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MG for hadron therapy (HT) treatment planning

Some features of MC

e Potentially the most accurate dose predictions ( golden standard’)
e Accurate predictions for heterogeneous regions
e Does not use the water-equivalent approach
e But takes into account details of material composition

e High flexibility
e Computation time

Examples of usage at clinical facilities (CNAO, HIT)

e TPS basic physics data generation
e Support in commissioning phase

e PET in-vivo treatment verification
e Re-calculation of treatment plans

Sept. 2012 PARTNER final 2



Full MCTP ... what for?

Work aimed at exploring at R&D-level the possibility of a Monte
Carlo-based treatment planning (MCTP) for protons and ions!

e MC re-calculation vs. full MCTP
- Not only “re-check” a given plan but also suggest a better solution!

e Research applications:
* New ions (Z=1 - 8) and combined ion fields
e Testing new radiobiol. models and optim. algorithms/approaches
e Secondary fluxes for: PET and prompt gamma

e Two modes:
e Stand-alone (no dependences on certified/commercial TPS)

e MC re-optimization of TPS calculated plans (e.g. at CNAO/HIT)
- increased flexibility for research!

Sept. 2012 PARTNER final



~_‘gétment- and facility-specific input
for the MCTP tool

: . ; PTVs, OARs, Radiobiologica

el Asiormahion Opt. Goals input tables i
: 1 Z 3 4

e L L L T L L L L L L L L L L L e L e L e e L L e e L L L e L L L L L L L L R e L T P R L I Y .

lllllllllllllllllllllllllll & BENEREREEEEEEREERGEGEEEEEEEEREEE J.II.I.IIl....l.llll.l.l.ll'l.: FLLLLLLALLLLLLLLL AL LD L]

i Beamlibrary:  i{patient/phantom CT§PTVs, OARs and  § § Modelling of RBE-

: phase spaces for : and CT conversion/ P prescribed doses £ § weighted dose

- H
: all possible : £ calibration e Sensible § }
: pencilbeams = i gz HH structure £ § . ]
: f: P (OAR) £
: Target (PTV) & § &
- ; E.'..:“..'..":....:'.....':-"....‘:.'f- El.l.lll'.l.l.l'I'I'Il.l.l'll.f- E.IIII.l.l.'lll.lll.l."ll.l.l;

Beam delivery: Scanning with active energy variation
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% Components and workflow

Multi-step procedure for dose calculation and optimization

Input
PTVs, OARs, Radiobiologica
G inrermation Opt Goals lnput tables

.l‘l EEEEEERAEEEEEN lﬁll.l'..l..ll EREEREREEESE I."I'!Ill"l."l"'l LLLLL L L Q] ll.ll‘ﬁ.'l"lll EREEEEAEEEEREAEN lll’-"ll"'ll EREERER

Phase spaces
of all possible

pencil beams P;(N): set of pencil

beams with particle
Optimization: numbers N,
» different, mostly gradient-based, algorithms Duc: MC dose kernel

e absorbed and RBE-weighted dose
¢ single- and simultaneous multi-field optimization (IMPT)

Sept. 2012 PARTNER final



FLM and physical data base (CNAO)

Starting from a tool already validated and tuned for treatment conditions at
CNAO (Pavia, Italy) and HIT (Heidelberg, Germany)

Example: CNAO beam library 147 Energy steps (30-320 mm)
1 Focus size @ I1SO

FLUKA-calculated depth-dose distribution in water

70

g without RiFi — FLUKA

—FLUKA
o (data

-
o
TTTT[TTTT[TTTIT[TTTIT[TTTTI[TITI

1%
(=]

~
o

o
(=]

dE/dz [MeV/cm]

]
o

I ) " . =I‘ b I:-'- % g 0 |: Lo o v v b bv v v v bv v b Lo v by
0 S 10 15 20 25 30 35 60 80 100 120 140 160 180 200 220
Depth [em] Energy [MeV/u]

Courtesy: Med Phys group @ CNAO Courtesy: Med Phys group @ CNAO

(=]

For HIT see: Parodi et al, PMB 57 (2012)
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Fog

Radiobiol. input (tables)

Some current options

* LEM-I

* LEM calculated Relative Biological Effectiveness (RBE)

e HIT re-implementation of LEM-IV version published in Elsasser et al. IJIROBP 2010

» Using standard constant RBE of 1.1 for protons

RBE

12

10

Benchmarks of HIT re-
implementation of LEM-IV
(Mairani et al.)

