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Exercise 1: Radiation absorption, damage and
repair

(a) e Directly ionizing
— Can disrupt the atomic structure of the absorber through which
they pass directly and produce chemical and biological changes

— Charged particles (the individual particles must have sufficient
kinetic energy)

e Indirectly ionizing
— Do not produce chemical and biological damage themselves, but
give up their energy to produce fast moving charged particles
that can produce damage (Compton process, photoelectric pro-
cess)

— Electromagnetic radiation (X and «-rays) (with energy high enough
to initiate the processes)

(b) A free radical is an atom or molecule carrying an unpaired orbital electron
in the outer shell. In atoms / molecules with

e even number of electrons the spins are paired, leading to a high degree
of chemical stability

e odd number of electrons one orbital electron have no other electron
with opposing spin, leading to a high degree of chemical reactivity

The main water radicals are OH-, H- and and e, 2/3 of the x-ray damage
to DNA in mammalian cells is caused by the hydroxyl radical OH-.

(c) See the overview given in Figure 1.



Indirect action of x-rays — Chain of events

Time (sec) Stage Characteristics
1013-1015 Physical Initial ionization
H,0+, e, H,0*
10°- 1010 Physical / Chemical Radicals produced
e, H', OH"
105-107 Chemical Reaction with bio-

molecules, breaking of
chemical bonds

Seconds - years Biological Effects on metabolism,
gender cells, viability,
genetic effects

* Cellkilling is expressed hours to days after radiation
* Oncogenic damage may be delayed for up to 40 years
* Mutation damage may not be expressed for many generations

Figure 1: Exercise lc

(d) e Lethal damages

— Irreversible
— Irrepairable
— Leads to cell death

e Potentially lethal damage (PLD)

— Can be modified by postirradiation environmental conditions
(causes cell death under normal circumstances, but survival can
be stimulated due to manipulation of the postirradiation envi-
ronment, PLD can therefore be repaired)

e Sublethal damage (SLD)

— Can be repaired within hours if no additional SLD is added with
which it can interact to form lethal damage

(e) In a split dose experiment a radiation dose to a cell population is split
into two fractions with various time intervals between the two fractions.
The survival is measured (see Figure 2).

e Sublethal damage (SLD) repair is seen as initial increase in survival
if a radiation dose is split into two fractions by a time interval (the
split dose survival curve increases when the split is within a few hours,
before flattening).

e Reassortment can be seen as a dip in the split dose survival curve
for rapidly growing cells (when the time interval between the split



doses is about 6 hours in the example shown). Explanation: In asyn-
chronous populations more cells are killed in radiation sensitive than
in radiation resistant phases. The surviving population therefore
tends to be synchronized. After the first fraction most of the surviv-
ing cells are in S-phase. When the second fraction is delivered after
6 hours these cells are in G2/M phases (sensitive). If the increase
in radiosensitivity moving from late S to G2/M exceed the repair of
SLD the surviving fraction falls.

e Repopulation can be seen as an increase in the surviving fraction
resulting from cell division (repopulation, proliferation) if the interval
between the split doses is > 10-12 hours (exceeding the cell cycling
time of rapidly growing cells).
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Figure 2: Exercise le

Exercise 2: Cell survival after radiation - calcu-
lations

(a) The plating efficiency (PE) is defined as

PE - Number of colonies counted

Number of cells seeded



and the surving fraction (SF) is obtained by

_ Number of colonies counted
" Number of cells seeded -PE

SF
The value of Dy is obtained from
SF = e P/Po

where D is the absorbed dose and Dy is the dose that reduces the survival
to 37% of the initial number of cells.

Data:

Unirradiated cells: number of cells seeded = 100, number of colonies = 75
Irradiated cells: number of cells seeded = 100, number of colonies = 20

Inserted, this gives a plating efficiency of

75
PE=—=0.75
100
and a surviving fraction of
20
=—— =0.267
SF 100 - 0.75

Using these numbers and D = 2 Gy into the
SF = e P/Po
gives
0.267 = e~ %/Po

This results in Dy = 1.51 Gy.

