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Preface

This is the fourth edition of Basic Clinical
Radiobiology, which was first published in 1993. It
is a teaching book which is directed at an interna-
tional audience but has arisen and evolved largely
from courses organized by the European Society
for Therapeutic Radiology and Oncology
(ESTRO) for students of radiotherapy, radiation
physics and radiobiology. In this new edition, as
previously, we have included as contributors
many of the radiation oncologists and biologists
from both Europe and North America who cur-
rently teach this material for those ESTRO courses
that continue to take place now typically twice a
year and attract students from all over the world.

The first three editions of this book were under
the editorship of Gordon Steel, but in this new
edition Gordon has passed the editing pen to his
two senior co-teachers, who have both been
involved in these international courses since their
inception in 1990. We acknowledge and thank
Gordon for his tremendous effort and expert
stewardship over the first three editions, and we
hope very much that, in this new edition, we have
managed to maintain the high standard of con-
tent, presentation and accessibility that has always
been an integral part of this project.

This new edition is the most extensive revision
to Basic Clinical Radiobiology yet. New chapters
have been added which review image-guided
radiotherapy, biological response modifiers, the
tumour microenvironment, and radiation-
induced second cancers. Substantial additions
have been made to the description of the patho-
genesis of normal tissue side-effects, the molecu-
lar description of the DNA damage response, cell

death, and molecular targeting and individualiza-
tion. With clinical trials demonstrating that
tumour-targeted molecules can improve the ther-
apeutic ratio, these topics have become important
in teaching radiation biology and questions on
these subject areas are appearing in board exami-
nations for radiation oncology and medical
physics.

At the same time, we continue to provide
in-depth coverage of the more established subjects
of dose responses and fractionation including the
linear-quadratic framework, time factors and
dose-rate effects, volume effects and retreatment
tolerance, tumour radiobiology, combined radio-
therapy and chemotherapy, and the oxygen effect.
Also well-covered are high-linear energy transfer
(LET) effects, but now with additional presenta-
tion of the status of clinical usage of light ions and
protons, which centres are starting to adopt in
their radiotherapy practices.

Thus, with including the essential core material
while adequately covering the rapidly expanding
field of molecular radiobiology, both necessary for
a full understanding of clinical radiotherapy, this
new edition of the book is larger than the previous
editions. Yet, we believe we have achieved the same
high level of accessibility and ease of reading that
have always been the hallmarks of this book and
which we hope will once again make Basic Clinical
Radiobiology a valuable companion to all people
involved in radiation oncology, whatever their
contribution and level of expertise.

Michael Joiner
Albert van der Kogel
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Introduction: the significance of radiobiology
and radiotherapy for cancer treatment
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1.1 THE ROLE OF RADIOTHERAPY IN
THE MANAGEMENT OF CANCER

Radiotherapy has consistently remained one of the
two most effective treatments for cancer, with more
than half of all patients estimated to receive radio-
therapy at some point during their management
(Tobias, 1996; Delaney et al., 2005). Surgery, which
has the longer history, is also the primary form of
treatment in many tumour types and leads to good
therapeutic results in a range of early non-metastatic
tumours. Radiotherapy is a good alternative to sur-
gery for the long-term control of many tumours of
the head and neck, lung, cervix, bladder, prostate
and skin, in which it often achieves a reasonable
probability of tumour control with good cosmetic
results. In addition to these examples of the cura-
tive role of radiation therapy, many patients gain
valuable palliation by radiation. Chemotherapy is
the third most important treatment modality at the
present time. Following the early use of nitrogen
mustard during the 1920s it has emerged to the
point where a large choice of drugs is available for
the management of cancer, although no more than
10-20 agents are in common use. Many patients

receive chemotherapy at some point in their man-
agement and useful symptom relief and disease
arrest are often obtained. Last, targeted agents (also
called small or smart molecules) are being intro-
duced into clinical practice, and some [e.g. epithe-
lial growth factor receptor (EGFR) inhibitors] have
been associated with radiotherapy and shown
promising clinical results.

Table 1.1, adapted from Delaney et al. (2005),
illustrates the proportions of patients who should
optimally receive radiotherapy for cancers in dif-
ferent sites, derived from evidence-based guide-
lines. The following is a brief outline exampling
the role of radiotherapy in different disease sites:

® Breast — early breast cancers, not known to have
metastasized, are usually treated by surgery (e.g.
lumpectomy or tumourectomy) and this has a
tumour control rate in the region of 50-70 per
cent. Postoperative radiotherapy given to the
breast and regional lymph nodes increases con-
trol by up to 20 per cent and improves
long-term survival. Hormonal therapy and
chemotherapy also have significant impact on
patient survival. In patients who have evidence
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Table 1.1 Optimal radiotherapy utilization rate by cancer type*

Proportion of all

Proportion of patients receiving Patients receiving radiotherapy

radiotherapy (%)

Tumour type cancers (%)

Breast 13 83
Lung 10 76
Melanoma n 23
Prostate 12 60
Gynaecological 5 35
Colon 9 14
Rectum 5 61
Head and neck 4 78
Gall bladder 1 13
Liver 1 0
Oesophageal 1 80
Stomach 2 68
Pancreas 2 57
Lymphoma 4 65
Leukaemia 3 4
Myeloma 1 38
Central nervous system 2 92
Renal 3 27
Bladder 3 58
Testis 1 49
Thyroid 1 10
Unknown primary 4 61
Other 2 50
Total 100 -

(% of all cancers)

10.8
7.6
2.5
7.2
1.8
1.3
3.1
3.1
0.1
0.0
0.8
1.4
1.1
2.6
0.1
0.4
1.8
0.8
1.7
0.5
0.1
2.4
1.0

52.3

*From Delaney et al. (2005), with permission.

of metastatic spread at the time of diagnosis the
outlook is poor.

® Lung — most locally advanced lung tumours are
inoperable and, in these, the 5-year survival rate
for radiotherapy combined with chemotherapy is
in the region of 5 per cent. However, studies have
shown high local tumour control after high-dose
radiotherapy for early disease in patients not suit-
able for surgery.

® Prostate— surgery and radiotherapy have a simi-
lar level of effectiveness, with excellent long-
term outcome. Early-stage disease is often
treated with radiotherapy alone, either by exter-
nal beam or by brachytherapy, with 5-year
disease-specific control rates more than 95 per
cent. Locally, more advanced tumours may
require an association between anti-hormonal

treatment and external radiotherapy. Chemo-
therapy makes a limited contribution to local
tumour control.

Cervix — disease that has developed beyond the
in situ stage is often treated by a combination of
intracavitary and external-beam radiotherapy; in
more advanced stages radiotherapy is frequently
combined with chemotherapy. The control rate
varies widely with the stage of the disease, from
around 70 per cent in stage I to perhaps 7 per cent
in stage IV.

Head and neck — early-stage disease can be cured
with either surgery or radiotherapy (external-
beam and/or brachytherapy). For more advanced
disease, radiotherapy is typically delivered with
alternative fractionation (e.g. accelerated treat-
ment or hyperfractionation), or with concomitant
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chemoradiotherapy. More recently concomitant
association of EGFR inhibitors (e.g. cetuximab)
and radiotherapy has also been validated. Post-
operative radiotherapy or concomitant chemo-
radiotherapy is also often used after primary
surgery for locally advanced diseases.

® Lymphoma — in early-disease Hodgkin’s lym-
phoma, radiotherapy alone achieves a control
rate of around 80-90 per cent, but now is more
often associated with chemotherapy allowing for
smaller irradiated volumes and lower doses of
radiation.

® Bladder— the success of surgery or radiotherapy
varies widely with stage of the disease; both
approaches give 5-year survival rates in excess
of 50 per cent. For early-stage bladder cancer,
organ-preserving (partial) bladder irradiation
is a good alternative to surgery with compara-
ble local control rates.

® Other tumour sites — radiotherapy alone or com-
bined with chemotherapy is also frequently used
as a postoperative modality in brain tumours,
pancreatic tumours or sarcomas, Or as a preoper-
ative modality in oesophageal, rectal or gastric
tumours.

Substantial numbers of patients with common
cancers achieve long-term tumour control largely
by the use of radiation therapy. Informed debate
on the funding of national cancer programmes
requires data on the relative roles of the main treat-
ment modalities. Broad estimates by DeVita et al.
(1979) and Souhami and Tobias (1986) suggested
that local treatment, which includes surgery and/or
radiotherapy, could be expected to be successful in
approximately 40 per cent of these cases; in perhaps
15 per cent of all cancers radiotherapy would be the
principal form of treatment. In contrast, many
patients do receive chemotherapy but their contri-
bution to the overall cure rate of cancer may be
only around 2 per cent, with some prolongation of
life in perhaps another 10 per cent. This is because
the diseases in which chemotherapy alone does well
are rare. If these figures are correct, it may be that
around seven times as many patients currently are
cured by radiotherapy as by chemotherapy. This is
not to undervalue the important benefits of
chemotherapy in a number of chemosensitive dis-
eases and as an adjuvant treatment, but to stress the

greater role of radiotherapy as a curative agent
(Tubiana, 1992).

Considerable efforts are being devoted at the
present time to the improvement of radiotherapy
and chemotherapy. Wide publicity is given to the
newer areas of drug development such as lym-
phokines, growth factors, anti-oncogenes and gene
therapy. But if we were to imagine aiming to
increase the cure rate of cancer by, say, 2 per cent,
it would seem on a realistic estimation that this
would be more likely to be achieved by increasing
the results of radiotherapy from say 15 per cent to
17 per cent than by doubling the results achieved
by chemotherapy.

There are four main ways in which such an
improvement in radiotherapy might be obtained:

1. by raising the standards of radiation dose pre-
scription and delivery to those currently in use
in the best radiotherapy centres;

2. by improving radiation dose distributions
beyond those that have been conventionally
achieved, either using techniques of conformal
radiotherapy and intensity modulation with
photons or by the use of proton or carbon-ion
beams;

3. by integrating image-guidance into daily treat-
ment delivery;

4. by exploiting radiobiological initiatives.

The proportion of radiotherapists world-wide
who work in academic centres is probably less than
5 per cent. They are the clinicians who may have
access to new treatment technology, for example
ion beam therapy and image guidance, or to new
radiosensitizers or to new agents for targeted ther-
apy. Chapters of this book allude to these exciting
developments which may well have a significant
impact on treatment success in the future. How-
ever, it should not be thought that the improve-
ment of radiation therapy lies exclusively with
clinical research in the specialist academic centres.
It has widely been recognized that by far the most
effective way of improving cure rates on a national
or international scale is by quality assurance in the
prescription and delivery of radiation treatment.
Chapters 8-10 of this book deal with the principles
on which fractionation schedules should be opti-
mized, including how to respond to unavoidable
gaps in treatment. For many radiotherapists this
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will be the most important part of this book, for
even in the smallest department it is possible, even
without access to greatly increased funding, to
move closer to optimum fractionation practices.

1.2 THE ROLE OF RADIATION
BIOLOGY

Experimental and theoretical studies in radiation
biology contribute to the development of radio-
therapy at three different levels, moving in turn
from the most general to the more specific:

® Ideas — providing a conceptual basis for radio-
therapy, identifying mechanisms and processes
that underlie the response of tumours and nor-
mal tissues to irradiation and which help to
explain observed phenomena. Examples are
knowledge about hypoxia, reoxygenation,
tumour cell repopulation or mechanisms of
repair of DNA damage.

® Treatment strategy — development of specific
new approaches in radiotherapy. Examples are
hypoxic cell sensitizers, targeted agents, high-
linear energy transfer (LET) radiotherapy, accel-
erated radiotherapy and hyperfractionation.

® Protocols— advice on the choice of schedules for
clinical radiotherapy. For example, conversion
formulae for changes in fractionation or dose
rate, or advice on whether to use chemotherapy
concurrently or sequentially with radiation. We
may also include under this heading methods
for predicting the best treatment for the indi-
vidual patient (individualized radiotherapy).

Physical _ = ==="= = = -

10-810°1210° % 1
|

There is no doubt that radiobiology has been
very fruitful in the generation of new ideas and in
the identification of potentially exploitable mech-
anisms. A variety of new treatment strategies have
been produced but, unfortunately, few of these
have so far led to demonstrable clinical gains. In
regard to the third of the levels listed above, the
newer conversion formulae based on the linear-
quadratic (LQ) equation seem to be successful.
However, beyond this, the ability of laboratory
science to guide the radiotherapist in the choice of
specific protocols is limited by the inadequacy of
the theoretical and experimental models: it will
always be necessary to rely on clinical trials for the
final choice of a protocol.

1.3 THE TIME-SCALE OF EFFECTS IN
RADIATION BIOLOGY

Irradiation of any biological system generates a
succession of processes that differ enormously in
time-scale. This is illustrated in Fig. 1.1 in which
these processes are divided into three phases
(Boag, 1975), described below.

Physical phase

The physical phase consists of interactions between
charged particles and the atoms of which the tissue
is composed. A high-speed electron takes about
10785 to traverse the DNA molecule and about
10 ™5 to pass across a mammalian cell. As it does
so it interacts mainly with orbital electrons, ejecting

Human lifespan

109
|

||/\/|..|

- (seconds)

Free-radical
reactions

Enzyme reactions

Excitation

lonization

(hours)

Repair processes

(days)
Early effects
Late effects
Carcinogenesis

Cell proliferation

Figure 1.1 Time-scale of the effects of radiation exposure on biological systems.
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some of them from atoms (ionization) and raising
others to higher energy levels within an atom or
molecule (excitation). If sufficiently energetic,
these secondary electrons may excite or ionize
other atoms near which they pass, giving rise to a
cascade of ionization events. For 1 Gy of absorbed
radiation dose, there are in excess of 10° ionizations
within the volume of every cell of diameter 10 pm.

Chemical phase

The chemical phase describes the period in which
these damaged atoms and molecules react with
other cellular components in rapid chemical reac-
tions. Ionization and excitation lead to the breakage
of chemical bonds and the formation of broken
molecules known as ‘free radicals’ These are highly
reactive and they engage in a succession of reac-
tions that lead eventually to the restoration of elec-
tronic charge equilibrium. Free-radical reactions
are complete within approximately 1 ms of radia-
tion exposure. An important characteristic of the
chemical phase is the competition between scav-
enging reactions, for example with sulphydryl
compounds that inactivate the free radicals, and
fixation reactions that lead to stable chemical
changes in biologically important molecules.

Biological phase

The biological phase includes all subsequent pro-
cesses. These begin with enzymatic reactions that act
on the residual chemical damage. The vast majority
of lesions, for example in DNA, are successfully
repaired. Some rare lesions fail to repair and it is
these that lead eventually to cell death. Cells take
time to die; indeed after small doses of radiation
they may undergo a number of mitotic divisions
before dying. It is the killing of stem cells and the
subsequent loss of the cells that they would have
given rise to that causes the early manifestations of
normal-tissue damage during the first weeks and
months after radiation exposure. Examples are
breakdown of the skin or mucosa, denudation of the
intestine and haemopoietic damage (see Chapter 13,
Section 13.2). A secondary effect of cell killing is
compensatory cell proliferation, which occurs both
in normal tissues and in tumours. At later times after

the irradiation of normal tissues the so-called ‘late
reactions’ appear. These include fibrosis and telang-
iectasia of the skin, spinal cord damage and blood
vessel damage. An even later manifestation of radia-
tion damage is the appearance of second tumours
(i.e. radiation carcinogenesis). The time-scale of the
observable effects of ionizing radiation may thus
extend up to many years after exposure.

1.4 RESPONSE OF NORMAL AND
MALIGNANT TISSUES TO RADIATION
EXPOSURE

Much of the text of this book will focus on the
effects of radiation exposure that become apparent
to the clinician or the patient during the weeks,
months and years after radiotherapy. These effects
are seen both in the tumour and in the normal tis-
sues that are unavoidably included within the
treatment plan and exposed to radiation. The pri-
mary tasks of radiation biology, as applied to
radiotherapy, are to explain observed phenomena,
and to suggest improvements to existing therapies
(as outlined in Section 1.2).

The response of a tumour is seen by regression,
often followed by regrowth (or recurrence), but per-
haps with failure to regrow during the normal
lifespan of the patient (which we term cure
or, more correctly, local control). These italicized
terms describe the tumour responses that we seek to
understand. The cellular basis of tumour response,
including tumour control, is dealt with in Chapter 7.

The responses of normal tissues to therapeutic
radiation exposure range from those that cause
mild discomfort to others that are life-threatening.
The speed at which a response develops varies
widely from one tissue to another and often
depends on the dose of radiation that the tissue
receives. Generally speaking, the haemopoietic and
epithelial tissues manifest radiation damage within
weeks of radiation exposure, while damage to con-
nective tissues becomes important at later times. A
major development in the radiobiology of normal
tissues during the 1980s was the realization that
early and late normal-tissue responses are differ-
ently modified by a change in dose fractionation
and this gave rise to the current interest in hyper-
fractionation (see Chapter 10, Section 10.3).
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The first task of a radiobiologist is to measure a
tissue response accurately and reliably. The term
assay is used to describe such a system of measure-
ment. Assays for tumour response are described in
Chapter 7, Section 7.2. For normal tissues, the fol-
lowing three general types of assay are available:

® Scoring of gross tissue effects — it is possible to
grade the severity of damage to a tissue using
an arbitrary scale as is done, for example, in
Figs 13.7 and 13.9. In superficial tissues this
approach has been remarkably successful in
allowing isoeffect relationships to be determined.

® Assays of tissue function — for certain tissues,
functional assays are available that allow radia-
tion effects to be documented. Examples are the
use of breathing rate as a measure of lung func-
tion in mice, ethylenediaminetetraacetic acid
(EDTA) clearance as a measure of kidney dam-
age (Fig. 8.4), or blood counts as an indicator of
bone marrow function.

® (Clonogenic assays — in some tumours and some
normal tissues it has been possible to develop
methods by which the colony of cells that derive
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from a single irradiated cell can be observed. In
tumours this is particularly important because
of the fact that regrowth of a tumour after sub-
curative treatment is caused by the proliferation
of a small number of tumour cells that retain
colony-forming ability. This important area of
radiation biology is introduced in Chapter 4.

1.5 RESPONSE CURVES,
DOSE-RESPONSE CURVES AND
ISOEFFECT RELATIONSHIPS

The damage that is observed in an irradiated tissue
increases, reaches a peak, and then may decline
(Fig. 1.2a). How should we quantify the magnitude
of this response? We could use the measured
response at some chosen time after irradiation, such
as the time of maximum response, but the timing of
the peak may change with radiation dose and this
would lead to some uncertainty in the interpreta-
tion of the results. A common method is to calculate
the cumulative response by integrating this curve
from left to right (Fig. 1.2b). Some normal tissue

3 Cumulative .
s response X
oY 'R
%) 1
() '
= ,
(b) Time after irradiation
Tumour response N
@
]
ko] .-
© e .
el P Normal-tissue
= damage
(d) Number of fractions

Figure 1.2 Four types of chart leading to the construction of an isoeffect plot. (a) Time-course of development of
radiation damage in a normal tissue. (b) The cumulative response. (c) A dose-response relationship, constructed by
measuring the response (R) for various radiation doses (D); acceptable clinical tolerance (T) of most tissues is towards
the low end of the dose-response relationship. (d) Isoeffect plot for a fixed level of normal-tissue damage (also a

similar plot for tumour response).
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responses give a cumulative curve that rises to a
plateau, and the height of the plateau is a good
measure of the total effect of that dose of radiation
on the tissue. Other normal-tissue responses, in
particular the late responses seen in connective and
vascular tissues, are progressive and the cumulative
response curve will continue to rise (Figs 13.7 and
13.8). The quantification of clinical normal-tissue
reactions is dealt with in Chapter 13, Section 13.4.
The next stage in a study of the radiation
response of a tissue will be to vary the radiation dose
and thus to investigate the dose—response relation-
ship (Fig. 1.2c). Many examples of such curves are
given throughout this book, for example Figs 5.6,
14.3 and 19.8. Cell survival curves (see Chapter 4,
Section 4.3) are further examples of dose—response
curves that are widely used in radiobiology. The
position of the curve on the dose scale indicates the
sensitivity of the tissue to radiation; its steepness
also gives a direct indication of the change in
response that will accompany an increase or
decrease in radiation dose. These aspects of dose—
response curves are dealt with in detail in Chapter 5.
The foregoing paragraphs have, for simplicity,
referred to ‘dose’ as though we are concerned
only with single radiation exposures. It is a well-
established fact in radiation oncology that multiple
radiation doses given over a period of a few weeks
give a better curative response than can be achieved
with a single dose. Diagrams similar to Fig. 1.2a—c
can also be constructed for fractionated radiation
treatment, although the results are easiest to inter-
pret when the fractions are given over a time that is
short compared with the time-scale of development
of the response. If we change the schedule of dose
fractionation, for example by giving a different
number of fractions, changing the fraction size or
changing radiation dose rate, we can then investi-
gate the therapeutic effect in terms of an isoeffect
plot (Fig. 1.2d). Experimentally this is done by per-
forming multiple studies at different doses for each
chosen schedule and calculating a dose-response
curve. We then select some particular level of effect
(Rin Fig. 1.2¢) and read off the total radiation dose
that gives this effect. For effects on normal tissues
the isoeffect will often be some upper limit of toler-
ance of the tissue, perhaps expressed as a probability
of tissue failure (see Chapter 5, Section 5.1, and
Chapter 14, Section 14.2) and perhaps choosing a

lower level of effect (T in Fig. 1.2c) will be more
appropriate. The isoeffect plot shows how the total
radiation dose for the chosen level of effect varies
with dose schedule: examples are given in Figs 8.2
and 10.3, and recommendations for tolerance cal-
culations are set out in Chapters 8 and 9. The
dashed line in Fig. 1.2d illustrates how therapeutic
conclusions may be drawn from isoeffect curves. If
the curve for tumour response is flatter than for
normal-tissue tolerance, then there is a therapeutic
advantage in using a large number of fractions: a
tolerance dose given using a small number of frac-
tions will be far short of the tumour-effective dose,
whereas for large fraction numbers it may be closer
to an effective dose.

1.6 THE CONCEPT OF THERAPEUTIC
INDEX

Any discussion of the possible benefit of a change
in treatment strategy must always consider simul-
taneously the effects on tumour response and on
normal-tissue damage. A wide range of factors
enter into this assessment. In the clinic, in addition
to quantifiable aspects of tumour response and
toxicity, there may be a range of poorly quantifiable
factors such as new forms of toxicity or risks to the
patient, or practicality and convenience to hospital
staff; there are also cost implications. These must all
be balanced in the clinical setting. The role of radi-
ation biology is to address the quantifiable biologi-
cal aspects of a change in treatment.

In the research setting, this can be done by con-
sidering dose—response curves. As radiation dose is
increased, there will be a tendency for tumour
response to increase, and the same is also true of
damage to normal tissues. If, for example, we meas-
ure tumour response by determining the proportion
of tumours that are controlled, then we expect a sig-
moid relationship to dose (for fractionated radiation
treatment we could consider the total dose or any
other measure of treatment intensity). This is illus-
trated in the upper part of Fig. 1.3. If we quantify
damage to normal tissues in some way for the same
treatment schedule, there will also be a rising curve
of toxicity (lower panel). The shape of this curve is
unlikely to be the same as that for tumour response
and we probably will not wish to determine more
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Figure 1.3 The procedure by which an improvement in
therapeutic index might be identified, as a result of
adding chemotherapy to radiotherapy (see text,
Section 1.6).

than the initial part of this curve since a high fre-
quency of severe damage is unacceptable. By anal-
ogy with what must be done in the clinic, we can
then fix a notional upper limit of tolerance (see
Chapter 14, Section 14.2). This fixes, for that treat-
ment schedule, the upper limit of radiation dose
that can be tolerated, for which the tumour response
is indicated by the point in Fig. 1.3 labelled A.
Consider now the effect of adding treatment
with a cytotoxic drug. We plan that this will
increase the tumour response for any radiation
dose and this will be seen as a movement to the
left of the curve for tumour control (Fig. 1.3).
However, there will probably also be an increase in
damage to normal tissues which again will consist
of a leftward movement of the toxicity curve. The
relative displacement of the curves for the tumour
and normal tissues will usually be different and
this fact makes the amount of benefit from the
chemotherapy very difficult to assess. How do we
know whether there has been a real therapeutic

gain? For studies on laboratory animals there is a
straightforward way of asking whether the com-
bined treatment is better than radiation alone: for
the same tolerance level of normal-tissue damage
(the broken line) the maximum radiation dose
(with drug) will be lower and the corresponding
level of tumour control is indicated by point B in
Fig. 1.3. If B is higher than A then the combina-
tion is better than radiation alone and represents a
therapeutic gain, because it gives a greater level of
tumour control for the same level of morbidity.

This example illustrates the radiobiological con-
cept of therapeutic index: it is the tumour response
for a fixed level of normal-tissue damage (see
Chapter 5, Section 5.6). The term therapeutic win-
dow describes the (possible) difference between the
tumour control dose and the tolerance dose. The
concept can, in principle, be applied to any thera-
peutic situation or to any appropriate measures of
tumour response or toxicity. Its application in the
clinic is, however, not a straightforward matter, as
indicated in Chapter 18, Section 18.1. Therapeutic
index also carries the notion of ‘cost-benefit” analy-
sis. It is impossible to reliably discuss the potential
benefit of a new treatment without reference to its
effect on therapeutic index.

1.7 THE IMPORTANCE OF RADIATION
BIOLOGY FOR THE FUTURE
DEVELOPMENT OF RADIOTHERAPY

Radiation oncology, more than any of the other
modalities for cancer treatment, is, to a large
extent, a technical discipline. Improvements in the
treatment of cancer with radiotherapy over recent
decades have resulted mainly from improvements
in technology, combining new methods of preci-
sion in dose delivery with new imaging tools. A
major recent development has been the introduc-
tion of intensity modulation in combination with
various functional imaging modalities such as
functional magnetic resonance imaging (fMRI)
and positron emission tomography(PET)/com-
puted tomography (CT). This has led to new con-
cepts such as ‘biological target volume) ‘dose
painting’ and ‘theragnostic imaging’ (see Chapter
20). These developments will undoubtedly lead to
further improvements in tumour control rates
and reductions in morbidity.
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In parallel with these technological advances,
new developments have taken place in radiobiol-
ogy, encompassing the understanding of cancer
biology in general, and the radiation response in
particular. These fundamental and preclinical
research efforts in biology hold great promise, just
as the technical innovations, for improving the
radiotherapy of cancer. It is even likely that the
expected improvements from technical innova-
tions will reach a limit, and the next break-
throughs will come from biological innovations,
such as the application of molecularly targeted
drugs (see Chapters 21 and 22) in combination
with high-precision methods to deliver radiation.

It is interesting to note that the recent rapid
progress in knowledge of the biology of cancer is
itself also partly due to technological innovations,
especially in high-throughput methods to study
the genetics of the whole cell. There are now sev-
eral methods to look at the genes (DNA) and
expression of those genes (RNA and protein) in
high numbers (tens of thousands) all at once. The
trend here is away from the study of single genes
or parameters towards genome-wide studies. The
many different potential causes of failure, or of
severe normal-tissue reactions, necessitates such
multiparameter/multigene studies. Methods to
selectively manipulate gene expression represent
another revolution in biology, allowing one to
quickly assess the importance of any given gene by
reducing or eliminating its expression (RNA
interference and microRNA methods). Radiation
biologists are now exploiting these techniques to
better understand the molecular pathways that
determine how cells respond to damage. This
should lead to identification not only of new tar-
gets, but of targets that are specifically deregulated
in tumours, providing the all-important tumour
specificity of therapy. This should also lead to the
development of more robust and accurate predic-
tors of which tumours or normal tissues will
respond well to standard radiotherapy and which
will not, which could significantly improve indi-
vidualized radiotherapy (see Chapter 23).

Opver the last decade we have seen a change from
‘classic radiobiology’, which has often focused on
fractionation, the LQ model, and the phenomenol-
ogy of repair in terms of ‘sublethal’ and ‘potentially
lethal’ damage. However, fractionation remains
an important core subject for the application of

radiation therapy, and the development of the LQ
model, together with elucidation of the importance
of repopulation, has been central in understanding
fractionation, leading to new and better clinical
fractionation schemes and the ability to predict the
response of normal tissue and tumours to non-
standard schedules (see Chapters 8—12). It is of great
interest to see a change developing in the established
concept of high o/ values for tumours and acutely
responding tissues, and low «/(3 values for late-
responding tissues. This ‘dogma’ has now evolved
into a more differentiated view, indicating that
some tumours may have a lower o/ ratio than sur-
rounding normal tissues, requiring a very different
approach to the design of treatment schedules. This
new knowledge is now being applied to the design
of hypofractionated schedules, such as for the treat-
ment of prostate tumours, which is a dramatic devi-
ation from clinical practice in the last decades.

In a similar manner, simple descriptions of
repair and recovery have been supplemented by
increasing knowledge and understanding of the
molecular pathways involved in various types of
repair, including those for base damage, single-
strand DNA breaks and double-strand breaks. This
is leading to new ways to target deregulated repair
pathways, with the promise of improving radio-
therapy (see Chapter 23). In recent years, a link has
been established between the EGFR pathway and
DNA double-strand break repair. This is highly rel-
evant to radiotherapy as blocking the EGFR has
been shown to improve the effect of radiotherapy
in head and neck cancer (see Chapter 21).

Hypoxia has always been a focus in radiation
research, given its large influence on radiosensitivity
(see Chapter 15). However, here again, phenome-
nology has now been replaced by a huge plethora of
molecular studies illuminating how cells respond to
hypoxia of different degrees and fluctuating over
time (see Chapter 16). Hypoxia is also an important
issue for other disciplines apart from cancer, and so
an enormous amount of fundamental information
has been contributed by these different areas, which
radiation biologists can also exploit. This has led to
several novel ways to either attack or exploit tumour
hypoxia clinically (see Chapter 17).

Indirectly related to hypoxia is the tumour vas-
culature and blood supply, and this component of
the tumour microenvironment has been a target for
therapy for many years now. One approach is to
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block one of the most important growth factors
involved in new vessel formation and the mainte-
nance of blood vessels, vascular endothelial growth
factor (VEGF). Another approach is to modify the
function of mature blood vessels. Since radiation
therapy is a balancing act between damage to
tumours and normal tissues, sparing the latter has
always attracted the attention of radiation scientists.
The trends in radiation studies of normal tissues, as
above, are to elucidate the molecular pathways
determining response, and by an increased under-
standing to both predict and ameliorate severe side-
effects (see Chapter 22).

Radiation oncology has always been at the inter-
face of physics, biology and medicine, and, with new
developments in the technology of high-precision
beam delivery with functional and molecular imag-
ing, these are exciting times. Clearly, today’s radia-
tion oncologists and clinical physicists need to
obtain a solid understanding of both radiation
biology and the new developments in molecular
radiation oncology: that is the purpose of this book.

Key points

1. Radiotherapy is a very important curative
and palliative modality in the treatment of
cancer, with more than half of all patients
estimated to receive radiotherapy at some
point during their management.

2. The effects of radiation on mammalian tis-
sues should be viewed as a succession of
processes extending from microseconds to
months and years after exposure. In choos-
ing one endpoint of effect, it is important
not to overlook the rest of this process.

3. Therapeutic index is always ‘the name of the
game’ in curative cancer therapy.

4. Significant gains are still to be made by the
optimization of biological and physical fac-
tors, particularly in the domain of ‘biologically
based treatment planning’ and image-guided
therapy.

5. Further gains will also accrue from the
increasing knowledge of the molecular
mechanisms underlying radiation responses,
enabling tumour-specific targeting of
radiosensitization.
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2.1 DNA DAMAGE BY IONIZING
RADIATION (AND OTHER SOURCES)

Ionizing radiation (IR) consisting of electromag-
netic radiation, or photons, is the type of radiation
most commonly used for the treatment of patients
with radiotherapy. Typical energies of the photons
produced by 4-25MV linear accelerators found in
radiotherapy departments range from less than
100keV to several MeV (the maximum energy of
the machine being used). From its name, the princi-
pal damaging effects of this type of radiation arise
from its ability to ionize, or eject electrons, from
molecules within cells. Almost all the photons pro-
duced by linear accelerators have sufficient energy
to cause such ionizations. Most biological damage,
however, is done by the ejected electrons them-
selves, which go on to cause further ionizations in
molecules they collide with, progressively slowing
down as they go. At the end of electron tracks, inter-
actions with other molecules become more fre-
quent, giving rise to clusters of ionizations
(Goodhead, 2006). The pattern and density of ion-
izations and their relationship with the size of the
DNA double helix is shown in Fig. 2.1. The clusters

are such that many ionizations can occur within a
few base pairs of the DNA. These clusters are a
unique characteristic of IR, in contrast to other
forms of radiation such as UV or DNA-damaging
drugs such as topoisomerase inhibitors. Only a few
per cent of the damage is clustered, but when these
clusters occur in DNA, the cell has particular diffi-
culty coping with the damage.

Ionized molecules are highly reactive and
undergo a rapid cascade of chemical changes, which
can lead to the breaking of chemical bonds. This can
disrupt the structure of macromolecules such as
DNA, leading to severe consequences if not repaired
adequately or in time. Ionizing radiation deposits its
energy randomly, thus causing damage to all mole-
cules in the cell. However, there are multiple copies
of most molecules (e.g. water, mRNA, proteins and
others) and most undergo a continuous rapid
turnover, limiting the consequences of damaging
just a few molecules of one type. In contrast, DNA is
present in only two copies, has very limited
turnover, is the largest molecule thus providing the
biggest target, and is central to all cellular functions.
The consequence of permanent damage to DNA
can therefore be serious and often lethal for the cell.
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There is also compelling experimental evidence
that the DNA is the principal target for radiation-
induced cell killing. Elegant experiments have
been carried out irradiating individual cells with
small polonium needles producing short-range
a-particles (Warters and Hofer, 1977). High doses
could be given to plasma membranes and cyto-
plasm without causing cell death. However, as
soon as the needle was placed so that the nucleus
received even one or two a-particles, cell death
resulted. Other experiments used radioactively
labelled compounds to irradiate principally the
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Figure 2.1 (a) Computer-simulated tracks of 1 keV
electrons. Note the scale in relation to the 2.3nm
diameter of the DNA double helix (adapted from
Chapman and Gillespie, 1981). (b) lllustrating the
concept of a local multiply-damaged site produced by
a cluster of ionizations impinging on DNA.

plasma membrane ('*’I-concanavalin), or princi-
pally the DNA (*H-labelled thymidine), and com-
pared this with homogeneous cell irradiation with
X-rays. Cell death closely correlated only with dose
to the nucleus, and not with either the plasma
membrane or the cytoplasm (Table 2.1).

Because of the importance of DNA, cells and
organisms have developed a complex series of
processes and pathways for ensuring that the DNA
remains intact and unaltered in the face of continu-
ous attack from within (e.g. oxidation and alkyla-
tion owing to metabolism) and from the outside
(e.g. ingested chemicals, UV and ionizing radiation)
(Harper and Elledge, 2007). These include different
forms of DNA repair to cope with the different
forms of DNA damage induced by different agents.

Specialized repair systems have therefore evolved
for detecting and repairing damage to bases [base
excision repair (BER)], single-strand breaks [single-
strand break repair (SSBR), closely related to BER],
and double-strand breaks [homologous recombi-
nation (HR) and non-homologous end-joining
(NHEJ)]. All these lesions are produced by ionizing
radiation, and each of these repair pathways is
described in more detail in Sections 2.7 and 2.8.
There are also other DNA repair pathways, such as
those for correcting mismatches of bases in DNA
which can occur during replication, such as mis-
match repair (MMR), and for repairing bulky
lesions or DNA adducts such as those formed by UV
light and some drugs such as cisplatin [nucleotide
excision repair (NER)]. However, neither MMR nor
NER appears to be important for ionizing radiation,
since cells with mutations or deletions in genes on

Table 2.1 Toxicity of radioisotopes depends upon their subcellular distribution

Radiation dose to part of the cell* (Gy)

Radiation source/type Nucleus
X-rays 33
3H-Thymidine 3.8
125|_Concanavalin 4.1

Cytoplasm Membranes
3.3 3.3
0.27 0.01

24.7 516.7

*For each of these three treatments a dose has been chosen that gives 50 per cent cell killing in
Chinese hamster ovary (CHO) cells. The absorbed radiation doses to the nucleus, cytoplasm or
membranes have then been calculated. 3H-Thymidine is bound to DNA and '?°l-concanavalin to cell
membranes. It is the nuclear dose that is constant and thus correlates with cell killing, not the
cytoplasmic or membrane doses. From Warters et al. (1977) with permission.
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these pathways are not more sensitive to IR. In con-
trast, mutations or deletions in BER, SSBR, HR or
NHE] genes can all, under certain circumstances,
lead to increased radiosensitivity.

To give an idea of the scale of damage, 1 Gy of
irradiation will cause in each cell approximately
10° ionizations, > 1000 damages to DNA bases,
around 1000 single-strand DNA breaks (SSBs)
and around 20-40 double-strand DNA breaks
(DSBs). To put this into further perspective, 1 Gy
will kill only about 30 per cent of cells for a typical
mammalian cell line, including human. This rela-
tively limited cytotoxicity, despite large numbers
of induced lesions per cell, is the consequence of
efficient DNA repair.

Cellular DNA comprises two opposing strands
linked by hydrogen bonds and forming a double
helical structure. Each strand is a linear chain
of the four bases — adenine (A), cytosine (C),
guanine (G) and thymine (T) — connected by sugar
molecules and a phosphate group, the so-called
sugar—phosphate backbone (Fig. 2.2). The order
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of the bases is the code determining not only
which protein is made but whether a gene is active
(transcribed) or not. In turn, this double helix is
wound at regular intervals around a complex of a
specific class of proteins (histones), forming nucle-
osomes, resembling beads on a string. Many other
proteins are also associated with the DNA; these
control DNA metabolism, including transcription,
replication and repair. The DNA plus its associated
proteins is called chromatin. There are further lev-
els of folding and looping, finally making up the
compact structure of the chromosomes.

This structure poses various challenges to the cell
for repairing DNA damage. First, specialized pro-
teins have to be sufficiently abundant and mobile to
detect damage within seconds or minutes of it
occurring. Second, the chromatin usually needs to
be remodelled (e.g. the structure opened up) to
allow access of repair proteins (van Attikum and
Gasser, 2005). This may entail removal of nucleo-
somes close to the break, among other changes. The
correct repair, accessory and signalling proteins
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Figure 2.2 The structure of DNA, in which the four bases (G, C, T and A) are linked through sugar groups to the

sugar—-phosphate backbone.
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Figure 2.3 The DNA damage response can be divided into
sensors and effectors. The sensors consist of protein
complexes which recognize DNA damage and include
MRN-ATM, Ku-DNA-PKcs, and ATRIP-ATR (see text). These
proteins signal to many other proteins which activate three
important effector pathways: checkpoints, DNA repair and
cell death. Examples of some of the proteins which signal
from the sensors to the effector pathways are listed.

then need to be recruited, often mediated by histone
modifications, and tightly coordinated. This
includes stopping various processes such as tran-
scription and cell-cycle progression to concentrate
on repair. Repair progress needs to be continually
monitored so that the chromatin will be reset to its
original state after completion of repair, and then
normal cellular processes resumed.

2.2 THE DNA DAMAGE RESPONSE

The DNA damage response (DDR) is a highly com-
plex and coordinated system that determines the
cellular outcome of DNA damage caused by radia-
tion. The DDR is not a single pathway, but rather a
group of highly interrelated signalling pathways,
each of which controls different effects on the cell.
This system can be divided into two parts, the sen-
sors of DNA damage and the effectors of damage

response (Fig. 2.3). The sensors consist of a group
of proteins that actively survey the genome for the
presence of damage. These proteins then signal this
damage to three main effector pathways that
together determine the outcome for the cell. These
effector pathways include (1) programmed cell
death pathways that kill damaged cells, (2) DNA
repair pathways that physically repair DNA breaks
and (3) pathways that cause temporary (or perma-
nent) blocks in the progress of cells through the cell
cycle — the damage checkpoints.

2.3 SENSORS OF DAMAGE

Foci formation

The initial cellular response to DSBs is character-
ized by the physical recruitment of a large number
of different proteins to the sites of DNA damage.
This clustering or recruitment of various proteins
can be visualized microscopically as small regions
or speckles in the nucleus after DNA damage fol-
lowing staining with antibodies to these proteins
(Fig. 2.4). These subnuclear regions are com-
monly referred to as ionizing radiation induced
‘foci’” (IRIF). A large number of the proteins
involved in the DDR have been shown to form
IRIF at or very near to the actual sites of DSBs.
Consequently, it is thought that each focus repre-
sents a platform from which DNA repair and sig-
nalling to the other effectors of the DDR occurs.
One of the earliest events known to occur in the
DDR is the phosphorylation of a protein called
histone H2AX (Stucki and Jackson, 2006). This is a
variant of histone H2A, a component of the core
nucleosome structure around which DNA is pack-
aged. H2AX is distributed throughout the entire
nucleus and makes up about 10-15 per cent of
total cellular histone H2A. Starting within a few
minutes of DSB formation, H2AX becomes phos-
phorylated in a region that extends over an exten-
sive region around the site of the unrepaired DSBs.
This phosphorylated form, known as YH2AX, is
necessary for the recruitment of many of the other
proteins involved in the DDR and the resulting
formation of IRIE. Cells that have been engineered
to lack H2AX show substantial defects in IRIF
formation and are radiosensitive. In recent years,
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Figure 2.4 Examples of ionizing radiation-induced nuclear foci. Unirradiated and irradiated (2 Gy) cells have been

fixed and stained with antibodies that recognize yH2AX and 53BP1, two proteins that interact at sites of DNA damage
to form foci after induction of DNA double-strand breaks. These foci form rapidly and then resolve, consistent with the
kinetics of DNA double-strand break rejoining. Photographs courtesy of Farid Jallai and Rob Bristow, Princess Margaret

Hospital. See colour plate section for full colour images.

the presence of YH2AX foci, which can be detected
using microscopy, has become a highly sensitive
method for detecting the presence and/or repair of
individual DSBs in irradiated cells.

The sensors of DSBs

Phosphorylation of H2AX at and around the sites
of DSBs is one of the earliest events in the DDR,
occurring within 5-30 min after DSB induction.
This indicates that one or more kinases, enzymes
which phosphorylate other proteins, are activated
at the sites of DSBs. Three related kinases have
been shown to be able to phosphorylate H2AX at
sites of DSBs (Falck et al., 2005).

ATM-MRN

The phosphorylation of H2AX at sites of DSBs pro-
duced by radiation occurs primarily by the ataxia
telangiectasia mutated (ATM) protein. The gene
that encodes this protein is mutated in the auto-
somal recessive syndrome ataxia telangiectasia
(AT), which presents clinically as oculocutaneous
telangiectasia and progressive cerebellar ataxia
(O’Driscoll and Jeggo, 2006). These patients are

frequently found to be highly radiosensitive and
have an increased risk of developing cancer. Cells
from AT patients or normal cells in which the ATM
protein is inhibited are extremely radiosensitive,
and are defective in H2AX phosphorylation, IRIF
formation and many other aspects of the DDR.
Although there is still some debate about the
exact sequence of events that occurs immediately
after a DSB is created, it is now recognized that ATM
requires at least one additional protein complex in
order to ‘find’ the DSB and become activated.
Recruitment of ATM to the DSB requires a protein
complex known as MRN. This complex contains
three proteins, MRE11, RAD50 and NBSI. The
NBSI1 protein is the product of the gene that is
mutated in Nijmegen breakage syndrome (NBS).
This syndrome is highly similar to AT and patients
are also radiosensitive. Cells that lack NBS1 show
similar defects in H2AX phosphorylation, IRIF for-
mation and other aspects of the DDR. One of the
key functions of NBSI is to directly bind to ATM,
and bring it to the sites of damage. Thus, when NBS1
is defective, ATM is unable to relocate to DSBs and is
therefore unable to phosphorylate H2AX and initi-
ate the DDR. This provides a molecular basis for the
similarities between NBS and AT clinical syndromes.
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Several lines of evidence indicate that MRN is
the functional sensor of DSBs induced by radia-
tion (Stucki and Jackson, 2006). First, the RAD50
protein has been shown to directly bind to DNA;
second, NBS1 is required for recruitment of ATM
to the break; third, MRN assembles at sites of DSBs
faster than any other known protein; and fourth,
MRN is the only known DNA repair complex that
does not depend on any other protein to form foci
at DSBs. MRN is a multifunctional complex. Not
only does it sense the DSB, bind DNA and recruit
ATM, it is also important for the ‘processing’ of
the DSB. For example, it has exonuclease activity
and can digest the ends of the DNA break which
may not be compatible for ligation.

Thus, the earliest events in the DDR are consid-
ered to be the recruitment of MRN and ATM to
DSBs. ATM is normally present in the cell, but in
an inactive form. Activation of ATM occurs once it
becomes associated with a DSB resulting in phos-
phorylation of H2AX at the site of the DSB. H2AX
phosphorylation then spreads over relatively large
chromatin regions (megabases) in both directions,
an event that is regulated by an additional protein
called MDCI. This protein acts as an adaptor/
mediator by directly binding to both ATM and
phosphorylated H2AX, and in this way is able to
spread ATM phosphorylation of H2AX in both
directions of the break. The spreading of this sig-
nal significantly alters the chromatin structure
around the DSB and is thought to be important for
assisting access of other DNA repair proteins to the
break. The spreading also acts to ‘amplify’ the DSB
signal. The presence of large areas of H2AX phos-
phorylation around a single DSB explains the rela-
tively large foci that are observed microscopically.

DNA-PKcs-KU

In cells that completely lack the ATM protein,
phosphorylation of H2AX and IRIF formation can
still occur through an alternative mechanism but
with somewhat delayed kinetics. In these cells,
H2AX phosphorylation is mediated by the catalytic
subunit of the DNA-dependent protein kinase
(DNA-PKcs). DNA-PKcs is a kinase that is struc-
turally related to ATM and which is very important
in the non-homologous end joining pathway of
DNA repair (see Section 2.7, NHE]). In normal
cells or in cells treated with an ATM inhibitor

(which blocks the activity of the ATM protein),
DNA-PKcs is unable to phosphorylate H2AX. Thus,
in addition to its early role in activating components
of the DDR, the ATM protein also appears to
actively exclude DNA-PKcs at sites of DSBs.

The mechanism through which DNA-PKcs
finds DSBs is very similar to that of ATM. Like
ATM, DNA-PKcs is unable to act as a sensor of
damage itself. This sensor function is carried out
by the Ku70-Ku80 complex, which directly binds
to the ends of DSBs. Binding of Ku70-Ku80 to
DSBs then recruits DNA-PKcs allowing phospho-
rylation of H2AX.

ATR-ATRIP

The third kinase capable of phosphorylating H2AX
is ATR, which stands for AT-related kinase. This
enzyme does not appear to play any substantial role
in the initial recognition of DSBs produced by radi-
ation. Instead, it phosphorylates H2AX in response
to other types of DNA damage and abnormalities
such as single-stranded DNA and stalled or broken
replication forks. It is thus very important for the
types of damage that occur during normal DNA
replication. The recruitment of ATR to sites of DNA
damage requires another protein called ATRIP (ATR
interacting protein). Thus, just like ATM and DNA-
PKcs, ATR is recruited to sites of damage by a differ-
ent protein that acts as the sensor of DNA damage.
Although ATR is not important in the initial
detection of DSBs, it does play a role in this path-
way after ATM is activated. As discussed above, the
ATM-MRN complex leads to processing of the
DNA at sites of DSBs. This processing can create
stretches of single-stranded DNA, which will then
activate ATR. Thus, ATR can be activated ‘down-
stream’ of ATM activation. Although highly related
to ATM, ATR phosphorylates a distinct set of pro-
teins that participate in the DDR. Consequently,
components of the DDR effector pathways (DNA
repair, checkpoints and cell death) are also
dependent on ATR after radiation treatment.

2.4 SIGNALLING TO EFFECTOR
PATHWAYS

Activation of ATM, DNA-PKcs and ATR leads to the
phosphorylation not only of H2AX, but also of
many other cellular proteins. Amazingly, recent
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studies have shown that as many as 700 proteins
are substrates for the ATM and ATR kinases in
response to DNA damage (Matsuoka et al, 2007).
Phosphorylation of these other proteins act as the
‘signals’ to activate the various different downstream
effectors of the DDR (apoptosis, cell-cycle check-
points and DNA repair). The ATM protein plays per-
haps the most important role in transmitting these
signals in response to radiation-induced DSBs and is
thus considered to be a master regulator of the DDR.

2.5 PROGRAMMED CELL DEATH -
APOPTOSIS

Two of the important proteins which are phos-
phorylated following activation of ATM are p53
and MDM2. p53 is one of the most commonly
mutated tumour suppressors whose function is to
regulate genes that control both cell-cycle check-
points (see below) and programmed cell death
through a programme known as apoptosis (see
Chapter 3 for details). Consequently, activation of
p53 after irradiation can lead either to a block in
proliferation or directly to cell death (Fig. 2.5).
The p53 gene is regulated at the protein level by
binding to its partner MDM2. This association
leads to rapid ubiquitination and destruction of
p53 through the proteasome pathway. Thus, in
unstressed normal cells, p53 is made continuously
but is degraded and is thus non-functional.
Following DNA damage, ATM phosphorylates
both p53 and MDM2. These events destabilize the
p53-MDM2 interaction, and as a result the p53
protein is no longer degraded. In addition to this
stabilization, direct phosphorylation of p53 by
ATM leads to its activation as a transcription factor
and thus the upregulation of its many target genes.
These target genes include the pro-apoptotic genes
BAX and PUMA, which in certain cells can be suf-
ficient to induce cell death. Thus, in some cells, acti-
vation of the DDR itself can lead to rapid induction
of cell death through apoptosis. The purpose of this
DDR effector is likely to be similar to the function
of p53 itself, namely tumour suppression. Because
DNA damage can lead to dangerous mutations, it
may be more beneficial to the organism to elimi-
nate the cell rather than trying to repair the dam-
age. This would be predicted to be especially
important in rapidly proliferating tissues, and
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Figure 2.5 Cells irradiated in the G1 phase are
influenced by the action of p53. Ataxia telangiectasia
mutated (ATM) protein is activated by double-strand
DNA breaks (DSBs) and phosphorylates both MDM2 and
p53. This leads to stabilization and activation of p53,
which then induces genes that can promote apoptosis
(Bax, Puma) and induce checkpoints. Induction of p21
inhibits the action of cyclin-cyclin-dependent kinase
(CDK) complexes that are necessary for the entry into

S phase. Consequently cells are blocked at the G1/S
border. In many cancer cells, p53 or other components of
this checkpoint are mutated and so it is non-functional.

indeed these tissues tend to display radiation-
induced apoptosis (see Chapter 3 for more details).

2.6 CHECKPOINT ACTIVATION

The second major effector pathway of the DDR is
the activation of cell-cycle checkpoints. Treatment
of cells with ionizing radiation causes delays in the
movement of cells through the G1, S and G2
phases of the cell cycle (Table 2.2) (Kastan and
Bartek, 2004). This occurs through the activation
of DNA damage checkpoints, which are specific
points in the cell cycle at which progression of the
cell into the next phase can be blocked or slowed.
The DDR activates four distinct checkpoints in
response to irradiation that take place at different
points within the cell cycle. Initially, these check-
points were described as delays that would allow
cells more time to repair DNA damage. This
description is likely true to some extent, especially
in terms of the importance of checkpoints in pre-
venting mutations that might otherwise arise
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Table 2.2 Radiation-induced cell-cycle checkpoints and their characteristics

Position Primary signalling proteins
G1 ATM, p53, p21
S ATM, Chk1/Chk12, CDC25A/
CDC25C, BRCA1, BRCA2
G2-early ATM, Chk1/Chk12, CDC25A/
CDC25C, BRCA1, BRCA2
G2-late ATR, Chk1, CDC25A/CDC25C

Applies to cells

irradiated in Features

G1 Prevents entry into S

S Slows progression through S
G2 Prevents entry into mitosis
All phases Accumulation of cells in G2

because of misrepair. However, there is little evi-
dence to support a general role for checkpoints in
influencing the overall radiosensitivity (cell sur-
vival) following single doses of radiation.

All movement through the cell cycle, be it in the
G1, S, G2 or M phases, is driven by cyclin-depend-
ent kinases (CDKs). The CDKs phosphorylate other
proteins to initiate the processes required for pro-
gression thorough the cell cycle. A CDK is active
only when associated with a cyclin partner (hence
their name) and different cyclin-CDK complexes
are active at different points within the cell cycle. For
example, cyclinD-CDK4 is active in Gl and
cyclinB-CDKI is active in mitosis. Checkpoint acti-
vation requires inhibition of the cyclin-CDK com-
plexes and for radiation this occurs through two
main mechanisms. The first is by activation of other
proteins that directly inhibit the cyclin—-CDK com-
plex; these are the cyclin-dependent kinase
inhibitors (CDKIs). The second is by affecting phos-
phorylation and activity of the CDK enzyme itself.
The activity of any given CDK is frequently affected
by its phosphorylation status, and may be active in
either the phosphorylated or dephosphorylated
state depending on the specific CDK in question.

G1 arrest

Cells contain a checkpoint at the transition between
the G1 and S phases that plays an important normal
role in the decision of the cell to initiate cell division.
This checkpoint is thus sensitive to growth fac-
tors, nutrients and other conditions that favour
proliferation. The transition from G1 to S phase is
controlled by the activation of the E2F transcription
factor. This factor is important for regulating many

of the genes necessary to initiate DNA replication in
S phase and in G1 is kept inactive by binding to the
retinoblastoma protein (Rb). As cells normally
move from G1 into S, the Rb protein becomes phos-
phorylated by Gl cyclin-CDKs including
cyclinD-CDK4 and cyclinE-CDK2. This phos-
phorylation causes release of Rb from E2F, allow-
ing E2F to function as a transcription factor and
initiate S phase.

As discussed above, irradiation leads to an
ATM-dependent stabilization and activation of
p53. One of the genes that is upregulated by p53 is
the CDKI p21 (CDKNI1A). p21 inhibits the G1
cyclin—-CDK complexes thereby preventing phos-
phorylation of Rb and entry into S phase. As a
result, cells that are irradiated while in the G1
phase will exhibit a delay prior to entry into S
phase that is dependent on both p53 and p21.

S-phase checkpoint

The remaining radiation-induced checkpoints are
controlled by two highly related proteins known as
Chkl1 and Chk2 (Fig. 2.6) (Bartek et al, 2004). Chk1
and Chk2 are activated by phosphorylation and are
direct targets of ATR and ATM respectively. Cells
that are in S phase at the time of irradiation demon-
strate a dose-dependent reduction in the rate of
DNA synthesis and, as a result, the overall length of
time that cells need to replicate their DNA substan-
tially increases. The target for preventing S-phase
progression is the CDK2 kinase, which must be in a
dephosphorylated form to be active. The dephos-
phorylation of CDK2 is maintained by the phos-
phatases CDC25A and CDC25C. When Chk1 and
Chk2 are activated, they phosphorylate CDC25A
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Figure 2.6 The S, early G2 and late G2 checkpoints are
all activated by a similar mechanism. Ataxia
telangiectasia mutated protein (ATM) and/or AT-related
kinase (ATR) are activated by double-strand DNA breaks
(DSBs) and phosphorylate the Chk1/2 kinases (see text).
These kinases then phosphorylate and inactivate
CDC25A/CDC25C. CDC25A/CDC25C are required for
progression through S phase and into mitosis because
they activate the required cyclin-cyclin-dependent
kinase (CDK) complexes in both parts of the cell cycle.
Thus when Chk1/2 are phosphorylated by ATM, cell-
cycle checkpoints in both S and G2 are activated.

and CDC25CC leading to their destruction or
inactivation. As a result, Chkl and Chk2 activation
by ATR and ATM results in an increase in the
amount of phosphorylated CDK2 and thus slowed
progression through S phase.

Although, ATM—Chk2 and ATR-Chk1 activa-
tion and inhibition of CDC25A/C is the main
mechanism for initiation of the S-phase checkpoint,
several other proteins in the DDR can also influence
this response. This includes the BRCA1 and BRCA2
proteins, whose main function is in the homolo-
gous recombination branch of DNA repair (see
Section 2.7). This suggests a complex relationship
between checkpoint activation and DNA repair.

G2 early checkpoint

There are two additional checkpoints in G2,
both of which operate along similar lines to that

in S phase. The early G2 checkpoint is also
ATM-Chk2-Cdc25A/C dependent and applies to
cells that are irradiated while in G2. The check-
point is activated by relatively low doses of radia-
tion (1Gy is enough) and results in a block of
cell-cycle progression at the end of G2. The target
of ATM—-Chk2—-Cdc25A/C signalling in this case is
the mitotic cyclinB—CDK1 complex which, like
CDXK2 in S phase, must be dephosphorylated on
specific sites to become active. It is called the early
G2 checkpoint because it applies to cells that are
irradiated while in G2 phase and rapidly blocks
their movement into mitosis. As a result, there is a
drop in the number cells within mitosis at short
times after irradiation.

G2 late checkpoint

The late G2 checkpoint describes a long G2 delay
that is observed after irradiation and is applicable
to cells that have been previously irradiated while
in the G1 or S phases. These cells may experience
transient G1- and S-phase checkpoints, but when
they arrive in the G2 phase many hours later they
experience a second delay before entry into
mitosis. Unlike the early G2 checkpoint, this delay
is strongly dose-dependent, and can last many
hours after high doses of radiation. In addition,
unlike all the other damage checkpoints this late
G2 checkpoint is independent of ATM. Instead,
the principal signalling axis occurs from ATR to
Chk1 to CDC25A/CDC25C. The late G2 check-
point is thus mechanistically similar to the S and
early G2 checkpoints, but likely arises from a fun-
damentally different type of DNA damage.
Instead of being activated directly by DSBs, this
checkpoint likely reflects a type of damage that
persists after other DNA repair processes have
occurred and which is sufficient to activate ATR.

Checkpoints, cancer and
radiosensitivity

In a large proportion of tumour cells, one or more
of the G1/S, S phase and early G2 checkpoints are
disabled because of genetic changes that occur
during tumourigenesis. In recent years, these
checkpoint responses have been linked to a
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tumour suppressor function that must be dis-
rupted to allow oncogene-induced proliferation.
This is thought to occur following activation of
growth-promoting oncogenes which induce
‘inappropriate replication’ and DNA damage from
replication stress. When functional, the check-
points block further proliferation of these cells
and can thus actively suppress cancer develop-
ment. This idea is supported by the finding that
many early cancer lesions show widespread acti-
vation of checkpoint activity.

Mutations in genes such as p53, BRCA1 or other
components of the DDR that influence checkpoint
activation will result in the failure to delay cell-cycle
progression in response to irradiation. This may
have an important consequence for genetic insta-
bility after irradiation and tumour progression, but
there is little evidence to suggest that lack of these
checkpoints influences overall cellular radiosensi-
tivity. Thus, although the G1/S, S and early G2
checkpoints are often described as providing
extended time for repair, this extra time seems to be
more important for the quality of repair rather
than the amount of repair that takes place.

The late G2 checkpoint, which unlike all others
is ATR rather than ATM dependent, is the only
exception since evidence exists to support it as
having a role in determining radiosensitivity. For
example, inhibitors of ATR that prevent this
checkpoint cause radiosensitization. Thus, for
reasons that are still unclear, premature entry into
mitosis of cells that are in the late G2 checkpoint
results in increased cell death.

Although the G1/S, S and early G2 checkpoints
may not affect the radiosensitivity of cells to single
doses of radiation, they may affect the response to
multiple (fractionated) doses. The presence of the
checkpoints in normal cells, and absence in many
tumour cells, will affect the redistribution of cells
at time-points after irradiation and therefore indi-
rectly the sensitivity of cells to subsequent doses of
radiation. For example, consider two populations
of cells that are identical with exception of the abil-
ity to block at the G1 checkpoint. Twenty-four
hours after irradiation cells that lack this check-
point may show reduced numbers of cells in G1
phase and more cells in S phase compared with
cells that have an intact checkpoint. Since
radiosensitivity is different in G1 and S phase, the

two populations of cells may respond differently to
subsequent irradiation at that time. Consequently,
all checkpoints can potentially affect responses to
radiotherapy given in multiple fractions.

2.7 DNA DSB REPAIR

As discussed above, DSBs are detected by special-
ized proteins which signal to the cell that damage
has occurred, thereby initiating the DNA damage
response. This response effectively focuses the
cell’s attention on the damage, stopping other
processes such as transcription and cell-cycle pro-
gression, and, importantly, initiating repair. For
DSBs, there are two main repair pathways, HR and
NHE]. These are quite different in the genes
involved, the position in the cell cycle where they
primarily act and in the speed and accuracy of
repair. These processes are described in more detail
below. Both affect the radiosensitivity of a cell.

HR

As the name implies, HR uses homologous undam-
aged DNA (that with an identical sequence) as the
template to repair the DNA with the DSBs in it
(West, 2003). By using DNA with the same
sequence as a basis for repair, the process is error
free. The general scheme is illustrated in Fig. 2.7.
Briefly, single-strand regions are created around
each side of the break, followed by their coating
with specialized proteins. These single-stranded
nucleoprotein filaments then invade undamaged
double-stranded DNA on the neighbouring sister
chromatid, forming a crossover, or bubble, struc-
ture. These bubbles are then expanded with spe-
cialized enzymes called helicases. The object of this
process is to provide an undamaged DNA template
of the same base sequence around the break site, so
that DNA polymerases can then synthesize across
the missing regions, thereby accurately repairing
the break. The crossover structure then has to be
reversed to reset the chromatin to its original con-
figuration. This is done with specialized nucleases
which cut, or resolve, the junctions, followed finally
by connecting up, or ligating, adjacent ends with a
ligase. The whole process takes several hours (up to
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Figure 2.7 Schematic of double-strand DNA break (DSB) repair by homologous recombination (HR). The principal
genes known to be involved are shown, although there are others not shown which are also involved in HR.
Chromatin remodelling genes are not shown. The main feature is the use of an undamaged sister chromatid sequence
(light coloured lines) as template for repair. The groups of genes (right and bottom centre) are involved with the

processes indicated by the horizontal arrows.

6 hours or more) to complete. Some details of the
genes involved in the process are given below.

The first step is to cut back one strand on each
side of the break with an exonuclease, making a 3’
overhang, in order to create single-stranded regions
which are necessary for subsequent strand invasion.
The proteins involved in end resection include the
MRN complex (described above under sensors of
damage), MRE11 being the active component. The
single-stranded DNA is immediately coated with
RPA (replication protein A), a single-strand binding
protein, which is a universal response of the cell to
any single-stranded regions of DNA. This RPA is
then displaced by a central protein in HR, namely
RADS1. This results in the formation of a nucleo-
protein filament of DNA coated with RAD51, which
then undergoes the search for homologous DNA
and strand invasion. Several RAD51 paralogues
(genes arising from duplication of the parent gene
but with modified sequence and function) help with
these processes, including RAD51B, RADS5IC,
RAD51D, XRCC2 and XRCC3. Deletion or muta-
tion of any of these genes can severely impair HR.

Helicases, including BLM and other members of
the RecQ family, possibly with the help of RAD54,

then enlarge the subsequent ‘bubble’ structure
(branch migration). The necessary DNA synthesis
is carried out with DNA polymerases, the identity
of which is still uncertain. One of the replicative
polymerases is the likely candidate, however, since
HR is mostly an error-free process, like replication,
although some of the less accurate translesion syn-
thesis polymerases have also been implicated in this
process. The bubble structure then needs to be
resolved by cutting the DNA at the crossover
points, carried out by enzymes called resolvases. In
bacteria and yeast, the identity of resolvases is
known, but not in mammalian cells despite intense
research. It is known that BLM exists in a complex
with Topllla (a topoisomerase capable of untan-
gling DNA) and a helper protein called BLAP75.
There is now evidence that BLM pushes the two
sides of the bubble towards each other via its heli-
case activity, leaving only a small crossover region,
and that Topllla then untangles the DNA at this
point, via its cutting and re-ligation activity that is
common to topoisomerases, resulting in two sepa-
rated sister chromatids. Finally, DNA ends are lig-
ated probably with ligase 1, since eliminating the
LIG1 gene reduces repair by HR.
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In addition to those mentioned above, two other
gene families are involved, well known for causing
human repair deficiency syndromes, namely BRCA
genes 1 and 2 and the Fanconi anaemia family
(Zhang and Powell, 2005). Mutations or deletions in
one or more of these genes compromises HR.
BRCA2 has perhaps the most clearly defined func-
tion in regulating the binding of RAD51 to RPA-
coated single-stranded DNA, a key step in HR. The
Fanconi (FANC) genes also play a significant role in
HR, although knocking out these genes has a milder
effect than, for example, knocking out BRCA2 or
RAD51 which can lead to cell and embryonic lethal-
ity. Cells with FANC gene mutations all show
increased sensitivity to DNA crosslinking agents,
repair of which depends on HR. However, mild or
little increased sensitivity to ionizing radiation has
been found in FANC mutant cells, although
increased radiosensitivity under hypoxia has been
reported, which may be a consequence of the
increased crosslinks formed under hypoxic irradia-
tion, again requiring HR repair. The 13 Fanconi
genes can be divided into three groups: eight in a
core complex (A, B, G, E, F, G, L and M), two sub-
strates which are ubiquitinylated by the core com-
plex (D2 and I) and three downstream targets (D1,
J and N). DNA damage leads to ubiquitinylation of
the D2-I complex, which binds and regulates
BRCA2 (also known as FANCD1).

The role of BRCAL1 is broader, although it clearly
plays a role in HR. Together with its partner
BARDL1 it can ubiquitinylate other proteins (it is an
E3 ubiquitin ligase), thus modifying their protein
interacting properties, and thus their function.
BRCA1-BARDI1 appear in several complexes with
other proteins, each playing a different role, includ-
ing with BACH1 and TOPBP1 and others in repli-
cation inhibition (part of the intra-S checkpoint),
with the MRN complex in NHE], with RAD52—
BRCA2 in homologous recombination and with
RNA polymerase II in transcription. Its ubiquitiny-
lating function is necessary for each role.

NHEJ

As its name implies, NHE] joins two DNA DSB
ends together without requiring homologous
DNA sequences (Lieber, 2008). This is a more
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Figure 2.8 Schematic of double-strand DNA break
(DSB) repair by non-homologous end-joining (NHEJ).
The principal genes known to be involved are shown,
although there are others not shown which are also
involved in NHEJ. Chromatin remodelling genes are not
shown. For clarity, processes such as end-binding have
been shown on one side of the break only.

rapid process than HR but less accurate, with
small deletions or insertions often resulting at the
repaired break site. Although this can lead to
mutations, it allows the cell to survive. An unre-
paired DSB is often lethal through loss of a piece
of chromosome at the next mitosis, with the
potential loss of tens or hundreds of genes. In
addition, only a minor fraction (a few per cent) of
genomic DNA comprises gene coding or regula-
tory regions, so the chance of a break occurring in
such regions is low, and these may also be silent
(not expressed) and/or non-essential. Although
NHE] is ‘quick and dirty) it is a good repair path-
way for the cell to maximize its chance of survival.

The general scheme of NHE] is shown in
Fig. 2.8. The main steps in NHE], after sensing the
DSB, involve nucleases to remove damaged DNA,
polymerases to help repair and ligases to restore the
continuity of the DNA chain. The first event in the
sequence is binding of a Ku heterodimer (two dif-
ferent but related proteins: Ku70 and Ku80) to the
DNA ends. This occurs within seconds of the break
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being formed because of high abundance of the Ku
dimer and its high affinity for ends. The binding
serves both to protect ends from degradation by
exonucleases and to recruit the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs; offi-
cially called PRKDC), the second step in NHE].

Activation of PRKDC as a kinase occurs only
when it is bound to the Ku complex at break sites. It
has several substrates and several functions. It
is a large protein and forms a physical bridge
between the two ends, helping to keep them in
close proximity for subsequent repair events. In
addition, it phosphorylates a number of target pro-
teins involved in checkpoints and repair. One of its
targets is itself (autophosphorylation). There are a
number of sites on the PRKDC protein which can
be phosphorylated, some of which are autophos-
phorylated, while others are phosphorylated by
ATM. Phosphorylation has been shown to be nec-
essary for efficient repair by NHE] since mutations
at these sites make cells considerably more
radiosensitive. Phosphorylation stimulates dissoci-
ation of the protein from DNA, or a change in con-
formation, allowing other repair factors access to
the site, so that phosphorylation-mutant proteins
remain at the site, blocking it for further repair.

PRKDC also exists in a complex with Artemis,
which is recruited to DNA ends together with
PRKDC. Artemis has endonuclease activity and its
function is to clean up, or process, the DNA ends
so they are suitable for ligation (Jeggo and
Lobrich, 2005). The activation of PRKDC on end-
binding leads not only to autophosphorylation
but also to phosphorylation of Artemis, stimulating
its nuclease activity. Break sites often show small
deletions as a result. Artemis is apparently necessary
for the repair of a minor fraction of DSBs. Another
protein involved in end-processing in the NHE]
pathway is polynucleotide kinase (PNK), which is
capable of trimming ‘dirty’ ends (e.g. those with the
remnants of a sugar group instead of a ‘clean’ base
with a 3" phosphate). This action renders the ends
ligatable with a ligase (see below).

Radiation often produces an overhang, or non-
blunt, end, either directly or after end-processing.
Such gaps can be filled by a polymerase to produce
blunt-ended DNA ready for ligation. The transle-
sion synthesis polymerases A and p have been
shown to be capable of this and have been

implicated in NHE]J. Poly and another polymerase
called terminal deoxynucleotidyl transferase (TdT)
can also add a few nucleotides to a blunt end. DNA
sequencing of breaks repaired by NHE] therefore
often shows small insertions. Whether replicative
polymerases are also involved in these synthesis
activities is not clear. The final step in repair is liga-
tion of adjoining ends, which is carried out by ligase
IV, aided by two other proteins, XRRC4 and XLE

Making the choice between HR and
NHEJ

Several factors determine which pathway is used
to repair a damage-induced DSB. DNA damage
detection proteins such as MRN and the Ku com-
plex will compete for DNA ends and partially
determine which pathway is subsequently used
(Brugmans et al., 2007). This is called passive
competition, and there is evidence supporting
such a model. However, there are other factors,
one of the most obvious being template availabil-
ity. Homologous recombination requires the
availability of an homologous stretch of DNA,
which the sister chromatid provides in S and G2.
Although there is no sister chromatid in G1, there
is an homologous chromosome, but this is often
far away in molecular terms, making it a very dif-
ficult task for the HR machinery to find and use.
Therefore HR is rare or absent in G1. A further
illustration of the importance and use of HR is
that cells often show increased radioresistance as
they progress through S phase, being most resist-
ant in late S, a time at which almost all DNA has a
paired chromatid available for HR. Knocking out
or reducing HR genes eliminates this late-S resist-
ance (Tamulevicius et al., 2007).

There are also active regulators of HR. As
described above, end-resection at the break site,
producing single-stranded DNA, is necessary for
HR. End resection does not occur in G1, probably
since it depends on specific CDKs, which are not
active until late in G1. This further favours the
NHE]J pathway in this phase. There are also anti-
recombination genes in yeast with homologues in
mammalian cells, with the job of preventing
unwanted recombination, which can lead to
genetic instability.
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Finally, a comment on clinical relevance. Since
HR is a pathway specific to S- and G2-phase cells,
it occurs only in dividing cells. Conversely, NHE]
occurs in all phases of the cell cycle, and is thus
neither phase specific nor cycle specific. The rele-
vance for radiotherapy is that NHE] is used by all
cells and tissues, including those that are slowly
dividing or non-dividing. This includes the dose-
limiting late-reacting tissues such as spinal cord
and stromal tissue, which give rise to fibrosis and
telangiectasia. In attempting to find DNA-repair-
inhibiting drugs to improve radiotherapy, target-
ing NHE] is therefore likely to be a more risky
strategy than inhibiting HR.

The link between SSBs and DSBs

Single-strand breaks can lead to the formation of
DSBs in two main ways. First, ionizing radiation
damage often occurs in clusters, such that some
SSBs will also have damage to DNA bases in their
near vicinity. During repair of the base damage by
BER, SSBs are formed temporarily (see Section
2.8). It has been shown that, if base damage occurs
on the opposite strand to a radiation-induced
SSB, the temporary nick formed during BER can
combine with the radiation break on the opposite
strand causing a DSB. Second, if a SSB encounters
a replication fork during S phase, this leads to
collapse of the fork and a single-ended DSB. The
cell attempts to repair these S-phase DSBs by HR.
In this case NHE] is not an option, since there is
only one double-stranded end and not two, and so
there is no adjacent end for the end-joining
process. Thus HR provides a backup repair path-
way for unrepaired SSBs.

The latter mechanism has clinical relevance,
since it has been shown that drugs which inhibit
poly-(ADP-ribose) polymerase (PARP), a SSB
detector protein, are particularly effective in
tumours with HR deficiencies, such as breast
tumours with BCRA1 or BRCA2 deficiencies. The
mechanism is probably that the PARP inhibitors
suppress SSB repair, resulting in greater numbers
of unrepaired SSBs, which therefore have a greater
chance of hitting a replication fork. Under normal
circumstances the resulting DSB would be
repaired by HR, so the absence or reduction of

this backup pathway leads to a substantial increase
in DSBs and thus cellular lethality.

2.8 OTHER DNA REPAIR PATHWAYS

Base excision repair and single-strand
break repair (SSBR)

As mentioned in Section 2.1, DSBs, although the
most lethal lesion induced by ionizing radiation, are
not the most common. Base damage and SSBs far
outweigh DSBs in number, being up to 50 times
more frequent. Base damage and SSBs also occur
without irradiation as a consequence of normal
metabolism. It has been estimated that 100 000 such
damages occur each day in every cell in the body. The
repair pathways — BER and SSBR — have therefore
evolved to repair such damage efficiently and main-
tain genome integrity (Fortini and Dogliotti, 2007).
An outline of the related BER and SSBR path-
ways is shown in Fig. 2.9. Briefly, in BER, most of
the damaged bases in the DNA will be detected
and removed by specialized proteins called glyco-
sylases. There are several such enzymes, each spe-
cific for a particular type of base damage. They cut
out the damaged base without cutting the DNA
backbone, resulting in an abasic site. This will be
recognized by another class of enzyme, AP
endonuclease, which will cut the DNA backbone
leaving a nick, or SSB. Subsequent repair follows
one of two pathways: short patch or long patch. As
their names imply, short patch repair involves
replacing the damaged base only, while in long
patch repair up to 10 nucleotides are cut out and
replaced. Each requires DNA synthesis to replace
the missing bases, carried out by DNA polymerase
0 for short patch repair and mainly DNA poly-
merases 6 and € (replicative enzymes) for long
patch repair. As always, ligases complete the job:
ligase 3 for short patch and ligase 1 for long patch.
Repair of SSB is similar, although radiation itself
causes the break rather than being a repair inter-
mediate. Since these breaks are often ‘dirty’, with
ends not recognized by ligases, there is an extra
end-processing step, mainly by the enzyme PNK.
Once a clean nick is produced, short or long patch
repair can then follow, as for BER. This short sum-
mary does not include all proteins involved in the
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Figure 2.9 Schematic of the related pathways of base excision repair (BER) and single-strand break repair (SSBR). The
X (top left) represents a damaged base. Different base damages are recognized and removed by different glycosylases
as the first step in BER. Both pathways result in a common nicked intermediate, which is processed by one of two
subpathways (short or long patch repair). APE1 apurinic/apyrimidinic endonuclease-1; PARP, poly (ADP-ribose)

polymerase; PNK, polynucleotide kinase; POL, polymerase.

pathway. Two mentioned here briefly because of
their importance are PARP-1, which efficiently
and rapidly detects SSBs, and XRCC1, which is a
helper protein for both PNK (damage processing)
and ligase 3. Mutation, deletion or inhibition of
either of these can lead to reduced repair and
radiosensitization. Inhibition of PARP is particu-
larly effective in HR-deficient tumours (see
above), illustrating the relevance of the BER/SSBR
pathways for possible clinical exploitation.

MMR and NER

The mismatch repair pathway corrects mispaired
nucleotides (e.g. C with T). As with all repair path-
ways it comprises a recognition step, an excision
and resynthesis step and ligation. Most studies with
knockout cells for one or more mismatch repair
genes have not found any increase in radiosensitiv-
ity. The details of the pathway will therefore not be
described in detail here. However, this pathway
clearly has relevance for cancer treatment, since
MMR-deficient cells have altered sensitivity to some
chemotherapy agents (e.g. cisplatin). In addition,

radiosensitization by thymidine analogues such as
IUdR is enhanced in MMR-deficient cells because
of inability to remove the modified base. The
MMR status of cells is therefore of importance for
outcome, not for radiotherapy alone, but for com-
binations of radiotherapy with some chemother-
apy or radiosensitizing agents.

Nucleotide excision repair copes with bulky
lesions, such as those caused by UV light (thymine
dimers), and DNA adducts induced by cisplatin.
However, as with MMR, knocking out NER genes
has, in general, little effect on sensitivity to ionizing
radiation, and so no detailed discussion of NER
will be included here. There is one situation, how-
ever, where NER genes can affect the radiation
response. Irradiation under hypoxia produces a
greater number of DNA crosslinks than under oxic
conditions. Such crosslinks require, among other
factors, the excision activity of two NER genes,
ERCCI and XPF. Defects in either of these genes
can lead to modest increases in radiosensitivity of
hypoxic cells. The status of the NER pathway is
therefore relevant to radiotherapy in combination
with certain chemotherapy agents, and possibly to
hypoxic tumours treated with radiotherapy alone.
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Key points

1. DNA is the critical target for radiation-
induced cell killing.

2. Cells activate a DNA-damage response that
consists of sensors and effectors.

3. Effector pathways include apoptosis, cell-
cycle checkpoints and DNA repair.

4. DNA DSBs are the most important and dif-
ficult lesion to repair.

5. DSBs are repaired by both HR and NHE]J.

B BIBLIOGRAPHY

Bartek J, Lukas C, Lukas J (2004). Checking on DNA
damage in S phase. Nat Rev Mol Cell Biol 5:
792-804.

Brugmans L, Kanaar R, Essers J (2007). Analysis of DNA
double-strand break repair pathways in mice. Mutat
Res 614: 95-108.

Chapman JD, Gillespie CJ (1981). Radiation-induced
events and their time-scale in mammalian cells. Adv
Radiat Biol 9: 143-98.

Falck J, Coates J, Jackson SP (2005). Conserved modes
of recruitment of ATM, ATR and DNA-PKcs to sites
of DNA damage. Nature 434: 605-11.

Fortini P, Dogliotti E (2007). Base damage and single-
strand break repair: mechanisms and functional
significance of short- and long-patch repair
subpathways. DNA Repair (Amst) 6: 398-409.

Goodhead DT (2006). Energy deposition stochastics and
track structure: what about the target? Radiat Prot
Dosimetry 122: 3-15.

Harper JW, Elledge SJ (2007). The DNA damage
response: ten years after. Mol Cell 28: 739-45.

Jeggo PA, Lobrich M (2005). Artemis links ATM to
double strand break rejoining. Cell Cycle 4: 359-62.

Kastan MB, Bartek J (2004). Cell-cycle checkpoints and
cancer. Nature 432: 316-23.

Lieber MR (2008). The mechanism of human
nonhomologous DNA end joining. J Biol Chem 283:
1-5.

Matsuoka S, Ballif BA, Smogorzewska A et al. (2007).
ATM and ATR substrate analysis reveals extensive
protein networks responsive to DNA damage.
Science 316: 1160-6.

0'Driscoll M, Jeggo PA (2006). The role of double-strand
break repair - insights from human genetics. Nat
Rev Genet 7: 45-54.

Stucki M, Jackson SP (2006). gammaH2AX and MDC1:
anchoring the DNA-damage-response machinery
to broken chromosomes. DNA Repair (Amst) 5:
534-43.

Tamulevicius P, Wang M, lliakis G (2007). Homology-
directed repair is required for the development of
radioresistance during S phase: interplay between
double-strand break repair and checkpoint response.
Radiat Res 167: 1-11.

van Attikum H, Gasser SM (2005). The histone code at
DNA breaks: a guide to repair? Nat Rev Mol Cell Biol
6: 757-65.

Warters RL, Hofer KG (1977). Radionuclide toxicity in
cultured mammalian cells. Elucidation of the
primary site for radiation-induced division delay.
Radiat Res 69: 348-58.

Warters RL, Hofer KG, Harris CR, Smith JM (1997).
Radionuclide toxicity in cultured mammalian
cells: elucidation of the primary site of radiation
damage. Curr Top Radiat Res 12: 389-407.

West SC (2003). Molecular views of recombination
proteins and their control. Nat Rev Mol Cell Biol 4:
435-45.

Zhang J, Powell SN (2005). The role of the BRCA1 tumor
suppressor in DNA double-strand break repair. Mo/
Cancer Res 3: 531-9.

B FURTHER READING

Caldecott KW (2007). Mammalian single-strand break
repair: mechanisms and links with chromatin. DNA
Repair (Amst) 6: 443-53.

Lobrich M, Jeggo PA (2007). The impact of a negligent
G2/M checkpoint on genomic instability and cancer
induction. Nat Rev Cancer 7: 861-9.



Cell death after irradiation: how,

when and why cells die

BRADLY G. WOUTERS

3.1 Definitions of cell death 27
3.2 How cells die: programmed cell death

and mitotic catastrophe 28
3.3 When and why cells die after irradiation 33

Key points 39
Bibliography 39
Further reading 40

3.1 DEFINITIONS OF CELL DEATH

The successful use of radiation to treat cancer
results primarily from its ability to cause the death
of individual tumour cells. As discussed in
Chapter 2, the biological consequences of irradia-
tion, including cell death, are highly influenced
by pathways within the DNA damage response
(DDR) system. The DDR determines not only the
sensitivity of cells to die following irradiation, but
also the type of cell death that occurs, and the tim-
ing of cell death. Because the DDR differs among
different types of normal and tumour cells (and
perhaps even within different populations of
tumour cells), the manifestation of cell death can
also differ widely among different cell types.

It is important to define what is meant by cell
death in the context of radiobiology and cancer
therapy. For many years, little attention was paid
towards differences in the mechanisms or types of
cell death after irradiation or other cancer treat-
ments. This was in part because many of the path-
ways that influence cell death were unknown and
because cell death is typically very hard to assess.
Quantification is complicated by the fact that cells
die at various times after irradiation, often after

one or two trips around the cell cycle, and among
surviving cells that continue to proliferate.
Instead, researchers have focused on assessing
clonogenic survival, which is defined as the ability
of a cell to proliferate indefinitely after irradiation.
This is a much more robust and relevant parame-
ter to assess radiation effect since any cell that
retains proliferative capacity can cause failure to
locally control the tumour (discussed in more
detail in Chapters 4 and 5). Consequently, cell
death in the context of radiobiology is generally
equated with any process that leads to the perma-
nent loss of clonogenic capacity. This is a rather
wide inclusion criterion for cell death, and obvi-
ously does not have meaning when applied to
terminally differentiated cell types that do not
proliferate, such as nerve and muscle cells. For
these types of cells, it makes more sense to con-
sider the specific types of cell death that lead to
destruction of the cell, or to evaluate how radia-
tion alters the function of these cells. Nonetheless,
loss of reproductive capacity is a widely applicable
definition for cell death in radiobiology and is
highly relevant for the proliferating cells, includ-
ing those in tumours and in many of the normal
tissues of relevance for radiotherapy.
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3.2 HOW CELLS DIE: PROGRAMMED
CELL DEATH AND MITOTIC
CATASTROPHE

It is now clear that cells can die by many different
mechanisms following irradiation. Increased atten-
tion to the mechanisms of cell death occurred fol-
lowing the discovery of a genetically ‘programmed’
form of cell death known as apoptosis. This form of
cell death results in rapid and normally complete
destruction and removal of the cell, and is consid-
ered as a ‘choice’ made by the cell itself often as a
consequence of damage, stress or as a barrier
against tumourigenesis. Furthermore, this pathway
can be activated directly by the DDR, and is thus a
strong determinant of radiation-induced cell death
for certain cell types. Since the discovery of apopto-
sis, several other pathways under genetic control
have been identified that can contribute to loss of
reproductive capacity after irradiation, including
autophagy, senescence, and even necrosis (Okada
and Mak, 2004). Each of these pathways can be dis-
tinguished at the molecular and morphological
level (see Table 3.1) and each can potentially con-
tribute to radiosensitivity in certain cell types and
contexts. Importantly, the pathways that control
these programmed forms of cell death are differen-
tially activated in different tissue types, and are fre-
quently altered in cancer. Consequently, differential
activation of cell death pathways constitutes a main
contributor to variation in radiation response
among different cells, tumours, and tissues.

In addition to these genetically controlled pro-
grammes, a long-recognized contributor to cell
death after irradiation is mitotic catastrophe in
which cells fail to complete mitosis correctly.
Applying our definitions above, mitotic catastro-
phe can be considered a form of cell death of its
own, the so-called mitotic death, when it is severe
enough to prevent mitosis completely or alter cell
function sufficiently to prevent further prolifera-
tion. Mitotic catastrophe may also result in fur-
ther chromosomal and DNA damage sufficient to
activate the other forms of cell death.

Apoptosis

Apoptosis is a highly regulated form of cell death
that can be initiated either as a result of conditions

occurring within the cell itself (such as those after
DNA damage) or from signals generated exter-
nally such as those from a surrounding tissue or
immune cell (Taylor et al, 2008). Apoptosis is an
essential and normal part of many physiological
processes including embryonic development, the
immune system, and maintenance of tissue
homeostasis. Consequently, alterations in the con-
trol of apoptosis contribute to several human dis-
eases, including cancer.

Apoptosis is both morphologically and molec-
ularly distinct from other forms of cell death (see
Table 3.1). Morphologically, it is characterized by
membrane blebbing, condensation, and digestion
of the DNA into small fragments. During this
process, cellular contents are also fragmented into
many membrane-enclosed apoptotic bodies,
which, in vivo, are taken up by phagocytes. This
prevents leakage of potentially damaging cellular
proteins and destruction of tissue architecture
that is a familiar feature of necrosis.

The molecular participants in the apoptotic
pathway can be divided into two groups: the sen-
sors and effectors. The sensor molecules are
involved in making the decision to initiate apop-
tosis whereas the effectors are responsible for car-
rying out that decision. Apoptotic cell death is
characterized by the sequential activation of sev-
eral different enzymes known as caspases. These
proteins are initially expressed in an inactive form
(procaspase) and are also kept in check by a fam-
ily of inhibitors of apoptosis (IAP) proteins.
Apoptosis begins following the activation of a
‘sensor’ caspase such as caspase 8 or 9, which gen-
erates the initial signal to induce apoptosis. These
caspases subsequently activate a common set of
other ‘effector’ caspases (e.g. caspase 3), which
then cleave a large set of cellular proteins leading
to the ultimate destruction of the cell.

Apoptosis that initiates from caspase 8 activation
is termed the ‘extrinsic’ pathway because it is nor-
mally activated upon the binding of an extracellular
ligand and subsequent activation of a death receptor
present in the cellular membrane. Examples of these
death-inducing ligands include tumuor necrosis
factor (TNF), TNF-related apoptosis-inducing
ligand (TRAIL), and FAS ligand, which bind to the
TNF receptor, TRAIL receptor and FAS receptor
respectively. This extrinsic pathway of apoptosis is



Table 3.1 The characteristics of different types of cell death*

Morphological changes

Type of cell death  Nucleus Cell membrane Cytoplasm Biochemical features Common detection methods
Apoptosis Chromatin condensation; nuclear  Blebbing Fragmentation Caspase-dependent Electron microscopy; TUNEL
fragmentation; DNA laddering (formation of staining; annexin staining;
apoptotic bodies) caspase-activity assays;

DNA-fragmentation assays;
detection of increased number
of cells in sub-G1/GO; detection
of changes in mitochondrial
membrane potential

Autophagy Partial chromatin condensation; Blebbing Increased number Caspase-independent;  Electron microscopy; protein-
no DNA laddering of autophagic increased lysosomal degradation assays; assays for
vesicles activity marker—-protein translocation to

autophagic membranes

Necrosis Clumping and random Swelling; Increased vacuolation; - Electron microscopy; nuclear

degradation of nuclear DNA rupture organelle degeneration; staining (usually negative);
mitochondrial swelling detection of inflammation and
damage in surrounding tissues

Senescence Distinct heterochromatic - Flattening and SA-(3-gal activity Electron microscopy; SA-(-gal
structure (senescence-associated increased granularity staining; growth-arrest assays
heterochromatic foci)

Mitotic catastrophe ~ Multiple micronuclei; nuclear - - Caspase-independent  Electron microscopy; assays for
fragmentation; dicentric (at early stage) mitotic markers (MPM2); TUNEL
chromosomes abnormal CDK1/cyclin  staining

B activation

CDK1, cyclin-dependent kinase 1; SA-[3-gal, senescence-associated galactose; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling.

*Adapted from Okada and Mak (2004). Adapted by permission from Macmillan Publishers Ltd.
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not induced by radiation to any significant degree,
but is a candidate target for combining novel drugs
with radiation (see Chapters 21 and 23).

Apoptosis that initiates from caspase 9 is termed
the ‘intrinsic’ pathway because it is activated within
the cell in response to various forms of cell damage.
The activation of caspase 9 is controlled in large
part by the balance of pro- and anti-apoptotic pro-
teins that reside in or near the mitochondria. Under
normal conditions this balance is in favour of the
anti-apoptotic factors (such as BCL2), and activa-
tion of caspase 9 is prevented. Conditions that alter
this balance lead to release of cytochrome ¢ and
other molecules from the mitochondria into the
cytoplasm resulting in formation of a structure
known as the apoptosome, and subsequently acti-
vation of caspase 9. After irradiation, this balance
can be tipped in favour of apoptosis owing, in part,
to p53 activation and induction of pro-apoptotic
proteins such as BAX and PUMA.

Activation of apoptosis is highly dependent on
the balance of the pro and anti-apoptotic proteins
and this balance varies widely among different cell
types and tumours. This explains why irradiation
causes apoptosis only in certain normal tissues,
despite the fact that p53 is activated in response to
DNA damage in nearly all normal cells. For exam-
ple, fibroblast cells almost never undergo apopto-
sis despite demonstrating p53 and BAX induction.
In these cells, induction of BAX is not sufficient to
initiate release of cytochrome cand thus activation
of caspase 9. These cells may have a larger propor-
tion of anti-apoptotic molecules like those from
the BCL2 family, or they may have higher levels of
the IAP proteins, which block caspase activation.
Consequently, apoptosis plays little or no role in
the radiosensitivity of these cell types. In contrast
other normal cells, such as lymphocytes and thy-
mocytes, readily undergo apoptosis following irra-
diation. In these cells, p53 induction of BAX is
sufficient to cause cytochrome c release from the
mitochondria and induction of apoptosis. Thus,
the importance of apoptosis and the genes con-
trolling it such as p53 is highly context dependent.

In tumours, an additional mechanism for varia-
tion in apoptosis sensitivity arises from the fact that
many of the genes that regulate apoptosis are
frequently altered in cancer. For example, many
tumours show loss of p53 function, and are thus

unable to initiate apoptosis through this pathway.
Apoptosis is an important cellular defence against
cancer development and loss of apoptotic sensitiv-
ity is recognized as an essential hallmark of cancer.
Consequently, apoptotic sensitivity is often reduced
in cancer compared with normal tissues although it
can vary significantly among different tumours.
Since radiation and other anticancer agents are
capable of activating apoptosis, it has been widely
suggested that apoptotic sensitivity is also an impor-
tant contributor to radiosensitivity. However, this
may or may not be correct, depending upon the rel-
ative importance of other forms of cell death.

Autophagy

Autophagy is a term that literally means ‘self-
eating’ and describes a process in which cells digest
parts of their own cytoplasm in order to generate
small macromolecules and energy. The molecular
basis of autophagy and its relationship to cell sur-
vival mechanisms is an active area of current
research. Autophagy is controlled by more than 20
known gene products (Atg proteins) which initiate
the formation of a double-membrane bound
structure that grows and engulfs cytoplasmic com-
ponents forming cytoplasm-filled vacuoles called
autophagasomes (Klionsky, 2007). These fuse with
lysosomes to initiate the degradation of the
enclosed material into primary components and
energy that can be used to fuel metabolism.

Autophagy is activated in response to several dif-
ferent situations, the best characterized of which
occurs in response to growth factor or nutrient
removal (starvation). This process is regulated by
the mammalian target of rapamycin (mTOR)
kinase, which is a general sensor of nutrient status
integrating upstream signalling pathways that sense
energy levels, oxygen and growth factor signalling.
In this situation, autophagy is thought to sustain
overall survival during times of low nutrient envi-
ronment by causing the limited digestion of cyto-
plasmic elements to sustain metabolic processes. As
such, one would expect that autophagy promotes
cell survival, rather than cell death.

However, in contrast to this pro-survival role,
activation of autophagy can also lead to a distinct
form of programmed cell death, sometimes
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referred to as type II death (type I being apopto-
sis). Some aspects of this form of death are mor-
phologically similar to apoptosis, although no
caspase activation or DNA cleavage occurs.
Autophagy also appears to function as a tumour
suppressor, in much the same way that apoptosis
does. The Beclin 1 gene is part of a complex
required to initiate autophagy, and its loss leads to
enhanced cancer development in mice. This gene
is also altered in some human cancers, as are sev-
eral tumour suppressors recently linked to
autophagy including p53 and PTEN. These data
suggest that autophagy acts in some way as a bar-
rier to cancer formation, likely in part through its
ability to promote cell death in transformed cells.

Autophagy has also been observed following
treatment with many anti-cancer agents including
radiation, suggesting that it may be an important
mechanism of cell killing by these agents
(Rubinsztein et al., 2007). However, it is not yet
clear whether the observed autophagy represents
an attempt by the cell for survival or is an induced
form of cell death. There also appears to be some
relationship between autophagy and apoptosis,
because autophagy is more readily observed in
cells with defects in apoptosis. Consequently, sim-
ilar to what has been discussed for apoptosis, the
contribution of autophagy to cell death is also
expected to be highly cell specific.

