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ALLENGES IN RADIOTHERAPY
New RT approaches

resistance

Gy/min, field sizes > cm2, homogeneous dose distributions

> Different particle types: Very High Energy Electrons (VHEE)

Concrete shielding

> Different dose delivery methods: Grid Mini-beam or FLASH RT

50-70 MeV Beam test
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> Standard RT is restricted to the few temporal and spatial schemes, dose rates, broad
field sizes: mainly photons, 2 Gy/session, 1 session/day, 5 days/week, dose rates ~

> One of the main challenges is to find approaches to increase the normal tissue
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VHEE THERAPY
State of the Art

With recent High-Gradient linac technology developments, Very High Energy
Electrons (VHEE) in the range 100-250 MeV offer the promise to be a
cost-effective option in anticancer RT and open up innovative treatment
modalities (Grid mini-beam, FLASH,..)

> Their ballistic and dosimetric properties can surpass those of photons,

which are currently the most commonly used in RT
> Their position compared to protons need to be evaluated, but they can be
produced at a reduced cost
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> Pros > Cons

200 MeV VHEE 150 MeV protons 6 MeV photons
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VHEE THERAPY

Milestones: Treatment Planning
> Treatment plan comparison between VHEE, VMAT and PBS

ARI

0 14 27 41 55 68 82 95 109 123 138 150 % of 60 Gy

Schiler et al.: VHEE in radiation therapy Med. Phys. 44 (6), June 2017



VHEE THERAPY
Milestones: Beam dosimetry

> Beam Dosimetry studies with 50 — 70 MeV (NLCTA) and 160 MeV
(SPARC) VHEE beams
> Beam dosimetry experiments with a 135 MeV laser-plasma wakefield

accelerator (ALPHA-X)
.

> Beam dosimetry in CLEAR with 200-250 MeV
> Radiosensitive films for focusing =
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> Alanine pellets for profile depth dose

> @Generate the total dose (~¥10 Gy) on N
biological dosimeters in a single pulse | '
(<100 ms) for profile depth dose ’

> Dosimetry for ultra-high dose rate and development of dosimeters is
mandatory for a clinical application (EURAMET - EMPIR 2018)

> No experiments to date with 200 — 250 MeV beams and focused electron

beams on tissue like media — essential step before patient treatment planning

> |onisation chambers for charge
q
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EW DELIVERY DOSE MODALITIE
What is FLASH RT?

> New way of dose delivery consisting in ‘ ‘
ultra short irradiation time or “beam on time” Bl s ontime
. " wh isites for the “FLASH effect” ?
(<500 ms) and very high-dose (60-200 Gy/s) e

> No FLASH effect in vitro with clonogenic cell death as an endpoint (Nias
et al. BrJ Radiol 42: 553, 1969). The FLASH effect relates to normal,
living tissue only.

Temporal structure of energy deposition

in the FLASH effect
Single 4

> The beam-on time, not the dose-rate puise
appears to be the major determinant of o FLast

the FLASH effect (v

Gy per pulse
Dose-rate in the pulse (Gy/s)

> Ultrahigh dose-rate pulses (e.g. 1013 Gy/s) ~ "N "™

will NOT provide a FLASH effectaslongas " =0 o o b
i h onventional dose-rate L ——————— >
the dose per pulse is low and the total Conventional dose rat
, N T 100-500 ms
ength of radiation exposure exceeds =




Radio-induced lung fibrosis in C57BL/6J mice
15 Gy in single dose (bilateral thorax irradiation)

Conventional dose-rate (CONYV) FLASH irradiation
y-rays or 4.5 MeV electrons 4.5 MeV electrons
30 mGy.s™! 40-200 Gy.s™!
» Beam-on time 8 min » Beam-on time < 500 ms

- _——_

1Th-2h-24h 8-16 - 24 - 32 - 36 weeks

Pneumonitis

Inflammation
Apoptosis TGF-pB activation

Lung fibrosis

Hair depigmentation
Skin necrosis s CD
institutCurie




Sci Transl Med 6: 245ra93, 2014

15 Gy CONV 15 Gy FLASH

» FLASH spared normal lung tissue
at doses known to induce fibrosis
in mice exposed to conventional
dose-rate irradiation (CONV).

24 weqks pi

Vlsuallsanon of-collagen invasion (Masson trld\e mng) “
Healthy Fibrosis Healthy

Number of TUNEL positive cells

> FLASH spared smooth muscle cells 2 2 3 = s
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apoptosis. 30 Gy FLASH AT
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> No difference between FLASH and v
CONYV with regard to tumor growth oy R
inhibition.