With Dqg = 4 Gy for oxygenated cells, then Dy is obtained by
0.1=e 4/Po

This gives Dy = —4/In(0.1). Inserting this into
SF = ¢ P/Po

and setting D = 40 Gy gives

SF — l0In(0.1) _ 1—10



()

If the cells are hypoxic then Dig is twice as large as for oxygenated cells
= 8 Gy. The relative survival is then given by

SF = eSln(O.l) — 10—5

If 1% of a cell population is hypoxic the total survival is given by

SF =0.99-10"°4+0.01-10°=10""

We see that the survival is dominated by the hypoxic cells.

The survival fraction is 10719 for oxygenated cells and 10~7 for a popula-
tion consisting of 99% oxygenated cells and 1% hypoxic cells.

e Neutrons: the cell survival when irradiating with neutrons will give

an exponential curve as the survival follows the single-hit single-
target model. Therefore;

SF = e P/Do
With Dy = 1.7 Gy the dose for 10% survival will be

0.1 = ¢~ Pro/L7

This gives D19 = 3.91 Gy.

Photons: the cell survival follows the linear quadratic model. Thus,
the survival will be given by

SF = ¢~(eD+8D?)

where a = 0.15 Gy™!, a/8 = 3.0 Gy and 3 = 0.05 Gy 2. Inserted,
this gives a dose for 10% survival of

0.1 = 67(0.15D1o+0.05Df0)

Solving the equation gives D19 = 5.45 Gy.

The RBE is defined as the ratio of doses for the same biologic effect or
cell survival. Thus,

RBE;y =5.45/3.91 = 1.39

The RBE for 10% survival is 1.39 (or 1.4).



Exercise 3: Normal tissue damage - theory and
calculations

(a)

Cell proliferation is the main property determining radiosensitivity. Rapidly
growing cells are more sensitive to radiation and their damage appear
much faster than in tissues of slowly growing cells.

A simple sketch of survival curves for early- and late responding normal
tissues is shown in Figure 3.

Early responding: High a/B (5-20aGy)

Late responding: Low o/B (1-4 Gy)

Figure 3: Exercise 3a

The kidney consists of millions of nephrons each being an FSU (functional
subunit). The skin has much larger FSUs, called structurally undefined
FSUs. The survival of FSUs depends on the survival of one or more clono-
genic cells within the FSUs, and tissue survival depends on the number
and radiosensitivity of these clonogens.

Surviving clonogenic cells in the kidney cannot migrate from one FSU
to neighbouring FSUs. Thus, survival of an FSU (nephron) in the kidney
depends on the survival of at least one clonogenic cells within it. For FSUs
in skin, clongenic cells can migrate between FSUs, allowing repopulation
of damaged cells. Thus, the radiosensitivity of FSUs in kidney is much
larger than in skin.

Cell survival after one treatment for an absorbed dose D with the LQ
model is given by

SF = ¢~ (aD+8D?)

After N treatment the survival is

SFy = [e—(aD+l3D2)]N

With D = 2.0 Gy and N = 30 treatments:



Tumor cells: 3 =3.2-10"2 Gy 2, a/8 =10 Gy = a = 0.32 Gy~ !
Tumor cells: 3 =5.1-10"2 Gy 2, a/8 =3 Gy — a = 0.153 Gy~ !