Necrosis

It has been said that if apoptosis represents ‘death
by suicide, then necrosis is ‘death by injury’.
Necrosis has historically been considered to be an
inappropriate or accidental death that occurs
under conditions that are extremely unfavourable,
such as those incompatible with a critical normal
physiological process. Examples of conditions that
can activate necrosis include extreme changes in
pH, energy loss and ion imbalance. Consequently,
necrosis is generally thought of as an uncontrol-
lable, irreversible and chaotic form of cell death. It
is characterized by cellular swelling, membrane
deformation, organelle breakdown and the release
of lysosomal enzymes which attack the cell. These
conditions can occur following infection, inflam-
mation or ischaemia. Necrosis is also frequently

observed in human tumours and can be induced
following treatment with certain DNA-damaging
agents, including radiation.

More recently, a number of studies have sug-
gested that necrosis is also a regulated process that
can be modulated. For example, induction of
necrosis seems to be dependent on cellular energy
stores, such as NAD, and ATP. Furthermore, cell
stress and cell signalling including oxidative stress,
calcium levels and p53 activation have been
shown to influence lysosomal membrane perme-
ability. Permeabilization leads to intracellular
acidification and release of various enzymes that
can promote necrosis. Although it is not clear how
the cell controls necrosis following irradiation, the
frequency with which this is observed does vary
among different cell types. This suggests that, just
as for all the other forms of cell death, cellular
pathways control the sensitivity of its activation.

Senescence

Cellular senescence is the term given to the obser-
vation that over time normal cells permanently lose
their ability to divide. These cells remain present,
metabolically intact and may or may not display
functional changes. Senescence was first described
by Leonard Hayflick in cultured primary cells that
exhibit an initial period of exponential growth, fol-
lowed by a permanent arrest termed replicative
senescence or the Hayflick limit (Hayflick, 1965).
Replicative senescence is associated with the aging
process and correlates with the gradual shortening
of telomeres at the ends of chromosomes during
the exponential growth period.

In addition to this replicative form of senescence,
‘premature’ senescence can also be elicited by vari-
ous cellular stresses such as those caused by onco-
gene activation or by radiation-induced DNA
damage (Campisi and d’Adda di Fagagna, 2007). In
both situations, the cells enter a permanent cell-
cycle arrest characterized morphologically by a flat-
tened cytoplasm and increased granularity or
biochemically by an increase in senescence-
associated [3-galactosidase expression. Senescence-
inducing stresses typically do not induce shortening
of the telomeres, but instead are controlled by a
number of molecular pathways that are only
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partially understood. As is the case for replicative
senescence, cells that undergo senescence after irra-
diation are not metabolically ‘dead’, but because
they have permanently ceased proliferation they are
unable to contribute to tissue or tumour recovery.

The best understood part of accelerated senes-
cence induction involves the activation of cell-
cycle inhibitor proteins such as those activated by
the DDR system after radiation. In some cell types,
a transient G1 checkpoint activation owing to p53
induction of the p21 cyclin-dependent kinase
inhibitor (CDKI) can lead to a secondary perma-
nent arrest in GO that is mediated by the CDKI p16
and the retinoblastoma tumour suppressor pro-
tein RB. This arrest may also be associated with
chromatin changes and widespread gene silencing
giving rise to senescent cells characterized by hav-
ing increased areas of heterochromatin.

In much the same way as apoptosis, the propen-
sity of different cell types and different tumours to
undergo senescence is highly variable. Premature
senescence occurs frequently in fibroblast cells after
irradiation (which do not undergo apoptosis) and
likely contributes in part to radiation-induced skin
fibrosis. Both premature and replicative senescence
also act as potential barriers to cancer development
and consequently the pathways that control this
process are frequently altered in cancer. However, it
would appear that the pathways that control
replicative and premature senescence are at least
partly distinct since some tumour cells can be
induced to undergo radiation-induced senescence
although they have clearly acquired mechanisms to
prevent replicative senescence. Nonetheless, the two
pathways share some common features that may be
altered during carcinogenesis. Consequently, there
is a wide variation in the ability of cancer cells to ini-
tiate senescence after irradiation, depending upon
the genetic changes within that individual cancer.

Mitotic catastrophe

Mitotic catastrophe is a term that has evolved over
recent years to encompass the type of cell death
that results from, or follows, aberrant mitosis. This
is morphologically associated with the accumula-
tion of multinucleated, giant cells containing
uncondensed chromosomes and with the presence

of chromosome aberrations and micronuclei. This
process is thought to occur when cells proceed
through mitosis in an inappropriate manner
owing to entry of cells into mitosis with un-
repaired or misrepaired DNA damage. This is fre-
quently the case in cells following irradiation,
which often display a host of different types of
chromosome aberrations when they enter mitosis.
Death, as defined here by the loss of replicative
potential, can occur simply from a physical inabil-
ity to replicate and separate the genetic material
correctly, or to the loss of genetic material associ-
ated with this process. This is determined in large
part by the types of chromosome aberrations that
may be present in irradiated cells.

In addition to acting as a mechanism of cell
death, mitotic catastrophe can also serve as a trig-
ger for other cell death pathways, independently
of the initial damage cause by irradiation. Thus,
mitotic catastrophe which results in cell fusion,
polyploidy, or failure to perform cytokinesis may
subsequently lead to cell death by apoptosis,
senescence, autophagy or necrosis. In this case, the
attempt to undergo mitosis leads to the activation
of the cell death programme, and not the initial
DNA damage that was present prior to mitosis
(Chu et al, 2004). The important distinction is
that cell death is caused by the mitotic catastro-
phe, rather than as a direct cellular response to the
initial DNA damage itself.

Several checkpoints in G2 and throughout mito-
sis exist to prevent mitotic catastrophe. These
include two genetically distinct G2 checkpoints that
are activated by the DDR following radiation-
induced DNA damage (discussed in Chapter 2).
Cells that show defects in checkpoint activation
enter into mitosis prematurely and die through
mitotic catastrophe. The failure to prevent entry
into mitosis is thought to account for much of the
enhanced radiosensitivity observed in ATM-
deficient cells. Bypass of these checkpoints permits
premature entry into mitosis even if the DNA has
not been fully replicated or repaired, leading to an
enhancement of mitotic catastrophe. Additional
mitotic checkpoints ensure proper spindle assembly
and attachment prior to cytokinesis. The spindle
checkpoint is regulated by a number of different
kinases, including the aurora kinases (A, B and C),
polo kinases (PLK1, 2 and 3) as well as the
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BUBI and BUBRI spindle checkpoint kinases.
Deregulation of these kinases has been shown to
lead to enhanced mitotic catastrophe. Many of the
genes involved in the DDR and mitotic checkpoints
are altered during cancer and, consequently, the
propensity to undergo mitotic catastrophe can also
vary significantly among different tumours.

3.3 WHEN AND WHY CELLS DIE
AFTER IRRADIATION

The relative importance of the different forms of cell
death after irradiation is often debated and is of
importance when considering approaches to pre-
dicting radiation response (see Chapter 23) or when
combining radiation with molecularly targeted
agents (see Chapter 21). As outlined above, radiation
has been demonstrated, in different cell types and
circumstances, to induce all of the different known
forms of cell death. Unfortunately, it is not possible
to infer the importance of any particular cell death
pathway simply by monitoring how a particular cell
dies after being irradiated. Multiple cell death path-
ways may be activated within the same cell, but
because a cell can die just once, the type of cell death
that is observed will be that which occurs most rap-
idly and not necessarily that which is most sensitive
to activation. For example, just because a cell dies by
apoptosis after some given dose of radiation does

Early cell death
(apoptosis, senescence
autophagy, necrosis)

/®
@ @D

—>—> —> —>
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not imply that it would not have died by some other
pathway if apoptosis had been disabled. In this
regard, it is perhaps less important to consider how
cells die after irradiation, but rather why cells die
after irradiation. For this consideration it is possible
to broadly classify cell death mechanisms into two
classes: those that occur relatively soon after irradia-
tion and before cell division, and those that occur
comparatively late or after division (Fig. 3.1).

Early cell death: pre-mitotic

In a small minority of cell types, cell death occurs
rapidly, within several hours after irradiation
(Fig. 3.2) (Endlich et al., 2000). This type of death,
sometimes referred to as interphase death, is lim-
ited primarily to thymocytes, lymphocytes, sper-
matogonia, and other cells in rapidly proliferating
tissues such as those in hair follicles, the small
intestine, and in developing embryos. Early cell
death is also observed in some types of cancers that
arise from these cell types, including lymphomas,
and may explain the unexpected effectiveness of
radiotherapy protocols used in the treatment of
this disease (e.g. two fractions of 2 Gy). In solid
tumours, this type of cell death is rarely observed.
Early cell death results primarily from activation
of pathways in response to the initial cellular dam-
age caused by irradiation. The best example of this

Clonogenic
survival

DNA damage
response

< Mitotic Catastrophe

—
> ===

@ — @ Late cell death
(apoptosis, senescence
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Figure 3.1 Schematic of cell death following irradiation. DNA damage induced by irradiation elicits activation of the
DNA damage response (DDR - see Chapter 2), which leads to induction of cell-cycle checkpoints and DNA repair. In
certain rare cells this response also induces apoptosis or other forms of cell death. However, in most cases cells die only
after attempting mitosis. Remaining or improperly repaired DNA damage causes mitotic catastrophe, which subsequently
leads to cell death. Mitotic catastrophe and cell death can take place after the first attempt at cell division, or after
several rounds of proliferation. Consequently, this form of cell death is considered late cell death.
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Figure 3.2 Data from Endlich et al. (2000) demonstrating early and late forms of cell death. The ST4 lymphoid cells
die rapidly by apoptosis before mitosis. L5178Y-S cells also die by apoptosis following irradiation, but only after
attempting to complete mitosis. In this case the initial DNA damage response is not sufficient to induce cell death and

the cells die because of problems that occur during mitosis.

is the induction of apoptosis that is initiated as part
of the DDR. The DDR is activated within minutes
of irradiation, and this leads to p53 activation and
to the upregulation of pro-apoptotic proteins. Of
course, the DDR also induces pro-survival path-
ways at the same time, including DNA repair path-
ways and cell-cycle checkpoints. However, in this
case these pro-survival pathways are largely irrele-
vant because apoptosis is initiated regardless of
whether repair takes place or not. In this case, acti-
vation of apoptosis is a direct result of the initial
levels of damage put into the cell. Consequently, for
this early form of apoptosis, the genes that regulate
this process can significantly influence radiosensi-
tivity. Loss of p53, for example, leads to a defect in
apoptosis, loss of the early form of cell death, and
an increase in radioresistance.

Early activation of cell death pathways can also
occur in certain cell types as a result of damage
caused to cellular structures other than the DNA.
In endothelial cells that make up blood vessels,
relatively high radiation doses (above 15 Gy) have
been reported to induce apoptosis as a result of
damage to the cellular membrane and the activa-
tion of an enzyme known as ceramide synthase
(Garcia-Barros et al, 2003). Endothelial cells

contain very high amounts of this enzyme, and as a
result after irradiation can produce large amounts
of ceramide. As is the case for apoptosis induced
by the DDR, ceramide-induced apoptosis results
from pathways activated in response to initial
damage caused by irradiation and is not sensitive
to DNA repair and checkpoint pathways. Thus, for
this form of cell death, the gene products that par-
ticipate in the activation of apoptosis are impor-
tant determinants of cellular radiosensitivity.

Late cell death: post-mitotic

The vast majority of proliferating normal and
tumour cells die at a relatively long time after
irradiation, usually after attempting mitosis
one or more times (Fig. 3.2). Time-lapse video
microscopy has clearly demonstrated that follow-
ing a transient delay (owing to activation of
checkpoints) most cells resume proliferation and
progress through the cell cycle one, two or more
times before eventually permanently ceasing pro-
liferation (Forrester et al., 1999). This has been
known for more than 30 years and gave rise to the
initial characterization of radiation-induced cell
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Figure 3.3 This figure, adapted from Brown and Attardi (2005), demonstrates the stochastic nature of cell death after
irradiation. The DNA repair processes frequently lead to events in which chromosomes are not repaired correctly. It has
been shown that irradiated cells produce approximately equal amounts of reciprocal translocations and dicentrics. The
broken chromosomes in these cases are ligated to each other in a random or stochastic manner. Formation of a
dicentric chromosome prevents proper mitosis and leads to cell death, whereas a reciprocal translocation that does not
involve an important region of the genome is stable (sometimes for many decades). Thus, a population of irradiated
cells will have approximately equal numbers of both types of aberrations and over time the cells with dicentrics will be
lost owing to mitotic catastrophe-induced death. The initial amount of DNA damage and activation of the DNA
damage response is the same in both types of cells but the outcome is very different. The outcome in this case is
determined by the ability of the cells to avoid mitotic catastrophe. Adapted by permission from Macmillan Publishers Ltd.

death as reproductive or mitotic cell death. In this
case, cell death does not occur until after the cell
attempts to divide.

In cells that die at long irradiation times, the
DDR activates both cell-cycle checkpoints and DNA
repair systems that aid in the survival of the irradi-
ated cells. In these cell types, the DDR is unable to
induce apoptosis despite the fact that p53 or other
pro-death pathways may be induced. Instead, DNA
repair is allowed to take place and can have a large
influence on the outcome and radiosensitivity of
the cell. Consequently, most proliferating cells from
animal models and patients with defects in DNA
DSB repair show uniformly large increases in sensi-
tivity to radiation-induced cell death.

Although DNA repair and checkpoint path-
ways play important roles in determining cell sur-
vival, cell death takes place at long times after
irradiation takes place at times when the check-
points are no longer active and when DNA repair
processes have largely completed. The halftime for
repair is approximately 2—4 hours for end-joining
and perhaps somewhat longer from homologous
recombination. Thus, only a very small fraction of

the initial DNA damage can be detected at times
where cell death occurs. The signal for cell death
in this case does not arise from the radiation-
induced damage itself, but rather from the conse-
quences of failure to properly complete mitosis.
Mitotic catastrophe is therefore considered to be
responsible for the majority of cell death in irradi-
ated proliferating cells.

Why does irradiation cause proliferating cells to
undergo mitotic catastrophe and cell death? This
appears to result from the fact that, although DDR
pathways remove much of the initial damage
caused by irradiation, they are unable to prevent
some cells with DNA breaks or DNA rearrange-
ments from entering mitosis. The consequences of
incomplete or improper DNA repair become
readily visible as chromosomes condense in
metaphase as a series of different types of chro-
mosome aberrations. The fate of cells harbouring
chromosome aberrations is largely determined by
the nature of the chromosome aberration itself
(Fig. 3.3) (Brown and Attardi, 2005). Studies have
demonstrated approximately equal numbers of
reciprocal translocations and non-reciprocal
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Figure 3.4 This figure, adapted from Wouters et al. (1997), demonstrates the discordance between assays of cell death
and cell survival. The two cell lines differ only in the expression of the p21 cyclin-dependent kinase gene (CDKN1A).
The p21 knockout cells show increased apoptosis after etoposide or irradiation (top panels) compared with the p21
wild-type cells. However, when assessed by clonogenic survival the p21 knockouts show a similar sensitivity to
etoposide and a slight resistance to irradiation compared with the p21 wild-type cells. Here, apoptosis takes place
after mitotic catastrophe and is just one mode of cell death that contributes to the loss of clonogenicity. Adapted with

permission of American Association for Cancer Research.

translocations (a dicentric chromosome + acentric
fragment) are formed after irradiation. Both of
these types of aberrations result from misrepair in
which chromosome ends are incorrectly ligated
together in a largely stochastic process. However,
whereas cells with dicentric and acentric fragments
all die, those with reciprocal translocations often

survive. The presence of two centromeres in dicen-
tric chromosomes prevents their separation at
metaphase, and consequently leads to mitotic catas-
trophe and eventually cell death. Some cells with
dicentric chromosomes may manage to complete
mitosis; however, loss of genetic material present in
the acentric fragment (which forms a so-called
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Figure 3.5 Although the mode of cell death may not
affect the overall number of cells that die, it can
dramatically affect the timing of their death. In this
tumour regrowth experiment (from Brown and Wouters,
1999), tumours composed of p53 wild-type and
knockout cells are irradiated and followed as a function
of time. The unirradiated tumours grow at a similar
rate. However, the p53 wild-type tumours undergo
rapid apoptosis after irradiation and the tumours thus
also shrink rapidly in size. The p53 knockout tumours do
not undergo apoptosis and thus are considerably larger
after irradiation during this first week. However, the
total regrowth delay (measured when tumours reach
twice their starting size) is identical for the two tumour
types. This indicates that the total number of cells killed
by irradiation is the same in both tumour types. In this
case apoptosis alters the speed at which the cells die,
but does not affect the total number of initially
irradiated cells that will eventually die. Adapted with
permission of American Association for Cancer Research.

micronuclei) in subsequent mitosis may lead to
subsequent death later. This explains the good cor-
relation that has been observed between the for-
mation of dicentric chromosomes or micronuclei
formation and cell survival. Reciprocal transloca-
tions do not cause problems at metaphase, and thus
do not cause mitotic catastrophe or cell death. In
fact, these types of aberrations can be found in cells
from people exposed to irradiation many years later.

As mentioned previously, cells that experience
mitotic catastrophe may ultimately undergo a

secondary form of programmed cell death such as
apoptosis, autophagy, necrosis or senescence. In
this case this secondary form of death is not the
cause, but simply the method through which cells
die. This has led to a great deal of confusion about
the importance of various forms of cell death,
such as apoptosis, as determinants of radiosensi-
tivity. Whereas activation of apoptosis and other
programmed cell death programmes are responsi-
ble for why cells die at early times after irradiation,
they are not similarly responsible for why cells die
at long times after irradiation. As a result, alter-
ation of a particular gene may dramatically alter
the levels of radiation-induced apoptosis, without
altering the overall ability of the cell to survive
(Wouters et al., 1997). In this case, cells are dying
as the result of undergoing mitotic catastrophe
and will die regardless of whether apoptosis is
subsequently induced (Fig. 3.4).

Although apoptosis or other programmed cell
death pathways may not affect overall survival
after irradiation, they can dramatically influence
the rate at which cells die and thus the early
response of tumours to treatment (Brown and
Wouters, 1999). Because apoptosis leads to rapid
and complete destruction of the cell, tumours
containing cells capable of undergoing apoptosis
after mitotic catastrophe may shrink much faster
than a similar tumour consisting of cells with the
same overall radiosensitivity that do not similarly
undergo apoptosis. For this reason, it is dangerous
to draw any conclusions about tumour radiosen-
sitivity from initial changes in tumour size after
treatment (Fig. 3.5).

Time-lapse microscopy studies have demon-
strated that, in cells which experience mitotic catas-
trophe, both the timing and nature of cell death is
highly variable (Fig. 3.6) (Endlich et al., 2000). As
discussed earlier, a surviving cell is considered as
one that can proliferate indefinitely. In tissue culture
this is quantified by the ability to form a colony of a
certain size after irradiation (usually 50 cells).
Conversely, cell death in this context means that
eventually all progeny of an irradiated cell will die.
An irradiated cell that is destined to die (not pro-
duce a colony) may, however, still proceed through
mitosis many times. The resulting daughter cells can
die at very different times after irradiation. For
example, following the first mitosis, one of the cells
may die and the other may proceed through DNA
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Figure 3.6 This figure, adapted from Forrester et al. (1999), tracks the fate of several irradiated cells as a function

of time (left to right) following exposure to radiation. (a) An unirradiated cell is shown as an example. Each cell
division is indicated by a split of one line into two. After six or seven divisions enough cell progeny have been created
to produce a colony that can be scored as a survivor. The initial cell is thus said to be clonogenic. Two cells that
survive irradiation and eventually form colonies are shown in (b) and (c). In (b), the first division produces two
daughter cells that both progress to mitosis and divide producing four cells. One of these four cells dies by apoptosis.
Another one undergoes several more divisions but produces progeny that all eventually die. The other two cells both
produce many surviving progeny that contribute to the long-term clonogenic potential of the initially irradiated cell.
Note, that many of the progeny die in this case even though the initial cell has ‘survived: In (c) the irradiated cell is
also clonogenic. In this case, one of the first two daughter cells produces cells which all eventually undergo
senescence. Irradiated cells that are non-clonogenic are shown in (d), (e) and (f). In (d), a cell dies by apoptosis before
mitosis. In (e) cells die by apoptosis after completing two divisions and in (e) cells undergo senescence after
undergoing one or more mitoses. Adapted with permission of American Association for Cancer Research.

replication and mitosis to produce two more cells.
Eventually, these cells will also die, although they
may or may not attempt mitosis many times.
Furthermore, the type of cell death that each daugh-
ter cell undergoes can be different. Consequently, a
single irradiated cell can actually die through multi-
ple modes of cell death! A similar situation also
exists for irradiated cells that are destined to survive.
These cells may also produce daughter cells with
different survival potential. One daughter may die,

while the other continues to proliferate and thus
confers the status of ‘survived’ on the initially irradi-
ated cell. Consequently, irradiated cells that die fol-
lowing cell division produce a pedigree of cells with
different types that can only be tracked by time-
lapse microscopy (Forrester et al., 1999). Examples
of cells destined for survival or death are shown in
Fig. 3.6. This figure highlights the many problems
associated with trying to quantify or ascribe a par-
ticular form of cell death after irradiation and the
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importance of the clonogenic survival assay for
determining the ultimate response of individually
irradiated cells.

‘Bystander’ death

A much less understood type of cell death that has
been described in response to irradiation is
known as bystander-induced death (Mothersill
and Seymour, 2004). A number of experiments
have challenged the widely held view that radia-
tion Kkills cells exclusively by direct damage. The
bystander effect describes a phenomenon in
which cell death can occur in cells owing to irradi-
ation of neighbouring cells. Evidence for this
effect has come from studies using high linear
energy transfer (LET) «-particles in which a
larger fraction of cells die than are estimated to
have been traversed. Supportive data have also
been generated using microbeam irradiation, in
which select cells or nuclei can be irradiated with
particles (both a-particles and protons have been
used) or soft X-rays. In these experiments, irradi-
ation of a select group of cells leads to increased
cell death in the unirradiated cells. In addition to
cell death, bystander effects have also been
observed for other known biological effects of
irradiation, including DNA damage, chromoso-
mal aberrations, mutation, transformation and
gene expression.

The precise mechanism or importance of
bystander effects has not yet been determined. Some
studies have shown that transfer of media from irra-
diated cells to unirradiated cells can also cause the
bystander effect. This would suggest that irradiated
cells secrete factors that can be damaging to unirra-
diated cells. Other experiments have shown that
bystander effects are more easily observed when cells
are physically connected to irradiated cells by gap-
junctions. This allows communication (transfer or
molecules) directly between the cells. For example,
irradiation may result in increased levels of long-
lived reactive oxygen species that could be shared
among irradiated and unirradiated cells. The
bystander effect is probably most important at low
doses of radiation which cause damage to only a
small number of cells, and may thus be of most rel-
evance to risk estimation.

Key points

1. Most cell death is controlled or programmed
in some way.

2. Major death pathways include apoptosis,
senescence, autophagy and necrosis.

3. Measuring one form of cell death (e.g.
apoptosis) will not necessarily correlate
with how many cells die.

4. The form of cell death may influence the
rate at which cells die and thus tumour
regression.

5. Most cell death after radiation occurs late in
response to mitotic catastrophe and not
from the initial response to damage.
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4.1 CONCEPT OF CLONOGENIC CELLS

As explained in Chapter 13, Section 13.2, the
maintenance of tissue size and therefore of tissue
function in the normal renewal tissues of the body
depends upon the existence of a small number of
primitive ‘stem cells’ — cells that have the capacity
to maintain their numbers while at the same time
producing cells that can differentiate and prolifer-
ate to replace the rest of the functional cell popu-
lation. Stem cells are at the base of the hierarchy of
cells that make up the epithelial and haemopoietic
tissues.

Carcinomas are derived from such hierarchical
tissues, and our ability to recognize this in histo-
logical sections derives from the fact that these
tumours often maintain many of the features of
differentiation of the tissue within which they
arose. Well-differentiated tumours do this to a
greater extent than anaplastic tumours. It follows
that not all the cells in a tumour are neoplastic
stem cells: some have embarked on an irreversible
process of differentiation. In addition, carcinomas
contain many cells that make up the stroma

(fibroblasts, endothelial cells, macrophages, etc.).
Stem cells thus may constitute only a small pro-
portion of the cells within a tumour.

When a tumour regrows after non-curative
treatment, it does so because some neoplastic
stem cells were not killed. Radiobiologists have
therefore recognized that the key to understand-
ing tumour response is to ask: How many stem
cells are left? (if we can eradicate the last neoplas-
tic stem cell then the tumour cannot regrow). It is
almost impossible to recognize tumour stem cells
in situ, and therefore assays have been developed
that allow them to be detected after removal from
the tumour. These assays generally detect stem
cells by their ability to form a colony within some
growth environment. We therefore call these
‘clonogenic’ or ‘colony-forming’ cells — cells that
form colonies exceeding about 50 cells within a
defined growth environment. The number 50 rep-
resents five or six generations of proliferation. It is
chosen in order to exclude cells that have a limited
growth potential as a result of having embarked
on differentiation, or having been sublethally
damaged by therapeutic treatment.
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After exposure to radiation, damaged cells do
not die immediately and they may produce a mod-
est family of descendants. This is illustrated in
Fig. 4.1. The growth of single mouse L-cells was
observed under the microscope and one selected
colony was irradiated with 200 rontgens of X-rays at
the four-cell stage (Trott, 1972). The rontgen is an
old radiation unit, roughly equivalent to 1cGy.
Subsequent growth was carefully recorded and in
the figure each vertical line indicates the lifetime of
a cell from birth at mitosis to its subsequent divi-
sion. The two irradiated cells on the left and the
right of this figure produced continuously expand-
ing colonies, although some daughter cells had long
intermitotic times. The other two irradiated cells
fared badly: they underwent a number of irregular
divisions, including a tripolar mitosis. But note that
at the end of the experiment cells are present from
each of the original four cells: the difference is that
two produced expanding colonies and the other two
did not. The first two were ‘surviving clonogenic
cells’ and the other two are usually described as
‘killed’ by radiation, since their regrowth is probably
unimportant for clinical outcome. It would be more
precise to say that two of the cells lost their prolifer-
ative ability as a result of irradiation.

Some cells fail to undergo even one division
after irradiation. Interphase cell death occurs in
many cell types at very high radiation doses, and
at conventional therapeutic dose levels it is char-
acteristic of lymphoid cells and some cells in the
intestinal crypts. Although interphase cell death
and apoptosis are related concepts (see Chapter 3,
Section 3.3) they are not synonymous for the
same process. But the conventional radiobiologi-
cal view is that it is loss of reproductive integrity
that is the critical response to irradiation (either

Figure 4.1 Pedigree of a clone of mouse L-cells
irradiated with a dose of 200 R (i.e. réntgens) at the
four-cell stage, illustrating the concept of surviving and
non-surviving clonogenic cells. From Trott (1972), with
permission.

in tumour or normal-tissue cells): this occurs
within a few hours of irradiation through damage
to the genome, and the subsequent metabolic and
death processes are ‘downstream’ of this event.

4.2 CLONOGENIC ASSAYS

Clonogenic assays have formed the basis of cellu-
lar response studies in tumours, and in some nor-
mal tissues. The basic idea is to remove cells from
the tumour, place them in a defined growth envi-
ronment and test for their ability to produce a
sizeable colony of descendants. Many types of
assay have been described; we illustrate the princi-
ple by a simple assay in tissue culture that is anal-
ogous to a microbiological assay.

A single-cell suspension of tumour cells is pre-
pared and divided into two parts. One part is irra-
diated, the other kept as an unirradiated control.
The two suspensions are then plated out in tissue
culture under identical conditions, except that
since we anticipate that radiation has killed some
cells we will have to plate a larger number of the
irradiated cells. We here envisage plating 100 con-
trol cells and 400 irradiated cells. After a suitable
period of incubation the colonies are scored
(Fig. 4.2). There are 20 control colonies, and we
therefore say that the plating efficiency was
20/100 = 0.2. The plating efficiency of the treated
cells is lower: 8/400 = 0.02. We calculate a
surviving fraction as the ratio of these plating
efficiencies:

0.02 _

Surviving fraction = —isd = —— = (]
. 0.2
ontrol
Control Treated

Figure 4.2 lllustrating the principle of measuring a cell
surviving fraction.
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thus correcting for the efficiency with which
undamaged clonogenic cells are detected and for
the different numbers of cells plated. Surviving
fraction is often given as a percentage (10 per cent
in this case).

The above description started with a suspen-
sion of tumour cells. In order to measure in vivo
cell survival we take two groups of experimental
tumours (often subcutaneously implanted tumours
in mice), irradiate one and keep the other as a
control; then, some time after irradiation, we
make cell suspensions from both groups and plate
them out under identical conditions as before.
The difference here is that the cells are irradiated
under in vivo conditions.

Although colony assays have formed a central
place in tumour radiobiology they are not with-
out artefacts. Bearing in mind that the numbers of
cells plated will often differ between control and
treated cultures, a key question is whether colony
counts increase linearly with the number of cells
plated. If they do not, then this will lead to errors
in cell survival. The colonies in Fig. 4.2 have been
drawn to illustrate a feature of colony assays that
was mentioned in the previous section. Irradiation

Surviving fraction

Radiation dose (Gy)

(a)

not only reduces the colony numbers, it also
increases the number of small colonies. Some of
these small colonies may represent clones that
eventually die out; others may arise from cells that
have suffered non-lethal injury that reduces colony
growth rate. Unless they reach the accepted cut-
off of 50 cells they will not be counted, although
their implications for the evaluation of radiation
effects on tumours may be worthy of greater
attention (Seymour and Mothersill, 1989).

4.3 CELL SURVIVAL CURVES

A cell survival curve is a plot of surviving fraction
against dose (of radiation, cytotoxic drug or other
cell-killing agent). Figure 4.3a shows that when
plotted on linear scales the survival curve for cells
irradiated in tissue culture is often sigmoid: there
is a shoulder followed by a curve that asymptoti-
cally approaches zero survival. To indicate the sen-
sitivity of the cells to radiation we could just read
off the dose that kills say 50 per cent of the cells.
This is sometimes called the EDs (i.e. effect dose
50 per cent). Sometimes EDy is used. In doing
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Figure 4.3 A typical cell survival curve for cells irradiated in tissue culture, plotted (a) on a linear survival scale.

(b) The same data plotted on a logarithmic scale.
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this we need make no assumptions about the
shape of the curve.

There are two reasons why cell survival curves
are more usually plotted on a logarithmic scale of
survival:

1. If cell killing is random then survival will be an
exponential function of dose, and this will be a
straight line on a semi-log plot. Section 4.8
explains this in detail.

2. Alogarithmic scale more easily allows us to see
and compare the very low cell survivals required
to obtain a significant reduction in tumour
size, or local tumour control.

Such a plot is illustrated in Fig. 4.3b. The shapes
of radiation survival curves and ways of describing
their steepness are dealt with later in this chapter.

Note that, for the data shown in Fig. 4.3, radia-
tion doses above 5 Gy reduce the survival of clono-
genic cells to below 10 per cent. Measurement of
radiosensitivity in terms of the parameter Dy (see
Section 4.8) is made on the exponential part of the
survival curve, which in this case is above 5Gy.
These measurements are therefore made in a dose
range where the surviving fraction is very low. Such
D, values are relevant to the problem of extermi-
nating the last few clonogenic cells, but if the cell
population contains cells of differing radiosensitiv-
ity these values may not be typical of the radiosen-
sitivity of the bulk of the tumour cell population.

4.4 ASSAYS FOR THE SURVIVAL OF
CLONOGENIC CELLS

Many techniques have been described for detecting
colony formation by tumour cells and thus for
measuring cell survival. They almost all require
first the production of single-cell suspensions. This
is usually not straightforward, because tumour tis-
sues differ widely in the ease with which they can be
disaggregated. Enzymes such as trypsin, collage-
nase and pronase are often used and some tissues
can be disaggregated mechanically.

Such techniques can also be used for the assay
of colony-forming cells in normal tissues, espe-
cially the haemopoietic tissues that can easily be
sampled and made into cell suspensions. In addi-
tion, a variety of in situ assays for normal-tissue

stem cells have been described (Potten, 1983). The
following are some of the principal assays that
have been used for tumour cells.

In vitro colony assays

Some tumour cells grow well attached to plastic
tissue culture dishes or flasks. Others can be encour-
aged to do so by first laying down a feeder layer of
lethally irradiated connective-tissue or tumour
cells. For cells that have been established as an in
vitro cell line this often works well but for studies
on tumour samples taken directly from patients
or animals it is commonly observed that normal-
tissue fibroblasts grow better than the tumour
cells and overgrow the cultures.

An alternative is to thicken the growth medium
with agar or methylcellulose. This inhibits the
growth of anchorage-requiring cell types, but
many epithelial cells will still grow. A widely used
assay of this type is that of Courtenay and Mills
(1978) for human tumour cells. Agar cultures are
grown in 15-mL plastic tubes overlaid with liquid
medium that can regularly be replenished. The
addition of rat red blood cells to the agar was
found to promote the growth of a number of
human tumour cell types. An important feature of
the Courtenay—Mills assay was the use of a low
oxygen tension (a gas phase of 90 per cent nitro-
gen, 5 per cent oxygen and 5 per cent carbon diox-
ide), which enhanced the plating efficiency of
human tumour cells.

Spleen colony assay

Till and McCulloch (1961) showed that, when
mouse bone marrow cells were injected intra-
venously into syngeneic recipients that had
received sufficient whole-body irradiation to sup-
press endogenous haemopoiesis, colonies were
produced in the spleen which derived from the
stem cells in the graft. The colonies varied in mor-
phology (erythroid, granulocyte or mixed) and
these stem cells are therefore termed pluripotent.
Their precise identity was not known and they are
therefore often called colony-forming units (CFUs).
Using this assay, Till and McCulloch obtained the
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first survival curve for bone marrow cells and
found it to be very steep. The spleen colony assay
has also been used for some types of mouse lym-
phoma cells.

Lung colony assay

This is analogous to the spleen colony assay and is
applicable to any transplanted mouse tumour that
readily forms colonies in the lung following intra-
venous injection of a single-cell suspension. The
cloning efficiency can often be increased by mixing
the test cells with an excess (c. 10° per injection) of
lethally irradiated tumour cells or plastic micro-
spheres, which perhaps act by increasing the trap-
ping of injected tumour cells in the lung. Not all
the tumour cells grow: a few colonies per thousand
tumour cells injected would be regarded as satis-
factory. Although colonies are formed throughout
the lung, they are usually scored only on the lung
surface. The method was developed by Hill and
Stanley (1975) on two experimental tumours and
they give further experimental details.

Limiting-dilution assay

This is a non-cloning assay that was used in early
radiation cell survival studies and which for some
experimental tumours has the advantage of high
sensitivity. The principle of the method is to pre-
pare a suspension of tumour cells and to make a
large number of subcutaneous implants into syn-
geneic animals, covering a range of inoculum sizes
and if possible spanning the level of 50 per cent
tumour takes. The animals, usually mice, are then
observed for a long enough period to record
nearly every tumour that can grow from a single-
cell implant. Take-rate is plotted against inoculum
size and the point of 50 per cent takes is interpo-
lated; this is usually called the “TDs’ cell number.
The experiment is performed simultaneously on
treated cells and control cells and the surviving
fraction is given by the ratio of the TDs, values.
The addition of an excess of lethally irradiated
cells improves the take-rate; using this manoeuvre
Steel and Adams (1975) found a TDs; of 1-3 cells
for the Lewis lung tumour and were thus able to

measure cell survival down to 10~%. The method
only works well in the absence of an immune
response against the tumour grafts, which is a rel-
atively uncommon situation especially with chem-
ically and virally induced tumours.

Short-term in vitro assays

The need to develop in vitro assays that yield a
quicker result than a true clonogenic assay arises
from the interest in prediction of tumour response
to treatment (see Chapter 23). A variety of assays
have been proposed but their reliability and
reproducibility have often been a limit to their
clinical usefulness. Three common pitfalls are:

1. Biopsy samples of human tumours contain
both tumour cells and normal connective tis-
sue cells; both may grow under the assay condi-
tions and it may be difficult to distinguish
colony formation by tumour cells.

2. If the method requires the production of sin-
gle-cell suspensions, great care must be taken
to exclude cell clumps, as these may preferen-
tially give rise to scorable colonies.

3. Radiation-killed cells take time to die (e.g. Fig.
4.1) and in a short-term assay they may be con-
fused with genuine surviving tumour cells;
therefore, the method may not easily distin-
guish between radiosensitive cells and cells that
die rapidly after irradiation.

Many basic principles underlying the predic-
tion of tumour response are dealt with in the book
edited by Chapman et al. (1989). Non-clonogenic
assays for tumour cells include the following.

THE MICRONUCLEUS TEST

Tumour cells are cultured in the presence of
cytochalasin-B, which blocks cytokinesis, creates
binucleate cells, and thus allows nuclei that have
undergone one post-treatment division to be
identified. Micronuclei can be scored as small
extranuclear bodies. Their frequency increases
with radiation dose and gives a measure of radia-
tion sensitivity (Streffer et al, 1986). The reliabil-
ity of the method is limited by the fact that
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diploid, polyploid and aneuploid cells may differ
in their tolerance of genetic loss and therefore of
micronucleus formation.

CELL GROWTH ASSAYS

A variety of methods have been used to measure the
growth of cultures derived from treated and control
tumour specimens, and thus to derive a measure
of radiosensitivity or chemosensitivity. Incorpora-
tion of radioisotopes such as *H-thymidine
has been widely used. A tetrazolium salt, 3-(4,5
dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide (MTT), is used to stain cell cultures and
thus by a colorimetric assay to estimate the extent
of growth (Carmichael et al., 1987; Wasserman
and Twentyman, 1988). It can be used to evaluate
growth in microtitre plates and with careful atten-
tion to technical factors it can yield a measure of
radiosensitivity. The reagent 3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTYS) is a develop-
ment of MTT and forms soluble formazans upon
bioreduction by the cells. This has the advantage
that it eliminates the error-prone solubilization
step which is required for the microculture tetra-
zolium assays which employ MTT (Goodwin et al.,
1995). Such methods are vulnerable to the vari-
able growth of fibroblasts, and for studies on
leukaemic cells it may be preferable to stain the
cells differentially and analyse the cultures micro-
scopically (Bosanquet, 1991).

DNA DAMAGE ASSAYS

It is possible to measure DNA damage directly by
antibody detection of foci of phosphorylated his-
tone H2AX (yH2AX) in the cell nucleus, using
image cytometry or flow cytometry. It has been
found that the rate of YH2AX loss (a measure of
DNA repair) correlates with cellular radiosensitiv-
ity measured with a clonogenic assay, although the
relationship is by no means perfect (MacPhail et al.,
2003). Moreover, the percentage of tumour cells
that retain YH2AX foci 24 hours after single or
fractionated doses of radiation appears to be an
indicator of cellular radiosensitivity that might be
useful in the clinic (Klokov et al., 2006).

Methods using precise
cell counting

The methods described so far involve the plating
of an aliquot of a cell suspension that on average
will contain a known number of cells. The actual
number of cells will vary according to Poisson sta-
tistics. For studies of the effects of low radiation
doses (where the effects are small) greater statisti-
cal precision can be achieved by knowing exactly
how many cells have been plated. This has been
done using two main methods (see Section 4.14).
A fluorescence-activated cell sorter (FACS) allows
counted numbers of cells to be plated into culture
dishes (Durand, 1986). An alternative is to use a
microscopic live cell recognition system (Marples
and Joiner, 1993), which allows the spatial coordi-
nates of plated cells to be recorded; subsequently
the colony formation by each individual cell can
be examined. Both of these methods give high
precision in the initial region of a cell survival
curve and their use led to the identification
of low-dose hyper-radiosensitivity (HRS) (see
Section 4.14).

4.5 COMPARISON OF ASSAYS

Intercomparison of the results of assays of cell
survival can provide an important check on their
validity. This information can be valuable at both
a practical and a fundamental level. At the practi-
cal level, it is logical to check a rapid short-term
assay against the results of a more laborious but
more reliable clonogenic assay. The more general
question is whether assay of cell survival in two
different growth environments does actually iden-
tify the same population of surviving tumour
cells. It is usually cell survival in situ in the patient
or in the experimental animal that we seek to
determine, and to subject tumour cells to extrac-
tion procedures and to artificial growth environ-
ments might well produce artefacts. It is therefore
reassuring that some careful comparisons between
clonogenic assays in vitro, in the mouse lung and
by subcutaneous transplantation have demon-
strated good agreement for mouse tumours (Steel
and Stephens, 1983).
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4.6 DESCRIBING RELATIONSHIPS
BETWEEN CELL SURVIVAL AND
RADIATION DOSE

Research in experimental radiobiology covers stud-
ies at the cellular, animal and human levels. It deals
at the fundamental level with the molecular, bio-
chemical and biophysical nature of radiation dam-
age. Descriptive models are a necessary part of
radiobiology research: they provide a framework in
which to analyse and compare data and ultimately
to assist in building up consistent theories of radia-
tion action both in vitro and in vivo. Models and
mathematics are also sometimes necessary to relate
experimental studies to clinical cancer treatment
with the aim of improving therapy. In the following
sections, we explain the most important models
that are used to describe and analyse the relation-
ship between cell survival and radiation dose.

4.7 ANOTE ON RADIATION
RESPONSE AT THE
MOLECULAR LEVEL

Radiation kills cells by producing secondary
charged particles and free radicals in the nucleus
which in turn produce a variety of types of damage
in DNA. Evidence that damage to DNA is the pri-
mary cause of cell killing and mutation by radia-
tion is set out in Chapter 2, Section 2.1. Each 1 Gy
dose of low-linear energy transfer (LET) radiation
produces over 1000 base damages, about 1000 ini-
tial single-strand breaks and approximately 20-40
initial double-strand breaks (DSBs). Some lesions
are more important than others and radiation
lethality correlates most significantly with the
number of residual, unrepaired DSBs several hours
after irradiation. If cell kill is modified by changing
LET, oxygen level, thiol concentration or tempera-
ture, then for a fixed radiation dose only the num-
ber of DSBs reliably correlates with the change in
cell kill. Single-strand breaks, base damage and
DNA-—protein crosslinks do not reflect the change
in cell kill for all of these modifiers. The DNA DSB
is therefore thought to be the most important type
of cellular damage. Just one residual DSB (or ‘hit’)
in a vital section of DNA may be sufficient to

produce a significant chromosome aberration and
thus to sterilize the cell.

4.8 TARGET THEORY

A simple way of picturing how radiation might
kill cells is the idea that there may be specific
regions of the DNA that are important to main-
tain the reproductive ability of cells. These sensi-
tive regions could be thought of as specific targets
for radiation damage so that the survival of a cell
after radiation exposure would be related to the
number of targets inactivated. There are two ver-
sions of this idea that have commonly been used.
The first version of the theory proposed that just
one hit by radiation on a single sensitive target
would lead to death of the cell. This is called single-
target single-hit inactivation, and it leads to the
form of survival curve shown in Fig. 4.4a. The sur-
vival curve is exponential (i.e. a straight line in a
semi-logarithmic plot of cell survival against
dose). To derive an equation for this survival
curve, Poisson statistics can be applied. The pre-
sumption is that during irradiation there are a
very large number of hits on different cells taking
place, but the probability (p) of the next hit occur-
ring in a given cell is very small. Thus for each cell,

p(survival) = p(0 hits) = exp(—D/D,)

where D, is defined as the dose that gives an average
of one hit per target. A dose of D Gy reduces sur-
vival from 1 to 0.37 (i.e. to e '), or from 0.1 to
0.037, etc. D/Dy is the average number of hits per
target (and in this case per cell). This is the reason
why (as in Fig. 4.7, later) a scale of cell survival is
sometimes labelled —In(S): this is a scale of the nat-
ural logarithm of surviving fraction and it is also
the equivalent number of ‘lethal lesions’ per cell.

In this example (Fig. 4.4a) D, = 1.6Gy.
Straight survival curves of this sort are usually
found for the inactivation of viruses and bacteria.
They may also be appropriate in describing the
radiation response of some very sensitive human
cells (normal and malignant) and also the radia-
tion response at very low dose rates (see Chapter
12, Section 12.3) and response to high LET radia-
tions (see Chapter 6, Section 6.3). This type of



48 Quantifying cell kill and cell survival

Multitarget
. single-hit

Figure 4.4 The two
most common types
of target theory. (a)

- £ N
10 10k
E Single-target E
C single-hit C
1 1E
c P F
L E E
5 C C
@ - -
“C_D - -
c
S 01k 0.1k
= E E
5 E E
« C C
0.01% 0.01¢
[ Dy [
0.001 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] 0.001
0 4 8 12 16 0
(a) Dose (Gy) (b)

‘single-target single-hit’ survival curve model is
therefore actually valid outside of the ‘target the-
ory” framework. It describes the simple situation
where if an individual cell receives an amount of
radiation greater than D, then it will die, other-
wise it will survive.

For mammalian cells in general, their response
to radiation is usually described by ‘shouldered’
survival curves. In an attempt to model this type
of response, a more general version of target the-
ory was proposed called multitarget single-hit
inactivation. In this extended target idea, just one
hit by radiation on each of # sensitive targets in
the cell is required for death of the cell. The shape
of this survival curve is shown in Fig. 4.4b. Again,
the argument can be developed using Poisson
statistics,

p(0 hits on a specific target) = exp(—D/D )
Thus
p(specific target inactivated) = 1 — exp(—D/D )
As there are n targets in the cell,

p(all n targets inactivated) = (1 — exp(—D/D )"

Single-target
inactivation; (b)
multitarget inactivation.

Thus

p(survival) = p(not all targets inactivated)
=1—(1—exp(—D/D,))" (4.1)

Figure 4.4b shows that multitarget single-hit
survival curves have a shoulder whose size can be
indicated by the quasi-threshold dose (D). This is
related to nand D, by the relation:

D, = D, log, n (4.2)

For the example in Fig. 4.4b, we have chosen
n = 30and D, = 1.6 Gy, giving Dy = 5.4 Gy. Such
multitarget survival curves have proved useful for
describing the radiation response of mammalian
cells at high doses, ‘off the shoulder’ They do not
describe the survival response well at lower more
clinically relevant doses.

4.9 THE PROBLEM WITH TARGETS

The derivation of simple cell survival relationships
in terms of targets and hits, particularly the straight
survival curve shown in Fig. 4.4a, is an intellectually
attractive idea and it dominated radiobiological
thinking for a long time. The term ‘Dy’is still in com-
mon usage. The key difficulty with this concept is
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Figure 4.5 Models with non-exponential cell killing but a finite initial slope. (a) The two-component model and

(b) the linear-quadratic model.

that so far the specific radiation targets have not been
identified for mammalian cells, despite considerable
effort to search for them. Rather, what has emerged is
the key role of DNA strand breaks and their repair,
with sites for such DNA damage being generally dis-
persed throughout the cell nucleus (see Chapter 2).
An obvious shortcoming of the multitarget model is
that, as shown in Fig. 4.4b, it predicts a response that
is flat for very low radiation doses. This is not sup-
ported by experimental data: there is overwhelming
evidence for significant cell killing at low doses and
for cell survival curves that have a finite initial slope.
To take account of this, the multitarget model was
adjusted by adding an additional single-target com-
ponent. The resulting equation for the survival curve
is called the two-component model:

p(survival) = exp(—D/D,)
(1~ (1= exp(~D(/D, — /D))
(4.3)
This type of survival curve is illustrated in Fig.

4.5a. In addition to the parameters 1, Dy and D,;, this
curve also has a parameter D), which fixes an initial

slope (i.e. the dose required in the low-dose region to
reduce survival from 1 to 0.37). In this example,
n = 30and D, = 1.6 Gy, and D; = 4.6 Gy. This type
of curve now correctly predicts finite cell killing in
the low-dose region but it still has the drawback that
the change in cell survival over the range 0 to D
occurs almost linearly. This implies that no sparing
of damage should occur as dose per fraction is
reduced below 2 Gy, which is usually not found to be
the case either experimentally or in clinical radio-
therapy (see Chapter 8, Figs 8.1 and 8.2; Chapter 10,
Section 10.3). A way of overcoming this limitation
would be to use a multitarget instead of single-target
component as the initial slope. However, this would
make the model far too complicated to be of much
use in comparing survival responses. It would
require at least four parameters, and would be of lit-
tle value in helping to understand the fundamental
mechanisms determining radiation effect.

4.10 THE LINEAR-QUADRATIC MODEL

The continually downward bending form of a cell
survival can simply be fitted by a second-order
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polynomial, with a zero constant term to ensure
that SF = 1 at zero dose. This is exactly the formu-
lation that is termed the linear-quadratic (LQ)
model. Although we can regard this as based on
pure mathematics (i.e. the simplest formula
which describes a curve), it has also been possible
to attach radiobiological mechanisms to this
model. The formula for cell survival is:

—In(S) = aD + AD?
p(survival) = exp(— aD —3D%) (4.4)

and the cell survival curve is drawn in Fig. 4.5b.
Although the shapes of the LQ model and the
complicated two-component model are superfi-
cially similar (compare Fig. 4.5a with Fig. 4.5b),
the simple LQ formula gives a better description
of radiation response in the low-dose region
(0-3Gy): LQ survival curves are continuously
bending with no straight portion either at low or
high radiation doses. The shape (or ‘bendiness’) is
determined by the ratio /(.

Since the dimensions of the parameters for «
are Gy ! and for 3 are Gy 2, the dimensions of
o/ are Gy; as shown in Fig. 4.5b, this is the dose
at which the linear contribution to damage (aD
on the logarithmic scale) equals the quadratic
contribution (BD?). The response of cells to
densely-ionizing radiations such as neutrons or
a-particles is usually a steep and almost exponen-
tial survival curve (see Fig. 6.2). As shown in Fig.
4.5, this would be explained in the two-compo-
nent model by the ratio D;/D; being near to 1.0,
or in the LQ model by a very high a/g ratio.

As shown in Fig. 4.5, the LQ model does not
have a Dy because the survival curve continuously
bends downwards with increasing dose and so it is
never completely straight. However, it is some-
times useful to be able to roughly convert between
o, B and Dy; for example, if comparing two sets of
research findings which have each been described
with the different models. The precise mathemat-
ical description of Dy is that it is the inverse of the
first-order differential of —In(S) with respect to
dose. Applying this definition to the LQ model
gives Dy = 1/(a + 24D). This formula shows
that, in the LQ model, the effective D, is not con-
stant, but decreases with increasing dose.

The LQ model is now in widespread use in
both experimental and clinical radiobiology and
generally works well in describing responses to
radiation in vitro and in vivo. What could be its
mechanistic justification? One simple idea is that
the linear component [exp(—aD)] might result
from single-track events while the quadratic com-
ponent [exp(—3D?)] might arise from two-track
events. This interpretation is supported by studies
of the dose-rate effect (see Chapter 12, Section
12.3), which shows that as dose rate is reduced cell
survival curves become straight and tend to
extrapolate the initial slope of the high dose-rate
curve: the quadratic component of cell killing
disappears, leaving only the linear component.
This would be expected, since at low dose rate sin-
gle-track events will occur far apart in time and the
probability of interaction between them will be
low. Although this interpretation of the LQ equa-
tion seems reasonable, the nature of the interac-
tions between separate tracks is still a matter of
some debate. Chadwick and Leenhouts (1973)
postulated that separate tracks might hit opposite
strands of the DNA double helix and thus form a
DSB. We now know that this is unlikely in view of
the very low probability of two tracks interacting
within the dimensions of the DNA molecule
(diameter c.2.5nm) at a dose of a few grays.
Interaction between more widely spaced regions of
the complex DNA structure, or between DNA in
different chromosomes, is a more plausible mech-
anism (see Chapter 2, Section 2.7).

4.11 THE LETHAL-POTENTIALLY
LETHAL (LPL) DAMAGE MODEL

Curtis (1986) proposed the LPL model as a ‘uni-
fied repair model’ of cell killing. Ionizing radia-
tion is considered to produce two different types
of lesion: repairable (i.e. potentially lethal) lesions
and non-repairable (i.e. lethal) lesions. The non-
repairable lesions produce single-hit lethal effects
and therefore give rise to a linear component of
cell killing [=exp(—aD)]. The eventual effect of
the repairable lesions depends on competing
processes of repair and binary misrepair. It is this
latter process that leads to a quadratic component
in cell killing. As shown in Fig. 4.6, the model has
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Figure 4.6 The ‘lethal-potentially lethal’' (LPL) damage
model of radiation action.

two sensitivity parameters (7 determines the
number of non-repairable lesions produced per
unit dose, and 7p; the number of repairable
lesions). There are also two rate constants (€py,
determines the rate of repair of repairable lesions,
and €,p;, the rate at which they undergo interac-
tion and thus misrepair).

This model produces almost identical cell sur-
vival curves to the LQ equation, down to a sur-
vival level of perhaps 1072 It can therefore be
taken to provide one possible mechanistic inter-
pretation of the LQ equation. It predicts that, as
dose rate is reduced, the probability of binary
interaction of potentially lethal lesions will fall
and parameter values can be found that allow the
model accurately to simulate cell survival data on
human and animal cells irradiated at various dose
rates (see Chapter 12, Sections 12.3 and 12.5).

4.12 REPAIR SATURATION
MODELS

Curtis’ LPL model is an example of a lesion-inter-
action model which also incorporates repair
processes. Figure 4.7a shows how this produces
the downward-bending cell survival curve: the
dashed curve indicates the component of cell
killing that is due to single-track non-repairable
lesions. It is the extra lethal lesions produced by
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Figure 4.7 The contrast between lesion-interaction
models and repair-saturation models. (a) The
‘lethal-potentially lethal’ (LPL) model; (b) the effect of
repair becoming less effective at higher radiation doses;
(c) the basic concept of repair saturation. Adapted from
Goodhead (1985), with permission.

the binary interaction of potentially lethal lesions
which give the downward-bending curve.
Another class of models are the repair satura-
tion models, which propose that the shape of the
survival curve depends only on a dose-dependent
rate of repair. Figure 4.7b,c demonstrates this idea.
Only one type of lesion and single-hit killing are
postulated, and in the absence of any repair these
lesions produce the steep dashed survival curve in
Fig. 4.7b. The final survival curve (solid line) results
from repair of some of these lesions; however, if the
repair enzymes become saturated (Fig. 4.7¢), there
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Table 4.1 Different interpretations of radiobiological phenomena by lesion-interaction and saturable-repair models

Observation

Curved dose-effect relationship
Split-dose recovery
damage repair)
RBE increase with LET
at high LET
Low dose rate is less effective
irradiation

Explanation Lesion interaction

Interaction of sublesions
Repair of sublesions (sublethal

More non-repairable lesions

Repair of sublesions during

Repair saturation

Saturation of capacity to repair sublesions
Recovery of capacity to repair sublesions

High-LET lesions are less repairable

Repair system not saturating

LET, linear energy transfer; RBE, relative biological effectiveneness.

Adapted from Goodhead (1985), with permission.

is not enough repair enzyme to bind to all damaged
sites simultaneously and so the reaction velocity of
repair no longer increases with increasing damage.
Therefore at higher doses (more lesions), there is
proportionally less repair during the time available
before damage becomes fixed; this will lead to more
residual damage and to greater cell kill. The mech-
anisms of fixation of non-repaired damage are not
understood but they may be associated with the
entry of cells carrying such damage into DNA syn-
thesis or mitosis. It should be noted that an alterna-
tive ‘saturation’ hypothesis, leading to the same
consequence, is that the pool of repair enzymes is
used up during repair, so that at higher doses the
repair system is depleted and is less able to repair all
the induced damage.

Table 4.1 illustrates how the basic conceptual
difference between the lesion accumulation/inter-
action models such as Curtis’ LPL and the dose-
dependent repair models affects the interpretation
of some radiobiological phenomena (Goodhead,
1985). Both types of model predict linear-quadratic
cell survival curves in the clinically relevant dose
region. They also provide good explanations of
split-dose recovery (see Chapter 7, Section 7.3),
changing effectiveness with LET (see Chapter 6,
Section 6.3) and the dose-rate effect (see
Chapter 12, Section 12.2). At present, radiation sci-
entists are uncertain whether lesion interaction or
repair saturation really exist in cells but it may well
be that molecular and microdosimetric studies
will eventually determine which explanation
(maybe both!) is correct.

4.13 THE LINEAR-QUADRATIC-CUBIC
MODEL

The LQ model describes the cellular response to
ionizing radiation extremely well at doses less
than about 5-6 Gy and is the preferred model to
use in this dose range. However, at higher doses
the survival response of cells is often found to
more closely resemble a linear relationship
between —In(S) and dose, as described by the
models based on target theory.

A simple way of adjusting the LQ model to
account for the more linear response at higher
doses is to add an additional term proportional to
the cube of the dose, but opposite in sign to the
linear and quadratic terms. This is termed the
linear-quadratic-cubic, or LQC model:

—In(S) = aD + gD* — 4D’

p(survival) = exp(— aD — 6D2 + 7D3)
(4.5)

A comparison of the LQ and LQC models is
shown in Fig. 4.8. By taking the second-order dif-
ferential of —In(S) with respect to dose, it can be
shown that the survival curve can be straightened
at dose Dy by choosing v = /(3Dy). In the exam-
ple of Fig. 4.8, the LQC curve becomes a straight
line at a dose, Dy, of 18 Gy.

As with the two-component model, a disad-
vantage of the LQC model is the addition of a
third parameter, but because the LQC model is a
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Surviving fraction

Dose (Gy)

Figure 4.8 Cell survival modelled with the linear-
quadratic (LQ) or linear-quadratic-cubic (LQC)
equations. In this example both equations model a cell-
survival response with surviving fraction at 2 Gy (SF,)
equal to 0.5, and an /(3 ratio of 3 Gy. The value of v in
the LQC model is given by v = 3/(3D,), where D, is the
dose at which the curve becomes straight; here this
dose has been chosen to be 18 Gy.

simple polynomial it is nevertheless still more
mathematically manageable than the target the-
ory models. The LQC model is actually just a
third-order polynomial approximation to Curtis’
LPL model, which also demonstrates a more lin-
ear relationship between —In(S) and dose than
predicted by the LQ model, at surviving fractions
less than about 1072,

4.14 LOW-DOSE HYPER-
RADIOSENSITIVITY

The LQ model and its mechanistic interpretations
(Curtis’ LPL and repair saturation) adequately
describe cellular response to radiation above
about 1 Gy. It has been difficult to make accurate
measurements of cell killing by radiation below
this dose, but this problem has been partially
overcome by methods that determine exactly the
number of cells ‘at risk’ in a colony-forming assay

Surviving fraction

02 bbb b )
0 1 2 3 4 5 6

Dose/ (Gy)

Figure 4.9 Survival of asynchronous T98G human
glioma cells irradiated with 240 kVp X-rays, measured
using a cell-sorter protocol (Short et al., 1999). Each
datum point represents 10-12 measurements. The solid
line and dashed line show the fits of the induced-repair
(IndRep) model and linear-quadratic (LQ) models,
respectively. At doses below 1 Gy the LQ model, using an
initial slope «, substantially underestimates the effect
of irradiation and this domain is better described by the
IndRep model using a much steeper initial slope a.
Reprinted with permission of Taylor & Francis Group.

(see Section 4.4). This can be achieved using a
FACS to plate an exact number of cells or micro-
scopic scanning to identify an exact number of
cells after plating. Using such techniques, it can be
shown that many mammalian cell lines actually
exhibit the type of radiation response shown in
Fig. 4.9 at doses less than 1Gy. Below about
10 cGy, the cells show HRS, which can be charac-
terized by a slope («;) that is considerably steeper
than the slope expected by extrapolating back the
response from high-dose measurements (). The
transition (over about 20-80 cGy) from a sensitive
to resistant response has been termed a region of
increased radioresistance (IRR). This phenome-
non was originally discovered in mammalian cells
by Marples and Joiner (1993) using V79 hamster
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fibroblasts and is thought to be caused by an
increase in the extent of DNA repair of the cells in
the IRR region (Joiner et al., 2001). This happens
because a rapid cell-cycle arrest of cells, irradiated
in the G2 phase of the cell cycle, only occurs when
there are enough DNA DSBs to trigger phospho-
rylation of the ATM damage-recognition protein.
This typically starts to happen only when the aver-
age dose exceeds about 10cGy (Marples et al.,
2003).

The LQ model can be modified to take account
of this process and the result is called the induced
repair (IndRep) model:

p(survival)
= exp(—a, D(1+ (a, /o, — Dexp(—D/D,)) — 3D*)

(4.6)

In this equation, D, is around 0.2Gy and
describes the dose at which the transition from
the HRS response through the IRR response starts
to occur. At very high doses (D >> D,), equation
4.6 tends to a LQ model with active parameters o,
and f. At very low doses (D << D,), equation 4.6
tends to a LQ model with active parameters o, and
B. The IndRep model thus comprises two LQ
models with different « sensitivities dependent on
the dose given, merged into a single equation.

It has been proposed that this HRS phenome-
non might be exploitable clinically, if it is practi-
cable to deliver radiotherapy as a very large
number of dose fractions each less than 0.5 Gy.
The aim would be to take advantage of the extra
radiosensitivity in the HRS region, which could
improve the response of tumours that are known
to be resistant to radiotherapy at doses of 2 Gy per
fraction.

Key points

1. Tumour recurrence after treatment depends
upon the survival of clonogenic cells, which
may constitute only a small proportion of
the total cells within the tumour.

2. Evaluation of the survival of clonogenic cells
following treatment is an important aspect
of experimental cancer therapy. In experi-
mental situations this is relatively simple to
perform, but for cells removed directly from
human tumours great care is necessary in
the selection and performance of the assays.

3. A number of different mathematical models
adequately simulate the shape of cell-survival
curves for mammalian cells.

4. Target theory proposes that a specific number
of targets or DNA sites must be inactivated or
damaged to kill the cell. This approach is
satisfactory only if a component of single-hit
killing is also introduced. To date, it has not
been possible to identify the location of these
vital ‘targets’ within the cell nucleus.

5. Lesion-interaction models explain downward-
bending cell-survival curves by postulating
two classes of lesion. One class is directly
lethal, but the other type is only potentially
lethal and may be repaired enzymatically or
may interact with other potentially lethal
lesions to form lethal lesions.

6. Repair-saturation models also provide a plau-
sible explanation of cell survival phenomena.

7. Linear-quadratic equations model the shape
of the cell survival curve very well at doses
less than approximately 5-6 Gy. At higher
doses, it may be necessary to use linear-
quadratic-cubic equations to model the
more linear relationship between —log (sur-
viving fraction) and dose which is often seen.

8. The phenomenon of hyper-radiosensitivity
at very low radiation doses illustrates that
reactive molecular signalling and repair
processes determine the balance between
radiation cell killing and cell survival, and
models that treat the cell only as a set of pas-
sive targets will be unlikely to describe the
full spectrum of radiation response.
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5.1 INTRODUCTION

Clinical radiobiology is concerned with the rela-
tionship between a given physical absorbed dose
and the resulting biological response and with the
factors that influence this relationship. Although
the term tolerance is frequently (mis-)used when
discussing radiotherapy toxicity, it is important to
realize that there is no dose below which the com-
plication rate is zero: there is no clear-cut limit of
tolerance. What is seen in clinical practice is a
broad range of doses where the risk of a specific
radiation reaction increases from 0 per cent
towards 100 per cent with increasing dose (i.e. a
dose-response relationship).

An endpoint is a specific event that may or may
not have occurred at a given time after irradiation.
The idea of dose-response is almost built into our
definition of a radiation endpoint: to classify a bio-
logical phenomenon as a radiation effect we would
require that this phenomenon be never or rarely
seen after zero dose and seen in nearly all cases
after very high doses. Various ways to characterize
normal-tissue endpoints are discussed more fully

in Chapter 13 and tumour-related end-points are
described in Chapter 7.

With increasing radiation dose, radiation
effects may increase in severity (i.e. grade), in
frequency (i.e. incidence) or both. A plot of, say,
stimulated growth hormone secretion after graded
doses of cranial irradiation in children may reveal
an example of severity increasing with dose. Here
we will concentrate on the other type of dose—
response relationship: dose—incidence curves. In
the same example we can obtain a dose—incidence
curve by plotting the proportion of children with
growth hormone secretion below a certain thresh-
old as a function of dose. Thus, the dependent
variable in a dose-response plot is an incidence or
a probability of response as a function of dose
(Fig. 5.1).

In this chapter we will introduce some key con-
cepts in the quantitative description of dose—
response relationships. Many of these ideas are
important in understanding the general principles
of radiotherapy. Furthermore, they form the basis
of most of the more theoretical considerations in
radiotherapy. We will keep the mathematics to a
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Figure 5.1 Examples of dose-response relationships in
clinical radiotherapy. Data are shown on the incidence
of severe telangiectasia following electron or photon
irradiation. RBE, relative biological effectiveness. From
Bentzen and Overgaard (1991), with permission.

minimum but a few formulae are needed to sub-
stantiate the presentation.

Empirical attempts to establish dose-response
relationships in the clinic date back to the first
decade of radiotherapy. In 1936 the great clinical
scientist Holthusen was the first to present a theo-
retical analysis of dose-response relationships and
this has had a major impact on the conceptual
development of radiotherapy optimization.
Holthusen demonstrated the sigmoid shape of
dose-response curves both for normal-tissue
reactions (i.e. skin telangiectasia) and local con-
trol of skin cancer. He noted the resemblance
between these curves and the cumulative distribu-
tion functions known from statistics, and this led
him to the idea that the dose—response curve sim-
ply reflected the variability in clinical radio-
responsiveness of individual patients. This
remains one of the main hypotheses on the origin
of dose—response relationships and this has had a
renaissance in recent years with the growing inter-
est in patient-to-patient variability in response to
radiotherapy.

5.2 SHAPE OF THE DOSE-RESPONSE
CURVE

Radiation dose-response curves have a sigmoid
(i.e. °S’) shape, with the incidence of radiation
effects tending to zero as dose tends to zero and
tending to 100 per cent at very large doses. Many
mathematical functions could be devised with
these properties, but three standard formulations
are used: the Poisson, the logistic and the probit
dose-response models (Bentzen and Tucker,
1997). The first two are most frequently used and
we will concentrate on these. In principle, it is an
empirical problem to decide whether one model
fits observed data better than the other. In reality,
both clinical and experimental dose-response
data are too noisy to allow statistical discrimina-
tion between these models and in most cases they
will give very similar fits to a dataset. The situation
where major discrepancies may arise is when these
models are used for extrapolation of experience
over a wide range of dose.

The Poisson dose-response model

Munro and Gilbert (1961) published a landmark
paper in which they formulated the target-cell
hypothesis of tumour control: ‘The object of
treating a tumour by radiotherapy is to damage
every single potentially malignant cell to such an
extent that it cannot continue to proliferate’. From
this idea and the random nature of cell killing by
radiation they derived a mathematical formula for
the probability of tumour cure after irradiation of
‘a number of tumours each composed of N iden-
tical cells. More precisely, they showed that this
probability depends only on the average number
of clonogens surviving per tumour.

Figure 5.2 shows a Monte Carlo (i.e. random
number) simulation of the number of surviving
clonogens per tumour in a hypothetical sample of
100 tumours with an average number of 0.5 sur-
viving clonogens per tumour. In Fig. 5.2a each
tumour is represented by one of the squares in
which the figure indicates the actual number of
surviving clonogens, these numbers having been
generated at random. The cured tumours are
those with zero surviving clonogens. In this
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Figure 5.2 Simulation of a Poisson distribution. (a) The number of clonogens surviving per tumour in a hypothetical

sample of 100 tumours. The average number was 0.5 surviving clonogens per tumour. (b) Histogram shows the

proportion of tumours with a given number of surviving clonogens (black bars) and this is compared with the

prediction from a Poisson distribution with the same average number of surviving clonogens (grey bars).

simulation, there were 62 cured tumours. The
relative frequencies of tumours with 0, 1, 2, ...
surviving clonogens follow closely a statistical dis-
tribution known as the Poisson distribution, as
shown in Fig. 5.2b. Many processes involving the
counting of random events are (approximately)
Poisson distributed, for example the number of
decaying atoms per second in a radioactive sample
or the number of tumour cells forming colonies
in a Petri dish.

When describing tumour cure probability
(TCP) it is the probability of zero surviving clono-
gens in a tumour that is of interest. This is the
zero-order term of the Poisson distribution and if
A denotes the average number of clonogens per
tumour after irradiation this is simply:

TCP = e * (5.1)

Munro and Gilbert went one step further: they
assumed that the average number of surviving
clonogenic cells per tumour was a (negative)
exponential function of dose. Under these
assumptions they obtained the characteristic sig-
moid dose-response curve (Fig. 5.3). Thus
the shape of this curve could be explained solely
from the random nature of cell killing (or clonogen

Response

Yn AD

== =0.01

AD
Dose

Figure 5.3 Geometrical interpretation of . A 1 per
cent dose increment (AD) from a reference dose D
yields an increase in response equal to «y percentage
points. From Bentzen (1994), with permission.

survival) after irradiation: there was no need to
assume variability of sensitivity between tumours.

The Poisson dose-response model derived by
Munro and Gilbert has had a strong influence on
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theoretical radiobiology. The simple exponential
dose—survival curve was later replaced by the
linear-quadratic (LQ) model (see Chapters 4.10
and 8.4) and thus we arrive at what could be called
the standard model of local tumour control:

TCP = exp[—N, exp(—aD — (3dD)] (5.2)

Here, N, is the number of clonogens per
tumour before irradiation and the second expo-
nential is simply the surviving fraction after a dose
D given with dose per fraction d according to the
LQ model. Thus when we multiply these two
quantities we obtain the (average) number of sur-
viving clonogens per tumour and this is inserted
into the Poisson expression in equation 5.1. Nj
can easily be expressed as a function of tumour
volume and the clonogenic cell density (i.e.
clonogens/cm?® of tumour tissue) and similarly it
is easy to introduce exponential growth, with or
without a lag time before accelerated repopula-
tion, in this model. The immediate attraction of
the Poisson model is that the model parameters
appear to have a biological or mechanistic inter-
pretation. This, however, is much less of a theoret-
ical advantage than it appeared to be just 20 years
ago. There are at least two reasons for this. First, it
turns out that the model parameter estimates will
be influenced by biological and dosimetric het-
erogeneity and therefore cannot usually be
regarded as realistic measures of some intrinsic
biological property of the tumour (Bentzen et al.,
1991; Bentzen, 1992). Second, the model parame-
ters have no simple interpretation in case of nor-
mal-tissue effects where the radiation pathogenesis
is more complex than suggested by the simple tar-
get cell model (Bentzen, 2006).

The logistic dose-response model

The logistic model is often introduced and used
with more pragmatism than the Poisson model.
This model has no simple mechanistic back-
ground and consequently the estimated parame-
ters have no simple biological interpretation. Yet it
is a convenient and flexible tool for estimating
response probabilities after various exposures and
is widely used in areas of biology other than

radiobiology. The idea of the model is to write the
probability of an event (P) as:

__exp(u)

1+ exp(u) (5.3)
where, when analysing data from fractionated
radiotherapy, u has the form:

u=a,+a -D+a,-D-d+--- (5.4)
0 T4 ?)

Here, Dis total dose and dis dose per fraction, and
the representation of the effect of dose fractiona-
tion in this way is of course reflecting the assump-
tion of a LQ relationship between dose and effect.
Additional terms, representing other patient or
treatment characteristics, may be included in the
model to see if they have a significant influence on
the probability of effect. The coefficients ay, a;, . . .
are estimated by logistic regression, a method that
is available in many standard statistical software
packages. The parameters a; and 4, play a role
similar to the coefficients o and ( of the linear-
quadratic model. But note that the mechanistic
interpretation is not valid: 4, is not an estimate of
« and g, is not an estimate of 3. What is preserved
is the ratio a;/a,, which is an estimate of /3.

Rearrangement of equation 5.3 vyields the
expression:

u=1In P
1—p (5.5)

The ratio of Pto (1 — P) is called the odds of a
response, and the natural logarithm of this is
called the logit of P. Therefore, logistic regression
is sometimes called logit analysis.

5.3 POSITION OF THE
DOSE-RESPONSE CURVE

Several descriptors are used for the position of the
dose-response curve on the radiation dose scale.
They all have the unit of dose (Gy) and they spec-
ify the dose required for a given level of tumour
control or normal-tissue complications. For
tumours, the most frequently used position
parameter is the TCDs, (i.e. the radiation dose for
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50 per cent tumour control). For normal-tissue
reactions, the analogous parameter is the radiation
dose for 50 per cent response (RDs) or in the case
of rare (severe) complications RDs, that is, the dose
producing a 5 per cent incidence of complications.

5.4 QUANTIFYING THE STEEPNESS OF
DOSE-RESPONSE CURVES

The most convenient way to quantify the steep-
ness of the dose—response curve is by means of the
‘y-value’ or, more precisely, the normalized
dose—response gradient (Brahme, 1984; Bentzen
and Tucker, 1997). This measure has a very simple
interpretation, namely the increase in response in
percentage points for a 1 per cent increase in dose.
(Note: an increase in response from, say, 10 per
cent to 15 per cent is an increase of 5 percentage
points, but a 50 per cent relative increase). Figure
5.3 illustrates the definition of -y geometrically.

A more precise definition of + requires a little
mathematics. Let P(D) denote the response as a
function of dose, D, and AD a small increment in
dose, then the ‘loose definition’ above may be
written:

_ P(D+AD)- P(D)
(AD/D)-100%
_p. PP+ AD) = PD) _ AP (554
AD

-100%

The second term on the right-hand side is rec-
ognized as a difference-quotient, and in the limit
where AD tends to zero, we arrive at the formal
definition of ~:

~ = D-P(D) (5.7)

where P'(D) is the derivative of P(D) with respect
to dose.

If we look at the right-hand side of equation
5.6, we arrive at the approximate relationship:

AD
~ - - (5.8)

In other words, - is a multiplier that converts a
relative change in dose into an (absolute) change

in response probability. Most often we insert the
relative change in dose in per cent and in that case
P is the (approximate) change in response rate in
percentage points. This relationship is very useful
in practical calculations (see Chapter 9, Section
9.10). For example, increasing the dose from 64 to
66 Gy in a schedule employing 2 Gy dose per frac-
tion corresponds to a 3.1 per cent increase in dose.
If we assume that the ~y-value is 1.8, this yields
an estimated improvement in local control of
1.8 X 3.1 = 5.6 percentage points.

Mathematically, equation 5.8 corresponds to
approximating the S-shaped dose—response curve
by a straight line (the tangent of the dose—response
curve). As discussed briefly below, this will only be
a good approximation over a relatively narrow
range of doses; exactly how narrow depends on
the response level and the steepness of the
dose—response curve.

Clearly, the value of v depends on the response
level at which it is evaluated: at the bottom or top of
the dose—response curve a 1 per cent increase in
dose will produce a smaller increment in response
than on the steep part of the curve. This local value
of vis typically written with an index indicating the
response level, for example s, refers to the y-value
at a 50 per cent response level. A compact and con-
venient way to report the steepness of a
dose—response curve is by stating the y-value at the
level of response where the curve attains its maxi-
mum steepness: at the 37 per cent response level for
the Poisson curve and at the 50 per cent response
level for the logistic model. From this single value
and a measure of the position of the dose—response
curve, the whole mathematical form of the
dose—response relationship is specified (Bentzen
and Tucker, 1997). In particular, the steepness at
any other dose or response level can be calculated.
Table 5.1 shows how the ~-value varies with the
response level for logistic dose-response curves of
varying steepness. Using Table 5.1, it is possible to
estimate the relevant y-value at, say, a 20 per cent
response level for a curve where the -5 is specified.
Table 5.1 also provides a useful impression of the
range of response (or dose) where the simple linear
approximation in equation 5.8 will be reasonably
accurate. Clearly, if we extrapolate between two
response levels where the ~-value has changed
markedly, the approximation of assuming a fixed
value for  will not be very precise.
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Table 5.1 ~ values as a function of the response level for logistic dose-response curves of varying steepness

Response level (%)

Ys0 10 20 30 40 50 60 70 80 90
1 0.2 0.4 0.7 0.9 1.0 1.1 1.0 0.9 0.6
2 0.5 1.1 1.5 1.8 2.0 2.0 1.9 1.5 0.9
3 0.9 1.7 2.3 2.8 3.0 3.0 2.7 2.1 1.3
4 1.2 2.3 3.2 3.7 4.0 3.9 3.5 2.8 1.6
5 1.6 3.0 4.0 4.7 5.0 4.9 4.4 3.4 2.0
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Figure 5.4 Estimated 73, values from a number of studies on dose-response relationships for squamous cell
carcinoma in various sites of the head and neck. From Bentzen (1994), where the original references may be found.

Reprinted with permission from Elsevier.

5.5 CLINICAL ESTIMATES OF THE
STEEPNESS OF DOSE-RESPONSE
CURVES

Several clinical studies have found evidence for a
significant dose-response relationship and have
provided data allowing an estimation of the steep-
ness of clinical dose-response curves. Clinical
dose—response curves generally originate from
studies where the dose has been changed while
keeping either the dose per fraction or the number
of fractions fixed. A further advantage of tabulat-
ing the ~v-value at the steepest point of the
dose-response curve is that it is independent of the

dose-fractionation details in the case of a
dose—response curve generated using a fixed dose
per fraction (Brahme, 1984). Figure 5.4 shows
estimates of ~y;; for head and neck tumours under
the assumption of a fixed dose per fraction
(Bentzen, 1994). Typical values range from
1.5-2.5. This means that, around the midpoint of
the dose— response curve, for each per cent incre-
ment in dose, the probability of controlling a head
and neck tumour will increase by 2 percentage
points. Steepness estimates from dose—response
curves for other tumour histologies have been
reviewed by Okunieff et al. (1995), but it should be
noted that data for other histologies are generally
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Figure 5.5 Estimated -5, values for various late normal-tissue endpoints. Estimates are shown for treatment with a
fixed dose per fraction and a fixed number of fractions. The shaded horizontal band corresponds to the typical vy-values
at the point of maximum steepness for dose-response curves in head and neck tumours. Compare with Fig. 5.4. Data
from Bentzen (1994) and Bentzen and Overgaard (1996), where the original references may be found.

more sparse than for the head and neck tumours.
Also, some estimated values are obviously outliers
that cannot be taken as serious estimates of the
steepness of the clinical dose-response curve.
These extreme values must be explained by patient
selection bias or errors in dosimetry.

In the absence of other sources of variation, the
maximum steepness of a tumour-control curve is
determined only by the Poisson statistics of sur-
vival of clonogenic cells (Fig. 5.2), and this should
roughly give rise to a value of y;; = 7 (Suit et al,
1992). However, values as high as this are not
achieved even in transplantable mouse tumour
models under highly controlled experimental
conditions (Khalil ef al., 1997). The principal rea-
son why dose-response curves in the laboratory
and in the clinic are shallower than this theoretical
limit is dosimetric and biological heterogeneity.
The tendency for vocal cord tumours to have s,
values at the upper end of the interval seen for
other head and neck subsites probably reflects the
relatively lower heterogeneity among laryngeal
carcinomas treated with radiotherapy. Other
patient and treatment characteristics will influ-
ence both the position and the steepness of the
dose-response curve. It can be shown (Brahme,

1984) that the =3, of a Poisson dose-response
curve for a fixed dose per fraction depends only
on the number of clonogens that have to be
sterilized to cure the tumour. As mentioned in
Section 5.2, many tumour and treatment vari-
ables, for example tumour volume and overall
treatment time, are thought to affect the (effec-
tive) number of clonogens to be sterilized.
Therefore, in a multivariate analysis, 73, will depend
on all the significant patient and treatment
characteristics.

Figure 5.5 shows a selection of 75, values for
normal-tissue endpoints. Estimates are given both
for treatment with a fixed dose per fraction and,
where possible, also for treatment in a fixed num-
ber of fractions, in this case 22. The estimates in
the latter situation are considerably higher, which
is as expected from the LQ model. The explanation
is that, when treating with a fixed number of frac-
tions, increasing the dose leads to a simultaneous
increase in dose per fraction, and this is associated
with an increased biological effect per gray. This is
another manifestation of the ‘double trouble’ phe-
nomenon discussed in Chapter 9, Section 9.11. Let
~n denote the steepness of the dose-response
curve for a fixed fraction number, and 74 the
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steepness for a fixed dose per fraction, then it can
be shown that at a dose per fraction of d,:

(@/B)+2-4,

(@/B) + d. (5.9)

IN T 7d

As both /(3 and d, are positive numbers, yy is
always larger than 74. In the limit of very large dose
per fraction, yy has a limiting value of 2 X 4. In
the limit of dose per fraction tending to zero, vy
tends to 74. For more discussion of equation 5.9
and its significance for dosimetric precision
requirements in radiotherapy, see Bentzen (2005).

Figure 5.5 shows a spectrum of ~s, values for the
various endpoints. The dose-response curves for
many late endpoints are steeper than for head and
neck cancer. An exception is rectosigmoid complica-
tions after combined external-beam and intracavi-
tary brachytherapy where a large dose-volume
heterogeneity is present because of the steep gradi-
ents in the dose distribution from the intracavitary
sources. Also, the lung data arise from a treatment
technique where the dose to the lung tissue was het-
erogeneous. Thus it is likely that dosimetric rather
than intrinsic biological factors are the main cause of
the relatively low steepness seen for these endpoints.

5.6 THE THERAPEUTIC WINDOW

As with any other medical procedure, prescription
of a course of radiotherapy must represent a bal-
ance between risks and benefits. The relative posi-
tion and shape of the dose-response curves for
tumour control and a given radiotherapy compli-
cation determine the possibility of delivering a suf-
ficient dose with an acceptable level of side-effects.
This was nicely illustrated by Holthusen, who plot-
ted dose—response curves for tumour control and
complications in the same coordinate system for
two hypothetical situations: one favourable, that is
with a wide therapeutic window between the two
curves, and the other one less favourable. Figure
5.6 shows an example of how changing treatment
parameters may affect the therapeutic window.
For split-course treatment (Fig. 5.6a) the tumour
and oedema curves are closer together than for con-
ventional treatment (Fig. 5.6b) and the therapeutic
window is therefore narrower. In practice, there will
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Figure 5.6 Dose-response curves for local control of
laryngeal carcinoma (solid lines) and late laryngeal
oedema as estimated from the data by Overgaard et al.
(1988). Protraction of overall treatment time narrowed
the therapeutic window. From Bentzen and Overgaard
(1996), with permission.

be several sequelae of clinical concern and each of
these will have its characteristic dose-response
curve and will respond differently to treatment
modifications. This complicates the simple strategy
for optimization suggested by Fig. 5.6.

Several parameters are found in the literature
for quantifying the effect of treatment modifica-
tions on the therapeutic window. Holthusen’s
proposal was to calculate the probability of
uncomplicated cure, and this is still used fre-
quently in the literature. The difficulty with this
measure is that it gives equal weight to the compli-
cation in question and to tumour recurrence,
which may often be fatal, and this is against com-
mon sense. A simple alternative, which is easy to
interpret but not necessarily easy to estimate from
an actual dataset, is to specify the tumour control
probability at isotoxicity with respect to a specific
end-point, as illustrated in Fig. 1.3.
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5.7 METHODOLOGICAL PROBLEMS
IN ESTIMATING DOSE-RESPONSE
RELATIONSHIPS FROM CLINICAL DATA

An increasing number of publications are con-
cerned with the quantitative analysis of clinical
radiobiological data. Many methodological prob-
lems must be addressed in such studies and these
problems may roughly be grouped as clinical,
dosimetric and statistical.

® (linical aspects — these include the evaluation
of well-defined endpoints for tumour and nor-
mal-tissue effects. Endpoints requiring prolonged
observation of the patients, such as local tumour
control or late complications, should be analysed
using actuarial statistical methods. Special con-
cerns exist for evaluation, grading and reporting
of injury to normal tissue and these are discussed
in Chapter 13, Section 13.4. For dose-response
data obtained from non-randomized studies, the
reasons for variability in dose should be carefully
considered. Subsets of patients treated with
low/high doses may not be comparable in terms
of other patient characteristics influencing the
outcome. An example is where patients receive a
lower total dose than prescribed because of their
poor general condition, perhaps in combination
with severe early reactions, or because of progres-
sive disease during treatment.

® Dosimetric aspects — these involve a detailed
account of treatment technique and quality
assurance procedures employed. Furthermore,
the identification of biologically relevant dosi-
metric reference points and a proper evaluation
of the doses to these points are required.
Modern radiation therapy techniques often give
rise to a highly non-uniform dose distribution
in the relevant normal tissues. This distribution
will have to be converted into an equivalent
dose, or similar quantity.

® Statistical aspects — these include the choice of
valid statistical methods that are appropriate
for the data type in question and which use the
available information in an optimal way.
Statistical tests for significance or, preferably,
confidence limits on estimated parameters
should be specified. When negative findings are
reported, an assessment of the statistical power

of the study should be given. Finally, the cen-
soring (i.e. incomplete follow-up) and latency
should be allowed for.

For an overview of the quantitative analysis of
clinical data, see Bentzen (1993) and Bentzen et al.
(2003).

5.8 CLINICAL IMPLICATIONS:
MODIFYING THE STEEPNESS OF
DOSE-RESPONSE CURVES

The ~-value is not only useful as a multiplier in
converting from a dose change to a change in
response but may also be used as a multiplier for
converting an uncertainty in dose into an uncer-
tainty in response. If the standard deviation of the
absorbed-dose distribution in a population of
patients is £5 per cent, a y-value of 3 would yield
an estimated *15 per cent standard deviation on
the response-probability distribution. Note that in
this situation it is generally the «y for a fixed num-
ber of fractions that applies. Figure 5.5 shows that
the high y-values at the maximum steepness of the
dose-response curve for normal tissues would
yield a large variability in response probability for
a =5 per cent variability in absorbed dose. This
provides an indication of the precision required in
treatment planning and delivery in radiotherapy.

Another field where the steepness of the
dose-response curves for tumours and normal-
tissue reactions plays a crucial role is in the design
of clinical trials. For a discussion of this topic see
Bentzen (1994).

A final issue in this chapter is the prospect
for modifying the steepness of the clinical
dose-response curve. Several modelling studies
have shown that patient-to-patient variability in
tumour biological parameters could strongly
affect the steepness of the dose-response curve
(Bentzen et al, 1990; Bentzen, 1992; Suit et al,
1992; Webb and Nahum, 1993). Compelling sup-
port for this idea also comes from experimental
studies (Khalil et al., 1997). A direct illustration of
the effect of interpatient variability is obtained
from an analysis of local tumour control in
patients with oropharyngeal cancers (Bentzen,
1992). Analysing the data with the Poisson model
yielded ~;; = 1.8. An analysis taking an assumed
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Figure 5.7 Local control of oropharyngeal carcinoma
as a function of the biological dose in 2-Gy fractions.
Dotted lines are theoretical dose-response curves after
stratification for intrinsic radiosensitivity. These
represent dose-response relationships from five
homogeneous patient populations with radiosensitivity
equal to selected percentiles of the radiosensitivity
distribution in the total population. From Bentzen
(1994), with permission.

variability in tumour cell radiosensitivity into
account allowed the dose-response curve to be
broken down into a series of very steep curves,
each of which would apply to a subpopulation of
patients stratified according to intrinsic radiosen-
sitivity (Fig. 5.7). Clinical data on pathological
response after radiotherapy analysed by Levegriin
et al. (2002) showed how the dose—incidence curve
got steeper when stratifying patients according to
clinico-pathological risk group. Also, for normal-
tissue effects, adjustment for patient-related risk
factors leads to a steeper dose-response curve
(Honore et al., 2002).

This interpatient variability also has a major
influence on the parameter estimates in the
Poisson model (Bentzen, 1992). Fenwick (1998)
proposed a closed form expression of the Poisson
dose—response model that takes patient-to-patient
variability explicitly into account, but this approach
has only been used in a few analyses so far. For
a detailed discussion of interpatient variability

and dose-response analysis, see Roberts and
Hendry (2007).

Viewing these curves in relation to Fig. 5.6, it is
clear that some of these subgroups could be
expected to have a greater therapeutic window
than others. If, by means of a reliable predictive
assay, these subgroups could be identified before
starting therapy, a substantial therapeutic benefit
could be realized.

5.9 NORMAL TISSUE COMPLICATION
PROBABILITY (NTCP) MODELS

Several dose—volume models for normal tissues
have been proposed in the literature [see the
recent reviews by Yorke (2001) and Kong et al.
(2007)]. The most widely used of these is the
Lyman model (Lyman, 1985). This model gives
the normal tissue complication probability
(NTCP), as a function of the absorbed dose, D, in
a partial organ volume, V:

u(D,V)
NTCP(D,V) = - f7 exp(— % x%)dx

N

(5.10)

where the dependence of dose and volume is in
the upper limit of the integral:

m- Dy (V)
The volume dependence of the Ds is assumed
to follow the relationship:

Dy(V) = Dsoil) (5.12)

A closer inspection of these three equations
shows that there are two independent variables, D
and V, and three model parameters, m, Dsy(1) and
n. Dso(1) is the uniform total dose producing a 50
per cent incidence of the specific endpoint if the
whole organ is receiving this dose. The volume
exponent, 1, is always between zero and 1 and the
larger the value, the more pronounced is the vol-
ume effect. The third parameter, m, is inversely
related to the steepness of the dose-response curve
(i.e. smaller values of m correspond to steeper
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dose-response curves). The Lyman model has no
simple mechanistic background but should be seen
as a flexible empirical model for fitting dose—vol-
ume datasets. Attempts have been made to develop
more mechanistic models but it is questionable
whether the biological complexity of dose—volume
effects can be encompassed in a reasonably simple
mathematical model and most often these models
are applied in a pragmatic way as a simple means of
capturing the main effects of dose and volume.
Lyman’s model only applies to fractional vol-
umes receiving uniform doses. In practice, this is
rarely (read: never!) the case. The most common
way of summarizing information on a non-uni-
form dose distribution in an organ is the dose—vol-
ume histogram (DVH). In order to estimate the
NTCP from a DVH using the Lyman model, it is
necessary to reduce the DVH into a single point in
dose—volume space. The most frequently used
method for doing this is the effective volume
method (Kutcher and Burman, 1989) whereby the
DVH is transformed into an equivalent fractional
volume receiving the maximum dose in the DVH.
The basic assumption of this method is that each
fractional volume will follow the same dose—
volume relationship (described by the Lyman
model) as the whole organ. The partial volume in a
specific bin on the dose axis is then converted into
a (smaller) volume placed at the bin correspon-
ding to the maximum absorbed dose in the DVH.
Some caveats should be noted regarding the
use of NTCP models in clinical radiotherapy.
Studies have shown that models fitted to one clin-
ical dataset may have low predictive power when
applied to an independent data series (Bradley
et al., 2007). Also, patients receiving cytotoxic
chemotherapy may require tighter dose—volume
constraints in order to have a risk similar to that of
patients treated with radiation alone (Bradley
et al., 2004). Finally, it should be noted that most
models used so far have been based on analysis of
the DVH alone; in other words, they do not con-
sider the actual spatial distribution of dose in the
organ at risk. One example where this analytic
strategy seems to break down is the lung, where
there are quite good data suggesting that the func-
tional importance of damage to a subvolume of
a given size depends on its location within the
lung (Travis et al., 1997; Bradley et al., 2007).

Therefore, NTCP models should at present not be
used in clinical decision-making and in dose-
planning outside a research setting.

Key points

1. There is no well-defined ‘tolerance dose’ for
radiation complications or ‘tumouricidal
dose’ for local tumour control: rather, the
probability of a biological effect rises from 0
per cent to 100 per cent over a range of doses.

2. The steepness of a dose-response curve at a
response level of n per cent may be quanti-
fied by the value 7, that is the increase in
response in percentage points for a 1 per
cent increase in dose.

3. Dose-response curves for late normal-tis-
sue endpoints tend to be steeper (typical s
between 2 and 6) than the dose-response
curves for local control of squamous cell
carcinoma of the head and neck (typical 75
between 1.5 and 2.5).

4. The steepness of a dose-response curve is
higher if the data are generated by varying
the dose while keeping the number of frac-
tions constant (‘double trouble’) than if the
dose per fraction is fixed.

5. Dosimetric and biological heterogeneity
cause the population dose-response curve
to be more shallow.

6. Normal-tissue  complication probability
models, incorporating dose fractionation as
well as irradiated volume, have not been val-
idated in any clinical setting and should not
be routinely used outside a research protocol.
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6.1 INTRODUCTION

Modern radiotherapy is usually given by linear
accelerators producing X-rays with high-energy of
4-25MV which have generally superseded ther-
apy with lower energy ®°Co or '*’Cs ~-rays. X-rays
and v-rays are uncharged electromagnetic radia-
tions, physically similar in nature to radio waves
or visible light except that their wavelength is less
than 10 picometres (10~ '?m) so that the individ-
ual photons (‘packets’ of energy) are energetic
enough to ionize molecules in tissues that they
penetrate. It is this ionization that results in the
biological effects seen in radiotherapy. These
X- and 7-rays all have roughly the same biological
effect per unit dose, although there is a small
dependence on the energy with lower energies
being slightly more effective. Electron beams are
quantum-mechanically similar to X-rays and pro-
duce similar biological effects. Two other classes of
radiations that are being increasingly adopted in
radiotherapy are often referred to as:

® Light particles — e.g. protons, neutrons and
a-particles.

® Heavy particles — e.g. fully stripped carbon,
neon, silicon or argon ions.

These light and heavy particles may have a
greater biological effect per unit dose than con-
ventional X- and ~7-rays. The charged particles
have, in addition, very different depth—dose
absorption profiles compared with uncharged
particles (i.e. neutrons) or conventional electro-
magnetic radiations (X- and ~-rays) and this
enables more precise dose distributions to be
achieved in radiotherapy (see Chapter 24). This
chapter explains the basic physics and radiobiol-
ogy of these different types of radiation used in
cancer therapy.

6.2 MICRODOSIMETRY

It is possible to build up a picture of the sub-
microscopic pattern of ionizations produced by
radiation within a cell nucleus using special tech-
niques for measuring ionization in very small vol-
umes, together with computer simulations: this is
the field of microdosimetry. Figure 6.1 shows
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Figure 6.1 The structure of particle tracks for low-linear energy transfer (LET) radiation (left) and a-particles (right).
The circles indicate the typical size of mammalian cell nuclei. Note the tortuous tracks of low-energy secondary
electrons, greatly magnified in this illustration. From Goodhead (1988), with permission.

examples of microdosimetric calculations of ion-
ization tracks from y-rays or a-particles passing
through a cell nucleus (Goodhead, 1988). At the
scale of the cell nucleus, the y-rays deposit much
of their energy as single isolated ionizations or
excitations and much of the resulting DNA dam-
age is efficiently repaired by enzymes within the
nucleus (see Chapter 2). About 1000 of these
sparse tracks are produced per gray of absorbed
radiation dose. The a-particles produce fewer
tracks but the intense ionization within each track
leads to more severe damage where the track
intersects vital structures such as DNA. The
resulting DNA damage may involve several adja-
cent base pairs and will be much more difficult or
even impossible to repair; this is the reason why
these radiations produce steeper cell survival
curves and allow less cellular recovery than
X-rays. At the low doses of a-particle irradiation
that are encountered in environmental exposures,
only some cells will be traversed by a particle and
many cells will be unexposed.

