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... DNA > CELL = TISSUE

O Response of tissues or organs to radiation varies markedly,
depending on two factors:

» Inherent sensitivity of the individual cells

= Kinetics of the population

Prof. P. Coan #3
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O Effects of radiation on tissue as a function of dose are measured with
assays and the measured results are presented in the form of:

« Cell survival curves » Dose response curves

O 3 categories of tissue assay (experiments/measurements):

+ CLONOGENIC ASSAYS measure the reproductive integrity of the
clonogenic stem cells in tissue and the measurements result in cell
survival curves.

* FUNCTIONAL ASSAYS measure functional end points for various
tissues and produce dose response curves.

« LETHALITY ASSAYS quantify the number of animal deaths after
irradiation of the whole animal or of a specific organ with a given dose.

Prof. P. Coan #4
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U Plot of a biological effect observed against the dose given

0

Dose response may refer to: o3
. . . . = &

= Clonogenic end points, i.e. cell survival s @
. . ©

= Tumour induction 3 e
0: —

» Functional end points

L anon Dose
(linear scale)

U Generally, as the dose increases so does the effect.

4 3 types of dose response relationships are know:

: HHEQE UADRATIC ~> They may or may not
Q have a threshold dose.
= S|IGMOID
Prof. P. Coan e
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Dose response curves:
LMU| 5525 || different types

(A) Linear relationship with no
threshold.

(B) Linear relationship with threshold.

(C) Linear-quadratic relationship with
no threshold (stochastic effects such
as carcinogenesis).

Response (Inear scale)

(D) Linear relationship with no

threshold and the area under the 0 oy O,

dashed line representing the natural LIRS GHORME )

incidence of the effect.

(E) sigmoid relationship with O Threshold dose is the largest dose
threshold D,, as is common for for a particular effect studied below which
deterministic effects in tissues. no such effect will be observed.

Prof. P. Coan #6
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e In following lectures...

U Surviving fraction (on a logarithmic scale)

100
s
against absorbed dose H R
L . . . . 3 10-1 .
- Surviving fraction of cells = fraction of irradiated cells @ oz
that maintain their reproductive integrity (clonogenic cells) o e s
Sparsely
lonizing
Q Surviving fractions can be 0T 1 R
measured IN-VITRO or IN-VIVO
},:7} 3‘ + Adjust the number of cells to obtgin |_ S/S0 = e-ﬂD-BDZ Dose
7 e about the same number of colonies
= 0000
T LR .
QOO0 o 2
Prof. P. Coanﬁu R #7

womie: Cell survival curve
LMU UNIVERSITAT

MONCHEN In feW WOI'dS .

O Coefficient a

Densely
lonizing
(neutrons or
a-rays)

lethal single-impact injury
mostly due to double strand breaks 10-2

Sparsely
4 Coefficient B

lonizing
. ; 163 1 | T ]

lethal injury due to accumulation : g ! 55 16

of sub-lethal injury

multiple hits of the DNA g/ ganp? | DOSE
Alpha/Beta Ratio Shoulder
* determined by a dose point = is representative of the repair
« Point on survival curve where capability of the cell population

single and multi-hit killing are equal = Wider in slowly dividing cells
= Larger in cell lines with a wider = Narrower in rapidly dividing cells

repair shoulder

#8
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Aim of radiotherapy is
= to deliver enough radiation to the tumour to destroy it
= and to spare as much as possible the normal tissue

Normal tissue response to radiation

#9

e Normal tissue response to
LMU | [sssi | | radiation
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The clinical problem

U Despite improved radiotherapy targeting,
normal surrounding tissue will receive dose

O This can result in acute (early) and late normal tissue toxicity

U Some acute toxicities are dose-limiting (e.g., mucositis)
and can interrupt treatment

U Thus, it is important to understand the pathogenesis of these events

Prof. P. Coan # 10



In the clinic, two types of toxicity are observed:

U ACUTE (early) EFFETS

occur during or shortly after radiotherapy (within 90 days)

U LATE EFFECTS

occur months to years after radiotherapy

Acute tissue effects
(usually transient)

* Hardening and shrinkage of irradiated breast tissue
* Lung fibrosis and stiffening