"“C RBE,, data

— "“CRBE,

LEM

3,
m HeRBE, data

o

*He RBE,

LEM

"“C RBE,, data

12 -
— CRBE,

3
...... He RBE

LEM

[0 “‘HeRBE data

LEM

........

-----

HSG cells

H_III‘III‘III|III|II\|II\

RBE,

RBE,

12

|| memmm H RBE, LEM
| m He RBEa data
[ | = = « HeRBE, LEM

C| @ HRBE,data V79 cells
| memm H RBE, LEM y
| W HeRBE data .
- L4
- | = = = He RBE, LEM ."
*
*0
1
10 2 10
LET" [keV/um]

r| ® HRBE,daa T-1 cells

XA

10

10?

LET" [keV/um]

RBE,

RBE,

F| @ HRBE, data
[ | = H RBE, LEM

C3H10T1/2 cells

1
10

1
2
LET" [keV/um] '° 10

| W He RBEa data

= = He RBE  LEM

HSG cells

-m

10

LETY [keV/um] 10
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Ry ,; g

read Out Bragg Peak (SOBP) in water with
RBE= 1.1 — Optimized

v BIO Dose distribution for a cubic shaped tumour (side = 3 cm) located between 19.5
and 22.5 cm depths in water using fixed RBE = 1.1 with 3438 pencil beams.
MC calculation of dose/RBE-weighted dose matrixes (50 k MC histories per pencil) }
8 hours

=7 hours and 10 min (24 CPUs)
Optimization time = 50 min (1 CPU)

Dosimetric verification
in progress at CNAO
Chambers 19, 18 and 17

1ol ~ Preliminary |

08
0B}
nar —==- FLUKA
02F FLUKA Phys. Optimized
/ 4 DATA
0 L | \mu-
200 250 300 350
Lateral [mm]
0 % @ o @ 1w Cour’tesy Of T TeSSOﬂﬂIer

RBE-weighted Dose [%)
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i Ty
|

,_:_f‘:‘:mple plan: Chordoma protons (CNAO)

| 2 field IMPT using constant RBE = 1.1

2.0 GyE

0 @ @ w W
RBE-weighted Dose [%]

same particle fluences

Re-plotting using a variable RBE
LEM*-computed RBE for

Q.

Volume [%]
e 3 B oW s B @3 ¥ o8 8 3

10.5ms per primary = on a cluster with 24 CPUs of about 22 hours
(10 000 primary protons per pencil beam, 13000 pencil beams)

Sept. 2012 PARTNER final
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{'i':mple plan: Chordoma protons (CNAO)

‘| 2 field IMPT using RBE computed with
LEM*
Differences in DVHs for the two

RBE schemes:
variable (LEM*) vs constant

100

= 1| RTINS ............. ............. ............. ...... [ .............
aoko .............. ............. ......
FOE ]

o
=

Volume [%]

e
[

| ——LEM- BIO
| ———LEM- PHYS
———RBE1.1-BIO

[}
=

20F-{ ———RBE1.1- PHYS
N I s LEM - BIO - FORVWARD _
0 i I L i
0 20 40 B0 a0
Dose/RBE-weighted Dose [%]
BT _ e
RBE-welghted Dose %] Constant RBE=1.1 results in 12%

— — : higher number of primary proton.
RBE for V79 — no direct clinical interpretation!
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____ga_.mple plan: Brain tumour carbon ions (HIT)

DVHs

100 T T T : =~
TPS CTV —— k
CRECALC CTV ——
MCTP CTV =
80
X 60
[0}
£
=]
g 40t
20
0 L 1 1 I:
0 0.5 1 1.5 2 25 3 3.5
Dose [Gy] / RBE-weighted dose [GyE]
100 T T T T
TPS BrainStem
MCRECALC BrainStem
MCTP BrainStem ===«
80
X 60 [
(9]
€
3 A
S 40 |1
20
"""q—\_

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Dose [Gy] / RBE-weighted dose [GyE]

]

Framework used for HIT MC patient re-
calculation (FICTION') was also
developed in the frame of a PARTNER
project by Florian (Sommerer et al.
2012, Med Phys submitted)




2 field IMPT using RBE computed with LEM*

reliminary results: Low statistics & test optimization

E
S,
>
HSG
Sept. 2012

[ Cumulative DVH |

100

-

80—

Volume [%]

60—

40

20

1oe o
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RBE-weighted dose [GyE]
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\“ bBIOl robustness of treatment plans:
r Systematics in RBE prediction

Evolution of LEM (version | — IV) revealed some systematics
(Elsasser et al. 2008, 2010)

Chordoma LEM-IV SF

_ Chordom@/r

N W A~ 01 O
T TTT

Bio. dose [GyE] / Dose [Gy]

18 20
Depth [cm]
Also in future investigations might reveal systematics in estimations of
biological doses ...

