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arning Objectives

a typical cell survival curve

e the key char

istics of survival curves

different mathematical models to fit and
t cell survival curves

| survival data to predict tumour control

proba ility



Structure of the Lecture

Quick revie

|A structure
on cells ( DNA damage)

interpretations

- quadratic model (dual radiation action)
sical models (repair models)

= Calculations from survival data



My Famous Flow Chart

lonize and Excite Atoms
Radiolysis of H,O

Produce chemical radicals

Induce DNA damage <Y0u were Here

Cell Transformation Mutation Death

Organ Carcinogeneis Mutagenesis Necrosis/Apoptosis



Radiobiology Timing

= Physics (1018 sec)
= photoelectric, Compton effects, etc.
= Fast electrons in motion

= Radiation Chemistry (10 sec)

» Jonization of H,O
= DNA damage

= Radiation Biology (> 10° sec) You are

= cell survival Here

= “4R’s” of radiobiology



Radiobiology Sizing

Physics (fm)
photoelectric,

<And here




Gellular targets susceptible to radiation damage

Chromosome
Chromatid Chromatid

The DNA contains the
genetic information needed
for the replication and the
functioning of cells.

The loss or modification of
some specific genes may
lead to the loss of specific
functions essential to cell
survival

DNA is t
susceptib



DNA is sensitive to many types of chemical damage
Why not to radiation-induced radicals ?

Micro-Irradiation of cell nucleus (alone) Kills cells

micro-irradiation of cytoplasm is fare less effective

Assays of DNA and chromosomes show clear damage

Cell killing correlates with some types of chromosome
aberrations

cell survival correlates with absence of such aberrations

IUdR/BUdR experiments — DNA Base manipulation
Auger electrons within DNA space enhances damage
LET of radiation plays a role in “compacting” energy into DNA

Computer simulations of radiation physics (tracks), chemistry,
DNA damage predict experimental data



SSB’s and DSB'’s

FIGURE 2.2 @ Diagrams of single- and |
double-strand DNA breaks caused by radiation. G
C
|

e

A: Two-dimensional representation of the normal
DNA helix. The base pairs carrying the genetic code
are complementary (i.e., adenine pairs with thymine,

guanine pairs with cytosine). B: A break in one strand C
is of little significance because it is repaired readily,
using the opposite strand as a template. C: Breaks in ok .

e ) -=-O—
T — p—
e -~

e O = = ) =
e 3 = e

both strands, if well separated, are repaired as S A G A A & T
independent breaks. D: If breaks occur in both strands G & A T _’{ ! /
and are directly opposite or separated by only a few c c A

base pairs, this may lead to a double-strand break in
which the chromatin snaps into two pieces. (Courtesy
of Dr. John Ward.) D

E. J. Hall and A. J. Giaccia. Radiobiology for the radiobiologist
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pbserving DNA Breaks

DNA fragments
of various sizes
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FIGURE 2.4 ® A: The effect of ionizing radiation on DNA strand break induction
as measured by pulsed-field gel electrophoresis. As the dose of ionizing radiation
increases from 5 to 100 Gy, the size of the DNA fragments as detected by ethidium
brodime staining decreases. Thus, more DNA enters the gel with increasing dose of
ionizing radiation. In these experiments, cells were embedded in agarose and irradiated
on ice to eliminate the effects of repair. The number above each lane refers to the dose
in Gy to which each group of cells was exposed. (Courtesy of Dr. Nicholas Denko.)

B: Photomicrograph of control and 8-Gy irradiated cells as detected by the comet assay.