Linear energy transfer (LET) is the term used to
describe the density of ionization in particle tracks.
LET is the average energy (in keV) given up by
a charged particle traversing a distance of 1 pum.
In Fig. 6.1, the ~-rays have an LET of about
0.3keV/um and are described as low-LET radiation.
The a-particles have an LET of about 100 keV/um
and are an example of high-LET radiation.

Why are neutrons described as high-LET radi-
ation when they are uncharged particles? Neutrons
do not interact with the orbital electrons in the
tissues through which they pass and they do not
directly produce ionization. They do, however, inter-
act with atomic nuclei from which they eject slow,

1
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Figure 6.2 Survival of human kidney cells exposed
in vitro to radiations of different linear energy transfer.
From Barendsen (1968), with permission.

densely ionizing protons. It is this secondary pro-
duction of knock-on protons that confers high LET.

6.3 BIOLOGICAL EFFECTS DEPEND
UPON LET

As LET increases, radiation produces more cell
killing per gray. Figure 6.2 shows the survival of
human T1g kidney cells plotted against dose for
eight different radiations, with LET varying
from 2keV/pm (250kVp X-rays) to 165keV/um
(2.5MeV a-particles). As LET increases, the
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Figure 6.3 Dependence of relative biological
effectiveness (RBE) on linear energy transfer (LET) and
the phenomenon of overkill by very high LET radiations.
The RBE has been calculated from Fig. 6.2 at cell
surviving fraction (SF) levels of 0.8, 0.1 and 0.01. From
Barendsen (1968), with permission.

survival curves become steeper; they also become
straighter with less shoulder, which indicates either
a higher ratio of lethal to potentially lethal lesions
(in lesion-interaction models; Chapter 4, Section
4.11) or that high-LET radiation damage is less
likely to be repaired correctly (in repair saturation
models; Chapter 4, Section 4.12). In the linear-
quadratic (LQ) description, these straighter cell-
survival curves have a higher o/ 3 ratio, thus higher
LET radiations usually give responses with higher
o/ 3. For particles of identical atomic composition,
LET generally increases with decreasing particle
energy. However, notice that 2.5MeV a-particles
are less efficient than 4.0MeV a-particles even
though they have a higher LET; this is because of
the phenomenon of overkill shown in Fig. 6.3.

The relative biological effectiveness (RBE) of a
radiation under test (e.g. a high-LET radiation) is
defined as:

dose of reference radiation
RBE =

— (6.1)
dose of test radiation

to give the same biological effect. The reference

low-LET radiation is commonly 250 kVp X-rays or

9Co ~-rays since these radiations are usually avail-

able whenever RBE is being evaluated. Figure 6.3

OER

1 & ]
100 1000

LET (keV/um)
Figure 6.4 The oxygen enhancement ratio (OER)
decreases with increasing linear energy transfer (LET).
Closed circles refer to monoenergetic a-particles and
deuterons and the open triangle to 250 kVp X-rays.
From Barendsen (1968), with permission.

shows RBE values for the Tlg cells featured in
Fig. 6.2. RBE has been calculated at cell survival
levels of 0.8, 0.1 and 0.01, illustrating the fact that
RBE is not constant but depends on the level of
biological damage and hence on the dose level. The
RBE also depends on LET, and rises to a maximum
at an LET of about 100keV/um, then falls for
higher values of LET because of overkill. For a cell
to be killed, enough energy must be deposited in
the DNA to produce a sufficient number of dou-
ble-strand breaks (see Chapter 4, Section 4.8).
Sparsely ionizing, low-LET radiation is inefficient
because more than one particle may have to pass
through the cell to produce enough DNA double-
strand breaks. Densely ionizing, very high-LET
radiation is also inefficient because it deposits
more energy per cell, and hence produces more
DNA double-strand breaks than are actually
needed to kill the cell. These cells are ‘overkilled’,
and per gray there is then less likelihood that other
cells will be killed, leading to a reduced biological
effect. Radiation of optimal LET deposits the right
amount of energy per cell, which produces just
enough DNA double-strand breaks to kill the cell.
This optimum LET is usually around 100 keV/um
but does vary between different cell types and
depends on the spectrum of LET values in the
radiation beam as well as the mean LET.
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As LET increases, the oxygen enhancement
ratio (OER; Chapter 15, Section 15.1) decreases.
The measurements shown as an example in
Fig. 6.4 were also made with cultured T1g cells of
human origin (Barendsen, 1968). The sharp
reduction in OER occurs over the same range of
LET as the sharp increase in RBE (Fig. 6.3).

6.4 RELATIVE BIOLOGICAL
EFFECTIVENESS DEPENDS ON DOSE

As indicated in Fig. 6.3, the RBE is higher if meas-
ured at lower radiation doses, corresponding to
higher levels of cell survival (less effect). Figure 6.5
shows in more detail the RBE for test doses of
4MeV a-particles plotted against a reference dose
of 250kVp X-rays, for the T1g human cells irradi-
ated in vitro. The data points were derived from
Fig. 6.2 by reading off from the a-particle survival
curve the dose required to achieve the same cell
survival as obtained for each X-ray dose evaluated.
The RBE for the 4.0 MeV a-particles increases with
decreasing dose because the low-LET X-ray sur-
vival response is more curved and has a bigger
shoulder than the high-LET survival response. If
LQ equations are used to model both the low-LET
(reference) and the high-LET (test) responses, RBE
can be predicted mathematically as a function of
the reference dose (dg) or the test dose (dy) using
formulae containing the o/ ratios and the ratio
ap/ag (Joiner, 1988). The formulae are:

K+ K2+ 4Kdg (1 + dg/V)IC
21+ de/V)

RBE

(6.2)

=V +V? +4VKd, (1 + d,/C)

6.3
o (63)

RBE

where K = ag/ag, V= a/( for the reference radi-
ation and C = «/[3 for the test radiation.

In Fig. 6.5, the solid line shows the prediction
of equation 6.2, which gives RBE as a function of
the reference dose, in this case X-rays.

The RBE can also be measured in vivo. In nor-
mal tissues this may be done by comparing the rela-
tionships between damage and dose for both high-
and low-LET radiations. This may be done for any
endpoint of damage, including tissue breakdown

X-ray dose (Gy)

Figure 6.5 Relative biological effectiveness (RBE) of
4 MeV a-particles increases with decreasing dose for
cell lines irradiated in vitro. RBE values were calculated
from the cell survival data shown in Fig. 6.2. The full
line is calculated as described in the text.

or loss of tissue function. As an example, Fig. 6.6a
shows the results of an experiment to study the loss
of renal function in mice after external-beam
radiotherapy. This was done by measuring the
increased retention of *!Cr-radiolabelled ethylene-
diaminetetraacetic acid (EDTA) in the plasma 1
hour after injection; normally functioning kidneys
completely clear this substance from the body
within this time. For neutrons (in this example pro-
duced by bombarding beryllium with 4 MeV
deuterons, designated d(4)-Be), fractionation
makes almost no difference to the tolerance dose
but for X-rays a much higher total dose is required
to produce renal damage when the treatment is
split into two, five or ten fractions. This difference
in the fractionation response for high- and low-
LET radiations in vivo reflects the shape of the sur-
vival curves for the putative target cells in the tissue:
almost straight for neutrons with a high /[ ratio,
and downwards bending for X-rays (Fig. 6.2) with
alow o/ ratio. In this in vivo situation, RBE is cal-
culated from the ratio of X-ray to neutron total
doses required to produce the same biological
effect in the same number of fractions. This is plot-
ted against X-ray dose per fraction in Fig. 6.6b. It
can be seen that, in vivo, RBE increases with
decreasing dose per fraction in exactly the same
way as RBE increases with decreasing single dose
for the cells in vitro shown in Fig. 6.5. In vivo, RBE
versus dose can also be modelled using equations
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(1987), with permission.

6.2 and 6.3. The solid line in Fig. 6.6b shows the
mathematical fit of equation 6.2 to the data, from
which it is possible to obtain Aneytrons/ xrays and
o/ 3 for X-rays and for neutrons, directly from these
RBE versus dose data.

6.5 THE BIOLOGICAL BASIS FOR
HIGH-LET RADIOTHERAPY

We have seen (Fig. 6.4) that the differential
radiosensitivity between poorly oxygenated (more
resistant) and well-oxygenated (more sensitive)
cells is reduced with high-LET radiations.
Therefore, tumour sites in which hypoxia is a
problem in radiotherapy (some head and neck
tumours and prostate cancer, for example) might
benefit from high-LET radiotherapy in the same
way as from chemical hypoxic-cell sensitizers (see
Chapter 17, Section 17.3).

The effect of low-LET radiation on cells is
strongly influenced by their position in the cell
cycle, with cells in S-phase being more radioresis-
tant than cells in G2 or mitosis (see Chapter 7,
Section 7.3). Cells in stationary (i.e. plateau) phase
also tend to be more radioresistant than cells in
active proliferation. Both of these factors act to
increase the effect of fractionated radiotherapy on

more rapidly cycling cells compared with those
cycling slowly or not at all, because the rapidly
cycling cells that survive the first few fractions are
statistically more likely to be caught later in a sen-
sitive phase and so be killed by a subsequent dose —
a process termed ‘cell-cycle resensitization’ This
differential radiosensitivity due to cell-cycle posi-
tion is considerably reduced with high-LET radia-
tion (Chapman, 1980) and is a reason why
we might expect high-LET radiotherapy to be ben-
eficial in some slowly growing, X-ray-resistant
tumours.

A third biological rationale for high-LET ther-
apy is based on the observation that the range of
radiation response of different cell types is reduced
with high-LET radiation compared with X-rays.
This is shown in Fig. 6.7, which summarizes the
in vitro response of 20 human cell lines to photon
and neutron irradiation (Britten et al., 1992). This
reduced range of response affects the benefit
expected, which is the balance between tumour
and normal-tissue responses. Thus, if tumour cells
are already more radiosensitive to X-rays than the
critical normal-cell population, high-LET radiation
should not be used since this would reduce an
already favourable differential. Possible examples are
seminomas, lymphomas and Hodgkin’s disease.
However, if the tumour cells are more resistant to
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Figure 6.7 Response of 20 human tumour cell lines to (a) 4 MVp photons or (b) p(62.5)-Be neutrons. The vertical lines
show the photon (2 Gy) and neutron (0.68 Gy) doses that give the same median cell survival; the average relative
biological effectiveness (RBE) is therefore 2/0.68 = 2.94. (c) The range of cell survival at the reference neutron dose of
0.68 Gy (SFygg) is less than the range of survival at a photon dose of 2 Gy (SF,). In 9/20 of the cell lines neutrons gave
lower cell survival than photons at these doses (d).

X-rays than the critical normal cells, high-LET damage to normal tissue; high-LET radiation
radiation might reduce this difference in radiosen- would be advantageous in this case.
sitivity and thus would effectively ‘sensitize’ the In Chapter 24, we summarize the clinical expe-

tumour cell population relative to a fixed level of rience with high-LET radiations.
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Figure 6.8 The different depth-dose characteristics of (a) photons and (b) proton beams of different intensities and
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Figure 6.9 Comparison of treatment plans for the radiotherapy of a case of pancreas carcinoma using charged
particle beams or photons. From Bewley (1989), with permission.

6.6 THE PHYSICAL BASIS FOR
CHARGED-PARTICLE THERAPY

With conventional X-ray therapy, absorbed dose
increases very rapidly within the short distance in
which electronic equilibrium (‘build-up’) occurs,

and then decreases exponentially with increasing
penetration. Figure 6.8a shows central-axis depth
doses from %°Co +-rays and from X-rays generated
by a 6-MV linear accelerator (Fowler, 1981).
Neutrons are also uncharged and their
depth—dose characteristics are similar: modern



The physical basis for charged-particle therapy 75

approx. 14 cm range
4 cm spread peak

approx. 24 cm range
10 cm spread peak

0 4 8 12 16 20 4 8 12 16 20 24 28
1 T T T T T T T 1 1 T 1 T T T T T T T 7T 1T
2o Carbon Jdoo
1.8 —41.8
1.4 -1.4
1.0 —11.0
0.6 = —0.6
0.2 —0.2
2.2 —H2.2
o 18 18 Figure 6.10 The biological
[%] -1 .
S 14 114 effect c?f 'charged particle .
Q0 ] beams is increased further in
g 1.0 —-11.0  the Bragg peak. Depth-dose
o : curves are shown for three
06 -06 types of ion beam, each with a
0.2 oo  4-cmor10-cm spread peak.
Full lines show the dose
distribution; upper broken
18- 118 lines (full symbols) show the
e— — —e RBE X Dose B . . . .
14 114 biologically effective dose (i.e.
Dose i dose X relative biological
1.0 OER OER —11.0 effectiveness, RBE). The lower
3 © © b broken lines (open symbols)
0.6 5 106 show the reduction in oxygen
0.2 _|go  enhancement ratio (OER)
L T N T S (S SO SO B within the spread peak. From
0 4 8 12 16 20 4 8 12 16 20 24 28

Depth in water (cm)

high-energy neutron therapy beams have a pene-
tration that is comparable to 4 MV X-rays. The
only rationale for neutron therapy is therefore
radiobiological, as discussed in Section 6.5.

In contrast, ion beams (i.e. incident beams of
charged particles) increase their rate of energy
deposition as they slow down with increasing pen-
etration, finally stopping and releasing an intense
burst of ionization called the Bragg peak. As an
example, curve 1 in Fig. 6.8b shows the depth—dose
distribution of a primary beam of 160 MeV pro-
tons. The broad peak is obtained by superimpos-
ing on curve 1 four other beams of different

Blakely (1982), with
permission.

intensities and ranges (curves 2, 3, 4 and 5),
achieved by passing the primary beam through a
rotating wheel with sectors of different thickness
of plastic sheet. This spread-out peak (Sum) can be
adjusted to cover the tumour volume and there-
fore increase the ratio of tumour-to-normal-tissue
dose compared with conventional photon therapy
(Raju, 1980). In modern beam delivery systems,
this same scanning of the Bragg peak over a range
of depths is achieved by directly modulating the
particle energy in variable-energy accelerators.
Figure 6.9 shows some possible treatment
plans with heavy-ion beams of helium and carbon
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nuclei, using carcinoma of the pancreas as an
example. The improvement given by the He ions
over 18 MV X-rays is as dramatic as the compari-
son between 18 MV and 250kVp X-rays. The
mean doses to the spinal cord and kidney are
almost zero for He ions, 50 per cent for 18 MV
X-rays and 70 per cent for 250kVp X-rays.
Uniformity over the tumour is 2—-3 per cent, 5 per
cent and 15 per cent, respectively.

Carbon ions give a similar dose distribution to
He ions but in addition they have a higher LET
and RBE in the Bragg peak, which in suitable
tumours (see above) might confer an additional
radiobiological advantage. The LET of a charged
particle is proportional to the square of its charge
divided by the square of its velocity. Therefore, in
the Bragg peak, where the particles are slowing
down rapidly, heavy ions such as carbon, neon
and argon have very high LET, with the potential
for a greatly increased biological effect. To illus-
trate this, Fig. 6.10 shows depth—dose curves for
beams of heavy ions accelerated to two different
energies giving maximum penetrations in tissue
of about 14 or 24 cm. In each case the solid line
represents the pattern of dose produced by a ridge
filter designed to spread out the Bragg peak to
cover imaginary tumours of 4 or 10cm, respec-
tively. This is a similar ‘peak-spreading’ technique
to that described in Fig. 6.8b. However, the dotted
line shows the distribution of biologically effective
dose, which is physical dose multiplied by RBE.
The RBE values are those for Chinese hamster
cells corresponding to an X-ray dose of about
2 Gy. This demonstrates that for heavy ions (not
high-energy protons or helium ions) the physical
advantage of better dose distribution in the
spread-out Bragg peak can be further enhanced
by the radiobiological advantage from the higher
LET.

Figure 6.11 conveniently summarizes the rela-
tive physical and radiobiological properties of
different radiations and charged particles (Fowler,
1981). Protons have excellent depth—dose distri-
butions and have radiobiological properties simi-
lar to orthovoltage X-rays: it is highly probable
that light-ion beams of protons and perhaps
helium will play a key role in better radiotherapy
during the next 20 years. Neutrons have no dose
distribution advantage over megavoltage X-rays

LET —»
—

RBE

© €
Megavoltage @
X rays

Quality of dose distribution —»

Figure 6.11 The radiations available for radiation
therapy differ in the quality of beam that they produce,
also in relative biological effectiveness (RBE). LET, linear
energy transfer. Based on Fowler (1981).

but may be useful because of their high LET. The
heavy ions give better dose distributions than X-
rays and a higher LET, depending on the particle.
Argon ions have a high LET but in practice they
break up so readily that only limited penetration
can be obtained. Carbon, neon and silicon ions
are the most promising of the heavy ions at the
present time and where heavy-ion therapy is
adopted it will probably be with these particles
(Castro, 1995).

Key points

1. Both X-rays and -rays are sparsely ionizing
radiations with a low LET. Some particle
radiations (e.g. neutrons, a-particles or
heavy ions) have a high LET.

2. High-LET radiations are biologically more
effective per gray than low-LET radiations.
This is measured by the RBE. For most
high-LET radiations at therapeutic dose
levels, RBE is in the range of 2-10.

3. RBE increases as the LET increases up to
about 100keV/um, above which RBE
decreases because of cellular overkill. The
OER also decreases rapidly over the same
range of LET.




Further reading 77

4. RBE increases as the dose is reduced in vitro,
or the dose per fraction is reduced in vivo. In
late-responding tissues, this increase occurs
more rapidly than in early-responding
tissues.

6. Heavy particles such as He, C and Ne ions
have a high-LET and in addition they have
improved physical depth—dose distributions.

7. Proton beams provide the best improve-
ment in dose distribution for the lowest cost;
their RBE is similar to low-energy photons.
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7.1 TUMOUR GROWTH

Introduction

The growth of primary and metastatic tumours
determines the clinical course of malignant dis-
ease. Tumour growth results from a disturbed tis-
sue homeostasis, driven by functional capabilities
acquired during tumourigenesis. These acquired
capabilities include self-sufficiency in growth sig-
nals, insensitivity to anti-growth signals, limitless
proliferative potential, evading apoptosis, and sus-
tained angiogenesis (Hanahan and Weinberg, 2000).
The speed of growth, or the growth rate, varies con-
siderably between different tumours because of dif-
ferences in cell proliferation and cell loss.

Measuring the size and growth
rate of tumours

Under experimental conditions, such as with
transplanted tumour models, the size of the tum-
our can be precisely and repeatedly measured
using simple callipers. In the clinical situation,
precision and feasibility of tumour size measure-
ment depend on the anatomical site and the

imaging technology. For example, only lesions of
5-10 mm or larger in diameter can be detected in
the lung on chest radiographs. Advanced spiral
computed tomography (CT) allows detection of
nodules as small as 3mm in diameter. From the
dimensions of the lesion, the tumour volume (V)
can be calculated:

V= % X length X width X height

For experimental tumour models, a calibration
curve can be obtained by plotting V against the
weight of excised tumours (Steel, 1977). This pro-
cedure allows for uncertainties of external tumour
volume determination resulting from, for exam-
ple, irregular volumes and skin thickness.

The tumour burden and tumour growth rate
can also be estimated by determination of bio-
chemical tumour markers such as prostate specific
antigen (PSA) in patients with prostate cancer
(Schmid et al., 1993). Serial measurement of the
tumour volume permits estimation of the growth
rate. The tumour volume doubling time (VDT),
for example, can be calculated by the time required
for the tumour to double its volume. In untreated
experimental tumours, volume doubling times
have been found to be in the same range as the
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Figure 7.1 Relationship between the number of
doublings from a single cell and the number of resulting
cells in a tumour. To calculate the tumour weight, a cell
number of 10° per gram was assumed. The clinically
observable phase represents a minor part in the history
of the tumour. Tumour weight is plotted on a
logarithmic scale. If the doubling time is constant, a
straight line indicates exponential tumour growth.

doubling times of tumour cell number and clono-
genic tumour cell number (Jung et al., 1990).

Exponential and non-exponential
growth

Starting from one cell, each cell division produces
two offspring resulting in 2, 4, 8, 16, 32, etc.
cells after subsequent cycles of cell division.
Accordingly this results in an exponential increase
in cell number and volume with time, which can
be expressed as:

V= ex [tlme X an]
VDT

Figure 7.1 illustrates that the majority of cell dou-
blings take place before a tumour becomes
detectable, which, in most clinical situations, is
when the cell number approaches about 10°. This
cell number is equivalent to a tumour weight of
about 1 gand a volume of about 1 cm®. Exponential
growth implies that, under constant conditions,
the logarithm of tumour volume increases linearly
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Figure 7.2 The same data as used for Fig. 7.1 but
tumour weight is plotted on a linear scale. This may
lead to the erroneous impression that tumour growth
accelerates during the clinically observable phase.

with time. This can be seen easily from tumour
growth curves if volume or weight is plotted on a
logarithmic scale and therefore tumour growth is
conventionally plotted in this way. Consequently,
deviations from exponential growth, variability in
the growth rate among different tumours and
effects of treatment can be easily visualized. In
contrast, plotting tumour volume on a linear scale
might lead to the erroneous impression that growth
accelerates with increasing volume (Fig. 7.2).
Instead, the VDT actually tends to decrease with
increasing volume. This effect in large tumours is
caused by impairment in oxygen and nutrient
supply resulting in a lower proportion of cycling
cells, a prolongation of cell cycle, and/or a higher
cell death rate. Such progressively slowing tumour
growth has often been described by the Gompertz
equation:

V =V, exp %(1— e B

Here Vj is the volume at the arbitrary time zero
and A and B are parameters that determine the
growth rate. At very early time intervals (f,,;) the
equation becomes exponential:

V = Vyexp(A.t)



80 Tumour growth and response to radiation

Table 7.1 Volume doubling times (VDTs) for human tumours taken from a review of early data

on the growth rate of human tumours

Number of tumours

Site and histology measured
Lung metastases
Colon-rectum, adenocarcinoma 56
Breast, adenocarcinoma 44
Kidney, adenocarcinoma 14
Thyroid, adenocarcinoma 16
Uterus, adenocarcinoma 15
Head and neck, squamous cell

carcinoma 27
Fibrosarcoma 28
Osteosarcoma 34
Teratoma 80
Superficial metastases
Breast carcinoma 66
Primary tumours
Lung, adenocarcinoma 64
Lung, squamous cell carcinoma 85
Lung, undifferentiated 55
Colon-rectum 19
Breast 17

Mean VDT* Confidence
(days) limits (days)
95 84-107
74 56-98

60 37-98

67 44-103
78 55-11

57 43-75

65 46-93

30 24-38

30 25-36

19 16-24
148 121-181
85 75-95

79 67-93
632 426-938
96 68-134

*Geometric mean.

Data from Steel (1977).

At long time intervals exp(— B.t) becomes small
compared with 1.0 and the volume tends to a max-
imum value of V; exp(A/B). The Gompertz equa-
tion is not a unique description of such growth
curves. For a fuller discussion see Steel (1977).

The volume doubling time of human tumours
shows a considerable variability between tumours
of different histology as well as between primary
and metastatic lesions (Steel, 1977) (Table 7.1).
For example, primary lung tumours double their
volume every 2—-6 months whereas colorectal car-
cinomas have been found to grow at a much
slower rate with a mean VDT of about 2 years. In
general, metastatic lesions tend to grow faster than
primary tumours. In contrast to tumours in
patients, model tumours in experimental animals
usually grow much faster with doubling times in
the order of days.

The growth fraction and cell cycle
time in tumours

The net growth rate, or the VDT, of tumours results
from the balance of cell production and cell loss.
Cell production is determined by the proportion of
cells in the compartment of actively dividing cells
(growth fraction, GF) and the time required to
complete the cell cycle (cell-cycle time, T¢). Cells
from the GF compartment move through the cell
cycle and are distinguished from cells outside the
cell cycle. Cells outside the cell cycle (in GO phase)
may enter the cell cycle (recruitment of temporarily
resting cells) or remain permanently in the GO phase
(sterile or differentiated cells). Taking these param-
eters together, tumours grow fast if the growth frac-
tion is high, the cell-cycle time is short, or the cell
loss is low.
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Table 7.2 Growth fractions determined by Ki67 labelling for different human tumour types

Mean/Median

Tumour type and site Ki67 LI (%)
Prostate 8.5
Central nervous system:

Meningeoma 4.4

Astrocytoma 21.5
Head and neck 27.8
Colorectal 37.2

Breast 31.6
Lung (non-small cell) 36.7
Pancreas 29.7
Soft-tissue sarcoma 12
Renal cell carcinoma n
Bladder 35
Oesophagus 33

Ki67 LI

(% range) Reference

1-28.4 Taftachi et al. (2005)
0-58 Roser et al. (2004)
0-47.3 Rautiainen et al. (1998)
8.2-80.8 Roland et al. (1994)
18.9-71.4 Lanza et al. (1990)
0-99 Thor et al. (1999)
0-93 Hommura et al. (2000)
0.5-82.1 Linder et al. (1997)
1-85 Jensen et al. (1998)
0-43 Haitel et al. (1997)
3-55 Hoskin et al. (2004)
6-95 Sarbia et al. (1996)

LI, labelling index.

The GF can be measured in tumour biopsies, for
example by immunohistochemistry, using a mono-
clonal antibody against the cell-cycle-specific pro-
tein Ki67. Human tumours vary considerably in
their Ki67 labelling index (i.e. the ratio of cells
with positive staining for the Ki67 protein divided
by the total cell number; Table 7.2). Clinical stud-
ies indicate a prognostic value for Ki67-labelling
in some tumour types including breast cancer,
soft-tissue tumours and lung cancer (Brown and
Gatter, 2002). Antibodies against different cell-
cycle-specific proteins also allow determination of
the fractions of cells within the various phases of
the cell cycle.

Determination of cell-cycle kinetics in tissues
is more difficult than measuring the GE. In the
past, pulsed or continuous infusion of tritiated
thymidine, a radiolabelled nucleoside incorpo-
rated into the DNA during the S phase, has been
widely used to estimate the duration of the cell
cycle (T¢) by the per cent labelled mitosis method
(Potten et al., 1985). With this method the T for
carcinomas was found to be widely scattered but
averaged around 2 days (Table 7.3).

It is now possible to rapidly determine the
S-phase fraction and the duration of the S phase
from a single biopsy using a technique developed
by Begg et al. (1985). In this method, thymidine

Table 7.3 Cell cycle time (T) for different human
tumours determined by the per cent labelled mitosis
method

Number of
tumours Mean T¢*
Histology measured  (hours) Range
Squamous cell 7 43.5 14-217
carcinoma
Adenocarcinoma 5 349 25-45
Melanoma 4 102 76-144

*Geometric mean.

Data taken from Malaise et al. (1973).

analogues iododeoxyuridine (IdUrd) or bromo-
deoxyuridine (BrdUrd) are injected into a patient
and are subsequently incorporated into the newly
synthesized DNA in S-phase cells. A few hours
after injection, a tumour biopsy is taken from
which a single-cell suspension is prepared. This is
stained with both a DNA-specific dye and a fluo-
rescent-labelled antibody against BrdUrd or IdUrd.
Using flow cytometry, the fraction of cells in
S phase (labelling index, LI) and the duration of
the S phase (Ts) can be determined. Typical values
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Table 7.4 Cell kinetic parameters of human tumours derived from in vivo labelling with iododeoxyuridine (IdUrd) or
bromodeoxyuridine (BrdUrd) and measured by flow cytometry

Site Number of patients LI (%) Ts (hours) Toot (days)
Head and neck 712 9.6 (6.8-20.0) 11.9 (8.8-16.1) 4.5 (1.8-5.9)
Central nervous system 193 2.6 (2.1-3.0) 10.1 (4.5-16.7) 34.3 (5.4-63.2)
Upper intestinal 183 10.5 (4.9-19.0) 13.5(9.8-17.2) 5.8 (4.3-9.8)
Colorectal 345 13.1 (9.0-21.0) 15.3 (13.1-20.0) 4.0 (3.3-4.5)
Breast 159 3.7 (3.2-4.2) 10.4 (8.7-12.0) 10.4 (8.2-12.5)
Ovarian 55 6.7 14.7 12.5
Cervix 159 9.8 12.8 4.8 (4.0-5.5)
Melanoma 24 4.2 10.7 7.2
Haematological 106 13.3(6.1-27.7) 14.6 (12.1-16.2) 9.6 (2.3-18.1)
Bladder 19 2.5 6.2 17.1
Renal cell carcinoma 2 4.3 9.5 1.3
Prostate 5 1.4 1.7 28.0

Fraction of cells in S phase (LI), duration of S phase (7s) and potential doubling time (7,,) were taken from Haustermans et al. (1997)
and Rew and Wilson (2000). Ranges (in parenthesis) represent variations in median values between studies; ranges for individual

tumours are considerably larger.

for LI and T are shown in Table 7.4. While in most
tumours the S-phase duration is about 12 hours,
or approximately 25 per cent of T, the fraction of
cells in the S phase varies widely between the dif-
ferent tumours.

Developments in molecular imaging, such as
with radiolabelled fluorothymidine (**F-FLT), may
allow non-invasive assessment of tumour prolif-
eration in vivo. This radiolabel is not incorporated
into the DNA but it is phosphorylated by thymi-
dine kinases (TK). While TK2 is expressed consti-
tutively, TK1 activity is specifically regulated during
the S phase. As a result, metabolites of radiolabelled
BE_FLT (mono-, di- and tri-phosphates) are found
preferentially in S-phase cells. The '®F tracer activ-
ity can then be detected by positron emission
tomography (PET).

The potential doubling time (T

The potential doubling time (T,,,) of a tumour is
defined as the cell doubling time without any cell
loss (Steel, 1977). The T, is determined by the
growth fraction (GF) and the cell-cycle time (T¢):

Tpot = Tc/ GF

Using thymidine analogues and flow cytometry,
the T, can be estimated by the duration of the
S phase (Ts) and by the fraction of cells within that
phase (LI) (Begg et al., 1985; Terry et al., 1991):

T = ATS/LI

where ) is a parameter that corrects for the non-
rectangular age distribution of growing cell popu-
lations. This parameter usually lies between 0.7
and 1.0. Using this method, T,, for human
tumours from different sites was found to vary
between 4 days and 34 days (Table 7.4). The differ-
ences in T}, are mainly attributed to the variabil-
ity in LI between tumours whereas Ty appears to
be relatively similar between tumours, with a
value averaging about 12 hours.

To test the hypothesis that pretreatment T,
reflects the effective doubling time during frac-
tionated radiotherapy and thereby correlates with
the repopulation rate of clonogenic tumour cells,
treatment response of 476 patients with head and
neck cancer was correlated with T}, and LI (Begg
et al, 1999). However, multivariate analysis
revealed that neither T}, nor LI, nor Tg were sta-
tistically significant determinants of local tumour
control. Thus, in this large multicentre study, pre-
treatment cell kinetic parameters measured by
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Table 7.5 Calculation of cell loss factors (CLFs) for human tumours based on labelling with
radiolabelled thymidine or thymidine analogues and volume doubling times (VDTs) in separate series

Site LI (%) Tt (days) VDT (days) CLF (%)
Undifferentiated bronchus carcinoma®' 19.0 2.5 90 97
Sarcoma™! 2.0 23.3 39 40
Childhood tumours*’ 13.0 3.6 20 82
Lymphoma™*! 3.0 15.6 22 29
Head and neck*™? 9.6 4.1 45 91
Colorectal*™? 13.1 3.9 90 96
Melanoma**?2 42 8.5 52 84
Breast™23 3.7 9.4 82 89
Prostate™2# 1.4 28.0 1100 97

***Labelling with radiolabelled thymidine or thymidine analogues, respectively.

"From Steel (1977), calculations assume Ts = 14 hours, A = 0.8.

2Fraction of cells in S phase (LI) and potential doubling time (7o) from Haustermans et al. (1997) and Rew and

Wilson (2000); calculations assume X = 0.8 (Steel, 1977).
3VDT values for pulmonary metastases from Spratt et al. (1996).

4VDT from PSA doubling times from Schmid et al. (1993), Fowler et al. (1994) and Lee et al. (1995).

thymidine analogues and flow cytometry failed to
predict outcome after radiotherapy.

Cell loss in tumours

Taking typical values for human tumours (e.g. a
GF of 40 per cent and a T of 2 days) results in T},
of 5 days. This time is obviously much shorter
than the observed VDT of human tumours, which
is usually in the order of months. The difference
between VDT and T, is explained by the high
rate of cell loss in malignant tumours. The cell loss
factor (CLF) can be calculated from:

Tt
CLF =1 — =&~
VDT

Taking a VDT of 3 months and a T, of 5 days,
the cell loss factor would be 94 per cent. Examples
of cell loss factors for human tumours are listed in
Table 7.5. The high cell loss factors indicate that
the vast majority of newly produced cells are lost
from the growth fraction, thus explaining the slow
growth rate of many tumours. Cells are lost from
the proliferative compartment when they enter
the non-proliferative compartment (GO0), for
example by differentiation. The same occurs when

they physically disappear from the viable tumour
compartment by necrosis, apoptosis, metastasis,
and exfoliation or shedding. In solid tumours,
necrotic cell loss, because of insufficient oxygen
and nutrient supply by the pathological tumour
vasculature, appears to represent a major factor.

Transplanted tumours in experimental animals
grow much faster than tumours in human patients.
While Tg is comparable with tumours in patients,
experimental tumour models often exhibit a higher
LI, shorter Too and a lower cell loss factor. Cell
kinetic data obtained using these model systems
must therefore be interpreted with caution in
terms of their clinical relevance.

7.2 TUMOUR RESPONSE TO
RADIATION

Introduction

Radiation effects on tumours under clinical as well
as experimental conditions can be measured by dif-
ferent endpoints, including local tumour control,
tumour regrowth delay and tumour regression.
Local tumour control is the aim of curative radio-
therapy. Improvements in local tumour control
after radiotherapy have been shown, in many
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Figure 7.3 Relationship between clonogenic cell survival, radiation dose and different endpoints to assay tumour
response, assuming a tumour consisting of 10° clonogenic cells and a surviving fraction after 2 Gy of 50 per cent.

clinical trials, to translate into the prolonged sur-
vival of cancer patients. Thus, local tumour control
is conceptually the preferable endpoint for both
clinical and experimental investigations on
improving radiotherapy. A tumour is locally con-
trolled when all of its clonogenic cells (i.e. cells with
the capacity to proliferate and to cause recurrence
after radiotherapy) have been inactivated. The
probability of achieving local tumour control is
radiation dose dependent and directly related to
the number of surviving clonogenic tumour cells
(see Chapter 5, Section 5.2). Tumour regression is a
non-specific endpoint to assay radiation response.
The tumour regrowth delay assay is widely used in
radiobiological experiments. Tumour regrowth
delay increases with radiation dose but, because of
inherent methodological limitations, it is difficult
or impossible to accurately estimate cell kill.

Clonogenic cell survival after
irradiation

Radiotherapy is highly effective in killing clono-
genic tumour cells. The quantitative relationship
between radiation dose, inactivation of clonogenic
cells and local tumour control is well established
under clinical as well as experimental conditions
(Munro and Gilbert, 1961; Wheldon et al., 1977;
Trott et al., 1984; Rofstad et al., 1986; Suit et al,
1987; Hill and Milas, 1989; Baumann et al., 1990;

Gerweck et al., 1994; Krause et al., 2006). In frac-
tionated radiotherapy, it has been demonstrated
that the logarithm of surviving clonogenic tumour
cells decreases linearly with total radiation dose. If
the radiation dose is high enough to sterilize all cells
capable of causing a recurrence, then local tumour
control is achieved. This relationship is illustrated in
Fig. 7.3, which shows a theoretical clonogenic sur-
vival curve for the fractionated irradiation of a
model tumour. This tumour has a diameter of
about 3 cm, consisting of 10'° tumour cells with a
clonogenic fraction of 10 per cent (i.e. the tumour
consists of 10° clonogenic tumour cells). Assuming
an intermediate radiation sensitivity, each fraction
of 2 Gy inactivates 50 per cent of the clonogenic
cells. In other words, after a dose of 2 Gy 50 per cent
of the clonogenic cells survive, after 4 Gy 25 per
cent, after 6 Gy 12.5 per cent, and so on. This results
in a linear decrease of the logarithm of surviving
clonogen fraction as the dose increases and is
depicted by the straight line in the log-linear plot in
Fig. 7.3. For this example, at doses higher than 60 Gy
the number of surviving cells per tumour is less
than one and local tumour control can be achieved.
Clearly, this is a simplification because it neglects,
for example, the possibility of changing radiosensi-
tivity (maybe owing to changes in tumour oxygena-
tion) and of repopulation during fractionated
radiotherapy (see Chapters 10 and 15). However,
it demonstrates that response parameters such as
partial or complete response, which are often used
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as clinical descriptors, are not robust endpoints for
evaluating curative radiotherapy. It is obvious that a
partial response is a complete failure of the treat-
ment because the vast majority of clonogenic cells
are presumably still alive. Even if we are unable to
detect the tumour with clinical imaging (in a com-
plete response) a large number of clonogenic
tumour cells may have survived the treatment and
may lead to a recurrence. Thus, in studies both on
patients and on experimental animals, only by fol-
lowing up treatment for long enough to detect all
regrowing tumours can it be precisely determined
whether the given treatment was effective in steriliz-
ing all clonogenic tumour cells.

Local tumour control

If not a single tumour but a group of tumours (or
patients) is considered, the local tumour control
probability (TCP) as a function of radiation dose
can be described statistically by a Poisson distribu-
tion of the number of surviving clonogenic tumour
cells (Munro and Gilbert, 1961). It describes the
random distribution of radiation-induced cell kill
within a population of clonogenic cells (see
Chapter 5). As an illustration, one might imagine
that a given radiation dose causes a certain
amount of ‘lethal hits’ randomly distributed
within the cell population. Some cells will receive
one ‘lethal hit’ and will subsequently die. Other
cells will receive two or more ‘lethal hits” and will
also die. However, some cells will not be hit, will
therefore survive and subsequently cause a local
failure. According to Poisson statistics, a radiation
dose sufficient to inflict on average one ‘lethal hit’
to each clonogenic cell in a tumour (number of
‘lethal hits’ per cell, m, = 1) will result in 37 per
cent surviving clonogenic cells. The surviving
fraction (SF) can be expressed as:

SF = exp(—m)
and the number of surviving clonogenic tumour
cells (N) is:

N= N, X SF
where N, represents the initial number of clono-

gens. The TCP depends on the number of surviv-
ing clonogenic cells (N) and can be calculated as:

TCP = exp(—N) = exp(— N,SF)

1 2 1
1 1 2 4 1
1 1 3 1
2 1 1

Figure 7.4 A model tumour consisting of 36
clonogenic tumour cells (each square represents one
clonogenic cell) after irradiation with a dose sufficient
to inflict an average of one 'lethal hit' per clonogenic
cell. Owing to random distribution of the ‘lethal hits'
among the tumour, some clonogenic cells received one
(1), two (2), three (3) or four (4) lethal hits. These cells
subsequently die (grey shadow). According to Poisson
statistics (SF = exp (—m), see text) 37 per cent of the
clonogenic cells (i.e. a total of 13 cells (received no
‘lethal hit' and survived white background). The tumour
control probability (TCP) after this ‘treatment’ can be
calculated as TCP = exp (—13) = 2.3 X 107". This
means that only 1 out of 23 million tumours will be
locally controlled in this situation. In Table 7.6 and

Fig. 7.5, the dose effects on surviving cell fraction (SF)
and TCP are illustrated.

To illustrate the relationship between radiation
dose, number of surviving clonogenic cells and TCP
described by Poisson statistics, a model tumour
consisting of 36 clonogenic cells is ‘treated” (Fig. 7.4,
Table 7.6). If the TCP is plotted as a function of dose
(Fig. 7.5) the resulting curve shows the typical sig-
moid shape. The sigmoid shape of dose-response
curves for local tumour control is supported by
clinical observations and has been demonstrated in
numerous experiments. Application of Poisson sta-
tistics implies that, in a group of tumours with, on
average, one surviving clonogenic cell per tumour,
the local TCP equals 37 per cent. A TCP of 50 per
cent results if, on average, 0.7 clonogenic tumour
cells survive irradiation. Statistical models other
than the Poisson equation, such as the logistic and
probit equations, have also been used to describe
dose—response relationships for local tumour con-
trol empirically (see Chapter 5, Section 5.2).
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Table 7.6 Relationship between radiation dose, fraction of surviving clonogenic tumour cells (SF) and local tumour
control probability (TCP) according to Poisson statistics for the ‘treatment’ of a model tumour consisting of 36
clonogenic tumour cells.

Radiation dose

Number of ‘lethal hits'

Number of surviving
clonogenic tumour cells

(relative units)  per clonogenic cell (m) SF=exp™™ (%) (N = SF x 36) TCP = exp™M (%)
1 36/36 =1 37 13 <0.0001
2 72/36 =2 14 5 1
3 108/36 = 3 5 2 17
4 144/36 = 4 1.8 0.7 52
5 180/36 =5 0.7 0.2 78
6 216/36 =6 0.25 0.09 91
7 252/36 =7 0.09 0.03 97
8 288/36 =8 0.03 0.01 99
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Figure 7.5 lllustration of the ‘treatment effects' on the model tumour consisting of 36 clonogenic cells (compare
Fig. 7.4 and Table 7.6). Values for the number of surviving clonogens and tumour control probability (TCP) were taken

from Table 7.6.

The quantitative relationship between radia-
tion dose, surviving fraction of clonogenic tumour
cells and TCP forms the biological basis of local
tumour control as a functional assay of clonogenic
tumour cell survival after irradiation (Munro and
Gilbert, 1961; Wheldon et al., 1977; Trott et al.,
1984; Rofstad et al., 1986; Suit et al., 1987; Hill and
Milas, 1989; Baumann et al., 1990; Gerweck et al.,
1994). In such studies, groups of transplanted
tumours are irradiated with varying doses and
during follow-up it is recorded whether a tumour
has regrown (recurrence) or not (local control). In
contrast to tumour volume measurement, which
requires considerable training and is susceptible to
interobserver variability, the scoring of local

recurrence or local control is simple and makes the
tumour control assay very robust (for comparison
with other assays see Table 7.7). The rates of local
tumour control at each dose level (number of con-
trolled tumours divided by number of total
tumours) are obtained and further analysed to cal-
culate characteristic points on the dose-response
curve. In the main, the TCDs, (i.e. the radiation
dose required to control 50 per cent of the
tumours) is reported (the local tumour control
assay is therefore often called a TCDs, assay).
Results from a typical experiment are shown in
Fig. 7.6 and Table 7.8 in which FaDu human squa-
mous cell carcinomas were transplanted into nude
mice and irradiated with 30 fractions over 6 weeks.



Table 7.7 Comparison of different experimental assays to measure radiation effects on tumours

Assay

Local tumour
control assay
(TCDsq assay)

Excision assays

Tumour regrowth
delay assay

Tumour regression

Advantages

Depends only on inactivation
of clonogenic cells

All clonogenic cells are assayed

Response evaluated in situ
(i.e. in the original environment)

TCDsg values can be easily
obtained for comparisons
with other tumour models or
different treatments

Data good for radiobiological
modelling

Endpoint scoring very simple

Direct measurement of clonogen
survival

Not sensitive to host immune
reaction (in vivo/in vitro assay)
less costly and labour intensive
than TCDg, assay

Response evaluated in situ
(i.e. in the original environment)

Less costly and labour-intensive
than TCDg, assay

Specific tumour growth delay
and the use of multiple radiation
dose levels may allow conclusions
on clonogenic cell kill and
comparisons between different
tumour models

Response is evaluated in
situ (i.e. in the original
environment)

Less costly and labour intensive
than other assays

Disadvantages

Labour intensive and
costly

Sensitive to residual
immune response of
the host

Response not measured in
the original environment
Sensitive to effects from
single-cell preparation
Cannot assess clonogen
survival at low levels of
surviving fractions (lung
colony, in vitro/in vivo)
Effects of prolonged
treatments difficult or
impossible to assess

Reflects cell kill of the
mass of non-clonogenic
and clonogenic cells,
proliferation, stromal
reaction, inflammatory
response. Measures the
effect only in a small
range of tumour cell
numbers

Does not necessarily
reflect inactivation of
clonogenic tumour cells

Sensitive to experimental
manoeuvres without
effects on tumour cell kill

Reflects cell kill,
proliferation, resorption of
necrosis, stromal reaction,
inflammatory response,
oedema

Measures the effect only
in a small range of tumour
cell numbers. Sensitive to
experimental manoeuvres
without effects on tumour
cell kill

Comment

Most important assay
for curative
Effects of radiotherapy

Standardized methods
to assay clonogenic
survival but more
limitations than the TCDs,
assay

Standardized but
non-specific endpoint,
limited value for
investigations of
curative effects of
radiotherapy

Highly unspecific
endpoint, not suitable
for investigations
of curative effects of
radiotherapy

TCDs, dose required to control 50 per cent of the tumours.
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Figure 7.6 Dose-response curve for local tumour
control of FaDu human squamous cell carcinoma
growing in nude mice. Tumours were treated with 30
fractions over 6 weeks. Total doses ranged from 30 to
100 Gy. Treatment started for all tumours at the same
tumour volume. Each symbol represents the fraction of
tumours locally controlled at a given dose level (see
Table 7.7). The data were fitted using a Poisson-based
model and the TCDs, (the dose required to control 50
per cent of the tumours locally) was calculated. In the
experiment shown, the TCDg, is 85.2 Gy. The error bar
represents the 95 per cent confidence limit of the
TCDsp. TCP, tumour control probability. Data from
Yaromina et al. (2006).

Total doses ranged from 30 to 100Gy (dose per
fraction ranged from 1.0 to 3.3 Gy) and six to eight
tumours per dose level were treated. Local tumour
control rates were determined 120 days after the
end of treatment. This follow-up period is suffi-
cient for this tumour model to detect virtually all
regrowing tumours. Careful observation in previous
experiments, where animals were followed up until
death (lifespan is about 2 years), revealed that 95
per cent of all recurrent FaDu tumours occur
within 60 days and 99 per cent within 90 days after
end of irradiation. The radiation dose-response
curve for local tumour control exhibits a sigmoid
shape with a threshold value. Below total doses of
about 50 Gy no tumours are controlled, presum-
ably because of the large number of clonogenic
cells that survived the treatment. Above this
threshold dose, local TCP increases steeply with
increasing dose. The data can be fitted using a
Poisson-based statistical model and the TCDsj, is
calculated according to:

TCDsy = Dy X (In Ny — In(In2))

where D, reflects the intrinsic radiosensitivity of
clonogenic cells (see Chapter 4, Section 4.8) and
N, is the number of clonogens before irradiation.
The TCDjs value can be used to compare results
obtained from different tumour models (Fig.7.7).

Table 7.8 Results from a typical TCDg, (dose required to control 50 per cent of the tumours) experiment

Total dose  Number of Number of locally
(Gy) irradiated tumours controlled tumours
30 1 0

40 1" 0

50 1" 0

60 12 0

72.5 1" 2

85 12 2
100 13 7

Number of censored

animals (censoring  Observed local TCP
interval in days) control rates (%) (%)
0 0 13.4 X 1078
0 0 12.6 X 1073
0 0 0.6
1(99) 8.3 5.6
1(119) 27.3 241
2 (55-77) 333 49.6
4 (51-116) 83.9 74.1

Human squamous cell carcinoma FaDu was transplanted subcutaneously into nude mice. At a diameter of about 7 mm, the tumours

were irradiated with 30 fractions over 6 weeks. Total radiation doses ranged from 30 to 100 Gy. Local tumour control was evaluated

120 days after end of treatment. From the observed local control rates the tumour control probability (TCP) was calculated using the
Poisson model. The TCDy, is 85.2 Gy (95 per cent confidence limits 77-96 Gy).

For calculations of TCP, censored animals were taken into account according to the method described by Walker and Suit (1983).
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Figure 7.7 Dose-response curves for local tumour
control of three different human squamous cell
carcinomas growing in nude mice. Tumours were treated
with 30 fractions over 6 weeks with total doses from 30
to 160 Gy. Treatment started for all tumours at the same
tumour volume. The data were fitted using a Poisson-
based model and the TCDs, (the dose required to control
50 per cent of the tumours locally) values as well as their
confidence limits were calculated. The three carcinomas
show clear-cut differences in radiation sensitivity with
UT-SCC-14 being the most sensitive, FaDu with
intermediate sensitivity and UT-SCC-5 being the most
resistant. The differences in radiation sensitivity can be
quantified by comparing the TCDg, values: 52.1 Gy (46;
59) for UT-SCC-14, 85.2 Gy (77; 96) for FaDu, and

129.8 Gy (104; 207) for UT-SCC-5. TCP, tumour control
probability. Data from Yaromina et al. (2006).

The TCDs, assay has been used widely to inves-
tigate and quantify modifications in radiation
sensitivity or number of clonogenic tumour cells
(an example of a typical experiment is given in
Fig. 7.8) and the data evaluation and reporting of
results are well established and standardized. The
effect of treatment modifications on local TCP can
be quantified by calculation of a dose-modifying
factor (DMF):

TCD;, (without modification)

DMF = , —
TCDs, (with modification)

The DMF represents the relative reduction in
radiation dose by a given treatment modification
to achieve a certain level of TCP (isoeffect) com-
pared with radiation without modification. In
other words, DMF values larger than 1 indicate
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Figure 7.8 FaDu human squamous cell carcinoma was
transplanted either into unirradiated subcutaneous
tissues or into pre-irradiated tissues of nude mice. Pre-
irradiation of the transplantation site was performed to
induce radiation damage to the supplying host tissues
(tumour bed effect, TBE) as an experimental model of
impaired tumour angiogenesis. At a tumour diameter of
about 6 mm, tumours of both groups (with TBE and
without TBE/control) were treated with 30 fractions
over 6 weeks with total doses from 30 to 100 Gy. Local
tumour control rates were determined 120 days after
the end of fractionated irradiation. The TCDy, (dose
required to control 50 per cent of the tumours locally)
values were 56.6 Gy for the TBE group and 78.7 Gy for
the control group. The effect of the pre-irradiation of
the transplantation site on local tumour control after
fractionated irradiation is given by the dose-modifying
factor (DMF) of 1.4 (TCDsgcontrol/TCDsg 18¢)- This indicates
that the TBE improved local tumour control after
fractionated irradiation (at the effect level 50 per cent)
by a factor of 1.4. Data from Zips et al. (2001).

that the modification, for example by a new drug
being tested, resulted in a greater sensitivity to
radiation treatment.

Compared with other in vivo assays discussed
below, however, the TCD5, assay is time-consuming
and expensive. To design, perform and evaluate
experiments using this local tumour-control end-
point requires considerable technical knowledge
and experience. Intercurrent death of animals may
hamper adequate follow up, which needs to be suf-
ficiently long to detect virtually all recurrences (i.e.
mostly 4-6 months, depending on the tumour
line). Small variations in the number of surviving
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clonogenic cells after irradiation may cause dra-
matic differences in local TCP. Therefore the TCDx
assay, particularly in xenograft models, is very sensi-
tive to the host’s immune reaction (Rofstad, 1989).
Whether a tumour model evokes an immune
response by the host must be therefore tested
before local tumour control experiments are
undertaken. Nevertheless despite these drawbacks,
the local tumour control assay remains the most
relevant experimental method to determine sur-
vival of clonogenic tumour cells after irradiation
in their environment of treatment. Very impor-
tantly, the TCD5 assay is well standardized and the
experimental endpoint is identical to the clinical
endpoint used in curative radiotherapy.

Excision assays

Alternative experimental methods to determine
clonogenic survival after irradiation include the
in vivo/in vitro assay, the endpoint dilution assay
and the lung colony assay. These assays, introduced
in Chapter 4, Section 4.4, all require surgical exci-
sion of the tumours after irradiation in situ and the
preparation of a single-cell suspension from the
excised tumour using tryptic enzymes to disaggre-
gate the tissue. For the in vivo/in vitro assay, differ-
ent numbers of cells are seeded in culture flasks
(Hill, 1987). After an incubation time of typically
7-21 days the number of colonies is counted. A
colony consists of at least 50 cells and is considered
to derive from a single surviving clonogenic
tumour cell. As in the classical in vitro colony form-
ing assay (see Chapter 4, Section 4.2), the surviving
fraction is calculated from the ratio of colonies
counted to the number of cells seeded. For the lung
colony assay, different numbers of cells derived
from a tumour irradiated in situ are injected intra-
venously (typically via a tail vein) into groups of
recipient mice. Usually around 10 days later, the
number of tumour-cell colonies in the lungs is
counted and the surviving fraction is calculated by
comparison with lung colonies that grew from cells
derived from unirradiated tumours. For the end-
point dilution assay (TDs assay) different numbers
of cells from an irradiated tumour are inoculated
into recipient animals and the frequency of tumour
take (tumour growth) is scored.

Excision assays are less resource-consuming and
give more rapid results than local tumour control
assays. In the in vivo/in vitro assay, potential effects
of the host immune system are also ruled out.
However, a disadvantage of excision assays is that
clonogen survival is not determined in the origi-
nal environment of treatment. Furthermore, results
may be affected by the disaggregation method
used for single-cell preparation (i.e. the influence
of timing, chemicals, enzymes and mechanical
stress). For colony assays (in vivo/in vitro assay and
lung colony assay) extensive background informa-
tion is necessary before the experiment can start:
whether the cells form colonies, how many cells at
a given radiation dose need to be plated or
injected and how long to incubate before counting
colonies. The maximum number of cells that can
be plated in Petri dishes or injected intravenously
is restricted, making it difficult to detect surviving
fractions accurately below about 10~ %, Thus, small
but resistant subpopulations of clonogenic cells
may be systematically overlooked particularly by
colony assays. Furthermore, effects of prolonged
treatment such as fractionated irradiations are
difficult to assess by excision assays (Hill, 1987).

Regression

To determine tumour regression, the volumes of
treated and untreated tumours at a given time-
point are compared and the ratios for treated versus
control tumours (7/C ratios) are reported. The
magnitude of tumour regression depends upon
radiation effects on the entire cell population in a
tumour, including malignant and non-malignant
cells, for example endothelial cells, fibroblasts and
inflammatory cells. In addition, other factors such
as oedema, resorption of dead cells and prolifera-
tion of surviving cells contribute to the tumour vol-
ume after radiation. These factors differ
considerably between different tumours. Whereas
tumour cell kill is radiation-dose dependent,
resorption, oedema and proliferation may not be.
From the notion that regression increases with radi-
ation dose one can argue that for a given tumour
model the magnitude of regression reflects the radi-
ation dose-dependent tumour cell kill. Tumour vol-
ume measurements under experimental conditions



Tumour response to radiation 91

are roughly limited to a range of 1.5X
107-1.5 X 10° tumour cells (assuming 10° cells/g
tumour; compare Fig. 7.1). Thus even for a given
tumour model, volume measurements only assay
the radiation response of a very limited proportion
of all tumour cells and the response of small and
possibly resistant tumour cell populations cannot
be detected. In summary, tumour regression is a
highly non-specific parameter and of very limited
value in describing and quantifying the effect of
radiation on tumours.

Tumour regrowth delay

This is a widely used assay that rapidly provides the
researcher with data and can be applied in the lab-
oratory or the clinic. The endpoint is the time to
reach a certain tumour volume. Therefore, precise
determination of tumour volume (e.g. by callipers
for subcutaneously growing tumours or by imag-
ing methods) is essential. In experimental studies,
groups of tumours are irradiated and one group of
tumours is left unirradiated (control group). Then,
the volume of each individual tumour is recorded
over time and a growth curve is plotted (Fig. 7.9).
From this growth curve different parameters may
be read, such as the time it takes for a tumour to
grow (tumour growth time, TGT) to five times the
treatment volume (TGTys). From the TGT values
for individual tumours the average values for each
treatment group (TGTeaeq) and of the control
group (TGTno1) are calculated. Tumour growth
delay (TGD) is then calculated from:

TGD = TGTtreated - TGTcontrol

The specific growth delay (SGD) takes the
growth rate of the tumour model into account
and allows comparison between different tumour
models or different treatments. The SGD is calcu-
lated from:

SGD = (TGTtreated - TGTcontrol)/ TGTcontrol
or
SGD = TGT/VDT.yyir01

Tumour regrowth following irradiation depends
upon the effect treatment has had on malignant and
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Figure 7.9 Growth curve of an individual FaDu tumour
treated with 15 fractions of 2 Gy. Tumour volume

was calculated using the formula for a rotational
ellipsoid (V=[n/6]*a*b?) where a is the longest tumour
axis and b is the axis perpendicular to a. The parameters
a and b were measured every second day using callipers.
The volume is plotted as relative to the volume at the
start of treatment. During the initial phase of irradiation
the volume increased and later decreased to reach the
lowest relative volume (nadir) on day 30 after the start
of treatment. After this regression the tumour regrew
at a slower rate than before radiation (the regrowth
curve is shallower than the growth curve before
radiotherapy) indicating the tumour bed effect. From
the growth curve, different parameters of the regrowth
assay can be read: tumour growth time to reach twice,
five times, and ten times the starting volume (TGT,,
TGTg, TGT,g). See text for explanation of NGD (net
growth delay).

non-malignant cells. Radiation-induced damage to
the host vascular connective tissues surrounding the
tumour may result in a slower growth rate of irradi-
ated tumours; this is called the tumour bed effect.
As a consequence, SGD apparently increases with
increasing tumour volume (Fig. 7.9). To correct for
the tumour bed effect, the parameter net growth
delay (NGD) has been suggested (Beck-Bornholdt
et al., 1987). Net growth delay is defined as the time
between when the regrowing tumour has reached
twice its minimal volume (nadir) after treatment
and the time at which the tumour had the same vol-
ume before treatment. An alternative would be to
choose the endpoint size as low as possible.

The TGD increases with radiation dose, reflect-
ing the dose-dependency of cell kill (Fig. 7.10).
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Figure 7.10 Tumour growth delay after treatment at
different radiation doses with and without a treatment
modifier. The modifier results in a longer tumour growth
delay (TGD) per radiation dose. The effect of the
modifier can be quantified as the dose-modifying factor
(DMF).

The relationships found between radiation dose,
the logarithm of surviving clonogenic tumour
cells and the TGD suggest that the TGD is a surro-
gate parameter for clonogenic cell kill. However,
there are several limitations. First, quantitative
transplantation experiments revealed that the
tumour growth rate decreases with decreasing
numbers of inoculated cells (Urano and Kahn,
1987). This suggests that, at low levels of cell sur-
vival, TGD may not correlate well with the surviv-
ing number of clonogenic cells. Second, TGD
depends a great deal on the radiation effect on the
mass of non-clonogenic tumour cells. As a conse-
quence, small variations in the population of
clonogenic cells (number and/or sensitivity) may
not be detected by the TGD assay. Third, the TGD
reflects not only cell kill but also the growth rate of
the regrowing tumour. Therefore, this assay is
highly sensitive to variations in the proliferation
rate, including pharmacological manipulations.
Thus, a longer TGD does not always mean a higher
cell kill. The limitations of the TGD to precisely
reflect clonogenic cell kill are underlined by the
observation that results from TGD assays might
not correlate with results obtained from local
tumour control assays (Overgaard et al., 1987;
Baumann et al., 2003; Krause et al., 2004; Zips et al.,
2005). This important caveat must be considered,

for example, when the TGD assay is used to evalu-
ate radiation modifiers (see Chapter 21). Solutions
to this problem include performing confirmatory
local tumour control experiments or possibly
obtaining TGD at different radiation dose levels
(dose—response relationship) as well as calculating
the growth delay per gray (i.e. the steepness of the
dose—response curve; Krause et al., 2006).

To quantify and report the magnitude of effect
caused by radiation modifiers on TGD, the DMF or
the enhancement ratio (ER) have been used. The
DMEF is calculated as the ratio of radiation dose
with and without modifier giving the same TGD
(i.e. the ratio of isoeffective radiation doses). Thus,
calculation of the DMF requires the investigation
of multiple radiation dose levels and the construc-
tion of dose-response curves (Fig. 7.10). Often,
only one radiation dose level is investigated. In such
situations the ER has been used instead of DMF
to describe the effect of the modifier. The ER is
the ratio of TGD with/without modifier at a given
radiation dose level. Both ER and DMF depend
on the position and steepness of the dose—effect
curves. The ER might depend on the radiation dose
and DMF might depend on the level of effect. In
general, the interpretation of TGD, ER and DME,
and their relevance for clonogenic tumour cell
inactivation, is complicated. Despite its apparent
simplicity, the inherent methodological problems
of the TGD assay (described above), the lack of
consensus about data evaluation and arbitrary pro-
cedural details limit its value in reliably quantifying
the radiation response of clonogenic cells. It is
therefore recommended to always test the conclu-
sions from TGD assays by undertaking local
tumour control studies, before introducing novel
treatments into clinical radiotherapy.

7.3 FACTORS INFLUENCING LOCAL
TUMOUR CONTROL

Introduction

A number of factors can contribute to the proba-
bility of local tumour control after fractionated
radiotherapy. These factors have been summa-
rized by Withers (1975) as the four Rs of radio-
therapy: recovery from sublethal damage, cell-cycle
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redistribution, cellular repopulation and tumour
reoxygenation. Steel and colleagues have sug-
gested intrinsic cellular radiosensitivity as a fifth
‘R’ to account for the different tolerance of tissues
to fractionated irradiation (Steel et al., 1989).

Recovery from sublethal damage

Most of the damage induced in cells by radiation is
satisfactorily repaired. Evidence for this comes
from studies of strand breaks in DNA, the vast
majority of which disappear during the first few
hours after irradiation (see Chapter 2, Sections 2.7
and 2.8). Further evidence for repair comes from
the wide variety of recovery experiments that have
been done, both on in vitro cell lines and on normal
and tumour tissues in vivo. It is useful to draw a dis-
tinction between these two sources of evidence:

® Repair—refers to the process by which the func-
tion of macromolecules is restored. Rejoining
of DNA strand breaks provides some evidence
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for this, although the rejoining of a break does
not necessarily mean that gene function is
restored. Rejoining can leave a genetic defect
(i.e. a mutation) and specific tests of repair
fidelity are needed to detect this. The word
‘repair’ is often loosely used as an synonym for
cellular or tissue recovery.

® Recovery—refers to the increase in cell survival or
reduction in the extent of radiation damage to a
tissue, when time is allowed for this to occur.

There are a number of experimental sources of
evidence for recovery, including the following.

® Split-dose experiments — the effect of a given dose
of radiation is less if it is split into two fractions,
delivered a few hours apart. This effect has been
termed ‘recovery from sublethal damage’ (SLD),
or ‘Elkind recovery’ (Elkind and Sutton, 1960).
The SLD recovery can be observed using various
experimental endpoints: for example, using cell
survival (Fig. 7.11a), tumour growth delay (Fig.
7.11c¢) or mouse lethality after irradiating a vital
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Figure 7.11 lllustrating four ways of measuring recovery from radiation damage (see text). (a, c, d) Three types of
split-dose experiment; (b) the result of a ‘delayed-plating experiment’ The arrows indicate the measurement of (D,-D;)

values.
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normal tissue (Fig. 7.11d). The typical timing
of split-dose recovery is shown in Fig. 7.11a.
Considerable recovery occurs within 15 min to
1 hour, and recovery often seems to be com-
plete by roughly 6 hours but can be slower than
this in some normal tissues such as the spinal
cord (Table 9.2). When the split-dose technique
is applied to cycling cells (Fig. 7.11a) there is
usually a wave in the data caused by cell-cycle
progression effects (see below).

® Delayed-plating experiments — if cells are irradi-
ated in a non-growing state and left for increas-
ing periods of time before assaying for survival,
an increase in survival is often observed (Fig.
7.11b). During this delay the cells are recover-
ing the ability to divide when called upon to do
so. This has been termed ‘recovery from poten-
tially lethal damage’ (PLD). The kinetics of PLD
recovery and SLD recovery are similar.

® Dose-rate effect — reduction in radiation dam-
age as dose rate is reduced to around 1 Gy/hour
is primarily caused by cellular recovery (see
Chapter 12).

® Fractionation — the sparing effect of fractionat-
ing radiation treatment within a relatively short
overall time is primarily due to recovery. This is
therefore the main reason why isoeffect curves
slope upwards as the fraction number is
increased (see Chapter 8, Figs 8.1 and 8.2).

What is the relationship between all these vari-
ous ways of detecting recovery? The damage
induced in cells by ionizing radiation is complex,
as are the enzymatic processes that immediately
begin to repair it. The various types of ‘recovery
experiment’ listed above evaluate this complex
repair process in slightly different ways. For exam-
ple, the evaluation based on giving a second dose
(i.e. SLD recovery) may be different from that
obtained by ‘asking’ irradiated non-dividing cells
to divide (i.e. PLD recovery).

Variation of cell killing through the
cell cycle, cell-cycle delay and
redistribution

The radiosensitivity of cells varies considerably as
they pass through the cell cycle. This has been stud-
ied in a large number of cell lines, using cell

synchronization techniques and fluorescence-acti-
vated cell sorting (FACS) to obtain cell populations
in each cell-cycle phase. There is a general tendency
for cells in the S phase (in particular the latter part
of the S phase) to be the most resistant and for cells
in very late G2 and mitosis to be the most sensitive.
The reason for the resistance in S phase is thought
to be homologous recombination, which is
increased as a result of the greater availability of the
undamaged sister template through the S phase,
together with conformational changes in DNA
facilitating the easier access of repair complexes
during replication. Sensitivity very late in G2 and
into mitosis probably results from the fact that
those cells have passed a final checkpoint in G2
which occurs within minutes of radiation exposure
and allows cells in early G2 to repair their damage
probably using homologous recombination (see
Chapter 2, Section 2.7). The classic results of
Sinclair and Morton (1965) are illustrated in Fig.
7.12. They synchronized Chinese hamster cells at
five different points in the cell cycle and performed
cell survival experiments. The survival curves
showed that it was mainly the shoulder of the curve
that changed: there was little shoulder for cells in
mitosis and the shoulder was greatest for cells in
S phase.

The effect of this phenomenon on an asynchro-
nous cell population is that it creates a degree of
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Figure 7.12 Variation of radiosensitivity through the
cell cycle of Chinese hamster cells. Adapted from
Sinclair and Morton (1965), with permission.
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synchrony in the cells that survive irradiation.
Immediately after a dose of X-rays, all the cells will
still be at precisely the same point in the cell cycle as
they were before irradiation, but some will have lost
their reproductive integrity and it is the number
that retains this which will tend to be greatest in the
S phase. With increasing time after irradiation the
surviving clonogenic cells will show the same dis-
tribution over the cell cycle as before irradiation.
This phenomenon is called redistribution. In the
1970s there was much interest in synchronization
therapy. This was an attempt to exploit cell-cycle
progression phenomena by treating with a second
agent (usually a cytotoxic drug) at the optimum
time interval after a priming treatment with drug
or radiation. Although this approach to improving
tumour therapy was thoroughly researched it
proved in most cases to be disappointing. One pos-
sible reason for this is that tumours tend to be very
heterogeneous from a kinetic point of view: cells
move at very different speeds through the phases of
the cell cycle and induced cell synchrony is there-
fore quickly lost (Steel, 1977).

Reoxygenation

This important factor influencing local tumour
control is described in Chapter 15. The clinical
implications for modified fractionation are dis-
cussed in Chapters 16 and 17.

Repopulation

Each fraction during a course of fractionated
radiotherapy reduces the total population of
clonogenic tumour cells in a tumour (i.e. causes a
depopulation of the clonogenic tumour cell com-
partment; Fig. 7.3). In general, clonogenic cells that
survive radiation can repopulate the tumour by
proliferation and/or reduced cell loss. Repopulation
of clonogenic tumour cells might occur during
the course of fractionated radiotherapy and
thereby reduce the efficacy of treatment. If a
tumour has the capacity to repopulate, any pro-
longation of the overall treatment time results in a
higher number of clonogenic tumour cells that
need to be inactivated and thereby requires a
higher radiation dose to achieve local tumour

control. The so-called time factor of fractionated
radiotherapy (see Chapter 10) has been largely
attributed to repopulation of clonogenic tumour
cells  during  treatment  (Kummermehr
et al., 1992; Thames et al., 1996; Petersen et al., 2001;
Hessel et al, 2004). Accelerated repopulation
describes a phenomenon that the net clonogen
doubling time during or shortly after irradiation
exceeds the clonogen doubling time in untreated
tumours. Repopulation of clonogenic tumour
cells during fractionated radiotherapy has been
shown in a large variety of different experimental
and clinical studies, as described in Chapter 10
and reviewed by Baumann er al. (2003). The
results are most consistent for squamous cell car-
cinomas, but for other tumour types evidence for
a time factor is also accumulating. The rate, kinet-
ics and underlying radiobiological mechanisms of
repopulation vary substantially between tumour
types as well as between different tumour lines of
the same tumour type. For example, FaDu human
squamous cell carcinoma transplanted into nude
mice repopulates rapidly with a dose of about
1 Gy recovered per day during fractionated irradi-
ation (Baumann et al., 1994).

The kinetics and radiobiological mechanisms of
repopulation have been studied in an extensive
series of experiments with fractionated irradiation
given to human tumour xenografts either under
clamp hypoxia or under normal blood flow condi-
tions (Petersen et al., 2001). A switch to rapid repop-
ulation was observed after about 3 weeks of
fractionated irradiation, with the clonogen dou-
bling time decreasing from 9.8 days during the first
3 weeks to 3.4 days thereafter (Fig. 7.13). In this
study, acceleration of repopulation was preceded by
a decrease in tumour hypoxia after 2 weeks of frac-
tionated irradiation, suggesting that improved
tumour oxygenation might trigger repopulation in
tumours either by facilitating more proliferation
and/or by reducing cell loss. Increased labelling
indices for BrdUrd (S-phase fraction) and Ki67
(growth fraction) during fractionated irradiation
indicate that increased proliferation contributes
directly to repopulation (Petersen et al, 2003).
Repopulation rate was found to be lower
in tumours with increased cell loss, indirectly
implying that decreased cell loss might also enhance
repopulation (Hessel et al., 2003). This latter
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Figure 7.13 Rate, kinetics and underlying mechanism
of repopulation of clonogenic tumour cells in FaDu
squamous cell carcinoma growing in nude mice

(data from Petersen et al., 2001). As the result of
repopulation, the tumour control dose (TCDs) increases
with time. Clonogenic FaDu tumour cells repopulate at
a low rate during the first 3 weeks with an estimated
clonogen doubling time (T,,) of 9.8 days. After a
switch around day 22, repopulation accelerates to a
Tuon O 3.4 days. In this tumour model the switch in
repopulation is preceded by a decrease in
radiobiological hypoxia.

concept — that clonogens always proliferate at their
maximum rate (‘potential clonogen doubling time’)
but, owing to the limited supply of nutrients and
oxygen, clonogens are pushed towards necrosis by
the proliferative pressure from the cell layers close to
supporting blood vessels — was originally postulated
by Fowler (1991). Once radiotherapy has killed off
enough well-oxygenated tumour cells, the oxygen
and nutrient supply improves and the spontaneous
cell loss decreases. The effective doubling time of
clonogens therefore becomes shorter and shorter
during treatment and eventually the T, of clono-
gens is ‘unmasked’.

In contrast to this concept it has been sug-
gested, particularly for well-differentiated tumours,
that an actively regulated regenerative response of
surviving clonogens reminiscent of a normal
epithelium represents the major mechanism of
clonogen repopulation (Trott and Kummermehr,
1991; Kummermehr et al, 1992; Dorr, 1997;
Hansen et al., 1997). Signalling via the epidermal
growth factor receptor (EGFR) has been proposed
as a potential molecular mechanism of this

regulated regenerative response underlying repop-
ulation (Schmidt-Ullrich et al, 1999; Petersen et
al., 2003; Bentzen et al., 2005; Eriksen et al., 2005;
Krause et al., 2005), as described in Chapter 21.

Tumour volume

Large tumours are more difficult to cure than
small tumours. This has been known since the
early years of radiotherapy (Miescher, 1929).
There are several explanations for this observa-
tion. First, tumour volume is proportional to the
number of clonogens per tumour. Second,
hypoxia is more pronounced in large tumours
than in small tumours. Third, in the clinical situa-
tion large tumours can often not be irradiated to
curative doses because of the larger irradiated vol-
ume and limited tolerance of the adjacent normal
tissues. Assuming a linear relationship between
the number of clonogens and tumour volume,
and other parameters such as density, radiosensi-
tivity and hypoxic fraction of clonogenic tumour
cells all being equal, the relationship between the
tumour control probability (TCP,) and the rela-
tive tumour volume (V) can be described
according to Dubben et al. (1998) as:

TCP, = TCP,'®

where TCP, represents the reference TCP when the
relative tumour volume (V,y) equals 1. If, for
example, a TCP; of 50 per cent is chosen then the
relationship between relative tumour volume and
TCP can be described with the function TCP, =
50" (Fig. 7.14). Over a wide range, the TCP
decreases roughly linearly with the logarithm of
tumour volume (or the number of clonogens),
whereas at very low and very high TCPs the impact
of tumour volume is less pronounced. Both exper-
imental and clinical data lend support to this sim-
ple theory, indicating that tumour volume is
indeed an important factor influencing local
tumour control after radiotherapy (Baumann
et al., 1990; Bentzen and Thames, 1996; Dubben
et al., 1998). However, analysis of clinical data has
also revealed that the effect of tumour volume on
TCP is less than expected from Fig. 7.14 (Bentzen
and Thames, 1996). This is not surprising as the
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Figure 7.14 Theoretical relationship of tumour control
probability (TCP) and relative tumour volume according
to Dubben et al. (1998). A TCP of 50 per cent is
arbitrarily chosen to correspond to a relative tumour
volume of 1. The relationship is based on the
assumption of a linear relationship between the number
of clonogens and tumour volume and that all other
parameters (e.g. density, radiosensitivity and hypoxic
fraction of clonogenic tumour cells) are invariant.
Reprinted with permission from Elsevier.

above-mentioned assumption that all other factors
than volume are equal is not realistic in the clinical
situation. Instead, patient-to-patient heterogeneity
in a large variety of known and unknown determi-
nants of local tumour control may interfere with
the simple proportionality of TCP and tumour
volume. However, as for other known prognostic
factors in radiotherapy, such as stage, age, histol-
ogy, etc., tumour volume should be routinely
measured and reported in clinical trials as well as
included into data analyses.
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Key points

1. Volume of growing tumours increases
exponentially with time. Therefore, tumour
volume should always be plotted on a

logarithmic scale to facilitate evaluation of
growth curves, comparison of growth rates
among different tumours, and judgement of
treatment effects.

. Growth rates vary among different tumours.

Primary tumours tend to grow more slowly
than metastatic lesions. A volume doubling
time of 3 months is typical for many pri-
mary tumours.

. Tumour growth rate is determined by

the fraction of cycling cells (growth frac-
tion, GF), the cell cycle time (T) and the
cell loss rate. Typical values for human
tumours are 40 per cent, 2 days, and 90 per
cent, respectively. However, these parame-
ters vary considerably between tumours
and even among tumours of the same histo-
logical type.

. Potential doubling time (7, is the theo-

retical volume doubling time in the absence
of cell loss. Therefore, the difference between
the observed volume doubling time and the
Tpor is explained by cell loss in tumours,
which exceeds 90 per cent in many histolog-

ical types.

. The faster growth of experimental tumours

compared with tumours in patients results
from a higher GE, shorter T, and a lower
cell loss factor.

. Response of tumours to radiation can be

assayed using different endpoints, including
local tumour control, tumour regrowth
delay and regression.

. Local tumour control is the aim of curative

radiotherapy and therefore conceptually the
most relevant endpoint to assay radiation
response.

. Local tumour control is achieved when all

clonogenic tumour cells (i.e. cells with the
capacity to proliferate and to cause a local
recurrence) are inactivated.

. Ionizing irradiation is highly effective in

inactivating clonogenic tumour cells. The
logarithm of the number of surviving
clonogenic tumour cells decreases linearly
with total radiation dose during fraction-
ated radiotherapy.
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10. Response criteria such as partial response
or complete response are not appropriate
to describe the radiation response of
clonogenic tumour cells.

11. Tumour regression is a non-specific param-
eter of very limited value to describe and
quantify radiation effects in tumours.

12. The tumour regrowth delay assay is
widely used in experimental radiotherapy.
Methodological problems limit the value
of this assay to accurately measure the sur-
vival of clonogenic tumour cells. Thus,
confirmatory local tumour control exper-
iments are recommended.

13. Different factors influence the probability
of local tumour control (five Rs of frac-
tionated radiotherapy).

14. Repopulation of clonogenic tumour cells
represents a major cause of resistance to
fractionated irradiation in certain tumour
types. The rate, kinetics and underlying
radiobiological mechanisms vary widely
among different tumours.

15. Tumour volume is an important determi-
nant of local tumour control.

B BIBLIOGRAPHY

Baumann M, Dubois W, Suit HD (1990). Response
of human squamous cell carcinoma xenografts
of different sizes to irradiation: relationship of
clonogenic cells, cellular radiation sensitivity
in vivo, and tumor rescuing units. Radiat Res 123:
325-30.

Baumann M, Liertz C, Baisch H, Wiegel T, Lorenzen J,
Arps H (1994). Impact of overall treatment time of
fractionated irradiation on local control of human
FaDu squamous cell carcinoma in nude mice.
Radiother Oncol 32: 137-43.

Baumann M, Krause M, Zips D et al. (2003). Selective
inhibition of the epidermal growth factor receptor
tyrosine kinase by BIBX1382BS and the
improvement of growth delay, but not local control,
after fractionated irradiation in human FaDu
squamous cell carcinoma in the nude mouse. IntJ
Radiat Biol 79: 547-59.

Beck-Bornholdt HP, Wurschmidt F, Vogler H (1987). Net
growth delay: a novel parameter derived from tumor
growth curves. IntJ Radiat Oncol Biol Phys 13:
773-7.

Begg AC, McNally NJ, Shrieve DC, Karcher H (1985). A
method to measure the duration of DNA synthesis
and the potential doubling time from a single
sample. Cytometry 6: 620-6.

Begg AC, Haustermans K, Hart AA et al. (1999). The
value of pretreatment cell kinetic parameters as
predictors for radiotherapy outcome in head and
neck cancer: a multicenter analysis. Radiother Oncol
50: 13-23.

Bentzen SM, Thames HD (1996). Tumor volume and
local control probability: clinical data and
radiobiological interpretations. IntJ Radiat Oncol
Biol Phys 36: 247-51.

Bentzen SM, Atasoy BM, Daley FM et al. (2005).
Epidermal growth factor receptor expression in
pretreatment biopsies from head and neck squamous
cell carcinoma as a predictive factor for a benefit
from accelerated radiation therapy in a randomized
controlled trial. J Clin Oncol 23: 5560-7.

Brown DC, Gatter KC (2002). Ki67 protein: the
immaculate deception? Histopathology 40: 2-11.

Dorr W (1997). Three As of repopulation during
fractionated irradiation of squamous epithelia:
Asymmetry loss, Acceleration of stem-cell divisions
and Abortive divisions. IntJ Radiat Biol 72: 635-43.

Dubben HH, Thames HD, Beck-Bornholdt HP (1998).
Tumor volume: a basic and specific response
predictor in radiotherapy. Radiother Oncol 47:
167-74.

Elkind MM, Sutton H (1960). Radiation response of
mammalian cells grown in culture. 1. Repair of X-ray
damage in surviving Chinese hamster cells. Radiat
Res 13: 556-93.

Eriksen JG, Steiniche T, Overgaard J (2005). The
influence of epidermal growth factor receptor and
tumor differentiation on the response to accelerated
radiotherapy of squamous cell carcinomas of the
head and neck in the randomized DAHANCA 6 and 7
study. Radiother Oncol 74: 93-100.

Fowler JF (1991). Rapid repopulation in radiotherapy: a
debate on mechanism. The phantom of tumor
treatment - continually rapid proliferation
unmasked. Radiother Oncol 22: 156-8.

Fowler JE, Pandey P, Braswell NT, Seaver L (1994).
Prostate specific antigen progression rates after



Bibliography 99

radical prostatectomy or radiation therapy for
localized prostate cancer. Surgery 116: 302-5.

Gerweck LE, Zaidi ST, Zietman A (1994). Multivariate
determinants of radiocurability. I. Prediction of
single fraction tumor control doses. Int J Radiat
Oncol Biol Phys 29: 57-66.

Haitel A, Wiener HG, Migschitz B, Marberger M, Susani
M (1997). Proliferating cell nuclear antigen and
MIB-1. An alternative to classic prognostic
indicators in renal cell carcinomas? Am J Clin Pathol
107: 229-35.

Hanahan D, Weinberg RA (2000). The hallmarks of
cancer. Cell 100: 57-70.

Hansen 0, Overgaard J, Hansen HS et al. (1997).
Importance of overall treatment time for the
outcome of radiotherapy of advanced head and neck
carcinoma: dependency on tumor differentiation.
Radiother Oncol 43: 47-51.

Haustermans KM, Hofland I, van Poppel H et al. (1997).
Cell kinetic measurements in prostate cancer. IntJ
Radiat Oncol Biol Phys 37: 1067-70.

Hessel F, Petersen C, Zips D et al. (2003). Impact of
increased cell loss on the repopulation rate during
fractionated irradiation in human FaDu squamous
cell carcinoma growing in nude mice. IntJ Radiat
Biol 79: 479-86.

Hessel F, Krause M, Helm A et al. (2004). Differentiation
status of human squamous cell carcinoma
xenografts does not appear to correlate with the
repopulation capacity of clonogenic tumour cells
during fractionated irradiation. Int J Radiat Biol 80:
719-27.

Hill RP (1987). Excision assays. In: Kallman RF (eds)
Rodent tumor models in experimental cancer
therapy. New York: Pergamon Press, 67-75.

Hill RP, Milas L (1989). The proportion of stem cells in
murine tumors. Int J Radiat Oncol Biol Phys 16:
513-8.

Hommura F, Dosaka-Akita H, Mishina T et al. (2000).
Prognostic significance of p27KIP1 protein and ki-67
growth fraction in non-small cell lung cancers. Clin
Cancer Res 6: 4073-81.

Hoskin PJ, Sibtain A, Daley FM, Saunders MI, Wilson GD
(2004). The immunohistochemical assessment of
hypoxia, vascularity and proliferation in bladder
carcinoma. Radiother Oncol 72: 159-68.

Jensen V, Sorensen FB, Bentzen SM et al. (1998).
Proliferative activity (MIB-1 index) is an
independent prognostic parameter in patients with

high-grade soft tissue sarcomas of subtypes other
than malignant fibrous histiocytomas: a
retrospective immunohistological study including
216 soft tissue sarcomas. Histopathology 32:
536-46.

Jung H, Kruger HJ, Brammer |, Zywietz F, Beck-
Bornholdt HP (1990). Cell population kinetics of the
rhabdomyosarcoma R1H of the rat after single doses
of X-rays. Int J Radiat Biol 57: 567-89.

Krause M, Hessel F, Zips D, Hilberg F, Baumann M
(2004). Adjuvant inhibition of the epidermal growth
factor receptor after fractionated irradiation of FaDu
human squamous cell carcinoma. Radiother Oncol
72:95-101.

Krause M, Ostermann G, Petersen C et al. (2005).
Decreased repopulation as well as increased
reoxygenation contribute to the improvement in local
control after targeting of the EGFR by C225 during
fractionated irradiation. Radiother Oncol 76: 162-7.

Krause M, Zips D, Thames HD, Kummermehr J, Baumann
M (2006). Preclinical evaluation of molecular-
targeted anticancer agents for radiotherapy.
Radiother Oncol 80: 112-22.

Kummermehr J, Dorr W, Trott KR (1992). Kinetics of
accelerated repopulation in normal and malignant
squamous epithelia during fractionated
radiotherapy. BJR Suppl 24: 193-9.

Lanza G Jr, Cavazzini L, Borghi L, Ferretti S, Buccoliero F,
Rubbini M (1990). Immunohistochemical assessment
of growth fractions in colorectal adenocarcinomas
with monoclonal antibody Ki-67. Relation to clinical
and pathological variables. Pathol Res Pract 186:
608-18.

Lee WR, Hanks GE, Corn BW, Schultheiss TE (1995).
Observations of pretreatment prostate-specific
antigen doubling time in 107 patients referred for
definitive radiotherapy. Int J Radiat Oncol Biol Phys
31:21-4.

Linder S, Parrado C, Falkmer UG, Blasjo M, Sundelin P,
von Rosen A (1997). Prognostic significance of Ki-67
antigen and p53 protein expression in pancreatic
duct carcinoma: a study of the monoclonal
antibodies MIB-1 and DO-7 in formalin-fixed
paraffin-embedded tumour material. BrJ Cancer 76:
54-9.

Malaise EP, Chavaudra N, Tubiana M (1973). The
relationship between growth rate, labelling index
and histological type of human solid tumours. EurJ
Cancer 9: 305-12.



100 Tumour growth and response to radiation

Miescher G (1929). Rontgentherapie der
Hautkarzinome. Schweiz Med Wochenschr Il:

1225.

Munro TR, Gilbert CW (1961). The relation between
tumour lethal doses and the radiosensitivity of
tumour cells. BrJ Radiol 34: 246-51.

Overgaard J, Matsui M, Lindegaard JC et al. (1987).
Relationship between tumor growth delay and
modification of tumor-control probability of various
treatments given as an adjuvant to irradiation. In:
Kallman RF (ed.) Rodent tumor models in
experimental cancer therapy. New York: Pergamon
Press, 128-32.

Petersen C, Zips D, Krause M et al. (2001). Repopulation
of FaDu human squamous cell carcinoma during
fractionated radiotherapy correlates with
reoxygenation. Int J Radiat Oncol Biol Phys 51:
483-93.

Petersen C, Eicheler W, Frommel A et al. (2003).
Proliferation and micromilieu during fractionated
irradiation of human FaDu squamous cell carcinoma
in nude mice. IntJ Radiat Biol 79: 469-77.

Potten CS, Wichmann HE, Dobek K et al. (1985). Cell
kinetic studies in the epidermis of mouse. lll. The
percent labelled mitosis (PLM) technique. Cell Tissue
Kinet 18: 59-70.

Rautiainen E, Haapasalo H, Sallinen P, Rantala |, Helen
P, Helin H (1998). Histone mRNA in-situ
hybridization in astrocytomas: a comparison with
PCNA, MIB-1 and mitoses in paraffin-embedded
material. Histopathology 32: 43-50.

Rew DA, Wilson GD (2000). Cell production rates in
human tissues and tumours and their significance.
Part Il: clinical data. EurJ Surg Oncol 26: 405-17.

Rofstad EK (1989). Local tumor control following single
dose irradiation of human melanoma xenografts:
relationship to cellular radiosensitivity and influence
of an immune response by the athymic mouse.
Cancer Res 49: 3163-7.

Rofstad EK, Wahl A, Brustad T (1986). Radiation
response of human melanoma multicellular
spheroids measured as single cell survival, growth
delay, and spheroid cure: comparisons with the
parent tumor xenograft. Int J Radiat Oncol Biol Phys
12:975-82.

Roland NJ, Caslin AW, Bowie GL, Jones AS (1994). Has
the cellular proliferation marker Ki67 any clinical
relevance in squamous cell carcinoma of the head
and neck? Clin Otolaryngol Allied Sci 19: 13-8.

Roser F, Samii M, Ostertag H, Bellinzona M (2004). The
Ki-67 proliferation antigen in meningiomas.
Experience in 600 cases. Acta Neurochir (Wien) 146:
37-44.

Sarbia M, Bittinger F, Porschen R et al. (1996). The
prognostic significance of tumour cell proliferation
in squamous cell carcinomas of the oesophagus. BrJ
Cancer 74: 1012-6.

Schmid HP, McNeal JE, Stamey TA (1993). Observations
on the doubling time of prostate cancer. The use of
serial prostate-specific antigen in patients with
untreated disease as a measure of increasing cancer
volume. Cancer 71: 2031-40.

Schmidt-Ullrich RK, Contessa JN, Dent P et al. (1999).
Molecular mechanisms of radiation-induced
accelerated repopulation. Radiat Oncol Investig 7:
321-30.

Sinclair WK, Morton RA (1965). X-Ray and ultraviolet
sensitivity of synchronized Chinese hamster cells at
various stages of the cell cycle. BiophysJ 5: 1-25.

Spratt JS, Meyer JS, Spratt JA (1996). Rates of growth
of human neoplasms: Part Il. J Surg Oncol 61:
68-83.

Steel GG (1977). The growth kinetics of tumours. Oxford:
Oxford University Press.

Steel GG, McMillan TJ, Peacock JH (1989). The 5Rs of
radiobiology. Int J Radiat Biol 56: 1045-8.

Suit HD, Sedlacek R, Thames HD (1987). Radiation
dose-response assays of tumor control. In: Kallman
RF (ed.) Rodent tumor models in experimental cancer
therapy. New York: Pergamon Press, 138-48.

Taftachi R, Ayhan A, Ekici S, Ergen A, Ozen H (2005).
Proliferating-cell nuclear antigen (PCNA) as an
independent prognostic marker in patients after
prostatectomy: a comparison of PCNA and Ki-67.
BJU Int 95: 650-4.

Terry NH, White RA, Meistrich ML, Calkins DP (1991).
Evaluation of flow cytometric methods for
determining population potential doubling times
using cultured cells. Cytometry 12: 234-41.

Thames HD, Ruifrok AC, Milas L et al. (1996).
Accelerated repopulation during fractionated
irradiation of a murine ovarian carcinoma:
downregulation of apoptosis as a possible
mechanism. Int J Radiat Oncol Biol Phys 35:

951-62.

Thor AD, Liu S, Moore DH, 2nd, Edgerton SM (1999).
Comparison of mitotic index, in vitro
bromodeoxyuridine labeling, and MIB-1 assays to



Further reading 101

quantitate proliferation in breast cancer. J Clin Oncol
17:470-7.

Trott KR, Kummermehr J (1991). Rapid repopulation in
radiotherapy: a debate on mechanism. Accelerated
repopulation in tumours and normal tissues.
Radiother Oncol 22: 159-60.

Trott KR, Maciejewski B, Preuss-Bayer G, Skolyszewski J
(1984). Dose-response curve and split-dose recovery
in human skin cancer. Radiother Oncol 2: 123-9.

Urano M, Kahn J (1987). Some practical questions in
the tumor regrowth assay. In: Kallman RF (ed.)
Rodent tumor models in experimental cancer
therapy. New York: Pergamon Press, 122-7.

Walker AM, Suit HD (1983). Assessment of local tumor
control using censored tumor response data. IntJ
Radiat Oncol Biol Phys 9: 383-6.

Wheldon TE, Abdelaal AS, Nias AH (1977). Tumour
curability, cellular radiosensitivity and clonogenic
cell number. BrJ Radiol 50: 843-4.

Withers HR. The four Rs of radiotherapy. In: Lett JT,
Adler H (eds) Advances in radiation biology. New
York: Academic Press, 1975.

Yaromina A, Zips D, Thames HD et al. (2006).
Pimonidazole labelling and response to fractionated
irradiation of five human squamous cell carcinoma

(hSCC) cell lines in nude mice: The need for a
multivariate approach in biomarker studies.
Radiother Oncol 81: 122-9.

Zips D, Eicheler W, Bruchner K et al. (2001). Impact of
the tumour bed effect on microenvironment,
radiobiological hypoxia and the outcome of
fractionated radiotherapy of human FaDu
squamous-cell carcinoma growing in the nude
mouse. Int J Radiat Biol 77: 1185-93.

Zips D, Hessel F, Krause M et al. (2005). Impact of
adjuvant inhibition of vascular endothelial growth
factor receptor tyrosine kinases on tumor growth
delay and local tumor control after fractionated
irradiation in human squamous cell carcinomas
in nude mice. IntJ Radiat Oncol Biol Phys 61:
908-14.

B FURTHER READING

Kallman RF (1987). Rodent tumor models in
experimental cancer therapy. New York: Pergamon
Press.

Steel GG (1977). The growth kinetics of tumours. Oxford:
Oxford University Press.



8

Fractionation: the linear-quadratic approach

MICHAEL C. JOINER AND SOREN M. BENTZEN

8.1 Introduction 102
8.2 Historical background: LQ versus

power-law models 103
8.3 Cell-survival basis of the LQ model 104
8.4 The LQ model in detail 105
8.5 The value of o/ 106
8.6 Hypofractionation and hyperfractionation 108
8.7 Equivalent dose in 2-Gy fractions (EQD,) 109
8.8 Incomplete repair 109
8.9 Should a time factor be included? 12

8.10 Alternative isoeffect formulae based

on the LQ model 14
8.11 Limits of applicability of the simple

LQ model, alternative models 116
8.12 Beyond the target cell hypothesis 16
Key points 17
Bibliography 17
Further reading 18
Appendix: summary of formulae 18

8.1 INTRODUCTION

Major developments in radiotherapy fractiona-
tion have taken place during the past three
decades and these have grown out of understand-
ing in radiation biology. The relationships
between total dose and dose per fraction for late-
responding tissues, acutely responding tissues and
tumours provide the basic information required
to optimize radiotherapy according to the dose
per fraction and number of fractions.

A milestone in this subject was the publication
by Thames et al. (1982) of a survey of isoeffect
curves for various normal tissues, mainly in mice.
Their summary is shown in Fig. 8.1. Each of the
investigations contributing to this chart was a
study of the response of a normal tissue to frac-
tionated radiation treatment using a range of
doses per fraction. In order to minimize the effects
of repopulation, the survey was restricted to stud-
ies in which the overall time was kept short by the

use of multiple treatments per day, or ‘where an
effect of regeneration of target cells was shown to
be unlikely’. This summary thus represents the
influence of dose per fraction on response and
mostly excludes the influence of overall treatment
time. It was possible in each study, and for each
chosen dose per fraction, to determine the total
radiation dose that produced some defined level
of damage to the normal tissue. These endpoints
of tolerance differed from one normal tissue or
experimental study to another. Each line in Fig. 8.1
is an isoeffect curve determined in this way. The
dashed lines show isoeffect curves for acutely
responding tissues and the full lines are for late-
responding tissues. Note that fraction number
increases from left to right along the abscissa and
therefore the dose per fraction scale decreases
from left to right. The results of this survey show
that the isoeffective total dose increases more rap-
idly with decreasing dose per fraction for late
effects than for acute effects. If the vertical axis is
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Figure 8.1 Relationship between total dose and dose
per fraction for a variety of normal tissues in
experimental animals. The results for late-responding
tissues (unbroken lines) are systematically steeper than
those for early-responding tissues (broken lines). From
Thames et al. (1982), with permission.

regarded as a tissue tolerance dose, it can be
deduced immediately from this plot that using
lower doses per fraction (towards the right-hand
end of the abscissa) will tend to spare late reac-
tions if the total dose is adjusted to keep the acute
reactions constant.

