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“ Introduction: Radiobiology — some basics

 Definitions
 Timescale of radiation action
— Physical phase: lonisation, LET

— Chemical/biochemical reactions: Water
radiolysis, indirect and direct DNA interaction

— Biological effects: Consequences and
guantification of radiation damage

— Clinical effects
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™ 1. Definition of radiation biology

Radiobiology = interdisciplinary field aiming on the investigation of
the interaction of (non)ionizing radiation on living things

UNSCEAR NCRP Report No. 160; lonizing Radiation 2006
Exposure to the Population of the United States, 2009

Early 1980s

Occupational / Occupational / industrial (0.1 %)
industrial (0.3 %) *
Y‘u»_x““—»-_,,__ Consumer (2 %) Consumer

\ Medical | 2 %)
\(15 %)

A Medical (48 %)

Early 1980s 2006
Collective effective dose
(person-Sv) 835,000 1,870,000
Effective dose per individual
in the U.S. population (mSv) 3.6 6.2

lonizing radiation is omnipresent for human beings

—> Estimation of biological effects and health risks
- Handling, protection and application of radiation
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i 1. Timescale of radiation action

Clinical effects

Biological effects

Physical reactions

1018 1012 1006 1 103 106 10°
L1 1 1 1 1 |,// | 1 1 1 1 I I 1 1 13 seconds
1 103 106
L1 1 1 1 1 1 hours
1 103

L1 1 1 | ] days
A

Human life time
Acute effects ' Late effects

Time scale of radiation action;

Steel: Basic clinical radiobiology, 1997; modified
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w1 Primary events of radiation action Physical reactions

Time (s) Process occurring

Physical stage

1018 Fast particle traverses small atom

10-16—10-17 TIonization: H,0 -W—H, 0" + ¢~

10-1 Electronic excitation H,0 “WH,0*

10~ Ton-molecule reactions, e.g.. H,O™ + H,0 —rtﬂH + H,0*

10-14 Molecular vibrations — dissociation of excited states:
H,0*-H + 'OH

1012 Rotational relation, hydration of ions & — e,

Transfer of energy on a molecular level ~30 eV per ionisation
- Generation of charged particles by water radiolysis and ion and radical
formation
- ...more details: reviews of Wardmann & O Neill
—> lonisation density depends on incoming radiation quality and its LET

Adams & Jameson, Radiat Environ Biophys 1980
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™ 1. Linear energy transfer (LET) Physical reactions

= amount of energy transferred to the local environment in the form of

lonisations and excitations (ionisation density)

High LET

LET = 77 | Unit: kevium Fast Neutrons

Type of Radiation LET
25 MV x-rays 0.2
%0Cogammarays |0.3
1MeV electrons 0.3
Diagnostic X-ray 3.0
10 MeV protons 4.0
50.0

High LET: Deposit a large amount of energy in a small distance

Low LET: Deposit less amount of energy along a track
Infrequent and widely spaced ionisation events

Japanese Radiation effects research foundation
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= 1. water radiolysis & distribution of radicals Physical reactions

Exmtatlonw‘j 7sgllcmlzaltmn

H20+ + e
‘/ \J ‘LHzD
. *OH + H;0* _ &
H+ "OH H;+ O d’ ]

eaq-J *Hr *OHr HZ; HZOZJ H30+

Formation of molecular products and free radicals Yamashita et al. Charged Particle and Photon Interactions
with Matter—Recent Advances, Applications, and Interfaces.
http://large.stanford.edu/courses/2015/ph241/burkhard1/ Taylor & Francis (2010): 325-354.
Time (s) Process occurring
Chemical stage
< 1012 Reactions of e~ before hydration with reactive solutes at high concentra-
tion
1010 Reaction of e,, and other radicals with reactive solute
(concentration ~ 1 mol - dm~—3)
< 1077 Reactions in spur Adams & Jameson
107 Homogeneous distribution of radicals i

Radiat Environ Biophys 1980
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i 1. Direct and indirect radiation action _

Time (s) Process occurring
10-3 Reaction of e;, and other radicals with reactive solute
(concentration ~ 107" mol - dm~, ie., ~0.01 ppm)
1 Free-radical reactions largely complete
1—10° Biochemical processes

Structural and functional changes of nucleic
'ndwe;((( acid, proteins, lipid layers, carbohydrates, ...

action

'060

| @ i Indirect action:
P « Low LET radiation (X-, y-, B-rays, €)

« \ « High LET radiation (a-particle, neutrons)
S6.  Direct interaction with DNA very seldom
@ * Human body: 80 % water / 1% DNA

5/(‘ Direct action (w/o water radiolysis):

‘‘‘‘‘‘

Direct

"
'
"
e
My
»

Mitglied der Helmholtz-Gemeinschaft
Elke Beyreuther | Institute of Radiation Physics | www.hzdr.de




5 Deoxyribonucleic acid (DNA) Biochemical reactions

Carries most of the genetic information necessary for growth, development,
functioning and reproduction of all known living organisms and many viruses
DNA Structure

Nucleosome

DNA

/’ Nucleotide
' base pairs:

Nucleus ' 4 B Guanine
” .~ Cytosine
Adenine

B Thymine

EEE—————

‘, e — ——— »
N =

www.cancer.gov
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% 1. Radiation damage to DNA

ADRRTRRRN D RRURRNNNTNT]

Spontaneous lonising radiation

Single strand
break (SSB)

Base damage

Base release

Dimer

Double strand
break (DSB)

In addition:
Destruction of hydrogen bonds,

Cross linking of DNA-DNA and DNA-protein,

Partial denaturation, Complex damages, ...

