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B The cel

Structure of a Generalized Cell

Nuclear envelope
Nucleus

Chromatin
Nucleolus

Plasma

Smooth endoplasmic membrane

reticulum
Cytosol

Lysosome

Mitochondrion

Centrioles —
endoplasmic
Centrosome reticulum
matrix

ey e>. % +inter-cell interactions

Microfilament

B ZE  It's complicated!
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. CeliCycle

Cell Cycle Stages:

Resting state

‘ Spindle Assembly Checkpoint

Check for:
-Chromosome attachment
to spindle

G2 Checkpoint

Check for: \’
-Cell size

-DNA replication

G1 Checkpoint

Check for:
-Cell size
-Nutrients
-Growth factors
-DNA damage

Resting state
(GO)

(from gleesonbiology)

Typical Cell Cycle Parameters:
Tc 10 hours - 10 days

Tet 1-150 hours gO° T T T T T T 1

Ts 6 - 10 hours 20-4— PN -
T2 1-2hours 2 0.3} ; B
Twm 1 hour 2 0.2} / \ ;o
Cells most sensitive in G2/M %O" R
Cells most resistantinlate S 8 %54 & & 10 2 14 16

TIME, HOURS AFTER SHAKE-OFF
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-Iogy experiments: Cell Survival

Measuring a cell survival curve

Clonogenic cell survival curve
quantitative relationship between radiation dose and

j:,,,,,, the proportion of cells that survive (form a colony)
A b N N
| incubate 1-2 weeks ]
(from Hall 2000) .@. Cell death
. loss of reproductive capacity; loss of
— - ability to form a colony

surviving fractio — 0.2 .04 005

In unirradiated control: Plating Efficiency (PE) = # colonies/# cells plated
In irradiated samples: Surviving Fraction = # colonies/(# cells plated x PE/100)
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I Rélative Biological Effect - RBE

RBE is a concept to relate radiation effectiveness of proton and ion t

1
S(D) = e*(D+eD?)

RBE depends ©

1 ions
on dose

0.1 1

RBE=1.6

Cell Survival

RBE = Relative Biological Effect =
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-natical Models to describe biological response

Linear Quadratic Model

Assumption — two components to cell killing by IR

One (a) proportional to dose
One (B) proportional to square of the dose

SF = e (D+# @D’%)

( =Initial slope at low doses

®= slope at high doses

( /®ratio = dose at which
linear and quadratic 10-2 |
components are equal ._Sparsely

onizing
(describes the “curviness” rays
10_3 | | > | |

of the survival curve) 0 4 8 12 16

Densely
lonizing
(neutrons or |
a-rays)

There are several other models
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_ application of RBE in proton therapy

Doses in particle therapy are
corrected for RBE

For proton therapy a generic
RBE=1.1is used

RBE at center of an SOBP is ~1.

assuming a constant RBE may
not be sufficient for more
advanced therapy approaches

Dose in particle therapy is

—

prescribed as Gy(RBE) or GyE
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prediction using RBE=1.1
and different RBE models

Dose =2 Gy

(a/B), =1 Gy

Dose (Gy)

1.5
—Physical Dose
1] RBE =1.1
Carabe et al.
0.5] Wedenberg et al.

— Fit Model
0

60 80 240 260

140 180 200 220

(), =10 Gy

100 120 160

Dose (Gy)

160 180 200 220 240 260
Depth (mm)

60 80 100 120 140
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I Clinical application of RBE in ion therapy

RBE of ion fields varies
strongly across
treatment field

Treatments prescribed
to achieve constant
biological dose in target

Need to model RBE to
prescribe treatment
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Relative Dose [%]

RBE

of ions?

... it’s complicated

Impact of 2.5< a/f <3.5

120 || « Physica;l dose
= = RBE

- Biological dose

100 ﬁ
L]
=
-]
2

80 1 B

1358

60 3 8
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40 2 &
1152
20 11 3
. (v 4
0 : - - o
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Depth [cm]
H. Suit et al, Radiother Onc (2010)
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-elative Biological Effect

RBE depends on
e tISSuUe

e radiation type

e dose

e energy/LET

e endpoint

e fractionation

* elcC.
"I think vou should be more
explicit here 1n step two."
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BRBE &s a function of tissue/endpoint

Carbon ions
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Radiother. Oncol. 1999

Survival
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IRBE &s a function of tissue/endpoint

RBE is a concept to relate radiation effectiveness of proton and ion t

RBE is generally determined from:
* Colony formation
* Foci formation
 Micronuclei formation

Scale-mismatch

The relevant endpoints are clinical:
tumor control
normal tissue complications
« early effects such as erythema
 late effects such as lung fibrosis, lung
function, spinal cord injury, or necrosis
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I RBE as a function of dose

» RBE decreases with increasing dose
= The lower the LET, the smaller the effect

: | — RBE proton Higher RBE for OAR (lower doses)
— RBE carbon
. 35
w 3 - 0
g3 S
25 N
2 _ 2
w e
& 2 =
1 ) §
815 m
0 : - 273
0 05 1 15 9 1 = 2
o O
dose (Gy) O -
0.5 § —— p (RBE=1.1 2.2
12 o &
[

