B

7]

000
TUTORIAL 1 ©0060
00O
00
Radiation Damage in Biological :'

Systems

[WG1 — Radiation Damage in Physiological Environment  s]

DUBLIN INSTITUTE
| of TECHNOLOGY

Institisiid Tetcneolaiochm Bbmle Atlm Cliath




References

e J.T. Bushberg et al

“The Essential Physics of Medical Imaging”,
Lippincott Williams and Wilkins, 2"d Edition (2000);

e E.J. Hall

“Radiobiology for the Radiologist”, Lippincott
Williams and Wilkins, 6™ Edition (2006);



Structure

nysics and Chemistry of Radiation Absorption;
noton Interaction Cross-Sections;

NA Strand Breaks and Chromosomal
perrations;

Cell-Survival Curves;

Non-Targeted Effects;

Radiosensitivity and Cell Cycle;

Dose Rate Effects and Damage Repair;
Acute Effects and Radiocarcinogenesis;
Radiation Protection;

w
>0 U T

© ©o N o O &



© © N o 0 bk~ W DN PRE

Structure

Physics and Chemistry of Radiation Absorption;
Photon Interaction Cross-Sections;

DNA Strand Breaks and Chromosomal Aberrations;
Cell-Survival Curves;

Non-Targeted Effects;

Radiosensitivity and Cell Cycle;

Dose Rate Effects and Damage Repair;

Acute Effects and Radiocarcinogenesis;

Radiation Protection;



1. Physics and Chemistry of
Radiation Absorption

e Radiobiological damage occurs through the
absorption of:
e High energy photons of electromagnetic radiation;
o Charged particles;

e Photons:
o X-rays
e Yy-rays
e Charged Particles:
e a-particles;
o [3-particles / electrons;
e Protons;
e Neutrons;
e Heavy charged patrticles;



Physics and Chemistry of
Radiation Absorption

e Absorption of photons occurs by a process of
“Attenuation ”, the probabillity of occurrence of which
depends on the photon energy and material
properties;

e Photon Energy E=hv (E~ 5 eV or above for molecular damage).

o Packets (particles) of radiant energy;
e Unit of energy = “electron-volt (eV)”;

e “1 eV =amount of energy required to move an electron
through a potential difference of 1V”;
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Photon Interaction Cross-
sections

e “Interaction Cross-Section " = Probabillity
of interaction ;

e Dependent on:

Photon energy;,
Characteristics of material absorbing energy (Z, A);

e Interactions may be divided into:
Rayleigh Scatter,
Photoelectric Effect (1);
Compton Scatter (0);
Pair Production (K);



Rayleigh Scatter

Characteristics
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FIGURE 3-6. Rayleigh scattering. Diagram shows the incident photon Ay inter-
acts with an atom and the scattered photon A; is being emitted with approxi-
mately the same wavelength and energy. Rayleigh scattered photons are typi-
cally emitted in the forward direction fairly close to the trajectory of the
incident photon. &, L, and M are electron shells.




Photoelectric Effect
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Characteristics

1. Energy of Incident
photon totally
absorbed;

2. Fast electron
produced,

3. Cross section [
Z3 and 0 1/(hv)3



Compton Scatter

Compton Scattering

FIGURE 3-7. Compton scattering. Diegram shows the incident photan with
enargy B, interacting with a valence shell alectron that results in the ejection of
the Compton electron (E,.) and the simuBtaneous emision of a Compton scat-
tergd photon e emerging at an angle @ relative to the trajectony of the incident
photan, K, L, and A are electron shells,

Characteristics

1. Energy of Incident
photon not totally
absorbed,;

2. Fast electron and
scattered photon
produced,

3. Cross section L
ZIA and 0 1/(hv);



Pair Production

Characteristics

1. Consequence of
Relativity;

2. Photon converts
to 3-(electron) and
B*(positron) in field

N g of nucleus;
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Z of absorber

Combination of Effects

L = T+0+K (total combined attenuation)

Characteristics
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Physics and Chemistry of
Radiation Absorption

e Absorption of photons (X-rays or y-rays) occurs by
either:
Indirect interactions;
Direct interactions;

e Direct:
‘Fast’ electrons / positrons produced by photon interactions
collide directly with DNA,;

e Indirect:

Photons interact with cellular material producing reactive
species which subsequently collide and react with DNA;



INDIRECT *Cell is composed of 80%
ACTION H,O;