Biological effects

1 Gy

4

~3000 base damages
~1000 SSB & 40 DSB
...per cell!

Vast majority is repaired by cellular repair mechanisms
>10 different pathways of different complexity and duration (s ... min ... h)
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™ 1. Cell fate after DNA damage/DSB  Biological effects

Time (s) Process occurring
Biological stage
Hours Cell division affected in prokaryotic and eukaryotic cells
Adams & Jameson
_ Survival WithOUt Radiat Environ Biophys 1980

Accurate DNA repair ‘

DNA damage
Damz_age level - Lethal chromosomal aberrations
too high/severe Mutagenesis / Carcinogengesis

Cell death

Measurement of DNA damage:

« Clonogenic survival assay

« Quantification of DSB repair proteins

« Determination of chromosomal aberrations

Dicentric chromosome after DSB
Induction by 10 kV X-rays
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5 Clonogenic survival assay Biological effects

* First developed by Puck and Marcus in 1955
 “Golden standard” in radiotherapy/biology
 Clonogenic survival = ability of unlimited cell division

# of cells seeded 100 400 1000 10000

O
X-Ray lo \Lz \L4 \LBGy

1-2 weeks incubation

PE LV

V
90 /2 36 45

# of counted colonies

plating efficiency (PE) 90%
surviving fraction 1.0 0.2 0.04 0.005

Intechopen.com: Evolution of lonizing Radiation Research 2015
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™ 1. Cell survival curves Biological effects

1 b

— Photons
c — lons
2
© . . :
& ob--=-N-——---=- { Relative biological
y [ ] effectiveness:
'S
2 5
o Ref
a RBE = D ERef=Etest
Test
0.01E E
0 2 4 6 8 10 12

Dose / Gy

« Radiation: type, energy, LET, dose, dose rate, dose fractionation, ...

 Cell/tissue: species, intrinsic (genetic) radiosensitivity, cell cycle,
chromatin structure, cell age, ...

* Micro milieu: temperature, perfusion, oxygen, hypoxia, cell-cell
interaction, growth factors, ...
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™ 1. Detection of DNA DSB repair proteins Biological effects

Generation of DSBs *

f'@d = f ' @
B, T8 Phosphorylahon of hundreds to thousands of H2AX =il '
- - Ser139

»
- -

Histone octamer o R

— 3 :
DNA T SR e

\s\o v-H2AX focus
## B

SQ motif (serine 139)
(phosphorylation of H2AX C-terminal)

y-H2AX

Image of immunofluorescence staining

» Detection of DNA DSB signaling and repair
molecules as surrogate for DSB

« Methods: antibody labeling and microscopic
or fluorescence intensity (FACS) analysis

Blue: DNA in cell nucleus
Pink: yH2AX foci ~ DSB
after 4 Gy X-ray irradiation

Ibuki & Tooyoka, J Radiat Res, 2015
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. 1. Long term effects Biological effects
Clinical effects

Time (s) Process occurring
Biological stage
Hours Cell division affected in prokaryotic and eukaryotic cells
Days Damage to CNS and GI tract evident
~ 1 month Haemopoietic death ]
Several months Late kidney damage, lung fibrosis Radiotherapy acute/late effects
Years Carcinogenesis and genetic death

ose imported from CMS, Inc. XiO.

IMRT-Photonen © Protonen

Adams & Jameson, Radiat Environ Biophys 1980
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5 Long term effects: Holthusen diagram

100
Absence of
normal tissue
80 1 complication
>, .
2 60 1 Tumor control / Normal tissue
= / complication
Q
©
g 40 Therapeutic window/gain
o (high tumor control,
low normal tissue complication)
20
0
Dose
£\ agyr s
Holthusen 1928 g DieoRay" CECRE v) g VA
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™ 1. Preclinical animal experiments — tumor control studies

« Animal studies are necessary to translate in vitro results into the clinics
 RT related research: human tumor xenografts on mice

« Controlled investigation of factors influencing tumor response

« Evaluation and pre-selection of treatment modalities

Tumor control studies — “Standard” in RT related research

B with drug
100 - " B B O O fo) W/O drug
—_ 80
£ m/m
g 60
3 TCD50
g 40
=3
=
20 -
@)
0{m ®H Bm O O O
20 30 40 50 60 70
Radiation Dose (Gy)

Biological effects = Preclinical effects
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™ 1. Preclinical animal experiments —tumor growth delay

Tumor growth delay (GD)
Difference between the mean time spans non-irradiated and irradiated
tumors need to achieve a certain size or relative volume increase

GDV,; = tVi,Dose — tVi,COTLtTOI i Unirradiated
i.3,57.10 control tu mms%x-ray
= ]
Q| Teon | .
S Blco e . - |
= p
o o
- |
@) '.r"
+
= -
— Al - A P
% F
(D) LY s
= i . ,#—Tumors
T ' ” irradiated
— b - u,
él:) - ‘q.“ ,,-'" with dose D
| Growth delay .-|
| | | |
0
I Time
X-rays

