK

1 Monochromatic 

Field

P-values assessing the agreement between experimental data and our approach

predictions under monochromatic ion irradiation were obtained via Monte Carlo

simulation.

In general, the proposed approach exhibits good

predictive power across the entire set of

experimental data.

Pie chart of

p-values



Statistical analysis
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< 1 %

< 5 %

< 20 %

2 Real Mixed Field

Regarding real mixed-field ion irradiation, only the percentage difference between the

monochromatic and mixed-field cases was evaluated.

=
| 𝑫𝟓𝟎

𝒎𝒊𝒙𝒆𝒅 − 𝑫𝟓𝟎
𝒎𝒐𝒏𝒐 |

𝑫𝟓𝟎
𝒎𝒐𝒏𝒐 100

Percentage

difference

𝑫𝟓𝟎
𝒎𝒊𝒙𝒆𝒅 ∶ dose at a NTCP of 50% in case of real mixed field 

𝑫𝟓𝟎
𝒎𝒐𝒏𝒐 ∶ dose at a NTCP of 50% in case of monochromatic field

Pie chart of percentage difference mixed-mono

Out of 56 datasets, 47 show NO significant difference

(< 5%) between the two scenarios. Differences > 5% but

< 20% were observed only in few C-ions cases with

high LET, where mixed-field plays an important role.



Conclusions
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Take home messages
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Integration of 

biological models 

(TCP / NTCP)

into treatment planning

To enable

patient-specific

treatment plans

BIANCA simulates also

chromosome aberrations

To predict  

stochastic effects

Strengths of 

our approach

NTCP ( k, N, α, β )

 few parameters 

 high predictive power
Advantage of using 

BIANCA over other 

biophysical models

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



Future perspectives 

 Modify the NTCP model mathematical expression to reproduce
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 Apply NTCP Critical Element 

Model + LQ model + BIANCA to

• Human data

• Other tissue reactions 

endpoints 

• Other irradiated organs

• Stochastic effects
(es. radiation-induced tumours)

• Volume Effect



Thank you for your 
attention!
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alice.casali01@universitadipavia.it

If you have any doubts, questions, or if you want more 

information, please don't hesitate to contact me


