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Benefits of FLASH radiotherapy

Focus in space and time 

Montay- Gruel et al., PNAS, 2020
M-C Vozevin et al., Clin. Cancer Res., 2019

Asavei et al., Med. Phys. 2019

CONVENTIONAL
RADIOTHERAPY

FLASH

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

RADIOTHERAPY DESIDERATA
- EFFICIENCY:
Destroy enemy ships
(cancer cells)

- LACK OF TOXICITY:
while sparing ours
(healthy cells)

Own ships:
Syracusia

Ennemy ship:
Corvus,
bireme



High-Power Lasers and Dose-Rates

High-Power lasers = energy concentrated in time
(Donna Strickland & Gerald Mourou – Nobel Prize in physics)
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1 J / 1 kg = 1 Gy

pulse time duration

mass * time



Interdisciplinary Problem Solving
INVOLVING KNOWLEDGE OF RADIATION, MOLECULES, SPECTROSCOPY

Radiation Dose-Rate versus Cellular Reactions Kinetics 

Physics Biophysics and 
Biochemistry

Biomedical 
and Medical 
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Particle beam 
characterization for 
FLASH technique

Search for radiation-
related biomarkers and 

means of detection

Investigate cellular 
response and behavior 

over time
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ELI-NP Research Program with 
Complementary Pillars:

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)



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

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

Effects
on
memory
and 
brain 
structure

at 2-6 
months



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

First clinical application: FLASH RADIOTHERAPY 

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

Healing:
4-5 months



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)

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

Ongoing : clinical trial with proton FLASH for metastasis control



FLASH radiation ☺

LATE assessment
of effects 

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

Need for fast diagnostic!
(Flash detection)

36 weeks post 
radiation 



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

Asavei et al., Med. Phys., 2019

Direct effectIndirect 
effect

Molecular effect of radiation can be observed at different timescales

BiologyPhysics                  Chemistry

time scale

Radiation impact

Radical 
generation

Biomarkers build up in detectable amounts

Radical 
recombination

Cell life consequences

DNA lesions

fs ns µs ms s min days

Cell
repair

Radical-triggered metabolic 
transformations
(enzymes) 

DNA-triggered metabolic 
transformations



>200 MeV protons expected at ELI-NP

Source Power P, 

pulse length p

Average 

proton 

energy

Dose rate
Proton pulse 

duration
Reference

J-Karen 

17 TW, 35 fs 
2.5 MeV 0.01 Gy/ns 15 ns

Minafra et al., Springer 

2016

Draco

60 TW, 45 fs 
15 MeV 0.01 Gy/ns 2 ns

Zeil et al., Appl. Phys 

B., 2012

Arcturus

200 TW, 30 fs 
2.1 MeV 0.03 Gy/ns 1 ns

Raschke et al., Sci. 

Rep., 2016

Taranis 

30 TW, 700 fs
4.5 MeV 1 Gy/ns 1 ns

Doria et al., AIP Adv., 

2012

Atlas 

30 TW, 30 fs 
5.2 MeV 4.6 Gy/ns 1 ns

Bin et al., Appl. Phys 

Lett., 2012

Classical accelerators with doses applied on longer time scales

Francis H. Burr 

cyclotron

Proton Beam Therapy 

Center North East 

230 MeV Gy / min 200 ms
Schlegel et al., Berlin 

Heidelberg: Springer-

Verlag, 2006

Hyogo Ion Beam 

Medical Center, 

Japan

70-230 MeV Gy / min 400 ms
Yogo et al., Appl. Phys. 

