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Photons : Dose → Resposne



Protons uniform physical dose
Not different form photons



What if I give a uniform 

absorbed dose of carbon ions

More 

biological 

effect

Whichever 

endpoint you 

choose
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> 100 patients



→ All other systems used in the clinics are based on a very 
simple concept: Less dose where there is higher LET

How much less? - How much more?

All clinical results from Japan 
(NIRS, Hyogo and Gunma) are 
based on Kanai Model semi 

empirical model and then on 
mMKM

• Biophysiscal characteristics of Himac clinical irradiation system for
heavy-ion radiation therapy
Kanai T et al. IJROBP 1999 – 44 (1)
• Examination of GyE system for Himac Carbon Therapy
Kanai T et al. IJROBP 2006 - 64 (2) 

All clinical results from Europe (GSI, 
HIT , CNAO and MedAustron) + 

SPHIC in China are based on LEM I
(Local Effect Model) with an 

idealized chordoma cell line (a/b 2)

• Treatment planning  for heavy-ion radiotherapy:  calculation and 
optimization of biological effective dose
Kraemer M and Scholz M. PMB 2000 45 (11)
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This talk

1. Fractionation

2. Micro vs Macroscopic endpoints

3. RBE models

4. RBE conversion and Clinical implications 



Fractionation



LQ model for single exposure in vitro 
endpoints
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Hamm et al. British J. of Radiology 2000



• 2 Gy x 25 fr → 50 Gy

• 2.25 x 20 fr → 45 Gy

• 2.67 x 15 fr → 40.05 Gy

• 6.0 x 5 fr      → 30 Gy

Fractionation schedules for breast 
cancer



Endpoint Alfa/beta

Erithema 7.5 -11.2 Gy

Tox (any tipe) 3.4 Gy (95% CI 2.3-4.5) (Start)

Fat necrosis ?

Local control (brest cancer) 4.1 Gy (95% CI 0.9-7.4) (Start)

teleangectasia 2.8 - 4.3 Gy
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10,5 Gy in 3 
fractions of 3,5 Gy
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Kill 94,4% of the 
cells
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Log S
Like  a single 
fraction



Gy

Log S
of 6,65 Gy



Therefore 10,5 Gy in 3 
fractions of 3,5 Gy are 
equivalent to a single 
fraction of 6,65 Gy ?



Fractionated exposure

• Clinical endpoints

• e.g. breats cancer RT → erythema

• 2 Gy x 25 fr = 50 Gy → 8% G2 erythema

• 2.67 x 15 fr = 40.05 Gy → 10% G2 erythema

Janssen et al. Rad. onc. 2014
Haviland et al. Lancet Onc 2013



30           40           50            60           70 

Total dose Gy

2.67 x 15 fr = 40.05 Gy → 10% G2 erythema

2 Gy x 25 fr = 50 Gy → 8% G2 erythema

Equal steps ?



Equal steps: classical radiobiology



What are we assuming?

1. Complete repair of sublethal damage (> 8 
hours)  OK

2. No adaptive change NO:

- Reoxygenation

- Recruitment of quiescent stem cells

- Signalling

- ………..









Lack of re-oxygenation at 2 
weeks is the key
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Micro vs Macroscopic endpoints



Absorbed Dose [Gy]







Effective Dose → EUD

The effect of this dose equals an 
irradiation of the total volume to a 
uniform dose Deff



RBE models



Carbon Ions
high LET ?(only where you need it)

lowLET

high LET



Short outline of

• Kanai Model

• LEM I model

• LEM IV model

• MKM model



KANAI Model





• Measure several survival curves in several
position along a monochromatic bragg peak

• Describe the single monochromatic Bragg peak
and the mixed field as Linear quadratic

• Use Zaider Rossi formula 

• Manufacture a less “spiky” ridge filter



From this point the story becomes
complicated

Why the red 
line ?

Why do we 
care about 80 
KeV/μm ?



Multiple endpoints vs singkle endpoint
?