The linear-quadratic (LQ) cell survival model,
introduced in Chapter 4, can be used to describe
this relationship between total isoeffective dose
and the dose per fraction in fractionated radio-
therapy. The LQ model can thus form a robust
quantitative environment for considering the bal-
ance between acute and late reactions (and effect
on the tumour) as dose per fraction and total dose
are changed. This is one of the most important
developments in radiobiology applied to therapy.
In this chapter, we present the theoretical back-
ground and supporting data that have led to the
wide adoption of the LQ approach to describing
fractionation and we show the basic framework
from which calculations can be made using this
model. Examples of such calculations in a clinical
setting are demonstrated practically in Chapter 9.

8.2 HISTORICAL BACKGROUND: LQ
VERSUS POWER-LAW MODELS

Two specific examples of isoeffect plots for radia-
tion damage to normal tissues in the mouse are
shown in Fig. 8.2: skin is an early-responding tis-
sue and kidney a late-responding tissue. In each
case the total radiation dose to give a fixed level of
damage is plotted against dose per fraction and
fraction number on a double log plot. Note that
the curve for kidney is steeper than that for skin.

The solid lines in Fig. 8.2 are calculated by an
equation based on the LQ model:

Total dose = _constant_ (8.1)

1+ d/(alf)

where d is the dose per fraction (see Section 8.4
for for the derivation of this equation). The steep-
ness and curvature of these lines are both deter-
mined by one parameter: the «/f ratio. For the
skin data (Fig. 8.2a), the /B ratio is about 10. The
units of &/ are grays, so the /B ratio in this case
is 10 Gy. For the kidney data «/f is about 3 Gy.

The LQ model fits these data very well and pro-
duces curves in this type of log—log plot. Also shown
in Fig. 8.2 are broken lines showing the fit of Ellis’
‘Nominal Standard Dose’ (NSD) model (Ellis,
1969) to both datasets. This is an example of a sim-
ple power-law relationship between total dose and
number of fractions, and it and its derivatives such
as TDF (time—dose—fractionation) were in clinical
use for many years. The equation for NSD is:

Total dose = NSD - N0-24. 7011

In these animal studies the overall treatment time
(T) was constant. Power-law models such as NSD
and TDF give straight lines in this type of plot and
fit the skin data well from 4 to 32 fractions, but the
data points fall below the broken line for both
small and large doses per fraction. The discrep-
ancy for doses per fraction of 1-2 Gy is important
in relation to hyperfractionation (see Section 8.6).
For late reactions, as illustrated by the kidney data
in Fig. 8.2b, the NSD formula again does not fit as
well as the LQ formula, even though the N expo-
nent has been raised from 0.24 to 0.35 in order to
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Figure 8.2 Relationship between total dose to achieve an isoeffect and number of fractions. (a) Acute reactions in
mouse skin (Douglas and Fowler, 1976), with permission. (b) Late injury in mouse kidney (Stewart et al., 1984), with
permission. Note that the relationship for kidney is steeper than that for skin. The broken lines are nominal standard
dose (NSD) formulae fitted to the central part of each dataset. The solid lines show the linear-quadratic (LQ) model,
from which the guide to the dose per fraction has been calculated.

allow for the greater slope. A similar modification,
but not necessarily by the same amount, must be
made for all late-responding tissues if the NSD
formulation is to be even approximately correct.
A crucial therapeutic conclusion is illustrated
by these two sets of data. At both ends of the scale,
in the region of large and small dose per fraction,
power-law equations overestimate the actual tol-
erance dose (as shown by the experimental and
clinical data). This means that the power-law
models are unsafe in these regions, a conclusion
that is well supported by clinical experience. At
the present time it is strongly recommended that
the LQ model should always be used, with a cor-
rectly chosen a/f3 ratio, to describe isoeffect dose
relationships at least over the range of doses per
fraction between 1 and 5 Gy. The LQ model is sim-
ple to use in clinical calculations and compar-
isons, and does not require the use of ‘look-up
tables’ Sections 8.4-8.8 and Chapter 9 provide a
straightforward guide to LQ calculations.

8.3 CELL-SURVIVAL BASIS OF
THE LQ MODEL

What is the explanation for the difference
between the fractionation response of early- and

late-responding tissues which is shown in Figs 8.1
and 8.2? Figure 8.3 shows hypothetical single-dose
(one-fraction) survival curves for the target cells
in early- and late-responding tissues, drawn
according to the LQ equation (see Chapter 4, Fig.
4.5b). E represents the reduction in cell survival
(on alogarithmic scale) that is equivalent to tissue
tolerance. The total dose that would need to be
given in two fractions is obtained by drawing a
straight line from the origin through the survival
curve at E/2 and measuring the intersection of this
line with the dose axis. As shown by the dashed
line labelled 2 in Fig. 8.3a, a dose of around 11 Gy
takes the effect down to E/2 and (with assumed
constant effect per fraction) a second 11 Gy gives
the isoeffect E: the total isoeffect dose is approxi-
mately 22 Gy. This compares with a single dose of
approximately 14 Gy to give the same isoeffect E,
shown by the solid line. The total dose for three
fractions is obtained in the same way by drawing a
line through E/3 on the survival curve, and simi-
larly for the other fraction numbers. Because
the late-responding survival curve (Fig. 8.3b) is
more ‘bendy’ (it has a lower /[ ratio), the isoef-
fective total dose increases more rapidly with
increasing number of fractions than the early-
responding tissue in which the survival curve
bends less sharply.
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Figure 8.3 Schematic survival curves for target cells in (a) acutely responding and (b) late-responding normal tissues.
The abscissa is radiation dose on an arbitrary scale. From Thames and Hendry (1987), with permission.

8.4 THE LQ MODEL IN DETAIL

The surviving fraction (SF;) of target cells after a
dose per fraction d is given in Chapter 4, Section
4.10, as:

SF,; = exp(—ad—[d?)

Radiobiological studies have shown that each
successive fraction in a multidose schedule is
equally effective, so the effect (E) of n fractions
can be expressed as:

E= _loge(SFd)n = _nloge(SFd)
n(ad + Bd?)
aD +6dD

where the total radiation dose D = nd. This equa-
tion may be rearranged into the following forms:

1/D = (a/E) + (BIE)d (8.2)
1/n= (a/E)d + (B/E)d* (8.3)
D = (E/la)/[1 + d/(cd/B)] (8.4)

The practical working of these equations may be
illustrated by the results of careful fractionation
experiments on the mouse kidney (Stewart et al.,
1984). In these experiments, functional damage to
the kidneys was measured by ethylenediamine-
tetraacetic acid (EDTA) clearance up to 48 weeks
after irradiation with 1-64 fractions. Figure 8.4
shows the response measured as a function of total

51Cr EDTA % per mL blood

Total radiation dose (Gy)

Figure 8.4 Dose-response curves for late damage

to the mouse kidney with fractionated radiation
exposure. Damage is indicated by a reduction in
ethylenediaminetetraacetic acid (EDTA) clearance,
curves determined for 1-64 dose fractions, illustrating
the sparing effect of increased fractionation. From
Stewart et al. (1984), with permission.

radiation dose for each fraction number. To apply
the LQ model to this example, we first measure off
from the graph the total doses at a fixed level of
effect (shown by the arrow) and then plot the
reciprocal of these total doses against the corre-
sponding dose per fraction. Equation 8.2 shows
that this should give a straight line whose slope is
B/ E and whose intercept on the vertical axis is o/E.
That this is true is shown in Fig. 8.5a: the points
fit a straight line well. This line cuts the x-axis
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at —3Gy; it can be seen from equation 8.2 that
this is equal to —a/, thus providing a measure of
the o/ ratio for these data. The relative contribu-
tions of « and [3 to the a/3 ratio can be judged by
comparing the reciprocal total dose intercept
(a/E) and the slope of the line (G/E).

An alternative way of deriving parameter values
from these data is to plot the reciprocal of the
number of fractions against the dose per fraction,
as suggested by equation 8.3. Figure 8.5b shows
that this gives the shape of the putative target-cell
survival curve with the y-axis proportional to
—log,(SF,). (Statistical note: this method com-
bined with non-linear least-squares curve fitting is
preferred over the linear-regression method
shown in Fig. 8.5a for determining «/[3, because
the 1/n and the dose-per-fraction axes are inde-
pendent.) Equation 8.4 shows the LQ model in the
form used already to describe the relationship
between total dose and dose per fraction (Fig. 8.2).

A common clinical question is: ‘What change
in total radiation dose is required when we change
the dose per fraction?’. This can be dealt with very
simply using the LQ approach. Rearranging
equation 8.4:

E/la = D[1 + d/(a/B)]

For isoeffect in a selected tissue, E and « are con-
stant. The first schedule employs a dose per
fraction d, and the isoeffective total dose is D;; we

Reciprocal total dose (Gy™ )

-5 0 5 10 15 20
(a) Dose per fraction (Gy)

Proportion of full effect

(b)

change to a dose per fraction d, and the new
(unknown) total dose is D,. D, is related to D, by
the equation:

D,

D, _ d +(alp)
Dy

d, + (alf)

(8.5)

This simple LQ isoeffect equation was first pro-
posed by Withers et al. (1983). It has widely been
found to be successful in clinical calculations.

8.5 THE VALUE OF o/p3

Many detailed fractionation studies of the type
analysed in Figs 8.2 and 8.4 have been made in
animals. Table 8.1 summarizes the /8 values
obtained from many of these experiments. For
acutely responding tissues which express their
damage within a period of days to weeks after
irradiation, the a/Q ratio is in the range 7-20 Gy,
while for late-responding tissues, which express
their damage months to years after irradiation,
o/ generally ranges from 0.5 to 6 Gy. It is impor-
tant to recognize that the o/ ratio is not constant
and its value should be chosen carefully to match
the specific tissue under consideration.

Values of the a/ 3 ratio for a range of human nor-
mal tissues and tumours are given in Tables 9.1 and
13.2. The fractionation responses of well-oxygenated

0.4 - ap=3Gy
0.6 -

0.8 |-

1.0 : : s :
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Figure 8.5 The data of Fig. 8.4 after two different transformations. (a) A reciprocal-dose plot according to equation 8.2.
(b) Transformation according to equation 8.3 with the same data plotted as a proportion of full effect.



Table 8.1 Values for the /3 ratio for a variety of early- and late-responding normal tissues in experimental animals

Early reactions

Skin
Desquamation

Jejunum
Clones

Colon
Weight loss
Clones

Testis
Clones

Mouse lethality
30 days
30 days
30 days

Tumour bed
45 days

alp

9.1-12.5
8.6-10.6
9-12

6.0-8.3
6.6-10.7

9-13
8-9

12-13

7-10
13-17
11-26

5.6-6.8

References

Douglas and Fowler (1976)
Joiner et al. (1983)
Moulder and Fischer (1976)

Withers et al. (1976)
Thames et al. (1981)

Terry and Denekamp (1984)
Tucker et al. (1983)

Thames and Withers (1980)

Kaplan and Brown (1952)
Mole (1957)
Paterson et al. (1952)

Begg and Terry (1984)

Late reactions

Spinal cord
Cervical
Cervical
Cervical
Cervical
Lumbar
Lumbar

Colon
Weight loss

Kidney
Rabbit
Pig
Rats
Mouse
Mouse
Mouse

Lung
LDgq
LDg,
LDg,
Breathing rate

Bladder
Frequency,
capacity

alp

1.8-2.7
1.6-1.9
1.5-2.0
2.2-3.0
3.7-4.5
4.1-4.9
3.8-4.1
2.3-29

3.1-5.0

1.7-2.0
1.7-2.0
0.5-3.8
1.0-3.5
0.9-1.8
1.4-4.3

4.4-6.3
2.8-4.8
2.0-4.2
1.9-3.1

References

van der Kogel (1979)
White and Hornsey (1978)
Ang et al. (1983)

Thames et al. (1988)

van der Kogel (1979)
White and Hornsey (1978)
Leith et al. (1981)

Amols, Yuhas (quoted by
Leith et al. 1981)

Terry and Denekamp (1984)

Caldwell (1975)

Hopewell and Wiernik (1977)

van Rongen et al. (1988)

Williams and Denekamp (1984a,b)
Stewart et al. (1984a)

Thames et al. (1988)

Wara et al. (1973)
Field et al. (1976)
Travis et al. (1983)
Parkins and Fowler (1985)

Stewart et al. (1984b)

afB values are in grays. LD, dose lethal to 50 per cent.

From Fowler (1989), with permission; for references, see the original.
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Figure 8.6 Values of o3 for experimental tumours, determined under a variety of conditions of oxygenation (see

text). The stippled areas indicate the range of values for early- and late-responding normal tissues. From Williams

et al. (1985), with permission.

carcinomas of head and neck, and lung, are
thought to be similar to that of early-responding
normal tissues, sometimes with an even higher a/3
ratio. However, there is evidence that some human
tumour types such as melanoma and sarcomas
exhibit low a/ ratios, and this is also suggested for
early-stage prostate and breast cancer, perhaps with
a/ 3 ratios even lower than for late normal-tissue
reactions. The tumour o/ values shown in Fig. 8.6
were compiled by Williams et al. (1985). Values cal-
culated from data obtained in experiments on rat
and mouse tumours under fully radiosensitized
conditions (marked ‘miso’ and ‘oxic’ in the Fig. 8.6)
are plotted directly, and values calculated from
fractionation responses under hypoxic conditions
(marked ‘clamp, ‘anoxic’ and ‘hyp’) are plotted
after dividing by an assumed oxygen enhancement
ratio (OER) of 2.7, because the /(3 ratios for cells
and tissues under anoxic and oxic conditions are in
the same proportion as the OER. Error bars are
estimates of the 95 per cent confidence interval on
each value. Such experiments assayed the effect of
radiation in situ either by regrowth delay or local
tumour control or by excising the tumour from the
animal and measuring the survival of cells in vitro
(see Chapter 4, Section 4.4).

8.6 HYPOFRACTIONATION AND
HYPERFRACTIONATION

Figure 8.7a shows the form of equation 8.5. Curves
are shown for two ranges of /(3 values: 1-4 Gy
and 8-15 Gy, which, respectively, apply to most

late- and acute-responding tissues. It can be seen
that when dose per fraction is increased above a
reference level of 2 Gy, the isoeffective dose falls
more rapidly for the late-responding tissues than
for the early responses. Similarly, when dose per
fraction is reduced below 2 Gy, the isoeffective
dose increases more rapidly in the late-responding
tissues. Late-responding tissues are more sensitive
to a change in dose per fraction and this can be
thought to reflect the greater curvature of the
underlying target-cell survival curve (Section 8.3).

Since the change in total dose is greater for the
lower o/ values, so is the potential for error if a
wrong /3 value is used. The a/3 values should
therefore be selected carefully and always conserv-
atively when doing calculations involving chang-
ing dose per fraction. Examples of the conservative
choice of /3 values and other radiobiological
parameters are given in Chapter 9, Sections 9.3
(Example 1),9.5 (Example 3) and 9.12 (Example 9).

An increase in dose per fraction relative to 2 Gy
is termed hypofractionation and a decrease is
hyperfractionation (this use of terms may seem
contradictory but it indicates that hypofractiona-
tion involves fewer dose fractions and hyperfrac-
tionation requires more fractions). We can
calculate a therapeutic gain factor (TGF) for a new
dose per fraction from the ratio of the relative iso-
effect doses for tumour and normal tissue. An
example is shown in Fig. 8.7b where the tumour is
taken to have an a/f ratio of 10 Gy. Remember
that we are assuming here that the new regimen is
given in the same overall time as the 2 Gy regimen
and that treatment is always limited by the late



Incomplete repair 109

16
1.4+

1.2 alB ratio
ol Y 5

0.8 I
0.6 I

Ratio of total isoeffect doses

04 L I i I I I |
1 2 3 4 5 6

Dose per fraction (Gy)

O

Therapeutic gain factor

131

1.2 -

ENS R S

: al/B ratio
10+  ------ ...........

0.9 r
0.8 -

07 L 1 L 1 L 1 L 1 L 1 L 1

Dose per fraction (Gy)

Figure 8.7 (a) Theoretical isoeffect curves based on the linear-quadratic (LQ) model for various a/(3 ratios. The
outlined areas enclose curves corresponding to early-responding and late-responding normal tissues. (b) Therapeutic
gain factors for various /(3 ratios of normal tissue, assuming an /(3 ratio of 10 Gy for tumours.

reactions. It can be seen from Fig. 8.7 that hyper-
fractionation is predicted to give a therapeutic
gain, and hypofractionation a therapeutic loss.
Note, however, that hypofractionation may be
used as a convenient way of accelerating treatment
(i.e. shortening the overall treatment time). At
least in some tumour types, this can lead to short
intensive schedules that compare favourably with
more protracted schedules in terms of both tumour
control and late normal-tissue effects. Note, also,
that the theoretical advantage of low dose per
fraction would be nullified, or even reversed, for
specific tumours that have low a/f ratios. If an
unacceptable increase in acute normal-tissue
reactions prevented the total dose from being
increased to the full tolerance of the late-responding
tissues, the therapeutic gain for hyperfractionation
would also be less than shown in Fig. 8.7b.

8.7 EQUIVALENT DOSE IN 2-GY
FRACTIONS (EQD,)

The LQ approach leads to various formulae for
calculating isoeffect relationships for radiother-
apy, all based on similar underlying assumptions.
These formulae seek to describe a range of frac-
tionation schedules that are isoeffective. The sim-
plest method of comparing the effectiveness of
schedules consisting of different total doses and
doses per fraction is to convert each schedule into
an equivalent schedule in 2-Gy fractions which
would give the same biological effect. This is the
approach that we recommend as the method of

choice and can be achieved using a specific ver-
sion of equation 8.5:

=Dd + (a/f)

EQD, 2+ (alB)

(8.6)

where EQD, is the dose in 2-Gy fractions that is
biologically equivalent to a total dose D given with
a fraction size of d Gy. Values of EQD, may be
numerically added for separate parts of a treat-
ment schedule. They have the advantage that since
2 Gy is a commonly used dose per fraction clini-
cally, EQD, values will be recognized by radio-
therapists as being of a familiar size. The EQD, is
identical to the normalized total dose (NTD) pro-
posed by Withers et al. (1983); see also Maciejewski
et al. (1986).

8.8 INCOMPLETE REPAIR

The simple LQ model described by equations
8.1-8.6 assumes that sufficient time is allowed
between fractions for complete repair of sublethal
damage to take place after each dose. This full-
repair interval is at least 6 hours but in some cases
(e.g. spinal cord) may be as long as 1 day (see
Chapter 9, Section 9.4). If the interfraction interval
is reduced below this value, for example when mul-
tiple fractions per day are used, the overall damage
from the whole treatment is increased because the
repair (or more correctly, recovery) of damage
caused by one radiation dose may not be complete
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Figure 8.8 Effect of interfraction interval on intestinal
radiation damage in mice. The total dose required in
five fractions for a given level of effect is less for short
intervals, illustrating incomplete repair between
fractions. From Thames et al. (1984), with permission.

before the next fraction is given, and there is then
interaction between residual unrepaired damage
from one fraction and the damage from the next
fraction. As an example of this process, Fig. 8.8
shows data from mouse jejunum irradiated with
five X-ray fractions in which the number of surviv-
ing crypts per gut circumference is plotted against
total dose. Much less dose is needed to produce the
same effects when the interfraction interval is
reduced from 6 hours to 1 hour or 0.5 hour. This
process is called incomplete repair.

The influence of incomplete repair is deter-
mined by the repair halftime (T/;) in the tissue.
This is the time required between fractions, or
during low dose-rate treatment, for half the max-
imum possible repair to take place. Incomplete
repair will tend to reduce the isoeffective dose and
corrections have to be made for the consequent
loss of tolerance. This can be accomplished by the
use of the incomplete repair model as introduced
by Thames (1985). In this model, the amount of
unrepaired damage is expressed by a function H,,
which depends upon the number of equally
spaced fractions (m), the time interval between
them and the repair halftime. For the purpose of

tolerance calculations the extra H,, term is added
to the basic EQD, formula thus:

d1l+H,)+(alf3)
2+ (/)

EQD, =D

(8.7; fractionated)

Once again, d is the dose per fraction and D the
total dose. If repair from one day to the next is
assumed to be complete, m is the number of frac-
tions per day. Values of H,, are given in Table 8.2 for
repair halftimes up to 5hours and for two or three
fractions per day given with interfraction intervals
down to 3hours. Other values can be calculated
using the formulae given in the Appendix. Some
clinical datasets have suggested even longer repair
half-times for late reactions (Bentzen et al., 1999).
In that case, repair cannot be assumed to be com-
plete in the interval between the last fraction in a
day and the first fraction the following day, and a
more general version of the incomplete-repair LQ
model will have to be used (Guttenberger et al.,
1992). Table 8.4 shows values of Tj,, for some nor-
mal tissues in laboratory animals and the available
values for human normal-tissue endpoints are
summarized in Table 9.2. [Advanced note: in sev-
eral cases, experiments have indicated that repair
has fast and slow components. The EQD, equation
above [and biologically effective dose (BED) and
total effect (TE) formulae] have to be reformulated
in a more complex form to take account of these
cases (Millar and Canney, 1993).]

Figure 8.9 demonstrates the fit of the incom-
plete repair LQ model to data for pneumonitis in
mice following fractionated thoracic irradiation
with intervals of 3 hours between doses (Thames
et al., 1984). The endpoint was mortality, expressed
as the LDs (radiation dose to produce lethality in
50 per cent of subjects). In these reciprocal-dose
plots, incomplete repair makes the data bow
upwards away from the straight line (dashed),
which shows the pure LQ relationship that would
be obtained when there is complete repair between
successive doses, as would be the case with long
time-intervals between fractions. An estimate of
the repair halftime can be found by fitting data of
the type shown in Figs 8.8 and 8.9 with the incom-
plete repair LQ model and seeking the Tj/, value
that gives the best fit.



Table 8.2 Incomplete repair factors: fractionated irradiation (H,, factors)

Repair Interval for m = 2 fractions per day Interval for m = 3 fractions per day

halftime 3 4 5 6 8 10 3 4 5 6 8

(hours)
0.50 0.016 0.004 0.001 0.000 0.000 0.000 0.021 0.005 0.001 0.000 0.000
0.75 0.063 0.025 0.010 0.004 0.001 0.000 0.086 0.034 0.013 0.005 0.001
1.00 0.125 0.063 0.031 0.016 0.004 0.000 0.177 0.086 0.042 0.021 0.005
1.25 0.190 0.109 0.063 0.036 0.012 0.004 0.277 0.153 0.086 0.049 0.016
1.50 0.250 0.158 0.099 0.063 0.025 0.010 0.375 0.227 0.139 0.086 0.034
2.00 0.354 0.250 0.177 0.125 0.063 0.031 0.555 0.375 0.257 0.177 0.086
2.50 0.435 0.330 0.250 0.190 0.109 0.063 0.707 0.512 0.375 0.277 0.153
3.00 0.500 0.397 0.315 0.250 0.158 0.099 0.833 0.634 0.486 0.375 0.227
4.00 0.595 0.500 0.420 0.354 0.250 0.177 1.029 0.833 0.678 0.555 0.375
5.00 0.660 0.574 0.500 0.435 0.330 0.250 1.170 0.986 0.833 0.707 0.512

Shaded cells in the table: the approximation of complete overnight repair is less precise here and this affects the precision of biological dose estimates.
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Figure 8.9 Reciprocal dose plot (compare Fig. 8.5a) of
data for pneumonitis in mice produced by fractionated
irradiation; the points derive from experiments with
different dose per fraction (and therefore different
fraction numbers), always with 3 hours between doses.
The upward bend in the data illustrates lack of sparing
because of incomplete repair. From Thames et al.
(1984), with permission.

Continuous irradiation

Another common situation in which incomplete
repair occurs in clinical radiotherapy is during
continuous irradiation. As described in Chapter 12,
irradiation must be given at a very low dose rate
(below about 5cGy/hour) for full repair to occur
during irradiation. At the other extreme, a single
irradiation at high dose rate may not allow any sig-
nificant repair to occur during exposure. As the dose
rate is reduced below the high dose-rate range used
in external-beam radiotherapy, the duration of irra-
diation becomes longer and the induction of DNA
damage is counteracted by repair, leading to an
increase in the isoeffective dose. The corresponding
EQD, formula for continuous irradiation incorpo-
rates a factor gto allow for incomplete repair:

(8.8; contiuous

-D dg + (alf3)
low dose rate)

EQD; 2+ (a/f)

where Dis the total dose (= dose rate X time). The
parameter d is retained, as in the equation for frac-
tionated radiotherapy, in order to deal with frac-
tionated low dose-rate exposures. For a single

continuous exposure d = D. This equation assumes
that there is full recovery between the low dose-rate
exposures; if not, the H,, factor must also be added
(see Appendix). Table 8.3 gives values of the gfactor
for exposure times between 1 hour and 4 days.
The simple LQ model has also been applied to,
for example, permanent interstitial implants and
to biologically targeted radionuclide therapy. The
interested reader is referred to the book by Dale
and Jones (2007) listed under Further reading.

8.9 SHOULD A TIME FACTOR BE
INCLUDED?

If the overall duration of fractionated radiotherapy
is increased there will usually be greater repopula-
tion of the irradiated tissues, both in the tumour and
in early-reacting normal tissues. So far, we have not
discussed the change in total dose necessary to com-
pensate for changes in the overall duration of treat-
ment. Overall time was included in the now-obsolete
NSD and TDF models but is not put into the basic
LQ approach described above. The reason for this is
because the time factor in radiotherapy is now per-
ceived to be more complex than had previously been
supposed. For example, Fig. 8.10 shows that the extra
dose needed to counteract proliferation in mouse
skin does not become significant until about 2 weeks
after the start of daily fractionation. In this and other
situations, the time factor in the old NSD formula
(Fig. 8.10; broken line: total dose = T%!1) gives a
false picture because it predicts a large amount of
sparing if the overall time was increased from 1 to 12
days. These wrong time factors also underestimate
the dose required to compensate for planned or
unplanned gaps in treatment. Thus a T%!! factor
predicts only an 8 per cent increase in total dose for
a doubling of overall time, for example from 3.5 to 7
weeks. This would correspond to a 5.6 Gy increase in
the total dose for a schedule delivering, say, 70 Gy to
a squamous cell carcinoma of the head and neck.
Clinical data summarized in Chapter 9 suggest that
in this tumour type an additional dose of 16 Gy will
be required to compensate for a 3.5-week prolonga-
tion of treatment time.

The use of the LQ model in clinical practice
with no time factor at all is probably the best strat-
egy for late-reacting tissues because any extra dose



Table 8.3 Incomplete repair factors: continuous irradiation (g factors)

Repair Exposure time (hours) Exposure time (days)

halftime 1 2 3 4 8 12 1 1.5 2 2.5 3 3.5 4

(hours)
0.50 0.662 0.477 0.367 0.296 0.164 0.113 0.058 0.039 0.030 0.024 0.020 0.017 0.015
0.75 0.752 0.589 0.477 0.398 0.234 0.164 0.086 0.058 0.044 0.035 0.030 0.025 0.022
1.00 0.804 0.662 0.557 0.477 0.296 0.212 0.113 0.077 0.058 0.047 0.039 0.034 0.030
1.25 0.838 0.714 0.616 0.539 0.350 0.255 0.139 0.095 0.072 0.058 0.049 0.042 0.037
1.50 0.862 0.752 0.662 0.589 0.398 0.296 0.164 0.113 0.086 0.070 0.058 0.050 0.044
2.00 0.894 0.804 0.728 0.662 0.477 0.367 0.212 0.147 0.113 0.092 0.077 0.066 0.058
2.50 0.914 0.838 0.772 0.714 0.539 0.427 0.255 0.180 0.139 0.113 0.095 0.082 0.072
3.00 0.927 0.862 0.804 0.752 0.589 0.477 0.296 0.212 0.164 0.134 0.113 0.098 0.086
4.00 0.945 0.894 0.847 0.804 0.662 0.557 0.367 0.269 0.212 0.174 0.147 0.128 0.113

5.00 0.955 0.914 0.875 0.838 0.714 0.616 0.427 0.321 0.255 0.212 0.180 0.157 0.139
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Figure 8.10 Extra dose required to counteract
proliferation in mouse skin. Test doses of radiation were
given at various intervals after a priming treatment
with fractionated radiation. Proliferation begins about
12 days after the start of irradiation and is then
equivalent to an extra dose of approximately 1.3 Gy/day.
The broken line shows the prediction of the nominal
standard dose (NSD) equation. Data from Denekamp
(1973).
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Figure 8.11 Schematic diagram showing that the extra
dose required to counteract proliferation does not
become significant until much later for late-responding
normal tissues, such as spinal cord, beyond the 6-week
duration of conventional radiotherapy. From Fowler
(1984), with permission.

needed to counteract proliferation does not
become significant until beyond the overall time
of treatment, even up to 6 weeks. This is illus-
trated schematically in Fig. 8.11, which compares

the different effects of overall time in early- and
late-responding tissues. Attempts have been made
to include time factors in the LQ model for early-
responding normal tissues and tumours, but such
factors depend in a complex way on the dose per
fraction and interfraction interval as well as on the
tissue type, and have to take account of any delay
in onset of proliferation which may depend in
some way on these factors also. We therefore rec-
ommend considering the influence of changing
overall time on radiotherapy as a separate prob-
lem from the effect of changing the dose per frac-
tion, which can be done in a straightforward way
using the LQ model as described here. The practi-
cal approaches to handling changes in overall time
are described in Chapters 9-11.

8.10 ALTERNATIVE ISOEFFECT
FORMULAE BASED ON THE
LQ MODEL

Two other formulations that can be used for com-
paring schedules with differing doses per fraction
are the concepts of extrapolated tolerance dose
(ETD) introduced by Barendsen (1982) and ‘total
effect’ (TE) described by Thames and Hendry
(1987). Both of these methods are mathematically
(and biologically) equivalent to the EQD, con-
cept, but are mentioned here because they have
found some use in the literature.

Extrapolated total dose or biologically
effective dose

Both the ETD and the biologically effective dose
(BED) are mathematically identical concepts.
Fowler (1989) preferred the term BED because it
can logically be understood to refer to levels of
effect that are below normal-tissue tolerance,
whereas the term ETD implies the full tolerance
effect. First, we must define a particular effect, or
endpoint. Although the validity of the LQ
approach to fractionation depends principally on
its ability to predict isoeffective schedules success-
tully, there is an implicit assumption that the isoef-
fect has a direct relationship with a certain level of
cell inactivation [or final cell survival (SF,)"].
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Table 8.4 Halftimes for recovery from radiation damage in normal tissues of laboratory animals

Tissue Species Dose delivery T1/2 (hours) Source
Haemopoietic Mouse CLDR 0.3 Thames etal. (1984)
Spermatogonia Mouse CLDR 0.3-0.4 Delic et al. (1987)
Jejunum Mouse F 0.45 Thames etal. (1984)
Mouse CLDR 0.2-0.7 Dale et al. (1988)
Colon (acute injury) Mouse F 0.8 Thames et al. (1984)
Rat F 1.5 Sassy et al. (1988)
Lip mucosa Mouse F 0.8 Ang etal. (1985)
Mouse CLDR 0.8 Scalliet et al. (1987)
Mouse FLDR 0.6 Stiiben et al. (1991)
Tongue epithelium Mouse F 0.75 Dorr et al. (1993)
Skin (acute injury) Mouse F 15 Rojas et al. (1991)
Mouse CLDR 1.0 Joiner etal.
(unpublished)
Pig F 0.4+ 1.2* van den Aardweg
and Hopewell (1992)
Pig F 0.2 + 6.6* Millar et al. (1996)
Lung Mouse F 0.4 + 4.0 van Rongen et al. (1993)
Mouse CLDR 0.85 Down et al. (1986)
Rat FLDR 1.0 van Rongen (1989)
Spinal cord Rat F 0.7 + 3.8* Ang et al. (1992)
Rat CLDR 1.4 Scalliet et al. (1989)
Rat CLDR 1.43 Pop et al. (1996)
Kidney Mouse F 1.3 Joiner et al. (1993)
Mouse F 0.2+ 5.0 Millar et al. (1994)
Rat F 1.6-2.1 van Rongen et al. (1990)
Rectum (late injury) Rat CLDR 1.2 Kiszel et al. (1985)
Heart Rat F >3 Schultz-Hector et al. (1992)

Dose delivery: F, acute dose fractions, FLDR, fractionated low dose rate; CLDR, continuous low dose rate.

*Two components of repair with different halftimes.

Generally, the fraction of surviving cells associated
with an isoeffect is unknown and it is customary to
work in terms of a level of tissue effect, which we
denote as E. From equation 8.4:

Ela = D[1 + d/(a/f)] = BED

BED is a measure of the effect (E) of a course of
fractionated or continuous irradiation; when
divided by «v it has the units of dose and is usually
expressed in grays. Note that as the dose per frac-
tion (d) is reduced towards zero, BED becomes

D = nd (i.e. the total radiation dose). Thus, BED
is the theoretical total dose that would be required
to produce the isoeffect E using an infinitely large
number of infinitesimally small dose fractions. It
is therefore also the total dose required for a single
exposure at very low dose rate (see Chapter 12,
Section 12.5). As with the simpler concept of
EQD,, values of BED from separate parts of a
course of treatment may be added in order to cal-
culate the overall BED value. A disadvantage of
BED as a measure of treatment intensity is that it
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is numerically much greater than any prescribable
radiation dose of fractionated radiotherapy and is
therefore difficult to relate to everyday clinical
practice, which is the main reason why we recom-
mend the use of EQD, in this book.

Total effect

The total effect (TE) formulation is conceptually
similar to BED and has also been used in the liter-
ature. In this case, we divide E by [ rather than «,
to get

E/B = D[(a/B) + d] = TE

The units of TE are Gy?, which again means that the
TE values have no simple interpretation. The TE iso-
effect formulae are similar to the EQD, formulae
except that the denominator (2 + a/f3) is omitted.
This has the computational advantage that division
by this factor is done only for the final TE value and
not for any intermediate calculations. However, it
has the disadvantage that these intermediate results
are not recognizable doses, and we recommend the
EQD, method instead as a means of making it easier
to detect numerical errors in the calculation process.

8.11 LIMITS OF APPLICABILITY OF
THE SIMPLE LQ MODEL, ALTERNATIVE
MODELS

Uncritical application of the LQ model in clinical
situations could potentially compromise the
safety of a patient. Extrapolation of experience
from a standard regimen to a regimen using a
considerably changed overall treatment time or
dose per fraction should only be attempted with
great care. This is partly because of a limited pre-
cision in the radiobiological parameters of the LQ
model which will be ‘blown up’ when extrapola-
tion between very diverse schedules is performed.
But even if the parameters of the model were
known with high precision, some limitations to
the use of the LQ model are suggested by labora-
tory experiments.

At a dose per fraction of less than 1.0 Gy, the
phenomenon of low-dose hyper-radiosensitivity
(HRS; see Chapter 4, Section 4.14) — provided that

it exists in the critical normal tissues and tumours
in humans — would mean that using the standard
LQ model could considerably underestimate the
biological effect of a given total dose. This could
potentially affect the estimated biological effect of
some intensity-modulated radiation therapy
(IMRT) dose distributions where a relatively large
normal-tissue volume may be irradiated with a
dose per fraction in the HRS range (Honore and
Bentzen, 2006). A modified form of the LQ formula
has been derived (Chapter 4, equation 4.6) but the
model parameters are not yet known with any use-
tul precision for human tissues and tumours.

Also, at very high dose per fraction the mathe-
matical form of the LQ model is unlikely to be cor-
rect. While the LQ survival curve represents a
continuously bending parabola in a plot of the log-
arithm of surviving fraction versus dose, a number
of in vitro and in vivo datasets suggest that the
empirical survival curve asymptotically approaches
a straight line. Several attempts have been made to
extend the LQ model to high doses per fraction as
well, all of them leading to the inclusion of at least
one additional parameter in the model, as described
in Chapter 4, Section 4.13 (Lind et al, 2003;
Guerrero and Li, 2004). None of these models have
found wider applications in the analysis of clinical
data, at least so far, the obvious limitation being that
most clinical datasets have insufficient resolution to
allow the estimation of three model parameters. It is
difficult to give a specific dose per fraction beyond
which the simple LQ model should not be used, but
extrapolations beyond 5-6 Gy per fraction are likely
to lack clinically useful precision.

8.12 BEYOND THE TARGET CELL
HYPOTHESIS

The target cell hypothesis dominated much of
radiobiological thinking for almost half a century.
As described above, this hypothesis played a key
role in formulating the LQ formulae. More
recently, the importance of damage processing
and tissue remodelling in the pathogenesis of late
effects have been recognized (see Chapter 13 and
review by Bentzen, 2006). In addition, basic radio-
biology studies have revealed non-targeted effects
of ionizing radiation, such as the ‘bystander’
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response induced in cells in the vicinity of a cell
hit by ionizing radiation (Prise et al, 2005). All of
this has not restricted the clinical utility of the LQ
formula. Equation 8.5 can usefully be viewed as an
operational definition of «/( and a formula
allowing practical correction for the change in
biological effect as a function of dose per fraction.
The application of this formula does not depend
on the biological reality of target cells. Chapter 9
will pursue this more pragmatic or ‘data-driven’
approach to the LQ model in the clinic.

Key points

1. The LQ model satisfactorily describes the rela-
tionship between total isoeffective dose and
dose per fraction over the range of dose per
fraction from 1 Gy up to 5-6 Gy. In contrast,
power-law formulae can only be made to fit
data over a limited range of dose per fraction.

2. The «/f ratio describes the shape of the
fractionation response: a low o/ (0.5-6 Gy)
is usually characteristic of late-responding
normal tissues and indicates a rapid increase
of total dose, with decreasing dose per frac-
tion and a survival curve for the putative tar-
get cells that is significantly curved.

3. A higher a/f ratio (7-20Gy) is usually
characteristic of early-responding normal
tissues and rapidly-proliferating carcino-
mas; it indicates a less significant increase in
total dose with decreasing dose per fraction
and a less curved cell-survival response for
the putative target cells.

4. The EQD, formulae provide a simple and
convenient way of calculating isoeffective
radiotherapy schedules, based on the LQ
model. Tolerance calculations always require
an estimate of the o/ ratio to be included.

5. For short interfraction intervals, a correc-
tion may be necessary for incomplete repair.
When using the EQD, formulae to calculate
schedules with multiple fractions per day or
continuous low dose rate, an estimate of the
repair halftime must also be included.

6. The basic LQ model is appropriate for cal-
culating the change in total dose for an

altered dose per fraction, assuming the new
and old treatments are given in the same
overall time. For late reactions it is usually
unnecessary to modify total dose in
response to a change in overall time, but for
early reactions (and for tumour response) a
correction for overall treatment time should
be included. Although the effect of time on
biological effect is complex, simple linear
corrections have been shown to be of some
value (see Chapters 10 and 11).
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APPENDIX: SUMMARY OF FORMULAE

Basic equations:

E = n(ad + 3d*) = D(a + 3d)

d = dose per fraction

D = total dose

n = number of fractions
SE = exp(—E) = exp[—(a + (d)D]

For schedules having the same E (i.e. isoeffective
schedules),

d +(l/p)
—d+(a/ﬁ) hence: EQD,= D

LD d+ (a/B)
Dref 2+ (a/ﬂ)
Low dose rate:

log,2
o=

Ti/Z

T,,, = repair halftime

g = 2pt — 1+ exp(—pn))/(ut)’
t = exposure duration
D dg + (a/B)

EQD, 2+ (a/f)
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Incomplete repair correction:

¢ = exp(—pAT)
AT = interval between fractions

oAm) \1-¢ 1—¢
m = number of fractions per day

1+ H,)+(a/f)
2+ (a/B)

EQD, = D

Incomplete repair between low dose-rate
fractions:

¢ = exp(—u(t + AT))
AT = interval between fractions

t = exposure duration per fraction

g = 2pt — 1+ exp(—pn)/(ut)?
H :[3]_[L]_ m_ﬂ]
m) \1—¢ 1—¢

m = number of fractions per day

C=oxt 2cosh(,ut) -1
¢ Gy "
_ »dC +(alB)
BQD, =D 2+ (a/f)

For a full derivation of these equations, see
Nilsson et al. (1990).
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9.1 INTRODUCTION: BIOLOGICAL
EFFECT ESTIMATES ADJUSTING FOR
DOSE-TIME FRACTIONATION

Since the early years of radiation therapy it has
been appreciated that the biological effect of a
given physical absorbed dose of ionizing radiation
depends on how this dose is distributed over time.
For many years, the differential response of
tumours and normal tissues to changes in
dose—time fractionation appeared to be the most
important means of improving the therapeutic
ratio. Mathematical models — often referred to as
bioeffect models — were first introduced in the
1920s with the aim of quantifying the biological
effect of dose-fractionation schedules on tumour
control and normal-tissue side-effects. As discussed
in Chapter 8, the linear-quadratic (LQ) model was
introduced around 1980 and has gradually become

the model of choice for bioeffect estimation in
radiotherapy. In the beginning, the use of the LQ
model was conceptually linked to the target-cell
hypothesis. However, there is increasing evidence
that many late effects, and even some early effects,
of radiation therapy are not directly related to sim-
ple killing of a defined population of target cells
(see Chapter 13, and Bentzen, 2006). The most
prevalent current view is that the LQ approach
represents an approximate, pragmatic method for
converting dose—time fractionation schedules into
a biologically effective dose. The LQ model has a
limited range of applicability, and extrapolations
outside the range of available data should only be
performed with the greatest care. Model parame-
ters should be estimated from clinical observations
and their statistical precision should be taken into
account when used to estimate the biological effect
of a given schedule.
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While awareness has grown regarding the
limitations to the LQ model and the dangers
involved in using it uncritically, the application
of this approach has also increased. There are sev-
eral reasons for this. Intensity-modulated radio-
therapy (IMRT) represents a convenient way of
delivering radiation therapy with varying dose per
fraction to multiple target volumes in a single ses-
sion. At the same time, IMRT and conformal
radiotherapy generally leads to non-uniform dose
distributions in normal tissues and organs, deliv-
ering dose with a varying dose per fraction to var-
ious subvolumes — in contrast to parallel opposing
field techniques that typically lead to partial organ
irradiation with a dose per fraction close to the
fraction size prescribed to the target volume.
Finally, the realization that the fractionation sen-
sitivities of at least some human tumours are in
the same range as that typical of late normal-tis-
sue effects (in contrast to what was widely
assumed when the LQ model was introduced in
the 1980s) has renewed the interest in the use of
hypofractionation, that is, prescriptions with frac-
tion sizes larger than 2 Gy.

9.2 QUANTITATIVE CLINICAL
RADIOBIOLOGY: THE LQ
FRAMEWORK

Several, mathematically equivalent, methods have
been devised for performing bioeffect calculations
with the LQ model as discussed in Chapter 8. The
method presented in this chapter converts all
phases of a treatment into the equivalent dose in
2-Gy fractions (EQD,). This has the advantage
that these doses are clinically relevant and they are
measured on the scale where much of the clinical
experience on dose-response relationships is
available. The EQD, values from various parts of a
fractionation schedule may be added directly. The
EQD, is identical to the ‘normalized total dose’
(NTD) proposed by Withers and colleagues
(1983) (see also Chapter 8).

Large fractionation studies in the laboratory,
mainly conducted in rodents in the 1980s, showed
the ability of the LQ model to provide a close
quantitative relationship between the isoeffective

doses for schedules applying varying dose per
fraction. These studies also produced a number of
a/ B ratio estimates for various normal-tissue end-
points (see Table 8.1). In parallel with these exper-
imental studies, a number of clinical studies have
produced o/ estimates for human endpoints and
these are summarized in Table 9.1.

Bioeffect calculations should be used only as
guidance for clinical decision-making. All of the
formulae applied here have a limited field of appli-
cability; the model assumptions may be violated in
some circumstances, relevant parameters may not
be known for human tissues and tumours and the
uncertainty in parameter estimates, even when
these are available, may give rise to considerable
uncertainty in the biological effect estimates.
A (self-)critical and cautious attitude is recom-
mended and the health and safety of patients
should not be compromised by reliance on the
result of calculations of the type described in this
chapter. We advocate the use of clinical parameter
estimates whenever possible. If no clinical estimates
are available we suggest using the values from
experimental animal studies as a guide, but be well
aware of the fact that these may not be valid for the
clinical endpoints of interest. The use of ‘generic’
values, say, 3Gy for late effects and 10Gy for
tumours, should be seen as the least evidence-based
approach. There is less and less reason to believe
that these values can be generalized across a wider
range of human normal-tissue endpoints and
tumour histologies. Therefore, calculations using
these values may be seen as simply exploring the
behaviour of the model — an exercise detached
from the clinical reality that we should be studying.
That said, a numerical estimate is often very useful
when considering various therapeutic options and
it is often possible to get an impression of how reli-
able such an estimate is, just by doing a simple cal-
culation as illustrated in this chapter.

9.3 CHANGING THE DOSE PER
FRACTION

The simplest case we will consider is when the
dose per fraction is changed without change in the
overall treatment time and when incomplete



Table 9.1 Fractionation sensitivity of human normal tissues and tumours

Tissue/organ

Early reactions
Skin

Oral mucosa

Late reactions
Skin/vasculature

Subcutis
Breast

Muscle/vasculature/
cartilage
Nerve

Spinal cord
Eye

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
Nasopharynx

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
Pneumonitis
Lung fibrosis
(radiological)
Various late effects
Various late effects
Various late effects
Various late effects

a3 (Gy)

8.8
12.3

11.2
9.3
15

2.8
2.6
2.8
1.7
3.4

3.1
3.5

<3.5%

1.6
<33
29
3.9
43
4.0
3.1

3.5
4.0
3.8
0.8

10.5
14.5*
~13
6.6
7.2
16
8.5"
1.1
4.6
4.9
0.6
0.4

959% CL (Gy)

6.9; 11.6
1.8;22.8
N/A

8.5;17.6
5.8;17.9
—15;45
N/A

1.7;3.8
2.2;3.3
—0.1; 8.1
0.6; 2.6
2.3;45

1.8;4.4
0.7; 6.2

N/A

N/A
—7;10
N/A
—4;10
2.5;5.3
2.2;9.6
2.2;5.8
—0.2; 85

1.1;5.9
3.3;5.0
0.8; 14
—0.6; 2.5

6.5; 29
4.9; 24
'wide'
2.9;
3.6; »
—11; 43
4.5;11.3
—3.3;5.6
1.1; 8.1
1.5;17
—-1.1;25
—1.4;54

Source

Turesson and Thames (1989)
Bentzen et al. (1988)
Chogule and Supe (1993)
Turesson and Thames (1989)
Denham et al. (1995)
Rezvani et al. (1991)
Chogule and Supe (1993)

Turesson and Thames (1989)
Bentzen et al. (1990)

Bentzen and Overgaard (1991)
Bentzen and Overgaard (1991)
START Trialists Group (2008)

Yarnold et al. (2005)
Bentzen et al. (1989)

Olsen etal. (1990)
Powell et al. (1990)
Jiang et al. (1994)
Dische et al. (1981)
Jiang et al. (1994)
Deore et al. (1993)
Dische et al. (1999)
Bentzen et al. (2000)
Dubray et al. (1995)

Rezvani et al. (1991)
Stuschke and Thames (1999)
Maciejewski et al. (1986)
Maciejewski et al. (1990)

Stuschke and Thames (1999)
Rezvani et al. (1993)
Robertson et al. (1993)
Maciejewski et al. (1989)
Maciejewski et al. (1989)
Lee et al. (1995)

Trott et al. (1984)

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

Bentzen et al. (1989)
Thames and Suit (1986)

CL, confidence limit.

*Re-analysis of original published data.
1Several more estimates are available from comparisons of outcome after brachytherapy versus external-beam therapy.

Reference details are available from Sgren Bentzen. See also Thames et al. (1990) and Table 13.2.
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repair between dose fractions is negligible. We use
the Withers formula to convert a total dose D
delivered with dose per fraction d into the isoef-
fective dose in 2-Gy fractions:

d+(afB)

EQD, = D+ ——
Qb2 2 Gy + (af)

(9.1)

Note, that the only parameter in this formula is
the /3 ratio, which is a characteristic of the end-
point of interest. Any biological dose calculation
will therefore start with the identification of the
tumour or normal-tissue endpoint of concern in
the clinical situation. For a given fractionation
schedule we may, for example, be interested in
EQD, for a squamous cell carcinoma of the lung
and for lung fibrosis and we would then start by

A patient with metastatic bone pain located to
the 5th thoracic vertebra is considered for pal-
liative radiotherapy using 4 X 5 Gy.

Problem: What is the isoeffective dose in 2-Gy
fractions for spinal cord?

Solution: First, we need to choose the value of
a/B. From Table 9.1 it is seen that the upper
bound on /B from human data is 3.5Gy.
Experimental animal studies (see Table 8.1)
have produced estimates around 2Gy. We
choose /(3 = 2 Gy, insert the values for total
dose, 20Gy, and dose per fraction, 5Gy, in
equation 9.1 and get:

5Gy +2Gy _

EQD; =2OGY'ZGy-FZGy

35 Gy

Thus, 20 Gy delivered in 5-Gy fractions is bio-
logically equivalent to 35 Gy in 2-Gy fractions
for an endpoint with o/ = 2.0 Gy.

selecting appropriate «/[3 ratios from Tables 8.1,
9.10r13.2.

9.4 CHANGING THE
TIME-INTERVAL BETWEEN
DOSE FRACTIONS

Multiple fractions per day schedules are associated
with an increase in biological effect unless the
interval between fractions is sufficiently long to
allow full recovery between fractions. There are
data to suggest that the characteristic halftime of
recovery is in the order of 4-5 hours for some
human late endpoints (Bentzen ef al., 1999) and
possibly even longer for spinal cord and brain
(Dische and Saunders, 1989; Lee et al., 1999). This
means that recovery will not be complete even
with a 6- to 8-hour interval between fractions. In
this situation it is necessary to modify the simple
LQ model as described in Chapter 8. Equation 8.7
can be used under the assumption that repair is
complete in the long overnight interval (i.e.
between the last fraction delivered in one day and
the first fraction on the following day). Even this
assumption starts to be problematic with repair
halftimes of 4-5 hours. Guttenberger et al. (1992)
derived a formula where unrepaired damage is
allowed to accumulate throughout the fractiona-
tion course. Unfortunately, this formula is not easy
to tabulate as it depends not only on the repair
halftime and the dose per fraction but also on the
exact arrangement of dose fractions over time.

9.5 CONTINUOUS IRRADIATION

In brachytherapy, repair takes place not only after
irradiation but also during the application. In this
case, the apparent dose per fraction is modified by
a function of the exposure time and the repair or
recovery halftime, T;,, (see Chapter 8, Section
8.8). Depending on the detailed dose rates, the
isoeffective dose may depend strongly on Ty, for
a given endpoint. As these halftimes are usually
not known with any useful precision from clinical
data, great care should be taken when interpreting
the results of isoeffect calculations for continuous
irradiations.
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A patient with head and neck squamous cell car-
cinoma (HNSCC) is prescribed 70 Gy in 2-Gy
fractions over 7 weeks. After 50 Gy, he has an
intercurrent pneumonia and cannot attend
radiotherapy for 1 week. In order to finish treat-
ment on time, it is decided to give the last 20 Gy as
2 X 2 Gy per day on the last five treatment days.

Problem: What is the isoeffective dose in 2-Gy
fractions for subcutaneous fibrosis for a 6-hour
interval and an 8-hour interval?

Solution: First, we need to choose the values
of a/f and Tj),. From Table 9.1 it is seen that
o/f=17Gy and from Table 9.2 we get
T\, = 4.4 hours. We now use equation 8.7:

. d-[1+ H,(T,,,;AT)] + (a/5)
2Gy + (a/f)

EQD, = D

In this case, m = 2 and we use Table 8.2 to look
up the values of H,. For an interfraction interval
of 6 hours, we see that H, is between 0.35
(T, = 4.0 hours) and 0.44 (T,;, = 5.0 hours).
Interpolation between these values yields

H, = 0.39 for T};, = 4.4 hours and therefore:
EQD, (At = 6 hours) = 50Gy
2[1 + 0.39]Gy + 1.7Gy

+ 20Gy -
Y 2Gy + 1.7Gy

= 74.2Gy

For an 8-hour interval the value of H, is between
0.25 (T}, = 4.0h) and 0.33 (T3, = 5.0 hours).
Interpolation between these values yields
H, = 0.28 for T}, = 4.4 hours and therefore:

EQD, (At = 8 hours) = 50Gy
201 + 0.28]Gy + 1.7Gy

+ 20Gy -
Y 2Gy + 1.7Gy

= 73.0Gy

Thus, about 1.2 Gy will be spared from increas-
ing inter-fraction intervals from 6 to 8 hours.

As mentioned above, this calculation assumes
that the overnight interval is sufficiently long to
assure complete repair of sublethal damage. This
assumption starts to break down when T, is
4.4 hours. A calculation using the formula of
Guttenberger et al. (1992) gives an EQD, for the
last week of twice daily treatment of 25.2 Gy
(rather than 24.2 Gy as calculated in the exam-
ple) for the 6-hour interval and 24.2 Gy (rather
than 23.0 Gy) for the 8-hour interval.

Table 9.2 Repair halftime [7'1/2] for human normal-tissue endpoints

Endpoint Dose delivery* T1/2 (hours)
Erythema, skin MFD
Mucositis, head and neck MFD 2-4
FLDR 0.3-0.7
Laryngeal oedema MFD 4.9
Radiation myelopathy MFD >5
Skin telangiectasia MFD
MFD 3.8
Subcutaneous fibrosis MFD 4.4
Temporal lobe necrosis MFD >4
Various pelvic complications HDR/LDR 1.5-2.5

035and 1.2t 7

0.4 and 3.5t ?

959% CL (hours) Source

Turesson and Thames (1989)

? Bentzen et al. (1996)
? Denham et al. (1995)
3.2;6.4 Bentzen et al. (1999)
? Dische and Saunders (1989)

Turesson and Thames (1989)

2.5; 4.6 Bentzen et al. (1999)
3.8;4.9 Bentzen et al. (1999)
? Lee et al. (1999)

? Fowler (1997)

CL, confidence limit.

*MFD, multiple fractions per day; FLDR, fractionated low dose-rate irradiation; HDR/LDR, high dose-rate/low dose-rate comparison.

tEvidence of two components of repair with different halftimes.

Reference details are available from Sgren Bentzen.
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There has been some interest in intraluminal
brachytherapy combined with external-beam
radiotherapy for endobronchial cancer. Fuwa
et al. (2000) delivered external-beam radiotherapy
combined with intraluminal brachytherapy: typi-
cally two or three fractions of 5Gy in 2.5 hours
delivered using a thin catheter with a 19211 wire,
combined with an external-beam dose of 52 Gy.

Problem: What is the equivalent dose in 2-Gy
fractions, of 5Gy in 2.5 hours for lung fibrosis
assuming two different recovery half-times, T} ,,
of 1.5 hours and 5 hours?

Solution. From Table 9.1 we find the point esti-
mate of a/f for lung fibrosis to be 3.1 Gy. We
show here the calculation for T}, = 5 hours. We
first calculate ut, where ¢ is the duration of one
application:

that is pt becomes (0.139/hour) X 2.5 hours =
0.348. Next, we calculate g (see equation 12.2):

2t =1+ exp(—ut)]

(ut)®

348 — 1+ b
_ 2[0.348 — 1 + exp(—0.348)] ~ 0.893

0.348°

This value is inserted into equation 8.8 (note
that the total dose, D, in this case is equal to the
dose per fraction, d; i.e. the dose delivered in a
single application of the brachytherapy):

dg +(af)
2+ (ap)
X 0. +3.
sy 0.893Gy 31Gyz7'4Gy

2Gy + 3.1Gy

EQD, =D

For Ty, = 1.5 hours, we get ¢g=0.70 and
EQD, = 6.5 Gy, that is, roughly a 12 per cent
lower equivalent dose in 2-Gy fractions than we
calculated for T, = 5 hours.

Example 3 shows, what we would also expect
intuitively, that the effect of protracting the deliv-
ery of a dose fraction is reduced when the recov-
ery halftime is longer (i.e. less recovery will take
place during the irradiation). A 5-Gy fraction
delivered with acute dose rate, that is assuming no
recovery at all during delivery, would correspond
to an EQD, of 7.9 Gy for a/3 = 3.1 Gy.

9.6 CHANGING THE OVERALL
TREATMENT TIME

Very often, two fractionation schedules will differ
in overall treatment time. There are good reasons
to believe that overall treatment time has very little,
if any, influence on late radiation effects (Bentzen
and Overgaard, 1995). However, for most tumour
types and for early endpoints, the biological effect
of a specific dose-fractionation will decrease if
overall treatment time is increased. In other words,

an extra dose will be needed to obtain the same
level of effect in a longer schedule. This has tradi-
tionally been interpreted as the result of prolifera-
tion of target cells in the irradiated tissue or
tumour, and many attempts have been made to
include this effect in the LQ model. Experimental
animal studies have shown that this is a non-linear
effect as a function of time; in other words, the dose
recovered per unit time will change as a function of
the time since the initial trauma. At present, there is
no mathematical model describing this recovery
over extended intervals. Instead, the most cautious
approach is to use a simple linear relationship in a
fairly narrow interval around the overall time of the
schedule from which it has been estimated. The
magnitude of the time effect is most conveniently
quantified by Dy, which is the dose recovered per
day due to proliferation. However, the exact mech-
anism behind this recovery is not critical for this
pragmatic correction. For minor changes in overall
time, say, a 4-day protraction of a schedule, the
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Table 9.3 Values for the dose recovered per day owing to proliferation Dy from clinical studies

Tissue Endpoint Dyroiis (Gy/day)  950% CL (Gy/day) 7" (days) Source
Early reactions
Skin Erythema 0.12 —0.12;0.22 <12 Bentzen et al. (2001)
Mucosa Mucositis 0.8 0.7; 1.1 <12 Bentzen et al. (2001)
Lung Pneumonitis  0.54 0.13;0.95 Bentzen et al. (2000)*
Tumours
Head and neck
Larynx 0.74 0.30: 1.2 Robertson et al. (1998)
Tonsils 0.73 30 Withers et al. (1995)
Various 0.8 0.5; 1.1 21 Robers et al. (1994)
Various 0.64 0.42;0.86 Hendry et al. (1996)*
Esophagus 0.59 0.18:0.99 Geh et al. (2005)
Non-small cell 0.45 N/A Koukourakis et al. (1996)
lung cancer
Medulloblastoma 0.52 0.29:0.75 0 or 21 Hinata et al. (2001)

CL, confidence limit.
*Pooled estimate from a review of studies in the literature.
1Ty is the assumed time for the onset of accelerated proliferation.

Reference details are available from Sgren Bentzen.

simple estimate would then be that the EQD, has to
be reduced by 4 X D, Using this method, the
isoeffective doses in 2-Gy fractions delivered over
two different times, tand T, will be related as:

EQD,,r = EQD,,; — (T — ) Dyolis (9.2)

Note, that if T> t then EQD, r < EQD, . There
is no simple rule specifying the maximum differ-
ence between the two times, T and ¢, where this lin-
ear correction is reasonable. For a 1-week difference
this approximation would probably be reasonable
whereas for a 3- to 4-week difference this would not
be a safe assumption. Another concern is that D¢
may depend on the intensity of the schedule; in

other words, a very short intensive schedule may
give rise to an increased value of Dy A serious
warning is that little is known about the value of
Dyroiif for various tumours and normal-tissue end-
points and that most of the published values only
apply towards the end of a standard 6- to 8-week
schedule. For tumours, the majority of available
estimates are for squamous cell carcinoma of the
head and neck (Table 9.3). As mentioned above, it
appears safe to assume that D, is zero for late
endpoints at least for overall treatment times up to
6-8 weeks. For early reactions, a linear correction is
also applicable over a limited range of treatment
times, see Bentzen et al. (2001).

The Danish Head and Neck Cancer Group
(DAHANCA) conducted a randomized con-
trolled trial of 66—68 Gy in 33-34 fractions ran-
domizing between five and six fractions per
week (Overgaard et al, 2003). This trial,
DAHANCA 6/7, comprised 1476 patients with
HNSCC receiving definitive radiotherapy with-
out chemotherapy.

Problem: What is the expected difference in bio-
logically effective dose for HNSCC between the
two arms of the trial?

Solution: Starting treatment on a Monday, 33
fractions delivered at five fractions per week will
take 6 full weeks plus 3 additional treatment
days (a total of 45 days). With six fractions
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per week the overall treatment time becomes 5
full weeks plus 3 additional treatment days (a
total of 38 days). From Table 9.3 we see that
Dyyoiie for HNSCC is about 0.7 Gy/day. There is
no demonstrable difference in D, among the
various subsites of the head and neck region. We
insert these values in equation 9.2 and get:

EQD2’38 = EQD2,45 - (38 - 45) daYS
X 0.7 Gy/day
= 66 Gy + 4.9Gy = 70.9 Gy

Thus, 66 Gy delivered over 38 days is biologi-
cally equivalent to 70.9Gy in 2-Gy fractions
delivered over 45 days for HNSCC. This time dif-
ference will be the same for a patient receiving
68 Gy in 34 fractions with five or six fractions
per week.

If the two schedules in Example 4 had
employed doses per fraction that were different
from 2 Gy, we would first have calculated the
equivalent EQD, values before doing the time
correction.

9.7 UNPLANNED GAPS IN
TREATMENT

A problem frequently encountered in radiother-
apy practice is the management of unscheduled
treatment interruptions. Studies have shown that
up until 1990 about a third of all patients with
HNSCC experienced one or more unplanned gaps
in treatment leading to a protraction of overall
treatment time of more than 6 days. These inter-
ruptions were typically caused by patient-related
factors (intercurrent disease, severe radiation
reactions) or logistic factors (public holidays,
treatment machine downtime, transport difficul-
ties). The management of treatment gaps has been
considered in some detail by a working party of
the UK Royal College of Radiologists (Hendry
et al., 1996). The recommendation to avoid gaps
or actively modify treatment after a gap is based
on the clinical evidence for a negative therapeutic
effect of gaps in radiotherapy schedules. This evi-
dence is strongest for squamous cell carcinoma
(SCC) of the head and neck, non-small cell lung
cancer and cancer of the uterine cervix, and it is
therefore recommended that the remaining part
of the treatment be modified in order to adjust for
the unscheduled interruption. There is also some
support for the importance of overall treatment
time in SCC of the skin and vagina and in medul-
loblastoma. Less evidence exists for other radical
treatments and there is no reason to believe that
overall treatment time is a significant factor in
palliative radiotherapy.

Treatment schedules may be adjusted by accel-
erating radiotherapy after the gap. In a planned
schedule delivering one fraction per day, 5 days
per week, this can be accomplished by giving more
than five fractions per week, either as two frac-
tions per day, as in Example 2 above, or preferably
by treating on Saturday and/or Sunday. The idea is
to deliver the planned total dose, with the pre-
scribed dose per fraction, in as near the planned
overall time as possible. If two fractions per day
are delivered, these should be separated by the
maximum practical interval (at least 6 hours and
preferably more). Note that with long repair half-
times, incomplete repair between the dose frac-
tions may require a dose reduction if the chance of
late complications is kept fixed. Alternatively,
delivering the remaining part of the treatment
with hypofractionation may be considered.
Whether this type of adjustment will lead to
increased late sequelae or decreased tumour con-
trol depends on the exact values of o/ for the rel-
evant late normal-tissue endpoints and the
tumour type in question.

9.8 ERRORS IN DOSE DELIVERY

Dosimetric errors in delivering the prescribed
dose per fraction made early in a treatment can be
corrected by modifying the dose per fraction and
total dose given subsequent to discovery of the
error, using the LQ model to calculate the correct-
ing doses, which should be completed within the
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A patient with colorectal cancer is planned to
receive preoperative radiotherapy with five times
5Gy from Monday to Friday (Kapiteijn et al.,
2001). The first two fractions are given as planned
on Monday and Tuesday, but owing to a machine
breakdown, no treatment could be given on
Wednesday. In order to finish as planned on
Friday, delivering the isoeffective tumour dose by
increasing the size of the two fractions to be given
on Thursday and Friday is considered. We assume
that /3 = 10 Gy for colorectal cancer.

Problem: What is the required dose per fraction
for the last two fractions? What is the accompa-
nying change in the risk of rectal complications
from this modified fractionation schedule?

Solution: The tumour EQD, for the final three
fractions originally planned is:

5Gy +10Gy

= 18.75Gy
2Gy +10Gy

EQD, = 15Gy X

We want to estimate the dose per fraction, x, so
that delivering two fractions of this size gives an
EQD, of 18.75 Gy to the tumour:

x +10Gy

EQD, = 2x X —— 2
s 2Gy +10Gy

In the following, we remember that x will
have the physical units of gray and start solving
this quadratic equation:

x+10

2+10
18.75-12 = 2x* + 20x <
2x%4+20x—225=10

18.75 = 2x X

The solution to a quadratic equation of the form
ax+ bx+ c=0is

‘= —b+b* —dac
2a

(Note that only the positive root produces a
physically meaningful dose.) In the present case,

we get:

—20 + /202 — 4 X 2 X (—225)
x:
2X2

=20 ++/400 +1800 _ —20 + 469 _
4 4

Remember the unit: gray. In other words, we
would have to give fractions of 6.7Gy on
Thursday and Friday, a total of 13.4 Gy, to achieve
the same tumour effect. This is of course less than
the 3 X 5 Gy originally planned for Wednesday to
Friday, and the reason for this is the larger effect
per gray deriving from the increased dose per
fraction in the modified schedule.

How will this affect the risk of bowel damage?
From Table 9.1, we find a/3 of 4 Gy. The EQD, of
the modified schedule to the bowel is now:

5Gy + 4Gy PN
2Gy +4Gy

6.7Gy + 4Gy
2Gy + 4Gy

6.7

EQD, = 10Gy X

X 6.7Gy X = 389Gy
This value does not take the very short overall
treatment time of 5 days into consideration and it
is possible that such short schedules could involve
an increased risk of consequential late reactions.
Here, we focus only on the change in biological
dose deriving from the change in dose fractiona-
tion and we note that the overall treatment time
is unchanged in the two schedules compared
here. The originally planned X 5 Gy corresponds
to an EQD, for bowel of about 37.5Gy.
Therefore, the risk of late bowel morbidity will be
increased if this modification is implemented.

Clinically, one would be concerned about
increasing dose per fraction from 5 to 6.7 Gy.
Biologically, it may be questioned whether the use
of the LQ model is safe anyway at these large
doses per fraction (see Chapter 8, Section 8.11). It
should also be noted that, if we use a lower o/,
for example the 1.7 Gy estimated for fibrosis, the
change in EQD, for this endpoint is expected to
be from 45 Gy to 48.5 Gy. It could be considered
keeping to 5 Gy per fraction and simply accepting
a 3-day protraction (i.e. finishing on Monday) or
to give the fifth fraction on Saturday.
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same overall time as originally prescribed. If the
initial error was giving a larger dose per fraction
than planned (a hypofractionated error), then the
rest of the treatment should be hyperfractionated
to compensate. If the initial error was giving a
lower dose per fraction than planned (hyperfrac-
tionated), then the rest of the treatment should be
hypofractionated to compensate.

Joiner (2004) showed how to calculate the dose
per fraction used to bring the treatment back
exactly to planned tolerance simultaneously for all
tissues and tumour involved, following either
hyperfractionated or hypofractionated errors
made initially, without the need to know any o/f3
ratios. Defining planned treatment as p Gy per

fraction to a total dose of P Gy, suppose the initial
error is e Gy per fraction given to a total of E Gy.
Using the LQ model to describe all isoeffect rela-
tionships between total dose and dose per fraction
for the tumour and the normal tissues, then the
compensating dose per fraction of d Gy to a total
dose of D Gy are given by the simple formulae:

D=P—E (9.3)
_B—E (9.4)
P—E

Notably, it can be seen that the total dose for the
complete treatment (error plus compensation)
remains as originally prescribed.

A patient is intended to receive 35 X 2 Gy per
fraction, with five fractions per week to an overall
time of 7 weeks. By error, the treatments on each
of the first 2 days are given as 4 Gy per fraction.

Problem: What is the dose per fraction that
should be given in the remainder of the treat-
ment, to exactly compensate for the initial error?

Solution: The total error dose (E) is 8 Gy; there-
fore from equation 9.3, the total compensating
dose (D) is:

70Gy — 8Gy = 62 Gy
The dose per fraction used for the compensa-
tion, given by equation 9.4, should be:

70Gy - 2Gy — 8Gy - 4Gy
70Gy — 8Gy

= 174Gy  (9.4)

This gives 62/1.74 = 35.6 fractions for the com-
pensating 62 Gy. Since an integral number of
fractions must be given, the nearest compensat-
ing treatment is 36 X 1.72 Gy.

In this example, there are 33 weekday treat-
ment days left to use in the original planned
overall time, so three of the 1.72 Gy doses must
be given on Saturdays, or using two fractions per
day on three of the Fridays, in order not to
extend overall treatment time. It must be noted
that equations 9.3 and 9.4 are valid only in the
absence of incomplete repair; therefore com-
pensating treatments should not be scheduled in
a way that would introduce significant incom-
plete repair. This favours using Saturdays to
deliver the additional doses, or leaving the max-
imum possible time between two doses given on
Fridays, but at least 6 hours.

9.9 RE-IRRADIATION

A specific problem in clinical practice is the radio-
therapeutic management of patients with a new
primary tumour or a loco-regional recurrence in
an anatomical site that necessitates re-irradiation
of a previously irradiated tissue or organ.
Experimental animal data demonstrate that various

endpoints differ markedly in their capacity for
long-term recovery of radiation tolerance (see
Chapter 19). Quantitative clinical data are sparse
and it may not be safe to assume any particular
value of the recovery in a clinical setting. The
most reasonable approach is probably to use the
LQ model to estimate the EQD, values for the
normal-tissue endpoints of concern without any
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explicit recovery assumed, and then to apply a
clinical assessment of the re-irradiation tolerance
based in part on the experience from animal
experiments. Obviously, such an assessment
would also include other clinical aspects such as
the life expectancy of the patient in relation to the
latent period of late damage, and the prospects for
long-term benefit from the re-treatment.

9.10 FROM CHANGE IN DOSE TO
CHANGE IN RESPONSE RATE

Early papers on the use of the LQ model in biolog-
ical dose calculations were all concerned with esti-
mation of isoeffective doses. In practice, two
dose-fractionation schedules will most often not
produce exactly the same biological effect, and
even if they are isoeffective with respect to a

specific endpoint they will typically not be so with
respect to other endpoints. In these situations, it
is necessary to consider the steepness of the
dose—response curve in order to estimate the asso-
ciated change in the incidence of a clinical end-
point in going from one schedule to the other.

In the following, response rate refers to either a
tumour control probability or a normal-tissue
complication probability. If the response rate is R
after a dose D, the change in response rate, in per-
centage points, after an increment in dose, AD, is
approximately:

~ % X 100% X , 9.5)

where ~, is the local value of the normalized
dose-response gradient (see Chapter 5). The use
of this formula is illustrated by the following
example.

For the DAHANCA 6/7 trial, we calculated in
Example 4 that the acceleration in the six frac-
tions per week arm corresponded to an effective
4.9-Gy dose increment. Assume that the local
tumour control probability (T-position alone)
in the five fractions per week arm is 64 per cent
(this is the actual observed control probability in
this arm of the trial).

Problem: What is the expected increase in
tumour control probability from the treatment
acceleration?

Solution: First, we need to choose the value of +.
From Figs 5.4 and 5.5 (Chapter 5), we find that
750 is around 1.8 for head and neck cancer with
a trend towards higher values for vocal cord

tumours. At the 64 per cent level, this value is
still valid (see Table 5.1). Using this value of 7
allows us to calculate the expected change in
response:

4.9Gy
6 Gy

X100% X 1.8 = 13%

Thus, the local tumour control probability is
expected to increase by 13 per cent. The
observed local tumour control rates in the trial
were 64 per cent and 76 per cent in the five- and
six-fraction per week arms, respectively
(Overgaard et al., 2003). This means that the
tumour control rate increased by 12 per cent, in
very good agreement with the expected increase
calculated here.

9.11 DOUBLE TROUBLE

Dosimetric hot spots receive not only a higher total
dose but also a higher dose per fraction. Rodney
Withers (see, for example, Lee et al., 1995) has called
this phenomenon ‘double trouble’ A hot spot could

arise as a result of internal and external inhomo-
geneities or because of the radiation field arrange-
ment. A special case is in the match zone between
two abutted fields where, depending on the geomet-
rical matching technique used, a small tissue vol-
ume could be markedly overdosed or underdosed.
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The peak absorbed dose in the match zone
between two abutted photon fields is measured
by film dosimetry to be 118 per cent of the dose
on the central axis of one of the abutting fields.
A total dose of 50 Gy is delivered in 25 fractions.
The peak physical absorbed dose per fraction in
the match zone is 2.36 Gy and the corresponding
total dose is 25 X 2.36 Gy = 59.0 Gy.

Problem: What is the peak biologically isoeffec-
tive dose in 2-Gy fractions in the match zone for
a late normal-tissue endpoint with o/3 = 2 Gy
and for a tumour with o/ = 10 Gy?

Solution: This is a straightforward application

of Withers’ formula (equation 9.1). For the late
endpoint we get:

2.36Gy + 2Gy

EQD, = 59Gy X —

= 643Gy

And for the tumour:
236Gy +10Gy _

BQD, =BGy 2Gy +10Gy

60.8 Gy

It is seen that the greater fractionation sensitiv-
ity of the late endpoint relative to the tumours in
this example means that the biological effect of a
hot spot is relatively more important for the late
endpoint.

Historically, match zone overdosage of the
brachial plexus has been associated with an
unacceptable incidence of radiation plexopathies
in patients receiving postoperative radiotherapy
for breast cancer (Bentzen and Dische, 2000).
These problems can largely be avoided by using a
more optimal treatment technique.

Clearly, volume effects should be considered
in relation to the double-trouble phenomenon.

9.12 THE UNCERTAINTY IN
BIOLOGICAL EFFECT ESTIMATES

An impression of the uncertainty in biological
effect estimates may be obtained simply by vary-
ing the value of /3 or Dyji¢ OT 5. The idea is to
insert the lower and upper 95 per cent confidence
limits of the parameter in question and use these
as 95 per cent confidence limits for the biological

effect estimate. This technique is only straightfor-
ward if we are concerned with uncertainty in a
single parameter, say, uncertainty in /(. If we
want to evaluate the effect of uncertainty in two
parameters, for example Dy, and s, it is neces-
sary to use more advanced methods. It is not a
good approximation simply to insert the lower
and upper confidence limits for both parameters
in the calculation.

We will repeat the calculation in Example 8, but
this time we will use the o/ ratio for subcuta-
neous fibrosis from Table 9.1. In other words, we
want to estimate the EQD, for subcutaneous fibro-
sis for a schedule delivering 59 Gy in 25 fractions
(i.e. employing a dose per fraction of 2.36 Gy).

Problem: What is the isoeffective dose in 2-Gy
fractions for subcutaneous fibrosis and the asso-
ciated 95 per cent confidence limits?

Solution: Table 9.1 gives /3 = 1.7 Gy with 95 per
cent confidence limits 0.6 Gy and 2.6 Gy. Thus,

236Gy +1.7Gy

EQD, =59Gy X
Qb: Y 2Gy +1.7Gy

= 64.7Gy

Similarly, for /8 = 2.6 Gy, the lower 95 per cent
confidence limit for EQD, becomes 63.6 Gy.
Using o/ 3 = 0.6 Gy, the upper 95 per cent confi-
dence limit becomes 67.2 Gy. Thus, our best esti-
mate of EQD, for subcutaneous fibrosis is
64.7Gy with 95 per cent confidence limits
63.6 Gy and 67.2 Gy.

The confidence interval in this example is
atypically narrow. Most o/ values for human
normal-tissue endpoints and tumours are known
with poorer precision than the value for subcuta-
neous fibrosis. Also, when the LQ formula is used
to extrapolate to doses that are further away from
2 Gy than the 2.36 Gy considered in the example,
uncertainty in /3 becomes more important.
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Another useful approach is to identify the main
clinical concern. In Examples 8 and 9, the main
concern is the added risk of complications associ-
ated with the overdosage in the match zone. In
Example 5, the main concern is the possible
increase of late effects after hypofractionation. In
these cases, it is of course cautious to assume a low
value for a/(. If, on the other hand, we want to
estimate the sparing from hyperfractionation in a
given patient, it would be conservative (i.e. we
would not be overestimating the benefit) if we
assumed a relatively high value of a/f.

A final observation is that the confidence inter-
val for a/(3 derived from animal studies is gener-
ally narrower than for the corresponding human
endpoint. This probably reflects that the number
of subjects is often larger in the experimental
studies and that dose and dose per fraction is var-
ied more systematically and over a wider range of
values. As mentioned above, we would suggest
that the full calculation, including the estimation
of confidence limits, is done using the parameter
estimates from the human data whenever possi-
ble, and that an independent calculation is done
using the animal data.

9.13 SOME CURRENT ISSUES IN
THE CLINICAL APPLICATION OF THE
LQ MODEL

The question whether the LQ approach has been
validated can only be addressed on an endpoint-
by-endpoint basis. The LQ model has been
applied to datasets from quite a few clinical stud-
ies, and there has in many cases been good agree-
ment between the predicted and observed study
outcome. This gives some confidence in using the
model to estimate the effects of changed dose
fractionation in situations where there are clinical
parameter estimates. Roughly, the dose per frac-
tion, where use of the LQ model is supported by
data, ranges from about 1.0 Gy to 5Gy or so. As
mentioned in the introduction to this chapter,
even then there is often a lack of appropriate
parameter estimates, or the available estimates
have wide 95 per cent confidence limits.
Parameter estimates for clinical endpoints remain
relatively scarce. Some papers derive parameter

values based on fixing one or more other parame-
ters in the estimation. Clearly, these estimates
become circular to some extent. While the clinical
importance of low-dose hyper-radiosensitivity
remains controversial, there is little empirical sup-
port from clinical studies for the use of the LQ
model at dose per fraction of < 1.0 Gy. This is an
important issue as many IMRT techniques involve
irradiation of large normal-tissue volumes with
dose fractions in this range. At the other end of the
spectrum, techniques such as extracranial stereo-
tactic body radiotherapy, or intraoperative radio-
therapy or high dose-rate brachytherapy may
deliver dose fractions of 10 Gy or more. Again,
there is little empirical evidence behind the use of
the simple LQ model, or any of the proposed
modifications of this model, in this high-dose
range. In most cases, the dose fractionation issue
is intertwined with the volume effect, and in
practice it is difficult to separate these effects from
clinical studies where patients receive roughly
similar dose distributions (see also Chapter 14).

It should also be mentioned that a number of
elegant formulations of the LQ model have been
developed, for example for internal emitters or per-
manent implants. Other formulations include rela-
tive biological effectiveness (RBE) or oxygen
enhancement ratio (OER) corrections, etc. The
interested reader is referred to a recent book edited
by Dale and Jones (2007 — see Further reading) for
an overview of many of these applications and
refinements of the LQ model. From the perspective
of clinical radiobiology, many of these models are
over-parameterized in the sense that clinical
datasets typically will not have sufficient structural
resolution to allow estimation of all relevant model
parameters, not to mention validating the model
assumptions.

Do some tumours have low «/8 ratios?
Parameter estimates for malignant melanoma and
liposarcoma from the late 1980s suggested that
this might be the case, but this hypothesis has
attracted considerable interest after Brenner and
Hall (1999) derived low o/ 3 estimates for prostate
cancer from a comparison between external-beam
and brachytherapy outcomes. Later studies com-
paring external-beam only fractionation effects
have provided further support for this idea
(Bentzen and Ritter, 2005; Lukka et al., 2005). A
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number of trials are in progress that should pro-
duce valuable data allowing a rigorous test of this
hypothesis (Bentzen and Ritter, 2005; Miles and
Lee, 2008). There is also emerging evidence that
a3 for subclinical breast cancer may be consider-
ably less than the often assumed 10 Gy; see the
report from the UK START Trialists Group
(Bentzen et al., 2008). A cautious attitude at pres-
ent is that fractionation schedules designed to
exploit these presumptive low o/ 3 values for some
cancer types should be tested in prospective clini-
cal trials, as they could lead to major deviations
from the established practice in a particular
centre.

The final note here is that the move towards
increasing use of combined modality therapy in
many tumour types represents a further issue
regarding the applicability of standard LQ model-
ling. The approach often taken is to perform bio-
effect calculations for the radiation therapy part
in isolation. This may produce valid results as long
as the chemotherapy is strictly identical in the
schedules being compared. However, this
approach is also challenged by data suggesting
that some cytotoxic and molecular targeted drugs
actually modulate the dose-time fractionation
response (Bentzen et al., 2007). In this case, radio-
biological parameters derived from radiation-
alone studies may no longer be valid.

While the LQ approach 10 years ago appeared
to be rather well established, a number of new
developments — mainly driven by clinical and
technology advances — have made bioeffect mod-
elling an exciting and important area of clinical
and experimental radiation research again.

Key points

1. The LQ approach is the model of choice for
bioeffect estimation in radiotherapy and
can be used for a wide range of calculations.

2. The dose range where the LQ model is
well supported by data is roughly 1-5Gy
per fraction. Extrapolations made outside
this range should be done with extreme
caution.

3. Clinical parameter estimates should be used
in calculations whenever possible. If no clini-
cal estimates are available, values from animal
studies may be used as guidance but caution
should be exercised in applying the results of
such calculations to the clinical situation.

4. Estimates of uncertainty in LQ calculations
should always be made, based on the uncer-
tainty in the values of the parameters used
in the calculation.

5. In combined modality therapy, it may not
be valid to use parameters derived from
studies using radiation alone.
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10.1 INTRODUCTION

The clinical evaluation and implementation of
modified fractionation schedules based on bio-
logical rationales is an important focus of ‘trans-
lational research’ in radiation oncology.
Throughout the history of radiotherapy, the opti-
mal distribution of dose over time has been a
major issue but important progress has been
made in this area over the past two decades. The
relationships uncovered between total dose and
fraction number for late-responding normal tis-
sues, early-responding normal tissues and
tumours provide the basic information required
to optimize the dose per fraction in radiotherapy.
Work still needs to be done to determine the exact
time of onset, the rate and the mechanisms of
repopulation in tumours and normal tissues dur-
ing radiotherapy, but enough is now known about
time factors to support the important conclusions
that: (1) the overall duration of fractionated
radiotherapy should not be allowed to extend
beyond the originally prescribed time; (2) a

reduced overall treatment time should be consid-
ered in a number of clinical situations; and (3)
inter-fraction time intervals should be made as
long as possible in order to gain the full benefit
from fractionation schedules employing multiple
fractions per day.

This chapter summarizes the current status of
modified fractionation in clinical radiotherapy.

10.2 CONVENTIONAL
FRACTIONATION

Conventional fractionation is the application of
daily doses of 1.8-2 Gy and five fractions per week
(Monday to Friday) with a dose per week of
9-10Gy. Depending on tumour histology,
tumour size and localization, total doses ranging
from 40Gy to 70 Gy are given for macroscopic
disease and lower doses when treating micro-
scopic disease. These conventional fractionation
schedules were developed on an empirical basis
(Fletcher, 1988) and have been the mainstay of
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curative radiotherapy over the last decades in
most institutions in Europe and the USA.
Radiosensitive tumours such as lymphomas
and seminomas can be controlled with low doses
of 45 Gy or even less and in this situation there is a
low incidence of collateral normal-tissue damage.
By contrast, glioblastoma multiforme is a very
resistant tumour that is not controlled even after
doses as high as 70 Gy. Most tumour types, includ-
ing squamous cell carcinomas and adenocarcino-
mas, are of intermediate sensitivity. Small
tumours, for example T1 or T2 carcinomas of the
head and neck, are well controlled with acceptable
normal-tissue damage using conventional frac-
tionation and total doses between 60Gy and
70 Gy. However, local tumour control rates rap-
idly decline for larger and more advanced
tumours. As local tumour control increases with
the total dose of radiotherapy, the question may
be asked whether improved management of larger
tumours could be gained by increasing the total
dose of conventional fractionation above 70 Gy,
say to doses between 80 Gy and 100 Gy. Such dose
escalation is currently being tested for non-small
cell lung cancer and for carcinoma of the prostate.
One constraint is that not only tumour control
rates but also the incidence and severity of nor-
mal-tissue damage increase with increasing total
doses (see Chapter 5). This was recognized as early
as 1936 when Holthusen pointed out that the
uncomplicated local tumour control rate initially
increases with increasing dose but then falls again
because of the steep increase in the incidence of
normal-tissue damage. Figure 10.1 is redrawn
from one of Holthusen’s papers: the frequency of
‘uncomplicated tumour control’ follows a bell-
shaped curve. Once the optimum dose is estab-
lished, further improvements in uncomplicated
tumour control can only be achieved by either
moving the dose—effect curve for local tumour
control to lower doses or the curve for normal-tis-
sue damage to higher doses; the latter is the objec-
tive of hyperfractionated schedules (see Section
10.3). Conformal radiotherapy is another option
currently used in dose escalation protocols, reduc-
ing the volume of normal tissue irradiated to high
dose and therefore also the probability of late nor-
mal-tissue damage (see Chapters 14 and 20). As
dose escalation using conventional fractionation

1.0
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Figure 10.1 Dose-response curves for tumour control
and normal-tissue damage. The uncomplicated local
tumour control rate initially increases with increasing
dose after which it falls again because of a steep
increase in the incidence of damage to normal tissue.
Adapted from Holthusen (1936).

is always associated with the prolongation of over-
all treatment time, some of the potential gain may
be lost as a consequence of tumour-cell repopula-
tion and this is considered in Section 10.4.
Radiotherapy is highly effective in dealing with
a small number of cancer cells, as in the treatment
of microscopic disease. Thus, lower doses of irra-
diation are also used postoperatively after com-
plete resection of breast or head and neck cancer.

10.3 MODIFICATION OF DOSE PER
FRACTION

Hyperfractionation

Hyperfractionation is the term used to describe
radiotherapy with doses per fraction less than the
1.8-2.0Gy given in conventional fractionation.
The total number of fractions must be increased,
hence the prefix ‘hyper-’; usually two fractions are
administered per day. The biological rationale of
hyperfractionation is to exploit the difference
between the small effect of dose per fraction on
tumour control versus the larger effect of dose per
fraction on the incidence and severity of late nor-
mal-tissue damage. As pointed out in Chapter 8,
this differential between tumours and late-
responding normal tissues is thought to be caused
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Figure 10.2 Results of the EORTC (22791) trial of dose-escalated hyperfractionation. (a) Loco-regional tumour control
(log-rank p = 0.02); (b) patients free of late radiation effects, grade 2 or worse (log-rank p = 0.72). From Horiot et al.
(1992), with permission.

by a different capacity of target cells in these tis- 1.2 Gy, two fractions per day, 6 hours apart, total
sues to recover from sublethal radiation damage dose 81.6 Gy) compared with conventional frac-
between fractions. tionation using 2-Gy fractions to 70Gy in the

In clinical practice hyperfractionation is usu- same overall time of 7 weeks. Overall survival was
ally applied to escalate the total dose compared not significantly improved but the prevalence of
with conventional fractionation, thereby aiming grade 3 late effects was significantly increased
at improved tumour control rates without increas- after hyperfractionation. Both these clinical trials
ing the risk of late complications (see Fig. 8.7). thus confirm the radiobiological expectation that
Dose-escalated hyperfractionation has been tested local tumour control can be increased by dose-
in two large multicentre randomized clinical trials escalated hyperfractionation, thereby supporting
on head and neck squamous cell carcinoma a high average a/f ratio for squamous cell carci-
[European Organisation for Cancer Research noma of the head and neck (Table 9.1). However,

(EORTC) No. 22791 and Radiation Therapy while the EORTC trial supports the view that
Oncology Group (RTOG) No. 9003]. The results hyperfractionation allows the total dose to be

of the EORTC trial are shown in Fig. 10.2. In increased without a simultaneous increase in late
Fig. 10.2b it can be seen that hyperfractionated complications, the RTOG trial indicates that this
treatment with 70 fractions of 1.15 Gy (two frac- is not always the case. The potential therapeutic
tions per day with a 4- to 6-hour interval; total gain from hyperfractionation is debated by Beck-
dose 80.5Gy) produced a similar incidence of Bornholdt et al. (1997), Baumann et al. (1998)
pooled grades 2 and 3 late tissue damage to a and Bentzen et al. (1999). Factors that contribute
conventional schedule of 35 fractions of 2Gy to an increased risk of late normal-tissue damage
(70 Gy given in the same overall time of 7 weeks). when multiple fractions are applied per day are
However, the larger total dose in the hyperfrac- discussed in Section 10.5.

tionated treatment produced an increase of about
19 per cent in long-term local tumour control

(Fig. 10.2a). Survival appeared higher after hyper- Hypofractionation

fractionation but this difference did not reach

statistical significance. In the RTOG trial (Fu et al., This is the use of doses per fraction higher than
2000), local tumour control was increased by 8 2.0 Gy; the total number of fractions is reduced,

per cent after hyperfractionation (68 fractions of hence the prefix ‘hypo-’ As explained in Chapter 8,
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Section 8.6, the radiobiological expectation is that
hypofractionation will lower the therapeutic ratio
between tumours and late-responding normal tis-
sues, compared with conventional fractionation
given in the same overall time. This expectation
depends on the a/f ratio for the tumour being
considerably higher than for late-responding nor-
mal tissues; exceptions could therefore occur for
tumours that have low o/f ratios, for example
some melanomas, liposarcomas and potentially
early-stage prostate and breast cancer (see Table
9.1). In these cases hypofractionation may be as
good or even better than conventional fractiona-
tion. For example a randomized clinical trial
(Owen et al., 2006), including 1410 women with
invasive breast cancer who had local tumour exci-
sion, compared 50 Gy in 25 fractions, 39 Gy in 13
fractions and 42.9 Gy in 13 fractions, all given over
5 weeks. The risk of ipsilateral tumour relapse after
10 years was 12.1 per cent in the 50 Gy group, 14.8
per cent in the 39 Gy group, and 9.6 per cent in the
429Gy group (difference between 39Gy and
42.9 Gy groups, p = 0.027). The o/ ratio of breast
cancer was estimated from these data to be 4.0 Gy
[95 per cent confidence interval (CI) 1.0-7.8], sim-
ilar to that estimated for the late adverse effects in
healthy tissue from breast radiotherapy.

Single-dose irradiation or hypofractionation
with only few large fractions are widely applied in
palliative radiotherapy. These schedules use lower
total doses than those applied in curative radiother-
apy. For this reason, and because the patients have a
limited life expectancy, late normal-tissue damage is
of only minor concern. A number of randomized
clinical trials have shown that symptom control
after palliative hypofractionated schedules is com-
parable to that achieved with more highly fraction-
ated schedules. Hypofractionated schedules have
the advantage of being more convenient for the
patient and they help spare resources.

For stereotactic radiotherapy of small tumours
(e.g. in lung, where very steep dose gradients can
be achieved and hence only very small volumes of
surrounding normal tissue are at risk of radiation
damage) single doses or hypofractionation with
few large fractions are also frequently applied in
clinical practice.

Moderate hypofractionation with doses per
fraction up to approximately 3.5 Gy is routinely

used for curative radiation therapy in many cen-
tres worldwide. To reduce the risk of late normal-
tissue damage in these schedules, slightly lower
total doses are applied than for conventional frac-
tionation. For tumours with a high a/f ratio this
decrease in total dose may well lead to a reduction
in tumour control probability. However, some or
all of this negative effect may be compensated by
the shorter overall treatment times often used for
this moderate hypofractionation (see Section
10.4). There is growing interest in the use of mod-
erate hypofractionation to escalate total doses in
the context of clinical trials of conformal radia-
tion therapy. For example, using a field-in-field
technique or intensity-modulated radiotherapy
(IMRT), a higher dose per fraction can be applied
for boosting the macroscopic tumour while
potential microscopic tumour extensions are
treated at conventional doses per fraction. Such
hypofractionated approaches for dose escalation
avoid the necessity to prolong the overall treat-
ment time and conserve treatment resources.
However, these advantages have to be carefully
weighed against the increased risk of late normal-
tissue injury, and clinical trials are therefore
necessary to fully evaluate the therapeutic gain
compared with standard approaches.

10.4 THE TIME FACTOR FOR
FRACTIONATED RADIOTHERAPY
IN TUMOURS

In the 1960s and 1970s the prevailing view among
radiation oncologists had been that prolonged
overall treatment times of fractionated irradiation
did not impair local tumour control. Contrary
to this general view, studies on experimental
tumours were beginning to find that clonogenic
cells proliferate rapidly after irradiation (see
Chapter 7) so predicting that the ability of clinical
radiotherapy to achieve local tumour control
would actually decrease with increasing overall
treatment time. Several experimental studies indi-
cate that repopulation of clonogenic tumour cells
accelerates at some point during fractionated
radiotherapy (see Chapters 8 and 9). It should also
be noted that other mechanisms such as long
repair halftimes or increasing radiobiological
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Figure 10.3 Tumour control dose (TCDg, - dose required to control 50 per cent of the tumours) in head and neck
cancer as a function of overall treatment time, normalized to a dose per fraction of 2 Gy. The same large set of clinical
studies has been retrospectively summarized by (a) Withers et al. (1988) and (b) Bentzen et al. (1991). In (b) each point
indicates the result of a particular trial, the size of the symbol indicating the size of the trial. There is a trend for the
curative radiation dose to increase with overall treatment time, although the details of this association differ between

the two studies.

hypoxia during treatment might contribute to a
detrimental effect of long overall treatment times
on tumour control.

