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|aboratory of Radiation Biology

. Establishment of integrative interrelations of radiation-
induced effects at different levels of biological
organization:

. ldentification of the mechanisms of the radiations effects

on brain and the development of neurodegenerative
diseases.

. Assessment of radiation risks for various scenarios of

manned space flights and mixed radiation fields of nuclear
physics facilities.

. Development of new methods to improve the effectiveness
of radiation and radionuclide therapy of cancer.

. Development of new mathematical models and
computational approaches for radiobiology, bioinformatics,
and radiation medicine.

. ldentification of mechanisms and pathways of catalytic
synthesis of prebiotic compounds under the action of
radiation.

. Development of new research protocols, including omics
technologies, bio-imaging, automated processing of
biological data.
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' Physical process |

One-thousandth of a
second after irradiation

Biochemical process

Biological process

Cell death or cell
degeneration
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Clinical process

Stochastic effects
Cancer
Hereditary effects

Deterministic effects

(tissue reactions)
Acute radiation syndromes
Fetal effects
Cataract
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Hierarchy in modeling the response to radiation

| hour

I day

Energy deposition Monte Carlo simulations
Excitation/ionization
Initial particle tracks (")‘\ GEANT4
Radical formation Molecular dynamics
Diffusion, chemical reactions N L Mo e cular Dynamics
Initial DNA damage AMBER

Nonlinear
DNA breaks / base damage dynamical

systems

Renair Drocesses S Wolfram Mathematica
pall proces MATLAB
Damage fixation

Cell killing
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Radiation neuroscience;
Brain neural networks

Clinical radiobiology:

Complex models of
tumor growth




A success of modern computations:
From simple to very detailed models

Dose deposition Z> Biological effect

e.g. probability of cell survival

Calculation of elementary events at the cellular and molecular level

S = exp(— aD - BD?)

1. Calculation of DNA damage formation

2. Models of DNA DSB repair and misrepair

3. Cell survival ' ' a.
p

?
?



1. Monte Carlo simulation of radiation-induced DNA damage

DNA lesions

' | Double
L strand
: / break

lonization, bond breakage Radical attack, indirect lesion

(DSB)

Single
strand
break
(SSB)

\ Base

damage
(BD)

Apoptosis, chromosome aberrations, mitotic catastrophe,
cell death



Methodology of simulation on example of Geant4-DNA

Physical events

Model

Particle @ Interaction

ionization (Med. Phys. 2010)
> 1MaB Moller-Bhabha
10 k3B -1 M3B Born
103B—-10 k3B Emfietzoglou

e excitation (Med. Phys. 2010)
10 kaB -1 Ma3B Born
83B—-10 k3B Emfietzoglou

elastic scattering
0.0253B-1M3B

(Rad. Phys. 2009)
Champion

1H, 4He, Li,
QBe’ 115’ 12C,
MN, 160’
288, >bFe

ionization (Rev. Phys. 1992)
1-1000 M3B/HyK Rudd

Multiple (J. Phys. 2010)
scattering Urban
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Methodology of simulation on example of Geant4-DNA

Radiolysis

Process reaction coefficient, 101° M-1s1
e,q T eaq +2H20 — Hy +20H™ 0.5
€,q + H* + HyO — Hy + OH™ 2.65
e;q + *OH — OH~ 2.95
€;q + H30" — H* + H;0 2.11
ezq + H20, —+ OH™ + *OH 1.41
*OH + *OH — H»>0, 0.44
*OH + H* — H,0 1.44
H* + H* — H, 1.2
H;0" + OH~ — 2H,0 14.3

Indirect damage, main reaction channel

DNA + ‘OH — (DNAY’

Oxygen-dependent reaction channell

(DNA)" + [0,] — (DNA)OO"

fime(s & GEANTS

m : A simuLATION TOOLKIT
T 1016 %
/HTO \ 02
o3 Hy0t e~ H,0*
o H3O" ‘OH €5  H 'OH | HOp
107 H* ‘OH Hy0t  H0; Hy H20;7
2
A(r — 1y)? {_(r_r(’) }
p(r, At|ry) = 0 4DAT

€ )
(4mDAt)3/2

Reaction A+B occurs if Ry <R,

k
where R, = or R,=R Rc/Rap — 1
¢ = 47N, (D, + Dg) e = Re/(e )




Methodology of simulation on example of Geant4-DNA
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Counting DNA lesions

Double strand break (DSB)

low LET
radiation

isolated
DSB

radiation
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Oxygen-Dependent Damage and Chromatin Structure

OER_ .