* Mucositis
* Radiodermatitis

¢ Diarrhoea » Small bowel malabsorption and strictures
* Hair loss * |schaemia leading to bowel perforation and fistula
 Cystitis * Haematuria (blood in the urine)
* Proctitis » Skin telangiectasia (chronic radiation dermatitis)
* Bone marrow * Hormone deficiency
suppression * Infertility

* Pneumonitis

* Radiation-induced secondary malignancies

4/27/2020
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Acute vs late responding tissues

U ACUTE (early) responding tissues

contain rapidly proliferating and renewing cells
(e.g. skin, mucosa, intestinal crypt cells, bone
marrow)

U LATE responding tissues

contain cells that divide infrequently
(e.q. liver, CNS, kidney, lung)

Prof. P. Coan

Damage clinically
manifests

rapidly within days to
- weeks

slowly within months
mm) to years, well after
radiotherapy

#13

Lowie. Tissue-specific
LMU UNIVERSITAT di itivit
MONCHEN raalosensitvity
Increased radiosensitviy

100 -

80 -
z
2
T 60-
._T v Bone '
S marrow
e |
¢ 40 |
N r

|
20 [
:"
/
0 ' ,/ . ' . .
6 8 10 12 14 16 18

Dose (Gy)

There is a steep dose-response
portion to the curve especially
pronounced for bone marrow
(i.e. early responding tissues)

The radiosensitivity of tissues is different. The threshold dose is different
and also the response-> different slope of the dose-response curve

Prof. P. Coan Hill and Bristow in Basic Science of Oncology # 14
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Acute effects

LMU

Healing

Vascular ” Saecondary
[ effects, r---»{Hypoplasia—»| eoffects —"
@ (infection)

4 Inflammatory and
vascular changes
predominate initially

Prof. P. Coan

4 Followed by loss of
functional cells in
organ (hypoplasia)

U Healing occurs by
stem cells

#15
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stem cells and repopulation

= Surviving stem cells or stem cells from adjacent healthy tissue, can repopulate the

irradiated tissue

= During radiation: increased proliferation of surviving cells

= Relevant to ACUTE responding tissues, not relevant to late responding tissues

= As the treatment time increases,
repopulation effect increases.

- Prolonging the treatment time
allows for repopulation of tissue,
and thus higher doses can be
delivered.

Prof. P. Coan

Skin (acute response) Kidney (late response)
Singla 16 fractions 16 fractions
dese [—20 days
— 40 days|
£ L |== 80 days|
/”
’,/ / Single dose
piof 3 - 4
/) / L
8 days / /
A% .
20 cays /
43
Total dose
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O Severity and healing time (resolution) are proportional to the delivered
dose

high dose

severity

time / weeks

U Damage is almost always reversible and healing is complete

U Severe acute effects may predispose to development of late toxicity
(consequential effect)

Prof. P. Coan From W. Dorr - Basic Clinical Radiobiology #17
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U Complex interactions and processes determines late effects

O Vascular changes (impaired perfusion), fibroblast differentiation
(scarring), macrophages and immuno-cells (inflammatory mediators)

U Radiosensitivity of any one cell type cannot predict radiosensitivity of
the whole organ!

\In(}ucﬂon Progrossion Manifestation

// Parenerwma\
[ endothetium B Loss of
'\ﬁbroblasts / function
‘k__/'\\
(. Macrophages )
e
Prof. P. Coan From W. Dorr - Basic Clinical Radiobiology #18



= Clinical onset and severity of late » Importance of follow-up
effects is dose-dependent Longer survival time=higher risk of
developing late effects

High dose 5

@ -

Telangiectasia score
~

Grade of response

FIGURE 16-17 Clinical f ski

g""""""’ g

5 fractions of 1.8 Gy/wk to a total of 35 fractions. (Redrawn fiom
Tesimann 10001

Ex. Clinical manifestations of skin telangiectasia.
For different patients

(a)

U Late effects are generally irreversible and progressive

U DNA repair (as opposed to repopulation) plays major role in late normal
tissue effects

Varying radiosensitivity of different
cell types — repair capacity

Different ‘shoulders’ related to intrinsic

differences in DNA repair capacity

4/27/2020
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* Acute effects

— Occur within 90 days of radiotherapy

— Severity and resolution are dose-dependent

— Repopulation plays important role in acute-
responding tissue
— Generally, complete resolution occurs