‘. Markers

Agarose gel
Buffer solution

ke

Small DNA fragments travel farther than large

FIGURE 16.11 @ |lllustration of agarose gel
electrophoresis. DNA is negatively charged, so that
under the influence of an electrical field, it migrates
toward the anode. During electrophoresis, DNA
fragments sort by size, small molecules moving farther
than larger molecules. Because smaller molecules move
farther than larger molecules in a given time,
polyacrylamide gel electrophoresis often is employed to
separate smaller DNA fragments with greater resolution

than with agarose. Unirradiated cells possess a near-spherical appearance, whereas the fragmented DNA in
irradiated cells gives the appearance of a comet when stained with ethidium bromide.
(Courtesy of Drs. Ester Hammond and Mary Jo Dorie.)



A B

e —————— 2 different
pre-replication (G,) Pre-replication
—e— chromosomes (G,) chromosome
e - em—| — /\ Breaks in both arms of
1 break in each the same chromosome
[ —— chromosome f %

Chromosome aberrations
resulting from DNA damage

i tg Illegitimate unions © Incorrect unions

" [ oot e —. |
Replication (S)

Replication (S)
Dicentric chromosome
plus acentric fragments
Overlapping rings

e — e | z
—r Acentric fragments

Post-replication (G,)
chromosome

Break in each
chromatid
(isochromatid deletion)

Sister unions

Dicentric chromatid, plus
acentric chromatid fragment

E. J. Hall and A. J. Giaccia. Radiobiology for the radiobiologist



Flow Chart

Induce DNA damage

' . @u are now Here

CMLTransformation Mutation Death

Organ Carcinogeneis Mutagenesis Necrosis/Apoptosis



M6 Gell Death?

gL L A EN(stem cells and in-vitro),
ive ability

it unlimited cell division)

(differentiated cells)



sms of Cell Death

eath of cells while attempting



.. 50 cells).

1 generations of descendents

Definition can vary according to the end point
- of the assay (e.g. in vivo tumour size)



at 1s a Cell Survival Curve ?
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(b) Radiation dose (Gy)




What does it look like ?
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for the same level of effect

Fig. 1 Survival of CHO cells as a function of dose measured for x-rays and 11 MeV/u carbon ions. RBE
values calculated from these curves as indicated depend strongly on the survival level [3].




YOW IS CELL SURVIVAL
ASURED?

" ,' Clonogen as ays



sasic Method

Remove cells from th
environment, and test t

lvide several times and ultimately form a macroscopic colony that can be
nted if it exceeds a threshold size.

» Count colonies containing = 50 cells (5-6 generations of proliferation)



/ e ”\ (1) (= == = = = — Actively growing culture of cells.
/i -

* Prepare single cell suspension by

monolayer

culture adding trypsin (enzyme) to detach
cells from the surface of the flask.

+ trypsin (2 === == === == » Count the number of cells per unit

volume.
seed : - '-:-'1 \ fii i :
dishes ) . o N ‘

no. cells seeded:

cell .
suspension

Seed a into ne
Petri dishes. Some flasks are irradiated
at different doses and others are used
as control.

X ray dose: 6 Gy
T Allow for growth. Each single cell
(4) A4 may divide several times and

Incubate 1-2 weeks ultimately form a macroscopic colony
that can be counted.

AN
Count colonies containing = 50 cells
(5) . @ (5-6 generations of proliferation)




In-Vitro Colonies are “spots” of Specified Size

Fig. 3.1. Colonies of V79-1 Chinese hamster cells (9 cm Pyrex petri dishes) stained
with methylene blue (3ml of a 1% water solution per 10ml of growth medium;
45 minutes at room temperature): upper left, Orad (12-days growth); upper right,
542 rad (14-days growth); lower left, 1083 rad (16-days growth); lower right, two 542 rad
exposures separated by 8 hours at 37°C (16-days growth). (Courtesy of Elkind and
Sutton, Radiation Res., Ref. 3.)




Cell Colony Math




Jlating Efficiency Correction

diated) into each dish, how many colonies should we expect?

