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Disclosure / Disclaimer F.\|R ==

Nothing to disclose

Particles are not simply “better” than photons — some properties may be
beneficial

| here use often in-vitro considerations for didactical reasons. Next step would
be extrapolation to in-vivo / clinical context.
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What'’s so special about radiation? F_\|R === I

'Y -
&

Lethal dose Heat energy to body
4 Gy =4 J/kg ~70 J/kg
How that?

Must be extreme concentration of energy on small scales

Radiation deposits energy very inhomogeneously
—> lonizations of secondary electrons
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FAR ==

Interactions: Photons
F |

”

scattered phaton

Interaction of photons with matter (y- or X-rays)

Photoionisation Compton effect
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Interactions: Electrons F.\|R =P | |

Interaction of electrons with matter

Inelastic collisions High kinetic energy e~ %,,ah.ung,

- lonization 2
- Excitation
- Bremsstrahlung (bremsstrahlung)

Nuclear reactions %

Typical scenario:

e (delta ray)

100 keV X-Ray photons /\’é
—> Compton scattering, secondary electrons \delta ray) e'ﬁ
- ~ 1000 — 3000 ionisations P

—> Broadly scattered ,sparsely ionising radiation”
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Interactions: lons F-\lR === 1L

Interactions of ions with matter (e.g. a particles)
Again: lonization, Excitation

Typical scenario:

- lon moves straight

—> gradual deceleration

- secondary e “track structure”
—> “densely ionisinig radiation”

&

(A. Chatterjee)
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Radiation damage on different levels F_\|R == I

Humans: T (Source: BBC)
- 10%* Cells

- 46 Chromosomes
- 6 x 10° DNA base pairs

Chromosome

DNA damage

Radiation damage: Cell death  Aberrations :
Mutations
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The big picture
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[ Interaction of radiation with matter:

Excitation and ionization

v

Radiolysis of water
- Radical formation
- Diffusion

Y

Damage to the DNA
(and other molecules)

v

DNA strand breaks

v

Chromosome aberrations

v

Cellular damage

v

Organ damage

FAR ==

Physics

Radiochemistry

Chemistry

Biochemistry

Biology

Medicine




It’s all about inhomogeneity FAR ==1r

Homogeneous bl
exposure

Inhomogeneous T 8T e vATT
exposure Vet §085, 5 5

Inhomogeneous dose exposure is usually (but not always) more effective!
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Same energy — more effect FAR ==

wl) HALOGEN

LED

lampsone.com
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Relative Biological Effectiveness (RBE) F_\|R == I

lons: Typically less dose needed to achieve the same effect as photons

D Y
Dlon Isoeffect

RBE =

Example: Some cells are typically inactivated with 5 Gy of photons, but only 2.5
Gy are needed with 20 MeV/u carbon ions - RBE =2

Q: Why is this important?
A: Per Gy we deliver more damage to the tumor in carbon ion radiation therapy.
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DNA damage FAR ==

X-Ray
%%%% —) Fixation &
folelel Staining
Ion beam
_>B = | Fixiation&
—_— Staining
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-10.0 sec

(B. Jakob, G. Taucher-Scholz)

Cosmic rays in a human cell




Damage induction

DNA fragment size distribution:
In particular more small fragments
for high LET

Moderate RBE values

More unresolved fragments?

> 1
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>
O
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0.01

FAR ==

01 L

Hoglund

Ni ions 125 keV/pm

Int J Radiat Biol 2003 |

T

)70 Gy |

100

1000

Fragment length (kbp)

Table 2. DNA double-strand break induction yields aflter irradiation at different LET values. P

LET (keV/pum)

Radiation quality

Yield+ SE*
(10 % dsh/bp per Gy)

Random yield + SE”
(10 X dsb/bp per Gy)

A}E" dsb induction

R or photons <0.5
He 1ons 40
N ions 80
N 1ons 125
N 1ons 175
N 1ons 225

5.8+ 0.1
8.8+ 0.2
8.6£0.9
8.6+ 0.3
7.6x 1.0
6.9+ 0.7

o=}

5.2 0.1
5.0x0.3
4.8+0.2
4.3+0.2
3.8x0.2
3.3+ 0.1

o v

o Lo
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Damage repair FAR z=ux

Tommasino, Radiat Res 2013

V79 cells, filter elution
Carbon % 1.2r
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Time (min) E Experimental data: Cucinotta 2000 Int J Rad Biol

Persistent damage at high LET and high doses - repair failure

At least two components of repair (fast vs slow)
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High LET cytogenetics F_\lR =0

3 Gy y-rays 0.3 Gy Fe ions

Durante et al., Radiat. Res. 2002
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Cell survival

,clonogenic
survival®

Irradiation

monolaver culture

trysination
I 1:10

1:101:10

I'Ik"
L::Zm
'4..-'»*'

10.cells seede

dilution

no. colomes counted

|ncubau0n
(1 -2 weeks)
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SURVIVING FRACTION

FAR ==

\ 15-MeV \"\

o Neutrons

Alpha *
roys \
=L .} J

4 6 8 10 12
DOSE IN RAD X 100



Linear quadratic model

e
ol

e
[}

Survival Probability

‘O
o
o

o 2+ s &
Dose (Gy)
aD BD?
Intratrack-lesions Intertrack-lesions
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Survival = Probability for no lethal event
- Use Poission statistics
§ = g—(aD+BD?)
Radiation is self-synergistic
Two types of lesions
(lethal vs sublethal)

High LET: more lethal lesions per Gy
(as for high doses)



Mechanistic interpretation of LQ model FAR ==1r

What are lethal lesions induced nonlinearly?
Why is radiation more effective per Gy at high doses?

lesion interaction lesion repair

Intial 1-track
lesions

— -\

-ln S Additional lesions
due to interaction \
( Number | | or accumulation L
c"jofif of sublesions \
ragiation
lesions ) (>2-track | \ Fewer lesions

* due to repar
_ \ (dose-, ie. multi-
(a) lp)  Intal track-, dependent |

o | 1-track
Ie-_-‘.ionsx\
1 | | 1 | 1 1

Dose Dose

Goodhead, Radiat Environ Biophys 1985
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Consider many data

Particle irradiation data ensemble (PIDE)

Collection of in-vitro survival data

> 1100 photon and ion effect curves
Different cell lines, radiation qualities, ...
Suitable for model validation

------------
......