Biological effects - Preclinical effects

s

https://radiologykey.com/model-tumor-systems/
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& Summary: Radiobiology reaction cascade

Physical Energy transfer: ionisations and excitations 10181012 s
phase lonisation density ~ radiation quality

Radiolysis of water - formation and diffusion of
- radicals and molecular products 107

103 s
Direct and indirect interaction of radiation and
cellular macromolecules

reactions - Cleavage of bonds, induction of DNA damage
10 s
: : Repair or manifestation of DNA damage s-h
Biological | 5 aperrations of chromosomes and genes
effects > Altered morphology and cell cycle i
Clinical - Cell death, mutagenesis, cancerogenesis
effects - Acute and late effects of radiation weeks...a

- Death of the organism
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& Radiobiology — aims and responsibilities Biological effects
Clinical effects

« Detection, description and quantification of radiation effects

« Clinical purposes:
« Optimal strategy for tumor control but normal tissue sparring in RT
« Prevention of normal tissue complication in radiation diagnostics

Clinical application: Requires translational research
From molecule to organism

—
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i
2. The time factor in conventional radiotherapy

« Brief history of conventional RT accelerators
 Time factor in medical dose delivery
« Summary of previous studies (1950...1990)

— Low dose rate and the 4R of radiobiology

— High dose rate and the oxygen effect

’\ - jali——n]
O A A
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_I} Radiotherapy treatment started continuous radiation sources

* Prior World War II: X-ray tubes and Radium/Radon sources
« After 1945 artificial isotopes available: 13’Cs and %°Co

2

Treatment of lupus X-ray treatment of 60Co Teletherapy early 1950s
with radon salts, 1905 Tuberculosis; ~1910 National Cancer Institute/USA

« Continuous irradiation with fixed (natural) dose rate
« “Trial and error” phase, treatment time and direction decisive
« 19109: first investigations of the time factor in radiotherapy by Regaud

Biological effects
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2 2. Accelerated radiation brings along the time factor

« 1930 1st HF-linear electron accelerators developed by Wideroe
- 15t patient treatment in 1953 in London/Hammersmith hospital
« Widespread distribution and replacement of ®0Co-units since the 1980s

« Particles: 1stcyclotron by Lawrence in 1932
15t p-therapy 1958 (Sweden)

Cyclotron C230/ IBA
University Proton Therapy
Dresden

L=

Linac (e") treatment of an
eye tumor / 1957
National Cancer Inst. e

Synchrotron
Heidelberg lon-Beam

Therapy Center HIT
- T

Elke Beyreuther | Institute of Radiation Physics | www.hzdr.de




2 2. Medical beam delivery: conventional electron Linac

» Electrons 3 - 10 GHz by Linac
» Quasi-continuous, but different beam pulse structure

Dose 4

Treatment time/min

Frequency

Pulse duration
No. of electrons
Mean dose ratel)
Pulse dose rate

E,.,= 20 MeV

Macro pulse

<
N,

5 us/ 5ms
Electron bunch

~

Micro pulses

J

M

1
3
6

After: H. Krieger, Strahlenphysik, Dosimetrie und Strahlenschutz, Bd.2, 2001

ean (s) Macro pulse
50-200 Hz
S YIS
- 1010 1.5-108
Gy/min
6 KGy/min

Micro pulse
3 GHz

30 ps

104

60 kGy/min

1) Irradiation field of 10 x 10 cm?

Mitglied der Helmholtz-Gemeinschaft

Elke Beyreuther | Institute of Radiation Physics | www.hzdr.de




™ 2. Medical beam delivery: cyclotrons Cyclotron

* Most frequent clinical/conventional proton accelerators
* Quasi-continuous beam delivery and pencil beam scanning

g
I . | http:/mww2.kek.jp
Scanning Magnets Tumor tissue

Example: IBA C230 isochronous cyclotron / University Proton Therapy Dresden

A DA

[ Treatment time ]

Dose

Mean dose rate
~2 Gy/min

Micro pulse PBS-Spot
Frequency 100 MHz ~1 MHz
Pulse duration 2 Nns 10 ms
Pulse dose rate ~10 Gy/min  ~ 6 kGy/min

Rep. Prog. Phys. 79 (2016) 096702
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™ 2. Medical beam delivery: pencil beam scanning @synchrotron

Faces of dipole magnets Tumor

= Extraction .~ Nozzle

== First magnet Second magnet
(horizontal (vertical
scanning) scanning) Last layer First layer

(minimum (maximum
energy) energy)

Rotating
Gantry

Extracted . Nat Rev Clin Oncol 2009; 7:37-43
Beam \
Hitachi, Ltd. 2010
Spills 2-3 Spills 4-5
Slice 2 Slice 3
“Macro pulse”
6 ”” . E2
Pulse” duration N . | reooee !
M 1« I I | |
Spill ~1s =13 N— i | | | I
Spot <10ms | ! | : :
Pulse dose rate 01345 siv 8 10 11 1;3 15 18 %o 22 25 | ] Hsecﬁ
SpOt ~1OO kGy/m|n Cycle 1 I Cycle 2 : Cycle 3 : Cycle 4 I Cycle 5 :

