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Benefits of FLASH radiotherapy RADIOTHERAPY DESIDERATA
- EFFICIENCY:
" Destroy enemy ships
> CONVENTIONAL (cancer cells)
RADIOTHERAPY - LACK OF TOXICITY:
e while sparing ours
(healthy cells)
°
‘Ennemy ship:
Corvus,
FLASH ireme
—

Focus in space and time | )

¥ Own ships:
Montay- Gruel et al., PNAS, 2020 ; & Syracusia
M-C Vozevin et al., Clin. Cancer Res., 2019 ]

Asavei et al., Med. Phys. 2019



High-Power Lasers and Dose-Rates

ELI-NP = HIGHPOWER = 10 PW

Energy  _ 10]
pulse time duration 1 fs (10715s)

High-Power lasers = energy concentrated in time
(Donna Strickland & Gerald Mourou — Nobel Prize in physics)

Radiobiology wsp HIGH DOSE-RATE

Energy _ Gy
1)J/1kg=1Gy =
mass * time

ns

MEDICAL PHYSICS

The International Journal of Medical Physics Research and Practice

Review Article =~ &1 Open Access @ ®
Laser-driven radiation: Biomarkers for molecular imaging of high
dose-rate effects

Theodor Asavei, Mariana Bobeica, Viorel Nastasa, Gina Manda, Florin Naftanaila, Ovidiu Bratu, Dan
Mischianu, Mihail O. Cernaianu, Petru Ghenuche, Diana Savu, Dan Stutman, Kazuo A. Tanaka, Mihai
Radu, Domenico Doria g, Paul R. Vasos % ... See fewer authors -~

First published: 29 July 2019 | https://doi.org/10.1002/mp.13741



1. Premise FLASH 2. Molecular biophysics 3. Experiments 4. Foreseen Applications

Interdisciplinary Problem Solving
INVOLVING KNOWLEDGE OF RADIATION, MOLECULES, SPECTROSCOPY

Radiation Dose-Rate versus Cellular Reactions Kinetics

Biomedical
and Medci)cal

Biophysics and
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YIS Biochemistry
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Particle beam

characterization for
FLASH technique

Search for radiation- Investigate cellular
related biomarkers and response and behavior
means of detection over time
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. ELI-NP Biomedical Program

ELI-NP Research Program with ill :
Pillar 1 Pillar 4
Complementa ry Pillars: Laser production of radiotherapy- Medical isotope production research
relevant nuclear beams with laser nuclear beams

1. Laser-driven beams

2. Nuclear Magnetic Resonance
(fast prediction of toxicity

and efficiency with biomarkers) \
3. X-rays

4. Isotopes and Positron Emission

(PET-CT) Pillar 2 \

*Bo(B 814

A Rodko 3¢ )
\./ Pillar 3 e

v

P
Radiobiology and molecular imaging Medical Imaging with laser X-ray
of high dose-rate radiation effects sources
(Vasos) (Stutman)

MEDICAL PHYSICS

The International Journal of Medical Physics Research and Practice

Effects on the living

Review Article =~ & OpenAccess | @ (B

Laser-driven radiation: Biomarkers for molecular imaging of high
dose-rate effects

e o

Theodor Asavei, Mariana Bobeica, Viorel Nastasa, Gina Manda, Florin Naftanaila, Ovidiu Bratu, Dan
Mischianu, Mihail O. Cernaianu, Petru Ghenuche, Diana Savu, Dan Stutman, Kazuo A. Tanaka, Mihai
Radu, Domenico Doria g Paul R. Vasos i ... See fewer authors A

First published: 29 July 2019 | https://doi.org/10.1002/mp.13741



1. Premise FLASH 2. Molecular biophysics 3. Experiments 4. Foreseen Applications

1. Premise
- Biomolecular effects of classical and laser-driven radiation
- FLASH: high and very high dose-rates, Gy/ms - Gy/ns regimes

2. Molecular biophysics
- Amino acids and H-bonds
- Proteins
- Membranes
- Free radicals and reactive oxygen species (ROS)

3. Experiments performed at ELI-NP and other sites
- Detection methods (chromatography, ESR, MS, NMR) with the clinics:
Nuclear Magnetic Resonance
- Biomarkers of dose-rate detected by our group and clinical applications
for follow up

4. Foreseen applications
- Pre-clinical tests, translation to the clinic
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FLASH radiation

Conventional: 10 Gy in 4 minutes FLASH average 37 Gy/s, in Gy/us pulses

586 Memory cognition sparing by ultra-high dose-rate synchrotron X-ray radiation
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P. Montay-Gruel et al./ Radiotherapy and Oncology

Fig. 1. Evaluation of the Recognition
FLASH-X-rays or with X-rays deli

beam (eRT6, [15]) could be reproduced with X-rays. Previous
FLASH effect results were obtained with a pulsed electron beam
delivering a dose-rate in the pulse of 4.5 - 10° Gy/s, corresponding
to a mean dose-rate of 200 Gy/s [ 15]. Therefore, with the possibil-
ity to deliver a dose-rate in the slice of 12 000 Gy/s corresponding
to a mean dose-rate of 37 Gy/s (FLASH-X-rays), the ESRF syn-
chrotron facility was the ideal candidate to test this hypothesis.
We used a broad beam, ie. a flat beam of 50um without
microbeam patterns. A dose of 10 Gy FLASH-X-rays was delivered
to the whole brain of C57B1/6] mice (<1 cm®) with strict dosimetry
recordings [ 16] by moving the head of the mice through the beam.
Cognitive function and cellular brain toxicity were evaluated.
Using a robust novel object recognition test and S

BT o U e
group) were purchased from CRL at the age of eight weeks. Animal
experiments were approved by the Ethics Committee for Animal
Experimentation of France and Switzerland and performed within
institutional guidelines. All irradiations were performed under
isoflurane anesthesia.

We delivered 10 Gy absorbed dose to water whole brain irradi-
ation (WBI) at conventional dose-rate (CONV-X-rays, 0.05 Gy/s)
using a 10 x 10 mm? field size, after fluoroscan imaging to position
the mouse in order to avoid irradiating their eyes, mouth cavity,
esophagus and trachea. Two horizontal opposed beams each deliv-
ering 5 Gy at 5 mm depth were irradiating the brain.

For 10 Gy WBI with FLASH-X-rays, the mice were anesthetized

cence assays, we observed an absence of radiation-induced
memory-loss up to 6 months after irradiation, along with a better
preservation of hippocampal cell-division and less radiation-
induced scar astrogliosis compared to X-ray irradiation performed
at a conventional dose-rate (0.05 Gy/s, Pxi Precision X-Ray), some-
thing which also irreversibly altered memory cognition in mice.
These results were fully comparable with our previous results
obtained with FLASH-electrons [7].

Materials and methods

Irradiation devices

Irradiations were performed at the ID17 Biomedical Beamline of
the ESRF (Grenoble, France). Conventional dose-rate irradiations
were performed using a XRad 225Cx (Pxi Precision X-Ray) at the
Lausanne University Hospital.

under inhalation and irradiated under broad beam con-
ditions. A horizontal slit height of 50 pum was selected to be able to
adapt the speed of the MRT goniometer to scan the mouse verti-
cally through the beam at speeds around 62 mmy/s to cover a total
field height of 17 mm diameter defined by a conformal mask
placed 1 m upstream from the animals. A dose-rate in each
50 um slice of 67 Gy/(s.mA) was measured at 2 cm depth using a
Pinpoint ionization chamber (PTW, Ref. 31014). During the exper-
iment, the machine current was 178 mA, leading to a dose-rate in
the slice of about 12,000 Gy/s, corresponding to a mean dose-rate
of 37 Gy/s for the delivery of 10 Gy to the whole mouse brain with
the duration of 0.27 s.

Despite a difference in irradiation geometry between conven-
tional dose-rate X-rays (10 x 10mm? field size) and FLASH-X-
rays (17 mm diameter), imaging performed before the irradiation
ensured a proper mouse-positioning and the actual irradiation of
the entire brain in both configurations.
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Radiotherapy and Oncology 139 (2019) 18-22

Contents lists available at ScienceDirect

Radiotherapy and Oncology

journal homepage: www.thegreenjournal.com

First in Human
Treatment of a first patient with FLASH-radiotherapy M)

Jean Bourhis **, Wendy Jeanneret Sozzi?, Patrik Gongalves Jorge =<, Olivier Gaide ¢,
Claude Bailat, Fréderic Duclos ®, David Patin®, Mahmut Ozsahin®, Francois Bochud ©,
Jean-Francois Germond ¢, Raphaé&l Moeckli ©', Marie-Catherine Vozenin *"’

 Department of Radiation Oncology. Lausanne University Hospital and University of Lausanne: ®Radiation Oncology Laboratory, Department of Radiation Oncology. L
University Hospital and University of Lausanne; © Institute of Radiation Physics, Lausanne University Hospital and University of Lausanne; and ® Department of Dermatology, Lausanne
University Hospital and University of Lausanne, Switzerland

la:Day0 1b : 3 weeks

Healing:
4-5 months

1c : 5 months

Fig. 1. Temporal evoluti e treated lesion: (a) before treatment; the of
th PTV are delineated i black; (b) at 3 weeks, at the peak of skin reactions (grade)i
epithelitis NCI-CTCAE v ; (c) at 5 months.