Particle'rradiation DataEnsembIe

www.gsi.de/bio-pide
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Friedrich et al., J. Radiat. Res. 2013
Friedrich et al., J. Radiat. Res. 2021
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Hypoxiz FAR ==nu

Hypoxic cells (lacking oxygen atmosphere)
are very resistant

Reason: Oxygen can “fix” damage and make it
less repairable

OER: Dose ratio between aerobic and
hypoxic conditions N T

Dose [Gy]
Tumors are often hypoxic in the core | T e
(e.g. pancreatic tumors) S U T

251

Hypoxia makes tumors resistant
High LET radiation overcomes this resistancy

OER

10

Kraft & Scholz, Adv. Space Res. 1994 w 2 e P e 2 e 28

LET [keV' /pam]
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Carcinogenic risk F-\lR =1

Alpen et al., Radiat Res 1993

lon Energy LET
0.7 (MeVA)  (keV/pm) —
80Co v rays 0.23
Iron
Protons 250 0.4
0.6 (600 Mev) Helium 228 1.6 —
::':ﬁ“ g;g 1';’;’ ' Initial slope + SE
5 0.5 opium won 350 253 Helium - Radiation (A% Prevalence/AGy) RBE + SE
g Niobium 600 464 GOCO
% 0.4 — %Co v rays 54+1.7 —
_15: 0.3 | Protons n Helium (2284 MeV) 128 + 1.8 23+0.3
- ron
§ (350 MeV) Neon Iron (6004 MeV) 214 + 63.3 396 + 11.5
2 0.2 -
o Iron (3504 MeV) 110 + 29.7 20.3 + 8.3
0.1~ _
0 | | |
1073 1072 107 10° 10" 102

Particles per pum2

High RBE also for carcinogenesis (here: Harderian gland data)
Likewise: Mutation induction, cell transformation, micronucleus induction, ...
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Effectiveness in carbon ion therapy F_\|R == I

0.8

RBE weighted Dose (Gy)

Dose [Gyl
s

o
»~
T

0 20 40 60 80 100 120 140 160 180 200
Depth [mml

200 T T T — T T T

0 50 100 150 200 250
zlmml

150 [

RBE must be known in order to

' deliver the correct physical dose

N Radiation quality is different

N between entrance and SOBP, but
pepin o also across the SOBP
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LETpege [keV/pml




Application to carbon ion therapy

Bragg peak
(Tumor)
Entrance channel
Beam (normal tissue) o
Depth
Energy high low
LET low high
Dose low high
RBE ~1 >1
OER ~ 3 <3
Cell-cycle
dependence high low
Fractionation high low

dependence
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Durante & Loeffler,
Nature Rev Clin Oncol 2010

Potential advantages

High tumor dose, normal tissue sparing

Effective for radioresistant tumors

Effective against hypoxic tumor cells

Increased lethality in the target because
cells in radioresistant (S) phase are
sensitized

Fractionation spares normal tissue
more than tumor



Lessons learned F-\|R == I

lons are more effective than photons, i.e. induce more damage per Gy
Effectiveness is quantified by the RBE
lons induce more DSB damage, presumably much more small fragments

They induce more complex DNA damage — it is less efficiently repaired, and
repair takes more time

Cell division is hence more likely to fail — hence ions cause more cell kill per Gy
lons are also more effective for later endpoints: tissue damage, tumor control,
carcinogenesis

High LET effects are similar to high dose effects

At very high LET, effectiveness decreases due to “overkill” — less deposited
energy per particle would have been sufficient

Also other advantages: OER, cell cycle, ... 2> exploited in ion therapy
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Relative biological effectiveness F_\|R === I

D
T T T T T T T T T T LI RBE: Y

= Photonen | ] DIon
= lonen ]

Isoeffect

RBE depends on:

_g 0.1 k- : - Endpoint
5 : ] - LET
@ - Dose
] - Particle type
RBE=2.0 - Radiosensitivity

R S N — E - complex quantity

Dose (Gy) Challenges
- RBE systematics
- RBE in complex radiation fields
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RBE: LET dependence

-L1-76.9 MeV/u Carbon
-M - 356.4 MeV/u Carbon
250 kV X-rays
B
g o 3
= 4
v E
0.01
Al i " A
8 10 12

8- 11.0 MeV/u Carbon

Dose [Gy]

Scholz, Adv. Polymer Science 2003

Dt - RBE|
Zt > RBE|
a/ft > RBE|
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V-79 Cells

RBE (from final slope)

0.01 Loyl L Lo 1yl i Ll
10 10 10 10'
LET (keV/um)

Kraft & Scholz, Adv. Space Res. 1994

RBE increases with LET
At some point it decreases (overkill)



RBE: Dose dependence FAR ==1r

LETt > RBE? (RBE})

Zt > RBE|
a/ft > RBE|

s ey '
10 0 od o
KEUTRON DOSE {rag}

Kellerer, Curr. Top. Radiat. Res. Quarterly 1972
RBE decreases with dose
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RBE: Particle type dependence FAR ==1r

Furusawa et al., Rad. Res. 2000

® He, RBE,
gl O He RBE, e .
® ¢, RBE,
O ¢, RBEy
6 i
LETT - RBE? (RBE))
é | HSG cells ] Dt - RBE|
4t -
o/t > RBE|

=B
D:L’GD =

0 T, T 1000
LET (keV/pm)

RBE decreases with increasing Z
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Survival

Same LET - different effects FAR ==1r

1 gl I S —106
05000 V79 cells
L 104._
>
0.100 2 100}
0.050f 2
L 0 1+
" Data: E
0.010F : 8 i
->'’F Furusawa Radiat Res 2002 5 001
ot 1074}
LET ~60 keV/pm
0.001% ' 1 L L L 106 - . s L - .
0 1 2 3 4 5 10 0.01 1 100

Dose (Gy) Radial Distance (um)

Neon ions have larger energy at 60 keV/um than Helium ions
Hence track structure is broader and shallower - less effect
LET does not uniquely define radiation effects
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RBE: Cell type dependence

Carbon ions

, .
BT e y79

5 7 2
10! 102 103
LET [keV/uml]

Weyrather et al. IJRB 75, 1357 (1999)
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LETt > RBE? (RBE})
Dt > RBE|
Zt > RBE]

RBE decreases with increasing a/f3



Relevance of the a/B- ratio

FAR ==

Above a/f3, the B component is more important than a
Photon a/B: Scaling parameter for responsiveness of cells or tissues

Survival curves
0.50

0.10 Radiosensitivity

0.05 Tumors

a/f =10 Gy
. . . . . Normal tissues
0 2 4 6 8
Dose (Gy)

RBE effects

Fractionation sensitivity
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Shouldered survival
curves
-> repair takes place

radioresistant
Slowly growing tumors

Late responding
tissue

Large RBE effects

High

Straight survival curves
—> less repair or more
complex lesions

radiosensitive
Quickly growing tumors

Early responding tissue

Moderate RBE effects

low



Proton RBE

RBE (cell survival; 2Gy)
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Protons are no exception
LET remains fairly small (<<20 keV/um)

Lower RBE, hard to detect characteristics
But: RBE > 1 is evident on average — also for low LET

3.0
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0.0

(a/B), = [0,3) Gy
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4
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LET [keVipm]

3.0

2.6 4

. [ ]
. s
1 e @ 5 -
L]
1 o
- ’

0.5

0.0

(/) = [3-6.) Gy

2 0 2 4 6 B 101214

LETq [keV/pm]

3.0

25 4

2.0

1.5 4

1.0

0.5

0.0

(a/p), = [6,9) Gy

30

25 4

4 20

1.8 4

1.0 4

0.5 4

(oe/p), > 9Gy *
.