— Severe acute effects may predispose to
development of late toxicity (consequential

effect
) * Late effects

— Occur months to years later

— Seen in acute and late responding tissue
— Generally irreversible and progressive
— Need prolonged clinical follow up

— Importance of considering life span of patient —
longer survival time = higher risk of developing

Prof. P. Coan late effects N repair plays major role
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Analogy with an electrical circuit

SERIAL ORGAN PARALLEL ORGAN
= Disruption of section results in = Since it is made of autonomous
inability to transmit signal of units, it can still function

content (e.qg. liver, kidney)
(e.g. spinal cord, esophagus, bowel) -

CLLII LTI

= Risk of complications influenced = Risk of complications shows dose

by high-dose regions and dose volume effect — depends on dose
‘hot-spots’ distribution over the whole organ
Prof. P. Coan # 22

4/27/2020
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Tumour microenvironment

U Components of the tumour microenvironment consists of tumor cells and
surrounding ‘normal’ cells and structures (which the tumor uses for its
OwWn purposes, i.e. growing up):

= Vasculature

= Extracellular matrix
= |Immune cells

= Fibroblasts

U0 Communication occurs through:
— secreted factors
— direct cell-cell contact

12
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Why is it important to consider the
tumour microenvironment?

Collectively, the signal from secreted factors and direct cell-cell
interactions influence tumor proliferation, survival and metastasis.

t

The microenvironment influences treatment response

OUR TREATMENTS INFLUENCE THE TUMOR
MICROENVIROMENT = ITS PROLIFERATION AND SURVIVAL
- WE CAN ENHANCE TUMOUR RADIATION RESPONSE

Prof. P. Coan #25

muie. Tumour microenvironment:
LMU| [ | | vasculature

Q Vascualture is a major functional
component in microenvironment

U Required for continued tumour
growth and spread

Prof. P. Coan Bhattacharya et al, Adv Drug Deliv Rew 2018 # 26

13
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Hypoxic region

Capillary bed

norm al tu mo ral Normal vasculature Tumor vasculature
Tumour vasculature is ABNORMAL:

= Leaky, torturous, blind ends, shunts

» Resulting in poor tumour perfusion and hypoxia

Tumor vasculature is non-hierarchically organized and the density of vessels varies greatly compared to normal
tissues. The large diameter vessels can act as a shunt for the flow of blood, reducing blood flow in smaller
vessels. In addition tumor has poor lymphatic network. As a consequence, areas far from blood vessels which
have insufficient blood supply will be under hypoxia.

Prof. P. Coan Current Pharmaceutical Design, 2016, 22, #27

LUDWIG-

Tumour microenvironment:
LMU | |5 | | vasculature

Tumour Vasculature

normal

tumour

Narang and Varia, Acv Drug Deliv Rev 2011

Prof. P. Coan Stanley Liu, University of Toronto #28

4/27/2020
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vasculature

LMU

Tumour microenvironment:

Radiation effects on tumoural vasculature

As IR dose M, vascular density v

o w
—

GROWTH AREA (mm?)

Total growth area of
the angiogenesis

O P —— -
o
o —p——s
.

- & v o
.

- . -
8.0 10.0 15.0
DOSE ay)

As IR dose /N, vascular perfusion can ¥

Tumour
perfusion

oo

Cey0 Day 6 Day &

U Dose dependent effect; at low doses (.e.g. <8 Gy) not significant

O At higher doses, vascular ablation is believed to occur, which may
indirectly result in death of tumour cells

Prof. P. Coan

Prionas et al. Radiation Res 1990

Kim et al. J US Med 2006 #29
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Tumour microenvironment:

lonizing radiation influences vasculature.
What are the potential biological mechanisms?

Q Induction of endothelial-cell apoptosis.

This may indirectly kill tumour cells by destroying vasculature

QO Alteration of angiogenic factors and cells in the microenvironment
- VEGF (Vascular Endothelial Growth Factor)
- circulation of immune cells recruited for tumor reparation

Prof. P. Coan

# 30
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O lonizing radiation can induce tumour secretion of VEGF
- Potentiate tumor angiogenesis and tumor growth

O High radiation dose may ablate tumor vasculature

0 Re-establishment of vasculature involves immune cells (myelomonocytes)

U Blocking these cells can improve tumor radiation response

o
VEGF levels Average vessel length density
| controls _ 20 Gy . 1
3 5 \‘ =0
£ 200 B T
g
i
ol i E 1 P-0.003
H H -
. [l
48 e -
Hours after irradiation . . .
This may promote angiogenesis and support continued tumour growth Days post irradiation
Prof. P. Coan Gorskiet al. Cancer Res 1999 #31
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How can we target the vasculature to favorably
influence tumor radiation response?

