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Lectures overview

A. RADIATION BIOLOGY AND FRACTIONATION

5 LECTURES
Lecturers: Prof. Dr. P. Coan, Prof. Dr. J. Reind|

B. BRACHYTHERAPY AND INTRA OPERATIVE RADIATION THERAPY

7 LECTURES
Lecturer: Prof. Dr. G. Landry
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Title: Radiation Biology and Brachytherapy
List lecturers: Prof Dr Paola Coan, Prof Dr Judith Reindl, Prof Dr Guillaume Landry

20 April  Rad. Biology 1 (Coan)
27 April  Rad Biology 2 (Coan)
04 May Rad. Biology 3 (Reindl)
11 May Rad. Biology 4 (Reindl)
18 May Rad. Biology 5 (Reindl)
25 May Brachy 1 (Landry)

01 June holidays (Pfingsmontag), no lecture
08 June Brachy 2 (Landry)

15 June Brachy 3 (Landry)

22 June Brachy 4 (Landry)

29 June Brachy 5 (Landry)

06 July Brachy 6 (Landry)

13 July Brachy 7 (Landry)
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Contact data:

Department of Clinical Radiology

and

Department of Physics (office 112)

Am Coulombwall 1, 85748 Garching b. Miinchen

Telefon: +49(0)89 289-14062;
Fax: +49(0)89 289 14072
E-Mail: paola.coan@physik.uni-muenchen.de

Consultation upon appointment
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The fields of medical physics, biological, and biomedical engineering
are broad, multidisciplinary and dynamic. They lie at the
crossroads of frontier research in physics, biology, chemistry and medicine.

“Knowledge of the radiobiology of normal tissues and tumours is a core
prerequisite for the practice of radiation oncology (and also for radiology). As
such the study of radiobiology is mandatory for gaining qualification as a
radiation oncologist and medical physicists in most countries. ...

Radiation protection activities are governed by many regulations and
recommendations. These are based on knowledge gained from epidemiological
studies of health effects from low as well as from high dose radiation
exposures. (Dr. P. Thirolf’s lecture series)

Organizations like the International Commission on Radiological Protection
(ICRP) have put a lot of effort into reviewing and evaluating the biological basis to
radiological protection practices. ...”

From “RADIATION BIOLOGY: A HANDBOOK FOR TEACHERS AND STUDENTS”

Prof. P. Coan #5
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= RADIATION BIOLOGY or RADIOBIOLOGY

- is a branch of science which combines the basic principles of physics
and biology, and

- is concerned with the action of ionizing radiation on biological tissues
and living organisms

- Study of basic radiobiological mechanisms deals with biological
effects produced by energy absorption in small volumes
corresponding to single cells or parts of cells.

Prof. P. Coan #6
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Experimental and theoretical studies in radiation biology contribute
to the development of radiotherapy (RT) at 3 different levels:

1.
IDEAS

2.
TREATMENT STRATEGY

3.
PROTOCOLS

= Conceptual basis for RT

= |dentification of mechanisms
and processes underling the
response of tumor and
normal tissues to irradiation
Ex. Knowledge about hypoxia,
reoxygenation, tumor  cell

repopulation or mechanisms of
repair of DNA damage...

= Development of specific new
approaches in RT

Ex. Hypoxic cell sensitizers,
target agents, high linear energy
transfer (LET) RT, accelerated
RT, hyperfractionation...

= Advice on the choice of
schedules for clinical RT

Ex. Conversion formulae for
changes in fractionation or dose
rate, advice on whether to use
chemotherapy during or after

4/18/2020

irradiation... Individualized RT

Direct clinical gains often difficult to be demonstrated (inadequacy of theor. and exp. models)
» it will always be necessary to rely on clinical trials for the final choice of a protocol

Prof. P. Coan #7
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LITERATURE Radiobiology...

O Book: “Radiobiology for the Radiologist”
by E. Hall, A.J. Giaccia

4 Book: “Basic Clinical Radiobiology”
by M.C. Joiner, A. van der Kogel

U Book: “Radiation oncology physics: a handbook for teachers and students”
by E.B. Podgorsak

Prof. P. Coan #5
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Basics of biology

based on the chapter authored by
N. Suntharalingam, E.B. Podgorsak, J.H. Hendry
of the IAEA publication (ISBN 92-0-107304-6)

Prof. P. Coan #9
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All living things are made up of protoplasm, which consists of inorganic and organic
compounds dissolved or suspended in water.
The smallest unit of protoplasm capable of independent existence is the CELL.