04 - . . . Z
0 50 100 150 200 2% I ¢

depth (mm)
The effective dose out of field is lower for
proton therapy than Carbon therapy!
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BRBE &s a function of energy/LET

100 MeV proton

Slmulated Wlth 200 MeV/u Carbon

0.5 uym

15 MeV/u Carbon 1 MeV/u Carbon

_ 0.5um

Radiation is more effective when energy depositions are more
concentrated in space

W MASSACHUSETTS
0 MGH el RALH SITAL B HARVARD
J. Schiimann RESREAL O : ME ]E‘)K‘ ;].uﬁ('[ 100T PTCOG 2015

RADIATION ONCOLOGY



BRBE &s a function of energy/LET

R =Ee\YAeeam RBE increases with LET

Radiation (keV/pm) .
Photons
o (—1.2 McV) =
200-keV M-ray =
Electrons ; 1
] Ml:‘-r -
100 keW
10 keV ]
1 keV o
{:‘kﬂfgfd pﬂﬂf‘f!f-.f o] 50 100 150 200 250
pl'ﬂ'l-ﬂll'l ?' :‘-‘It‘lﬂr Proton Energy [MeWV]
alpha 5 MeWV
carbon 100 MeW
MNewtrons Q rotons
2.5 MeV s P
14.1 MeV ~ .
- Belli et al. 2000
RS ol Bettega et al. 1979
10? ™ T T T TTT T T ™ T T T TTT T T ---...f E p—
| 2 | ST Y
° +3 t i G
11 . - g [ ]
Lol
% ot 1 10
Proton Energy [MeV]
1F —®—Protons, Belli et al. -
[ Ce e ruusawa st 2§ protons create lower energy ™rays (smaller track halo)
Ne, Furusawa et al b . .
osh o 1 compared to heavy ions at a given LET
8 87 4 28 57 .. 2238 57 ., ®higherlocal dose
LET [keV/pml ®proton RBE > ion RBE at a given LET
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- a function of energy/LET

" Increased effectiveness as a function of depth

15

» Extended beam range (i.e. range uncertainty Range Shift @ 2Gy

to be considered when pointing a field
towards a critical structure)

Carabe A; et al: Range uncertainty in

—
(=]

effectiveness. PMB 2012 57: 1159-1172

fference [%]

* RBE might be higher close to the ‘target’ ecs ©
(mainly in OAR)

Range D

proton therapy due to variable biological |

» LET is well understood and could potential

used in biological treatment optimization

off [Gy]

. but there is more
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_ted Treatment

The 4 R’s of Fractionated Radiation Therapy

Repair of non-lethal radiation
insult (DNA damages) in cells
the time for full repair is ~6 hours

Recovery
From Sublethal Damage

normal tissue generally better at
repair
Repopulation <:: R’s Redistribution

repopulating of space
previously occupied by
damaged cells

Reoxygenation
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_ted Treatment

Redistribution or Reassortment in Tumors

radiation damage
changes the
distribution of the cell
stages due to different
radiation sensitivities

over time, cell stages
get redistributed

Redistribution
(3

potential G2-block, avoids
cells going into mitosis

z05
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14 16 before damages are repaired
TIME, HOURS AFTER SHAKE-OFF 7
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BIRBE depends on Fractionation

DOSE (rads)
0 400 800 1200
:

1 1 1

A. SINGLE DOSES
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RBE increases with fractionation.
Effect is due to shoulder on the X-ray curve. (from Hall 2000)
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[0 Oxygen Effect

Dose (Gy)
, _“o ""9";1:'_‘3'_:”‘; | 4 Oxygen is the best known and
% 01:_ \\ ¢\° - most general radiation sensitizer.
e b Y —
E o \, "% | The Oxygen Effect Ratio (OER) is:
“‘"“"‘\ _ Dose(hypoxia)
OER Dose(oxygenated)

OER is usually about 3 at high
radiation doses, but can be lower at
low doses.

(hypoxia means low oxygen;
anoxia means no oxygen)

(from Hall 2000)
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_onated Treatment

Reoxygenation in Tumors

X-Rays ggg Immediately = Phenomenon by which

After .
Irradiation hypoxic cells become

oxygenated after a dose of

woetly radiation
- Hypoxic .
Cells = Human tumors may contain
H :

Aerated
Cells

15%

Hypoxic 10-15% hypoxic cells
namgmuon * Time interval between fractions
éég needs to be long enough to
allow complete reoxygenation
I o = “Fast” reoxygenation: One
_ mechanism may reflect
égg Reoxygenation reperfusion of temporarily
/ closed vessels
. o = “Slow” reoxygenation of
‘/ chronically hypoxic cells
Reoxygenation may occur as the tumor shrinks

'

etc.