Prof. P. Coan #32
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Influencing
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Improve
vascular function

» VEGF blockade
= Angiopoietin-1

= Vasodilators

Decrease or disrupt
vascular function

= Vascular disrupting agents (VDASs)
» Notch blockade

4

4

Antagonist actions, equally important

To be administered at different times

Prof. P. Coan

#33

Influencing

LUDWIG-
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LMU| &%= | [tumor vasculature

Improve
vascular function

» VEGF blockade
= Angiopoietin-1

= Vasodilators

Decrease or disrupt
vascular function

= Vascular disrupting agents (VDASs)
= Notch blockade

4

Deliver more oxygen to tumour
BEFORE RADIATION

Prof. P. Coan

U

Starve tumours of oxygen and nutrients

AFTER RADIATION

#34

4/27/2020
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Lymphatics (lymphangiogenesis)

U VEGF
= Secreted by tumours and stromal cells

—

=
e g(/_»x; Tumor
—

;

Ly
endothelial cell

= Increases endothelial proliferation,
survival and migration

Tumor-derived
VEGF

= Causes vasodilation and increased ”:"“’/v
permeability 3

" Endothelial cell

= May have protective effects of tumour
cells i i

U VEGF INHIBITION

= May temporarily ‘normalize’ tumor
vasculature (normalization window)

= During this period, tumor hypoxia is
reduced (perfusion increased)

Prof. P. Coan Stanley Liu, University of Toronto #35

LUDWIG-

LMU | iz | | Improve vascular function

MONCHEN

U Angiopoietin-1

» Reduces vessel branching !! l !
and leakiness SRR

= Improved vascular stability @ '®wm
= Decreased tumor hypOXia Stabilized, mature vessels Destabilized, immature vessels
(High Ang1) (Low Angl)

U Vasodilators
= They improve tumor perfusion, oxygenation
= Clinical trials of nicotinamide and carbogen

with radiotherapy show improved regional
control and overall survival

Stanley Liu, University of Toronto #36

4/27/2020
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U Vascular disrupting agents (VDAS)
U Notch blockade

= Vascular disrupting agents cause acute collapse of tumour vasculature

= Anoxia (absence of oxygen) induces tumour necrosis

DLL4-Notch blockade decreases
tumour perfusion

Vehicle DLL4 mAb

Central necrosis caused by VDA (ZD6126) treatment (right panel) 24nr f

Daviz et 3l. Concer Res 2002

Prof. P. Coan Stanley Liu, University of Toronto # 37
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Actions targeting tumor vasculature are important
because we can modulate
the nutrition of the tumour and

its oxygen content

Prof. P. Coan

4/27/2020
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O Presence or absence of molecular oxygen within a 4%
. - 5 g g \ 4 Y
cell influences the biological effect of radiation: .\-‘"*.--‘” s
- Mtan. B0 gt
oxygen effect. » /,@\3“"
)
cell oxygenation biological effect of ik
+ above anoxia + ionizing radiation B &2
(i.e. absence of oxygen) (! a saturation of the effect ] ® \‘:

eventually occurs)

= Oxygen abundance > T free radicals and T damage to the target tissue

= In solid tumors the inner parts become less oxygenated than normal tissue
-> up to 3 times higher dose to achieve the same tumor control probability
as in tissue with normal oxygenation

Prof. P. Coan # 39

LUDWIG-

Tumour hypoxia ERIERIK
LMU| i | | (> more difficult to induce a damage) oyl i

Venous end

Hypoxia

@) Normoxic

@ Hypoxic viable
q Anoxic cel s

Normoxia

Blood vessel

Normoxic conditions, which are defined by oxygen concentrations above 5%, exist in
regions that are less than 70 um from tumor blood vessels. In these regions, hypoxia is
rapidly degraded, or it has a low level of expression. Hypoxic conditions exist at
distances greater than 100 pm from tumor blood vessels. In these regions, hypoxia is
increased and O, concentrations are decreased, which creates a hypoxic tumor
microenvironment.