HSG surviival  or pig skin reddening or 
clinical toxicity

80 KeV/μm was the LET of 
fast neutron used at NIRS



More than 1000 patients from 1975 to 1984

Melanoma, NSCLC, H&N SCC, Gynecological cancer



1. Neutron at NIRS were used with RBE 3
2. Carbon with the same LET must have the 

same RBE
3. Pig skin reddening agrees with neutrons 

and not with HSG survival
4. you do not get curves out of pig skin 

reddening or clinical experience 

Solution:

Scale linearly the biological dose of 
HSG multipling by 1.5



We have measured that for HSG it is equivalent to 
1.84 Gy but we Believe taht for the patient it may 
be equivalent to 2.7 Gy



Even more complicated

1. Dose escalation trials have been carried out at 
NIRS escalating dose per fraction

2. SOBP shape has not been changed and RBE 
has been assumed to scale linearly



LEM I (Local Effect Model)



LEM I (Local Effect Model)

The difference 
depends on 
microscopic pattern 
of dose deposition:
Photons are like  
spanking, 
carbon like stabbing 
with a dagger



Photons survival curves are used

• Survival means zero lethal events

• Probability of lethal events for a cell is derived 
from survival curves with Poisson statistics

• Lethal events are assumed uniformly spaced 
in the nucleus for photons



• For carbon ions number of lethal events is 
integrated over the nucleus and local 
probability is derived from photons global 
curves

• Local dose is calculated based on the 
amorphous track

• There are some free parameters



03/01/13

High LET

Local deposition of high doses

Homogeneous deposition of dose

Low LET

Ionization tracks Damage in nucleus

M. Scholz et al. 
Rad. Res. 2001  



Mean Dose: 2 Gy

Courtesy of O. Jaekel



The most critical free parameter is
Transition dose from linear quadratic

to linear

• Local doses can exceed 1000 Gy

• It is not possible to assume LQ relation 
between dose and survival, survival curves are 
linearized at a given dose



LEM model 

• You can apply it to any mixed field of particles

• OK for spot scanning

• OK for inverse planning

• Predicts cell survival for complex beam 
arrangements

• You can change the reference cell line easily



Microdosimetric Kinetic Model (MKM)



The basic idea is not so much different
from LEM

• Expected number of lethal event in a cell is 
obtained by summation of expected number 
of lethal events in a small “domains”

• Instead of integrating points over a volume a 
finite number of  small domains is  added.

• This allows to directly measure relvant  
radiation parameters down in the microscopic 
domain 



MKM

• Once again a lot of dose clustered in a small 
volume is predict to create more damage

• Once again there is linear quadratic 
dependence 

• The model is less of a black box respect to 
LEM as many of its parameters can be derived 
form microdismetric measurments



Good fit of 
in vitro data

Nasty 
mathematics



It is used in Japan for spot 
scanning, however it was

designed to be compatible
with the old Kanai model



Different way to prescribe carbon ion
RT

• Everyone agree qualitatively but there is 
quantitative disagreement

• No one is right as there are many  relevant 
endpoints and all are difficult to measure



BUT

• We risk not to understand each other

• Kanai vs. LEM one is a clinically relevant 
conversion

• The shape wil be different but we want to 
avoid systematic errors



10% difference is clinically relevant

High dose
(70.4 GyEjp )
5yrs. 76.4%

Low dose
(64.0 or 57.6 GyEjp)
5yrs. 21.4%

LogRank
p<0.0001
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Is it relevant ?





Can we compare physical dose?

