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How much damage? 
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Volume 
Effect
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Parallel organs



XL cycle                                            alice.casali01@universitadipavia.it                                      Alice Casali

Parallel organs

1 FSU
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Parallel organs
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Serial organs



XL cycle                                            alice.casali01@universitadipavia.it                                      Alice Casali

Parallel organs

1 FSU

Serial organs

< critical length
( ≅ 8 mm )
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[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2002]
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[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2002]



[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2002]
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LESS volume
MORE radiation tolerance
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Model Volume
Effect



Shirato model

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

Biological parameters 
from fit
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Shirato model

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

Biological parameters 
from fit

Limited validation

Parameter degeneracy
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None of the existing models is 

capable of describing the volume 

effect in serial organs.

       - Van der Kogel
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Why ? 
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Predict
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UnderstandPredict
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UnderstandPredict
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How ? 
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Single 
length

l > 8 mm

NO 
volume effect
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Normalized dose 

Irradiated length (mm)

1
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Normalized dose 

Irradiated length (mm)

1
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Normalized dose 

Irradiated length (mm)

1 l = 10 mm
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Normalized dose 

Irradiated length (mm)

1 l = 10 mm
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Critical Element Model
[Withers et al., Int. J. Radiat. Onc. Biol. Phys., 1988]
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Critical Element Model

𝐏𝐜𝐞𝐥𝐥 = 1 − S = 1 −  e−α𝑖nd −β𝑖nd2

[Withers et al., Int. J. Radiat. Onc. Biol. Phys., 1988]
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𝐏𝐜𝐞𝐥𝐥 = 1 − S = 1 −  e−α𝑖nd −β𝑖nd2

Critical Element Model
Linear – quadratic 

model 

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

i = i-th particle type
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𝐏𝐜𝐞𝐥𝐥 = 1 − S = 1 −  e−α𝑖nd −β𝑖nd2

Critical Element Model
Linear – quadratic 

model 

1 FSU = 
t cells

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

i = i-th particle type 
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𝐏𝐜𝐞𝐥𝐥 = 1 − S = 1 −  e−α𝑖nd −β𝑖nd2

𝐏𝐅𝐒𝐔 =  1 −  e−α𝑖nd −β𝑖nd2
 

t

Critical Element Model
Linear – quadratic 

model 

1 FSU = 
t cells

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

i = i-th particle type 
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𝐍𝐓𝐂𝐏 = 1 - 𝑃0 =
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𝐍𝐓𝐂𝐏 = 1 - 𝑃0 =

   = 1 −  1 −  1 −  e−α𝑖nd −β𝑖nd2
 

t
 

N
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N = 
l

lFSU

l𝐥𝐅𝐒𝐔

𝐍𝐓𝐂𝐏 = 1 - 𝑃0 =

   = 1 −  1 −  1 −  e−α𝑖nd −β𝑖nd2
 

t
 

N
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N = 
l

lFSU

l𝐥𝐅𝐒𝐔

𝐍𝐓𝐂𝐏 = 1 - 𝑃0 =

   = 1 −  1 −  1 −  e−α𝑖nd −β𝑖nd2
 

t
 

N
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Model parameters
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Model parameters

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

[A. Casali et al., Phys. Med. Biol., 2024]
t = num. cells in 1 FSU

Photon  NTCP  data
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Model parameters

𝒍𝑭𝑺𝑼 t

β𝒊α𝒊

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

[A. Casali et al., Phys. Med. Biol., 2024]
t = num. cells in 1 FSU 

Photon  NTCP  data
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Model parameters

𝒍𝑭𝑺𝑼 t

β𝒊α𝒊
Photon 
NTCP 
data

G4 – BIANCA
interface 

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

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

[A. Casali et al., Eur. Phys. J. Spec. Top., 2026]

t = num. cells in 1 FSU 
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Dose per fraction (Gy) Dose per fraction (Gy)

N
T
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) 
(%

)
Protons 3.9 ± 0.2 keV/μm Helium ions 𝟗. 𝟒−𝟏.𝟒

+𝟎.𝟔 keV/μm

1 fx 1 fx2 fx 2 fx6 fx 6 fx

18 fx

18 fx

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

N
T
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P
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) 
(%

)
Carbon ions 45 keV/μm Oxygen ions 26 keV/μm

1 fx 1 fx2 fx 2 fx

6 fx

18 fx

6 fx

18 fx

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

Volume
effect in 

serial 
organs
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Dose (Gy)
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) Critical 
Element 
Model