The possible existence of a tumour time-factor
in clinical radiotherapy became more widely
acknowledged following a publication by Withers
et al. (1988) entitled “The hazard of accelerated
tumour clonogen repopulation during radiother-
apy. This review examined the correlation
between tumour control and overall treatment
time for squamous cell carcinomas of the head and
neck and led to the diagram shown in Fig. 10.3a:
this shows the dose required to achieve tumour
control in 50 per cent of cases (i.e. TCDs, values)
plotted against the overall treatment time. Since a
variety of doses per fraction were used in the vari-
ous original studies summarized in this plot, the
linear-quadratic (LQ) model was used with an a/f3
ratio of 25 Gy to convert from the actual doses per
fraction used into equivalent doses using 2 Gy per
fraction (EQD,, see Chapter 8, Section 8.7). The
various studies also achieved different tumour
control rates and it was therefore necessary to
interpolate or extrapolate to the 50 per cent con-
trol level. This required an assumed value for the
steepness of the dose—response relationship for the

tumours; it was assumed that the dose to increase
control from 40 per cent to 60 per cent was 2.9 Gy.
As can be seen from Fig. 10.3a, this retrospective
review of head and neck cancer data found a clear
trend: as overall time increased, a greater total
radiation dose had been required to control these
tumours. The other important conclusion was that
there seemed to be an initial flat portion to this
relationship (the so-called ‘dog-leg’). This implied
that, for treatment times shorter than 3—4 weeks,
tumour proliferation had little effect and that, as
shown for experimental tumours, it also takes time
for accelerated repopulation to be ‘switched on’ in
human tumours. Withers et al. (1988) concluded
that for treatment times longer than 4 weeks, the
effect of proliferation was equivalent to a loss of
radiation dose of about 0.6 Gy/day.

This publication gave rise to considerable
debate. Subsequent analyses of the same clinical
data carried out by Bentzen and Thames (1991)
and by Dubben (1994) are shown in Figs 10.3b
and 10.4. The analysis of Bentzen and Thames
made a different assumption about the steepness
of dose-response curves for tumour control: the
dose to increase control from 40 per cent to 60 per
cent was taken to be 10.5 rather than 2.9 Gy, which



140 Modified fractionation

70

TCDs (Gy)
o)
o

50 |

40 1 1 1
40 50 60 70 80

Normalized total dose (Gy)

Figure 10.4 The clinical data shown in (a) and (b) of
Fig. 10.3 as reanalysed by Dubben (1994). The tumour
control dose (TCD) is plotted against the prescribed
total dose, normalized to a dose per fraction of 2 Gy.
The positive trend in these data indicates a possible
prescription bias. Reprinted with permission from
Elsevier.

was thought to be more clinically realistic. In
addition, the data points in Fig. 10.3b were drawn
to indicate the size of the patient sample from
which the estimate of TCDs, had been made.
Figure 10.3b suggests that the ‘lag’ period before
commencement of repopulation may have been
somewhat exaggerated by the plot shown in
Fig. 10.3a, although this issue is still actively dis-
cussed. Furthermore, the analysis by Dubben used
the same radiobiological assumptions as the
review by Withers et al. (1988) and showed that
the actual local tumour control rates could be
replaced by random numbers without changing
the conclusion of Fig. 10.3a. As shown in Fig. 10.4,
the reason for this completely unexpected finding
was a highly significant correlation between
TCDs, and the prescribed total dose (normalized
to 2-Gy fractions). Dubben’s conclusion was that
the increase of TCDs, with increasing treatment
duration in Fig. 10.3a reflects only dose—time pre-
scriptions and that these data neither confirm nor
exclude a time factor of fractionated radiotherapy.
The comparison among these three analyses of
the same dataset is a good example of how diffi-
cult it is to draw reliable conclusions based on ret-
rospective analyses of clinical data.

If we accept the data summarized in Fig. 10.3b,
the slope of the line indicates that 0.48 Gy per day is
recovered during fractionated radiotherapy of head
and neck squamous cell carcinoma. If we further
accept that this effect is caused by repopulation and
assume reasonable estimates of tumour cell
radiosensitivity, we can deduce a clonogen dou-
bling time of less than 1 week, similar to the values
of pretreatment potential doubling times measured
in human tumours (see Tables 7.4 and 7.5). The
potential doubling time (T,) is a cell kinetic
parameter that indicates the rate at which cells are
proliferating in an untreated tumour. Although
there is much uncertainty about this, it has been
suggested that during treatment the rate at which
clonogenic cells within the tumour repopulate may
also resemble the T}, value. Thus, accelerated frac-
tionation, which uses a reduced overall treatment
time below the conventional 6-7 weeks, should
increase tumour cure rates by restricting the time
available for tumour cell proliferation. From Fig.
10.3b, for example, the dose in a 5-week schedule
would be effectively larger than that in a 7-week
schedule by a factor 0.48 X (7 — 5) = 6.7 Gy, or
nearly 10 per cent of a 70-Gy treatment.

10.5 CLINICAL EVALUATION OF
ACCELERATED RADIOTHERAPY

Through the joint activities of radiation biologists
and clinicians, accelerated fractionation schedules
have been developed that aim to counteract the
rapid repopulation of clonogenic cells during ther-
apy, as deduced in Section 10.4. Accelerated frac-
tionation is defined as a shortening of the overall
treatment time or, more precisely, as an increase of
the average dose per week above the 10 Gy given in
conventional fractionation. Early normal-tissue
reactions are expected to increase using accelerated
radiotherapy (see Chapter 11). In contrast, if
recovery from sublethal radiation damage between
fractions is complete (see Chapter 8), late normal-
tissue damage is expected to remain constant for
accelerated fractionation schedules using 1.8- to
2-Gy fractions and total doses comparable to con-
ventional fractionation. If the total dose and/or the
dose per fraction is reduced (sometimes termed
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Figure 10.5 Results of a phase Ill randomized trial of CHART (continuous hyperfractionated accelerated radiotherapy)
in squamous cell carcinoma of the head and neck. (a) Probability of loco-regional tumour control; (b) probability of
overall survival of patients treated by CHART (bold line) and by conventional radiotherapy (solid line). From Dische

et al. (1997), with permission.

accelerated hyperfractionation) late normal-tissue
damage could even decrease.

To test these ideas, many clinical trials of accel-
erated radiotherapy have been set up. As of 2008,
15 trials have been reported, some of these only as
abstracts. Twelve of these trials (9/11 in head and
neck squamous cell carcinoma, 2/3 in non-small
cell lung cancer, 1/1 in small-cell lung cancer)
indicate that, for a given total dose, accelerated
fractionation schedules are more effective in
obtaining local tumour control than conventional
fractionation schedules, or that the results are at
least identical to conventional fractionation
despite administering a reduced total dose in the
accelerated arm. Overall, these studies on more
than 7000 patients provide strong support for the
existence of a significant time factor for tumours.
The following paragraphs describe some of these
trials of accelerated radiotherapy in more detail.

The strategy known as CHART (continuous
hyperfractionated accelerated radiotherapy) is an
example of strongly accelerated fractionation. This
protocol applies 36 fractions over 12 consecutive
days (starting on a Monday and including the fol-
lowing weekend), using three fractions per day
with an interval of 6 hours between the fractions
within each day. Dose per fraction is 1.5Gy to a

total of 54 Gy. Total dose is therefore reduced com-
pared with conventional therapy, in order to
remain within the tolerance of acutely responding
epithelial tissues. Dische et al. (1997) have reported
the results of a phase I1I clinical trial of CHART in
918 patients with head and neck cancer. Patients
were randomized between CHART and conven-
tional fractionation in 2-Gy fractions to 66 Gy.
Figure 10.5a shows that loco-regional tumour con-
trol was identical in both treatment arms. CHART
used 12 Gy less than conventional therapy in an
overall time reduced by 33 days. If this dose reduc-
tion is thought to just offset repopulation, this
would correspond to 0.36 Gy per day lost through
tumour cell proliferation, which is somewhat
lower than the 0.48 Gy per day from the data in
Fig. 10.3b. This could be interpreted to mean that
the lag period before onset of accelerated repopu-
lation in head and neck carcinoma is longer than
the 12-day duration of a course of CHART, but
further data are required to confirm this. Overall
patient survival was identical in both treatment
arms (Fig. 10.5b). As expected for accelerated
radiotherapy, radiation mucositis was more severe
with CHART; it occurred earlier but settled sooner
and was in nearly all cases healed by 8 weeks in
both arms. Unexpectedly, skin reactions were less
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Figure 10.6 Results of a phase Ill randomized trial of CHART (continuous hyperfractionated accelerated radiotherapy)
in non-small cell lung cancer. (a) Overall survival; (b) local tumour control of patients treated by CHART or by
conventional radiotherapy (CHART results are indicated by the heavier line). HR, hazard ratio. From Saunders et al.

(1999), with permission.

severe and settled more quickly in the CHART-
treated patients. Life-table analysis showed evi-
dence of reduced severity in a number of late
morbidities in favour of CHART but the magni-
tude of these differences in late reactions would
not allow a substantial increase in the total dose of
CHART without increasing the risk of late damage
over the rate observed for conventional fractiona-
tion. The overall conclusion is that CHART
improved the therapeutic ratio in head and neck
cancer by a small margin.

Saunders et al. (1997, 1999) reported the
results of the CHART-Bronchus trial. A total of
563 patients with non-small cell lung cancer were
randomized between CHART (as described
above) and conventional fractionation to 60 Gy in
2-Gy fractions. Despite the lower total dose, sur-
vival after 2 years was significantly increased by 9
per cent, from 21 per cent in the conventional arm
to 30 per cent in the CHART arm (Fig. 10.6a).
Exploratory analysis revealed that this was a con-
sequence of improved local tumour control (Fig.
10.6b) and, in squamous cell carcinoma, a reduced
incidence of distant metastases. Oesophagitis
occurred earlier and reached higher scores in
CHART patients, but symptoms also settled earlier
and were of no major concern on longer follow-up.
Pneumonitis was not decreased in the CHART

arm. The overall conclusion of this study was that,
compared with conventional fractionation with
60 Gy, CHART offers a significant therapeutic ben-
efit for patients with non-small cell lung cancer.
The Danish Head and Neck Cancer Study
Group (DAHANCA) trial 6 and 7 (Overgaard et
al., 2003) provides a typical example of weakly
accelerated radiotherapy. This study was aimed at
finding out whether shortening of treatment time
by only 1 week by using six instead of five radio-
therapy fractions per week improved the tumour
response in squamous cell carcinoma of the head
and neck. A total of 1476 eligible patients were
randomly assigned to five (n=726) or six
(n = 750) fractions per week at the same total dose
and fraction number (66-68 Gy in 33—34 fractions
to all tumour sites except well-differentiated T1
glottic tumours, which were treated with 62 Gy).
All patients, except those with glottic cancers, also
received the hypoxic radiosensitizer nimorazole
(see Chapter 17). Overall 5-year loco-regional con-
trol rates were improved by 10 per cent from 60
per cent to 70 per cent by accelerated fractionation
(p = 0.0005). It is interesting to note that the
whole benefit of shortening of treatment time
was seen for primary tumour control but was
non-significant for neck-node control. Disease-
specific survival improved (73 vs 66 per cent for
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Figure 10.7 Results of the European Organisation for Cancer Research (EORTC No. 22851) trial of accelerated
fractionation. (a) Loco-regional tumour control (log-rank p = 0.02); (b) patients free of severe radiation effects, grade
3 and 4 (log-rank p < 0.001). From Horiot et al. (1997), with permission.

six and five fractions; p = 0.01) but not overall
survival. Acute morbidity was significantly more
frequent with six than with five fractions, but was
transient. The overall conclusion of this study is
that shortening of overall treatment time by
increasing the weekly number of fractions is bene-
ficial in patients with head and neck cancer. Very
importantly, the DAHANCA trial as well as some
other clinical studies clearly shows that not only
large differences in overall treatment time but also
a comparably small difference of only 1 week influ-
ences substantially the probability of achieving
local tumour control.

In the EORTC trial No. 22851 (Horiot et al.,
1997) 512 patients with head and neck cancer were
randomized to receive their treatment either con-
ventionally in a median overall time of 54 days
(using 1.8-2 Gy per fraction each day, total 35-40
fractions, treatment on 5 days per week) or accel-
erated in a median of 33 days (using 1.6 Gy per
fraction three times per day with 4 hours mini-
mum inter-fraction interval, total 45 fractions,
treatment on 5 days per week, overall time allo-
cated to 8 days radiotherapy, 12—14 days gap and
17 days radiotherapy). The report of this EORTC
trial indicates that patients who received the accel-
erated treatment showed a 13 per cent increase in
loco-regional tumour control from 46 per cent to

59 per cent at five years (Fig. 10.7a); there was no
increase in survival compared with patients receiv-
ing conventional treatment. Early radiation effects,
particularly mucositis, were much more pro-
nounced in the accelerated arm. Thirty-eight per
cent of patients had to be hospitalized for acute
toxicity compared with only 7 per cent of the
patients in the conventional arm. Fig. 10.7b shows
that grades 3 and 4 late damage (according to the
EORTC/RTOG scale) also occurred significantly
more frequently after the accelerated fractionation
than after conventional fractionation (p < 0.001).
The probability of being free of severe late damage
at 3 years was 85 per cent in the conventional arm
but only 63 per cent in the accelerated arm. With
increasing follow-up this difference is even greater.
Most of the difference in late effects has been
attributable to late damage to connective tissues
and mucosal sequelae.

In summary, accelerated fractionation has
been shown in randomized clinical trials to coun-
teract the time factor in head and neck and lung
cancer. Some of the trials indicate an improved
therapeutic ratio compared with conventional
fractionation. However, one of the most intrigu-
ing biological observations from the clinical trials
on accelerated fractionation is that sparing of
late normal-tissue morbidity compared with
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conventional fractionation was much less than
anticipated. In fact, late damage in the EORTC
trial was even higher than after conventional frac-
tionation. Possible reasons for these unexpected
findings are discussed below.

10.6 COMPARISON BETWEEN
HYPERFRACTIONATION AND
ACCELERATED FRACTIONATION

Bourhis et al. (2006) have reported a meta-analysis
of hyperfractionation and accelerated radiother-
apy in patients with head and neck tumours. This
analysis included 15 randomized trials with a total
of 6515 patients. In all of these trials, patients had
been randomized between conventional radio-
therapy and hyperfractionated or accelerated
radiotherapy. The majority of patients had stage
III or IV oropharyngeal or laryngeal squamous cell
carcinoma and were monitored with a median fol-
low-up of 6 years. When all the trials were put
together, a 3—4 per cent significant increase in
overall survival (hazard ratio 0.92, 95 per cent CI
0.86-0.97; p = 0.003) was found. There was a sig-
nificant benefit for loco-regional control in favour
of altered fractionation (6.4 per cent at 5 years,
p < 0.0001), which was particularly important for
local control (Table 10.1). No effect was observed
with altered fractionation on distant metastasis.
The survival advantage was more pronounced
with hyperfractionation (8 per cent at 5 years)
than with accelerated fractionation (2 per cent for

regimens without dose reduction and 1.7 per cent
for regimens with dose reduction). Interestingly,
the survival advantage observed with altered frac-
tionation regimens is of the same order of magni-
tude seen with concomitant chemo-radiotherapy
regimens (see Chapter 18), indicating that the
debate on the relative merits of these two strategies
is likely to continue.

10.7 SPLIT-COURSE RADIOTHERAPY

Intentional gaps in radiation therapy have some-
times been introduced in order to allow recovery
of early-responding normal tissues. However if
such gaps prolong the overall treatment time then
local tumour control rates are expected to
decrease. As discussed for the DAHANCA 6 and 7
trial (see Section 10.5) not only differences in the
overall treatment time by several weeks but also
for only 1 week may significantly change the
chance for local tumour control. These data imply
that even small prolongations of overall treatment
times in the order of one or few days should be
avoided. If this is not possible, appropriate com-
pensation has to be applied. Studies on experi-
mental tumours suggest that, for a given overall
treatment time, the magnitude of the time factor
is the same for continuous fractionation or for
fractionation protocols including gaps (Baumann
et al., 2001). This supports the current clinical
guidelines for the compensation of unscheduled
treatment gaps that are discussed in Chapter 9.

Table 10.1 Hazard ratio of altered fractionated radiotherapy versus conventional radiotherapy on overall population
and by type of radiotherapy for loco-regional, local, regional and metastatic control

Accelerated
radiotherapy
Hyperfractionation

Loco-regional 0.76 (0.66-0.89)* 0.79 (0.72-0.87)

( )
Local 0.75 (0.63-0.89) 0.74 (0.67-0.83)
Regional 0.83 (0.66-1.03) 0.90 (0.77-1.04)
Metastatic 1.09 (0.76-1.58) 0.93 (0.74-1.19)

(no dose reduction)

Accelerated
radiotherapy

(dose reduction) Overall p

0.90 (0.80-1.02) 0.82 (0.77-0.88) <0.0001
0.83 (0.71-0.96) 0.77 (0.71-0.83) <0.0001
0.87 (0.72-1.06) 0.87 (0.79-0.97) 0.01
0.95 (0.68-1.32) 0.97 (0.82-1.15) 0.75

Number of patients, n = 7073.
*The 95 per cent confidence intervals are given in parenthesis.

Reproduced from Bourhis et al. (2006), with permission.
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10.8 REASONS FOR INCREASED LATE
NORMAL-TISSUE DAMAGE AFTER
MODIFIED FRACTIONATION

Hyperfractionation and accelerated radiotherapy
both require multiple radiation treatments per
day. In the case of hyperfractionation this is
because in order to give an adequate number of
small fractions, one per day, the overall treatment
time would have to be very long. In the EORTC
and RTOG trials mentioned above the fraction
number was increased to 68-70, which would
require once-daily treatment over 14 weeks; this
would be unacceptable in view of the time factor
for tumour-cell repopulation. In the case of accel-
erated radiotherapy, shortening the overall time
but still giving one fraction per day would require
an increase in dose per fraction; this would be
expected to lead to an increase in late effects
although hypofractionation is clinically accept-
able in some situations (see Section 10.3).

A radiobiological constraint in giving multiple
fractions per day is that these should not be given
too close together because of incomplete repair
(see Chapter 8). As indicated in Chapter 7, Section
7.3, the damage inflicted by radiation is very
largely repaired in most cell types, both normal
and malignant. The repair of normal-tissue stem
cells is vital for their tolerance to radiation therapy
and if fractions are given so close together that
repair is incomplete, tissue tolerance will be
reduced. Repair halftimes for many tumours and
normal tissues are in the region of 0.5-2 hours
(Table 9.2). Assuming exponential decay of radia-
tion damage, it takes six halftimes for the damage
to decay to 1/64 (i.e. 1-2 per cent of its initial
value). The problem is that, as shown in Table 9.2,
some late-responding normal tissues appear to
have long repair halftimes. These tissues will there-
fore be especially disadvantaged by radiotherapy
given with multiple fractions at a short inter-frac-
tion interval: the therapeutic index will be
impaired and the total radiation dose will have to
be lowered in order to remain within tolerance.
Most current schedules with multiple fractions per
day employ inter-fraction times of at least 6 hours;
in some situations even this gap may be too short.

Evidence on the clinical impact of incomplete
repair comes from an analysis by Bentzen et al.

(1999) of data from the CHART head and neck
trial. As noted above, several late-damage end-
points were significantly reduced after CHART,
compared with conventional treatment. The
reduction was much less than expected on the
basis of LQ calculations and analysis of these data
yielded repair halftimes in the range of 4-5 hours
for the three late morbidities investigated: laryn-
geal oedema, skin telangiectasia and subcutaneous
fibrosis. Even the lower ends of the confidence
intervals were around 3 hours. This suggests that
even 6 hours between dose fractions in multiple-
fractions-per-day-schedules may be too short for
complete repair in some situations. Long repair
halftimes for late effects in human normal tissues
therefore pose a significant problem for the devel-
opment of novel fractionation schedules.

Consequential late effects (see Chapter 13) may
also contribute to greater than expected late mor-
bidity after modified fractionation. Compared
with conventional fractionation the dose per week
is increased, both in accelerated radiotherapy and
in hyperfractionation. This is expected to produce
an increase in early normal-tissue damage such as
mucositis and more severe or more prolonged
early damage may then lead to more pronounced
consequential late effects.

10.9 IS THE SAME MODIFIED
FRACTIONATION SCHEDULE OPTIMAL
FOR ALL PATIENTS?

Figure 10.8 summarizes the results of experiments
testing different modified fractionation schedules
in two experimental squamous cell carcinoma
xenografts (FaDu and GL) in mice. For a constant
number of 30 fractions in FaDu tumours, the
TCDs increased by roughly 0.6 Gy for each day of
prolongation for overall treatment times up to 40
days but more steeply for longer times (Fig. 10.8a);
this effect was much less pronounced (0.28 Gy/day)
in GL squamous cell carcinomas. In contrast, when
the number of fractions was increased from 12 to
60 in a constant overall treatment time of 6 weeks
(Fig. 10.8b), the TCDs5, in FaDu tumours appeared
to be constant while in GL tumours the TCDs,
increased with increasing fraction number. Both
dose-escalated hyperfractionation and accelerated
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Figure 10.8 Tumour control dose (TCD) in two experimental squamous cell carcinoma xenografts (FaDu, GL) as a
function of overall treatment time for irradiation with 30 fractions (a) or as a function of number of fractions in a
constant overall treatment time of 6 weeks (b). There are considerable differences in the response of these tumours to
modification of the fractionation schedule. See Baumann et al. (2001) for sources.

fractionation (using constant or reduced total
doses) would be advantageous in human tumours
that behave like FaDu. In contrast, for tumours like
GL, dose-escalated hyperfractionation would at best
yield identical control rates, while after accelerated
fractionation with reduced total dose such tumours
would do worse than with conventional radiother-
apy. These results show that the response of experi-
mental tumours to modified fractionation may be
variable and it may well be that such heterogeneity
also exists between tumours in patients. There is a
clear need for research on how to best select patients
for modified fractionation schedules.

Results from clinical studies always reflect the
average effect of a treatment modification. For
example, after the accelerated CHART treatment
the local control rates of head and neck cancer
were identical to those obtained after conventional
fractionation with a 12-Gy higher total dose
(see Section 10.5). Under the assumption of inter-
tumour heterogeneity this would mean that some
tumours with a small time-factor that would have
been controlled after conventional treatment to
66 Gy recurred after CHART treatment because of
the reduction in total dose. This negative effect
may have been compensated by additional local
control achieved in tumours that showed greater
repopulation and a more pronounced time factor
(i.e. tumours in which the dose recovered per day

was higher than the average value of 0.36 Gy). To
further improve the results of modified fractiona-
tion we need to identify subgroups of patients who
are likely to benefit from a particular modification,
and thus to individualize treatment. Considerable
efforts have been made to develop predictive tests,
for example for the rate of tumour-cell repopula-
tion; so far these investigations have not identified
strong predictors that could be employed in clini-
cal practice.

Key points

1. Hyperfractionation is the use of a reduced
dose per fraction over a conventional over-
all treatment time, employing multiple frac-
tions per day. A therapeutic advantage is
thought to derive from the more rapid
increase in tolerance with decreasing dose
per fraction for late-responding normal tis-
sues than for tumours.

. Accelerated radiotherapy is the use of a
reduced overall treatment time with a con-
ventional dose per fraction, achieved using
multiple fractions per day. The aim is to
reduce the protective effect of tumour-cell
repopulation during radiotherapy.
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3. Hypofractionation is the use of doses per
fraction higher than 2.0Gy, which will
increase late-responding normal tissue
damage compared with conventional frac-
tionation. Hypofractionation is routinely
applied for palliation, but for certain cura-
tive situations hypofractionation may also
be an option.

4. Multiple fractions per day should be given
as far apart as possible and certainly not
closer than 6 hours.
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11.1 INTRODUCTION

The radiation exposure of normal tissues must be
considered over a wide range of overall treatment
durations (Fig. 11.1). First, on a short scale of min-
utes to hours, incomplete recovery of sublethal
damage may reduce the radiation tolerance of a
tissue. Second, over a range of days to weeks (i.e.
during a course of fractionated radiotherapy with
varying overall treatment times) radiation-induced
tissue regeneration (‘repopulation’) may modu-
late radiation tolerance. This radiation-induced
regeneration response is seen in early-responding
tissues. Third, over a range of months to years,
long-term restoration can occur in some tissues,
which renders them more resistant to re-irradia-
tion. Also, long-term progression of the damage
can occur in other tissues, which causes decreased
re-irradiation tolerance.

The impact of incomplete recovery within
short time-intervals is covered in the chapters
on fractionation and the linear-quadratic (LQ)
approach (see Chapters 8 and 9). The changes in
radiation tolerance that may occur in intervals
that are clearly longer than the general duration of
a radiotherapy course are discussed in Chapter 19
on retreatment tolerance. Therefore, this chapter

describes the impact of repopulation processes on
early radiation effects.

Repopulation is the term used to describe the
regeneration response of early-reacting tissues to
fractionated irradiation, which results in an increase
in radiation tolerance with increasing overall
treatment time. The biological basis of repopula-
tion is a complex restructuring of the proliferative
organization of the tissue. A number of clinical
and experimental observations can assist in illu-
minating the biological mechanisms underlying
the repopulation processes. The majority of inves-
tigations have been performed in oral mucosa as
the dose-limiting early side-effect in head and
neck cancer radiotherapy, and hence this tissue
will be mainly used as a model for the description
of radiation-induced repopulation in early-
responding normal tissues.

11.2 CLINICAL OBSERVATIONS

A number of clinical studies with accelerated
radiotherapy protocols (i.e. with a shortened
overall treatment time) have resulted in an aggra-
vation of early radiation side-effects. The most
prominent example is the CHART (continuous
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Figure 11.1 Changes in normal tissue tolerance with time. The figure compiles data for mouse oral mucosa (Dérr and
Kummermehr, 1990; Dérr et al,, 1993) and for rat spinal cord (Ruifrok et al,, 1992; Landuyt et al., 1997). From the
original data, isoeffective doses in 3-Gy fractions have been calculated using a3 ratios of 2 Gy for spinal cord and

11 Gy for oral mucosa. Note the log scale of the abscissa. At short durations of radiation exposure (<1 day), increasing
completeness of recovery from sublethal damage increases tissue tolerance. At intermediate intervals from 1 day to
several weeks (i.e. the duration of radiotherapy) tolerance increases by repopulation in early-responding tissues such as
oral mucosa but not in late-responding tissues such as spinal cord. For long intervals clearly beyond the overall
treatment time in radiotherapy, an increase in radiation tolerance by long term restoration is seen in some (e.g. spinal

cord), but not all, late-responding tissues.

hyperfractionated accelerated radiation therapy)
head and neck trial, where a total dose of 54 Gy
was administered in 36 fractions in only 12 days,
compared with 66Gy given in 33 fractions in
6.5 weeks in the control arm (Dische et al., 1997).
A significant shift of oral mucosal effects towards
more severe, confluent reactions was observed,
resulting in an incidence of 73 per cent with
CHART versus 43 per cent with the conventional
fractionation. Similarly, the EORTC 22851 trial,
comparing 72 Gy in 5 weeks with 70 Gy given con-
ventionally in 7 weeks, resulted in a clear increase
in the rate of confluent mucositis during as well as
6 weeks after the end of radiotherapy in the accel-
erated arm (Horiot et al., 1997).

Oral mucositis heals in a much higher propor-
tion of patients during the last treatment weeks
compared with earlier times, when doses below
2 Gy are administered (Fletcher et al., 1962). This
indicates a time delay before repopulation becomes
effective. Furthermore, these data show that the

repopulation capacity is limited by the daily or
weekly radiation dose. Oral mucositis has also
been studied in split-course regimens (Maciejewski
et al., 1991). In a first radiotherapy series with
32 Gy in 12 days, 90 per cent of the patients devel-
oped confluent reactions. After a split of 9-13
days, which was introduced to allow for healing of
mucositis, a second series of radiotherapy
(34-38 Gy/12-14 days) was administered. None
of the same patients developed confluent mucosal
reactions in the second series, despite the higher
dose. This again indicates that the onset of repop-
ulation occurs within the first weeks after the start
of radiotherapy.

11.3 EXPERIMENTAL OBSERVATIONS

Changes in radiation tolerance with increasing
overall treatment time have been studied in a
number of early-responding tissues, such as
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Figure 11.2 Changes in mucosal radiation tolerance
with overall treatment time. Mouse tongue mucosa was
irradiated with 5 X 3 Gy/week over 1, 2 or 3 weeks,
followed by graded test doses (D6rr and Kummermehr,
1990). Irradiation over 1 week decreased the EDs, (dose
at which mucosal ulceration occurs in 50 per cent of the
animals) from about 15 Gy in control animals to 9.3 Gy,
the difference reflecting the biological effect of 5 X 3 Gy.
Despite administration of a further 15 Gy per week, the
EDg, after 2 weeks was only slightly lower (7.7 Gy) and
no further reduction was found after the third treatment
week (EDs, = 7.6 Gy). Error bars indicate 95% confidence
intervals. Reprinted with permission from Elsevier.

mouse epidermis, rat epidermis, pig epidermis,
mouse lip mucosa and mouse tongue mucosa
(Dorr, 2003a; Hopewell et al., 2003). One example
is illustrated in Fig. 11.2 in which oral mucosa was
irradiated with 5 X 3 Gy/week over 1,2 or 3 weeks
(Dorr and Kummermehr, 1990). Irradiation over
1 week clearly decreased the EDs, (dose, at which
a response, i.e. ulceration, is expected in 50% of
the animals) for the terminating test irradiation,
which reflects residual tissue tolerance. However,
despite ongoing irradiation in weeks 2 and 3, no
further reduction in the test EDs, was found.

A similar pattern of the time-course of the
changes in radiation tolerance during radiother-
apy was found in most other tissues studied (Fig.
11.3). Tolerance remained constant within the ini-
tial treatment period, and subsequently increased
almost linearly. The time of onset of this increase
was tissue dependent at 5-7 days in mouse oral
mucosa and skin, and 20-30 days in rat and pig
skin (Hopewell et al., 2003). The initial drop at
short treatment intervals can be related to changes in

the capacity for recovery of sublethal damage, which
have been reported for these early-responding
tissues (Dorr et al., 2000).

The capacity for repopulation, once these com-
pensatory processes have started, was estimated by
(Dorr, 2003a) in terms of the dose (number of
2-Gy fractions) compensated per day. In human
oral mucosa, 0.5-1.0 fractions are counteracted
per day, thus confirming the clinical results on
mucositis healing despite ongoing radiotherapy
(see above). These experimental data indicate sim-
ilar numbers — close to one fraction of 2 Gy/day —
for most tissues, with a few possible exceptions
(e.g. mouse epidermis; Denekamp, 1973), which
could be related to experimental design. In some
experiments, where various weekly doses were
applied, a dependence of the repopulation rate on
the dose intensity (Gy/week) was observed.

In oral mucosa, the functional measurements
of radiation tolerance have been supplemented by
detailed histological assessments of changes in
mucosal cell density and proliferation (Dorr and
Kummermehr, 1990; Dérr, 1997). A reduction in
cell number to approximately 70 per cent occurred
during the first week of daily fractionated treat-
ment. Subsequently, constant to increasing cell
numbers were found, despite continuing irradia-
tion at the same dose intensity. In good agreement
with this, mucosal proliferation was significantly
suppressed during the first week, but subse-
quently returned to subnormal to near-normal
values (Dorr, 1997). Similar observations have
been made in other tissues (Shirazi et al., 1995). In
human oral mucosa, a reduction of cell produc-
tion and consequently a steep decline in cell num-
bers were observed over the initial week of
radiotherapy (Dorr et al., 2002). Subsequently,
proliferation rates were partly restored and cell
depletion was significantly slower.

11.4 MECHANISMS OF
REPOPULATION

Three important observations have been made in
both clinical and experimental studies:

1. dose is compensated with increasing overall
treatment time once repopulation has become
effective;
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2. the rate at which this compensation occurs is
in the range of 5 X 2 Gy/week;

3. the loss of cells is counteracted after the lag
phase before repopulation starts, resulting in
more or less constant cell numbers.

In general, the mechanisms of repopulation that
can explain these observations can be described
by the following three As: asymmetry loss, accel-
eration, and abortive divisions (Dérr, 1997).

Asymmetry loss

According to the stem cell concept (see Chapter
13), the radiation tolerance of a tissue is defined
by the number of tissue stem cells and their
intrinsic radiosensitivity. Hence, radiation toler-
ance must decrease during fractionated irradiation

LI B
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Fischer, 1976); 14, 5F/week (Moulder
and Fischer, 1976); 15, 2F (van den
Aardweg et al., 1988).
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according to the daily stem cell kill. This is clearly
seen during the time lag before the onset of
repopulation. However, after repopulation has
started, the effect of at least part of the radiation
dose is counteracted. This indicates that new stem
cells must be produced to replace those sterilized
by the irradiation.

In unperturbed tissues, stem cells divide on
average into one new stem cell and one differentiat-
ing cell (see Chapter 13). These divisions are called
asymmetrical because two different cells are gener-
ated. In this setting, the number of stem cells in
each cell generation remains constant, independent
of the proliferation rate. For additional production
of new stem cells, as postulated on the basis of dose
compensation during repopulation, stem cell div-
isions must result in two stem cell daughters, a pat-
tern that is depicted as symmetrical division.
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Therefore, an asymmetry loss of stem cell divisions
is one essential mechanism underlying repopula-
tion in normal tissues. This loss can be complete,
with two stem cell daughters from each division, or
incomplete, with, on average, less than two, but
more than one, stem cell generated per stem cell
division. A fraction of these divisions, presumably
of cells with gross radiation-induced chromosomal
damage, are abortive and can be observed histolog-
ically as abnormal mitotic figures (Dorr, 1997).
These result in binucleate or multinucleate cells.

Acceleration of stem cell proliferation

As illustrated earlier, human oral mucosa and
other tissues are able to compensate weekly doses
of about five times 0.5-1.0 fractions of 2 Gy. For
this to occur, assuming the surviving fraction of
the stem cells after each radiation fraction to be
about 0.5, five symmetrical divisions are needed
within 7 days. This requires an average cell-cycle
time of 1.4 days. Compared with cell-cycle times
of at least 3.5 days in unperturbed tissue (Dorr,
1997), this indicates clear acceleration of stem cell
proliferation as the second mechanism of repopu-
lation. Cell-cycle times must be even shorter if the
asymmetry loss is incomplete, or if higher doses
(more stem cell kill) are compensated. The detailed
interrelation between surviving fraction, number
of symmetrical divisions between fractions and
the proportion of symmetrical divisions is dis-
cussed in Dorr (1997).

The degree to which the stem cell proliferation is
accelerated is highly dependent on the radiation
dose administered (i.e. on the daily or weekly stem
cell kill; Dorr, 2003a). For example, in oral mucosa
irradiated with 5 X 3.5 Gy/week, this dose was com-
pletely counteracted by repopulation in weeks 2 and
3 (Dorr and Kummermehr, 1990). However, during
treatment with 5 X 2.5 Gy/week, repopulation was
exactly adjusted to compensate this lower dose,
despite the clearly higher regenerative capacity.

In the vast majority of tissues, no specific marker
yet exists that would allow for the specific identifi-
cation of stem cells. Therefore, cell kinetic studies
can only assess proliferation of the entire cell pop-
ulation. After the lag phase of repopulation, stem
cells constitute only a minor fraction of the general

population, and hence such studies are not suit-
able to identify the acceleration at the stem cell
level. However, in the intestinal crypts, which have
well-defined localization of the stem cell popula-
tion, a significant shortening of the stem cell-cycle
time after irradiation has indeed been described
(Withers, 1970), which reflects accelerated repop-
ulation, albeit after single doses.

Abortive divisions

After the onset of repopulation, the overall cell
number in the tissue remains at a near-constant,
although reduced level. In contrast, it has been
shown that differentiation and cell loss (e.g. at the
surface of mucosal tissues) continue at a normal,
physiological rate (Dorr et al, 1996). Also, cell
production, which can be directly measured, con-
tinues, which is indirectly reflected by the lack of
change in cell numbers (Dorr et al., 1994). Hence
the question arises of whether this cell production
can be based only on the surviving stem cells.

In unperturbed mucosa, with a relative stem cell
number of 100 per cent, the cells proliferate with a
cell cycle time of at least 3.5 days (Dorr et al., 1994).
A dose of 5 X 2 Gy during the first treatment week,
before repopulation sets in, reduces the stem cell
number to clearly below 10 per cent. Hence, to
result in the same number of cells as in controls, the
remaining stem cells would have to proliferate with
a cycle time of only a few hours (Dorr et al., 1994;
Dorr, 1997). This is extremely unlikely on the basis
of epithelial biology, which indicates a minimum
cell-cycle time of 10-12 hours. Therefore, cells must
be produced from other sources.

It has been shown in vitro (see Chapter 3) that
‘sterilized’ cells can undergo a limited number of
divisions even after high doses of radiation. It can
therefore be assumed, and indirectly concluded
from experimental studies (Dorr et al., 1996), that
similar, so-called abortive, divisions of sterilized or
doomed cells can also occur in vivo. This limited
proliferative activity results in cells that undergo
near-normal differentiation, and hence counteract
the ongoing cell loss. Quantitatively, in oral
mucosa, the radiation-sterilized cells on average
have to undergo two or three abortive divisions
each to account for the cell production measured.



154 Time factors in normal-tissue responses to irradiation

11.5 REGULATION OF REPOPULATION

The time at which repopulation processes become
effective, is tissue-specific (Fig. 11.3) and we may
assume that it correlates with the turnover time
of the tissue, and therefore the rate at which cells
are lost. Reduced cell numbers may result in
changes in intercellular communication or altered
cell-matrix interactions (see Chapter 13). This
correlation between tissue turnover and lag time
of repopulation, however, is only weak (Dorr,
2003a), so other factors must also be important.
It has been demonstrated that the lag time
before repopulation begins is shorter, if the radi-
ation dose is higher (Doérr and Kummermehr,
1990; Dorr, 2003a). This suggests that the rate at
which stem cells are depleted may regulate the
onset of repopulation. Autoregulatory processes
within the stem cell compartment have also been
suggested for intestinal crypts (Paulus et al., 1992).
The reduction in stem cell numbers can result in
(still unidentified) intercellular signalling, which
eventually prevents the daughter cells of the stem
cell divisions from undergoing differentiation.
The regulation of the asymmetry loss is a very
precise and rapidly responding mechanism. During

Stem cell
depletion

Stem cells
asymmetry loss

Stem cells
acceleration

Dose
compensation

short treatment breaks, even during weekends, the
overall cell production clearly increases (Dorr
et al., 1994). However, the radiation tolerance of
the tissue during these breaks remains almost
constant, indicating that the cells that are pro-
duced are not stem cells (Dorr, 2003a). Hence,
despite stimulated symmetrical stem cell divisions
during the daily fractionated treatment, the stem
cells quickly return to asymmetrical divisions if
one radiation fraction is missing.

Acceleration of stem cell divisions may be
caused by overall cell depletion and by impair-
ment of the epithelial barrier function (Dérr et al.,
1994; Shirazi et al., 1995), which may increase the
normal signals that physiologically regulate prolif-
eration. This hypothesis is supported by increased
proliferation rates after chemical ablation of
superficial mucosal material, which has been
observed in mice and humans, or after mechanical
ablation (‘tape stripping’) in rodents. However,
this increased proliferation rate is not associated
with increased tolerance to single-dose irradiation
(i.e. increased stem cell numbers). This indicates
that acceleration has occurred independently of
the asymmetry loss. It must be assumed that ster-
ilized cells initially continue to proliferate at

Tissue
hypoplasia

Damaged cells
abortive divisions

Compensation
of cell loss

Figure 11.4 Regulation of repopulation. Stem cell depletion, via autoregulatory processes, results in the loss of the
division asymmetry of the stem cells. Tissue hypoplasia controls the acceleration of stem cell division and presumably
also the rate of abortive division, which is indirectly also defined by the proliferation rate of the stem cells. Asymmetry
loss and acceleration of stem cell division account for compensation of dose, while abortive divisions of sterilized cells

counteract the overall cell loss to maintain tissue function.
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nearly the rate of the stem cell divisions before
chromosomal damage accumulates and decreases
the proliferation rate.

In combination with the asymmetry loss (e.g.
by fractionated irradiation) artificially increased
stem cell proliferation rates may shorten the lag
time before repopulation becomes effective. This
has been demonstrated for chemical ablation in
oral mucosa (Maciejewski et al., 1991). A similar
mechanism has been suggested for the increase in
mucosal radiation tolerance after administration
of keratinocyte growth factor (KGF, palifermin) in
preclinical and clinical studies as reviewed in Dorr
(2003b), and summarized in Chapter 22.

In conclusion (Fig. 11.4), the asymmetry loss
in the stem cell compartment is regulated inde-
pendently of the acceleration of proliferation, pre-
sumably by autoregulatory processes on the basis
of stem cell depletion. Acceleration of the stem
cell divisions is controlled by tissue hypoplasia.
The stem cell proliferation rate then translates
into the initial rate of abortive divisions of steril-
ized cells. However, the doomed cells may also
directly respond to paracrine signals released
owing to tissue hypoplasia.

11.6 CONSEQUENTIAL LATE EFFECTS

Consequential late effects are chronic normal-
tissue complications, which are influenced by the
extent (i.e. severity and/or duration, of the early
response in the same tissue or organ; Dorr and
Hendry, 2001), as explained in Chapter 13. As the
early response depends on the overall treatment
time on the basis of repopulation processes, the
same is therefore true for the corresponding con-
sequential late effects. This has been demon-
strated in experimental studies for intestinal
fibrosis, and in clinical studies for skin telangiec-
tasia, and for late (mucosa related) side-effects
after head and neck irradiation, as reviewed in
Dorr and Hendry (2001).

11.7 CONCLUSIONS

Repopulation processes that occur in early-
responding normal tissues follow a very complex

biology. The major mechanisms are asymmetry
loss and acceleration of stem cell division, as well as
abortive divisions of sterilized cells. A number of
parameters that modulate the repopulation
response, such as dose intensity (weekly dose), have
been identified. However, the precise regulatory
mechanisms of tissue repopulation during frac-
tionated radiotherapy still remain largely unclear.
These regulatory signals would be attractive targets
for biologically based modulation of radiation
effects in early-responding normal tissues.

Taking into consideration all the underlying
biology of repopulation indicates that a time fac-
tor, in the sense of compensated dose, should be
included in mathematical models of normal-tissue
complications only with great care and caution, as
these models currently do not include the domi-
nating repopulation-modifying factors.

Key points

1. The radiation tolerance of early-responding
normal tissues increases with increasing
overall treatment time.

2. This phenomenon is depicted as
repopulation.

3. Repopulation starts after a tissue-specific
lag time.

4. The biological basis is a complex restructur-
ing of the proliferative tissue organization.

5. This includes asymmetry loss and acceler-
ation of stem cell proliferation.

6. Abortive divisions of doomed cells signifi-
cantly contribute to cell production.

7. Tissue hypoplasia controls stem cell acceler-
ation and abortive divisions, while the asym-
metry loss is regulated by stem cell depletion.
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12.1 INTRODUCTION

Low dose-rate irradiation is the ultimate form of
fractionation, equivalent to multiple infinitely
small fractions being given without radiation-free
intervals, and thereby damage induction and
repair take place at the same time. In clinical
radiotherapy, continuous low dose-rate (CLDR)
is widely used in brachytherapy either by perman-
ent or temporary implantation of radioactive
sources (e.g. '2°I, 1°°Pd) into tumours. By utilizing
remote afterloading of medium or high dose-rate
sources, notably !’Ir, various combinations of
dose-rate and fractionation can also be chosen,
such as pulsed dose-rate (PDR) and high dose-
rate (HDR) brachytherapy. With external-beam
treatments using intensity-modulated radiother-
apy (IMRT), the dose-rate effect may also have
some impact as the longer treatment times per
session, which can be needed in more complex
plans, may lead to a reduction in effectiveness.

12.2 MECHANISMS UNDERLYING
THE DOSE-RATE EFFECT

The dose rates used for most radiobiological stud-
ies on cells and tissues tend to be in the range

1-5Gy/min, as are dose rates used clinically for
external-beam radiotherapy. Exposure times for a
dose of, for example, 2 Gy are therefore no more
than a couple of minutes. Within this time, the
initial chemical (i.e. free radical) processes that are
generated by radiation can take place but such
exposure times are not long enough for the repair
of DNA damage or for any other biological
processes to occur significantly. As the dose rate is
lowered, the time taken to deliver a particular
radiation dose increases; it then becomes possible
for a number of biological processes to take place
during irradiation and to modify the observed
radiation response. These processes have classic-
ally been described by the four Rs of radiobiology:
recovery (or repair), redistribution in the cell
cycle, repopulation (proliferation), and reoxy-
genation (see Chapter 7, Section 7.3).

Figure 12.1 illustrates the operation of these
processes in producing the dose-rate effect. The
range of dose rates over which each process has an
effect depends upon its speed. Intracellular repair
is the fastest of these processes (half-time <1
hour) and when the exposure duration is of the
order of 1 hour considerable repair will take place.
Calculations show that repair at this speed will
modify radiation effects over the dose-rate range
from around 1 Gy/min down to about 0.1 cGy/min
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Figure 12.1 The range of dose rates over which repair,
reassortment and repopulation modify radiosensitivity
depends upon the speed of these processes. From Steel
et al. (1986), with permission.
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Figure 12.2 Cell-survival curves for a human melanoma
cell line irradiated at dose rates of 150, 7.6 or 1.6 cGy/min.
The data are fitted by the ‘lethal-potentially lethal' (LPL)
model, from which the lines A and B are derived (see text).
From Steel et al. (1987), with permission.

(Figs 12.2 and 12.3). Even in the range of clinical
external-beam dose rates, small effects on toler-
ance may arise from changes in dose rate. In con-
trast, repopulation is a much slower process.
Doubling times for repopulation in human
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Figure 12.3 Cell-survival curves for three human
tumour cell lines irradiated at the low dose-rate of
1.6 ¢Gy/min. HX143, neuroblastoma; GCT27, germ-cell
tumour of the testis; HX34, melanoma. From Steel
(1991), with permission.

tumours or normal tissues cannot be less than
1 day; the range is probably very wide — from a few
days to weeks (Table 7.1). Only when the exposure
duration exceeds about a day will significant
repopulation occur during a single radiation expo-
sure. Repopulation, in either tumours or normal
tissues, will therefore influence cellular response
over a much lower range of dose rates, below say
2 ¢cGy/min, depending upon the cell proliferation
rate. Redistribution (i.e. cell-cycle progression)
will modify response over an intermediate range of
dose rates, as will reoxygenation in tumours. The
kinetics of reoxygenation are variable among
tumour types and may involve various mechan-
isms (see Chapter 15, Section 15.5, and Table 15.3);
this could, nevertheless, be a significant factor
reducing the effectiveness of brachytherapy given
over a short overall time.

12.3 EFFECT OF DOSE RATE ON
CELL SURVIVAL

As the radiation dose rate is lowered in the range
1 Gy/min down to 1cGy/min, the radiosensitivity
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of cells decreases and the shouldered cell-survival
curves which are observed at high dose-rates grad-
ually become straighter. This is illustrated in Fig.
12.2. At 150 cGy/min, the survival curve has a
marked curvature; at 1.6cGy/min it is almost
straight (on the semi-log plot) and seems to extrap-
olate the initial slope of the high dose-rate curve.
The amount of sparing associated with the dose-
rate reduction can be expressed by reading off the
radiation doses that give a fixed surviving fraction,
for example 0.01: these values are 7.7Gy at
150 cGy/min and 12.8 Gy at 1.6 cGy/min. The ratio
of these doses (12.8/7.7 = 1.6) is called the dose-
recovery factor (DRF). The data at all three dose
rates in Fig. 12.2 have been simultaneously fitted by
Curtis’ ‘lethal-potentially lethal’ (LPL) model (see
Chapter 4, Section 4.11), a model that is particu-
larly useful for describing the dose-rate effect. This
allows an estimate to be made of the halftime for
cellular recovery (0.16 hours) and it also predicts
cell survival under conditions of no repair (line A)
or full repair (line B). Three further examples of
low dose-rate survival curves in human tumour cell
lines are shown in Fig. 12.3: they well illustrate the
linearity of low dose-rate survival curves.

For four selected human tumour cell lines (Fig.
12.4), cell-survival curves are shown at two dose
rates (150 cGy/min and 1.6 cGy/min). These four
sets of data have been chosen to illustrate the dose-
rate effect and the range of radiosensitivities seen
among human tumour cells (Steel ez al., 1987). At
high dose-rate there is a range of approximately
3 in the radiation dose that gives a survival of 0.01,
the Dy ;. At low dose-rate the curves fan out and
become straight or nearly so: the range of D, val-
ues is now roughly 7. This illustrates an important
characteristic of low dose-rate irradiation: it dis-
criminates better than high dose-rate irradiation
between cell lines of differing radiosensitivity.

12.4 DOSE-RATE EFFECT IN NORMAL
TISSUES

Most normal tissues show considerable sparing as
the dose rate is reduced. An example is shown in
Fig. 12.5. The thorax of conscious mice was irradi-
ated with ®°Co ~-rays and damage to the lung was
measured using a breathing-rate assay (Down
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Figure 12.4 Cell-survival curve for four representative
human tumour cell lines irradiated (a) at high dose-rate
(150 cGy/min) or (b) at low dose-rate (1.6 cGy/min).
HX142, neuroblastoma; HX58, pancreas; HX156, cervix;
RT112, bladder carcinoma. From Steel (1991), with
permission.

et al., 1986). The radiation dose that produced
early pneumonitis in 50 per cent of the mice (i.e.
the EDsy) was 13.3Gy at 100cGy/min but it
increased to 34.2Gy at the lowest dose-rate of
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Figure 12.5 The dose-rate effect for pneumonitis in mice

. The full line fitted to the data was calculated on the basis

of the incomplete repair model; the broken line shows its extrapolation to very low dose-rates. The boxes on the right

show the EDg, (effect dose-50 per cent) values for fractionated irradiation. From Down et al. (1986), with permission.

2 cGy/min (DRF = 2.6). Note that a similar degree
of sparing could be achieved (in studies of other
investigators) by fractionated high dose-rate irra-
diation using 2 Gy per fraction, and even more
sparing at 1Gy per fraction. Note also that at
2 cGy/min the curve is still rising rapidly. It was not
possible in these experiments to go down to dose
rates below 2 cGy/min because of the difficulty of
immobilizing the mice for long periods of time.
The data in Fig. 12.5 have been fitted by the
incomplete repair model (Thames, 1985) as
explained in Chapter 8.8. This model simulates
the effect of recovery (repair) on tissue sensitivity;
it does not take account of cell proliferation dur-
ing irradiation. The model fits the data well and it
also allows extrapolation down to low dose-rates.
It predicts, in this example, that dose-sparing due
to recovery will continue to increase down to
about 0.01 cGy/min at which the EDs, is 59 Gy
and the recovery factor (i.e. DRF value) is 4.4.
Proliferation of putative stem cells in the lung may
lead to even greater sparing at very low dose-rates.
The comparison between a single low dose-rate
exposure (2cGy/min) and fractionated high dose-
rate irradiation (2Gy per fraction) allows an
important conclusion to be drawn. If the fractions
are delivered once per day then the overall time to
deliver an EDs; dose of 34 Gy is 17 days. The same
effect is produced by a single low dose-rate
treatment in 28 hours. Continuous low dose-rate
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Figure 12.6 The dose-rate effect in various rodent
normal tissues: lung, spinal cord, lip mucosa and
bone marrow.

exposure is thus the most efficient way of allowing
maximum tissue recovery in the shortest overall
time. It minimizes the effects of cell proliferation,
which is an advantage in terms of damage to
tumour cells but a disadvantage for the tolerance of
those early-responding normal tissues that rely
more on proliferation than (intra)cellular recovery.

Figure 12.6 shows some examples of other
studies of the dose-rate effect on normal tissues in
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rodents: lip mucosa, lung, spinal cord and bone-
marrow. When comparing two typical late-
responding tissues (lung and spinal cord) with an
early-responding tissue (lip mucosa in the mouse)
the patterns of recovery are very similar, with the
largest sparing in the spinal cord. This is to be
expected for the central nervous system as this tis-
sue shows the largest increase in tolerance when
decreasing the fraction size (low a/f ratio). For
early-responding epithelial tissues such as the lip
mucosa the dose-rate effect is less pronounced,
but for overall times longer than 1-2 days prolifer-
ation adds to a rapid increase in tolerance, in con-
trast to late-responding tissues.

The two bone marrow endpoints, lethality
owing to bone marrow syndrome and long-term
repopulation of haemopoietic stem cells, show
only a minimal recovery for dose rates as low as
1 cGy/min. This is predominantly due to the high
sensitivity of the bone marrow, as a LDs, (radi-
ation producing lethality in 50 per cent of a popu-
lation) dose in the range of 6-9Gy is even at
1 cGy/min delivered in a total time of only 10-15
hours. It is of interest to note that a slow prolifer-
ating haemopoietic stem cell population showed a
significant recovery when lowering the dose rate
to approximately 0.5 cGy/min, in agreement with
a low «/@ ratio (van Os et al., 1993).

12.5 ISOEFFECT RELATIONSHIPS
BETWEEN FRACTIONATED AND

CONTINUOUS LOW DOSE-RATE

IRRADIATION

A variety of theoretical descriptions of the dose-
rate effect have been made but for clinical applica-
tion the most widely used is the incomplete repair
model of Thames (1985). The calculations of Dale
and Deehan (2007) make the same basic assump-
tions, although the formulation is slightly differ-
ent. The basic equation of the incomplete repair
model for continuous irradiation is:

E=aD+ D% (12.1)

where E is the level of effect, @ and 3 are param-
eters of the linear-quadratic equation, D is the total
dose and gis a function of the duration of contin-
uous exposure. Note that the time-dependent

recovery factor modifies only the quadratic term
in the linear-quadratic (LQ) equation, a feature
that is supported by experimental data
(Steel et al, 1987; Fig. 12.2). Note also that repop-
ulation is ignored in these calculations.

The value of g depends upon the halftime for
recovery (T;,,) and the duration of continuous
exposure () according to the relation:

g=2[pt— 1+ exp(—punl/(u1)? (12.2)

where p = 0.693/T),,. Values of g for a wide range
of T}, and tare given in Table 8.3.

This model allows isoeffect relationships to be
calculated and, as shown in Fig. 12.5, it is success-
ful in describing experimental data over a range of
dose rates. Further examples of calculated curves
are shown in Fig. 12.7. The purely fractionated
case is shown in Fig. 12.7a, with high dose-rate
irradiation, described by the LQ model. The line
in this chart corresponds to equation 8.5 (Chapter
8) with D; = 60Gy, d;, = 2Gy and o/ = 10Gy.
The inter-fraction intervals have here been
assumed to be long enough to allow complete
recovery between fractions. Figure 12.7b shows
isoeffect curves for a single continuous exposure
at any dose rate, calculated using equation 12.1
and with values of the halftime for recovery of
1.0, 1.5 or 2.0 hours. The three curves are slightly
different and this illustrates the dependence of the
isoeffect curve for continuous exposure on the
speed of recovery: the curve shifts laterally to
lower dose rates as the halftime is prolonged.
Unfortunately, recovery halftime is not well
known in clinical situations, which limits the
value of calculations of this sort.

The curves in Fig. 12.7a—c are mutually isoef-
fective. They are calculated for the same effect
level and for the same values of a and (3 (the o/
ratio is 10 Gy), chosen to give an extrapolated dose
of 72 Gy at infinitely small doses per fraction or
infinitely low dose-rate, which corresponds to an
equivalent dose in 2-Gy fractions (EQD,) of
60 Gy. This example illustrates the equivalence
that is predicted by the mathematical models
between a particular continuous dose rate and a
corresponding dose per fraction. For the param-
eters assumed here (as shown by the vertical
arrows), a dose rate of around 1-2cGy/min
(roughly 1 Gy/hour) is equivalent to fractionated
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Figure 12.7 Isoeffect curves calculated with the incomplete repair model (Thames, 1985) for fractionated, continuous,
or fractionated low dose-rate radiation exposure (a-c are mutually isoeffective). Repopulation is ignored. The /(3 ratio
is 10 Gy and the EQD, (equivalent dose in 2-Gy fractions) is 60 Gy. Adapted from Steel (1991) and Steel et al. (1989),

with permission.

treatment with approximately 2 Gy per fraction,
for both of which the isoeffective dose is 60 Gy.

A further important conclusion can be drawn
from calculations of the type shown in Fig. 12.7.
In Chapter 8, Section 8.6 (see Fig. 8.7), we have
seen how the use of large fraction sizes leads to a
therapeutic disadvantage in tumours with a high
a/Bratio, relative to late normal-tissue injury. The
same is true for high continuous dose rate treat-
ments. By drawing further horizontal lines
between Fig. 12.7a and Fig. 12.7b it can be seen
that a dose rate of 5cGy/min is equivalent to
around 6-8 Gy per fraction and 10cGy/min to
over 10 Gy per fraction.

Figure 12.7c shows the results of model calcu-
lations for fractionated low dose-rate irradiation.
Once again using the incomplete repair model
isoeffect curves were calculated for treatment with
2-50 fractions, each given at the dose rate shown
on the abscissa and with full recovery between
fractions. Again, repopulation is ignored. This
diagram indicates the basic feature of fractionated
low dose-rate exposure: as we increase the num-
ber of fractions the dose-rate effect is reduced (i.e.
the curves become flatter), and as we lower the
dose rate the effect of fractionation is reduced (as
seen by the vertical spread between the curves).
This results from a simple principle. As we pro-
tract irradiation it is cellular recovery that pro-
duces all these effects and there is a limit to how
much recovery the cells can accomplish. If we

allow recovery between fractions then there is
less to be recovered during each fraction, and vice
versa.

An alternative approach to the description of
the dose-rate effect is the LPL model of Curtis
(1986). This is a mechanistic model that is
described in Chapter 4, Section 4.11. It has theor-
etical advantages for studies that seek to describe
the cellular mechanisms of radiation cell killing
but is less appropriate for clinical calculations
than the empirical equations of Thames and Dale
referred to above.

Effect of cell proliferation

The effect of proliferation at very low dose-rates is
graphically illustrated in Fig. 12.8. These calcula-
tions are made for a hypothetical cell population
with an o/ ratio of 3.7 Gy and a repair halftime of
0.85 hour. Cell proliferation is assumed to occur
with the doubling times shown in the figure and no
account has been taken of radiation effects on the
rate of proliferation (if this occurred it would
reduce the effect of proliferation at the higher dose-
rates). For these parameter values there is no effect
of proliferation at dose rates above 1 cGy/min but
as the dose rate is lowered to 0.1 cGy/min the isoef-
fective dose rises very steeply. The implication for
brachytherapy is that above 1cGy/min repopula-
tion effects can be ignored, but below this dose rate
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Figure 12.8 lllustrating the effect of cell proliferation
as a function of dose rate. Isoeffect curves are shown
for no proliferation or with the doubling times
indicated. The calculations are based on a simple model
of exponential growth, ignoring radiation effects on the
rate of cell proliferation.

they will be substantial, both in tumours and in
early-responding normal tissues.

The inverse dose-rate effect

Although in situations affecting clinical practice it
is a general rule that cellular sensitivity decreases
with decreasing dose rate, exceptions to this rule
have been noted. Mitchell and Bedford in early
studies of cell killing in mammalian cell lines occa-
sionally found a slight inversion which they attrib-
uted to a lower dose rate allowing cells to progress
though the cell cycle into more sensitive phases,
thus suffering greater damage. The mechanism
of the inverse dose-rate effect has been elucidated
further in more recent experimental work related
to the ‘low-dose hyper-radiosensitivity’ (HRS)
process discovered by Joiner and colleagues (see
Chapter 4, Section 4.14). In cell lines showing a
pronounced HRS response below doses of 0.4 Gy, a
reversal of the usual sparing at low dose-rates can
also be observed at dose rates below 1.5 cGy/min.
An example of this HRS-driven inverse dose rate
effect is shown in Fig. 12.9 (Mitchell et al., 2002). It
is possible that this phenomenon could be a factor
promoting the effectiveness of low dose-rate per-
manent'?® implants, for example in the treatment
of prostate cancer and glioblastoma, where expo-
sure rates over much of the target volume are gen-
erally less than 1 cGy/min.
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Figure 12.9 Survival curves obtained after exposure of
asynchronously growing T98G glioblastoma cells to low
dose-rate ®Co  radiation. Curve labels indicate the dose
rate of radiation exposure in cGy/hour. Relative clonogens
per flask was calculated by multiplying the surviving
fraction by the relative cell yield following irradiation.
Each datum point is plotted as the mean = SEM. The
acute dose rate was 33 Gy/hour. This cell line is an
example of those which demonstrate an inverse dose-rate
effect on cell survival at dose rates below 100 cGy/hour,
whereby a decrease in dose rate results in an increase in
cell killing per unit dose. Analysis of the cell cycle
indicates that these inverse dose-rate effects are not
caused by accumulation of cells in G2/M phase or by
other cell-cycle perturbations, but result from the process
of low-dose hyper-radiosensitivity (see Chapter 4, Section
4.14). From Mitchell et al. (2002), with permission.

12.6 RADIOBIOLOGICAL ASPECTS OF
BRACHYTHERAPY

The principal reasons for choosing interstitial or
intracavitary radiotherapy in preference to exter-
nal-beam treatment relate to dose delivery and
dose distribution rather than to radiobiology.
Irradiation from an implanted source within a
tumour carries a distinct geometrical advantage
for sparing the surrounding normal tissues that
will inevitably tend to receive a lower radiation
dose. Brachytherapy thus exploits the volume
effect in normal tissues (see Chapter 14). Normal
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tissues will also often be exposed to a lower dose-
rate, which gives the additional advantage of ‘neg-
ative double trouble’ (i.e. ‘double benefit, see
Chapter 9, Section 9.11).

Variation in cell killing around an
implanted radioactive source

The non-uniformity of the radiation field around
an implanted source has important radiobiologi-
cal consequences. Close to the source the dose rate
is high and the amount of cell killing will be close
to that indicated by the acute-radiation survival
curve. As we move away from the source, two
changes take place: cells will be less sensitive at the
lower dose-rates, and within a given period of
implantation the accumulated dose will also be
less. These two factors lead to a very rapid change
in cell killing with distance from the source.
Within tissues (tumour or normal) that are close
to the source the level of cell killing will be so high
that cells of virtually any radiosensitivity will be
killed. Further out, the effects will be so low that
even the most radiosensitive cells will survive.
Between these extremes there is a critical zone in
which differential cell killing will occur. As shown
by Steel et al. (1989), for cells of any given level of
radiosensitivity model calculations imply that
there will be cliff-like change from high to low
local cure probability, taking place over a radial
distance of a few millimetres (Fig. 12.10). The dis-
tance of the ‘cliff” from the source is determined
by the radiosensitivity of the cells at low dose-rate —
nearer for radioresistant cells and further away for
radiosensitive cells (Steel, 1991).

Is there a radiobiological advantage in
low dose-rate radiotherapy?

The question of whether low dose-rate irradiation
itself carries a therapeutic advantage is an inter-
esting one. There is a considerable volume of liter-
ature on the dose-rate effect, both in tumours and
in normal tissues, on the basis of which it would
be difficult to claim that under all circumstances
low dose-rate treatment would have the best
therapeutic index. As shown in Fig. 12.4, cells that
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Figure 12.10 The likelihood of local tumour control
varies steeply with distance from a point radiation
source. The radius at which failure occurs depends upon
the steepness of the survival curve at low dose-rate (a).
From Steel et al. (1989), with permission.

are the least sensitive to radiation and have the
largest shoulder on the cell-survival curve will
show the greatest degree of dose-sparing. These
are not necessarily cell lines of low «/( ratio, for
Peacock et al. (1992) have shown that a range of
human tumour cell lines, including those shown
in Fig. 12.4, have similar a/( ratios: radioresistant
tumour cells tend to have both a lower o and a
lower 3 than more sensitive cells. In a particular
therapeutic situation we could make a calculation
comparing the relative DRF between tumour and
critical normal tissues. This would tell us whether
the normal tissues might be spared more or less
than the tumour cells if we were to lower the dose
rate. However, this does not answer the therapeu-
tic question, because to treat with one large high



166 The dose-rate effect

dose-rate fraction has for a long time not been a
clinical option. However, with the advances in
functional imaging and combination of positron
emission tomography (PET)/computed tomogra-
phy (CT) with high-precision IMRT, hypofrac-
tionation and even large single doses for
treatment of metastases are now coming back into
the realm of modern radiation oncology. This is
similar to comparing hypofractionation with the
use of conventional or reduced dose per fraction
(see Fig. 10.2). The appropriate clinical question is
whether a single continuous low dose-rate treat-
ment is better than using a conventional fraction-
ation schedule.

As illustrated in Fig. 12.7, there is, on the basis
of the incomplete repair model, an equivalence
between dose per fraction in fractionated radio-
therapy and dose rate for a single continuous
exposure. Roughly speaking, for a given level of
cell killing the total dose required at a continuous
dose-rate of 1 Gy/hour is similar to that required
by acute fractionated treatment with 2Gy per
fraction. This equivalence depends upon the half-
time for recovery but it is relatively independent
of the o/ ratio (Fowler, 1989). In radiobiological
terms, these two treatments should be equally
effective. Lowering the (fractionated) dose per
fraction will spare late-responding normal tissues
whose o/ ratio is low, as will lowering the dose
rate (continuous) below 1 Gy/hour.

The success of intracavitary therapy may result
from two factors: (1) the lower volume of normal
tissue irradiated to a dose that discriminates
between tissue sensitivities; and (2) the practical
and radiobiological benefits of short treatment
times. The clearest advantage for low dose-rate
irradiation is that for a given level of cell killing,
and without hazarding late-responding normal
tissues, this treatment will be complete within the
shortest overall time (see Section 12.4). Tumour
cell repopulation will therefore be minimized. This
could confer a therapeutic advantage for the treat-
ment of rapidly repopulating tumours.

A potential disadvantage of low dose-rate irra-
diation is that because of the short overall treat-
ment time there may be inadequate time available
for the reoxygenation of hypoxic tumour cells and
therefore greater radioresistance because of
hypoxia.

Pulsed brachytherapy

The availability of computer-controlled high dose-
rate afterloading systems provides the opportunity
to deliver interstitial or intracavitary radiotherapy
in a series of pulses (PDR). The gaps between
pulses allow greater freedom for the patient and
increased safety for nursing staff, as well as tech-
nical advantages, for example in allowing correc-
tions for the decay of the radioactive source that
minimize effects on the quality of treatment.

In principle, any move away from continuous
exposure towards treatment with gaps carries a
radiobiological disadvantage. This is because the
dose rate within each pulse is higher and this
allows less opportunity for repair of radiation
damage. Slowly-repairing tissues will therefore be
disadvantaged and, as argued in Chapter 10,
Section 10.8, there will be a loss of therapeutic
index between tumour tissues that repair quickly
and those late-responding normal tissues that
repair more slowly. The magnitude of this effect
was considered by Brenner and Hall (1991), who
concluded that for gaps between pulses of up to
60 min the radiobiological deficit may be an
acceptable trade-off for the increase in dosimetric
localization to the target volume. During the
ensuing years there has been much theoretical dis-
cussion of the guidelines for safe treatment with
pulsed brachytherapy. Extensive laboratory stud-
ies comparing PDR and CLDR with cells in vitro
have been carried out in Oslo by the group of
Pettersen (Hanisch et al, 2007). They concluded
that in some cell lines PDR had a greater than pre-
dicted effect. This could not be explained by the
inverse dose-rate effect (see Section 12.5). Cell
lines that showed an inverse dose-rate effect did so
similarly under both CLDR and PDR conditions.

Theoretical studies have examined the effect of
halftimes for repair in normal and tumour tissues,
including the evidence for multiple halftime com-
ponents within each tissue (Fowler and van
Limbergen, 1997). Brachytherapy studies on labora-
tory animals are technically difficult, not least
because of the differences in scale between rats and
humans, but detailed studies of effects in the rat
spinal cord have been carried out (Pop et al., 2000).

Clinical experience in the use of pulsed
brachytherapy is increasing and the availability of
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equipment that allows a single high-intensity
source to be ‘stepped’ through the treatment field
provides an important degree of control. The
method does, however, need to be applied with
care because there are penalties in terms of the
quality of treatment when pulse sizes are allowed
to be too large or when time between pulses is
increased much above 1 hour. High dose-rate
afterloading systems create the temptation to
shorten the overall time and, as indicated above,
this could lead to increased early reactions to
radiotherapy and greater tumour radioresistance
owing to inadequate reoxygenation. A prospective
clinical trial comparing CLDR and PDR for cervi-
cal cancer was carried out in the Princess Margaret
Hospital in Toronto (Bachtiary et al., 2005). No
statistical difference was observed in survival or
late toxicity, and the authors concluded that PDR
has the advantage of a better dose optimization.
The use of PDR as a boost in combination with
IMRT might yield the best options for dose escal-
ation, as high doses are obtained within the target
volume (Pieters et al., 2008).

IMRT and dose rate

Intensity-modulated radiotherapy, one of the
highest precision implementations of external-
beam radiotherapy, is generally accepted as the
best tool to allow dose-escalation with conven-
tional photons in the target volume while sparing
the surrounding normal tissues. This higher preci-
sion is achieved by a more complex technology,
including a high number of separate segments and
thereby often longer delivery times of the complete
dose fraction of up to 30 min. Thus, part of the
escalated dose may be biologically lost by repair
during the treatment. Various investigators have
addressed this question by in vitro cell culture
experiments. A recent series of experiments, along
with a review of the literature, concluded that in
general the effectiveness in terms of cell kill
decreases by up to 20 per cent for treatment times
of 20-30 min (Bewes et al., 2008). An important
observation is that these figures differ for various
cell lines, and are more dependent on the rate of
repair than the a/g ratio, as also predicted by the
‘incomplete repair’ or the LPL model (see

Chapters 4 and 8). To date, no indications of a
reduced effectiveness of IMRT treatments have
been reported, and it should be realized that the
outcome of therapy is not determined only by the
intrinsic sensitivity of tumour cells. Of interest in
this respect is an experimental study comparing in
vitro radiosensitivity with in vivo tumour response
in the same cell line (Tomita et al., 2008), which
showed that the loss of effect due to lower cell kill
was compensated in vivo by rapid reoxygenation.

Key points

1. Low dose-rate irradiation is the ultimate
form of fractionation which allows the
maximal amount of recovery in the shortest
overall treatment time.

2. The dose-rate effect results primarily from
repair of sublethal damage, while repopula-
tion may play a role for treatment times
longer than 1-2 days.

3. Cell-survival curves become straighter at
low dose-rates and approach the initial
slope of the survival curve.

4. An inverse dose-rate effect, the reversal of
sparing at dose rates less than c. 1 cGy/min,
is observed in cell lines showing the phe-
nomenon of low-dose HRS.

5.PDR provides the same radiobiological
advantage as continuous low dose-rate with
the added benefit of optimized dose distri-
butions and patient logistics.

6. IMRT given in 20-30 min per fraction may
be intrinsically less effective owing to lower
cell kill, but this may be compensated in
tumours by rapid reoxygenation.
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13.1 INTRODUCTION

Despite optimum conformation of the treatment
fields to the tumour and precise treatment plan-
ning and application, the target volume in curative
radiotherapy necessarily includes a substantial
amount of normal tissue, for several reasons.
First, malignant tumours infiltrate microscopi-
cally into normal structures, which hence must be
included into the high-dose volume as a tumour
margin. Second, normal tissues within the
tumour, such as soft tissue and blood vessels, are
exposed to the full tumour dose. Third, normal
structures in the entrance and exit channels of the
radiation beam may be exposed to clinically rele-
vant doses. Therefore, effective curative radiother-
apy is unavoidably associated with an accepted
risk for early and late radiation side-effects
(‘adverse events’) in order to achieve adequate
tumour cure rates.

The optimum radiation dose in curative radio-
therapy is defined as the dose that is associated
with a certain low incidence of sequelae of a
defined severity in cured patients (‘complication-
free healing’). The manifestation of side-effects is
hence an indicator for optimum treatment and
maximum tumour cure probability; side-effects

cannot, a priori, be considered as a consequence
of incorrect treatment.

Early (acute) side-effects are observed during
or shortly after a course of radiotherapy. In con-
trast, late (chronic) side-effects become clinically
manifest after latent times of months to many
years. The cut-off time to distinguish early from
late effects has arbitrarily been set to 90 days after
the onset of radiotherapy. This classification is
based exclusively on the time-course (i.e. the time
of first diagnosis of the pathological changes).
However, early and late effects have specific
(radio)biological features which distinguish them.

Early effects are usually found in tissues with a
high proliferative activity that counteracts a per-
manent cell loss (turnover tissues), such as bone
marrow, epidermis or mucosae of the upper and
lower intestinal tract. The acute symptoms are
based on radiation-induced impairment of cell
production in the face of ongoing cell loss, which
is usually independent of the treatment. The con-
sequence is progressive cell depletion. This response
is regularly accompanied by inflammatory changes,
which either can be directly induced by the radia-
tion exposure or secondary to the changes in the
turnover compartment of the tissue. Healing, which
is usually complete, is based on the proliferation
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of surviving tissue stem cells within the irradiated
volume or migration of stem cells in from unirra-
diated tissue.

Late radiation side-effects are basically found in
all organs. In contrast to the development of early
side-effects, which are characterized by cell deple-
tion as a leading mechanism, the pathogenetic
pathways of chronic side-effects are more com-
plex. The dominating processes occur in the
parenchyma of the organs (i.e. in the tissue-specific
compartments) but also in the connective and vas-
cular tissues. Regularly, the immune system
(macrophages, mast cells) contributes to the tissue
reaction. Late radiation effects hence represent a
multifaceted, orchestrated response with various
components (Dorr et al., 2005b; Bentzen, 2006).

Late radiation sequelae, in contrast to early
effects, with few exceptions, are irreversible and
progressive, with increasing severity occurring with
longer follow-up times. Therefore, the longer the
survival times of the patients (i.e. the better the
radiation therapy) the higher is the number of
patients at risk for late reactions. A risk for the
manifestation of a chronic reaction remains
throughout the life of the patient (Jung et al., 2001).

Early and late radiation effects are independent
with regard to their pathogenesis and, in general,
conclusions from the severity of early reactions on
the risk of late effects cannot be drawn. However, in
particular situations, interactions between acute
and chronic reactions can occur within one organ,
resulting in consequential late effects (CLE). This is
the case when the early-responding tissue compart-
ments (e.g. epithelia) have a protective function
against mechanical and/or chemical exposure. This
barrier function is impaired during the acute radia-
tion reaction because of cell depletion. In conse-
quence, secondary traumata can impact on the
target structures of the late sequelae (connective
tissue, vasculature) in addition to the direct effects
of radiation, which can then aggravate the late
radiation response (Dorr and Hendry, 2001).
Consequential late effects have been demonstrated
for intestine, urinary tract, oral mucosa and partic-
ularly stressed skin localizations (Dorr and Hendry,
2001), as well as for lung (Dorr et al., 2005a).

In this chapter, after a description of the general
pathogenesis of early and late radiation effects,
specific effects in clinically relevant organs and

tissues will be described. This latter part also
includes side-effects that follow an atypical patho-
genesis, such as late cardiovascular changes or
radiation cataract induction. This chapter does not
include systemic sequelae such as fatigue or nausea
and emesis. Moreover, responses to high single
doses or a few large fractions, as administered in
stereotactic radiotherapy, which may be based on
different pathogenetic pathways, are excluded.

13.2 EARLY RADIATION EFFECTS

Radiation effects in skin and epidermis were dose-
limiting during the orthovoltage era, with peak
doses occurring near the entrance sites of the
beam. In contrast, with modern treatment tech-
niques, distributions of high doses within the
body can, in general, be achieved without severe
epidermal toxicity.

However, early radiation effects are still rele-
vant even in face of the progress in the physical
application of radiotherapy. Early reactions sig-
nificantly affect the quality of life of the patients.
Some early responses are dose-limiting, such as
oral mucositis in radiotherapy of advanced head
and neck tumours, and hence reduce the chance
for tumour cure. Moreover, early reactions can
result in consequential late effects (Dorr and
Hendry, 2001). In addition, the costs of support-
ive care are an important socio-economic factor.

Additional traumas can significantly aggravate
early radiation responses. Chemotherapy is one
prominent example. Moreover, in epithelial tis-
sues, mechanical stress can influence early com-
plications, such as epidermal irritation by clothing
or in skin folds, or oral mucosal trauma through
dental prostheses or sharp-edged food compo-
nents. Similarly, chemical exposure, such as smok-
ing, alcohol or spicy diet in oral mucosa, can
intensify the response. Such exacerbating factors
should be avoided during radiotherapy.

Precise knowledge of the pathogenesis and
radiobiology of acute radiation effects forms the
essential basis for the development of selective, biol-
ogy-based interventions. One example is radiation-
induced leukopenia after bone marrow irradiation,
which can be treated by haematopoietic growth
factors such as granulocyte colony-stimulating
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Figure 13.1 Components of early radiation effects.
Early radiation effects usually start with vascular
changes, clinically visible as erythema, accompanied
by inflammatory changes. The depletion of functional
cells, based on insufficient cellular supply in the face
of ongoing differentiation and cell loss, is the
dominating response to irradiation. The interaction of
this phase with the vascular response is unclear.
Progressive hypoplasia promotes secondary reactions
(e.g. infections owing to oral mucositis, moist skin
desquamation or leukopenia). Eventually healing occurs,
based on surviving stem cells within the irradiated
volume or stem cells migrating in from outside the
irradiated volume.

factor (G-CSF) or granulocyte/macrophage colony-
stimulating factor (GM-CSF) (see Chapter 22).

Phases of early radiation reactions

Different pathogenetic phases and components
can be distinguished for early radiation responses
in normal tissues (Sonis, 2004; Dorr et al., 2005b),
as illustrated schematically in Fig. 13.1. Regularly
a ‘humoral’ response is observed, based on the
release of paracrine active substances, for example
by vascular endothelial cells and macrophages,
but also by fibroblasts or parenchymal cells such
as epithelial keratinocytes. The associated changes
in the functions of the target cells are accompa-
nied by inflammatory changes. This phase usually
precedes the clinically dominating reaction (i.e.
the reduction in the number of functional cells).
This hypoplasia is seen, for example, as epidermal
or mucosal epitheliolysis or as leukopenia. Based
on the breakdown of epithelial structures, which
normally constitute a protective barrier function,
secondary infections are frequently seen, which
can even progress into septicaemia. Eventually,
with the exception of very severe reactions, heal-
ing occurs, based on surviving stem cells within
the irradiated volume or on migrating stem cells,

for example bone marrow stem cells from the cir-
culation or epidermal/mucosal stem cells migrat-
ing from the margins into the irradiated area.

CHANGES IN CELLULAR FUNCTION

Early after the onset of radiotherapy;, after the first
or the first few fractions, increased protein expres-
sion is observed (e.g. in endothelial cells, vascular
smooth muscle cells or macrophages). These pro-
teins are predominantly pro-inflammatory, such
as interleukin-la (IL-1a) and other interleukins,
tumour necrosis factor-a (TNF-«), or cyclooxy-
genase-2 (COX-2). Similarly, the activity of
inducible nitric oxide synthase (iNOS) is increased
(e.g. Rubin ez al., 1995; Sonis, 2004). These are only
a few examples.

The paracrine, intercellular communication is
modified by the induction of cytokines, their
receptors, adhesion molecules and components of
the cell-matrix interaction (Dorr et al., 2005b).
For example, keratinocytes of the epidermis and
oral mucosa show an increased expression of epi-
dermal growth factor (EGF), its receptor (EGFR)
or the intercellular adhesion molecule-1 (ICAM-1).
The EGFR is subsequently internalized and
translocated into the nucleus, and can act as a
transcription factor and modulate DNA repair
(Dittmann et al., 2005).

Initiation and regulation of these processes —
because of their early onset — cannot exclusively be
attributed to the release of mediators during the dis-
integration of damaged cells or to tissue hypoplasia.
However, the signals underlying these very early
changes in cellular function are unclear and are the
focus of current research projects. Their relevance
for the pathophysiology of the early radiation effects
is similarly indistinct. An impact on the clinical
symptoms, such as pain, is obvious, and modifica-
tion of the tissue response (e.g. of the regeneration
processes — repopulation, see Chapter 11) is likely.
The available data, however, do not yet allow us to
distinguish which of the intracellular, paracrine or
humoral aspects are causally involved in the patho-
genesis, and which are epiphenomena.

CELLULAR DEPLETION

The cellular depletion phase, like leukopenia
after bone marrow irradiation or epitheliolysis in
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Figure 13.2 Proliferative organization of turnover tissues. Typical early reactions occur in turnover tissues. The entire
cell production is based on tissue stem cells, which generate, on average, one stem cell and one transit cell in
asymmetrical divisions (see also Fig. 13.3). Transit cells can undergo a limited number of divisions, which increase the
cell yield per stem cell division. The cells undergo maturation and differentiation and are eventually lost. The turnover
time from the initial stem cell division to cell loss is tissue specific.

epidermis and mucosa, is the clinically most rele-
vant component of early radiation responses. As
mentioned above, these changes are found in
turnover tissues, with a precisely regulated equi-
librium between permanent cell loss from the
functional compartment and cell production in
the germinal compartment. The hierarchical pro-
liferative organization of these tissues is illustrated
in Fig. 13.2.

The entire cell production takes place in the
germinal components of the tissue (e.g. the basal
and suprabasal layers of epithelia, intestinal
crypts, or bone marrow sinuses). The basis are tis-
sue stem cells. With very few exceptions, no cellu-
lar markers, such as surface antigens, have so far
been identified that would allow for differentia-
tion between stem cells and other proliferating
cells. Therefore, the stem cell concept must be
regarded as strictly functional: the stem cell popu-
lation consists of cells that can completely and
correctly restore the integrity and structure of a
tissue after an insult. Hence, the radiation toler-
ance of a tissue is defined by the number and the
intrinsic radiosensitivity of the stem cells.

The equilibrium between cell production and
cell loss is based on the division pattern of the
stem cells. On average, each stem cell division
results in one cell that remains in the stem cell
pool, and one cell which eventually differentiates
(Dorr, 1997). This pattern, with two different
daughter cells, is called asymmetrical division.

Daughter cells which are not stem cells (transit or
precursor cells) can undergo a limited number
(e.g. up to 10 in bone marrow) of transit divisions,
which substantially increases the yield of cells per
stem cell division. The regulation of these
processes remains unclear. The number of func-
tional cells seems to feed back on the general pro-
liferation activity. However, the number of stem
cells itself seems to modulate stem cell prolifera-
tion, indicating an (additional) autoregulation
within this compartment (see also Chapter 11).
In most turnover tissues, transit cells by far
dominate the proliferative cell population; the
relationship between the numbers of transit and
stem cells depends on the number of transit divi-
sions. Hence, studies into the proliferative activity,
such as S-phase labelling with BrdUrd, Ki67-
labelling or mitotic counts, are dominated by
transit-cell proliferation and cannot accurately
assess the proliferation parameters in the stem-cell
compartment. The post-mitotic cells arising from
the last transit division usually undergo several
steps of maturation before they reach a terminal
differentiation state and are eventually lost. Their
lifespan is tissue-specific, but can vary markedly
between different tissues, from a few days in the
epithelia of the upper and lower alimentary tract
to several months in the urothelium of the urinary
bladder. The overall turnover time (i.e. the time in
which all cells are renewed once) defines the time-
course of the early radiation response (Fig. 13.3).
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Figure 13.3 Radiation-induced cell depletion and
clinical manifestation of early radiation effects.
Radiation exposure of turnover tissues results in an
impairment of cell production, while cell loss continues
independent of the treatment. The rate at which cells
are lost is determined by the tissue turnover time (TT). If
the residual proliferation of sterilized cells (abortive
divisions) is not taken into consideration, then a
complete loss of cells would be observed after one
turnover time. A defined clinical effect 1, which is
associated with a specific reduction of the cell number,
can occur dependent on the dose (dose level b, ¢ or d),
and is not observed at lower radiation doses (dose level a).
The latent time to clinical manifestation, however, is
independent of dose. A more severe effect level 2 is
based on a higher reduction in cell numbers, and hence
is observed only at higher doses (c and d). Compared
with effect 1, the latent time is longer, but is also
independent of dose. In contrast, the time to clinical
healing is longer with higher doses (d versus c).

The radiosensitivity of the cells decreases during
their differentiation process. Therefore, radiation
doses administered in radiotherapy are predomi-
nantly lethal for stem cells, while transit cells are
only minimally affected, and no effect is seen on
post-mitotic cells. Some studies in experimental
models have demonstrated with specific assays that
the stem cell inactivation by radiation follows a
dose—effect relationship, which corresponds in its
shape to a typical cell survival curve in vitro (see
Chapter 4). Such studies have been performed with
micro- or macro-colony-forming assays in intes-
tinal epithelium and skin (Withers and Elkind,
1970), or with spleen colony assays for surviving
bone marrow stem cells (Potten and Hendry, 1983).
However, despite qualitative similarities in cell

survival, there are significant quantitative differ-
ences between the in vivo and the in vitro situations.

The reduction of proliferation in the stem cell
compartment results in a lack of support to the
transit population, with the consequence of a
decline in overall cell production. Furthermore,
depending on the dose, direct effects on transit pro-
liferation are also possible, which further affect the
amplifying function of the transit compartment.
Hence, increasing radiation doses result in a pro-
gressive decline in the number of precursor cells
available for differentiation into post-mitotic cells.
In contrast, despite the radiation exposure, differ-
entiation and cell loss continue almost physiologi-
cally in qualitative and quantitative terms (Dorr,
1997). The radiation-induced imbalance between
cell production and cell loss results in progressive
hypoplasia, which becomes clinically manifest after
a threshold cell depletion is reached (Fig. 13.3).
Different grades of severity of an early reaction,
such dry and moist desquamation in skin, are
based on different degrees of cell depletion, as illus-
trated by different threshold levels in Fig. 13.3. As
the cell loss rate depends on the turnover time of
the tissue, and is independent of the treatment, the
latent time until a clinical response is reached is
tissue-dependent but independent of dose.

Usually, the turnover times are shorter than the
latent time to complete cell depletion. For exam-
ple, the turnover time in human and murine oral
mucosa is in the range of 5 days (D6rr, 1997), but
it takes about 10 days for ulceration to develop in
mouse mucosa after single dose of irradiation (Dé6rr
and Kummermehr, 1991) and about 9 days after a
(fractionated) dose of 20 Gy in human mucosa
(van der Schueren et al., 1990). This prolongation
is due to the residual proliferative capacity (abortive
divisions) of sterilized cells even after high doses
(see also Chapter 11).

In epithelial tissues, the progressive cell deple-
tion is associated with an exudative response,
which results in the formation of a pseudomem-
brane consisting of fibrin and cellular remnants,
which covers the ulcerative lesion. Healing of
acute radiation effects is based on stem cells sur-
viving within the irradiated volume or migrating
in from outside. For the restoration of the stem
cell population, symmetrical divisions, with the
generation of two stem cell daughters, are
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required (see also Chapter 11). It is likely that this
process is regulated via the local environment,
which does not provide the signals that allow the
daughter cells to differentiate. This is depicted as a
differentiation block, which results in the recruit-
ment of both daughter cells into the stem cell pool.
The generation of transit cells through asymmet-
rical divisions recurs only when a sufficient num-
ber of stem cells have been produced.

The higher the dose, the fewer stem cells survive
the treatment. Therefore, the clinically manifest
response persists over a longer time with higher
doses. This is illustrated by the EORTC (European
Organization for Research and Treatment of
Cancer) 22851 study in head and neck tumours
(Horiot et al., 2006), where accelerated fractiona-
tion (and hence a biologically more effective treat-
ment) resulted in clearly increased oral mucositis
rates even at 6 weeks after the treatment (see
Chapter 11). Also, complete restoration of cell
numbers and tissue architecture takes longer with
higher doses (Fig. 13.3), which should be consid-
ered if treatment breaks are introduced in clinical
protocols for healing of early effects.

13.3 CHRONIC RADIATION EFFECTS

Tissue organization models have been developed
that define late-responding tissues as flexible or
F-type tissues. In these tissues, in contrast to early-
responding hierarchical tissues (see Section 13.2),
no clear separation can be made between prolifer-
ating and functional cells. Proliferating cells are
recruited into the functional population on
demand, and vice versa. It is assumed that the
clinical manifestation of late radiation effects is
based on a defined, critical depletion of functional
cells (such as for early reactions). The compensa-
tory proliferation of the surviving parenchymal
cells, which were originally functional cells, results
in mitotic death and hence accelerates cell loss and
therefore shortens the time to the loss of organ
function. The higher the initial cell depletion (i.e.
the higher the dose) the more relevant this mech-
anism becomes. Hence, this model predicts a
dose-dependent shortening of the latent time to
the clinical manifestation of the effect, which is
indeed a general clinical observation.

Induction Progression Manifestation

Parenchyma,
endothelium,
fibroblasts

Loss of
function

Macrophages

Figure 13.4 Pathogenesis of late radiation effects.
Chronic radiation effects are based on complex
pathophysiological processes. These involve radiation-
induced changes in organ-specific parenchymal cells

(cell death), fibroblasts (differentiation) and vascular
endothelial cells (loss of capillaries). All these cells, as well
as macrophages, interact through a variety of cytokines
and growth factors. This orchestrated response results in
progressive parenchymal damage and eventually in loss of
function within the irradiated volume. The clinical
consequences depend on the architecture of the organ
and the volume irradiated (see Chapter 14).

An alternative model (Withers et al, 1988)
assumes that, in late-responding tissues, structures
with stem cell-like characteristics, so-called tissue
rescuing units (TRU) or functional subunits (FSU)
exist. Their radiation-induced inactivation results
in the clinical radiation responses seen. For some
tissues or organs, relatively independent structures
can be defined, such as nephrons in the kidney, or
bronchioli in the lung, which may represent TRU.

Undoubtedly, parenchymal cells in any organ
are inactivated by radiation exposure. However, it
is also accepted that, in addition to the parenchyma
of the organs and the organ-specific cells, further
tissue structures and cell populations are involved
in the pathogenesis of late effects (Fig. 13.4).
These are predominantly vascular endothelial
cells, mainly in small blood vessels and capillaries,
and connective tissue fibroblasts. Endothelial cell
death, by apoptosis or as delayed mitotic death, is
induced by radiation exposure. In contrast,
mitotic fibroblasts are triggered into differentia-
tion to post-mitotic fibrocytes, with the conse-
quence of a drastically increased collagen synthesis
and deposition (Rodemann and Bamberg, 1995).
Moreover macrophages, irradiated or recruited
into the tissue after irradiation, are also known to
contribute to the pathogenesis of late radiation
reactions. Reactive oxygen and nitrogen species,
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chronically produced by various cell populations,
in combination with chronic hypoxia, and a per-
petual cascade of cytokines (Rubin et al, 1995;
Dorr and Herrmann, 2003), seem to play an essen-
tial role in the pathogenesis of chronic radiation
sequelae (Bentzen, 2006). The interactive response
of the individual components of late radiation
reactions results in progressive parenchymal dam-
age and eventually in loss of function within the
irradiated volume (Fig. 13.4). The clinical conse-
quences depend on the architecture of the organ
and the volume irradiated (see Chapter 14).

Each of the participating cellular components
of a late effect responds to radiation exposure
with a specific dose-dependence, which, in an
orchestrated response, then defines the overall
dose—response for the different clinical endpoints
of the entire tissue. Hence, it is unlikely that the
radiation sensitivity of one single cellular compo-
nent can be used as a predictor of the sensitivity of
the whole organ. For different organs, the rele-
vance of the different pathogenetic components
can differ (see Section 13.5). For example in the
liver, the radiation response of the parenchymal
cells (hepatocytes) is less important for the clinical
symptoms (i.e. veno-occlusive disease; Dorr et al.,
2005b). In the lung, type II pneumocytes (a slow
turnover H-type tissue), endothelial cells and
fibroblasts seem to contribute similarly to radia-
tion-induced fibrosis (Dérr and Herrmann,
2003). In contrast, late fibrotic changes in the
bladder are secondary to the functional impair-
ment, which is predominantly based on urothelial
and endothelial changes, and is not primarily
radiation-induced (Dorr et al., 2005b).

Vasculature and endothelial cells

Irradiation causes changes in the function of the
endothelial cells (Schultz-Hector, 1992; Dorr et al.,
2005b). Endothelial cell vacuolization and foci of
endothelial detachment are regularly seen. Also,
transudation of serum components into the vessel
wall and subendothelial oedema have been
observed, and formation of thrombi and occlu-
sion of capillaries have been reported (Fajardo et al.,
2001). Leukocyte adhesion and infiltration into
the vessel wall is regularly observed. Based on all

these changes, irradiation eventually results in a
progressive loss of capillaries, associated with a
‘sausage-like’ appearance of the arterioles, indicat-
ing substantial impairment of perfusion. The
detailed interrelation of the individual changes
described above with the eventual capillary loss
remains unclear. Delayed mitotic death, based on
the long turnover times of the endothelium, may
contribute. The role of radiation-induced endothe-
lial apoptosis, which occurs at early times after
irradiation, is currently being discussed. As a
result of the insufficient supply of oxygen and
nutrients, atrophy of the downstream parenchyma
develops. The morphological and functional con-
sequences of this atrophy differ between the
organs.

Telangiectasia (i.e. pathologically dilated capil-
laries) are observed in all irradiated tissues and
organs. The pathogenesis is unclear but it is
assumed that endothelial cell damage is involved.
The loss of smooth muscle cells surrounding
larger capillaries and veins may also contribute to
the development of telangiectasia. In the intestine,
the urinary system or the central nervous system
(CNS), telangiectasia can be clinically relevant
because of the tendency for capillary haemor-
rhage. In the skin, telangiectasia can be a cosmetic
problem, but has also been used as a quantitative
endpoint for radiobiological studies (see Section
13.5). In arterioles, progressive sclerosis of the
tunica media is observed, which also results in
impaired supply of the downstream parenchyma.
The bases are presumably direct radiation effects
on the cells in the media layer, in combination
with endothelial changes.

Studies on the pathogenesis of late radiation
effects have been performed in various experimen-
tal animal models, and predominantly with high
single doses or few large fractions. Hence, no clear
conclusions on the correlation of the individual
changes described above and their time-course after
fractionated radiotherapy can be drawn, although it
can be assumed that similar changes occur.

Fibroblasts

In living organisms, a balance between mitotic
fibroblasts and post-mitotic fibrocytes exists.
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Figure 13.5 Time-course and dose dependence of late radiation sequelae. Late radiation effects are progressive in
nature. The latent time for a specific clinical effect as well as the progression rate are dependent on dose (a). In
consequence, an increasing number of individuals presenting with the effect (responders) is found in the individual
dose groups with prolongation of the follow-up time, i.e. from follow-up 1 (FU1) to follow-up 2 (FU2). Therefore, a
shift of the dose-effect curve to lower doses is found with increasing follow-up (b).