Giordaneggo et al. Med Phys 2015
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™ 2. Time factors in clinical dose delivery

—

1018-1012 g 107s 103s 103 s s-h h-d weeks...a

Clinical
effects

Micro pulses  Macro pulses Fraction time Overall treatment
toys ~ PS... NS tps ~ MS... S t~min time
t~d...weeks

Conventional fractionatign external RT: 70 Gy/35F/7 weeks

L 1]

How did the radiation action on the different time scale influence
the upstream phases?
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_ ) Preceding studies define the parameters for clinical RT

The Dose-rate Sgectrum

Badio Beam Interstitial ;
therapy [intracavitary
Dose-rate No dose | Large dose Steady state
effect linked rate effect| rate effect Syséms
with O, oncells | on cells

10 10 10 0'1 11.'! 1l'.'l
cGy/ r|'1Ir|l.r|;uI

1000 100 10 m: 10 1

cGy/hour ciGy/day
Ultra-high High Low Very low
dose-rate dose-rate dose-rate dose-rate
pulsed acute protracted continuous
exposure exposure exposure exposure

« Large dose-rate effects below 1 Gy/min
« Constant biological effect expected for higher dose rates

Hall & Brenner, IJROBP 1991
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2 2. Low dose rate clearly influence the radiobiological outcome

Example: Brachytherapy Biological effects
2 ~12 Gy/h, treatment of cervix, prostate and lung cancer

1DU -
036 %,
rads/rmam
Bladder 0"
Prostate
g ; 0.B6
Radioactive - rads/min
I
pellets =
(seeds) 5 €
Y= 16
ol radsimin
C = .
S 3 07?1
U
- L)
Tumour ;‘_:’ g
= T m‘& o 30 _
; y Eo radsimin
Seminal vesicle c® 07
: ' = rads/min
e E 100 rad =1 Gy
TC 5
w 3 10 g

T ¥ T ' T T T ' I
500 1,000 1500 2000 2500
Dose, rads

Radioactive seeds implanted

in prostate Dose response curves Chinese hamster

cells; °Co y-rays
http://oxfordurologyassociates.uk/brachytherapy Bedford & Mitchell Rad Res 1973
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_ ) Prolonged irradiation in conflict with the 4R of radiobiology

Improves cell death Improves cell survival
Reoxygenation Repair/Recovery
RT Immediately after RT
‘ BEm—, Time to give 2Gy
o0 . .
W 100h  10h 1h  10min  1min
‘ W‘ . ﬁﬂmem-—- Repopulation
oA
/ mmm___ Reoxygenation
L3 S— [
e Reassortment
: Recove Repopulation
Reassortment/ e Y pop

Redistribution : . , |
10.01 0.1 1 10 100 1000
Dose rate (cGy min—1) b
Cell cycle - — ——
redistribution Steel: Basic Clinical Radiobiology, 2002
into sensitive
G2/M )
External RT: >1 Gy/min

Increase of stem
cell proportion

http://aibolita.com/cancer/49854-tumor-response.html Biological effects
Pajonk et al. Stem Cells 2010; 28(4):639-48
—
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2 2. 1960s...1990s experiments with ultra-high dose rates

Field emission sources: 0
* 400 -600 kV e
* ns single shots of ~10° Gy/s

Electron linacs: »
« 15-35MeV
« 40 ns —few us shots of 108 Gy/s

e 650Co y-rays

IREERL

o 3nssingle
600 kV e pulse

I 1T TTTT

Several studies with different animal
and human tumor and normal tissue

T TTTT7T]

SURVIVING FRACTION
o

cell lines
v
E Chinese hamster
Majority of studies reveal no influence — ovary cells .
of UHDR on radiobiological response, 1675 T S—
but some... DOSE (rads)

100 rad =1 Gy

Michaels et al. Rad Res 1978 Physical phase _
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V. hockeystick curves and the altered oxygen effect

Hela — cells Reduced biological effectiveness for
pulsed e- beams above a certain dose

o 6Co 100 rad/min

¢ Plato 7nano sec
pulse

Influence on radical reactions:

» Radical generation in short time

= Radical-radical interaction rather
than interaction with DNA
» Reduced biological effectiveness

Surviving fraction
o
]

-2 100 rad =1 Gy —— : : :
10 ' - 10 Missing confirmation and high dose
0 500 , 1000 50 limit prevent clinical implementation
Dose in rads

Berry et al. Br J Radiol 1972

Physical phase | Chemical reactions
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i
3. Current developments in clinical dose delivery

 Advanced clinical beam delivery techniques
 Protracted and varying pattern of dose delivery
* Flattening filter free linacs
« FLASH irradiation as alternative approach

ek el ) Feom
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M 3 protracted and varying patterns of dose delivery

« Protracted treatment in external beam radiotherapy (e.g. gating, IMRT)
« Varying dose delivery patterns over individual tissue voxels

Faces of dipole magnets Tumor

First magnet Second magnet
(horizontal (vertical
scanning) scanning) Last layer First layer
(minimum (maximum
energy) energy)