CELLS contain:

= jnorganic compounds (water and minerals)

= organic compounds (proteins, carbohydrates,
nucleic acids and lipids)

The two main constituents of a cell are:
- the cytoplasm, which supports all metabolic
functions within the cell

_ i i i CELL
the nucleus, which contains the genetic MBI ANE
information (DNA)

HALL, E.J., Radiobiology for the Radiologist, Lippincott, Philadelphia, PA (2000)
NIAS, A.H.W., An Introduction to Radiobiology, Wiley, New York (1998)
Prof. P. Coan STEEL, G.G., Basic Clinical Radiobiology, Amold, London (2002) #10
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Eukaryotes

Most important distinction among groups of organisms:
Eukaryotes vs Prokaryotes

Prokaryotes

« Complex cellular organization | * unicellular organisms with no membrane-

- Membrane-bound organelles bound nucleus (instead a single circular

Prof. P. Coan

. chromosome), no mitochondria, or an
Well-defined nucleus ) y

Higher animals, plants, other membrane-bound organelle
fungi, and protozoa

» Cyanobacteria, bacteria...

Eukaryote Prokaryote

Membrane- Mitochondrion

enclosed nucleus

Nucleoid Capsule

(some prokaryotes)

Flagellum

Cell Wall
(in some eukaryotes) # 11
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Levels of cellular
organization

_evels of Cellular Organization

Organ Tissue Cell

/‘% - AEYSSEY

Ocganism Organ System

O Group of cells that together perform one or more functions is referred to as tissue.

U Group of tissues that together perform one or more functions is called an organ.

O Group of organs that perform one or more functions is an organ system or organism

Differentiated cell types

Epithelial
coll

Ce

cell

Prof. P. Coan

Tissues

Organ Organ system
(kidney) (urinary system)

https://www.tes.com
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Structure of an animal cell

Prof. P. Coan

5 rough
ribosome  endoplasmic

mitochondrion reticulum

plasma
membrane

cytoplasm
microtubules
(part of cytoskeleton)

lysosome

nucleus

smooth nucleolus
endoplasmic chromatin
reticulum nuclear pore

N\
. nuclear envelope

free ribosome A
Golgi complex

centriole
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Eukaryotic cell organelles
LMU | |55 | | and their function

Organelle
Nucleus

Mitochondria
Ribosomes
Golgi Apparatus
Lysosome

Endoplasmic Reticulum
Vacuole
Plant cells also have:

Chloroplasts
Cell Wall

Prof. P. Coan

Function .
The “brains” of the cell, the nucleus directs cell activities
and contains genetic material called chromosomes
made of DNA.

Make energy out of food

Make protein

Make, process and package proteins

Contains digestive enzymes to help break food down
Called the "intracellular highway" because it is for
transporting all sorts of items around the cell.

Used for storage, vacuoles usually contain water or
food. (Are you thirsty? Perhaps your vacuoles need
some water!)

Use sunlight to create food by photosynthesis
For support

#14
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http://www.windows2universe.org/earth/Life/photosynthesis.html
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|cons not Structure Function
to scale Membrane Components
Nucleus Double (“envelope™); Chromosomes Genetic information
openings called nuclear Nucleolus % bly of rib .
pores
Nuclear lamina Structural support
Ribosomes None Complex of RNA and Protein synthesis
... ‘ . proteins
' .
L
Endomembrane system
Rough ER Single; contains receptors for Network of branching sacs Protein synthesis and
. entry of selected proteins Ribosomes associated processing
Golgi apparatus Single; contains receptors for Stack of flattened cisternae Protein processing
products of rough ER (e.g., glycosylation)
Smooth ER Single; contains enzymes for Network of branching sacs Lipid synthesis
ynth phospholip Enzymes for synthesizi
lipids
Lysosomes Single; contains proton Acid hydrolases (catalyze Digestion and recycling
pumps hydrolysis reactions)
Prof. P. Coan

Icons nét Structure Function
to scale Membrane Components
Peroxisomes Single; contains Enzymes that catalyze Oxidation of fatty acids,
transporters for selected oxidation reactions ethanol, or other
macromolecules Catalincet verod pound:
Vacuoles Single; Varies—pi oils, Varies—coloration, storage
for selected molecules carbohydrates, water, or of oils, carbohydrates,
toxins water, or toxins
Mitochondria Double; inner contains Enzymes that catalyze ATP production

oxidation-reduction
reactions, ATP synthesis

enzymes for ATP production . i
ATP: Adenosine triphosphate

(chemical energy of the cell)

Production of ATP and
sugars via photosynthesis

Double; plus Pigments

mes that catalyze

interior




Icons not Structure Function
to scale Membrane Components
Cytoskeleton None Actin filaments Structural support;
Intermediate filaments movement of materials;
in some species,
< Microtubules movement of whole cell
Phospholipid bilayer with Selective permeability—

Plasma membrane

Single; contains transport
and receptor proteins

transport and receptor
proteins

maintains intracellular
environment

Protection, structural

-

None

Carbohydrate fibers running
through carbohydrate or
protein matrix

support

© 2011 Pearson Education, Inc.