2 mm

4 mm
8 mm

20 mm
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Single 
length

Volume
effect

l > 8 mm l < 8 mm

NO 
volume effect



XL cycle                                            alice.casali01@universitadipavia.it                                      Alice Casali

Normalized dose 

Irradiated length (mm)

1
ex. 

l = 4 mm 

Nominal profile
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Normalized dose 

Irradiated length (mm)

1
ex. 

l = 4 mm < 𝑙𝐹𝑆𝑈

Nominal profile 
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Normalized dose 

Irradiated length (mm)

1

Nominal profile 

Real profile
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Normalized dose 

Irradiated length (mm)

1

Nominal profile 

Real profile 
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Normalized dose 
1

Irradiated length (mm)
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Normalized dose 
1 4 mm

Irradiated length (mm)



XL cycle                                            alice.casali01@universitadipavia.it                                      Alice Casali

Normalized dose 
1

Effective length
≅ 0.7 mm

4 mm

Dose D

Irradiated length (mm)
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Normalized dose 

Irradiated length (mm)

1

Effective length
≅ 0.7 mm

4 mm

Dose D

1 FSU
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Normalized dose 

Irradiated length (mm)

1

Effective length
≅ 0.7 mm

4 mm

Dose D

1 FSU

Average dose
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Dose 
profiles

Our new
NTCP model

Paralysis 
probability
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New Model for the Volume Effect
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New Model for the Volume Effect

NTCP = 1 − ൬

൰

 1 −  1 −  e−α𝑖nd −β𝑖nd2
 

p∙t
 ∙

 1 −  e−α𝑖n𝑑𝑝𝑎𝑟𝑡−β𝑖n𝑑𝑝𝑎𝑟𝑡
2
 

(1 - p)∙t 1
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New Model for the Volume Effect

p

NTCP = 1 − ൬

൰

 1 −  1 −  e−α𝑖n𝐝 −β𝑖n𝐝2
 

p∙t
 ∙

 1 −  e−α𝑖n𝑑𝑝𝑎𝑟𝑡−β𝑖n𝑑𝑝𝑎𝑟𝑡
2
 

(1 - p)∙t 1



XL cycle                                            alice.casali01@universitadipavia.it                                      Alice Casali

New Model for the Volume Effect

p1 - p

NTCP = 1 − ൬

൰

 1 −  1 −  e−α𝑖nd −β𝑖nd2
 

p∙t
 ∙

 1 −  e−α𝑖n𝒅𝒑𝒂𝒓𝒕−β𝑖n𝒅𝒑𝒂𝒓𝒕
2
 

(1 - p)∙t 1
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β𝒊α𝒊

t𝒍𝑭𝑺𝑼
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Fit new model 

1 irradiation length
> 8 mm

Photon NTCP data
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Dose (Gy)
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)
1 fx2 fx

6 fx18 fx
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Fit new model 

1 irradiation length
> 8 mm

β𝒊α𝒊

tPhoton NTCP data
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β𝒊α𝒊

t
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Multiple
irradiation 

lengths
< 8 mm

β𝒊α𝒊

t𝒍𝑭𝑺𝑼
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Fit across multiple irradiated lengths

2 mm

8 mm 4 mm

20 mm

Dose (Gy)

N
T

C
P

 (
p

ar
al

y
si

s 
p

ro
b.

)

[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2002]

1 free 
parameter

𝑙𝐹𝑆𝑈 ≅ 7.5 mm
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𝒍𝑭𝑺𝑼 t

β𝒊α𝒊



Predictions
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Bath and shower
[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2003]



Predictions
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Bath and shower

Bath 18 Gy

[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2003]



Predictions
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Bath and shower

Bath 18 Gy

Shower 2 mm

[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2003]
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Dose (bath + shower) (Gy)

N
T

C
P

 (
p

ar
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y
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s 
p
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b.

)

NO free 
parameters
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shower = 4 mm

bath 12 Gy

shower = 4 mm

bath 4 Gy

N
T

C
P

 (
p

ar
al

y
si

s 
p

ro
b.

)

Dose (bath + shower) (Gy)
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Dose (Gy)

N
T

C
P

 (
p

ar
al

y
si

s 
p
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b.

)

4 mm

4 mm

Split field

[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2003]

Split

4 + 4 mm
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Dose (Gy)

N
T

C
P

 (
p
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al

y
si

s 
p

ro
b.

)

4 mm

4 mm

Split field

[Bijl et al., Int. J. Radiat. Onc. Biol. Phys., 2003]

Split

4 + 4 mm

Single

8 mm



XL cycle                                            alice.casali01@universitadipavia.it                                      Alice Casali

How accurate are our predictions ? 
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Markov Chain Monte Carlo (MCMC)

Dose (Gy)

N
T

C
P

 (
p

ar
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y
si

s 
p

ro
b.

