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 Why and what: RBE?
 RBE characteristics: Radiobiology experiments
* Modelling
- Japanese approach (dose scaling + MKM)
- European approach (LEM I)
- Advanced models (LEM V)
« Strategies for model benchmarking
 Link to treatment planning
* RBE for protons
* Proton hypofractionation
« Criticism and challenges
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Why and what: RBE I == 1L

Definition of RBE
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« Challenges
- RBE systematics
- RBE in complex radiation fields
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Why and what: RBE == 1
RBE for different endpoints

DNA-DSB induction (linear) a
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Survival curves (linear-quadratic)
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Why and what: RBE I == 1L
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Why and what: RBE
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RBE characteristics: Radiobiology experiments

RBE depends on LET

=== 1L
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Kraft & Scholz, Adv.Space Res. 1994
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RBE characteristics: Radiobiology experiments

RBE depends on dose
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Kellerer, Curr. Top. Radiat. Res. Quarterly 1972
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RBE characteristics: Radiobiology experiments

RBE depends on particle species

® He, RBE, Furusawa et al., Rad. Res. 2000
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RBE characteristics: Radiobiology experiments

RBE depends on radiosensitivity

Carbon ions
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Weyrather et al. IJRB 75, 1357 (1999)
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RBE characteristics: Radiobiology experiments

Particle irradiation data ensemble (PIDE)

Collection of experimental data
- > 70 publications

- > 800 photon and ion dose response curves (tabled a and 3 values)
- Various ion species, LET, energies, irradiation conditions, cell lines, ...
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RBE characteristics: Radiobiology experiments === I

Telefonbuch | Anreise | Kontakt | Suche | Login | Dnuc
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. UUBER UNS . FORSCHUNG/BESCHLEUNIGER . JOBS/KARRIERE . PRESSE @WORK

G5l * @Work = Forschung * Biophysik > Forschungsfelder = Biclogical Modelling = PIDE Project

Forschung
APPAEH PIDE Project Ve
Biophysik
Access to the Particle Irradiation Data Ensemble Particle Data £ bl
Forschungsfelder
DNA-Repair .
PIDE is:
Chromosome Aberrations
) . A radiobiological data base compiling more than
Jissue Blects 200 pairs of in-vitro cell survival experiments after
Clinical Radiobiology photon and ion irradiation A Project of biophysics group

A /

Biological Modelling

A compilation of results drawn from about 75

FIDE Project publications
Physikalische Modellierung Convenient to study the relative biological
Medical Physics effectiveness (RBE) for clonogenic cell survival as endpoint, or to benchmark RBE predicting models against

o experimental data
Radiation Physics

Weltraumforschung Lising the linear quadratic model to parameterize the radiosensitivity of the cell lines

ESA-IBER Discriminating befween biological target, radiation guality and delivery techniques; all of these are relevant for REE
NIRS I0L Presented as tables stored in an Excel file
KVSF

Freely available to the research community after registration on this home page
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RBE characteristics: Radiobiology experiments

RBE depends not only on LET
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RBE characteristics: Radiobiology experiments =%

RBE uncertainty

« Ratio of two Gaussian random variable = random variable with long tailed
distribution function

025 ——— 1
[ R
L .l|." "
0.20 F f! : '\}w

.15

P(RBE,)

(.10

0.05 F

0.00 &

[Same issue for deriving a/B ratios] Friedrich, Radiat Environ Biophys 2010
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RBE characteristics: Radiobiology experiments

Preclinical endpoints:
RBE depends on fractionation

24 4] @ 1Fx-sascerzois 2018
] B 2Fx- Saager 2015
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Fig. 2 RBE-dependence on LET for single and split doses. In addition,
RBE-values predicted by LEM | and LEM IV are displayed
L

Saager et al. Radiat Oncol 2018
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Fig. 1 Dose-response curves for the endpoint paresis grade Il after
irradiation of the spinal cord with either single (a) or split (b) doses of
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carbon ions or photons at 6 different positions within a 6 cm SOBP




RBE characteristics: Radiobiology experiments =%

Preclinical endpoints:

RBE depends on reference radiation
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Sgrensen et al. Acta Oncol 2017
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Modelling === I

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

George E.P. Box, statistician
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Modelling === I

* Two basic strategies of high LET effect modelling

 LAbInitio® models: detailes and complex
- Physics:  Monte-Carlo Transport calculations
- Biology: ~ Assumptions

- Good tools to investigate mechanistic
relationships, but limited predictive power

« Pragmatic models: Empirically based, simple
- Physics:  Representative quantities (LET...)

or amorphous track structure /00
S P N~ (@ie)
- Biology: From reference situation N\
>/

- Low number of free parameters, simple for \_/ /
applications, good predictive quality, but limited

mechanistic basis.