20 & Exp. Table
s P ® Sim. Chan2022

-0 N4 —— This work

2,5 -

2,0-

1,5
| & GEANT4

1,0+
107 10 10* 10° 10"

Oxygen concentration (%)

Comparison of measured and calculated oxygen
enhancement ratio OER determined by double
strand break (DSB) yields after y-irradiation

DNA DSB /Gy/Mbp

2,0
| == 0,(21%) y-rays,
161 mm 0,(0.1%) 0.3 keV/um
1,2{ == O,(21%) a-particles,
| =m O, (0.1%) 105 keV/pm
0,8 -
0,4 -
0,0-

Heterochromatin
Euchromatin

% cC

Effect of oxygen concentration and chromatin
structure on amount of DNA double strand breaks
Induced by low- and high-LET radiations



DNA lesion distribution by type

1)
2)
3)
4)

DNA base damage (BD)
Single strand break (SSB)
Clustered SSB

Double strand breaks (DSB)
Clustered DSB

Experimental data

e Frankenberg 1999
x Belli 2001
@ Belli 2006

Other simulation codes

.-#--- Nikjoo 2001
.-o--- Friedland 2011
.-.&-- Rosales 2018

DNA damage / cell / Gy

& GEANT4
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10° 10’ 10? 10°

LET, keV /um

DNA damage / cell / Gbp



Complexity of clustered DNA damage

protons | carbon ions protons | carbon ions
10° 0
s 5 — BD*
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b ] g 1 *x
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Complexity of clustered DNA damage
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2. Principles of DNA repair modeling

k

+ q
1. Reactionscheme X +R _—>Z2 — R
k_
2. Differential Equations «DNA lesiony» (X+2Z)
X 100
aX =—-k, XR+k_ Z _
dt - 80l «repair complex» (Z)
&)
R = _
R K XR+k Z+qZ S 60 —
7
— =k, XR-k.Z-qZ S
dt
3. Initial conditions 4. Determination of 10 20 30 40
parameters Time
X(0) =N, Kk o
R(0) =R,

Z(0)=0



Pathways of DNA double strand break repair

Simple DSB Clustered DSB
B —— E—— + = e
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DSB/cell

DNA repair modeling
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DNA repair modeling: comparison of DSB and chromatin breaks
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3. Cell survival modeling

Scheme of cell cycle

S = e‘Pi,p,m,aN_Nmis

N - number of DSBs remaining

Nmis NNchrom aber

- number of misrepaired DSBS




Transition from cell culture to tissue -
IS there any workaround?

Data-driven approach

Predictive
power limited
by database!

Clinical / laboratory data

<>

Empirical model
formula, or software (e.g. machine learning)
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Model-driven approach

Hierarchy of complex models

Input data rely on Insufficient
current scientific @ computing
knowledge! power!

Simplification

Requires verification! @

Software or fit to simple formula
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Tissue and organ effects of radiation
An example of direct modeling scheme

Radiation damage to the central nervous system:
Radiosensitive cells - neural stem cells

1. Amount of cells with lesions

2. Calculation of cell survival

3. Effect of neurogenesis impairment on brain

electric activity



3D model of rat hippocampus traversed by 600 Mev/u °6Fe ion track

Geometry of rodent hippocampus for use in GEANT4-DNA
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Sensitive to Radiation!
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Neural stem Precursor Immature neurons neurons
cells

cells



¢)

50 pm

Microdosimetry scaling
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DNA damage computation

Number of cell nuclei hit

1H 12C 160 56|:e
100+
single >°Fe ion - T L |
(600 MeV/u) 7, > an |
- — O 80
S 60-
5 |
B 40
' £
'ran
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0.26 12.8 229 176 keV/um



Survival of radiosensitive cells
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data [Rola 2004, 2005, Tseng 2014].



LFP, mV
O=NWANO

Biological neural network of hippocampus:
a model for electrophysiological activity

Malecular cell
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Modified from
V. Cutsuridis, P. Poirazi // Neurobiology of Learning and Memory 120 (2015) 69-83



Mathematical description of neural network elements

Neuroghaform
Bistratified " 3,580 cells
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Future plans: 1) radiation-induced brain disorders

Dendritic spine ;’?ﬁ% e
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Brain activity? -
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Brain regions Pyramidal neurons Chromeakin fiber DNA
Neural ScheIIU|ar traCk
cells targets
N Information Cell survival and Biochemical Molecular Physical and

processing in brain cell population processes (DNA dynamics chemical events
neural networks dynamics repair etc) in particle tracks




Future plans: 2) response of tumors to radiation

Slowly
proliferating cells | Necrotic region

Onyxons Onyxonn
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Chromatine DNA

. fiber
nuclei
. ; Particle

Functional state Proliferating Stem cells track
of tumor after cells
treatment?

Cellular and tissue processes ( Biochemical Molecular Physical and

\ (tumor cell proliferation, processes dynamics chemical events
angiogenesis, etc) ( in particle track




Summary

v" Cell culture simulations
+ direct/indirect DNA lesions
+ repair/misrepair (kinetics, effect of inhibitors, mutations)
+ cell survival (e.g. computation of a,  values)

o Tissue effects

+ empiric models (lack of data for new protocols)
+ detailed models of tumor growth (semi-empiric, extremely high computation power)
- detailed models of normal tissue damage (strongly depends on tissue, hard to verify)

— Organism level

— Translation from rodents to human
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