2 0 2 4 6 8 1012 14

LETq [keVipm]

Paganetti PMB 59, R419 (2014)

[X]

20 2 4 6 8 1012 14

LET [keV/um]

FAR ==

— Fit including uncertainties
— — = Fit ignoring uncertainties



Why are ions so effective? FAR iz =1

A dose of 1.7 Gy could mean...

234 protons (20 MeV), 234 protons (20 MeV), 2 carbon ions (4.5 MeV/u),
homogeneous focused to sub-pum spot focused to sub-pm spot
irradiation

—> Test biologic response with microbeam
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Radiation targets at different levels F_\|R == I

DE
g
E 0 |:l
@
[
021 '
Protons Protons Carbon
homogeneous  focused focused

- Coexistence of lesion interaction mechanisms

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

~L

Hm lesion interaction
(DSB proximity) Z\

nm lesion interaction

N
(DSB number) HHQHHHHHH@HHHQHMHH

Friedrich et al., Sci. Rep. 2018
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FAR ==

“Essentially, all models are wrong,
but some are useful!”

George E.P. Box, statistician

- Models have limitations
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Endoplasmic
reticulum (EF)

Therapautic leads:
Arsenicals | Interfaron

Chemical leads:
INQ-1001 | FR255595 |
3-AB | NU1025 | AG14361 |
INH2BP | GPIG150 | PJ34

Therapeutic leads:
pan-TRAILR: TRAIL
TRAILR1: HGS-ETR1
TRAILRZ: HGS-TR2J

AS: CT5 | EGCG | Cerulenin

AOZs| Nlcoﬂngﬂlaspanyl
ketones | M826 | M86T

Chemical lead:
Pan-caspase: IDN-8556

Death receptor
(TNFR1, TRAILR1,

Chemical lead:
cDDO

{O Death ligand
l (TNF, TRAIL, APO3L, FASL)

Chemical leads:
SPC-839| 50514| Pyridooxazinons
derivative | BMS-345541 | B-carboling |
2-amino-8-[2-(cyclopropyl-methony)-6-

4-piperidin-d-yi r

hydr

Ureido-thiophene carboxamide derivative |
= Indole carboxamide derivative |
il Benzo-imidazole carbouamida c!er\vslwel

Amin
Pyridyl cyanoguanldlm deﬂvatlve |

Chemical lead:

phenylaming

4-phenylsulphanyl-

Geldanamycin |

Chemical leads:
PU24FC|

Chemical leads:
Berzenesulphonamide
derivatives | Capped
tripeptides containing
unnatural amino acids |
Embeline |
Diftriphenylureas |
Compound 3

k@

Chemical leads:
Humanin paptides |
3,6-dibromocarbazole
piperazine derivatives

of 2-propanol |
Ku70 peptidas

Caspase-dependent

celldeath 265 proteasome
degradation

C ical lead:
D

Chemical leads:

MG-115| MG-132|

Lac

in
| Bortezomib | Epoxoemicin

Caspase in
celld

P

dependent
eath

NI /AN TN S/

WASTA

Chemical leads: =
DFls | 1L-6-hydronymethyl-chiro- s
inesitol 2(A)-2-O-methyl-2-0-
octadecylcarbonate | API-2

Chemical leads:
Wortmannin |
LY294002 | PX866

Chemical leads:
Pifithrin-uo |
CP-31398

Therapeutlc lead:

3CI-AHPC/MM11453

\ 73000 N

[

Chemical lead:
XIAP antisense

Chamlcal lead:
Sumlvln anlisenss

Chemical lead;
Genasanse

Withdrawal of
growth factors/cytokines

Chemical leads:
HA14-1 analogues |
CPM-1285 analogues |
BH3I1 | BH3I-2 |
Antimycin A3 |
Compound 6 |
Terphenyl derivative |
Apogossypol |
Theaflavin | SAHBs |
A-TT9024

Mitochondrion

Oncogenic

/ signals
@D

Chemical leads!
Chiorotusin |
Sulphonamide
compound 1 |
2-phenoxybenzoyl-
tryptophan derivatives |

Nutlins




Basic properties of models F_\|R ==

Models are a compromise between oversimplification and
overdetailed descriptions of reality

Big challenge in modelling
Often simple phenomenon...

. Optimum for
...but very complex biology predictive
Keep models simple poyver

- make them practical
- meaningful parameters

... but not too simple!

Difference model — data
Parameter uncertainty

Complexity
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Model logic FAR ==nu

Physics Biology

(Energy, particle type, dose) (radiation sensitivity, nuclear size)
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Model categories F-\lR =P | |

Generally different approaches

,»Ab initio“ models: detailed and complex

- Tools to investigate mechanistic aspects

- Limited predictive power for late endpoints due to
parameter accumulation

- Example: Geant-DNA, PARTRAC

Pragmatic models: Empirically based, simple

- Low number of free parameters, good predictive quality
- Simple for applications

- Limited mechanistic basis

- Example: LEM, MKM
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History in effect modelling FAR ==1r

RCR

Repair/interaction model i
(Lind 2003 / Wedenberg 2010)

(Harder and
Virsik-Peuckert 1984)

o GLOBLE Track event theory
Two component mode|  Theory of dual radiation PARTRAC (Friedrich et (Besserer and
(Bender and Gooch action Saturated repair models (Friedland et al. al. 2012) Schneider 2014)
1962) (Kellerer and Rossi 1972) (Goodhead 1985) 1998, 2003)
BIANCA model

Repair — misrepair

Katz model model LEM, LQL (Ballarini et al.
) (Scholz and Kraft 2013)
(Butts and Katz 1967) (Tobias 1980)
1992)
2010
Microdosimetric \