100 ?7?7?

easu

. - yrowth efficiency.
'ed out will form cola

several reasons (independent on radiation):
, damage and stress during trypsinization,....
cy” is a coefficient that accounts for this extraneous effect



NEtSurvival Fraction as a function of Dose

es with different number of starting cells exposed

lumber of starting cells seeded per dish needs to be
S0 that a countable number of colonies is obtained
al significance.



monolayer
culture

+ trypsin

What is the plating efficiency?

cell :
suspension
seed
dishes
no. cells seeded: 100 400 1,000 10,000
1 1
X ray dose: 0 Gy 2 Gy 4 Gy 6 Gy
N \%
incubate 1-2 weeks
J/ \L What is the surviving fraction?
WV WV
no. colonies counted: 90 72 36 45



Cell survival curve Plotting

Cell survival against
dose is graphically
represented by plotting
the surviving fraction
S(D) on a logarithmic
scale on the ordinate
against dose D on a
linear scale on the

abscissa. N\
> 0.0001
012345678910

(b) Radiation dose (Gy)

=
o
B
g
o
=
=
e
S
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Why a Iogarithmic scale? Handbook of radiotherapy physics: theory and practice
1. Effects at very low survival levels can be shown and compared.

2. The cure of a tumor requires many orders of magnitude of cell killing.

3. If cell kill'is the result of a single-hit radiation event, then survival will be exponential

function of dose



Practical uses of cell survival curves - RBE
ent of LET effects

U

ical effectiveness (same cell line, different radiations)

CHO-K1
Hy —& ooy

0.5} ™ - Carbon 11 MeV/u
0.2}
S
E 01F g
= C
m I

! » Densely irradiated cells (high LET):

Exponential function of dose
.02t
0.01 P Sparsely irradiated cells (low LET):

’ bose fey ¢ Initial slope followed by a shoulder
region and a straight line at high doses

Cpartiole

for the same level of effect

Fig. 1 Survival of CHO cells as a function of dose measured for x-rays and 11 MeV/u carbon ions. RBE
values calculated from these curves as indicated depend strongly on the survival level [3].




actical uses of cell survival curves - OER

ensitivities of different or altered cell lines (same radiation source)

Example: investigate the effect of oxygenation.

The response of cells to ionizing radiation is
strongly dependent upon oxygen.

OER: oxygen enhancement ratio = ratio of the
radiation dose in hypoxia to dose in air needed to
achieve the same biological effect

Surviving fraction

'Dxlt;‘\ Hypoxic

0.001 Doxic Dhypixi
5 10 15 20 25 30

Radiation dose (Gy)

measurement of effects of radio-sensitizers/ protectors (same radiation)

SER: Sensitizer Enhancement Ratio



Practical uses of cell survival curves - Sensitizers

0.1
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A 100kVp

A 100kVp+IUdR
0.00001 —e— W Filtered + IUdR
® W Filtered

0.0001

0.000001

Karnas et al.




Cell Survival Observations

Survival (or clonogenic) assays examine the effect of radiation (or
drugs) on the ability of a cell to proliferate.

Thus - survival is defined as the ability of a cell to retain long term
proliferative potential.

Conversely cell killing is regarded as inhibition of proliferative
potential. It may or may not result in cell death (i.e. lysis) and
removal from the population.

Following low doses of irradiation (< 15-20 Gy single dose) many
cells do not show morphological evidence of damage unless they
attempt mitosis.

At higher doses cells may die in interphase (usually by apoptosis)

Exceptions include lymphocytes, spermatocytes, oocytes,
endothelial cells which undergo apoptosis following lower doses
(1-2 Gy for lymphocytes)

R. Hill, PMH



“The radiosensitivity of ¢
reproductive capacity and
differentiation” 1906




Radiosensiti
nal cells of the ovary and testis.

poietic tissues: red bone marrow,
ph nodes and thymus.