18
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MOde”Ing E 5][

- : Model representation:
Physics aspects of ion beams P
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Therapeutic leads:
pan-TRAILR: TRAIL
TRAILR1: HGS-ETR1
TRAILRZ: HGS-TR2J
FAS: C75 | EGCG | Cerulenin

Al

Death receptor
|| ] (TNFR1, TRAILR1,
TRAILR2, APO3, FAS)

Chemical leads:
SPC-839 | SC-514 | Pyridooxazinone
derivative | BMS-345541 | f-carboline |
2-amino-6-[2-(cyclopropyl-methoxy)-6-
hydroxyphenyl]-4-piperidin-4-yl nicotinenitrile |
Ureido-thiophens carboxamide derivative |
o INdole carboxamide derivative |

i| Benzo-imidazole carbowamide derivative |
"l Amino-imidazole carboxamide derivative |
Pyridyl cyanoguaniding derivative |

prr———— : Anilino-pyrimidine derivative
cDDO

derlvativas

Chemical leads:
Berzenesulphonamide
derivatives | Capped
Endoplasmic tripeptides containing
reticulum (ER) 4 unnatural amino acids |
Embeling |
Diftriphenylureas |
Compound 3

2 7
Caspase-dependent
cell death 285 proteasome Chemical leads:
Therapeutic leads: degradation MG-115 | MG-132 |
Arsenicals | Interfaron in

Bortezomib | Epoxomicin

Chemical leads:

Chemical lead: Chemical leads:
4-phanylsulphanyl- il | Geldanamycin |
phenylamine PL24FCI

‘
AP

Chemical leads:
Humanin peptidas |

3 6-dibromocarbazole
piperazine derivatives
of 2-propanol |

Ku70 peptides

¢\

cell death

DNA fragmentation S\ R\ T R,

|

ﬁ\,l
&

INO-1001 | FR255595 |
3-AB | NU1025 | AG14361 |
INH2BP | GPI150 | PJ34

Chemical lead: Chemical lead:
XIAP antisense Survivin antisense

Chemical lead:
Genasense

Chemical leads: 2
DPIs | 1L-8-hydrosymethyl-chiro- g
inositol 2(/)-2-
octadecylcarbonate | API-2

Chemical leads:
< Wortmannin |
/ LY294002 | PX866

O-methyl-3-0-

OO

@

PBR

CYPD

MPTP

‘%@e@

Caspase-independent

Chemical leads:
Pifithrin-c |
CP-31398

Therapautic lead:
3CI-AHPC/MM11453
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Chemical leads:
HA14-1 analogues |
CPM-1285 analogues |
BH3I-1 | BH2I-2 |
Antimyein A3 |
Compound 6 |
Terphenyl derivative |
Apogossypol |
Theaflavin | SAHBs |
A-TT9024

Mitochondrion

Oncogenic

/ signals

Chemical leads:
Chiorotusin |
Sulphonamide
compound 1 |
2-phanonybenzov-
tryptophan derivatives |

Mutlins



Modelling === I

Optimum

Task in modelling:

« Simple phenomenon
« Complex relationship
- Physics
- Biology
/

Uncertainty,
Model error

Model deviation

/ Complexity
DOF

Uncertainty of model
parameter
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Modelling === I

RCR

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

(Harder and
Virsik-Peuckert 1984)

- GLOBLE Track event theory
Two component model  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)

Repair —misrepair

LEM, LQL
Katz model model .
: (Scholz and Kraft
Butts and Katz 1967
(Butts and Katz ) (Tobias 1980) 1992)

)

BIANCA model

(Ballarini et al.
2013)

