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Protontherapy
❖ Growth of proton therapy.

❖ Biological effect may not only be given by physical dose.

❖ (Unrestricted) linear energy transfer (LET)  = Electronic Stopping Power = 

❖ Only defined for a determined particle with specific energy.

dE
dz
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LET Averages
❖ Average of LET needed for many particles.

❖ In our previous studies, we used the intuitive formulas:

                             

❖ Analytical formulas available (Wilkens et al., 2003).

L̄t (z) =
∫ ϕE(z) S(E) dE

∫ ϕE(z) dE
L̄d (z) =

∫ ϕE(z) S2(E) dE
∫ ϕE(z) S(E) dE
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Monte Carlo Simulations

❖ Monte Carlo simulations are the gold standard in radiation transport.

❖ Different options to implement LET averages. -> No consensus (Kalholm, 2021)

❖ Source of uncertainty for treatment’s biological effect.

4



Implementations Considered
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 L̄d (z) =
∑Ei

ϕEi
(z) S2(Ei) ΔE

∑Ei
ϕEi

(z) S(Ei) ΔE

 L̄t (z) =
∑Ei

ϕEi
(z) S(Ei) ΔE

∑Ei
ϕEi

(z) ΔE

❖  : proton energy spectrum.

❖  : electronic stopping power.

❖ Implicit assumption:

ϕEi

S(Ei)

D(Ei) = ϕEi
⋅ S(Ei)



Implementations Considered
❖ Previous formulas have issues.

❖ Here (Granville et al., 2015):

                            

❖ We will test them and compare with TOPAS and FLUKA.

L̄t =
∑N

i dxi Si(E)
∑N

i dxi
L̄d =

∑N
i ei Si(E)
∑N

i ei
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Benchmarking

✤  Self consistency tests.

1. Nuclear reactions suppressed.

2. Full calculations.

✤  Comparison with previous Monte Carlo studies.
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Simulation Details
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MC Codes Comparison TOPAS, FLUKA

Type of beam Pencil beam

Energies 75, 160, 250 MeV

Geometry 1 cm x 1cm x (7, 30.1, 50) cm

Voxelization 1 cm x 1 cm x (0.07, 0.2, 0.2) cm

Cutoffs protons 0.025 MeV

Quantity Unrestricted LET in water. Only protons contribute.



Nuclear Reactions  
Suppressed



Example
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  Ld

  Lt



250 MeV
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250 MeV
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160 MeV
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75 MeV

18



19



20



Full Calculations



250 MeV
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MacBook Air



250 MeV
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MacBook Air



250 MeV
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MacBook Air
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Upshot

Difference between implementations is lower for Lt.
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Replication of Previous Studies

❖ Granville et al., 2015.

❖ Cortés-Giraldo et al., 2015.

❖ Grassberger et al., 2011.

❖ Wilkens et al., 2003.
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Cortés-Giraldo et al., 2015 - Figure 5 (bottom)
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❖ Gaussian beam in energy 
and spatial distribution. 
(  MeV;   
MeV) 

❖ Only electronic 
contribution to dose 
considered.

Ē = 160 σE = 1.04



Cortés-Giraldo et al., 2015 - Figure 5 (bottom)
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❖ Gaussian beam in energy 
and spatial distribution. 

❖ Only electronic 
contribution to dose 
considered.



Summary

❖ Implemented a new format of LET calculation in PENH.

❖ Lt results are more stable.

❖ All codes’ implementations reproduce previous studies’ behaviour.
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Granville et al., 2015 - Figure 2 a)
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Grassberger et al., 2011 - Figure 2 (All Protons)
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❖ Gaussian beam in energy, 
spatial distribution and 
direction. 

❖ Differences observed at 
the peak. 



Grassberger et al., 2011 - Figure 2 (Primaries Only)
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❖ Differences observed at 
the peak.



Wilkens et al., 2003 - Figure 2
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❖ Wide beam, gaussian 
energy.