First clinical application: FLASH RADIOTHERAPY

Our patient had a long history of localized RT (110 different
irradiations in about 10 years) and doses needed to control the
lesions were typically 20-21 Gy in 6- 10 fractmns Despite these
relatively low total doses the acut 0 :

posed, high enough to trigeger a FLASH effect and likely sufficient
for obtaining a tumor control in this particular lymphoma. As
extrapolated from our pre-clinical studies, the hypothesis was that
the “equivalent FLASH dose for normal tissues” would be about 2/3
of the prescribed dose, i.e. around 10 Gy and the “equivalent-
FLASH dose for the tumor” would be the real prescribed dose of
15 Gy [11,14]. Following this hypothesis, a single dose of “10-Gy-
equivalent for normal tissues” was considered as feasible for this
patient, although being likely at the upper acceptable limit given
the previous history of severe acute skin reactions with fraction-
ated 20-21 Gy.

The second key aspect in order to reproduce a FLASH effect in
human normal tissues, was to use the parameters that were
strongly correlated with a FLASH effect in pre-clinical studies
in vivo. These data showed that the most relevant parameters were
the combination of dose in the pulse (>1.5 Gy), dose-rate within
the pulse (=10° Gy). and overall irradiation time (<200 ms, but
preferably less) [14]. Taking these considerations into account,
the dose of 15 Gy was given in 10 pulses each of 1 ps, with a rep-
etition rate of 100 Hz, which led to an overall treatment time of
90 ms. A 5-mm bolus was added so that the total depth covered
by the 90% isodose was 1.3 cm, taking into account the thickness
of the tumor.

Standard RT, ca 2 Gy/ session, 6-10 sessions
FLASH : 15 Gy in 200 ms, pulses of 1.5Gy/us
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Acute Toxicity

as well as

Late Toxicity

to be considered

skin necrosis (7-9 months)
cats treated for

Facial tumours

maxilary bone necrosis
(3/7 FLASH

0/9 Standard of Care)

Editorial > Clin Cancer Res. 2022 Sep 1;28(17):3636-3638. doi: 10.1158/1078-0432.CCR-22-1255.

Shining a FLASHIlight on Ultrahigh Dose-Rate
Radiation and Possible Late Toxicity

Amit Maity 12 3 Constantinos Koumenis '

Affiliations + expand

PMID: 35736814 PMCID: PMC9444945 (available on 2023-03-01)
DOI: 10.1158/1078-0432.CCR-22-1255

Abstract

A recent study reported results from a clinical trial in cats and from experiments in mini-pigs in which
a single dose of radiotherapy was delivered at ultrahigh dose rates (FLASH). There was acceptable
acute toxicity; however, some animals suffered severe late toxicity, raising caution in the design of
future trials. See related article by Rohrer Bley et al., p. 3814.

Trial registration: ClinicalTrials.gov NCT04986696 NCT04592887.

©2022 American Association for Cancer Research.

Ongoing : clinical trial with proton FLASH for metastasis control
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Clinical Trial Brief Report

Research
The Advantage of FLASH Radiotherapy Confirmed
in Mini-pig and Cat-cancer Patients ®
Marie-Catherine Vozenin', Pauline De Fornel?, Kristoffer Petersson™3, |

Vincent Favaudon®, Maud Jaccard"3, Jean-Francois Germond?, Benoit Petit',
Marco Burki®, Giséle Ferrand®, David Patin® Hanan Bouchaab', Mahmut Ozsahin"®,
Francois Bochud®, Claude Bailat®, Patrick Devauchelle?, and Jean Bourhis"®

36 weeks post 34Gy*  31Gy* 286Gy

radiation , N

Conv

FLASH

Figure 1.

A, Dose distributions calculated in XiO for the mini pig irradiation; a transversal
slice reconstructed from the CT-scan showed beam apertures and dose
distributions. B, Thirty-six weeks postradiotherapy, macroscopic visualization

Ultrahigh
dose rate

FLASH radiation ©

LATE assessment
of effects ®

Need for fast diagnostic!
(Flash detection)
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Front. Phys., 08 April 2021 This article is part of the Research Topic
Sec. Medical Physics and Imaging Applied Nuclear Physics at Accelerators
https://doi.org/10.3389/fphy.2021 624963 View all 57 Articles >

Radiobiology Experiments With Ultra-high
Dose Rate Laser-Driven Protons:
Methodology and State-of-the-Art

q Pankaj Chaudhary'*, Giuliana Milluzzo?, Hamad Ahmed?3,

3

Boris Odlozilik??, Aaron McMurray?, Kevin M. Prise!* and

Marco BorghesiZ*

A focus for future activities in this area across Europe will be at the facilities of the Extreme Light Infrastructure
(ELI), particularly at ELI Beamlines (Czech Republic), where the Extreme Light Infrastructure Multidisciplinary
Applications of Laser-lon Acceleration (ELIMAIA) beam lines in Prague are being commissioned ELI Nuclear
Physics (ELI NP) Romania, is also planning an involvement in laser-driven ion radiobiology research

(Asavei, .., Doria* and Vasos*, Med. Phys. 2019)
While hadrontherapy was highlighted as a key application for laser-driven protons at an early stage of the
development of laser acceleration, it is clear that direct application of laser-driven beams remains challenging,
and significant progress is still needed to match the parameters required for clinical particle therapy.



1) Premise: FLASH 2) Molecular Biophysics 3) Experiments 4) Foreseen Applications

LASER-DRIVEN FLASH RADIOBIOLOGY

Irradiation Set-up Cell sample capsule
Magnetic energy
Tape Target selection
-------------------- -
Target- ® mm: IQ 'Mw"*m“ field : Sy :
Low energy | |
protons . 27 "
3——- ” = Protons b |
/— Jrm— < ~ hoid:r I
/— < S G— |
f i ' — Culture- |
High energy I Medium |
protons : — P— :
overslip w
/' I ' growing cells
I I
I I
Focal ] I
ot ample
= / 0 \‘ ,s,o,tp' : Potyimide foil :
4> | ———— I

Titanium foil .
Variable Variable Gap
Aperture (1-10 mm)

(Raschke, al., and Boege, Sci. Rep., 2016)
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Molecular effect of radiation can be observed at different timescales

Radiotherapy
lonizing Radiation .

—... " Tajima et al., Rev. Acc. Sci. Tech., 2009
P = - 4 \ Asavei et al., Med. Phys., 2019
e =
/ (0(\ e e ;
/7 S
/ \@0 - Physics Chemistry Biology
,;':’/7 \ V 4 ¢ . . . . . .
/ <° / _Radiation impact _ Biomarkers build up in detectable amounts _
/ : Direct effect | . . . i
/ f Indirect | | Radical-triggered n‘Ietabollc :
transformations | (ell life conlsequences

Y 4
I
4 4
. g o0
§ - O ff
/ [ R eftect
B & <O
¥ { a2
I §
v'II I\II\I
.
f
]
I

I
| I
| I
| | (enzymes) : : :
| DNA Damage . | I
] || generation kecombinatior DNA lesions | Cell |
Protein k_) -OH | | | | repair |
Damage NE | | | | :
I i “—' AN I I : : I
| I I
L] L] I
"OH —Saions 2 H20 e | | | DNA-trlggeI'ed metabolic|
Peroxidase I I I .
(GHS) I | | transformations I
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Radiation dose-rate

- time is of the essence

high-power laser: ns
compression and below
for accelerated protons

>200 MeV protons expected at ELI-NI

Bolton, Nucl. Instr. Meth. Phys Res. A, 2016

classically
accelerated
protons

Tajima et al., Rev. Acc. Sci. Tech., 2009

A
Source Power P, verse Proton pulse

[P0 Dose rate . Reference

pelERlETEin g, duration
energy

J-Karen . .
2.5 MeV 0.01 Gy/ns 15 ns Minafra e;oall.é Springer
17TW, 35 fs
Draco .
15 MeV 0.01 Gy/ns 2ns Zeil et ?31., 2)1;}2)1. Phys
60 TW, 45 fs y
Arcturus .