IMRT, varian.com

Pencil beam scanning

: : : Nat Rev Clin Oncol 2009; 7:37-43
Motion Encompassing Gating

Technique (ITV Concept)

7 r—
Expiration ©
I - --

Inspiration

PTV
(small volume,

slow)

Ny
TomoTherapy®

sps.ch

Mitglied der Helmholtz-Gemeinschaft
Elke Beyreuther | Institute of Radiation Physics | www.hzdr.de



. 3. Prot

Instantaneous dose-rate

racted dose delivery: example IMRT

A Variable pulse height
Delivery Time
% ] (Average
g: —_ e Dose-Rate)
A
I—I"—"I_I"—"m Tine Instantaneous % Leaf-h
Feam Dose-Rate ik
Patterns
Delivery time
Continuous
e
Gated Pulse
EEEEEsENESEEEENEREN Repetition Beam-onTime
Frequency
IMRT
poc=———= =l = i
Bewes et al Phys. Med. Biol. 53 (2008)
Gated IMRT
EEEEEN EsEEEn EEEEEN

| | | |
Time Keall et al. IJROBP, 2008
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™ 3. Example: intermitted dose dellvery of IMRT [ Biologicalefiects

Frotocol 1 Protocol 2
0 Doz Gyl
Do 5Ell Gyl * 2 Gy =8 ihay 2% 1 Gy
5 t (min| 5 N
Protocol 3 Protocol 4
Diosa Gyl Cosa Gyl
ﬂ 2wl Gy 2x 1 Gy
H H !
o t {rmin) 5 30 t {min)
Protocol 5 Protocol 6

Dose Gyl gwx33zcoy DoselGy 21 -05cGy

LLLLL]

15 30t {rmin) 15 30 t{rmin]

Figure z. 5k Irradlation protocols with decreasing dose rate and In-

creasIng number of dose pulses, owerall dose abways 2 Gy.

SFSF 2-Gy simale puks)

N Melo 124

°T| mmm TxE 121

— — — -
L

r
! . o - A
Gy F=10Gy ah‘G',- 2=1Gy B=x0.3E3 Gy 2= 0085 Gy
5 min 15 m 30 min 30 min 30 min

Relative survival of the different
irradiation protocols, normalized to SF

after 2 Gy delivery with Protocol 1
Sterzing et al. Strahlenth & Onkol 2004
modified

(Shibamoto et al. IJROBP 2004)

Treatment times >20 min or beam interruptions >8 min reduce radiation effect

Mitglied der Helmholtz-Gemeinschaft
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.3. Increase of dose rate to compensate for prolonged time

Flattening filter free e linacs deliver higher pulse dose rates
- Dose rates < 20 Gy/min
=> In clinical use since ~2010

B C
A - = B.
i - B6MV 0.50 S 0.12 ol
— BMV-FFF 0.45 20 WUB7-MG ' WUB7-MG
0} 0.40 +— - 0.10 I
Flattening filter 2 8 g IR §
i T < 0.08 +—
2 8 030 1 @
g 025 1 2 006 1— s
3 0.20 +— E
:E’ 0.15 +— 2 0.04 +—
g - ® 0.10 +— 2
7 A : 0.1 1 10 0.02 +—
6 MV configuration 6 MV-FFF configuration Energy (MeV) 0.05 —
0.00 ~ 0.00 i
Detappe et al. Sci Reports 2016 X10 X10FFF X10 X10FFF

0

=~
.
=)

[—e—x10
e @ X10 FFF |

g 2 2 N

400 cGy/min ‘ : s S s : ' e
FFF 10% b e S snoise s el csmna o S SR T
............................ mean dose 0 = 10 = 20

>

cell survival

time

Lohse et al. Radiother Oncol 2011
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- Normal tissue protecting effect of FLASH irradiation — 1st exp.

« 4.5 MeV electrons 17 Gy /<0.5s Similar tumor treating efficiency
* Dose rate: ~ 100 Gy/s

* Pulse dose rate: 10° Gy/s

€

—a— Nonirradiated
»— 17-Gy CONV
| ——17GyFLASH| 'HBICXJ 2A

24 weeks

17 Gy CONV: cured, large alveolitis, inflammatory infiltration,
prefibrotic remodeling, fibrosis (asterix)

17 Gy FLASH: lungs had a microscopic normal appearance, v 6ays4:ﬂer'tre:fment W W
thin alveoli, normal vessels and bronchi, w/o inflammation

Relative tumor volume (RTV)

FLASH was as efficient as CONV in the repression of tumor growth,
but more efficient in sparing of the normal tissue

’[l\ncuﬂa © DRESDEN (L‘ A
Favaudon et al. Sci Transl Med 2014 NEEDT et Wy
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.Normal tissue protecting effect of FLASH — more evidence

Figure 1:

Ultrahigh
dose rate

Conventional
dose rate

Hyperkeratotic Thin keratin
layer S 25 layer
Thickened et -2~ Normal epithelial
epithelium diss ~-~  thickness

\ -

— Normal collagen

Collagen scar tissue ++ \r;*:\:
= in subdermis

in subdermis

-an Association for Cancer Research

MAGR

ﬂ‘_‘@ 2018 Americ

Bowalondaetron o
CCR Translations

Cancer Researc

(Harrington 2018) (Vozenin 2018)