How does the optimization strategy influence biological robustness?
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LEM-l - LEM-IV ...

Single field

Opposed fields w.
Minimum integral
dose

Sept. 2012

Opposed fields

Bio. dose [GyE] / Dose [Gy]

Bio. dose [GyE] / Dose [Gy]

N W~ 1O
T TT TTT

Biol. dose

Chordoma LEM-IV

_ Chordoma@:\/ \\

SF

~ |
= \

g

_“ Absorbed dose

- -
T &
— —————

- - —

0 12 14

- Chordoma LEM-IV
Chordoma LEM-I

\ A

[\ /\
N /)

|

| N/ |

| |
/ Absorb{ dose

MID

\Illl\llll\llllllllll

\

—

| T
\

——

T

o —
O N TR U g

14 16 18 20
Depth [cm]
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RBE

RBE
2 SF
o
of  Chordoma LEM-IV A
- /)
6
41
2;_—__' Chordoma LEM-I
Yo 12 14 16 18 20
Depth [cm]
6r 7
- /\ /\ MID
45 \
3
o T ““
: Chordoma LEM-IV
1" Chordoma LEM-I
L. L L | ! ! L | L L L | L ! ' | L L L |
Yo 42 14 16

18 20
Depth [cm]
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S Opposed fields

LEM-l - LEM-IV ...

Biol. dose RBE
; 6: % 6:
Obposed fields w O & Chordoma LEM-I SFUD | g 5 ChordomaLENHV i SFUD
PP . 2 Chordoma LEM-IV ); AN a
[ [ " D 4__ —
Single-field uniform < ¢ e ) —
w 3 - /
dose 9 Q;J K o
% ! Absorbed dose \ " - Chordoma LEM-I
o _——_]_—’_7 . _—|_\ T —— P R R R S
© Q99272 46 18 20 Yo9214 16 18 20
Depth [cm] Depth [cm]
5 F 6r
. 5 Chordoma LEM-IV CRP| @ = chordoma LEM-V CRP
n C 5¥
. o b Chordoma LEM-I S N
Opposed fieldsw. < 4 A 3 / N
. W3- 1
ConstantRBEin ¢ / N | % N
PTV ® 2 __/ Absorbed dose \ of——" T
S {— S~ i Chordoma LEM-I
© IF o £
C_) F—_——_ ...... \\\\\\v——o—-.— | E
o 49127 14 46 18 20 I
Depth [cm] 0 12 14 6

18 20
Depth [cm]
... reduced gradients due to more uniform radiation quality!

Sept. 2012 PARTNER final 15



.......

~=Conclusions and Perspective

e Prototype of a MC-based TP tool established for
protons and extended to ions

* Physical and biological calculations/optimization
can be performed for realistic patient treatment
conditions with acceptable CPU time (for research)

¢ Phantom-based simulations can be achieved for
dosimetric applications

e Large flexibility for research applications

e Procedure to be revised: simplified workflow and
optimized regarding speed

Sept. 2012 PARTNER final 16
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Statistical study

2501

— DDO
200[ — GBO

1501

Cost

100F

50F

0:|AA|||||AA|||A|1A||IA||I
20 40 60 80 100 120

Time [min]

Small voxel size

100

80|

60|

40 |

Volume [%]

: : AN : :

0 1 1 1 i i i
85 90 95 100 105 110 115

RBE-weighted Dose [%]

DVH as function of the simulated MC
histories per pencil beam.