2.1 MeV 0.03 Gy /ns 1 ns Rasclilke e; 51116, Sci.

200 TW, 30 fs ep.,

Taranis '

4.5 MeV 1Gy/ns 1 ns Doria et 310,1 ?IP Adv.,

30 TW, 700 fs

Atlas .

5.2 MeV 4.6 Gy/ns 1ns Bin etLaelt.:[ A;‘())};lz Phys

30 TW, 30 fs .

Classical accelerators with doses applied on longer time scales

Francis H. Burr

cyclotron Schlegel et al., Berlin
230 MeV Gy / min 200 ms Heidelberg: Springer-
Proton Beam Therapy Verlag, 2006
Center North East
Hyogo lon Beam Yogo et al., Appl. Phys
Medical Center, | 70-220MeV | Gy /min | 400 ms MRS AR

Japan

Lett., 2009
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Nuclear Physics

BIOMOLECULAR EFFECTS NEED TO BE STUDIED

At high dose rates, free radicals may recombine or the reactants of biochemical cascades
may be saturated

(Raschke, Boege et al., 2016)

First-hand DNA strand breaks do not depend on radiation dose-rate.

(Bayart et al., 2019)
Free radicals, Reactive Species Produced A B
HO, ~- + + HCT116 WT
. Olaparib - - +
CAP: conventionally-accelerated protons kDa o -OLA
LAP: laser-accelerated protons _oa] *TOA 3
E 64 ‘H *CAP:0.01 Gy/s PAR }i 250 E 5 §
_%‘r | PPt "_—__" ______ CAP 45 keWium — ' o
E ) !&-“"ﬁ' ----------------- +CAF-32kewum - L‘ .. 120 E 0.2 .
§ 4 ;-’; . P | e 3 % o ...
=S I LAP : 0.03 Gy/ns Rl . 8,
e 2 ,'f LAP 23 keVipm -—
gl --t-—"1v - - ———— PARP1 b b o i 10 100
> X-rays 90 keV Interval between shots (s)
£ °% v 5 GAPDH e e e

Dose (Gy)

(Raschke, Boege et al., Sci. Rep., 2016)

Bayart et al Sci. Rep. 2019
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Warburqg effect: metabolism kinetics linked to the influx of molecular resources
distinguishes between cancer and normal cells

Normal cells: high-resource, Cancer cells: low-resource, low-

high-throughput metabolism  CH20H throughput metabolism
0
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L e Mk OH OH
~‘¥ ’..f‘_' . i OZ OH

% “ glucose

XEEH

Adenine

Adenine ;
A ATP Triphosphat Adenine

TP Triphosphat ATP 1,
phosphat
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LGS high [0,] 9555 . .
@wa lipid networks - sz Mo 102 G J.C. Pias, J. Physiol. 2021 Production free radicals:
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The biological mechanism responsible for the reduction in normal tissue toxicities following irradiation at FLASH dose rates
is not currently understood, yet several non-mutually exclusive hypotheses have been proposed. Some researchers have
suggested that the differential response between FLASH-RT and CONV-RT may be due to the radiochemical depletion of
oxygen at ultra-high dose rates and subsequent radioresistance conferred to the irradiated tissue (32, 38, 39). It is widely
accepted that hypoxic tissues are more radioresistant than well-oxygenated tissues. This is because in the presence of
molecular oxygen there is fixation of indirect radiation-induced DNA damage. Indirect damage, the predominant
mechanism by which low linear energy transfer (LET) radiation induces DNA damage, occurs when radiation results in the
radiolysis of water molecules and the subsequent generation of free radicals. Free radicals are then incorporated into DNA,
causing damage—yet this can be easily resolved. However, if a free radical reacts with molecular oxygen, this yields a
peroxyl radical (HOO*, ROO*). Peroxyl radicals have the potential to induce permanent damage, and are therefore a more

efficacious DNA damaging agent. Hence, a lack of oxygen in the immediate environment of a cell limits the extent of
radiation-induced DNA damage

Review > Front Oncol. 2020 Jan 17:9:1563. doi: 10.3389/fonc.2019.01563. eCollection 2019.

Ultra-High Dose Rate (FLASH) Radiotherapy: Silver
Bullet or Fool's Gold?

Joseph D Wilson T Ester M Hammond 1, Geoff S Higgins T Kristoffer Petersson 1 2
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Hyperpolarised Magnetic Resonance Imaging

imaging metabolism kinetics
(time is of the essence)

watermelon: timesnewroman.ro

Structural imaging:

- are there many seeds?
CH,OH

QO
Molecular Imaging: OH

- is it sweet? (sugar content) °"

Functional molecular imaging:

- is it turning sour? how fast? ) k 1/t

Adenin

::, : ATP Triphosphat

NEEDED : high sensitivity,
short time scale,
non-invasive
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Tissue shape Tissue function characterisation within hours: Functional molecular imaging

- Analysis of effects within months - [t Appled tachitciColee

with structural imaging A

Genomics \

Req ul re_< i Transcriptomics
lysis
Protein Proteomics
Functional Magnetic -
Resonance
. . . . Metabolite Metabolomics
// in-vivo, in vitro (NMR and MS)
—
Do not require
Lys i S Metabolite Metabolic /MRS|
(protein) (molecular PET
probe imaging)
Endpoint measurement
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To follow:

How can radiation dose-rate effects be quantified?
- Biomolecules inside cells (DNA, proteins, metabolites)
- Radiation fuel: oxygen and its availability, cell membrane
permeability, creation of free radicals

- Molecular species carrying reactive electrons (free radicals and reactive
oxygen species) formed by radiation

- Antioxidants that neutralize free radicals and reactive oxygen species

-  How can we follow the rates (the time dependence) of the reactions
involving the reactive molecules (free radicals, reactive oxygen species,
other metabolites produced by cells in response) as a function of the rate of
radiation delivery, as this will decide on radiation toxicity.
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Oxidative stress leads to cell decay
triggered by molecular processes @ Antioxidants

Normal Cell Free Radicals Cell With
Attacking Cell Oxidative Stress

@) Free radicals,
Reactive Oxygen Species (ROS)
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OUTSIDE OF CELL
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Simple, radiation-resistant Amino acid with aromatic side chains —

Proteins: Superoxide Dismutase

molecule Tryptophan
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Molecular Complexity
Frallness when exposed to radiation
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DNA Damage

Protein Damage

\ \
|
CH, CH,
+ ONOO™ —>» + OH
NO,
OH OH
Tyr

Tyrosine nitration



1. Premise FLASH 2. Molecular biophysics 3. Experiments 4. Foreseen Applications

Antioxidants look similar to potential free radical targets
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Effects of radiation
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Nuclear Magnetic Resonance detection of metabolites
- atomic resolution: each atom of the molecule has its own signal

Biomarker: Glutathione
Z 6 By
5 2 3
1
4 1
NI \ 28, 9% ¢
4.6 4.2 3.8 3.4 3a.o 2.6 2.2 ppm HO : 3 H 4 6 OH
O(IH)/ppm (chemical shift) ~ v(*H)/Hz (resonance frequency in the magnetic field) N H2 O

- atomic resolution: each atomic position of the molecule has its own signal

- enzymes typically modify molecular structure at one (reactive) site: the -(CH,)-SH group here labelled ‘5

- the enzyme activity can detected via the chemical shift of hydrogens at site 5

- enzyme activity can be quantified via the time-dependent variations in the intensity of the molecular signals
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My name is Bond, H-Bond radiation impact on H-bonds

i) direct breaking (not dependent on dose-rate)

ii) breaking via free radicals (related to dose-rate)

Single or double strand breaks

Guanine - Cytosine Adenine - Thymine
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H’"\{\f ‘)"‘{ NI A
o ey bl Ny N )
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Guanine - Uracil Adenine - Uracil

Hidrogen bonding in water
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Proteins: what are they and how are they affected by radiation

Hemoglobin

Iron cofactor, O, binding

Ubiquitin
regulation of concentrations of
proteins inside cell

Superoxide Dismutase

oxidative stress, free radical metabolism

Hidrogen
bonds

Slides: Dragana Dreghici, Florin Teleanu
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2D (*H-'H) corelations in Nuclear Magnetic Resonancce
— is there radiation damage?
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2D Nuclear Magnetic Resonancce correlations displaying the structure of proteins: Ubiquitin
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Warburqg effect: metabolism kinetics linked to the influx of molecular resources
distinguishes between cancer and normal cells

Normal cells: high-resource, Cancer cells: low-resource, low-

high-throughput metabolism  CH20H throughput metabolism
0
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Cell transporters