Prof. P. Coan # 40
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Oxygen effect
LMU| %5 | |Chronic and acute hypoxia

O Cells at the periphery of tumour cords ., e eee eee e 9®
growin.g around blf)od vessels become 2 S Anoic necroticcals & L€
chronically hypoxic because of the eoeeee 0ee e |¢
) poeeee eee [ ", n®
consumption of most of the oxygen near the 999186 Chronichypexia || hypoxia

® ® ®

blood vessel. ©0®®©®® Nomoxic | [®

00 Acute hypoxia results from the temporary
(transient) closing of tumor blood vessels.
The cells are intermittently hypoxic because
normoxia is restored each time the blood
vessel opens up again.

Prof. P. Coan Radiobiology for the radiologist, Hall, 7th Ed. #41
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O Ratio of doses without and with oxygen (hypoxic versus well oxygenated cells) to
produce the same biological effect is called the oxygen enhancement ratio (OER).

OER = Dose to produce a given effect without oxygen
Dose to produce the same effect with oxygen

Prof. P. Coan # 42

4/27/2020
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Sparsely ionizing radiations (X- and y-rays) (n-vitro cultured cells)

 ,
Low-Dose Assay
1.00 OER=25
=
£
3 5
= 30.90—
£ 2
g 2
a s 0.80 -
@
01 -
0.70 -
Aarated
1 1 1 1 1 1 1 1 1 1 1 1 1
1] 5 10 18 20 25 30 0 05 10 15 20 25 30
Dose (Gy) B Dose (Gy)

OER value close to 3.5 at high doses (A)
OER value of about 2.5 if doses are lower than 2 to 3 Gray (B)

Sparsely ionizing radiations (X- and y-raysS) (in-vitro cultured cells)

High-Dose Assay Low-Dose Assay
1+ OER=35 1.00 OER=25
=
e
i .
E 04k E '
2
£ S osol
Hypaxic a
an.1
0.70 -
Agrated
1 1 1 1 1 1 1 1 1 1 1 1 1
o 5 10 15 20 25 a0 0 05 10 15 20 25 30
Dose (Gy) B Dose (Gy)

A
This is believed to results from the variation of OER with the phase of the cell cycle. Cell in G1 phase have
a lower OER than those in S and because G1 cells are more radiosensitive, they dominate the low-dose
region of the survival curve. For this reason the OER of an asynchronous population is slightly smaller at

lower doses than at high doses.

4/27/2020
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U Oxygen effect is quite dramatic for low LET (sparsely ionizing) radiation,
while for high LET (densely ionizing) radiation it is much less pronounced.

100 = 100
™ o -
= Solid survival curves 2 \ \ \
are for hypoxic cells E ' \ a\
7] \ | .1
. = 10/ 5 1 "'-. 'u".ll 10
= dashed survival § : '\ "\
curves are for well e X rays Neutrons | o particles
oxygenated cells. o 1 OER=25 OER=1.5 OER=1
0 5 0 5 0 5
Dose (Gy)
Prof. P. Coan # 45

LUDWIG-

LMU | 5% | | Oxygen effect and LET

The OER decreases as the LET increases
and approaches OER =1 at LET ~ 150 keV/um.

3 =

.
=,
=,

Low LET\\ High LET

OER
ra

1 10 100
LET (keVium)

Prof. P. Coan # 46
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The formation of .

Roez ognmzrg’:n?c . O To produce its effect,

peroxide, represents M k molecular oxygen must

a non-restorable Py be present during the

form of targe W'fy 4 radiation exposure or
material O \ey x0% P :

** at least during the

H ’JJ\\/;“ lifetime of the free

He=-0 0O radicals generated by

A1
g Sp H the radiation.
S-Cam G5, o

PagoT — p*)
Sy == ;‘% \ } O Oxygen “fixes” (i.e.,
makes permanent) the
\/ damage produced by
J\/\f . free radicals.
“o‘o Q In the absence of
’ oxygen, damage

produced by the

N\,
/ %
K ) indirect action may be
\ repaired.
.’

