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Preface

The ninth annual multidisciplinary symposium on clinical oncology
organized by the Royal College of Radiologists was jointly
arranged with the International Society for Radiation Oncology. It
was held in London in February 1987 and discussed the biological
and clinical basis of the effects of radiotherapy. Wherever possible
lectures by an experimental scientist were paired with those of a
clinical scientist in order to emphasize clinical relevance. It is
hoped that this has resulted in a widely balanced view of the
subject. The volume presents an updated version of these subjects
based on those talks.

After surgery, radiotherapy is the main treatment used in the
management of patients with cancer. Its empirical success when
first introduced is now backed up by a wealth of laboratory,
clinical and experimental experience. New techniques for adminis-
tering the conventional X-ray therapy have been supplemented by
methods which can be used to modify the radiation response.
These include changes in dose rate or fractionation, and combined
modality treatments including sensitization by drugs or heat.
Other types of radiation, such as neutrons and other particles, are
also now available which have enhanced physical and biological
advantages.

The symposium did not attempt to pass clinical judgement on
the various techniques. This would have needed a much larger
volume with a critical review of randomized studies, many of
which await initiation or completion. What it has attempted to do
is to emphasize the importance of the symbiotic relationship that
has developed between the physicist, biologist and clinician in this
important area of cancer treatment.
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1 Cellular Response to Radiation: Experimental

N. J. McNally

Introduction

Radiation is extremely effective at sterilizing cells. The amount of heat energy in
a cup of tea would be fatal to a man if it was delivered instead as X-irradiation.
This observation, in itself, makes the study of the biological effects of ionizing
radiation a fascinating subject. In addition, because radiation is so effective at
killing cells and therefore is widely used in the treatment of cancer, there is every
reason to devote considerable effort to understanding the mechanism whereby
cells are killed and how they can repair and modify radiation damage.

This chapter will be concerned with the lethal effects of radiation on
mammalian cells in tissue culture. Rather than reviewing the whole field of
cellular radiation biology it will concentrate on three areas, briefly considering
some recent developments and aspects of their relevance to radiotherapy. First,
it considers the shape of mammalian cell survival curves and some aspects of
recovery from radiation damage. Secondly, it reviews the mechanism of the
oxygen effect, how oxygen sensitization might be modified and effects at small
doses. Finally, the role of tissue culture techniques in the prediction of in vivo
tumour radiosensitivity is discussed. The general aim will be to demonstrate that
studies of basic mechanisms determining the lethal effects of radiation can, and
do, have implications for clinical radiotherapy and will continue to be central to
the field of radiation biology.

The techniques of tissue culture and their application to radiation biology
have been well described in a number of text books (Elkind and Whitmore 1967;
Hall 1978; Freshney 1983) and will not be discussed here.

Survival Curves and Recovery from Radiation Damage

The first mammalian cell survival curve was determined by Puck and Marcus in
1956, using cells from a patient with cervical carcinoma. Since then hundreds, if
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not thousands, of such curves have been published and all have one of three
shapes: exponential with or without a shoulder, or continuously bending
downwards with increasing dose. Fig. 1.1 illustrates these three conditions for
freshly cultured human diploid fibroblasts (Cox et al. 1977), for V79 Chinese
hamster cells (McNally and de Ronde 1976), and for cultured human T1 kidney
cells (Barendsen 1962). Various biophysical models have been developed to try
and explain the shapes of mammalian cell survival curves. A discussion of these
is outside the scope of this chapter, but the interested reader can refer to recent
reviews (Blakely and Eddington 1985).

The process whereby the absorption of energy is converted to a biological
effect, that is death of a cell, is very complex and involves both physicochemical
and biochemical mechanisms. At each stage there are opportunities for the cell
to modify the damage through radical and biochemical repair processes. The
existence of a shoulder to the survival curve implies some form of damage
accumulation process. According to target theory (e.g. Lea 1965) a cell must
accumulate a certain number (N) of hits or damaging events before it is killed;
any number less than this will be sublethal and the cell will survive. As the
radiation dose increases virtually all surviving cells will have received N—1 hits
and further cell killing will follow “one-hit” kinetics with the survival curve
becoming exponential. Target theory says nothing about whether or not cells
receiving N—1 or less hits can recover from these hits and so behave as though
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Fig. 1.1. Typical mammalian cell survival curves. Filled circles, human fibroblasts (Cox et al. 1977);
open symbols, V79 Chinese hamster cells (McNally and de Ronde 1976); crosses, human T1 kidney
cells (Barendsen 1962).
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they had not been irradiated at all. However, the demonstration by Elkind and
Sutton (1960) that mammalian cells can recover from this sublethal damage
(SLD) is explained qualitatively by target theory by postulating that given time
the cell can indeed repair the damage caused by these sublethal hits. This ability
of the cell to recover from SLD so that, given time (3-6 hours), the survival
curve shoulder is restituted, is of profound significance for fractionated
radiotherapy and is the principal reason why the total dose has to be increased
when it is given as a fractionated course.

The so-called repair theory is an explanation for the shape to the survival
curve. This has the repair of radiation damage leading to the restitution of the
shoulder of the survival curve as an inherent part of its conceptual framework. It
was first proposed by Powers (1962) and subsequently expanded by a number of
people (e.g. Alper 1979; Goodhead 1985). According to this theory, the
fundamental mode of cell killing is via single-hit kinetics. This induces lesions,
perhaps double-stranded breaks in DNA, which can either be fixed in a lethal
form within a given time, or are subject to enzymatic repair. The shoulder to the
survival curve arises because the repair process becomes saturated as more and
more lesions are induced with increasing dose. The initial slope then reflects the
induction of irreparable lesions and the final slope the induction of lesions in the
absence of repair. The capacity of the repair process is then reflected in the size
of the shoulder to the curve. An attraction of such a model is that it provides a
framework within which to search for repair mechanisms which could influence
shoulder size and perhaps be manipulated to therapeutic advantage. However,
as yet the nature of these mechanisms is still poorly understood.

An important question in relation to fractionated radiotherapy is whether or
not cells can undergo repeated cycles of damage and repair without damage to
their repair mechanism. Virtually all models concerned with the effects of
fractionated radiotherapy on normal tissues assume that the repair mechanism is
unaffected (e.g. Thames et al. 1982; Fowler 1983). Several in vitro studies have
addressed this question and most conclude that the repair capacity is decreased
with increasing number of fractions. In their pioneering studies of recovery from
sublethal damage, Elkind and Sutton (1960) exposed log-phase V79 Chinese
hamster cells to six fractions of 5.05 Gy 22 hours apart. The resulting survival
curve was as predicted on the assumption that the repair mechanism was
unaffected. A potential complication in the interpretation of these results is that
there would have been redistribution of cells through the cell cycle during the
fractionated irradiation. In order to overcome this problem, McNally and de
Ronde (1976) irradiated V79 cells in the plateau phase of growth when they were
in an extended G; phase. They found that cells exposed to five or more doses of
2 Gy 6 hours apart had a decreased ability to accumulate SLD (a reduced
shoulder to their survival curve) relative to unirradiated cells. In other words the
repair/recovery capacity decreased with increasing number of fractions. Zemen
and Bedford (1985) and Ngo et al. (1986) came to similar conclusions irradiating
C3H 10T3 cells.

If these observations were also to be true for cells irradiated in vivo, this could
have important implications for models used to predict the effect of changing
fractionation schedules. All such models assume equal effect per fraction, that
is that there is no change in repair capacity during fractionated irradiation (e.g.
Douglas and Fowler 1976). Two in vivo studies have specifically addressed this
problem. Joiner and Denekamp (1986) compared the effects of 8 or 20 fractions
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each of 4.5 Gy or less irradiating mouse skin. The effectiveness of each fraction
remained constant with no loss of repair capacity in going from 8 to 20 fractions.
Fisher and Hendry (1986) irradiated hepatocytes in vivo. They found equal
effect per fraction from each of 3 fractions of 8 Gy up to 70 fractions each of 1 Gy
assaying colony forming efficiency. It is clearly important to extend these studies
to other normal tissues, especially late-responding ones. These are the ones
which should be spared as smaller and smaller doses per fraction are used
because of the shape of the shoulder to their underlying cell survival curve
(Fowler 1983).

The reason for the different response of cells in vitro and skin cells in vivo is
not known. It may reflect the generally greater capacity of cells in organized
tissues in vivo relative to cells in tissue culture to absorb SLD (McNally et al.
1979). Whatever the explanation, as yet there is no reason to doubt the
predictions of models for the response of normal tissues to fractionation based
on an equal effect per fraction.

The Oxygen Effect

This section will consider some recent studies on the mechanism of the oxygen
effect and on the magnitude of oxygen sensitization at clinically relevant doses.
More detailed accounts of the oxygen effect and its potential role in
radiotherapy can be found in numerous reviews (e.g. Dische 1978; Alper 1979).

Radiation deposits its energy in biological material through the production of
highly reactive free radicals which can react with molecular oxygen to produce
organic peroxides capable of “fixing” the damage in a lethal form. In the
absence of oxygen these radicals can revert to the undamaged form. This oxygen
fixation hypothesis, first proposed by Alper (1956) and Howard-Flanders (1960),
provides a framework within which to try and identify the exact chemical species
and processes involved in the oxygen effect. In its simplest form the hypothesis
can be illustrated as follows:

(leading to

/ RH restitution)
qr —SH
\ok ROO® —— ROOH (leading to

2 fixation of damage)

Here R® is the initial target free radical. Electron-affinic sensitizers can mimic
oxygen in the fixation of the damage.

The experimental evidence that supports this basic mechanism comes in part
from ‘““fast-mixing” experiments whereby hypoxic cells are mixed with various
concentrations of oxygen prior to or after irradiation in times of the order of
milliseconds. For example, Watts et al. (1978) used a gas explosion technique to
show that the full oxygen effect was obtained when oxygen was in contact with
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cells for only a few milliseconds before irradiation. Recently, Michael et al.
(1986) have extended these studies and shown that fast chemical repair of
oxygen-dependent free radical damage is completed within 10-20 ms of
irradiation. They also showed that, when cells are depleted of their intracellular
thiols, the lifetime of the oxygen-dependent damage was extended. However,
only about half of the chemical restitution of the damage could be attributable to
intracellular thiols. The nature of the remaining repair process is not clear. It is
clear that there must be a hierarchy of potentially inactivating reactions which
may or may not require oxygen for their fixation. Those not requiring oxygen
may be difficult to repair and lead to cell death in hypoxia.

The fact that intracellular thiols are so important in the repair of free radical
damage has led to a number of attempts to manipulate the thiol level of cells and
so to modify their sensitivity and the extent of sensitization by oxygen and
radiosensitizers. The glutathione synthesis blocking agent, buthionine sulphox-
imine (BSO), has been used extensively in this respect (Griffith and Meister
1979). The basic radiobiological observation can be illustrated by data from
Hodgkiss and Middleton (1983). They found that treatment of V79 cells with
100 um BSO so as to reduce their glutathione content to 10% or less of the
control values had no effect on oxic cells but reduced the oxygen enhancement
ratio (OER) from 3.2 to 2.7. They further showed that a concentration of the
electron-affinic radiosensitizer, misonidazole, which had little effect on normal
hypoxic cells, gave a sensitizer enhancement ratio (SER) of about 2 in BSO-
treated cells. A similar result has been obtained in hypoxic tumour cells in vivo
(Yu and Brown 1984). This obviously raises interesting clinical possibilities
regarding the use of radiosensitizers with radiotherapy, and trials are already
planned for the use of BSO in man. However, it must be borne in mind that
radical repair is an important general mechanism of detoxification in man, and
treatments which reduce glutathione in vivo may compromise the ability of cells
to combat radical attack from other agents (e.g. alcohol damage).

Experimentally, measurements of cell survival, of DNA damage, and of
tumour control probability have all employed radiation doses typically greater
than about 4 Gy. In radiotherapy, however, the dose per fraction is usually in
the range 1-3 Gy. The question arises, therefore, of whether the OER at low
(clinical) doses, or the SER for electron-affinic radiosensitizers, is less than that
at higher doses. If the initial slope to the cell survival curve reflects the induction
of irreparable damage, one might expect that agents which modify the radiation
response would be less effective at low doses. A number of studies have shown
that both the OER and the SER (for misonidazole) are less at 2 Gy than at
higher doses (McNally and de Ronde 1976; Palcic and Skarsgard 1984; Watts et
al. 1986). Typically, the OER is reduced from 3 to 2.0-2.4. This is still
considerably greater than unity, so that methods to overcome resistance of
hypoxic cells will still be of importance for those tumours in which hypoxic cells
are limiting the probability of tumour sterilization.

The protective effect of hypoxia was one of the first observations made in
radiation biology. Studies of the oxygen effect continue to provide information
on basic mechanisms of radiation action. They have also led to new
developments in radiosensitization through the manipulation of cellular thiol
levels. These, in turn, are suggesting new approaches to overcome the resistance
of hypoxic cells in tumours. Thus, yet again, studies of basic mechanisms lead to
potential clinical applications.
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Predictive Assays

The previous two sections have been concerned with basic aspects of the cellular
response to radiation which, nevertheless, have led to new approaches in
radiotherapy. This section is concerned with a very practical application of the
techniques of tissue culture and the concepts of cellular radiation biology. It is
known that current clinical and pathological methods of staging and classifying
cancer are inadequate to predict with reasonable accuracy the response of
individual tumours to treatment. Yet the objective of treatment is to kill tumour
cells. Can any assessment be made of the radiosensitivity of individual tumour
cells which will be of predictive value and hence aid in treatment design? At
present it is fair to say that it cannot. However, various tests are being
developed, and progress is being made in the measurement of cellular
radiosensitivity of human tumours which may allow such predictive assessments
on individual patients to be made in the near future.

Since all the clonogenic cells in a tumour need to be killed if the patient is to
be cured, there can be no doubt that the intrinsic radiobiological properties of
the tumour cells must influence the total dose needed. These properties will
include parameters such as the initial slope to the survival curve, the capacity to
absorb and repair sublethal or potentially lethal damage, etc. It is doubtful
whether the terminal slope (Dg) to the survival curve will be of clinical
significance. First, the range of D, values that have been measured in human and
experimental tumour cell lines is not very great. Secondly, the doses used in
clinical practice are too small to be on the exponential part of the cell survival
curve.

Two approaches have recently been applied to characterizing tumour cell
radiosensitivity in a way that might match clinical tumour radiosensitivity.
Weichselbaum (1984) has classified early passages of human tumour cell lines
according to their ability to repair radiation damage. The correlation between
the radioresistance of the tumour type of origin and of the cultured cells’ ability
to repair potentially lethal damage was good in a general sense in that cells
derived from melanomas and osteosarcomas showed a large capacity to repair
radiation damage whereas cells derived from a neuroblastoma did not. These
studies point to the importance of repair capability as being a determining factor
in radiocurability, but it is doubtful whether such techniques, which require
some time (weeks or more) to establish the cell lines, will be of value as
predictive assays. They are, rather, identifying mechanisms which are impor-
tant, the manipulation of which may lead to better strategies for treatment.

An alternative approach first suggested by Fertil and Malaise (1981) and
extended by Deacon et al. (1984) has been to analyse the published cell survival
curves for established human tumour cell lines. They reasoned that since
radiotherapy is usually given in 2 Gy fractions, survival at 2 Gy might be an
important indicator of radiosensitivity. In both these studies the authors found
that for any given tumour type there was quite a wide range of surviving
fractions at 2 Gy, perhaps reflecting the known heterogeneity in response of that
tumour type in clinical practice. In addition, however, the mean surviving
fraction at 2 Gy correlated well with the known probability of tumour control.
For instance, Deacon et al. (1984) found that for neuroblastoma, lymphoma and
myeloma cell lines survival at 2 Gy varied from 0.08 to 0.4 with a mean of 0.2.
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For melanoma, osteosarcoma and glioblastoma cells the range was from 0.2 to
0.9 with a mean of about 0.54.

If it were possible to make these assessments of cell survival at 2 Gy on short-
term cultures from tumours prior to their treatment then such assays might be of
real predictive value. It was to this end that Brock et al. (1985) developed a
technique applicable to tumour cells assayed within about 14 days of obtaining
the biopsy material. They used multi-well plates coated with so-called Cell
Adhesive Matrix, a substance which aids cell attachment to the multi-wells. This
gives a high success rate for growing cells from a wide range of tumour types.
The procedure is to plate the same number (1000-2000) of freshly prepared
tumour cells in each of the 24 wells of the plate. They are then exposed to 0-5 Gy
in groups of four wells, 24 hours later. Between 12 and 14 days later the cultures
are stained with 0.1% crystal violet and the total amount of stain in each dish,
which is proportional to cell number, is determined using an optical image
analysis system. By relating this to the control value a measure of cell kill is
obtained and hence a survival curve for doses up to 5 Gy can be determined. The
method is surprisingly sensitive and these authors have been able to confirm the
correlations obtained by Fertil and Malaise, and by Deacon and colleagues. This
technique has the merit of speed, as an answer can be obtained within 2 weeks of
taking the biopsy. More development and characterization of the culture system
is needed, but it clearly has the potential to provide information that will aid
treatment planning on an individual patient basis.

Conclusions

Three aspects of cellular radiation biology, all of which have the potential to
contribute to improvements in the treatment of cancer by radiation, have been
reviewed. Without a continuing effort to understand the basic mechanisms
whereby radiation kills cells, cells can repair radiation damage and modifiers of
radiation response can act, progress in the practical treatment of cancer will be
essentially mechanical — improving beam characteristics, development of
dynamic conformational radiotherapy etc. Both routes to the improvement of
radiotherapy are required.
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2 Radiation Response of Tumours: Experimental

P. R. Twentyman

Introduction

In this chapter our knowledge regarding cellular radiation response and the
factors which modify it will be related to the volume changes and probability of
control of irradiated solid tumours. After a discussion of the different cell
populations present within solid tumours the cell population kinetics of the
neoplastic cells will be considered in more detail. The influence of factors related
to the three-dimensional geometry of the tumour, particularly hypoxia, will be
considered, and also the role of the tumour vasculature in radiation response.
Repair of sublethal damage (SLD) and potentially lethal damage (PLD) will be
dealt with and finally the relationship between the various end-points of tumour
radioresponsiveness will be discussed.

Cell Populations Within Tumours

Within the volume of a solid tumour there are many elements in addition to the
neoplastic cell population. The tumour depends for its growth upon a developing
blood supply and hence, at any given time, will contain capillary endothelial cells
and circulating blood cells. In addition fibroblasts and macrophages will usually
be present in significant numbers. In some tumour types, various elements of
extracellular matrix will occupy a considerable proportion of the tumour
volume. The neoplastic cell population is, itself, frequently heterogeneous with
regard to a wide range of parameters. Although the evidence suggests that most
human tumours are monoclonal in origin (i.e. they represent the progeny of a
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single neoplastic cell), it is accepted that clonal heterogeneity results from a
genetic instability present during tumour progression (Nowell 1976). From some
human tumour cell lines it has been possible to isolate distinct subpopulations of
cells with genetically stable differences in intrinsic radiosensitivity (Leith et al.
1982). If this is true for human tumours in situ it would predict that regrowth of a
tumour following an initial, subcurative course of therapy would occur from the
most resistant cells originally present and hence the recurrent tumour would
itself be more radioresistant. This is in accord with clinical experience.

Within many human tumours considerable differentiation is seen and it thus
appears likely that many of the neoplastic cells will have differentiated beyond
the point where the capacity for extensive proliferation is lost. If this process is
irreversible, these cells will be irrelevant with regard to the ultimate radiocura-
bility of the tumour. From this point of view the therapist will be concerned only
with tumour stem cells. Stem cells are those cells which retain the capacity for
unlimited self-renewal and hence the ability to regrow the tumour following a
subcurative course of radiation. The existence of such stem cells within tumours
has been inferred by analogy with normal renewal tissues such as. the bone
marrow or intestinal epithelium. Direct evidence that they exist as an
identifiable subpopulation distinct from the majority of the neoplastic cells is,
however, lacking. It is possible to make a cell suspension and grow colonies in
culture from single cells of both experimental animal tumours and human
tumours. The in vitro environment is, however, very different from the
environment within a solid tumour and so it would be wrong to equate the
proportion of in vitro clonogenic cells with the stem cell content of the in vivo
tumour. It does, however, seem likely from the evidence of in vitro cloning data
and from data regarding radiocurability of clinical tumours, that the proportion
of stem cells in many human tumours is very low.

Proliferation Kinetics of Neoplastic Cells

The radiosensitivity of cells varies at different phases of the cell cycle and there
are also changes in sensitivity which occur as cells leave the cell cycle and enter a
resting phase. It is therefore necessary to consider these factors in the context of
solid tumours. Additionally, in order to understand the volume changes which
occur following irradiation of a solid tumour, it is necessary to have a knowledge
of the factors which contribute to the unperturbed rate of tumour growth.
The viable cells within the malignant cell population have the potential for
extremely rapid growth. The cell cycle of some experimental rodent tumours can
be as short as 12-18 hours and the available data for human tumours suggests a
median intermitotic time of 2-3 days (Steel 1977). However, two additional
factors mean that the actual doubling time of tumours is very much slower than
these values would indicate. Firstly, many of the cells are not, in fact, actively
dividing, that is they do not comprise part of the growth fraction. Secondly,
there is a constant cell loss occurring from the population. The growth fraction
for experimental tumours is typically in the range 50%-80% and the cell loss
factor (i.e. rate of cell loss as a percentage of the rate of cell production) can be
as low as 10% or as high as 90%. For human solid tumours, growth fractions of
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20%-70% are typically estimated whilst cell loss factors can be as low as 40%, as
for sarcomas, or in excess of 90%, as for colorectal carcinomas or undifferenti-
ated bronchial carcinomas (Steel 1977). The net result of these two factors
means that volume doubling times of human tumours usually lie in the range of
30-150 days rather than the 2-3 days which is the cell cycle time.

The experimental observations regarding variations in cellular radiosensitivity
at different phases of the cell cycle and between dividing and non-dividing cells
are difficult to extrapolate to the situation in solid tumours. It remains unclear
whether re-assortment of cells around the cycle contributes to the improved
effectiveness of fractionated regimes of radiotherapy. There is, however,
evidence that human tumours with a high growth fraction tend to be more easily
controlled by radiotherapy (Tubiana 1983). If this is due to a relative
radioresistance of non-proliferating cells this could either be an intrinsic
difference, or be determined by the ability of such cells to recover from PLD
(see below). Alternatively it could indicate a tendency of tumours having a low
growth fraction to contain a relatively high proportion of hypoxic cells.

Tumour Vasculature

The growth and therapeutic response of tumours are dependent upon the
relationship between the neoplastic cells and the vasculature which supplies
them with oxygen, nutrients, etc. It was shown many years ago that mouse
tumour cells inoculated into an irradiated area of skin grew less well than those
inoculated into an unirradiated site (Hewitt and Blake 1968). This was attributed
to the compromised ability of the capillaries in the irradiated site to develop into
a tumour vasculature. It is currently believed that one mechanism by which
hyperthermia treatment can exert a preferential effect against tumours is by
selective damage to tumour blood vessels. Radiation damage to blood vessels is
thought to influence the pattern of regrowth of irradiated solid tumours. It is
frequently observed in experimental tumours that the initial stage of rapid
regrowth following irradiation slows considerably as the tumour passes its
treatment volume and then requires the development of new capillaries (Fig.
2.1) (Thomlinson and Craddock 1967; Curtis and Tenforde 1980).

Role of Tumour Geometry and Hypoxia

Thomlinson and Gray (1955) first postulated that tumours contain a proportion
of hypoxic cells located beyond the diffusion range of oxygen from the
developing vasculature. This idea was based on histological observation that,
in some solid tumours, cords of viable tumour cells are seen surrounding
blood vessels whereas regions of necrosis are seen at distances of greater than
150-200 um from the nearest vessel. This distance agrees well with the calculated
value of oxygen diffusion distance. It therefore seemed likely that cells would be
hypoxic for some period of time before losing viability. If such hypoxic cells do
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of 220-kV X-rays. Volumes have been normalized to unity on the day of irradiation. Numbers of
tumours irradiated at each dose are in parentheses. (After Curtis and Tenforde 1980, with
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exist in solid tumours, they will have profound implications for tumour
radiocurability as hypoxic cells are approximately 3 times less sensitive than fully
oxygenated cells to X or y radiation. The radiation response curve for cells from
a tumour with such a hypoxic fraction will initially be similar to that for oxic
cells. At higher doses, however, most oxic cells will have been killed and the
curve will become parallel to that for hypoxic cells. It is the extrapolation of this
terminal portion of the curve which will give a prediction of the dose required for
tumour control. Even for tumours with very small hypoxic fractions (say 1%) the
predicted dose is much higher than that for tumours with a fully oxic population
(Hall 1978).

Many human tumours have been shown to contain considerable regions of
necrosis and it has been assumed that they therefore contain hypoxic cells. It is
not necessarily true, however, that cells lose viability only because of diffusion-
limited hypoxia and hence must spend a period of time in a hypoxic, yet viable,
state. It could also happen that cells perhaps die due to lack of glucose or build-
up of toxic metabolites before becoming sufficiently hypoxic to modify their
radiosensitivity. In this case, areas of necrosis may not be significant and regions
of hypoxia may consist entirely of dead cells and debris. The balance of evidence
strongly suggests, however, that at least some human tumours contain a
population of viable, hypoxic cells. An alternative pathway to hypoxia could
occur if blood vessels within a tumour undergo cyclic occlusion. This would lead
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to periods of transient hypoxia in some regions. Such an effect has been
demonstrated in certain experimental systems but its clinical significance is
unclear. With regard to hypoxia, however, it should be remembered that cells
which are hypoxic during one dose of a course of fractionated radiotherapy may
not be hypoxic at the time of subsequent doses. Reoxygenation has been shown
to occur with widely differing time courses over the week following single dose
irradiation of animal tumours (e.g. van Putten and Kallman 1968; Howes 1969),
although the mechanism remains unclear. It is, however, likely to be a major
factor determining optimal fractionation in clinical radiotherapy.

Repair of Sublethal and Potentially Lethal Damage

The ability of tumour cells to repair SLD or PLD will influence both optimal
fractionation and the ultimate radiocurability of the tumour. There is no doubt
that both SLD (as demonstrated by split-dose irradiation experiments) and PLD
(as demonstrated by delayed subculture following irradiation of cells in the
plateau phase of growth) occur in some lines of cultured human tumour cells
over a period of 6-8 hours (Weischelbaum and Little 1983). Those authors have
found a clear relationship between the ability of cells from different types of
human tumour to repair PLD and the radiocurability of that tumour type. Other
workers, however, have shown a strong correlation between radioresponsive-
ness of different human tumours and the initial slope of the in vitro radiation
response curve (Fertil and Malaise 1981). A number of studies of human tumour
cells growing as solid tumour xenografts in immune-deprived mice have also
demonstrated the existence of PLD repair (Chavaudra et al. 1981).

Much attention has been focused on the question of the relative abilities of
oxic and hypoxic cells to carry out SLD and PLD repair. The balance of
evidence would suggest that hypoxic cells have a reduced ability to repair SLD
whilst being particularly efficient at carrying out PLD repair. It must, however,
be remembered that normal tissues can also repair both SLD and PLD. Optimal
fractionation will therefore be dependent upon a differential in SLD repair
between tumour and normal tissue in either its extent or timing. Furthermore,
strategies designed to inhibit repair of radiation-induced PLD will only be useful
if differential inhibition of repair in the tumour is achieved.

End-points of Radiation Response

Following irradiation of a solid tumour many complex changes occur within the
various cell populations which make interpretation of gross volume changes
extremely difficult. The main effect of the irradiation will be to damage the
reproductive capacity of dividing cells. This applies not only to the stem cell
population of cells with unlimited reproductive potential but also to cells which
have proceeded so far along the differentiation pathway that only limited
reproductive potential remains. The extent of this removal of proliferative



14 Radiobiology in Radiotherapy

potential (i.e. cell kill) will be determined during the time of irradiation and
immediately afterwards during PLD repair. The influence upon tumour volume
will, however, take days or weeks to become clear. As cell production grinds
almost to a halt following irradiation, the rate of tumour shrinkage will be
determined primarily by the norimal rate of cell loss. This implies that the initial
shrinkage rate will not depend to any great extent upon the radiation dose and
this has been shown to be true in a number of studies upon experimental
tumours (e.g. as in Fig. 2.1). Whilst this shrinkage is occurring, however, any
surviving stem cells of the tumour will have begun to repopulate. But if these
cells are only a small proportion of the total cells, very extensive repopulation
will have to occur before any influence upon tumour volume is seen. In some
instances in experimental tumour systems several orders of magnitude of stem
cell repopulation can occur whilst the tumour is still shrinking. Eventually,
though, the rate of cell production will exceed the natural rate of cell loss and the
volume will begin to increase.

Although in some studies of human tumours a correlation has been seen
between the early rate of tumour regression and the eventual outcome, this
relationship too is extremely complex. It has been calculated that under some
conditions the dose required to bring about complete regression of a 1-g tumour
may be only one-third of the dose necessary for long-term control (Tubiana
1983).

Conclusion

It should be clear from the discussion here that the complexity of population
heterogeneity, cell kinetics, tumour geometry and dynamic processes such as
reoxygenation make direct extrapolation from studies with cells in vitro to solid
tumours in the clinic extremely difficult. An appreciation of these complexities
will, however, assist in an understanding of why much development in clinical
radiotherapy has been empirical in nature and why significant observations in
the laboratory do not lead necessarily to improvements in treatment of patients.
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3 Normal Tissue Response to Radiation:
Experimental

J. Denekamp

Introduction

The effectiveness of radiotherapy in treating cancer is limited by the reaction of
the normal tissues inevitably included in the beam. Thus the prescribed dose is
actually determined by normal tissue tolerance rather than by the type or size of
tumour that is being treated. This is recognized in the many fractionation
formulae, such as nominal standard dose (NSD) or cumulative radiation effect
(CRE) calculations, for determining the total dose in two schedules that will give
equivalent normal tissue damage (isoeffective doses). The challenge is then to
find methods of changing radiotherapy practice in a way that allows an increase
in the effect on the tumour whilst maintaining an isoeffective exposure of normal
tissues. This is the aim in chemical modification of response with tumour
radiosensitizers or normal tissue radioprotectors, with accelerated or hyperfrac-
tionation and with adjuvant therapy involving cytotoxic drugs or hyperthermia.

The foregoing paragraph implies that normal tissues behave in a uniform way,
and that tumours behave in a different but also uniform way. Neither of these
implications is borne out by the experimental data. Tumours are widely
acknowledged to be heterogeneous populations, but it is perhaps less frequently
acknowledged that there are fundamental differences between different normal
tissues. The common custom of scoring acute skin reactions (both in the clinic
and in mouse experiments) and extrapolating from these in order to predict
whether a new treatment will have later life-threatening side-effects has recently
been shown to be quite misleading.

As regards fractionation effects there seems to be a similarity between many
acutely reacting tissues; these effects differ from those in late reacting tissues
(Withers et al. 1982). This difference seems to relate to the proliferation rate of
the clonogenic cells in each tissue, which in turn relates to the natural rate of
removal by wear and tear, i.e. the turnover time (Denekamp 1982, 1986). The
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vascular architecture is known to be important in the response to drugs, both
directly by affecting drug distribution and also more indirectly by influencing the
precise distribution of oxygen tensions, and perhaps of pH. Vascular
architecture also affects a tissue’s response to hyperthermia, as the ability to vary
blood flow — by capillary dilation, by opening reserve vessels and by shunts — is
of major importance in determining the ability to dissipate applied heat. This is
generally more effective in normal tissues than in tumours.

Lethality Studies

Whole body irradiation leads to death if a critical dose is exceeded. The dose
giving 50% survival is defined as the LDso. However, no single LDs, value can
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Fig. 3.1a,b. Schematic figure illustrating that lethality after whole body (a) or localized (thoracic:
b) irradiation occurs at different times and over different dose ranges as each tissue in the beam
develops its characteristic pattern of injury. (After Denekamp 1982.)
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be quoted without defining both the tissue at risk and the period of observation.
Approximately 100 Gy are needed to cause instance death in mice (from damage
to the central nervous system). A much lower LDs, is measured (approximately
13 Gy) if the animals are observed for 1 week; the deaths at between 3 and 5
days result from intestinal injury (Fig. 3.1a). Prolonging the observation period
to 1 month allows mice dying of bone marrow dysfunction to be detected, and
the LDs, falls to 7 or 8 Gy (Fig. 3.1).

The same type of phenomenon is seen after localized irradiation of, for
example, the thorax (Fig. 3.1b). Oesophageal damage leads to deaths within 40
days and the LDs, is about 30 Gy. At much later times (3-6 months) the
surviving mice develop lung damage and the LDs; falls to about 12 Gy.

These examples of single dose LDs, values emphasize that the tolerance dose
differs markedly from one tissue to another, and that the time of expression of
injury is characteristic for each tissue. There appears to be a threshold dose
below which radiation is safe, with a steep response beyond that, leading from 0
to 100% deaths over a narrow dose range of only 10% or 20%. In conventional
clinical practice this threshold, or tolerance dose, is fairly well established for
many tissues (Rubin and Casarett 1968). It is well recognized that superficial
epithelial damage is expressed rapidly, during or shortly after the course of
therapy, whereas deeper tissues such as lung, kidney and spinal cord express
their damage months or even years later. Using the immediate reaction to
predict the severity of late reactions may be useful for detecting genetically
abnormal, radiosensitive individuals (for example those with ataxia telangiecta-
sia). However, in normal individuals it is not safe to predict the altered late
response to a change in fractionation schedule or to a combined modality
therapy from early reactions (Denekamp 1986). For this reason it is important to
understand the biological principles underlying normal tissue responses.

Mitotic Death

Ionizing radiation can damage every molecule in a cell, but DNA is by far the
most sensitive target molecule. Base damage and/or strand breaks are inflicted,
which can be removed by a variety of repair enzymes. Some of this repair
restores the chromosomal material perfectly to its original state, but imperfect
repair (misrepair) may leave altered genetic codes or even lead to reassortment
between chromosomes by exchange of chromatids or chromosomal fragments
(Hall 1978; Alper 1979; Curtis 1986). If unrepaired or misrepaired lesions
persist, the cell can usually function perfectly well. However at the time of a
subsequent mitosis the DNA is unevenly distributed and an under- or over-
dosage of genetic material leads to cell death. Thus, after irradiation cell death is
not detectable until the cells attempt to divide (with the exception of the
lymphocytes and gonads). After low doses cells may succeed in dividing once or
twice, and then fail. After higher doses the genetic damage is more severe, and
death occurs at the first division.