Irradiation results in stimulation of the differenti-
ation of fibroblasts into fibrocytes, with the conse-
quence of substantially increased collagen synthesis
and deposition (Rodemann and Bamberg, 1995),
which affects organ function. This process is mod-
ulated by the synthesis and release of transform-
ing growth factor-G (TGF-() from various cell
populations, which further triggers fibroblast dif-
ferentiation (Hakenjos et al, 2000). Increased
expression of TGF-( at the mRNA and protein
level can be observed over long time intervals in
various cell populations (Bentzen, 2006).

Latent times

The latent time for chronic radiation effects, as
well as the rate at which the severity of the clinical
changes progresses, is inversely dependent on
dose (Fig. 13.5). This dose-dependence results
from several processes: with higher doses, more
endothelial cells are damaged and the progression
of the loss of capillaries is faster. Therefore, less
time is required until tissue function is lost.
Similarly, higher doses trigger more fibroblasts
into differentiation, which results in a higher
synthesis rate of collagen, and the collagen level

associated with loss of tissue function is reached
earlier. Parenchymal radiation effects contribute
to these processes in an organ-specific manner. As
a consequence of the dose-dependence of latent
time and progression rate, with increasing follow-
up time responses are also seen at lower dose lev-
els (Fig. 13.5). Hence, the isoeffective doses for a
defined clinical response decrease with increasing
follow-up time. In consequence, the definition of
tolerance doses for late effects always requires
information about the follow-up time on which
the estimate is based.

13.4 DOCUMENTATION AND
ASSESSMENT OF NORMAL-TISSUE
EFFECTS

Two aspects must be considered for the documen-
tation and quantification of normal tissue com-
plications: the frequency of assessment and the
scoring system used. Early reactions can undergo
considerable changes in their clinical manifesta-
tion in short periods. For example, oral mucositis
can change from a slight erythema response to
confluent epithelial denudation over just a few
days, particularly if additional damage is inflicted
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Table 13.1 Systems for documentation of side-effects, with examples for oral mucositis

Grade General RTOG/EORTC
0 No change No change
1 Mild Erythema, mild soreness,
painless erosions
2 Moderate/clear Painful erythema, oedema
or ulcers; can eat
3 Severe/significant  Painful erythema, oedema

or ulcers; cannot eat

4 Life-threatening  Requires parenteral or
enteral support
5 Death owing to Death owing to
side-effects side-effects

CTCAE v3 WHO

No change No change

Erythema; normal diet Soreness, erythema

Patchy ulceration; can eat Erythema, ulcers; can eat
and swallow modified diet solids

Confluent ulcerations, Ulcers; requires liquid
bleeding with minor trauma; diet only

unable to adequately aliment
or hydrate orally

Tissue necrosis; significant Alimentation not
spontaneous bleeding possible

Death owing to Death owing to
side-effects side-effects

RTOG/EORTC, Radiation Therapy and Oncology Group and the European Organisation for Research and Treatment of Cancer; CTCAE v3,
the Common Terminology Criteria for Adverse Events, version 3; WHO, World Health Organization.

by spicy food, etc. In contrast, chronic radiation
sequelae develop slowly and, more importantly,
are usually irreversible. In conclusion, detailed
assessment of early reactions requires scoring at
least on a weekly basis during and for some weeks
after radiotherapy. For studies on oral mucositis,
even more frequent assessment is recommended.
Late effects should be scored at intervals of several
months after the end of radiotherapy, in order to
assess the dynamics of their development, and
may, at later time points, be documented at
annual intervals. It must be emphasized that, for
some chronic reactions, such as in the heart or the
urinary bladder (see Section 13.5), the time to
clinical manifestation of the reaction, particularly
after low radiation doses (see Section 13.3), can be
in the range of decades. Hence, life-long follow-up
of patients is recommended.

Standardized classification systems have been
established for documentation of normal-tissue
reactions suitable for comparison between inves-
tigators, institutions and studies. In general, com-
plications are graded from 0 (no response) to 5
(lethal), as shown in Table 13.1:

® Grade 1 reactions (mild) are reversible and heal
spontaneously without any specific therapeutic
intervention or interruption of the oncological
treatment.

Grade 2 reactions (moderate/clear) can be treated
on an outpatient basis and do not require a radi-
ation dose reduction or treatment interruption.
Grade 3 effects (severe, pronounced) frequently
require hospitalization and intense supportive
care, and often necessitate interruption of the
treatment and/or dose modifications.

Grade 4 reactions are life-threatening, require
immediate hospitalization and intense therapeu-
tic interventions, plus cessation of radiotherapy.

The most widely used classification systems in

radiation oncology (see the references in the
Further reading section) are:

RTOG/EORTC cdlassification, jointly developed
by the Radiation Therapy and Oncology Group
and the European Organisation for Research
and Treatment of Cancer;

CTCAE v3, the Common Terminology Criteria
for Adverse Events, version 3, developed by the
National Cancer Institute (NCI);

WHO (World Health Organization) classifica-
tion;

LENT/SOMA system (Late Effects in Normal
Tissue/Subjective ~ Objective ~ Management
Analytic) was developed specifically for scoring
late sequelae resulting from oncological
treatment.
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In principle, all these classification systems are
comparable, and the scores from one system may
be translated into the scores for another protocol
(Table 13.1), but with exceptions. This translation
is definitely precluded if sum scores are calculated,
as has been suggested for LENT/SOMA, where the
information on individual symptoms is lost; this
method cannot, therefore, be recommended.

In addition to these scores, more detailed proto-
cols, or systems specifically designed for side-effects
in certain organs, for example OMAS (Oral
Mucositis Assessment Scale), have been suggested.
For clinical reports on side-effects, the scoring
protocol applied must be described in detail, par-
ticularly if modified versions of the original pro-
tocols are applied.

13.5 RADIATION EFFECTS IN SPECIFIC
TISSUES AND ORGANS

In this section the response and tolerance of some
clinically important dose-limiting normal tissues
will be summarized. In general, an overview of
clinical symptoms and consequences for the vari-
ous radiation sequelae can be found in the classi-
fication protocols (see Section 13.4). As a guideline
for clinical treatment planning, Table 13.2 pro-
vides estimated tolerance dose levels for various
endpoints, and corresponding o/ 3 values. However,
the numbers in this table should be used with
considerable caution, as they are influenced by a
number of factors, particularly the irradiated vol-
ume (see Chapter 14).

Skin

The sequence of events in skin during radiother-
apy is illustrated in Fig. 13.6 (page 182). Skin ery-
thema is closely related to radiation effects in
vessels, with intermittent phases of vasodilation. In
contrast, epidermal changes are based on the radi-
ation-induced impairment of cell production, as
described in Section 13.2. The clinical manifesta-
tion is dry desquamation (radiodermatitis sicca),
followed by moist desquamation. According to the
turnover time of human epidermis of 20—45 days,
this phase is usually seen at 2-3 weeks after the
onset of radiotherapy. The skin reaction displays a

significant area effect (see Chapter 14, Section
14.5). Any variation in overall treatment time can
have a large influence on skin tolerance: as an
approximation, skin tolerance doses decrease by
about 3-4 Gy/week when treatment duration is
shortened from the standard 6-8 weeks.

Chronic subcutaneous fibrosis, clinically mani-
fest as induration, is based on an increase in colla-
gen fibres and a reduction of fatty tissue (see
Section 13.3). The development of skin telangiecta-
sia (Fig. 13.7, page 182) illustrates the progression
of vascular injury in the dermis. The corresponding
latent time distribution and the cumulative inci-
dence for various grades of the response are shown
in Fig. 13.8 (page 182). With high-energy X-rays, in
contrast to orthovoltage radiotherapy, the maxi-
mum dose is deposited below the surface and late
damage may therefore occur without preceding
early reactions.

Skin appendices

After a cumulative dose of 12 Gy, aloss in the func-
tion of sebaceous glands is observed, and at slightly
higher doses the perspiratory glands also respond,
both resulting in a typical dry skin. In hair follicles,
single doses of 4 Gy or 10 Gy result in transient or
permanent hair loss. In fractionated protocols, sig-
nificantly higher doses up to 40 Gy still allow hair
regrowth within 1 year, but regrowth is frequently
associated with discoloration.

Oral mucosa and oesophagus

Oral mucositis is the most severe and frequently
dose-limiting early side-effect of radio(chemo)ther-
apy for head and neck tumours. Erythema, focal
and confluent mucositis/ulceration are the lead
symptoms (Table 13.1). Almost all patients with
curative radiotherapy in this region develop some
form of mucositis, with usually more than 50 per
cent confluent reactions (depending of the defini-
tion of ‘confluency’). The latter typically develop
during the third to fourth week of a conventionally
fractionated protocol with 5 X 2 Gy/week. Oral
mucosa is most sensitive to changes in dose inten-
sity (i.e. weekly dose) and overall treatment time.
Accelerated protocols regularly result in earlier
onset, an aggravation of the response, and/or an



Table 13.2 Tolerance doses and fractionation response (/{3 ratio) for acute and late organ damage in humans

Organ

Cartilage, growing
Cartilage, adult

Bone, adult
Connective tissue
Capillaries

Large vessels

Heart

Skin

Hair follicles
Sebaceous glands
Perspiratory glands

Oral mucosa

Salivary glands

Oesophagus
Stomach

Small intestine

Endpoint

Growth arrest
Necrosis

Osteoradionecrosis
Fibrosis
Capillary changes/loss

Wall changes, stenosis

ECG-changes, arrhythmia
Cardiomyopathy (pericarditis)
Erythema

Dry radiodermatitis

Moist radiodermatitis
Gangrene, ulcer

Hair loss

Dry skin

Dry skin, loss of transpiration

Ulcerative mucositis

Atrophy/fibrosis
Transient loss of
function - xerostomia
Permanent loss of
function - xerostomia

Dysphagia
Ulcer-fistula
Atony

Ulcer
Malabsorption

Ulcer/obstruction

Time to manifestation
during/after irradiation

Next growth spurt
Months-years

Years-decades
9 months-years
6 months-years

Years

During RT
Months-years
During RT
During RT

During RT
During RT (4th week)
During RT (2nd week)

During RT (4th week)

During RT
(2nd to 3rd weeks)

During RT (2nd week)
Continuous development

from the early response

During RT-months
During RT

Months

During RT

Months

a3 ratio
(Gy)

60

Tolerance dose for
total volume (Gy)

20
70

Mandible: 40-50
60
60

70

20
40

40 (100 cm?)

60 (100cm?)
55 (100 cm?)
40

12

30-40

20

60-70
10-20

25

40-45
55
20
50
30

40

Comments

Associated with vascular
damage

Vascular damage and trauma

Most frequent late reaction

Contribute to a variety of
(late) radiation effects

Resembles atherosclerotic

changes

Reversible

Late myocardial infarction

Varies with localization
(additional
mechanical/chemical stress)

Vasculature!

Discoloration!

Transient loss of function

Long-lasting or permanent
loss of function

One-third capacity is
sufficient for saliva
production

Early mucositis

‘Radiation sickness’
Reduced tolerance due to

fixation of intestinal
loops, e.g. postoperative

(Continued)



Table 13.2 (Continued)

Organ
Large intestine

Rectum

Liver

Biliary tract
Pancreas

Kidney
Ureter

Urinary bladder

Urethra

Larynx

Lung

Testis

Ovary

Uterus
Vagina

Breast, child

Endpoint

Diarrhoea, pain

Ulcer/obstruction

Proctitis

Chronic inflammation,
ulcer

Veno-occlusive disease
(VOD)

Fibrosis
Stenosis/stricture
Fibrosis

Nephropathy
Stricture

Cystitis

Shrinkage, ulceration
Stricture

Oedema
Chronic oedema, necrosis

Pneumonitis
Pneumonitis
Fibrosis

Permanent sterility
Permanent sterility

Atrophy
Mucositis
Ulcer, fibrosis
Growth arrest

Time to manifestation
during/after irradiation

During-post RT
Months-years
During RT
Months-years

2-3 weeks

Months-years
Months-years
Months-years

9 months-years
2 years

During RT

Years-decades
Months-years

During RT
Months

2-6 weeks

4-6 weeks

6 months-2 years
Weeks-months
Weeks-months

Months-years
During RT
Months-years
At puberty

/B ratio
(Gy)

2-4

[¢;]

Tolerance dose for
total volume (Gy)

10-20
45
50
60

30

50-60

20
60-70

20-35

50
60-70

45
70

12-14
45

1.5
2.5

100
30
50
10

Comments

Ileus symptoms possible

Partial irradiation of the
circumference increases
tolerance

Lethal after total organ
irradiation. Hence late
effects only after partial
organ irradiation

No early symptoms known,
included in ‘radiation
sickness'?

Vascular effects, potential
interaction with surgery

Uncommon pathophysiology,
no urothelial depletion

Strong consecutive component

Reduced tolerance after
transurethral resection of the
prostate (TURP)

Permanent changes in voice
quality, necrosis after decades
Single-dose irradiation

Negative fractionation effect
Strong inverse age
dependence



Breast, adult
Adrenal glands
Pituitary gland/

Fibrosis/atrophy
Loss of function
Growth hormone

diencephalon (children) deficit

Cerebrum, child
Cerebrum, adult
Spinal cord
Cervical[thoracic
Thoracic/lumbar
Peripheral nerves

Eye lens'
Lachrymal system

Retina

Optic nerve
Chiasma opticum
Conjunctiva

Ear

Taste

Lymph nodes
Lymphatic vessels

Bone marrow

Somnolence syndrome
Necrosis

Lhermitte syndrome
Radiation myelopathy
Radiation myelopathy
Functional impairment

Cataract
Dry eye, ulceration

Retinopathy
Neuropathy

Loss of vision
Kerato-conjunctivitis
Serous otitis

Inner ear injury

Taste impairment,
loss

Permanent atrophy

Sclerosis

Transient hypoplasia
Lethal aplasia (1 year)
Permanent aplasia

Years
Months-years
Months-years

During-post RT
Months-years
Weeks-months

6 months-2 years
6 months-2 years
Months-years

Months-years
Weeks-months

Weeks-months
Months-years
Months-years
During-post RT
During-post RT
During RT

plus; months

During RT
plus; months
Months-years
Months-years

During RT

During-post RT

2-3

10

60
90
18-24

24
55
35
55
55
60

51
40

45
55
55
50
30
30

30

70
90

Growth retardation
Specific response in children

Reversible

Frequently associated with
connective tissue fibrosis

Surgical management

Most critical radiation effect
in the eye

Reversible

Slight hearing loss (15 dB)
frequently not recognized by
patients; overlap with age
effects

Reversible

Frequently associated with
connective tissue fibrosis

Total body irradiation

Total body irradiation

Compensation by unirradiated
parts; post-irradiation homing
of circulating stem cells
possible

Tolerance doses for the eye lens are currently under discussion and may be significantly lower (1/10th) than usually estimated.

Time to manifestation: relative to irradiation with 5 X 2 Gy/week. Times after the treatment relate to the last fraction.
afB value: see also Chapters 8 and 9. Missing values indicate that no valid estimates are possible. RT, radiotherapy.

Tolerance dose total organ relates to irradiation of large volumes that include the entire organ or, for ubiquitous tissues (connective tissue, capillaries, etc.), to larger volumes. For
partial organ irradiation, see Chapter 14. Early reaction/late reaction, see Section 13.1.

Adapted from Herrmann et al. (2006), with permission.
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Figure 13.6 Sequence of radiation
effects in skin and appendices. Shown
are the time-courses of early and late
skin reactions induced by conventional
radiotherapy with 5 X 2 Gy per week
over 6 weeks, if the same skin area is
exposed to the maximum dose of 2 Gy
at each dose fraction. The duration of
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5 X 1.8 Gy/week, N = 35
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Figure 13.7 Clinical manifestation of skin telangiectasia.
Progression of skin telangiectasia in individual patients
treated with five fractions of 1.8 Gy per week to a total of
35 fractions. Note the pronounced differences between
patients and the continuous increase in severity even up
to 8 years. From Turesson (1990), with permission.

increase in the frequency of patients with severe
reactions (Fig. 13.9, page 183). Repopulation
processes have been most intensely studied in this
tissue (see Chapter 11).

Chronic effects of radiotherapy include mucosal
atrophy and ulceration, and telangiectasia, which
render the epithelium vulnerable. Any additional
trauma may secondarily result in osteonecrosis.
The early radiation response of the oesophagus

T
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5 7 9 radiotherapy is indicated on top of the
Time (years) abscissa.
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Figure 13.8 Time-course of telangiectasia. (a) The
latent time distribution for any grade of telangiectasia
as observed in 174 treatment fields with an
intermediate probability of developing any response.
The probability density function may be interpreted as
the fraction of patients who developed the response
within a specific year after irradiation. (b) The
cumulative incidence of telangiectasia as a function of
time for various grades, after radiotherapy with 44.4 Gy
in 25 fractions. The model calculations are based on
observations in 401 treatment fields. From Bentzen

et al. (1990), with permission.
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Confluent mucositis (%)
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Figure 13.9 Prevalence of confluent mucositis. The
percentage of patients presenting with confluent
mucositis within a given treatment week after onset of
radiotherapy was plotted for accelerated radiotherapy:
CHART (continuous hyperfractionated accelerated
radiotherapy; filled circles) or conventional radiotherapy
(open circles). From Bentzen et al. (2001), with permission.

mirrors that of the oral mucosa and in the chronic
phase, strictures may develop.

Teeth

Radiation caries, with a very fast manifestation, is a
frequent complication of radiotherapy in adults.
The response is based on both direct radiation
effects at the dentine—enamel border zone, and indi-
rectly on radiation effects in the salivary glands
(xerostomia, see below) and the associated changes
in the oral micromilieu. Rigorous pretreatment den-
tal restoration or extractions are of major impor-
tance, because of the risk of osteoradionecrosis, if
extractions are required after radiotherapy. In order
to avoid dose peaks in the mucosa around metallic
dental implants, mucosal retractors should be used
to displace the mucosa by about 3 mm.

Salivary glands

Salivary glands are sensitive to radiation exposure:
after the first week of therapy (accumulated dose
of 10-15Gy) saliva production is significantly
reduced, frequently after a transient phase of
hypersalivation. After total doses in excess of

40 Gy to both parotid glands, saliva production
practically stops after about 4 weeks and does not
recover at all after doses over 60 Gy. Volume effects
are very pronounced, and sparing of partial vol-
umes usually leads to recovery of function.

Chronic xerostomia has a major impact on the
quality of life of the patients. It depends not only
on reduced serous fluid production in the parotid
glands, but also on the reduced amount of mucin
from the submandibular glands, and reduced
function of the small salivary glands. The sub-
mandibular glands produce most of the mucinous
components of the saliva; by their water-binding
capacity they keep the mucous membranes
hydrated and have a barrier function.

Stomach

Functional impairment, with a prolongation of
the time for gastric emptying, and a reduction in
HCl secretion are frequently seen. The symptoms
are equivalent to those of gastritis. Ulceration,
mainly based on vascular effects, can develop as a
late effect at doses of 25-40 Gy.

Intestine

‘Fixed’ intestinal loops (e.g. through postoperative
adhesions) are particularly at risk as these may be
permanently located within a high-dose volume,
in contrast to mobile loops. The same is true for
the rectum.

The sequence of radiation-induced events in
the intestine includes:

® initial increase in motility, followed by an
atonic phase
® Joss of epithelium and villi owing to prolifera-
tive impairment in the crypts, with the conse-
quence of:
— water electrolyte and protein loss into the
lumen, resulting in diarrhoea
— changed resorption (including increased
resorption of some substances, which must be
considered if drugs are administered orally)
® risk of sepsis.

Late effects include chronic ulcers, based on
an orchestrated response of all intestinal wall
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components, plus mechanical/chemical stress from
faeces, as well as infections. Fibrotic remodelling
may result in stenosis and ileus. Frequently, telang-
iectasia are found, which may result in bleeding.

It has been demonstrated experimentally by
inhibition of pancreatic secretion by somatostatin
analogues that pancreatic enzymes contribute to
the manifestation of the early effect. Interestingly,
this treatment also reduces late fibrosis, underlin-
ing the consequential nature of chronic changes in
the intestine.

Liver

The liver is radiosensitive, with a tolerance dose of
around 30 Gy in 2-Gy fractions. However, liver tol-
erance is only dose-limiting when the whole organ
is irradiated (see Chapter 14, Section 14.5). An
example is total-body irradiation preceding bone
marrow transplantation. In this situation, the lung
is well known as a dose-limiting organ, but liver
and kidney are also at risk, especially after regimes
equivalent to single doses of 10 Gy or higher.

Two phases of radiation hepatopathy are
recognized, with acute radiation hepatitis being
the more dominant. This acute phase develops
approximately 2—6 weeks after irradiation, with
signs of liver enlargement and ascites. Liver func-
tion tests during this period are abnormal. Acute
hepatitis usually presents as veno-occlusive dis-
ease (VOD), characterized by central vein throm-
bosis whereby occlusion of the centrilobular veins
causes atrophy and loss of the surrounding hepa-
tocytes. Total liver VOD is usually lethal.

Chronic hepatopathy, which obviously can
develop only after partial organ irradiation, has a
variable latency ranging from 6 months to more
than a year post-irradiation, and shows progres-
sive fibrotic changes in both centrilobular and
periportal areas. These alterations are accompa-
nied by blood-flow redistribution through
recanalization or newly formed veins, and regen-
erative proliferation of hepatocytes and bile ducts.

Upper respiratory tract

The mucosa of nose, paranasal sinuses and trachea
respond to irradiation similarly to oral epithelium,
but appear to be slightly more radioresistant.

Early changes in the larynx are oedema and
perichondritis. Doses above 50 Gy may result in a
long-lasting impairment of the quality of the
voice, which must be considered in patients
depending on their voice in their professional life.

Lung

In the lung, two separate radiation syndromes can
be distinguished clinically: early pneumonitis,
usually observed at 4-6 weeks after the end of
radiotherapy, and fibrosis, which develops slowly
over a period of several months to years. The lung
is among the most sensitive of late-responding
organs, but with a pronounced volume effect (see
Chapter 14). In addition to a reduction in irradi-
ated volume, reduced doses per fraction are most
effective in avoiding severe (clinically manifest)
lung reactions.

Clinical signs or symptoms of radiation pneu-
monitis are reduced pulmonary compliance, pro-
gressive dyspnoea, decreased gas exchange and
dry cough. When there is insufficient functional
reserve, cardiorespiratory failure may occur
within a short time. The development of chronic
radiation pneumopathy (i.e. lung fibrosis) follows
the general pathways described in Section 13.3.
The complexity of the signalling cascades is illus-
trated in Fig. 13.10. Local fibrotic responses must
be expected in all patients with early reactions,
indicating a strong consequential component of
the late reaction (Dorr et al., 2005a). Higher age
and tamoxifen treatment significantly increase the
incidence of early pneumopathy.

Kidney

The kidney is among the most sensitive of the
late-responding critical organs. Radiation damage
develops very slowly and may take years to be rec-
ognized. Radiation nephropathy usually manifests
as proteinuria, hypertension and impairment in
urine concentration. Anaemia is usually present,
and has been attributed both to haemolysis and to
a decreased production of erythropoietin. A mild
form of nephritis, presenting only as a sustained
proteinuria, may be observed over a period of
many years. Parts of one or both kidneys can
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receive much higher doses without affecting excre-
tory function. However, after partial kidney irra-
diation hypertension may develop after a latent
period of up to or beyond 10 years.

The fractionation sensitivity of the kidney is
high (i.e. the o/ ratio is low). The dose tolerated
by the kidney does not increase with increasing
time after radiotherapy, but declines because of a
continuous progression of damage, after doses
well below the threshold for induction of func-
tional deficit, which usually precludes re-irradia-
tion (see Chapter 19, Section 19.3).

The pathogenesis of radiation nephropathy is
complex. Most studies suggest glomerular endothe-
lial injury as the start of a cascade leading to
glomerular sclerosis and later tubulo-interstitial
fibrosis. Several experimental studies have shown
the importance of the renin—angiotensin system
in the induction of glomerular sclerosis via upreg-
ulation of plasminogen activator inhibitor 1 (PAI-
1) and enhanced fibrin deposition. Owing to loss
of tubular epithelial cells, fibrin may then leak
into the interstitium causing the onset of tubulo-
interstitial fibrosis.

Urinary bladder

In patients, two phases of radiation-induced
changes in the urinary bladder are observed, with
both a reduction in bladder storage capacity and a
consequential increase in micturition frequency.
An early phase occurs 2—-6 weeks after the start of
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Figure 13.10 Possible cellular
interactions and events after
Alveolar . P .
type Il cell irradiation of lung tissue. IGF,

insulin-like growth factor; IL-1,
interleukin 1; MGDF, megakaryocyte
growth and development factor;
PDGF, platelet-derived growth factor;
TNF, tumour necrosis factor. Modified
from Rodemann and Bamberg
(1995), with permission.
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Cell death

fractionated irradiation, which is characterized
morphologically by hyperaemia and mucosal
oedema. Experimentally, in mice, two waves of
early injury have been observed. Mechanistically,
the first phase seems to be related to direct radia-
tion-induced changes of the prostaglandin
metabolism (which regulates the tone of the blad-
der wall), as suggested by the beneficial effect of
aspirin when administered during this phase. The
second early phase is associated with changes in
urothelial barrier function, but without epithelial
cell depletion (which is not expected at this time
because of the very long turnover time of the
urothelium). Infection may complicate this early
response, which then may progress to desquama-
tion and ulceration.

A chronic phase develops with latent times that
are inversely dose-dependent and can range up to
10 years or longer. The morphological correlate in
the initial late phase is a progressive mucosal break-
down, ranging from superficial denudation to
ulceration and even the formation of fistulae. The
urothelial changes are accompanied by urothelial
areas of compensatory hyperproliferation. Vascular
changes and signs of local ischaemia have been
described. These processes progress into secondary
fibrosis of the bladder wall. Telangiectasia can
result in severe bleeding episodes.

The early changes clearly correlate with the
chronic radiation sequelae, illustrating a strong con-
sequential component. A schematic illustration of
the sequence of events leading to late fibrosis, as con-
cluded from animal studies, is given in Fig. 13.11.
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Figure 13.11 Pathogenesis of radiation effects in the urinary bladder. The individual processes have been studied in
mouse urinary bladder after single dose irradiation. Morphological changes were related to functional impairment as
assessed by transurethral cystometry. COX-2, cyclooxygenase-2; EFGR, epidermal growth factor receptor; ICAM-1,
intercellular adhesion molecule-1; UP-III, uroplakin lll. Modified with permission from Jall (2006).

Nervous system

The nervous system is less sensitive to radiation
injury than some other late-responding tissues
such as the lung or kidney. However, damage to
this organ results in severe consequences such as
paralysis: although tolerance doses are often
quoted at the 5 per cent complication level (TD5)
they generally are chosen to include a wide margin
of safety.

A schematic outline of the development of var-
ious delayed lesions in the CNS as studied in ani-
mals is given in Fig. 13.12.

BRAIN

The most important radiation syndromes in the
CNS develop a few months to several years after
therapy. The often-used separation into early or
late delayed injury is not very useful, as different
types of lesions with overlapping time-distribu-
tions occur. Some reactions occurring within the
first 6 months comprise transient demyelination
(‘somnolence syndrome’) or the much more severe
leukoencephalopathy. The more typical radiation
necrosis may also occur by 6 months, but even
after as long as 2-3 years. Histopathologically,
changes that occur within the first year are mostly

restricted to the white matter. For times beyond
6-12 months, the grey matter usually also shows
changes along with more pronounced vascular
lesions (telangiectasia and focal haemorrhages).
Radionecrosis of the brain with latent times
between 1 and 2 years usually shows a mixture of
histological characteristics.

The brain of children is more sensitive than in
adults. Functional deficits, such as a reduction in
IQ, can at least partly be attributed to radiotherapy.

SPINAL CORD

Radiation-induced changes in the spinal cord are
similar to those in the brain in terms of latent
period, histology and tolerance dose. Among the
relatively early syndromes, the Lhermitte sign is a
frequently occurring, usually reversible type of
demyelinating reaction, which develops several
months after completion of treatment and lasts
for a few months to more than a year. It may occur
at doses as low as 35Gy in 2-Gy fractions, well
below tolerance for permanent radiation myelopa-
thy, when long segments of cord are irradiated,
and does not predict for later development of per-
manent myelopathy.

As in the brain, the later types of myelopathy
include two main syndromes. The first, occurring
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Figure 13.12 Schematic outline of tissue components and cell types and their potential role in the pathophysiology of
radiation-induced lesions in the central nervous system. From van der Kogel (1991), with permission.

from about 6-18 months, is mostly limited to
demyelination and necrosis of the white matter,
whereas the second (with a latency of usually 1 to
>4 years) is mostly a vasculopathy. The tolerance
dose of the spinal cord largely depends on the size
of the dose per fraction: variations in overall treat-
ment time up to 10-12 weeks have a negligible
effect in conventional schedules using one frac-
tion per day (see Chapter 11). For longer times or
intervals, substantial recovery occurs which has
important implications for retreatment (see
Chapter 19, Section 19.3).

PERIPHERAL NERVES

Radiation effects in peripheral nerves, mainly
plexuses and nerve roots, are probably more
common than effects in the spinal cord but are
less well documented. Peripheral nerves are often
quoted as being more resistant to radiation than
the cord or the brain, but this view is not well sup-
ported by clinical data. As is the case for all nerv-
ous tissues, a dose of 60Gy in 2-Gy fractions is
associated with a less than 5 per cent probability

of injury, but this probability rises steeply with
increasing radiation dose.

The brachial plexus is often included in treat-
ments of the axillary and supraclavicular nodes in
breast cancer patients. Clinically, plexopathy is
characterized by mixed sensory and motor deficits,
developing after a latent period ranging from 6
months to several years. The pathogenesis involves
progressive vascular degeneration, fibrosis and
demyelination with loss of nerve fibres.

Heart

In the heart, low doses can result in reversible
functional changes in electrocardiogram (ECG),
which are not predictive for late radiation seque-
lae. At higher doses, morphological changes can
be observed. The most common type of radiation-
induced heart effect is pericarditis with a variable
degree of pericardial effusion. This complication
has a relatively early onset (about 50 per cent
occurrence within the first 6 months, remainder
within 2 years). It is asymptomatic and clears
spontaneously in the majority of patients.
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Radiation-induced cardiomyopathy is another
form of complication that presents either as
reduced ventricular ejection or conduction blocks
and develops slowly over a period of 10-20 years.
Current estimates of doses giving a 50 per cent
complication probability are approximately 50 Gy
in 2-Gy fractions. With long-term follow-up of
patients treated for Hodgkin’s disease or breast
cancer, the enhanced risk of ischaemic heart dis-
ease after periods in excess of 10 years has increas-
ingly been reported. The large variation in risk
estimates reported in different studies suggests
that volume effects are important, but also that
sensitive substructures are present. In this respect
the heart auricles and the proximal parts of the
coronary arteries have been suggested to be par-
ticularly sensitive to radiation damage.

Histopathologically, late damage to the
myocardium is characterized predominantly by
diffuse interstitial and perivascular fibrosis, and
loss of cardiomyocytes. Vascular radiation effects
also contribute significantly to myocardial infarc-
tion after radiation exposure of the heart. However,
the (molecular) pathophysiology of these effects
at present remains unclear.

Cartilage and bone

Growing cartilage (epiphysial plate) is extremely
radiosensitive; single doses of 4—7 Gy are sufficient
to induce changes in chondrocytes within a few
days, with a loss of the columnar structure and a
reduction in cellular density. The reduced cell
production translates into (bone) growth impair-
ment, which is more pronounced at earlier age. In
contrast, adult cartilage (e.g. in joints, larynx or
trachea), as well as adult bone, is relatively radia-
tion resistant. However, late effects in these struc-
tures, including osteoradionecrosis, must be
considered as an interaction with vascular radia-
tion effects.

Sense organs

EYE

Inclusion of the eye into the high-dose volume
results in keratoconjunctivitis, which, however,

resolves soon after the end of radiotherapy. In the
eye lens, epithelial degeneration in the equator
zone, where proliferation occurs physiologically, is
observed after low radiation doses. The damaged
fibres develop vacuolization and partly retain
their nuclei. Eventually, a usually posterior sub-
capsular radiation cataract develops in varying
degrees. The latent times are inversely related to
dose, and range from 6 months to several decades
(hence frequently preventing evaluation by the
radiation oncologist). The tolerance doses usually
reported are in the range of 4-5Gy for fraction-
ated irradiation and around 1 Gy for single-dose
exposure. However, more recent epidemiological
studies indicate a clearly lower tolerance. A frac-
tionation effect seems to be pronounced for the
eye lens, but no long-term restoration can be
expected.

As cataracts can readily be treated with
modern surgical techniques (although with sig-
nificant postoperative complication rates), late
effects in the lachrymal glands (loss of function)
and consequently in the cornea, depicted as
‘dry eye’, are becoming more important and dose-
limiting. After moderate radiation doses, these
can result in chronic corneal ulceration and loss of
the eye.

EAR

The most frequent early radiation effect in the ear
is a serous inflammation (otitis media), which
affects hearing function. In addition, doses
>30 Gy result in direct effects in the inner ear,
with the consequence of permanent hearing
impairment.

TASTE

Radiation effects on taste acuity are a multifactor-
ial process, including direct changes (cell loss) in
taste buds, xerostomia with reduced cleansing of
the buds and changes in smelling ability. Taste
impairment is usually observed after doses of
around 30 Gy. Usually, the changes in the individ-
ual taste qualities resolve after radiotherapy, in
intervals up to 1 year, but a general increase in
threshold concentration may remain.



Bibliography 189

Key points

1. Early radiation effects, developing in
turnover tissues, are dominated by tissue
hypoplasia.

2. The latent time of early effects is largely
independent of dose, while severity and
duration are dose dependent.

3. Additional trauma aggravates early reactions.

4. Healing of early responses, based on surviv-
ing stem cells, is usually complete.

5. Late radiation sequelae, observed after
months to years after therapy, are progres-
sive and irreversible.

6. Late effects are based on an interactive
response of parenchymal cells, vascular
endothelium and fibroblasts, with a contri-
bution of macrophages and other cells.

7. The latent time of chronic reactions is
inversely dependent on dose.
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14.1 INTRODUCTION

Volume specifications in radiotherapy (Fig. 14.1)
are described in publications 50 and 62 of the
International Commission on Radiation Units
and Measurements (ICRU, 1999). Even the small-
est volume, the gross tumour volume (GTV), con-
tains normal tissue elements (e.g. blood vessels
and normal connective tissue) within the tumour.
In addition, the clinical target volume (CTV)
encompasses a relevant number of normal
parenchymal cells of the respective organ, inter-
mingled between the suspected tumour cells. The
volume difference between the CTV and the
treated volume (TV) — the volume enclosed by a
surface of the clinically effective isodose — is exclu-
sively composed of normal tissue. In all these nor-
mal cells and structures, radiation side-effects
may be induced. However, all the normal tissues
within the TV are unavoidably exposed to the
entire tumour dose, which therefore may be lim-
ited by the normal tissue volume, depending on
the size of the TV.

In contrast, the irradiated volume (IV), which
receives a dose that is considered significant with

regard to normal tissue tolerance, is dependent on
the physical parameters of the radiation delivery, for
example the type and quality of the radiation (pho-
tons, electrons, protons, energy), mode of radio-
therapy (brachytherapy, conformal teletherapy,
intensity-modulated radiotherapy) and treatment
planning (number of fields, etc.). Technological
improvements in the physical administration of
radiotherapy have led to increasing conformation of
the TV with the planning target volume (PTV) and
of the IV with the TV. In this process of improve-
ment of the quality of radiotherapy, the volumes of
organs at risk exposed to significant doses has sig-
nificantly decreased, resulting in increased inhomo-
geneities in the dose distributions within these
organs. This has increased the importance of identi-
fying volume effects in normal tissues.

The volume of tissue irradiated can be an
important determinant of clinical tolerance with-
out having any influence on tissue sensitivity per
unit volume. An example of this is skin or mucosal
ulceration. If this occurs over a large area, the ulcer
will lead to pain and will heal only slowly. A small
area of ulceration, by contrast, may lead only to
minor discomfort and will heal more rapidly. In
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Figure 14.1 Volume definitions in radiotherapy
according to the International Commission on Radiation
Units and Measurements (ICRU, 1999) Report 62 (ICRU,
1999). GTV, gross tumour volume (detectable tumour
volume); CTV, clinical target volume (GTV plus volumes
with expected subclinical spread); PTV, planning target
volume (CTV plus safety margin for movements or
deformations of CTV, technical uncertainties, etc.); TV,
treatment volume (receiving the prescribed dose); IV,
irradiated volume (that is exposed to significant doses
with regard to normal tissue tolerance).

this situation the clinical tolerance is strongly
dependent on irradiated volume although struc-
tural tolerance is not. There is very little evidence
for any increase in cellular radiosensitivity when
the irradiated volume is increased, either in skin or
in other tissues. However, the pathology underly-
ing the same clinical changes may change with
dose, as has been demonstrated for lung
(Novakova-Jiresova et al., 2007).

14.2 TOLERANCE DOSE IN RELATION
TO TISSUE ARCHITECTURE

Withers et al. (1988) originally introduced the
concept of tissue radiation tolerance based on
functional subunits (FSUs), which may be consid-
ered as anatomical structures such as bronchioli,
or simply as tissue stem cells. Per definition, a FSU
is the largest tissue volume, or unit of cells, that can
be regenerated from a single surviving clonogenic
cell. Functional subunits are sterilized independ-
ently by irradiation. This results in structural

(a) (b)

Figure 14.2 (a) Parallel and (b) serial organization of
functional subunits (FSUs) in normal tissues. In parallel
organized tissues (a), a critical number of functional
subunits must be damaged before a clinical response
(i.e. loss of function) becomes manifest (threshold
volume), although structural damage may be diagnosed
in individual FSUs. In contrast, in serial organs (b),
failure of only one FSU results in a loss of function of
the entire organ. Adapted from Withers et al. (1988),
with permission from Elsevier.

damage within the exposed volume. The number
of FSUs that are sterilized, and hence the severity
of the damage, depends on their intrinsic
radiosensitivity, and on dose and other radiobio-
logical parameters, such as fractionation (see
Chapter 5) or overall treatment time (see Chapter
11). With suitable procedures (e.g. radiological
imaging) the changes can be diagnosed.

However, the clinical consequences are
dependent on the arrangement of the FSU within
the exposed organ (Fig. 14.2). Similar to the con-
nection of elements in an electrical circuit, the
FSU can be arranged either in parallel or in series.
In organs with a parallel structure (Fig. 14.2a),
FSUs function independently. Hence, a clinical
radiation effect is observed only if the number of
surviving FSUs is too low to sustain the physiolog-
ical organ function. Hence, a threshold volume
must be considered in treatment planning, which
must not be exceeded but within which large
doses may be administered. The risk of complica-
tions depends on the distribution of the total dose
within the organ rather than on individual ‘hot
spots. Examples of organs with a (predominantly)
parallel architecture are lung, kidney, and liver.
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In contrast, in organs with a serial (or ‘tubu-
lar’) architecture (Fig. 14.2b), the function of the
entire organ depends on the function of each
individual FSU; inactivation of only one FSU
results in clinical side-effects in a binary response.
In these organs, the risk of complications is highly
dependent on ‘hot spots, while the dose distribu-
tion within the entire organ is less relevant.
Examples of (mainly) serially structured organs
are spinal cord, intestine and oesophagus.

The purely parallel or serial organization of an
organ, however, represents the extreme cases. In
reality, no organ is organized simply as a chain
of FSUs. Moreover, as described in Chapter 13,
Section 13.3, one component of late radiation
effects is the response of the (micro)vasculature,
and individual small vessels may be considered as
serially arranged, which introduces a serial factor
into parallel arranged tissues. This has led to the
concept of a variable seriality factor of organs,
which has been incorporated into the mathemati-
cal modelling of volume effects (Killman et al.,
1992). The modelling of volume effects on the
basis of their serial or parallel organization is use-
ful and explains the apparent paradox that rela-
tively radiosensitive organs, such as kidney and
lung, can sustain the loss of more than half their
total mass without significant loss of function,
whereas relatively radioresistant tissues such as
spinal cord can be functionally inactivated by the
irradiation of only a small volume.

The relative seriality model, as well as other
models for the definition of normal-tissue com-
plication probabilities (NTCP), does not take into
account the influence of cellular migration and
regeneration from outside the irradiated area
(Section 14.3) or other factors such as regional
differences in radiation sensitivity within one
organ, which have been demonstrated in lung,
urinary bladder or parotid gland. Therefore, these
models should be used with caution.

Many organs, such as the brain, are better
described by an intermediate type of organiza-
tional structure which is neither serial/tubular nor
parallel. Specific areas of the brain perform spe-
cific functions. The clinical tolerance of brain tis-
sue is therefore much more dependent on which
area of brain is irradiated than the total volume
irradiated. Damage to even a small area may lead

to permanent loss of the particular function con-
trolled by that area, since the undamaged parts of
the brain are unable to take over these functions,
although other brain functions may be unaf-
fected. Similarly, the eye is an organ with many
very different tissues and structures, and hence
displays volume characteristics similar to those of
the brain.

14.3 MATHEMATICAL MODELLING
OF VOLUME EFFECTS

Theoretical models have been developed to esti-
mate NTCP for partial-volume irradiations and
inhomogeneous dose distributions. Models using
power-law functions were the earliest and were
followed by models with a more biophysical basis.

In the model of Lyman (1985), a power-law
relationship was assumed between the tolerance
dose for uniform whole- or partial-organ irradia-
tion, where the parameter n (the exponent of the
partial volume) describes the volume dependence
of the tolerance dose. When n—> 1.0 then the vol-
ume effect is large and the tolerance dose increases
steeply with decreasing volume, and when n— 0
then the volume effect is small. The Lyman model
has been extended to inhomogeneous irradiation
by converting the original dose—volume histogram
(DVH) into an equivalent DVH for uniform irra-
diation, usually by the effective-volume method
(Kutcher and Burman, 1989). The resulting
so-called Lyman—Kutcher—Burman (LKB) model
is currently one of the most commonly used mod-
els for predicting normal-tissue complication
probability.

Intermediate between the purely empirical and
more biophysically based models is the relative
seriality model of Kéllman et al. (1992). In this
model, an extra parameter, s (the ‘degree of serial-
ity’), is introduced to describe the functional
organization of a tissue (Section 14.2). A near-
zero value of s represents a parallel structure and
an s value close to unity represents an organ with
a serial organization.

The first model, which assumed that an organ
can be divided into physiologically discrete com-
partments or FSUs, was the integral response
model (Withers et al., 1988). This model allows
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for the spatial distribution of FSUs in the tissue to
be non-uniform. The radiation response of each
independent FSU is determined by Poisson statis-
tics and the functional architecture of FSUs deter-
mines the organ’s response to partial volume
irradiation (see Section 14.2).

In the concept of the equivalent uniform dose
(EUD), inhomogeneous dose distributions within
one organ are converted to a homogeneous dose,
which would result in the same cell survival.
Hence, the concept is dependent on survival
parameters of tissue stem cells, clonogenic cells, or
tissue-rescuing units. This might be applicable for
early radiation effects. However, late radiation
effects are based on a variety of target cells (see
Chapter 13, Section 13.3), and the estimates of
EUD must hence be considered to be empirical
rather than biology-based.

Clinical application of dose-volume
models

Modern developments in the high-precision
delivery of radiation, particularly intensity-
modulated radiotherapy (IMRT) and tomother-
apy, or administration of protons or heavy ions,
have stimulated clinical trials on dose escalation,
notably in lung and prostate. Data are now avail-
able for tolerance to partial-organ irradiation at
doses well above the levels that were previously
established. The new data obtained from prospec-
tive dose-escalation studies, combined with pre-
cise knowledge of dose-distributions and
dose—volume histograms, should in the future
allow the derivation of more realistic parameters
and a validation of mathematical models used for
describing volume effects. However, there are
many limitations and uncertainties in current
multiparameter models and it seems unlikely that
the biologically based models will quickly replace
the relatively simple empirical models such as the
LKB probability model.

With the rapid implementation of conformal
three-dimensional radiation therapy (3D-RT),
dose—volume histograms have proved useful as a
tool for the evaluation and comparison of treat-
ment plans. However, despite ample clinical data
for some organs, it remains unclear which of the

DVH-derived parameters is optimal for the pre-
diction of NTCP, as has recently been demon-
strated for lung by Rodrigues et al. (2004).
Moreover, the loss of information on the spatial
dose-distribution in a DVH is a serious constraint
in determining the relationship between local tis-
sue damage and overall morbidity. A high-dose
region in the histogram may represent a single
hot-spot in the volume of interest or a number of
smaller hot-spots from contiguous regions or
from different regions. These could have quite dif-
ferent implications for tissue tolerance. Dose—
volume histograms also do not differentiate
between functionally or anatomically different
subregions or compartments within an organ, such
as in brain or eye (Section 14.2). This becomes
particularly relevant if variations in radiosensitiv-
ity and/or functional consequences within the
organ are evident, such as in lung, kidney, urinary
bladder, parotid gland, or particularly in the eye
and the brain.

The models are based on tissue-specific toler-
ance doses and fractionation parameters, such as
the /(3 ratio or even halftimes for recovery of
sublethal damage. For tolerance doses the compi-
lation by Emami et al. (1991) is frequently used;
However, the numbers in this paper are not
wholly based on clinical or even experimental
data, but on ‘opinions and experience of the clini-
cians from four universities, and hence even now
require validation in clinical studies. The fraction-
ation parameters for various endpoints in human
tissues, as well as for experimental endpoints (see
Chapters 8 and 9), usually have been defined with
broad confidence intervals (i.e. with a significant
uncertainty), which is not considered in the mod-
els. If a parameter for the overall treatment time is
included, this does not take into account the com-
plexity of the underlying processes and their
consequences (see Chapter 11), for example the
dose-dependence of dose compensation, and the
time to onset of repopulation and its dynamics.
Moreover, none of the models yet considers
out-of-field effects.

Importantly, the NTCP models also do not
account for the functional status of the unirradi-
ated organ volume. For example, lung function in
heavy smokers can be substantially impaired, and
the usually accepted tolerance limits should thus
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be significantly lowered. Similar effects can occur
with impaired liver function, or with haemor-
rhoids that may influence the radiation tolerance
of the rectum. In general, previous or additional
chemotherapy also has a potential to impair the
function of the unirradiated organ volume.
Consideration of the impact of functional impair-
ment of unirradiated tissue on the tolerance limits
for radiotherapy must be subject to the experience
and expert knowledge of the responsible radiation
oncologist. Similar to functionally inoperable
patients, ‘functionally unirradiatable’ patients can
be identified.

The available models, which are even being
integrated into some treatment-planning systems,
should therefore be used with great caution and
with a clear understanding of all their pitfalls and
drawbacks. They should be regarded as an aid to
the evaluation and comparison of clinical data
using different treatment set-ups, rather than giv-
ing accurate predictions of clinical outcome.

14.4 EFFECT OF TISSUE STEM CELLS
OUTSIDE THE TREATMENT VOLUME

An important factor in the influence of irradiated
volume on radiation effects is the migration of
unirradiated clonogenic cells. The most promi-
nent example is the bone marrow. After complete
sterilization of the stem and precursor cells in a
fraction of active marrow, this volume — provided
that the supportive structures are regenerated —
can be repopulated by haematopoietic stem cells
that are present in the circulation, or recruited
from unirradiated bone marrow. Other examples
are epithelial tissues with a high cellular migratory
capacity, such as skin, oral mucosa or intestinal
epithelium, which exhibit a steep increase in toler-
ance as the irradiated field-size decreases to small
areas (see Section 14.5). This type of volume effect
is also seen in some other tissues with a relatively
linear or tubular structural organization (e.g.
spinal cord). However, none of the existing NTCP
models incorporates such effects and hence is
capable of adequately describing the volume effect
data, the spinal cord being a good example.
Repopulation from neighbouring subunits is
much less likely in tissues with a parallel type of

arrangement of the FSUs with long migratory dis-
tances between FSUs, and has not been demon-
strated in kidney or lung.

14.5 EXPERIMENTAL AND CLINICAL
DATA FOR VOLUME EFFECTS IN
INDIVIDUAL ORGANS

In this section, volume effects will be described for
selected organs: lung, spinal cord, kidney, liver,
intestinal tract, parotid gland and skin. Preclinical
studies of the volume effect, if available, will be
summarized for these organs. The literature on
clinical dose—volume effects is expanding rapidly
and examples of relevant clinical data will be cited
where possible.

Lung

The influence of irradiated lung volume on struc-
tural and functional damage has been investigated
experimentally in mice, rats, dogs and pigs. Most
of these studies have focused on pneumonitis as
the endpoint, and hence the data may not be
wholly applicable to lung fibrosis. All studies
demonstrate a pronounced volume effect for total
lung function, with little or no symptomatic
pneumonitis for partial irradiated volumes below
50 per cent. These volume effects depend on the
compensatory capacity of the unirradiated tissue,
which enables overall function to be maintained
despite destruction of a substantial part of one
lung (Herrmann et al., 1997). In contrast, local
structural lung damage, assessed by radiography,
histology or collagen content, is independent
of the volume irradiated (Fig. 14.3). This indicates
that cellular radiosensitivity is not influenced by
the size of the irradiated volume, although the
consequence of cell death for lung function is
strongly dependent on volume.

Several prospective clinical studies have
described the influence of a change in irradiated
lung volume on local lung damage and on NTCP
(reviewed in Mehta, 2005). Local structural
and functional lung damage can be quantified
using computed tomography (CT)-based lung-
density distributions and single-photon emission
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Figure 14.3 Dose-response curves for radiation-induced lung damage in pigs after irradiation with five fractions,
given to half of the right lung (open circles) or to the whole right lung (filled circles). Damage was assessed from
radiographic (X-ray) changes (a), histological evidence of fibrosis (b), elevated hydroxyproline (collagen) levels (c), or
increased breathing rate (d). Only the functional endpoint demonstrated a volume effect. From Herrmann et al. (1997),

with permission.

computed tomography (SPECT) ventilation and
perfusion distributions. By matching pre- and
post-treatment SPECT scans to the 3D dose dis-
tributions in the lung, changes in perfusion and
ventilation can be quantified in relation to the
locally delivered radiation dose (Fig. 14.4). For
patients with malignant lymphoma and breast
cancer, well-defined dose—response relationships
have been determined for local changes in lung
function per SPECT voxel (6 mm?® volume) in the
irradiated areas, relative to the low-dose or un-
irradiated regions (Fig. 14.5). These and other
studies demonstrate that the magnitude of local,
structural pulmonary changes is independent of
the irradiated volume but does depend on
patient-related factors such as concurrent
chemotherapy, smoking and age.

In an extension of these studies, the observed
incidence of radiation-induced pneumonitis can
be related to the DVH for the irradiated lung. For
this analysis, the complex 3D physical dose distri-
bution is converted into a mean biological dose to
the whole lung, after a normalization procedure
using the linear-quadratic (LQ) model with o/
ratios of 2.5-3 Gy. This parameter, the ‘mean nor-
malized total lung dose’, which does not include
any critical-volume parameter, correlates well
with the incidence of pneumonitis, as for example
shown in a large series of 540 patients treated for
malignant lymphoma, lung or breast cancer. Results
on pneumonitis in 264 patients treated for lym-
phoma, lung and breast cancer from one institute
are displayed in Fig. 14.6. Further studies have
focused on other, simple parameters such as the
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Figure 14.4 Dose-effect relationship for local lung perfusion (solid line) and ventilation (dashed line) at 3-4 months
after irradiation, as a percentage of the pretreatment value, in a patient treated for malignant lymphoma (a). The
corresponding dose-volume histogram of the three-dimensional dose distribution to the lung of this patient is shown

in (b). From Boersma et al. (1994), with permission.
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Figure 14.5 Dose-effect relationships for the average
change in local lung function (i.e. perfusion) as a
function of the normalized total dose. Data are shown
from functional studies carried out at Duke University
(circles) and The Netherlands Cancer Institute (squares).
From Theuws et al. (1998) and including data from
Marks et al. (1997), with permission from Elsevier.

percentage of total lung volume irradiated with
defined doses (i.e. 20 Gy or 30 Gy), which hence
incorporate a critical-volume component. These
parameters can be used to predict the probability
of radiation pneumonitis. In a comprehensive
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Figure 14.6 Incidence of radiation pneumonitis as a
function of mean normalized total dose to the whole
lung. Pooled data are shown from a group of 264
patients with lung cancer, breast cancer or malignant
lymphoma, treated in five different centres. The
absolute number of patients contributing to each dose
level is indicated. From Kwa et al. (1998), with
permission from Elsevier.

review, Rodrigues et al. (2004) demonstrated that
the ideal parameter for estimation of the NTCP
for pneumonitis from DVH, despite ample data
and studies, has not yet been identified. This raises
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serious doubts of whether further studies on
patients treated with a range of different dose dis-
tributions will ever be sufficient to determine the
best approach.

A few studies have investigated regional differ-
ences in radiation sensitivity of the lung. Experi-
ments in mice demonstrate that functional
damage is more prevalent after irradiation of the
base of the lung than an equivalent volume irradi-
ation of the apex (Travis et al., 1997). This may
indicate that functional subunits are not homoge-
neously distributed, but are concentrated in basal
areas. Cytokine release from partial liver irradia-
tion, included in the basal lung field, may also
contribute to these field localization effects.
However, studies in pigs have not demonstrated
differences in cellular damage in apical versus
basal parts of the lung. Data from clinical studies
are controversial.

In summarizing the clinical data available
(Bentzen et al., 2000), tolerance limits for unaf-
fected lung may be defined by the ratio of total vol-
ume of both lungs (V) to the volume exposed to
doses >25 Gy (V,5). If this ratio, V,5:V,, is greater
than 50 per cent, then pneumonitis can be dose
limiting, or pneumonitis is not relevant. The mean
lung dose for a 5 per cent incidence of pneumoni-
tis is in the order of 15 Gy. No conclusive data are
available for fibrotic reactions.

Spinal cord

LENGTH OF IRRADIATED SPINAL CORD

A marked volume effect for irradiation of very
short lengths of spinal cord (<1 cm), and less pro-
nounced or no volume effects for cord lengths
<2cm, have been demonstrated in rats, pigs,
monkeys and dogs. This suggests migration of
tissue-restoring cells, with only a limited migra-
tion distance, from outside the irradiated volume
(Section 14.4).

In rat spinal cord, a very steep rise in ED5 (i.e.
the radiation dose at which white-matter necrosis
and myelopathy are expected in 50 per cent of
treated animals) was observed when the irradiated
cord length was reduced below 10 mm (Fig. 14.7).
For irradiation of cord lengths between 10 and
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Figure 14.7 The influence of field size on biological
response in rat spinal cord after single-dose irradiation
with small fields. A steep rise in EDgq occurs as field size
is reduced below 10 mm, with very little change in EDs,
for larger field-sizes. The single fields were centred
around C4, the two concomitant 4-mm fields were at
C1/C2 and C7/T1, separated by approximately 10 mm.
Data show the EDsq for induction of white-matter
necrosis. From Hopewell and Trott (2000) and Bijl et al.
(2002, 2006), with permission.

30mm, little change in EDs, was found. This
observation has been confirmed by more detailed
studies, exploiting a high-precision proton beam
for irradiation (Bijl et al., 2003): rats were irradi-
ated with either a single field of 8 mm or two fields
of 4mm, separated by an unirradiated length of
cord of 8mm or 12 mm (Fig. 14.8). The EDs for
myelopathy with 2 X 4mm fields was 42-45 Gy,
which is less than 54 Gy for a single field of 4 mm,
but considerably greater than the EDs;, for
1 X 8 mm (25 Gy).

Single radiation doses given to 2.5-, 5- and
10-cm lengths of pig spinal cord showed only a
small (c. 1Gy) decrease in EDs, for induction of
white-matter necrosis with increasing field size. At
low probabilities of injury, which are clinically rele-
vant, this difference was no longer significant (van
den Aardweg et al., 1995), similar to the results in
the kidney (see below). The irradiated cord length
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Figure 14.8 The influence of a surrounding low dose
on the tolerance of a small high-dose volume (‘bath and
shower' irradiations) in the rat cervical spinal cord. The
high-dose volumes of 2, 4 or 8 mm (‘'shower') were
centred at C5, while the remainder of the 20-mm
cervical cord was irradiated with a ‘bath’ dose of 4 Gy
or 18 Gy. From Bijl et al. (2003, 2006), with permission
from Elsevier.

also influenced the incidence of myelopathy in
monkeys given fractionated irradiation (Schultheiss
et al., 1994). The incidence of myelopathy after a
total dose of 70.2 Gy (2.2 Gy per fraction) increased
from 15 per cent, to 20 per cent to 37.5 per cent for
field sizes of 4, 8 and 16 cm, respectively.

In an extensive study in dogs (Powers et al.,
1998), irradiation of 4- and 20-cm lengths of
spinal cord were compared using a fractionated
schedule of 4 Gy per fraction. For functional, neu-
rological symptoms, such as thoracic pain or pare-
sis, a large increase in EDsy from 54 Gy for the
large field to 78 Gy for the small field was found.
In contrast, a much less pronounced increase was
observed for morphological, necrotic lesions
(Fig. 14.9). This again indicates the relevance of
the endpoint studied for volume effects.

INFLUENCE OF DOSE SURROUNDING THE
HIGH-DOSE VOLUME

The marked volume effect for irradiation of only
very short lengths of spinal cord is clearly
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Figure 14.9 Influence of change in field size on spinal
cord damage in dogs. Increasing the field size from
4.cm (circles) to 20 cm (squares) had a more marked
influence on the development of neurological signs of
injury (dotted lines) than on the occurrence of severe
pathological lesions (solid lines). Redrawn from Powers
et al. (1998), with permission.

compromised when a small dose is given to the
surrounding tissue. This has been demonstrated
for rat spinal cord in ‘bath-and-shower’ experi-
ments (Bijl et al., 2003), where graded subtoler-
ance doses (‘bath’) were given to a large segment
(20 mm) of spinal cord and a high dose (‘shower’)
was given to small segments of 2-8 mm in the cen-
tre of the low-dose volume. The EDs, for a 4-mm
field given 53 Gy alone was reduced to 39 Gy with
a bath dose of only 4 Gy. For a 2-mm high-dose
segment, the EDs, was reduced from 88 Gy to
61 Gy. Paralysis was based on necrotic lesions in
the high-dose region whereas no histological
changes were seen in the bath volume. The
hypothesis to describe these observations was that
migration of presumptive stem cells into the high-
dose region was compromised by the bath dose.
In further experiments with the same model
(Bijl et al., 2003), the shower dose was placed at the
edge rather than the centre of the low-dose seg-
ment. Assuming migration phenomena, the toler-
ance in this setup should be similar to that with
high-dose irradiation alone (88 Gy) for a 2-mm
shower segment. However, the observed EDs
was intermediate, at 69 Gy, indicating additional
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mechanisms underlying the volume effect for
small cord lengths. It is important to note that
none of the existing NTCP models take these non-
local effects into account.

LATERAL DOSE DISTRIBUTION

With conformal radiotherapy, variations not only
in the length of spinal cord irradiated but also in
the lateral distribution of the dose can occur. These
effects have also been studied in rats irradiated with
high-precision proton beams (Bijl et al., 2005). The
left lateral half of the spinal cord was irradiated
with a penumbra (20-80 per cent isodose) of
1.1 mm or 0.8 mm, or the midline of the cord with
a penumbra of 0.8 mm. The irradiated length of
spinal cord was 20mm in all experiments. The
resulting ED5, values for paralysis were 29 Gy and
33 Gy for lateral irradiation, respectively, and 72 Gy
for midline irradiation; the corresponding homo-
geneous irradiation of a 20-mm cord segment
resulted in an ED5, of 20 Gy. Hence, the grey matter
is highly resistant to radiation as no lesions observ-
able by light microscopy were induced, even after a
single dose as high as 80Gy; all lesions were
restricted to white matter structures.

In a recent analysis of clinical data from single-
dose radiosurgery of 230 vertebral column metas-
tases in 177 patients (Ryu et al., 2007), an average
dose of 9.8 = 1.5Gy to 10 per cent of the spinal
cord volume, given in single-dose radiosurgery,
was associated with only one spinal cord injury in
86 patients surviving more than 1 year.

In summary, there is a clear volume effect for
severe lesions in the spinal cord which lead to
irreversible signs of myelopathy; this is most pro-
nounced at high levels of injury. At low probabili-
ties of injury (<5 per cent), which usually define
clinical tolerance doses, a volume effect may not
be detectable and should have minimal impact on
the clinical practice of maintaining spinal cord
dose below 55 Gy. However, when clinical condi-
tions require the choice of higher dose levels
closer to tolerance, such as in a re-irradiation situ-
ation, the existence of a volume effect might be
taken into consideration. The volume effect in the
spinal cord is complex, with an impact of the sur-
rounding dose as well as of the lateral dose distri-
bution across the tissue. It must be emphasized

that none of the existing NTCP models take this
complexity into account.

Kidney

Volume effects in the irradiated kidney are strongly
influenced by the duality of this organ and by its
parallel organization, with a large reserve capacity.
Unirradiated parts of one kidney and the con-
tralateral kidney are able to undergo drastic post-
irradiation hypertrophy and increase their
performance to compensate for functional impair-
ment within another part of the organ and thus
maintain renal function.

Experiments in pigs (Robbins and Hopewell,
1988) have demonstrated that the individual func-
tion of a kidney after unilateral irradiation can
actually be poorer than after irradiation of both
kidneys with the same dose. Total renal function is,
however, much less reduced after irradiation of
only one kidney (Fig. 14.10). Interestingly, if the
unirradiated kidney is removed after unilateral
irradiation, the previously non-functional, irradi-
ated kidney may be capable of partial restoration of
glomerular filtration rate and effective renal plasma
flow to maintain a viable level of total renal func-
tion. These experiments demonstrate that the func-
tional response of a unilaterally irradiated kidney
depends on the compensatory response in the
unirradiated, contralateral organ. The presence and
increased function of the unirradiated kidney may
actually promote functional impairment, or inhibit
functional recovery, in the irradiated kidney.

A pronounced volume effect was also observed
in scintigraphic studies in 91 patients who received
abdominal irradiation with various doses and to
varying volumes (Kost et al, 2002), but only at
higher incidence levels for the loss of kidney func-
tion. The dose for a 5 per cent incidence was in the
range of 3—6 Gy, independent of volume, owing to
uncertainties in the dose—effect analysis. However,
the doses estimated for a 50 per cent incidence
clearly increased with decreasing kidney volume,
from approximately 8 Gy for 100 per cent to 27 Gy
for 10 per cent of the volume.

In a study in 44 patients receiving radio-
chemotherapy for gastric cancer (Jansen et al.,
2007), where the left kidney was included in the
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Figure 14.10 Time-related changes in glomerular
filtration rate in pigs in which one (open circles) or both
(filled circles) kidneys were irradiated with a single dose
of 12.6Gy. (a) The change in individual kidney function,
as a percentage of control values; (b) the total renal
function in the same pigs. Redrawn from Robbins and
Hopewell (1988), with permission from Elsevier.

high-dose radiotherapy volume, the V,, (left
kidney) and mean left kidney dose were identified
as parameters associated with decreased kidney
function.

Liver

The liver is usually regarded as a prime example of
a parallel-type organ, with liver acini as FSUs.
Similar to lung, structural damage (i.e. loss of
function within the irradiated volume) can be
demonstrated with scintigraphy and other meth-
ods. Whole-liver irradiation with doses around
30Gy (2Gy per fraction) is generally associated

with the induction of 5-10 per cent hepatitis. Until
the introduction of 3D treatment planning, the
relationship between tolerance dose and partial
volume irradiation was very conservatively inter-
preted. However, extensive clinical data on liver
tolerance to partial organ irradiation has now been
accumulated at the University of Michigan for
more than 200 patients (Dawson and Ten Haken,
2005). LKB-NTCP analyses resulted in a large
volume—effect parameter (the n-exponent in the
power law function) of 0.97, demonstrating that
the liver indeed behaves as a parallel-type organ
with a large reserve capacity. No cases of radiation-
induced liver disease grade 3 according to
RTOG/EORTC (Radiation Therapy and Oncology
Group and the European Organisation for
Research and Treatment of Cancer) were observed
when the mean liver dose was <31 Gy. Estimates of
tolerance doses associated with 5 per cent risk of
liver disease after uniform irradiation to partial
volumes were 47 Gy for two-thirds and >90 Gy for
one-third of the total volume. A negligible compli-
cation risk, regardless of dose, is associated with
irradiation of a partial volume of <25 per cent.
A recent analysis by Kim et al. (2007) in 105
patients with hepatocellular carcinoma revealed
that the total liver volume receiving =30 Gy also
appears to be a useful dose—volumetric parameter
for predicting the risk of hepatic toxicity and
should be limited to <60 per cent.

The tolerance of patients with primary liver
cancer is lower than that of patients with liver
metastases or without liver tumours (Dawson and
Ten Haken, 2005). However, the functionality of
the unirradiated liver volume, which may be
impaired by chemotherapy, alcohol consumption
or other trauma, has to be taken into considera-
tion. The presence of liver cirrhosis is known to be
the predominant risk factor for hepatic toxicity
following radiotherapy.

Intestinal tract

The results of several trials have been published
for treatment of prostate, rectal or cervical cancer,
relating the bowel volume irradiated, i.e. various
DVH parameters, to the incidence of complica-
tions. Restricting dose conformation to the PTV
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can substantially decrease the normal tissue vol-
umes exposed to significant doses. For example, a
study from the Royal Marsden Hospital in London
showed that the volume of small bowel irradiated
to >90 per cent of the prescribed dose could be
reduced from 24 per cent using conventional
fields to 18 per cent for 3D conformal therapy and
5-8 per cent for IMRT, depending on the number
of fields used. For the rectum, the high-dose irra-
diated volumes could be reduced from 89 per cent
to 51 per cent and 6-16 per cent, respectively
(Nutting et al., 2000). It should be noted that early
complications in the intestine result in an
increased incidence of late effects, thus represent-
ing a consequential component (see Chapter 13).
Therefore, volume—effect studies on late compli-
cations may be affected by a varying influence of
early effects.

ORAL MUCOSA

The clinical consequences of oral mucositis are
closely related to the localization where the reac-
tion occurs. For example, complications can be
significantly reduced if the lips are excluded from
the irradiated volume. Also, changes in taste acu-
ity can be prevented by a reduction of the tongue
volume included in the high-dose volume.

OESOPHAGUS

A study on 215 patients treated for non-small cell
lung cancer (Wei et al., 2006) revealed that acute
oesophageal symptoms were dominated by DVH
parameters, such as the mean dose, or the relative
volume treated to doses above 20 Gy (rV,), but
were independent of clinical factors.

SMALL BOWEL

The mobility of the small intestine largely pre-
vents irradiation of the same segment or loop
during subsequent fractions. Hence, the dose to
individual loops can vary over wide ranges, and
usually is lower than the dose to the target vol-
ume. However, previous surgery, related or inde-
pendent of the oncological disease, as well as
inflammatory changes in the abdominal cavity,
can compromise mobility and hence significantly

increase the dose to bowel segments fixed in the
high-dose volume. These uncertainties appear to
be one of the reasons for the conflicting data for a
correlation of dose and volume with the incidence
of small bowel symptoms.

Volume effects for small bowel obstruction
have been demonstrated in patients treated with
extended field radiotherapy (bowel volumes
>800 cm?), as reviewed by Letschert et al. (1994).
No volume effects for bowel obstruction were
observed in patients receiving postoperative radio-
therapy for rectal carcinoma. In these patients, the
incidence of chronic diarrhoea was 31 per cent for
volumes <77 cm®, compared with 42 per cent for
volumes >328cm?. The type of surgery was a
strong influence on the incidence of chronic diar-
rhoea and malabsorption.

RECTUM

The incidence of late rectal bleeding and other
chronic changes has generally been found to corre-
late with irradiated volume exposed to high doses,
as quantified by DVH parameters. Some studies
have demonstrated a significant dose—volume rela-
tionship for late rectal bleeding using a single cut-
off value for the rectal volume irradiated to certain
doses (Fig. 14.11). Other studies describe a more
complex relationship with several cut-off levels
which significantly discriminated between a high or
low risk of severe rectal bleeding, or a continuous
relationship between rectal bleeding and dose—
volume parameters. A study on rectal mucosal
changes assessed by rectoscopy using a specific score
in 35 patients receiving external-beam radiotherapy
and high dose-rate brachytherapy for carcinoma of
the cervix revealed ED5, values for irradiated vol-
umes of 2cm?, 1 cm?® or 0.1 cm? of 68 Gy, 73 Gy and
84 Gy (Fig. 14.12). The corresponding doses for
changes according to LENT/SOMA were 73 Gy,
78 Gy and 97 Gy.

One aspect to be considered for highly confor-
mal radiotherapy, particularly for the rectum, is the
dose distribution through the cross-section of the
organ. Gross clinical symptoms are observed only if
a larger part or the entire circumference is exposed
to significant doses. In rats, it was demonstrated
that shielding of half the circumference completely
prevented late bowel obstruction, which occurred
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Figure 14.11 Actuarial incidence of rectal bleeding in
patients with rectal volumes (V4,) irradiated to at least
90 per cent of the isodose (approximately 60 Gy) of
greater than 57 per cent or less than 57 per cent. From
Wachter et al. (2001), with permission from Elsevier.
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Figure 14.12 The EDs, values for rectoscopic mucosal
changes [Vienna Rectoscopy Score (VRS) =3] in
patients receiving teletherapy and brachytherapy for
cervical cancer in rectal volumes of 2cm3, 1e¢m? or
0.1cm3. Data from Georg et al. (unpublished), with
permission of the authors.

with increasing dose in animals with irradiation of
the entire rectal wall. The incidence (but not the
area) of mucosal ulceration was similar in both
groups. Similarly, an intrarectal balloon can be

applied for displacement of the posterior rectal wall
and hence for a reduction in dose to this part,
which results in a decrease in side-effects. In con-
trast, emptying of the rectum before irradiation
increases dose homogeneity and reduces variations
of DVH parameters for the PTV, but may increase
the risk of rectal complications.

As with other organs, such as the lung (see
above), the functional status of the rectum can
influence the volume tolerance. Huang et al. (2002)
demonstrated that an individual history of haem-
orrhoids clearly correlated with the incidence of
rectal bleeding at a given volume irradiated.

Parotid gland

The parotid glands are important dose-limiting
organs in treatment of the head and neck with
conventional radiation techniques, as they often
cannot be spared. Doses above 40-50 Gy lead to
permanent loss of function contributing to xeros-
tomia (parotid glands produce c. 60 per cent of
the saliva) and impairment of quality of life. One
of the major advantages of the introduction of
3D-conformal techniques in the head and neck
area is the possibility of limiting the irradiated
volume to parts of the parotids and this has
resulted in a reduction of permanent xerostomia.
A DVH-based prospective trial showed complete
recovery of salivary flow at 1 year after mean doses
to the parotid of around 26 Gy (Eisbruch et al.,
1999). The anatomical organization in acini as
FSUs was clearly reflected in the outcome of
modelling the partial-volume data, as derived from
the DVH. The LKB model showed the volume-
effect parameter 7 to be close to 1.0, which indi-
cates a nearly parallel behaviour, whereby the mean
dose determines NTCP. In these studies partial-
volume thresholds were (approximately) 45 Gy
for 25 per cent, 30 Gy for 50 per cent and 15 Gy for
67 per cent of the total volume.

Rat studies (Konings et al., 2006) have demon-
strated significant regional variations in radiation
sensitivity in the parotid gland. The dose effect for
late changes in saliva production, but not for early
changes, was different for the cranial and caudal
part of the glands, with a substantially higher
radiosensitivity of the cranial part. The reduction
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in saliva output after a single dose of 30 Gy was 65
per cent for irradiation of the cranial and 25 per
cent for irradiation of the caudal 50 per cent vol-
ume of the gland, and 100 per cent after irradiation
of the entire organ. Histological studies showed
that irradiation of the cranial 50 per cent volume
also caused late development of secondary damage
in the shielded caudal part at late time-points.

Skin

The skin shows an ‘area’ effect similar to oral
mucosa. In studies in pig skin (Hopewell et al.,
1986), no effect of the irradiated area was observed
for acute epidermal changes when the field diam-
eter was larger than 20 mm, and for late effects
when the diameter was larger than 10mm. At
smaller diameters, a steep rise in isoeffective doses
was found (Fig. 14.13). In the orthovoltage era,
this area effect of small fields used to be exploited
by using a ‘sieve technique’, where part of the skin
was shielded with the bridges of a lead sieve, and
hence tolerable reactions occurred only in the
small irradiated fields, but did not achieve conflu-
ency. This allowed for curative tumour doses
despite the unfavourable depth-dose distribution
of these low-energy X-rays.
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Figure 14.13 The influence of field-diameter on the
dose required to induce acute and late skin reactions in
50 per cent of pigs after single-dose irradiation with
small fields. A steep rise in EDg, is seen below a
diameter of 20 mm for early reactions and 10 mm for
late sequelae, respectively. At larger field-sizes, the EDg,
is independent of the area exposed. From Hopewell and
Trott (2000), with permission.

Key points

1. Structural tissue tolerance depends on cellu-
lar radiation sensitivity and is independent
of volume irradiated. Functional tolerance
depends on tissue organization and func-
tional reserve capacity.

2. Tissues with a parallel organization (e.g.
lung) have a large reserve capacity and show
a pronounced volume effect, with a thresh-
old volume below which functional damage
does not occur. The risk of developing a
complication depends on dose distribution
throughout the whole organ rather than the
maximum dose to a small area.

3. Tissues with a serial organization (e.g. spinal
cord) have little or no functional reserve
and the risk of developing a complication is
less dependent on volume irradiated than
for tissues with a parallel organization. The
risk of complication is strongly influenced
by high-dose regions and hot-spots.

4. Migration of surviving clonogenic cells into
the edge of irradiated fields can lead to a
steep increase in tissue tolerance for field
diameters up to 20 mm in some tissues (e.g.
spinal cord, intestine, skin).

5. Theoretical models have been developed to
estimate NTCP for partial-volume irradia-
tions and inhomogeneous dose distribu-
tions. Simple power-law and probability
models have been expanded to incorporate
parameters relating to tissue architecture
and reserve capacity. These models need to
be validated against clinical data emerging
from conformal treatment schedules.
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15.1 THE IMPORTANCE OF OXYGEN

The response of cells to ionizing radiation is
strongly dependent upon oxygen (Gray et al., 1953;
Wright and Howard-Flanders, 1957). This is illus-
trated in Fig. 15.1 for mammalian cells irradiated in
culture. Cell surviving fraction is shown as a func-
tion of radiation dose administered either under
normal aerated conditions or under hypoxia,
which can generally be achieved by flowing nitro-
gen gas over the surface of the cell suspensions for a
period of 30 min or more. The enhancement of
radiation damage by oxygen is dose-modifying (i.e.
the radiation dose that gives a particular level of cell
survival is reduced by approximately the same fac-
tor at all levels of survival). This allows us to calcu-
late an oxygen enhancement ratio (OER):

Radiation dose

. in hypoxia

Oxygen enhancement ratio = yp
Radiation

dose in air

for the same level of biological effect. For most cell
types, the OER for X-rays is around 3.0. However,
some studies suggest that at radiation doses of
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Figure 15.1 Survival curves for cultured mammalian
cells exposed to X-rays under oxic or hypoxic
conditions, illustrating the radiation dose-modifying
effect of oxygen. Note that the broken lines extrapolate
back to the same point on the survival axis (n = 6).
OER, oxygen enhancement ratio.
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Figure 15.2 Variation of oxygen enhancement ratio (OER) with oxygen partial pressure scaled linearly in (a) and
logarithmically in (b). In (a), the horizontal arrows indicate the range of physiological blood oxygen tensions on the
lower scale (to convert mmHg to kPa, multiply by 0.133). (b) Published OER values at different oxygen partial pressures
adapted from Koch et al. (1984) (closed circles) and Whillans and Hunt (1982) (open circles). (a) Adapted from
Denekamp (1989), with permission; (b) from Wouters and Brown (1997), with permission.

3 Gy or less the OER can be reduced (Palcic and
Skarsgard, 1984). This is an important finding
because this is the dose range for clinical fraction-
ation treatments.

It has been demonstrated from rapid-mix
studies that the oxygen effect occurs only if oxy-
gen is present either during irradiation or within a
few milliseconds thereafter (Howard-Flanders
and Moore, 1958; Michael et al, 1973). The
dependence of the degree of sensitization on oxy-
gen tension is shown in Fig. 15.2. By definition,
the OER under anoxic conditions is 1.0. As the
oxygen tension increases there is a steep increase
in radiosensitivity (and thus in the OER) which
Fig. 15.2a shows against a linear scale of oxygen
tension. In Fig. 15.2b, oxygen tension is scaled log-
arithmically to demonstrate that cells below
0.15mmHg (0.02 per cent) are maximally resist-
ant to radiation and the OER starts to rise signifi-
cantly above 1.0 only when the oxygen tension
exceeds this level and then the greatest change
occurs from about 0.5 to 20mmHg. A further
increase in oxygen concentration, up to that seen
in air (155 mmHg) or even to 100 per cent oxygen
(760 mmHg), produces a much smaller though
definite increase in radiosensitivity. Also shown in
Fig. 15.2a are the oxygen partial pressures typi-
cally found in arterial and venous blood. Thus

from a radiobiological standpoint most normal
tissues can be considered to be well oxygenated,
although it is now recognized that moderate
hypoxia is a feature of some normal tissues such as
cartilage and skin.

The mechanism responsible for the enhance-
ment of radiation damage by oxygen is generally
referred to as the oxygen-fixation hypothesis and
is illustrated in Fig. 15.3. When radiation is
absorbed in a biological material, free radicals are
produced. These radicals are highly reactive mole-
cules and it is these radicals that break chemical
bonds, produce chemical changes and initiate the
chain of events that result in biological damage.
They can be produced either directly in the target
molecule (usually DNA) or indirectly in other cel-
lular molecules and diffuse far enough to reach
and damage critical targets. Most of the indirect
effects occur by free radicals produced in water,
since this makes up 70-80 per cent of mammalian
cells. It is the fate of the free radicals ultimately
produced in the critical target, designated as R" in
Fig. 15.3, that is important. These R molecules are
unstable and will react rapidly with oxygen, if
present, to produce RO,’, which then undergoes
further reaction ultimately to yield ROOH in
the target molecule. Thus we have a stable change in
the chemical composition of the target and the
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Figure 15.3 The oxygen fixation hypothesis. Free
radicals produced in DNA by either a direct or indirect
action of radiation can be repaired under hypoxia but
fixed in the presence of oxygen. Adapted from Hall
(1988), with permission.

damage is said to be chemically ‘fixed’
Subsequently, this damage is recognized by bio-
logical pathways that participate in the DNA dam-
age response (DDR) to invoke enzymatic
processing of the lesions and perhaps their suc-
cessful repair (see Chapter 2). In the absence of
oxygen, or in the presence of reducing species, the
unstable R" molecules have a longer half-life and
can react with HY, thus chemically restoring its
original form without the need for biological and
enzymatic intervention.

15.2 THE TUMOUR
MICROENVIRONMENT

For most solid tumours to grow they need to
develop their own blood supply. This new vascu-
lature is formed from the already established nor-
mal-tissue vessels by a process which is referred to
as angiogenesis. However, the formation of the
neo-vasculature usually lags behind the more rap-
idly increasing number of neoplastic cells; the
tumours are said to ‘outgrow’ their blood supply.
As a result, the neo-vasculature is unable to meet
the increasing nutrient demands of the expanding
tumour mass. The vasculature that is formed is
also very primitive in nature and, like the cancer-
ous tissue it supplies, is morphologically and

Increasing time

L |
100-180 um

Figure 15.4 Simplified description of the development
of microscopic regions of necrosis in tumours.
Conclusions by Thomlinson and Gray from studies on
histological sections of human bronchial carcinoma
showing the development of necrosis beyond a limiting
distance from the vascular stroma. Adapted from Hall
(1988), with permission.

functionally abnormal. All these factors combine
to result in the development of microregional
areas within tumours that are nutrient deprived,
acidic and oxygen deficient, yet the hypoxic cells
existing in these areas may still be viable, at least
for a limited time (see also Chapter 16).

The first clear indication that hypoxia may be
present in tumours was made by Thomlinson and
Gray (1955) from their observations on histologi-
cal sections of fresh specimens from human carci-
noma of the bronchus; this is summarized
schematically in Fig. 15.4. They observed viable
tumour regions surrounded by vascular stroma
from which the tumour cells obtained their nutri-
ent and oxygen requirements. As these regions
expanded, areas of necrosis appeared at the centre.
The thickness of the resulting cylindrical shell of
viable tissue (100-180 um) was found to be simi-
lar to the calculated diffusion distance of oxygen
in respiring tissues; it was thus hypothesized that
as oxygen diffused from the stroma it was con-
sumed by the cells and, while those cells beyond
the diffusion distance were unable to survive, cells
immediately bordering on the necrosis might be
viable yet hypoxic.

Tannock (1968) made similar observations in
mouse mammary tumours. The extent of necrosis
in these tumours was much greater and each
patent blood-vessel was surrounded by a cord of
viable tumour cells outside which was necrosis.
This ‘corded’ structure is also seen in other solid
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Figure 15.5 Representation of diffusion-limited
chronic hypoxia and perfusion-limited acute hypoxia
within tumour cords. From Horsman (1998), with
permission.

tumours and is illustrated in Fig. 15.5. Cells at the
edge of the cords are thought to be hypoxic and
are often called ‘chronically hypoxic cells.
Tannock showed, however, that since the cell pop-
ulation of the cord is in a dynamic state of cell
turnover these hypoxic cells will have a short life-
span, being continually replaced as other cells are
displaced away from the blood vessel and in turn
become hypoxic. More recently it was shown that
some tumour blood vessels may periodically open
and close, leading to transient or acute hypoxia
(Fig. 15.5). The mechanisms responsible for inter-
mittent blood flow in tumours are not entirely
clear. They might include: the plugging of vessels
by blood cells or by circulating tumour cells; tem-
porary collapse of vessels in regions of high
tumour interstitial pressure; or spontaneous vaso-
motion in incorporated host arterioles affecting
blood flow in downstream capillaries.

15.3 HYPOXIA IN EXPERIMENTAL
TUMOURS

Since hypoxic cells are resistant to radiation, their
presence in tumours can be critical in determin-
ing the response of tumours to treatment, espe-
cially with large doses of radiation. The presence
of such treatment limiting cells in experimental
tumours can easily be demonstrated, as shown in
Fig. 15.6. This shows the cell survival response of
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Figure 15.6 Cell survival curves for KHT mouse
sarcoma cells irradiated under aerobic or hypoxic
conditions. The hypoxic data were obtained by killing
the mice shortly before irradiation. Two sets of data for
tumours in air-breathing mice are shown, with high and
low haemoglobin levels. The oxic curve represents the
survival of aerobic cells irradiated in vitro. From Hill et
al. (1971), with permission.

KHT mouse sarcomas, irradiated in situ in air-
breathing mice, or in nitrogen-asphyxiated (i.e.
hypoxic) mice; or as a single-cell suspension in
vitro under fully oxic conditions. The studies in
air-breathing mice were made under both normal
and anaemic conditions. Cell survival was esti-
mated immediately after irradiation using a lung
colony assay (see Chapter 7, Section 7.2). The sur-
vival curves for tumours irradiated in air-breath-
ing mice are biphasic. At low radiation doses the
response is dominated by death of the aerobic
cells and the curves are close to the response of
cells under well-oxygenated conditions. At larger
radiation doses the presence of hypoxic cells
begins to influence the response and the survival
curve eventually becomes parallel to the response
of cells under hypoxic conditions. At this level all
of the aerobic cells have been killed and thus the
response is determined solely by the initial frac-
tion of hypoxic cells. The proportion of hypoxic
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cells (the hypoxic fraction) can thus be calculated
from the vertical separation between the hypoxic
and air-breathing survival curves in the region
where they are parallel. In this mouse sarcoma the
hypoxic fraction was calculated to be 0.06 in
mice with a high haemoglobin level (c. 16.5g per
cent) and 0.12 in anaemic mice (haemoglobin
level ¢. 9.5g per cent). These data thus illustrate
not only the presence of hypoxic cells in these
tumours but also the influence of oxygen
transport.

Two other techniques are routinely used to
estimate hypoxia in animal tumours. These are
the so-called ‘cdlamped tumour growth-delay
assay, which involves measuring the time taken
for tumours to grow to a specific size after irradi-
ation, and the ‘clamped tumour-control assay’, in
which the percentage of animals showing local
tumour control at a certain time after treatment is
recorded. For both techniques it is necessary to
produce full radiation dose-response curves
under normal and clamped conditions and the
hypoxic fractions can then be calculated from the
displacement of these curves. It is important to
recognize that these techniques assay the fraction
of viable radiation-resistant hypoxic cells. This is
commonly referred to as the radiobiological
hypoxic fraction and can be very different from
the fraction of hypoxic cells measured using other
methods (described in Section 15.4). The radio-
biological hypoxic fraction is a very relevant value
for radiotherapy since it directly measures cells
that can contribute to treatment failure. Using
these assays, and the paired survival-curve assay
described above, it has been demonstrated that
most experimental solid tumours contain radia-
tion-resistant hypoxic cells, with estimates of the
radiobiological hypoxic fractions ranging from
below 1 per cent to well over 50 per cent of the
total viable cell population.

15.4 HYPOXIA IN HUMAN TUMOURS

Attempts to estimate the level of hypoxia in
human tumours have proven more difficult. A
major reason is that the experimental procedures
that have just been described are not directly
applicable to the human situation. Instead, it is

Table 15.1 Potential methods for measuring the
oxygenation status of human tumours

Tumour vascularization
Intercapillary distance
Vascular density
Distance from tumour cells to nearest vessel

Haemoglobin-oxygen saturation
Cryospectroscopy
Near-infrared spectroscopy

Tumour metabolic activity
Biochemical/HPLC analysis
Bioluminescence
NMR/PET

DNA damage
Comet assay
Alkaline elution

Hypoxic markers
Immunohistochemistry (e.g. PIMO/EF5)
'8F_Fluoromisonidazole
123]_lodoazomycin arabinoside

Oxygen partial pressure distributions
Polarographic oxygen electrodes
"®F-NMR spectroscopy

Miscellaneous
ESR spectroscopy
Tumour interstitial pressure
Phosphorescence imaging
Hypoxic stress proteins

ESR, electron spin resonance; EF5, a fluorinated derivative of
etanidazole; HPLC, high-pressure liquid chromatography; NMR,
nuclear magnetic resonance; PET, positron emission
tomography; PIMO, pimonidazole.

From Horsman et al. (1998) with permission.

necessary to rely on more indirect approaches, as
listed in Table 15.1. The endpoints have included:

® measurements of tumour vascularization
because the oxygenation status of tumours is
strongly dependent on vascular supply;

® haemoglobin—oxygen saturation, because this
controls oxygen delivery to tumours;

® tumour metabolic activity, which changes
under hypoxic conditions;

® estimating the degree of DNA damage, since
hypoxic cells are likely to show less DNA dam-
age than aerobic cells for a given radiation dose;
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Figure 15.7 Relationship between partial pressure of
oxygen (PO,) electrode measurements and the hypoxic
fraction in a C3H mouse mammary carcinoma. Results
were obtained from normal air-breathing mice, in
clamped tumours, and in mice allowed to breathe oxygen,
carbogen or various concentrations of carbon monoxide
(CO). From Horsman et al. (1993), with permission.

® hypoxic markers, based on the observations
that certain nitro-aromatic compounds are
reduced, under hypoxic conditions, to reactive
species that subsequently bind to hypoxic cells
and then can be identified;

® estimates of tumour oxygen partial pressure
(PO,) distributions.

A technique that has received considerable
attention has been the use of polarographic oxygen
electrodes for measuring tumour PO,. The popu-
larity of this approach came about with the devel-
opment of the Eppendorf histograph. This differed
from older oxygen electrodes in employing more
robust and re-usable electrodes plus an automatic
stepping motor, thus making it possible to obtain
large numbers of oxygen measurements along sev-
eral tracks within a short period. Using this
machine a direct relationship between electrode
estimates of tumour oxygenation and the actual
percentage of hypoxic clonogenic (i.e. viable) cells
was found. This is illustrated in Fig. 15.7 in which
the radiobiological hypoxic fraction, determined
using a clamped tumour-control assay, was altered
in a C3H mouse mammary carcinoma by allowing
the mice to breathe different gas mixtures. A strong
correlation was found between radiobiological
hypoxic fraction and the percentage of measured
PO, values that were equal to or less than 5 mmHg.

Note, however, that these measurements are within
a single-tumour model and thus do not demon-
strate that the relationship between oxygen elec-
trode measurements and radiobiological hypoxia
will be the same in all tumours. For example, cells
from one tumour may be less tolerant to hypoxia
than those from another tumour and thus have
reduced viability. In this case, the amount of
hypoxia measured by oxygen electrodes could be
the same in two tumours, whereas the amount of
radiobiological hypoxia could be different (since
one tumour is less tolerant of hypoxia). The toler-
ance of cells to hypoxia is determined by several
oxygen-sensitive biological pathways that are dis-
cussed further in Chapter 16. However, oxygen
electrodes have been used to measure PO, distri-
butions in human tumours and in at least two sites
(cervical cancers and tumours of the head and
neck region) the PO, measurements have been
related to outcome after radiation therapy (Table
15.2). In general, good correlations between treat-
ment outcome and pretreatment PO, measure-
ments were observed for both tumour types, with
the less well-oxygenated tumours showing the
poorest results.

Evidence that hypoxia exists in human tumours
and can influence radiation response also comes
from clinical trials in which some form of hypoxic
modification has been attempted and found to
improve tumour response. Using hyperbaric oxy-
gen, chemical radiation sensitizers or techniques to
improve oxygen supply, a significant improvement
in local tumour control has been seen, particularly
in head and neck cancers (see Chapter 17). This is
also illustrated in Fig. 15.8, in which local-regional
control of tumours is expressed as a function of
pretreatment haemoglobin concentration in male
or female patients treated with radiotherapy for
squamous cell carcinoma of the larynx and phar-
ynx. Local tumour control was lower in those
patients with reduced haemoglobin concentra-
tions. Such a reduction in haemoglobin would
make less oxygen available to the tumour and thus
increase the level of tumour hypoxia.

15.5 REOXYGENATION

The time-course of changes in the radiobiological
hypoxic fraction of a tumour before and after
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Table 15.2 Clinical studies in which Eppendorf estimates of pretreatment partial pressure of oxygen have been related

to radiotherapy outcome

Study (source)

Head and neck cancer

Adam et al. (Laryngoscope, 1998)

Brizel et al. (Int J Radiat Oncol Biol Phys, 1998)
(Radiother Oncol, 1999)

Eschewege et al. (Int J Radiat Oncol Biol Phys, 1997)

Nordsmark et al. (Radiother Oncol, 1996)

(Radiother Oncol, 2000)

Rudat et al. (Radiother Oncol, 2001)

Stradler et al. (Int J Radiat Oncol Biol Phys, 1997)

Cancer of the uterine cervix

Fyles et al. (Radiother Oncol, 1998)
Hoeckel et al. (Cancer Res, 1996)
Knocke et al. (Radiother Oncol, 1999)
Sundfor et al. (Radiother Oncol, 2000)

Number of patients Influence of hypoxia

25 No
43 Yes
63 Yes
35 No
35 Yes
66 Yes
41 Yes
59 Yes
74 Yes
89* Yes
51 Yes
40 Yes

*Forty-seven patients received surgery as the primary treatment with adjuvant chemotherapy with or without radiation.

From M. Nordsmark (unpublished data).
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Figure 15.8 Local-regional tumour control as a
function of gender and pretreatment haemoglobin
value in 1112 patients treated with radiotherapy for
squamous cell carcinoma of the larynx and pharynx.
From Overgaard (1988), with permission.

irradiation is illustrated in Fig. 15.9. Tumours less
than 1 mm in diameter have been found to be fully
oxygenated (Stanley et al., 1977). Above this size
they usually become partially hypoxic. If tumours

Irradiation

06 Reoxygenation

04

Hypoxic fraction

Life history of a tumour

Figure 15.9 The time-course of changes in the hypoxic
fraction during the life history of a tumour. Small
lesions are well oxygenated but as the tumour grows
the hypoxic fraction rises perhaps in excess of 10 per
cent. A large, single dose of radiation kills oxic cells and
raises the hypoxic fraction. The subsequent fall is
termed reoxygenation.

are irradiated with a large single dose of radiation,
most of the radiosensitive aerobic cells in the
tumour will be killed. The cells that survive will
predominantly be hypoxic and therefore the radio-
biological hypoxic fraction immediately after irra-
diation will be close to 100 per cent (note that the
oxygenation status of cells in the tumour has not
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Table 15.3 Mechanisms and time-scales of tumour
reoxygenation

Mechanism Time
Recirculation through temporarily ~ Minutes
closed vessels
Reduced respiration rate in
damaged cells

Minutes to hours

Ischaemic death of cells without Hours
replacement

Mitotic death of irradiated cells Hours

Cord shrinkage as dead cells Days

are resorbed

been changed at this point: selective abolition of
colony-forming ability has led to survivors having
araised hypoxic fraction). Subsequently, the radio-
biological hypoxic fraction falls and approaches its
initial starting value. This phenomenon is termed
reoxygenation and refers specifically to changes in
the hypoxic status of the remaining viable cells (i.e.
radiobiological hypoxic fraction). The process of
reoxygenation has been reported to occur in a vari-
ety of tumour systems, although the speed of
reoxygenation varies widely, occurring within a
few hours in some tumours and taking several days
in others. Furthermore, the final level of hypoxia
after reoxygenation can also be higher or lower
than its value before irradiation.

The mechanisms underlying reoxygenation in
tumours are not fully understood. A number of
contributing processes are listed in Table 15.3. If
reoxygenation occurs rapidly then it may be
caused by either recirculation of blood through
vessels that were temporarily closed or decreased
cellular respiration (which will increase the oxy-
gen diffusion distance). Reoxygenation occurring
at longer intervals is probably the result of cell
death leading to tumour shrinkage and a reduc-
tion in intercapillary distances, thus allowing oxy-
gen to reach hypoxic cells.