The nucleus is the control center of the cell.

The nucleus of living cells contains the genetic material that determines the
entire structure and function of that cell.

4/18/2020
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Endoplasmic reticulum:

Endoplasmic reticulum is a network of interconnected internal membranes generally, the largest
membrane in a eukaryotic cell—an extensive network of closed, flattened membrane-bounded sacs
called cisternae (Figure 3). The name “endoplasmic reticulum” was coined in 1953 by Porter, who
had observed it in electron micrographs of liver cells. The endoplasmic reticulum has a number of
functions in the cell but is particularly important in the synthesis of lipids, membrane proteins, and
secreted proteins.

Figure 3: The Endoplasmic reticulum.

https://nptel.ac.in/courses/102103012/module1/lec6/3.html #19
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DNA - DEOXYRIBONUCLEIC ACID

is the hereditary material in humans and almost all other organisms.

The information in DNA is stored as a code made up of 4 chemical bases:

1. Adenine (A) Watson-Crick has discovered the current-structure of DNA
2. Guanine (G) in 1953
3. Cytosine (C)

4. Thymine (T) T A AT A G B ARG GOART TGO GACATAR

TACTGCCTAGTCGGCGTTCGCCTTAACCGCTGTATT

- Human DNA consists of about 3 billion bases, and more than 99 percent of
those bases are the same in all people.

- The order, or sequence, of these bases determines the information available
for building and maintaining an organism.

Prof. P. Coan # 20
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DNA bases pair up with each other, A with T and C with G, to form units called base
pairs. Each base is also attached to a sugar molecule and a phosphate molecule.

base + sugar + phosphate = nucleotide

Nucleotides are arranged in two long strands that form a spiral called a double helix.

Prof. P. Coan

DNA helix

EREEEEEEEEEEE A E A A S W A R

ATGACGGATCAGCCGCAAGCGGAATTGGCGACATAA

TACTGCCTAGTCGGCGTTCGCCTTAACCGCTG
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Nitrogenous bases:
3 5’ Emm® Adenine
==X Thymine

#21

A nucleotide is composed of three distinctive chemical sub-units:
a five-carbon sugar molecule, a nitrogenous, one phosphate group

Hydrogen bonds ‘
Thymine |\ .HaN Ade'\;""e 3 ) o
o By M Arrangement of nucleotides within
§ AN\ ] ;
o NHTTA NQ\:, o the structure of nucleic acids.

- At lower left: a monophosphate
& nucleotide; its nitrogenous base

j O
=0 . q
5_7’ \Z«_/& ...... J- omosne o represents one side of a base-pair.
(o}

Guanine oF

It | - At upper right: four nucleotides

backbone

i
0 —P—0——CH, o

Phosphate

OH
Sugar

wikipedia

Sugar-| phosphate Bases
3 5 backbone

form two base-pairs: thymine and
adenine (connected by double
hydrogen bonds) and guanine and
cytosine  (connected by triple
hydrogen bonds).

- At upper left: the individual
nucleotide monomers are chain-
joined at their sugar and phosphate
molecules, forming two 'backbones'
(a double helix) of a nucleic acid.

Sugar-phosphate
backbone

Nitrogenous base

nucleotide

# 22
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DNA - genes -> chromatin = chromosomes

= DNA is genetic material, existing as a double helix of paired complementary
base pairs of adenine, thymine, cytosine, and guanine (A-T, C-G) with a
sugar-phosphate backbone and a nucleotide center.

= A gene is a specific sequence of DNA that generally encodes for a certain
protein (the DNA sequence must be transcribed in mRNA, which is then
translated into the protein). Mutations are changes in gene's DNA sequence.

= Chromatin is a complex of DNA and the proteins necessary for
chromosomal organization. The most basic unit of chromatin packaging is a
nucleosome, which the double stranded DNA wrapped twice around a
histone core connected to a neighboring nucleosome via linker (hence, it
looks like a bead on a string).

= Nuclesomes compact to form fibers. These fibers fold into complex looped
domains, which are further condensed together to make up chromosomes.

Prof. P. Coan # 23

DNA macrostructure

Strands of DNA are wrapped around supporting histones. These proteins are
increasingly bundled and condensed into chromatin, which is packed tightly into
chromosomes when the cell is ready to divide.