Liver Kidney

Cartilage Muscle Nervous System



IATNIANY Survival back to
ITOMosome Damage

Y =101 X-.005

20 30 40 50 60
Average “Lethal" Aberrations Per Cell (X)



Aberrations per Cell

RECAP on Linear Quadratic (LQ) Model

Human lymphocytes
60Co gamma rays
y = aD + 3D?

ic - F
g ~

Linear g!
@)
. 0w
- oo €aD

1 2 3 4 5 6 7
Absorbed Dose (Gy)

Quadratic

36



LQ Parameters

Densely
lonizing
(neutronsor !
a-—rays)

Sparsely
lonizing ———
i X-rays

B Is a smaller constant describing the quadratic component.
o/B gives the dose at which the linear and quadratic components are equal

a/B = 10Gy for Tumour Cells; a/B = 3Gy for Normal Cells - curvier

Advantage: Only a couple of parameters to fit
Disadvantage: Continuous downturn does not fit experimental data at large D

37



o/g ratios from lab data
(From Thames and Hendry)

Early Reactions| High o/: ~10

skin

hair follicles 55-7.7
lip mucosa 7.9
jejunum 741
colon 8.4
testis 13.9
spleen :

Late Reactions | Low o/f: mostly ~3

spinal cord
brain

eye 1.2

kidney 0.4 - 4.1
bladder 7.2-78
lung 21-43

bowel



Table 9.1 Fractionation sensitivity of human normal tissues and tumours

Tissueforgan

Early reactions
Skin

Oral mucosa

Late reactions
Skinfvasculature

Subecutis
Breast

Musclefvasculature/
cartilage
Merve

Spinal cord
Eve

Bowel
Bowel

Lung

Head and neck
Head and neck
Supraglottic larynx

Oral cavity + oropharynx

Tumours

Head and neck
Various
Larynx
Vocal cord
Buccal mucosa
Tonsil
Nasopharyn:

Skin

Prostatet

Breast

Oesophagus

Melanoma

Liposarcoma

Endpoint

Erythema
Erythema

Dry desquamation
Desquamation
Mucositis
Mucositis
Mucositis

Telangiectasia
Telangiectasia
Telangiectasia
Fibrosis
Cosmetic change

in appearance
Induration (fibrosis)
Impaired shoulder
movement
Brachial plexopathy
Brachial plexopathy
Optic neuropathy
Myelopathy
Corneal injury
Stricture/perforation
Various late effects
Fneumaonitis
Lung fibrosis
(radiclogical)
Warous late effects
Various late effects
Various late effects
Warous late effects

/3 (Gy)

2.8
12.3

1.2
9.3
15

2.8
26
28
1.7
2.4

2.9
4.2
4.0
31

2.5
4.0
28
0g

10.5
14.5°
~13
6.6
7.2
15
a.5"
1.1
4.6
4.9
0.6
0.4

9506 CL (Gy)

6.9; 11.6
1.8;22.8
MJA

8.5;17.6
5.8 17.9
—15; 45
MJA

1.7; 3.8
2.2;33
—0.1; 8.1
0.6; 2.6
2.3; 4.5

1.2;4.4
0.7, 6.2

Mis

Mis

-7 10

M is
—4:10
2.5, 53
2.2;89.86
2.2;5.8
—0.2; 85

1.1; 59
3.3; 50
0e 14
—0.6; 25

6.5, 29
4.9; 24
‘wiide'
2.9; o
3.6; =
—11; 43
4.5 1.2
—2.2; 5.6
1.1; 84
1.5, 17
—1.1; 2.5
—1.4;54

Source

Turesson and Thames (1989)
Bentzen et al. (1922)
Chogule and Supe (1933)
Turesson and Thames (1999)
Denham et al. (1995)
Rezvani etal [1991)
Chogule and Supe [1993)

Turesson and Thames [1929)
Bentzen et al (1990)

Bentzen and Qvergaard [1991)
Bertzen and Qwergaard [1991)
START Trialists Group (2008)

Yarnold etal [(2005)
Bentzen et al. [19289)

Dlsen et al. (1990])
Powell etal (1990])
Jiang et al [1994)
Dische et al. (19281]
Jiang et al [1994)
Deore et ol (1993)
Dische et al. [1299)
Bentzen et al (2000)
Dubray etal (1995)