\,

Srmym ; % Process by which cells that are hypoxic become
rerated " oxygenated after irradiation through the killing and
e Al rscielion removal of oxyc radiosensitive cells from the
o vosty  tumour.
hypoxic cells
15% /
Hypoxic

oells Reoxygenation

§§§ / FIGURE 6.13 The process of reoxy-
genation. Tumors contain a mixture of

aerated and hypoxic cells. A dose of x-rays

° —— ° kills a greater proportion of aerated cells
/ than hypoxic cells because aerated cells

are more radiosensitive. Therefore, imme-

é § é Reoxygenation diately after irradiation, mast cells in the
/ tumor are hypoxic. However, the preirra-
° diation pattern tends to return because

of reoxygenation. If the radiation is given

in a series of fractions sepzrated in time

©

Rechydenation sufficient for reoxygenation to occur, the
l presence of hypoxic cells does not greatly
etc. influence the response of tha tumaor.
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In clinical radiotherapy,

co-existence of normal and tumour tissues

Prof. P. Coan

#49
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Q Principle of radiotherapy (RT) takes into account
» Tumour Control Probability (TCP) Both are

sigmoid curves

= Normal Tissue Complication Probability (NTCP)

1.0

Probabili
=
L]
T

Tumaur
contral
probability
(TCP)

A

Q Optimum choice of radiation dose
; Rormal delivery in treatment of a given

|'

|

| prohabllity

tis .
Enml!‘-;‘;im tumour is such that

If (NTCP) it maximizes the TCP

and simultaneously

1]

10

L_/ minimizes the NTCP
' 4 For a typical good RT treatment:

oL ¥ uTcPos5

Dose (Gy) = NTCP 0.05

Prof. P. Coan

# 50

4/27/2020
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Normal and tumour tissues:
therapeutic ratio

O Concept of the therapeutic ratio to represent the optimal RT treatment.

O Therapeutic ratio generally refers to the ratio of the TCP and NTCP
at a specified level of response (usually 0.05) for normal tissue.

-
(=]

Tumour
control
probability
(TCP)

/ Normal

A B tissue

complication
/ probability

(NTCP)

Probability
(=]
(4]

0 10

20 30

Dose (Gy)

Prof. P. Coan

The further the NTCP curve is to the right of
the TCP curve:

» The easier it is to achieve the RT goal.
* The larger is the therapeutic ratio.

* The less likely are treatment complications.

= Figure shows an ideal situation;
in reality the TCP curve is often shallower
than the NTCP curve.

#51
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Normal and tumour tissues:
therapeutic ratio

Tissue response (%)

Favorable ratio

Tumor
control

0. D,
B8 Dose
Unfavorable ratio

* As dose increases: probability of tumor control and
normal tissue damage increase

* There is a steep dose-response portion to the curve

Prof. P. Coan

Stanley Liu, University of Toronto

#52
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Q

The TCP curve for regional control of certain tumours never reaches a value of 1.0

as a result of microscopic or metastatic spread of the disease beyond the primary
tumour site.

It is imperative that the doses to normal tissues are kept lower than the doses

to tumours in order to minimize treatment complications & optimize treatment
outcomes.

Radioprotection of normal tissue (improved TCP) (free radical scavengers, growth factors...)
i) Prophylaxis (applied prior exposure);

i) Mitigation (applied during or shortly after exposure);

iii) Treatment (after symptoms)

O In modern radiotherapy these objectives are met through:
» Sophisticated 3-D treatment planning

* Accurate target localization

» Sophisticated dose delivery (conformal, intensity modulated, image-guided)

Prof. P. Coan # 53
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Methods for improving the therapeutic ratio
have been implemented...

Prof. P. Coan #54
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O For the same radiation dose:

lower dose rates may produce less cell killing than higher dose rates

WHY: sub-lethal damage repair may occur during the protracted exposure

O As the dose

- the slope of t

rate is reduced:

he survival curve shallower

- the shoulder tends to disappear
a does not change significantly, but >0

Prof. P. Coan
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Dose rate

O Typical dose rates used in radiotherapy are of the order of:

= 1 Gy/min in standard radiotherapy and high dose rate (HDR) brachytherapy

= 0.1 Gy/min in total body irradiation (TBI)

= 0.01 Gy/min in low dose rate (LDR) brachytherapy

Prof. P. Coan
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Fractionation

LMU

O Fractionation of radiation treatment given over a period of weeks
rather than in a single session results in a better therapeutic ratio.