This mitotic death is the reason why damage is expressed at different times in
different tissues. In the intestinal mucosa the mean intermitotic interval, often
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called the cell cycle time, for crypt cells is about 12 hours. After 10-15 Gy dead
cells are detectable within hours in the crypts. Normal wear and tear on the villus
removes differentiated cells, which are not replenished as normal from the crypt.
Within 3—4 days the villus become flattened and totally denuded. Fluid and
electrolyte balances are then disturbed and bacteria gain access to the
bloodstream. Thus failure of crypt cell proliferation ultimately leads to death
from dehydration and systemic infection within a week. It has been demon-
strated, using an in vivo colony forming assay, that the critical cells are in the
proliferative compartment, that is the crypts (Hornsey 1973).

Depletion of proliferative cells in other tissues is also occurring. In the bone
marrow, where the stem cells have a cell cycle time of about 24 hours, cell death
is manifest within a day or two, but the circulating cells derived from the marrow
before irradiation continue to function. Thus white cell depletion becomes
important over a period of days to weeks, whereas the erythrocyte count
remains essentially normal. The fall in white blood cell count leads to a failure to
combat systemic infections even if the gastrointestinal epithelium has completely
recovered, and deaths occur over 2—4 weeks.

Table 3.1. Correlation of cell turnover time and expression of radiation injury

Tissue Cell cycle time Labelling  Turnover time Time of expression Time of onset of
(hours) index (days) of radiation injury compensatory
(%) (days) proliferation

(days)

Intestine 12 20 34 2-5 2

Skin 100 5-10 15-20 10-30 10-15

Oesophagus Not known 5-7 4 4-20 3

Lung Not known ~0.1 30-100 90-180 > 40

Kidney Not known ~0.1 100-200 100-200 > 40

Bladder Not known 0.1 350 180-350 >180

A similar correlation of time of expression of injury with turnover time can be
demonstrated for other tissues (Table 3.1). In general the tissues with slow
turnover show very little uptake of the DNA precursor tritiated thymidine
(*HTdR). These tissues show late expression of injury. Tissues that turn over
rapidly have a high *HTdR labelling index and express their damage early. An
important consequence of this behaviour is the pattern of compensatory
proliferation in response to radiation damage. Tissue depletion is recognized
within 2 days in the intestine and a burst of even faster proliferation occurs to
heal the tissue, with the cell cycle time shortening to 6 hours. In skin, where the
cell cycle time is normally 100 hours, depletion is recognized after 1-2 weeks and
the cycle then shortens in the healing phase to less than 1 day. In bladder,
kidney, lung, spinal cord and other slowly proliferating tissues the SHTdR
labelling index is very low and no detectable proliferative burst occurs for
months (Denekamp and Fowler 1977).
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Phase Sensitivities

Cells in different stages of the cell cycle have different radiosensitivities (Sinclair
1972). This is illustrated in Fig. 3.2. Generally cells in mitosis are most sensitive
and those in DNA synthesis (the S phase) most resistant, while cells in G; and
G, phases have intermediate sensitivities. In cells with a long G; phase there
may be several different types of sensitivity at different parts of that phase.
When an asynchronous, that is normal, population is irradiated the cells in the
sensitive phase are most readily killed, whilst those in the resistant phase
predominate among the survivors. The doomed and surviving cells cannot be
distinguished at this point, but functional tests such as the response to another
dose of radiation show that the population shifts from having a greater
radioresistance to an increasing sensitivity to radiation as the survivors move
through the cycle towards the mitosis at which the doomed cells will die. Since
rapidly and slowly proliferating tissues have different fractions of the population
in S phase and mitosis the overall sensitivity can be expected to differ.
Moreover, rapidly proliferating cells will quickly reassort into more sensitive
phases after a first dose and will soon redistribute into an essentially
asynchronous state again. Slowly proliferating cells may progressively become
more and more resistant to a series of fractionated doses because their
reassortment will be proportionately slower.
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Fig. 3.2. Variation in the sensitivity of V79 cells in vitro when they are irradiated as synchronized
cells in different parts of the cell cycle (data from Sinclair 1972). The left-hand graph shows survival
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fraction of cells in the S phase after mitotic shake off coincides with the time of the highest surviving
fraction. (After Denekamp 1986.)
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Mitotic Delay

One of the non-lethal aspects of radiation damage is that it delays the
progression of cells around the cell cycle. The most marked delay is seen in G,
phase, where cells are arrested before attempting mitosis. Indeed, so many cells
accumulate here that the mitotic index, that is the fraction of cells in mitosis, can
fall to zero for a time that is dose dependent. These cells then enter mitosis in a
cohort and an increased mitotic index may be observed. The time from
irradiation to recovery of the mitotic index is termed the mitotic delay, and it is
dose dependent (Fig. 3.3). Fig. 3.3a shows plucked and unstimulated skin (with
cell cycle times of 47 and 100 hours respectively) and two cell lines irradiated in
vitro. Each system shows an increasing mitotic delay with dose which is
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Fig. 3.3. a Mitotic delay is proportional to dose in four different systems, but the delay is longer in
the cells with the longest cell cycle time (T¢). b If the data are expressed as a percentage of the cell
cycle time the four sets of data can be fitted by a common line. (After Denekamp 1986.)
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approximately linear, but differs from system to system. It ranges from about 10
to 100 hours delay for a dose of 15 Gy. If the data are normalized and expressed
as a fraction of the cell cycle time they fit reasonably well to a single line, with a
delay equivalent to approximately one cell cycle being induced by 15 Gy
(Denekamp 1982).

This arrest of the cells in G, phase will increase the synchrony induced by
differential phase sensitivities and reassortment. The cell cycle dependence of
the delay means that in slowly proliferating tissues doomed cells will take even
longer than might have been expected to attempt mitosis, fail, and express their
loss of clonogenic potential.

The Cellular Basis of Tissue Response

It is clear that radiobiologists think of normal tissue injury (and of local tumour
eradication) in terms of sterilizing the clonogenic precursor cells, which then fail
to maintain the supply of functional differentiated cells. There is ample evidence
that this is an important component of the response. So many normal tissues can
now be assayed by clonogenic techniques, which allow colonies from individual
survivors to be recognized, that a monograph has been published listing these
assays (Potten and Hendry 1985). But the emphasis on the quantitation of cell
survival — in the radiobiological sense of retaining proliferative capacity — should
not blind us to the fact that tissues have varying degrees of complexity and of
interdependence of different cell types (see papers in Hendry et al. 1986). A
simple epithelium, such as skin, can recover and function well even if the
clonogenic cells are depleted to 0.1% or even 0.01%. However, in the kidney,
where a functioning nephron is a self-contained unit of about 1000 cells, it would
clearly be disastrous if less than 1 cell per nephron survived. In intestine,
individual crypts contain about 250 cells, of which 150 are proliferating, but if all
these are lost adjacent surviving crypts may enlarge or even subdivide to form
two new crypts. In lung, several different cell types are needed to maintain the
fully functioning alveolus (surfactant-producing cells, epithelial cells, endothe-
lial cells) and the appropriate balance of these must be maintained. Thus
although cell killing is the basis of tissue injury the complex biology of each
tissue will determine the impact that a certain level of cell depletion has on that
particular organ’s function. These factors all combine to determine the overall
tolerance dose (see papers in Hendry et al. 1986).

Practical Applications of Radiobiology

Over the last decade techniques have been developed that allow much better
quantitation of normal tissue injury in a wide range of tissues. Because of the
excellent resolution that can now be obtained, radiobiologists have been able to
study the influence of different radiations, different chemomodifiers and
different fractionation schedules in great detail. Two examples of fractionation
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are shown in Figs. 3.4 and 3.5. In these examples an identical style of experiment
has been used, with the dose progressively being subdivided into twice as many
fractions for each curve. The loss of function (i.e. the observed ‘“‘effect’”) when
plotted against dose gives well-defined dose-response curves (Figs. 3.4a and
3.5a). The sparing effect of fractionation is similar for skin and kidney from 1 to
16 fractions, but beyond that the two tissues differ in their response. Little
further sparing is seen in skin when the dose is subdivided into 32 or 64 smaller
fractions, but a great deal of extra sparing is seen in kidney. When the data are
translated into reciprocal dose plots, back extrapolation gives a measure of the
a/B ratio, which reflects the amount of reparable to irreparable injury. If the
value for a/f is low, e.g. 3 Gy for kidney, this implies a very curvy response at
low doses for the underlying survival curve (Fig. 3.5¢c). If the a/f value is high,
e.g. 10 Gy for skin, it implies an almost linear killing with dose at low dose levels
(Fig. 3.4c). (For further details of these analyses consult Douglas and Fowler
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Fig. 3.4a—. Fractionation studies in skin (from Douglas and Fowler 1976). a The raw dose-
response curves. b The reciprocal dose plot shows that the data can be fitted quite well to a straight
line extrapolating back to —10 Gy. ¢ The underlying dose-response curve, reconstructed by
assuming that the full effect is caused by a single dose, half that effect by each of four fractions, etc.

1976; Fowler 1984; or Thames & Hendry 1987; also Chaps. 6 and 7 in this
volume.)

Some recent reviews of various topics of interest are listed in Table 3.2.
Several clinically important findings have emerged. Early and late reacting
tissues behave differently to hyper- and hypofractionation. The degree of
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Fig. 3.5a—c. Fractionation studies in kidney (from Stewart et al. 1984). a The curves for 16, 32 and
64 fractions show more separation than those for skin. b Because the total dose varies with
fractionation over the whole range, the reciprocal dose plot is steeper and extrapolates back to a
value of —3 Gy. ¢ The derived underlying survival curve is curvier than that shown in Fig. 3.4 for
skin.

additional sparing when doses are subdivided below 2 Gy is minimal for skin and
other early reacting tissues, and for most tumours. By contrast considerable
extra sparing is seen in kidney, lung and other late responding tissues. The
corollary is that 15-20 larger fractions of 34 Gy instead of 30 X 2 Gy can be
disastrously effective on a slowly responding tissue like kidney, whereas 60 Gy
will have almost the same effect on skin or on tumours regardless of whether it is
given in 2 Gy or 3 Gy fractions.
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Table 3.2. Reviews of topics relating to normal tissue response to radiation

Cellular basis of tissue response Potten and Hendry (1985)
Hendry et al. (1986)
Cell kinetics and tissue response Denekamp and Fowler (1977)
Denekamp (1984, 1986)
Fractionation Fowler (1984)
Thames and Hendry (1987)
Fast neutrons and other high linear energy transfer radiation Field (1976)
effects Raju (1980)
Fowler (1981)
Hyperthermia Dethlefson and Dewey (1982)
Combined chemotherapy and radiotherapy Sutherland (1982)
Radiosensitizers: effects on normal tissues Adams et al. (1978)

Stewart et al. (1982)
Chapman and Whitmore (1984)
Radioprotectors Nygaard and Simic (1983)
Denekamp (1984)

Acutely responding tissues can compensate for much of the damage inflicted
over 6-8 weeks by increasing their production of new cells as the tissue depletion
is recognized. Thus skin, intestinal and buccal mucosa can “repair” or heal much
of the inflicted injury if a 2-week gap is inserted half-way through treatment.
This reduces immediate morbidity, as well as increasing patient comfort and
therefore compliance with the protocol. However, no such sparing occurs in the
more slowly proliferating tissues which will ultimately give rise to the life-
threatening morbidities months or years later. Tissue healing only commences
when tissue depletion is recognized, and in kidney, lung, heart, skin, brain,
bladder etc. this has a latent period of many months. Thus it is dangerous to
assume that relieving early symptoms will lead to a corresponding alleviation of
late injury. There is no support for this concept from the biological studies in
rodents.

Effects of Associated Therapy

Radiosensitizers

Some tumour radiosensitizers, such as BUdR or IUdR, are incorporated during
the S phase and therefore the degree of radiosensitization is proportional to the
amount of DNA synthesized during the period of exposure to the agent. Thus
rapidly proliferating tissues are more susceptible to damage than tissues with a
long cell cycle time. BUdR is also a sensitizer to ultraviolet radiation (in
sunlight) and therefore skin can be the limiting tissue for a reason unrelated to
the X-rays. With IUdR this is less of a problem.

Other radiosensitizers are believed to have specificity for tumours because
they are only effective on cells which are short of oxygen. Such cells are common
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in poorly perfused tumours but are rare in well-vascularized normal tissues
(Adams et al. 1978; Chapman and Whitmore 1984). However, a knowledge of
tissue architecture and vasculature shows that certain parts of the testis and
non-vascularized cartilage are at risk from sensitizers such as misonidazole or
hyperbaric oxygen. The clinical studies with hyperbaric oxygen have indeed
shown some sensitization of cartilage (Henk 1981).

Radioprotectors

Thiol compounds (or tourniquet hypoxia) can be effective radioprotectors.
Thiols compete with oxygen to oxidize or reduce products of radiolysis (Yuhas et
al. 1980; Denekamp 1984). Thus they are most effective in conditions where the
oxygen supply is just barely adequate, for then the balance for competitive
reactions is most finely balanced. They are ineffective in anoxia or in very high
oxygen tensions. The exact degree of oxygenation of the critical cells in a tissue
will therefore determine the effectiveness of a radioprotector, which varies
widely from tissue to tissue. The most promising thiol in the clinic (WR2721) is a
phosphorylated compound which requires cleavage of the phosphate group
before it can enter cells and before the thiol group becomes accessible. The
dephosphorylation probably occurs close to the walls of the blood vessels, where
phosphatases are produced. Since tumour endothelia are lacking or show low
levels of alkaline phosphatase, this may explain why the compound seems to be
actively excluded from solid tumours in vivo. Thus, the biochemical action of
certain tissue components may influence the effectiveness of such a pro-drug
that requires activation.

Hyperthermia

The effect of heat as an adjunct to radiotherapy is well documented (see Chaps.
17 and 18). Therapeutic benefit may accrue from increased tumour response.
However, the side-effects of heat on normal structures are: sensitization to
radiation damage and direct thermal burns. The direct effects are always seen
within hours of heating, whereas the radiosensitization may remain concealed
because the pattern of development of damage is the same as after radiation
alone (Hill and Denekamp 1987). Thus the late morbidity is a worrying
limitation of localized hyperthermia if this is combined with radiation doses that
are already close to the tolerance limit.

The precise vascular pattern and the presence of reserve vessels and/or
arteriovenous shunts differs from tissue to tissue. It is the ability to increase
blood flow that allows normal tissues to dissipate the heat applied locally during
hyperthermic therapy; poorly perfused tumours do not have this capability.
Thus the tumours may actually reach a higher temperature than the normal
tissue, which also gives a therapeutic advantage. If blood flow is too rapid,
however, or if the fraction of cardiac output going to that tissue is too high, the
net result of effective heat dissipation may be a considerable rise in total body
temperature.
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Summary

If the biological principles dictating the response to a modifying agent are
understood it is possible to focus on the relevant characteristics of normal tissues
which will limit a novel radiotherapy schedule. These may relate to cell kinetic
parameters, cell-cell interdependence, biochemical peculiarities or vascular
physiology. These principles have been extensively studied in small rodents and
a significant body of data is now available to act as a guide to the clinician.
Although direct extrapolation from mouse to man cannot be made because of
differences in life span, metabolic rates and absolute organ size, nevertheless the
principles can be applied, allowing new modalities to be approached with an
appropriate degree of cautious optimism.
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4 Measurement of Human Normal Tissue and
Tumour Responses

G. Ross and J. R. Yarnold

Introduction

The scarcity of quantitative measures of normal tissue damage and tumour
response in patients undergoing radiotherapy is an obstacle to the clinical
evaluation of new treatment strategies. Retrospective studies of complications in
critical normal tissues taught important lessons in the past concerning the
potential dangers of hypofractionation (Singh 1978). However, it is unethical to
use serious complications as planned end-points in prospective studies. One aim
of this paper is to review the desirable characteristics of clinical end-points
required to compare alternative treatments employing radiotherapy, with
empbhasis on simple scales applied by clinicians or even the patients themselves.

Characteristics of Human Normal Tissue End-points

It is clear that the concept of a single target cell type is misleading and that a
simple relationship is not expected between killing of target cells and visible
damage or functional loss in a tissue or organ. There is increasing reliance on
functional assays even in animal studies aimed at exploring the pathogenesis of
radiation injury at a cellular level. This has important implications for the choice
of end-points applied in clinical practice, where the commonest questions are
concerned with measuring the effects of treatment rather than exploring
mechanisms of tissue damage. It is inappropriate to develop human counterparts
of laboratory end-points originally designed to help answer biological questions.
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The priority is to develop clinical end-points which help to answer therapeutic
questions.

Arbitrary graded scales of normal tissue injury can be powerful tools. For
example, the use of a 6-point scale of acute skin reactions was applied by Fowler
and his colleagues to record acute skin reactions in a series of classic pig
experiments. They assigned precise quantitative values to the importance of
fraction size and overall treatment time in determining the level of acute
reactions to a course of fractionated radiotherapy (Fowler et al. 1963). The scale
described six levels of effect, viz. no reaction, faint erythema, erythema, marked
erythema, moist desquamation of less than half the irradiated area, moist
desquamation of more than half the irradiated area.

Clinical scales of normal tissue damage should have the following attributes:

Clinical relevance
Reliability

Dose-effect relationship
Sensitivity

Feasibility

A fractionation trial conducted by the UK Radiotherapy and Oncology Study
Group may be used to illustrate the choice of appropriate end-points. In women
given breast radiotherapy after local excision for early stage breast cancer, the
aim of the trial is to identify a fractionation schedule based on 13 fractions over 5
weeks which is equivalent to a daily schedule delivering 50 Gy in 25 daily
fractions to breast via tangential fields. The equivalence, or lack of it, can be
compared in different terms. Fibrosis might be scored subjectively using graded
arbitrary scales applied by independent observers on the basis of breast
palpation. Alternatively, the development of an objective score based on
densitometry of computerized tomographic scans through the breasts or
mammograms could be considered. These measures of fibrosis might have
biological significance but their relationship to breast cosmesis may not be clear
enough to be relied upon as the sole end-points. Breast cosmesis must therefore
be scored in its own right and this can be approached in a number of ways using
observer ratings or patient self-assessments.

Reliability is the next most important requirement of a clinical scale. Unless
the scale is repeatable a high level of variance may obscure important differences
in levels of normal tissue damage between patients. If objective measures are
applied, repeatability is optimized by standardizing the conditions of measure-
ment. For example, the measurement of skin erythema using reflectance
spectrophotometry involves the avoidance of wide variations in ambient
temperature in the clinic and the calibration of the machine using standard filters
prior to each measurement. In an analogous way, the criteria used to define
subjective scales must be standardized as carefully as possible. Reliability is
improved by using more than one independent observer.

A clinical scale must vary in a dose-related fashion over the range of interest.
For example, if telangiectasia is being used as a late end-point of skin damage,
increments of radiation dose must be associated with increments of effect
throughout the proposed scale.

With regard to the sensitivity of clinical scales, they need be no more precise
than the clinical problem demands. In practice, 4-point scales are ample for most
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clinical situations and even so it is quite common to compress a scale when
analysing the results. For example, in the evaluation of subcutaneous fibrosis in
men previously treated by radiotherapy preceded or followed by chemotherapy
for testicular teratoma, a 6-point scale was originally drawn up (none, minimal,
mild, moderate, marked, severe), which was soon compressed to a 4-point scale
for the purposes of examination (none, mild, moderate, severe) and further
compressed to a 2-point scale for the purposes of analysis (Yarnold et al. 1983).
The 6-point scale was cumbersome and failed to yield extra information
concerning the effects of drug sequence on the incidence and severity of
radiation-induced induration.

Finally, the utility of a clinical end-point of normal tissue damage depends
partly on how easy it is to apply. There are practical and ethical constraints on
tissue biopsies and sophisticated physiological tests which are time-consuming
and arduous for patients to undergo. It is not possible to define rigid rules in this
respect because individual patients may be willing to undergo repeated
evaluations for the sake of a research project. On the other hand, end-points for
application in large clinical trials must be of the simplest kind.

Application of Human Normal Tissue End-points

Graded Scales and Trial Design

The unknown relationship between arbitrary scales and target cell survival or the
survival of functional units is not a serious disadvantage but has implications for
how end-points are applied. Arbitrary scales are not necessarily linear and the
quantitative relationship between a given level of clinical effect and the killing of
putative target cells or tissue sparing units is usually unknown. It is therefore
misleading to represent a dose—effect relationship in the form of a dose-response
curve as shown schematically in Fig. 4.1. For example, one cannot assume that a
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Fig. 4.1. Potentially misleading representation of a correlation between radiation dose and a
graded scale of normal tissue injury.
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severe effect represents three times as much damage as a mild effect. This has
implications for how end-points are applied in clinical trials, where it is not
possible to compare differences in the levels of normal tissue damage recorded
using arbitrary scales in a quantitative manner. A good trial design for testing
the anti-tumour effect of alternative radiotherapy regimes aims to compare
schedules which are isoeffective in terms of normal tissue damage. The
demonstration of equivalence between two schedules in terms of normal tissue
injury requires that graded scales are sensitive to differences considered to be
clinically important.

For example, the previously mentioned breast fractionation trial is a three-
arm study (see Table 4.1). Schedule II of the trial is isoeffective with schedule I
according to a modification of the Ellis formula (Orton and Ellis 1973). There is
evidence that this empirical formula predicts late effects in the skin accurately
when modest changes in fraction size within the range 2—4 Gy are employed, but
as a precaution schedule III of the trial represents a 12% dose reduction
(Turesson and Notter 1984a,b). Schedules II and III of the trial serve to test the
sensitivity of the end-points used to measure normal tissue damage, viz. fibrosis
based on palpation and breast cosmesis based on photographs. When 600
patients have been accrued and followed for several years it will be possible to
say which of the unconventional schedules more closely resembles the
conventional arm. There is an analogy here with the experimental design used in
animal models to measure dose-modifying factors (such as sensitizer enhance-
ment ratios) by means of tumour growth delay assays (see below).

Table 4.1. Randomization of the breast fractionation trial conducted by the UK Radiotherapy and
Oncology Study Group

Schedule Total No. of Time Dose Tumour
dose fractions (weeks) per dose
(Gy) fraction fractionation
(Gy)
I 50 25 5 2 83
I 42.9 13 5 33 83
11 39 13 5 3.0 73

Timing and Reporting of Assessments

The timing of acute normal tissue reactions is determined mainly by the kinetics
of the normal tissue, but differences between radiotherapy schedules may have
an important influence on how and when comparative measurements are made.
For example, when daily fractions of 2 Gy are used, mucositis in the oral cavity
and pharynx becomes visible at about day 19. It then increases in severity
steadily during a 6-week course of therapy and subsides over several weeks after
the end of treatment. When experimental schedules of 1.6 Gy three times per
day are introduced the mucositis appears earlier, reaches a higher peak (forcing
a halt in treatment) and then subsides more quickly than after the end of a
course of conventional treatment (Van der Schueren et al. 1983). In patients
having these different forms of radiotherapy it would be inappropriate to
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Fig. 4.2. Schematic representation of oral mucositis in patients receiving either conventional
fractionation (a) or multiple fractions per day (b). RT, radiotherapy.

compare mucositis on the same day counted from the start from treatment (see
Fig. 4.2). Serial measurements would be preferable but it would be misleading to
compare the biological level of mucositis in terms of the area under the curves
represented in Fig. 4.2. The reason for this has been mentioned, namely that the
quantitative relationships between different levels of the mucositis scale are not
known. If the comparison is required in strictly clinical terms, it may be better to
use patient self-assessment scales to determine the tolerance to two different
patterns of acute reaction.

In late responding normal tissues such as the brain, kidney, lung and vascular
endothelium, the latent period between radiation exposure and expression of
damage is foreshortened with increasing dose. This is a feature characteristic of
hierarchical tissue organization, but even so it is usual to wait several years
before scoring late tissue damage (Wheldon et al. 1982). In scoring late skin
damage at least, the severity of injury at 2 years appears to predict quantitatively
the levels of injury at 5 and 8 years (Turesson and Notter 1986). This is a
valuable clinical observation based on careful experiment and is consistent with
the expectations of a hierarchical system.

Most reported complication rates take no account of the period of follow-up
and are extremely difficult to interpret. It should be routine practice to report
complication rates using actuarial or life-table methods; this has obvious
advantages for comparisons between studies.
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Effect of Different Modalities

When radiation is combined with a different modality such as a cytotoxic agent
or hyperthermia the same normal tissue scales may not be trustworthy if the
pattern of damage is altered. An analogy is the use of complete response as an
end-point of effect when radiotherapy is used with hyperthermia. Whereas
complete response is a useful prognostic sign after radiation alone, complete
tumour shrinkage is common after hyperthermia even in tumours destined to
exhibit rapid regrowth.

Specific Examples: Lung and Central Nervous System

Clinical Measurement of Pulmonary Toxicity

Despite advances in dynamic assessment of respiratory function and thoracic
imaging by computerized tomography (CT), there has proved to be considerable
difficulty in defining relevant clinical end-points for assessing late pulmonary
toxicity.

In animal models physiological “assays” such as breathing rate, carbon
monoxide diffusion and changes in arterial gases which have examined dose—
response relationships after whole lung irradiation have contributed to the
identification and characterization of the two-phase response of normal lung to
radiation. They have also helped to explain responses to fractionated treat-
ments,*with and without response modifiers (Gish et al. 1959). Many of these
measurements are easy to perform in the clinic but are not sensitive enough to
detect functional impairment when part of the lung is irradiated, and are not
amenable to “regional”’ evaluation of the volume of tissue in question. Similarly,
many of these investigations are subject to variation induced by intercurrent
pathology as well as the presence of tumour. For example, coexisting chronic
obstructive airway disease, superimposed infection distal to an obstructed
bronchus, and volume loss may all influence pulmonary volume measurement
and arterial gas estimations, independent of any further changes due to
irradiation of normal tissue (Prato et al. 1977). Pulmonary function tests based
on spirometry similarly require a higher degree of patient motivation and
cooperation to give reproducible results.

Plain radiographic changes associated with acute radiation pneumonitis and
late pulmonary fibrosis are well documented, with a spectrum of appearances
which may or may not have symptomatic sequelae (Libshitz and Southard 1974).
Arbitrary scoring by clinicians of plain chest X-ray changes have been used to
investigate possible enhancement of the late pulmonary toxicity of radiation by
concurrent cytotoxic drug administration. For example, in a retrospective study
using an arbitrary 0—4 scale (none, mild, moderate, severe) a radiologist scored
changes on plain chest X-ray following radiotherapy with or without carboplatin
and etoposide (Glaholm et al. 1987). The control group receiving radiation
alone were matched for dose in ret, age, sex, and field size. A significant dose—
response relationship was demonstrated for radiological pneumonitis but no
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significant enhancement of damage was seen in the group receiving radiation
plus cytotoxic therapy.

The relative insensitivity of plain chest X-ray changes to subclinical pulmonary
toxicity has led to the evaluation of CT of lung in man. Changes in CT
appearances following therapeutic irradiation have been described both qualita-
tively and quantitatively (Libshitz and Shuman 1984). Changes in pulmonary
tissue density in radiation portals have been compared with results from
unirradiated lung using computerized programmes. Dose-response data have
been derived in patients which correlate changes in tissue density with treatment
expressed as a single nominal dose value (Mah et al. 1987) (see Fig. 4.3). It is
postulated that further CT studies may possibly allow derivation of a volume
factor, in addition to the usual parameters of time and fraction number, to be
expressed in an appropriate isoeffect formula for pulmonary toxicity.

In summary, conventional pulmonary physiological tests have proved rela-
tively insensitive to radiation-induced pulmonary damage. Plain radiological
evaluation has the advantage of low cost and availability, requiring less
compliance in patients of poor performance status. Observer-based arbitrary
scales of changes can produce useful data but have the disadvantage of non-
linearity of dose-response relationships. Further evaluation of CT density
changes as a function of dose, fractionation and volume is required and could
possibly be applied to combined modality treatment with radiation, drugs and
biological response modifiers. However, availability and cost preclude its
routine use.
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Fig. 4.3. Incidence of acute radiation-induced lung damage versus estimated single dose. (Modified
from Mah et al. 1987.)
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Clinical Measurement of CNS Toxicity

Over the past two decades the development of more aggressive and successful
approaches to the treatment of brain tumours and extracranial malignancy in
which normal brain tissue is irradiated has resulted in more critical evaluation of
concepts of CNS tolerance as empirically derived (Kramer and Lee 1974;
Sheline 1975). Retrospective clinical analyses have suggested modifications to
the Ellis isoeffect formula, derived for skin and subcutaneous tissue but hitherto
often used in CNS irradiation. The concept of the brain tolerance unit (BTU)
advocated by Pezner and Archambeau (1981) is based on data collated from the
retrospective analysis of clinical case records of patients identified histologically
as having cerebral necrosis following a variety of tumour dose (TD) schedules
given in N fractions over T days:

TD (rad) = BTU x N%4 x 1903

The above expression yields a steeper sigmoid dose-response curve than that
derived using the exponents for T and N employed in the Ellis formula and
promises to be a more accurate guide to the prescribing of isoeffective schedules
to the CNS (see Fig. 4.4).

Retrospective analysis of clinical complications has also contributed to our
understanding of the dose-latency relationship of expression of CNS damage
and has helped support hypotheses derived from animal experiments relating to
specific target cells responsible for different lesions.

For example, an important contribution to our understanding of the timing of
expression of human spinal cord damage has been made by Schultheiss et al.
(1984). In a retrospective analysis of 77 papers reviewing over 300 cases of
radiation myelopathy, they have been able to document a bimodal expression of
myelopathy with peaks at 12-14 weeks and 24-28 weeks, the latent period
decreasing with increasing dose. The results of this study correlate well with
results of animal studies. These postulate two distinct mechanisms of late cord
damage as manifest by white matter necrosis or late vascular damage, thus
implicating different target cells (Van der Kogel 1986).

A more precise knowledge of the dose-latency relationship of damage may
alter clinical practice in several instances. For example, a clinician may elect to
exceed the tolerance of brain or spinal cord if palliation of symptoms can
usefully be achieved and life expectancy is short relative to the expected latent
period for expression of damage. In the analysis of clinical toxicity data
allowance must be made for the loss of patients whose tolerance was exceeded
but who did not live to express the injury.

The improvement in long-term survival of patients with childhood medullo-
blastoma, and the incorporation of prophylactic cranial irradiation as part of the
aggressive management of certain acute leukaemias (ALL), has led to concern
regarding the means of documenting adequately late changes in higher mental
function. Early investigators confined observations to gross functional categor-
ies, that is active life, partial disability, total disability (Bloom et al. 1969). There
are now a number of studies following successful treatment of medulloblastoma
and ALL by radiotherapy in combination with cytotoxic therapy. These report
late toxicity effects ranging from no definite neuropsychiatric sequelae to
definite late intellectual impairment (Obetz et al. 1979; Rowland et al. 1984).
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Fig. 4.4. Dose-response curves for brain complications as a function of total dose based on
alternative exponents to N and T (see text). (Modified from Pezner and Archambeau 1981.)

Even in asymptomatic children serial CT scans of the brain have demonstrated
varying degrees of cortical atrophy (Ricardi et al. 1985). The derivation of useful
dose-response or dose-latency data has been precluded by the multivariant
nature of the data: small sample sizes, variable patient and drug treatment
characteristics, varying time elapsed between treatment and evaluation,
variation in the instruments used for psychometric assessments and the difficulty
of identifying satisfactory control groups.

Measurement of Tumour Response

Local Control

Local control refers to persistent absence of detectable tumour within an
irradiated volume. Although local control is an unambiguous clinical end-point
its relationship to clonogenic cell killing is not entirely clear. It is possible that
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host mechanisms contribute to the destruction of limited numbers of clonogenic
cells remaining after curative treatment, although there is no evidence that this
occurs in humans. Personal cure within the irradiated volume may not equate to
biological cure if the patient dies of metastases prior to local regrowth or if
surviving clonogenic cells are entrapped for many years in dense radiation-
induced fibrosis.

Local control is used as the main end-point of effect in clinical trials of
biological response modifiers such as hypoxic sensitizers. In the past many trials
were undertaken in tumours where the expected increase in biological effect by
the addition of a chemical response modifier could not be expected to result in a
measurable increase in local control (Dische and Saunders 1980). An example is
the evaluation of misonidazole in gliomas, where a 20% increase in radiation
effect (sensitizer enhancement ratio 1.2) could not reasonably be expected to
improve local control. A suitable tumour type for clinical trials of chemical
modifiers or unorthodox fractionation schedules is characterized by a steep
dose-response relationship above the current limits of total radiation dose. In
this case small increments in biological effect will lead to a sizable improvement
in local control rate. A recent review of clinical dose-response curves suggests
that suitable sites include carcinomas of the bladder, cervix, and head and neck
region (Williams et al. 1984).

Volume Growth Delay

Local control is a late measure of tumour response and as such is not an ideal
experimental end-point. Volume growth delay is a well-established end-point in
animal systems and has been introduced into the clinical context (Thomlinson et
al. 1976; Ash et al. 1979; Yarnold et al. 1986). Calipers or ultrasound have been
used to make serial volume measurements of multiple cutaneous metastases in
individual patients and the time taken for shrinkage and regrowth to
pretreatment size has been shown to be a sensitive function of dose. This system
has been successfully applied to a few patients treated with small doses of
radiotherapy with or without misonidazole.

Although access to and measurement of superficial tumours can be difficult,
the real limitation of this technique appears to be the small number of evaluable
patients. For example, in a 14-month period 42 patients with two or more
superficial metastases were entered into specific protocols which used growth
delay as an end-point, but only 4 patients remained fit to complete the protocols
(Yarnold et al. 1986). Sixteen out of 191 (8.5%) nodules were measured to the
point at which they regained their pretreatment size, reflecting a large
investment in time and effort for a modest result.