Reoxygenation has important implications for
successful clinical fractionated radiotherapy.
Figure 15.10 illustrates the hypothetical situation
in a tumour following fractionated radiation
treatments. In this example (Wouters and Brown,
1997), 90 per cent of the viable tumour cells are
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Figure 15.10 Calculated cell survival curves following
repeated 2-Gy fractions of radiotherapy for tumours
initially containing 90 per cent well-oxygenated cells
and 10 per cent hypoxic cells (upper and middle lines)
compared with no hypoxic cells (lower line). The upper
line shows the progressive depletion of oxic and
hypoxic cells in the absence of reoxygenation. The
middle line assumes that, after each dose fraction, full
reoxygenation restores the hypoxic fraction to its pre-
treatment level. A surviving fraction at 2 Gy (SF,) of
0.47 for oxic cells has been assumed with an OER of
2.8 relative to fully hypoxic cells.

considered well oxygenated and 10 per cent are
initially hypoxic. The responses of oxic and
hypoxic cells to repeated dose fractions of 2 Gy are
illustrated. In this example model, SF, (surviving
fraction at 2 Gy) of 0.47 for the oxic cells has been
assumed with an OER of 2.8 relative to fully
hypoxic cells. If no reoxygenation occurs, then
each successive dose of radiation would be
expected to kill fewer and fewer cells with increas-
ing total dose, because the surviving cell population
becomes dominated by hypoxic cells after only
about six fractions. At the end of a 60-Gy treat-
ment, the tumour response, measured by —In(SF),
is only about one-third of the response that would
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be obtained in the absence of hypoxic cells.
However, if reoxygenation occurs between frac-
tions then the radiation killing of initially hypoxic
cells will be greater and the hypoxic cells then have
less impact on response. In the model shown in
Fig. 15.10, if full reoxygenation takes place so that
the radiobiological hypoxic fraction returns to
10 per cent before each 2-Gy fraction, the tumour
response achieved, measured by —In(SF), exceeds
90 per cent of the response that would be obtained
in the absence of hypoxic cells. The existence of
extensive reoxygenation during clinical radiother-
apy is supported by the fact that local control can
be achieved in a variety of tumours given fraction-
ated radiotherapy with 30-35 fractions of 2 Gy.
However, the study of Wouters and Brown (1997)
has shown that cells at intermediate levels of oxy-
genation (i.e. those with an intermediate OER) can
also cause significant radioresistance during frac-
tionated radiotherapy despite extensive reoxy-
genation. These cells do not influence the response
to large single doses, which is determined solely by
the most resistant fraction of hypoxic cells.
However, they do contribute significantly to the
response to clinically relevant doses and therefore
may play an additional important role in deter-
mining the outcome of fractionated treatment.

15.6 DRUG RESISTANCE

The presence of hypoxic cells in tumours not only
has a significant impact on radiation therapy,
there are also strong indications that these same
cells may be responsible for tumour resistance to
certain types of chemotherapy. Evidence from
animal studies has shown that drugs such as
bleomycin, 5-fluorouracil, methotrexate and cis-
platinum are less effective at killing tumour cells
when they are hypoxic than when they are well
oxygenated (Grau and Overgaard, 1992). Whether
this is a consequence of hypoxia per se or because
hypoxic cells are normally distant from blood
vessels, thus creating problems for drug delivery,
or because such cells are typically non-cycling and
exist in areas of low pH (both of which can influ-
ence drug activity) has never been fully estab-
lished. It is likely that all of these mechanisms
contribute to resistance in vivo.

Key points

1. Hypoxic cells are much less sensitive to
radiation than well-oxygenated cells.

2. Hypoxic cells occur in most animal and
human tumours; they are believed to be an
important cause of treatment failure after
radiotherapy, especially using a small num-
ber of large-dose fractions.

3. Hypoxia in tumours can be chronic or
acute, for which the underlying mecha-
nisms differ. Attempts to eliminate radio-
resistant tumour cells require treatments
that are effective against each of these types
of hypoxia.

4. Reoxygenation has been shown to occur in
animal tumours; some tumours reoxy-
genate rapidly, others more slowly. The evi-
dence for reoxygenation in human tumours
is less direct.

5. Hypoxic cells in tumours are also known to
be resistant to certain chemotherapeutic
agents.
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Figure 2.4 Examples of ionizing radiation-induced nuclear foci. Unirradiated and irradiated (2 Gy) cells have been
fixed and stained with antibodies that recognize yH2AX and 53BP1, two proteins that interact at sites of DNA damage
to form foci after induction of DNA double-strand breaks. These foci form rapidly and then resolve, consistent with the
kinetics of DNA double-strand break rejoining. Photographs courtesy of Farid Jallai and Rob Bristow, Princess Margaret
Hospital.






Figure 16.4 Composite binary image of a larger tumour area of the same tumour shown in Fig. 16.1a.

Figure 16.2 (a) Multimarker grey-scale image of human mucoepidermoid carcinoma MEC82 grown as xenograft,
with vasculature (white), Hoechst 33342 (blue) staining nuclei of cells adjacent to perfused vessel, first hypoxia marker
(pimonidazole, green), and second hypoxia marker (CCI-103F, red). Spatial co-localization of both markers (red and
green) appears as yellow. At an injection interval of 2 hours, most of the hypoxic cells were labelled by both the first
and second hypoxia markers. Acute (or transient) hypoxia is illustrated as an area that was not hypoxic at the time of
the injection of the first marker but had become hypoxic at the time of the second hypoxia marker injection (red only).
From Ljungkvist et al. (2007). (b) Grayscale image of C38 murine colon carcinoma, showing vessels (red) and hypoxia
stained by pimonidazole (green). From van Laarhoven et al. (2004).
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Figure 20.3 Comparison between a threshold-based and a gradient-based method for the automatic segmentation
of a head and neck tumour during radiotherapy. The image is intrinsically noisier because of peritumoural radiation-
induced mucositis. The gradient-based method led to a more specific tumour segmentation.

Figure 16.11 Different expression of hypoxia markers in two human squamous cell carcinoma xenograft models
(SCCNij51 and SCCNij58). The images show the differences in localization of the exogenous marker pimonidazole

(a and b) compared with three endogenous hypoxic markers: CAIX (c, d), GLUT-1 (e, f) and GLUT-3 (g, h) (all in green),
relative to the vasculature (in red). From Rademakers et al. (2008 in press).



Figure 20.4 Patient with a T4-NO-MO squamous cell carcinoma of the hypopharynx. The patient was treated using a
simultaneous integrated boost approach delivering a dose of 55.5 Gy (30 fractions of 1.85 Gy) to the prophylactic
planning target volume (PTV; delineated in dark blue) and a dose of 69 Gy (30 fractions of 2.3 Gy) to the therapeutic
PTV (delineated in dark green). Comparison between a pretreatment computed tomography (CT)-based plan (left) and
adaptive fluorodeoxyglucose positron emission tomography (FDG-PET)-based plan (right). On both plans, only the
CT-based PTVs are depicted. A FDG-PET examination was performed before treatment and at 16 Gy, 24 Gy, 34 Gy and
44 Gy. The dose distribution was adapted to the progressive reduction of the FDG-PET gross tumour volume (GTV).



Figure 20.5 This example illustrates the role of fluorodeoxyglucose positron emission tomography (FDG-PET) for
delineating the volume of a lung cancer. The images represent saggital (a) and axial (c) slices of a patient with a lung
cancer located in the left hilar region, with retro-obstructive atelectasis of the entire left lung, associated with a major
pleural effusion. The metabolic information provided by FDG-PET (b, d) shows that the tumour tissue is strictly located to
the hilum. The delineation of the tumour margins is easier and more accurate with the help of FDG-PET, allowing for a
significant modification of the target volume.
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16.1 OXYGENATION PATTERNS OF
TUMOURS

The steady-state oxygen concentration in tissues is
determined by the balance between oxygen supply
and demand. Oxygen is supplied from the blood,
mainly in a form that is bound to haemoglobin in
red blood cells and is consumed by cells primarily
through a process called oxidative phosphoryla-
tion. In this process, mitochondria use oxygen as
the terminal electron acceptor in a cascade of
reactions called the electron transport chain.
Here, nutrients are oxidized to produce the cellu-
lar energy currency ATP (adenosine triphos-
phate). Oxidative phosphorylation plays a very
important role in energy production by extracting
the maximum amount of energy from cellular
nutrients. For example, a molecule of glucose can
produce as much as 38 molecules of ATP under
conditions where oxygen is present (oxidative res-
piration) but only two molecules of ATP when
oxygen is absent (anaerobic glycolysis). The con-
sumption of oxygen in this process gives rise to a

limited ability of oxygen to diffuse through unvas-
cularized tissues. Estimates of the oxygen diffu-
sion distance ranges from 75 to 200 ym depending
on the actual respiration rate (oxygen consump-
tion rate) of the tissue in question.

The oxygen concentration of most normal tis-
sues is stably maintained at around 5-7 per cent.
When oxygen concentrations drop to 3 per cent or
below, the tissue is considered hypoxic. Below this
value, oxygen deprivation then leads to the activa-
tion of several different biological pathways that
serve to alter the behaviour or ‘phenotype’ of the
cell. Many of these pathways are activated to allow
adaptation of the cell or the tissue to the stress
associated with oxygen deprivation. For example,
these pathways can increase the capacity for
anaerobic glycolysis (to maintain energy produc-
tion), mediate changes in blood flow, and stimu-
late angiogenesis (new blood vessel growth) to
increase the oxygen supply to the tissue. For the
most part, these pathways operate both in normal
tissues and in tumours. Numerous studies have
demonstrated the presence of hypoxic cells in
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human tumours and, furthermore, show that oxy-
genation patterns are highly heterogeneous
(Magagnin et al., 2006).

Two distinct mechanisms cause
tumour hypoxia

The rapid and uncontrolled proliferation of tumour
cells often results in a demand for oxygen that
exceeds the capacity of the vascular network.
Although the resulting hypoxia may stimulate
tumour angiogenesis (through mechanisms
described below), the developing vessels are often
still unable to provide adequate oxygenation for the
rapidly proliferating tumour. Thus, although angio-
genesis becomes a ‘hallmark’ of cancer, hypoxic
tumour areas remain a common feature through-
out the lifetime of the tumour. The lack of sufficient
numbers of tumour blood vessels gives rise to one
of the two main causes of hypoxia in human
tumours known as ‘chronic’ or ‘diffusion-limited’
hypoxia. In this type of hypoxia, individual perfused
vessels are characterized by a gradient of oxygena-
tion surrounding them. Diffusion-limited hypoxia
in tumours was first documented in 1955
(Thomlinson and Gray, 1955; see Chapter 15) and
its presence indicates the existence of cells at all pos-
sible oxygen concentrations ranging from anoxia at
distal locations to normal values next to the vessels.

In some situations, hypoxic cells can also be
found much closer to blood vessels than would be
expected from diffusion limitations. This observa-
tion reflects the poor functionality of tumour vas-
culature, which is characterized by being highly
tortuous and poorly organized (Fig. 16.1). Tumour
vessels are often immature, leaky, lack smooth
muscle cells, and have structural abnormalities
including blind ends and arterial-venous shunts
that together result in unstable blood flow, the
cause of what is termed ‘acute’ or ‘perfusion-limited’
hypoxia. Perfusion-limited hypoxia is character-
ized by rapidly changing oxygen concentrations in
areas where blood flow through the vessel is unsta-
ble (Lanzen et al., 2006). As a result, cells may be
exposed to oxygen concentrations that vary tran-
siently between normal (well perfused) and anoxia
(complete vessel blockage) and anywhere in
between. Examples of perfusion (acute) and

diffusion (chronic) hypoxia observed in experi-
mental tumour models are shown in Fig. 16.2.

16.2 THE HETEROGENEITY OF
TUMOUR HYPOXIA

Heterogeneity in severity (oxygen
concentration)

Limitations in diffusion and in perfusion give rise
to tumour cells at widely different oxygen levels.
As cells are pushed away from blood vessels by the
proliferation of cells close to the vessel, they expe-
rience a steady decline in oxygen availability.
Eventually, these cells may reach distances where
the oxygen concentration drops to zero and they
can then die and contribute to the necrotic areas
in the tumour. Diffusion-limited hypoxia, there-
fore, is characterized by an oxygen gradient where
cells exist at all possible oxygen concentrations
from normoxic to anoxic. Similarly, the limita-
tions in perfusion that give rise to acute hypoxia
can be complete or partial, resulting in surround-
ing tumour cells at varying oxygen tensions. As a
result, both mechanisms of tumour hypoxia are
expected to produce cells at a wide range of oxy-
gen concentrations. Consistent with this predic-
tion, direct measurements made in patients using
polarographic oxygen electrodes have demon-
strated the presence of a large range of oxygen
concentrations. Vaupel and Hoeckel were among
the first to use this technique in the clinic and an
example of their data from a series of breast can-
cers and normal tissues is shown in Fig. 16.3.
Immunohistological staining of tumour sections
also reveals variable degrees of staining
intensities that reflect the presence of cells at a
wide range of oxygen concentrations (Fig. 16.2).
The fact that tumours contain cells at many
different oxygen concentrations is an important
factor to consider when assessing the conse-
quences of tumour hypoxia. In fact, the term
‘hypoxia’ is rather ill-defined and can refer to dif-
ferent cell populations in different contexts. As
discussed in Chapter 15, hypoxia-associated
radioresistance results from the participation of
oxygen in radiochemical events that take place
immediately after irradiation. Thus, we can think
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Figure 16.1 Scanning electron micrographs of vascular corrosion casts of murine carcinomas (CaX and CaNT) and
sarcoma (SaS) grown subcutaneously in mice. Photomicrographs on the left represent low magnifications (bars =
500 pm) and photomicrographs on the right represent high magnifications (bars = 100 um). From Konerding et al.
(1999), with permission. See colour plate section for full colour images.

of ‘radiobiological hypoxia’ as oxygen concentra-
tions below those causing maximum resistance to
radiation, about 0.02 per cent. However, oxygen
also influences a number of biological responses
that are controlled by several distinct molecular
pathways. The sensitivity of these molecular
pathways to oxygen deprivation can be very differ-
ent from the relationship between oxygen
concentration and radiosensitivity. For example,

activation of some molecular pathways reaches a
maximum at much more moderate hypoxia
(around 1-2 per cent O,). These biological
responses may in turn affect many tumour prop-
erties that are important for treatment outcome,
including the response to radiation. Therefore, the
relevant fraction of hypoxic cells may be consider-
ably different from the radiobiological hypoxic
fraction.
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Despite this confusion about the definition of
hypoxia, it has become commonplace in clinical
situations to try to define the level of tumour
hypoxia by a single number, the so-called hypoxic
fraction. In Chapter 15, we emphasized the
importance of considering cell viability and we
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Figure 16.3 Frequency distributions of oxygen partial
pressures for normal breast tissue (a) and breast
cancers (b). Measurements were performed with a
polarographic O,-sensitive needle electrode with
multiple recordings along three tracks for each patient.
N, number of patients; n, number of measurements.
From Vaupel et al. (1991), with permission.

defined the radiobiological hypoxic fraction as
the fraction of viable radiation-resistant hypoxic
cells. For assessments made by oxygen electrodes,
the hypoxic fraction is usually defined as the frac-
tion of measurements below some arbitrary low
value of oxygen partial pressure, often 5 or
10mmHg. For immunohistochemical detection
with hypoxic markers (e.g. the nitroimidazoles),
the hypoxic fraction is typically calculated as the
fraction of cells that reach a certain threshold of
staining intensity. In either case, the values arrived
at are typically interpreted as a surrogate for the
radiobiological hypoxic fraction. It is important
to realize that because these thresholds are arbi-
trary and do not distinguish clonogenic from
non-clonogenic cells, these two techniques will
not necessarily give similar results and may not
even correlate with each other. Furthermore when
used in this way, both of these methods ignore
potentially important hypoxic cells that lie above
the threshold and, perhaps even more impor-
tantly, the variation in oxygen concentrations
found within the tumour.

Heterogeneity in space

Hypoxia arising from either diffusion or perfusion
limitations also gives rise to substantial intra-
tumour heterogeneity in space. This spatial hetero-
geneity exists at the cellular level and is beautifully
illustrated in immunologically stained tumour
sections that cover a large area of the tumour (see
Fig. 16.2, 16.4 and 16.11). This staining demon-
strates the existence of steep oxygen gradients over
distances of only a few cell diameters, contrasting
with the common misconception that hypoxia is
found mainly in the ‘cores’ of large tumours. In
reality, hypoxia has the potential to exist around
every blood vessel in the tumour and thus has no

Figure 16.2 (a) Multimarker greyscale image of human mucoepidermoid carcinoma MEC82 grown as xenograft, with
vasculature (white), Hoechst 33342 (blue) staining nuclei of cells adjacent to perfused vessel, first hypoxia marker
(pimonidazole, green), and second hypoxia marker (CCI-103F, red). Spatial co-localization of both markers (red and
green) appears as yellow. At an injection interval of 2 hours, most of the hypoxic cells were labelled by both the first
and second hypoxia markers. Acute (or transient) hypoxia is illustrated as an area that was not hypoxic at the time of
the injection of the first marker but had become hypoxic at the time of the second hypoxia marker injection (red only).
From Ljungkvist et al. (2007), with permission. (b) Grayscale image of C38 murine colon carcinoma, showing vessels
(red) and hypoxia stained by pimonidazole (green). From van Laarhoven et al. (2004), with permission from Elsevier.

See colour plate section for full colour images.
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Figure 16.4 Composite binary image of a larger
tumour area of the same tumour shown in Fig. 16.2a.
See colour plate section for full colour image.

association with tumour size. The misconception
of ‘central tumour hypoxia’ may stem from the
common observation of central necrotic regions
in human tumour xenografts grown in mice.
However, in human tumours, hypoxia typically
exists throughout the tumour volume, albeit at
greater levels in certain tumour regions.

The extent of spatial oxygen heterogeneity also
has implications for the way in which tumour
hypoxia is evaluated in the clinic. It is important
to obtain a sufficient number of measurements in
different parts of the tumour in order to get a pic-
ture of the overall level of hypoxia and its variation,
a task that is difficult with immunohistochemical
techniques that are often limited to small biopsies.
In this situation, one is forced to assume that the
biopsy is representative of the overall tumour. This
may often not be the case, as demonstrated by non-
invasive imaging of positron emission tomography
(PET) labelled hypoxia probes (e.g. misonidazole)
that are able to assess the entire tumour volume.
These PET images often show macroscopic ‘hot
spots’ where hypoxia is more common.

Measurements in the clinic using oxygen probes
are performed along more than one track in the
tumour, with several samplings along each track.
This gives rise to a frequency histogram that should
reasonably reflect the overall distribution of oxygen

values. However, a word of caution is appropriate
here since not only does this technique lose all spa-
tial information, but each measurement made by
the oxygen electrode represents an average concen-
tration over a volume that contains several
hundred cells. It is likely that oxygen gradients exist
even within these volumes. Consequently, the
actual cellular oxygen concentration will not be the
same as that measured by the electrode. This ‘aver-
aging’ problem is even greater with non-invasive
techniques to image hypoxia. In this case, each
imaging voxel can contain thousands or millions of
cells. The limitations of all methods to reflect the
true spatial heterogeneity (microscopic or macro-
scopic) is something that needs to be considered in
the ongoing efforts to target radiotherapy specifi-
cally to hypoxic areas in tumours. Although areas
with a larger proportion of hypoxic cells can receive
higher doses, it will never be possible to specifically
target all hypoxic tumour cells.

Heterogeneity in time

The biological consequences of hypoxia are
influenced not only by the severity of oxygen
deprivation, but also by the length of time that
cells are exposed to this stress. If we consider
diffusion-limited hypoxia, the oxygen concentra-
tion is expected to decrease as a function of dis-
tance away from the vessel. Owing to cellular
proliferation in well-oxygenated areas close to the
vessel, individual cells within a diffusion-limited
gradient experience a slow decline in oxygen con-
centration over time as they are gradually pushed
away from the vessel. The rate at which cells move
through this gradient, and thus the length of
exposure to various oxygen concentrations, is
determined by the rate of cell proliferation. This
can vary dramatically from one tumour to
another, and even within different regions of the
same tumour. Consequently, the lifetime of
hypoxic tumour cells ranges from hours to days.
Much more rapid and dramatic oxygen fluctu-
ations can occur as a result of limited perfusion as
a vessel shuts down or reopens. Transient hypoxia
has been convincingly demonstrated using several
different methods in experimental tumours. For
example, serial administration of two different
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Figure 16.5 Percentage of SiHa tumour cells (human
cervical squamous carcinoma) labelled with pimonidazole
(pimo) as a function of labelling time. Tumours were
grown subcutaneously in mice which were administered
pimo by i.p. injection hourly before tumour excision.
Tumours were processed to a single-cell suspension and
the pimonidazole signal detected by flow cytometry.
From Bennewith and Durand (2004), with permission.

hypoxia-specific markers analysed by immunohis-
tochemistry identifies cells that stain for only one
of the two markers (Fig 16.2 and Fig 16.4). This
indicates that these cells were sufficiently hypoxic
at one of the times to stain for hypoxia, but not at
the other. Similarly, if a hypoxia marker is admin-
istered in a short pulse (1 hour), a much smaller
number of cells are labelled than when it is given
for a longer period of time (Fig. 16.5). This is due
to the fact that many cells are only transiently
hypoxic during this period. Continuous record-
ings from spatially fixed oxygen probes have also
directly demonstrated temporal fluctuations in
oxygenation (Lanzen et al., 2006). The results from
these studies indicate that a substantial proportion
of tumour cells experience transient periods of
hypoxia lasting less than 1 hour.

The potentially rapid changes in oxygenation
associated with perfusion-limited hypoxia present
an additional problem associated with attempts to
measure oxygenation in patient tumours. Such
measurements are typically made only once, and
it is unclear how representative they are of the
actual oxygenation during treatment.
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Figure 16.6 Cumulative frequency of tumour
oxygenation in 105 patients with primary uterine
cervical cancer. Measurements were performed with a
polarographic O,-sensitive needle electrode with
multiple recordings along three tracks for each patient.
The percentage of measurements <5 mmHg (HPs) was
used as a parameter for tumour oxygenation status.
Adapted from Nordsmark et al. (2006), with permission.

Heterogeneity amongst patients

Although there is large intratumour spatial and
temporal heterogeneity, the variability in oxygena-
tion between different tumours is even greater.
Tumours with similar clinical characteristics can
display very different patterns and overall levels of
hypoxia at any given time. Figure 16.6 illustrates
this fact using data obtained from a group of cervi-
cal tumours whose oxygenation status was deter-
mined using an oxygen electrode (Nordsmark et al.,
2006). In these cases, the hypoxic fraction within a
tumour was defined as the percentage of oxygen
readings which were less than 5 mmHg. Defined
in this way, the hypoxic fraction of individual
tumours ranged from 0 to 100 per cent across 105
cervical cancers. About half of the tumours had
hypoxic fractions above 50 per cent.

The heterogeneity in oxygenation among differ-
ent patients is one of the features of tumour
hypoxia that makes it so interesting to study.
Because oxygenation differs markedly among
patients, it can be used as a factor to categorize oth-
erwise similarly presenting patients into different
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prognostic subgroups that may receive different
treatment. Indeed, a recent multicentre meta-
analysis identified the hypoxic fraction measured
by oxygen electrodes as the most significant nega-
tive prognostic factor in radiotherapy-treated head
and neck cancer (Fig. 16.7).
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Figure 16.7 Overall survival rate for 397 patients with
primary head and neck cancers. Measurements were
performed with polarographic O,-sensitive needle
electrodes with multiple recordings along =5 tracks

for each patient. Thin and bold lines represent patients
with less or more hypoxic tumours, respectively. More
hypoxia was defined as a patient having more than

19 per cent of measurements yielding less than 2.5 mmHg
0,. From Nordsmark et al. (2005), with permission.

16.3 HYPOXIA AND ITS
ASSOCIATION WITH THE MALIGNANT
PHENOTYPE

The long-standing interest in tumour hypoxia
within the radiation oncology community stems
primarily from its association with radioresis-
tance (see Chapter 15) and this aspect certainly
remains an important contributor to patient
response in the clinic (Tatum et al, 2006).
However, clinical studies also support a role for
hypoxia that is unrelated to treatment sensitivity.
For example, in a study of uterine cervix cancers
treated with surgery alone, patients with more
hypoxic tumours had poorer disease-free and
overall survival and more frequent parametrial
spread as well as lymph—vascular space involve-
ment (Fig. 16.8). This study, albeit small, indicated
that hypoxic tumours are somehow biologically
different from  well-oxygenated tumours.
Similarly, several clinical studies have demon-
strated that hypoxia is a strong predictor for the
presence of distant metastasis (e.g. Brizel et al.,
1996).

Although a correlation between hypoxia and
tumour progression, infiltration and metastasis has
been established, these correlative studies cannot
address whether this is a cause-and-effect relation-
ship. In other words, is the increased malignancy a
result of tumour hypoxia or is tumour hypoxia a

107 Surgery

5 0.8 . |

5 1 s PO, = 10 mmH

8 * :222 g Figure 16.8 Overall survival probability

2 0.6 4 * n . . . .

a Y i . for 47 patients with uterine cervix

g 1 cancer treated with primary surgery.

> .

‘8' 04 Measurements were performed with

= ’ polarographic O,-sensitive needle

§ ] o e electrodes with multiple recordings

RPN P022< 10 mmHg along two tracks for each patient. Full or

| n=25 broken lines represent patients with
Log-rank p = 0.0107 median partial pressure of oxygen (PO,)

0.0 4 ——

\ \ \ \ \
0 10 20 30 40 50 60

Time (months)

\ \
70 80

higher or lower than 10 mmHg
respectively. From Hoeckel et al. (1996),
with permission.



Hypoxia and tumour malignancy 225

consequence of a more malignant tumour? This is
not an easy question to answer and there is evi-
dence supporting both of these possibilities.

16.4 HYPOXIA AND TUMOUR
MALIGNANCY

Data from the laboratory and experimental tumour
models indicate that hypoxia influences malignancy
through at least three distinct mechanisms. The first
is through the activation of physiological responses
that facilitate adaptation to low oxygen, for example
by increasing the rates of anaerobic glycolysis and
angiogenesis. The second occurs by providing an
adverse environment that allows the selection and
outgrowth of cells that have increased tolerance to
hypoxia and possibly other forms of stress. Finally,
hypoxia has been shown to alter DNA repair capac-
ity and to promote genomic instability in ways that
can accelerate tumourigenesis.

Hypoxia-driven adaptation

During evolution, organisms have developed a
number of different pathways whose function is
to allow adaptation to low oxygen availability
(Harris, 2002). Adaptation occurs at the cellular,
tissue and whole-animal level. For example,
hypoxia associated with high altitude causes
increased production of erythropoietin (EPO),
which stimulates uptake of oxygen by promoting
the differentiation of red blood cells and synthesis
of the oxygen carrier haemoglobin as well as
endothelial cell proliferation. Similarly, during
heavy exercise, oxygen consumption may exceed
supply in muscle and cause hypoxia. The muscle
cells respond to hypoxia by increasing their capac-
ity to carry out anaerobic metabolism in order to
produce sufficient ATP. The byproduct of anaero-
bic metabolism is lactate which causes pain in the
muscles, a signal that exercise should be reduced.
Hypoxia is also a powerful regulator of angiogen-
esis in both tumours and normal tissues. In fact,
cellular responses to hypoxia play a fundamental
role in controlling normal development of our
vascular system.

Increased red blood cell and haemoglobin pro-
duction, anaerobic metabolism and angiogenesis

are adaptive processes that act to improve cellular
oxygen supply and maintain energy homeostasis.
Cancer cells use these same physiological response
pathways to support the growth and spread of
tumours. They switch to glycolysis for energy pro-
duction and stimulate angiogenesis to improve oxy-
genation. In many cases, cancer cells have even
undergone genetic alterations that allow them to
hijack physiological responses to hypoxia, and they
exhibit high rates of anaerobic metabolism and
angiogenesis even during well-oxygenated condi-
tions. This can occur through mutations in genes
that regulate the hypoxic molecular response path-
ways to render them constitutively ‘on’ even during
aerobic conditions. As noted above, however,
tumour hypoxia persists despite high tumour vas-
cularization, owing to poor organization and func-
tionality of these vessels.

Hypoxia-driven selection of
malignant cells

Despite adaptation, oxygen deficiency ultimately
becomes toxic and results in cell death if it is severe
and long-lasting. In a normal organism, this toxic-
ity is often dealt with in a controlled manner by the
induction of a highly regulated death process
termed apoptosis. In this regard, the adverse clini-
cal effect of tumour hypoxia may seem surprising,
since one might expect hypoxia itself to be toxic to
the tumour cells. Unfortunately, tumour cells are
generally tolerant to hypoxia. This is partly
because they often have mutations in genes that
regulate apoptosis. In fact, hypoxia itself can evoke
selection pressure against apoptosis-susceptible
cells and thereby also promote the overall malig-
nant potential of the tumour.

This principle of hypoxia-mediated selection
has been elegantly illustrated in an experiment
where rare cells that lack the tumour suppressor
gene p53 (p53 knockout cells) are mixed with
identical cells where p53 is functional and then
exposed to periods of hypoxia (Graeber et al.,
1996). p53 is required for the induction of apop-
tosis in response to many stimuli, including
hypoxia, and the knockout cells are therefore
resistant to apoptosis. In the mixing experiment,
the cells with functional p53 die during oxygen
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Figure 16.9 Selection of apoptosis-resistant cells in a hypoxic microenvironment. Early in tumour genesis, apoptosis-
susceptible cells die rapidly if they experience hypoxia. In the genetically unstable tumour, a clonal mutation in an
apoptosis gene (e.g. p53) arises that makes a cell resistant to hypoxia-induced death. Owing to its extended lifespan,
this clone expands relative to the wild-type cells and eventually its progeny dominate the tumour mass.

deficiency, while the p53 knockout cells survive.
The p53 knockout cells thus rapidly outgrow their
counterparts and eventually dominate the cell
population (Fig. 16.9). One can easily envisage
this selection process occurring in a genetically
unstable tumour. Single cells with random muta-
tions that cause tolerance to hypoxia will have a
growth advantage and expand relative to the other
cells. Thus, hypoxia can act as a strong selective
force during tumour development.

The selection of cells with increased hypoxia
tolerance can occur through a number of different
ways affecting various molecular pathways.
Importantly, the genetic alterations selected for by
hypoxia may also render the cells resistant to other
forms of stress. Consequently a high level of
tumour hypoxia may indicate that the tumour
cells not only have a unique ability to survive
against hypoxic exposure, but also an increased
ability to survive during radiotherapy or other
forms of cancer treatment. In other words,
hypoxia can co-select highly resistant or highly
malignant cells.

Hypoxia and genetic instability

Tumour progression is linked to the acquisition of
a series of genetic changes and development of
cancer is often accelerated by genetic instability
(Bristow and Hill, 2008). Increased genetic insta-
bility can occur through mutations in genes that
are responsible for the correct repair of damaged
DNA, but may also occur during conditions of cell
stress including hypoxia. Reporter gene and
genomic minisatellite assays have shown that cells

have increased mutation frequency and genetic
instability when grown in the microenvironment
of tumours compared with growth in vitro.
Hypoxia and reoxygenation also causes aberrant
DNA synthesis, leading to over-replication and
gene amplification, which are other frequent
alterations observed in cancer cells. Cycling oxy-
genation has particularly been linked to DNA
damage through the production of reactive oxy-
gen species (ROS) upon reoxygenation. This is
accompanied by reduced expression of DNA
repair genes under subsequent hypoxic conditions
and functional decreases in the nucleotide exci-
sion repair (NER), mismatch repair (MMR) and
homologous recombination (HR) pathways.

16.5 HYPOXIA RESPONSE PATHWAYS

Since hypoxia response pathways contribute to
both hypoxia tolerance and overall malignancy,
there is great interest in understanding these
responses at the molecular level. Ultimately, this
knowledge should lead to the development of
hypoxia-specific biomarkers and new molecular
targeting agents that can be tested in the clinic.
Many of the biological changes that occur during
hypoxia result from changes in gene expression, a
process that is affected at many different levels,
including chromatin remodelling, transcription,
mRNA modification, mRNA translation and pro-
tein modifications. Although there are examples
where hypoxia can affect gene expression at all of
these levels, two in particular have emerged as
important regulators of the biological changes
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scription and changes in mRNA translation.

16.6 HYPOXIA-INDUCIBLE FACTOR
(HIF): THE MASTER TRANSCRIPTIONAL
REGULATOR OF HYPOXIC RESPONSES

Many of the known changes in biology that occur
during hypoxia in humans and other organisms
are controlled by the activation of the HIF family
of transcription factors (Semenza, 2007b). This is
summarized in Fig. 16.10. The most widely
expressed family member is HIF-1, although HIF-
2 also functions in various cell types. Both HIF-1
and HIF-2 have similar functions and they regu-
late the transcriptional induction of more than
100 different known genes during hypoxia. These
HIF targets regulate several important processes
including erythropoiesis, metabolism, angiogene-
sis, invasion, proliferation and cell survival.

The HIF transcription factors consist of a con-
stitutively expressed HIF-18 subunit, and an
oxygen-sensitive HIF-lac or HIF-2ax subunit.
When oxygen is present, HIF-1aw and HIF-2«x are
synthesized normally, but are unstable and
degraded with a half-life of only about 5 min.
Their degradation occurs because during aerobic
conditions two proline amino acids are hydroxy-
lated by enzymes known as the HIF PHDs (prolyl

PHD enzymes. This makes it a substrate
for VHL-mediated proteasomal
degradation. In the absence of oxygen,
HIF-1a is stabilized and can dimerize
with its partner HIF-1( to form the
transcription factor HIF-1. This factor
binds hypoxia-responsive elements (HRE)
in the promoter of its target genes,

Tumour growth  resylting in increased transcription. These

and spread . .
target genes regulate angiogenesis,

metabolism and metastasis.

hydroxylases) that use molecular oxygen as a
cofactor. When they are hydroxylated, HIF-1a and
HIF-2¢ are recognized by the von Hippel-Lindau
(VHL) protein and targeted for ubiquitination and
degradation. Under hypoxic conditions, HIF-1c
and HIF-2« cannot be hydroxylated and thus are
not recognized by VHL. This leads to their stabi-
lization, allowing them to bind the HIF-13 subunit
and activate gene transcription. Interestingly, the
PHDs are themselves HIF transcriptional targets,
thus establishing a negative feedback loop follow-
ing the activation of HIE

HIF activity as a hypoxia biomarker

The reduction in oxygen concentration required to
stabilize and activate HIF is much less than that
necessary to induce radioresistance. The depend-
ency of HIF on oxygen concentration is deter-
mined by the enzymes that hydroxylate HIF-1a
and HIF-2«. The HIF PHDs have a comparatively
high K, for oxygen. Thus, HIF becomes active
when oxygen concentrations drop to only 1 or
2 per cent oxygen —a level that would cause virtually
no increase in radioresistance. Consequently, the
fraction of cells expressing HIF or HIF-dependent
genes in a tumour can be significantly greater than
the fraction of radiation-resistant cells. This is an
important consideration in clinical studies that
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have investigated so-called ‘endogenous’ hypoxia
markers. Several HIF target genes, including car-
bonic anhydrase 9 (CA9), glucose transporter 1 or
3 (GLUT-1, GLUT-3) and vascular endothelial
growth factor (VEGF) have been used in studies to
assess hypoxia. These markers are assessing HIF
activity and thus reflect the type of hypoxia neces-
sary to activate it. One should not expect that this
will necessarily also reflect the radiobiological
hypoxic fraction or the hypoxic fraction measured
through other methods (Fig 16.11).

Although HIF is controlled primarily through
oxygen, several common genetic alterations in
cancer result in hypoxia-independent regulation
of HIF-1ae. VHL is a classic tumour suppressor
gene, and its loss prevents degradation of HIF-1«
and HIF-2a. Consequently, VHL-deficient
tumours show constitutive HIF activity, and
greatly enhanced angiogenesis. Oncogenic activa-
tion of the PI3-kinase and Ras pathways has also
been reported to influence HIF-1a protein levels.
This regulation also needs to be taken into account
when using HIF targets as biomarkers of hypoxia.
In some cases, HIF activation may occur in ways
that are largely independent of hypoxia.

HIF as a target for therapy?

The activation of HIF and its target genes may be
highly clinically relevant despite not always
reflecting tumour hypoxia. The malignant cancer
phenotype is highly linked to processes such as
angiogenesis, metastasis and glycolysis which can
all be stimulated by activation of HIF. Genetic
alterations that cause constitutive activation of the
HIF pathway can therefore be envisaged to both
promote and reflect malignancy. On the basis of
this, there is great interest in evaluating HIF and
its transcriptional targets as prognostic factors,
even in the absence of a direct correlation with
hypoxia (Semenza, 2007a). Furthermore, the
central role that HIF plays in regulating gene

expression has caused widespread interest in its
potential as a molecular target in cancer therapy.
HIF-mediated gene expression presumably helps
cells to survive better during low oxygen availabil-
ity, so disrupting this signalling in tumours is
expected to promote hypoxia-induced death. In
this way, targeting HIF in cancer therapy can be
seen as an attractive approach to complement
radiotherapy, which kills well-oxygenated cells.
The current efforts to target HIF have been
spurred on by a detailed understanding of how
HIF is regulated at the molecular level. This
knowledge provides a basis for the targeting
approach and makes the rational design of specific
small-molecule inhibitors feasible. Experiments in
vitro and in vivo have also provided some proof-
of-principle supporting this approach. These
studies have shown that cells which have been
genetically engineered to lack functional HIF-1
die more rapidly from hypoxic stress and form
fewer and slower growing tumours in animal
models. A somewhat improved response to radia-
tion has also been achieved experimentally when
HIF has been targeted in established tumours
using genetic approaches. It remains to be seen
whether these encouraging results can be repeated
and further improved with drugs that can be
administered in the clinic.

16.7 HYPOXIA AND PROTEIN
SYNTHESIS

Although HIF-mediated changes in transcription
are important, they do not explain all of the bio-
logical changes that occur during hypoxia. On a
genome-wide scale, a comparable number of
genes are influenced through changes in their rate
of protein synthesis. In light of the often acute and
transient nature of hypoxic stress, it is not surpris-
ing that cells utilize fast-responding and reversible
mechanisms such as those regulating protein syn-
thesis (Wouters et al., 2005). Protein synthesis

Figure 16.11 Different expression of hypoxia markers in two human squamous cell carcinoma xenograft models
(SCCNij51 and SCCNij58). The images show the differences in localization of the exogenous marker pimonidazole
(a and b) compared with three endogenous hypoxic markers: CAIX (c, d), GLUT-1 (e, f) and GLUT-3 (g, h) (all in green),
relative to the vasculature (in red). From Rademakers et al. (2008), with permission from Elsevier. See colour plate

section for full colour images.
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Figure 16.12 Hypoxic regulation of mRNA translation. Hypoxia causes phosphorylation and inhibition of the
eukaryotic initiation factor 2 subunit a: (elF2a), preventing it from recruiting aminoacylated tRNA to the ribosome.
Hypoxia also inhibits the interaction between elF4E and elF4G at the mRNA 5' cap structure, thereby preventing
ribosome recruitment to the mRNA. This occurs through both mTOR-dependent and -independent mechanisms.

rates drop significantly during hypoxia because of
areduction in the rate at which mRNA transcripts
are translated into protein. Protein synthesis is
one of the most energy-consuming processes in
the cell. Inhibition of protein synthesis in response
to hypoxia has therefore been regarded as a means
to conserve energy and maintain homeostasis.
The pathways that affect overall levels of pro-
tein synthesis during hypoxia (discussed below)
also differentially influence specific genes through
two different mechanisms. First, because proteins
have different half-lives, inhibition of protein syn-
thesis causes a selective enrichment of stable over
labile proteins. This can alter cellular behaviour
because several processes, including apoptosis, are
regulated by the balance of proteins with different
stability. Second, although overall levels of protein
synthesis are reduced during hypoxia, this is
a stringently regulated process that affects the
production of individual proteins to a highly
varying degree. The rate of synthesis of a particu-
lar gene product is determined by elements in the
untranslated regions (UTRs) of its mRNA. These
regions do not affect the composition of the pro-
tein, but instead function to regulate the stability
and translation of the mRNA transcript. The
mRNAs of some proteins contain elements in
their UTRs that render them less affected by

hypoxia, and synthesis of some transcripts is even
stimulated under hypoxic conditions. It is now
recognized that regulation of mRNA translation
has an important impact on the cellular proteome
during hypoxia, especially at early times when it
dominates the slower transcriptional responses.

mTOR and regulation of translation
initiation

One of the ways that hypoxia affects protein syn-
thesis is through inhibition of the mammalian
target of rapamycin (mTOR) kinase signalling
pathway (Koumenis and Wouters, 2006) as sum-
marized in Fig. 16.12. This occurs in response to
long-lasting moderate hypoxia (around 0.5 per
cent O,). Signalling through the mTOR pathway
stimulates translation by increasing the availabil-
ity of a rate-limiting eukaryotic mRNA transla-
tion initiation factors (eIF) called eIF4E. During
hypoxic conditions, eIF4E becomes inactivated
leading to reduced rates of protein synthesis.
Because of its ability to control protein synthesis,
mTOR is recognized as an important regulator of
overall cellular metabolism and many different
receptor signalling pathways influence cell growth
and proliferation by this process. Consequently,
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mTOR is sensitive not only to oxygen but also to
changes in energy levels and nutrient supply.
Interestingly, many of the signalling pathways that
converge on mTOR are frequently altered in can-
cer and lead to activation of mTOR and high rates
of protein synthesis and proliferation as part of
the oncogenic process. Possible tumour-specific
regulation (or dysregulation) of the mTOR path-
way has led to considerable interest in targeting
this protein, and inhibitors such as rapamycin are
currently in clinical trials in combination with
other modalities including radiotherapy.

Endoplasmic reticulum stress and the
unfolded protein response

Under more severe hypoxic conditions (less than
about 0.02 per cent oxygen) hypoxia causes a
rapid and more severe inhibition of protein syn-
thesis (Wouters et al., 2005). This effect results
from the phosphorylation and inactivation of a
subunit («) of another important translation ini-
tiation factor, elF2 (Fig. 16.2). The function of
elF2 is to recruit the first amino acid (methion-
ine) to the mRNA transcript during the initiation
of protein synthesis. Phosphorylation of elF2a
during hypoxia is carried out by activation of an
endoplasmic reticullum (ER) transmembrane
kinase called PERK. This kinase senses ER stress as
part of a larger process called the unfolded protein
response (UPR). During the UPR, PERK and two
other proteins known as IRE-1 and ATF6 are acti-
vated as a consequence of the accumulation of
unfolded or misfolded proteins within the ER.
Together, these proteins function to prevent fur-
ther ER stress both by inhibiting new protein syn-
thesis and by increasing the folding capacity of the
ER. Both PERK and IRE-1 are activated during
hypoxia, suggesting that hypoxia may cause ER
stress through protein misfolding and/or aggrega-
tion. It is believed that activation of the UPR dur-
ing hypoxia protects cells against ER stress.
Indeed, similar to HIF-1, genetically modified
cells that lack proper ER stress responses mediated
by either PERK or IRE-1 are sensitive to hypoxia
and form slower growing tumours. Therefore,
PERK and IRE-1 might also be future targets for
oxygen-directed molecular cancer therapy.

Key points

1. Tumour oxygenation is heterogeneous with
respect to severity, time and space.

2. Most tumours have some hypoxic cells.

3. High levels of hypoxia are associated with
poor treatment outcome.

4. Hypoxia can select for outgrowth of cells
with mutations.

5. Cellular responses to hypoxia influence
malignancy.

B BIBLIOGRAPHY

Bennewith KL, Durand RE (2004). Quantifying transient
hypoxia in human tumor xenografts by flow
cytometry. Cancer Res 64: 6183-9.

Bristow RG, Hill RP (2008). Hypoxia and metabolism.
Hypoxia, DNA repair and genetic instability. Nat Rev
Cancer 8: 180-92.

Brizel DM, Scully SP, Harrelson JM et al. (1996). Tumor
oxygenation predicts for the likelihood of distant
metastases in human soft tissue sarcoma. Cancer
Res 56: 941-3.

Graeber TG, Osmanian C, Jacks T et al. (1996). Hypoxia-
mediated selection of cells with diminished
apoptotic potential in solid tumours. Nature 379:
88-91.

Harris AL (2002). Hypoxia - a key regulatory factor in
tumour growth. Nat Rev Cancer 2: 38-47.

Hoeckel M, Schlenger K, Aral B, Mitze M, Schaffer U,
Vaupel P (1996). Association between tumor hypoxia
and malignant progression in advanced cancer of
the uterine cervix. Cancer Res 56: 4509-15.

Konerding MA, Malkusch W, Klapthor B et al. (1999).
Evidence for characteristic vascular patterns in solid
tumours: quantitative studies using corrosion casts.
BrJ Cancer 80: 724-32.

Koumenis C, Wouters BG (2006). ‘Translating' tumor
hypoxia: unfolded protein response (UPR)-dependent
and UPR-independent pathways. Mol Cancer Res 4:
423-36.

Lanzen J, Braun RD, Klitzman B, Brizel D, Secomb TW,
Dewhirst MW (2006). Direct demonstration of
instabilities in oxygen concentrations within the
extravascular compartment of an experimental
tumor. Cancer Res 66: 2219-23.



232 The tumour microenvironment and cellular hypoxia responses

Ljungkvist AS, Bussink J, Kaanders JH, van der Kogel AJ
(2007). Dynamics of tumour hypoxia measured with
bioreductive hypoxic cell markers. Radiat Res 167:
127-45.

Magagnin MG, Koritzinsky M, Wouters BG (2006).
Patterns of tumor oxygenation and their
influence on the cellular hypoxic response and
hypoxia-directed therapies. Drug Resist Updat
9: 185-97.

Nordsmark M, Bentzen SM, Rudat V et al. (2005).
Prognostic value of tumor oxygenation in 397
head and neck tumors after primary radiation
therapy. An international multicenter study.
Radiother Oncol 77: 18-24.

Nordsmark M, Loncaster J, Aquino-Parsons C et al.
(2006). The prognostic value of pimonidazole and
tumour p02 in human cervix carcinomas after
radiation therapy: a prospective international multi-
center study. Radiother Oncol 80: 123-31.

Rademakers SE, Span PN, Kaanders JHAM, Sweep FCGJ,
van der Kogel AJ, Bussink J (2008). Molecular
aspects of tumour hypoxia. Mo/ Oncol 2: 41-53.

Semenza GL (2007a). Evaluation of HIF-1 inhibitors as
anticancer agents. Drug Discov Today 12: 853-9.

Semenza GL (2007b). Hypoxia-inducible factor 1 (HIF-1)
pathway. Sci STKE 407: cm8.

Tatum JL, Kelloff GJ, Gillies RJ et al. (2006). Hypoxia:
importance in tumor biology, noninvasive
measurement by imaging, and value of its
measurement in the management of cancer therapy.
IntJ Radiat Biol 82: 699-757.

Thomlinson RH, Gray LH (1955). The histological
structure of some human lung cancers and the
possible implications for radiotherapy. BrJ Cancer 9:
539-49.

van Laarhoven HW, Bussink J, Lok J, Punt CJ, Heerschap A,
van der Kogel AJ (2004). Effects of nicotinamide and
carbogen in different murine colon carcinomas:
immunohistochemical analysis of vascular
architecture and microenvironmental parameters.
Int J Radiat Oncol Biol Phys 60: 310-21.

Vaupel P, Schlenger K, Knoop C, Hoeckel M (1991).
Oxygenation of human tumors: evaluation of tissue
oxygen distribution in breast cancers by
computerized O, tension measurements. Cancer Res
51:3316-22.

Wouters BG, van den Beucken T, Magagnin MG,
Koritzinsky M, Fels D, Koumenis C (2005). Control
of the hypoxic response through regulation of
mRNA translation. Semin Cell Dev Biol 16:
487-501.

B FURTHER READING

Fang JS, Gillies RD, Gatenby RA (2008). Adaptation to
hypoxia and acidosis in carcinogenesis and tumor
progression. Semin Cancer Biol 18: 330-7.

Vaupel P (2008). Hypoxia and aggressive tumor
phenotype: implications for therapy and prognosis.
Oncologist 13(Suppl 3): 21-6.



17

Therapeutic approaches to tumour

hypoxia

MICHAEL R. HORSMAN AND ALBERT J. VAN DER KOGEL

17.1 Introduction 233
17.2 Raising the oxygen content of inspired gas 233
17.3 Hypoxic cell radiosensitizers 234
17.4 Modification based on haemoglobin 237
17.5 Overcoming acute hypoxia in tumours 238

17.6 Hypoxic cell cytotoxins: bioreductive drugs 239

17.7 Meta-analysis of controlled clinical trials

of modified tumour hypoxia 241
17.8 Vascular targeting therapies 242
Key points 244
Bibliography 244
Further reading 245

17.1 INTRODUCTION

The radiobiological problem presented by hypoxia
in tumours has been set out in the previous chap-
ters; the present chapter describes a number of
therapeutic approaches that have been designed to
overcome this source of resistance. These primarily
include decreasing hypoxia by increasing oxygen
availability, chemically or physically radiosensitiz-
ing the hypoxic cells or preferentially killing this
resistant cell population. Since inadequacy of the
abnormal vascular supply to tumours is one reason
why hypoxia develops, more recent attempts to
improve tumour radiation response have involved
specifically targeting the tumour blood supply.

17.2 RAISING THE OXYGEN
CONTENT OF INSPIRED GAS

One of the earliest clinical attempts to eliminate
hypoxia involved patients breathing high oxygen-
content gas wunder hyperbaric conditions
(Churchill-Davidson, 1968). An increase in baro-
metric pressure of the gas breathed by the patient

during radiotherapy is termed ‘hyperbaric oxygen
(HBO) therapy’ with pressures up to around 3
atmospheres having been used. Most trials were
small in size and suffered from the use of uncon-
ventional fractionation schedules but the results
demonstrated that HBO therapy was superior to
radiotherapy given in air, especially when a few
large fractions were applied (Overgaard, 1989).
This was clearly seen in the largest of the multi-
centre clinical trials of HBO, by the British
Medical Research Council, in which the results
from both advanced head and neck cancer and
uterine cervix cancer showed a significant benefit
in local tumour control and subsequent survival
(Fig. 17.1). Benefit was not observed in bladder
cancer; neither were these results confirmed by a
number of smaller studies (Dische, 1985;
Overgaard, 1989). In hindsight, the use of HBO
therapy was discontinued somewhat prematurely.
This was partly because of the introduction of
chemical radiosensitizers and because of prob-
lems with patient compliance. It has been claimed
that hyperbaric treatment caused significant suf-
fering, but the discomfort associated with such a
treatment must be considered minor compared
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Figure 17.1 Results from the Medical Research Council hyperbaric oxygen (HBO) trial showing (a) actuarial local
tumour control and (b) survival in patients with stage Ill carcinoma of the cervix randomized to receive either HBO
(open symbols, 119 patients) or air breathing (closed symbols, 124 patients) in conjunction with conventional
radiotherapy. Modified from Watson et al. (1978), with permission.

with the sometimes life-threatening complica-
tions associated with chemotherapy that is used
with a less restrictive indication.

High-oxygen gas breathing, either as 100 per
cent oxygen or carbogen (95 per cent oxygen + 5
per cent carbon dioxide) under normobaric condi-
tions has also been used clinically to radiosensitize
tumours, but failed to show significant therapeutic
gain (Horsman et al, 2007). One reason for this
may have been the failure to achieve the optimum
pre-irradiation gas breathing time (PIBT); a num-
ber of experimental studies have shown this to be
critical for the enhancement of radiation damage
and that results can vary from tumour to tumour.
The failure of this approach may also have been
related to the fact that normobaric oxygen would
only be expected to deal with diffusion-limited
chronic hypoxia and not with perfusion-limited
acute hypoxia. Both the PIBT and the acute hypoxia
phenomenon have been taken into account in the
current ARCON clinical trials (see Section 17.5).

17.3 HYPOXIC CELL
RADIOSENSITIZERS

The concept of chemical radiosensitization of
hypoxic cells was introduced by Adams and
Cooke (1969) when they showed that certain

compounds were able to mimic oxygen and thus
enhance radiation damage. They also demon-
strated that the efficiency of sensitization was
directly related to the electron affinity of the com-
pounds. It was postulated that such agents would
diffuse out of the tumour blood supply and,
unlike oxygen, which is rapidly metabolized by
tumour cells, they would be able to diffuse further,
reach the more distant hypoxic cells, and thus sen-
sitize them. Since these drugs mimic the sensitiz-
ing effect of oxygen they would not be expected
to increase the radiation response of well-
oxygenated cells in surrounding normal tissues;
radiation tolerance should therefore not be com-
promised.

The first electron-affinic compounds to show
radiosensitization were the nitrobenzenes. These
were followed by the nitrofurans and finally
nitroimidazoles, the most potent of which was
found to be the 2-nitroimidazole, misonidazole.
Its in vitro activity is illustrated in Fig. 17.2. Note
that, in these experiments, misonidazole is radi-
ation dose-modifying: the survival curves have the
same extrapolation number (i.e. 4 in this case).
The radiation response of hypoxic cells can thus
be enhanced substantially by irradiating the cells
in the presence of misonidazole; in fact, at a drug
concentration of 10mM the radiosensitivity of
hypoxic cells approaches that of aerated cells.



Hypoxic cell radiosensitizers 235

10 Air
Air + miso, low dose
Air + miso, high dose
N
N, + miso, low dose
N, + miso, high dose

®)
O
A
o
u
A

c

Ke]

© L

o

;‘» 0.1

£ E

= C

S L

S

U) |-
0.01 &
0.001 -

0 5 10 15 20 25 30
Radiation dose (Gy)

Figure 17.2 Survival curves for aerated and hypoxic
Chinese hamster cells irradiated in the presence or
absence of misonidazole. Low dose, 1 mM; high dose,
10 mM. From Adams (1977), with permission.

The response of the aerated cells is unaffected, as
expected for an oxygen-mimetic agent.

Radiosensitizers such as misonidazole also
enhance radiation damage in experimental
tumours in vivo, as shown in Fig. 17.3. The magni-
tude of the sensitizing effect is usually expressed
by the sensitizer enhancement ratio (SER):

Radiation dose without sensitizer

SER = — - —
Radiation dose with sensitizer

for the same biological effect.

Large enhancement ratios (>2.0) have been
found in a variety of animal tumours when the
sensitizer was administered prior to single-dose
irradiation. When misonidazole was combined
with fractionated radiation, the SER values were
lower. This probably results from reoxygenation
between radiation fractions reducing the thera-
peutic impact of hypoxia. Also shown in Fig. 17.3
is the effect of giving misonidazole after irradi-
ation, where a small but significant enhancement
was seen. This obviously cannot be caused by
hypoxic cell radiosensitization, but probably
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Figure 17.3 Local tumour control in C3H mouse
mammary carcinomas measured 120 days after
tumour irradiation. Mice were given misonidazole
(1g/kg, i.p.) either 30 min before or 4 hours after
irradiation. The TCDs, (50 per cent tumour control
probability) dose was reduced from 54 Gy in control
animals to 26 Gy in the misonidazole-pretreated mice,
equivalent to an enhancement ratio (SER) of 2.1.
Misonidazole given 4 hours after irradiation gave a
TCDsq of 49 Gy, an SER of 1.1.

results from the well-demonstrated observation
that misonidazole is directly toxic to hypoxic cells —
the level of cell killing increasing considerably
with the duration of exposure to the sensitizer.
The first clinical studies of radiosensitizers
were with metronidazole in brain tumours and
together with encouraging laboratory studies of
misonidazole they were followed by a boom in the
late 1970s of trials exploring the potential of this
latter agent as a radiosensitizer (Dische, 1985;
Overgaard, 1989). However, most of the trials
with misonidazole were unable to demonstrate a
significant improvement in radiation response,
although benefit was seen in some trials in certain
subgroups of treated patients. This was certainly
true for the Danish head and neck cancer trial
(DAHANCA 2), which found a highly significant
improvement in pharynx tumours but not in the
prognostically better glottic carcinomas (Overgaard
et al., 1989). The generally disappointing clinical
results with misonidazole may partly be because it
was evaluated in unpromising tumour sites and
with too few patients. However, the most likely
explanation is the fact that the misonidazole doses
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Figure 17.4 Sensitizer enhancement ratios determined
in vivo using large, single radiation doses as a function
of misonidazole dose (upper scale). The symbols indicate
different tumour types. The solid line shows the best fit
to the in vivo results. The dotted lines enclose the range
of in vitro data (lower scale); data on V79 cells
indicated by the dashed line. From Brown (1989), with
permission.

were too low, being limited by the risk of neuro-
toxicity. Figure 17.4 summarizes data in mice for
the dependence of sensitization on misonidazole
concentration, in comparison with in vitro results.
Although the SER for misonidazole increases with
drug dose, the maximum tolerated misonidazole
dose that can be given with standard clinical frac-
tionated radiotherapy is around 0.5 g/m?, which
results in a tumour concentration of about
15 pugl/g, and it is clear from the laboratory animal
data that such a dose could only be expected to
yield a small sensitizer enhancement ratio.

The difficulty in achieving sufficiently large
clinical doses of misonidazole has led to a search
for better radiosensitizing drugs (Coleman, 1988;
Overgaard, 1994). Of the many compounds syn-
thesized and tested, two of the most promising
were etanidazole and pimonidazole (Overgaard,
1994). Etanidazole was selected as being superior
to misonidazole for two reasons. First, although
it has a sensitizing efficiency equivalent to that
of misonidazole, it does have a shorter half-life
in vivo, which should lead to reduced toxicity.

Second, it also has a reduced lipophilicity (a lower
octanol/water partition coefficient) and is there-
fore less readily taken up in neural tissue, leading
to less neurotoxicity. Etanidazole was tested in two
large head and neck cancer trials, one in the USA
and the other in Europe. In neither case was there
a significant therapeutic benefit although in a
later subgroup analysis a positive benefit was
reported (Overgaard, 1998). Pimonidazole con-
tains a side-chain with a weakly basic piperidine
group. This compound is more electron-affinic
than misonidazole and thus is more effective as a
radiosensitizer; it is also uncharged at acid pH,
thus promoting its accumulation in ischaemic
regions of tumours. A pimonidazole trial was
started in uterine cervix, but was stopped when it
became evident that those patients who received
pimonidazole showed a poorer response.

In Denmark, an alternative strategy was used
and this involved searching for a less toxic drug
and thus nimorazole was chosen. Although its
sensitizing ability was less than could theoretically
be achieved by misonidazole, nimorazole was far
less toxic and thus could be given in much higher
doses. At a clinically relevant dose the SER was
approximately 1.3. Furthermore, the drug could
be given in association with a conventional radi-
ation therapy schedule and was therefore amenable
to clinical use. When given to patients with supra-
glottic and pharyngeal carcinomas (DAHANCA 5),
a highly significant benefit in terms of improved
loco-regional tumour control and disease-free
survival was obtained (Overgaard et al, 1998).
These results are shown in Fig. 17.5 and are con-
sistent with the earlier DAHANCA 2 study for
misonidazole. As a consequence, nimorazole has
now become part of the standard treatment
schedule for head and neck tumours in Denmark.

Additional studies are ongoing in an attempt
to find other drugs that have low systemic toxicity
but superior radiosensitization. In that context,
two drugs are now in clinical testing. These
are the nitroimidazole doranidazole, in which
promising preliminary results were obtained in a
phase III study with intraoperative radiotherapy
in advanced pancreatic cancer, and the nitrotria-
zole derivative Sanazol, which in an International
Atomic Energy Agency multicentre randomized
trial (Dobrowsky et al., 2007) in cervical cancer
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Figure 17.5 Results from the DAHANCA 5 study showing (a) actuarial estimated loco-regional tumour control and
(b) disease-specific survival rate in patients randomized to receive nimorazole or placebo in conjunction with
conventional radiotherapy for carcinoma of the pharynx and supraglottic larynx. From Overgaard et al. (1998), with

permission.

was found to significantly increase local control
and survival following radical radiotherapy.

17.4 MODIFICATION BASED ON
HAEMOGLOBIN

It is well established that haemoglobin concentra-
tion is an important prognostic factor for the
response to radiotherapy in certain tumour types,
especially squamous cell carcinomas (Overgaard,
1989; Grau and Overgaard, 1997; Horsman et al.,
2007). Generally, patients with low haemoglobin
levels have a reduced local-regional tumour con-
trol and survival probability (see Figure 15.8).
While several mechanisms can be proposed to
explain this relationship, tumour hypoxia is
clearly one of the major factors.

Although there is no clear relationship between
the ‘steady-state’ haemoglobin concentration and
the extent of tumour hypoxia, both experimental
and clinical studies have indicated that a rapid,
albeit transient, increase of the haemoglobin con-
centration by transfusion can result in an increase
in tumour oxygenation (Hirst, 1986). Furthermore,
studies have shown that the amount of oxygen
delivered to tumours by the blood is especially
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Figure 17.6 Influence of smoking during treatment on
the outcome of radiotherapy in patients with advanced
head and neck carcinoma. The local control probability
was significantly poorer in patients who continued to
smoke during radiotherapy, probably owing to reduced
oxygen delivery to the tumour. Results from a prospective
study in patients treated with curative radiotherapy
alone; modified from Grau and Overgaard (1997).

important for a curative result. This is clearly
illustrated in Fig. 17.6, in which patients with head
and neck cancer who smoked were found to have
a significantly lower loco-regional control than
those who did not. Smoking can lead to a loss of
more than 30 per cent of the oxygen-unloading
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capacity of the blood and this would be expected
to significantly reduce tumour oxygenation and
subsequently decrease tumour control (Grau and
Overgaard, 1997).

The importance of haemoglobin has led to two
randomized trials of the effect of transfusion in
patients with low haemoglobin values (Overgaard
et al., 1998; Fyles et al., 2000). Despite an initial pos-
itive report from the Canadian trial in uterine cervix
carcinoma, both studies concluded that the use of
such transfusions did not significantly improve
treatment outcome. In the DAHANCA 5 study,
transfusion was given several days prior to radio-
therapy and adaptation may have occurred. Using
preclinical data, Hirst (1986) hypothesized that any
increase in tumour hypoxic fraction induced by
anaemia will be only transient, with tumours adapt-
ing to the lowered oxygen delivery. Transfusing
anaemic animals decreased tumour hypoxia, but
this effect also was only transient and the tumours
were able to adapt to the increased oxygen level.
This suggests that when correcting for anaemia it
may not necessarily be the final haemoglobin con-
centration itself which is important. Rather, an
increasing haemoglobin concentration occurring at
the time when the tumours are regressing during
radiotherapy may be more likely to result in an
increased oxygen supply to tumours and a subse-
quent improvement in response to radiotherapy.

Although a well-documented causal relation-
ship between haemoglobin concentration, tumour
oxygenation and response to radiotherapy has not
been shown, it is nevertheless likely that such a
relationship does exist and there is thus a rationale
for investigating the possibility of improving the
outcome of radiotherapy in relevant tumour sites
in patients with low haemoglobin concentration
given curative radiotherapy. The use of erythro-
poietin (EPO) is another approach for increasing
haemoglobin levels and, unlike transfusion, such
an increase would result in a gradual increase of
oxygen supply over time. Several studies demon-
strated that EPO was capable of producing such a
gradual increase in haemoglobin concentration in
patients with head and neck cancer (Henke et al,
1999) and several multicentre phase III studies
were initiated to evaluate the importance of EPO
in radiotherapy. However, a number of clinical
studies, including two involving radiation therapy;,

have shown that patients treated with EPO had a
poorer outcome than the non-EPO treated con-
trol arms (Henke et al, 2003; Machtay et al,
2007). This may be related to non-haemopoietic
effects of EPO and although this clearly raises
concerns about the use of such agents to improve
radiation therapy through a manipulation of
haemoglobin levels, it does not make the concept
of having a high haemoglobin concentration dur-
ing radiation therapy an irrelevant issue.

17.5 OVERCOMING ACUTE HYPOXIA
IN TUMOURS

Although the potential benefits of hypoxic cell
modification in radiotherapy have been clearly
demonstrated in a meta-analysis (see Section 17.7),
the overall results of this approach are generally
disappointing. One possible explanation for this
may be the fact that most of the procedures used
clinically operate against diffusion-limited chronic
hypoxia, and they have little or no influence on
perfusion-limited acute hypoxia (see Chapter 16).
Experimental studies have demonstrated that
nicotinamide, a vitamin B; analogue, can enhance
radiation damage in a variety of murine tumours
using both single-dose and fractionated schedules
(Horsman, 1995). Typical results are illustrated in
Fig. 17.7. This enhancement of radiation damage
depends on tumour type, drug dose and the time of
irradiation after drug administration, although it
does appear to be independent of the route of
administration. Nicotinamide can enhance radi-
ation damage in normal tissues but generally these
effects are less than are seen in tumours.

The mechanism of action of nicotinamide
seems primarily that it prevents the transient fluc-
tuations in tumour blood flow that lead to the
development of acute hypoxia (Horsman et al.,
1990). This finding led to the suggestion that the
optimal approach would be to combine nico-
tinamide with treatments that specifically target
chronic hypoxia. Benefit has been seen when
nicotinamide was combined with hyperthermia,
perfluorochemical emulsions, pentoxifylline and
high oxygen-content gas breathing (Horsman,
1995). The combination of two potentially suc-
cessful strategies, Accelerated Radiotherapy to
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overcome tumour cell proliferation with
CarbOgen and Nicotinamide (ARCON) has been
studied in various tumour sites, but most exten-
sively in head and neck carcinoma (Kaanders et al.,
2002). A phase II clinical trial in 215 patients has
shown very promising results in cancer of the larynx
and oropharynx (Fig. 17.8). Two large multicentre
phase III trials in bladder cancer (UK) and laryngeal
cancer (The Netherlands) have recently been com-
pleted, and results should be available in 2010.

17.6 HYPOXIC CELL CYTOTOXINS:
BIOREDUCTIVE DRUGS

Radioresistant hypoxic cells can also be eliminated
by selectively killing them. This can be achieved with
bioreductive drugs (McKeown et al., 2007). These
are compounds that undergo intracellular reduc-

tion to form active cytotoxic species, primarily
under low oxygen tensions. The development of
such agents arose following the discovery that elec-
tron-affinic radiosensitizers not only sensitize
hypoxic cells to radiation but also are preferentially
toxic to them (see Section 17.3). These drugs can be
divided into three major groups, as illustrated in Fig.
17.9: quinones (e.g. mitomycin-C), nitroimidazoles
(e.g- RSU-1069) and N-oxides (e.g. tirapazamine).
Mitomycin-C (MMC) is probably the prototype
bioreductive drug. It has been used clinically for
many years as a chemo-radiosensitizer, long before
it was realized that it had preferential effects against
hypoxic cells. It is activated by bioreduction to form
products that crosslink DNA and therefore produce
cell killing. Several randomized clinical trials in
patients with squamous cell carcinoma of the head
and neck have now been undertaken, specifically
using MMC to counteract the effects of hypoxia.

Figure 17.7 Effect of an intraperitoneal
injection of nicotinamide

(500-1000 mg/kg) prior to local tumour
irradiation on the level of tumour control
measured as a function of the total
radiation dose given either as (a) a single
n treatment to C3H mammary carcinomas
. or (b) in a fractionated schedule to the

4 carcinoma NT. Results are for radiation

i alone (open symbols) or nicotinamide

‘ and radiation (closed symbols). Redrawn
from Horsman et al. (2007), with
permission from Elsevier.
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Figure 17.9 Survival of mammalian cells exposed to (a) mitomycin-C, (b) RSU-1069 or (c) tirapazamine under aerobic
(open symbols) or hypoxic (closed symbols) conditions. Redrawn from Horsman et al. (2007), with permission from Elsevier.

Initial studies reported an improvement in local
tumour control and/or survival, without any
enhancement of radiation reactions in normal tis-
sues. However, this has not been confirmed by more
recent studies, perhaps not surprising when one
considers that MMC actually has a very small differ-
ential killing effect between aerobic and hypoxic
cells (Fig. 17.9). Also, in the clinical trials MMC was
administered only once or twice during the entire
course of radiotherapy, so its ability to preferentially
kill hypoxic cells and thus enhance radiation ther-
apy must have been limited. Attempts to find more
efficient quinones have been undertaken and to that
end porfiromycin and EO9 have been developed.
While EO9 has gone through only preliminary
phase I/II testing, porfiromycin was included in a
prospective randomized trial in combination with
radiation therapy in head and neck cancer, but was
found to be no better than MMC.

The finding that misonidazole was preferentially
toxic towards hypoxic cells led to numerous efforts
to find other nitroimidazoles that were better.
To that end RSU-1069 was developed. This com-
pound has the classic 2-nitroimidazole radiosensi-
tizing properties, but also an aziridine ring at the
terminal end of the chain, which gave the molecule

substantial potency as a hypoxic cell cytotoxin, both
in vitro and in vivo. In large-animal studies it was
found to cause gastrointestinal toxicity and a less
toxic prodrug was therefore developed (RB-6145)
which is reduced in vivo to RSU-1069. Although this
drug was found to have potent anti-tumour activity
in experimental systems, further animal studies
revealed that this drug induced blindness; this is
perhaps not surprising when one realizes that the
retina is hypoxic. Further development of this drug
was then halted. However, other nitro-containing
compounds including NLCQ-1, CB1954, SN23862
and PR-104 are currently under development.
Perhaps the most promising group of bioreduc-
tive drugs are the organic nitroxides, of which the
benzotriazene di-N-oxide tirapazamine is the lead
compound. The parent moiety shows limited toxi-
city towards aerobic cells, but after reduction under
hypoxic conditions a product is formed that has
been shown to be highly toxic and can substantially
enhance radiation damage to tumours in vivo.
Most clinical studies have involved combining tira-
pazamine with chemotherapy, although there have
been a few trials with radiation = chemotherapy.
The results from the phase II trials generally
showed promise, but in the few randomized trials
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Table 17.1 Meta-analysis of randomized clinical trials of radiotherapy (RT) with a hypoxic-cell modifier

Number Number of
of trials patients
A. Summary of randomized trials
Endpoint
Loco-regional control 65 8652
Survival 77 10037
Distant metastases 21 4138
RT complications 26 3918

B. Loco-regional tumour control as a function of type of hypoxic modification

Hypoxic modifier

HBO/oxygen* 24 2667
Hypoxic sensitizer* 41 5974
Transfusion 1 135

C. Loco-regional tumour control as a function of tumour type and location

Tumour site

Head and neck 27 4250
Bladder 12 707
Uterine cervix 18 2877
Lung (NSCLC) 8 624
Oesophagus 2 192
All (group C) trials 65 8652

RT + modifier RT alone Odds ratio

(%) (%) (959% CL)

52 45 1.29 (1.19-1.41)
35 31 1.19 (1.09-1.29)
20 21 0.93 (0.80-1.07)
18 17 1.09 (0.93-1.29)
59 49 1.47 (1.26-1.71)
48 42 1.24 (1.12-1.38)
84 69 2.27 (1.00-5.20)
46 39 1.35(1.20-1.53)
50 45 1.24 (0.93-1.67)
65 58 1.31 (1.13-1.52)
37 33 1.19 (0.85-1.65)
30 26 1.25 (0.66-2.34)
52 45 1.29 (1.19-1.41)

*Including one trial with hyperbaric oxygen (HBO) + misonidazole (124 patients).

CL, confidence limits; NSCLC, non-small cell lung carcinoma.

that have been completed the results have been
somewhat disappointing. However, it has now been
suggested that a benefit of tirapazamine might be
achieved if one could select patients with hypoxic
tumours by PET-imaging prior to treatment. Other
N-oxides are currently under development, includ-
ing chlorambucil N-oxide and AQ4N (banox-
antrone), the latter being combined with radiation
in a number of phase II trials.

17.7 META-ANALYSIS OF
CONTROLLED CLINICAL TRIALS OF
MODIFIED TUMOUR HYPOXIA

The clinical role of hypoxia is one of the most thor-
oughly addressed issues in radiotherapy and has
been under investigation for many years. Of the
numerous clinical trials that have been conducted
during the last three decades, most have been incon-
clusive and this has raised serious concerns about

the real importance of hypoxia. This was addressed
in a meta-analysis of all randomized clinical trials in
which some form of hypoxic modification was per-
formed in solid tumours undergoing radiotherapy
with curative intent. The survey of published and
unpublished data identified more than 11000
patients treated in 91 randomized clinical trials. The
median number of patients per trial was 76 (range
14-626) and the trials involved HBO (31 trials),
hypoxic cell radiosensitizers (53 trials), HBO and
radiosensitizer (one trial), oxygen or carbogen
breathing (five trials) and blood transfusion
(one trial). Tumour sites were bladder (18 trials),
uterine cervix (20 trials), central nervous system
(CNS; 13 trials), head and neck (29 trials), lung (10
trials), oesophagus (two trials) and mixed site (one
trial). These trials were analysed with regard to local
tumour control (65 trials), survival (77 trials), dis-
tant metastases (21 trials) and complications result-
ing from radiotherapy (26 trials). The overall results
are given in Table 17.1. The most relevant endpoint
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Figure 17.10 Results from 52 randomized trials of
radiotherapy with/without hypoxic modification in
which both local tumour control and survival data were
obtained. A positive improvement in either survival or
local control indicates that the hypoxic-modified arms
were better than those of the controls. A strong
correlation between both endpoints is indicated
(r=0.69; slope = 0.81). The figure shows that patients
with head and neck carcinoma seem to have the most
impressive benefit.

was considered to be local tumour control in view
of the local nature of the radiation treatment, and
this showed a significant improvement. This
improvement persisted when the trials were evalu-
ated separately for radiosensitizer or HBO treat-
ment. When analysed according to site, significant
improvements were found only for uterine cervix
and head and neck. Overall survival was also signif-
icantly improved, again dominated by the head and
neck patients, but no difference was found for dis-
tant metastases or radiation complications. The
trials did use different fractionation schedules,
including some large doses per fraction, but even for
head and neck trials using conventional fractiona-
tion, the effect of hypoxic modification was still
maintained with an odds ratio of 1.25 (range
1.08-1.45). Figure 17.10 shows the relationship
between improvement in local control and subse-
quent improvement in survival. The trials shown in
Fig. 17.10 are all of epithelial carcinomas, but
patients with head and neck tumours generally
achieved the greatest improvement in both local
control and subsequent survival.

From this meta-analysis it appears that radio-
biological hypoxic radioresistance may be marginal

in most adenocarcinomas. Future efforts should
therefore be focused on squamous cell
carcinoma, especially of the head and neck, at
least when radiotherapy is given in conventional
treatment schedules. The variation in the results
among the trials certainly points towards a consid-
erable heterogeneity among tumours with the same
localization and histology. Thus, the need to predict
the presence of hypoxia and especially the capacity
for reoxygenation appears to be a key issue in order
to optimize future clinical applications. The obser-
vations that polarographic oxygen electrode meas-
urements were highly predictive for the outcome of
radiotherapy in head and neck and cervix (see
Chapter 16) indicates that a better selection of
patients may be possible. The significant improve-
ment obtained by manipulation of the hypoxic sta-
tus of squamous tumours of the head and neck, and
to a lesser extent cervix, indicates that the underly-
ing biological rationale is probably sound, at least in
these tumour sites. It would be logical, therefore, to
direct future clinical studies of the hypoxic problem
at these tumour types and sites.

17.8 VASCULAR TARGETING
THERAPIES

The vascular supply to tumours is one of the
major factors responsible for the development of
hypoxia. The tumour vasculature develops from
normal-tissue vessels by the process of ‘angiogen-
esis’ This is an essential aspect of tumour growth,
but this tumour neo-vasculature is primitive and
chaotic in nature; it is often unable to meet the
oxygen demands of rapidly expanding tumour
regions, thus allowing hypoxia to develop (see
Fig. 16.1). The importance of the tumour neo-
vasculature in determining growth and the envi-
ronmental conditions within a tumour makes it an
attractive target for therapy and two approaches
are currently in vogue (Horsman and Siemann,
2006). The first and most popular is the use of
drugs to prevent angiogenesis from occurring,
while the second involves the use of therapies that
can specifically damage the already established
vasculature. Examples of both angiogenesis
inhibiting agents (AIAs) and vascular disrupting
agents (VDAs) are given in Table 17.2.
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Table 17.2 Strategies targeting the tumour vasculature

Approaches Agents

Angiogenesis inhibitors
Angiogenesis activator inhibitors

Anti-vascular endothelial growth factor (VEGF) antibodies (Avastin/

Bevacizumab, DC101), VEGF-trap

Receptor tyrosine kinase inhibitors

SU5416, SU6668, SU11248, SU11657, ZD6474, PTK787/ZK22854,

IMC-1C11, c-Kit/FIt-3

Proteolysis inhibitors
Endothelial cell function inhibitors

Marimastat, Neovastat, AG-3340, Bay-12-9566, BMS-275291
Angiostatin, endostatin, TNP-470, thalidomide, ABT-510, thrombospondin,

anginex, arginine deiminase

Integrin activity inhibitors

Vascular disrupting agents

Tubulin binding agents
ZD6126,

Vitaxin, cilengitide

Colchicine, combretastatin A-4 disodium phosphate (CA4DP), 0Xi4503,

AVE8062, NPI2358, MN-029

Non-tubulin effectors

Tumour necrosis factor, flavone acetic acid (FAA),

5,6-dimethylxanthenone-4-acetic acid
(DMXAA), 2-methoxyestradiol, arsenic trioxide, interleukins
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Figure 17.11 (a) Local tumour control in C3H mammary carcinomas measured 90 days after local tumour irradiation
with single radiation doses either given alone (open symbols) or followed by a single intraperitoneal injection with
CA4DP (250 mg/kg) 30 min later (closed symbols). (b) The TCDg, doses (radiation dose producing tumour control in 50
per cent of mice) with 95 per cent confidence intervals obtained from full radiation dose response curves for radiation
alone (shaded area) or radiation with CA4DP given at various times before or after irradiating (closed symbols).

Although both types of vascular targeting agents
have anti-tumour activity when used alone, signifi-
cant improvements in tumour response have been
observed when they are combined with radiation.
With AlAs, the consensus opinion is that this
improvement is the consequence of normalization
of the tumour vasculature resulting in a decrease in
tumour hypoxia. While there are certainly preclinical
studies showing an improved tumour oxygenation

status with AIA treatment, there are just as many
studies showing no change and even a decrease in
tumour oxygenation. These findings not only make
it unclear as to the role of hypoxia in influencing the
combination of AIAs with radiation, they also sug-
gest that timing and sequencing of the two modali-
ties may be critical for an optimal benefit.

The ability of VDAs to enhance radiation
response is shown in Fig. 17.11. In these
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experiments tumour-bearing mice were injected
with CA4DP, the lead VDA currently in clinical
testing, shortly before or after locally irradiating
the tumours. Although the drug alone had no
effect on tumour control, it significantly enhanced
the response to radiation when given after irradiat-
ing. Vascular disrupting agents damage tumour
blood vessels leading to a reduced blood flow to
the affected tumour region. This gives rise to local
hypoxia and ischaemia, and ultimately cell death.
Since hypoxic cells are already under stress as a
result of oxygen and nutrient deprivation it is
likely that these cells will be the first to die after this
additional insult from vascular shut-down, and it
is probably this effect that explains the enhance-
ment of the radiation response. Additional studies
suggest that these effects are tumour-specific.
Figure 17.11 also shows that when VDAs are given
prior to irradiating, no enhancement is seen, sug-
gesting that although CA4DP kills some cells as a
result of the vascular occlusion, there are other
cells that become hypoxic yet survive and are a
source of radiation resistance. This again raises the
issue of timing and sequence, which is especially
important if VDAs are combined with radiation in
a fractionated schedule. However, when appropri-
ate schedules designed to minimize the hypoxia-
inducing effect of VDAs are used, a significant
enhanced response has been observed with a frac-
tionated radiation schedule. As a result, the combi-
nation of VDAs with radiation is currently under
clinical evaluation.

Key points

1. Hypoxic cell radioresistance is a significant
cause of failure in the local control of
tumours, especially squamous cell carcino-
mas of the head and neck and cervix.

2. Clinical attempts to overcome hypoxic cell
radioresistance using high oxygen-content
gas breathing, chemical radiosensitizers or
blood transfusions have shown mixed
results. Meta-analysis of randomized trials
does, however, demonstrate a significant
benefit.

3. Since these treatments are designed to
negate the effects of chronic hypoxia, add-
itional benefit may be obtained by including
a modifier of acute hypoxia such as nico-
tinamide in the treatment protocol.

4. Hypoxic cell cytotoxins (e.g. bioreductive
drugs) also show promise as clinically rele-
vant methods for eliminating radioresistance.

5. Since one of the major factors responsible
for hypoxia is the inadequate vascular sup-
ply of tumours, preclinical studies are now
suggesting that drugs which specifically
target tumour blood vessels may provide a
new approach to overcoming the hypoxia
problem.
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18.1 INTRODUCTION: CLINICAL
OVERVIEW OF COMBINED
RADIOTHERAPY AND
CHEMOTHERAPY

In solid adult tumours, owing to its limited bio-
logical efficacy, chemotherapy is very seldom used
as a sole curative treatment modality. It is, how-
ever, used more and more in combination with
curative treatments such as surgery and radio-
therapy, at least for locally advanced diseases.
Chemotherapy can be delivered before a local
treatment in an induction or neo-adjuvant set-
ting, it can be delivered during a local treatment
(i.e. during the course of radiotherapy) in a con-
comitant setting, and it can be delivered after a
local treatment in an adjuvant setting. The ration-
ale for these various schedules of administration
will be discussed in Section 18.2. Table 18.1 sum-
marizes the evidence-based data supporting the
combined use of chemotherapy and radiotherapy
in the most common adult tumours.

In brain glioblastoma, a recent EORTC-NCIC
(European Organisation for Research and
Treatment of Cancer—National Cancer Institute of

Canada) study demonstrated that the concomi-
tant and adjuvant use of temozolomide to stan-
dard brain radiotherapy (60 Gy in 6 weeks) was
associated with a significant improvement in
overall survival increasing from 10.4 per cent
(radiotherapy alone arm) to 26.5 per cent follow-
ing radiotherapy plus temozolomide (Stupp et al.,
2005). Only minimal additional toxicity was
observed in the combined modality group. The
benefit of temozolomide was particularly striking
in patients expressing a silencing of the MGMT
(O-6-methyl-guanine  DNA methyltransferase)
DNA-repair gene by promoter methylation (Hegi
et al., 2005).

In head and neck squamous cell carcinoma
(SCC), meta-analyses have been conducted to
ascertain the benefit and optimal scheduling of
chemotherapy administration in relation to pri-
mary radiotherapy (Pignon et al, 2000; Budach
et al., 2006). A significant benefit in survival was
observed only when chemotherapy was associated
concomitantly with radiotherapy. The benefit was
higher in patients receiving platinum-based
chemotherapy. The use of induction chemother-
apy in patients with laryngeal or hypopharyngeal
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Table 18.1 Evidence-based data supporting combined chemotherapy and radiotherapy

Disease site Induction Concomitant Adjuvant References
Brain glioblastoma - + (level 2) + (level 2) Stupp et al. (2005)
Head and neck SCC + (level 1) +++ (level 1) — (level 2) Budach etal. (2006),
Pignon et al. (2000),
Forastiére et al. (2003),
Cooper et al. (2004),
Bernier et al. (2004)
Non-small cell + (level 1) +++ (level 1) - Rowell and O'Rourke (2004)
lung cancer
Small cell lung cancer +++ (level 1) +++ (level 1) ++4+ (level 1) Pignon etal. (1992)
Cancer of uterine cervix + (level 1) +++ (level 1) - Green et al. (2001, 2005),
NACCCMA (2004)
Oesophageal carcinoma - +++ (level 1) - Wong & Malthaner (2006)
Rectal carcinoma - +++ (level 2) - Bosset et al. (20053, b),
Wolmark et al. (2000)
Anal carcinoma - +++ (level 2) - Bartelink et al. (1997)

Level of evidence: Level 1, multiple randomized studies/meta-analysis; Level 2, one or two randomized studies, requiring further

confirmation.

SCC, squamous cell carcinoma.

SCC did not translate into a benefit, but was
instead associated with a lower laryngectomy-free
survival compared with concomitant chemoradio-
therapy (Forastiere et al., 2003). In patients with a
high risk of loco-regional recurrence after primary
surgery (R1 or R2 resection, extracapsular tumour
extension), postoperative concomitant chemo-
radiotherapy with 3-weekly cisplatin (100 mg/m?)
was also associated with a significant benefit in
survival (Bernier et al., 2004; Cooper et al., 2004).
A meta-analysis has been conducted to deter-
mine the effectiveness and toxicity of concomitant
chemoradiotherapy regimens compared with
radiotherapy alone for non-small cell lung carci-
noma (Rowell and O’Rourke, 2004). Fourteen ran-
domized studies including 2393 patients were
reviewed. At 2 years following treatment, there was
a significant reduction in the death rate (relative
risk of 0.93, p = 0.01) and a significant improve-
ment in loco-regional progression-free survival
(relative risk of 0.84, p = 0.03) and in progression-
free survival at any site (relative risk of 0.90,
p = 0.005) in favour of the combined treatment.
In comparison with sequential chemotherapy and

radiotherapy, concomitant treatment was associ-
ated with a 14 per cent reduction in the risk of
death. The incidence of oesophagitis, neutropenia
and anaemia were, however, significantly increased
with concomitant chemoradiotherapy.

In limited stage small cell lung cancer, meta-
analysis has also demonstrated the benefit of com-
bining chemotherapy with thoracic radiotherapy,
indicating an improved absolute overall survival
of 5.4 = 1.4 per cent at 3 years (Pignon et al.,
1992). Data are, however, conflicting regarding
the optimal combination and timing between
chemotherapy and radiotherapy and further clin-
ical research is needed to resolve this issue (Pijls-
Johannesma et al., 2005).

In cancer of the uterine cervix, several meta-
analyses have been performed to evaluate the bene-
fit of combining radiotherapy with chemotherapy.
A recent review including 24 trials totalling 4921
patients (from which data were available for 61-75
per cent of patients) has shown that concomitant
chemoradiotherapy improved absolute survival by
10 per cent (95 per cent confidence interval 8-16
per cent) over radiotherapy alone (Green et al.,
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2005). Cisplatin was the most commonly used
chemotherapy. The benefit was observed for both
loco-regional control (odds ratio of 0.61,
p < 0.0001) and distant recurrence (odds ratio of
0.57, p < 0.0001) (Green et al, 2001). However,
this improvement was associated with an increased
risk of haematological and gastrointestinal early
toxicities. A similar analysis was performed to
evaluate the benefit of induction chemotherapy
(NACCCMA Collaboration, 2004). The results are
much more heterogeneous and no definite conclu-
sion can be drawn. There was a trend towards
improved survival for regimens with cisplatin dose
intensities greater than 25mg/m? per week or cycle
lengths shorter than 14 days. Conversely, in all
other settings, a detrimental effect of induction
chemotherapy on survival was found.

In localized oesophageal carcinoma, a meta-
analysis of 19 randomized trials comparing radio-
therapy and concomitant chemotherapy with
radiotherapy alone has shown an absolute survival
benefit of 9 per cent (95 per cent confidence interval
5-12 per cent) and 4 per cent (95 per cent confi-
dence interval 3—6 per cent) at 1 year and 2 years,
respectively (Wong and Malthaner, 2006). However,
this benefit was associated with a significant
increase in severe and life-threatening toxicities.

For patients with Dukes’ stages B and C carci-
noma of the rectum, a randomized study conducted
by the NSABP (National Surgical Adjuvant Breast
and Bowel Project) demonstrated that postopera-
tive concomitant chemoradiotherapy reduced the
incidence of loco-regional relapse compared with
postoperative chemotherapy alone (13 per cent ver-
sus 8 per cent at 5 years, p = 0.02) (Wolmark
et al., 2000). However, postoperative chemoradio-
therapy did not have any influence on disease-free
survival or overall survival. A recent EORTC
randomized study demonstrated that the concomi-
tant use of preoperative concomitant chemotherapy
and radiotherapy was biologically more active
than radiotherapy alone (Bosset et al, 2005a).
Concomitant chemoradiotherapy was associated
with a significant reduction in loco-regional relapse
compared with radiotherapy alone, but did not have
any effect on overall survival (Bosset et al., 2005b).

In patients with locally advanced squamous
cell carcinoma of the anal canal, concomitant
5-fluorouracil, mitomycin and radiotherapy (45 Gy

plus a boost of 15-20 Gy) resulted in an 18 per
cent increase in 5-year loco-regional control and a
32 per cent increase in colostomy-free survival in
comparison with radiotherapy alone (Bartelink
et al., 1997). No significant difference in early and
late side-effects was observed between the two arms.

In summary, the combined use of chemother-
apy with radiotherapy has typically translated into
a significant benefit in overall survival in sites
where radiotherapy plays a substantial role. This
benefit is mainly a consequence of an improve-
ment in loco-regional control rather than a
decrease in the risk of distant metastasis. In all the
reported studies, the therapeutic ratio (defined as
the advantage in efficacy over the disadvantage in
toxicity) was, however, less clearly assessed and/or
reported. In general, an increase in early toxicity
was observed in all the trials. For late toxicity, sys-
tematic reporting of data is lacking, but the few
available reports also indicate an increase in late
radiation effects.

Even if the benefits of combined modality
chemoradiotherapy appear irrefutable, the
reported clinical trials generally do not allow any
information to be derived on the actual underlying
mechanisms of interaction between chemothera-
peutic drugs and ionizing radiation. Have the
benefits and side-effects resulted from a simple
additivity of two effective therapeutic interven-
tions, or from a more complex molecular inter-
play between the two modalities? If the latter is the
case, was the combination of treatments appro-
priately designed based on the known mecha-
nisms of interaction and the biodistribution and
pharmacokinetics of the drugs?

18.2 INTERACTION BETWEEN
CHEMOTHERAPY AND
RADIOTHERAPY

Spatial cooperation

Spatial cooperation is the term used to describe
the use of radiotherapy and chemotherapy to tar-
get disease in different anatomical sites. The com-
monest situation is where radiation is used to
treat the primary tumour and chemotherapy is
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added to deal with systemic spread. There is an anal-
ogous situation in leukaemia where chemotherapy
is the main treatment and radiotherapy is used to
deal with disease in a ‘seclusion site’ such as the
brain. Another example is the treatment of breast
cancer where surgery and postoperative radio-
therapy deal with the loco-regional disease and
adjuvant chemotherapy deals with the micro-
metastatic disease.

If spatial cooperation is effective, this should
result in a reduction of distant failures after the
combined therapy. The successful exploitation of
spatial cooperation depends critically on the effec-
tiveness of the chemotherapy used. In the com-
mon solid tumours, chemotherapy seldom
achieves a surviving fraction lower than 10~°. Even
small metastatic deposits of < 0.1 g may contain
107108 tumour cells and, if the majority of these
are also clonogenic, standard chemotherapy may
fail to control even a small amount of dissemi-
nated disease. For spatial cooperation to succeed
more widely, we need more effective drugs or
methods of specifically targeting existing drugs to
the tumour cells, thus allowing dose escalation.

If the rationale underlying spatial cooperation
between radiotherapy and chemotherapy is
indeed to target different anatomical sites, the
optimal way of combining these modalities is
sequentially in order to avoid the likely increase in
side-effects if given concomitantly.

Independent cell kill and ‘shared’
toxicity

This term describes the simple concept that if two
effective therapeutic modalities can both be given
at full dose then, even in the absence of interactive
processes, the tumour response (total cell kill)
should be greater than that achieved with either
agent alone. To exploit this mechanism, the radio-
therapy and chemotherapy should have non-
overlapping toxicities and the chemotherapy
should not enhance normal-tissue damage within
the radiation field. Such a situation may be
obtained by temporal separation of the two
modalities but, even if this can be achieved with-
out a negative influence on tumour control, the
patient will probably have to tolerate a wider range

of toxic reactions. This needs to be taken into
account when assessing the overall benefit. If inde-
pendent cell killing can be successfully exploited, it
could potentially lead to both improved local con-
trol and reduced distant failure, without any inter-
actions between the modalities.

The treatment of early-stage Hodgkin’s disease
is a good illustration of this concept. Both radia-
tion (mantle field irradiation, 40Gy) and
chemotherapy (including alkylating agents) are
highly effective in providing long-term cure for
these patients (Table 18.2). However, the use of
both modalities is associated with a relatively high
incidence of late complications (e.g. mainly induc-
tion of secondary solid tumours and cardiopathy
for radiotherapy, and induction of lymphoma and
leukaemia for chemotherapy). Hence, modern
treatment of early-stage Hodgkin’s disease com-
bines different chemotherapy regimens (fewer
courses and different drugs) with radiotherapy
delivered on the involved fields only and to a lower
dose. Long-term efficacy is similar. Data are not yet
mature enough to inform conclusively about any
reduced incidence of late toxicity, but it is expected
to be ‘shared’ between the two modalities.

When independent cell kill is the mechanism of
interaction between radiotherapy and chemother-
apy, obviously the optimal way of combining these
modalities is sequentially to avoid the likely
increase in side-effects when given concomitantly.

Cellular and molecular interaction

This term describes the situation in which radia-
tion and chemotherapy interact with each other at
the cellular or molecular level such that the net
effect is greater than the simple addition of the
individual effects of the two modalities. As illus-
trated in Fig. 18.1, this interaction is likely to trans-
late into a modification of the shape of the cell
survival curves, i.e. a steeper slope of the tangent
to the initial part of the curve (increase in the «
parameter of the linear-quadratic model) for the
combined treatment. A classical way of expressing
the benefit of a combined treatment is through the
use of a dose-modifying factor (DMF), which is
defined as the ratio of isoeffective radiation doses
in the absence and presence of the radiosensitizer.



250 Combined radiotherapy and chemotherapy

Table 18.2 Comparative efficacy and toxicity between several treatment options for early-stage Hodgkin's disease

Radiotherapy:
extended field, 40Gy

Chemotherapy
(MOPP-ABVD)

Chemotherapy-radiotherapy:
involved field, <40Gy

10-year overall survival 80-90% 80-90% =~ 90%
Complications (RR):
Leukaemia induction 1.0 70.0 Not known yet
Lymphoma induction 21.0 22.0 Not known yet
Solid tumour induction 2.8 1.1 Not known yet
Cardiopathy 2.2-3.1 =~ 1.0 Not known yet
RR, relative risk.
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nism of interaction is likely to play a substantial role
in achieving a benefit of combined chemoradio-
therapy in the majority of solid tumours in adults.
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Figure 18.1 Head and neck SQD-9 cell-survival curves
with or without preincubation with gemcitabine (dFdC)
at a dose of 5 uM for 3 hours. In the presence of the
drug, the initial slope of the cell survival curve is steeper,
reflecting an interaction with ionizing radiation.