Fezvani etal (1991)
Stuschke and Thames [1999)
Maciejewski etal [19886)
Maciejewski etal (1990)

Stuschke and Thames (1999)
Rezvani etal (1993)
FRobertson et al. [1993)
Maciejewski et al. [1989)
Maciejewski et al. [1989)
Lee etal. (1995)

Trott et al. [1924)

Bentzen and Ritter [2005)
START Trialists Group (2008)
Geh et al. (2006)

Bentzen et al. [1929)
Thames and Suit [1986)

CL, confidence limit.

“Re-analysis of original published data.
+5averal more estimates are available from comparisons of cutcome after brachytherapy versus extemal-beam therapy.

Reference details are available from Seren Bentzen. See also Thames etol (1990) and Table 13.2,
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Introduction to

JTumor Control Probability ( TCP )

Objective of radiation therapy:
Eradicate the tumor without causing complications in the normal tissue

ariability between tumours and between patients, no host
response (e.g. immunology, inflammation) against residual cancer
ells.

. umor control is achieved when the last clonogenic cell is sterilized.

m oisson statistics apply:

TCP models are used to make outcome predictions and to optimize treatment
plans based on biological models

We need to understand:
The effect 6f’varying tumor characteristics on outcome (radiosensitivity, heterogeneity,...).
The effect of different treatment modalities on outcome (prescribed dose, fractionation,.... )
Example: investigate the therapeutic advantage of increasing dose

.

m: mean number of clonogenic cells that survive the treatment.

How does m relate to our previous sections? »



Can Su y]v Predict Tumour Cure?

ced cell survival to be <<<1 cell

obability of this occurring ? TCP

Chance of Cure

Dose

2
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JCP Curves

Dose response curve is sigmoidal in shape.

At lower doses, the curve is shallow and there is only a slow
increase in the effects with radiation dose.

The steepness reaches a max at 50% (0.5) response.

The same is true at high doses (saturation).

a4
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Survival fraction
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Survival fraction

8888888

3333333

yafie o and p values, but tumors
lifferent sizes

108
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Multi-Fraction Cell Survival Curves: Dose Fractionation —

Effective Survival Curve
for a Multifraction Regimen
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summary

d DNA breaks lead to a break in
rmS,, Illegsll

e breaks lead to re-
ngements tha be stable (cell
formation) or unstable (cell death)

urvival curves provide insight into the
ts of radiation + drugs

- @ The Linear Quadartic (LQ) Model links
- chromosome damage to cell survival nicely !




Jart Il = Mathematical models of
| survival

atical models?

the shape of survival curves

ituations for which no data are available

ave been developed:

= Single-Hit Multi-target model
= Linear quadratic model (Dual Action)

Biophysical models:
= include bioprocesses (4Rs)
= e.g. DNA repair

49



Track Statistics

.

Binomial
Distribution
Of ‘Hits’
Following
N ‘trials’

Indirect

Action Action

Poisson
Distribution

If Probability of
“hits” is small,
And the # of
trials is

Large.



Tracks and Lethal Lesions for different LET Radiation and Volumes

Whole Individual Chromatin fibre DNA LN DUk
tissue cells (total ~5 cm per cell) |(total ~2 m per cell) eperaczslnons
| ST — ”:—-.—-»»:,':
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220 ' '\91"'/ N7 [om | ~0.
Rn ! J R A el 001
’ — — & gm—
(3 s) : 25 nm segment 2 nm_segment
Dose Variable Large fluctuations |Very large fluctuations [Very large fluctuations
unitormity | Doses=0 to -2 cGy Doses=0 to ~30cGy| Doses=0 to ~10" Gy | Doses = 0 to ~2x108Gy
Mean number ~107 gram™ ~0.1 cell” ~6x107 segment" ~10° segment"
of tracks ~90% of cells unirrad. [~1 segment hit cell” [~10 segments hit cell”
N k 7% b AN
External Al E //\ 'TQ
5. ? ! I ' “‘//’ \\\" /" nm -~ o
10 MeV ¥ S l Ml NAvt 05
neutrons e =—>
=t : - 25 nm segment 2 nm_segment
Dose Uniform Large fluctuations |Very large fluctuations |Very large fluctuations
uniformity Dose =1 cGy | Doses = 0 to ~5 ¢Gy| Doses=0 to ~5x103 Gy| Doses=0 to ~10661
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DNA damage depends on the “intersection” of
hromatin structure and the radiation track structure.