Free radicals
Reactive O species
Signaling molecules

A
Antioxidants & Free radicals

drugs Reactive O species
\ Cell
Other cells

.. a (quite) simplified view of radiation effects
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radiation effects:
a question of time
(and fuel)
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0,, etc. fuel’

cell i) CLASSICAL
transporters RADIATION
Sustained FREE RADICAL

DELIVERY
formation during a

LONG time
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radiation

TIME{hours

Antioxidants,
drugs

Free radicals
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(More than needed)
TOXICITY

Free radicals
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0,, etc. fuel’

ii) HIGH DOSE-RATE
RADIATION DELIVERY

cell
transporters

radiation

Limited FREE RADICAL
formation
during a SHORT time

TIME: ns-ms

Radiation—> Toxicity
route Clogged

Antioxidants,
drugs

= Antioxidants can hardly do anything

RADIATION CAN OVERFLOW, /
[ in time
S?DLl\?(;\I-I-G AS REACTIVE SPECIES (e.g. acetyl cysteine, Clin Onc 2019)

Free radicals
Reactive O species
Signalling molecules

=

. Other cells

Vozenin, Clin Onc 2019
FLASH-RT toxicity low

in zebrafish
Independently of
Antioxidant (n-acetyl Cys)
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Home message
- Radiation effects depend on:
- Radiation dose and dose-rate
- Radiation fuel: oxygen and its availability
- Biomolecules inside cells (DNA, proteins, small metabolites)
- Cell membrane role: permeability, integrity
- Molecular species carrying reactive electrons (free radicals and reactive oxygen species)
are formed by radiation and propagate its effects
- Antioxidants can neutralize free radicals and reactive oxygen species
- The rates (the time dependence) of the reactions between molecules above compare to
the rate of radiation delivery will decide on radiation toxicity.

- FLASH effectivenes likely to depend on cancer cell type (metabolic profile) and subject

' .. Experiments
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To follow:

Experiments by which dose-rate effects were quantitied:
- Electron spin magnetic resonance (ESR) to detect free radicals
(using ‘spin traps’)
- Radiomics (metabolomics in a radiobiology context)
- Metabolic conversion rates

- Nuclear Magnetic Resonance biomarkers afford in cell, in vivo and in clinics
to follow the rates (the time dependence) of the reactions involving the reactive
molecules that trigger radiation toxicity and efficiency
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o
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J. Borofsky — ‘Molecule Man’ (Los Angeles and Berlin)
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Indirect detection 1) Radiation —generated free radicals in water are too short lived to be detected by spectroscopy
Solution: spin traps
Quantitative determination of free radicals/ ROS using spin traps

H:0O: concentration

AgNPs w H:0: W - High
C g b ) N ¢ . . (
Optical + B
1 Mixing | characterization | \ ( 1 -
- J R, N ~ t U
7 \ = © 9 €3 € €«
\_/ &) o I

Transmitted Incident

light —= light
Detector « [ «Light source

Experimental

- H,0, causes silver oxidation
- measuring the light absorption by Ag
nanoparticles 2 ROS concentration

- N-Tert-butyl-1-phenylmethanimine oxide

Tatsuro Endo, Yasuko Yanagida, Takeshi Hatsuzawa, ( PBN)
Quantitative determination of hydrogen peroxide using polymer coated Ag nanoparticles,
Measurement, Volume 41, Issue 9, 2008, Pages 1045-1053, - Spln traps Catch ROS molecules
- ROS identified with EPR spectroscopy

Collaboration Univ. of Bucharest , IFIN-HH
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Amethyst Radiotherapy cell radiation in ‘phantom’ set-up
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flask with cells
Amethyyst Radlotherapy
X-ray, 6 MV

Triak Trial 1
Absolute

\' > A Isodose profiles
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Param. adduct [a.u.]

GENERATION OF FREE RADICAL WITH X RAYS

AMETHYST RADIOTHERAPY CENTER OTOPENI IRRADIATION

THE SIGNAL CAN BE CONFUSED WITH THE NOISE.
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Equation y=a+b*x
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Intercept -513,99154 + 1708,9
Slope 129,68385 * 50,233
Jd |Residual Sum of Sq 349911,68222
Intersection between
il healthy tissue and tumor = —ry
600 e center of the
15 w mor
o
& 2004
¥ ]
Tg 0
17 = Healthy tissue
-400
-600
- 3450 34‘75 35.00 35’25 35'50
Magnetic field [G]
-
L} I L} ] L] L} L] L} 1
22 24 26 28 30 32 34 36 38 40 42
Dose [Gy]

BMPO-OH ADDUCT FOR DIFFERENT POSITIONS OF THE SAMPLE(U = 6MV, Em=2 MeYV, filter)



GENERATION OF FREE RADICALS VIA X-RAYS RADIATION

Amethyst Radiotherapy Center

Otopeni irradiation

Conclusion: The amount of BMPO-OH adduct decreases with increasing dose-rate. The 40 Gy samples with dose-rates

of 6.8 Gy/min and 8.78 Gy/min are much too noisy to be quantified.
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—— 40 Gy, 8,78 Gy/min
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Cell Culture Procedures The Process To Culture Cells
and conditions [Harvest Cells |
» Depends on cell types; \L
LI . Isolate Cells with th
» The artificial environment for cell growth i ok i o
needs to have \L
» essential nutrients: amino acids, :
bohvdrat itami d mi 1 e ¢ i i g
carbohydrates, vitamins and minerals approprisic <
» growth factors
» hormones hd
. Culture cells by placing the
. culture dish in a cell incubator
» cellular homeostasis
» Apoxic and oxygen-rich conditions N
(most convenient set-up: outside interaction s Ll e
Ch amb er) \ / problems (such as senescence)
> N 1 11 C 11 C t 11 Verify the cultured _ ___a -
ormal cells ancer cells ancer stem cells cells are of the cell type J 3
! ! of interest W '
COIIa boration: Cells are ready to be

manipulated or modified for

Gina Manda, Head of Radiobiology, Victor Babes Institute experimental procedures Cell growth procedure
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... observe (i.e., discuss a couple of papers concering the following options of assessing
dose-rate radiation effects):

option 1) —in situ assessment (or in cell, without breaking cells)
- allows optimisation of radiation protocol ‘on the go’,
assessing (neo)adjuvant chemotherapy, etc.

option 2) — ex situ (or involving cell lysis)
- time elapsed after radiation is of the essence
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Biomarkers for Various Observation Methods

Biomarker - Visible Biomarker — PET Biomarker - MR
(Positron Emission Tomography) (Magnetic Resonance)

OH
HO Q
HO COH
Glucose HN NO,
NV
- N\ /N
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Current :PET-CT RADIOACTIVE ISOTOPE Emerging: STABLE ISOTOPES
gold standard n diagnostic (‘functional Magnetic Resonance for cancer diagnostic
imaging’)

MR signalunits©
D .
MR signal units ©

Vessels

Muscle

Henrik Gutte, Adam Espe Hansen, Helle Hjorth Johannesen, Andreas Ettrup Clemmensen , Jan Henrik Ardenkjeer-Larsen, Carsten Haagen Nielsen,
Andreas Kjeer, The use of dynamic nuclear polarization 13C-pyruvate MRS in cancer, Am J Nucl Med Mol Imaging 5, 548-560, (2015)

Metabolic process RADIOACTIVE ISOTOPE Water Metabolic imaging STABLE ISOTOPE

MRI-based:follows metabolic

Positron Emission 1H :

Tomography (PET) conversions

based on 8F-glucose of endogenous molecules
MRI

ionising radiation no ionising radiation
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Curent standard in diagnostic

2) WITHOUT LYSING
CELLS
Molecular Imaging,
biomarkers with
isotopes

Positron Emission Tomography (PET)
based on 2F-glucose

OH

OH

2-deoxy-2-[ F]-D-glucose

Gutte, Ardenkjaer-Larsen, et al., Am J Nucl Med Mol Imaging 2015

3) Experiments 4) Foreseen Applications

Emerging Diagnostic: Hyperpolarised
Magnetic Resonance Imaging (MRI)

X
Y
(=)

Now Possible

3 .
2 ' 5

©

[l GE Healthcare

w . . .