In humans: 23 pairs of
chromosomes (22 are
non-sex chromosomes
and 1 pair is a sex
KN chromosome)

Chromosome

Histones

Chromatin

DNA helix

Prof. P..Coan http://oerpub.github.ig: 54
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Relative size of the DNA material and various stages of DNA folding and packing

SN O NN/

"beads-on-a-string’
form of chromatin

section of
chromosame in an
exterded form

entire
metaphase
chromesome

1,400 nm

Prof. P. Coan From “Radiobiology for the radiologist’, Hall, Giaccia #25
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= Gene's sequence = language that instructs cell to manufacture a particular protein

= Ribonucleic Acid (RNA) = intermediate language that translates a gene's message
into a protein's amino acid sequence

From DNA to RNA, to make a functional product, a protein > central DOGMA of LIFE

RNA is somewhat similar to DNA: they both are nucleic acids of DNA
nitrogen-containing bases joined by sugar-phosphate backbone. |
However they have structural and functional differences. /
Structurally, RNA: single-stranded — DNA: double stranded. DNA RNA

has Thymine, where as RNA has Uracil. RNA nucleotides include
sugar ribose, rather than the deoxyribose that is part of DNA. |

Functionallyy, DNA maintains the protein-encoding information, /
whereas RNA uses the information to enable the cell to synthesize Protein

Central dogma of life
® G.Osurl.

the particular protein.

Note: DNA stores the genetic information, where as RNA uses the information
to help the cell to produce the protein (controlling one chemical reaction in the cell).

Prof. P. Coan http://www.bioinformatics.org/tutorial/1-1.html # 26
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ﬁ Trust me, I'm a "Biologist"
-,y Wedne t19 -G

# 27
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Basic function of the cell cycle:

to duplicate accurately the vast amount of DNA in the chromosomes and then
segregate the copies precisely into two genetically identical daughter cells.

A 2 major phases of the cell cycle
1. S phase (S for synthesis): DNA synthesis - duplication

2. M phase (M for mitosis): chromosome segregation and cell division.
Both the nucleus and then the cytoplasm divide. —_MrHase

! mitosis ~
! {nuclesr ok

| division) cytokinesis™_

(cytoplasmic ™,
division) "

In between:

G, PHASE
1. Gl is the gap between M phase and S phase
- DNA not synthetized yet

2. G2 is the gap between S phase and M phase
- DNA synthesized but other metabolic processes
are taking place

INTERPHASE

S PHASE G, PHASE

{DNA replication)

- Cell cycle time: time between successive divisions (mitoses) |

Prof. P. Coan # 28
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(DNA synthesis)

Q Cell cycle time for mammalian cells is of
the order of 10 — 20 hours:

= S phase usually in the range of 6 — 8 h
= Mphaseislessthan1lh

= G2isintherangeof2—4h

= Glisintherangeof 1-8h

O Cell cycle time for stem cells in certain tissues is up to 10 days.

U In general, cells are most radio-sensitive in the M and G2 phases, and
most radio-resistant in the late S phase.

U Cell cycle time of malignant cells is shorter than that of some normal tissue
cells, but during regeneration after injury normal cells can proliferate faster.

Prof. P. Coan # 29
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O Human cells are either somatic cells or germ cells.
Germ cells are either a sperm or an egg, all other human cells are called

somatic cells.

O Cells propagate through division:

* Division of somatic cells is called mitosis and results in two genetically
identical daughter cells.

* Division of germ cells is called meiosis and involves two fissions of the
nucleus giving rise to four sex cells, each possessing half the number of

chromosomes of the original germ cell.

Prof. P. Coan # 30
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Mitosis Meiosis

1 Interphase:
/ Chromosomes
b / y replicate.

l

L Prophase

9

AN

Metaphase:
Chromsomes line up
individually at metaphase
plate

Anaphase:
Sister chromatids
separate

«

|\

2n \ 2n

e D e

Interphase:
/ Chromosomes
L replicate.
|
v

MEIOSIS |
Prophase I:

Homologous

xx XX chromosomes undergo
> synapsis and crossing
l over oceurs

Metaphase I:
Chromsomes line up

xx by homologous pairs
at metaphase plate

XX

Anaphase I:
Homologs separate.

s N
‘ Daughter ~ \
‘ cellsof | Anaphase I1:
MEIOSISTI , meiosis I Sister chromatids
VN A separate

). 1.]"/; n \\

Daughter cells of meiosis 11

n
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QO Cell death of non-proliferating (static) cells is defined as the loss of a

specific function.

- Cell death may be caused by the simple natural process of old cells that die
and are replaced by newly generated cells, or may result from other
mechanisms such as diseases, localized injuries or the death of the

organ/organism in which the cell resides.