LQ model kinetic model ML gLQ model
(Sinclair 1966) (Hawkins 1996) (GuerSero (Wang et al. 2010)
Target theory Molecular theory of i
(Lea 1946) Y and Li 2004)

radiation action [Not titled]

Two-lesion kinetic

A (Chadwick and (Sutherland
- i model (Stewart 2001
Cybernetik model Leenhouts 1973) Q-repair model ( ) 2006) Universal
(Kappos 1972) (Alper 1984) val
_ ; survival curve
[Not titled] LetPIIatIh Ipotecr;tllall\/ P2S rlnodel (Park 2008)
(Pohlit and Heyder 1981) € a. mode (Kundrat 2005) o e
(Curtis 1986) Repair-misrepair fixation
Incomplete repair model model (Carlson 2008)

(Thames 1985)

Red: High LET models
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Track structure representation

Track structure of high LET ions

E
S0
N
0
Carbon
20 ——
[ 20
15
F=a: -
£
St o S
N N
5 -
s 0
0 1
-10 -5 10
20
E
S0
N
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Model representation

___ Carbon___
1-dimensional
,LET-approximation*
M5 0 5 W
x [nm]
__ Carbon___
2-dimensional
»=amorphous track"
10 5 (; 5 10
x [nm]
— Carbon___
&
_ 3 3-dimensional
o Full reconstruction
3
5 or/ 5 10
x [nm]



Modeling RBE

= Ionen

= Photonen

Survival

0o 2 4 6 8 10 12 W
Dose (Gy)

RBE =

FAR ==

“Relative biological
effectiveness”

Dref
Dlon

Isoeffect

RBE depends on:

- reference radiation
- endpoint

- LET

- Dose

- Particle type

- Radiosensitivity

- complex quantity!

Goal of modelling: Describe and predict RBE (or LQ parameters)
- for complex radiation fields, i.e. in particle therapy or space radation
- for investigating mechanisms of high LET effects
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Microdosimetry F-\|R =1

Dose of 1 Gy ~ 10° ionizations in a cell nucleus
But: Microscopically, dose fluctuates

Microdosimetry: Consider biologic relevant microdosimetric domains
- Specific energy z is random variable equivalent of dose
—> Determine distribution of z
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Microdosimetric Kinetic Model F_\|R === 1L

Consider survival s, of domains
(by sampling from the distribution of specific energy z)

~Ins, = Az+Bz°

Cell survives, if all domains survive

Number of hits to a domain:
Poisson distribution

Survival fraction of a cell: S

~InS =(a, + fz,,)D + SD? Used as part o_f_t_reatment planning in some
’ Carbon ion facilities (Japan, Korea, Taiwan)

Note: £ drives up the effect!
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Local effect model: General concept F_\|R == I

Main idea of LEM (all variants): ‘
Consider local energy concentration I
within amorphous track structure = f10 SN
Same effects establish as for O N e
photon exposure @ 103N
O o b
TR T S
SR =
10 e
- Need § Ny V'E
1
Track structure model 5
Photon dose-effect curve 0 -
2.
Scholz & Kraft, Radiat. Prot. Dosim. 1994 2 . g . % (e

Scholz & Kraft, Radiat. Environ. Biophys. 1997
Carbon lons
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[Gy]

DIr)

LEM | Concept - Overview

Radial Dose Distribution

108
103 |
100 |

1038

108

Cell-
nucleus

Sy(D)

0.0

FAR ==

| Photon Dose-Effect

0.1f

LEM |
Sum over local effects
__|aD +BD?  forD < Dy
InSx (D) = {linear tail for D > D;
’ Sose [E;’V] ® S = Vn_lexp —jlnSX(D(F)) d31”

- Adapted for carbon ions
- Predictions valid in high LET (target) region

Used as part of treatment planning in some
Carbon ion facilities (Europe + Shanghai)

Tracks
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LEM IV concept — overview FAR ==1r

Radial Mnss Mistribution

-
=1
L]

LEM IV

-

=]
™
T

DI [Gy]

0t

0

Local lesion distribution

r [pm]

Amorphous track eo0l
strucure
Local dose

distribution

Lesion
statistics
iDSB 7
cDSB . 3
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| Photon Cose-Effact

1 1 1
& 16 B

Dose [Gy]
Equivalent

photon dose




LEM IV concept F-\lR =51

Average over local damage concentration

Include DSB distribution: Distinguish DSB in 2 Mbp chromatin loops
isolated DSB (iDSB)

clustered DSB (cDSB) Elsasser et al., Red J 2010
Friedrich et al., Int J Radiat Biol 2012

Friedrich et al., Phys Med Biol 2013
/\J - Determine effect from photon exposure with
same local DSB concentration
—> Valid for all ion species
(validated up to 2°Ne)

- Reasonable predictions for broad
0.5 pm range of energies

< >
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LEM IV scales of radiation damage FAR ==1r

Lesion formation on three scales

1nm “Mediators” of damage:
i \ «—> & a. Number of DSB
I\ L b. Proximity of DSB
N c. Presence of hits
b C LEM IV has elements of:

~L o a. Nanodosimetry

[
@- Q b. Microdosimetry
i ; Q‘ c. Target theory

0.5 pm 10 pm
% H
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Proton RBE modeling F-\lR =1

Protons have less expressed RBE effects
Simplest proton RBE model:

RBE =1.1

Used as part of treatment planning
in all proton facilities
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Proton variable RBE modeling FAR ==1r

Empirical RBE models for protons: RBE is linear in LET

RBE RBE, = — =1+ L
—_ —_— = q
max a ay ay/lgy o |
edenberg et al.
Similar approach for : RBE;,;, = RBEg Acta Oncol. 2013

LQ model: Obtain RBE for any dose
Sma” (a/B)Photon

3
L - Restriction to protons
@ - Dose dependence debatable
- Low mechanistic rationale
. Large (o/B)pnoton - But: simple !
1 10 30 LET
[keV/um]
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Why variable proton RBE? F.\|R == I

Extended range: RBE enhances irradiated target size

variable

b0 T T T T r T . T . T .
sl ] At distal end of a SOBP, high
1.1 [ _

LET patterns may induce
normal tissue effects
(meanwhile we have clinical
evidence)

Likeweise, for
hypofractionated regimens,

RBE = 1.1 could result in
underdosage

130 135 140 145 150 155 160
Eindringtiefe (mm)

Griin et al. Med Phys 2013
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Many RBE models exist FAR ==

Empirical /
Phenomenological
Proton Models

Model comparison is a nontrivial task

Stewart et al., Phys. Med. 2018

1015 1012 10° 106 103 100 103 106 100 t[s]

Physical Chemical Radical Biochem. Repair Cell kill Transformation

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH 62



Who's right Féih =

Cell survival fraction
2

=]
%

10"}

=]
R

1.0 5

3 ""‘~=,%Hawkins 1996

e in Gray

T L T T
~- Exp. Data
— Global Fitting| -

Abolfath 2017
0 1 2 3 4 5 6 -50 A ‘l . é . :‘; .
Dose [Gy] Dose (Gy)

[
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Model benchmarking FAR ==1r

Particle irradiation data ensemble (PIDE) ...................