9 Clinical Imaging

— demonstrated
since 2014
>
-
2
= based on 13C-glucose
'S Signal x 10’000
B2 OH
ge
5 Safe
)
< o)
HO Use frequently
for diagnostic
HO
OH OH Molecular
Imaging
Glucose
J.A. Ardenkjaer-Larsenetal., P.Vasosetal,,

Proc. Nat. Acad. USA, 2003 Proc. Nat. Acad. USA, 2010
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I'he issue with lifetimes in biomarkers labelled with
decaying radiative or magnetic signal (PET or MRI)
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The issue with lifetimes in biomarkers labelled with
decaying radiative signal (PET)

18F 9T

*MoT,,, =66 h

1/2- _ B
109.77 min B- (18.5%)
18
F ) 6 (5% 0.921 MeV
B . 100% B“ y (13.5%) Y (5%)
(50%) 0.509 MeV
1/2- 5%

: 0.181 MeV
18 0m = YO58 0.141 MaV

0 TC T‘1 i2 61 h I\I’ (8.5%) 'Y (915%})

Te 0.01 MeV

Pillai M. et al Journal of Nuclear Medicine 2012
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Lifetimes of different isotopes for (PET)

(A)

12% ID/g

0% ID/g

(C)

DURIPEY  e—

Representative
Isotopes Suitable for
PET Imaging and

Their Physical

Properties, X. Sun et al,
Acc. Chem. Res, 2015

isotope | half-life
13 -

N 9.97 min
*Ga 67.7 min
P 109.8 min
“cu [12.7h
“as  |26h
“zr  |78.4h
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Hyperpolarised Magnetic Resonance Imaging

Structural imaging:
- are there many seeds?

Molecular Imaging:
- is it sweet? (sugar content)

Functional molecular imaging:
- is it turning sour? how fast?

NEEDED : high sensitivity,
short time scale,

non-invasive
Watermelon: timesnewroman.ro
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Nuclear Physics

Nuclear Magnetic Induction

Radiation effects:

(unpaired e- spins)
- 1) Free radicals

(nuclear spins)
- 2) Biomolecular structure

(unpaired e- from free radicals and nuclei
via Dynamic Nuclear Polarisation — NMR)

- 3) Ensemble of small molecules
within a cell (metabolomics)

- 4) Biomolecular transformations
in cells

Demonstration of an induction Coil

Nicola Tesla and Samuel Clemens (Mark Twain)
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NMR detection of metabolites
- atomic resolution: each atom of the molecule has its own signal

Biomarker: Glutathione
Z 6 By
5 2 3
1
4 1
NI \ 28, 9% ¢
4.6 4.2 3.8 3.4 3a.o 2.6 2.2 ppm HO : 3 H 4 6 OH
O(IH)/ppm (chemical shift) ~ v(*H)/Hz (resonance frequency in the magnetic field) N H2 O

- atomic resolution: each atomic position of the molecule has its own signal

- enzymes typically modify molecular structure at one (reactive) site: the -(CH,)-SH group here labelled ‘5

- the enzyme activity can detected via the chemical shift of hydrogens at site 5

- enzyme activity can be quantified via the time-dependent variations in the intensity of the molecular signals
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NMR detection of metabolites Biomarkers A, B
: + H,0,
w N\)J\
5
4 1\ Glutath/one
l J\ Peroxidase (G P X)

4.6 4.2 3.8 3.4 3.0 2.6 2.2 ppm E H
NH, o)

O(*H)/ppm (chemical shift) ~ v(*H)/Hz (resonance frequency in the magnetic field)
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Gly m-Ino PCho
m-Ino
a

Identify metabolites in glioblastoma cells

Results

(from databases + external addition)

Sar

Dmg

Suc

\/

Pyr

S*

/

Met

AC
Pro

Lac

Ala

\

41 40 39 38 37 36 35 34 33 32 3.1

5("H) [ppm]

30 2’ 26 25 24 23 22 21 20 19 18 17 16 15 14 13
&('H) [ppm]

1H NMR spectra of glioblastoma lysate recorded at 500 MHz. Exp. time 4.75 h, 1k scans.
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OUR EXPERIMENTS FOR DOSE-RATE DETECTION
NMR detection of metabolites (static “‘metabolomics’)

vy (60 Co source) irradiation

PCho-—,

MKLMU

dadhod

Cho

," Cre

,‘{ PCre
[\
v Y dmg

Human glioblastoma cell line U251 MG

*AcNi Lac

Ala
Mk’k - w

Blioa P WEEREN | NN

2 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 28 2 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09

&(1H) [ppm]

&(1H) [ppm]
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NMR workflow for metabolomics

Glioblastoma culture

Glioblastoma uradiation

\H‘l

Sample preparation

[ _
et [ |

NMR spectra acquisition
g d

-

Biomarker hit

uuuuuu

Multivariate analysis

Signal processing

__H.A“‘L\L—f\fl/\\ ﬂ\_h_____,u ) ."»_L

Raw NMR data

|
.

i

« Optimise extraction protocol;
» Optimise # cells / probe;
« Optimise pulse sequence
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Paul Vasos Optimise extraction protocol

» [D,0:CH,CN=1:1

: o r\ < L n\ - 17 ¢ D,O:MetOH =1:1
amms : ) e —| | — el — | —.V g _.i ; * 50 mM HPO,* (pH =7,4)

‘A—:':/ : Y — i B
> \/ E—— _ & £ S ~ _ 4 I L C H 3 C I
Cell . . . Cellular . . - . Supernatant K / =

L Cell collection Centrifugation Vortexing Ultrasonation Centrifugation .

irradiation pellet ollection

-
f HM M |

‘1‘\\ 'M’

* Optimise cell # / probe = 5-10°000°000 cells at 500 MHz, M'
w/out hyperpolarisation

'“/IV HL Mwwwkﬂkwm
CHCl;extraction
30 M cells k
L A a LA\MALJ\Y\U\JJ
foriea @L
10 mM Arg

5 M cells

90 B85 80 75 70 65 60 40 35 30 25 20 15 10 05 0.
8(1H) [ppm]

AN L

o

A

T T T T T T T T T T T T T T T T T T T T T T
43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22
f1 (ppm)

D,0:CH,CN extraction

T
N}




Paul V . :
aui vasos Optimising Magnetic Resonance method: pulse sequence

»  Water suppression pulse sequences
— Single pulse
— Perfect echo
— CPMG-to reduce contributions from larger molecules (d1?)
— NOESY1D

» Diffusion filtering pulse sequences
— To enhance the signal from larger molecules and eliminate the contribution from smaller ones.

» Selective excitation pulse sequences
— TOCSY1D-to identify a molecule by observing its multiplets signal after selecting one multiplet.

» Resultion enhancement pulse sequences
— PSYCHE-pure shift, no multiplets
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Warburg effect: metabolism kinetics linked to the influx of molecular resources distinguishes
between cancer and normal cells

Normal cells: high-resource, Cancer cells: low-resource, low-
high-throughput metabolism throughput metabolism




. _ Particularities of cancer cells = NMR and MRI biomarkers
Increased biosynthesis

2 glucose

Warburg effect: cancer cells metabolize glucose by only glycolysis, even if they gain less ATP

nucleotides «— " %
proteins = phospholipids

| \/:j};nv acids hypoxia :>adapted transcriptional programme
:

» Increased glucose consumption (- use of fluorodeoxyglucose in positron emission tomography)
» Decreased oxydative phosphorylation
» Lactate overproduction

Metabolite addiction:

High energetic demand Highly dependent on exogenous supply of aminoacids
Overexpression of aminoacid membrane transporters

) glucose

'd

< glutamine
) ci
ATP‘_«‘/ fatty acids

’//?

Glioblastoma
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Changes in metabolite concentrations in glioblastoma cells upon irradiation

choline

5.07 Gy/min
20 Gy

10 Gy, 610 Gy/min
5 M cells

5M cells
1.2 Gy/min
20 Gy
3 41 39 37 35 33 31 29 27 25 23 21 19 17 15 13 11 09 O. 85 80 75 70 65 6.0 55 50 45 4.0 3.5 30 25 2.0 15 1.0 0.5 0.0

5(1H) [ppm] 3("H) [ppm]

- modifications: metabolism or membrane changes following irradiation
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BIOMARKER: ratio of choline-to- creatine in cells [Cho]/[Cx]

High-Grade Glioma Treatment | ] ViVO:

Requn_se Monitoring Biomarkers:

e Decreased Cho/Cr = lower chances of tumor recurrence
Advanced MRI Techniques in the

Clinic, and the Latest Bench-to- Radiotherapy effective = [Cho]/[Cr] decreases

Bedside Develobments. Part 2:

Metabolic maps of a tumour po Table 2. Summary of the functional outcomes among studies selected for meta-analysis.
First Author Relative cerebral blood volume Ratio of Cho/Cr
3T T1 W-C E C hO/Cr (Recurrent tumor vs. Necrosis) (Recurrent tumor vs. Necrosis)
E Prager (2015)[35] 1.81 (1.46,2.58) vs. 1.015(0.82,1.46) Tt NA
Alexiou (2014)[31] 6.71 (0.41) vs. 1.68 (0.42) NA
Di Costanzo (2014)[32] 1.73 (0.56) vs. 0.86 (0.37 2.12 (0.64) vs. 1.90 (0.32)

