IV Jornadas RSEF / IFIMED

Real IF I ;anﬁ VN {}fE RSITAT
. , .. \ Y 2ocleda L &4 ALENCIA
de Fisica Médica J Espaiiola de ( :

Fisica [INSTITUT DE FISICA ( : S l( : " W
CORPUSCULAR
COMNSEID SUPERIOR DE INVESTIGACIONES CIENTIFICAS

Sevilla, 29t-November-1st December 2023

Monte Carlo simulation
of the water equivalent ratio
for therapeutical proton beams in cortical bone

Ana Maria Zamora-Vinaroz, Pablo de Vera,
Isabel Abril, Rafael Garcia-Molina

MURCIA

UNIVERSIDAD DE e /\ Universitat d’Alacant
& = @ /= Universidad de Alicante

IV Jornadas RSEF / IFIMED de Fisica Médica,
Centro Nacional de Aceleradores (CNA), December 1st 2023



Proton beam cancer therapy
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= High-dose, precision Xrays can be delivered through
image-guided and intensity-modulated radiation therapies.
However, a larger area is exposed to low-dose radiation
than with proton therapy.
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Proton beam cancer therapy
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Proton beam cancer therapy

T, = 50— 250 MeV/nucleon

Liquid wa er Tissues

J. S. Loeffler and M. Durante, Nature reviews.
Clinical oncology 10 (2013) 411
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Proteins...

A. V. Solov'yov (ed.), Nanoscale Insights into Ion-Beam Cancer
Therapy (Springer International Publishing Switzerland, 2017)
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Proton beam cancer therapy

Liquid water Tissues
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T, = 50— 250 MeV/nucleon

DNA Proteins...

J. S. Loeffler and M. Durante, Nature reviews. A. V. Solov'yov (ed.), Nanoscale Insights into Ion-Beam Cancer
Clinical oncology 10 (2013) 411 Therapy (Springer International Publishing Switzerland, 2017)
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SEICS code
Sirmulation of Energetic Jons and Clusters through Solids
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SEICS code
Sirmulation of Energetic Yons and Clusters through Solids
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SEICS code
Sirmulation of Energetic ons and Clusters through Selids
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Electronic cross sections: Dielectric formalism

Linear response of electron gas to electric field
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E = hw Energy transfer ® 00000000000
Ik Momentum transfer ©e 0000000000
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M Projectile mass —_————————
m Electron mass ———
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Electronic cross sections: Dielectric formalism

Linear response of electron gas to electric field

E = hw Energy transfer
Ik Momentum transfer
Projectile energy
Projectile atomic number
Projectile mass

Electron mass

Density of scatterers

Z3I T NS

i

I Abril, R Garcia-Molina, P de Vera, I Kyriakou and D Emfietzoglou, Adv Quant Chem 65 (2013) 129
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Electronic cross sections: Dielectric formalism

Linear response of electron gas to electric field

e 6 6 6 6 6 o6 o & o o o
E = hw Energy transfer e o0 00000 00
Ik Momentum transfer ° oo © o000 00
1" Projectile energy ® ® 0% 0 * 0000
Z  Projectile atomic number : 33&1—:.: : : : :
M Projectile mass o o 0 e® 4 0 0 0 0 o
m Electron mass — —_—————
N Density of scatterers PR T T T T R RS

o O e 6 6 6 o6 o o o o

Doubly differential cross section for electronic excitation/ionisation:

dQUq(T)_ = M[Z_Pq(k)PlIm[ —1 ]
e(k,w)

dwdk  RwN T k
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Electronic cross sections: Dielectric formalism

Linear response of electron gas to electric field

e 6 6 6 6 6 o6 o & o o o
E = hw Energy transfer coeo 0000000
Ik Momentum transfer © o o © o0 0 0 00
I’ Projectile energy © 4% e e
Z  Projectile atomic number 2 gg“_'.‘ s 09
M Projectile mass : = ..“..'. : : : : :
m  Electron mass — —_———
N Density of scatterers c 0606 °°® e 000000

o O e 6 6 6 o6 o o o o

Doubly differential cross section for electronic excitation/ionisation:

= —Im
dw dk hr N T k
Projectile description:
*VVelocity and mass (kinetic energy)

*Charge state and electronic structure (ions)

Indistinguishability and exchange (electrons)
I Abril, R Garcia-Molina, P de Vera, I Kyriakou and D Emfietzoglou, Adv Quant Chem 65 (2013) 129
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Electronic cross sections: Dielectric formalism

Linear response of electron gas to electric field

E = hw Energy transfer
Ik Momentum transfer

1" Projectile energy

Z  Projectile atomic number
M Projectile mass
m
N

Electron mass
Density of scatterers

Doubly differential cross section for electronic excitation/ionisation:

2 2 _ 2 - Target description:
d°0,(T) — MIZ = pq(¥)] 1 Im [—1] Electronic excitation
dw dF ha N T k e(k, w) spectrum (ELF)

Projectile description:
*VVelocity and mass (kinetic energy)
*Charge state and electronic structure (ions)

Indistinguishability and exchange (electrons)
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Electronic cross sections: Dielectric formalism
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Electronic cross sections: Dielectric formalism
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Advantages:

- If the ELF is accurately known (either experimentally or theoretically) for a
target, its electronic excitations are realistically accounted for, including
many-body, chemical bonding and physical state effects

- It can be applied to several projectiles (protons, carbon ions, electrons,...)
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Our approach to stopping power in bone
* |CRU: =106 eV

Element % mass
C 14.43
H 4.72
o 44.61
N 4.20
P 0.32
S 10.50
Ca 20.99

S. Limandri et al.,
Phys. Rev. E
89 (2014) 022703
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Our approach to stopping power in bone
* |CRU: =106 eV

— Bragg rule: weighted sum of stopping power of composing

elements. Flement % mass
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Our approach to stopping power in bone
* |CRU: =106 eV

— Bragg rule: weighted sum of stopping power of composing

Element % mass
elements.