Less skin toxicity after treatment of minipigs

Research needed:
Other particles, e.g. protons? Which beam parameters required? Conventional

accelerators or new ones? Patient safety?
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i
3. Current developments in clinical dose delivery

e Status of laser driven acceleration
« Laser driven X-rays: in vitro
« Laser driven electron beams: in vitro & in vivo
« Laser driven proton beams: in vitro
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2 3. Laser driven ps x-ray pulses: soft — hard x-rays Physical phase

« X-rays emitted from plasmas generated with ps- to ns laser

« Potential applications for X-ray microscopy and radiography

« Time gated radiology of humans - harmlessness must be proven
« 10° - 1013 Gy/s, mostly broad energy spectra few keV — 1MeV

£

7

3

2

k=

o

| ® Xrays generated from laser-produced plasma
O 60Co y-rays

goaryr—r—rr oo nrrme———rere T 1

Nature Photonics 8, 2014 0 2 4 B 8 10 12 14 16

Absorbed dose (Gy)

No significant difference in the radiobiological effectiveness due to ultra-
high pulse dose rate

Tillman et al. Radiology 1999, 213, 860-865.
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S 3. Laser driven particle acceleration Physical phase

- Ultra-high dose-rates >101° Gy/min in fs...ps...ns pulses

Laser driven electron acceleration Laser driven proton acceleration
e Titanium foil with
* 3 PERECH] T proton-rich dot
Intense & laser Laser incidence : = T
>J) | . 2
‘ Accelerated ’:

protons

N

Blow-off - Hot electron
plasma @ I. cloud
. e®
P
@® ~*

" Targetnormal,

Aim: reduction of accelerator size to reduce Sl Liatie

. electric field
the cost of particle therapy and allow a more
widespread distribution
www.aappsbulletin.org Schwoerer et al. Nature 2006
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W3, Specific properties of laser accelerated particle beams

« Ultra-short beam pulses (~ 1 ps)
* Low pulse repetition rate (~ 1 - 10 Hz)

« High pulse dose (~ 1 Gy) and pulse dose rate (~ 1012 Gy/s)

Investigation of consequences on beam transport, radiation field formation,
dosimetry and radiobiological effects before clinical implementation

» Whole translational chain from bench to bedside

» Comparison to particle beams from conventional accelerators = medical
devices

£ N

PTN ~ - -—
ek el ) Feom
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2 3. FEMTOsecond radioLYSIS by laser-driven e - bunches

Using fs-laser pulses to trigger radiochemistry reactions
- Measurement of relaxation times, radical life times etc.
- Understanding of early physical events

g P ; “nmary excted states )
Reading pixel CCD mathx ——— —
5 256 % 1024 1 H20 A hor (85",
5.09 x 5.09 um EEE::::? , . e ol 2 )5 c
SNEE 1A - FEMTOLYSIS e." "I'»_l."“ ; { A
i S 25-15 Ma) e -2
High energy Laser 3 o1 q
19 Relativisti [P ':-1 A Preh pchsion ‘—A-‘J
2 elativistic T o .
I~ 27x10 Wiem - [ t :
Plasma € gl s | S 0 3 1w 15 B
generation 1

X Nov-independent efectron-radical palrs

iva i Eas [ ) Ralaxad o
e S L Cell n R i’ﬁ Sps<t<150ps HyO*
30fs SUij;SUniC 7 B H‘ff’ XA L‘.czretzr-‘e- e o C
recombinations aq H
l:l. ‘ 4 " = -
TITTTTTITTTITTT n OH
lsltlelplplnlgl En.qt.m; | 30fs - ~“ Nascernt rrack

Physical phase
Gauduel etal. 2012, 2017 10-18-10-12 g
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W3, Comparing laser driven e vs. conventional X-rays

* ILIL laser facility/Italy: multi-shot; 1.5 MeV e-, 1 x 1010 Gy/s

* Blood lymphocytes and ovarian cancer cell line: DNA damage, cell
survival (cancer cell line)

* Reference radiation: 7 MeV clinical Linac (survival)

-
"y
[l

. Inracperative radothesapy

ACCHleraor

—

o]

(]
1

== Lasergenaraled slecions

—k
o
=0

50 =

B5 =

B0 o

Cell viability (%)

fa

¥ =

i3]

Q 2 4 ] a 10

Dose (Gy)
« Demanding interpretation: different endpoints, cell lines and reference
sources

Andreassi et al. Radiat Res 2016
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W3, Comparing laser driven vs. conventional Linac e

« JETI laser: 80 fs, 10 Hz, multi-shot; 3...20 MeV e, 1 x 101° Gy/s
* Reference radiation: 6 MeV clinical Linac

* Human head and neck tumor cell line FaDu

100 = = 12
S : 0 l
\ —
C il ~~
O - —
I 3)
o 10 = @)
3 Y—
© 7 —
“— 1 o
(@) 3 (af]
= ™M
> 1= 2
- 41 JETI laser electrons, <
N 4 2.5 Hz, 3-20 MeV %
1 LINAC electrons, 6 MeV ]
T T T T T T T T T T 1 o