(

( )
D'Souza (2014)[33] 3.01 (1.82) vs. 0.85 (0.34) 2.27 (0.59) vs. 1.26 (0.50)
Shin (2014)[34] 4.40 (3.07) vs. 2.08 (1.15) NA
Huang (2011)[12] 2.49 (1.73) vs. 1.03 (0.23) 1.72 (1.10) vs. 1.34 (0.48)
Xu (2011)[11] 4.36 (1.98) vs. 1.28 (0.64) NA
Matsusue (2010)[14] 3.33 (1.16) vs. 1.82 (0.80) 1.87 (0.39) vs. 1.11 (0.66)
Mitsuya (2010)[13] 3.5 (2.1-10)* vs. 1.0 (0.39-2.57)* NA
Weybright (2005)[15] NA 2.52 (1.66—4.26)" vs. 1.57 (0.72—1.76)"
Rock (2002)[16] NA 1.79 (0.79) vs. 0.89 (1.04)

Differentiating Radiation-Induced Necrosis from Recurrent Brain Tumor EIE et D Ell ot

Kamada (1997)[18] NA 3.07 (0.23) vs. 2.07 (0.72)

PLOS ONE | DOI:10.1371/journal.pone.0141438 January 7,2016
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normalised cell viability [%]

100-
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Effect
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0.2

0.1+

0.0 -

0

Results
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[Lac] as
biomarker

y source (Co)

Lactate / Alanine

-1 0580Gys

Results
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Normal tissue } Large, rapid change in O, Protection of
(physoxic) Radiation resistance increases normal tissue
Nature 1959
Modlflcatlon oftheoxygen effect when bacteria are
given large pulses of radiation
Tumour } Small change in O, No change in
(hypoxic) Radiation resistance unchanged tumour cell kill

Review > Front Oncol. 2020 Jan 17;9:1563. doi: 10.3389/fonc.2019.01563. eCollection 2019.

Ultra-High Dose Rate (FLASH) Radiotherapy: Silver
Bullet or Fool's Gold¢

Joseph D Wilson T Ester M Hammond 1, Geoff S Higgins 1 Kristoffer Petersson 1 2



Evaluate metabolic flux (kinetics) rather than
accumulation of metabolites at endpoints: [Lac]/[Pyr] FREE RADICAL SCAVENGERS

HYPERPOLARISATION:

HEALTHY FREE ANTIOXIDANTS
ATOMS RADICALS

- Dr Mangala Nsckal

- decrease # cells

- Sufficient sensitivity for A
in-vivo

- Water = metabolites

M U pharmacoiogy

0% N#ﬁi?; ~ NADPH
NAD"C : :

Mg <iO=<

GLUCOSE Tl AN
l NAD* 7™ NADP* — NADPH» NADPH{\
G.3.p NADH NADP*
| W

NADH
1,3 BPG
' R(JS"{

NADH NAD
\ < J

pee
|
A |
i

From static
. PYR == LAC
evaluatlo-n of 13C HP LAC
Metabolites
- 13C HP PYR

Metabolic Flux
Sandulache et al. PLoS One 2017
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Radiobiology and Molecular Imaging - Molecular Markers (early response)

ELI-NP: high dose-rate radiation 3 " 3
Step 1: Biomarkers for cancer W|thOUt early IMmaging

— Early monitoring necessary ! F 1 :
Especially at high dose-rate 1

Step2:

Effects of excessive dose
Adapt to various cancer types WithOUt real-time

Towards personalized radiotherapy

using early monitoring monitoring
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Hyperpolarised imaging

Paul Vasgg Currently employed clinical evaluation of radiation effects using hyperpolarised magnetic
resonance
'_f Dynamic Nuclear Polarisation (DNP) — Magnetic Resonance
.f/ k.\".
L(_D_ LONG LIFETIMES OF POLARISATION T o 1|
NEEDED ! '\\E?—.O
Protliiigzaetive Tumor ) 0= C\ o
W . % CH
— o, pyruvate
Glucose Prep are
+ Biomarker
o Pyruvate (hyperpolarized
metabolite)

Lactate +

FREE RADICAL

Analyse - MRI

OH

Dynamic Nuclear Polarisation (“hyperpolarized”) MRI : Ardenkjaer-Larsen et al., PNAS, 2003
Ahuja, Vasos, et al., ChemComm 2010, Vasos et al., PNAS, 2009

Translation to the clinic: early cancer diagnostic by molecular imaging _
free radicals generate signal improvement Nelson et al., Sci. Rep., 2013

HaC CHa

HCI?ICH
3 o 3



) §l'| Hyperpolarised imaging _@

Paul Vasos

Early evaluation of radiotherapy using
Hyperpolarised Magnetic Resonance via Dynamic Nuclear Polarisation (DNP)

Radiation 1

C lactate image (@ t = 20s)
+ 'H FSE image

@PLOS | ONE

Probing Early Tumor Response to Radiation Therapy Using
Hyperpolarized [1—13C]pyruvate in MDA-MB-231 Xenografts

Albert P. Chen [@]. William Chu, Yi-Ping Gu, Charles H. Cunnhingham

Published: February 12, 2013  https://doi.org/10.1371/journal.pone.0056551
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lactate [ pyruvate ratio
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0.1

0.0

Biomarker: Pyr->Lac

tumaor

Biomarker
hours after radiation

8 Gy — Co source

control

post RT .
normal tissue

kidney

Probing Early Tumor Response to Radiation Therapy Using
Hyperpolarized [1-13C]pyruvate in MDA-MB-231 Xenografts

Parallel studies in-cells (NMR) and in-vivo (MRI)
studies

When each tumor reached approximately
1.5 cm in the largestdimension, the rat
was either scanned as a control or treated
withradiation. The average duration from
tumor cell implantation toimaging was 48
days (stdev. = 11) for the control group
and 51days (stdev. = 9) for the treatment
group. For the radiationtreatment, the rats
were anesthetized using a mixture of
Ketamineand Xylazine at 7.5 mg and 1
mg per 100 g body weightrespectively.
The tumors were exposed to ionizing
radiation usinga model CP160 160-kVp x-
ray system (Faxitron X-ray
Corp.,Wheeling, IL, USA) [24]. Radiation
treatments were given at adosage of 8 Gy
to one side and another 8 Gy at the
opposite sideof the tumor (lead shielding
was used to protect the animal
fromradiation exposure beyond the
tumor). Tumors treated withradiation
were scanned 96 hours after treatment. A
total of 20animals were imaged (10
treated and 10 untreated) in this study
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Paul Vasos Fast folow-up in Radiation Therapy: Pyr-=>Lac biomarker
Hyperpolarised Magnetic Resonance in-vivo

PPN WAL vy v PP AN 0\t RININD NN AN o, Nty

Glioma
Ly ‘N.A'm)*“\w}r‘\ —‘\.J- PPN PR TN P eI
’ l | < Before gamma
J\AcnltkaJA NL-MJ"-MA D 5_ t_(g-
. radiation
»._UMM\MVL"AJ\-L\M\M\/\'W’H-Mn.l-~. s
Implanted glioma tumour irradiation i i sdordn JAAA A AL A ety s e a
The 60Co irradiator beam was collimated \ A
to produce an irradiation field of 16 cm by 5 T B T et R C
cm. Further lead shielding covered the nose and neck. . ) Q
The whole brain was exposed to a dose of 15 Gy. Exposure MM'M-AANVW‘“MV”:‘MW E
was calibrated using thermoluminescent dosimeters - I \ .: —
embedded in the middle of 3.0 cm3 Lucite blocks (Total webianle b e AT IANV AP Sy s wonetd ©
Plastics, Baltimore, MD), to approximate absorbed dose ) A " Q
in the brain. These gave a dose rate of 153.6 6 2.4 rad/ o ey '_ﬂ 96 h pOSt
min in the unshielded areas, and 4.0 and 5.4 rad/min AAr ot T T A R A er e AR ©
under the nose and body shields, respectively. The A I . E [Lac] reduced
remaining four tumor-implanted animals did not receive WMM)R.FXMMLMM-_A&MA‘MAL&WW S
radiotherapy and were used as controls. | )
wm,'-\.«,-u-m)\wuv\.m‘-kwk U CURON T e P B Z

e e S 0.3
a b C [Pyr] d [Laq

K. Brindle et al. Magn Res Med, 2014
Imaging of tumor in a rat model before and 96 hours after 15-Gy irradiation

tens of hours -post radiation -> early enough to stop toxic effects



What 1s MRI?

Mind Maps

The Physical World
“The Big Picture” of

MRI

A technique used in radiology to form pictures of the

anatomy and the physiological process of the body.