.... Jersion 3.4
Collection of in-vitro survival data L .
_ Friedrich et al., J. Radiat. Res. 2013
> 1100 phOton and ion effect curves Particlelrradiation DataEnsemble Friedrich et al., J. Radiat. Res. 2021
Different cell lines, radiation qualities, , RS, T
Suitable for model validation R& Y biophysics 095 g
7=
oh
il & =l @
e Ak
5- © Heavier . °§’ E =
| S _eoe °, . = m'_'
4 C ° s
';f %,f:,? ':(ng' og ¢ E 9
& S heny Vi Tl o=
101 102
LET /(keV/pum)
o= it 0o Pfuhl et al., Med. Phys. 2022

LET (keV/pm)
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Model benchmarking FAR ==1r

Extended Bragg peaks for therapy

‘| I T T T T -
0.br
©
=
c 0
D2t
O Protons, Exp.
©® Carbon, Exp.
o1k = Protons, Model + + LA i
"I = Carbon, Model

0 50 100 150
Depth [mm]

LEMIV (Elsasser et al., [IJROBP 2010)
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Check model predictions FAR ==1r

Different models make different predictions
Example: Course of the 3 term with LET

35
30} ] 3
N =
— He
251 Qs —— RMF (independent of /) i 2t — C
—— LEM IV (/B = 2 Gy) Ne
N — — LEMIV (/B = 10 Gy) ) ) .
= 20¢ ! MK (constant p) . I Dt 810
g%
&
& 15}
MKM
10
_1 1 L . ge % % L = ) i} i
05} < ] 1 5 10 50 100 500 1000
126+ LET [keV/um]
2 c
0.0 . . . . . . . o )
0 50 100 150 200 250 300 350 400 Friedrich et al., J. Radiat. Res. 2013
LET (keV/um) Friedrich et al., J. Radiat. Res. 2021

Stewart et al., Phys. Med. 2018
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Rat spinal cord irradiations FAR ==1r

Comprehensive experiment: Irradiation of
rat spinal cord

 In different positions of SOBP (physically
optimized) Debus et al., Radiat. Res. 2003
Karger et al., IJROBP 2006

* Forp,HeandC :
Mein et al., JROBP 2020

* land2Fx Scholz et al., Front. Phys 2020
 Endpoint: myelopathy Hintz et al., Radiother Oncol 2022
* Detect RBE for tolerance dose TD50
* Modeling:

« LEM I, LEM IV, MMKM
« Same linear-quadratic parameters used
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Rat spinal cord: Model predictions

Implementation of LEM versions and mMKM
(Re)calculations courtesy K. Hilt / C. Deglow

2 Fx

w
4]
o

2.0

P

1.8¢
1.6
1 @14
FXx ¢
1.2F

1.0F

na

M\

%:\'ﬁ;

Protons 1 fx
| I

2.0

1.8

1.6

1.4+

1.2

1.0F

0.8

%

Protons 2 fx
L 1

)

2 3 73 5 %
LET / (keV/um)
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w
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o

1.3F

12

1L1F

Helium 1 fx

1n
18

1.7+
1.6
1.5+
@14F
@
1.3F
1.2-
11k

Helium 2 fx

1.CU

)
5

10

15 20 35 30
LET / (keV/um)
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Mein et al., JROBP 2020
Scholz et al., Front. Phys 2020
Hintz et al., Radiother Oncol 2022

2.4

2.2

2.0r

1.8F

RBE

1.6

14F

1.2F

LEMI

‘ Carb‘on 1fx

1 nl
2.4

2.2

2.0r

1.8F

RBE

1.6

14F

1.2+

Carl:!on 2fx

1G5
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Skull based chordoma

96 patients, 1997-2005

20 x 3 Gy(RBE)

EQD2 =75 Gy

LEM | with a/f§ = 2 Gy used

for treatment planning
Schulz-Ertner et al., IJROBP 2007

LEM I. In agreement with
prior data

Forward calculation with LEM |V:

In agreement as well
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. T | T '| T '| N T T
® data points: Schuz-Ertrer et al (2007)
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el 1 . 1 . 1
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Median isoeffective dose (GyllsoE))
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Modeling across endpoints: Consistency F_\|R == I

DSB induction DSB rejoining kinetics Cell transformation
Io olions ! I
o - o508 v £1 @ et °
2 Ne, 437 keV/pm
% B xe, 7990 ke\ft‘l’um 20 4 ° .: ..
s Miller et al. 1995 * °,
; ‘ = uf 151 lightions H —F,
U20S NBS1-GFP (3 min) 5 2 | C3H10T1/2cells
5oFe 1GeV/u, 150 keV/um ; 10 ° ®e
5 .
E ® L N
t 1o o °®
0.0 : . . - - : » : : ®
0 20 40 60 80 100 120 %0 160 180 200 0 T T
y i Time [min] 10! 107
N\ LET [keV/um]
Baiocco et al., REB 2022 Tommasino et al., Radiat. Res. 2013 A. Hufnagl et al., Radiat. Res. 2021

Also: Temporal effects (split dose, ...), mixed fields (e.g. fragmented beams)
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Effects of complex radiation fields F_\|R === I

Coexistence of different radiation qualities
SOBP is composed of multiple pristine Bragg peaks

Remaining particle energy and LET vary for each beam
-> Biologic effect different for each beam

Superposition? Response calculated by a microdosimetric method
(Zaider / Rossi)

G = YiDia; and /B = Y Di/Bi
ZiDi ZiDi
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LEM | application in clinical application F_\|R == I

RBE tables: Provide single particle RBE values (‘single particle

approximation’)
Relevant ions p-C » RBE »
Relevant energies table
Treatment planning system:
Calculate mixed beam properties (Zaider-Rossi)
Include hit statistic correction to account for overkill
Clinical use (EM 1): Mostly photon a/f3 = 2 Gy table
(designed for skull based chordoma)

Problems:
Exploitation of photon reference to very high doses
Overestimation of RBE with LEM | for low LET (~entrance channel)
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MKM application in clinical application F_\|R == I

Assume Human Salivary Gland (HSG)
as representing tumor tissue

Calculate RBE for 10% HSG survival
(a/b ~ 6 Gy, blue)

Optimize physical dose (green)

Fix RBE in mid SOBP

- Scale to ,clinical dose” used for
describing and reporting N I
Since 2015: Carbon ions as reference D Otinwaterpn uept;ni:wate:im] .