> However, normal tissue sparing by
FLASH allowed dose escalation without
complications, resulting in complete
tumor cure in some xenograft models.
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Whole brain irradiatio with 10 Gy in single dose
Montay-Gruel et al. Radiother Oncol 124: 365-9, 2017

109 na (vs. ctrl) p=0.005 (vs. ctrl)

90~

FLASH preserves
mouse memory

p<0 001

80 I I
and neurogenesis
in the hippocampus

provided the iiiiii

beam-on time CTRL 5105 500 100 60 30 20 10 3 1 0.1 Dose-rate (Gy/s)
does not exceed CTRL 0.002 20 100 166 333 500 1000 3333 10¢ 10s Beam-on time (ms)
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3-5 April 2019 1st RAON workshop - A. Faus-Golfe

BrdUrd mcorpocatlon for Vtsuah-satlon of replicating progenitors (stem) cells (2 ma;ths pi)




How to explain those striking differences ?

HYP: Back to radiobiology basics: early radio-induced events can explain those differences

Chronology of post-irradiation events and FLASH irradiation IPIOS DIRECT ACTION

1ONIZATION

Time (s) _\ PHYSICAL Step

lonizations and excitations

Q000000000

105

PHYSICOCHEMICAL Step mnn;g‘ncnou

Molecular dissociations ROS

HO 0r

Heterogeneous CHEMICAL Step Mo, |
Reactions and diffusions

Homogenous CHEMICAL Step

Reactions and diffusions Something different might happen during

the chemical steps

BIOCHEMICAL Step

DNA Repair Enzymatic
pairEnzy > 0, consumption and ROS production ???

BIOLOGICAL Step

Cellular and tissue response Prev. described

(Ling et al. Edward et al. Dewey et al.)
bacterian, mammalian cells, and in-vivo

ROS: Reactive Oxygen Species




HYP: FLASH-RT induces a transient radiation-induced hypoxia that protects only the normoxic tissues

[ X

Transient « protective »
hypoxia

CONV-RT FLASH-RT

Montay-Gruel et al (in revision)




And then ?

052
L

o
Fish eggs

Few toxicity

VET CLINICAL TRIAL

BIOLOGIQUES
Cat patients with SCC
Few toxicity

Treats the tumor
Vozenin et al. 2018

Mouse Brain
Few toxicity

Treats the tumor

Montay-Gruel et al. 2017
Montay-Gruel et al. Sub (1) Keep investigating the mechanisms in translational research

Montay-Gruel et al. Sub (2)

Clinical translation
- Assoon as 2018 Mini pipg
- 2020 for IORT Few toxicity
Vozenin et al. 2018
Induce less normal tissue toxicities
Increase the curative doses
Be more efficient to cure the tumors
Treat quickly
Increase the patient’s QOL

Mouse lung
Few toxicity

Treats the tumor
Favaudon et al. 2014




>JCELERATORS FOR VHEE
Accelerators for FLASH-RT: low-ener

LINAC “Kinétron” (1987)
4.0-5.0 MeV electrons
Triode electron gun

Kinétron
LET =0.19 keV/pm

RBE = 1.00 relative to ¢0Co
(Compton only)

Pulse width 0.05 - 2.2 ps
Repeat frequency 0.1 - 200 Hz
Peak current 0.01 - 220 mA
Dose per pulse 0.001 - 50 Gy

Mean dose-rate 0.01 - 7000 Gy.s-1
Maximum dose-rate during the pulse
= 2 107 Gy.s-1

graphite collimator

.1 graphite collimator

7 Polystyrene shield

to scope

' 50 ohms resistance

77

support
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ACCELERATORS FOR VHEE Parameters

Energy 70 — 140 [MeV]

Accelerators for FLASH-RT: Charge (variable 000005 -2 [sC]

7 I Normalized emittance 3-10 [mm mrad]

hlg h-energy e- RF frequency 3.0 (GHz]
> S-band: RF gun+ Linac (HG) e i

Bunch length, rms < 10 [psec]

Energy spread, rms <02%
1

Bunches per pulse

Platform for Research

and Applications
with Electrons
:” —"‘ aa—




Fixed phantom on a motorized X,Y stage.

Reading the
signal with an
electrometer

Spring system

N One perforated slice
3 holding the
fonization chambers

Solid water phantom
with either interlayer
gafchromic films or
ionization chamber

T Constant distance between beam and
hantom entrance (50 or 100 mm)

MINI beam - 70 MeV

* 0, = 207 ym, o,
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Parameters

Energy

70— 140 [MeV]

Charge (variable)

0.00005 - 2 [nC]

Normalized emittance

3-10 [mm mrad]

RF frequency

3.0 [GHz]

Repetition rate

50 [He]

Bunch length, rms

< 10 [psec]

Energy spread, rms

<02%

Bunches per pulse

1

At the end of vaccum

Relatwve dase (%)

Relative Dose

Beam size along Z

Deposited Eenergy in x-z plan

i

PN S N N N NN VRN VN

The air thick is 10 cm

Ox(mm)

oy(mm)