)

Photons
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Markov Chain Monte Carlo (MCMC)

Dose (Gy)

N
T

C
P

 (
p

ar
al

y
si

s 
p

ro
b.

)

16° - 50° - 84°
percentilesPhotons
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Markov Chain Monte Carlo (MCMC)

Dose (Gy)

N
T

C
P

 (
p

ar
al

y
si

s 
p

ro
b.

)

16° - 50° - 84°
percentiles

1 σ

Photons
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Other particles
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( α𝑋, β𝑋 )1

(α𝑋, β𝑋 )2

…
…

(α𝑋, β𝑋 )𝑛

MCMC
Other particles
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( α𝑋, β𝑋 )1

(α𝑋, β𝑋 )2

…
…

(α𝑋, β𝑋 )𝑛

( α𝑖  β𝑖 )1

(α𝑖 , β𝑖  )2
…

…

(α𝑖 , β𝑖  )𝑛

MCMC
Other particles
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( α𝑋, β𝑋 )1

(α𝑋, β𝑋 )2

…
…

(α𝑋, β𝑋 )𝑛

BIANCA

MCMC
Other particles

( α𝑖  β𝑖 )1

(α𝑖 , β𝑖  )2
…

…

(α𝑖 , β𝑖  )𝑛



XL cycle                                            alice.casali01@universitadipavia.it                                      Alice Casali

( α𝑋, β𝑋 )1

(α𝑋, β𝑋 )2

…
…

(α𝑋, β𝑋 )𝑛

BIANCA

MCMC
Other particles

( α𝑖  β𝑖 )1

(α𝑖 , β𝑖  )2
…

…

(α𝑖 , β𝑖  )𝑛

1000000 h
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( α𝑋, β𝑋 )1

(α𝑋, β𝑋 )2

…
…

(α𝑋, β𝑋 )𝑛

BIANCA

MCMC
Other particles

( α𝑖  β𝑖 )1

(α𝑖 , β𝑖  )2
…

…

(α𝑖 , β𝑖  )𝑛

1000000 h

AI Transformer
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What’s next..?

Single 
length

Volume
effect

Statistics

l > 8 mm l < 8 mm
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What’s next..?

Single 
length

Volume
effect

Statistics

l > 8 mm l < 8 mm

Other 
organs

[ INFN-GEANT4 project ]
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What’s next..?

Single 
length

Volume
effect

Statistics

l > 8 mm l < 8 mm

Other 
organs

Other 
outcome

[ INFN-GEANT4 project ]



Back up slides
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Model Volume
Effect

“ .. none of the existing models […] 
is capable of adequately 

describing the volume effect 
data, the spinal cord being 

a good example. ”

  - Van der Kogel
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( α𝑋, β𝑋, 𝑡 )1

(α𝑋, β𝑋, 𝑡 )2…
…

(α𝑋, β𝑋, 𝑡 )𝑛

MCMC 𝑁𝑇𝐶𝑃1 (𝐷1)

…
…

…

𝑁𝑇𝐶𝑃𝑛 (𝐷1)

𝑁𝑇𝐶𝑃1 (𝐷2)

Markov Chain Monte Carlo 
(MCMC)
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𝑁𝑇𝐶𝑃1 (𝑫𝟏)…
…

…

𝑁𝑇𝐶𝑃𝑛 (𝑫𝟏)

𝑁𝑇𝐶𝑃1 (𝑫𝟐) 𝑁𝑇𝐶𝑃1 (𝑫𝒎)

𝑁𝑇𝐶𝑃𝑛 (𝑫𝟐)

16° - 50° - 84° 16° - 50° - 84° 16° - 50° - 84°…

Three NTCP curves reconstructed 
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𝜷𝒑
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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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Interface BIANCA - GEANT4

Radiobiology

Averaged ion

ഥ𝜶, ഥ𝜷

For 

each 

slice

ഥα =
σ𝑖=1

𝑛 σ𝑗=1
𝑚 α𝑖,𝑗 𝐷𝑖,𝑗

σ𝑖=1
𝑛 σ𝑗=1

𝑚  𝐷𝑖,𝑗

തβ =
σ𝑖=1

𝑛 σ𝑗=1
𝑚 β𝑖,𝑗 𝐷𝑖,𝑗

σ𝑖=1
𝑛 σ𝑗=1

𝑚  𝐷𝑖,𝑗

2

BIANCA

i – th    particle j – th    energy value
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