Inaniwa, PMB 2015

(a) Original System (b) Updated System

[Gy. Gy (RBE]]

Dbb' D|:Iin
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Different models, different predictions FAR ==1r

Compare shape of model predictions:
NIRS approach optimization
- Recalculation with LEM |/ LEM IV

—v— :
_®] '_ ) - Switching between models means
, B W~ ‘”‘ Different RBE weighted doses
3 ) oy Different LET patterns
; : Inhomogeneous dose profiles

0 50 100 150 200 250
Depth in tissue [mm]

Magro et al., PMB 2017
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Sources of uncertainties

Model selection

Model application (a/b ratio, ...)

Tissue radiobiology (hypoxia, vascularization,...)
Cancer radiobiology (stem cells, ...)

Positioning

Interindividual deviation

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

FAR ==

,,Unce?rtainty is the
rule in Medicjng«
(W. Osler)



Current hot topics relating to RBE FAR ==1r

Spatial Fractionation Flash Radioimmunotherapy High LET carcinogenesis

. and upright positioning!
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Lessons learned F-\|R == I

For particle radiation, RBE has to be accounted for
Despite simple definition, complicated quantity

Typically RBE higher in SOBP than in entrance channel due to LET
- exploitable in therapy

Protons: 1.1 used in clinics, models predict higher RBE at distal end of SOBP
Modeling is always a tradeoff between detailedness and oversimplification
Two classes of RBE models: MKM and LEM based

Further assumptions involved for clinical implementation (biologic system)
Predictions vary between models

RBE predictions have uncertainty for many reasons

Contact: t.friedrich@gsi.de
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Spare
Slides
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LEM Il and LEM lll: Improvements

LEM II

Get more DSB by clustering of single strand breaks
Dispersion of energy by free radical diffusion

10°F

Dose (Gy)

10+

11.4 MeV/u C

10°° 10 0.001 0.010 0.100 1 10
Radial distance (um)

LEM I
Core radius becomes energy dependent

Get better RBE description in entrance channel

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

DSB Enhancement

FAR ==

o
HHIILWIIIIIIHH!IHIIHI

14

12

10 |-

100 1000 104 10° 10°
Dose (Gy)

Elsasser et al., Radiat. Res. 2007
Elsasser et al., IJROBP 2008
Elsasser et al., New J. Phys. 2008



LEM IV: Towards mechanistic consistency F_\|R === I

Include DSB distribution
Distinguish DSB in 2Mbp
chromatin loops

isolated DSB (iDSB)

Friedrich et al., IJRB 2012

Friedrich et al., PMB 2013

LEM IV

Average over local damage concentration

iDSB cDSB
- Determine effect from photon exposure with same
- - Somm — el = Lo local DSB concentration
0.5 um - Valid for all ion species (validated up to 2°Ne)
<€ > - Reasonable predictions for all energies
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LEM IV vs PIDE F_\|R
iI= 5= 1L
Particle irradiation data ensemble (PIDE) ...................
Collection of in-vitro survival data g
> 1100 photon and ion effect curves
Different cell lines, radiation qualities,

Friedrich et al., J. Radiat. Res. 2013

Part.iclelrradiationDataEnsembIe Friedrich et al., J. Radiat. Res. 2021

www.gsi.de/bio-pide

7o

0

10 20 50 100 200 500 1,000
LET (keV/pm)
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Pfuhl et al., Med. Phys. 2022



In vitro validation: the big picture FAR ==1r

T CY
S &
u =S o -
Uy 3 3 Q@“ LEM IV limitations quantified
LYy = 0 & @ . .
Tl & . O\(\ Model agreement for many situations
-~ @ .
u"j I_G_)Q@)%\é ‘\C/\"\o Endpoints
N . .
&Jr@ c® ed 2% Applications
e@p‘( /%7% ’f% Radiation types & deliveries
I~ = ) . .
Q\% fgc o & Model is consistent
> G . .
Of Q'D zg_ 3 Reflects numerous experimental findings
Q§ §’ o Allows for mechanistic interpretations
& < )
& O
&
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Rat spinal cord irradiation FAR ==1r

Comprehensive experiment: Irradiation of rat spinal cord
In different positions of SOBP (physically optimized)

For p, He and C Debus et al., Radiat. Res. 2003
1 and 2 Fx Karger et al., IJROBP 2006

. Mein et al., JROBP 2020
Endpomt. myelopathy Scholz et al., Front. Phys 2020

Detect RBE for tolerance dose TD50 Hintz et al., Radiother Oncol 2022

Modeling:
LEM I, LEM IV, mMMKM
Same linear-quadratic parameters used
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Rat spinal cord irradiation FAR ==1r

- - Mein et al., JROBP 2020
Implementation of LEM versions and mMKM Scholz et al., Front. Phys 2020

(Re)calculations courtesy K. Hilt / C. Deglow Hintz et al., Radiother Oncol 2022
P He C

2.0 T T T T T T 1.7 T T T T 2.4
1.8F 1 1.6 2.2t
1.5F 2.0F
1.6/ 1 W
w \_EN\ \ wl4r 1.8F ‘.(\“\‘(\
1 FX o 1.4+ ‘\’ . m @
= \_EN\ . “13k \ “16F
1= ] et e
1.0F mMKM T S| S 12b % LEMI
N ) Fl'rotons EI. fx i n ‘ Helilfm 1fx o h ; ‘ ‘ ‘ Cart:Eon 1 fx
2.0— r r . r ‘ 18 . ‘ ‘ ‘ 2.4
1.8 L1 2.2t
I | 1.6F 1 ok
1.6 15l |
2 FX B 1.4F . B 1.4k § 5‘-51-87
@1 o " < 1.6F
1.3F .
1.2k 1
% 1.2F y 1 L4r
1.0 . 11k 1 1.2
. ) ) ) ) Fl'rotons ; fx ) ‘ ‘ ‘ Heli\fm 2 fx } ‘ ‘ . Carlqon 2 fx
08— 3 3 ) B 5 1.9 5 16 15 20 5 30 1% 20 80 100 120

60
LET / (keV/um) LET / (keV/um) LET / (keV/um)

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH



Skull based chordoma

96 patients, 1997-2005

20 x 3 Gy(RBE)