Hall textbook
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= Dose Rate Effect
Dose Rate Effect

T T T T T T T T T 1

-

As dose rate Is reduced:
- slope of survival curve
. decreases
- shoulder decreases

urviving
sI
T

«
L]
T

At very low dose rates:
- all sub-lethal damage is

16
rad /min

.5 cells/col )

Fndlor}ol Initial Colgny-rorminq

- 10 : ' '
2 repaired during exposure
: - repopulation may

w04 Increase survival or

tumor growth
N T T B B
Dose (rad )
J. Schiimann & cinirat roseiia 1o R . PTCOG 2015
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- RBE Summary

RBE depends on

Tissue:
Dose:

| ET:
Dose Rate:

Particle Type:
Fractionation:

RBE increases with decreasing a/f3

RBE increases with decreasing dose
RBE increases as a function of depth
Higher dose rate, higher cell kill

Higher LET, higher RBE (up to threshold)

RBE increases with increase in fractions

* For an optimal treatment plan, we need to consider all
of these parameters at the same time

* Many more biological factors to be considered

J. Schiimann
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How do we use RBE in clinical treatment
planning?

Protons: RBE = 1.1

lons model RBE
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PHITEocal Effect Model (LEM) for calculation of RBE

|dea: M. Scholz et al.

X Photon Dose-Effect

Determine number of lethal
damages in the nucleus

Use radial dose distributions around
ion tracks (ion dependent)

Combine photon dose response and
microscopic dose distribution

Overlay tracks and integrate lethal
damages in nucleus

Local biological effect:

S -y N tvihwl

Dir) (Gy)

Photons

|" 's‘\ “I(r“o "l u ’) f ’ C15MeVy . ) Dose (Gy)
Nh'ﬂml 'f '|‘ ! ‘" Nulvws \\//‘
Nueln Cell-

d(x,y,z): local dose nclews  Tracks
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I Cabon therapy at HIMAC

Start with experience from neutron treatment at NIRS
Carbon ions most like neutrons

Same biological effect at Carbon beam at LET ~ 80keV/um
Neutron RBE =3

RBE ofHSG and Hela cells Fractionated dose for clinical situation

4.0

S
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o _ NiRS-neuron ] . = L Clinical Dose (GyE) a 1

8 2.0 ' “ }. % 15 Ersiinee T coiinins "'.§ ............ RBE

x % * £ " Biological Dose (HSG) __.-=""

:- [ 4 1 ] T 1 formmmmm—emnedTT 0 1

© [ .o ] s = ;

— 10 [ ] . - Physical Dose : - :

.G_J i 1 ‘g 05 ,.'—“““""““““"““; ......................... ; ........ 1.13 Gy‘l]_! ................ .

© 05 [ y A : ] ]

o= [ L i : : %

(U L L r : H

! ) , | ) \ o ] n i i i i ] i i i " 1 & i i i i

0.0
0 20 40 60 80 100 120 0 50 100 150 200

Dose averaged LET (keV/um) Depth in Water (mm)

Recently some efforts to use a modified MKM model
Kase et al, J.Rad.Res. 2011
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FComparing LEM and NIRS (HIMAC)

Physical Dose SOBP

25
—— NIRS 4 GyE
—— CNAO 4 GyE
2 - - CNAO4.2 GyE
— -CNAO4.5 GyE
— =-CNAD4.6 GyE
15
) .
- Fossati et al. PMB 2012
9
3
1
05
n X

0 50 100 150 200
Depth (mm)

Similar physical dose for LEM corresponds to higher RBE-weighted dose
Steeper falloff for NIRS
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-t parameters for LEM and HIMAC

LEM Input Parameters: HIMAC Input Parameters:

X-ray Survival Curves:
Experimental data according to LQ

st - " llll'l[‘“ )

Neutron RBE as observed for
HSG cells at NIRS

D:: dose threshold Normalize Carbon RBE to
additional assumption: Transition from neutron RBE at 80 keV/pm
shoulder to exponential shape at
high doses

Neutron RBE =3
.\" (! ] (¢ I'l. ,,. ,"

Radial Dose Distribution ( ~ 1/r?)
Monte-Carlo (M. Krédmer), Analytical
Models (Katz, Kiefer), Experimental
Data

Target Size (Nuclear Size)
Experimental Data
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-JthOk (protons)

Dose
)

IMPT Plan 1

IMPT Plan 2

Grassberger et al., [JROBP, 80, 1559 (2011)

LET 1s highest at end of range — RBE increases
Same dose distribution does not mean same LLET distribution
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-y messages, to remember when planning:

We need to understand the biological processes better
currently modeling protons with constant RBE
Carbon RBE from limited data
Should use: ion specific biological effect (n/a) Sstructure of a Generalized Cell

Include advanced imaging

advanced imaging could determine
regions of hypoxia and other
tumor heterogeneities

To go towards biological effect based plans we need to:
stop using flat dose distribution
use all the information that we can obtain
rethink what is possible: determine biology from the bottom up?
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