Tumour Shrinkage

Measurements of tumour shrinkage are only worth while if they serve to
discriminate between curable and incurable tumours early enough in the course
of treatment. Then alternative or additional treatments may be delivered
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Fig. 4.5. Schematic representation of two tumours of equal initial size regressing at the same rate
with one complete and one partial response. The horizontal dashed line shows the arbitrary limit of
clinical detection.

successfully — for example salvage surgery. For several decades rapid shrinkage
of a tumour during radiotherapy has maintained clinical optimism regarding its
radiocurability, yet the relationship between radioresponsiveness and radiocura-
bility is far from clear. Although the most radiocurable tumours such as
lymphomas and seminoma usually shrink faster than carcinomas, within a
particular tumour type the correlation is much less obvious. There appears to be
no correlation between the radioresponsiveness and radiocurability of breast
cancer, whereas significant correlations have been reported in some studies of
head and neck cancer but not in others (Suit et al. 1965; Suit and Walker 1980;
Thomlinson et al. 1976; Bartelink 1983). Radioresponsiveness can be regarded
as a biological characteristic of tumours in which the rate of volume loss is
determined by the rate at which dead cells and stroma are removed rather than
by the rate at which cells are killed. This appears to be the case for breast cancer.
Part of the confusion may reflect the timing of clinical assessments in some
reports which document the full extent of shrinkage rather than shrinkage rate.
This point is represented schematically in Fig. 4.5, which depicts two tumours
shrinking at the same relative rate after the start of treatment, one of which
achieves complete response and the other a partial response. The observer
monitoring response several weeks after the start of treatment here measures the
extent of regression rather than the rate of regression. As such, it is not
surprising if assessments at this time are good prognostic indicators.
Differences in tumour size at the start of treatment introduce a potential
source of bias when considering the prognostic significance of shrinkage rates.
This is depicted schematically in Fig. 4.6, which represents the shrinkage curves
of two tumours differing in initial size. Small tumours disappear sooner than
large tumours without necessarily shrinking any faster. Tumours that disappear
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Fig. 4.6. Schematic representation of two tumours of differing initial size regressing at the same
relative rate to complete response.

first may be more radiocurable, but this characteristic may be more strongly
related to tumour size than to radioresponsiveness per se.

Biochemical Assays of Response

Despite much research directed at identifying tumour-specific products, only
human chorionic gonadotrophin, alphafetoprotein and myeloma protein are of
clear clinical value. Other products such as carcinoembryonic antigen,
neurogenic amines and serotonin metabolites remain of experimental interest
only. As yet the potential clinical applications of isotopically labelled monoclo-
nal antibodies to tumour-specific products or antigens remain under investiga-
tion.

Histological Assessments

Morphological assessments of biopsy material taken during and after
radiotherapy for carcinoma of the cervix indicate a correlation between the
number of viable cells remaining and subsequent control of the tumour
(Glucksmann and Spear 1945; Glucksmann 1974). However, it appears that the
correlation may not be as strong as that obtained by monitoring the extent of
regression at the end of a course of treatment (Dische and Saunders 1980).
Surgical resection following curative radiotherapy has yielded reliable
measurements of tumour response. For example, trials of preoperative
radiotherapy in non-small-cell lung cancer have shown that fractionated
treatment to total doses of 40-45 Gy sterilizes 20% of tumours (Katz 1983).
Similar information can be gained at autopsy, but in practice post-mortem rates
are low unless special efforts are made to increase them (Saunders et al. 1982).
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Excisional Assays

The low plating efficiency of many human tumours discourages clinical
experiments which attempt to perform a clonogenic assay on single cell
suspensions derived from different superficial nodules irradiated under different
conditions. Recent experience with short-term cultures which do not measure
clonogenic ability but quantitate cell viability by uptake of crystal violet offers
scope for interesting clinical applications (Peters et al. 1986). Although clear
dose-response relationships exist in short-term assays of human tumour cell
lines it is not yet clear whether they will predict for local control in vivo.

Measurement of Patient Response

The value of patient self-assessments using validated questionnaires as quantita-
tive measures of early and late normal tissue damage has already been
described. In the large proportion of patients who cannot reasonably expect a
cure from treatment, the rationale for improvements in current treatment must
be to improve the quality of remaining life. Precise measures of tumour response
and normal tissue reaction do not necessarily predict the degree of patient
benefit. Global measures such as the Karnofsky performance status or responses
to a question such as “How do you rate your quality of life today?”’ may
correlate with more detailed assessments but fail to provide any insight into why
a patient is more or less satisfied with the outcome of treatment.

The Medical Research Council has developed a General Health Diary Card
which is completed by patients at home on a daily basis. It is used as one of the
end-points in a prospective randomized trial which is comparing the therapeutic
response of 30 Gy in 10 daily fractions with 2 fractions of 8.6 Gy spaced 1 week
apart for the palliation of patients with inoperable non-small-cell lung cancer.
This questionnaire asks patients to rate six items on a 4- or 5-point scale, viz.
nausea, vomiting, soreness in swallowing, mood, activity and overall condition.

The EORTC Lung Cancer Cooperative Group has developed and extensively
tested more detailed questionnaires with up to 30 items which can be answered
in less than 10 minutes and which tap several domains including physical
performance, symptoms of lung cancer, side-effects of treatment, anxiety,
depression, social interactions and functional status (Aaronson et al. 1986). This
instrument is being used as one end-point in a current randomized trial of
cisplatin as a radiosensitizer in patients with inoperable non-small-cell lung
cancer.

Concluding Remarks

A wide range of simple quantitative measures of normal tissue injury should be
part of the repertoire of every radiotherapist and oncologist involved in clinical
protocols. It is hoped that reliable predictive assays of both normal tissue injury
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and tumour response will greatly improve the effectiveness of clinical radiobiol-
ogy in radiotherapy practice.
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5 Late Effects of Radiation in Man

R. J. Berry

Introduction

Other contributors to this volume have dealt in detail with the biological basis of
radiation damage to normal tissues unavoidably included in the treatment
volume. However, it is perhaps salutary to remember that the greatest
radiotherapeutic advance of the last 30 or so years has been that the physical
dose-sparing of the skin by megavoltage X-rays has dramatically reduced the
quite visible late damage which all radically treated patients suffered in the past
following treatment with orthovoltage X-rays. Another tremendous advance
brought about by the physical characteristics of more penetrating megavoltage
beams and by the recent step-change in our capabilities for tumour and normal
tissue imaging brought about by computerized tomography, ultrasound and
magnetic resonance imaging is the ability to limit more precisely the high-dose
volume in which the majority of late effects are seen to the immediate environs
of the tumour.

There is a central mechanism underlying the dose-related limiting effects on
normal tissues and this is in large part related to damage to blood vessels
(Hopewell 1986; Hopewell et al. 1986). Early damage to the endothelial lining of
small vessels is associated with transient vascular leakage, but the major damage
is observed only months or years later when the endothelial/intimal cells of the
blood vessels attempt to replace themselves by division. Clonal proliferation of
the surviving endothelial cells causes small vessel obstruction. The disturbance
of blood flow downstream of such obstruction leads to the body’s normal
response to hypoxia, that is the deposition of fibrin and the replacement of more
rapidly metabolizing tissues by fibrous connective tissue with the laying down of
extensive collagen. The process is unmistakably related to the magnitude of the
radiation dose delivered and, as other contributors to this volume have noted, its
severity can be affected by the dose/time pattern in which radiation is delivered
as well as by the specific body site and the volume of tissue irradiated.
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However, there is another late sequel of radiotherapy which, although rare, is
not a zero risk and is related to the volume of tissue irradiated and the dose
received in the low-dose regions outside the target volume. Radiation injury is
classified as stochastic or non-stochastic. Non-stochastic injuries are those for
which the severity of the injury is proportional to the radiation dose, but only
when a threshold sufficient to allow the injury to be seen at all has been
exceeded. The late effects of radiation observed in the high-dose volume, such
as fibrosis or late tissue necrosis, and the late effects seen in the past on the skin,
such as dyspigmentation and telangiectasis, are non-stochastic effects. Stochastic
effects, on the contrary, are those for which the severity of the damage is
independent of the radiation dose. Only the risk of the untoward event taking
place is related to the radiation dose. For man, the major stochastic risk of
radiation exposure is the subsequent development of malignant disease.

Radiation Carcinogenesis

Radiation-induced cancer was first observed in the early radiologists and their
patients. In more recent years the largest accumulation of evidence of the risk of
radiation induction of a new malignancy has come from the treatment of non-
malignant conditions.

It was noted by Court Brown and Doll in the late 1950s that young men
treated with radiotherapy for ankylosing spondylitis had an elevated risk of
developing leukaemia, and further follow-up of these patients has shown
significantly increased risks of developing more common tumours such as those
of the bronchus and large bowel (Court Brown and Doll 1957; Darby et al.
1987). Comparable long-term follow-up studies of ankylosing spondylitics not
treated by radiotherapy have found that the significantly elevated risk of dying
from non-malignant causes, which patients with the disease show when
compared with age- and sex-matched controls, is related to their disease; only
the increased risk of the development of cancer is related to radiation exposure
(Smith et al. 1977). Attempts at developing a dose-response relationship based
on average doses across organs in which tumours have subsequently developed
have been less than completely successful. Hence, for planning purposes (and in
discussion with patients of the potential risks and benefits of treatment) an
assumption has been made that there is no threshold below which radiation is
ineffective in increasing the risk of developing malignant disease. Also it is
accepted that the risk increases linearly with radiation dose. Clearly, this is an
over-simplified model as relatively large radiation doses are equally capable of
depriving cells of reproductive capability and hence of blocking the ability of a
transformed cell to proliferate as a clone and subsequently express itself as a
cancer. The cumulative human experience of cancer induction following
therapeutic radiation exposure is reviewed in the 1986 report of the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR
1986).

In addition to the complications of the expected radiation dose response for
induction of cancer, a further uncertainty arises as to whether the risk of
development of malignancy following exposure is simply an absolute increase
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which is proportional to the radiation dose, or a relative increase which is
proportional to the underlying spontaneous risk of developing a malignancy in
that site. Although these two models predict widely differing numbers of
patients who will develop radiation-induced malignancy, there are far smaller
differences in the years of life lost from such malignant disease predicted by the
two different models, since most spontaneous cancers develop in the sixth,
seventh and eighth decades of life (Darby and Muirhead 1987). Evidence from
patients irradiated for non-malignant conditions such as chronic mastitis and
from women who received multiple fluoroscopic examinations to monitor
artificial pneumothorax in the treatment of tuberculosis, have shown that the
induction of solid tumours may take 20, 30, 40 or more years (UNSCEAR 1986)
and hence the cumulative risk of radiation-induced second malignancy is a
function not only of the radiation dose but also of the age of the irradiated
individual or the age distribution of irradiated populations in which the risk will
be expressed (see Fig. 5.1)

It is important not to overstate the risk, however, as there are populations in
which no evidence of excessive cancer has been seen following widespread (but
low-level) radiation exposure. An example is the use of radioactive iodine in the
treatment of goitre; in these patients no convincing evidence has yet been
adduced of an increased risk of subsequent malignancy. However, amongst the
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Marshallese Island population exposed accidentally to radioactive iodine in the
fall-out from nuclear weapons testing, a higher subsequent risk of the
development of both benign and malignant thyroid tumours has been shown
(Conard et al. 1980).

Do patients treated to the limit of normal tissue tolerance in the attempt to
cure malignant disease develop second cancers? Overall radiotherapeutic
experience suggests that this is exceedingly rare. The largest single series of
observations arises from an international collaboration amongst 15 cancer
registries in eight countries which recorded second cancers following radiation
treatment for carcinoma of the cervix (Boice et al. 1985). Of 182040 women
treated for cervical cancer there was only a 9% excess of second cancers (5146
observed vs. 4736 expected) which occurred more than 1 year after treatment. In
82616 women treated by radical radiotherapy in this sample, at most about 162
of 3324 second cancers (approximately 5%) could be attributed to the radiation
exposure. Significantly, only a slight excess of acute and non-lymphocytic
leukaemia was found amongst the women who received radiotherapy for
cervical cancer (relative risk 1.3:1); substantially fewer cases were observed than
were expected on the basis of current radiation risk estimates (ICRP 1977). It
was felt that this might be related to the relatively high doses to the pelvic bone
marrow resulting in local ablation of stem cell proliferative capability, and the
low doses received by other areas of bone marrow. The relative risk of
developing cancer in organs close to the cervix that have received high radiation
doses (most notably the bladder, rectum, corpus uteri, ovary) and for
developing multiple myeloma increased with time after treatment (see Fig. 5.2).
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No similar increase with time was seen in the 99424 women not treated with
radiation. Women who were under 30 at the time they were irradiated had the
greatest risk of developing a second cancer as the expression period for
radiation-induced solid tumours appeared to continue to the end of life.
Transient decreases in incidence of some tumours such as those of the ovary and
corpus uteri for periods of 10 or more years may reflect direct (and accidental)
killing of early tumour clones already arising spontaneously, while the overall
cancer incidence was affected by altered hormonal factors consequent on
ovarian irradiation, so that these patients had a deficit of breast cancers
compared with the unirradiated population for more than 30 subsequent years.

Thus, radiation-induced second tumours after radiotherapy are a rare but
well-documented risk. It is the duty of the radiotherapist to minimize such risks
by careful treatment planning. Just as it is important to minimize the treatment
volume which receives a high radiation dose, in order to limit the non-stochastic
late effects of radiation, so also it is necessary to be aware of and limit the
volume of the body outside the target volume which receives doses in the range
of a few gray. For it is in these areas that the risk of late stochastic effects, the
induction of second tumours, will be expressed.
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6 Principles of Fractionation in Radiotherapy

J. F. Fowler

Introduction

“Differing fractionation schedules can be considered as a modality in the same sense as high LET
radiation, sensitizers or biological modifiers: they might increase the probability of tumour control,
decrease effects on normal tissues, or combine optimally with other modalities. In addition,
fractionation is the backbone of all research in radiation therapy, since some time-dose regimen
must be chosen any time another modality is superimposed”. (Cox 1985)

The fractionation factors which the radiotherapist chooses are: (1) dose per
fraction, (2) number of fractions (and consequently total dose), (3) interval
between fractions, and (4) overall time. Let us consider how the choice of total
dose depends upon these factors.

Overall Time

The total dose has to be increased if the overall time is increased for two reasons.
The first is that if smaller doses per fraction are used, each is then less effective
than larger fractions. The second reason is to compensate for proliferation in
relevant tissues, namely tumours and early responding tissues. Little or no
proliferation occurs in late responding tissues, so total dose should not be altered
with changes in overall time when late reactions are dose-limiting.

For early reacting tissues, however, there is a period of 24 weeks after
starting radiotherapy before compensatory proliferation begins, in mucosa and
skin respectively. For longer overall times the total dose necessary to produce an
acute reaction rises rapidly. It would continue to rise for many weeks, because
compensatory proliferation in skin and mucosa can speed up almost to keep pace
with the daily killing of cells. This is why total dose is less critical for early
reactions or for tumour control than for late reactions. The time profile of extra
total dose to compensate for proliferation is not at all like those represented by
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the nominal standard dose (NSD), time dose factor (TDF) or cumulative
radiation effect (CRE) because it is the sigmoid shape just described, and not an
initial rapid effect that gradually decreases.

As long as the early reacting tissues are proliferating faster than the tumour,
prolongation of treatment time makes sense — with one vital proviso: the
escalating total dose soon becomes limited by late reactions, because they are
not spared by prolongation. If, however, the tumour cells are proliferating faster
than cells in early responding tissues, prolongation is obviously not useful and
accelerated fractionation should be considered (Trott and Kummermehr 1985;
Fowler 1986a). Since human tumours have wide ranges of proliferation rates, no
universal plan can apply to the use of short or accelerated schedules; indeed
indiscriminate application could lead to disappointment. Methods of measuring
proliferation rates in individual tumours are necessary. Fortunately rapid
methods are now available and are being evaluated (Wilson et al. 1985). It has
been suggested that if the potential doubling time, T, is shorter than about 5
days in the unirradiated tumour, then that tumour should be considered a
candidate for accelerated fractionation (Thames et al. 1982).

Some enterprising methods of shortening the overall treatment time are now
being developed. Svoboda (1978) has been a pioneer in 10-15-day schedules.
The 36 fraction/12-day schedule of Saunders and Dische (1986) keeps irradiating
the tumours 3 times a day without a weekend gap, to total doses of 54 Gy. A
minimum interval of 6 hours between fractions is maintained, which is important
especially for avoiding late reactions. Peters and Ang (1986) described a method
of concomitant boost, where the last 2 weeks’ worth of smaller-volume fractions
are added into the fourth and fifth weeks of treatment, making two fractions a
day in these 2 weeks. They claim that full doses of 65-70 Gy can be administered
in an overall time of 5 weeks instead of 7 weeks.

Whether 70 Gy in 5 weeks is better for local control than 54 Gy in 12 days
obviously depends on how rapidly a given tumour is proliferating during
treatment. There is not much doubt that 54 Gy will cause less late damage than
70 Gy (overall time not being a major factor here), unless the 54-Gy schedule
uses larger doses per fraction than the other. In the examples quoted here,
Saunders and Dische (1986) use small doses per fraction of 1.4 or 1.5 Gy in order
to minimize the late reactions.

Other schedules have used multiple fractions per day (Wang 1985; van der
Schueren et al. 1985) but gaps in treatment meant that the overall times were
often a “normal” 6-7 weeks. The rationale was not the same as that for
accelerated fractionation, which is intended to defeat rapidly proliferating
tumours. This is described in the next section.

Dose per Fraction

There is now an overwhelming amount of radiobiological (Withers et al. 1982;
Thames et al. 1982; Fowler 1984a) and clinical evidence (Singh 1978; Turesson
and Notter, 1984a,b; Cox 1985) that if dose per fraction is increased the
incidence of late damage rises, provided total doses are adjusted to give equal
early damage. It is convenient to describe this difference in dose-per-fraction
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dependence of late and early damage in terms of the shape of the dose-
response curve or even the underlying cell survival curve. The curves for late
reacting tissues are more curvy than those for early reacting tissues, in the range
of radiotherapy doses per fraction (Fowler 1983). The practical consequence of
this leads to the modality of hyperfractionation by the same reasoning. If
significantly smaller doses per fraction than usual are used (e.g. 1-1.5 Gy) there
will be less late damage than usual when the total dose is adjusted to give equal
early reactions (or equal tumour control).

Tumours have been shown to behave, in rats and mice, like rapidly
proliferating tissues (Williams et al. 1985). This is the basis of hyperfractiona-
tion. Further, it is an obvious possibility to escalate the total dose in this
modality until late reactions rise to the same incidence as usual, with a higher
probability of tumour control and of early reactions. Which one of these two
strategies is used with hyperfractionation depends on the relative magnitudes of
early and late effects in normal tissues that are tolerable in the site and volume to
be treated. To avoid increasing the overall time, more than one fraction per day
must be used with hyperfractionation.

Thus both hyperfractionation and accelerated fractionation require more than
one fraction per day, for entirely different reasons (Thames et al. 1983).

Factors Affecting Early Reactions

Early reactions occur from cell depletion in rapidly proliferating tissues. The
time scale over which these reactions develop depends on the lifetime of the
differentiated cells and their natural rate of replacement. Early reactions are
seen within days in intestinal mucosa and within 3-4 weeks in mucosa and skin.
Radiotherapy schedules can be prolonged or interrupted to avoid excessive
damage to these tissues but tumour proliferation may then occur.

Early reactions can be reduced by:

1. Prolonging treatment to encourage proliferation to replace damaged cells.
2. Reducing the total dose (but see below).

Early reactions are increased by:

1. Shortening the overall time, and thus preventing compensatory proliferation.

2. Increasing the total dose. The dependence on total dose is not steep,
however, if dose is incremented in daily fractions of about 2 Gy, because
proliferation can almost keep up with this rate of killing cells in mucosa or
skin.

3. Shortening the interval between fractions to the extent (i.e. less than 5-6
hours) that complete repair of sublethal damage cannot occur.

Tumours behave like early reacting, fast proliferating tissues in their response
to fractionated radiotherapy. They may be spared, and then regrow, if the total
dose is too small or the treatment time too long. They will be more effectively
eliminated by high doses given over a short period of time, down to about a
week as in interstitial implants. Reoxygenation can often be complete within this
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period. Acute reactions also increase with total dose and short overall times.
Such reactions may therefore be a guide to tumour cell kill; they are not a guide
to the severity of late reactions.

Factors Affecting Late Reactions

Late reactions occur in slowly proliferating tissues. These tissues are generally
deeper than epithelial and the reactions may be life-threatening. Since they
develop many months or years after the end of treatment, the schedule cannot
be tailored or curtailed to avoid them in hypersensitive patients.

Late reactions are more severe if:

1. Doses larger than 2 Gy are used in each fraction. This results from the
marked curvature of the dose-response curves for late responding tissues.

2. The total dose is increased, whether the overall time is lengthened or not.

3. The interval between fractions does not allow full repair of sublethal injury.
This may require 6-8 hours for late reacting tissues (Fowler 1986b).

Late reactions are diminished if:

1. The total dose is kept low.

2. The dose per fraction is reduced below 2 Gy. This will result in more fractions
being required. There is no disadvantage as regards late reactions if fractions
are given twice daily, provided that the intervals between fractions are
adequate.

3. The dose in every fraction is reduced somewhat (by partial shielding) rather
than by applying a total shield after most of the fractions have been given.
This is a constructive use of the steep dose-per-fraction response of late
reacting tissues.

Adjustment of Total Dose in Non-standard Fractionation

Several isoeffect formulae exist. NSD, TDF and CRE are reasonable approx-
imations for early reactions only, if the difference between the fractionation
schedule being considered and a standard schedule is not too great (Orton and
Ellis 1973). They are misleading for late effects (Fowler 1984c). If dose per
fraction is increased the total dose must be reduced more dramatically than
NSD, TDF or CRE would predict (Singh 1978; Cox 1985).

If the number (and therefore size) of fractions is to be changed without
altering the overall time, there is a sounder biological basis’in using the linear
quadratic formula instead of NSD, TDF or CRE. The new dose can be
calculated either for limiting early reacting tissues or for limiting late reacting
tissues in the beams (see Appendix). Both calculations should normally be made
so that a decision can be taken clinically about whether either reaction can be
allowed to be any more severe than in conventional radiotherapy.
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If the overall time is being altered two corrections may be necessary: one for
complete or incomplete repair of sublethal damage between fractions, and
another for changes in the amount of cell proliferation occurring within the
treatment period. If intervals between fractions are at least 6 hours the first
factor can be discounted; most tissues have a half-time of repair of 1-1.5 hours.
The time course of repopulation is more complex, with a delay time followed by
rapid proliferation as described above.

Shortening treatment times below 6 weeks will prevent the 4-6-week tissue
recovery due to proliferation in skin, and the 3—6-week proliferation in mucosa.
Early reactions to accelerated schedules should be more severe for this reason,
but not the late reactions. An exception to this distinction occurs if the early
reactions become so severe or long-lasting that they produce, as a consequence,
a long-term tissue deficit. In principle very large decreases in total dose should
be necessary on shortening from say 6 to 3 weeks overall time. In practice
clinicians usually reduce the total dose by about 9 Gy to avoid the early reactions
becoming too severe (range 3-10 Gy, median 8.7 Gy in the British Institute of
Radiology’s long versus short fractionation trial).

Appendix. The Linear Quadratic Formula for Calculating
Isoeffective Doses

Changes in overall time must be allowed for separately

Effect = n (ad + Bd?)

where n fractions of size d grays are given. The values o and f§ are the
coefficients for the linear and the quadratic terms respectively. The ratio «/f (in
grays) is equal to the dose at which the linear effect and the quadratic effect are
exactly equal. If a/f is large the dose-response curve is nearly straight, so that
over the radiotherapy range there is little change of total dose with dose per
fraction. If &/ is small (2-4 Gy) the dose-response curve is rapidly curving in
the region of radiotherapy dose per fraction. For early reacting tissues (and
tumours) «/f = 10 Gy is often assumed, but this value is not critical. For late
reacting tissues a/f is much more critical and values between 2 and 5 Gy have
been found; a/f = 3 Gy is often assumed, but other values should be tested too.

In order to maintain equivalent biological effects (assuming no change in
overall time) when going from n, fractions of size d; to n, fractions of size d,, the
following formula for prescribed dose should be used:

Isoeffect = n, (ad; + Bd\?) = n, (ad, + Pdy?)
from which, by simple algebra, we obtain:

New total dose _ nod, _ (a/f +dy) _ 1+ di/(alp)

Olid total dose  nyd; (alf+ d, 1+ dJf(alf)
These formulae are useful because estimates of the ratio a/f are available for

many tissues although « or B separately are seldom known (Fowler 1984a,b;
Hendry and Thames 1987).
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The effect of overall time has to be considered separately, based on the
considerations in the section ‘Overall Time’ above.
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7 Fractionation in the Clinic

M. V. Williams

Introduction

Conventional radical radiotherapy employs 15-35 daily fractions delivered over
3-7 weeks. The results of regimens within this restricted range are broadly
similar, and no consistent differences in tumour control or normal tissue damage
have been demonstrated. Schedules with fewer fractions have been investigated
because of the convenience they offer the patient. However, there is evidence
that the therapeutic ratio is reduced if 10 or fewer fractions are used. Poor
results have also been reported in several trials of split course treatment.

Recent research interest has focused on the use of a large number of smaller
fractions often administered several times per day. This work has been
encouraged by laboratory evidence that late responding normal tissues are more
sensitive to dose per fraction than are tumours and early reacting normal tissues.
Hyperfractionation aims to exploit this difference by giving more and smaller
dose fractions.

Multiple fractions per day can also be used to reduce overall treatment time. It
has been suggested that such accelerated fractionation might improve results by
reducing tumour repopulation during treatment. Unfortunately, reduced repop-
ulation in skin and mucosa during treatment leads to increased acute reactions.
This necessitates a reduction in total dose which may offset any possible gain.

Dose-Time Relationships

The total dose of X-rays which can be tolerated by normal tissues varies with the
organ irradiated and with treated volume, overall time, and the number and size
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of dose fractions. Early work on this problem concentrated on skin tolerance,
which was then dose-limiting. The results were formalized by Ellis (1969) in his
nominal standard dose (NSD) concept. This sought to provide a global variable
for connective tissue tolerance, with only bone and brain being specifically
excluded in the original paper.

The NSD was proposed as a clinical hypothesis and helped to stimulate
laboratory research on dose fractionation. Normal tissue damage has been
studied extensively in rodent and human tissues. Acutely responding normal
tissues are those such as skin and mucosa which express the radiation injury
shortly after it has been inflicted. They have a relatively short intermitotic cell
cycle time and can therefore respond with a proliferative response to injury
during a fractionated course of irradiation. Late responding normal tissues such
as lung, kidney and spinal cord have a slow rate of cell turnover. Consequently
radiation injury is expressed after a delay of several months. In addition these
tissues are more sensitive to alterations in dose per fraction than are either
acutely responding normal tissues or tumours (Fowler 1984). These results have
led to suggestions that lower doses per fraction would improve the therapeutic
ratio (Withers et al. 1982).

The Ellis formula provides a useful summary of isoeffective doses as regards
acute skin tolerance for treatment delivered in 10-30 fractions over 4-6 weeks.
Tumour response was not considered in detail, and the key question of how
therapeutic ratio changes with dose fractionation was not addressed.

The problem of therapeutic ratio has been studied in experiments with
transplanted rodent tumours: tumour control is a complex function of fraction
number and size. The results can be understood in terms of the competing
effects of reoxygenation rendering the remaining tumour cells more radiosensi-
tive, and the repopulation occurring as overall time is prolonged making cure
more difficult to achieve (Suit et al. 1977). Matching such tumour results to those
obtained using normal tissue end-points allows an optimum regimen to be
selected in these model systems. One of the main conclusions was that efficient
reoxygenation is critical to success. Overall treatment time was also important
because prolonged treatments were ineffective. The rate of clonogen production
(potential doubling time) is similar in human and rodent tumours, although high
cell loss results in lower macroscopic growth rates in man. This finding has led to
clinical interest in reducing overall treatment time (for review see Fowler 1986
and Chap. 6 in this volume).

Biological Factors Underlying Dose Fractionation

Table 7.1 summarizes the clinical and biological factors to be considered when
undertaking radical irradiation. The major physical factors over which the
radiotherapist has control are radiation dose, fractionation and distribution.
Careful planning can help to avoid damage to critical tissues such as the kidney,
lung and spinal cord. Severe high-dose effects still occur and it has been suggested
that these represent the extreme end of varying intrinsic radiosensitivity within
the general population.
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Table 7.1. Factors to be considered
in radical irradiation

Host factors: the patient
Clinical

Age

Intercurrent illness

Size of tumour volume
Critical organs included
Biological

Repair capacity

Shape of dose-response curve
Repopulation
Redistribution

Tumour factors: the target
Clinical

Site

Histology

Size and stage
Macroscopic appearance
Regional metastases
Biological

Intrinsic radiosensitivity
Shape of dose-response curve
Hypoxic fraction
Reoxygenation pattern
Repopulation

Cell cycle redistribution

Clinically favourable indicators of tumour response such as an exophytic
growth pattern are well established, but the underlying biological factors have
not yet been investigated in the clinic. Tumours may recur locally for a variety of
reasons. If these could be identified then treatment could be adjusted to the
individual. For example accelerated fractionation could be given to rapidly
proliferating tumours, and those which reoxygenate poorly could be treated with
radiosensitizers. Such a selective approach would refine tumour groups and
steepen dose-response curves, by grouping like with like. It should then be
possible to define the role of novel approaches to radiotherapy.

Alternatives to Conventional Fractionation

Table 7.2 illustrates some of the different fractionation schemes which have been
tested clinically and which will be discussed here. Conventional fractionation is
illustrated as a course of 32 ““daily” fractions delivering a total dose of 64 Gy
over 44 days, such as might be used in the radical treatment of cancer of the
bladder or of the head and neck. Field sizes and adjustments during treatment
are not considered here, but are obviously critical.

Rapid fractionation delivering a radical dose of the order of 52 Gy in 16
fractions over 22 days has been practised for many years at the Christie Hospital,
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Manchester (Easson and Pointon 1985). Their treatment philosophy is unusual
in that the irradiated volume is small and well defined, including only the
primary tumour and its known extensions; prophylactic nodal irradiation is not
usually undertaken. Case selection is rigidly defined and treatment planning and
execution are extremely accurate. Late effects and tumour control appear
comparable to those published elsewhere. Acute reactions occur earlier and are
probably more severe, but are certainly of shorter duration. Such treatment can
be considered as one extreme of ‘“‘conventional’’; at the other extreme are
regimens which deliver 40 fractions of 1.8 Gy daily over 8 weeks. Acute
reactions are mild but prolonged; there is no evidence that long-term results are
any better.

Several alternative approaches to dose fractionation have been investigated in
the clinic. Hypofractionated therapy administers fewer treatments, whereas
hyperfractionation involves more and smaller fractions. Accelerated therapy
uses multiple fractions per day in order to reduce the overall time. Fitzfractiona-
tion (accelerated hyperfractionation) uses both these concepts. Split course
therapy introduces a rest period to allow recovery of acute normal tissue
reactions. This approach has been combined with hyperfractionation.

Table 7.3 shows the five major alternatives to conventional radiation dose
fractionation. All five approaches have a clear biological rationale in terms of
tumour response. It is also evident that all could adversely effect the therapeutic
ratio by causing increased normal tissue damage.

Criteria of an Adequate Clinical Trial

Clinical trials of fractionation can only be effective if they address a well-defined
question. To ask if one treatment is better than another is imprecise. We need
to know whether or not local tumour control has been improved and if more
patients have been cured. It is important to show that the results of the new
treatment are better than expected, rather than merely better than a poor
control arm. Similarly we need to know whether or not the therapeutic ratio is
improved, that is whether local tumour control is greater at a chosen level of late
normal tissue damage. If not then a simple dose escalation using conventional
fractionation should achieve the same result.

A study protocol must therefore include a control arm which is known to
achieve good results and which is widely accepted as conventional. Survival,
tumour control, and early and late normal tissue damage must be quantitated.
Two dose levels are also needed in the novel arm of the trial to ensure that the
result is interpretable (Fowler 1979). Fig. 7.1 illustrates the problem. The upper
panel shows that the novel regimen results in higher tumour control rates, but
normal tissue damage is also greater. The number of patients with uncompli-
cated local control increases from 30% (40%-10%) to 60% (80%—20%). This
could simply be the result of an effective increase in dose, and therapeutic gain
cannot be proved. The lower panel shows that the addition of a second dose
group permits the conclusion that, at an equivalent level of normal tissue injury
(10%), tumour control has been improved from 40% to 75%. In this example
the lower-dose arm alone would have established therapeutic gain. A two dose
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Fig. 7.1. Schematic results of a clinical trial of (for example) conventional irradiation (O) and
hyperfractionation (A). Local control (filled symbois) and severe complications (open symbols) are
shown.

In the upper panel a two-arm trial is shown. The novel treatment increases both local control and
complications. One can argue that a simple increase in X-ray dose (dashed line) would have achieved
the same result.

In the lower panel the use of two dose levels in the novel arm establishes that there is therapeutic
gain. For a complication rate of 10%, local control increases from 40% to 75%.

level design thus doubles the chance of demonstrating such benefit. In practice
the low incidence of rare events such as severe late normal tissue damage makes
the confidence limits wide. The development of quantitative scoring systems for
normal tissue injury should improve dose-sensitivity and reduce this problem.

Hypofractionation

Hypofractionation has been reviewed by Cox (1985), who concluded that it
reduced the therapeutic ratio. He reported that tumour control was decreased
and normal tissue damage increased. Hypofractionation should therefore be
used with caution even when combined with new modalities such as radiosensi-
tizers or hyperthermia.

Several important clinical trials of reduced fractionation in the radical
treatment of head and neck tumours have been completed. Henk and James
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(1978) treated 98 matched pairs of patients with either 10 fractions over 22 days
or 30 fractions over 42 days. The patients were considered unfit for a trial
involving hyperbaric oxygen and all had advanced tumours. The 3-year survival
was 25% with no difference in tumour control or late effects in the two arms.
Similar findings were reported by Weissberg et al. (1982) who treated a total of
64 patients with either 65 Gy in 32 daily fractions or 44 Gy in 11 fractions over 22
days. There was no difference in the results, but only 20% of the patients
survived 3 years. Both studies involved relatively small numbers of patients so
that a difference in results of 15% could have been missed. This criticism was
particularly valid for normal tissue damage because of the small numbers of
patients surviving to be at risk of late effects. One can conclude that for
palliative treatment a few large fractions are adequate. These studies did not
address the radical treatment of curable disease in fit patients.

The British Institute of Radiology undertook a study of 738 patients with
advanced head and neck cancer treated either with 3 or 5 fractions per week
(Wiernick et al. 1982). No significant differences between treatments were
reported, but a wide range of fraction numbers and sizes were permitted in
answering the pragmatic clinical question “Are three fractions a week better
than five?”” This aspect of trial design may have obscured important differences
between fractionation schedules.

There have been no randomized trails of the effect of fraction size in treating
carcinoma of the cervix, but in the Medical Research Council’s studies of
hyperbaric oxygen poor results were obtained by those centres using 6 or 10
fractions when compared with those using 20 or 27 fractions (Watson et al.
1978).

Split Course Irradiation

The initial rationale for a break during a course of radiotherapy was that it
enabled a radical dose to be delivered to patients who were otherwise too frail to
tolerate such treatment. It was believed that normal tissue recovery would occur
faster than tumour regrowth, which is usually slow at the macroscopic level. It
was also thought that a pause in treatment would allow tumour sensitization to
the second course of irradiation by permitting redistribution of cells into
sensitive phases of the cell cycle (Scanlon 1959).