U To achieve the desired level of biological damage the total dose in a
fractionated treatment must be much larger than that in a single treatment.

After fractionated radiotherapy,
tumour cells are not capable of
the same degree of repair as
normal tissue cells. In the ideal
situation, all tumour cells are
eliminated while normal tissue is

Spared.

Prof. P. Coan

Surviving cells

<— RT fraction
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«4—— RT fraction
«+—— RT fraction
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the rationale

LMU

Dose fractionation:

O Sterilization (of rams) endpoint
experiments 1920’s-30’s

U Single fraction —
severe skin effects

U Multiple smaller fractions —
less severe skin effects

Prof. P. Coan
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Basis of fractionation is rooted in 4 (5) primary biological factors called
the four (five) Rs of radiotherapy:

O Repair }
[ inpro
U Repopulation Fo

U Redistribution our
}For '\mprO\led wm

fissue spa™d

ing

U Reoxygenation

U Radiosensitivity

1. Repair of Sublethal Damage

Dose

D2 D
1k . -
U Tends to improve cell survival. ; | i
U Repair occurs during interval between i \_ Splitdose |
fractions. g I ;
S ot :
U Normal tissues are more effective in o b e |
.. E o ingle dose e

repairing sub-lethal damages than g i !

1)

malignant cells

0.01
A
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The 4 R’s of fractionation
LMU | 5= | | 2-Repopulation

2. Repopulation omdosesl o

Ut is the increase in cell division seen in
normal and malignant cells after irradiation

U Tends to increase cell survival

UOccurs when fraction interval length greater
than cell cycle doubling time

U Treatment with any cytotoxic agent (including
radiation) can trigger surviving cells to divide
faster than before in a tumor. 2 for fast
growing tumour it is better not to
introduce delays during the treatment! (SLD: sub-lethal damage)

Repair SLD
Proliferatior

\

Prof. P. Coan

_ The 4 R’s of fractionation
LMU | [iw=er| | 3-Reassortment or Redistribution

MONCHEN

3. Redistribution of cells within the cell cycle

[ Tends to reduce cell survival.

| S g 2 g 5

O Cells move to more 5%
radiosensitive phase in the cell
cycle between fractions.

0.05

Ty

SINGLE-CELL SURVIVAL

0.02
U M and G2 most sensitive ool
phases. Late S most resistant °°°5§
phase. 0.002}-

0.00!

| 1 | | I
200 400 600 800 1000 1200 1400
DOSE, rad

© TYII'

0.0005
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4. Reoxygenation

0 Tends to reduce cell survival.

O Pool of hypoxic cells diminishes

after each fraction.

J Oxic cells more sensitive.

Prof. P. Coan

X- rays

Aerated Immediately
cells arter irradiation

Mostly
hypoxic cells

Reoxygenation

15%
Hypoxic
cells

o i

\r

Reoxygenanon
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\

Reoxygenation

|

etc.
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Basis of fractionation is rooted in 5 primary biological factors called the

five Rs of radiotherapy:

U Repair. Mammalian cells can repair radiation damage.

U Repopulation. Cells repopulate while receiving fractionated doses of

radiation.

U Redistribution in proliferating cell population throughout the cell cycle
phases increases the cell killing from a fractionated treatment.

U Reoxygenation of hypoxic cells occurs during a fractionated course
of treatment, making them more radiosensitive to subsequent doses

O Radiosensitivity. Mammalian cells have different radio-sensitivities.

Prof. P. Coan
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U Conventional fractionation is explained as follows:

= Division of dose into multiple fractions spares normal tissues through repair

of sublethal damage between dose fractions and repopulation of cells.

= Repair of sublethal damage is greater for late responding tissues, the

repopulation of cells is greater for early responding tissues.

= Fractionation increases tumour damage through
redistribution of tumour cells.

reoxygenation and

= A balance between the response of tumour and early and late

responding normal tissues:
- small doses/fraction spare late reacting tissues preferentially,

tissues and tumour reoxygenation likely to occur

Prof. P. Coan

a reasonable schedule duration allows regeneration of early responding

# 65
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Cell Killing

Repair

S

Time between radiation pulses

Fletcher GH (1988). Radiother Oncol 12: 253-71
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Fractionation

LMU

Q Current standard fractionation is based on:

+ 5 daily treatments per week.