0 2 4 6 8 10

Dose / Gy

Laschinsky et al. J Radiat Res 2012 Physical phase
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W3, Comparing laser driven vs. conventional Linac electrons

Normal tissue cell line 184A1

100 < 12 -

3 : N 4 JETI laser electrons
S ] ® 10 4 LINAC electrons
S 10 . S
o E
i I —
o - o
c
S 1= o
R 9
7 1 JETllaser electrons 3 é

1 LINAC electrons <

T T T T T T T T T T 1 o=

0 2 4 6 8 10
Dose / Gy

No significant difference for cell survival, but significant lower number of
foci for laser driven electron pulse irradiation of normal tissue

Beyreuther et al.: Med Phys 2010; Richter et al.: Radiat Meas 2011; Laschinsky et al. J Radiat Res 2012
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_ K} Accompanied studies I: cell irradiation with UHPDR at ELBE

« Electron Linac for beams with high Brilliance and low Emittance
« Highly variable electron pulse structure

« Comparison w/o shift in experiment time and location

= minimizing external influences on cell results

-4 e
3 ~ min 124 m UHPDR-HF
a O quasi-continuous
109 o UHPDR-LF

Time
Quasi-continuous = Linac

oo
L l Il

yH2AX/53BP1 foci
(0))

-] ||e—<1ms =>11|400 ms |4~ !
D v,
é i
2 4
: P Time 04+——T——T 11T 1T T T
Ultra-high pulse dose rate o 1 2 3 4 5 6 7 8 9 10
High frequency  Low frequency = laser acc Dose / Gy

No influence of ultra-high pulse dose rate (~101° Gy/min) on cell
survival and number of residual DNA double-strand breaks

Beyreuther et al. Int J Radiat Biol 2015; Laschinsky et al. Radiat Environ Biophys 2016
Mitglied der Helmholtz-Gemeinschaft
Elke Beyreuther | Institute of Radiation Physics | www.hzdr.de



& 3. Animal study with laser driven electrons

* Proton energies currently available at laser accelerators are to low
(E < 20 MeV) to penetrate standard tumors on mice legs

* New small animal tumor model established: human head & neck cancer
FaDu and human glioblastoma LN229 on NMRI nude mouse ear

6.5mm X 5mm

Injection _—% -7
place :

Cartilage: natural demarcation to deeper layers Growing LN229 tumors

* Host: NMRI nude mice, athymic = reduced number of T-lymphocytes
* Whole body irradiation with 4 Gy, 200 kVp X-rays 3 d before cell injection

Suit et al. Cellular Radiation Biology 1965, Brichner, Beyreuther et al. Radiat Oncol 2014
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2 3. Small animal experiment with laser accelerated electrons

* Reference irradiation: 21 MeV electrons (clinical LINAC)
 Full scale experiment: 2 534 mice

—_—
o
aal

= = Control JETI (24)

— = Control LINAC (12)
— Sham irrad. JETI (17)
— Sham irrad. LINAC (8)
—— 3 Gy JETI (17)
Laser electrons — 3Gy LINAC (13)

_ -
Linac (reference) —.— g gz iﬁ\uél?ﬂ)

Relative tumor volume

1 1 I v I

0 5 10 15 20 25 30 35 40
Time after treatment / days

No significant difference in tumor growth delay due to ultra-short
high-dose pulses of laser accelerated electrons

Oppelt et al.: Radiat Environ Biophys 2015
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.3. Laser driven protons vs. x-rays @ J-Karen Physical phase

* 45 fs laser pulse, 1 Hz, multi-shot; 2.25 MeV p, ~107 Gy/s in pulse

» Cell survival for a human salivary gland tumour cell line
» Reference radiation: 4 MV X-rays; clinical Linac

10°

c i

0 '

2 _

s 107}

LL C

bl I

= -

5107,

A ® proton (laser—accel.)
3 Y Xray
10 0 2 4 6 8 10

Dose [Gy]

Biological effect comparable to conventional protons

Yogo et al. Appl. Phys. Lett. 98, 2011
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. 3. Laser driven : conventional protons @DRACO "Fhysicaiphase

« Multi-shot irradiation, 6 — 18 MeV p, 0.1 Hz
 Reference: 7.2 MeV p from conventional van-de-Graaff accelerator

« Cell survival & DNA DSB (y-H2AX foci, 24 h post irradiation)
16

= reference protons

144 +* laser protons

@
L
g
o 12
.
0
© 10}
0
E B / Relative dose uncertainty for
= each irradiated cell sample
] |
@ AD/D=0.094+0.038
S a4t WF o Sy g
3 o had |
< 2k % 0oO5f-------------------
=
o 0 -
0 1 2 3 4 5

Dose [Gy]

No significant difference between laser-driven, ultra-short pulsed proton
beams and continuous proton beams (Zeil et al. Appl Phys B 2013)
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.3. Laser driven vs. conventional protons: dose picking @ ATLAS
« 30fs, single shot; 5.2 MeV p (10°— 101° Gy/s)
« DNA DSB for human tumour cells 4
« Reference radiation: 200 kV X-rays 35

a, = 1.320.8
a, = (23.740.9) Gy

a, = 1.4%1.1
a, = (18.5£1.0) Gy’