Split course irradiation has been extensively investigated. There is no good
evidence of therapeutic gain. Indeed tumour control may be decreased in head
and neck tumours (Parsons et al. 1980a), and late damage increased in pelvic
treatments, probably because improved acute tolerance allowed inappropriate
dose escalation (Parsons et al. 1980b).

It is now thought that tumour proliferation is an important factor in
determining local control. A break in treatment is therefore likely to be
dangerous. Acute effects will be reduced but late normal tissue damage will not
be lessened, because compensatory proliferation cannot occur in these tissues
before damage has been expressed. These risks also apply to a break introduced
to improve acute tolerance in a scheme involving multiple fractions per day.
Tumour control may decrease and late normal tissue injury be unacceptable.
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Accelerated Fractionation

Accelerated fractionation aims to decrease the time available for tumour
repopulation. This has been shown to be an important factor in rodent tumours
and, although human tumours grow more slowly, their potential doubling time
can be as short as 3-10 days. For example 90% of squamous cell carcinomas
have a doubling time of less than 7 days (Trott and Kummermehr 1985). If cell
loss decreases during treatment then a 2-3-week reduction in overall treatment
time might avoid three or four doublings in cell number, which would require a
total fractionated dose of about 10 Gy in compensation (Thames et al. 1983). As
with all novel treatments, translation of theory into increased local control and
cure rates depends on the naturally occurring differences between tumours. If
these are large then the dose-response curves will be shallow and benefit will be
slight.

There have been many small pilot studies of accelerated fractionation in head
and neck cancer. Tolerance diminishes as larger field sizes are used and is limited
if the oral cavity is treated. In general a dose reduction of about 10 Gy is
required if 30 fractions are given thrice daily in 14 days rather than daily over 42
days. Unfortunately, this approximates to the predicted reduction in tumour
clonogens gained by reducing overall time. Such dose reductions, or alterna-
tively the introduction of a break in treatment, may serve to neutralize the
advantage which is being sought by using an accelerated regimen (for review see
Thames et al. 1983).

Accelerated fractionation in the treatment of grade IV astrocytoma is of
particular interest because acute reactions are not dose-limiting. Simpson and
Platts (1976) delivered 40 Gy in 21 fractions over either 3 weeks or 7 days. There
was no difference in survival, nor was there evidence of any increase in brain
NEecrosis.

Hyperfractionation

The aim of a hyperfractionated regimen is to reduce the dose per fraction but not
the overall time. The main rationale relates to proposed differences in the repair
of radiation injury. The shape of a dose—effect curve can be described as the
ratio of the a and § exponents in the equation:

Surviving fraction = e~(24*5%)

In rodents, late responding normal tissues have low values of a/f (2-5 Gy),
which implies a curvy dose—effect curve and a fadiation response which will be
greatly influenced by the size of the dose per fraction. Rodent tumours and
human tumour cell lines have higher values of a/f (13-30 Gy). It should be
possible to exploit this difference if the dose per fraction is reduced and total
dose increased, so that late normal tissue injury is unchanged but tumour cell kill
increased. Increased acute normal tissue injury is also to be expected (a/f of 7—
15 Gy), but normal healing should occur.
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It has also been suggested that at low doses per fraction the oxygen effect may
be less important. Differences in rates of repair may also confer therapeutic gain
(Douglas 1982). There is little in vivo evidence to support these speculations.

If hyperfractionation is to be advantageous, total dose must be increased to
take advantage of differences in repair (Thames et al. 1983). In a study on the
treatment of bladder cancer Edsmyr et al. (1985) increased the total dose to
84 Gy given in twice-daily fractions of 1 Gy. The control arm received 64 Gy in
32 daily fractions; and in both regimens a 2-week break in treatment was used to
spare acute effects. In an analysis combining T, and T; tumours local control and
survival were improved. However, the finding of only 34% of patients alive at 5
years was no better than the figure of 30% frequently reported with conventional
irradiation without a split course. One can conclude that hyperfractionation
improved on a poor regime and that the split course regimen probably allowed
tumour proliferation.

Retrospective studies on the treatment of head and neck cancer have been
reported by a number of authors. Parsons et al. (1984) found no improvement in
results. but considered that the shorter hospital stay might be advantageous for
both patient and radiotherapist. Knee et al. (1985) reported on the use of
concurrent boost therapy and considered that the results were better than might
have been expected. Similarly Wang et al. (1986) claimed improved results
compared with their previous experience. Formal clinical trials are required to
establish whether or not there is therapeutic gain.

Fitzfractionation

Fitzfractionation is the term suggested by Withers et al. (1982) for a regimen
which has no single biological rationale but which seeks to combine the virtues of
hyperfractionation and acceleration by using multiple daily fractions of less than
2 Gy in a shorter overall time. If this proves to be an effective way to treat
patients it will not matter that we do not know why it is better.

Nguyen et al. (1985) reported a study of accelerated split course hyperfrac-
tionation in the treatment of advanced head and neck cancer. Eight fractions per
day of 0.9 Gy were administered for a week and the treatment repeated after a
2-week rest. A total dose of 72 Gy was delivered in 80 fractions over 26 days.
Severe acute normal tissue damage with necrosis and haemorrhage occurred in
34% of the patients. Tumour control was poor and severe late complications
were seen in 80% of the survivors. These unacceptable results probably reflect
incomplete repair of radiation damage in the 2-hour interval between the
fractions. Thames et al. (1984) have shown that the half-time for repair differs
between acutely responding tissues (0.3-0.9 hours) and late responding tissues
(1.5 hours). It is likely that this will prove a limiting factor in the clinical
application of hyperfractionation, as calculations by Dale (1986) have shown.

The European Organization for Research and Treatment of Cancer
(EORTC) has conducted a large randomized trial of accelerated split course
hyperfractionation in head and neck cancer. Three fractions a day of 1.6 Gy
were delivered. The first part of the course consisted of 30 fractions over 12
elapsed days; after a 3—4-week rest a further 15 fractions were delivered over
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5 days. A total dose of 72 Gy was delivered in 45 fractions over about 40 days.
This was compared with 70 Gy in 35 daily fractions of 2 Gy delivered over 47
days. Preliminary results show no difference in survival, locoregional control or
late effects (van den Bogaert et al. 1986). This is perhaps not surprising if one
considers that the total dose, number of fractions and overall treatment time are
similar, despite the differences in fractionation.

Saunders et al. (1986) treated non-small-cell lung cancer using a very short
regimen with small dose fractions: three fractions per day of 1.4 Gy were given,
to a total dose of 50.4 Gy in 36 fractions over 12 days. Unusually, the treatment
was continued over the weekend. They were careful to ensure a 6-hour interval
between fractions. Acute reactions occurred sooner than with conventional
irradiation, but were tolerable. Initial tumour control rates were high and long-
term results are awaited with interest.

Shin et al. (1985) have reported a trial of accelerated hyperfractionation in the
treatment of malignant cerebral astrocytoma. Patients in the control arm
received 58 Gy in 30 daily fractions over 6 weeks. The novel treatment consisted
of 61.4 Gy in 69 fractions of 0.9 Gy three times a day at intervals of 3—4 hours
over 4.5 weeks. One-year survival was significantly improved from 20% to 41%,
and the authors claimed that their control results were as good as those in other
series. Since the only toxicity was a slight increase in skin reactions with no
severe late effects, the next step is to increase the dose. Animal results imply
that this should be possible, but it should be remembered that much of the data
relates to spinal cord rather than brain, that there are few data for doses below
2 Gy, and that the data that are available showed that repair was less than that
predicted by the linear quadratic model (Ang et al. 1985). If the repair half-time
is indeed long in neural tissue then fraction intervals of at least 6 hours would be
advisable (Dale 1986). Shin and his colleagues are continuing their work with a
dose escalation to 71.2 Gy in 80 fractions of 0.9 Gy over 5.5 weeks.

Predictive Sensitivity Testing

In clinical practice little is known about any of the biological factors (Table 7.1)
which determine tumour and normal tissue responses in an individual. It would
be a major advance if we were able to study these prospectively and choose the
optimum fractionation regimen for an individual.

Predictive radiosensitivity testing is now being attempted clinically (see review
by Peters et al. 1986). The shape of dose-response curves will need to be reliably
characterized in order to be effective in determining the optimum fractionation.
Tumour oxygenation can be studied using oxygen electrodes or by frozen tissue
biopsies in which the oxygenation status of red cell haemoglobin is determined.
Nuclear magnetic resonance spectroscopy carries the promise of a non-invasive
tool for such investigations. Tumour cell kinetics can now be studied in man by
obtaining biopsies after the administration of BrdU, detecting its presence in
cells using a monoclonal antibody. The potential tumour doubling time can then
be determined and could be prospectively investigated to establish whether or
not it predicts a favourable response to an accelerated course of treatment.
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Normal tissue radiation response can also be investigated. In the future
fibroblast culture and radiation sensitivity testing might permit the identification
of patients at high risk of serious late effects. Dose escalation might then be
possible for other patients, with a consequent improvement in tumour control
rates.

If some or all of these aspects of tumour and normal tissue response could be
studied it might be possible to use experimental modalities such as altered
fractionation, radiosensitizers, radioprotectors and fast neutrons more ration-
ally. At present such novel treatments are applied blindly to patients identified
as having a poor prognosis, with no stratification according to the underlying
reason for treatment failure. Peters et al. (1982) have pointed out that such a
mixed population results in shallow dose-response curves and diminishes the
chance of identifying a genuine advance in treatment. All modifications to
radiotherapy depend on the assumption that dose-response curves are steep. If
they are not then any innovation which depends on modifying the therapeutic
ratio will have little impact.

Conclusions

Reduced fractionation and split course regimens can give poor results and have
certainly never been shown to improve the therapeutic ratio even if they are
more cost-effective.

The use of multiple daily fractions has excited much recent interest, but there
is no conclusive evidence of benefit. Phase III clinical trials are now required to
test the hypothesis that these novel approaches to fractionation can improve the
therapeutic ratio. Two dose levels should be used in the novel arm to ensure an
interpretable result.

Large long-term studies are required: further small studies will not help to
answer the important questions. Parallel investigation of the biological
properties of tumours and normal tissues in an attempt to individualize
treatment on a rational basis are likely to make such studies more useful.
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8 Radiation Resistance and the Dose-Rate Effect:
Experimental

G. G. Steel and A. Horwich

Introduction

Prior to 1980 it was widely thought that radiation is a relatively non-specific
killing agent, in the sense that it was not possible to attribute success or failure in
clinical radiotherapy to differences in the inherent radiosensitivity of tumour
cells. For some decades, therefore, radiobiological research has concentrated
mainly on hypoxia: it was tacitly believed that failure in treatment is usually
related to the presence of hypoxic cells, which are known to be considerably
more resistant to low linear energy transfer (LET) radiation than well-
oxygenated cells. Reoxygenation of hypoxic cells is known to occur in
experimental tumours and one reason for clinical failure could be the failure of a
tumour to reoxygenate satisfactorily during a conventional course of
radiotherapy.

Through the original work of Fertil and Malaise (1981), and the confirmatory
studies of Deacon et al. (1984), it has become clear that this view of clinical
failure may not be accurate. These two studies have shown that among those
human tumour cell lines that have so far been investigated there are
considerable differences in the radiosensitivity of oxic cells. This is manifested
not in the final (i.e. high-dose) slope of the cell survival curve, but in its initial or
low-dose region. Furthermore there is evidence for a positive correlation
between this initial slope and the clinical response to radiotherapy of various
categories of tumour. The implication is that inherent cellular radiosensitivity is
an important determinant of clinical outcome. This does not refute the idea that
hypoxia limits the response of some tumours, but it points towards another quite
different possible cause of treatment failure.
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The initial slope of the oxic cell survival curve is probably due to the induction
of unrepairable radiation damage. It is likely that radiation exposure induces a
number of discrete lesions within the cell. On the original basis of “target
theory” it was thought that each cell has a critical number of targets, all of which
must be inactivated to kill the cell. More recently it has been supposed that
irradiation gives rise to a mixture of lethal and non-lethal events; an additional
radiation dose may convert non-lethal into lethal lesions. Immediately after
irradiation, repair processes begin to operate and the persistence of only one
unrepaired lethal event is by definition sufficient to kill the cell. Both of these
models provide an explanation of the shoulder that is usually observed on cell
survival curves, but the repair-type models lead to the view that the explanation
of why some cells have a steeper initial slope than others is to be sought in their
sensitivity to repairable and lethal damage.

This line of thought encourages more detailed study of the inherent
radiosensitivity of human tumour cells. We need more accurate information on
the initial part of the cell survival curve. Furthermore, to the extent that repair is
implicated in clinical failure there is a need for extensive study of repair-
modifying agents.

Low-Dose-Rate Irradiation

The study of low-dose-rate irradiation is of interest from both a fundamental and
an applied clinical point of view. Low-dose-rate irradiation is the extreme case of
increased fraction number and reduced dose per fraction. It allows maximal
recovery from radiation damage, for a given duration of treatment, and the lower
the dose rate the greater the opportunity for recovery. Its attraction in the present
context is that an exploration of the dose-rate effect should give information on
both the extent and the kinetics of recovery from radiation damage.

The clinical use of low-dose-rate radiotherapy has a long history. It has most
commonly been used in interstitial or intracavitary treatment, but since these
treatments have mainly been designed to exploit the geometric advantages of the
very non-uniform fields around radioactive sources, it has been difficult to
deduce whether the low dose rate by itself carries a therapeutic advantage (Hall
1978).

Clinical acute radiation treatments are usually given within a few minutes. If
the treatment time is prolonged by reducing the dose rate a number of biological
processes are permitted to take place during treatment, thus modifying the
radiation effect. Four processes are of particular importance, which have been
called the four Rs of radiobiology: repair, reassortment, reoxygenation and
repopulation (Withers 1975).

The range of dose rates over which any of these processes will modify
response depends on the speed of the process. Repair is the fastest, associated
with a half-time of perhaps an hour or less; reassortment will occur within the
approximate duration of the cell cycle phases (a few hours); repopulation
requires one or more cell cycle times (a few days in ‘human tumour cells); the
speed of reoxygenation in human tumours is difficult to specify but it may well
vary over the range described for reassortment and repopulation. Any particular
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process will modify response whenever the duration of treatment becomes
comparable with the half-time of the process. Fast processes (short half-times)
will be able to compete with a rapid infliction of damage (high dose rate).
Conversely, a slow process will only influence response at low dose rate.

The irradiation time for a dose of 2 Gy is 2 min at 100 ¢Gy/min, 20 min at
10 ¢Gy/min, and 200 min (i.e. 3.3 h) at 1 cGy/min. As we have argued previously
(Steel et al. 1986) the dose-rate effect down to about 2 cGy/min will therefore be
dominated by repair processes. At around 2 cGy/min cell cycle progression
phenomena may begin to modify response. Nevertheless, studies of the sparing
effect of reducing the dose rate from say 100 to 2 cGy/min can give information
on the kinetics of cellular recovery from radiation damage.

Mathematical Models of the Dose-Rate Effect

Most models of cell survival after radiation allow the calculation of response as a
function of dose but do not take account of dose rate. It is quite difficult to adapt
the multitarget or linear-quadratic equations in a rational way to deal with
changes in dose rate. Oliver (1964) suggested an empirical way of doing this
which envisaged that the dose-equivalent of recoverable damage should decay
exponentially. This approach has more recently been used by Thames (1985) in
his “incomplete repair’”’ model.

The ““lethal-potentially lethal” (LPL) model of Curtis (1986) is conceptually
different. It is a kinetic model of cell killing by radiation in which two types of
lesion are thought to occur: lethal (irreparable) lesions and potentially lethal
lesions. The potentially lethal lesions may either be repaired to restore cell
viability, or binary interaction may convert them into lethal lesions so that they
are thus “fixed”. It is envisaged that any one unrepaired lesion (of either type)
will lead to cell death. We have compared these two models in recent
publications (Steel et al. 1986, 1987; Stephens et al. 1987). In general they fit the
data equally well and they similarly describe the dose-sparing that is seen over
the range 200-2 cGy/min.

The Dose-Rate Effect in Human Tumour Cell Lines

Studies at the Institute of Cancer Research, London, have been made on over 17
human tumour cell lines of a variety of histologies, and the results so far have
recently been reviewed (Steel et al. 1987). Most of the cell lines were derived
from tumours that had first been xenografted into immune-deficient mice.
Radiobiological experiments were performed on single cell suspensions pre-
pared by enzymatic disaggregation of xenografts or confluent cell culture
monolayers. In all cases, a standard protocol was followed before, during and
after irradiation. Cells were plated out at appropriate density in soft agar culture
or on plastic in monolayer, and held for 2 h at 37 °Cin a 5% O,/5% CO,/90% N,
gaseous environment before irradiation with °CO y-rays at the appropriate
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Fig. 8.1a,b. Cell survival curves for 12 human tumour cell lines irradiated at high dose rate (a:
approx. 150 cGy/min) or at low dose rate (b: approx. 1.6 cGy/min). The duration of exposure has
been marked on the abscissa. The curves are labelled with a number that denotes the cell line: 34 and
118, melanoma; 32 and 58, pancreas; 99, breast; 156, cervix; 67 and 112, bladder; 27, teratoma; 138,
142 and 143, neuroblastoma.

dose rate. Cells were maintained at 37 °C and in the low oxygen atmosphere
throughout irradiation and during the post-irradiation period of colony growth.

The acute radiation survival curves of the 12 cell lines on which dose-rate data
are available are summarized in Fig. 8.1a. Although there is a range of
radiosensitivities it can be seen that the final slopes of these acute curves do not
vary widely (in fact by a factor of 2.0). The major difference is in the steepness of
the initial slope, which varies by a factor of about 12.

Fig. 8.1b shows the corresponding range of radiosensitivity at low dose rate
(1.6 cGy/min). At this dose rate most, but not all, of the survival curves have
become exponential. The curves that were steepest at high dose rate have not
moved much, but as expected the survival curves for the more resistant lines
have flattened considerably. The final slopes now differ by a factor of 7. It can be
seen that low-dose-rate irradiation discriminates better than high-dose-rate
radiation between tumour cell lines of differing radiosensitivity.

The sparing effect of low-dose-rate irradiation can usefully be described by the
type of representation given in Fig. 8.2. For each cell line and at each dose rate
the radiation dose required to give 1% cell survival has been determined (and
called the Dy o; value). This has been done by fitting each data set individually
with a linear-quadratic equation and thus interpolating the Dy o; value. The dose
reduction factor (DRF) indicates the ratio of Dy, at a specified dose rate to
Dy.o; at high dose rate. The term DRF is used by analogy with the terms dose
enhancement factor or sensitizer enhancement ratio that are used when there is
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Fig. 8.2. Low-dose-rate sparing as a function of dose rate in human cell lines. DRF indicates the
dose required at the specified dose rate to produce 1072 survival divided by the dose to produce
this effect at infinitely high dose rate. The curves are numbered as in the legend to Fig. 8.1.

a change towards steeper survival curves. There clearly is a wide range among
these cell lines in the amount of sparing associated with a lowering of dose rate.
Two cell lines (143 neuroblastoma, 67 bladder cancer) show no significant
sparing; in other lines the dose-sparing at 2 cGy/min ranges up to a factor of 2. A
similar range of sparing factors has been found for in vitro cell lines of non-
human origin (Steel et al. 1986).

Dose-Rate Effects in Normal Tissues

A number of studies have investigated the change in response of normal tissues
in the mouse as dose rate is reduced, and it is of interest to compare the results
on the same type of plot used in Fig. 8.2 for the human tumour cell data. Fig. 8.3
is taken from a recent review of dose-rate effects (Steel et al. 1986), and includes
two types of data. Studies where the end-point was gross tissue failure are
indicated by continuous lines on the scale labelled EDs,y, where EDsy is the
radiation dose at any given dose rate that is required to produce the effect in
50% of animals. Some studies in the bone marrow and intestine have employed
cell cloning techniques and the results of these (D, values) are indicated by
broken lines in the figure. Also included are the results of a more recent cell
survival study on the mouse testis (Delic et al. 1987).

The results reveal a wide range of sparing effects for low-dose-rate irradiation.
The studies in bone marrow failed to detect any significant sparing. At the other
extreme, the lung and hair follicle show considerable sparing; for these tissues
the EDsg at 2 ¢Gy/min is about 1.7 times the value at high dose rate.
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Fig. 8.3. Summary of dose-rate dependence of radiation damage to murine normal tissue. The
continuous lines show data on EDs, in Gy (left-hand scale): B——M, radiation pneumonitis; C——1{7J,
late lung damage; O——O, intestinal damage; + +, epilation. The continuous line without
points is rtepresentative of nine published studies of 30-day mortality following whole body
irradiation. The broken lines indicate D, values (Gy) obtained by in vivo cell cloning: V---V and
A———A, two studies on the intestine; O-—-O and @---@, bone marrow CFU-S; A---A, the
testis. (See Steel et al. (1986) for sources. The data on the testis are from Delic et al. (1987).)

Clinical Implications of the Low-Dose-Rate Studies

It is clear from the data presented in Fig. 8.2 that substantial sparing of radiation
damage is observed in some human tumour cell lines as the dose rate is reduced
to around 2 c¢Gy/min. Fig. 8.3 shows a very similar picture among a small
number of mouse normal tissues. The greatest degree of sparing among the
normal tissues is closely matched by the sparing seen in some tumour lines. It is
therefore not possible to claim that in general the use of low dose rate in clinical
radiotherapy should lead to a therapeutic advantage. It would seem from the
wide range of sparing seen in these human tumour cell lines that, depending
upon the precise circumstances, a lowering of dose rate could lead either to a
therapeutic advantage or to a therapeutic disadvantage. Tumour cell types that
show little sparing, growing in an anatomical site where the dose-limiting normal
tissues have a high degree of sparing, will be better treated by low-dose-rate
therapy. This may well be the case, for instance, with total body irradiation in
the preparation of leukaemic patients for bone marrow grafting; low-dose-rate
irradiation should be effective in eradicating the leukaemic cells (and the
marrow) but it should spare damage to most other normal tissues. However, the
converse could also be the case. Radioresistant tumours that are well spared by
low dose rate could be at an advantage if the limiting normal tissues have a poor
capacity to recover. An encouraging thought is that it may well be that late
reacting normal tissues have a generally high capacity to recover from radiation
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damage (Thames et al. 1982; Fowler 1984) and should therefore tend to show a
relatively high degree of low-dose-rate sparing. More attention needs to be given
to selection of those tumours that will respond best to low-dose-rate therapy,
and of course this must be done with due consideration to the dose-limiting
normal tissues.

The experimental studies reviewed here are the work of a number of our past and present colleagues:
Judy Deacon, Julian Delic, Julian Down, Gill Duchesne, Lloyd Kelland and John Peacock. We are
most grateful to them for allowing us to reproduce their data.
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9 Low Dose Rate in Clinical Radiotherapy

A. Horwich, P. Blake and G. G. Steel

Introduction

The radiobiological considerations underlying the cytotoxicity of low-dose-rate
irradiation have been discussed in the preceding chapter. In summary they
consist of repair during irradiation, which decreases cytotoxicity, and cell cycle
progression which would be expected to increase cytotoxicity by virtue of
resistant surviving cells moving into a more sensitive phase of the cell cycle
(Table 9.1). Proliferation during irradiation may reduce the effects of low-dose-
rate treatment. However, the important factor restricting repopulation is the
overall treatment duration, and in many clinical examples this may be shorter
after continuous low-dose-rate radiotherapy than after fractionated treatment at
conventional dose rate.

Table 9.1. Radiobiology of low-dose-rate irradiation

Parameter affected Low-dose-rate cytotoxicity
Sublethal damage repair !

Cell cycle progression 1

Cell proliferation !

Reoxygenation 1

Prescribed dose rate in clinical radiotherapy ranges from 0.1 cGy/min in
iodine-125 implants up to approximately 400 cGy/min from linear accelerators.
The major intermediate groupings include interstitial implants and intracavitary
insertions at 0.5-2 ¢Gy/min and total body irradiation at =2 cGy/min.
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Fig. 9.1. Study design for comparison of dose-rate effects on normal skin (McWhirter 1936). See
text for details.

The first proponent of low-dose-rate radiotherapy was Claudius Regaud
(1870-1940). While working at the Radium Institute in Paris at a time when the
conventional radiotherapy of cancers consisted of a single large dose, he
proposed a smaller total dose protracted by continuous treatment for 6-15 days.
He believed that this technique would permit the use of radiotherapy as a
selectively toxic rather than a ‘‘cyto caustic” treatment modality (Regaud 1922).
Clinical analysis of dose-rate effects was undertaken by McWhirter (1936), who
observed the skin reactions in human volunteers irradiated by radium moulds
symmetrically on each thigh at different dose rates. In a study treating the same
area on each thigh of 16 patients to between 2000 and 2300 roentgens delivered
in one fraction per day for 7 days (Fig. 9.1) he was unable to observe any
difference between dose rates ranging from 12 R/hour to 1273 R/hour (the
former representing continuous irradiation over the 7 days). In contrast, he
demonstrated a lower dose of 2000 R required for skin tumour control during 2-
hour treatment compared with 4400 R required for tumour control when using
7-day continuous treatment. These data are supported by those of Mitchell
(1960) (Table 9.2).

Table 9.2. Doses required for control of small skin tumours treated at a range of dose rates

Dose rate Total dose required Treatment duration
(cGy/min) (CGy) (hours)
18.0 1800 1.67

3.7 2250 10

2.0 2880 24

1.13 3300 48.5

0.85 3600 70.3

0.45 4500 169

0.23 4800 336

0.13 4950 600

From Mitchell (1960).

In the 1930s and 1940s interstitial implant techniques with radium were used
successfully in a range of clinical situations, especially oropharyngeal tumours.
Clinical observations supported a dose-rate effect and Paterson (1952) and Ellis
(1968) published isoeffect curves suggesting change in the total interstitial
implant dose from 6000 cGy for situations where the dose rate differed from the
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Fig. 9.2. Isoeffect curve for oral cavity implants at different dose rates (After Paterson 1952.)

standard (0.59 cGy/min) (Fig. 9.2). Subsequently, this form of isoeffect
relationship has been modelled mathematically and used to derive corrections
for different dose rates (Kirk et al. 1972; Orton and Ellis 1973).

Formulae describing dose-rate effects have also been derived from acute cell
survival curve equations, modified by consideration of recovery kinetics
(Liversage 1969; Barendsen 1982; Thames 1985; Dale 1985; Curtis 1986).

Recent clinical work on low-dose-rate radiotherapy falls into three main
areas: interstitial implants, intracavitary treatment and low-dose-rate external
beam therapy.

Interstitial implants with radium substitutes employing a range of isotopes
with different decay constants have been used in clinical practice (Table 9.3).
The dose rate has been adjusted to the range previously used for radium (0.3-1.5
c¢Gy/min) with the exception of that for iodine-125, where rates of 0.1 ¢cGy/min
have been used.

For the intracavitary treatment of gynaecological malignancies many centres
used to employ radium at a dose rate to point A of approximately 0.5 cGy/min.
In order both to improve patient comfort and to increase the number of patients
who could be treated, shorter treatment times have subsequently been evaluated
using dose rates up to approximately 2 cGy/min. With the development of
cobalt-60 intracavitary facilities the opportunity exists for comparison with dose
rates of 150-400 cGy/min. However, high-dose-rate treatments are usually
employed with different dose-fractionation schedules.
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Table 9.3. Exposure rate constants of therapeutic radionuclides

Half-life Av. photon Exposure rate
energy (MeV) constant
(R m*h~I1CiY)

Radium-226 1604 years 0.78 0.82
Cobalt-60 5.26 years 1.25 1.3

Caesium-137 30 years 0.66 0.33
Iridium-192 74.2 days 0.35 0.46
Iodine-125 60.2 days 0.027 0.14
Gold-198 2.7 days 0.42 0.24

Use of low-dose-rate external beam therapy for the sparing of lung damage in
contrast to haemopoietic tissue makes this approach of critical interest in total
body irradiation for leukaemia; this topic is discussed in Chaps. 10 and 11. A
study of low-dose-rate local field irradiation in head and neck cancer has been
conducted by Pierquin et al. (1978) and this is now being compared with
conventional fractionation.

Interstitial Radiotherapy

An isoeffect graph relating largely to the tumour control and normal tissue
damage caused by radium implant treatment of oropharyngeal tumours was
published by Paterson (1952) “to set out the doses in the 5-10 days range which
are equivalent to any desired 7-day dose” (Fig. 9.2). The graph represents
clinical experience rather than scientific analysis. The accuracy of the clinical
experience was supported by the very similar isoeffect curve published by Ellis
(1968) and attributed to observations by Green. These relationships have been
used by a number of authors to derive mathematical corrections of dose for
isoeffect at different dose rates. For example, Orton (1974) published an
isoeffect graph based on various sets of early data from the Christie Hospital in
Manchester and used the regression formulae to derive time dose factor (TDF)
values for implants at different dose rates.

Some recent clinical reports have failed to support the proposed corrections,
but before considering them in detail it is important to emphasize the range of
factors influencing the clinical result in interstitial treatments (Table 9.4). These
include in particular tumour site, target volume, dose homogeneity and choice of
isodose line for reference dose rate (Burgers et al. 1985). Additionally, certain
isotopes have a relative biological effect (RBE) which varies with distance from
the source — for example iodine-125, where low-energy photons have a high
linear energy transfer (LET), and californium-192, where there is a component
of neutron irradiation. A further problem of comparisons with iodine-125 is the
rapid dose attenuation associated with this isotope and thus the disproportion-
ately reduced integral volume for the same reference dose (Kim and Hilaris
1975).
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Table 9.4. Factors affecting implant result

Tumour stage
Treatment volume
Site
Radiation:

Dose

Time

Quality

RBE

Dosimetry

Implant technique

Many of these difficulties were avoided in the retrospective analysis by
Pierquin et al. (1973) of the results of iridium-192 implants. The relatively short
half-life of the isotope (74 days) meant that patients were sometimes implanted
with sources that had partially decayed and thus had a lower linear activity. At
equivalent sites and doses, a comparison could be made between dose rates from
70 Gy in 3 days to the same dose in 9 days. Squamous carcinomas of the skin
(110 patients), penis (22 patients), lower lip (50 patients) and oropharynx (81
patients) were analysed without detecting a dose-rate effect on tumour control
or recurrence. In particular, this was true for the 81 oropharyngeal tumours,
where there were 13 local recurrences and 14 instances of late necrosis (Table
9.5), and it was concluded that dose should not be reduced from 70 Gy for
shorter treatment times down to 3 days. The Paterson graph recommendation,
on the other hand, would have been to reduce Pierquin’s standard total dose of
70 Gy in 7 days to approximately 80% (i.e. 56 Gy) for a 3-day treatment and to
approximately 90% (63 Gy) for a 5-day implant.

Table 9.5. Iridium implants for tumours of anterior tongue and floor of mouth: impact of dose rate

Dose rate range No. of Recurrences Necrosis
(cGy/min) cases

1.2-1.6 9 1 1
0.8-1.2 39 8 9
0.50.8 33 4 4

From Pierquin et al. (1973).

An analysis of the effects of dose correction for shorter treatment times has
been reported by Awwad et al. (1974) and Awwad and Burgers (1976). Of 26
patients implanted with radium needles for squamous carcinoma of the tongue
there were 11 recurrences: 2/7 T, tumours, 8/18 T, tumours and 1/1 T5 tumours.
When patients remaining recurrence-free and those with recurrence within 2
years were compared, there was no difference in target volume or dose
homogeneity between the two groups. However, the group with recurrence had
had a significantly shorter treatment time and hence lower dose (Table 9.6). Of
the 11 recurrences 9 had treatment times below 110 hours as opposed to only 1 of
15 disease-free patients. This experience has been extended (Burgers et al. 1985)
in 119 patients with cancer of the tongue, bladder or perineum. Again the



86 Radiobiology in Radiotherapy

hypothesis that a dose reduction is needed to correct for higher dose rates was
not substantiated.

Table 9.6. Tongue implants: clinical results of dose reduction for faster dose rate

Two years Local p
recurrence recurrence
free
No. of patients 15 11
Av. dose (min. cGy) 6290 5800 0.05
Av. treatment time 130 100 0.02
(hours)
No. with treatment
time <110 hours 1 (7%) 9 (82%)

From Awwad and Burgers (1976).

Implantation with iodine-125 illustrates the extreme of low clinical dose rate.
Though it is difficult, for reasons discussed above, to interpret clinical results
entirely in terms of a dose-rate effect, the protagonists of this treatment modality
are in no doubt about the efficacy and lack of normal tissue toxicity of iodine-
125. For example, in 112 patients with T,—T3 carcinoma of the prostate followed
for 24-72 months (median 42 months) after implant 12 (11%) relapsed. There
were no bowel complications or instances of urinary incontinence, and no
treatment induced impotence (Hilaris et al. 1978). More recent reports have
emphasized the relatively high relapse rate in large or poorly differentiated
tumours (Giles and Brady 1986). The Memorial Sloan-Kettering Cancer Center
has studied iodine-125 implantation for lung tumours and for metastatic cervical
lymphadenopathy, comparing results with historical controls implanted with
radon or iridium (Kim and Hilaris 1975). Increased local control rates at
equivalent levels of complications have been reported.

Dose rates as low as 0.1 cGy/min may be prescribed in iodine-125 implants
and the question arises as to whether this might be too low in rapidly
proliferating tumours, since studies in vitro suggest that the dose rate required to
halt proliferation is a function of the cell cycle time (Hall 1972). For human
tumours approximately 0.5 cGy/min might therefore be necessary in some cases.
Though patient numbers in the study are small, Gutin et al. (1981) have reported
that low-intensity iodine-125 implants (0.1 cGy/min at tumour edge) have failed
to control early progression of high-grade glioblastomas, whereas higher activity
iodine-125 sources (0.5-1.6 cGy/min) were more successful.

Intracavitary Irradiation

Assessment of the dose-rate effect in the intracavitary treatment of gynaecologi-
cal malignancies is complicated by the variety of factors that may influence the
control rate and the incidence of toxicity (Table 9.7). Data likely to relate to
dose rate can only be obtained where applicator design, source distribution,
fractionation and ancillary external beam treatment are held stable for different
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dose rates. With the traditional radium technique (Paterson 1963) the dose
rate varies through the pelvis from approximately 1.5 cGy/min at point A to
<0.5 cGy/min at the pelvic side wall. Lee et al. (1976) provided suggestive
evidence of the importance of dose rate by a detailed retrospective analysis of
dose and dose-rate distributions in the pelvis in 15 patients who had suffered
complications following radiotherapy for carcinoma of the cervix. In each
patient the source distribution was reproduced from radiological records and the
maximum dose and dose rate for rectum, bladder and ureter were mapped. In a
graphical representation of dose against dose rate for both injured and non-
injured organs a line of demarcation could be derived and the slope of this line
closely matched that of Paterson’s relating to interstitial therapy (see above).