The surviving fractions for tumor and normal cells then become:

Tumor cells:

SFy = [6(70.32-273.210*222)]30 — 98601011

Normal cells:

SFy = [6(70.1534275.1-10—222)]30 —92966-10"7

The ratio of the surviving tumor cells to normal cells is:
9.860 - 10711 /2.266 - 10°7 = 4.35 - 10~4

If the absorbed dose per fraction instead is 1.0 Gy, the number of treat-
ments for the same survival for tumor cells is given by

0.860 - 10”11 = [e—(0.32.1+3.2-10*212)]N _ [e—o.ssz]N
giving

In(9.860 - 10~11)
—0.352

N = = 65.45

Thus, 65.45 treatments (65.45 Gy) are needed. This can be compared with
the absorbed dose 30 x 2 Gy = 60 Gy that was needed with an absorbed
dose of 2.0 Gy per treatment.

The survival fraction of normal cells will in this situation be
SFss = [e—(0‘153-1+5.1-10*212)]65.45 —159.10°6

The ratio of the surviving tumor and normal cells will in this case be:
9.860 - 10711/1.59 - 1076 = 6.2 - 107°

This gives a better ratio than with 2.0 Gy per treatment as more normal
cells will survive.

Summary: The ratio between the survival of tumor cells and normal cells
is 4.35 - 10~* with 2.0 Gy per treatment. With 1.0 Gy per treatment
a total absorbed dose of 65.45 Gy is needed and the ratio between the
survival of tumor cells and normal cells is 6.2 - 107°.

A limitation is that repopulation is not included in the calculations.



Exercise 4: Lab and project work

(a) See poster in Figure 4 on low dose-rate irradiation. But clearly distinguish
between low dose radiation and low dose-rate radiation, this is two different
concepts.

INTRODUCTION

The goal of radiation therapy is o treat cancer and kill malignant cells and at the same time to keep the delivered dose to patients as low as
reasonably achievable. One way of achieving this is using the principle of low dose-rate radiation. It is shown that for some cancer cells there
is an increased cell kill at very low doses of radiation. It has also been shown that this effect is mainly present for hypoxic cells.

METHOD

Duing radiation therapy, the planned dose is The existence of radiation hypersensitivity
not delivered in one session. The therapy con- (HRS) can be described by fitting cell surviv-
sists of several sessions and in each of these ses- al data with the induced repair model which is
sions a dose is delivered so that the overall dose a modified form of the linear quadratic (1Q)
s achieved successively: model. It models a single-fraction RHS curve
When irradiating cells with ionizing radiation at using four parameters:

alow dose, an unexpected effect occurs. The sur-

ival fraction of cells seems to be lower for lower ( o~ D((D)+3D)
doses of radiation which is counter-intuitive at breast, and ovarian cancer. It has also been used
first glance. for re-irradiations, palliative or preoperative
There are different kinds of radiation used in this treatments. In a treatment study of 40 patients
method. Electrons and photons are most com Parameters ar and B determine the high-dose with carcinomas of the head and neck,  prima-
mon, but protons and pions are also used part of the curve, and are equivalent to the con- 1y site response rate of 90% hieved, with

ventional 1.Q parameters a, . Parameter as de. none of the patients experiencing grade 5 toxici-
PRINCIPLES

termines the slope of the curve at low doses, and ty. More studies are currently unders
‘The delivered dose per session s not high enough

De is a critical dose that controls the transition
from TIRS to 1.Q behavior. The resulting curve of
i a typical cell survival curve is shown in figure 2.
to trigger the activation of the G2/M checkpoint
of the cell cycle. This system of control is respon-
sible to ensure the integrity of DNA produced
during the mitosis process. Dose levels lower
than 0.4 Gy do not start the metabolic cascade to.
repair the lethal damage done to the cell, there-
for the respective cell enters mitosis but is not
viable and dies. In casc the dose inc
approaches 1 Gy, the molecular processes linked
to the control of the mitotic cycle clements get
activated and increased radioresistance (IRR)
appears.