EQD2 =75 Gy

LEM | with a/ff = 2 Gy used
for treatment planning
Schulz-Ertner et al., [IJROBP 2007

LEM I: In agreement with prior data

Recalculation with LEM IV
In agreement as well

“[...] the transition to LEM 1V is not expected to lead to
significant differences of the TCP dose-response
relationship for chordoma as compared to the analysis
based on LEM I.”
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Temporal lobe reactions

| T | T I I I ! I Y T % T

|_|—— Protons

Standard Error of Dx, protons

® Incidence rates per 10 Gy (RBE), protons
—— Carbon ions (LEM I)

|_[==== Carbon ions (LEM IV)

60 80
—

Probability of post-CM contrast
40
T

enhancement in T1-weighted MRI [%]

20

(©14) (O)  (08)  (O3)  (07) (01 4), (O3 _AGI3)

-

0

| L 1

100
\

0 20 40 60 80 100 120
Dmax,V-1em® [Gy (RBE)]

Gillmann et al., Radiother. Oncol. 2018
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Skull base tumors

Temporal lobe reactions detected
as image change
Carbon doses calculated by LEM |
coincides with proton curve, provided
Dosimetric variable D, in V-1 cm3
a/f =2 Gy
Proton RBE =1.1
Assumptions crucial for assessment

Large uncertainty due to assumptions
- No clear conclusion on model



Prostate tumors: LEM | overestimates RBE FAR ==1r

A
Carbons & protons @ prostate cancer P 5 . s O
L L= P
Carbon inferior to protons (!) U
3 = S - -
NIRS experience:

88 Gy(RBE) ‘clinical dose’

Optimization with LEM |
- Only as effective as ~66 Gy(RBE)
- LEM | overestimates RBE

Possible alternatives
Retune LEM | with a/f =4 Gy
LEM IV

Time [years)

Depth-Dose Profile

— Carbon lons, LEM |, a/p=2

Carbon lons, LEM |, a/B=4

— Carbon lons, LEM IV, a/p=2

Relative RBE-weighted Dose

Depth

Eichkorn et al., Radiother. Oncol. 2022
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Comparison of RBE approaches

FAR ==

Comparison of NIRS/HIMAC and European approach

- Translate doses

national Journal of
ation Oncology
Biologi @ phpsics

www.redjournal.org

Physics Contribution

Mapping of RBE-Weighted Doses Between HIMAC— and
LEM—Based Treatment Planning Systems for Carbon
Ion Therapy

Olaf Steinstrater, Ph.D.,* Rebecca Griin, M.Sc.,*'"* Uwe Scholz, M.Sc.,*""
Thomas Friedrich, Ph.D.,* Marco Durante, Ph.D.,* ' and Michael Scholz, Ph.D.*

*Abteilung Biophysik, GSI Helmholtzzentrum fiir Schwerionenforschung, Darmstadt, Ge y; 'Institut fir Medizinische
Physik und Strahlenschutz, TH-Mittelhessen, Gief3en, Germany; ‘Fachbereich Medizin, Philipps-Universitdt Marburg,
Marburg, Germany; and “Institut fiir Festkorperphysik, Technische Universitdt Darmstadt, Darmstadt, Germany
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Steinstrater et al., [IJROBP 2012
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IOP PUBLISHING PHYSICS IN MEDICINE AND BIOLOGY

Phys. Med. Biol. 57 (2012) 7543-7554 doi:10.1088/0031-9155/57/22/7543

Dose prescription in carbon ion radiotherapy: a
planning study to compare NIRS and LEM
approaches with a clinically-oriented strategy

Piero Fossati'*>*, Silvia Molinelli', Naruhiru Matsufuji-,
Mario Ciocca ! , Alfredo Mirandola ], Andrea Mairani ! ,
Junetsu Mizoe' ’3, Azusa Hasega\w‘aj, Reiko Imai~, Tadashi Kamada“,

Roberto Orecchia'*”** and Hirohiko Tsujii3

Fossati et al., PMB 2012



Translation of doses

RBE weighted Doses (LEM) in Gy(RBE)

w3 P )
& o o o
T

o
=]

—LEMI
—LEM IV
|

1 i I I I | 1 I i 1
1 2 3 4 5 6 7 8910 20 30 40 50 60

RBE weighted Doses (HIMAC) in Gy(RBE)

Steinstrater et al., [IJROBP 2012
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HIMAC approach (clinical dose)
vs LEM based RBE weighted dose

Turnover at ~5 Gy

Further studies: TP and tolerance doses

Molinelli et al., Radiother. Oncol. 2016
Wang et al., Radiother. Oncol. 2020
Molinelli et al., Radiother. Oncol. 2021

Report exactly how
RBE is obtained.

Say what you do!
ICRU Report 93 (2016)




The COSMIC Proposal F.\|R =1

We have multiple models
LEM I (a/B = 2 Gy), mMKM + scaling
MCF-MKM, LEM IV
We may have more in future

Pragmatic solutions needed for comparison

Proposal to PTCOG for small consortium:
Consensus statements on modelling in carbon ion therapy (COSMIC)
Experts in carbon RBE modelling
Pragmatic strategies to facilitate model application and comparison
Define situations of maximum model deviations
Find consensus statements about strategies to avoid misconceptions
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GSI Radioimmunotherapy Model

Consider

FAR ==

Compartments: Tumor cells, lymphocytes, damage signals
Agents: Radiation, immune checkpoint inhibitors

!/Y

B ' I

re -<-(‘tw§§

Tumeor microenvironment
Lymph Node(s)

Radiation

aPD-1

aCTLA-4

Delayed process

Friedrich et al., IJROBP 2022
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Potential for ions F-\lR =1

2000,

Prospective calculations for . Potential for
: particles?
synthetic tumors

Irradiate primary tumor,
consider abscopal response

Abscopal effect is expected
only under certain conditions

Can we broaden the dose
window with particles?