U There are many kinds of cell death
(apoptosis, autophagy, necrosis... = next lectures)

Red blood cells live for about four months, while white blood cells
live on average more than a year. Skin cells live about two or
three weeks. Colon cells have it rough: They die off after about
four days. Sperm cells have a life span of only about three days,
while brain cells typically last an entire lifetime (neurons in the
cerebral cortex, for example, are not replaced when they die).

(Livescience.com)

Prof. P. Coan

https://www.molecutools.com # 32
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Why have we talked so much about the DNA?

Because the DNA inside nucleus is the
target of the radiation

(in radiotherapy, for instance)

Prof. P. Coan # 33

What is the evidence that DNA is the target?
many evidences and studies...

1. Selectively irradiate the nucleus or the cytoplasm. Results show the nucleus to be more
sensitive than the cytoplasm.
To kill a cell the dose to the nucleus is tens-hundreds times smaller than the dose to the

cytoplasm.

2. Incorporation of halogenated base analogues into DNA sensitizes cells. lodine or bromine
incorporation makes the DNA more susceptible to damage, including radiation damage.

3. Radioisotopes incorporated into DNA kill cells much more efficiently than radioisotopes in
RNA or in proteins. 125 in the DNA is 200-300 times more effective than 125] in the cytoplasm
or on the cell membrane.

4. Correlation between cellular DNA content or chromosome volume and radiosensitivity,
particularly in simpler organisms such as viruses.

5. Cells deficient in DNA repair enzymes are generally more radiosensitive (drugs that inhibit
DNA repair are sensitizers).

Prof. P. Coan # 34
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Basics of RADIObiology

Prof. P. Coan #35

e Classification of radiations
LMU)| |tz | | in radiobiology 1

O Radiation is classified into two main cateqgories:

* Non-ionizing radiation (cannot ionize matter)

* lonizing radiation (can ionize matter)

O IONIZING RADIATION contains two major categories:

* Directly ionizing radiation (charged particles)
When absorbed in material, it directly causes ionization leading to damage
electrons, protons, alpha and beta particles, heavy ions.

* Indirectly ionizing radiation (neutral particles)

When absorbed in material, it gives up its energy to produce fast moving
charged particles that produce the damage.

photons (x rays, gamma rays), neutrons.

Prof. P. Coan
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U Types of ionizing radiations:

Electromagnetic radiation Particulate radiations
m,aysw 1 » Electrons
DN ”Lu,,x S Mgy . Protc:jns "
Ny @io £ 2 . —]
2 g, § e a and B —particles
2% %%, 358 * Neutrons
8 L N FEE
z kﬂ o o

U Deposition of energy localized along TRACKS:

If radiation is absorbed in biologic material, the events (ionization) tend to
localize along the tracks of individual particles in a pattern that depends
upon the type of radiation involved.

Prof. P. Coan # 37

Variation of ionization density associated
with different types of radiation

LMt
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Prof. P. Coan # 38
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O X-ray photons give rise to fast electrons (i.e. unit electrical charge
and very small mass). The primary events of X-rays are well
separated in space and hence said to be sparsely ionizing.

O Cobalt 60-y-rays are even more sparsely ionizing than X-rays

O Neutrons give rise to recoil protons carrying unit electrical charge
but mass 2000 times greater than that of electrons. Neutrons are
intermediately ionizing.

O a-particles carry 2 electrical charges and 4 times heavier than a
proton. They are densely ionizing.

Prof. P. Coan # 39

e Classification of radiations
LMU)| |tz | | in radiobiology 2

Linear Energy Transfer (LET)

4 In radiobiology and radiation protection linear energy transfer (LET) is
used for defining the quality of an ionizing radiation beam.

LET is the energy transferred per unit length of the track.

ICRU defines LET as follows:

“LET of charged particles in a medium is the quotient where dE/d¢is

the average energy locally imparted to the medium by a charged
particle of specified energy in traversing a distance of de.”

U In contrast to the stopping power, which focuses attention on the energy loss by
a charged particle moving through a medium, LET focuses attention on the
linear rate of energy absorption by the absorbing medium as the charged
particle traverses the medium.

Prof. P. Coan

# 40
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U In contrast to the stopping power, which has a typical unit of MeV/cm,
the unit reserved for the LET is keV/pm .

U Energy average is obtained by dividing the particle track into equal energy
increments and averaging the length of track over which these energy increments
are deposited.

+ TRACK averaged LET - same dL

[0 o [ece o o oo [oeee |

- ENERGY averaged LET - same dE

Prof. P. Coan #41
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High LET radiation — E.g. Neutrons , a-particles

This is a type of ionizing radiation that deposits a "
large amount of energy in a small distance.