.ot *Photons can interact with

o1 H,O producing free radicals
which can migrate and

| f'.-\\ Interact with critical targets;
“.r‘ !

| ) *H,O0 - H,O*+ e (Short-
v lived ~10-19s);

ot *H,0"+ H,0 - H,O* + OH,

& \{ *OH radical highly reactive
P | (Long-lived ~10-°s);
| |
% ¥ « ~66% of X-ray damage to
i DNA occurs by this
DIRECT process:

ACTION
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DNA Strand Breaks and
Chromosomal Aberrations

e |rradiation with X-rays induces many single
strand breaks in DNA;

e This can be repaired using the other strand
as a template;

e |ncorrect repair can result in a mutation;

e |f breaks are not opposite one another, this
can be readily repaired,;

e |f breaks are opposite one another, a double
strand break can occur;
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DNA DSB Repair Processes
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Lethal Aberration 1: Dicentric Chromosome

2 difterent
pre-replication
chramosomes

1 break in
each chromosomes

IHlegitimate union

Replication {8)

Dicentric chromosome
plus acentric fragment

Interchange between
two separate
chromosomes




Lethal Aberration 2: Centric Ring

7N\

A Breaks in both arms
ot the same chromasome

Pre-replication
{G1) chromeosome

& RN

Break induced in each
arm of single chromatid
early in cycle.
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Lethal Aberration 3: Anaphase Bridge
Breaks occur late in

v . .
{ Post-replication CyCIe In SI ngle
ﬂ chromatid

et
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Q&’ Break in each \
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Cell Survival Curves

e Describes relationship between the number
of surviving cells post-radiation exposure and
the radiation dose;

e Measure of the reproductive integrity of the
cell — ultimate measure of cell function post-
irradiation;

e Commonly referred to as Clonogenic Assay;



monolayer
culture

. + trypsin
cell
Suspeﬂslon
seed
dlshes

no. cells seeded: 100 400 1,000 10,000
Xraydose: oGy |2y  |4Gy |8y Colonies Counted
T N Cells Seeded x (PE/100)

incubate 1-2 weeks

Surviving Fraction:

b PE=Plating Efficiency:

.@. No. of surviving colonies in control

S Total number of seeded cells
plating efficiency: 90% — — —
surviving fraction: —_ 0.2 .04 .005




Survival
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385-405, 1987

AC1522 normal human
fibroblasts exposed to x-
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D, as Measure of Cellular Radiosensitivity

Limited Data
Mormal far Mormal

Fibroblasts Keralinocytes

Sarcoma |

Squamous Cell Garcinomas
af the Head and Neck

Derived from Failures

Incraasing Dy -

Sensitive ———— Wild Type —— Resistant



Radiosensitivity Is Correlated with Apoptosis

Surviving Fraction

[[] EMT-6 Mouse Tumoar

B MO16 Human Glioblastoma

7, HT 28 Human Colon

b OVCAR 10 Human Owvary

() A2T80 Human Ovary

@ HX142 Human Meuroblastoma
T HX138 Human Meuroblastoma

\\-I- Mitotatic Cells of HT 20,

},{iﬂm & AZTEO

1.00 ke =

0.01 | 5 ; : \

Y
i

—

. Apoptosis s»
‘ Dominant

g Apoptosis
- \ Absent

0 2 4 6 8 10 12
Radiation Dose (Gy)

Most radioresistive
cell lines show no
evidence of
apoptosis, while the
most radiosensitive
show almost
complete dominance
of apoptosis



Apoptosis vs Necrosis

Aborted cell division of nucleus

Cell proliferation

Various stirmuli

Apoptofic

stimuli

Fig. 13.17 Comparison of cell necrosis and apoptosis.

Cell shrinkage condensation

e Phagocylosed by

macrophages:
no cell leakage,
na inflammation

Apoptotic
bodies

Cell and { —T—
organelle ! /
&mllmq

Mecrosis - cell bursts,
leakage of cellular
constifients, inflammation



Single Event Killing
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“Effective Cell Survival Curve” for Fractionated Dos es
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Low Dose Cell Survival

Survival

Classical Survival Curve

/ G = o (@t@)D-AyD’

Low Dose .
Hypersensitivity

~ 0.5-1 Gy Dose



Non-targeted effects

» Challenge classical paradigm

eg.