Foci per cell {f)
[~
(=]

HEProtons
# X-rays

0 0.5 1 1.5 2
Dase (d) in Gy

Mean number of y-H2AX foci per cell (dose)

No significant difference between
laser-driven, ultra-short pulsed proton
beams and continuous proton beams

Lateral dose distribution at cell position
measured with radiochromic film,
max. 7.1 Gy in single laser shot

Bin et al. Appl Phys Letters 101, 2012
56
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.3. Radiobiological characterization of laser driven proton beams

X-ray reference TG Single shot laser protons
T ™ Laser driven protons @Tgranis UK P
c SN @Luli/France E X-ray reference
8 T Conventional protons 8 y
Q . W =
g an :-h--"- _\_--.\.r.\"--\,\_ g l..‘
g kT " % '..\‘
; '...--"'h.--‘--""-._.hh 13 ‘ ‘
5 e ed
n . a\
[ &1} ms
pe?
e :
i 2 k] i . ﬁ\\)
\0N 6 8
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137 og 20 Me¥ a(\\' d 00(\\16 ] A SFX
& — \ﬁ\G S. ] O SFP (3 Gy)
"m" s\g(\ . e(\ \] m SFC (3Gy)
\a5° £
\ P
¢ ?
§ [
[(o] o
E 0.2 | et 1 SNAKE tandem acc./Germany
Q 55 | | 23 MeV p pulsed and conv.
5 1 2 3 4 5
Dose [Gy]

Manti et al. JINST 2017; Doria et al. AIP Advances 2012; Pommarel et al. Phys Rev Accel Beams 2017; Auer et al. Radiat Oncol 2011
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.3. Incidence for an altered effect of laser driven protons f

Arcturus laser: ~2.1 MeV protons, multi-shot, 108 Gy/s, ~0.3 Hz;

Less immediate nitroxidative stress but similar DSB for laser driven vs.
conventional proton beams

Reasons and consequences for RT has to be resolved

(2] .
o 3 50 o C\R
omdatlon [ O(\ S
da\.\ .
\\ ZCAP 45 keV/um
H o CAP 32 keV/um -
S2 % N g N gy
3 2 » phenox# ()G 4
peroxidase) s e(\ -
tyrosine (\d Q = e
. — = -
‘/NO ﬂO \ S5 30 LAP 23 keV/gm
] 7
OH 0 < OH - % -,
NO NO NO G < &%
L ° ST 20
M . 7| X-rays 90 kev
—Ht O ©
~
x
S
3-nitroso- iminoxy! 3-nitro- E X 10 T T T T T T 1
tyrosine radical tyrosine & 0 1 2 3 4 5 6 F

Mikkelsen & Wardman, Oncogene, 2003

Nitro-tyrosine normalised to unirradiated cells

Raschke et al. Sci Reports, 2016
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& 3. Accompanied studies Il: UHPDR protons at SNAKE

« 1 ns single shot irradiation; 23 MeV p (107 Gy/s)
« FaDu tumor growth delay, subcutaneous tumor on nude mice leg
« Reference radiation: continuous 23 MeV protons, 6 MV photons

a0
80
. 70
ﬁ 50-_ L
%-x 50 -
: 7
g =] 40 - l .-"'f
-E i e | I/.-"'/
3 30- - a
(= 1 S i
= - 1
=2 20 4 -y .
i gl m photons
10 = photon fit: GD = A*D + B*D?
N _,...f”!lr A puleed protons
] i e & continupus protons
G |r---|-|-||-|-||!-|-||--|-|-|--|---||-|--|
0 5 10 15 20 25 30 35 40

dose (Gy)

“No evidence for a substantially different radiobiology that is associated
with the ultra-high dose rate of protons that might be generated from
advanced laser technology in the future.” ziobinskaya et al. Radiat Res. 181, 2014
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W

. 3. Perspective: preparation of animal experiments with laser
driven protons at DRACO

=

O\

DRACO Laser accelerator @HZDR vs. University proton therapy
D reSd e n grn;\t/:'r‘seirt‘éts

Therapie

v' Mouse ear tumour model
v' Administrative requirements courtesy of OncoRay /.
v’ Setup, dosimetry and 3D dose delivery for animal irradiation @ UPTD

— Test of setup and 3D dose delivery @ DRACO
by means of zebrafish embryo treatment

— Performance ...

LMF@MPICBG
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. Summary
The Dose-rate Spectrum

Radio Beam Interstitial
therapy |lintracavitary

ctoctimed|  [doserate| 9 Isteady siate
Radio { with O, effect on dosi—rr]aézuesffect systems
Blology cells
10” 10% 10" 10* 10* 10" 1 m 10°
cGy' minute
1000 100 10 mu 0 1
hour cGv/
Ultra-high High Low Very low
dose-rate dose-rate dose-rate dose-rate
pulsed acute protracted | continuous
exposure exposure exposure exposure

Hall & Brenner, IJROBP 1991

Recent research on pulsed beam delivery confirm:
 Influence of intra-fractional pulsing is linked to prolonged treatment time
* No influence on radiobiological response due to pulse dose rates >107 Gy/s

» Translational research on laser driven particle acceleration can be
continued w/o additional care because of ultra-high pulse dose rate
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