DNA Segment

Low LET radiation — E.g. X-rays, gamma rays

This is a type of ionizing radiation that =
deposits less amount of energy along the — /4. 1..X
track or have infrequent or widely spaced
ionizing events (sparsely ionizing)

Low LET High LET

9 Note: The dem arcation between |OW and Both examples produce the same total number of

ionizations, thus represent the same dose, but

high LET is at about 10 keV/um with different effects by Low LET and High LET

Prof. P. Coan #42
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O Typical LET values for commonly used radiations are:

Radiation LET (keV/um)
« 250 kVp X rays 2

*  Cobalt-60 yrays 0.3

« 3 MeV Xrays 0.3

+ 1 MeV electrons 0.25

. LET values for other, less common radiations afe:

Radiation LET (keV/um)
* 14 MeV neutrons 12
*  Heavy charged particles 100 - 200
* 1 keV electrons 12.3
* 10 keV electrons 23
Prof. P. Coan # 43

_ ||CELLS AND IONIZING
LMU| v | | RADIATION 1

What happens when cells are exposed to ionizing radiation?

Several outcomes are possible:

It rﬁay pass directly through the cell without causing any damage;

It may damage the cell, but the cell will repair itself;

1.
2.
3. It may affect the cell’s ability to reproduce correctly;
4. It may Kkill the cell (apoptosis).

5.

It may induce mutagenesis
The death of one cell is not a serious problem — millions of cells die
every day - but if too many cells in one organ die at once, the
organism may die.

Prof. P. Coan # 44
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U Understanding the processes between energy deposition and expression
of damage may allow for manipulation of the process to e.g.

- increase the damage to a tumor
- decrease the damage to normal tissues

When cells are exposed to ionizing radiation:

* First, the standard physical effects between radiation and the atoms or
molecules of the cells occur

* Then possible biological damage to cell functions follows

Surviving cell that maintains its reproductive integrity and proliferates
almost indefinitely into a large number of progeny is said to be clonogenic.

Capability of a single cell to grow into a large colony shows that the
cell has retained its reproductive integrity.

Prof. P. Coan # 45
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Biological effects of radiation result mainly from damage to the DNA,;
however, there are also other sites within the cell that, when damaged, may
lead to cell death, but higher energy deposition is required.

U Nucleus:
- Contains chromosomes and DNA
- Radiosensitive: a few Gys sufficient to kill cell

U Cytoplasm:
- Contains other organs of cell
- Radio-resistant : tens-hundreds Gy is required to kill cell

Sensitive component for radiation-induced cell killing rests in
the cell nucleus (i.e. DNA) and not in the cytoplasm.

Prof. P. Coan # 46
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When ionizing radiation is absorbed in biological material,
the damage to the cell may occur in one of two mechanisms:

DIRECT EFFECTS (33%)
e interacts directly with DNA

INDIRECT EFFECTS (67%)

e interacts with water creating
radicals that interact
chemically with the DNA

Prof. P. Coan # 47
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The radiation interacts DIRECTLY with the cell
nucleus (i.e. with the DNA) Tmlw
modified
- The atoms of the target itself may be ionized or excited, Bréakage
leading to the chain of physical and chemical events that to'one of
eventually produce the biological damage. both of
sugar-
phosphate
backbones
U Direct action: dominant process in the interaction of
high LET particles such as neutrons or alpha
particles with biological material. '["“f‘r-’]’:‘_i"i‘-"'
O For X-ray or gamma ray photons: the photon bor
interaction with an atom in the cell produces a

charged particle (electron or positron), which
subsequently interacts with the DNA directly. Figure 1: Potential direct
effects ofionizingradiationon
DNAmolecules.

Prof. P. Coan http://explorecuriocity.org # 48
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The radiation interacts with other molecules and atoms (mainly water, since
about 80% of a cell is composed of water) to produce free radicals, which
can, through diffusion in the cell, damage the critical target within the cell.