- Genomic instability
- Adaptive responses

- Bystander effects



The Bystander Effect

Unirradiated cells can respond to signals produced by
irradiated cells and exhibit responses similar to those
of irradiated cells

O

O
O

O




History

e 1954: First report of “clastogenic factors” in blood of exposed
Individuals

e 1968: Reports of persistent genetic factors in radiotherapy
patients’ blood

e 1992: Sister chromatid exchanges shown to occur in more
cells than would have been hit by low fluence a particles

e 1997: Low dose low LET radiation or low fluence a particles
caused a medium borne cytotoxic factor to be produced

e To date: More than 400 papers describing bystander effects



In Vitro Studies of Bystander Effects

Effect

Direct

Bystander

Dose

=Dominant at low doses (<1Gy)

=Different cell types
*A range of endpoints

sSeveral mechanisms involved

=Bystander factor still unknown

=Bystander signals



Experimental approaches for
studying bystander effects

- Low fluence particle -  Medium transfer
sources

=  Microbeams - Co-culture

- Shielding
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Radiosensitivity and the Cell
Cycle

e Cells propagate by mitosis, the result of
mitosis being the production of two cells with
identical chromosomal complements;

e The time between mitoses of a cell i1s called
the mitotic cycle time or cell cycle time;

e Molecular checkpoints exist throughout the
cell cycle which determine whether a cell is
allowed to progress to the next phase of the
cycle;
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Regulation of Cell Cycle

e The cyclin-dependent kinase (Cdk) family of
proteins are activated periodically during the
cell cycle, driving DNA replications, mitosis,
etc.

e Entry into the cell cycle is determined by D
Cyclins to begin with;

e Subsequently p53, p21, and the Cyclin A and
B complexes determine whether a cell
ultimately progresses beyond each phase of
the cycle.



CdK’s In the cell cycle

Progression thru cycle governed by
protein kinases—

activated b yclines Transcription

Factors
‘ M

Cyclin B/A

. GO
and CDK1 v

Cyclin D1
and CDK4

Multiple
checkpoints within
the cell cycle exist
with specific
proteins as
decision making
tools to decide on
progression to the
next phase.



Radiosensitivity vs Cycle
Phase

SINGLE-CELL SURVIVAL
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Radiosensitivity Is Correlated with Apoptosis

Surviving Fraction
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G, Phase Arrest

Single
strand

Genes involved in
radiation damage
response halt the cell
iIn G, phase to
prevent mitosis
occurring and to
allow repair.
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Repalir of Radiation Damage —
Dose Rate Effects

e Radiation damage may be divided into three
categories:
o Lethal damage — irreparable — cell death;

e Sub-lethal damage — can be repaired in hours
unless further sub-lethal damage occurs;

o Potentially lethal damage — radiation damage that
can be modified by external environmental
conditions;



Repair of Potentially Lethal

SMALL SOLID TUMOR LARGE SOLID TUMOR (> Icm?)
1500 R 2000 R
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TIME (hours) BETWEEN IRRADIATION AND EXPLANT

Little JB, et al, Radiology,
106: 689-694 (1973)

Tumors irradiated and
explanted to form single
cell cultures.

*Cells incubated in
balanced salt solution for
several hours to allow
repair to occur.

o|.e. If post-irradiation
conditions are sub-optimal
for growth, PLD can be
repaired.



Sublethal Damage Repair
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cycle.

Cell surviving fraction
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Elkind MM, et al, Radiat. Res. 25:359-376 (1965)



Dose Rate Effects
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Generally, as dose-rate
IS reduced effects are
ameliorated (as repair
mechanisms are given
time to establish).

However even at very
low dose rates cells
“pile up” at G, phase as
a result of this
checkpoint and cannot
progress.

“Inverse Dose Rate
Effect”



The Oxygen Effect and
Reoxygenation

e Oxygenation of mammalian cells during
irradiation enhances cell killing.

e For the oxygen effect to be observed, O,
must be present during, or within
microseconds, of the administration of the
radiation exposure.
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Similar effects seen with
other ionising radiations.

Palcic B, et al, Radiat. Res.
100:328-339 (1984).



Mechanism of Action

\‘1 Indirect Action
| Dominant for X-Rays
!

Oxidation of
DNA by OHe
may generally
be reduced.

In presence of
O, an organic
peroxide of
DNA is formed
which “fixes”
the damage.



LET

e The “Linear Energy Transfer”, or LET (L,),
defined the amount of energy an ionising
radiation deposits per unit length in an
absorbing medium.