Sraadiilin: : » To
I% Remember Equipment
e, e { j ) . <Al .
worps e TR e Is a non-invasive imaging technology
WORDS \ Real World

WORDS [} Relationships D
WORDS

orot o< Is based on the principle of Nuclear
Magnetic Resonance (NMR)
S \ Certain atomic nuclei demonstrate the ability to

absorb and re-emit radiofrequency energy when

are placed in a magnetic field.

Perry Sprawls, Magnetic Resonance Imaging

Principles, Methods and Techniques, 2000
—




How does MRI work?

THE MRI SYSTEM

C

) Magnetic Coil

C > Gradient Coils

Radio Frequenc

A e —S ]

Radiofrequency Gradient Radio Frequency
Transmitter Power Receiver
Supply

| IR
/ Computer
Protocols

\ Operator Keyboard

Image
Reconstruction
Viewing Control
Processing

J

Perry Sprawls, Magnetic Resonance Imaging Principles, Methods and Techniques, 2000

THE MAGNETIC FIELD
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The concept of Nuclear Magnetic Resonance

Tissue
Pulse

ML

Resonant (Larmor) Frequency

j Determined By: K
Nuclide b Strength Molecular Structure
(H-1, 42.58 MHz/T) (Chemical Shift)

Signal

Perry Sprawls, Magnetic Resonance Imaging Principles, Methods and Techniques, 2000




Transverse magnetization

A

T2 | 63%

. Y

e

Longitudinal magnetization

p—

T2 image

Wang G, Zhang X, Liu 'Y,
Hu Z, Mei X, Uvdal K.
Magneto--Fluorescent
Nanoparticles with High-
-Intensity NIR

Emission, T1 and T2
Weighted MR for
Multimodal Specific
Tumor Imaging. J Mater
Chem B 2015



T1-WEIGHTED IMAGE

A T1 image showing the
relationship of tissue
brightness (signal
intensity) to T1 values and

level of magnetization

during the longitudinal

relaxation process.

| |_Il I l |II l l l I I III L IL\'\'_I| Sensitive to O, and

1000 Long free radicals

Short

Tissue T1 Values (msec)




T2 - itmage

A T2 image showing the
relationship of tissue

brightness (signal

intensity) to T2 values

free radicals

l T l i i | l ' ' ' ' ' I\L'I Sensitive to O, and

Short Long

Tissue T2 Values (msec)

Oh



C T or MRI ? Complementary !

Computerized tomography (CT) scan

Magnetic Resonance Imaging (MRI)

Principle of imaging Absorbtion of X ray Magnetic Resonance phenomen
Radiation exposure Yes No

Examination noise Comparatively quiet Noisy

Examination time Short (5 — 10 min) Long (15 — 30 min)

Bone fractures, tumors, cancer

ARl monitoring, finding internal bleeding

Joints, brain, wrists, ankles, breasts,
heart, blood vessell

MRI main use: early diagnostic based on function
main shortcoming: low sensitivity

22
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Nuclear Physics

COMPLEX MIXTURES INSIDE CELLS

- Standard NMR cannot see inside cells within

short times to follow radiation effects

- Solution: Dissolution Dynamic Nuclear Polarisation:

signal enhancement by a factor 10’000

using e- in free radicals
/ After radiation \

Microwave
irradiation

Polarisation
transfer

90

Polarised
electron

\ Biomarker/

DNP polarisation transfer

DNP polarisation transfer

3) Experiments

4) Foreseen Applications

NMR instruments evolved to analyze complex samples: cells, lysates, etc.

40

w
o

T T T T
The 1.03GH2(24.2T) LTS/HTS NMR project / .
1GHz, 23.5T : \

3
<
L

o

NMR magnetic field (T)

0

: T o N
- ;).M/HZ:NMR 1>HZNMR
H frequency :
400 MHz . _
1970 1980 1990 2000 2010 2020
Time (year)

" State of the art:
»1 21’000 MHz 'H @ 2020

+ Dynamic Nuclear
Polarisation

with DNP : 1 scan = 1 second

A

I | 11 h 45 min, no DNP

D B B S B S B B B B

180
6(13C) ppm

175 170

165 [ppm]

Analyst, 2020,145, 2457-2472

without DNP : 12 hours to record even at 700 MHz (proton

spin resonance frequency) spectrometers
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Hyperpolarised imaging

Paul Vasgg Currently employed clinical evaluation of radiation effects using hyperpolarised magnetic
resonance
'_f Dynamic Nuclear Polarisation (DNP) — Magnetic Resonance
.f/ k.\".
L(_D_ LONG LIFETIMES OF POLARISATION T o 1|
NEEDED ! '\\E?—.O
Protliiigzaetive Tumor ) 0= C\ o
W . % CH
— o, pyruvate
Glucose Prep are
+ Biomarker
o Pyruvate (hyperpolarized
metabolite)

Lactate +

FREE RADICAL

Analyse - MRI

OH

Dynamic Nuclear Polarisation (“hyperpolarized”) MRI : Ardenkjaer-Larsen et al., PNAS, 2003
Ahuja, Vasos, et al., ChemComm 2010, Vasos et al., PNAS, 2009

Translation to the clinic: early cancer diagnostic by molecular imaging _
free radicals generate signal improvement Nelson et al., Sci. Rep., 2013

HaC CHa

HCI?ICH
3 o 3
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Biomarker pairs (A,B) to image
radiation effects in real time:
liquid-state DNP-NMR
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4. Foreseen Applications

2

cn3

Pvruvate

PRECLINICAL AND

CLINIGAL IMAGING -
Communication

\ /O A.L\ O—C—H

NADH
+ HY NAD* o\ 70

3

Lactate

dehydrogenase CH3

Lactate

Magnetic Resonance in Medicine 65:557-563 (2011)

Detecting Response of Rat C6 Glioma Tumors to
Radiotherapy Using Hyperpolarized [1-"°C]Pyruvate and
'3C Magnetic Resonance Spectroscopic Imaging

Sam E. Day,"® Mikko I. Kettunen,?

3 Murali Krishna Cherukurl

James B. Mitchell,* Martin J. Lizak,' H. Douglas Morris,
Shingo Matsumoto,* Alan P. l(oretsd(y,1 and Kevin M. Brindle®®*

We show here that hyperpolarized [1-'*CJpyruvate can be used to
detect treatment response in a glioma tumor model; a tumor type
where detection of response with *®fluoro-2-deoxyglucose, using
positron emission tomography, is limited by the high background
signals from normal brain tissue. 3C chemical shift images
acquired following intravenous injection of hyperpolarized
[1-130]pymvate into rats with implanted C6 gliomas showed sig-
nificant labeling of lactate within the tumors but comparatively
low levels in surrounding brain.Labeled pyruvate was observed at
high levels in blood vessels above the brain and from other major

identity early treatment response (1). FDG-PET, however,
is not effective in all tumor types and in brain tumors high
uptake by surrounding brain tissue can mask high uptake
by the tumor itself (2,3).

Glycolytic rate in human gliomas has been correlated
with tumor lactate concentration, suggesting that detec-
tion of increased lactate concentration, for example, with
"H MRS, might provide a similar diagnostic readout to
that provided by FDG-PET in other tumor types (4,5).

ak integral (A U.)

Lactate
Pyruvate

185

180

175 170

Chemical shift (ppm)

: data acquired from a glioma-bearing rat. Spectra were acquired using a surface coil, following administration
rized [1-'3C] pyruvate. The peaks in the summed spectrum are (1) lactate, 185 ppm (2) pyruvate hydrate, 181
1and (4) pyruvate, 173 ppm. In some experiments a bicarbonate signal at ~162 ppm was also visible. The first
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Spin memory : tiny nuclear magnets go a long way

minutes
tens of seconds
H
Magnetisation
BEST BEFORE
= Nuclear Singlet State

eg. H-H
15\ — 15N



NW?)») gl'l Hyperpolarised imaging

IMAGING METABOLISM WITH HYPERPOLARIZED "C- Glucose DLactate &
LABELED CELL SUBSTRATES Pyruvate ?Lactate biomarkers

Kevin M. Brindle"*? a
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Hyperpolarised

solution Hyperpolarized Water Enhances Two-Dimensional Proton NMR
Correlations: A New Approach for Molecular Interactions

Aude Sadet,t# Cristina Stavarache,ti Mihaela Bamlum,§ Mihai Radu,§ Geoflrey Bodenhausen,‘

Pa U| VaSOS’ De nnis Ku eraCh’ et d | : Dennis Kurzbach, ®® and Paul R. Vasos® ™




Long-lived states (LLS) of H singlets in glutathione

Paul Vasos

RETURN TO ARTICLES ASAP <PREV ~ PHYSICAL INSIGHTS IN...  NEXT>
Selective Excitation of Long-Lived Nuclear Spin States
Florin Teleanu, Adonis Lupulescu*, and Paul R. Vasos*