Lett., 2009

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

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

protons

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

Radiation dose-rate

- time is of the essence

high-power laser: ns 
compression and below
for accelerated protons
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At high dose rates, free radicals may  recombine or the reactants of biochemical cascades 
may be saturated

First-hand DNA strand breaks do not depend on radiation dose-rate. 
(Bayart et al., 2019)

* LAP : 0.03 Gy/ns

* CAP : 0.01 Gy/s

Free radicals, Reactive Species Produced

CAP: conventionally-accelerated protons
LAP: laser-accelerated protons

(Raschke, Boege et al., 2016)  

BIOMOLECULAR EFFECTS NEED TO BE STUDIED

Bayart et al Sci. Rep. 2019
(Raschke, Boege et al., Sci. Rep., 2016)  



Normal cells: high-resource, 
high-throughput metabolism

Cancer cells: low-resource, low-
throughput metabolism

Warburg effect: metabolism kinetics linked to the influx of molecular resources 

distinguishes between cancer and normal cells

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

O2 O2 O2

glucose



catalase
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Production free radicals:
Transport of relevant 
amounts
Enzyme activity rates:
Superoxide Dismutase
(SOD) Catalase (CAT)

J.C. Pias, J. Physiol. 2021



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 

FLASH radiation Hyperpolarised imaging Results Perspectives



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

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

Hyperpolarised Magnetic Resonance Imaging

watermelon: timesnewroman.ro

k ~ 1/t

imaging metabolism kinetics 
(time is of the essence)



Tissue shape

- Analysis  of effects within months

Tissue function characterisation within hours: Functional molecular imaging

with structural imaging  

Require
lysis

Functional Magnetic 
Resonance

// in-vivo, in vitro

Do not require 
Lysis

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.



Free radicals, 
Reactive Oxygen Species (ROS)

Antioxidants

Oxidative stress leads to cell decay 
triggered by molecular processes
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O
H H

Molecular Complexity
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H2O



Simple, radiation-resistant

molecule

Amino acid with aromatic side chains –

Tryptophan

Proteins: Superoxide Dismutase

(SOD)

Cu

Zn
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●O-H

●O-H

H-O●

H-O●
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DNA Damage

Protein Damage



Vitamin C

Quercitin from green tea
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Antioxidants look similar to potential free radical targets

Polyphenols from apples

Aromatic amino acids DNA nucleotides



3 stages of water radiolysis – main reactions
S. Le Caër, Water, 2011

Effects of radiation

Free radicals, reactive oxygen species (ROS)

catalase

ROS: oxygen has e- ready to 
react – though not necessarily 
unpaired)  



Nuclear Magnetic Resonance detection of metabolites
- atomic resolution: each atom of the molecule has its own signal

1

H
2

3
4

5

6

1
2 3

4

5

6

- atomic resolution: each atomic position of the molecule has its own signal
- enzymes typically modify molecular structure at one (reactive) site: the  -(CH2)-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

δ(1H)/ppm (chemical shift) ~ υ(1H)/Hz (resonance frequency in the magnetic field)

Biomarker: Glutathione

B0

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos



Hidrogen bonding in water

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)
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Single or double strand breaks



Proteins: what are they and how are they affected by radiation

…
Hidrogen 

bonds

Ubiquitin
regulation of concentrations of 

proteins inside cell 

Hemoglobin
Iron cofactor, O2 binding

Superoxide Dismutase 
oxidative stress, free radical metabolism
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Slides: Dragana Dreghici, Florin Teleanu
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CH3 CH2 C

O

CH2 CH2 CH2 CH3

1         2 1      2       3        4

4H

2H
2H

3H 3H

2

1 

4

3

2

1

2D (1H-1H) corelations in Nuclear Magnetic Resonancce
– is there radiation damage?