NI

e This determines the lethality of the radiation
per unit dose.
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Acute (Deterministic) effects of TBI

e Acute Radiation Syndrome (ARS) Is quite
well defined in humans (Chernobyl, A-bomb,
accidents etc.):

o Early symptoms — prodromal radiation syndrome;

e >100 Gy: Cerebrovascular syndrome (24-48
hours);

e 5-12 Gy: Gastrointestinal syndrome,
e 2.5-5Gy: Hematopoletic syndrome;



Critical Phase of Acute Radiation Syndrome (ARS)

Degree of ARS and Approximate Dose of Acute WBE (Gy)

Mild Moderate Severe Very Severe Lethal
(1-2Gy) (-4 Gy) (4-6 Gy) (6-8 Gy) (>8 Gy)
Onset of >30days  18-28 days 8-18 days <7 days <3 days
symptoms
Lymphocytes (G/L) 0.8-1.5 0.5-0.8 0.3-05 0.1-0.3 0-0.1
Platelets (G/L) 60-100 30-60 25-35 15-25 <20
10-25% 25-40% 40-80% 60-80% 80-100%°
Clinical Fatigue, Fever, infections, High fever High fever, diarrhea, High fever,
manifestations weakness bleeding, infections, vomiting, dizziness diarrhea, un-
weakness, epilation  bleeding, and disorientation, CONSCIOUSNEss
epilation hypotension
Lethality (%) 0 0-50 20-70 50-100 100
Onset 6-8 weeks Onset 4-8 weeks  Onset 1-2 weeks 1-2 weeks
Medical response  Prophylactic ~ Special prophylactic  Special Special treatment from  Symptomatic only
treatment from prophylactic day 1; isolation from
days 14-20; treatment from  the beginning
isolation from days ~ days 7-10;
10-20 solation from

the beginning



Radioprotectors

e Radioprotectors have been found to prevent
the effects of ionising radiation (by reducing
the amount of oxygen in critical organs):

Cysteine;
Cysteamine;
Amifostine;



Radioprotectors
containing a
sulfhydryl group
scavenge free
radicals created by
Indirect interactions
of lonising radiation
with H,0.

Most effective for
low LET radiations.



Radiocarcinogenesis
(Stochastic Effects)

e Evidence for radiocarcinogenesis began to
accumulate almost immediately post the
discovery of ionising radiation (Marie Curie);

e Risk estimates are currently available from
large irradiated cohorts, eqg:

A-bomb survivors (Japan — 120,000);
Ankylosing spondylitis patients (UK — 14,000);
Tinea capitis patients (Israel — 10,834);



Relative Risk

Dose Response in A-Bomb Survivor Data

1:5 =

1.4 -

1.3 1

1.2

1.1 =

1.8

2.5

Although
response is
non-linear at
low doses it is
not statistically
significantly
different from a
linear response

LNT Model

0.0 0.1 0.2 0.3 0.4 0.5

Gamma-Ray Dose Equivalent (Sv)

Pierce DA, et al, Radiat. Res., 154:178-196 (2000)



Structure

nysics and Chemistry of Radiation Absorption;
noton Interaction Cross-Sections;

NA Strand Breaks and Chromosomal
perrations;

Cell-Survival Curves;

Non-Targeted Effects;

Radiosensitivity and Cell Cycle;

Dose Rate Effects and Damage Repair;
Acute Effects and Radiocarcinogenesis;
Radiation Protection;
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Radiation Protection

e System of Radiation Protection based on LNT hypothesis giving:
e “ALARA Principle”;
e Dose Limits for Workers;
e Constantly reviewed by ICRP and NCRP;
e Designed to protect against risks of:
e Deterministic Effects;
e Stochastic Effects;
e Limit expressed as quantity of Effective Dose (Sievert, Sv):
e Organ radiosensitivity-weighted cumulative whole body dose;
e RIisk estimate ~ 5-7 % per Sv Effective Dose;



Risk Estimates in Context

e For atypical Chest X-ray the Effective Dose is
0.02 mSv (0.00002 Sv)’

e Therefore risk = approx. 1.5 per million

e Risk of fatality in car accidents = approx 1 in
10,000 (1.3% of all deaths) (cso vital statistics, 1998)

e Risk of natural Cancer Death In Ireland almost 1 In
500 (23% of all deaths) (poHc vital statistics, 1999)
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