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18.1 million cases in 2018 9.6 million deaths in 2018
1 in 4 people will develop 1 in 6 deaths is due to

edbCaI o

The most common cancers

are.
Tumor side

Lung

Breast

Colorectal

Prostate

Skin (non-melanoma)
Stomach

cases

2.090 k
2.090 k
1.800 k
1.280 k
1.040 k
1.030 k

prEERE

The most common causes of cancer death

are.

Tumor side Deaths
Lung 1.760 k
Colorectal 862 k
Stomach 783 k
Liver 782 k
Breast 627 k

... is the 2nd leading cause of death
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1. Introduction cancer treatment

"Syste Radio-
Surger m therap

The 3 columns
of

cancer
treatment

&



Radiation Oncology

Use of ionizing radiation to kill tumorcells
Electromagnetic radiation (X-Ray, y-

BaMicle radiation (Electrons, Protons, Heavy
ions...)

&
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1. Introduction radiation
Oncology

FOCUSING




Surviving cells
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FRACTIONATION

Conventional fractionation

0 0 1 g

Moderate hypofractionation

Extreme_hypofractionation

Total dose (Gy)
Number of fractions (n)
Interval between fractions (days)

C

Fractionation schedule
Conventional Maderate  Extreme
TE—=80 57-70.2 1850
B4 4-f 1=
1E-AN 19-30 1-5
1.8-2 R &=10
1 1 1=
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Better images
(CT/MRT/PET)

i- Better medicine
cp (Chemo- O<fmm PBetter irradiation SN ( ,

/Immunotherapy) || devices

(linear/partical accelerator)
Better planning Better
systems

(new: artificial intelligence) irradiation

SINCE DECADES ONE THING DIDN‘T

But... CHANGEATAD O S E
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2. FLASH
Irradiation

What is FLASH
Irradiation?




0 [Gy/s] 100 1.000 10.000 100.000 1.000.000 10.000.000

I conventionell ~ 1-2 Gy/min

Konventionell (30-35x)

Radiochirurgie (1x)

dosis 50-70 Gy

ldosis 15-30 Gy Palliativ (10-15x)

FLASH (1-3x)

I
Stereotaxie (2-5x) [ N

0 20 40 60 80

Examples: Irradiation time [min]
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Lung
SKin

Gut

© V. H. Ehrhardt
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2. FLASH |rradlatIOn Brain

| |
I n fI a l I I I I l atl O n CD68" activated microglia CD68* activated microglia

Activated microglia soop (oo 200, (6 months post-IR)
L -
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§ § § " 100 § E'::

T e

% = o \ T ::E:'ﬁ:‘

© 100 § 50+ §

Control 110Gy 10 Gy Control 110Gy 10 Gy
CONV FLASH CONV FLASH

Control FLASH

Montay-Gruel P et al., 2017
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2. FLASH |rradlatIOn Brain

S t ru Ct u ra I Astrogliosis 14 days post-IR Astrogliosis 2 months post-IR
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Montay-Gruel P et al., 2017
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2. FLASH |rradlatIOn Brain

w 1200-
i o °
egeneralon & 1000-
3 e 0.001 trol
I <
Neurogenesis © 800 p<0.001 vs. contro
-]
S eo0{ ‘e p<0.01
© 400+ o
2 —ag"
£ 200+ .
- e e
< 0
| | | |
Control 10Gy 1 pulse ||10Gy 0.1Gy/s
n=6 n=56 n=5

Control 10Gy 1 pulse 10Gy 0.1Gy/s

Control Conventiona  vontay-Gruel petal, 2017
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Cognitive
performance

90

@ Unterschied p < 0,005 vs. Ctrl

80

Recognition Ratio (% )

Control 1 pulse 500 100 : ; 0.1
’ ’ Dose rate (Gy/s) ’
Kontrolle FLASH CONV
5,6 MGy/s 0,1 Gy/s Montay-Gruel P et al., 2017
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Cognitive
performance

a 2 Months post-IR & 6 Months post-IR
0.001
100 i o 100- PO

Recognition Ratio (%)
Recognition Ratio (%)