1D

2D



2D Nuclear Magnetic Resonancce correlations displaying the structure of proteins: Ubiquitin

O 15N

1H = HN

N C C

HN H

R

O

Side chain
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http://upload.wikimedia.org/wikipedia/en/a/ac/Ubiquitin_cartoon.png


Normal cells: high-resource, 
high-throughput metabolism

Cancer cells: low-resource, low-
throughput metabolism

Warburg effect: metabolism kinetics linked to the influx of molecular resources 

distinguishes between cancer and normal cells

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

O2 O2 O2

glucose



Caffeine

Adenosine
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Krebs Cycle ATP

Pyruvate

Phosphate dehydrogenase & 
Thiamine diphosphate

Acetyl CoA

oxidation

Membrane 
Transporter

LDH
Lactate MCT

Pyruvate
LDHLactate

Anaerobic metabolism
(Warburg) 

(little O2) – cancer cells

PFKGlucose

NADH+H NAD

M
it

o
ch

o
n

d
ri

a
C

y
to

so
l

ADP

ATP-ADP
cycle

Adenine Ribose
Diphosphate

Adenine

P P P

P

P

Ribose

Triphosphat
e

Phosphate

Energy
released
for cell

Energy
absorbed
from food

Phosphate

ATP

P P

just got energy.
not tired, thanks!

Aerobic metabolism 
(lots of O2) – normal cells,
glucose burns efficiently

*PFK, LDH = enzymes



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

Antioxidants &
drugs

O O

Free radicals
Reactive O species

Cell

O
H H

Cell transporters +

Free radicals
Reactive O species

Signaling molecules

Other cells

.. a (quite) simplified view of radiation effects 
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radiation effects:
a question of time

(and fuel)



radiation

Antioxidants,
drugsFree radicals

Reactive O species

(More than needed)

cell
transporters

Other cells

Free radicals
Reactive O species
Signalling molecules

Sustained FREE RADICAL 
formation during a 
LONG time
Radiation→Toxicity route 
open
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TOXICITY

TIME: hours

i) CLASSICAL
RADIATION
DELIVERY

O2, etc. ’fuel’



radiation

O2, etc. ’fuel’

Antioxidants,
drugs

cell
transporters

Other cells

Free radicals
Reactive O species
Signalling molecules

Limited FREE RADICAL
formation 

during a SHORT time

Radiation→Toxicity 
route Clogged

Vozenin, Clin Onc 2019
FLASH-RT toxicity low 
in zebrafish 
Independently of 
Antioxidant (n-acetyl Cys) 
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Antioxidants can hardly do anything
in time
(e.g. acetyl cysteine, Clin Onc 2019)

RADIATION CAN OVERFLOW,
AS LONG AS REACTIVE SPECIES
DO NOT

ii) HIGH DOSE-RATE
RADIATION DELIVERY

TIME: ns-ms



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 quantified:
- 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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J. Borofsky – ‘Molecule Man’ (Los Angeles and Berlin) 



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

- N-Tert-butyl-1-phenylmethanimine oxide 
(PBN)
- Spin traps catch ROS molecules
- ROS identified with EPR spectroscopy 

- H2O2 causes silver oxidation 
- measuring the light absorption by Ag 

nanoparticles → ROS concentration

Tatsuro Endo, Yasuko Yanagida, Takeshi Hatsuzawa,
Quantitative determination of hydrogen peroxide using polymer coated Ag nanoparticles,
Measurement, Volume 41, Issue 9, 2008, Pages 1045-1053,

Collaboration Univ. of Bucharest , IFIN-HH
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Indirect detection



Amethyst Radiotherapy cell radiation in ‘phantom’ set-up 
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Amethyyst Radiotherapy
X-ray, 6 MV

flask with cells

Isodose profiles
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GENERATION OF FREE RADICAL WITH X RAYS

EXPERIMENTAL SETUP

AMETHYST RADIOTHERAPY CENTER OTOPENI IRRADIATION

THE SIGNAL CAN BE CONFUSED WITH THE NOISE.