2010

o

gLQ model

N

Microdosimetric
kinetic model

LQ model

(Sinclair 1966) (Hawkins 1996) (Gllj\gllﬁero (Wang et al. 2010)
Target theory Molecular theory of d Li 2004
(Lea 1946) radiation action ane s ) [Not titled]
. Two-lesion kinetic
(Chadwick and (Sutherland

model (Stewart 2001)

Cybernetik model Q-repair model

Leenhouts 1973 2006 i
(Kappos 1972) eenhouts 1973) (Alper 1984) ) Ur_""Trsa'
; survival curve
[Not titled] LetTth— Ipotegtllally P2s r}nodel (Park 2008)
(Pohlit and Heyder 1981) et a. mode (Kundrat 2005) L e
(Curtis 1986) Repair-misrepair fixation
Incomplete repair model model (Carlscn 2008)
(Thames 1985)
Black: General purpose modelling
Red: Modelling of high-LET / ion beam effects
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Modelling

-
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Space and Time in Radiation Response

[

Interaction of radiation with matter:
Excitation and ionization

v

Radiolysis of water
- Radical formation
-> Diffusion

v v

Damage to the DNA
(and other molecules)

v

DNA strand breaks

v

Chromosome aberrations

v

Cellular damage

v

Organdamage

Physics

Radiochemistry

Chemistry

Biochemistry

Biology

Medicine
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Modelling === I

Empirical /
Phenomenological
Proton Models

Time Scales & Processes

I >

1015 1012 10 106 103 100 103 108 10°  t[s]

Physical Chemical Radical Biochem. Repair Cell kill Transformation
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Modelling === I

Course of RBE modeling

Physics Biology

(Energy, particle type, dose) (radiation sensitivity, nuclear size)
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Modelling === I

Microdosimetric Kinetic Model

« Extension of the Dual Radiation Action Model
Cell nucleus divided into microscopic sites called domains (~pum)
Survival fraction s, of a domain after a spec. energy z is absorbed

~Ins, = Az + Bz’ OOKN
| RO S

« Assumed to be independent of the radiation quality
 Number of hits to a domain: Poisson distribution
e Survival fraction of a cell: S

2
» The cell survives if all domain survive ‘_ InS =(a, +Bz,,)D+ D

Hawkins, Rad. Res. 160, 61-69 (2003)
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Modelling

Kanai et al., IJROBP 1999
Inaniwa Phys Med Biol 2010

®
--------------

In-vitro Experiments / MKM
(Monoenergetic, high-LET)

OLCarbon(X) ’ BCarbon(X)

!

Algorithm:

Dose Weighted Average
Opix = Z fiai B = Z fi\/ﬁi

1

LQ-parameters along
pristine Bragg peaks

Mixing rule for super-
position of Bragg peaks

Relative Shape of
Depth Dose Distribution

Absolute RBE:
Clinical Neutron Experience

N\

/

Treatment Planning

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH
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Modelling == I

Amorphous track structure models

Relativistic ballistics: Microdosimetric measurements

Electron spectrum

—_ 1D | T L LLLLE | 1 I THTTEE) LI ! |1r1rr|
5| ) oo HLE0 Mevu
- i
G |_ v "0, 2,57 MeVy |
; 1|:|5|— + "H, 30 Mevy -
2 1 |
C H
8 10 i
C -
O
)
CI\GJ 0 = .
= |
Z*? S
& X)= 1...25.:": 10_4 _"I_z *ﬂ-:: Lo il 13 skl 1 IS B T
> #elx) B* 10° I TR 15 1
(Kiefer, Phys. Med. Biol. 1986) Distance (a.u.)