Preliminary calculation: Yes

-

Tumor Volume @ d40 (mm”)
o
o
o

—
o
o
o

Too low radiogenic Too much immune
: 9 - Abscopal effect € - S
immune response cel! inactivation

500+

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH



LEM IV vs spot irradiation experiment

FAR ==

Microbeam focused particle spots were used to investigate RBE

1.07

DE
o
E 0 |:|
=
5 04] <\\
[
021 |
Protons Protons Carbon
homogeneous  focused focused

- Coexistence of lesion interaction mechanisms
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Friedrich et al., Sci. Rep. 2018



Prospective effects of Carbon lons

2000

FAR ==

2000 : : :
3Y e
2 o) =
P 3 &
E 1500 S 5 ? %
2 Preliminary g Preliminary
®
o 1000 %) 10001+
£ =
E E;
= S
) )
£ 500 E 500/
- ~
IRd 13, 15 IRd 13, 15
aPD-1 d17-23 aPD-1 d16-22
0 4 B 8 10 12 14 16 0 4 8 10 12 14 16
Dose (Gy) Dose (Gy)

Carbon ions are predicted to
* broaden or open the dose window for abscopal effects

(more immunogenic, less immunosuppression by lymphocyte kill)
» overcome strong sensitivity on scheduling
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Lem iv vs pide F'\IR iI= 5= 1L

Particle irradiation data ensemble (PIDE) ...................

.... Jersion 3.4
Collection of in-vitro survival data L .
_ Friedrich et al., J. Radiat. Res. 2013
> 1100 phOton and ion effect curves Particlelrradiation DataEnsemble Friedrich et al., J. Radiat. Res. 2021
Different cell lines, radiation qualities, , RS, T
Suitable for model validation R& Y biophysics 095 g
7=
oh
il & =l @
e Ak
5- © Heavier . °§’ E =
| S _eoe °, . = m'_'
4 C ° s
';f %,f:,? ':(ng' og ¢ E 9
& S heny Vi Tl o=
101 102
LET /(keV/pum)
o= it 0o Pfuhl et al., Med. Phys. 2022

LET (keV/pm)
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IN-VITRO VALIDATION: THE BIG PICTUREAIR ==

g ¢
“ > 9 & - LEM IV limitations quantified
e > 3 2
e S L
JJ_/zong 8 Q<_z‘§’b®q®° . A0 * Model agreement for many situations

& ’5): @*91&‘2’ . C\'\O - Endpoints

W 5oy d\ Q - Applications

F oo e U 3. . o

Dy ‘( & - Radiation types & deliveries

* Model is consistent
+ Reflects numerous experimental findings

+ Allows for mechanistic interpretations
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FAR ==

response E}/ ./.7

tumour __,_,_..y; Il normal

control [+ [ tissue complication
y |
b

>

Prescribed Dose Absorbed Dose

Ziel jeder Therapie: Maximierung der Fensterbreite
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Interactions: lons F-\lR === 1L

Bethe’s eqution dE  Z%én, [

g ) 1In
dx 4/1{81}3 m, l

- short range ~ 1 mm Bethe-Bloch domain

S 10°- %g s g " 5 @

Fa c = = . = o

§ ce 58 2 5 o = Energy loss per path length
= 2] = 8_ IR e £ = E ?‘

g 1048 1 52 S £ =

g, o 1 E 2 = @ “Stopping Power”

o 10 4 l g £ .2 * —

= .

2 l Linear Energy Transfer (LET)
c

[iF) 1 i I T

) I ] 1 6
001 041 1 10 100 10° 10 10° 10
Energy [MeV/nucleon]

—> lons deliver most of their energy where they stop, in the “Bragg peak”
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Bragg peak and ion therapy FAR ==1r

. 135 MeV/ 4 % s~ remsstrahlun
10 eV/u e /\X_fl \_3\(20 'I:We':fl) g
8 195 MeV/u
@
@
o
o . 270 MeV/u '?
o 2]
:
B 4 330 MeV/u
i =
~ 1 Elektronen H
% 5 ) 3 20 2% (@ mew (150 Mev)
cm H20 \
0 cm 15 .-:m

Conventional radiation therapy: Photons
lon therapy has two main advantages:

- “Bragg peak”: Most of dose in tumor volume
- Extreme high energy concentration
—> more severe lesions - increased biologic effect
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Particle therapy F-\|R == I

Particle therapy of cancer
- Many proton centers worldwide, protons in Trento
- Carbon facilities in Japan and Europe, soon in the US
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Lem ii and lem iii: Improvements

LEM I
Get more DSB by clustering of single strand breaks
Dispersion of energy by free radical diffusion

105,

Dose (Gy)

10r

11.4 MeV/u C

107° 107 0.001 0.010 0.100 1 10
Radial distance (um)

« LEM I
« Core radius becomes energy dependent

& Saethetter RBEdesgription in entrance channel

DSB Enhancement

14

12

10 -

FAR ==

: e :
T

100 1000 10* 10
Dose (Gy)

Elsasser et al., Radiat. Res. 2007
Elsasser et al., IJROBP 2008
Elsasser et al., New J. Phys. 2008
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Proton RBE
F-\lR == 1

* General procedure: RBE = 1.1 (ICRU78) in radiation field, including
entrance channel

» Possible reasons: High LET target fragments, more weight for low
energetic electrons as compared to photons

* Motivation: Old in-vivo data (Tepper, Urano: skin reactions, jejunal
crypts, ...)

* RBE is commonly regarded as a burden rather than as chance in
protons: Try to avoid high LET regions

 First deviations from this ‘dogma’: Use LET, as surrogate for RBE
» This deserves a RBE that depends linear on LET
« Try to homogenize LET distribution, avoid high LET in risk organs
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Proton RBE
F-\lR == 1

Hypofractionation

» Sparing effect of normal tissue allows hypofractionation

» However, only few studies with protons (all use RBE = 1.1)

» Probably no RBE effects visible on sound statistical basis

« But: if RBE goes down to zero, the 1.1 dogma implies underdosage!

—a/B = 26y, LQ
B —a/B = 10.5Gy, LQ
—u/B = 27.6Gy, LQ

Friedrich et al. Phys. Med. 2014

0 2 4 6 8 10 12 14 16 18 20
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Planning approach comparison: Conceptual F_\|R == I

_ mMKM + Scaling LEM I (/B = 2 Gy) LEM IV

Biologic reference HSG cells (a/ ~ 6 Gy) a/B =2 Gy To be specified

Gy =2 Gy(RBE) Mid SOBP: RBE=2.4 Direct dose dependent Direct dose dependent
—> Scaling factor evaluation evaluation

Track structure model Kiefer-Chatterjee Kiefer-Straaten Kiefer-Straaten

Relevant damage scales Hm - MM and nm

Overkill Saturation correction Hit statistic correction Hit statistic correction

B(LET) Constant Decreasing Decreasing
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Model comparison: Pure models

FAR ==

Even comparison for same biologic parameters can be complicated

Development of a comparison platform

Example: LEM IV optimization
mMKM forward calculation
—> Different systematics for He and C

N
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RBE-weighted dose / Gy (RBE)

Courtesy
i K. Hilt, C. Deglow
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