DEPENDENCE OF RELATIVE BMPO-OH
ADDUCT ON DOSE

BMPO-OH ADDUCT FOR DIFFERENT POSITIONS OF THE SAMPLE (U = 6MV, Em=2 MeV, filter)
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GENERATION OF FREE RADICALS VIA X-RAYS RADIATION
Amethys t  Rad io the rapy Cen te r  Otopen i  i r r ad i a t i on

B M P O - O H  a d d u c t  d e p e n d e n c e  o f  d o s e - r a t e
D e p e n d e n c e  o f  r e l a t i v e  p a r a m e t e r  o f B M P O - O H

a d d u c t o f  d o s e - r a t e

C o n c l u s i o n :  T h e  a m o u n t  o f  B M P O - O H  a d d u c t  d e c r e a s e s  w i t h  i n c r e a s i n g  d o s e - r a t e .  T h e  4 0  G y s a m p l e s  w i t h  d o s e - r a t e s  

o f  6 . 8  G y/ m i n  a n d  8 . 7 8  G y/ m i n  a r e  m u c h  t o o  n o i s y  t o  b e  q u a n t i f i e d .



Collaboration: 
Gina Manda, Head of Radiobiology, Victor Babes Institute Cell growth procedure

Cell Culture procedures 
and conditions

➢Depends on cell types;
➢The artificial environment for cell growth 

needs to have
➢ essential nutrients: amino acids, 

carbohydrates, vitamins and minerals 
➢growth factors
➢hormones

➢ cellular homeostasis. 
➢Apoxic and oxygen-rich conditions
(most convenient set-up: outside interaction 
chamber) 
> Normal cells, Cancer cells, Cancer stem cells
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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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Glucose

Biomarker - Visible Biomarker – PET
(Positron Emission Tomography)

Biomarker – MR
(Magnetic Resonance)

Biomarkers for Various Observation Methods
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Metabolic process RADIOACTIVE ISOTOPE

Positron Emission 
Tomography (PET)
based on 18F-glucose

ionising radiation 

Water

1H

MRI

Metabolic imaging STABLE ISOTOPE

MRI-based:follows metabolic 
conversions
of endogenous molecules

no ionising radiation

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

Current :PET-CT RADIOACTIVE ISOTOPE
gold standard  n diagnostic (‘functional 
imaging’)

Emerging: STABLE ISOTOPES
Magnetic Resonance for cancer diagnostic
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Positron Emission Tomography (PET)
based on 18F-glucose

based on 13C-glucose

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

Curent standard in diagnostic 
Emerging Diagnostic: Hyperpolarised
Magnetic Resonance Imaging (MRI) 

Now Possible

GE Healthcare
Clinical Imaging

– demonstrated 
since 2014

J.A. Ardenkjaer-Larsen et al., 
Proc. Nat. Acad. USA, 2003

Signal x 10’000

Safe

Use frequently
for diagnostic

P. Vasos et al., 
Proc. Nat. Acad. USA, 2010

2) WITHOUT LYSING 
CELLS

Molecular Imaging, 
biomarkers with 

isotopes



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

The issue with lifetimes in biomarkers labelled with 
decaying radiative or magnetic signal (PET or MRI)



The issue with lifetimes in biomarkers labelled with 
decaying radiative signal (PET)

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

Pillai M. et al Journal of Nuclear Medicine 2012

18F 99mTc



Lifetimes of different isotopes for (PET) 

isotope half-life
13

N 9.97 min

68
Ga 67.7 min

18
F 109.8 min

64
Cu 12.7 h

72
As 26 h

89
Zr 78.4 h

Representative 
Isotopes Suitable for 

PET Imaging and 
Their Physical 

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

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

Hyperpolarised Magnetic Resonance Imaging

watermelon: timesnewroman.ro
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Nuclear Magnetic Induction

Demonstration of an induction Coil 

Nicola Tesla and Samuel Clemens (Mark Twain)

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



NMR detection of metabolites
- atomic resolution: each atom of the molecule has its own signal

1

H
2

3
4

5

6

1
2 3

4

5

6

- atomic resolution: each atomic position of the molecule has its own signal
- enzymes typically modify molecular structure at one (reactive) site: the  -(CH2)-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