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH



Dose (Gy)

Modelling == 1

Amorphous track structure

; rni [ ;2
5 min ALET ) I : r<r
; 9
ALET /- : n ST
h 0 : P>

A: Normalization
[ = 0.062 EL7 (E in MeV/u, r., in um)
rmin - Brc (rc - 6-5 nm)

1E-4 1E-3 0,01 0,1 1
Radius (pm)

—> Probability distribution for ionization events (,local dose®)
—> Probability distribution for biologic lesions
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Modelling

Dose distribution

—
o

—
o

Local Dose

-5

-5

Carbon ions

Photons

Microscopically the damage does not depend on radiation quality
Basic idea of LEM:

Extrapolate effect of photons to effect of ions
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Modelling === I

Integration over local effects

Radial Dose Distribution : Photon Dose-Effect

LEM I

Summation over local effect increments

D) [Gy]

S =V lexp —flnSX(D(F)) d3r

5 10 15

Dose [Gyl

LEM |

—> Adjusted for carbon ions

—> Accurate predictions in target region
- Used in therapy (a/B = 2 Gy)

Scholz et al., Radiat. Environ. Biophys. 1997
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[Gyl

Dir}

Modelling

Radial NDnsa Distribution

0¥

ol

ot

oa

‘”; we e 0 1;1+ Local lesion
Amorphous distribution

track strucure

Local dose
distribution

LEM IV

Lesion
statistics

7
3
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Modelling === I

Lesions to chromatin loops

i)
=

 Length scale ~ 0.5 um ~ 2 Mbp
* Non-local interaction
* Independent lesion processing in different domains

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH



Modelling

1nm

:

Friedrich et al.,
Radiat. Prot. Dosim. 2015

N

Interaction of SSB
- more DSB

~1

0.5 um

um: Interaction of DSB
- ,complex DSB “
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Model benchmarking

2 3,

Cell survival fraction
S,

=]
2

Survivi

. GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

Dose

Dose [Gy]

1.0 T T T T T T T T T T T T
AN NS ﬁ"x,%Hawkins 1996
O\ N\,
c 0\%. %,
-% 10} . .%
g +  \\x
w .0s5f
2
e in Gray
T . T L T v T
[ - Exp. Data 1
-1 — Global Fitting| -
5-2-L (a) §
= 3+ ,
4 e
- Abolfath 2017
So 1T T2 34 s e
Dose (Gy)



Model benchmarking IE==

A proposed list of strategies to challenge model assumptions

Reflect rich systematics of RBE(D, LET, Z, a/)

Use large data collections to reach significance

Test model performance for other radiation qualities

Apply model to different exposure scenarios

Extend model foundations to different endpoints

Perform dedicated experiments addressing model assumptions
Check for model robustness

NOoOGAWDNME

Such strategies allow to explore the performance and
limitations of model ingredients
Consistency test by jointly dsescribing different aspects

v ooV

Here: Application examples for LEM IV
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Model benchmarking IE==

e
JETI] S . A549 cells
kY T,
h, “'“*-n
‘ll.‘ ""-\._:l-H
\ ~
0.100 - M, T 7
. - K-rays
0.0s0 ' cy ]
'._\ '\.H
1Y .
\ _
Carbon ions N
b
0010 f N (9.9 MeV/u) N i
W,
“'& xxx
0.005 b " -
. Kamlahetal., IJRB 2011 ™
1 1 1 1 1 1 1 1 m'-J " 1 1 1 " 1 1 1 " 1 1 'Hf'
0 2 4 & & 10
Doz (O]

Local effect model “LEM IV”: Prediction of high LET action, no fit!

Elséasser et al., IJIROBP 78, 1177 (2010)
Friedrich et al., IJRB 88, 103 (2012)
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Model benchmarking IE==

Extended Bragg peaks for therapy

1 [ I ' | 1 ' I ' 1 ]
0.5
©
=
C 0O
D2t
LI Protons, Exp.
® Carbon, Exp,
o1k = Protons, Model + + LA i
't = Carbon, Model
0 h0 100 150

Depth [mm]
LEMIV (Elsasser et al., IJROBP 2010)

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH



Model benchmarking IE==

How does dose translate into biologic lesions in tissue?

Titanium, 1GeV/u,
15 min after irradiation

Mirsch et al., PNAS 2015
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Model benchmarking

How does dose translate into biologic lesions in tissue?