Sept. 2012

E&ample plan: Chordoma protons (CNAQO)

Voxel sizes:
1x1x2mm3 (small, CT resolution)
2x2x2mma3 (large, as used by TPS)

Total number of pencil beams: 13920

0 5I '|I0 1I5 2I0
MC histories/pencil [10°]

IC5 as a function of the simulated MC histories
per pencil beam.
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ange differences: constant vs. variable RBE

SOBP: RBE=1.1 vs RBE-LEM for V79

—_

18 W

=
R

o o o o - =
S E= [y o S E=
Phys Dose [Gy] - Bio Dose [GyE] -

=

1 PVH/ Biol. DVH Depth-dose/biol. dose profiles
100 - R N Preliminary
i
90 )
I
a0 b :
n
_ 70 | BO0 -
2 FLUKA Phys(RBE = 1.1) J 10
o BOF FLUKA Phys(REE - LEM] i - i
E sl — — —FLUKA Bio(RBE = 1.1) } T 2t
s FLUKA Bin(REE - LEM) 3 0
40 r } 200 .
30+ 1 -400 | FLUKA Phys(RBE = 1.1) .
'E -E00 FLUKA Phys(REE - LEM) ]
20t t Al FLUKA Bio(REE = 1.1) =
i .. : FLUKA Bia(REE - LEM)
"I Preliminary rﬁ 1000 & - -
I:I 1 1 1 1 '12["] C 1 1 1 1 1 -
0 0.5 1 15 2 260 300 380 400 450
FPhys Dose[Gy] - Bio Dose [GyE] Depth [rrm]

see also Paganetti 2012, PMB
Sept. 2012

Range comparison at 80% planned dose (2GyE)

RBE=1.1 RBE-LFEM— ard
R R Jorvard — 1. 70mm

RBE=1.1 RBE—LEM —optimized
R oimized — _0) 9dmm
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};‘SF"hysical Database || (CNAO)

“* FLUKA-calculated lateral dose profiles at different Water Equivalent Depths (WED)
for 130.57 MeV/u protons

1- @ [ 1- 1-
- WED =25.0mm &% FLUKA - WED =50.0mm ¢ % - WED =100.0 mm § §
- p 1 |o data I I L § b
0.8 I 0.8 P 0.8 fos
T | : T [ ! ; T [ ;
Eﬂ.ﬁ &0.6 Eﬂ.ﬁ—
w [ w | TR
8 I i s
0.4 0.4 0.4
0.2 0.2] 0.2
I:-_=_-= :i-_=-__- gﬁ 50 L L
X [mm]
1 1 1
0.8 0.8 0.8[
= B — — -
3 r = = L
0.6 0.6 <06
o | @ o |
S T 3 S f
0.4 0.4 0.4
0.2 0.2 0.21
N ] L L A ""'a...___",_____::
g 30 930 - - gﬂ =20 -10 0 10 20 30
¥ [mm] X [mm] ¥ [mm]

Both the experimental data and the MC results are renormalized to the maximum at each depth.
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Characterizing a
12C SOBP in water @ HIT |

e s |

60

22 23
2

1.8 2
1.6
14
12
1
0.8
0.6
0.4
0.2

— Total

—— Primary

== =+ Fragments
# Experimental data

s
I
L

]
(=]

Doae [Gy]

Ry
=

Lateral Dimension [mm]
=

0.5

&

60 80

Depth [mm]

100 120 140

- a} ===+ Fragments

@ Euperimental data

» Max % difference MC(FLUKA)-DATA
=1.5%

> At the depths of 3 cm and 7 cm the
fragments contribution is 7% and 15% of
the total dose.

10°

FT1]
Depth [mm]

Mairani et al, submitted to Med. Phys.
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Couhiing FLUKA with biological databases

Given a biological model as a input of the simulation
(in terms of particle type, energy or LET)

Whenever an energy E is deposited in a target voxel by a certain radiation
type, the biological response is evaluated on-line taking into account the
biological database

According to the typical linear-quadratic dependence (g(D) = a D + 8 D?)

and the TDRA (Theory of Dual Radiation Action) the number of lesions in
a Mixed Radiation Field can be expressed as

n

F(D|.D2, ”..D“:] — Zﬁ’.D’ + (i ﬁDE}E

In FLUKA ("extended") the sums of D, «;0D;and £?D,can be scored
during runtime in different arrays to allow final determination of the

average parameters for a mixed field:
o :izl a; D;
a = i i
Z:;=1 D;
From K. Parodi B = {Z":L VL, 12
Z:’:] D;




slative Biological Effectiveness (RBE)