Free radicals: an atom or molecule
carrying an unpaired orbital electron in the outer shell

Odd r:umber of ﬁlectron +h High degree of
one electron without another - chemical reactivity

electron with opposing spin

Prof. P. Coan # 49
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Basic radiochemical reactions that may occur in water molecules disrupted
by passage of an ionizing particle are as follows:

lon radical (water ion)

- ION because it is charged
(loss of an e through ionization)
- RADICAL because it has an

H20+ + H20 — H30+ E 0] Bl unpaired electron
l )
Very shortvlife (100 )

H,0 — (H,0*#*e

OH+R-H ™ H,O0+R

Water radiolysis

decays to form free radicals

It reacts with another water
molecule to form the highly
reactive hydroxyl radical (OH*)

# 50
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Water radiolysis : detailed mechanisms

Time (s) lonizing Radiation
0 H.O
Ph lcd "m excitabion i . fonzation
10s | H.O HO +e
VAR 1HO HO'
Physico-chemical  / H. + O('D) wo/ HO+H 5
stage 4 : N
10 ; H0
/ Y d . )
e H+4HO"  H,+2HO® HO'+H0" HO+H, +OH e,
s
g - l Diffusion
1055 @, H, HO", HO, OH, H,0", H,, H,0, typically S ym
strong strong strong
reducing oxidizing oxidizing
agents agents agents

Sophie Le Caér(2011)Water Radiolysis: Influence of Oxide Surfaces cn H, Production underlonizing
Radiation, Water3, 235-253
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U Free radicals, such as H,0+ (water ion) and OH- (hydroxy! radical), that
break the chemical bonds and produce the chemical changes that
may lead to biological damage, are highly reactive molecules (they
exist for less than 1 ms) because they have an unpaired valence electron.

= These radicals can diffuse to DNA from within a cylinder with a diameter

about twice that of the DNA double helix. : | momeer
! | 1ON
= It is estimated that ~ 2/3 of the X-ray damage to DNA in |
mammalian cells is caused by the hydroxyl radical. o ~
= These reactive species bring about the indirect radiation '
damage to biological system by reacting and damaging the | )
molecules in cells. i .
! A
= Radicals are modifiable with sensitizers and protectors L@/
(if not too many) = —amm—— GmECT
! i+ ACTION
# 52
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Summarizing...

Steps involved in producing biological damage by the indirect action of
X-rays are as follows:

1.

Primary photon interaction (photoelectric effect, Compton effect, pair
production) produces a high energy electron or positron.

High energy light charged particle in moving through tissue produces free
radicals in water.

Free radicals may produce chemical changes in DNA from the breakage of
chemical bonds.

Changes in chemical bonds result in biological effects.

Prof. P. Coan
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(£)1AEA

For indirect action of x rays the chain of events from the absorption
of the incident photon to the final biological damage is as follows:

Incident x-ray photon

U (1) PHYSICS
Fast electron or positron
U (2) PHYSICS

lon radical

U (3) CHEMISTRY

Free radical

U (4) CHEMISTRY
Breakage of bonds
U (5) BIOLOGY
Biological effect

Prof. P. Coan

Typical ime scale involved in these 5 steps:

* (1) The physics of the process
takes of the order of 10-"% 5.

* (2) The ion radicals have a lifetime
of the order of 10-10 5.

* (3) The free radicals have a lifetime
of the order of 10° 5.

* (4) The step between the breakage
of bonds and the biological effect
may take hours, days or years.

Fasdiation Oncology Physics: A Handbook for Teachers and 3msdents - 14.4.2 Side 6
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H

High LET radiation

ofe

N/ NG
Low LET radiation

Specific lonization & Linear Energy Transfer
* High LET radiation ionizes water into H and OH radicals over a very short track. In
fig. two events occur in a single cell so as to form a pair of adjacent OH radicals that
recombine to form peroxide, H,O,, which can produce oxidative damage in the cell.

*Low LET radiation also ionizes water molecules, but over a much longer track. In fig.
two events occur in separate cells, such that adjacent radicals are of the opposite type:
the H and OH radicals reunite and reform H,O.

Prof. P. Coan # 55
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Low LET High LET

Both examples produce the same total number of
ionizations, thus represent the same dose, but
with different effects by Low LET and High LET

U High-LET radiations are more destructive to biological material than low-LET
radiations.

U The localized DNA damage caused by dense ionizations from high-LET
radiations is more difficult to repair than the diffuse DNA damage caused by
the sparse ionizations from low-LET radiations.

U High LET radiation results in lower cell survival per absorbed dose than low LET
radiation.

U High LET radiation is aimed at efficiently killing tumor cells while minimizing
dose to normal tissues to prevent toxicity.

U Biological effectiveness of high LET radiation is not affected by the time or
stage in the life cycle of cancer cells, as it is with low LET radiation.

Prof. P. Coan # 56
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As we learnt, DNA damages...

Radiation can produce a variety of lesions in DNA

U Rupture of the strand

O Alteration to bases

O Destruction of sugars

QO Crosslinks and formation of dimers / chromosome

aberrations...