* Qur approach: ¢ 14.43
. . H 4.72
Energy loss function of cortical bone = o el
Energy loss function of mineral part (hydroxyapatite) + \ A '20
Energy loss function of organic part - 0.32
— accurate description of the electronic excitation spectrum . G

of the condensed-phase target '
Ca 20.99

S. Limandri et al.,
Phys. Rev. E
89 (2014) 022703
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Our approach to stopping power in bone
* |CRU: =106 eV

— Bragg rule: weighted sum of stopping power of composing

Element % mass
elements.

* Qur approach: ¢ 14.43
. . H 4.72
Energy loss function of cortical bone = o el
Energy loss function of mineral part (hydroxyapatite) + \ A '20
Energy loss function of organic part - 0.32
— accurate description of the electronic excitation spectrum . G

of the condensed-phase target '
Ca 20.99

— |1=114 eV, compatible with “hard bone” substitute
— Stopping mass ratio for 100 MeV protons: 0.894
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Our approach to stopping power in bone
* |CRU: =106 eV

— Bragg rule: weighted sum of stopping power of composing

Element % mass
elements.

* Qur approach: ¢ 14.43
. _ H 4.72
Energy loss function of cortical bone = o el
Energy loss function of mineral part (hydroxyapatite) + \ A '20
Energy loss function of organic part - 0.32
— accurate description of the electronic excitation spectrum . G

of the condensed-phase target '
Ca 20.99

— |1=114 eV, compatible with “hard bone” substitute
— Stopping mass ratio for 100 MeV protons: 0.894

* Experimental stopping mass ratio for 100 MeV protons:
0.900+0.005
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Our approach to stopping power in bone
* |CRU: =106 eV

— Bragg rule: weighted sum of stopping power of composing

Element % mass
elements.
* Qur approach: ¢ 14.43
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Energy loss function of cortical bone = o el
Energy loss function of mineral part (hydroxyapatite) + \ A '20
Energy loss function of organic part - 0.32
— accurate description of the electronic excitation spectrum . G
of the condensed-phase target '
. . . Ca 20.99
— |1=114 eV, compatible with “hard bone” substitute
— Stopping mass ratio for 100 MeV protons: 0.894
* Experimental stopping mass ratio for 100 MeV protons: Good agreement
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Our approach to stopping power in bone
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Our approach to stopping power in bone
* |CRU: =106 eV
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Dose (norm.)
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Bragg peaks and range in liquid water

Our code works
properly in water
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Bragg peaks in cortical bone
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Bragg peaks in cortical bone
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Bragg peaks and range in cortical bone
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Bragg peaks and range in cortical bone
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W:i=r Equivalent Ratios in cortical bone
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W:ior Equivalent Ratos in cortical bone
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W:i=r Equivalent Ratios in cortical bone

Fisica

rer
3 8 —> Range -
WER = material QUlte gOOd
80
agreement.
2,0 1 A.L. Burin, I.S.L. Branco and H
1 Yoriyaz, Radiat. Phys. Chem.
1o 203 (2023) 110606
— 3
p=1.85 g/cm
184 . p=1.92 g/cm?
1,7 (]
r . . e a 2 < __ p=185 g/cm3,
2 164 =106 eV
1,5 m  This work p=1.85 g/cm3, 1=114 eV
) ® Sim. using ICRU data
Burin 2023, comp. bone
1,44 Burin 2023, cort. bone
113 | ! I ' | ! I ' | ' I ' | ! I ! | ! I ! 1
40 60 80 100 120 140 160 180 200 220 240
E (MeV)
PR Somans (@) VNIVERSITAT

RS URCIA | Ana Maria Zamora-Vinaroz anamaria.zamorav@um.es %7/ ") el <= b VALENCIA

~CsIC wB

RS.EF



Summary, conclusions and outlook

* Protontherapy: a way to enhance cancer treatment
— Millimetric precision is preferable
 Monte Carlo simulations for increasing knowledge and
develop enhancements:
— Dielectric formalism

— SEICS code
— A solid-state physics based model for bone stopping power and

straggling
* Results for cortical bone:
— Nice agreement with experimental measurements
— Range: compatible results = ~ 1 mm uncertainties

— Water equivalent ratios: nice agreement

- Real

S : . i i
UNIVERSIDAD DE. | i Ana Maria Zamora-Vinaroz  anamaria.zamorav@um.es i ¥ &EfPaﬁO'ade

RS.EF

¢y VNIVERSITAT
€2 © VALENCIA

MURCIA |

‘CSIC w®



Thank you very much
for your attention!
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Stopping power of protons in hydroxyapatite
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