- a total treatment time of several weeks.

Surviving cells

Ideal

<4— RT fraction
«+—— RT fraction
4+—— RT fraction
4+— RTfraction
4—— RT fraction
4+—— RT fraction

Normal
tissue
cells

Cancer
cells
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Time
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Tissue Type and
Fractionation
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LMU

O The response to

radiation of tumours and normal

proliferative tissues

(responsible for acute reactions) substantially differs from that of normal late-

responding tissues.

QO The cell injury mechanism is largely regulated by coefficient a (lethal single-impact

injury) in the former (early), whereas coefficient B (lethal

injury due to

accumulation of sub-lethal injury) predominates in the latter (late).

Dose

Tumor & Early

Responding n
/ Tissues
Late Responding
Tissues

Surviving Fraction

Prof. P. Coan

= Lateresponding tissues:
larger shoulder, more curved dose-response
-> Greater repair and survival at lower dose

Early responding tissues:
smaller shoulder, less curved shape

» The @ and § components of
mammalian cell killing are equal

at the following doses:
= alf = 10 Gy for early responding tissues.
» alf = 3 Gy for late responding tissues.

34



Early responding tissues less
3 ; . sensitive to fractionation than late
wows. Multlf_ractlc_)n Effects: responding tissues.
LMU wnenen " | [Fraction Size Different cell survival curves, same

fraction sizes.

“Fraction size is the dominant factor in determining late effects”

A B c
X-rays
A large o/p ratio. typical of tumour control. means
low sensitivity to changes in fractionation.
|Change in Acute
Effects Due to
| Fractionation
- Acute Effects
_g (Bla small)
2
@ A B c
o Xerays
A small o/ ratio, typical of late sequelae, 3
means large sensitivity to changes in
fractionation.
Change in Late
Effects Due to
Fractionation
Late Ettects
Ala large)
Prof. P, Dose #69
Dose
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Surviving Fraction

» If o ratio of tumor i1s the same or less than that of the
critical normal tissue, then a larger dose per fraction
(hvpofractionation) 1s preferred.

ie.. prostate cancer. breast cancer

Brenner D, ITROBP 57: 912-914, 2003

» If aP ratio of tumor is high (often 10 or greater) and > o/
ratio of normal tissue (often < 5) a lower dose per fraction
(hvperfractionation) is preferred.
i.e.. squamous cancer of head and neck

Homnot J.. Radiother Oncol 25: 231-241_ 1992
Prof. P. Coan #70

4/27/2020

35



LUDWIG-

LMU | 5557 | |Fractionation

O In addition to the standard fractionation regimens, other fractionation
schemes are being studied with the aim of improving the therapeutic ratio:

» Hyperfractionation uses more than one fraction per day with a smaller
dose per fraction (<1.8 Gy) to reduce long term complications and to allow
delivery of higher total tumour dose.

» Accelerated fractionation reduces the overall treatment time, minimizing
tumour cell repopulation during the course of treatment.

» Continuous hyperfractionated accelerated radiation therapy (CHART)
is an experimental programme used with three fractions per day for 12
continuous days.

Prof. P. Coan #71
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O Increases differences seen between acute and late effects
compared with standard 2 Gy fraction size.

0 Reduces late effects more than acute/tumor effects
(because fractionation affects late effects more).

Prof. P. Coan #7172

4/27/2020

36



4/27/2020

LMU

LUDWIG-

wvesmar | | Fractionation summary

MUNCHEN

U Fraction size and total dose determine late effects.

U Fraction size, total dose and overall treatment time

determine acute effects/tumor control.

U Decreasing treatment time increases risks of acute effects,

Prof. P. Coan

but lowers tumor repopulation.
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Summary

Dose
— For acute effects: increases severity and time to recovery

— For late effects: increases severity and decreases time to clinical
onset

Fraction size
— More of an effect on late effects than acute effects

Time
— Prolonging treatment time decrease acute effects due to

repopulation

Volume

— For certain tissue (e.g., skin), with small field sizes, there is a steep
increase in normal tissue tolerance.

#74
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