❖ Shift of data needed.



Wilkens et al., 2003 - Figure 4
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❖ Wide beam, gaussian 
energy.

❖ Shift of data needed.



Wilkens et al., 2003 - Figure 5
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❖ Wide beam, gaussian 
energy.

❖ Shift of data needed.



Wilkens et al., 2003 - Figure 5
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❖ Wide beam, gaussian 
energy.

❖ Shift of data needed.



Simulation PENH Parameters
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Absorption energy for 
electrons and positrons 1e9 eV (Previous studies; Guan et al., 2015)

Absorption energy for 
photons 1e4 eV

WCC, WCR 1e5 eV

C1, C2, C1H, C2H 0.05

Absorption energy for 
neutrons 1e4 eV

C1N, C2N 0

FNABS 0.8



Analytical Formula

❖

❖

❖

LETd =
∫ ∞

0 ϕr(z)S2(r)dr

∫ ∞
0 ϕr(z)S(r)dr

ϕr(z) = Φ0

2πσ
e−(r−(R0−z))2/2σ2

SR(r) = 1
Rα1/p [(r + R)1/p − r1/p]
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Analytical Formula
❖

❖

❖

❖

❖                           ->  Problem for “small” z because  gives huge values.

LETd(z) = ⟨S2(z)⟩
⟨S(z)⟩

⟨S(z)⟩ = Φ0

2πσRα [σ1+1/p Γ (1 + 1
p ) D̃1+1/p(ϵ, ζ) − R ( 1

2 R)
1/p

e−(ϵ+ζ)2/8]

⟨S2(z)⟩ = Φ0

2πσRα2/pp(2 − p) [σ2/p Γ ( 2
p ) D̃2/p(ϵ, ζ) − 2 ( 1

2 R)
2/p

e−(ϵ+ζ)2/8]
D̃υ(ϵ, ζ) = e−ϵ2/4D−υ(ϵ) − e−ζ2/4D−υ(ζ)

ζ = (z − R0)/σ ϵ = (z − R0 − R)/σ Dv
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LET Averages

❖ Two most common averages definitions (ICRU, 1970):

                        L̄t = ∫ L t(L) dL L̄d = ∫ L d(L) dL
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Ingredients
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 L̄d (z) =
∑Ei

ϕEi
(z) S2(Ei) ΔE

∑Ei
ϕEi

(z) S(Ei) ΔE

 L̄t (z) =
∑Ei

ϕEi
(z) S(Ei) ΔE

∑Ei
ϕEi

(z) ΔE

❖  : proton energy spectrum.

❖  : electronic stopping power.

❖ Implicit assumption:

ϕEi

S(Ei)

D = ϕEi
⋅ S(Ei)



Ingredients

                                

 

L̄t =
∑N

i dxi Si(E)
∑N

i dxi

L̄d =
∑N

i ei Si(E)
∑N

i ei
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❖  : length of simulation step.

❖  : energy deposited in step.

❖  : stopping power of particle 

depositing energy.

dxi

ei

Si(E)



Correcting TOPAS? (Cortés-Giraldo et al., 2015)
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Correcting TOPAS? (Cortés-Giraldo et al., 2015)
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❖ Using a different stopping power  seems to give more stable results.Si(E)



Definition of Dose (ICRU 85)

❖ Absorbed dose:           

❖

❖ Grussell, 2014: “A desirable property of the absorbed dose is that it should 
depend only on the set of initial ionizing particles released during the 
irradiation, and the geometry.”

D = dϵ
dm

ϵ = ϵin − ϵout + Q
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Consistency Results



No Nuclear Reactions



75 MeV
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75 MeV
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75 MeV
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160 MeV
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160 MeV
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160 MeV
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250 MeV
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250 MeV
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250 MeV
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Full Calculations



75 MeV
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75 MeV
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75 MeV
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75 MeV
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160 MeV
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160 MeV
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160 MeV
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250 MeV
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250 MeV
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250 MeV
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