Joint optimization of
photon—carbon ion treatment plans

7t Annual Loma Linda Workshop

Amit Ben Antony Bennan,
Mark Bangert, Jan Unkelbach,

Niklas Wahl, Oliver Jaekel S N
matiia

GERMAN
z CANCER RESEARCH CENTER
H, ’ @ N THE HELMHOLTZ ASSOCIATION

Heidelberger lonenstrahl-Therapiezentrum
Klinikum Heidelberg

Research for a Life without Cancer



Mixed modality treatments

Photon component Carbon ion component (RBExD) o Cumulative EQD2
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Back to the Basics

«  Carbon ions = protons + sharper Bragg peak + Fragmentation tail

« RBE: Protons ~1.1, Carbon ions: varies along the beam( ~3)

«  Protons and photons show some predicted fractionation benefit

«  Carbon ions show almost no fractionation benefit at the Bragg peak
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Rationale

* High RBE, hypoxia invariance, lower integral dose to NT
* Traditionally used for H&N, pediatric cases, lung, prostate, pancreas

* |deally you would want to treat LARGE, HYPOXIC /
RADIORESISTANT tumors with CIRT

* Downside: limited/no sparing by fractionation

RATIONALE for Carbon — photon joint optimization — Carbon ions to

reduce integral dose and photons to fractionate dose to NT

Playing their strengths...

8/23/2021 | Page 5 dkfz.



Photon — Proton combined treatments (BED)
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Linear Quadratic model

photons
protons

 Alpha / beta values describe the shape ™|

of the curve (fitting parameters) 102}
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Linear Quadratic model 100

* Alpha / beta values describe the shape N C12 Bragg Peak |
of the curve (fitting parameters) 1o*
* Depends on tissue and radiation quality
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Challenges with Carbon ions:
Carbon effective a,f depend on the position of voxel in the beam

= }_ Carbon ion beam PDD —‘
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RBE models(LEM) predict changing RBE of Carbon ions based on
Radiobiological parameters(alpha, beta etc.) and physical
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Mixed Modality Radiotherapy and variable RBE models

Fraction 2
Carbon ions

Fraction 1

Photons | .

_ 1 a2
min  f(w) = Z Pufu(w)  Where £ viation = FZ(S‘T otat —¢)
S
n

€g. =

The plans are optimized on the total biological effect.
gg"otal — (ny(aydiy + Bydizy) +n. (aicdic + ﬁicdizc))'i eV

Photon Effect Carbon Effect
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y Proof of Concept

~4IEA 0 H TR j * Reproduce published results
e L fesr I Unkelbach et al 2018
m L Fixed fraction allocation
« SBRT treatment
i v  Carbonions: 1 fxn

* Photons: 4 fxn

RBE x Dase [Gy] RBE x Duose [Gy(RBE)]

S s i B * Tumor a’ /" = 0.5/0.05 (10Gy)
’ *  Healthy tissue aNT/_ﬁNT: 0.1/0.05 (2Gy)
« Fractionation benefit: a’ /BT > a7 /pNT

O

EQD2 [Cy] EQD2 [Gy]

(e) Separately optimized (f) Jointly optimized
Cumulative EQD2 Cumulative EQD2



§ Proof of Concept

¢ * More conformal : additional degree freedom
from both modalities

Physical Dose [Cy] Physical Daose [Gy]

(3) Seprtay optimices (6 ity optirized « Spatial distribution of fraction dose within the
target
= hypofractionation vs hyper fractionation

RBE x Dose [Gy] RBE x Duose [Gy(RBE)]

(c) Separately optimized (d) Jointly optimized
Carbon ion fraction dose Carbon ion fraction dose

EQD2 [Gy] - Dose [Gy]

9 (a) EQD2 difference (b) Difference in fraction dose
(Simple combination = Jointly optimized plan) (Photon fraction = Carbon ion fraction)

EQD2 [Cy] EQD2 [Gy]

(e) Separately optimized (f) Jointly optimized
Cumulative EQD2 Cumulative EQD2



>

Impact of LQ model Parameter selection

- Without a fractionation benefit:

0 - 0
PhysicalDose [Gy) Physical Dose [Gy)
(a) Photon fraction dose (b) Photon fraction dose T/ﬁT NT /ﬁ NT
op /Bt = alr/BYr ot/ BT > o/ By a S a
25 25
* « joint optimization result is based on
15 15 - . .
physical dose characteristics
10 10
-
RBE x Dose [Gy(RBE)] ¢ RBE x Dose [Gy(RBE)] #
(c) Carbon ion fraction dose (d) Carbon ion fraction dose
af /Bt = ar/Bhr oy /Bt > alir/ Bt
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Glioblastoma

Assumption: the CTV is comprised of a
combination of tumor and normal tissue.

Carbon ions : 6 fxns (18 Gy(RBE))
Photons: 25 fxns (50 Gy)

Tumor a7 /BT = 0.5/0.05 (10Gy)
Healthy tissue a™7 /pNT=0.1/0.05 (2Gy)

Prescriptions:
GTV: 50 Gy + 18 Gy (boost)
CTV: 50 Gy
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Glioblastoma

Carbon ions at the core (almost x2 )
Photons at CTV + all interfaces with NT
Improved Conformity

Physical Dese [Gy] Physical Dose [Gy]

(a) Photon fraction dose (b) Photon fraction dose
Reference plan Jointly optimized plan
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Physical Dose [Gy]

(a) Photon fraction dose
Reference plan

RBE x Dose [Gy|

(d) Carbon ion fraction dose
Reference plan

EQD2 [Gy]

(g) Cumulative EQD2
Reference plan

Physical Dose [Gy]

(b) Photon fraction dose
Jointly optimized plan

RBE x Dose [Gy]

(e) Carbon ion fraction dose
Jointly optimized plan

EQD2[Gy]

(h) Cumulative EQD2
Jointly optimized plan

Glioblastoma

Implicit redistribution of LET
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(b) Dose averaged LET
Jointly optimized plan
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Assumptions / Raised questions

- LQ model describes the iso effective dose-fxn translations
accurately ( therefore d/fxn heterogeneity is acceptable)

- Alpha Beta values “accurately” model the radiosensitivity of
the tissue : definitely not true

- Not considering robustness of the plans
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Take home message — Joint optimization because...

« Aim is to investigate the possibilities of mathematically combining different radiation
modalities in the LQ based biological effect space.

« Physical DOF from cumulative spatial dose redistribution
. Temporal DOF from local dose per fraction modulation

. Use Photons for fractionation and sparing, use carbon ions to hypofractionate/ for
high LET and reduce integral dose

« Easily incorporate other RBE models and dose accumulation models
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A Proton — Carbon ion joint
: optimization
&  Protons are assumed to be

radiobiologically similar to photons
l.e. constant RBE

' * Qualitatively similar to photon-
carbon ion treatment

(c) Carbon ion fraction dose (d) Carbon ion fraction dose

: Thank you

EQI2 [Gy) EQD2 [Gy]

(2) Cumulative EQD2 (f) Cumudative EQD2




Thank you

8/23/2021 | Page 21 dkuo