Table 9.7. Factors affecting clinical results of
intracavitary irradiation

Applicator design
Source: geometry
activity distribution
isotope
Afterloading and adaptable source distribution
Shielding
Reproducibility and stability
Prescription
Total dose
Dose rate
Time between treatments
Fractionation
External beam: field
prescription
shielding

Patient factors

Data are also available from centres which have changed their intracavitary
sources from radium to either caesium or cobalt. The change to caesium was
prompted by considerations of staff exposure to radiation and was usually
accompanied by a change to a remote after-loading system. Increased dose rate
and hence shorter treatment times were considered to carry benefits of patient
comfort, increased unit cost effectiveness and possibly more stable source
positioning.

Particularly valuable data come from the Christie Hospital, where early
carcinoma of the cervix is treated entirely by intracavitary radiation. The
Manchester radium system (Paterson 1963) gave a dose of 7500 cGy at point A
in two insertions of 70 hours each over a total treatment time of 10 days. With
the change to caesium-137, the dose rate at point A was increased by a factor of
approximately 3.5 from c. 0.9 ¢cGy/min to c. 3.1 ¢cGy/min. In order.to assess the
appropriate total dose reduction these irradiation schedules were reproduced in
an animal model, the assay being based on mouse tail necrosis (Wilkinson et al.
1980). This laboratory study suggested that at 3.1 cGy/min the equivalent
normal tissue damage to that produced by treatment at 0.9 ¢cGy/min would
require a dose reduction of 33%, that is to a dose to point A of only 50 c¢Gy.
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However, in view of the scarcity of clinical data supporting a dose-rate effect,
and the broad range of pelvic radiation tolerance, together with a clinical
priority of prevention of tumour recurrence over normal tissue damage, it was
concluded that a more modest dose adjustment should be evaluated. Following
pilot studies, prospective randomized trials were instituted in 1980 to compare
traditional radium at a dose of 7500 cGy with caesium-137 at doses of 7500 cGy
or 7000 cGy. An early analysis of patients treated up until December 1981
revealed a high incidence of bowel damage in the caesium arms of the trial
(Sherrah-Davies 1985) (see Table 9.8). It has been argued that this damage was
largely a consequence of technique rather than dose rate, but a further trial was
started in 1982 comparing a radium dose of 7500 cGy with caesium-137 at doses
of 6500 cGy and 6000 cGy, representing 13% and 20% dose reductions
respectively. Preliminary analysis reveals a significantly higher tumour recurr-
ence rate at the 20% dose reduction (R. D. Hunter, personal communication)
and it appears that this increased dose-rate after-loading technique is associated
with a higher level of normal tissue damage at equivalent control rates when
compared with the traditional Manchester radium techniques.

Table 9.8. Incidence of bowel damage in terminal ileum or sigmoid colon following intracavitary
irradiation (Christie Hospital 1979-1981)

Isotopic Dose No. of % bowel damage
source (cGy) patients
1979 Ra 7500 127 0
Trial: Ra 7500 33 3
Cs 7000 30 10
Cs 7500 26 27

From Sherrah-Davies (1985).

In Glasgow, the corresponding dose-rate change was by a factor of 1.66. It was
decided to apply only 50% of the calculated cumulative radiation effect (CRE)
correction (Kirk et al. 1972; Corner et al. 1982). Again, early analysis was
suggestive of increased normal tissue damage and further study continues with
the full CRE correction. These valuable studies will provide data on dose-
response both for control of carcinoma of the cervix and for normal tissue
damage in the pelvis. However, in both Manchester and Glasgow the associated
change in insertion technique and apparatus leads to difficulties in defining the
significance of dose rate. In contrast, a current trial at the Institut Gustave
Roussy, Paris, is comparing two dose rates in the pre-operative intracavitary
irradiation of early carcinoma of the cervix, employing identical technique but
two sets of caesium sources. Patients are randomized to received around 60 Gy
in either the traditional 6 days or in only 3 days, with no total dose correction.
More than 300 patients have been registered in the first 2 years of this study (D.
Chassagne, personal communication) and a first report on toxicity will be
prepared in 1988.

Extensive studies have been performed on the use of high-dose-rate remote
after-loading with cobalt sources in the intracavitary treatment of gynaecological
malignancies (Joslin et al. 1972; Bates and Berry 1978; Snelling et al. 1979).
Dose rates of approximately 150-300 cGy/min are possible with this system.
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Although the dose distribution is similar to that in modern low-dose-rate after-
loading technique, the rigidity of the applicators may have a bearing on both the
morbidity and effectiveness of treatment when compared with traditional
radium techniques.

Dose equivalence calculations have been derived from acute cell survival
formulae (Liversage 1969) and from the isoeffect curve of Ellis (Joslin et al.
1972). Although the total dose has been reduced in line with these calculations,
clinical experience has resulted in fractionation schedules being developed in
most centres that give 46 fractions of 600-900 cGy at either weekly or twice-
weekly intervals. This treatment has almost universally been combined with
external beam regimens employing some type of central blocking. It is
consequently difficult to estimate equivalent doses of high-dose-rate and low-
dose-rate treatments. A prospective trial of high-dose-rate treatment versus
either low-dose-rate after-loading or conventional radium therapy has not been
performed.

Calculations of the CRE for two different regimens of fractionated high-dose-
rate treatment combined with external beam treatment showed close correlation
of these values with both local tumour control and morbidity (Joslin and Sharma
1984). These results suggested that small changes in the high-dose-rate regimen
could have considerable effects on the results of treatment.

External Beam Irradiation

The use of low-dose-rate external beam radiotherapy is derived mainly from the
requirement for long source-skin distance (SSD) tele-cobalt treatments to
achieve large field sizes for whole body irradiation. This is discussed in Chaps. 10
and 11. More limited investigations have also been undertaken on skin
irradiation and on the treatment of head and neck cancer.

The influence of dose rate on skin damage was studied in patients following
surgery for breast cancer when adjuvant irradiation fields included the
parasternal areas (Turesson et al. 1984). Each parasternal field was treated
separately at different dose rates to a total dose of 7.89 Gy X 4 over 22 days (one
fraction per week). The right side was treated within 4 min per fraction (=2 Gy/
min) and the left side was treated over 32 min in three fractions of 2.63 Gy with
14-15-min intervals between fractions (average approximately 0.25 Gy/min).
The lower dose rate reduced both acute skin erythema and late telangiectasia,
the required dose correction for isoeffect being approximately 1.1 (Turesson et
al. 1984).

The exploration of low-dose-rate external beam irradiation for radical
treatment has been restricted for practical reasons. A pilot study in 46 patients
with advanced squamous tumours of the head and neck was reported by
Pierquin et al. (1978). Patients were treated using a tele-cobalt apparatus with a
weak 6-mm cobalt source such that 1.7 cGy/min would be achieved with an 8 cm
X 8 cm field at 6 cm depth with a SSD of 80 cm. Treatment times were 6-9 hours
per day with brief rests every 2 hours and a 30-45-minute lunch break. The
couch incorporated a mattress and pillow and immobilization in a supine
position was assisted by sandbags only.
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A total dose of 6500-7000 cGy was reached either by single course treatment
over 9-16 days or by a split course over 5 weeks. Thirteen patients were treated
by single course treatment with a high local control rate. However, acute
reactions were severe and most patients suffered extensive mucositis for 5-6
weeks. Three suffered moist desquamation of skin and seven developed late
necrosis. The split course approach was adopted subsequently with a 3-week gap
after the first 35 Gy in most cases, and of 21 patients with at least 1 year follow-
up the local control rate was similar to that in the single course treatment with
considerably less toxicity. Seven patients (33%) had late necrosis, especially
severe when larynx or piriform sinus were in the field.

This approach is now being compared with conventional fractionation in a
prospective randomized trial in patients with T,g and T3 squamous carcinomas
of the oropharynx (Pierquin et al. 1985). The low-dose-rate split course
technique (7000 cGy over 5 weeks) is compared with conventional fractionation
at 200 cGy per day (7000 cGy over 7-8 weeks). With either schedule the final
2500 cGy could be delivered by interstitial implant. The randomization was not
rigorous because of reservations about the low-dose-rate arm. Twenty-nine of
the 53 patients were treated by conventional fractionation and there was a
disproportionate number of T, tumours in this group. Nevertheless there were
fewer local recurrences in the low-dose-rate group (26% at 2 years versus 53%
for conventional fractionation) (Fig. 9.3). All five recurrences after low-dose-
rate treatment occurred at the lower end of the dose-rate spectrum (2/2 at
1.5 ¢Gy/min, 3/14 at 2.25 cGy/min), whereas all three patients treated at
=2.8 cGy/min developed necrosis.

This use of fractionated low-dose-rate irradiation at 750 cGy/day is similar in
toxicity to schedules employing multiple fractions per day in order to accelerate
treatment (Gonzalez et al. 1980). Doses of 4800-5400 cGy were given over the
first 11-14 days via three fractions per day of 1.8 Gy mid-plane dose. It is not
clear, however, whether the two approaches are equivalent with respect to
tumour control or late effects.
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Fig. 9.3. Local control of oropharyngeal tumours treated by conventional fractionation (dotted
line) or by low-dose-rate (continuous line) external beam therapy. (After Pierquin et al. 1985.)
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Conclusions

It is now almost 10 years since Hall’s editorial (1978) asked ‘“Has the promise of
low dose rate irradiation been realized?”” The promise derived historically from
the excellent clinical results of interstitial implants, and Hall felt that the major
causes for this were that:

1. The distribution of the radiation dose was highly localized.

2. The continuous radiation may have benefits relating to cell cycle distribution,
leading to cells accumulating in the more radiosensitive phases of the cell
cycle.

3. The dose is delivered in a short treatment time.

Additionally, low-dose-rate radiation may exploit a difference in repair
capacity between tumour and critical normal tissue.

In clinical situations these factors are often interrelated and the relative
importance of each may vary between different tissues and different tumours.
For example, it is likely that the small target volume contributes to tolerance of
rapid high-dose treatment in interstitial implant therapy. However, implants
with iodine-125 dissect these factors since treatment time is so protracted with
this isotope. Though it does not appear that interstitial therapy with iodine-125 is
inferior to that with other isotopes, comparison is difficult because of dose and
RBE differences.

Pierquin’s studies on low-dose-rate external beam therapy are an attempt to
exploit the possible benefits of continuous irradiation. There is also the
additional rationale quoted of the possibility of a low oxygen enhancement ratio
compared with conventionally fractionated irradiation (Hall et al. 1966; Pierquin
et al. 1978). The initial study also incorporated a very short overall duration of
treatment; this proved too toxic however. The current study also employs a
shorter than conventional overall treatment time in the low-dose-rate arm
(7000 cGy in 5 weeks versus 7000 cGy in 7-8 weeks) (Pierquin et al. 1985). Most
current investigations into shortening of the overall treatment time are based on
accelerated fractionation studies rather than low dose rate.

Gynaecological studies have explored the opposite direction from these
considerations on the basis that increased patient comfort and staff safety should
compensate for any disadvantages of a slight increase in the dose rate for
intracavitary treatments. Following dose correction for normal tissue effects it
will remain to be seen whether dose-rate changes (or duration of insertion) are
important for tumour control.

Total body irradiation seeks to exploit the repair differences between critical
normal tissues and leukaemic cells (see Chap. 11). Low-dose-rate sparing of
lung tissue has been demonstrated both experimentally and clinically. However
this can also be accomplished by fractionation and thus a specific advantage for
continuous low-dose-rate therapy in this situation has yet to be demonstrated.
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10 Total Body Irradiation: Normal Tissue Effects

L. S. Constine and P. Rubin

“The whole is greater than the sum total of its parts.”

Introduction

Irradiation to the total body in high dose occurs unintentionally and with
potential life-threatening consequences following nuclear reactor accidents and
nuclear warfare, and intentionally as a therapy for certain malignancies. Total
body irradiation (TBI) in these settings, and with a low dose and dose rate as an
incidental exposure during space travel, has stimulated a renewed interest in the
biological effects of TBI. The lethal syndromes that follow high-intensity
irradiation are related to the doses which the whole of specific sensitive organs
receive (Fajardo 1982). Different threshold dose levels exist for irreversible
injury to the stem cell populations of various organs or tissues. Once exceeded
the result is loss of the organ’s functional integrity coupled with an inability to
repopulate or repair (Hall 1978). The degree of importance of the organ
determines the survival of the individual, and the time course of the expression
of injury relates to the cell kinetics and cycle time of the stem cell. The classic
radiation lethality syndromes relating to bone marrow, gastrointestinal and
central nervous system failure each have a tolerance dose and time course to
fatality (Rubin and Casarett 1968). A brief review of the critical dose factors and
the clinical-pathological course of events associated with each of the radiation
syndromes will constitute the first part of this chapter.

The therapeutic application of TBI was stimulated by the ability to transplant
bone marrow and thus protect the most radiosensitive and vulnerable organ
system. The combination of chemotherapy and TBI led to resistant or recurrent
childhood leukaemias being cured (Thomas et al. 1982). With this as a model,
the concept of supralethal radiation treatment with bone marrow rescue is
currently being investigated for a variety of radiosensitive disseminated
malignancies such as non-Hodgkin’s lymphoma, Ewing’s sarcoma, small cell
anaplastic lung cancer and neuroblastoma (O’Reilly 1983; Appelbaum and
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Buckner 1986). The most frequent lethal toxicity which has appeared following
bone marrow reconstitution is interstitial pneumonitis (Meyers et al. 1982). The
various possible aetiologies for this complication include infection (frequently
with the cytomegalovirus), graft-versus-host disease and radiation/chemical
pneumonopathy which may also interact with and exacerbate the other causes.
Other lethal syndromes resulting from radiation injury will become apparent as
rescue of more sensitive or earlier-reacting organs is accomplished (Sullivan et
al. 1984).

TBI syndromes should be viewed as a constellation of lethal syndromes each
resulting when the radiation tolerance of a whole organ, exposed by necessity in
the course of TBI, is exceeded. To recognize the potential late effects that can
occur, it is necessary to have an understanding of the dose-response data for
each whole organ, in both the adult and the child, since organ radiosensitivity is
greater during the rapid growth phase (Rubin et al. 1982). Radiation oncologists
have long recognized that the tolerance of an organ to radiation is improved by
shielding or protecting a part of its volume. Thus, whole organ radiation data are
sparse. Furthermore, improved strategies for administering TBI are rapidly
evolving with respect to both dose rate and fraction size. Thus continuous single
radiation exposures which previously were given at a high dose rate (>0.25-0.5
Gy/min) are now more commonly delivered at a low rate (<0.1 Gy/min) (Evans
1983). More recently fractionated and hyperfractionated whole body radiation
regimens have been used (Shank 1983). For some malignancies with cells
exquisitely sensitive to irradiation, such as acute lymphatic leukaemia (ALL)
and non-Hodgkin’s lymphoma, very small daily fractions of TBI (0.05-0.15 Gy
to total doses of 0.5-1.5 Gy) have surprisingly exceeded bone marrow tolerance.
This suggests that a spectrum of responses can occur depending on the specific
radiation schedule used (Rubin et al. 1981).

Each organ system will be reviewed here, and available data presented on the
sensitivity to injury from single continuous doses and fractionated regimens in
both clinical and experimental settings, with the goal of determining whole
organ dose-response curves. Equally important is the documentation of the
effect of chemotherapy, particularly in combination with irradiation, but this is
beyond the scope of this chapter.

Lethal Radiation Syndromes

When the whole body is irradiated intensively with single exposures, death will
occur within minutes to months as a function of dose and the organ system
affected. Damage to other organs, not directly leading to death, will additionally
contribute qualitatively or quantitatively to the syndrome. The prominent acute
syndromes and modes of death after single-dose TBI are, in the order of
occurrence and decreasing threshold dose, the central nervous system (CNS)
syndrome, the gastrointestinal (GI) syndrome and the haemopoietic syndrome
(Rubin and Casarett 1968). Table 10.1 summarizes a variety of parameters of the
acute radiation syndromes in man.

Animal data available on these syndromes are generally consistent with
observations in man. For example, haemopoietic death occurs in 50% of humans
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Table 10.1. Some aspects of the acute radiation syndromes in man (after whole body irradiation)
Aspects Acute syndromes in whole body irradiation
Central nervous system  Gastrointestinal (GI)  Haemopoietic
(CNS) syndrome syndrome syndrome
Chief determining Brain Small intestine Bone marrow
organ
Syndrome threshold 20 Gy 5Gy 1Gy
Syndrome latency i3 hours 3-5 days 2-3 weeks
Death threshold 50 Gy 10 Gy 2Gy
Death time Within 2 days 3 days to 2 weeks 3 weeks—2 months
Characteristic signs Lethargy, tremors, Malaise, anorexia, Malaise, fever,
and symptoms convulsions, ataxia nausea, vomiting, dyspnoea on
diarrhoea, GI exertion, fatigue,
malfunction, fever, leukopenia,
dehydration, thrombopenia
electrolyte loss, purpura
circulatory collapse
Major underlying Vasculitis (CNS), Depletion of intestinal ~ Bone marrow
pathology encephalitis, epithelium, atrophy, pancyto-
meningitis, oedema neutropenia penia, infection,
(CNS) (marrow damage), haemorrhage,
infection anaemia

From Rubin and Casarett (1968).

in 30-60 days following single doses of 2.4-7.5 Gy (Bond et al. 1965). Similarly,
the haemopoietic LDsg/30_¢0 is 6-7 Gy in rodents, 6 Gy in rabbits, 2.5 Gy in pigs
and goats, and 6 Gy in the macaque monkey (Bond et al. 1965). For any
particular organ-related syndrome the actual threshold dose may not be
clinically relevant because the adverse effects resulting from injury to another
organ system may predominate. Thus, when the dose is at the threshold for the
CNS syndrome, it is far above the threshold for the GI and haemopoietic
syndromes. Clear differences exist in the timing of the development of the
pathology which leads to functional impairment from the loss of relevant cells in
the determining organs. Thus, the CNS syndrome becomes apparent within a
few minutes to hours after irradiation and continues to express itself during the
early parts of the latent periods for the GI and haemopoietic syndromes.
Similarly, when the dose permits survival of the individual through the period of
the CNS syndrome but exceeds the threshold for the GI syndrome, then this
syndrome becomes apparent during the latent period for the haemopoietic
syndrome. It should be noted that the median acute lethal dose (LDsg0) for
man for brief, intensive TBI is not precisely known, nor is the influence of age
or sex. However, this dose has been estimated to be between 3 and 5 Gy, with
deaths primarily associated with the haemopoietic and GI syndromes.

Survival after TBI intentionally administered as preparation for bone marrow
transplantation (BMT) results from the infusion of viable bone marrow and
intensive supportive care. Patients so treated will demonstrate delayed adverse
effects dependent on the tolerance of individual organs to irradiation of their
entirety. Since TBI for BMT is currently administered in both single and
fractionated doses, the tolerance of whole organs to these two ablative strategies
must be considered.
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Whole Organ Tolerance: Single Versus Fractionated
Doses

Whole organ tolerance is determined by the radiosensitivity of the relevant stem
cell subpopulations, which may not always be proliferating or dividing (Hall
1978). The functional capacity of cells is often distinct from the regenerative
capacity and permits organ physiology to be preserved in the face of injury and
allows for recovery or repair of the insult. Most organ systems are composed of
many cell subpopulations, that is, 20 to 40 or more, each performing an
important activity (Rubin and Casarett 1968). The most radiosensitive vital cell
population determines organ tolerance and organ failure just as the degree of
importance of an organ that has been irradiated determines the survival of an
organism. :

Acute radiation effects can lead to severe pathophysiological organ failure and
are different from the late effects; both need to be considered. It is well
recognized that late effects can occur without being preceded by acute effects
(Rubin 1977; Siemann et al. 1982). The stem cells or target cells responsible for
these late effects are usually slowly proliferating or virtually non-proliferating
except if stimulated by injury or loss of cells — for example liver hepatocytes after
surgical resection. Of equal, if not greater importance is the microvasculature of
tissue in general (Rubin and Casarett 1968).

As noted, the radiation response is related to dose and the time in which it is
delivered, in terms of both fraction number and dose rate. Sufficient clinical and
experimental studies exist to provide a profile of the whole organ tolerance for
the acute and late effects of TBI. Organ tolerance to single and fractionated
doses needs more complete and systematic study and documentation before the
results can be considered firm data. However, such a listing can be generated
using available data, as in Table 10.2.

Table 10.2. Tolerance radiation doses for whole organs:
single and fractionated

Single dose (Gy): Ts;s~Tsoss

Bone marrow 2-10 Heart 18-20
Lens 2-10 Liver 15-20
Lung 7-10 Mucosa 15-20
Thyroid 7.5 Skin 12-20
GI tract 10-20 Testes >20
Kidney 10-20 Spinal cord 20-25
Ovary >10-40 Brain 20-30
Fractionated dose (Gy): TDs;s~TDsq/s
Testes 1.5-2.5 Liver 35-40
Ovary 5-15 Mucosa 3040
Lens 6-20 Skin 30-40
Bone marrow 15-30 Heart 40-50
Kidney 23-28 GI tract 45-50
Lung 25-30 Spinal cord 50-60

Thyroid 3040 Brain 60-70
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Fig. 10.1. Expected haematological response of a human following a single dose, total body
exposure of 4.5 Gy. (After Andrews 1967.)

Bone Marrow

Single Doses to Whole Volume

As described in the preceding section on TBI syndromes, bone marrow is one of
the most radiosensitive organs, responding to doses of 1.5-7.5 Gy with a rapid
depletion of vital stem cells within a week of exposure (Tubiana et al. 1979).
Death usually occurs as a result of granulocytopenia and thrombocytopenia
predisposing the individual to overwhelming infection and hemorrhage (Fig.
10.1) (Andrews 1967). The recent reactor safety estimates for an LDsq30 are at
variance with information from nuclear warfare estimates. Doses of 3-5 Gy
result in an LDsg/ 00, With a more frequent death rate (and shorter interval to
death) resulting from 7.5-10.5 Gy (Reactor Safety Study 1975). Following bone
marrow transplants, doses of 7.5-10.5 Gy are well tolerated and the microvas-
culature of the marrow still allows for the implantation and proliferation of
transferred stem cells (Kim et al. 1980).

Fractionated Doses to Whole Volume

Fractionated doses to the whole bone marrow organ are rarely used in clinical
schedules except for treatment of certain leukaemias, multiple myelomas and
non-Hodgkin’s lymphomas, and more recently in the form of TBI for BMT
(Bergsagel 1971; Carbell et al. 1979; Jaffe et al. 1979; Thomas et al. 1982). In
CLL extremely small daily doses of 0.05-0.15 Gy were effectively used to total
doses of 0.5-1.5 Gy, with the total regimen at times administered more than
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once (Rubin et al. 1981). In non-Hodgkin’s lymphoma these higher dose
schedules were more frequently well-tolerated, with 0.10-0.15 Gy being given
twice a week to a total of 0.3 Gy weekly for 5 weeks to 1.5 Gy. Cycles of
treatment were given monthly and could lead to total doses as high as 3.04.5
Gy; however, severe to life-threatening haematological toxicity sometimes
occurred (Carbell et al. 1979). A process of titration of dose is essential since
severe thrombocytopenia can occur, and treatment should be withheld if the
platelet count falls below 100000. Patients with multiple myeloma and CLL do
appear to exhibit more haematological sensitivity to TBI than those with normal
bone marrow and death has resulted after very modest radiation doses
(Bergsagel 1971; Rubin et al. 1981). Data from animal models suggest that this
sensitivity is atypical. A series of experiments in rabbits documented that small
daily doses of 0.05, 0.10 or 0.25 Gy given repeatedly to very high total doses are
well tolerated, greatly exceeding the single dose LDsq/39 (Rubin et al. 1984). To
explain the sensitivity seen in the above patient groups it has been postulated
that the haematopoietic cells in these diseases do not respond appropriately to
an irradiation stimulus by an increase in colony stimulating factor in the serum,
as leukopenia occurs (Scarantino et al. 1984).

The suppressive effects of irradiation on bone marrow are volume dependent
and are of considerable importance clinically. Tolerance levels appear greater if
permanent aplasia of limited areas is the end-point assessed. Knopse has
reported that single doses in excess of 20 Gy are required whereas fractionated
regimens produce aplasia only with doses greater than 30 Gy (Knopse et al.
1968). Rubin showed that even higher doses of 40 Gy are required to suppress
later regeneration at 2-5 years (Rubin 1973). The volume of bone marrow
irradiated has a major impact on the regeneration pattern (see Table 10.3)
(Rubin 1984).

Table 10.3. Bone marrow regeneration (BMR) patterns and compensatory mechanisms

Techniques of Regeneration Doses (Gy)
irradiation
Exposed Unexposed
bone marrow bone marrow Extension  Daily Total
Small field N Local-regional { BMR N 2 >40
Large field N Generalized 1 1 BMR N 2 >30
Subtotal body Suppressed BMR Generalized 1 1 BMR 1 2 40
which then
recovers
Total body Active — N 0.05-0.1 >1

Reprinted with permission from International Journal of Radiation Oncology Biology Physics, vol.
10. P. Rubin, The Franz Buschke Lecture. ©) 1984 Pergamon Journals Ltd.
N, none; 1, increased activity; 1 1, greatly increased activity.

Following the loss of bone marrow activity in 10%—-25% of the bone marrow
organ after irradiation to this volume, the unexposed bone marrow responds by
increasing its population of progenitor cells (Rubin 1984). Often the bone
marrow organ fails to regenerate the ablated portion of marrow since the
compensatory process is able to meet the demands for haematopoiesis.
However, when a larger volume of bone marrow is irradiated (approaching
50%) the paradoxical phenomenon of in-field regeneration is seen 2-5 years
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later, as well as extension of bone marrow into previously quiescent long bones
within 1-2 years. This is well illustrated by the evaluation and mapping of bone
marrow with nuclear scans using *™Tc-colloid undertaken in Hodgkin’s disease
treated with different radiation field arrangements (Rubin et al. 1973).

Lung

Single Doses to Whole Volume

Single dose radiation exposures to the lung are common as an incidental
component of TBI programmes widely used in preparatory regimens for BMT.
They are also employed in patients with widespread metastases. The relatively
high radiosensitivity of the lung was appreciated when patients who had survived
hemibody regimens suffered fatal interstitial pneumonitis with sufficient
frequency that investigators realized the event was not a manifestation of
lymphatic carcinomatosis involving lung (Fryer et al. 1978). Through careful
analysis, Keane et al. (1981) determined exact dose correction factors. That is,
supervoltage and in particular telecobalt radiotherapy displayed an increased lung
transmission of 15%-20%. The dose range for lethal radiation-induced
pneumonitis is firmly established at 8.2 Gy for a 5%, 9.3 Gy for a 50% and 11.00 Gy
for an 80% incidence following a single high-dose-rate exposure (Fig. 10.2)
(Fryer et al. 1978; Keane et al. 1981). This dose-response relationship is shifted
to the right for protracted low-dose-rate irradiation as used in TBI for BMT

100~
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Fig. 10.2. A best-fit curve based on a probit regression analysis of actuarial incidence of radiation
pneumonitis versus absolute dose to lung for patients receiving upper hemibody irradiation.
(Reprinted with permission from International Journal of Radiation Oncology Biology Physics, vol.
7. T. J. Keane, J. Van Dyk and W. D. Rider, Idiopathic interstitial pneumonia following bone
marrow transplantation. © 1981 Pergamon Journals Ltd.)
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(Keane et al. 1981). In mice, the single-dose regimen curves are also very steep,
in the range of 2 Gy for a change from an LD to an LDy, (Siemann et al. 1982).

Fractionated Doses to Whole Volume

Fractionated irradiation dramatically improves tolerance in both experimental
and clinical settings. Wara and Phillips demonstrated that in a mouse model the
LDsg/160 changed from 13.65 Gy in a single fraction to 38.20 Gy in ten fractions
for a dose modification factor of 2.79 (Table 10.4) (Wara et al. 1973). Also
important is the effect of dose rate, as considerable protection is conferred by
lowering the rate from 0.47 to 0.08 Gy/min (Evans 1983). The LDsq;30 thus
changes from 7.75 Gy to 8.70 Gy for a dose modification ratio of 1.12 (Evans
1983). The relevance of dose rate in several animal species has been summarized
recently by Lockhart (Table 10.5) (Lockhart et al. 1986). The clinical data for
fractionated regimens have been carefully reconstructed by Phillips and Wara,

Table 10.4. LAF, mouse lung LDsy¢0

No. DayS LD50/160 NSD? EDb
of (95% confidence
fractions limits)

1 — 13.24 (12.81-13.65)

2 1 16.98 (16.25-17.69) 14.38 13.08

4 3 23.18 (22.68-23.67) 14.73 12.90
10 11 36.94 (35.72-38.20) 16.33 13.49
10 25 38.73 (37.44-39.97) 15.64 13.49
20 25 46.68 (45.56-47.95) 15.96 12.52

From Wara et al. (1973).
2From the formula: Total dose = NSD-N?-24.70-11,
bFrom the formula: Total dose = ED-N0-377.T0-058,

Table 10.5. Sparing afforded by low-dose-rate thoracic irradiation

Species Dose rate DRF? Assay, time of
(cGy/min) evaluation
High Low
Mice 110 5 1.8 Lethality, 26 weeks
Rats 80 5 1.7 Lethality, 26 weeks
Mice 100 6 1.8 Lethality, 26 weeks
Breathing rate, 14
Mice 100 5 1.7 weeks
1.6 Lethality, 26 weeks
Humans 50-400 Clinically diagnosed
1.3 idiopathic interstitial
Humans 2.8-15 pneumonitis

Reprinted with permission from International Journal of Radiation Oncology Biology Physics, vol.
12. S. P. Lockhart, J. D. Down and G. G. Steel, The effect of low dose rate and cyclophosphamide
on the radiation tolerance of the mouse lung. © 1986 Pergamon Journals Ltd.

2DREF, dose reduction factor.
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Fig. 10.3. Lethality dose-response curves for single or fractionated radiation exposures (28 weeks
after a single dose).

particularly as regards children with Wilms’ tumour, many of whom received
whole lung irradiation with or without actinomycin. The dose for a 5% lethality
(TDs;5) was 26.50 Gy in 20 fractions, or 770 rets, and for 50% lethality was
30.50 Gy in 20 fractions, or 992 rets. The dose modification factor for single
versus fractionated doses is 3.2, demonstrating a considerable increase in
tolerance for the latter (Wara et al. 1973).

Studies in our laboratories by Siemann illustrate the effect of increasing time
intervals and decreasing fraction sizes on lung injury after irradiation (Fig. 10.3).
Considerable protection is evident when comparison is made between single
exposures and once-a-week, once-a-day or twice-a-day fractionation regimens.
When the end-point for evaluation is not only acute pneumonitis but the late
appearance of fibrosis, a similar alteration in tolerance dose-response data is
again noted (Salazar et al. 1984). The appearance of the late effect without an
antecedent acute effect illustrates an important principle: the need to follow
animals for long intervals in order truly to appreciate the late effects, much as in
patients. The dose to produce late-appearing interstitial septal fibrosis is less
than that for early pneumonitis independent of the fractionation scheme used
(Rubin et al. 1984).

Doses to Partial Volume

The adverse effects of single versus fractionated doses to partial lung volumes
have not been well studied experimentally or fully documented clinically.
Although different experiences are recorded as regards the incidence of
pneumonopathy in patients with lung or breast cancer, a specific range of
injurious doses has not been identified. To complicate this problem, patients
with lung cancer also have pulmonary abnormalities which are the result of
changes produced by the cancer itself (Choi et al. 1985). Assessment with
computerized tomographic (CT) scans has more recently provided sharper end-
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points for the recognition of fibrosis. The dose for the induction of fibrosis is
40 Gy and increases to 50 Gy for pneumonopathy. The impact of split-course
and once-a-week irradiation schedules on the incidence of pneumonitis and
fibrosis has been shown by Salazar, and confirms the findings in animals (Salazar
et al. 1984). That is, the incidence of fibrosis is increased relative to that of
pneumonitis if patients survive for several months, and the degree of fibrosis
produced is a function of the fractional dose as well as the total dose and total
time for delivery.

Central Nervous System

The relative tolerance of the mature brain to moderate doses of irradiation
would suggest that this organ could sustain the range of therapeutic doses used in
TBI without significant adverse effects, and that malignancies within its
substance could be adequately treated. However, many patients receiving TBI
have had previous courses of CNS irradiation (as, for example, in ALL). Also,
primary CNS cancers require high doses of irradiation.

The variety of sequelae which follow CNS irradiation can be categorized
according to their time of appearance and histopathology (Sheline et al. 1980).
Acute reactions infrequently appear after 50 Gy in fractionated doses and are
generally mild with malaise and nausea as symptoms. They are probably due to a
transient cerebral oedema and respond to corticosteroids. Early delayed
reactions, manifested by somnolence and a variety of neurological signs, occur
within 2-3 months in approximately 20% of patients and presumably result from
a transient demyelinization (Hoffman et al. 1979). Symptoms are usually mild,
although they can occasionally be severe and result in death (Rider 1963). Late
delayed reactions include subacute leukomyelopathy in the spinal cord, and
leukoencephalopathy, mineralizing microangiopathy or frank necrosis of the
white or grey matter in the brain (Price 1979; Sheline et al. 1980).

Extensive fractionation studies have been performed on the tolerance of the
rodent spinal cord, with a value of about 0.4 for the N exponent and essentially
zero for the T exponent in the NSD isoeffect formula (Fig. 10.4) (Thomas et al.
1975; Horsey and White 1980). Leith recently reviewed available data on the
dose-response relationship of radiation-induced spinal cord paralysis in the rat,
and found that the estimated dose needed to produce paralysis in 50% of
animals ranged from 19 Gy to 25.6 Gy (Van der Kogel 1977; Leith et al. 1981).
Fractionated doses, however, produce paralysis over an extremely large total
dose range. Ang has estimated the EDs in rats to be as high as 140.00 Gy in 2.00
Gy fractions (Ang et al. 1985). Thus far, the applicability of such animal findings
to man in unclear.