DNA double helix

short region of //\’\//\’\//\’\//\\//\\// :2 nm

“beads-on-a-string” —2 2
form of chromatin

30-nm chromatin
fiber of packed
nucleosomes

section of
chromosome in
extended form

condensed section
of chromosome

— centromere

entire mitotic '
chromosome m ,1400 L

Figure 5-24 Essential Cell Biology, 2/e. (2 2004 Garland Science)




larget Theory
Assumptions:
1. Sensitive volumes (targets) are uniformly distributed within the cell nucleus
2. Targets have identical sensitivity to radiation damage
3. A hit in a given number of targets causes cell inactivation

A “Hit” is defined as a physical event (energy transfers) in a sensitive target volume
leading for instance to the inactivation of a gene critical to cell survival

Fig. 2. Schematic diagram of a cell and its nuecleus taken as the gross sensitive volume. The
lightly dotted regions represent the sensitive matrix, i.e., the volume ecollectively occupied by the
loci. The heavy dots represent energy transfers due to a charged particle.

Kellerer A. and Rossi. A generalized formulation of dual radiation action. Radiat. Res. 75, 471-488 (1978) o4



General Model

o of a tissue to a given type of radiation. D [Gy] is the dose.

“energy deposition events” per unit volume and unit dose

pe=NxD . density of “events”

J. The probability to “hit” a target is:
o #of events inVj
#of events

Jross” volume of interest
. the volume of the cell

that a sensitive volume in the cell is hit “h” times?

Its in the cell (Trials) is pV¢
‘times, then it is missed (p.V - h) times.
iIng independent events, the chance of getting hit exactly “h” times, in_any order,

Binomial Distribution

95



f Single Target, Single Hit

1 can be caused if a single target is hit just once.

Ible when the sensitive volume (target) cell

= ’f p (use Taylor Expansion)

56



Dose=1cGy

Expected average number of hits in the cell per unit dose

57



many trials, you can use Poisson statistics

58



e-kD

Dose

ulti-target single-hit theory:
ltiple targets must be hit a least once in order
Induce cell inactivation

59



: 1-e*D
ing hit is: (L-e*o)n

~ nisthe # of
Jlargets

In S
Slope

Intercept

Disadvantage: predicts zero initial slope, which is not observed.

Dose
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Densely

lonizi e
(ﬁgf{zﬂms or / :
a-—rays) Sparsely |
lonizing D) =
x-rays —
0 8 12 16
Single Ingle target Single hit, multiple targets
for Large D

The multi-target single-hit model describes the slop of the survival curve by:

D, characteristic dose (mean lethal dose): reduces the population of cells from N to
0.37N.es (1/€e) on parts of the survival curve that are exponential.

D, = dose required to deliver one inactivating event (on average) per cell.

Extrapolation number n: extrapolated point of intersection of the final slope onto

the log survival axis
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Densely

lonizing -
(neutrons or / :
a—rays) Sparsely |

lonizing D) =
x-rays -

0 4 8 12 16

The shoulder portion can be described either by the
~ extrapolation number (n targets) or the quasi-threshold, D,,.

D,: quasi-threshold dose is obtained as the offset at intersection of
Sy line with the final slope line (Do) .