Control 10 Gy 10 Gy Control 10 Gy 10 Gy
(n=9)  CONV-X-rays FLASH-X-rays (n=7)  CONV-X-rays FLASH-X-rays
(n=10) (n=10) (n=5) (n=5)

Montay-Gruel P et al., 2017
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Cognitive
performang

Cantral 10Gy CONV

2x7Gy

¥y 4 * 3

Discrimination Index

s

7

1
Contrd 2x7GyCONV 2x 7 Gy FLASH

60— 3x10 Gy

Discrimination Index
w
T

-

1
Control 3x10CGy CONV  3x 10 Gy FLASH

60

50+

1x 10 Gyi-
P<0,05 °7

2x7Gy§:
P<0,05 °*7]
3x10 Gy~
P<0,05 .

Control

-

Contrd

Control

4x35Gy

T
4x35GyCONV  4x35GyFLASH

146y
L)
14 Gy CONV 14 GyFLASH
25 Gy Hemibrain
25 Gy CONV 25 Gy FLASH

4 x 3,5 Gy
ns

1x14 Gy
NS

1x 25 Gy

ns
Montay-Gruel P et al., 2020
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Tumor control

3x10 Gy
al

4x3.5Gy
100009 _o- Control

- 4x3.5Gy CONV
4 4x3.5CyFLASH

4 3x10Gy CONV
-+ 3x 10 Gy FLASH
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Relative luminescence
(normalized to day of RT)
°
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(normalized to day of RT)
-
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Time post tumor initiation (days)

Time post tumor initiation (days)

Montay-Gruel P et al., 2020




Summery

Less inflammatory

Less tissue changes
*Preserved regerative capaciy
*Preserved functionality
Isoeffective tumor control

CAVE: FLASH effect depends on many factors such
as total dose, fractionation, dose rate and beam
characteristics

Montay-Gruel P et al., 2020
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© V. H. Ehrhardt

Montay-Gruel P et al., 2017/2019
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Favaudon et al., 2014
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Inflammation

Acute side effects
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Structural
Fikrosis
changes
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Lungdfibrosis (%)

100

| 1

60 Gy/s

CONYV:
0.03 Gy/s

FLASH:

20
Weeks after irradiation

Favaudon et al., 2014



2. FLASH Irradiation Lung

Structural
Fikrosis
changes o

w ot i

HA

(O

I

CONVWT FLASHWT

BFibrosis OMNo Fibrosis

Fouillade et al., 2019
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Tumor control

Percent survival

100

%))
(=]
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20

Days after implantation

i

A

v

—
60

Fetrtee

Nongrafted
Grafted nonirradiated =
13-Gy CONV
15-Gy CONV
15-Gy FLASH }
23-Gy FLASH
28-Gy FLASH }

P<10°%

Ho
P<0.050 P<0.050

Ho

% p <0,0031

Favaudon et al., 2014




Summery

Less inflammatory
Less tissue changes / cell death
Isoeffective tumor control or better
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Radiodermatitis

(A) Grade 3 dermatitis with contact bleeding occurred at one week
after bioradiotherapy. (B) Resolution of dermatitis at 4 weeks after
bioradiotherapy.
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Skin B 34Gy* 31Gy"  28Gy"
Long-term.side effects N SRV R ¢ S
% T ¥ ‘{,‘_i "‘ A F:}.. :

FLASH

Vozenin et al., 2018
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SKin |
CE i .
CONV

*80 % hair loss after 32 weeks

FLASH

20 % hair loss after 32 weeks

BIOPSY

*Follicle protection after FLASH
*No difference between FLASH and 0-

COntrO| Ctr CONV FLASH Vozenin et al., 2018
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Mean follicle number




2. FLASH lrradiation s«in

Tumor *100 % after 16 month
83% after 18 month
controll 50 % after 20 month

After 7 month _ After 14 month

d
Vozenin et al., 2018

C



Tumor

First human patient!!