The tolerance of the whole brain to single doses of irradiation was studied by
Kemper in the monkey (Kemper et al. 1977). Essentially no effect was seen after
10 Gy; a scatter of focal lesions was present after 15 Gy at 26 weeks, with a
confluence of lesions at 52 weeks; and extensive necrosis with ventricular
enlargement and lethality occurred after 20 Gy. The frequency of brain necrosis
following single irradiation doses was also studied in rabbits, and found to be
strictly dependent on the volume of brain exposed. Necrosis occurred after 21—
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Fig. 10.4. Probability of paralysis in rats after irradiation of a segment of the spinal cord with either
a single dose or various numbers of fractions, all given in 6 weeks. (After Horsey and White 1980.)

50 Gy to maximal volumes (Fig. 10.5) (Berg and Lindgren 1963). Clinical data
indicate that 45-55 Gy to the brain and 50 Gy to the spinal cord will result in a
5% frequency of severe complications in 5 years, with 75% of cases occurring
within 3 years (Sheline et al. 1980). Data for single dose irradiation are sparse,
but when Hindo (Hindo et al. 1970) used single doses of 10 Gy in patients with
brain metastases, 7% of patients died within 48 hours. Following 10 Gy TBI in
preparation for BMT, Thomas (Thomas et al. 1976) found a 7% incidence of
leukoencephalopathy at 1-5 months in patients who were previously treated
with 12 doses of 2 Gy for ALL prophylaxis.

Heart

Acute and chronic pericarditis are well-recognized complications of irradiation
incidentally administered to the heart in the course of treating malignancies in
the thorax (Byhardt et al. 1975; Stewart and Fajardo 1984). Other manifesta-
tions of chronic damage are also becoming increasingly apparent with the
passage of time, but fortunately are infrequent. Pancarditis results from diffuse
ischaemia and fibrosis of the muscle layers, and functional valvular injury,
predominantly affecting the mitral, aortic and tricuspid valves, can occur
(Catterall and Evans 1960; Cohen et al. 1967; Brosius et al. 1981). Conduction
defects arise due to fibrosis of the atrioventricular node and conducting branches
(Cohen et al. 1967; Brosius et al. 1981; Cohen et al. 1981). Finally, coronary
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Fig. 10.5. a Results of morphological analysis of radiation lesions in the rabbit brain in relation to
the skin dose and the width of field, plotted in a log-log diagram. b Correlation between width of
field, radiation dose and radiation injury in the rabbit brain. Upper curve: “tolerance index” based
on frequency of lesions after irradiation with a given (skin) dose through a given width of slit. Lower
curve: lowest focal dose giving morphological lesions in relation to “effective width” of field for
different groups of animals. (After Berg and Lindgren 1963.)
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artery disease, usually affecting the left anterior descending artery, can result in
heart attacks at a young age (Annest et al. 1983; Dunsmore et al. 1986).
Pericarditis is well described (Byhardt et al. 1975; Stewart and Fajardo 1984)
and 10%-15% of affected patients develop progressive effusive-constrictive
disease. Furthermore, delayed pericarditis 5-10 years following radiation
therapy even in the absence of acute disease may occur (Stewart and Fajardo
1984).

Experimental studies in a rabbit model were performed by Stewart, who
found that single doses of 18-20 Gy or fractionated doses of 54 Gy (4.5 Gy x12)
caused pericarditis in all animals, while less than 18 Gy (single dose) caused no
damage (Fajardo and Stewart 1973). Pathologically the following was observed:
between 6 and 48 hours following irradiation an inflammatory exudate was seen
in all layers of the heart, and after 70 days progressive pericardial and
myocardial fibrosis leading to tamponade and heart failure occurred in 87% of
animals (Fajardo and Stewart 1970). The time course of the evolution of these
lesions is shown in Fig. 10.6 (Stewart and Fajardo 1984). Gavin studied beagles
and showed that single doses of 12.2 Gy resulted in pericardial effusion while
15.0 Gy caused tamponade in 50% of animals at 6 months (Gavin and Gillette
1982).

In patient populations, the relevance of dose to subsequent cardiac disease is
underscored by differences in the incidence of disease following different
radiation techniques which deliver more or less than 40 Gy to the heart. Thus,
among patients treated for Hodgkin’s disease, a 5% incidence of pericarditis
occurs when less than 40 Gy is administered through equally weighted anterior
and posterior portals, whereas a 30% incidence is seen following anteriorly
weighted techniques (Byhardt et al. 1975). With such techniques, Applefeld
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Fig. 10.6. Development of radiation heart disease in the rabbit as observed sequentially by light
microscopy after a single dose of 20 Gy given on day 0. The curves indicate the variation in severity
of the pericardial and myocardial lesions, but the nature of the lesions differs through the course of
the disease: during the first 2 days there is a transient acute exudate of granulocytes in all tissues of
the heart, including the valves. No lesions are seen (by light microscopy) between 3 and 70 days.
Beyond 70 days there is progressive irrevessible fibrosis of the pericardium and myocardium.
Important ultrastructural damage of the microcirculation does occur, though, in the myocardium
between 3 and 70 days. (After Stewart and Fajardo 1984.)
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Fig. 10.7. The effect of different doses of radiation to a sizable volume of the heart. After a dose of
10 Gy pericardial reactions are noted. Pericarditis tends to occur with higher doses of 50-70 Gy.
(After Stewart et al. 1967.)

found a 64% frequency of clinically apparent or occult pericarditis, a 12%
frequency of coronary artery disease, and chronic pericarditis in 11% of cases
(Appelfeld et al. 1981). Brosius described autopsy findings in patients with
Hodgkin’s disease of pericardial thickening in 94%, myocardial fibrosis in 50%,
fibrotic mural endocardial thickening in 75%, valvular thickening in 81% and
coronary lesions in more than 75% following a calculated dose of 55.92 Gy
anteriorly (39.32 Gy posteriorly) (Brosius et al. 1981). The relationship of the
volume of the heart irradiated and dose administered to the occurrence of
cardiac damage is suggested by early data collected by Stewart (Fig. 10.7)
(Stewart et al. 1967).

Thyroid Gland

Thyroid dysfunction may result from direct irradiation injury to this gland.
Patients treated for Hodgkin’s disease with mantle irradiation are known to
develop primary thyroid dysfunction. This is manifested by elevated serum
thyrotropic hormone (TSH) with or without a concomitant decrease in thyroxine
(T,) values; these abnormalities occur with greater frequency as the fractionated
dose to the whole gland increases from 15 Gy to 50 Gy (Glatstein et al. 1971;
Constine et al. 1984) (Fig. 10.8). Different series have reported the frequency of
elevated TSH to range from 4% to 88% (Glatstein et al. 1971; Nelson et al.
1978; Devney et al. 1984). Uncompensated hypothyroidism (decreased T4 and
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Fig. 10.8. Peak TSH test value plotted against radiation dose, excepting one patient with
hyperthyroidism and two euthyroid patients with thyroid nodules. The slope of the regression is
2.7/Gy and is significantly different from zero (P<0.001). The corresponding doubling dose for the
geometric-mean peak TSH is 11 Gy. (After Constine et al. 1984.)

elevated TSH) is observed to occur in 6%-20% of patients. Data on
hypothyroidism resulting from single doses of irradiation are provided by Sklar,
who found that 7.5 Gy administered as TBI in preparation for BMT caused a
decrease in T, in 9% of patients, and an elevated TSH in 35% (Sklar et al. 1982).

Kidney

The sensitivity of the kidney to radiation-induced injury is such that these organs
can limit the delivery of optimal doses to tumours in their vicinity. Moreover,
careful observation for long-term untoward effects will be necessary for patients
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Fig. 10.9. Survival of mice as a function of time following single doses of external radiation to both
kidneys. (Reprinted with permission from International Journal of Radiation Oncology Biology
Physics, vol. 2. E. Glatstein, L. F. Fajardo and J. M. Brown, Radiation injury in the mouse kidney:
1. © 1977 Pergamon Journals Ltd.)

receiving TBI in preparation for BMT. The spectrum of pathophysiological
changes which result from radiation to the kidney includes a progression from
acute nephritis to chronic nephritis, benign hypertension, malignant hyperten-
sion, proteinuria and frank renal failure (Maier 1972).

Following TBI, nephrosclerotic changes occur consistent with progressive
arteriolonephrosclerosis due to degeneration of arterioles or capillaries (Wach-
holz and Casarett 1970). Glatstein performed experiments in mice showing that
single doses of greater than 19 Gy to both kidneys caused renal failure and
death, whereas 11 Gy allowed a 90% survival (Glatstein et al. 1977) (Fig. 10.9).
Jongejan showed in rats that in the months following single doses of up to 15 Gy
to both kidneys the glomerular filtration rates and urine osmolality progressively
deteriorated, and the systolic blood pressure rose, though recovery was
observed after lower doses (Jongejan et al. 1987).

In humans, dose-response data following high single dose exposure to both
kidneys are scarce. Fractionated doses of 10-20 Gy cause a decrease in the
glomerular filtration rate, a 38%-87% reduction in renal plasma flow, and
suppression of tubular excretory capacity up to 12 months following therapy; the
blood urea and maximum urinary concentrating ability, however, remain normal
after these doses (Maier 1972). If the whole of a single kidney is treated with
fractionated doses of greater than 26 Gy, a 35% decrease in creatinine clearance
is seen at 5 years (Table 10.6) (Willett et al. 1986). Overall, the sensitivity of the
kidney to failure following fractionated irradiation was calculated to be 23 Gy
for a 5% frequency at 5 years, and 28 Gy for a 50% frequency at 5 years. This
suggests that a slight increase in dose could cause significant additional damage
after a threshold has been exceeded (Laxton and Kunkler 1964).
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Table 10.6. Percentage decrease in mean creatinine clearance according to percentage of kidney
irradiated (>26 Gy) and time after radiotherapy

Year 50% kidney irradiated 60%-85% kidney irradiated 90%-100% kidney irradiated
No. of % decrease in No. of % decrease in No. of % decrease in
observations creatinine observations creatinine observations creatinine

clearance clearance clearance

1 8 11 (£26) 6 14 (29) 5 26 (£33)
2 18 9 (£32) 4 12 (£18) 12 21 (£45)
3 12 21 (£28) 5 22 (£54) 5 23 (£10)
4 1 — 1 — 6 14 (£16)
5 3 3 (x44) 2 53 (£18) 6 35 (£13)
>5 6 7 (£36) 3 24 (£17) 7 29 (£18)

Reprinted with permission from International Journal of Radiation Oncology Biology Physics, vol.
12. C. Willett, J. Tepper, E. Orlow et al., Renal complications secondary to radiation treatment of
upper abdominal malignancies. € 1986 Pergamon Journals Ltd.

Numbers in parentheses indicate standard deviation.

Gastrointestinal Tract

The GI tract includes many organs, which demonstrate a spectrum of
sensitivities to radiation-induced injury. The terminal ileum is most frequently
symptomatically damaged, as a result of the high turnover rate of epithelial cells
(cell replacement in the crypts and villi occurs every 3—6 days) (Hall 1978).
Following single doses of 5 Gy to greater than 15 Gy, patients experience
nausea, vomiting and diarrhoea leading to dehydration (Maier 1972). Pathologi-
cal changes include a cessation of mitosis, crypt cell pyknosis, fragmentation,
and swelling and vacuolation of the cells in the enteric mucosa. After 6-8 hours
mucosal cells demonstrated a transient proliferation with a burst of atypical
mitoses, and over the next 48 hours cell loss without renewal is progressive, with
shortening of the crypts and villi. Subsequently the villi show progressive
denudation resulting in a loss of protein and electrolytes. Following lower
radiation doses recovery with a chronic reaction may ensue, with the submucosa
most severely affected. Collagen and bizarre fibroblasts replace fatty tissue and
vascular lesions occur. Delayed effects can take 10 years or more to develop
(Hall 1978).

Trott (1984) studied changes in the rat rectum following single doses of
irradiation and found that doses greater than 20 Gy caused severe proctitis in
50% of animals within 40-200 days; 24.5 Gy in two fractions caused similar
changes. Hubmann (1981) showed that a single dose of 22.5 Gy induced
structures in the small intestine in 50% of rodents at 100 days, and 21.5 Gy
caused the same effect in the rectum. Rectal obstruction increased in frequency
from 0 to 100% with increasing single doses of from 15 to 30 Gy.

In man, single doses of as little as 1.5-3 Gy will cause acute effects with
necrosis in the walls of crypts (Fajardo 1982). The tolerance of the different
gastrointestinal organs to fractionated irradiation is estimated to be as shown in
Table 10.7 (Roswitt et al. 1972).
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Table 10.7. The tolerance of gastrointestinal organs to fractionated

irradiation

Organ TDss (Gy) TDsys (Gy)
Oesophagus 60 75

Stomach 45 50

Intestine : 45 60

Colon 45 65

Rectum 55 80
Testis

Testicular dysfunction in the form of azoospermia or hormonal alterations
results from extremely low doses of irradiation. It may thus occur as a
consequence of the exposure to scattered irradiation delivered during therapy
for such highly curable conditions as Hodgkin’s disease, as well as after TBI in
preparatory regimens for BMT (Speiser et al. 1973; Sklar et al. 1984). This tissue
sensitivity is convincingly illustrated by Heller (1967), who documented changes
in sperm counts in man after various single irradiation doses (Byhardt et al.
1975) (also see Fig. 10.10). The sensitivity of the sperm is dependent on the stage
of development of this cell lineage. Lushbaugh (Lushbaugh and Casarett 1976)
reviewed animal data and noted that mouse spermatogonia die after single doses
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Fig. 10.10. Sperm counts of normal men following various single high-intensity X-ray (190 kVp)
exposures to testes. (After Lushbaugh and Casarett 1976.)
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of less than 0.35 Gy, while 2-10 Gy is necessary to kill spermatocytes, and 15 Gy
to ablate the spermatid population. The sensitivity of this cell line is species
dependent, as emphasized by the observation that more than 600 Gy is needed
to kill mature rabbit spermatids. Moreover, the time to recovery is also different
in different species, with rodents recovering more quickly than man. However,
with azoospermia as an end-point, the sensitivity of different animal species
following single and fractionated radiation doses is broadly similar, as suggested
by the data in Table 10.8 (Speiser et al. 1973).

Table 10.8. The doses of single or fractionated radiation required to produce
azoospermia in different animal species

Species Single dose (Gy) Fractionated dose (Gy)
Rabbit 15-25 20-23

Rat 10-30 8-10

Mouse 16-30 5-7.5

Guinea-pig 45 21

In man, a differential sensitivity of sperm according to the stage of
development is also seen, with single doses of 0.15 Gy killing spermatogonia,
2 Gy killing spermatocytes, and 5-6 Gy being necessary to kill mature spermatids
(Lushbaugh and Casarett 1976). Because of the kinetics of cell maturation,
spermatogonia in man and animals are more sensitive to fractionated radiation
doses, with azoospermia occurring after 2-3 Gy of scattered irradiation to the
testes in the course of treating Hodgkin’s disease. Recovery may take 3-14 years
(Pedrick and Hoppe 1986). In fact, doses as small as 0.28-1.35 Gy over 4-5
weeks can cause temporary azoospermia; recovery from these lower doses is
more rapid, taking 1-3 years (Pedrick and Hoppe 1986). After single doses of
irradiation in man the overall (albeit somewhat different) sensitivities are as
described in Table 10.9.

Table 10.9. The sensitivities of sperm production to single doses of radiation

Reference TDs/s TDsoss
Rubin and Casarett (1968) 1.5-2.5 Gy 20 Gy
Lushbaugh and Casarett (1976) <4.5 Gy >6 Gy

Hormonal alterations after therapeutic irradiation are also well described.
Shapiro (Shapiro et al. 1985) has documented decreases in follicle stimulating
hormone at 6 months, with recovery over 30 months, following scattered
irradiation doses of 1-25 Gy in 25-30 fractions; full recovery occurred only if the
total dose was less than 0.5 Gy. Full recovery of luteinizing hormone production
occurred at doses of less than 2 Gy. Again, different observers have noted
different sensitivities. Thus Shalet has noted that Leydig cell function was not
impaired following 2.68-9.83 Gy (20 fractions over 4 weeks) but that failure did
occur after 24 Gy (over 16-22 days) (Shalet et al. 1978, 1985).
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Ovary

When girls and adult females are irradiated, the static populations of mature
ovarian oocytes do not repopulate after destruction (Lushbaugh and Rider
1972). This may explain why the dose of irradiation necessary to obliterate all
the oocytes is larger in younger than in older women. For women over the age of
40 years, 6 Gy in fractionated doses can cause permanent menopause (Heller
1967; Lushbaugh and Casarett 1976), while 50% of younger women will become
sterile after 2 Gy (Fig. 10.11) (Heller 1967; Lushbaugh and Rider 1972).
Overall, a 5% incidence of sterility is seen at 5 years after 2-6 Gy, and a 50%
incidence following doses greater than 6-20 Gy, depending on patient age (Doll
and Smith 1968; Lushbaugh and Casarett 1976). Following 10 Gy in a single
dose, in the form of TBI for BMT, prepubertal girls showed an absence of
menses and development of secondary sexual characteristics; pubertal women
all experienced ovarian failure and 50% had menopausal symptoms (Sklar et al.
1983).

Animal data are again species dependent and related to the stage of oocyte
maturation. In the mouse, the least mature follicles are sensitive to less than
0.1 Gy, while more mature follicles are ablated after single doses of less than
1 Gy or fractionated doses of less than 3-4 Gy (Lushbaugh and Casarett 1976).
In the dog, single doses of greater than 20 Gy are necessary, and fractionated
doses (0.3 Gy/day) of 4.75 Gy (Lushbaugh and Rider 1972).
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Fig. 10.11. The efficiency of different roentgen ray doses delivered to the ovaries in producing

permanent castration. Continuous line, all patients; broken line, patients less than 40 years of age.
(After Heller 1967.)



Total Body Irradiation: Normal Tissue Effects 115

Eye

Visual impairment resulting from cataract formation is a side-effect which is
clearly not life-threatening but yet extremely distressing for patients. Abnorma-
lities originate in the posterior pole of the lens and subsequently progress at a
pace dependent on the radiation exposure (Merriam et al. 1972). Merriam
documented a 100% incidence of cataracts when more than 2 Gy were delivered
to the lens in a single dose, but a total dose greater than 11.5 Gy was necessary
for that frequency of cataract formation when the radiation was fractionated
(Merriam and Focht 1957). A 60% frequency of cataracts (50% of which were
progressive) occurred after 7.5-9.5 Gy in fractionated doses, and only rare
cataracts if less than 4 Gy were administered (Fig. 10.12). The interval to
abnormality was generally 2-3 years, although the range was 6 months to 35
years (for higher or lower doses respectively) and averaged about 8 years after
2.5-6.5 Gy. More recently Deeg has recorded the frequency of cataracts
following TBI. A single dose of 10 Gy causes cataracts in 80% of patients, while
12-15 Gy in fractionated doses results in only a 19% frequency.
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Fig. 10.12. Doses of X- or gamma-radiation to lens in 97 cases of radiation cataract and 70 cases
without lens opacities. (After Merriam et al. 1957.)
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Liver

The relative sensitivity of the liver to irradiation injury precludes the eradication
of infiltrating tumours from this organ by high doses to its entirety. Following
such doses a series of pathological changes occur including hyperemia, an
increase in volume, dilatation and congestion of sinusoids, atrophy of
hepatocytes, and veno-occlusive lesions appearing as early as 2.5-6 months
(Rubin and Casarett 1968). The patient develops ascites, and there is an increase
in hepatic size and a rise in bilirubin and alkaline phosphatase levels. Ingold
(Ingold et al. 1965) reviewed 40 patients who received total liver irradiation in
the course of therapy for ovarian carcinoma or lymphoma, and found that no
cases of radiation-induced liver disease occurred below a dose of 25 Gy, whereas
21% of patients had abnormalities following a dose of 30-36 Gy, and 42%
following 38-42 Gy (Fig. 10.13). Tefft studied changes in hepatic function in
children older than 5 years of age. He observed that fractionated doses of less
than 25 Gy caused abnormal liver function tests and radionuclide scans in
approximately 50% of patients, while 25-35 Gy caused abnormalities in 63%,
and greater than 35 Gy was highly toxic to 86%. In adults, Phillips (Phillips et al.
1984) showed that substantial hepatic damage occurred at fractionated doses of
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Fig. 10.13. Dose distribution in 40 patients treated with irradiation of the entire liver at 13-51 Gy.
The incidence of radiation hepatitis appears to be related to the dose of hepatic radiation given.
Open columns, total number of patients; filled columns, cases of radiation hepatitis. (After Ingold et
al. 1965.)
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greater than 20-37.5 Gy and Kim (Kim et al. 1976) described similar changes
after more than 30 Gy. Veno-occlusive disease is an uncommon but severe
complication of TBI administered in preparation for BMT, and can occur
following single doses as low as 7.5 Gy (Woods et al. 1980). Short intense
fractionation schedules, such as are used in abdominal strip field techniques for

the treatment of ovarian cancer, lower the threshold dose to 15-20 Gy (Perez et
al. 1978).

Conclusions

The above discussion of whole organ tolerance to single dose and fractionated
irradiation indicates that several organs not commonly presumed to be at risk for
chronic injury following TBI for BMT will, in fact, demonstrate effects if the
patient survives. This will be more common if early-reacting vital organs such as
bone marrow and lung are salvaged through such measures as marrow
replacement, innovative irradiation schedules, etc. The organs which subse-
quently demonstrate adverse effects will do so in order of their chemosensitivi-
ties and radiosensitivities. Thus the lens, gonads and kidney will be expected to
suffer ill-effects, as has already been noted by several observers. The thyroid,
liver, heart and other organs are also likely to demonstrate abnormalities of
significance with the passage of time. Such effects, as in the case of the heart,
might cause substantial morbidity and even death.

It is of interest to consider the relative potential for radiation damage
following fractionated as compared with single dose radiation schedules. It will
be important for the radiation oncologist to monitor these organs carefully,
using scoring systems for late effects, and to devise strategies to minimize the
inevitable morbidity.
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11 Total Body Irradiation: Clinical Aspects

A. Barrett

Introduction

Total body irradiation (TBI) is being used increasingly as consolidation
treatment in the management of leukaemia, lymphoma and various childhood
tumours with the aim of sterilizing any residual malignant cells or micrometas-
tases.

Systemic radiotherapy as an adjunct to chemotherapy offers several possible
benefits. There are no sanctuary sites for TBI; some neoplastic cells are very
radiosensitive, and resistance to radiation appears to develop less readily than to
drugs. Cross-resistance between chemotherapy and radiotherapy does not seem
to be common and although plateau effects may be seen with chemotherapy
there is a linear dose~response curve for clonogenic cell kill with radiation.

Most clinical experience with total body irradiation has been in the treatment
of leukaemia, a disease where the target cell is assumed to have the same high
degree of radiosensitivity as its normal counterpart. For other tumours the target
cell will be relatively more resistant than haemopoietic cells, and bone marrow
transfusion is then given to rescue the patient from the total body dose-limiting
effects of bone marrow ablation.

Radiation Dose

It has been considered by many that homogeneity of dose distribution
throughout the body is desirable (by analogy with conventional small-volume
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treatments). The use of bolus material or compensators at sites such as the
ankles and neck has therefore been advocated where doses would otherwise be
up to 10%-20% higher than at the midplane of the abdomen (Kim et al. 1980).
Since damage in these areas is unlikely at the doses prescribed, this attempt to
achieve homogeneity seems superfluous. The aim of TBI should rather be the
delivery of as high a dose as possible to any probable tumour site, perhaps with
selective shielding of critical organs. These, in order of sensitivity, might be the
lungs, kidneys, liver and brain. The risk of gut damage is difficult to separate
from bone marrow injury but would probably also be dose-limiting at levels near
to those that would cause damage to the lung.

Accurate shielding of these organs under usual TBI conditions is rarely
feasible and in practice the need to restrict lung damage determines the dose
given. It is not always appreciated that mediastinal radiation (as for example if a
boost of total lymph node irradiation is given) will also increase the risk of
pneumonitis. Because of the difficulty of accuracy with long single-dose
treatments and the possibility of leukaemic infiltration of ribs and lung tissue, we
have preferred to limit our total TBI dose to that of lung tolerance and not to use
any shielding at all.

Accurate dosimetry is of paramount importance since an increase of only 10%
may dramatically affect the incidence of lung problems. In vivo measurement
with lithium fluoride thermoluminescent dosimetry seems the best method at
present for measuring dose distribution, though diodes may also be satisfactory
(Lui et al. 1983). In some centres in the United States, methods of dose
calculation are preferred (Khan et al. 1980; Galvin et al. 1983). The data on
which such calculations are based are not always derived under TBI treatment
conditions (i.e. at extended focus to skin distance using an infinite phantom,
etc.) and unless individual measurements are made for each patient, inaccuracy
may occur.

A maximum variation of dose of +5% over the body (apart from neck and
ankles) can be achieved with an accuracy of measurement of +2.5% (Lam et al.
1979).

For single-fraction TBI, dose rate has been shown to be a critical factor.
Animal studies have demonstrated reduced acute toxicity when dose rates below
4 ¢Gy/min are used (Depledge et al. 1982), although no further benefit can be
obtained by reduction to 0.4 cGy/min (Kolb et al. 1987). In man the risk of
interstitial pneumonitis after TBI is correlated with dose rate, again with a lower
risk at dose rates below 4 cGy/min (Barrett 1982). Tolerance doses have been
clearly defined for two dose schedules. At the Royal Marsden Hospital, Surrey,
an escalating dose study using dose rates of 4 cGy/min showed no difference in
toxicity between 9.5 and 10.5 Gy but a steep rise in the incidence of death, both
from all causes and from lung problems in particular, when doses of 11.5 Gy
were used (Barrett et al. 1987). A similar attempt at the Royal Free Hospital,
London, to increase dose from 7.5 to 8 Gy at a dose rate of 25 cGy/min again
caused a steep rise in complication rate (G. Prentice, personal communication).
Increasing dose brought an increase in actuarial leukaemia-free survival but the
benefit of this at 11.5 Gy was offset by the increased toxicity so that the optimal
dose level in practice was 10.5 Gy.

No single-treatment doses higher than this have been reported and most
centres use lung shielding at 89 Gy. The rate of pneumonitis after 7.5 Gy at
high dose rates is similar. Unfortunately no comparisons of leukaemic relapse
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rates have been made so it is difficult to know whether there is any advantage to
either regime. Total dose seems to be important (Kolb et al. 1987) and in theory
dose rate should be relatively insignificant for leukaemic cell killing, but this
remains to be proven.

Because of logistic problems in the organization of long single treatments,
most centres have adopted a fractionated schedule. This was proposed by the
Seattle group after a randomized study which showed improvement in survival
after six fractions of 2 Gy given over 3 days compared with 10 Gy at a dose rate
of 0.08 Gy/min (Thomas et al. 1982). The widespread use of this schedule has
reduced the rate of interstitial pneumonitis from the high rates seen after single-
fraction high-dose-rate treatments, although no improvement over single-
fraction low-dose-rate treatments has been demonstrated. No conclusions can be
drawn about rates of leukaemia control but no striking differences between
schedules have been noted. Several other fractionation schemes have now come
into use which are unlikely to offer the same sparing effects. In particular those
with very large doses per fractionation (5 Gy) and those with only a few hours
between fractions seem unsatisfactory on theoretical grounds.

The recent introduction of T cell depletion of bone marrow in an attempt to
prevent graft versus host disease has been associated with a high rate of graft
rejection (Maraninchi et al. 1987). It was postulated that this effect was due to
failure to eliminate a radioresistant cell population (perhaps NK cells) which
would have been removed previously by donor T cells. An increase in radiation
dose was recommended to overcome this problem (Slavin et al. 1985). Some
early success was claimed but evidence now is conflicting, and there are
objections to such claims. In many cases the proposed increase in dose of
fractionated treatment may not in fact have represented a biologically more
effective dose than the single-fraction regimes used previously, and the cell
responsible for rejection has not yet been characterized. T cell depletion has led
to a higher rate of leukaemic relapse and current effort is directed towards
achieving partial T cell depletion, which will minimize graft versus host disease
and maximize control of leukaemia.

Toxicity

The acute radiation effects of nausea and vomiting have been described
previously (Westbrook et al. 1987). There is an apparent threshold at about
2 Gy. Young age at treatment reduces the incidence, which is increased by
vestibular disturbance and sensory input via the vagus. Vomiting can be
prevented completely (by adequate sedation) in up to 50% of patients receiving
10 Gy single-fraction TBI. Diarrhoea at 34 days is usually not severe but is
worsened when certain chemotherapeutic agents such as melphalan and
methotrexate are used in combination with TBI. Hypotension and pyrexia can
be abolished by administration of steroids, and parotitis, associated with a rise in
amylase levels for 3648 hours, is not usually severe.

In the period up to 100 days after transplantation pneumonitis is the most
significant clinical problem (Neiman et al. 1978). It is multifactorial in origin, the
most important predisposing factors being radiation, graft versus host disease
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and infection, particularly with cytomegalovirus or Preumocystis. The mortality
rate of the established process is high.

Somnolence is also seen at 6-8 weeks after TBI and, as with the syndrome
seen after prophylactic cranial irradiation, usually resolves spontaneously within
a week.

Late effects (Barrett 1987) may include cataract, which occurs in from 20% to
80% of patients (depending on the radiation technique used) within 34 years of
transplantation. Surgical removal may be undertaken in most patients with good
effect.

Effects on hormonal function are the earliest of the late effects to become
obvious. Ovarian failure occurs in nearly all females with low circulating
oestradiol and raised follicle stimulating hormone (FSH) levels. Azoospermia
occurs in men and recovery has not yet been reported. FSH levels are raised but
testosterone levels are normal. Puberty is delayed in nearly all girls and some
boys. Growth is impaired by two processes. A direct effect of radiation on the
epiphyses produces failure of growth and leads to a reduction in sitting height
relative to total height, and in patients who have had previous prophylactic
cranial irradiation growth hormone impairment may also contribute to growth
failure. Overt hypothyroidism is uncommon but compensated hypothyroidism
with normal T5/T, levels and raised thyroid stimulating hormone is seen in some
patients.

Second tumours are so far an uncommon problem, with an incidence of about
1%—2%. Relapse or second leukaemias are most frequently seen. Lymphopro-
liferative disorders, including non-Hodgkin’s lymphomas, occur at 4-5 years
after bone marrow transplantation and solid tumours have been observed in
small numbers. These include skin and brain tumours and intestinal adenocarci-
noma (Buckner 1987). Data from animal studies (Kolb et al. 1987) and
experience after the bomb explosions in Hiroshima and Nagasaki (Hiroshima
and Nagasaki 1981) suggest that the incidence may be expected to rise with time.

No other significant late effects have been reported yet, though there is a
possibility that vascular changes developing 10-20 years after TBI may produce
clinical damage in organs such as the kidney, brain and liver which have received
near-tolerance doses. Careful follow-up of all patients treated with TBI is
essential for monitoring late effects and, where feasible, for reducing their
incidence.
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12 Particle Therapy: Physics and Biology

D. K. Bewley

Introduction

The term particle therapy is used to describe treatment with the more exotic
types of radiation, excluding X-rays, gamma-rays and electrons. Their value for
therapy depends as much on their physical properties as on their radiobiology.
These aspects are so interwoven that one cannot be discussed without the others
(Raju 1980; Fowler 1981).

The particles to be discussed are listed in Table 12.1 along with an outline of
their characteristics which are relevant to radiotherapeutic use. Neutrons are
uncharged and are attenuated in tissue more or less exponentially, like X- and
gamma-rays. The charged particles have a definite range in tissue and travel in
nearly straight lines. As a result the absorbed dose is almost zero beyond the
range and the beam has a very sharp penumbra. Negative pi-mesons (pions) are
light enough to show some of the characteristics of electrons, i.e. considerable
scattering and an imprecise range. But they have the special property that when
reduced to almost zero velocity each pion causes a nuclear disintegration with
emission of charged particles and neutrons.

Table 12.1 also gives the energies and currents of the charged particles for
treatment to a depth of 20 cm. The energies are high, hundreds or thousands of
megaelectron-volts, and the currents very small. Large and expensive accelera-
tors are needed to achieve these energies. Quite high energies are needed even
for superficial sites; for example the treatment of choroidal melanomas needs at
least 60-MeV protons. Neutrons and pions are not accelerated directly but are
produced at a target, like X-rays, and so require much larger currents from the
accelerator. For a good therapeutic beam of fast neutrons one needs about 20
uA of 50-MeV protons or deuterons. Pions are more difficult to produce; even
when they are collected with maximum efficiency, as at the Swiss Institute for
Nuclear Research (SIN), it is necessary to accelerate 20 puA of protons at
590 MeV onto the target.
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Table 12.1. Characteristics of the particles used in particle therapy

Particle:? F11 n p(H) He C Ne Ar

Mass 0.15 1 1 4 12 20 40
Charge -1 0 1 2 6 10 18
MeV/nucleon® — — 175 175 330 470 630
GeV/particle® 0.082 — 0.17 0.7 4.0 9.4 25
Min. current (pA)° ~10 e 200 100 50 35 25
Entrance LETY (keV/um) ~2 1-1000 0.5 2 20 35 80
Max. LET at depth (keV/pm) ~500 ~1000 100 250 700 1000  >1000

2 7, negative pi-meson; n, neutron; p(H), proton; He, helium; C, carbon; Ne, neon; Ar, argon.
®Energy for a range of 20 cm in water. 1 GeV = 1000 MeV.

¢ Minimum current of fully stripped ions to give 1 Gy/min over a volume of 10 cm X 10 cm X 20 cm
deep.

9LET, linear energy transfer.

Physical Aspects of Particle Beams

Charged ions deposit energy at a steadily increasing rate until very close to the
end of the range (the Bragg peak). To obtain a uniform dose over a useful
thickness of tissue, approximating the thickness of the tumour, the energy of the
beam has to be modulated so that the position of the peak spans the depths
required. The principle is explained in Fig. 12.1. Dose distributions based on this
principle are superior to anything that can be obtained with X- or gamma-rays,
neutrons or electrons. Therapy with charged ions is particularly useful for
treating disease close to vital normal structures such as the spinal cord (Austin-
Seymour et al. 1985). With increasing mass of the ion, scattering is reduced. This

100 I~

50 -

Relative dose

8 9 10 11 12 13
Depth in water (cm)

Fig. 12.1. Depth—dose distribution from protons showing the extended peak produced by energy
modulation. Protons at the full energy (A) are added to contributions at lower energies (B to E) to
give the sum S. (After Raju 1980.)
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is useful when very small fields are used as in stereotactic surgery. On the other
hand, heavier ions suffer more nuclear interactions during their passage through
tissue. This decreases the ratio of peak dose to entry dose and produces long-
range fragments which cause some dose to be deposited beyond the range of the
parent ions. With all these ions, shaped filters (tissue compensators) can be used
to adjust the range of the particles in different parts of the field, giving complex
three-dimensional high-dose volumes.