δ(1H)/ppm (chemical shift) ~ υ(1H)/Hz (resonance frequency in the magnetic field)

Biomarker: Glutathione

B0

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos



NMR detection of metabolites Biomarkers A, B

1

1
2

2

3

3

4

4

5

5’

6

6

5’

1
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4
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A

B

1
2

3
4

5’

5’

6

1
2

3
46

+ 2 H2O

+  H2O2

Glutathione 
Peroxidase (GPx)

δ(1H)/ppm (chemical shift) ~ υ(1H)/Hz (resonance frequency in the magnetic field)

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos



Identify metabolites in glioblastoma cells

(from databases + external addition)

Lac

Ala
Ac

Met

s*

Pyr

Dmg

Cre

PCre

Cho
PCho

Gly

Tau
Pro

Lac

1H NMR spectra of glioblastoma lysate recorded at 500 MHz. Exp. time 4.75 h, 1k scans.

m-Ino

m-Ino

Cre
PCre i-Le

Suc

Sar

FLASH radiation Hyperpolarised imaging Results Perspectives
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γ (60 Co source) irradiation Human glioblastoma cell line U251 MG 

OUR EXPERIMENTS FOR DOSE-RATE DETECTION 
NMR detection of metabolites (static ‘metabolomics’)

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos



NMR workflow for metabolomics

• Optimise extraction protocol;

• Optimise # cells / probe;

• Optimise pulse sequence

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos



Optimise extraction protocol

• Optimise cell # / probe → 5-10’000’000 cells at 500 MHz, 

w/out hyperpolarisation

• D2O:CH3CN = 1:1

• D2O:MetOH = 1:1

• 50 mM HPO4
2- (pH = 7,4)

• CH3Cl

D2O:CH3CN extraction

CHCl3 extraction

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul 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

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos



Normal cells: high-resource, 
high-throughput metabolism

Cancer cells: low-resource, low-
throughput metabolism

Warburg effect: metabolism kinetics linked to the influx of molecular resources distinguishes

between cancer and normal cells

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos



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

hypoxia =>adapted transcriptional programme

• Increased glucose consumption (→ use of fluorodeoxyglucose in positron emission tomography)

• Decreased oxydative phosphorylation

• Lactate overproduction

Metabolite addiction:

Highly dependent on exogenous supply of aminoacids

Overexpression of aminoacid membrane transporters

Glioblastoma

Increased biosynthesis

High energetic demand

Particularities of cancer cells → NMR and MRI biomarkers

FLASH radiation Hyperpolarised imaging Results Perspectives



sarcosine
choline

creatine

- modifications: metabolism or membrane changes following irradiation

Changes in metabolite concentrations in glioblastoma cells upon irradiation

FLASH radiation Hyperpolarised imaging Results Perspectives
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In vivo:
Decreased Cho/Cr → lower chances of tumor recurrence
Radiotherapy effective → [Cho]/[Cr] decreases

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

BIOMARKER: ratio of choline-to- creatine in cells [Cho]/[Cr]



Amethyst
Radiotherapy 
Centre, 
X-rays

γ (60Co source)
20 Gy total dose

[Cho]/[Cr] biomarker            Human glioblastoma cell line U251 MG

FLASH radiation Hyperpolarised imaging Results Perspectives
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Dose
Effect

Dose-rate effect

Dose rate: 35 Gy / min

Dose rate: 5 Gy / min34.8 
Gy/min



Amethyst Radiotherapy
(X-ray) 

γ source (Co)

FLASH radiation Hyperpolarised imaging Results Perspectives

[Lac] as 
biomarker 

Dose-rate variation by a factor 5 
(@ D=20 Gy)
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Evaluate metabolic flux (kinetics) rather than 
accumulation of metabolites at endpoints: [Lac]/[Pyr] 

Sandulache et al. PLoS One 2017 

FLASH radiation Hyperpolarised imaging Results Perspectives

From static 
evaluation of 
Metabolites

→

Metabolic Flux

HYPERPOLARISATION:

- decrease # cells
- Sufficient sensitivity for 

in-vivo
- Water →metabolites



Step 1: Biomarkers for cancer 
– Early monitoring necessary !