Carbon, CHO-Cells

cezves 3 Linear-Quadratic-Linear (LQL) model
+76.9 MeV/u |
. - 266.4 MeV/u |
_g . 250 kv Rontgen- S(D) [ exp (—ch o ,‘3DZ) for D < D,
3 ‘ : B exp (—&'Dt — SDE — (D — Dt)smax) for D > D,
SI]]ELX = X —|— g’th
0.01 ku 1
0 8 10
Dose [Gyl
\ W. Kraft-Weyrather et al. Int. J. Radiat. Biol. 1999 /

|so-effective dose (GyE)m

t

get YOMe Dose

i D[E
RBE"=—L

|E: isoeffect Dion

J
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RBE modelling

Local effect model (LEM)
Basic assumption of LEM
Local Effect (Photons) = Local Effect (lons)

nnnnnnnn

=105

(AL

Uberleben

0.01F

vz 4 8 8 0 o
Dosis [Gy]

M. Scholz et al. (GSI) (for scanned carbon ions)
Large compIeX|ty. Response dependencies biology:
. L * Tumour/tissue type
Bgsponse dependencies physics: « Mutations
. M_ose : g " it * Oxygenation / nutrition conditions
(LEllc_:)roscoplc energy deposition pattemns . )i ’cycle effects

Sept.

The uncertainty of iso-effective dose for carbon ion treatments
is estimated to be in the range of 20% (Krager and Jakel 2007).

2012 PARTNER final
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T re-implementation of LEM-IV

Example of benchmark of the
re-implementation (Mairani et al.)

2
' ~| ® HRBE, data V79 cells
Original LEM: M. Scholz and co- 1“:__ H RBE, MyLEM .
workers gL| W HeRBE, daia i
LEM-I: Scholz et al., Rad. Env. W' gl He RBE MYLEN ot
Biophys. 1997 € r )
4_
LEM-II (SSB + SSB -> DSB): Elsasser -
et al., Rad. Res. 2007 2C
LEM-III (Improved Track Structure): o7 i — m]"l',_l,z e
Elsasser et al., JROBP. 2008 g
LEM-IV (Effect derived from R e HSC ool
DSB(X,y,Z) DSB + DSB -> C0mp|eX :I.D:—_ uCRBE:iM}fLEM cets
DSB): Elsasser et al., JROBP 2010 | m ‘HeRBE, data .
8...... *He RBE,, MyLEM :
w L “C RBE , data
g Efi “C RBE,, MyLEM '.i=
A | O ‘HeRBE, data '
il P “He RBE,, MyLEM
O
nzl | ..I2 ”I3
1 10 eTkevipm) 1° 10
Exp Data: Belli et al.
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RBE,

12

10

ESurvivaI

@ TSC data @ TSC data
LN229 — TSC MyLEM 1 us7-mMG — TSC MyLEM
O SOBP data O SOBP data
----- SOBP MyLEM ----- SOBP MyLEM

10° 1
0 | e [evium] 10| e (kewfum]

©
2
>
-~
@
1 -2 10
| L N IR B R D D T
0 05 1 1.5 2 0 0.5 1 1.5 2 25
Dose [Gy] Dose [Gy]
S.E. Combs et al. Int. Jour. Rad. Biol. 2009
[
| @ HRBE, dua V79 cells F| & HRBE data C3H10T1/2 cells
| H RBE, LEM 5§_HRBEU LEM
[l m HeRBE data N ‘:_
B ==ss He RBE LEM .‘.' o F
.t m 2
C W x F
= 2|
3
:I 1 1 1 n:| 1 1 1
1 10 e evium) 10° 10° 1 10 e evium] 10° 10°
C|  HRBE dua T1 cells F| m HeRBE, dua HSG cells
| H RBE, LEM 10+ .
] m HeRBE_ data 35 == He RBE_ LEM ....'
F ... He RBE, LEM a g F b
r i * & E:_ .‘
- L t i
- -p“'. 2: d’=
r r - "8
i 1 1 1 o_l 1 1 1
1 1 10° 1 o 10°

Glioblastoma cell lines,
C-ions LET 103keV/um,
172keV/pm (and X-ray)

Light ions

V79: Belli et al 1998, Folkard et al 1996 and Cox
etal 1977; C3H10T1/2: Bettega et al 1998; T-1:
Barendsen et al 1963 and Barendsen 1964; HSG:
Furusawa et al 2000
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% Impact on treatment fields

Carbon ion treatment field in water optimized for nominal HSG parameters

x [cm]

4
3
2F
1=
BI=
.2:
-3
-4

z [em]

Single field, HSG, 3GyE, 64ml and 15cm depth

Sept. 2012 PARTNER final



Treatment plans

Opposed beam geometry ...