0.25 35.9
0.29 36.6




| Pametes | |
(Energy | 70-10PMV]

Buepermse | 1

FLASH beam - 70 MeV (1) At the end of vaccum

. ;ax =99mm, gy = 10.3mm
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Preliminary considerations

Basic schematic of a linac

, RF photocathode gun Accelerator Beam lines
us}»\.:“:%\t_.o UHV 5 MeV bunched From 5 MeV |
4 %’“’ I photo beam Up to 70 MeV
S e - ; g cathode
2 = ‘1 system
L ]

S-band RF
system

~2m; ~20 m? ~2.5 m; ~50 m* ,

Standing wave cavity { Astructures=>2.5m 4 structures=>2.5m
1 klystrons: ~15MW x 3us ' 4 klystrons: 4 x 7MW x 3.5us 1 klystron: 50MW x 1.4us
1 modulator at 400Hz . 2 modulator at 400Hz 1 modulator at 100 (200@0.1s) Hz

X-band RF system

A. Grudiev

pA



ﬂb Preliminary considerations

Version 1: Dimensions

A significant aspect of a facility is >4m

Beam test

the beam transport and delivery. ] [RFlinac = : S

am Sm

Focussing magnets

Laser room RF Source

Collimation

Andrea Latina, Alexander Gerbershagen




SUMMARY and FUTURE PERSPECTIVES

> Challenge in RT is to find possible strategies to spare normal tissue
> Different particle types: Very High Energy Electrons (VHEE)
> Different dose delivery methods: Grid mini-beam or FLASH RT

> Grid mini-beams consists of combination of VHEE (> 70 MeV) with spatial
fractionation (400-700 um, scanning, small divergence) with high-dose healthy
tissue tolerance

> FLASH consists of ultra short irradiation time or “beam on time” (<500 ms) and
very high-dose (60-200 Gy/s), that spare normal tissues from radiation-induced
toxicities
> Understanding the FLASH-RT limits (min/max dose/time)
> Minimum beam on-time: ms => um=> ns ? Bunching structure?
> Maximun dose > 200 Gy/s ?
> Understanding the FLASH-RT underlying mechanism:
> Biological studies
> Chemical and kinetic: role of the oxygen
> Extending to other species: p, 12C

> Dosimetry for ultra-high dose rate is a key stone, development of dosimete
mandatory for a clinical application (EURAMET - EMPIR 2018)

SELUELEL | > Which Accelerator is the most suitable to cope the necessary perfor
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http://apae.ific.uv. es/apae/

APPLICATIONS OF
PARTICLE ACCELERATORS
IN EUROPE

7 EUCARD @
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RADIOTHERAPY
What are the CHALLENGES ?

> Improved accelerator design (FFAG hybrid, linacs,
dielectric wall or laser based acceleration)

> SC technology (4T)

> High-Intensity protons and ions

> Beam delivery and control (gantries)

> Combined imaging and treatment (including MRI)

t > Other particles: VHEE, BNCT, He...

> Other beam delivery dose techniques: mini-beams,
FLASH

> More Research/Industry collaboration
> Improved Computer Modelling, Control and Monitoring
(Artificial Intelligence)




RADIOTHERAPY
What are the needed R&D?

> Multidisciplinary approach, including biological info and
immunological protocols -> personalised medicine

> Multi-particle facility design, SC technology (gantries),
high-gradient ions accelerators

> Systematic RBE experiments, including in-vivo animal studies
and clinical studies for new therapies

> Reduction of initial investment and functional costs
> Cooperation between academics, industry, research centres and hospitals

D (IMPACT : He, C, O) LET (IMPACT : He, C, O) Quantum Scalpel
20m x 10m

L

b

Laser System




Playing with the oxygen tension = modify ROS production

1 — Make mice breathe 95% of oxygen (before and during IR)
2 — Increase oxygen tension in the brain
3 — Deliver FLASH or conventional dose-rate irradiation

4 — Evaluate memory

CONV
OXYGEN

e D

CONV

Montay-Gruel et al (in revision)

FLASH
OXYGEN

Y

Memory Memory
OK Loss

Increase in O2 tension reverses the FLASH effect

Less ROS produced by FLASH-RT ?




ROS Scavenging

RT of fish eggs
= Development assessment
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Contral 8 Gy CONY 8 Gy FLASH
in=181 (n=18) n=14)

- Antioxydant partially reverses the CONV effect
= No effect of antioxydant on the FLASH-RT (still less armful)

Toxicity is not mediated by ROS production with FLASH-RT

Montay-Gruel et al (in revision)
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Peroxyradicals formed from unsaturated lipids

catalyze a chain reaction

Chain
propagation

*OH H,O / :F\

rn_ A R'A%) R 0°L—) R* + ROOH
o[ ©

Glutathlone 2
Ascorbate §
Cysteamine §

a-Tocopherol

R® + R® —3 Dimerization or
disproportionation

Chain

termination

ROO" + ROO" —3 ROOR + O,
V. Fauvadon FLASH 2018 ROO" + R* —» ROOR

Diffusion
High mobility

» » The efficiency of the chain is maximal at low dose-rate
and decreases in inverse ratio to the square root of the dose-rate.