2 fields - big target 1 field - big target 1 field - small  target

Same RBE-weighted dose prescribed

→ Different physical dose DVH



RBE comparison



Possible solution (1)
Compare physical dose fixing “reference conditions”

→ Homogeneous conditions - Water phantom
→ Same volumes - 5 Cubes: (4, 6, 8, 10, 12 cm)
→ Same number of fields - low energy (290 MeV/u) and high energy

(400 MeV/u)
→ Same field orientation – single, 2 orthogonal, 2 opposed



NIRS physical dose - 6 cm SOBP (4 Gy (RBE)jp)

CNAO 4 Gy (RBE)LEM

CNAO 4.5 Gy (RBE)LEM

CNAO 4.2 Gy (RBE)LEM

CNAO 4.4 Gy (RBE)LEM

CNAO 4.3 Gy (RBE)LEM

NIRS 4 Gy (RBE)jp
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Minimize physical dose difference in the SOBP

CNAO 4.45 Gy (RBE)LEM

NIRS 4 Gy (RBE)jp

Cost



Final results

H&N
64 Gy (RBE)jp → 71.2 Gy (RBE)LEM

Retroperitoneal sarcoma
70.4 Gy (RBE)jp → 76 Gy (RBE)LEM



Indipendent calculation similar results

Mapping of RBE-weighted doses between HIMAC- and LEM-Based 
treatment planning systems for carbon ion therapy. Steinsträter O et 
al. Int J Radiat Oncol Biol Phys. 2012;84(3)

Dose prescription in carbon ion radiotherapy: a planning study to 
compare NIRS and LEM approaches with a clinically-oriented 
strategy. Fossati P et al. Phys Med Biol. 2012 57(22) 



Possible solution (2)

• Modeling of NIRS beamlines

• Beamline validation
- mono-energetic depth dose profiles in water

- ridge filter SOBP in water

• MC simulation of NIRS physical doses (clinical data)

• NIRS biological dose according to LEM I 
(Mairani A et al . Phys Med Biol. 2010)

• Comparison with Syngo optimized RT Plan 



Horizontal line

Pt-specific

Vacuum 
window

Collimator Al

Scatter
(300A,0370 

WEPL 300A,033C)

AIR

vacuum

Main monitor 
WEPL 0.022 cm

Ridge filter
300A,0380

Range shifter
(300A,0360)

Sub monitor 
WEPL 0.089 cm



Horizontal line – 290 MeV/u

Basic beamline model validation



Ridge filter model validation
SOBP in a water phantom



AIR

Horizontal line – 400 MeV/u – Pt specific

Beam limiting device position(300A,03A4) leaves 
boundaries(300A,011A) (projected at isocenter)

Leaf pos at isocenter 
(300A,011C)

(300A,02EA)
300A,00EC



Pancreas Pt – BVC 400MeV/u - 4.6 Gy (RBE)jp

Physical dose
NIRS DICOM data vs FLUKA MC code

Biological dose
NIRS DICOM data vs FLUKA MC code & MyLEM 

?? Gy (RBE)LEM

4.6 Gy (RBE)jp



Carbon ions Gy (RBE) – 3D Radiobiological Model

Target median RBE-weighted dose difference

Japanese vs European RBE adopted models

RBE-weighted dose 

differences can range from 

15% to 4% depending on the 

dose level

Prostate 

H&N ACC 

Pancreas

Step 2
(2016)
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Step 3 (2017)

MKM implementation coupled with Fluka MC



Step 4 (2019)





Step 4 (2020)



Optic pathways







First CIRT patient LEM plan

Brainstem LEM

D 0.7cc = 35.7  ( < 38 Gy RBE)

D 0.1cc = 37.47 ( < 46 Gy RBE)



89TP-Meeting • Sarah Großhagauer

Recomputed 

MKM dose

Brainstem LEM

D0.7cc = 35.7  ( < 38 Gy RBE)

D0.1cc = 37.47 ( < 46 Gy RBE)

Brainstem MKM

D0.7cc = 32.68  ( > 30 Gy RBE)

D0.1cc = 35.4 ( < 40 Gy RBE)



9 months after CIRT asymptomatic 
CE



After 20 Mo. Without symptoms 
and without therapy



Step 5 ( today at MedAustron)

• Examine simultaneously both LEM and MKM 
plans

• Respect OARs dose constraints and target 
coverage in both RBE sistems ( with different 
values)



Step 6 ( Future)

• Have a TPS that performs simultaneous multi 
Rbe optimization



Vielen Dank für ihre Aufmerksamkeit