For D >> Dq,

62



InS-

;. a Repair/Recovery Term

dded to single-hit, single-target model
e+ro[1—e(—D /1)]

alr

ue to repair (saturation)
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More about the dual action:
spatial distributions

A Generalized Formulation of Dual Radiation Action®

4 AvrEcHET M. KELLERER AND HArRALD H. Ross1

Institut fiir Medizinische Strahlenkunde der Universitit Wiirgburg, Wiirzburg, Federal Republic of
Germany and Radiobiological Research Laboratories, Columbia University,
New York, New York 10027

KerLerer, A. M., anp Rossi, H. H. A Generalized Formulation of Dual Radiation
Action. Radiat, Res. 75, 471-488 (1978).

Dhial radiation aection is a process in which cellular lesions are produced as a result
of the interaction of pairs of sublesions that are molecular alterations produced by
ionizing radiation. Previous formulations of this process have employed a number of
simplifying assumptions that limit the accuracy and the range of application of theo-
retical analysis. The formulation presented here removes some of these restrictions by
introducing three functions that describe the geometry of the sensitive material in the
cell, the geometry of the pattern of energy deposition, and the interaction probability of
sublesions as a function of their separation. The relation derived is similar to that
obtained previously, in that lesion production is found to depend on two terms that are
proportional to the first and the second power of the absorbed dose. However, the
coefficients of these terms are now derived on the basis of a more realistic treatment.




Human lymphocytes
60Co gamma rays
y = aD + D2

Qua

SO

Aberrations per Cell

1 2 3 4 5 6 7
Absorbed Dose (Gy)

FIGURE 2.11 * The frequency of chromosomal
aberrations (dicentrics and rings) is a linear-
guadratic function of dose because the
aberrations are the consequence of the
interaction of two separate chromosome breaks
(a pair of DSBs). At low doses, both breaks may
be caused by the same electron; the probability
of an exchange aberration is proportional to
dose (D). At higher doses, the two chromosome
breaks are more likely to be caused by separate
electron tracks. The probability of an exchange
aberration is proportional to the square of the
dose (D?).

Back to Linear Quadratic (LQ) Model

Linear-Quadratic Relation

Effect

Quadratic

FIGURE 3.5 < Relationship between chromosome aberrations and
cell survival. Cells that suffer exchange-type chromosome
aberrations (such as dicentrics) are unable to survive and continue
to divide indefinitely. The survival curve bends if the quadratic
component dominates as the dose increases
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Inal Dual Action Idea

ction of Radiation on living cells)

Single track event Two uncorrelated track events
a\ / Close in time-space

lesions could interact to
tance for interaction

duce a lesion - if within a given

ns is proportional to D?
odels:

=More specific definitions of “sublesion” and “lesion” (observables)

‘#The interactions of sublesions related to temporal and spatial energy
distributions (distance models). It’s all a complex matter of “space and time”

» Compound dual radiation action theory
67



nematical Models

Ingle-hit, single-target fit the

2ntly precise nor are the
ently different to allow the
1 of a ‘CORRECT’ model. It is curve-fitting !
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Overall Summary

Cell Survival Curves can be measured
For mammalian cells, the curves are not simply exponential

The LQ Model fits most observation very well
- lethal unstable chromosome yield linked to
- cell survival (on semi-log plot)

Underlying cell killing actions are described by target statistics
- and dual action theories

- sublesions, lesions

- what are these biological entities ?

Tumour control can be predicted from cell survival
(if cell parameters are known in vivo !)



	8168df9068575256ea2fe56abff854774b6283b3935360381e66e3509e3847f9.pdf
	Diapositiva 1
	Diapositiva 2

	8168df9068575256ea2fe56abff854774b6283b3935360381e66e3509e3847f9.pdf
	8168df9068575256ea2fe56abff854774b6283b3935360381e66e3509e3847f9.pdf
	Diapositiva 3
	Diapositiva 4

	8168df9068575256ea2fe56abff854774b6283b3935360381e66e3509e3847f9.pdf