RESULTS

The increase in effectiveness has been shown in
several studies, though mainly in vitro or in mice
trials. Tn one study of renal damage in mice, an
increase by a factor of 2.1 in X-ray effectiveness
was shown when reducing the dose per fraction
from 0.8 10 0.2 Gy. In humans, trials have been
performed on squamous cell carcinomas of the
head and neck, gliomas, pancreatic cancer, lung,
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Figure 3 In vivo results of low dose-rate radi
ation effects are still mostly from mouse trials,
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I DRAWBACKS

"
Figure 2: Typical cell survival curve with
dence of HIRS. The broken line shows low-dose

[y
Low dose-rate radiation treatments allow treat-
Figare 1 Current understanding of the process- Gone marvival data and the solid bne shows in addition to increased effectivity for hypoxic cells,
s regulting the hyper.adiosenstviy (HRS) oeed repai causes less damage to late-responding normal
increased radioresistance (IRK) transition. tissue. Low dose-rates can also used lo circum
vent induced radioresistance after treatments,
as the most radio-resistant cell ines al standard
doses show maore pronounced HRS.

‘There are, however, concerns over the HRS-ef-
fects induced in early-respon
such as skin. The exact mechani
detrimental effects are not well understood, and
extensive testingis still needed.

‘The main feature of the curve is a low-dose HRS
region, where the damage initially increase rap-
idly with dose. This is followed by a more flat
IRR region, where damage remains constant or
increases slowly with dose. Then a high-dose LQ
region follows, where the curve goes back to the
conventional linear-quadatic behavior

A possible explanation concerning the increased
sensitivity of hypoxic cells to this kind of ther-
apy is, that the cells exposed to continuous low
dose-rate irradiation more than doubled their
respiration rate, which could result in extreme
hyposia, which again could be the real reason
for cell deatl
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Figure 4: Exercise 4a

(b) See Figures 5 and 6 for typical depth dose curves for photons and electrons.

Electrons with energies 6-18 MeV will reach 2-5.5 cm into tissue.
Superficial tumors are treated with electrons.

See Figures 7 and 8 for principles behind IMRT and VMAT. The dose
profile with flatting filter free radiation is shown in Figure 9.



Dept dose curves for electrons

The electrons deposit theil
energy much closer to the
. surface than the photons
Buildup-area with similar energy

dosemaks™)
R,: The distance (depth) where
the dose is x % of maximum
Rgy— therapeutic depth
E(,: Mean energy at the surface,
(gives name to the energy)
(ex: 10 MeV)

Relative dose

Bremsstrahlung
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Figure 5: Exercise 4b

Depthdosekurve for photons

Buildup-area High energetic photons generates high energetic
l electrons = deposition of the energy a distance from the
interaction point

The dose decrease with the depth:

« Attenuation (exponential)

+ Scattering

« Intensity decrease with increasing
distance from the source: 1/dist?)

Relative dose

d Depth (d)

max

Figure 6: Exercise 4b



Intensity Modulated Radiation Therapy (IMRT)

radiation of concave treatment
volumes

The (fluence-) intensity is made low in

directions facing critical structures.

= The lack of dose from one angle is
comﬁensated by increased dose from

another gantry angle.

Objectives for dose to target volumes

and critical structures are specified.

* Inverse computer-assisted optimization.

Figure 7: Exercise 4b

VMAT

Volumetric arc therapy

VMAT is a rotational approach to IMRT
that can be delivered using linear accelerator
with conventional MLC

Dose is delivered

— continuously

— while gantry rotates round the patient

— and MLC changes the radiated field in a predefined manner

* VMAT can provide highly conformal dose distribution and
improve the IMRT delivery efficiency

+ An optimized radiation treatment can be delivered faster with VMAT
than IMRT

Figure 8: Exercise 4b
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Flattening filter free
(FFF) linac

== =

+ Flattning filter is used to provide flat
intensity profile.

* With IMRT/VMAT this can be removed.

* Filterfree linacs have a 2-5-fold
increase in dose rate.

* Fast treatment time.
» Reduced head scatter to the patient.

Figure 9: Exercise 4b

Exercise 5-24: Multiple choice

Correct answers given on request
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