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Introduction
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Heldeoerg lonenstohl-erapie Cenfum

« Charged particles are densely ionizing
— higher cell killing rate compared to photons

 RBE concept: RBE = (D,/D

ion)lend point

RBE =f ( Physical params (particle type, dose level, LET)
Biol. params (tissue type, end point, cell cycle phase, oxygen. level)

RBE for proton therapy:

ICRU recommendation: constant RBE of 1.1

* approximation — supported by fact that available biological data
IS Insufficient to justify clinical usage of other proposed approaches

* recent review of experimental data (Paganetti 2014):
trend of increase in RBE for low (a/B), at low dose levels

18/02/2016 J. Bauer, HIT — ICTR-PHE 2016, Geneva 2



Model Selection

T I VRt S e et t

Purpose: For three selected, different radiobiological models:
« Compare their parameter predictions
« Compare their impact on clinical-like scenarios

Criteria: Both phenomenological and biophysical models:
- Different trends for  as f(LET)
- No plan dependencies

(1) Local Effect Model IV* (LEM) — Biophysical Model
» Link biological response to double strand breaks pattern
* [ decreases with LET
« Concept of D; (transition dose: S(D,), exp — linear)
 Coupled to FLUKA MC code in HIT MC framework**
— validated with p and He beams for different cell lines***

*Elsasser 2010 Int J Rad Onc 78, Friedrich 2012 Int J Rad Biol 88,
Kramer Scholz 2006 PMB 51, *** Mairani 2010 PMB 55, *Mairani 2013 PMB 58
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Model Selection

(2) Carabe-Fernandez* (CAR) - Phenomenological

B increases with LET— concept of RBE = f(LET, ...),
asymptotic values of RBE atD — « /0

minmax

— Validated for V79 cells at (a/B), = 2.686 Gy

(3) Wedenberg** (WED) - Phenomenological

a/a, increases linearly with LET (up to 30 keV/um), slope inversely
proportional to (a/B),; P constant: § = 3,
— model hypotheses tested on wide set of experimental data:
(a/B), =(2.7..70) Gy;
LET =(6... 30) keV/um

*Carabe-Fernandez 2007, Int J Rad Biol 83
**Wedenberg 2013, Acta Oncol 52
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Material & Methods

Heideloerg lonenstanherapie Cenfum

(a) Model predictions:

 aand  parameters as f(LET) (various (a/B),, Dy
 RBE as a f(LET) (various (o/B),, D, D,)
* RBE as a function of proton dose D (various (a/B),, D;, LET)

Parameter variation:

O

O
O
O

(a/B)x
D

Dt
LET

X

2 Gy / 10 Gy (late/early responding tissue)

2 Gy / 4 Gy (reference photon dose levels)
10 Gy, 40 Gy (transition dose values for LEM)

1 keV/um, 6.5 keV/pm (low/high)

(b) Monte Carlo calculation:

* FLUKA Monte-Carlo code
« Scoring: physical dose, LET, (WED, CAR) or Dgge (LEM)
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Material & Methods

(c) SOBP in water:

« Single field, D = 2 Gy(RBE) Patient 1

DOSE  _u

« 150 x 90 x 40 mm3 @ 76mm depth (center)
— depth dose profiles and lateral RBE profiles

(d) Two clinical cases:

« Cranial indications, 27 x 2 Gy(RBE)
« Single field / homogeneous region
« Two opposite fields / complex region

— LET and Dggg distributions, DggeVHS, LETVH

— Biological range shift (A) maps in BEV
(4= R (RBE,,)-R,(RBE=1.1), with x = (90/80/50)%)
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Model Comparison — RBE(LET)
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« RBE: increases with LET (in analyzed range), decreases with
Increasing D,, increases for decreasing (o/3 ),
« similar RBE values up to ~ 8 keV/um

(a/B), = 10 Gy

LEM-10
LEM-40
WED
CAR o8k
RBE=LL oot
| FT TkeV/uml LET [keV/um]