Negative pions give a less sharp fall-off beyond the peak, partly because fast
neutrons are produced after capture of the stopping pions and partly because
pion beams are always contaminated with other species such as muons and
electrons. Fast neutrons, being uncharged, are attenuated more or less
exponentially and confer no advantage in terms of dose distributions. They
differ from X- and gamma-rays in that deposition of energy depends largely on
the hydrogen content of the tissue. Thus fast neutrons deposit less energy in
bone and more in fat — about 70% and 115% respectively of the energy
deposited in muscle. This is useful in avoiding bone necrosis when tumour lies
close to bone, but is disadvantageous in that it leads to more subcutaneous
fibrosis (Catterall and Bewley 1979).

Radiobiology

LET Distributions

Except for protons, these particles constitute radiations with a substantially
different quality from X- and gamma-rays. Quality is usually described in terms
of the linear energy transfer (LET) of the charged-particle tracks. The LET of
the charged ions rises steadily as they pass into tissue, reaching a maximum in
the Bragg peak, so that the LET is greater at a depth (that is in the tumour) than
at the entry point of the beam. Table 12.1 gives values for the LET of the various
particles at the entrance and the maximum attained in the Bragg peak. The top
of the peak is so narrow that the maximum values in Table 12.1 occur only over a
depth of a few millimetres. When the Bragg peak is spread out as in Fig. 12.1 the
maximum LET only occurs at its distal end. Pions behave similarly except for an
additional high LET component in the peak which arises from the products of
nuclear disintegration. In the case of neutrons, radiation quality does not change
appreciably with depth but does depend on neutron energy. Neutrons produce a
variety of charged secondary particles of low energy: protons, helium ions («
particles), heavy recoils of carbon and oxygen nuclei and products of nuclear
reactions. The LET along the tracks of these particles extends over a wide range,
mostly between 5 and 500 keV/um. Fig. 12.2 shows LET spectra for two neutron
energies and for ®*Co gamma-rays.

Fig. 12.3 indicates how the relative biological effectiveness (RBE) and the
oxygen enhancement ratio (OER) vary with LET. Over the range of radiation
quality included in beams of X- and gamma-rays there is little change in these
parameters. The particle beams, on the other hand, span a region where both
vary rapidly. In the case of the charged ions over the range of atomic numbers
from helium to beyond neon, the RBE at a depth is greater than at the surface.
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Fig. 12.2. Spectra of lineal energy Y (similar to LET) for two neutron beams and *°Co gamma rays.
(After Ito 1980.)

The effective dose (dose X RBE) at a depth relative to the surface is therefore
even greater than is given by the physics alone — an advantage for therapy with
those ions. The same is true for pions. However, this is not true for hydrogen
ions or ions of argon and heavier. With argon ions the RBE is already nearly at
its maximum when they enter the patient and a further increase in LET causes a
fall in RBE. With hydrogen ions the LET exceeds 30 keV/um only very near the
end of the track; when the Bragg peak is broadened by velocity modulation the
increased RBE in the peak is almost completely lost.

Radiobiological Effects at Raised LET

In general the damage caused by radiation becomes less susceptible to modifying
factors as the LET rises. The radioresistance caused by anoxia is an example and
is indicated in Fig. 12.3. Other examples are the variation in radiosensitivity of
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Fig. 12.3. Schematic diagram to show the variation in RBE and OER with LET. RBE also varies
with end-point and with dose per fraction.
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cells as they progress round the cell cycle and the capacity for repair of sublethal
and potentially lethal damage. Beyond an LET of 200 keV/um the RBE falls
because the tracks are so densely ionizing that more energy is deposited when a
track intersects a sensitive site than is needed to inactivate the cell.

High LET is only useful if the RBE of the radiation is greater for the tumour
than for the limiting normal tissues. Also there is little point in using a new and
expensive form of radiation to treat disease which responds well to conventional
radiation. The problem is to identify the factors which cause certain tumours to
be radioresistant and to discover whether radiation of higher LET would have a
greater RBE for destroying them than for damaging relevant normal tissues.

The first of these factors to be discussed is hypoxia, the original rationale for
introducing high LET radiation. Treatment under high-pressure oxygen has
been found to increase the success rate of radiotherapy in certain sites (Dische
1979; Henk 1986). A retrospective analysis of anaemic patients suffering from
stage III cancer of the cervix showed a particularly striking increase in
effectiveness, persisting local control rising from 20% to 90% (Dische et al.
1983). This is the first prognostic indicator to be found which identifies a small
subgroup of patients who should benefit by treatment with high LET radiation.
Hypoxia may also be important in very large tumours and in tumours which have
recurred after previous radiation treatment.

Variations in radiosensitivity round the cell cycle have been studied by many
workers and the fact that these variations are reduced with high LET radiation is
well known. It is doubtful, however, whether this has much therapeutic
significance, partly because tumour cells are reassorted between fractions and
partly because the cells of normal tissues also show variations in radiosensitivity.

Repair of sublethal and potentially lethal damage is likely to be a more
important factor. It is almost a universal finding that repair is reduced after
irradiation at increased LET. This is the main reason why RBE rises as the dose
per fraction is reduced. However, high LET radiation will be beneficial only
when the tumour cells show a larger capacity for repair after X-rays than do the
cells of limiting normal tissues. Favourable examples are probably melanoma
(Trott et al. 1981) and other radioresistant tumours, whereas unfavourable
normal tissues include kidney and spinal cord.

Battermann et al. (1981) found that the RBE of fast neutrons for control of
metastases in the lung depended on the growth rate of the tumour, slowly
growing tumours showing a higher RBE. This is probably an example of
increased repair of damage after irradiation by X-rays in cells not called upon to
divide frequently. This may be the reason for the effectiveness of fast neutrons in
controlling slowly growing tumours such as those in the salivary glands (Catterall
and Bewley 1979). It is also likely to be the reason for the high RBE which has
often been noted for late morbidity after neutron therapy in tissues where cells
normally have a low division rate.

There is also a rationale for treating tumours in shorter overall times with high
LET radiation. Short treatment schedules may not allow adequate time for
reoxygenation — important for X-rays but less so for high LET radiation. There
is considerable evidence that tumours can often repopulate to a surprising
degree during conventional treatment regimes, particularly during weekends
and other gaps in treatment (Maciewski et al. 1983; Denekamp 1986). Short
treatments are economical, offsetting the disadvantage of the cost of heavy-
particle accelerators.
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Conclusion

Particle therapies have a number of advantages and disadvantages as alterna-
tives to conventional radiation. These are summarized in Table 12.2. The factors
may be physical or radiobiological or a combination of the two. The only
advantage of protons lies in the depth—dose distributions which can be obtained.
Heavy ions and pions have this advantage and also give beams with higher LET
at a depth than at the surface. Neutrons have a physical advantage when bone is
closely involved but any other advantage must be radiobiological. High LET
radiation can be advantageous for treating tumours containing radioresistant
cells, whether this is due to hypoxia or other reasons. Disadvantages include the
cost and complexity of equipment and late morbidity arising in certain tissues
after irradiation at high LET.

Table 12.2. Advantages and disadvantages of particle therapy

Rationale Probable examples
For
Dose distributions of charged ions and pions: Ocular melanomas, brain surgery, tumours
limited range and sharp beam edges very close to sensitive vital tissues such as
spinal cord
Reduced neutron kerma in bone Nasal and oral cancer (neutrons)
Hypoxic tumour cells Anaemia, very advanced tumours, sarcomas,
re-irradiation
Slowly growing tumours Salivary glands, prostate
Intrinsically radioresistant tumours Melanoma, sarcoma
Against
Expense and complexity Small departments and poor countries
Tumours sensitive to X- and gamma-rays Testis, lymphoma
Limiting normal tissue spared by fractionation Spinal cord, kidney, larynx, lung
with X- and gamma-rays
Increased neutron kerma in fat Subcutaneous fibrosis after low-energy

neutron therapy
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H. M. Warenius and R. D. Errington

Introduction

Failure to control local disease is still a major cause of death in a large number of
common cancers (Table 13.1). In addition to contributing to mortality itself
uncontrolled local disease is often the cause of considerable distress to the
patient and thus results in poor quality of life. There is therefore still a great
need to improve tumour control at the primary site.

Table 13.1. Estimate of the total number of local failures in the US cancer population

Tumour site Annual deaths Estimated no. of patients
1982° with local failure as
major cause of death
Head and neck 9150 3660
Oesophagus 8300 4370
Breast 37300 5260
Cervix uterus 7100 4260
Corpus uterus 3000 1710
Ovary 11400 9600
Prostate 23300 14120
Bladder 10600 5300
Brain, CNS 10400 9710
Skin 6900 4830
Lung 111000 10090
Lymphoma 21200 2560
Total 259550 75470

2 American Cancer Society: Cancer Facts and Figures, 1982 (from Seydel 1984).
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Since the first clinical studies by R. S. Stone in the 1940s, particle therapy has
been proposed and investigated as a possible means of achieving better local
control of tumours (Stone and Larkin 1942; Stone 1948). Both the studies of the
past and proposed future studies, however, should be seen in context.

Whilst continuing progress has been made in heavy particle irradiation by its
protagonists, other workers have attempted to exploit different methods of
improving the local control of cancer. Hypoxic cell sensitizers provide a
potential method of overcoming clinically the hypoxic component of many
cancers, long thought to play an important part in their radioresistance (see
Chaps. 14 and 15). In addition, photon therapy when used alone with
conventional fractionation has been shown to achieve extremely good results in
clinical situations such as colonic adenocarcinoma (Overgaard et al. 1984)
previously thought to be less amenable to conventional photon radiotherapy. An
improved understanding of fractionation (Thames et al. 1983) is leading to
further clinical studies using accelerated fractionation and hyperfractionation
treatment schedules.

What is an Appropriate Control Arm in Studies of
Particle Therapy?

The importance of the alternative therapeutic strategies described above lies in
deciding which of them provides an appropriate control arm in studies involving
particle therapy. If conventional photon therapy is used as a control arm at the
outset of a study lasting 5-7 years, how can that study best be evaluated on
completion when improvements in the conventional photon treatment alone
may have occurred? This leads to specific questions such as whether particle
therapy using neutrons should be compared with the next generation of hypoxic
cell sensitizers or whether neutrons for head and neck cancer should be
compared with photon therapy alone, or with photon therapy plus che-
motherapy. Also, should neutron therapy in some sites be compared with
conventional fractionation, hyperfractionation or accelerated fractionation?
One approach to this problem is the design of three-limb studies in which two
experimental modalities are compared with each other and the conventional
treatment of the time. This, however, may require prohibitively large numbers
of patients in most instances.

Evaluation of Particle Therapy

When evaluating particle therapy itself, it should also be borne in mind that
considerable changes in techniques are still occurring. Thus the global use of the
term “fast neutron’ can obscure the fact that different facilities have neutrons of
different energy, that these facilities may be hospital-based or non-hospital-
based, and that they may produce fixed or isocentric beams. Such considerations
can make considerable difference to the clinical outcome (Catterall 1982a,b) and
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in part may both reflect the varied results of the past and give hope for more
consistent successful results in the future. Similarly there have been develop-
ments in proton therapy in terms of physical distribution and dosimetry allowing
the present treatment of ocular tumours (Goiten and Miller 1983) with a great
degree of precision using proton beam energies of 60-70 MeV. Protons are being
accelerated to 175-200 MeV to produce suitable beams for treating intra-
abdominal and intra-thoracic sites, and this work at Harvard has been reviewed
(Munzenrider 1985).

Clinical Reality

Another important aspect of the context in which particle irradiation should be
seen is that of clinical reality. Each patient is an individual and tumour
behaviour varies from patient to patient. Tumour cell populations are usually
heterogeneous with differing phenotypes within the whole population of cells.
Such variability in the clinical context may result in subgroups of cells which are
potentially responsive to the modality under investigation but are too small to be
clinically detected unless very large numbers of patients are treated. This
practical statistical problem may explain the conflict between the anecdotal
observations of striking responses where the majority of clinicians would agree
success was extremely unlikely and the failure to detect such small subgroups in
the overall results of randomized controlled trials. Better methods of understan-
ding those characteristics of individual tumours are needed which will enable
prediction of the appropriate treatment modality for each subgroup. An
important advance along this line is recent work (McNally and Wilson 1986)
involving bromodeoxyuridine incorporation and flow cytometry to measure the
kinetics of tumour and normal tissue cells which can be applied to estimate the
potential doubling time of human tumours (see also Chap. 7). These values may
then be correlated with the clinical results observed from the different radiation
treatment modalities used. It must not be overlooked that what is sought is an
improvement for the average patient presenting at the average oncology centre
rather than what may be artificial differences between highly selected groups of
patients entered into clinical studies.

Finally, there is the problem of the failure to get general agreement with
regard to time, dose and fractionation between many radiotherapy centres. This
makes it difficult to select an appropriate photon control arm. It may in fact be
easier to decide on an optimal neutron treatment than to decide on the optimal
photon treatment to be given as the conventional treatment control arm in such
studies.

Charged Particle Therapy

The rationale for the use of charged particle and fast neutron beams has been
reviewed by Suit and Goiten (1980). The possibility of improved results with



140 Radiobiology in Radiotherapy

Pions
or
heavy ions
. Oxygen Dose
Sensitizers e——— e [ A
n effect distribution Protons
{ ,
Neutrons

Reduced
repair
and age
response

~

Fig. 13.1. The problems addressed by the various new modalities used or proposed for clinical
radiotherapy. The use of electron-affinic radiosensitizers is based on the need to reduce the oxygen
effect; protons improve the dose distribution; the use of neutrons is based on a reduced oxygen
effect, a reduction of sublethal damage repair and reduced age-response function; pions and heavy
ions address all three problems. (From Hall 1981.)

particle radiations is based on biological and physical criteria. Protons and
helium ions are low LET (linear energy transfer) and intermediate LET
radiations respectively, as are megavoltage photons. Neutrons, negative pi-
mesons (pions) and heavy ions (carbon, neon and argon) are high LET
radiations. The last group are more efficient biologically than low LET
radiations due to a decrease in the repair capacity of the cell and its age-response
function. The oxygen enhancement ratio (OER) of higher LET radiation is also
reduced, so enhancing the degree of hypoxic cell killing.

Compared with megavoltage X-rays, neutrons have potential biological
advantages (Field and Fowler 1984). This is not the case with protons and helium
ions but their advantage is that they produce better physical dose distributions.
Pions and ions heavier than helium (carbon, neon and argon) have both
biological and dose distribution advantages. These new modalities have been
reviewed by Hall (1981), and Fig. 13.1 illustrates how they relate to the
problems they address.

Pion Therapy

Pions have similar properties to beams of charged particles and have a mass
intermediate between that of the electron and the proton. They have a finite
range but when brought to rest deposit an additional dose of densely ionizing
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radiation around the Bragg peak. They therefore offer the possibility of
concentrating energy, some of it high LET, with a reduced OER and increased
biological effectiveness within the tumour volume. The great disadvantage of
pions is that they require an elaborate and expensive accelerator for their
production.

Long-term clinical results from Los Alamos (LAMPF) reported by Von Essen
et al. (1986) showed some favourable (squamous carcinoma and adenocarci-
noma) and some disappointing (pancreatic tumours and gliomas) responses. In
all categories a total of 227 patients were treated between 1974 and 1981; there
were insufficient numbers in each group to refine optimum dose-fractionation
schedules.

At the Vancouver (TRIUMF) pion facility patients with grade 3 and 4
astrocytoma receiving 33 Gy of pions to a limited volume had a marginal survival
advantage compared with patients treated with conventional photons. Unac-
ceptable morbidity was seen in rectal carcinoma patients but some early
encouraging results were seen in prostatic carcinoma.

At the Swiss Institute for Nuclear Research (SIN) pion therapy continues
(Greiner et al. 1986). No benefit has been seen in using pions to treat high-grade
malignant gliomas. A dose of 33 Gy in 20 fractions over 5 weeks controlled 50%
of advanced bladder tumours. Keeping the target volume as small as possible
was critical if severe morbidity was to be avoided. The best responses were seen
in soft tissue sarcomas.

Charged Ions

The heavier ions have almost straight tracks and a finite range, depositing energy
at an increasing rate as they are slowed down in tissue. The maximum dose
occurs at the end of the track (Bragg peak) and by modulation of the energy of
incident ions this peak can be spread out to selectively encompass a tumour.
Almost ideal dose distributions can therefore be obtained. This is in sharp
contrast to the situation with X-rays and neutrons where exponential attenuation
greatly restricts the ability to irradiate a tumour selectively.

A great limiting factor in charged ion therapy is again the expensive high-
energy accelerators needed. For example protons need to be accelerated to
175 MeV to have a range of 20 cm in tissue. Heavier ions have to be accelerated
to greater energies though they do have an advantage over protons: their tracks
are straighter and ionization density along them is greater, resulting in greater
biological effectiveness in the Bragg peak region. This enhances tumour effects
and spares normal tissues nearer the surface which receive sparsely ionizing
radiation.

Treatment with charged ions is not widely available though the limited clinical
experience to date is encouraging (Castro et al. 1985). Bewley (1987) has
outlined a proposal that would lead to a proper trial of this technique. This is the
EULIMA (European light-ion medical accelerator) project. In a purpose-built
hospital-based accelerator ions in the hydrogen to neon range would be
accelerated to energies high enough to give up to 20-cm penetration in tissue.
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Proton Therapy

The main advantage of protons in clinical radiotherapy is the improved dose
distribution possible because of the physical characteristics of the beam. A
greater dose to the target volume can be given with the proton beam than with
comparable photon techniques whilst giving the same or an even smaller dose to
adjacent normal tissues.

At Harvard fractionated precision high-dose proton therapy has been carried
out since 1973 and 846 patients have been treated (Munzenrider et al. 1985).
Normal tissue and tumour responses were consistent with an RBE of 1.1 for the
proton beam. From the results of these non-randomized studies it has been
suggested that proton beam therapy is the treatment of choice for patients with
uveal melanomas, chordomas and chondrosarcomas involving the skull base and
cervical spine. In patients with prostatic carcinoma, head and neck malignancies,
ano-rectal cancers and retroperitoneal tumours the improved dose distributions
possible with protons have allowed greater doses to be delivered than would be
given conventionally with photons. Proton doses were 10%-20% greater than
would normally be given as radical photon therapy and local control rates have
been good.

Between 1977 and 1984, 524 patients with uveal melanoma were treated with
protons at Harvard. Overall 89% of 332 tumours decreased in size after
treatment and no regrowth in the treated area was observed in 476 of 484 eyes
(98%) observed between 6 and 108 months after treatment. The majority of the
total group of patients (60%) had tumours that were large (maximum diameter
greater than 15 mm and/or height greater than 5 mm). Only 6.3% of patients
have developed metastases and most of these were in the patients presenting
with large tumours. Useful vision was preserved after treatment in the majority
of patients. Approximately two-thirds of treated eyes had vision the same or
better than that present initially, with a lesser degree of visual preservation in
eyes with larger tumours.

In view of these impressive results from non-randomized studies a study is to
be started using the Clatterbridge cyclotron, Merseyside, to treat uveal
melanomas. This cyclotron is of fixed energy and can accelerate protons to
62.5 MeV, which gives a beam penetration of 27 mm. This is adequate to treat
90% of ocular melanoma lesions (Goiten et al. 1983). The study is a joint project
between the Douglas Cyclotron Centre, Merseyside, St. Bartholomew’s
Hospital and Moorfields Eye Hospital, London, and St. Paul’s Eye Hospital,
Liverpool. The project has the following objectives (J. Hungerford 1986,
personal communication):

To evaluate the effectiveness of proton irradiation.

To establish the nature and incidence of complications from proton therapy of
uveal melanoma.

To establish the long-term effect of proton therapy on visual acuity.
To compare in a randomized study proton therapy versus *°I scleral applicator
treatment for small melanomas adjacent to the macula or optic nerve.

To study the relationship between local control and distant metastases for
proton therapy.
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To compare as part of a randomized study the mortality following proton
therapy with that following enucleation for medium-sized and large melanomas.

Deeper tumour sites treated with protons (160-250 MeV) continue to be
studied. Randomized trials have been started at Harvard for prostatic cancers
and chordomas or low-grade chondrosarcomas at the base of the skull or cervical
spine. The good results from non-randomized studies, restricted machine
availability, patient-specific treatment techniques and the advantages of proton
treatment being judged sufficiently great to preclude a randomized study, have
created problems in setting-up the randomized trials that are clearly needed
(Goiten and Munzenrider 1984).

Neutron Therapy

Since the early clinical studies of Stone in the 1940s considerable energy has
been expended on investigating the potential of neutron therapy both in the
laboratory and in the clinic. These studies have been conducted predominantly
in the United States, the United Kingdom and the rest of Europe.

Three major changes have occurred in neutron therapy during the past 10
years:

1. A move from non-hospital-based cyclotrons to hospital-based cyclotrons
capable of generating neutron beams with sufficient output.

2. A change from fixed beam to isocentric machines with internal collimation.
3. A change from low-energy to high-energy neutron beams.

The Development of Neutron Therapy

Following the 1948 Janeway lecture by Stone (1948) interest in neutron therapy
in the United States initially declined. When further radiobiological experiments
were performed at the MRC Cyclotron Unit, Hammersmith Hospital, London,
a more tolerable clinical regimen evolved using the Hammersmith 15-MeV
deuteron on beryllium neutron beam with a mean energy of 7.5 MeV. Despite
the inadequacies of this beam in terms of dose distribution and collimation
difficulties as compared with megavoltage X-rays, very encouraging results were
reported (Catterall and Bewley 1979) and many centres worldwide were
stimulated to investigate neutron therapy further.

Initially attempts were made to use fractionation regimes similar to those
commonly used for photons. Using such 5-day-a-week regimes, however,
problems were encountered with morbidity and access to machines not based in
hospitals. For this reason, as well as the desire to continue treating 5 days a
week, a schedule of three fractions of photons and two fractions of neutrons per
week was introduced. Most of the American experience, therefore, was with this
mixed-beam therapy up until 4 or 5 years ago. Many American facilities were
not hospital-based and there was also a wide range of energies available (Peters
et al. 1985). In Europe all but a few studies have been uncontrolled phase I/II
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studies (Wambersie and Batterman 1985). In general neutrons alone rather than
mixed beams have been used. In the United Kingdom mixed-beam therapy has
not been used and there has been a tradition of controlled clinical studies using
hospital-based facilities with gradually increasing technical flexibility.

The cell biologist, as opposed to the biophysicist, may consider that the real
targets for radiation therapy are the hypoxic cells, less radioresponsive cells and
clonogenic cells present in tumours. It is the density and distribution of these
related to the flux of the energy deposition of the treating beam that determine
the degree of cell kill with each fraction of radiotherapy and thus influence the
probability of effective local control. The physical characteristics of the modern
high-energy, hospital-based, isocentric and internally collimated neutron facili-
ties allow the flux of neutron beam energy in the tumour to be deposited with the
same precision as that of a modern linear accelerator. In addition, however, the
biological characteristics of these beams themselves may be different because of
the higher energy of the fast neutrons. In contrast to the lower-energy beams
available at Hammersmith and Edinburgh, neutrons produced by protons of
40 MeV and upwards, as in the facilities at Seattle and Clatterbridge, have a
lower LET. The density of deposition of ionization per neutron track length is
lower than with less energetic machines and the track length of the recoil protons
themselves is longer. These microdosimetric differences may prove to be
important in terms of the therapeutic ratio of high-energy fast neutron beams
with regard to tumour control and normal tissue late radiation damage
(Wambersie et al. 1986).

Current Status of Clinical Studies with Neutrons

A wide variety of tumours have now been treated with fast neutron therapy of
various energies. There are, however, relatively few controlled clinical studies
and important questions regarding the role of fast neutrons in radiotherapy
remain to be answered. In general most experience has been gained with the
more accessible tumours such as squamous cell head and neck cancer, salivary
gland tumours, sarcomas of the limbs and melanomas. Pelvic and intrathoracic
tumours have been less accessible to treatment with the lower energy beams and
have only become accessible using precisely deployed high-energy isocentric
machines in the past few years.

Squamous Cell Head and Neck Cancer

Early results obtained at the MRC Cyclotron Unit, Hammersmith Hospital,
were very encouraging, although the local control rates in the photon-treated
control group were acknowledged to have been disappointingly low. Many of
these tumours were very advanced however. In view of the Hammersmith
results a cyclotron of similar energy beam, this time with an isocentric facility,
was installed at Edinburgh, with the intention of repeating the controlled study
performed at Hammersmith. A restrospective analysis (Medical Research
Council Neutron Therapy Working Group 1986) of squamous cell head and neck
cancer treated in the controlled studies in both centres, however, revealed many
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differences between the two studies. Stage of disease was more advanced in the
Hammersmith series and technical differences in the application of therapy were
noted in that more wedged fields and three-field plans were used in the
Edinburgh series. In addition different fractionation schedules were used in the
two centres. It is of interest that whilst much of the American experience was
with mixed-beam therapy, in a small series of patients in Seattle who were
treated with neutrons alone or photons (Griffin et al. 1984) similar results have
been obtained to those in the Hammersmith study. Other studies reviewed by
Peters et al. (1986) have not shown a significant benefit for neutron therapy.

Salivary Gland Tumours

The efficacy of fast neutrons against malignant salivary gland tumours was first
demonstrated at Hammersmith in a non-randomized series. In the most recent
review (Catterall and Errington 1987) of these results local control and 5-year
survival were 72% and 50% respectively. The facial nerve was not damaged by
neutron therapy and 70% of patients treated with neutrons alone regained or
maintained facial nerve function. These results have been confirmed by those
from other neutron treatment facilities. A recently completed RTOG controlled
study has shown a 78% tumour clearance rate using neutrons as compared with
33% after photon radiotherapy, with local control values of 53% and 33%
respectively at 12 months (T. G. Griffin, personal communication). This study
has now been closed although the results are only just approaching statistical
significance. These results are in keeping with those from the previous non-
randomized studies and are sufficiently impressive to allow the decision not to
conduct a randomized study of neutrons versus photons for salivary gland
tumours using the Clatterbridge cyclotron, but to offer neutron therapy to all
patients with locally advanced malignant salivary gland tumours. The clinical
problem for the future is to establish the efficacy of neutrons versus surgery for
these tumours, rather than to define the optimal radiotherapeutic modality.

Paranasal Sinus Tumours

Paranasal sinus tumours are relatively rare, providing insufficient numbers for
randomized controlled studies. In general they are not considered easy to
control by conventional photon radiotherapy. Table 13.2 shows a non-
randomized series of patients treated at Hammersmith Hospital with encourag-
ing local control rates (Errington 1986). The number of late radiation
complications in normal tissues should, however, also be noted. From this and
many other studies it appears that such a complication rate may be the
unavoidable price of attempting to achieve local control in such advanced
tumours using low-energy fast neutrons. Such complications may be considered
as contributing to a poor quality of life, but it should be remembered that
uncontrolled local disease may well produce a poorer quality of life which
deteriorates at a more rapid rate than that due to the late radiation tissue
morbidity of low-energy fast neutron therapy Late effects must also be set
against the morbidity of radical surgery in such patients.
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Table 13.2. Results of treatment with 7.5-MeV neutrons for advanced tumours of paranasal
sinuses: histological types, responses and complications

Histological Number No. No. No.
type regressing recurring with
completely complications
Squamous 17 14 3 3
Adenoid cystic 11 10 4 4
Adenocarcinoma 8 6 —— 1
Transitional cell 5 5 1 3
Undifferentiated 1 1 — —
Malignant melanoma 1 1 — —
Totals 43 37 (86%) 8 (18%) 210 (23%)

From Errington (1986).
2Two of these from eight patients who had received previous photon radiotherapy.

Adenoid Cystic Carcinoma

Adenoid cystic carcinomas generally respond well initially to conventional
radiotherapy but the local recurrence rate is high (Vikram et al. 1984). In a non-
randomized series of 36 patients with adenoid cystic carcinoma treated with
neutrons complete regression occurred in 97% with a local recurrence rate of
only 9%. The median survival of the whole group was 54 months (Catterall et al.
1987). These results support the view that neutron therapy may well be the
treatment of choice for non-resectable or recurrent non-squamous cell cancer of
the head and neck (Cohen et al. 1985).

Fixed Cervical Nodes

Neutrons alone and also mixed-beam therapy have been employed in the
treatment of advanced head and neck cancers with fixed cervical nodes. Both the
uncontrolled studies of neutrons alone and a controlled study in the United
States comparing mixed-beam therapy with photons (Griffin et al. 1983) suggest
that there may be a role for fast neutron therapy here.

Malignant Melanoma

Malignant melanoma is often resistant to conventional photon irradiation. This
has been related to the broad shoulder of the survival curves for melanoma cells
and has led to alternative strategies to photon therapy being suggested (Hornsey
1978) and subsequently shown to produce high response rates in clinical practice
(Overgaard et al. 1985).

In the largest series of melanomas treated by fast neutrons (Blake et al. 1985)
87 tumour sites were treated. There was complete regression in 71% and later
recurrence in only 9%, giving an overall local control rate of 62%. All the
tumours were locally advanced and good palliation was achieved. Fast neutron
therapy is therefore an alternative in the treatment of some melanomas but has
yet to be compared by a randomized study with photon therapy using high-dose
per fraction schedules.
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Sarcomas

Cohen et al. (1985) reviewed the international experience of neutron therapy for
locally advanced non-resectable sarcomas of bone and soft tissue, and reported
59% and 62% long-term control respectively for these radioresistant tumours.
Schmitt et al. (1986) have treated 191 patients with locally advanced soft tissue
sarcomas with neutrons or photons followed by a reduced-volume neutron
boost. In neutron treated patients the local control rate was 76% and survival
best in patients with low-grade (grade 1) histologies (75% at 6.5 years). Pickering
et al. (1987) report that 68% of gross tumours regressed completely and that
local control has been maintained at 52%. The main cause of death in these
patients was metastatic disease, though again the most favourable outlook was
for patients with low-grade tumours (median survival of 63 months for grade 1
compared with 9 months for grade 2 and 7 months for grade 3). It can be
concluded that slowly growing, locally advanced and well-differentiated (grade
1) soft tissue sarcomas are an absolute indication for neutron therapy.

Pelvic Tumours

Because low-energy neutron beams have insufficient penetration for treating
pelvic tumours little experience had been gained regarding neutron therapy for
these tumours until the past 5 years. An RTOG study of mixed-beam treatment
of carcinoma of the cervix by Maor et al. (1986) showed no particular benefit for
mixed-beam therapy compared with photon treatment alone. Treatment of
rectal and bladder cancers by Batterman and Mijnheer (1986) using a DT
generator has been carried out on an uncontrolled series of patients; no real
benefit was found. It was noted that a similar dissociation to that observed by
Stone (1948) between the intensity of early acute radiation effects and late
radiation damage was apparent. Similar problems with morbidity from late
radiation damage were highlighted by the Edinburgh group (Duncan et al. 1985,
1986), where control rates for bladder cancer using low-energy 7.5-MeV
neutrons alone were no better than those with photons, whilst the morbidity in
the neutron treated patients was considerably higher.

By using six treatment fields and comparable isodoses to those for the photon
treated control patients, it was possible to attribute the morbidity to the
biological effect of the neutron beam rather than its potential inferiority in terms
of physical dose distribution. Griffin et al. (1986) have demonstrated, however,
that the incidence of major complications is much lower when high-energy (e.g.
46-66 MeVp-Be) neutron beams are used. This question is only likely to be
resolved when the current controlled randomized studies of high-energy fast
neutrons versus megavoltage X-rays in pelvic sites (bladder, rectum, cervix and
prostate) are completed.

Carcinoma of the Prostate

More encouraging results in the pelvis have been obtained in a mixed-beam
study in the United States in which patients randomized to receive neutron
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therapy showed not only improved local control but also better survival than
patients randomized to be treated with photons alone (Laramore et al. 1985).
The result was initially thought to be due to the selection process by which
patients who had not completed the relevant radiation protocols appropriately
were not included in the final analysis. However, even when all the patients
irrespective of any protocol violation were included the mixed-beam group
appeared to have a significantly higher survival than the control group. A
randomized study of neutrons alone versus photons, using high-energy neutrons
produced by hospital-based cyclotrons, has been started by the RTOG in the
United States.

The Therapeutic Index for High- and Low-Energy Fast Neutrons

In assessing the effect of neutron therapy in controlled studies the therapeutic
index for each arm should probably be expressed as:

% local tumour control

% late radiation damage

This ratio should be scored at 1-2 years when the majority of tumours which are
not controlled will have recurred and late radiation damage will have become
apparent in surviving patients with local tumour control.

Whilst such therapeutic indices for high-energy fast neutrons are not yet
available, evidence has accumulated that late radiation damage from high-
energy neutrons may not be as bad as that from low-energy neutrons at doses
which produce comparable acute reactions. This information was obtained in a
retrospective study of facilities in the United States where results from neutron
beams of a range of energies were analysed (Griffin et al. 1986). The late
complications (grade IV and V toxicities) were scored on previously treated
patients who had received low-, intermediate- and high-energy neutron therapy.
For both head and neck and pelvic tumours late radiation complications were
not as marked for patients treated by the high-energy facilities as for those
receiving treatment from low-energy facilities. Prospective dose ranging studies
at three different dose levels were then undertaken. These studies closed in
March 1986. Only a small number of patients have yet been studied for sufficient
time to observe late radiation complications, but few problems have been noted
to date in those patients treated with high-energy neutrons (T. W. Griffin, 1986,
personal communication). The acute reactions observed in these patients were
very similar to those in patients treated radically with photon therapy. It is thus
possible that the late radiation damage observed with low-energy fast neutron
beams may not be such a problem with higher-energy beams.

At the Medical Research Council Douglas Cyclotron Centre at Clatterbridge
Hospital radiobiological experiments were conducted using acute skin reactions
and gut clone studies to compare the biological effect of the Clatterbridge beam
to that used at Hammersmith Hospital in previous studies. It was predicted that
at the high energy a total effective dose of 20.4 Gy in 12 fractions over 28 days
would have the same biological effect as 15.6 Gy (neutron dose) in 12 fractions
over 28 days from the Hammersmith 7.5-MeV beam. This figure is extremely
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close to that obtained for acute reactions in the American dose searching
studies. These studies were also conducted using 12 fractions in 28 days.

The neutron beam at Clatterbridge has now been operating for 1 year and 53
patients have been treated. Because of the need for caution with regard to the
possibility of late bowel damage a total tumour dose of 19.2 Gy in 12 fractions
over 28 days given in two phases (a large and then small volume when feasible) is
being used to treat locally advanced pelvic tumours.