@ cite this: J. Phys. Chem. Lett. 2022,13, XXX, Altmetric

Article Views
6731-6736
Publication Date: July 18,2022 ~ 3 2 1

https://doi.org/10.1021/acs.jpclett.2c01749
© 2022 American Chemical Society
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Nuclear Physics L)

Acquisition time COSY-2D < 1 min
Tau_trsf = 400ms HN, 800 ms aliphatic

AlaGly € =400 Ala-HN/HDO

® HP-HDO

@\ gm)ﬁ) Ala-HN/ Ala-HP
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A. Sadet, al., M. Radu, D. Kurzbach, and P. Vasos,

J. Am. Chem. Soc. 2019
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[LAC] - DYNAMIC: HYPERPOLARISED PYR = LAC

Evaluation of Hyperpolarized [1-'3C]-Pyruvate by
Magnetic Resonance to Detect lonizing Radiation Effects
in Real Time

Vlad C. Sandulache™?, Yunyun Chen?, Jaehyuk Lee?, Ashley Rubinstein®, Marc S. Ramirez®,
Heath D. Skinner®, Christopher M. Walker®, Michelle D. Williams®, Ramesh Tailor®, Laurence E. Court®,
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owards pulsed radiotherapy being consic
first-line therapy options

MUSCLE INVASIVE BLADDER C. Expected Results
CANCER
current
l protocols
P /H‘M\ﬁ
" HHH‘H
R AD,CA‘L/ ¢ BLADDER CONSERVATION
CYSTECTOMY PROTOCOLS —
WITH URINARY (R ———— Eligible for
RECONSTRUCTION |
et RELAPSE or PROGRESSION pul;ed ?
+ Conservative Surgery radiothera pyr

+ Partial Cystectomy

1|+ Radical EBRT = Brachytherapy boost

* Combined modality treatment
* Chemotherapy + TURBT/Partial cystectomy
* Trimodality Therapy: maximal TURBT,

BLADDER CONSERVATION
PROTOCOLS

chemotherapy & radiotherapy 1) Less toxic
2) Efficiency monitored
In real time

Delaying radical cystectomy for muscle-invasive bladder cancer
Chang et al., J. Urol. 2003

Current clinical practice guidelines on chemotherapy and radiotherapy for the treatment of non-
metastatic muscle-invasive urothelial cancer: a systematic review and critical evaluation by the Hellenic
Genito-Urinary Cancer Group (HGUCG).

Review artirle Zasnnri F et al Crit Rev Onenl Hematal 2015
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3) Metabolomics

NMR spectrum of blood serum or cell lysate
sample.

The spectrum shows signals of low molecular
weight metabolites.

Some larger molecules such as lipoproteins,
which feature broader signals, show up as
well.

Concerted signal variations in several
metabolites indicate effects of chemotherapy,
radiotherapy, etc.

When such concerted spectral intensity etfects
are measured (at consistent chemical shifts) for
samples from a majority individuals
undergoing a treatment, an outlier sample
indicates personalized variations in treatment
response (and that an alternate treatment may
be required for the individual).
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3) Experiments

Personalised treatment RADIOMICS
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NMR metabolomics = biomarkers

Dose-rate effects yet to be explored by the same methods
as the dose effect investigations

Johnson et al., Radiat Res 2012

4) Foreseen Applications

Radiotherapy likely
to be toxic

3.5 Gy

Radiotherapy likely
to be less toxic

; 178(4): 328-340
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Biomarkers = metabolites concentrations

Biomarker [A]‘ Biomarker

radiation

Perspective: Identify personalized biomarkers transformations in cells
5‘ ;EJ

Biomarker [A]‘

radiation

radiation

Use
/ tissue
probes
Patient | Patient I
/\ Testing Enzyme
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Nuclear Physics

Advertisement FAST MOLECULAR DIAGNOSTICI

CLINICAL CANCER
RESEARCH

Home About Articles For Authors Alerts News COVID-19 Search Q

CCR Translations

Ultrahigh Dose-rate Radiotherapy: Next Steps for FLASH-RT

Kevin J. Harrington

Ultrahigh
dose rate

Conventional
dose rate

© 28Gy O
O 316Gy O

DOI: 10.1158/10758-0432.CCR-18-1796 Published January 2019 M) Chesk for updates

SABR: HIGH DOSE RADIOTHERAPY THAT COULD
REPLACE SURGERY FOR SOME TUMOURS

A focused beam of high m

dose radiation means
\ \

fewer visits hospital
visits for patients.

BEAM OF
RADIATION

It works well for small
tumours on the edge of
organs such as the lungs,

liver and prostate. | ‘ ‘ - !
o : = " 3 Hyperkeratotic Thin keratin
The beam is shaped 7 TUMOUR | MRI scanning E— | o |
to closely fit the during treatment ayer o ,k&t,: ayer
tumour, sparing 1 ensures SABR hits ___ Thickened .7 -L°  Normal epithelial
healthy tissue R I =1 the right spot. epithelium : );: thickness
Collagen scar tissue ++ xsg AN TE ,4;5:— Normal collagen
SABR can be a good option But it can't be used near the in subdermis S ,7:1—7& g in subdermis
for some patients who aren’t heart or other major organs and =
well enough for surgery. nerves due to the high dose.
pr © 2018 American Association for Cancer Research
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. CCR Translations AACGR
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Home message

Experiments by which dose-rate effects are quantified:
- Electron spin magnetic resonance (ESR) to detect free radicals
— (using ‘spin traps’)
- Radiomics (metabolomics in a radiobiology context):

Detected Choline, Creatine, Lactate, Glutathione
- Metabolic conversion rates

- High dose-rate radiation (Gy/ns) driven by laser accelerators generates less radiation-related
reactive species (toxicity) compared to low dose-rate radiation in abalysedglioblastoma cells

- Magnetic resonance is able to pinpoint the metabolic signature of radiation protocol
effectiveness and toxicity (via radiomics)
- and use this signature to follow treatment effects within hours

Towards clinics:
- Monitor toxicity and efficiency / cancer type
- Personalize (in the context of adjuvant therapies)
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Network & joint projects
ELI-NP LGED UEFISCDI PED242, ELI-RO, PCE 545

Publications (program in Med. Phys. 2019)
Carol  “Victor Babes”

Team & lab Amethyst Davila Research
ELI-NP LDED Optics & L5 IFIN-HH Radiotherapy Hospital Inst for Pathology

The response of normal and tumor cells to ultra-high dose-rate radiation
— a network biology approach

& Biophysics and
biomedical applications

Max Tishler,

Director and President of Merck Sharp
(synthesis of Cortisone, vitamin B12,
Streptomycin, penicillin, nicotinamide NAD)

National Medal for Science 1987

<<the national interest is best served if we
never forget that directing science has not
been and never will be as effective as letting
it develop freely>>
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Conclusions and Perspectives

- Free-radical markers of FLASH radiation
- Metabolic markers: hyperpolarised metabolites
timely indicators of radiobiological effects

In-vivo detection of oxidative stress

Early detection of
free radicals and
metabolites by
hyperpolarised MRI

M. Rosen et al., NMR Biomed,
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Biophysics and Biomedical Applications

-Blop IIJ,

®,.
Laser System Department, ELI-NP
Victor Babes Institute

Amethyst Radiotherapy

CRUK Cambridge Institute

University of Vienna

Eppur si muove!
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joint project

joint project & publications

joint project & publications

joint patents & publications

joint paper

On-going Research

Highlighted Papers

ﬁ,i :

(accepted projects)

Projects

@ PN-11I-P4-ID-PCE2020-2642
@ EL1_09/01.10.2020 "CELLI - Advanced biological methods for the detection of normal and pre-leukemic cells' response after FLASH irradiation at

Water hyperpolarization for radiation biomarker detection’

+ UEFISCDI PED 545 /2021 with Amethyst Radiotherapy

@ PN-III-P2-2.1-PED-2019-4212 "Molecular responses of irradiated cells with laser-generated particle beams at different doses and dose-rates

3GS-ERC-RO-NO-2019-0010 "Preliminary experiments for defining hyperpolarised magnetic resonance in radiobiology” collaboration with

University of Cambridge

@ PN-III-P1-1.1-PD2019-0778 "Propolis extracts effects on biomimetic lipid membranes” (PI B. Zorila, Supervision P. Vasos)
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Abstract
Protein and peptide interactions are eharacterized in the liquid state by multidimensional NMR sp experiments,
which can take hours to record. We show that starting from hyperpolarized HDO, two-dimensional (2D) proton i
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