The concept of DMFs can be used in describing
tumour effect or normal tissue toxicity.

A good clinical illustration of this type of inter-
action between chemotherapy and radiotherapy is
in the treatment of locally advanced head and
neck squamous cell carcinoma, in the meta-analysis
of over 10000 individual patients (Pignon
et al., 2000). Patients were categorized according
to whether chemotherapy had been given before
(induction chemotherapy), during (concomitant
chemotherapy) or after radiotherapy (adjuvant
chemotherapy). A significant absolute 5-year benefit
of 8 per cent was found only when concomitant
chemotherapy was given. For induction or adjuvant
chemotherapy, the 5-year survival was improved

Enhanced DNA/chromosome damage
and repair

Little is known about the capacity of chemothera-
peutic agents to increase the efficiency with which
ionizing radiation induces DNA damage. Com-
pounds such as iododeoxyuridine (IdUrd) and
bromodeoxyuridine (BrdUrd) when incorporated
into DNA have been shown to enhance radiation-
induced DNA damage, likely through the produc-
tion of reactive uracilyl radicals and halide ions,
which in turn induce DNA single-strand-
breaks (SSBs) in the neighbouring DNA (Iliakis
et al., 1991). However, several commonly used
chemotherapy agents have been shown to inhibit
the repair of radiation damage (i.e. DNA and/or
chromosome damage). Examples are nucleoside
analogues, cisplatin, bleomycin, doxorubicin and
hydroxyurea. Some of these drugs inhibit the
repair processes by interfering with the enzymatic
machinery involved in the restoration of the DNA/
chromosome integrity. Fludarabine, for example,
is a nucleoside analogue, which is incorporated
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Figure 18.2 Inhibition of repair of chromosome

breaks by the nucleoside analogue F-ara-A. Human
lymphocytes were irradiated with a single X-ray dose of
2 Gy and incubated at 37°C in the presence or absence
of F-ara-A. At 90 min post-irradiation, 70 per cent of
the chromosome breaks have repaired in the control
sample; in the sample incubated with F-ara-A, only

5 per cent of breaks have repaired. RT, radiotherapy.

into DNA and blocks DNA primase, DNA poly-
merase o and € and DNA ligase, and which has
been shown to inhibit the repair of chromosome
break repair (Fig. 18.2) (Gregoire et al., 1999).

Some of these drugs, like radiation, can directly
produce DNA damage which manifests as DNA
breaks, adducts and intercalation. For cisplatin,
there is also an increase in the number of radiation-
induced strand breaks. This might occur by conver-
sion of radiation-induced SSBs to double strand
breaks (DSBs) during the repair of DNA—platinum
adducts. Inhibition of repair, or the conversion of
SSBs to DSBs, has the effect of increasing the slope
of the radiation survival curve and leads to an
enhanced response (Fig. 18.1). Enhancement,
which occurs as a result of repair inhibition, will be
more pronounced in fractionated schedules than
for single doses. A major problem with DNA repair
inhibition as an exploitable mechanism for obtain-
ing a therapeutic gain is the lack of evidence for a
selective anti-tumour effect. For this strategy to be
effective, some sort of tumour drug targeting may
be required.

Cell-cycle synchronization

The vast majority of chemotherapeutic agents are
inhibitors of cell division and are thus mainly active

on proliferating cells. Agents such as gemcitabine,
fludarabine, methotrexate and 5-fluorouracil inhibit
various enzymes involved in DNA synthesis and
repair in S-phase cells; agents such as etoposide,
doxorubicin, alkylating agents and platinum com-
pounds induce DNA strand breaks and DNA strand
crosslinks in any phase of the cell cycle, but will only
become potentially lethal in replicating cells; agents
such as taxol, taxotere and Vinca alkaloids inhibit
mitotic spindle formation and thus are mainly
active during mitosis.

As a consequence of this cell-cycle phase selective
cytotoxicity of chemotherapeutic agents, the
remaining surviving cells will be synchronized. If
radiation could be delivered when these synchro-
nized cells have reached a more radiosensitive phase
of the cell cycle (e.g. G2 mitosis), a tremendous
potentiation of the radiation effect could be
observed. Such a mechanism of interaction between
drugs and ionizing radiation has often been reported
in preclinical experimental models (Gregoire et al.,
1994). However, in clinics, because of the difficulty
in assessing the appropriate timing between drug
injection and radiotherapy delivery, it is unlikely that
cell synchronization can be successfully exploited.
Furthermore, considering that radiotherapy is typi-
cally delivered on a fractionated basis, it is also likely
that this effect would be lost after a few fractions.

Enhanced apoptosis

Apoptosis (or interphase cell death) is a common
mechanism of cell death induced by chemothera-
peutic agents (Kaufmann and Earnshaw, 2000).
These drugs can trigger one or more of the pathways
leading to apoptosis. For the anti-metabolites, DNA
incorporation is a necessary event to ensure a robust
apoptotic response, hence the specific sensitivity of
S-phase cells to these agents. Within this framework,
it has been hypothesized that combining these drugs
with ionizing radiation, which is very effective in
inducing DNA SSBs or DSBs in every phase of the
cell cycle, could facilitate their DNA incorporation
and thus trigger an enhanced apoptotic reaction.
This hypothesis was investigated in tumour models
in vivo, using single doses of X-rays combined with
gemcitabine (Milas et al., 1999). An increased apop-
totic response was indeed observed when the two
modalities were combined, but comprehensive
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analysis of the data did not demonstrate any syner-
gistic enhancement, only an additive effect.

Re-oxygenation

As discussed in Chapters 15 and 16, hypoxia, a com-
mon feature of the majority of human solid
tumours, is associated with a poorer response to
radiotherapy. One reason for this is that the func-
tionally insufficient tumour vascular network does
not permit an adequate diffusion of oxygen
throughout the whole tumour mass. It has therefore
been proposed that chemotherapy, by inducing
some degree of tumour shrinkage, might facilitate a
more even diffusion of oxygen and increase overall
tumour oxygenation, which in turn would increase

tumour radiosensitivity. In the murine mammary
carcinoma MCA-4, it was indeed shown that intra-
tumoural PO, increased progressively in the few
hours following taxol administration, from
6.2mmHg in untreated tumours to 10.0 mmHg in
treated tumours (Milas et al., 1995). This progres-
sive tumour reoxygenation was associated with a
significant parallel increase in the tumour radio-
response compared with control animals that did
not receive taxol. This mechanism, which likely
could play a role with any chemotherapeutic drug,
has, however, never been tested with other agents.

Inhibition of cell proliferation

Table 18.3 summarizes information from preclini-
cal experiments on the mechanisms of interaction

Table 18.3 Summary of the preclinical data regarding the mechanisms of interaction between ionizing radiation and

chemotherapeutic agents

DNA damage Chromosome

Induction Repair aberration Cell cycle Apoptosis  Re-oxygenation
Antimetabolites
5-Fluorouracil - + — + ? ?
Methotrexate ? ? ? ? ? ?
Hydroxyurea ? + + + ? ?
Gemcitabine - - + + — ?
Fludarabine - + + — ?
Plant derivatives
Vinca alkaloids ? - ? + ? ?
Etoposide ? +7? - + + ?
Camptothecin ? ? - + * ?
Taxanes ? - + + + +
Antibiotics
Doxorubicin - + + + ? ?
Mitomycin-C ? ? - ? ?
Bleomycin ? - + + ? ?
Actinomycin-D ? +? ? ? — —
Alkylating agents
Cisplatin +? + ? — ? ?
BCNU ? + — ? ? ?
Cyclophosphamide ? ? — ? ? ?

—, Not demonstrated; +, demonstrated; =, conflicting data; ?, unknown.

BCNU, 3-chloro-nitrosourea.
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between chemotherapeutic agents and ionizing
radiation. For the majority of these agents, the
exact cellular and molecular mechanisms of inter-
action are not precisely known. Nevertheless,
these agents are routinely used in the clinic and
have been shown to be effective in combination
with radiotherapy. Furthermore, even for those
agents for which mechanisms of interaction with
radiation have been elucidated in experimental
models, it is unlikely that the clinical regimen has
been designed to benefit fully from these interac-
tions. Indeed, in the clinical setting, logistical con-
siderations may come into play to explain ways in
which drugs and radiotherapy are combined, and
such considerations may not be entirely compati-
ble with a full exploitation of the molecular and
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Figure 18.3 Regrowth delay experiment in a mouse
sarcoma (SA-NH). Tumours (8 mm diameter) were
treated with four daily i.p. administrations of fludarabine
(arrows), irradiated with four daily fractions of 4.5 Gy, or
given four daily doses of fludarabine 3 hours prior to
four daily fractions of 4.5 Gy. Control mice were injected
with saline. Each datum point represents the mean of
nine or ten mice. When treated with radiation alone,
tumours kept growing and only a 5.3 = 0.5 (SEM) day
regrowth delay was seen compared with control
animals. During fludarabine treatment alone, tumour
proliferation was inhibited, but tumours started growing
again as soon as drug administration stopped; overall, a
regrowth delay of 5.5 + 0.7 (SEM) days was seen. When
both modalities were combined, a decrease in tumour
size was observed during treatment and the regrowth
delay of 14.3 + 0.9 (SEM) days was greater than the
additive effect of the two modalities alone.

cellular interactions between drugs and ionizing
radiation.

It is therefore reasonable to propose that a
prominent mechanism of interaction between
drugs and radiotherapy would be a simple inhibi-
tion of the cellular proliferation that takes place
during the radiation interfraction interval. Such a
mechanism is illustrated in Fig. 18.3 (Gregoire et
al., 1999). This interaction would be much less
sensitive to the exact timing between drug and
radiation dose delivery, provided that the drug is
delivered at some point during the radiotherapy
schedule. This being the case, it would be best to
administer the drug towards the end of the radia-
tion treatment course, when tumour cell repopu-
lation had been triggered (see Chapter 10, Section
10.4). This was the rationale of a phase II trial
conducted on head and neck squamous cell carci-
noma, where two courses of cisplatin/5FU were
given over the last 2 weeks of radiotherapy as a so-
called ‘chemoboost’ (Corry et al., 2000). Results
were encouraging but have not yet been tested in a
randomized phase III trial.

18.4 TOXICITY RESULTING FROM
CONCOMITANT USE OF
CHEMOTHERAPY AND
RADIOTHERAPY

Early toxicity

As discussed in Chapter 13, early toxicity after
radiotherapy (e.g. oral mucositis, skin reaction,
oesophagitis, proctitis and bone marrow deple-
tion) typically results from an imbalance between
physiological loss of mature cells and renewal
from the stem cells or the precursor cells. As men-
tioned above, all chemotherapeutic agents are
active on proliferative cells, and thus on their own
also produce an imbalance between precursors
and mature cells. It is thus anticipated that
concomitant association between drugs and radi-
ation will result in an increased early toxicity.
Table 18.4 summarizes experimental data on early
toxicity observed during concomitant association
between drug and radiation. It shows that, for all
classes of drugs, an increase in radiation-induced
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Table 18.4 Summary of the preclinical data regarding the toxicity of concomitant chemoradiation

Early effects
Antimetabolites
5-Fluorouracil + (Gl, skin)
Methotrexate + (Gl)
Hydroxyurea + (Gl)
Gemcitabine + (GI)
Fludarabine + (Gl)
Plant derivatives
Vinca alkaloids - (Gl, BM)
Etoposide ?
Taxanes + (GI)
Antibiotics
Doxorubicin + (Gl, skin)
Mitomycin-C + (GI, BM)
Bleomycin + (Gl, skin)
Actinomycin-D + (G, BM, skin)
Alkylating agents
Cisplatin + (GI)
BCNU + (G)
Cyclophosphamide + (Gl, skin)

Late effects

+ (heart, lung)
+ (lung)

+ (skin, lung)
+ (lung)

+ (kidney)
+ (lung)
+ (lung, bladder, CNS)

BCNU, B-chloro-nitrosourea; BM, bone marrow; CNS, central nervous system; Gl, gastrointestinal.
—, Not demonstrated; +, demonstrated; =, conflicting data; ?, unknown.

early toxicity has been reported. These findings
are in agreement with the clinical trials that com-
pared radiotherapy alone with concomitant
chemoradiation, which indicated a significant
increase in early toxicity in the combined modal-
ity arm.

There is a considerable body of experimental
data which demonstrates that normal-tissue dam-
age after combined modality treatment is strongly
influenced by the sequence and timing of the
modalities. Many commonly used drugs cause a
substantial increase in normal-tissue radiation
injury when the modalities are given in close
sequence but not when they are separated in time
(Fig. 18.4) (Gregoire et al., 1997). However, this
finding conflicts with the requirement to use con-
comitant chemoradiation (thus with a narrow win-
dow of association) for improving loco-regional
tumour control. Thus, unless pharmacokinetic

studies show a different pattern of drug biodistrib-
ution between tumour cells and normal cells, it is
likely that the optimal sequence of drug adminis-
tration for tumour radiosensitization is the one
that will also produce the greatest increase in early
radiation toxicity.

Late toxicity

In contrast to early radiation effects, which typi-
cally occur during treatment and in rapidly
renewing tissues, late effects can affect all types of
tissues after a latent period, which typically is
expressed in months to years. Late damage also
tends more to be irreversible and a radiation dose-
dependency has been well documented in a large
number of tissues. The pathophysiology of late
radiation effects is discussed at length in
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Figure 18.4 Radioenhancement of early jejunal
damage after single-dose irradiation in mice. Mice
were total body irradiated with single doses of 250 kV
X-rays with or without prior administration (at 3 or 48
hours) of a single dose (150 mg/kg) of gemcitabine. The
crypt cell regeneration assay was used. When injected 3
hours prior to irradiation, gemcitabine induced a
marked radiosensitization (dose-modifying factor,

DMF = 1.3). When injected 24 hours prior to
irradiation a small radioprotection was observed

(DMF = 0.9).

Chapter 13. Although it may involve various cell
types, any therapeutic intervention that may affect
the repair of radiation (DNA) damage in the
tumour is likely to also increase late normal-tissue
radiation damage (Table 18.4). Furthermore, the
risk of late effects after combined chemoradio-
therapy can be further increased when the drugs
have a specific toxicity for tissues within the irra-
diated volume, such as bleomycin for lung toxic-
ity, doxorubicin for cardiac toxicity and cisplatin
for renal toxicity. In the clinical setting, the design
of protocols and the choice of the various drugs to
combine with radiotherapy needs to integrate this
knowledge. For example, bleomycin should be
avoided together with radiotherapy for tumours
of the mediastinum. For postoperative irradiation
of the left breast or chest wall in women receiving
doxorubicin, adequate planning should be made
to avoid irradiation of the myocardium.

18.5 THE THERAPEUTIC RATIO

The therapeutic ratio (TR), or therapeutic gain, is
the relative expected benefit of a combined
modality treatment, integrating both the tumour
and the normal-tissue effects. It is defined as the
ratio of DMFs for tumour over normal tissues.
A therapeutic ratio above unity indicates that,
overall, the combined modality treatment is rela-
tively more effective for tumour control than for
normal tissue toxicity; conversely, a therapeutic
ratio below unity indicates that the combined
treatment is relatively more toxic than beneficial.
The therapeutic ratio needs to be determined for
both early and late normal-tissue toxicity. Table
18.5 presents an example of a concomitant associ-
ation of cisplatin and 5-fluorouracil with radio-
therapy for the treatment of locally advanced SCC
of the cervix (Morris et al., 1999). It shows that,
when early toxicity is taken into account, the ther-
apeutic ratio is far below unity. However, although
very distressful, early side-effects are usually man-
ageable with extensive supportive care during
treatment, and in this clinical example they fully
resolved within a few weeks after the end of treat-
ment. When late effects are considered, the thera-
peutic ratio is well above unity, illustrating the
potential net benefit of the combined treatment
strategy in this particular clinical setting.

When designing a new clinical trial or a new
clinical strategy with concomitant chemotherapy
and radiotherapy, one may need to slightly
decrease the dose intensity of the standard treat-
ment (i.e. radiotherapy) to obtain a therapeutic
ratio above unity, but still have a beneficial effect
at the tumour level. This was done in a trial com-
paring radiotherapy alone (70Gy in 7 weeks)
for locally advanced head and neck squamous
cell carcinoma, with intercalated chemotherapy—
radiotherapy (three cycles of 20 Gy in 2 weeks plus
1 week of cisplatin/5FU) (Merlano et al., 1992). At
3 years, the overall survival was increased from 23
per cent to 41 per cent without any increase in
early toxicity.

The choice between an ‘equal toxicity’ design
or an ‘equal dose’ design must therefore be consid-
ered on a site-by-site basis depending on the objec-
tive of the trial or clinical strategy.
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Table 18.5 Comparison of efficacy and side-effects after concomitant chemoradiotherapy for locally advanced

squamous cell carcinoma of the cervix

Radiotherapy alone’ (%)

Recurrence rate at 5 years 35
Early effects (grades 3-5) 5
Early effects (excluding 2

haematological toxicity)
(grades 3-5)
Late effects (grades 3-5) N

Chemoradiotherapy? (%)  Therapeutic ratio

19 -

45 0.2
10 0.4
12 1.7

'External pelvic radiotherapy up to 45 Gy in 4.5 weeks followed by a brachytherapy implant with a total dose equal to or greater than

85 Gy; n=193.

2Cisplatin (75 mg/m?, day 1) + 5-fluorouracil (1g/m? per day, days 1-4) X 3, every 3 weeks; n = 195.

Key points

1. Proper design combined drug and radio-
therapy treatment depends on the objective
desired. Sequential association (neo-adjuvant
or adjuvant) is preferred when target cell
populations are different and/or when the
objective is to optimize the dose intensity of
chemotherapy and radiotherapy in both
chemosensitive and radiosensitive disease.
Concomitant association is preferred when
cellular or molecular interactions are used to
improve loco-regional control of the disease.

2. Although several mechanisms of interaction
between drugs and radiation have been iden-
tified (modulation of DNA and chromosome
damage and repair, cell-cycle synchroniza-
tion, enhanced induction of apoptosis,
re-oxygenation), in a clinical setting it is most
likely that a key benefit is the inhibition of
tumour cell proliferation by drugs during the
radiation interfraction interval.

3. Concomitant administration of chemother-
apy and radiation gives increased early nor-
mal tissue toxicity due to inhibition of stem
cell or precursor cell proliferation. Late
normal-tissue damage is likely to be
enhanced through inhibition of DNA
repair, and by a specific mechanism of drug
toxicity in sensitive tissues (e.g. doxorubicin
in the heart, bleomycin in the lung).

4. The therapeutic ratio (TR) expresses the

relative benefit of a combined modality
treatment, integrating both the tumour and
the normal-tissue effects. For ‘equal dose’
trials, TR is typically below unity for early
toxicity and above unity for late radiation
damage.

. Several randomized trials with concomitant
chemoradiotherapy have been conducted in
brain, head and neck, lung, oesophagus,
cervix and colorectal cancers. A significant
increase in loco-regional control has been
found in some disease sites (e.g. brain, head
and neck, cervix) with a consequent
improvement in patient survival.
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19.1 INTRODUCTION

Improvements in cancer therapy, particularly
advances in medical radiation physics and radi-
ation biology, have resulted in prolonged survival
times and increased survival rates for a variety of
malignancies over the past two decades. Surviving
cancer patients are, however, at an increased risk of
developing secondary neoplasms (see Chapter 25).
The most important reason for this is that patients
cured of one cancer still retain more risk (e.g.
molecular predisposition) to develop a (second)
tumour than any other person of similar age, gen-
der, lifestyle, etc., who had not previously experi-
enced the disease. Second, the aetiological factors
associated with the first tumour, such as smoking
for lung and head and neck tumours, or alcohol
consumption for tumours of the head and neck or
the oesophagus, or exposure to other carcinogens,
can continue and hence promote the manifestation
of a second malignancy. Of >30000 irradiated
patients with a primary head and neck tumour,
more than 20 per cent developed a second neo-
plasm (Hashibe et al., 2005), out of which >80 per
cent were found in the head and neck region, the
oesophagus and the lung. Third, the therapy itself,
radiation exposure as well as chemotherapy, is

associated with an increased risk for second
tumours. This is of particular importance for chil-
dren and younger adults; childhood cancer sur-
vivors are at an up to 19-fold increased risk for
developing another malignancy (Dickerman, 2007).

Such second primary tumours are observed
within, or, more frequently, close to the initial
high-dose treatment volume (D6rr and Herrmann,
2002). Moreover, recurrent tumours can develop
within or close to the original gross tumour vol-
ume. Both second primary tumours and recur-
rences must be treated adequately, which frequently
involves radiotherapy. Decisions regarding safe
retreatment are very complex; for example, surgi-
cal options are frequently compromised by local
responses (e.g. fibrosis) to the first treatment.
Hence, for the development of curative or even
palliative re-irradiation strategies, a number of
parameters must be considered:

® initial radiotherapy: dose (EQD, — see below),
volume, relationship to the required re-
irradiation fields

® additional treatments for the first tumour (e.g.
chemotherapy, ‘biologicals’)

® time interval between therapy courses

® organs and tissues involved

® alternative treatment options.
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Obviously, if the radiation tolerance within a
given volume of an organ has already been exceeded
during the first treatment and function is lost (or
loss is to be expected), then no further treatment
can be administered to this volume regardless of the
first dose. Therefore, this chapter focuses on scen-
arios where the initial radiation treatment was in
the range of subtolerance doses, with the induction
of only subclinical or minimal damage, and with
possible long-term recovery or potential residual
damage after longer periods. Based on the risk fac-
tors mentioned above, the potential tissue-specific
morbidity caused by the second treatment, and its
impact on the patient’s quality of life, must be
weighed against the expected benefits in terms of
tumour response and survival.

This chapter summarizes the main findings
from experimental and clinical studies on the
re-irradiation tolerance of various normal tissues.
Only clinical studies that provide information on
one specific side-effect are included in the organ-
specific sections. More general descriptions for
entire tumour entities are reviewed in the section
on clinical studies.

In order to compare data from studies with dif-
ferent fractionation regimes, we have recalculated
the doses administered in these studies to obtain
the equivalent dose in 2-Gy fractions (EQD,)
using the linear-quadratic (LQ) approach with
a/( values of 10 Gy for early reactions and 3 Gy
for late reactions (see Chapters 8 and 9). Tolerance
doses (i.e. threshold doses above which defined
grades of toxicity are observed) are referred to as
the EQD,,;. The intensity of both the initial treat-
ment and the retreatment can be specified as a
percentage of EQD ;.

19.2 EARLY TISSUE REACTIONS

Early tissue reactions are usually found in prolif-
erating, turnover tissues (see Chapter 13, Section
13.2). Based on surviving stem cells within the
irradiated volume or area, or on stem cells migrat-
ing into the irradiated tissue from non-irradiated
sites, regeneration and restitution of tissue archi-
tecture and cellularity occurs, which should result
in complete or partial restoration of the radiation
tolerance.

or

Retreatment EDg (Gy)

O 1 1 1 1 1
0 1 2 3 4 5 6

Time before retreatment (months)

Figure 19.1 Retreatment tolerance of mouse skin at
different times after initial treatments with 15-37.5Gy.
The vertical scale gives the retreatment dose required
for a specified level of skin damage (EDg, for
desquamation). The shaded area shows the range of
EDg, doses for the same level of skin damage for
previously untreated mice. Adapted from Terry et al.
(1989), with permission.

Epidermis

Reports on the re-irradiation tolerance for early,
epidermal skin reactions in rodents are consistent
in demonstrating very good recovery from the ini-
tial damage with restoration of the radiation toler-
ance (Fig. 19.1). Recovery is faster after lower initial
doses and is inversely proportional to the extent of
(stem) cell kill (see Chapter 13, Fig. 13.3). After sin-
gle radiation doses that induce clinical desquama-
tion of the epidermis, complete restitution of the
initial tolerance has been observed after 2 months
(Terry et al., 1989). In another study with fraction-
ated irradiation, high initial doses, causing severe
acute damage, resulted in some residual damage
even after 6 months, with the consequence of
reduced tolerance (c. 80 per cent EQD,,, after
10 X 5Gy pretreatment), as demonstrated by
increased early responses, particularly to high
retreatment doses (Brown and Probert, 1975).

Oral and oesophageal mucosa

No preclinical animal data are available on
re-irradiation effects in oral and oesophageal
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Figure 19.2 Clinical scores of oral mucositis according to Radiation Therapy Oncology Group (RTOG)/European
Organisation for Research and Treatment of Cancer (EORTC) for four patients during their first course of radiotherapy
(solid lines) and during re-irradiation (dashed lines). Dérr et al., unpublished data.

mucosa. However, oral mucositis has been quanti-
fied after repeated radiotherapy courses with
treatment breaks. If these breaks are in the range
of 2 weeks, then mucositis developed with an
identical time-course and severity after each of
three treatment cycles (van der Schueren et al.,
1990). If the breaks are shorter, around 10 days,
then the severity of oral mucositis can even be
lower after a second cycle (Maciejewski et al.,
1991), as repopulation is still maximally active
and can effectively counteract the cell kill right
from the onset of re-irradiation.

However, early reactions after short treatment
breaks do not necessarily reflect the responses to
re-irradiation. Patients subject to re-irradiation in
the head and neck region after longer intervals of

2-3 years may present with mucosal erythema
(mucositis grade 1 according to RTOG/EORTC),
or even focal lesions, even before the start of the
second radiotherapy. More severe reactions (con-
fluent: grade 3) are frequently observed earlier
after re-irradiation than in the first radiation
series (Fig. 19.2). This indicates mucosal atrophy,
resulting in increased vulnerability and a reduc-
tion in the time required for cell depletion (see
Chapter 13, Section 13.2).

Bone marrow

The potential and extent of long-term recovery in
bone marrow is clearly dependent on the toxicity
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Figure 19.3 Changes in peripheral blood cell counts
(dashed line) versus number of haematopoietic stem
cell numbers in bone marrow (solid line). Earlier
recovery of the peripheral cell number is based on
stimulated transitproliferation, and does not reflect
recovery of the stem cell population (i.e. restoration of
radiation tolerance).

of the initial treatment. At high doses, in the range
used for total body irradiation as a conditioning
regimen for bone marrow/stem cell/progenitor
cell transplantation, the stem cell pool is irre-
versibly damaged and no recovery is possible
without an external supply of stem cells. At more
moderate doses, the first response of the bone
marrow is the stimulation of transit divisions (see
Chapter 13, Section 13.2), resulting in an increased
output of differentiated cells per stem cell division.
This counteracts cell depletion in the peripheral
blood at early time-points (Fig. 19.3), but regener-
ation at the stem cell level may take much longer
(Hendry and Yang, 1995). The toxicity of the initial
treatment must therefore be considered carefully
for re-irradiation, independently of blood cell
counts that may be critically misleading.
Restitution of stromal elements, which closely
interact with the stem—progenitor cell system in
the bone marrow, may take even longer than for
the haematopoietic system itself. At higher doses,
no regeneration occurs and the marrow is irre-
versibly converted into fatty tissue. Thus in mice,
irradiation with 6.5 Gy resulted in persistent dam-
age in the stromal and the progenitor compart-
ment after 1year; the effect was even more
pronounced when the initial exposure was fraction-
ated over 15 days. It has also been demonstrated in

25 7

n
o
1

EDj,, for reirradiation (Gy)

Urinary bladder

0 -7 T T T T T T T T T T T T 1

0 20 40 60 80 100 120 140 160 180 200 220 240 260
Time after onset of first treatment (days)

Figure 19.4 Retreatment tolerance of mouse urinary
bladder (early damage) at different times after
irradiation with 5 X 5.3 Gy over 1 week. The ordinate
indicates the retreatment EDg, required for a 50 per
cent reduction in bladder storage capacity (at 1-3
weeks after re-irradiation). The shaded area shows the
EDs, for the effect in previously untreated mice. From
Satthoff and Dorr, unpublished data.

mice and dogs that this residual injury is more
pronounced in neonates and younger animals
than in adults (Hendry and Yang, 1995).

Urinary bladder

The early response of the urinary bladder, pre-
senting as a reduction in storage capacity, is inde-
pendent of urothelial cell depletion, which would
not be expected during or shortly after radiother-
apy, based on long turnover times of several months
in this tissue (see Chapter 13). Re-irradiation tol-
erance of the urinary bladder with regard to early
reactions, assessed as a > 50 per cent reduction in
compliance capacity during the first 4 weeks after
treatment, has been studied in mice. After an ini-
tial treatment with 5 X 5.3 Gy (inducing reduced
compliance in ¢. 30 per cent of the animals), the
original tolerance was restored between 25 days
and 50 days (Fig. 19.4). Longer intervals were
required after higher initial doses. At late time-
points, reduced tolerance was found because of an
overlap between the acute response to the re-irra-
diation and the onset of late damage from the first
treatment.
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Late limb deformity

Retreatment dose (Gy)

Figure 19.5 Retreatment tolerance for late hind-limb
deformity in mice, as measured by fibrosis.
Re-irradiation was with 10 fractions at the dose per
fraction indicated on the abscissa, administered at 6
months after an initial treatment with 10 X 4 Gy or
10 X 5@y, or without previous irradiation. Redrawn
from Brown and Probert (1975), with permission.

19.3 LATE EFFECTS

Skin

Using hind-limb deformation as an endpoint for
late subcutaneous fibrosis (Brown and Probert,
1975), there is a clear reduction in tolerance for
re-irradiation after 6 months (Fig. 19.5). The effect
of re-irradiation was much more pronounced after
more aggressive initial radiation protocols
(10 X 5Gy vs 10 X 4Gy). Also, this effect was
markedly more prominent than for early skin reac-
tions in the same animals (cf. epidermis in Section
19.2). Further studies similarly suggest a signifi-
cantly poorer retreatment tolerance than for early
reactions. In general, a reduction to 50-70 per cent
of the EQD2,, is found after re-irradiation.
However, there are contradictory studies, where
very good retreatment tolerance has been demon-
strated for late deformity endpoints (e.g. in pig
skin; Simmonds et al., 1989). In the mouse study,
the reduced re-irradiation tolerance for late dam-
age may have been influenced by the severity of
early epidermal reactions in the first treatment,
based on the development of consequential
changes (see Chapter 13).

Retreatment LDy, (Gy)

L I 1 1 1 1 1 J
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Figure 19.6 Retreatment tolerance of the mouse lung.
The ordinate indicates LDsj values caused by
pneumonitis for retreatment at the indicated times
after priming treatment with 6, 8 or 10 Gy. The shaded
area shows the LDy, value for previously untreated
animals. Adapted from Terry et al. (1988), with
permission.

Lung

The response of the lung to irradiation occurs in
two waves: pneumonitis as a delayed early effect,
followed by late fibrosis. These effects, however,
are not independent (see Chapter 13), indicating a
strong consequential component. Moreover, the
pathogenic processes appear to be connected,
with continuous (subclinical) changes from the
time of the initial radiation exposure.

In a mouse study using death from pneumonitis
to evaluate lung re-irradiation tolerance (Terry
et al., 1988), there was complete recovery from an
initial dose of 6-8 Gy (approximately 30-50 per
cent of a full tolerance dose). The time to restitu-
tion was, depending on the initial dose, in the range
of 1-2 months (Fig. 19.6). After higher initial doses
(=70 per cent of the initial tolerance), re-irradiation
tolerance increased from 1 day to 3 months, at
which time tolerance was approximately 75 per
cent of tolerance in previously untreated mice. Yet,
at 6 months a decline in retreatment tolerance was
then observed. No later time-points were studied,
and hence it is unclear whether this trend con-
tinued or also occurred after lower initial doses.
The basis for the later decreased tolerance may be
the development of (subclinical) fibrosis.
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The remarkably good re-irradiation tolerance
of the lung demonstrated in experimental studies
only applies for the pneumonitis phase. It is likely
that retreatment tolerance for late lung fibrosis
may be poorer, although no conclusive evidence is
available.

Kidney

The kidneys are among the most radiosensitive of
organs, although the latent period before expres-
sion of clinically manifest radiation effects may be
very long, particularly after low doses. Progressive,
dose-dependent development of functional dam-
age, without apparent recovery, has been clearly
demonstrated in rodents (Stewart et al, 1989,
1994). This is consistent with clinical observations
of slowly progressive renal damage, which devel-
ops many years after irradiation. Based on the
known dose-dependence of renal radiation injury,
large initial doses (= 14 Gy) result in complete
loss of function and hence re-irradiation cannot
cause any further damage.

After subtolerance doses, the absence of any
clinically measurable renal dysfunction at the time
of retreatment certainly cannot be interpreted as a
sign that the tissue has regained full tolerance,
because of progression of the subclinical effects.
Experimental studies demonstrate that doses of
radiation too low to produce overt renal damage
nevertheless significantly reduce the tolerance to
retreatment (Stewart et al., 1989); none of these
studies has demonstrated any long-term functional
recovery of the kidney. After an initial dose of only
6 Gy (25 per cent of the EQD,,) the tolerance for
retreatment actually decreases with time between
2 weeks and 26 weeks (Fig. 19.7). This is consistent
with continuous progression of occult damage in
the interval between treatments and implies that
re-irradiation of the kidneys after any previous
irradiation should be approached with extreme
caution, if preservation of function is required.

Urinary bladder

Studies on the re-irradiation tolerance of mouse
bladder have also not demonstrated any recovery
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Figure 19.7 Dose-response curves for renal damage in
mice at 35 weeks after re-irradiation. Retreatment was
administered either 2 weeks (open circles) or 26 weeks
(closed circles) after the initial treatment with 6 Gy. The
response of age-matched control animals without
previous irradiation (open squares) is also shown. Renal
damage was worse for retreatment with the longer
26-week interval than for a shorter interval, indicating
progression of subthreshold damage rather than
recovery. From Stewart et al. (1989), with permission.

from late functional damage (as measured by
increased urination frequency or reduced bladder
compliance) for retreatment intervals of 12 or 40
weeks compared with short (1 day) intervals
(Fig. 19.8). The latent period before expression of
permanent functional damage was also much
shorter in animals that were re-irradiated than in
those after a single course of treatment, even after
low, subtolerance initial doses (Stewart et al.,
1990; Dorr and Satthoff, unpublished data).

Spinal cord

Spinal cord has been studied most extensively
with regard to retreatment, in various rodent
species and in non-human primates. Moreover,
clinical data are available. There is evidence for
substantial long-term recovery, indicating that
retreatment is feasible.

Analyses of data obtained on re-irradiation of
rodent spinal cord, using paralysis as an endpoint,
are illustrated in Fig. 19.9. In juvenile animals,
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Figure 19.8 Dose-response curves for late urinary
bladder damage in mice after irradiation with two doses
separated by 1 day (closed circles), 3 months (open
circles) or 9 months (open triangles). The total dose for
a given effect did not increase with increasing time
from first treatment. From Stewart et al. (1990), with
permission.
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Figure 19.9 Long-term recovery after irradiation of
rodent cervical cord. The total cumulative isoeffective
dose (for 50 per cent paresis) is expressed as a
percentage of EQD,,, (equivalent tolerance dose at

2 Gy) and as a function of the interval between initial
and re-irradiation dose. Data are for 3-week-old (open
circles) and adult (closed circles) rats. Data from Ruifrok
et al. (1992), White and Hornsey (1980), van der Kogel
et al. (1982), with permission.

long-term recovery started early and maximum
retreatment tolerance was observed after 1-2
months; the maximum total dose (initial plus
re-irradiation) was 120 per cent of the tolerance
for previously untreated animals (Ruifrok et al,
1992). The higher the initial dose was, the lower
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Figure 19.10 Total tolerance (initial plus retreatment)
of monkey spinal cord. Retreatment was performed
after 1-3 years after an initial dose of 44 Gy (i.e. 60 per
cent of tolerance dose at 2 Gy, EQD,,). All treatments
were given with 2.2 Gy per fraction. Data from Ang

et al. (2001), with permission.

was the tolerance to re-irradiation. In adult ani-
mals, restitution started with a delay of several
months and reached a maximum of ¢ 140 per
cent of the original tolerance after 5-6 months
(White and Hornsey, 1980; van der Kogel et al.,
1982). These data were confirmed in an extensive
study in rats for different levels of initial damage
(Wong and Hao, 1997).

An extensive re-irradiation study was per-
formed in non-human primates (Ang et al., 1993,
2001). In these experiments, an 8-cm length of
the cervical cord was initially irradiated with 20 frac-
tions of 2.2 Gy, which is equivalent to about 60 per
cent of the EDs, for a 50 per cent incidence
of paralysis (76 Gy in 2.2-Gy fractions). After 1,2 or
3 vyears the non-symptomatic monkeys were
re-irradiated with graded doses in fractions of
2.2 Gy. Only a few animals developed paralysis with
the retreatment doses administered; therefore, the
data must be compared at a 10 per cent incidence
level of paralysis rather than at 50 per cent. The re-
irradiation ED, increased from 55 Gy after 1 year,
to 59 Gy after 2 years to 66 Gy after 3 years. The
total EQD,,, for initial and retreatment doses
amounted to 150 per cent, 156 per cent and 167 per
cent for retreatment after 1, 2, or 3 years, respectively
(Fig. 19.10). Hence, despite a different time-course
in rodents and primates, the extent of long-term
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recovery in spinal cord, using paralysis as an end-
point, is similar, and may be adopted for re-irradia-
tion of patients.

Some clinical analyses of radiation myelopathy
after re-irradiation of spinal cord are available.
Nieder et al. (2006) summarized data from a total
of 78 patients re-irradiated to the spinal cord with
various regimens. Their conclusion was that, if the
interval between the two radiotherapy courses was
longer than 6 months, and the EQD, in each course
was < 48 Gy, the risk for myelopathy was small
after a total EQD, of 68 Gy. In a smaller series, no
myelopathies were seen after a cuamulative EQD,
of 125 per cent to 172 per cent, with intervals
between the series of 4 months to 13 years.

For calculation of the re-irradiation tolerance
for spinal cord, the initial tolerance must be
defined. Both human and primate data (Baumann
et al, 1994) demonstrate that, at an EQD, of
55 Gy, the incidence of myelopathy is clearly <3
per cent. At a dose of 60Gy, the incidence of
myelopathy is about 5 per cent for doses per frac-
tion < 2.5Gy and for one fraction per day. This
level of risk may be acceptable in a re-irradiation
situation, which is frequently the last curative
option for the patient. Assuming, for example,
that a patient received an initial dose to the spinal
cord of EQD, = 40 Gy, this leaves a 20-Gy tolerance
from the first irradiation. Restitution of 40 per cent
of the initial dose amounts to EQD, = 16 Gy;
hence re-irradiation with a dose of 36 Gy can
probably be administered to the spinal cord in 2-
Gy fractions. However, the dose to the spinal cord
is usually less than the dose to the PTV, which
must be included in the calculation of the initial
dose. Moreover, the pronounced fractionation
effect of the spinal cord can be exploited by
administering hyperfractionated re-irradiation.
Based on these considerations, re-irradiation with
a curative intent is often possible.

In an analysis of clinical cases of myelopathy
(Wong et al, 1994), the mean latent time before
clinical symptoms became manifest after a single
course of radiotherapy (EQD, = 60.5 Gy) was 18.5
months (n = 24). After re-irradiation to a total
dose of EQD, =74Gy (n=11), myelopathies
were observed after a significantly shorter mean
latent time of 11.4 months. These data are in line
with results from the preclinical studies.

Summary of experimental data

Figure 19.11 summarizes results from experimen-
tal studies for re-irradiation tolerance in tissues
where recovery following a range of initial treat-
ments has been evaluated. Both the initial and the
retreatment radiation exposures are shown as a
percentage of the tolerance dose for a defined level
of damage, calculated in terms of EQD,,, using
the appropriate o/ ratio for each tissue. The
dashed lines indicate the relationship that would
be expected if no long-term reconstitution of tol-
erance would occur. Data points for retreatment
above the dashed line (in skin, lung and cord)
indicate some long-term recovery in the tissue.
Where the data points fall below the dashed line
(kidney), this indicates a progressive reduction of
tissue tolerance with time after the initial irradi-
ation rather than recovery. The general conclusion
is that, on the basis of studies in experimental ani-
mals, several normal tissues are able to tolerate
considerable retreatment with radiation. The phe-
nomenon is not, however, universal.

19.4 CLINICAL STUDIES

In some clinical studies, overall incidences of side-
effects (without specification of the complications)
after primary or re-irradiation are compared; these
studies will be reviewed here. However, the vast
majority of the increasing number of clinical reports
on re-irradiation do not include data from simultan-
eous control groups with primary irradiation of the
same site, and hence do not provide quantitative
information. It must also be emphasized that most
of the clinical studies have enrolled patients over
long periods, and therefore provide only limited
information because of changes, for example, in
irradiation techniques and side-effect scoring.
Moreover, many studies include highly variable
radiotherapy (and chemotherapy) protocols and
curative as well as palliative treatment intent.

Head and neck

Kasperts et al. (2005) reviewed 27 retreatment
studies of head and neck cancer, where the second
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Figure 19.11 Summary of retreatment tolerance from experimental studies reported in the literature. Both the initial
and retreatment doses have been calculated as a percentage of equivalent tolerance dose at 2 Gy (EQD,). The dashed
line indicates the residual tissue tolerance if no long-term restitution occurred. Data points above the dashed line (in
skin, lung and cord) indicate some long-term recovery, while data below this line (kidney, bladder) point towards a

progressive reduction of tissue tolerance with time after the initial irradiation.

irradiation was performed as teletherapy or
brachytherapy, in combination with chemother-
apy or after surgery. Major late complications
were fibrosis, mucosal ulceration/necrosis, and
osteoradionecrosis. Despite the toxicity, they rec-
ommended high-dose re-irradiation. Similar side-
effects were reported by De Crevoisier et al. (1998)
in a series of 169 patients re-irradiated to cumula-
tive doses of 120Gy (re-irradiation 60-65Gy).
After initial irradiation with 68 Gy, plus 67 Gy in
the second series, Salama et al. (2006) found grade
4-5 late reactions (osteoradionecrosis, carotid
haemorrhage, myelopathy and neuropathy) in a
total of 18 per cent of the patients, with > 16 per
cent fatalities. Lee et al. (2007) re-irradiated 105
patients with head and neck tumours with 59.4 Gy
after initial doses of 62 Gy. Severe early and late
complications were found in 23 per cent and

15 per cent of the patients; the latter comprised
mainly temporal lobe necrosis, hearing loss, dys-
phagia and trismus. Lee et al. (2000) compared
late complications (excluding xerostomia) in
more than 3600 patients given a single course of
radiotherapy and 487 patients given a second
course of radiotherapy for nasopharyngeal carcin-
oma. The observed incidence of normal tissue
injury was clearly lower than expected in the
retreatment series, indicating partial long-term
recovery of the head and neck tissues, particularly
with intervals =2 years.

General conclusions from these and other
studies in head and neck tumours are that good
local control rates of over 30 per cent can be
achieved with total retreatment doses of at least
50-60 Gy, but that lower doses are ineffective.
Serious complications in up to 60 per cent of
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long-term survivors are generally associated with
higher total cumulative doses and short intervals
before retreatment.

Breast

Re-irradiation for breast cancer, as partial breast
irradiation, can be delivered either as conformal
external-beam irradiation (e.g. with electrons) or
as interstitial brachytherapy, with an acceptable
incidence of side-effects, but less acceptable results
with regard to cosmesis. After chest wall re-irradiation,
severe grade 4 reactions are observed in <10 per
cent of the patients (Harms et al., 2004).

Lung

In recurrent lung cancer, re-irradiation with doses
of 10-70 Gy (median 50 Gy, 1.8-3.0 Gy per frac-
tion) after initial treatment with 30-80Gy
(median 60 Gy, 1.5-2.0 Gy per fraction) was stud-
ied in 34 patients (Okamoto et al., 2002). No radi-
ation myelopathy was observed; major toxicities
were symptomatic pneumonitis (56 per cent) and
oesophagitis (18 per cent). Palliative retreatment
was associated with lower levels of oesophagitis
than the initial treatment and no increase in pneu-
monitis. The retreatment doses are, of course,
much lower than the initial doses and most patients
will succumb to their disease before late damage
(i.e. lung fibrosis) has time to be expressed.

Rectum

Re-irradiation for rectal cancer was carried out
with doses of 15-49.2 Gy plus fluorouracil (5FU)-
based chemotherapy after a median interval of 19
months (Mohiuddin et al, 2002). Cumulative
doses were 70.6-108.0 Gy. Early toxicity com-
prised = grade 3 diarrhoea, mucositis and skin
desquamation, requiring treatment breaks or ces-
sation (15 per cent); late sequelae were fistula
(4 per cent) and colo-anal strictures (2 per cent).
All toxicities were independent of radiation dose.
Valentini et al. (2006) studied retreatment (hyper-
fractionation, chemotherapy) after initial doses of

<55 Gy (median interval 27 months). Re-irradiation
doses were 30 Gy plus a boost of 10.8 Gy with
2 X 1.2 Gy per day. Late toxicities were skin fibro-
sis and urinary complications requiring nephros-
tomy at an acceptable incidence.

Cervix uteri

Early experience of retreatment for recurrent cer-
vical cancer was not encouraging. Local control
and survival rates were generally poor (10-20 per
cent long-term survival) and complication rates
were high (30-50 per cent). Several more recent
studies, in which patients were carefully selected
on the basis of volume and location of the cancer,
have demonstrated much better results, particu-
larly for retreatment using brachytherapy. In these
studies, long-term survivals of 60 per cent with a
severe complication rate below 15 per cent could
be achieved after full-dose retreatment. Favourable
conditions were small tumour volume, second
primary malignancies and retreatment with
brachytherapy; unfavourable conditions were
recurrent cancer, large tumour volume and retreat-
ment with external-beam therapy. Re-irradiation,
mainly by brachytherapy, of vaginal recurrences
of carcinomas of the cervix has been tried with
20—40 Gy in three to five fractions in 3—4 weeks
(Xiang et al., 1998). Side-effects were severe, with
rectal changes (14 per cent), haematuria (12 per cent)
and fistula (12 per cent).

Summary of clinical data

These clinical data clearly indicate that re-
irradiation is an option for patients with recurrent
or second tumours. However, the risk of normal-
tissue damage and impact on the quality of life, as
well as possible alternative therapeutic approaches,
must be taken into account. If a second course of
radiotherapy has to be administered, this should
be done with maximum care. Optimum conform-
ation of the planning target volume is required. For
radiobiological reasons, in order to reduce the risk
of late effects, hyperfractionation protocols should
be considered, at least for curative treatments.
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Key points

1. If the tolerance within a given tissue volume
has already been exceeded during the first
treatment, and loss of function is present or
expected soon, then re-irradiation is not
possible without loss of function.

2. For early effects, restitution of the original
tolerance may be complete after low to
moderate doses, and after tissue-specific
and dose-dependent time intervals. At high
doses, residual damage may remain for
longer intervals, particularly at the stem cell
level, which is not necessarily reflected by
the number of differentiated cells in the
functional tissue compartments (e.g. blood
cell counts for bone marrow).

3. For some late-responding tissues, partial
(central nervous system, lung) or complete
(skin) restoration of tolerance is observed
after low and moderate initial doses (< 60
per cent of the initial tolerance). For example,
spinal cord can safely be re-irradiated to a
total of 140 per cent of the initial EQD,.

4. In some late responding tissues (kidney,
urinary bladder), progression of damage at
a subclinical level must be expected, thus
precluding re-irradiation without exceeding
tolerance.

5. Alternative treatment options must be con-
sidered before re-irradiation.

6. If (curative) re-irradiation is to be adminis-
tered, optimum treatment planning (dose
conformation) and a proper choice of frac-
tionation protocol (hyperfractionation) are
required.
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20.1 INTRODUCTION: MOLECULAR
IMAGING AND ITS POTENTIAL USE IN
MODERN RADIOTHERAPY

Molecular imaging, also referred to as biological
imaging or functional imaging, is the use of non-
invasive imaging techniques that enable the visu-
alization of various biological pathways and
physiological characteristics of tumours and/or
normal tissues. In short, it mainly refers (but not
only) to positron emission tomography (PET)
and functional magnetic resonance imaging
(fMRI). In clinical oncology, molecular imaging
offers a unique opportunity to allow an earlier
diagnosis and staging of the disease, to contribute
to the selection and delineation of the optimal tar-
get volumes for radiotherapy and, to a lesser
extent, for surgery, to evaluate the response early
in the treatment or after its completion, and to
help in the early detection of recurrence (Fig.
20.1). From the viewpoint of experimental oncol-
ogy, molecular imaging may also facilitate and
speed up the process of drug development by
allowing faster and cheaper pharmacokinetic and
biodistribution studies.

For target volume selection and delineation,
anatomic imaging modalities such as computed
tomography (CT), and to a lesser extent magnetic
resonance imaging (MRI), remain the most widely
used modalities. Over the last few years, however,
the use of molecular imaging and in particular
the use of positron-labelled fluorodeoxyglucose
(FDG-PET) has become increasingly widespread.
Provided that appropriate tracers are used, molec-
ular imaging with PET enables the visualization of
the various molecular pathways in tumours,
including metabolism, proliferation, oxygen deliv-
ery and consumption, and receptor or gene expres-
sion, all of which may be important in the response
to ionizing radiation.

The goal of radiotherapy treatment planning is
to select and delineate target volumes (and organs
at risk) based on all the available diagnostic infor-
mation and on the knowledge of the physiology of
the disease (i.e. the probability of local and nodal
infiltration). This is done in part by using various
imaging modalities, which depict more or less
accurately the true tumour extent. The difficulty
with using imaging modalities is that none of
them has a sensitivity (no false negatives) or a
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Figure 20.1 Relative timescale illustrating the various opportunities for the use of biological imaging in oncology.

S/Rx Th/Ch, surgery and/or radiotherapy and/or chemotherapy.

specificity (no false positives) of 100 per cent.
Thus, false negatives and false positives for depict-
ing neoplastic processes occur.

How the sensitivity and specificity of a particu-
lar imaging modality influences the radiotherapy
planning process depends on the underlying objec-
tive of the treatment. If, for a particular disease, the
objective is to avoid missing tumour at any cost, a
highly sensitive approach needs to be selected. This
will give a lower specificity, resulting in inclusion of
non-neoplastic tissue into the target volume.
However, this approach reduces the likelihood that
neoplastic cells are missed. If, on the other hand,
the aim is to avoid including non-neoplastic cells
into the target volume to protect normal tissue, a
highly specific approach needs to be selected.
However, this reduces the sensitivity of the
approach and increases the risk of missing tumour
cells. Therefore, the additional use of PET in treat-
ment planning, and of FDG-PET in particular, has
assumed increasing importance to the point where
many radiation oncologists now believe that target
volume selection and delineation cannot be ade-
quately performed without the use of PET.

When incorporating PET into treatment plan-
ning, its sensitivity and specificity should be com-
pared with CT and with pathological verification
of tumour extent from surgical sampling, if avail-
able. The potential impact of PET on treatment
planning needs to be determined. For example, if
an additional lymph node is visualized with a new
imaging modality known to be more specific than

the standard modality, it might be legitimate to
increase the target volume(s) beyond what would
have been given using a standard procedure; con-
versely, if fewer nodes are visualized with a new
imaging modality known to be more sensitive than
the standard modality, it might be legitimate to
decrease the target volume(s) below what would
have been given using a standard procedure.

Table 20.1 summarizes data on the specificity
and sensitivity of FDG-PET and CT (or MRI) for
lymph node staging in lung cancer, head and neck
cancer, cervical cancer, oesophageal cancer and
colorectal cancer, comparing with surgical lymph
node sampling as the gold standard. In head and
neck tumours, CT and FDG-PET performed with
a comparable diagnostic accuracy. A potentially
interesting use of FDG-PET is in the staging of
node-negative patients (as assessed by other imag-
ing modalities) where the issue could be to avoid
treating the neck nodes if an FDG-PET examina-
tion also turns out to be negative. However, in the
node-negative neck, the sensitivity of FDG-PET,
compared with the examination of the pathology
specimen after a neck node dissection, is only
around 70 per cent (Stuckensen et al., 2000). This
is not surprising in light of the fact that in node-
negative patients who underwent a prophylactic
neck node dissection, microscopic nodal infiltra-
tion could nevertheless be observed in up to 30
per cent of cases (Shah, 1990). Thus the rather low
signal-to-background ratio of FDG and the lim-
ited spatial resolution of the cameras currently
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Table 20.1 Comparison between computed tomography (CT) (or magnetic resonance imaging, MRI) and
fluorodeoxyglucose positron emission tomography (FDG-PET) for nodal staging

Sensitivity (%)

Site CT FDG-PET
Head and neck cancer 36-86 50-96
Non-small cell lung cancer 45 80-90
Cervix carcinoma 57-73" 75-91
Oesophageal cancer 1-87 30-78
Colorectal carcinoma 29 29

Specificity (%)

CT FDG-PET Reference

56-100 88-100 Menda and Graham (2005)

85 85-100 Birim et al. (2005)

83-100" 92-100 Rose et al. (1999), Sugawara
etal. (1999), Reinhardt
etal. (2001)

28-99 86-98 van Westreenen et al. (2004)

96 85 Abdel-Nabi et al. (1998)

'CT or MRI.

preclude the detection of microscopic disease
with PET and, therefore, compared with anatomic
imaging modalities such as CT and MR, it is
unlikely that FDG-PET will be of any value in
selecting nodal target volumes in the neck.

Conversely, when evaluating the added value of
FDG-PET in non-small cell lung cancer (NSCLC),
the opposite is true. The sensitivity for staging of
lymph nodes in lung cancer is significantly higher
for FDG-PET than for CT. This implies that a neg-
ative PET scan could result in substantially
reduced target volumes and permit focusing on
the primary tumour.

In esophageal cancer, the sensitivity of FDG-
PET is similar to that of CT. Conversely, FDG-PET
is very specific for the staging of lymph nodes out-
side of the mediastinum (e.g. supra-clavicular or
coeliac lymph nodes). If such lymph nodes are
detected with FDG-PET, it is legitimate to enlarge
the selection (thus the delineation) of the target
volume (Vrieze et al., 2004).

In para-aortic lymph nodes of patients with
cervix carcinoma, although based on a limited
number of patients, FDG-PET is also reported to
be much more specific than CT or MRI, thus sup-
porting the inclusion of these nodes in case of
positive PET findings. It has also been shown that
FDG-PET positive findings in the para-aortic
region were a predictor of overall survival after
treatment with radiotherapy and chemotherapy
(Grigsby et al., 2001).

In colorectal carcinoma, FGD-PET was slightly
more specific than CT for the detection of lymph

node infiltration (Table 20.1), but owing to
the quasi-systematic use of preoperative chemo-
radiotherapy on the whole pelvis, the value of this
finding is unclear. However, it might be useful to sup-
port a change in the therapeutic management in cases
of a positive lymph node outside of the pelvic cavity.

The data in Table 20.1 were obtained with PET
cameras, whereas centres are increasingly being
equipped with dual PET/CT systems. Few system-
atic comparisons between the diagnostic accuracy
of standalone PET and integrated PET/CT have
been performed. Overall, diagnostic accuracy
might be improved by the use of dual PET/CT
cameras (Bar-Shalom et al, 2003; Antoch et al.,
2004). It is, however, interesting to note that,
although logistically more demanding, the per-
formance of the side-by-side PET and CT compar-
ison was almost as good as the dual cameras
(Antoch et al., 2004). Whatever the improved diag-
nostic accuracy of combined PET and CT exami-
nations, the results of more extensive comparisons
between PET/CT and PET alone have to be awaited
before definitive conclusions can be drawn.

20.2 IMAGE ACQUISITION AND
RECONSTRUCTION WITH PET

In oncology, PET has been used routinely as a
diagnostic tool for detection of lesions. By con-
trast, volume delineation on PET images appears
as a relatively recent trend in radiotherapy. In com-
parison with simple diagnosis, volume delineation
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requires greater care in acquisition, reconstruction
and processing of PET images, in order to mini-
mize the uncertainty on tumour boundaries and
achieve reasonable volume accuracy.

First, it is useful to recall some inherent limita-
tions of PET (Tarantola et al, 2003). For many
physical reasons (e.g. optimal size of detector cho-
sen for efficiency reasons, positron energy, etc.)
whose discussion is beyond the scope of this chap-
ter, the resolution of PET images is lower than
images from CT or MR: typical PET cameras have
about four times lower resolution than modern
CT scans, which explains the blurry aspect of PET
images. Also, because PET is an emission modal-
ity, its images suffer from a high noise level. The
injected dose of the tracer must be limited for
obvious radioprotective reasons. Moreover, many
positron disintegrations occur outside the field of
view of the PET camera where they do not con-
tribute to the image but can add additional noise
(scattered events). Both the low resolution and the
high noise level must be taken into account when
selecting suitable acquisition protocols and recon-
struction procedures. In summary, the best sensi-
tivity is achieved with three-dimensional (3D)
acquisition; this also allows a good trade-off
between tracer-injected dose, acquisition dura-
tion and patient comfort. Regarding reconstruc-
tion protocols, iterative algorithms such as
Ordered Subsets Expectation Maximization
(OSEM) is preferred, especially for accurate volu-
metric assessment. This reconstruction method is,
however, quite slow and may not be suitable for
routine diagnostic PET acquisition.

After the images have been reconstructed, fur-
ther enhancements can be achieved by filtering
and deblurring. Filtering aims at further reducing
the noise to enhance the gradient between the
background activity and the signal of interest.
When image quality is essential, as it is for auto-
matic segmentation, an anisotropic diffusion filter
or bilateral filter is preferred to the typical
Gaussian filter (Nagayoshi et al., 2005). A typical
example of what image filtering does is shown in
Fig. 20.2. Image deblurring aims at restoring
sharp edges between voxels of low activity and
those of high activity. Such methods require an
accurate knowledge of the resolution characteris-
tics of the PET camera. In addition, because of the

longer computation time required by those tech-
niques, small objects (with a size approximating
the resolution of the camera) cannot be correctly
segmented.

20.3 PET IMAGE SEGMENTATION

The accurate determination of the volume and
shape of the tumour from PET images remains a
challenge and an incompletely resolved issue.
Although most of the reports on the segmentation
of PET images have dealt with non-small cell lung
cancer, various methods have been already tested
to determine the outline of FDG-positive tissue in
patients with head and neck squamous carcinoma
(HNSSC) (Erdi et al., 1997).

The easiest and simplest method consists of
visual interpretation of the PET images and defi-
nition of the tumour contours by an experienced
nuclear medicine physician or a radiation oncolo-
gist (Ciernik et al., 2003). However, this method
appears highly debatable. First, the threshold level
of the PET image, which depends on the display
windowing, strongly influences the visual assess-
ment of the tumour boundaries. Moreover, the
visual delineation of objects is a subjective
approach that will necessarily lead to substantial
intra- and interobserver variability.

Within this framework, the development of
objective and reproducible methods for segment-
ing PET images has become crucial. The simplest
method relies on the choice of a fixed threshold of
activity (i.e. a given percentage of the maximal
activity within the tumour, for distinguishing
between malignant and surrounding normal tis-
sues). Using a fixed threshold of 50 per cent of the
maximal activity to automatically segment a pri-
mary tumour of the head and neck region,
tumour volumes delineated from PET images
with FDG were larger than those delineated with
CT in 25 per cent of the cases (Paulino et al,
2005). However, results from this study have to be
viewed with caution since the relevance of an
arbitrary fixed threshold appears questionable.
Indeed, it has been shown that the threshold
required to match macroscopic laryngectomy
specimens used as a ‘gold standard’ varied from
one specimen to another between 36 per cent and
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Figure 20.2 The principle of edge-preserving filtering. An ‘ideal’ positron emission tomography (PET) image consists of
two regions, one with a low activity and another with a higher activity (on left). The activity is depicted with bars of
varying height. ‘Real’ PET scanners do not yield noise-free images, and a simulation of a noisy real’ image is depicted
in the centre. From there, two different filters have been used. The top right image is obtained with a usual Gaussian
filter, whereas the bottom right image results from the application of an edge-preserving filter. This 'real’ image is

much closer to the ‘ideal’ image.

73 per cent of the maximal activity (Gregoire et al.,
2005). Reinforced by the absence of validation
studies, these data clearly illustrate that methods
based on fixed thresholds are not adequate for
accurately segmenting tumours from PET images.

The use of an adaptive threshold is an elegant
option that could eliminate the drawbacks of
methods described above. Adaptive thresholding
relies on a model that determines the appropriate
threshold of activity according to the signal-to-
background ratio. This method has been shown to
be accurate for segmenting PET images in a series of
pharyngo-laryngeal tumours (Daisne et al., 2004).
Although validated as a reliable segmentation
method, it nevertheless presents some drawbacks.
For example, it is unclear whether the method is
valid across different centres as it depends on so
many centre-dependent parameters such as the

camera and its point spread function (PSF), and the
reconstruction and filtering method. Also, this
method is not ideal for images with low signal to
background ratios, such as encountered in peritu-
moural inflammation induced by radiotherapy or
in undifferentiated tumours.

Gradient-based segmentation methods, which
are used for CT, cannot be directly employed for
PET because of its poor resolution. However,
image restoration tools, such as edge-preserving
filters and deblurring algorithms (see Section
20.2), partly overcome the problems of blur and
noise and may enable gradient-based segmenta-
tion techniques to be adopted. Preliminary exper-
iments have shown encouraging results with
segmentation of phantom objects and head and
neck tumours based on the combination of water-
shed transform and hierarchical cluster analyses



276 Molecular image-guided radiotherapy with positron emission tomography

Threshold-based

—

Raw image

Gradient-based

—

Image segmentation

Figure 20.3 Comparison between a threshold-based and a gradient-based method for the automatic segmentation of
a head and neck tumour during radiotherapy. The image is intrinsically noisier because of peritumoural radiation-
induced mucositis. The gradient-based method led to a more specific tumour segmentation. See colour plate section

for full colour image.

(Geets et al., 2007a). The main advantage of this
approach is that it is purely data-driven; no
underlying model or calibration curve is neces-
sary, except the knowledge of the scanner PSE
Consequently, both the applicability of the
method and its spread could be increased since it
could still yield a reasonable segmentation in dif-
ficult cases (e.g. an image with low signal-to-
background ratio), where threshold-based methods
usually fail. A typical example is the use of FDG-
PET during radiotherapy (Fig. 20.3). The combina-
tion of radio-induced mucositis, which increases
the background signal, together with the reduction
in tumour uptake secondary to the treatment
response, leads to a drastic decrease in signal-to-
background ratio. In this context, resolving the
residual tumour from the surrounding inflamma-
tory area requires powerful segmentation methods

that are able to detect gradient-intensity crests of
low magnitude and/or delayed imaging acquisition.

20.4 USING PET IMAGES FOR
TREATMENT PLANNING

Brain tumours

Unlike other tissues, the brain almost exclusively
metabolizes glucose to meet its energy demands.
Consequently, the accumulation of FDG in normal
brain tissue is very high and this limits the use of
FDG-PET for brain tumour imaging. Thus, com-
pared with MRI, FDG-PET provides additional
information for radiotherapy planning only in a
minority of cases. This is because of the small dif-
ference in contrast between viable tumour and
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normal white matter even for many high-grade
tumours. Because uptake of !'C-labelled methion-
ine (['C]-MET) in normal brain parenchyma is
low, MET-PET is superior to FDG-PET in the
assessment of tumour dimensions. The most
important radiolabelled amino acid tracers used for
brain imaging are !'C-labelled MET, '**I-labelled
a-methyl-tyrosine (IMT) and '®F-labelled O-(2)
fluoroethyl-L-tyrosine (FET). The short half-life of
[''C]-MET limits its clinical usefulness to centres
with on-site cyclotrons. However, FET is an attrac-
tive alternative, as it was shown that MET-PET and
FET-PET were equal in their ability to diagnose
vital glioma tumour tissue (Weber et al., 2000).

The uptake of MET is correlated to prognosis
and higher MET uptake has been seen in grade III
or IV gliomas, compared with low-grade gliomas.
Moreover, oligodendrogliomas tend to show a
higher uptake of MET than astrocytomas, which is
probably linked to oligodendroglial cellular differ-
entiation (Herholz et al., 1998). However, a number
of studies have provided controversial findings on
the accuracy of tracer uptake in determining
tumour grade (e.g. Schmidt ez al, 2001).

There are only limited data available on the use-
fulness of MET-PET in radiotherapy treatment
planning. Several studies have shown that the mar-
gins of tumours, as assessed by PET with amino acid
tracers, are frequently wider than those assessed by
MRI or CT (Jacobs et al., 2002). MET-PET detects
solid parts of brain tumours as well as the infiltra-
tion area with high sensitivity (87 per cent) and
specificity (87 per cent) and this phenomenon can
be even more pronounced in low-grade tumours
and diffuse gliomatosis because of their lack of con-
trast enhancement on MRI (Kracht et al, 2004).
Sensitivity and specificity of MET-PET in differenti-
ating between non-tumour tissue and low-grade
gliomas was 76 per cent and 87 per cent, respectively
(Herholz et al., 1998). In 14 patients of whom 13 had
low-grade astrocytomas, MET-PET was helpful in
delineating the gross tumour volume (GTV) in 27
per cent, whereas PET findings either correlated with
MRI (46 per cent) or were less distinctive in 27 per
cent (Nuutinen et al., 2000). In meningiomas, diffi-
culties in tumour delineation may occur as these
tumours frequently infiltrate and because contrast
enhancement in the normal tissues may be compa-
rable to that of the tumour. Meningioma borders

can be more accurately defined on the basis of MET-
PET/CT (Grosu et al., 2003; Sweeney et al., 2003). In
conclusion, MET-PET can be helpful in delineating
brain tumours for radiotherapy planning but more
studies, especially with the alternative FET, tracer are
needed to recommend its use in daily radiation
treatment planning (Grosu et al., 2005).

Head and neck squamous cell
carcinoma

As discussed above, the value of FDG-PET for the
selection of target volumes in the head and neck
area has yet to be demonstrated. Indeed, its sensi-
tivity and specificity for the assessment of head
and neck node infiltration does not differ signifi-
cantly from that of CT or MRI (Table 20.1).
However a study in 20 patients with mostly locally
advanced disease demonstrated an increase in
sensitivity with the use of a hybrid PET/CT com-
pared with CT alone and showed that PET/CT-
based radiation treatment would have significantly
changed the dose distribution (Schwartz et al.,
2005). These findings need to be confirmed
prospectively in larger study populations before it
can be implemented into routine use.

In contrast, FDG-PET has been shown to be of
value for the delineation of the primary tumour
GTV by comparing 3D registration of CT, MRI
and FDG-PET images of oropharyngeal, hypopha-
ryngeal and laryngeal squamous cell carcinomas
(Daisne et al., 2004). In a subset of laryngeal
tumours, the imaging modalities were also regis-
tered with the actual surgical specimen taken as a
‘gold standard’ It was found that MRI did not pro-
vide any added value to CT, either in terms of vol-
umetric GTV assessment or in terms of reduced
interobserver variability (Geets et al., 2005). In
contrast, FDG-PET demonstrated higher accuracy
in delineating GTV with a statistically significant
reduction in the target volumes. All three imaging
modalities, however, failed to visualize the extent
of superficial tumour, illustrating their limitations
in spatial resolution. Interestingly, the differences
observed between CT and FDG-PET for the GTV
delineation translated into significant differences
in clinical target volume (CTV) and planning tar-
get volume (PTV) delineation. When comparative
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Figure 20.4 Patient with a T4-NO-MO squamous cell carcinoma of the hypopharynx. The patient was treated using a
simultaneous integrated boost approach delivering a dose of 55.5 Gy (30 fractions of 1.85Gy) to the prophylactic
planning target volume (PTV; delineated in dark blue) and a dose of 69 Gy (30 fractions of 2.3 Gy) to the therapeutic
PTV (delineated in dark green). Comparison between a pretreatment computed tomography (CT)-based plan (left) and
adaptive fluorodeoxyglucose positron emission tomography (FDG-PET)-based plan (right). On both plans, only the CT-
based PTVs are depicted. A FDG-PET examination was performed before treatment and at 16 Gy, 24 Gy, 34 Gy and 44 Gy.
The dose distribution was adapted to the progressive reduction of the FDG-PET gross tumour volume (GTV). See colour

plate section for full colour image.

3D-conformal radiotherapy (CRT) plans were
made, FDG-PET-based plans were more confor-
mal than the CT-based plans and reductions in the
isodose volumes with subsequent reductions in
the dose to the surrounding normal tissues were
observed in the PET-based plans (Geets et al.,
2006). This could have important consequences as
it paves the way for possible dose escalation to the
target volumes; in a proof-of-concept study on 15
patients with head and neck tumours, it was
shown that an increase in dose per fraction (to
2.5 Gy and 3 Gy per fraction) could be safely deliv-
ered to the FDG-PET-based PTV during part of
the treatment (Vanderstraeten et al., 2006).
During a course of fractionated radiotherapy, it
is anticipated that both anatomical and functional
tumour changes will occur. Re-assessment of the
tumour during radiotherapy with subsequent
adaptation of the plan might thus allow a much
tighter dose distribution to the target volumes

with consequent decrease of the total irradiated
volume. In the hypopharynx, it has been shown
(Geets et al, 2007b) that the GTV progressively
decreases during radiotherapy and that adaptive
treatment could lead to a significant reduction in
the high-dose volume in some cases (Fig. 20.4).

Non-small cell lung cancer (NSCLC)

Fluorodeoxyglucose-PET has a higher sensitivity/
specificity for nodal staging than CT and
might thus alter the GTV either by detecting
unnoticed metastatic lymph nodes or by down-
staging a CT false-positive mediastinal nodal sta-
tion. Because of the particularly high sensitivity,
the second situation is more frequent (Table 20.1).
In a series of 44 patients, it was shown that FDG-
PET altered the stage of the disease in 11 patients
(25 per cent) by down-staging 10 of these patients
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Figure 20.5 This example illustrates the role of fluorodeoxyglucose positron emission tomography (FDG-PET) for
delineating the volume of a lung cancer. The images represent saggital (a) and axial (c) slices of a patient with a lung
cancer located in the left hilar region, with retro-obstructive atelectasis of the entire left lung, associated with a major
pleural effusion. The metabolic information provided by FDG-PET (b, d) shows that the tumour tissue is strictly located to
the hilum. The delineation of the tumour margins is easier and more accurate with the help of FDG-PET, allowing for a
significant modification of the target volume. See colour plate section for full colour image.

(De Ruysscher et al., 2005b). As a consequence, the
GTV based on FDG-PET was, on average, smaller
than the GTV defined on CT. In a simulation
study, it has been shown that for the same
expected toxicity to lungs, spinal cord and
oesophagus, the dose to the tumour could be
increased by 25 per cent, resulting in a potentially

higher tumour control probability of 24 per cent
for PET-CT planning compared with 6.3 per cent
for CT alone (De Ruysscher et al., 2005a). In addi-
tion to better detection of true positive lymph
nodes, FDG-PET further alters the definition of
GTV by discriminating tumour tissue from
atelectasis or necrosis (Fig. 20.5). Other studies
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have reported that FDG-PET alters the GTV in
22-62 per cent of the patients (Bachaud et al,
2005) and PET, especially PET-CT, imaging has
been shown to significantly reduce the inter-
observer variability, as well as the intraobserver
variability (Ashamalla et al., 2005; Fox et al,
2005). In a modelling study, it was reported in 21
patients with N2-N3 NSCLC that the use of PET-
CT for radiotherapy planning resulted in a lower
radiation exposure of the oesophagus and the
lungs, allowing a significant dose escalation to the
tumour (van der Wel et al., 2005).

To date, only a few studies have prospectively
included PET with FDG in radiotherapy planning
and actually addressed its impact on local tumour
control and survival. Selective mediastinal node
irradiation based on PET with FDG has yielded a
low rate of isolated nodal failure, suggesting that
reducing the target volume does not result in
worse local control (De Ruysscher et al., 2005b).

Some issues related to the use of PET in lung
cancer radiotherapy remain unresolved. First,
tumour delineation/contouring by PET is still
unsatisfactory, as discussed in Section 20.3. The
appropriate activity threshold to be used to auto-
matically delineate the tumour contours varies
with the size of the tumour and the tumour-
to-background ratio (Yaremko et al, 2005). It has
been suggested that the area of lower uptake
(which has been named the ‘anatomic biologic
halo’) immediately surrounding the most meta-
bolic part of the tumour be included in the GTV
defined from PET (Ashamalla et al, 2005).
Including this ‘halo’ resulted in a better dose cov-
erage of the PTVs. Standardization is needed,
since the use of different delineation techniques
for FDG leads to different GTVs (Nestle et al.,
2005).

The second methodological issue, of particular
importance in lung cancer radiation therapy, is
tumour motion during PET imaging and radio-
therapy. The PET images are usually acquired dur-
ing free breathing. Usual emission scan duration
for PET is 5-10 min per bed position for conven-
tional PET. For PET/CT, the short CT scan is used
for attenuation correction. To increase the accu-
racy of tumour volume delineation, respiratory
gating techniques should be implemented
(Boucher et al., 2004).

Esophageal tumour

As already discussed, FDG-PET is particularly spe-
cific for lymph node detection outside of the
mediastinum, which might help to optimize the
radiation target volume (Table 20.1). In an analysis
of the additional value of FDG-PET for optimiza-
tion of the CTV in 30 patients with advanced
oesophageal cancer (Vrieze et al., 2004), discor-
dances between conventional staging modalities,
including CT and oesophageal endoscopic ultra-
sound (EUS), for the detection of lymph node
involvement were found in 14 out of 30 patients
(47 per cent). In eight patients, the involved lymph
nodes were detected only on CT/EUS, which
would have led to a decrease in the CTV in three of
them if PET alone had been used. In contrast, PET
with FDG was the only detector of lymph node
involvement in six patients, resulting in a possible
larger CTV in three of these patients (10 per cent).
The authors concluded that the high specificity of
FDG-PET for lymph node detection justifies its
use for treatment volume adaptation in case of
positive findings, while the low sensitivity of FDG-
PET (i.e. false-negative lymph nodes) would give
an erroneous reduction of the CTV. Whether the
role of FDG-PET in esophageal treatment plan-
ning will lead to a therapeutic gain without
increasing the toxicity remains unanswered.
Another study evaluated the impact of CT and
FDG-PET in conformal radiotherapy in 34 patients
with oesophageal carcinoma referred for radical
chemo-radiation (Moureau-Zabotto et al., 2005).
After manual delineation of the GTV on both
modalities, CT and PET were co-registered. Image
fusion (GTV-PET was used as overlay to GTV-CT)
resulted in a reduction of the GTV in 12 patients
(25 per cent) and an increase in seven patients (21
per cent). Modification of the GTV affected the
PTV in 18 patients and affected the percentage of
lung volume receiving more than 20Gy in 25
patients (74 per cent), with a dose reduction in 12
patients and a dose increase in 13 patients. A similar
study was performed with an integrated PET/CT
scanner (Leong et al., 2004). Here, the GTV was
enlarged in 9 out of 10 (90 per cent) patients by
a median volume of 22 per cent (range 3-100
per cent) when PET with FDG information was
added to the CT-based GTV. In three patients, the
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PET-avid disease was also excluded from the PTV
defined on CT, which would have resulted in a
geographical miss. In 16 patients confirming the
possible role of FDG-PET/CT in radiotherapy
treatment planning for oesophageal cancer
(Howard et al., 2004), CT-derived GTVs were com-
pared with GTVs contoured on PET/CT images by
means of a conformality index (CI). The mean CI
was 0.46, suggesting a significant lack of overlap
between the GTVs in a large proportion of patients.
The use of PET/CT in treatment planning for
patients with oesophageal cancer is now being
evaluated in a prospective trial. Another prelimi-
nary finding on incorporating EUS and PET scan-
ning in the treatment planning process of 25
patients with oesophageal carcinoma showed that
the measured tumour length was significantly
longer on CT than on PET with FDG (Konski et al.,
2005). The authors concluded that PET could be
of additional help in the treatment planning.
Although EUS measurements of the tumour length
were as accurate as PET measurements, the results
of EUS are difficult to translate into the planning
process. A major drawback of this study was the
lack of comparison with pathology findings after
surgery.

Rectal cancer

The usefulness of FDG-PET for the initial staging
of colorectal cancer has been investigated.
Preoperative PET may be useful for the diagnosis
of the primary tumour, but it is of limited value for
detecting metastasis to the regional lymph nodes
(Table 20.1). The potential use of PET/CT in
radiotherapy planning for rectal cancer has been
addressed in only one study (Ciernik et al, 2005)
which evaluated the accuracy of target volume def-
inition with FDG-PET in 11 patients using an inte-
grated PET/CT system. They found that the
PET-defined GTV did not correlate well with the
pathologic tumour volume. However, this study
should be interpreted with caution, as there are
several methodological weaknesses. First, pre-
treatment PET/CT was compared with pathological
specimens obtained after preoperative chemo-
radiotherapy. Second, a fixed threshold was used
and a so-called ‘standardized region-growing

algorithm’ to segment the target volumes. This
procedure omits the selection and delineation of
the CTV, which contains all pelvic regions that are
at risk for subclinical disease in rectal cancer,
including the internal iliac lymph node regions
(Roels et al., 2006).

Although FDG-PET has a high sensitivity for
colorectal cancer, there are some limitations in
specificity, mainly owing to FDG uptake by
macrophages. This limitation becomes important
when assessing tumour volume during treatment
or when assessing response to chemoradiation, as
radiation induces mucositis of the rectal wall sur-
rounding the tumour. In this regard, efforts are
being made to develop new !'8F-labelled tracers
that might be more tumour specific.

Even if PET can provide additional functional
information, its usefulness in the treatment of rec-
tal cancer patients is still questionable and needs to
be evaluated in prospective trials using a strict
methodology. Its benefit might be of little interest
in preoperative 3D-CRT, as the total mesorectum
included in the CTV will be surgically removed
anyway. However, it may become more important
when ‘dose painting’ to relevant biological regions
is achieved with simultaneous integrated boost
techniques. Whether this in turn can improve
patient outcome in terms of local control and/or
sphincter preservation has to be tested in future tri-
als. Moreover, there remain problems that require
specific attention, such as image co-registration
and variations in patient setup, in organ motion
(e.g. bowel movements) and in organ shape (e.g.
bladder filling). The use of an integrated PET/CT is
the modality of choice when it comes to more accu-
rate registration in this site. However, there are still
small variations possible because of the elastic
properties of the rectal wall resulting in distortions
of the rectum (and tumour) during the time of
acquisition.  Displacements of the rectal
wall/tumour could also induce geographical misses
when dose escalation to small volumes is planned.

Cervix cancer

As already mentioned in Section 20.1 (Table 20.1),
FDG-PET appears to be of particular value in
detecting para-aortic lymph node involvement.
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Based on these findings, a proof-of-concept study
has been reported on four patients in whom FDG-
PET was used to guide intensity-modulated radia-
tion therapy (IMRT) treatments by altering the
GTV selection with inclusion of para-aortic lymph
nodes (Mutic et al., 2003). Fluorodeoxyglucose-
PET has also been used to delineate the GTV (fixed
threshold of 40 per cent of the maximum activity)
in 24 patients treated by brachytherapy and exter-
nal 3D-CRT (Lin et al., 2005). This preliminary
study has indicated the benefit of FDG-PET in
improving the coverage of large tumours.
However, confirmatory studies on larger series of
patients are needed before it is possible to ascertain
the exact role of FDG-PET for volume delineation
of cervix tumours.

20.5 THERAGNOSTIC IMAGING FOR
RADIATION ONCOLOGY

Recent developments in molecular imaging have
created opportunities to probe the heterogeneity
of the tumour biology. In addition to FDG, which
is likely to be a surrogate of tumour burden and
hence of clonogen density, tracers of hypoxia, such
as fluoromisonidazole (F-Miso), 3,3,3-trifluoro-
propylamine (EF3), fluoro-erythronitroimidazole
(FETNIM) or copper-diacetyl-bisN4-methylth-
iosemicarbazone (Cu-ATSM), of proliferation
such as 5-bromo-2'-fluoro-2’-deoxyuridine (BFU)
or 3'-deoxy-3'-fluorothymidine (FLT), and of
receptor expression such as epithelial growth fac-
tor receptor (EGFR), have been developed.

Among the PET tracers for hypoxia, F-Miso is
the most widely reported but no studies have yet
used the tracer to actually define a sub-GTV,
which would benefit from a higher radiation dose.
There are still several questions that remain open
regarding the use of these hypoxia tracers for
treatment planning purpose. For example, it is
still unclear whether all the tracers are imaging
similar biological characteristics, and thus could
be interchangeable. In a recent study comparing
F-Miso and EF3 in mouse tumour models, it has
been shown that these two tracers might not have
the same specificity for cellular hypoxia, and thus
may not identify identical hypoxic fractions
within a GTV (Mahy et al., 2008).

Fluorothymidine (FLT) is a tracer which
images DNA synthesis and cellular proliferation
by entering the salvage pathway of DNA synthesis.
It is thus not incorporated into DNA as the native
nucleotides. Amino acids, like FLT, are of interest
because they do not seem to accumulate in
inflammatory processes and could therefore pro-
vide a more specific tumour label (Been et al,
2004). Comparison between FLT and FDG-PET
imaging in colorectal cancer has demonstrated
lower standardized uptake value (SUV) values for
FLT compared with FDG. No correlation was
found between the uptake of both tracers, con-
firming that FLT and FDG detect distinct
processes. It has been found that FLT is a valuable
tracer for improvement of the specificity for the
detection of colorectal tumours. The lack of FLT
uptake in inflammatory cells, which are present
during and after radiotherapy and/or chemother-
apy, makes FLT a promising agent to measure the
response to anti-cancer therapy. Preclinical and
clinical studies in colorectal cancer show a good
correlation between FLT uptake and proliferation
(Francis et al., 2004). However, as FLT is not incor-
porated into DNA, results of clinical PET studies
with FLT should be interpreted carefully, taking
into account previous treatment and bearing in
mind that FLT uptake observed in vivo might
result from various mechanisms with possibly
divergent influences.

Although limitations certainly exist regarding
the use of these various tracers, their integration
into the treatment planning process could give a
clearer view of the biological pathways involved in
radiation response, and hence could be used to
‘paint’ or ‘sculpt’ the dose in various subvolumes
using IMRT. Along this line of investigation,
‘dummy run’ studies have been reported with FDG
and Cu-ATSM (Chao et al., 2001; De Ruysscher
et al., 2005a). Although these studies demonstrate
the feasibility of the concept of dose-painting, no
clinical validation has been undertaken.

In all the studies on target volume definition to
date, it has been assumed that, even when defined
with regard to specific biological pathways, GTVs
were homogeneous and did not vary during the
course of a radiation treatment. Hence, a radia-
tion dose homogeneously distributed in space and
time is delivered (i.e. a so-called four-dimensional
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homogeneous dose distribution. This is likely to
be an oversimplification of the biological reality,
as tumours are known to be heterogeneous with
respect to pathways of importance for radiation
response, and are also known to progressively
shrink, at least some of them, during treatment.
Bentzen (2005) has proposed the term ‘therag-
nostic’ to describe the use of molecular imaging to
assist in prescribing the distribution of radiation
dose in four dimensions (i.e. the three spatial
dimensions plus time). This is undoubtedly a chal-
lenging research topic, which could potentially rev-
olutionize the process of radiotherapy planning
and delivery. However, several issues need to be
resolved. From a planning point of view, the chal-
lenge will be to establish the correspondence
between a PET signal intensity (or a PET image
segmentation) and a prescribed dose, thus evolving
the concept of dose-painting into dose-painting by
number (Alber et al., 2003). We will also need to
develop the tools to register in space and time the
various images and the dose distributions acquired
throughout the therapy. To this end, non-rigid reg-
istration techniques will be required as tumour
and/or normal-tissue shrinkage is expected during
the course of a radiotherapy treatment. From a bio-
logical viewpoint, the challenge will be to relate a
change in tracer uptake to a change in the underly-
ing biology, thus requiring a comprehensive bio-
logical validation of the concept of dose-painting
or dose-painting by number in experimental mod-
els. However, although much research still needs to
be done, it is likely that during the next 10 years
these concepts and procedures will be increasingly
incorporated into clinical radiotherapy.

Key points

1. Molecular imaging is the use of non-inva-
sive imaging techniques (e.g. PET, fMRI)
that enable the visualization of various bio-
logical pathways and physiological charac-
teristics of tumours and normal tissues.

2. FDG-PET may be of benefit for the selec-
tion of target volumes depending on its sen-
sitivity and specificity for various tumour

types. Given the considerable range of PET
accuracies across different tumour types, its
role will not be identical in the different
tumour locations.

3.In using PET for volume segmentation,
image acquisition, reconstruction and analy-
sis need new standards favouring image
quality over reconstruction speed.

4. Observer-independent segmentation of PET
images is required for automatic delineation
of the GTV. Gradient-based methods appear
more robust than threshold-based methods,
especially in difficult cases (low uptake
and/or  peritumoural  inflammation)
encountered during radiotherapy treatment.

5. The use of molecular imaging for treatment
planning is under validation in various dis-
ease sites. It has shown encouraging results
in head and neck and lung tumours.

6. ‘Theragnostic has been proposed to
describe the use of molecular imaging to
assist in prescribing the distribution of radi-
ation dose in four dimensions — the three
spatial dimensions plus time. It is a challeng-
ing concept at the frontier between radiation
oncology, radiation biology and radiation
physics that still requires thorough testing.

7. Before proper validation of the use of vari-
ous PET tracers has been performed, and all
methodological aspects have been fully
optimized, it is reasonable to say that the use
of PET for treatment planning purposes
should not be used on a routine basis, but
should remain in the clinical research arena.
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21.1 INTRODUCTION

Combined radiochemotherapy is now firmly
established in clinical practice for a wide spectrum
of tumours. Randomized trials have shown that, in
many cases, this strategy may lead to better local
control and survival than radiotherapy alone. The
radiobiological basis for radiochemotherapy
and its current results are reviewed in Chapter 18.
In this present chapter we emphasize that,
despite their proven benefit, currently available
chemotherapeutic drugs are far from being perfect
for combining with radiotherapy (Krause
et al., 2006). Tumour cell kill by chemotherapy at
clinically achievable doses is minor compared with
that caused by radiation. Only in a relatively small
proportion of patients is chemotherapy suffi-
ciently effective to destroy subclinical metastatic
deposits. Normal tissue toxicity is frequently
increased after combined radiochemotherapy,
which may limit doses of drugs or radiation. For
these reasons it is obvious that more effective and
less toxic substances are needed to further improve
the results of systemic therapies combined with
radiation.

Substantial research is ongoing in the design of
so-called targeted anti-cancer drugs. These drugs,
also called molecular-targeted drugs, more or less
specifically interfere with those molecular path-
ways which keep cells alive, and which allow cells
to communicate with their environment and with
other cells, or which govern the response of cells
against stressors, including radiation. Important
examples of such molecular processes are outlined
in Chapter 23. Recent advances in the field of
biotechnology and cell biology have made it pos-
sible to unravel the details of this molecular sig-
nalling, and new pathways of molecular crosstalk
are being detected at a rapid pace. As many of
these pathways may be specifically inhibited or
modified, the number of novel biology-driven
drugs whose potential for radiotherapy warrants
evaluation is increasing rapidly.

Rationale for combining molecular-
targeted drugs with radiotherapy

Several reasons make the combination of molecular-
targeted agents with irradiation a promising
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Figure 21.1 Pattern of clonal regeneration of stem cells in the AT17 mouse mammary carcinoma after irradiation with
single doses of (a) 33 Gy, (b) 42 Gy and (c) 54 Gy under clamp hypoxic conditions. With increasing irradiation dose, the
number of colonies per section decreases, after 54 Gy only one surviving colony was found (arrow, close-up shown in d).
(e, upper) The number of surviving stem cells for individual AT17 tumours measured at day 19 after single dose
irradiation under clamp hypoxia; (e, lower) local tumour control (symbols) at 18-month follow-up and the calculated
tumour control probabilities (TCP, line) for AT17 tumours irradiated with the same single doses under clamp hypoxia.
The increase in local tumour control corresponds closely to the proportion of tumours without surviving stem cells.
From Krause et al. (2006), with permission.

avenue for preclinical and clinical cancer research
(Krause et al., 2006):

The radiobiological basis of the response of
tumours and normal tissues has been exten-
sively studied and can in many cases be
described not only qualitatively but also quan-
titatively (see Chapter 5).

The molecular mechanisms underlying the
radiobiology are being increasingly well under-
stood and may be specifically targeted (see
Chapters 2, 3 and 23).

Molecular targets are often differentially
expressed in tumours and normal tissues, offer-
ing a possible therapeutic gain (see Chapter 22).
Molecular-targeted agents are in themselves not
curative in solid tumours, whereas radiotherapy

is highly efficient in eradicating cancer stem
cells. As discussed in Chapter 5, it can be esti-
mated from Poisson statistics that on average
only 0.1-2.3 cancer stem cells per tumour sur-
vive at local tumour control probabilities
between 10 per cent and 90 per cent (i.e. in the
‘curative’ dose range). This means that recur-
rences after high-dose radiotherapy may be
caused by only one or few cancer stem cells.
This is illustrated in Fig. 21.1, where histologi-
cal sections of irradiated AT17 mouse mam-
mary carcinomas are compared with the
dose—response curve for local control in the same
tumour model. A unique feature of the AT17
tumour is that regrowth of surviving cancer
stem cells after irradiation can be directly visu-
alized and measured as colony formation
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in vivo (Kummermehr and Trott, 1997; Krause
et al., 2006). Figure 21.1a—c shows that, with
increasing dose, the number of colonies per
section decreases, and that after 54 Gy a single
surviving colony was found (close up shown in
Fig. 21.1d). Figure 21.1e shows the number of
surviving clonogenic cells per tumour for
groups of tumours treated with increasing
doses. The number of colonies per tumour
decreases and the proportion of tumours with-
out any surviving cancer stem cell increases
with increasing radiation dose. The histological
data correspond well with the observed rate of
permanent local tumour control after irradia-
tion in the same tumour model. Those tumours
that are not completely sterilized after irradia-
tion with doses in the curative range (in this
experiment >50 Gy) typically contain only one
to a maximum of 100 surviving cancer stem
cells. Thus, even if a novel molecular-targeted
agent has the potential to kill only a few cancer
stem cells, or if it interferes in mechanisms of
radioresistance of tumours, its combination
with radiotherapy may still lead to an improve-
ment in local tumour control.

Research strategies to evaluate
targeted drugs for radiotherapy

The large number of potential cellular target mol-
ecules and the rapid emergence of new drugs to
interact with these targets requires a rational,
radiobiology-driven approach for target selection.
Attractive targets for drugs to be used specifically
within the context of radiotherapy would be
(over)expressed in a high proportion of tumours
frequently treated by radiation, would not be
expressed by normal tissues surrounding the
tumour, would be linked to poor loco-regional
tumour control after radiotherapy alone and
would ideally be associated with known radiobio-
logical mechanisms of tumour radioresistance
(Krause et al., 2006). Identification of such targets
requires specific research on preclinical model
tumours and on tumour material of patients
treated by radiotherapy. The biological data
obtained from the tumours should be compared
with high-quality clinical outcome data which

incorporate comprehensive information on dose,
fractionation and known prognostic factors.
Appropriate multivariate methods should be
applied, not only in determining prognostic fac-
tors but also in assessing the results of biomarker
studies. A good example of rational target identi-
fication in the context of radiotherapy is the epi-
dermal growth factor receptor (EGFR), which will
be discussed below.

In developing new molecular-targeted agents
for use with radiation, the initial evaluation is typi-
cally performed on cells in culture. Endpoints
include inhibition of cell proliferation, and colony
formation after irradiation with and without drug.
However, it should be kept in mind that effects in
vitro do not necessarily translate into the same
effect in vivo. Typical problems are that higher drug
concentrations can be achieved in vitro than in
vivo, that the expression of target molecules may be
different in vitro and in vivo, that cell culture condi-
tions may significantly influence cell survival, and
that many microenvironmental factors that are
present in tumours (e.g. hypoxia, low pH, cell—cell
interactions) are usually not reflected in cell culture
(reviewed in Krause et al., 2006). However, because
of the high number of potential targets, there is
currently no practical alternative to initially screen-
ing molecular-targeted drugs combined with radi-
ation using in vitro models. Experiments on cells
in culture are also very important for unravelling
the mechanisms of action of effects observed in
animals or in clinical studies.

The final step in the preclinical investigation of
new targeted drugs for radiotherapy should
include experiments on tumour models in vivo.
The design and experimental endpoints of such
studies are discussed in Chapter 7. For the discus-
sion here, it is important to discriminate volume-
dependent endpoints such as tumour regression
or tumour growth delay from local tumour con-
trol. Those cells which may form a recurrence
after therapy (i.e. cancer stem cells) constitute
only a small proportion of all cancer cells, whereas
the bulk of tumour cells are non-tumourigenic
(Hill and Milas, 1989; Clarke et al., 2006). Thus,
changes in tumour volume after therapy are gov-
erned by the changes in the mass of tumour cells,
that is, primarily by the non-stem cells. In con-
trast, local tumour control is dependent on the
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Figure 21.2 Effect of epithelial growth factor receptor (EGFR) tyrosine kinase inhibitors (TKls) on the tumour volume of
unirradiated (a) and irradiated (b) FaDu HNSCC xenografts (40 Gy, 30 fractions, 6 weeks) and on local tumour control
after 30 fractions within 6 weeks (c). Open symbols, control tumours; closed symbols, tumours treated with the TKI
simultaneously with irradiation. Error bars show 95% Cl. Adapted from Baumann and Krause (2004), with permission.

complete inactivation of the subpopulation of
cancer stem cells (Baumann et al., 2008). The
majority of current preclinical studies in cancer
research use volume-dependent endpoints. This
carries a substantial risk that new treatments may
be optimized for their effect on the bulk of non-
stem cancer cells, with no improvement in the
curative potential. That there exist such different
effects of molecular-targeted agents when com-
bined with radiation on non-stem cells and cancer
stem cells is supported by several recent studies
that have shown a dissociation of tumour vol-
ume-dependent endpoints and tumour control
(reviewed in Krause et al., 2006; Baumann et al.,
2008). An example is shown in Fig. 21.2, in which
inhibition of the epithelial growth factor receptor
(EGFR) led to pronounced regression and growth
delay of the tumour without improving local
tumour control. Overall, these experiments sup-
port the principle that radiotherapy-specific pre-
clinical research strategies need to be applied to
test the efficacy of molecular-targeted drugs com-
bined with radiation, and that cancer stem cell-
specific endpoints such as local tumour control
should be used whenever possible (see Chapter 7).

Some s