Especially at high dose-rate

Step2: 

Adapt to various cancer types
Towards personalized radiotherapy
using early monitoring

Radiobiology and Molecular Imaging - Molecular Markers (early response)

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



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

Dynamic Nuclear Polarisation (“hyperpolarized”) MRI : Ardenkjaer-Larsen et al., PNAS, 2003

Prepare 
Biomarker
(hyperpolarized
metabolite)
+
FREE RADICALAnalyse - MRI

Ahuja, Vasos, et al., ChemComm 2010, Vasos et al., PNAS, 2009

Currently employed clinical evaluation of radiation effects using hyperpolarised magnetic 
resonance

Dynamic Nuclear Polarisation (DNP) – Magnetic Resonance

LONG LIFETIMES OF POLARISATION 
NEEDED ! 

FLASH radiation Hyperpolarised imaging Results Perspectives
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8 Gy – Co source 

Biomarker: Pyr→Lac
Biomarker
hours after radiation

Radiation

normal tissue

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

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

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

FLASH radiation Hyperpolarised imaging Results Perspectives
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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

Fast folow-up in Radiation Therapy: Pyr→Lac biomarker
Hyperpolarised Magnetic Resonance in-vivo

96 h post
[Lac] reduced

Implanted glioma tumour irradiation
The 60Co irradiator beam was collimated
to produce an irradiation field of 16 cm by 5
cm. Further lead shielding covered the nose and neck.
The whole brain was exposed to a dose of 15 Gy. Exposure
was calibrated using thermoluminescent dosimeters
embedded in the middle of 3.0 cm3 Lucite blocks (Total
Plastics, Baltimore, MD), to approximate absorbed dose
in the brain. These gave a dose rate of 153.6 6 2.4 rad/
min in the unshielded areas, and 4.0 and 5.4 rad/min
under the nose and body shields, respectively. The
remaining four tumor-implanted animals did not receive
radiotherapy and were used as controls.

Before gamma 
radiation

[Lac][Lac]

[Lac][Pyr]

FLASH radiation Hyperpolarised imaging Results Perspectives
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Glioma
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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
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Sensitive to O2 and 
free radicals 
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Sensitive to O2 and 
free radicals 



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)

Used for
Bone fractures, tumors, cancer 

monitoring, finding internal bleeding
Joints, brain, wrists, ankles, breasts, 

heart, blood vessell

82

Complementary ! 

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



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

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

Analyst, 2020,145, 2457-2472δ(13C) ppm

with DNP : 1 scan = 1 second

without DNP : 12 hours to record even at 700 MHz (proton 
spin resonance frequency) spectrometers

e

B

B

B

B

B

B
B

B

Microwave 
irradiation

Polarisation 
transfer

Polarised 
electron

Biomarker

DNP polarisation transfer

After radiation

B

DNP polarisation transfer

B

1H frequency
400 MHz

State of the art:
1’000 MHz 1H @ 2020

+ Dynamic Nuclear 
Polarisation

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



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

Dynamic Nuclear Polarisation (“hyperpolarized”) MRI : Ardenkjaer-Larsen et al., PNAS, 2003

Prepare 
Biomarker
(hyperpolarized
metabolite)
+
FREE RADICALAnalyse - MRI

Ahuja, Vasos, et al., ChemComm 2010, Vasos et al., PNAS, 2009

Currently employed clinical evaluation of radiation effects using hyperpolarised magnetic 
resonance

Dynamic Nuclear Polarisation (DNP) – Magnetic Resonance

LONG LIFETIMES OF POLARISATION 
NEEDED ! 
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1) Premise: FLASH 2) Molecular Biophysics 3) Experiments 4) Foreseen Applications