1 T T I
o0 o E e Exp.Ti, 1GeViu
e® S8 "o, e Exp.Ti,1GeV/u
P e, .

0.100 + ) g 35 Exp. Ti, 0.85 GeV/u il
o) $®*, 77 Model Prediction
x . &
S Experimental \
= 0.010 resolution %
o pe>
% T
= ot ¥
@) ® \¢\0 :~ - _
B Power law decay ~< 8 3% Tres
$ 0.001} et g
- » of track structure - T ®F---.C

Overlap of
tracks
10 — x
0.1 0.5 1 5 10

Distance to track center (um)

Result: We understand the spatial lesion distribution caused by high energetic ions

16
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Model benchmarking IE==

The debate about the B-term: Does it rise or fall with LET?

3.5
30F
N
257 Q\ —— RMF (independent of o/p)
— LEM IV (o/p = 2 Gy)
~ — — LEM IV (a/p = 10 Gy)
:|’_\ 20 ' " MK (constant B)
Q_?—
& 1s)
MKM
1.0
Different models make
oot < _ | different predictions...
1ZC +
0.0 L @ L L L . .
0 50 100 150 200 250 300 350 400

LET (keV/um)

Stewart et al., Med Phys 2018
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Model benchmarking IE==

BIBy

... and the data base helps
to reveal the
experimental trend

1 5 10 50 100 500 1000
LET [keV/um]
Friedrich et al., J. Radiat. Res. 54, 494 (2013)

—> Find model capabilities and limitations
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Model benchmarking IE==

Tumor control of chordoma patients (GSI pilot study)

100 — (9]
@ Photons
© Protons
80 — © Carbon ions
= 60
o
=
@
2 40 -
L
20
0 | I |
0 20 40 60 80 100 120

Median isoeffective dose (Gy[lsoE])

Grin et al.,, PMB 57, 7261 (2012)
Loeffler and Durante, Nat. Rev. Clin. Oncol. 10, 411 (2013)
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Model benchmarking IE==

LEM | vs LEM IV: temporal lobe reactions
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Model benchmarking IE==

Why are ions so effective?

A dose of 1.7 Gy could mean...

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

—> Test biologic response with microbeam
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Model benchmarking

=
ca
1
1

Cell survival

0 E 1.7 Gy Friedrich et al., s

Science Reports 2018

Protons Protons Carbon
homogeneous  focused focused

- Coexistence of lesion interaction mechanisms

ool
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Link to treatment planning

Coexistence of different radiation qualities

A SOBP is composed of severeal pristine Bragg peaks
- multiple beams

Remaining particle energy and LET vary for each beam with depth
—> Biologic effect different for each beam and depth

« What is the effect of the superposition?
« Several model approaches

« TDRA: Beam synergy (Zaider and Rossi)

— ZiDiai > ZiDi\/E
a = >, and /f = “S.0;
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Proton RBE == I

» 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 =5

Empirical RBE models for protons: RBE is linear in LET

RBE, (LET) = —% -1+—%

a]:-h.cut (ﬂ' "llllé? jph-:-t

(Including cell type dependence through o/f)

.. . Wedenberg et al.
Bon  Similar equation or constant Acta Oncol. 2013

RBE (RBEmax, RBE ., (%) ,D) - %(J(%) 2 +4D (%) RBE, 4 + 4D? RBE 1, — (%) )

Sma” (G/B)Photon

- Restriction to protons
- Dose dependence
guestionable

Large (o/B)pnoton - No mechanistic rationale
11 - But: simple !
1 10 30 LET
[keV/um]
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Proton RBE =5

Extended range: RBE enhances irradiated target size

. 50 T T T T T T T T T T
variable

1.1

O'O 1 1 1 1 1 1 1 1 L "
130 13h 140 145 150 155 160

Eindringtiefe (mm)

Griun et al. Med Phys 2013
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Proton RBE

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!

Friedrich et al. Phys. Med. 2014
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o/B = 2Gy, LQ
a/B = 10.5Gy, LQ
o/B = 27.6Gy, LQ

14 16 18 20
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Criticism and challenges IE==

« Lack of knowledge in volume effects does not allow interpretation
of RBE in a voxelized plan

* |Is the LQ model for fractionation conversion appropriate?
- Really same proportion of killed tumor mass fraction?
- What is RBE for large doses?

« What are lethal lesions? What is complex damage?

* Reporting RBE: Comparison of RBE values obtained with
different methods is tedious and source of misconceptions

« A conservative use of RBE does not exploit potential of particle
therapy - RBE escalation?
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