Prof. P. Coan # 57
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Q Single strand break (SSB)
= |ittle biological consequence

= repairable from mirror half of DNA. If the
repair is incorrect - mutation possible

O Double strand break (DSB)

= Breaks opposite to each other, then less
repairable

= chromosome aberration
= Chromatin shaps into two pieces
= distant breaks repaired as if 2 single breaks

= Most important lesions (cell killing, mutation
or carcinogenesis)

, * Induced linearly with dose radiation (= they
Hydrogen bonds ~ Backbone: sugar (deoxyribose) 5 d by sinal RS d
between bases and phosphate groups are formed by single tracks of ioniz. ra )

Prof. P. Coan https:/achemicallife.wordpress.com # 58
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LOCALLY MULTIPLE
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v

IHHILHE

T FIGURE 2.3 @ |lllustration of a locally
multiply damaged site. Energy from x-rays is
not abscrbed uniformly but tends to be
localized along the tracks of chargec particles.

OH'eaq
OH €aq OH'eaq

Spur Blob Radiation chemists spealcin terms of spurs and
4 OH'eaq OHese \ 7 nm Jblobs, which contain a number of ion pairs and

ALY OHe,, OH'e di which have dimensions comparable to the DNA
e OHe ! OH' o IamEler double helix. A double-strand break is likely to
3 ion pairs i 12ion pairs  be accompanied by extensive base damage.

- eéﬁ-oweaq John Ward coined the term locally multiply
€aq

damaged site to describe this phenomenon.

- Given the size of a spur and the diffusion distance of hydroxyl radicals, multiples
damage could be spread out up to 20 base pairs

- For densely ionizing radiations (n, alpha-particles..) a greater proportion of blobs is
produced

Prof. P. Coan From “Radiobiology for the radiologist’, Hall, Giaccia #59
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Possible outcomes of cell irradiation:

No effect.

Division delay: The cell is delayed in going through division.
Apoptosis: The cell dies before it can divide.

Reproductive failure: The cell dies when attempting the mitosis.

Genomic instability: There is a delay in reproductive failure (in the progeny of
irradiated cells).

Mutation: The cell survives but contains a mutation.

Transformation: The mutation leads to a transformed phenotype and possibly
carcinogenesis.

Bystander effects: An irradiated cell may send signals to neighboring
unirradiated cells and induce genetic damage in them.

Adaptive responses: The irradiated cell becomes more radio-resistant.

Prof. P. Coan # 60
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Classificatio
damage

n of radiation

Radiation damage to mammalian cells
is divided into 3 categories:

= Lethal damage, which is irreversible, irreparable and leads to cell death.

= Sublethal damage, which can be repaired in hours unless additional
sublethal damage is added that eventually leads to lethal damage.

= Potentially lethal damage, which can be manipulated by repair when
cells are allowed to remain in a non-dividing state (repair can occur if
appropriate post-irradiation environmental conditions are created).

Prof. P. Coan
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CLASSIC PARADIGM OF RADIATION INJURY

Acute) Effects

ation sickness)

Early (.
(radi;
Chemical Repair ~ Enzymatic
(ions recombine) DNA Repair /
Cell
Death
lonizations DNA

(free radical
formation, etc.)

Damage

/

lonizing
Radiation

Heat
-

Excitations

e
A
DNA

Mutation

—_—

Late
Effects

N

Developmental
Effects (fetal)

\
Somatic T

Malignant \

Transformation

Heritable
Effects

Cancer
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From “Radiobiology for the radiologist”, Hall, Giaccia
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U Timescale involved between the breakage of chemical bonds and the biological
effect may be hours to years, depending on the type of damage.

Q If cell kill is the result, it may happen in hours to days, when the damaged cell
attempts to divide (early effect of radiation). This can result in early tissue reactions
(deterministic effects) if many cells are killed.

Q If the damage is oncogenic (cancer induction), then its expression may be delayed
for years (late effect of radiation).

U lonizing radiation has hemeal Biological )
been proven to cause Physical_ =235 - - Human lfespan
leukemia and has been 107191012106 1 10° 10° 10°%
) . . 1 1 | L - | - (seconds)
implicated in the 1 10° -

—_— a1 a1 (hours)
development of many Free-radical T
. . reactions

other cancers in tissues Enzyme reactions _ Early effects
SU-Ch as ) bone, |Ung, Excitation Repair processes La::;l‘:\(z;enesm
skin, thyroid, and breast. lonization Cell proliferation

Figure 1.1 Time-scale of the effects of radiation exposure on biological systems.
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In addition to carcinogenesis (induction of cancer),
the late effects of radiation include:

= Delayed tissue reactions (deterministic effects) such as
fibrosis and other reactions mediated by vascular deficiencies.

= Life span shortening due largely to cancer lethality.

= Genetic damage, where the effects may be expressed in
subsequent generations

= Potential effects to the fetus.
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32