The RF gun “revisited”

Accelerating gradient (TMy;;__ ™ mode ): Photoinjector specification
80 MV/m at P;;=5b MW

RF power (5 MW) Operation frequency 2998,55 MHz (30° C,
in vacuum)
csT
, o Charge 1nC
Ph°fff°fh°de — 5 e S Laser wavelength, pulse energy 266 nm, 100 pJ
\\ REEA " EREEEE U i RF Gun Q and Rs 14400, 49 MQ2/m
\’4[ - S | Jee RF Gun accelerating gradient 80 MV/m @ 5 MW
| e e K
SRRV CEEEEY A S raress Energy spread 0.4 %
| ~Coupling slot compensating Bunch length (rms) 5 ps
Short circuit <=+ the Field distortion [
- new coil configurations 2.5 cells RF gun

focusing coil : : designed and produced
CST-Particle in cells, simulation results | 9 bucking coil a:slanlf fo‘:'nTIf::\xuce

Decemlr 2017 18




The High-6radient linac

TW S-Band structures from RI research
Parameter Value @ instruments
Length 3.5m
Number of Couplers + Cells 1+96+1

Type

Phase Advance
Frequency

Pulse Width
Repetition Rate
Max. input Power
Max. average power

Guaranteed unloaded energy gain

Constant gradient
2m/3

2998.55 @ 30° C
3us

50Hz

40 MW

5 kW

>65MeV

The Structures are SLAC-type structures
Constant gradient

Race track coupler for quadrupole compensation
BIG Splitter for dipole compensation

2 RF loads

December 2017



Parameters
Energy 70 — 140 [MeV]
Charge (variable) 0.00005 -2 [nC]

Fced phantom on s mtored X stage Normalized emittance 3-10 [mm mrad]
: RF frequency 3.0 [GHz]
Repetition rate 50 [Hz]
Bunch length, rms < 10 [psec]

Energy spread, rms <02%

Solid water phantom

with et retoer = Bunches per pulse 1

gafchromic films or
o

Constant distance between beam and
phantom entrance (50 or 100 mm)

MINI beam - 140 MeV At the end of vaccum

* 0 =170 um, oy = 142 M%’ \
-'n‘ ! i = - S ._ Mo

i
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/ Fixed phantom on a motorized X, stage
TN

Spring system

One perforated slice
holding the
ionization chambers

Solid water phantom
with either interlayer
gafchromic films or
ionization chamber

| Pametes |
(Enery | 70-10pMV]

rge (variable) 0.00005 -2 [nC]

Butegembe | 1

510 o e

/L

Constant distance between beam and
phantom entrance (50 or 100 mm)

MINI beam - 300 Mev At the end of vaccum

* 0y = 321 um, o = 314 ym
L— bl o
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Temporal structure of energy deposition
in the FLASH effect

g
n.am; = * i . 8
|3 - 10°

10% -
" Conventona dose e g
(Cyclotron)
e 11111 100-500 ms

N 0210° x1610° N
Y= 15 106 = 5 3.110" e/mm*= 5107 nC/mm

N 3106 x1.610
16y = 55106

N
= -5 2 106 p/mm? = 3.2107* nC/mm?

N 8010° x1.610 "

16y = 55— 10-%

N
= 5 ~8 10* ¢/mm? = 1.3107° nC/mm?
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TURE PERSPECTIVES
Accelerators for FLASH-RT

FLASH

FLASH e-
Kinetron Curie 4.4 MeV

Oriatron CHUV 5.5 MeV

Modified linac Stanford 20 MeV

Modified linac Lund 20 MeV
FLASH p

- RARAF 4,5 MeV

CPO-Orsay 130-198 MeV

FLASH 12C ????
RAON 310 MeV/u

Dose rate

0.1-300 Gy/s

0.1-1000 Gy/s

0.1-250 Gy/s

0.1-250 Gy/s

0.05-1000 Gy/s

40 Gy/s

0.03-33.3 Gy/s

Volume

10x10 cm?

10x10 cm?

10x10 cm?

10x10 cm?

Round 11 mm

12x12 mm?

20x20 cm?

Preclinical studies

Clinical studies for superficial
tumours

Preclinical studies

Clinical studies for superficial
tumours

Preclinical studies

Preclinical studies

Biological studies

Preclinical studies

Under study