After 3 weeks

Bourhis et al., 2019
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Summery

*No long term side effects
Effective tumor control
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© V. H. Ehrhardt

Montay-Gruel P et al., 2017/2019
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Control CONV FLASH CONV FLASH
0 Gy 14 Gy, 4 h

14 Gy, 24 h

14 Gy, 24 h

TUNEL

Levy, Natarajan, Wang et al., 2019
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Levy, Natarajan, Wang et al., 2019
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Reaeneration
No long term difference Control, 0 Gy FLASH, 16 Gy

12 weeks post-TAI

Levy, Natarajan, Wang et al., 2019
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Intestinal function

150-

T
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Levy, Natarajan, Wang et al., 2019
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Survival

«== CONV 16 Gy
e== FLASH 16 Gy

% % %k

Mortality: 10%

100

50

Percent survival

Mortality:

40 50 60 70 80 90
Days Post-TAl

Levy, Natarajan, Wang et al., 2019
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Tumor
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Levy, Natarajan, Wang et al., 2019

( CHARITE UNIVERSITATSMEDIZIN BERLIN



Summery

L_ess apoptotic cells
*Preserved regerative capaciy
Better intestinal function
*Less mortality

Isoeffective tumor control
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Normal
"

N (in vivo)
Brain X
Lungs 4x
Abdominal 4x
Skin 3x
Total body 3X

Outcome better in...

5x Mouse FLASH
5x Mouse FLASH
5x Mouse FLASH
1x Pig
1x Mouse FLASH
1x Mouse
2x Zebrafish FLASH

J. Hughes, J Parsons et al. 2020
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Tumor

Tumor Outcome Literature
Head&Neck cancer FLASH = CONV Favaudon et al. 2014
Breast cancer FLASH = CONV Favaudon et al. 2014
Ovarial cancer FLASH = CONV Levy et al. 2020
Carcinoma nose - Vozenin et al. 2019
Glioblastoma FLASH = CONV Montay-Gruel et al. 2020
Pancreatic cancer FLASH = CONV Diffenderfer et al. 2019
Lung cancer FLASH = CONV Favaudon et al. 2014,

J. Hughes, J Parsons et al. 2020
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Table

. Evidence of normal tiss

ue sparing, from FLASH irradiatior
Model (Site of r : Dose Dose Rate Radiation "
e Assay/Endpoint e e 7 : Reference
Irradiation) . (Gy) (Gy/s) Source
Vice (WBI) ! Memory tests, neurogenesis 10 =100 I ron |
Neurocognitive tests, mature/immature .
Mice (WBI) ! : 8 14 % 1 - [22]
neurons, growth hormone levels
1 WBI) ! gnitive tests, dendritic spine 00/30 n J Table 2. Evidence of tumor control from FLASH irradiation
(W ) 5 200/300
: o roglial activation, inflammation :
- Dose Dose Rate Radiation )
. - i e tests, neuroinflammatiot - Model Assay/Endpoint Ee : . Reference

& (local) - )
Vs PRI SIOE PROCRICENN, ETpT el 12-1¢ 216 | Human, CD30+ T-cell cutaneous lymphoma [umor resy ] f [ Ctr ]
(abdomen) regeneration, apoptosis, DNA damage
Mice ) A e B b
TR T Intestinal crypt cell proliferatior 15 Gy |
e s Fibrosis 18G 78 |
intestinal)
Mini-pig (skin) Skin toxicity/injury 234 ( I ron [14]
Zchrafish
L ‘k‘\‘V‘. refers to w ‘-\“.."“‘ 1“‘ i|"‘-‘|*i"\‘ on

J. Hughes, J Parsons et al. 2020
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Biggest
(W dIaFeason for the FLASH effect?