A
B

kenzyme

Signal = concentration of metabolite A 
/ concentration of metabolite B (time) 

If metabolite transformations 
were the cell’s circuitry

Detection of
biomarkers 



Metabolites detected non-invasively
by hyperpolarised magnetic resonance

time / seconds

time / hours

time / seconds

Biomarker pairs (A,B) to image 
radiation effects in real time: 

liquid-state DNP-NMR

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

A B

A

B
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1H 13C 15N

Nuclear Singlet State

e.g.      1H – 1H
15N – 15N

Spin memory : tiny nuclear magnets go a long way

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

hours

minutes

tens of seconds

Magnetisation
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Glucose→Lactate & 
Pyruvate→Lactate biomarkers
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e-

D

H

D

H

Hyperpolarised
solution

Hyperpolarised HDO for Biomarkers

Paul Vasos, Dennis Kurzbach, et al. 

18.8 T

H

D

H

D

H

D NMR-Waiting 
Solution (pH 7)

- Liposome
- AlaGly
- d-PBS



1s 2s 5s 10s 𝜏𝐶𝑊

Stroboscopic detection of glutathione (GSH) 

𝑇𝐿𝐿𝑆 ~ 6𝑠

𝑇𝐿𝐿𝑆 ~ 40𝑠

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos Long-lived states (LLS) of 1H singlets in glutathione
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Ala-HN/HDO
Gly-HN/HDO

Ala-HN/ Ala-H

Ala-HN/ Ala-H

Gly-HN/ Gly-H1,2

Sx4

Liposome

AlaGly

HP-HDO

A. Sadet, al., M. Radu, D. Kurzbach, and P. Vasos, 
J. Am. Chem. Soc. 2019

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

Time gain x 160’000



[Lac/Pyr] biomarker

[LAC] – DYNAMIC: HYPERPOLARISED PYR → LAC Oxidative stress: co-enzyme is depleted by Glutamate reactions

GSH

GS-SG

FLASH radiation Hyperpolarised imaging Results Perspectives

Paul Vasos

Lac 
build-up 
rate
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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 effects 
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).

Beckonert, O., Keun, H., Ebbels, T. et al. 
Nat Protoc 2, 2692–2703 (2007)

3) Metabolomics

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



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

6.5 Gy 8.5 Gy

1 Gy 3.5 Gy

NMR metabolomics → biomarkers

Probes from 
subjects
treated 
with irradiation

Probes from 
untreated 
subjects

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

Johnson et al., Radiat Res 2012 ; 178(4): 328–340

Personalised treatment RADIOMICS

Radiotherapy likely 
to be less toxic

Radiotherapy likely 
to be toxic



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

Patient I Patient II

Biomarker [A]                                               Biomarker [A]                                                    Biomarker

Biomarker [B] Biomarker [C]

radiation                                     radiation                                             radiation

Use 
tissue 
probes

[?]

Biomarkers = metabolites concentrations

Perspective:  Identify personalized biomarkers transformations in cells     

A

B

A

Testing Enzyme
Function with
Biomarkers
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FAST MOLECULAR DIAGNOSTIC!



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

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)

-



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>>

ELI-NP LGED 

& Biophysics and 
biomedical applications
Team & lab ELI-NP LDED 

Amethyst 
Radiotherapy

“Victor Babes”
Research
Inst for PathologyOptics & LSD IFIN-HH

Network & joint projects
UEFISCDI PED242, ELI-RO, PCE 545
Publications (program in Med. Phys. 2019)

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

Carol 
Davila
Hospital
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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, 20018
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Eppur si muove!

+ UEFISCDI PED 545 /2021 with Amethyst Radiotherapy   

(accepted projects)



EquipmentPeople

LGED
Biophysics and biomedical applications  
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JPCL 2022
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