RBE

[ RBE-depth profile |

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

... using dual-criteria optimization:
Biol. dose + const. RBE in PTV

Sept. 2012 PARTNER final
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_® MCTP simulation set-up

A Scoring
X region

PTVs and
OARs

Pencil

beams

Z shift

—— > L g==== ,
———— >
——— >

\4

i [y s e ) s N s [ s Y e e ) e s s [ e

i [y s e ) s N s [ s Y e e ) e s s [ e
i [y s e ) s N s [ s Y e e ) e s s [ e

i [y s e ) s N s [ s Y e e ) e s s [ e
s e s | s [ [ s |
s e s | s [ [ s |
i [y s e ) s N s [ s Y e e ) e s s [ e
i [y s e ) s N s [ s Y e e ) e s s [ e

Ripple Filter PatientCT/Phantom

Typical dimensions:
Voxels =2 x2 x2 mm?3

Scoring grid = 10x10x10 cm?3
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4 L" Opposed fields

Chordoma — various tumours ...
Biol. dose

= 4F
G350 Chordoma SF
. . D E
Slngle fleld 3 35 Prostate
Q2.5
o 2F
> £
O,1.5¢
S 1=
o _E  Absorbed dose N
i .y T T e
o Qo792 14 16 _18 20
Depth [cm]
N —_— 4_
> o
O_pp_osed flelds W. Bisf  chordoma MID
) o
Minimum integral § s Prostate
2.5 Liver | ..
dose I
w 2
> - —_——— 3
61,5
8 1 b
3 P I’ Absorbed dose \"—___
D05 =l L NI
.0 T——._—I—_ Ll L ,\.\r+————|
o Qo927 44 16 _18__ 20
Depth [cm]
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RBE
2r
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U Chordoma
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o Prostate
4_ .........
s I S
o2 14 16 18 - 20

Depth [cm]

7r
65 Chordoma MID
4
i:
Yo 214 e

18 20
Depth [cm]
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S Opposed fields

Chordoma — various tumours ...

Biol. dose RBE
— 4r 7r
. @35_ Chordoma SFUD I;Ié 6* Chordoma Prostate  SFUP
Opposed fields w. 3 o rostate :
. . . g 5F
Single-field uniform =25 )i
dose S1.5- 3
S5 43
o Qo127 14 16 18 20 ]
Depth [cm]
= 4E L 7:
%3'55 Chordoma CRP & 6 Chordoma Prostate "
Opposed fields w. 8ot Lier Prostate| 5,
Constant RBE in o S 4
PTV % 0. ;#,/ 7 Alosorbid dose\\ \\‘_ 2
& Vo121 i 7530 1
Depth [cm]

... reduced gradients due to more uniform radiation quality!
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- Dual ion fields

Example: He+C fields with const. RBE in PTV to have a
constant radiation quality as a function of field size

— Br i .
= - m2.4- .
) 5 C ions, 4cm m22: Cys,zcm
g 4_ He+C ions, 4cm \ 2 // \
m - \ 1.6
2r ‘ -
- /\ 1'4:
1_;// Clons 2cm - 1-25_ He+IC ions,I 4cm ICionsl, 4cm |
Yo 72 16 18 20 Yo 742 12 16 18 20
Depth [cm] Depth [cm]

+ Reduces risk for possible relative misestimations as a function of field size (and also
field depth)

— Dilutes (the probably advantageous) high-LET component of C ions.

+ However for treatments with higher-LET ions, such as oxygen, the mixture with
lower-Z ions could additionally help to reduce the fragmentation tail.
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™ Dual ion fields

Example: monodirectional H+C fields with const. RBE in PTV (HSG)

E - g 2.2__
& 3F X
. 2 - 2__
3 '5: -
3 o 1.8F
8 F -
= 1.5 1.6
R=l) - "
= 1 1.4F /r
11} - B
2 %% 1.2F
0= do 2 T4 16 ' 18 20 10 12 | 14 16 | 18 20
Depth [cm] Depth [cm]

— Allows to optimize for wanted radiation quality (based on RBE, LET, lineal energy, ...?)
* Independently of field size and depth

— Also usable for orthogonal and patched field geometries

— Similarity to “LET painting”-approach — region with uniform rad. quality
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