Reactive Oxygen Species lonizing Radiation

4—
04;0 A-}HO A.}OH A)HO
O O ] H: O 0 H 0 H H: 0 H

Oxygen Superoxide Hydrogen Hydroxyl Water

anion perox|de \;di/
Superox|de dismutase Catalase
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Biggest
Questions

Exposed tissue volume

Optimal (instantaneous) dose rate

\ Optimal irradiation time

Optimal irradiation modality \
Optimal application &—— Optimal total dose

Optimal number of pulses / \
Optimal fractionation

Optimal puls width

Optimal repetition rate (frequency)

Montay-Gruel P et al., 2020
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The most common cancers are: The most common causes of cancer death are:

Tumor side cases Tumor side Deaths
D> Lung 2.090 k D> Lung 1.760 k
} Breast 2.090 k Colorectal 862 k
P> Colorectal 1.800 k Stomach 783 k
P> Prostate 1.28(Px Liver 782 k
Skin (non-melanoma) 1.040 k C: Breast 627 k
} Stomach 1.030 k

P> and many more!
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3. FLASH Network

Benefits of
collaboration




Projects at Charité

The effect of FLASH irradiation with protons on normal eye
tissue of mice

Our hypothesis: FLASH reduces the blindness after irradiation

Our methods: =Unilateral eye-irradiation of 80 mice
=Control of lens opcity and retinal damages after six
month

Current state: =All mice were irradiated

=All mice tolerated the irradiation well
»The investigastions are still ongoing
»The first results are expected in a few month
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The effect of FLASH irradiation (with protons) on normal tissue
organoids and cancer spheroids

0O, Nutrients,
Soluble growth factor

Matrix for

‘“‘
A 3
]

oD

@ Proliferating zone il g

- Quiescent viable zone =
2D monolayer ° )
3D cell culture systems . s
cell culture systems Y ° """
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The effect of FLASH irradiation (with protons) on normal tissue
organoids and cancer spheroids

The idea: The reduction of animal studies and the development of
alternative methods.

Our methods: =|rradiation of different organoids with protons and
photons at different dose rates.
»Analysis of cell changes after irradiation using
histological and molecular markers.

Current state: »First organoids were successfully irradiated
=Results are expected in a few weeks
*Many more interesting organoid models (>15) to test
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But why should we
collaborate?




@ Particle therapy facilities in clinical operation

A TR @O Nuclear research facilities and other
Am%%n? RO SR particle accelerators
e . / 4 P

P
-
ed

1ampton
Q b‘ — &
Brighton

Ongoing FLASH experiments
expected
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HELMHOLTZ

SPITZENFORSCHUNG FUR
GROSSE HERAUSFORDERUNGEN

CHARITE

UNIVERSITATSMEDIZIN BERLIN

HZB.....

Zentrum Berlin
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Parameter SpaCe avallable at PITZ In comparison with the state-oi

art up to now - 2
2. - * ® . e ' Bunch (peak)
10 ® ) & ® [ L3 nC
B 4 . " dose rate
0 . P , al o. ® ®
10 > 5 . Average dose
D — 2 ® . rate within
'; 20 train (1 ms) o
) 10 PC o
= B = ° ° Dose per &
= 1074 - 3 ° second o
o) e o ® ® £
e . . | g
g ® e o ® * Conventional RT S
T 10 J.Bourhis etal, v R o B
o | RaO 139 (2019) 11-17: o N o 2
c
o 1 0-3 L St. Bartholome ® S i
£ 4 Christie »
- | * Febetron ° e o
=10 || P
10 ® Curie - ™S @ @ = = § é ™ s
L ¢ Lausanne ® ® ® ® B @ P - & %
12 | Stanford 4 ® P . | put . N
10 ESRF 3 p ®
[ [ [ | | | | | I | I |
1072 10° 102 10* 10° 108 1010 1012 1014 1016

dose rate [Gy/s]

Courtesy of James David Good,
Marie-Catherine Vozenin, Jean-Francois Germonc
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