« similar RBE values up to ~ 8 keV/um for LEM and WED
« CAR RBE<1forlow LET
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Model Comparison — RBE(D)
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Dose [Gy] Dose [Gy]
« Low LET: LEM, WED: RBE 1 for dose |, CAR: slight RBE | for dose |
« High LET: RBE 1 for dose | (all); RBE > 1.1 (< 2.3 @ very low doses)
e - e LET = 6.5 keV/um

&' LEM-10 o LET =1 keVium 2 .

o |LEM-40 wis 8 1oe

| WED 125 ::fw
=| CAR T iE

ERBE:].]. g:zﬁ,,,|,,,,|,,,,| ggiz-_lllll
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Dose [Gy] Dose [Gy]

 Low LET: WED: RBE 1 for dose |, LEM: RBE ~ const
 High LET: RBE 1 for dose | (WED/ LEM); RBE > 1.1 (< 1.3 @ very low doses)
« CAR: If RBE,., < RBE,,, — RBE 1 for dose 1
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Results — SOBP
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Patient Cases
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Biological Range Shift

Heideloerg lonenstanherapie Cenfum

Biological range shift in BEV:
A =R (RBE,,)-R,(RBE=1.1)
with x = (90/80/50)% of Do

A (80% Dyreqc) [MM] - (a/B), = 2 Gy

Model Patient 1 Patient 2
LEM (D, = 10 Gy) 4.3 3.0
LEM (D, = 40 Gy) 5.4 4.4
WED 3.6 3.6
CAR 3.5 3.4

« Values found between (3.0-5.4) mm

* Increasing D, for LEM — larger range shifts
(for (), = 10 Gy: range shifts (0.6-2.4)mm)
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Summary

T I VRt S e et t

Model comparison:
* Models predict similar dependencies for RBE up to ~8 keV/pum
 |dentified restrictions for validity of CAR model

Clinical application:

« LET distribution strongly dependent on field configuration

* Mean Drge(PTV) enhanced by 210% for all models at low (a/B),
« Range shifts of up to 5mm; models show similar behaviour

» Lateral widening could be an issue as well

— potential dose enhancement and range shift for variable RBE
— strong suggestion to consider variable RBE in proton therapy TP
— simple models sufficient for initial guess
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“Oh, the magic carpets are just for backup.”
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LEM in FLUKA

HIT 4
T e N G
4 LEM input table m}‘\'
InitRBE = a,/a,
as a function of the particle type (Z,A)
and energy/micleon
LEM input parameters
I—— . ™
a., b, 0.4 y FLUKA-LEM coupling  (C)
Calculation using expressions (2) and (3) of
&, and
4 FLUKA ®) "\ > wd fo
Mixed radiation field: p| per each energy deposition of the primary
beam and secondary fragments
Z, A, energy/nucleon,
energy deposition and LET Q:
Scoring:
D, RD'D H.[Id'\,-'llﬁ_n'ﬂ ok
per each energy deposition of the ”~ ~
\Eniﬁnary beam and secondary fra,gmmtj/ Calculation using expressions (6) and (7) of
a md B
and using expression (8) of
~In(8),D,, ma RBE @
- -
Figure 1. Schematic representation of the coupling of the FLUKA MC code with the LEM.
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Parameters LT

Table 1. Photon parameters used for the two representative tissues for low and high

(/).
ax [Gy™'] Bx [Gy™?] (a/B): [Gy] Dy [Gy]
0.123 0.0616 2 10, 40
0.616 0.0616 10 10, 40
Wedenberg:

RBE = -(c/3)/2/D +1/D*sqrt(0.25*(a/), *+(0.434*LET+(a/[B),) *D+D?)

Carabe:

RBE = -(a/pB)/2/D+1/D*

*sqrt{0.25*(a/P),* +(a/P), *D*(0.834+0.154*2.686/( /) , *LET) +
D?*(1.09+0.006*2.686/(a/[f) , *LET)?)
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Wolume [%]

Results — Patient Cases - Drge
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