The Future of Neutron Therapy

Work with fast neutron therapy over the past 20 years has had to be carried out
in the face of formidable difficulties because of the biological effects of the low-
energy beams, poor physical dose distribution and often lack of isocentric or
even hospital-based facilities. In this context the skill and attention to detail that
have been required to produce some noteworthy results in the face of such
difficulties should be appreciated. Encouraged by these early results hospital-
based high-energy neutron facilities have been developed so that further studies
can be done to help define the role of neutrons in modern radiotherapeutic
practice.

Modern high-energy proton-accelerating cyclotrons coupled to isocentric
internally collimated treatment heads are capable of producing physical dose
distributions of the same quality as those produced for photons from a modern
linear accelerator. At Clatterbridge the 62.5-MeVp-Be beam is being used to
conduct randomized studies of squamous cell head and neck cancer. Locally
advanced malignant salivary gland tumours, paranasal sinus tumours and some
previously irradiated and advanced recurrent head and neck cancers (Errington
and Catterall 1986) are initially being treated with neutrons on a non-
randomized basis. Non-randomized studies of neutrons for soft tissue sarcomas
and melanoma are also proposed. Randomized controlled studies are in progress
too with locally advanced tumours of the prostate, bladder, rectum and cervix.

These groups of tumours account for just over 50% of the current failures to
control local disease. It is by improving on this figure that it is hoped particle
therapy will be of benefit to patients, particularly those presenting with locally
advanced tumours.
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14 Radiation Sensitizers and Related
Compounds: New Approaches to Modification of
Radiation Response

G. Adams and 1. J. Stratford

Introduction

The hypothesis that the relative radiation resistance of hypoxic tumour cells
present in some human tumours can adversely affect the probability of local
control in some clinical situations, remains a major research topic. There is some
clinical evidence, mainly from studies using hyperbaric oxygen, that hypoxic cell
resistance is a factor in the local control of some tumours. However, it is widely
believed that tumour hypoxia is probably only important in some tumours; in
others, reoxygenation occurring between fractions many effectively remove
hypoxic cells during treatment. It is against the background of this heterogeneity
with respect to the importance of hypoxia that attempts to demonstrate clinical
radiation sensitization have been carried out. In retrospect, therefore, it is
perhaps not surprising that the results of clinical trials with misonidazole have
been generally disappointing. An urgent need is to develop methods of
identifying those human tumours where hypoxic cell radioresistance is a
problem. When such techniques become available the clinical efficacy of any
new and improved sensitizer should be much more easily demonstrable.

This chapter describes some of the current laboratory approaches now being
undertaken to develop more effective methods of hypoxic cell radiation
sensitization.

Current Hypoxic Cell Sensitizers

Experimental studies with misonidazole showed that, provided a sufficiently
high dose of the drug could be administered, substantial sensitization occurs in
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almost all solid experimental rodent and human tumours irradiated with single
doses of radiation. It is reasonable, therefore, to attribute, at least in part, the
failure to observe significant sensitization in most clinical trials of misonidazole
to the dosage limitations imposed by the neurotoxic properties of this drug
(Dische et al. 1977).

Two compounds potentially superior to misonidazole are undergoing clinical
investigation. These are etanidazole and pimonidazole.

Etanidazole (SR 2508)

Laboratory studies with misonidazole and various structurally related sensitizers
suggested that the neurotoxicity of compounds of the nitroimidazole type was
partly related to their lipophilic properties (Brown and Workman 1980; Clarke
et al. 1982). These findings led directly to the development of the misonidazole
analogue, etanidazole, as a clinical hypoxic cell sensitizer (Brown et al. 1981).
This drug is much less lipophilic than misonidazole and has proved to be less
neurotoxic in current clinical trials (Coleman et al. 1984). While some peripheral
neuropathies have been observed, they have been invariably mild, much less
common, and occur at higher doses compared with the neurotoxic effects seen
with misonidazole.

The sensitizing efficiency of etanidazole is similar to that of misonidazole both
in vitro and in vivo. Tumour penetration appears to be generally good and this,
together with the finding that the fotal tolerated dose is substantially greater than
that of misonidazole, has led to optimism with regard to clinical efficacy. It is
unlikely, however, that the maximum degree of sensitization theoretically
achievable (i.e. an enhancement ratio similar to that of oxygen itself) will be
attainable with the maximum tolerated doses of this drug.

Pimonidazole (Ro 03-8799)

The Roche drug pimonidazole represents a logical development from misonida-
zole (Smithen et al. 1980). It is a 2-nitroimidazole with a substituted
propanolamine side chain. Sensitizers of this type containing prototropic side
chains, that is possessing acid-base characteristics, are often more efficient than
would be expected on purely electron-affinic grounds. Pimonidazole is slightly
more efficient than misonidazole in experimental animal tumour systems
(Williams et al. 1982) and is undoubtedly less toxic in patients (Saunders et al.
1984; Roberts et al. 1984). However, an unexpected and promising finding is
that the drug shows a significant degree of selectivity in uptake in human tumour
tissues (Roberts et al. 1984; Dische et al. 1986).

Fig. 14.1a reproduces the data of Dennis et al. (1985) showing that the
sensitizing efficiency of pimonidazole in V79 cells in vitro is highly dependent on
the pH of the culture medium. This effect, which is not seen with misonidazole,
has been attributed to the influence of the acid-base characteristics of
pimonidazole on its intracellular uptake. It is argued that entry into the cell is
effected through the unprotonated form of the drug. However in the
extracellular fluid in hypoxic regions of tumours, the relatively lower pH allows
the drug to be concentrated in its water-soluble protonated form. According to
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Fig. 14.1. Influence of extracellular pH on the sensitizing efficiencies of some electron affinic
nitroimidazole radiation sensitizers in Chinese hamster V79 cells irradiated in vitro. a Data for
misonidazole and Ro 03-8799 taken from Dennis et al. (1985) and Watts and Jones (1985). b Data
for RSU 1069 and RB 7040 taken from Walling et al. (1987).

the hypothesis, intracellular levels build up as the drug diffuses into the cell in
the non-protonated form (Wardman 1982). The possibility of improving tumour
uptake of sensitizers by manipulating their acid-base properties is a promising
avenue for the future development of new drugs.

Multiple Mechanism Approach to Hypoxic Cell
Sensitization

Oxygen Mimetic Sensitization

The original impetus in the development of sensitizers for hypoxic cells lay in the
search for chemical agents that could mimic oxygen in its general sensitizing
action. There is now clear evidence that the oxygen effect involves more than
one component, is a free radical process and occurs in all types of cells. Many
chemical compounds mimic oxygen in their ability to increase the radiation
sensitivity of hypoxic cells but not aerobic cells. It is well established that the link
between oxygen and these chemical sensitizers is their common ability to act as
electronic acceptors (Adams and Dewey 1963; Raleigh et al. 1973; Adams et al.
1976). Measurements of electron affinity have provided a basis therefore for the
design and development of new sensitizers (Adams et al. 1979). It is appropriate
to regard these sensitizers as oxygen mimetic since, like oxygen, they act by
more than one free radical component.
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Bioreductive Activation

Many electron-affinic compounds containing nitro groups are much more toxic
to hypoxic cells even in the absence of radiation than they are under oxic
conditions. For some compounds this differential effect can be substantial.
There is now little doubt that the enhanced hypoxic cytotoxic response is caused
by highly toxic substances formed from the parent compound via metabolic
bioreduction occurring in the hypoxic cells (see Alexander 1986). The
mechanism is probably similar in some respects to that whereby some sensitizers
such as metronidazole can act as powerful antibiotics for various pathogenic
anaerobes. Fig. 14.2 shows some data for misonidazole and the powerful
bioreductive drug RSU 1069. For both drugs there is a marked increase in the
toxic response under hypoxic compared with oxic conditions.

Neither the biochemical nature of the bioreductive process nor the identity of
the reduced products is known with precision, although the evidence is
substantial that the process is initiated through chemical reduction of the nitro
group on the imidazole ring (see Brown 1986).

Bioreductive activation appears to be a general property of many radiation
sensitizers, particularly nitroimidazoles. It should be noted, however, that while
bioreductive activation can contribute under some conditions to overall
radiation response, such effects are separate from, and additional to, the main
mechanism of oxygen mimetic sensitization involving free radical processes.

Bioreductive activation may be a factor in the ability of some radiation
sensitizers apparently to act as inhibitors of repair processes. In some tumour
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Fig. 14.2. Toxicity of misonidazole and RSU 1069 to Chinese hamster V79 cells: open symbols, in
air; filled symbols, in nitrogen. Cells in confluent cultures were exposed to drugs for 3 hours at 37 °C.
(After Stratford et al. 1986.)
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systems, where tumour response in vivo can be assayed in vitro by clonogenic
assay, the degree of sensitization by misonidazole can be enhanced if excision of
the tumour post-irradiation is delayed for 24 hours. This effect has been
interpreted as an inhibitory effect of misonidazole on repair of potentially lethal
damage (Guichard et al. 1979; Nakagawa et al. 1983).

Effects noted by Hall and Biaglow (1977). Wong et al. (1978), Stratford et al.
(1980) and Chapman et al. (1982) may also relate to bioreductive activation. In
particular, Wong et al. (1978) observed that cells exposed in hypoxia to sublethal
amounts of misonidazole, then washed free of the drug and irradiated in either
oxygen or nitrogen, exhibited complete suppression of the shoulder region of the
radiation survival curve. Since the effect is only observed when the pre-
irradiation incubation is carried out in hypoxia, bioreductive activation of the
drug is implicated.

Thiol Suppression

There is unequivocal evidence that alterations in the intracellular levels of
glutathione (GSH) influence cellular radiosensitivity both in vitro and in vivo.
Reduction in GSH levels can be brought about by treatment with thiol binding
agents such as diamide (Harris 1979) and diethylmaleate (Bump et al. 1982).
Alternatively, inhibition of GSH biosynthesis by the inhibitor of y-glutamyl
cysteine synthetase, buthionine sulphoximine (BSO), can also lead to prolonged
reduction of intracellular GSH levels (Griffith and Meister 1979). An increase in
radiosensitivity occurs under both hypoxic and aerobic conditions but not
necessarily to the same extent. When hypoxic cell sensitizers are present in cells
with reduced GSH levels, the efficiency of hypoxic cell sensitization is
considerably increased. For a detailed discussion of the mechanisms involved see
Biaglow et al. (1983).

Dual Function Radiosensitizers

There is current interest in the “dual-function” class of nitroheterocyclic
sensitizers, so called because of the incorporation into the chemical structure of
both radiation sensitizing and alkylating properties. Some of these agents are
particularly potent radiation sensitizers and bioreductive drugs. The lead
compound in this series is the misonidazole analogue RSU 1069, which combines
a 2-nitroimidazole structure with a monofunctional aziridine group in the side
chain (Adams et al. 1984a,b).

Fig. 14.2 shows the differential cytotoxic properties of RSU 1069 in oxic and
hypoxic cultures of Chinese hamster V79 cells (Stratford et al. 1986). The cells
were incubated for 3 hours under either oxic or hypoxic conditions in the
presence of various concentrations of the drug, resuspended, washed free of
drug and aliquots plated for colony formation. The drug is considerably more
cytotoxic than misonidazole under both oxic and hypoxic conditions, but the
hypoxic differential is particularly marked for RSU 1069. Under the conditions
of the experiment the compound is more cytotoxic than misonidazole by at least
two orders of magnitude.
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Fig. 14.3. Comparison of the radiation sensitizing efficiencies and hypoxic cytotoxic efficiencies of
misonidazole and RSU 1069. a Radiation sensitization of the KHT tumour by 100 mg/kg
misonidazole and 80 mg/kg RSU 1069. Filled symbols, radiation alone. b Cytotoxic effect of Smm
misonidazole and 0.05 mm RSU 1069 in hypoxic cultures of V79 cells exposed to each drug for up to
5 hours.

Fig. 14.3 compares both the radiation sensitizing and cytotoxic properties of
misonidazole and RSU 1069. Fig. 14.3a refers to sensitization of the KHT
tumour impanted subcutaneously on the backs of C3H mice. The tumours were
irradiated 1 hour after intraperitoneal administration of the drug dissolved in
saline, excised 24 hours later and disaggregated for clonogenic assay of surviving
cells. The KHT tumour has about 10% hypoxic fraction. It would be expected,
therefore, that the control survival curve would contain components represen-
ting the oxic and hypoxic subpopulations. The data points correspond to changes
in the survival of the fraction of hypoxic cells in the tumour. Clearly, RSU 1069
is considerably more efficient than misonidazole in sensitizing this tumour to
radiation, a result in line with the greater sensitizing activity of the drug found
previously in vitro (Adams et al. 1984a). Fig. 14.3b compares directly the
hypoxic cytotoxic activity of the two drugs in hypoxic cultures of V79 cells
exposed to each drug for up to 5 hours. Despite the 100-fold lower molar
concentration of RSU 1069, the drug is much more cytotoxic than misonidazole.

Differential Uptake

The compound pimonidazole (Ro 03-8799) is an example of a sensitizer where
increased uptake by tumour relative to blood results in an increase in therapeutic
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efficiency. As discussed above this effect has been attributed to the acid-base
properties of the side chain in the chemical structure of the drug. It is important
to determine, therefore, whether this behaviour can be exploited in the design of
improved sensitizers. Promising results have been obtained with analogues of
RSU 1069 in support of this.

The compound RB 7040 is an analogue of RSU 1069 in which the aziridine
side chain is tetra-methylated. This substitution increases the pK, value from 6.0
(for RSU 1069) to 8.45 — a value fairly close to that of 8.9 for pimonidazole
(Smithen et al. 1980). Fig. 14.1b shows that the sensitizing efficiency of RB 7040,
like that of pimonidazole, is highly dependent on the pH of the external culture
medium. However measurements of its intracellular uptake showed that the
apparent pH dependence of sensitizing efficiency is due entirely to the influence
of the pH of the medium on the intracellular/extracellular distribution of the
sensitizer (Walling et al. 1987). The property of differential uptake may be a
general characteristic of weakly basic nitroimidazole sensitizers (pK, >7). If so,
the pK, of the compound may be a generally useful property to manipulate in
the design of improved sensitizers and bioreductive drugs.

Manipulation of Tumour Hypoxia for Therapeutic Gain

Haemoglobin Status

It is well known that anaemia is a poor prognostic indicator for local control in
the radiotherapy of some tumours (Bush et al. 1978). The possible criticality of
haemoglobin status within the normal range has been indicated by the data of
Overgaard et al. (1986, 1987) obtained in a large prospective randomized trial of
radiotherapy in the treatment of some pharyngeal tumours. An improved
response rate was reported for patients with haemoglobin values towards the
upper end of the normal range compared with that for patients with lower
values. No patient in either group was clinically anaemic requiring transfusion
before treatment.

A surprising finding with regard to haemoglobin status emerged from a re-
examination (Dische et al. 1983) of the results of treatment with hyperbaric
oxygen (HBO) in the radiotherapy of advanced cervical cancer, including data
from the Medical Research Council’s multicentre trial (Watson et al. 1978).
Thirty-nine patients required transfusion before treatment, of whom 16 were
treated in HBO and 23 in air. Despite transfusion the air group showed a rather
poor response whereas the transfused patients treated in oxygen showed a
response that appeared to be even better than that for the total group of patients
treated in oxygen.

This suggestion that prior anaemia may have a beneficial effect on treatment in
oxygen or with other sensitizers has prompted much research on anaemia and its
effect on the radiation response of experimental tumours (Hill et al. 1971;
Hewitt and Blake 1971; Hirst 1986; Hirst et al. 1984; Adams et al. 1986).
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Modification of Haemoglobin—Oxygen Affinity

Temporary reduction in the levels of tumour oxygenation can be achieved by
deliberate displacement of the oxygen—haemoglobin association equilibrium. An
increase in the affinity of haemoglobin for oxygen (i.e. a left shift in the curve)
can be brought about by small changes in temperature or pH or by decreasing
erythrocyte concentrations of 2,3-diphosphoglycerate, an allosteric effector for
the binding of oxygen to haemoglobin. The Burroughs Wellcome compound
BW12C under development as an anti-sickling agent is a potent left-shifter
(Beddel et al. 1984). Reduction in levels of free oxygen in blood can induce
radioprotection in some normal tissues, apparently induces close to 100%
hypoxia in the Lewis Lung tumour and results in necrosis in murine lymph nodes
infiltrated with a rapidly growing experimental T cell lymphoma (Adams et al.
1986).

Induction of Tumour Hypoxia by Vasoactive Drugs

There is much experimental evidence that even small tumours are considerably
restricted in their oxygen supply compared with most normal tissues. Clinical
evidence is accumulating that oxygen deficiency may be a feature of many
human solid tumours also. The possibility that further deprivation of oxygen
could induce tumour necrosis and render such tumours more susceptible to
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Fig. 14.4. Effect of a single dose of hydralazine on the cytotoxicity of RSU 1069 in the Lewis Lung
tumour. The drug RSU 1069 was administered 15 minutes before a single intravenous dose of
5 mg/kg hydralazine. Dashed line, RSU 1069 alone.
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subsequent therapy has led to much investigation into methods of artificially
inducing tumour hypoxia.

A recent development has involved the exploitation of the ‘“steal phe-
nomenon” using vasoactive drugs such as the anti-hypertensive agent hydrala-
zine (Chaplin and Acker 1987). This drug, which acts at the level of the vascular
smooth muscle, induces vasodilation in normal tissues but would be expected to
have less effect on the primitive vaculature in experimental tumours. Overall,
blood is diverted from the tumour and thus increases the level of tumour hypoxia
(Chaplin and Acker 1987; Stratford et al. 1987a). This effect can increase the
efficiency of bioreductive agents, enhance the effectiveness of some anti-cancer
agents such as melphalan (Chaplin and Acker 1987; Adams and Stratford 1987,
Stratford et al. 1987b) and increase the efficiency of some electron-affinic
sensitizers (Stratford et al. 1987a).

Fig. 14.4 illustrates the effect of hydralazine in increasing the hypoxic
cytotoxic effect of RSU 1069 in the experimental Lewis Lung tumour. Normally,
about 10% of the clonogenic cells of this tumour are radiobiologically hypoxic
when the tumour is grown subcutaneously on the backs of C57 mice. Animals
were treated either with single doses of RSU 1069 alone or with single doses of
RSU 1069 followed 15 minutes later by a dose of 5 mg/kg hydralazine. The
dashed line in Fig. 14.4 shows only a slight effect of RSU 1069 alone, with
significant tumour cell kill only for drug doses in excess of about 40 mg/kg. In
contrast, the cell kill in the hydralazine-treated mice is greatly increased due to
the influence of the induced tumour hypoxia on the cytotoxic action of the
bioreductive drug.

Exploitation of Induced Tumour Hypoxia for Increasing Efficiency
of Radiosensitization

The data in Fig. 14.5 indicate that induction of hypoxia post-irradiation
enhances the efficiency of the electron-affinic sensitizer misonidazole in the
KHT tumour. Fig. 14.5a shows that in this tumour a single dose of 100 mg/kg
misonidazole administered 60 minutes before a single dose of X-radiation causes
only a small increase in tumour sensitivity corresponding to an enhancement
ratio of about 1.3 calculated from D, ratios. However, when hydralazine is given
post-irradiation there is a considerable increase in sensitization corresponding to
an enhancement ratio of about 2.4. The data in Fig. 14.5b show that a single X-
ray dose of 10 Gy reduces the surviving fraction of clonogenic cells in the KHT
tumour to about 3 X 1072, This is decreased to 5 X 10~ as the administered
dose of misonidazole given before irradiation is increased to 500 mg/kg. In
contrast, when hydralazine is administered post-irradiation the sensitization
efficiency of misonidazole is enhanced by about one order of magnitude. Doses
of misonidazole of 100 mg/kg or more when combined with hydralazine give the
maximum enhancement ratio achievable in this tumour system with misonida-
zole alone (Stratford et al. 1987a).

Similar effects of hydralazine treatment have been observed in the radiation
sensitization of the KHT tumour by the drug RSU 1069. The mechanism of this
increase in sensitization efficiency has not yet been fully explained, although it is
likely to be due, in part, to the cytotoxic effect of the bioreductive agent in a
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Fig. 14.5. Response of the KHT sarcoma to single doses of X-rays. a Dependence on radiation
dose (100 mg/kg misonidazole * hydralazine). b Dependence on misonidazole concentration.
Broken line, control tumours; filled circles, tumours from mice treated only with misonidazole 60
minutes prior to irradiation; open circles, as above but with 5 mg/kg hydralazine administered
intravenously immediately after irradiation.

tumour cell population rendered close to 100% hypoxic by the hydralazine
treatment.
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15 Radiation Sensitizers in Clinical Radiotherapy

S. Dische

Introduction

A radiosensitizer should enhance radiation effects in tumour but not those in
normal tissue. Many different approaches have been made towards such
sensitization which include the use of hyperthermia, cytotoxic drugs and hypoxic
cell radiosensitizers.

So far there is no evidence that hyperthermia and cytotoxic drugs give, with
radiotherapy, anything other than an additive effect (Bleehen 1983; Steel 1983).
Both hyperthermia (Chaps. 17 and 18) and a combination of cytotoxic
chemotherapy with radiotherapy (Chap. 16) are discussed elsewhere in this
volume.

Radiosensitization of the Hypoxic Tumour Cell

The concept of the radioresistant hypoxic tumour cell has attracted radiobiolog-
ists and radiotherapists for over S0 years, for it appears to be a means of
achieving sensitization of tumour without enhancement of normal tissue effect.
It was in the 1930s that Mottram provided evidence that oxygen was important
as a radiosensitizer and it was he who first suggested that deprivation of oxygen
might be an important cause of radiation resistance clinically (Mottram 1935). It
was his colleague, Gray, who later continued the work and brought it to wide
attention. In a paper published by Gray and his group in 1953 Scott showed how,
in an animal tumour system, hyperbaric oxygen appeared to overcome the

radioresistance of hypoxic cells and give improved tumour control (Gray et al.
1953).
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Churchill-Davidson pioneered the use of hyperbaric oxygen in clinical
radiotherapy (Churchill-Davidson et al. 1955). The enthusiasm of the initial case
reports gave way to some scepticism and then to randomized controlled clinical
trials (Table 15.1).

Table 15.1. Hyperbaric oxygen: randomized
controlled trials

Therapeutic benefit

Margin in favour

No difference
Total

—
NN N

In the context of other cancer trials the results are impressive. However, there
was no doubt that the benefits achieved were at the expense of an increased
effect in normal tissues. This was due to the very high elevation of oxygen
concentrations above those normally present and the small but definite
associated increase in radiation effect. This, combined with the failure to
improve results in some large studies and the complexity of the technique, led to
its abandonment in favour of other methods of achieving hypoxic cell
sensitization.

Chemical Hypoxic Cell Radiosensitizers

Adams and his colleagues working in the Gray Laboratory at Mount Vernon
Hospital, Northwood, in the 1960s explored the possibility that chemical agents
might restore the radiosensitivity of an oxygen-deprived cell. Although such
agents might not prove such potent sensitizers as oxygen they might freely
diffuse through the tissues and unlike oxygen not be metabolized; in this way
they would reach the hypoxic cells in high concentration. Soon compounds were
shown to be effective under laboratory conditions, but they were too toxic or too
insoluble for clinical use (Adams and Dewey 1963).

In 1973 metronidazole, a drug already familiar in medicine, was shown to be
an effective hypoxic cell sensitizer (Foster and Willson 1973). A year later, with
the demonstration of a more potent nitroimidazole, Ro 07-0582, later to be
called misonidazole (Asquith et al. 1974), the way was open for the clinical
testing of chemical hypoxic cell radiosensitizers.

The early work with misonidazole in man gave great encouragement.
Radiosensitization of skin made artificially hypoxic was clearly demonstrated
(Dische et al. 1976; Gray et al. 1976). Also, in a number of patients with
multiple subcutaneous nodules of tumour an increased radiation response was
seen when treatment was given in a single dose with sensitizer and the result
compared with the use of radiation alone (Thomlinson et al. 1976).

The neurotoxicity which the drug caused when multiple doses were
administered led to a dose limitation in clinical practice (Dische et al. 1977).
Despite this the simple oral administration required and the great interest in
hypoxic cell radiosensitization led to widescale clinical trials in the years 1978 to
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1984. The results of 45 studies using both metronidazole and misonidazole are
shown in Table 15.2. Only in eight was there any indication of improved
response and only in two, both studying head and neck tumours, was there
evidence for a worthwhile long-term benefit. It was concluded that both
metronidazole and misonidazole, in the doses which could be given to patients,
were weak sensitizers.

Table 15.2. Chemical sensitizing agents: randomized controlled trials

Metronidazole Misonidazole

Therapeutic benefit 0 2
Significantly improved results 2 4
Margin in favour (not significant) 0 2
No difference 4 30
Margin against (not significant) 0 1
Adverse response 0 0

Total 6 39

Clinical Evidence for Radiobiological Hypoxia

If radiobiological hypoxia is a problem in the clinic then the obvious step
forward is to produce a hypoxic cell sensitizer more potent than misonidazole.
However, the general failure to benefit from the large clinical effort of testing
misonidazole has raised considerable doubts as to whether clinical benefit could
ever be gained by the radiosensitization of resistant hypoxic tumour cells. There
are several pieces of evidence suggesting that hypoxia is indeed a problem.

The radioprotective effect of hypoxia seen in the laboratory, in vitro and in
vivo can certainly be demonstrated in man and most clearly in limbs made
hypoxic, where radiation doses have to be at least doubled to achieve the same
effect (Suit and Lindberg 1968). The radiation reaction of skin made artificially
hypoxic also demonstrates the radioprotectiveness of hypoxia (Dische et al.
1976).

Hyperbaric Oxygen and Sensitizers

There is also clinical evidence for hypoxic cells in human tumours. It should be
recalled that Churchill-Davidson performed an experiment in eight patients
where the effect of radiation under hyperbaric conditions was compared with
that of radiation alone (Churchill-Davidson et al. 1955). The results were
assessed histologically under blind conditions and in seven out of eight there was
clearly a greater effect in hyperbaric oxygen; in the final case no tumour survived
in either specimen. Included in the studies with misonidazole at Mount Vernon
Hospital and The Royal Marsden Hospital, Surrey, were a total of 22 patients
with multiple subcutaneous nodules (Thomlinson et al. 1976; Dawes et al. 1978;
Ash et al. 1979). In 13 patients it was possible to make an assessment of tumour
response and in nine of these an increased response was seen with misonidazole.
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These clinical results can only be explained by the presence of hypoxic tumour
cells which were sensitized by the drug.

A further important question is whether a system for sensitization of hypoxic
tumour cells can lead to improved results when a comparison is made with the
best fractionated course of radiotherapy. In this situation it must be recognized
that the reoxygenation of hypoxic tumour cells occurs during a course of
radiotherapy, so overcoming the problem of hypoxic cell resistance (Thomlinson
1969). It has yet to be shown in any tumour type that a method of hypoxic cell
radiosensitization is so clearly superior to that of conventional radiotherapy that
it should become the standard treatment.

Haemoglobin Level in Blood

If the oxygen concentration is important then anaemia should be a factor
determining the effect of radiation. This indeed can be shown clinically. There is
now a large body of evidence from animals and from man to relate anaemia and
radiation effect. In animal studies the presence of anaemia can be shown to lead
to a reduction in local tumour control by radiotherapy, and there are now ten
clinical reports which give supporting evidence for this effect in the management
of human tumours. Seven are concerned with the radiotherapy of carcinoma of
the cervix (Evans and Bergsjg 1965; Hierlihy et al. 1969; Vigario et al. 1973;
Shreiner et al. 1975; Bush et al. 1978; Overgaard 1985a; Balmukhanov et al.
1987). There is also evidence with regard to carcinoma of the bladder (Quilty
and Duncan 1986), tumours in the head and neck region (Overgaard 1985b) and
carcinoma of the bronchus (Dische et al. 1986a). There must be caution in
interpretation of these data because there is a correlation between advancing
disease and falling haemoglobin level, so there is a possibility that by separating
out patients with a low haemoglobin those with an unfavourable prognosis are
selected. The evidence, however, includes significant differences in local tumour
control between high and low haemoglobin groups and the improvement in
control which can be gained in anaemic patients by blood transfusion.

In the Mount Vernon Hospital series of patients with carcinoma of the
bronchus, who were treated with opposing portals without cord shielding, there
was a high incidence of radiation myelitis once the dose exceeded 33.5 Gy in the
six fractions given over 17-18 days (Dische et al. 1981). In this group of patients
at high risk for myelitis those who showed a haemoglobin level below 13 g% did
not develop this complication; all the cases occurred in those with a higher
haemoglobin level. There was also a direct correlation of haemoglobin level with
survival (Dische et al. 1986a). There is, therefore, evidence that the radiation
response of both tumour and normal tissue was related to haemoglobin
concentration.

In the DAHANCA study of misonidazole in head and neck cancer it was
shown that in the supra-glottic and pharyngeal carcinomas the haemoglobin
concentration itself was directly associated with improved response (Overgaard
1985b). Of special interest was the fact that patients with a haemoglobin level in
the lower range of normality (less than 14.5 g%) fared less well than those with a
higher level. This evidence must influence the daily practice of radiotherapy and
surely in attempting cure the haemoglobin level in all patients should be brought
up to normal.
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Lung Function

If anaemia is important then is lung function important? Impaired lung function
so that the haemoglobin is not saturated with oxygen when it reaches the tumour
might be expected to produce the same effect as though there were anaemia. In
a preliminary review of the results of studies in 60 patients mainly with head and
neck and bronchial carcinoma we have concluded that even though a
considerable number of patients showed some impairment of lung function
haemoglobin saturation levels were rarely below 90%. It would seem that at rest
these patients were capable of fully saturating haemoglobin with oxygen.
Therefore lung function is not likely to be a significant factor moderating
radiation response except in those few patients in whom lung function is grossly
impaired (Dische et al. unpublished data).

Relevance of Animal Models

As much of the data concerning the radiobiological effects of hypoxia comes
from experimental work, is the animal tumour model an appropriate one for
man? Hypoxic tumour cells are a significant cause of radioresistance in
practically every tumour model studied. Adams has gathered a list of 44 of which
42 showed resistance due to hypoxia and, furthermore, such resistance was
greatly reduced by the use of a chemical hypoxic cell sensitizer (G. E. Adams
1984, personal communication). There is, therefore, a remarkable contrast
between the animal and the human situation.

Nearly all animal tumour models require the transplantation of tumour cells to
a subcutaneous site, which may be in the tail, the foot or chest wall. In such a
position the tumours can be observed, irradiated and excised with precision.
But is this subcutaneous position a good model for the human tumour growing in
its primary site?

Hill and Denekamp (1982) pursued a series of studies to determine the
importance of site with regard to tumour growth and response to radiation,
including radiation combined with hyperthermia or a hypoxic cell sensitizer. The
pattern of results achieved was a complex one, but the outstanding feature is
some of the differences encountered between tumours. The growth rates in
three subcutaneous sites can be compared with that in an intramuscular site in
the leg (Table 15.3). It would seem that in the very vascularized muscular

Table 15.3. Growth rates of sarcoma F tumour in CBA mouse according to site

Site of inoculation Time to Volume
reach 5 mm doubling
diameter (days) time (days)

Subcutaneous: chest wall 12 1.2

Subcutaneous: tail 33 1.7

Subcutaneous: foot 13 1.6

Intramuscular: leg 5 0.6

Modified from Hill and Denekamp (1982).
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compartment of the leg, tumour growth occurs at a much more rapid rate than at
any subcutaneous site; in the restricted subcutaneous tissues in the tail, where
increase in size can be expected to lead to ischaemia, growth is slowest of all.
This suggests that the vascular bed at the site of tumour is important in
determining growth. Similar differences were seen with regard to the radiation
responses, greater control being achieved with lower doses at the intermuscular
site.

It seems probable, therefore, that the tumours which have been employed in
animal experiments with radiosensitizers have been growing in poorly vascula-
rized sites where the importance of hypoxia is likely to have been much greater
than in a well-vascularized primary site such as is encountered in the head and
neck region or in the lung. The subcutaneous tissues of the mouse may,
however, be appropriate for modelling the growth of tumours in secondary sites
such as the lymph nodes.

It is clear from the laboratory models that the radiation dose used in both
single-dose and multiple-fraction studies is invariably higher than those
employed in man. The dose to cure tumours 5-6 mm in diameter in only 50% of
the animals is invariably beyond human tolerance even when multifraction
regimes employing as many as 20 treatments are used. These differences may
relate to higher concentrations of hypoxic cells in the animal models compared
with the human primary tumour.

Tumour Perfusion

Further evidence that hypoxia influences the radiation response in man comes
from data on vascular perfusion. Recent experiments in the laboratory in which
drugs have been used to lower the blood pressure have led to massive necrosis of
tumour (G. E. Adams 1986, personal communication). It appears that there is
an inadequate control of blood flow in tumours compared with that in the
normal tissues. As a response to hypotension the normal tissues adjust by
vasodilation and in doing so substantially deprive the tumour of its circulation.
In the converse situation, when the blood pressure rises the normal tissues again
adjust and a greatly increased supply to the tumour can be expected.

We have performed analyses on our patients with carcinoma of the bronchus
in whom there was radiation myelitis above a threshold dose of 33.5 Gy and
where the haemoglobin concentration was significantly related both to radiation
myelitis and to survival (Dische et al. 1986a). Here, as a quite independent
variable, patients with a higher systolic blood pressure or larger pulse pressure
survived longer than those with a lower one. The incidence of radiation myelitis
was unaffected (Dische et al. unpublished data). This clinical evidence is entirely
compatible with that now coming from the laboratory concerning vascular
perfusion. These observations give further support to the importance of oxygen
availability at the time of radiotherapy.

Histological Evidence of Hypoxic Cells in Human Tumours

Urtasun and his colleagues at Edmonton have administered radiolabelled
misonidazole to patients before removal of tumours (Urtasun et al. 1986). They
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demonstrated a significant radiolabelling of cells presumed to be hypoxic in only
5 of 11 tumours studied. The tumours with hypoxic cells were mainly epithelial
ones while those showing no detectable concentration of misonidazole were
mainly sarcomas. Caution is needed in the interpretation of these results as the
fixation of misonidazole adducts in tissues demands the presence of the
sensitizing agent in hypoxic tissue for a number of hours and this may not
correspond to hypoxia at the time of radiotherapy. These studies are
nevertheless important, and more are needed.

Relevance of Tumour Cell Kinetics to the Concept of Hypoxia

The evidence that human tumours have a potential for rapid growth has
accumulated during recent years. The techniques recently developed in the Gray
Laboratory have enabled us to learn the labelling index and the cell cycle time of
human tumours and from them the potential doubling time (Wilson et al. 1985).
The technique requires the intravenous administration of bromodeoxyuridine
several hours before sampling, but within 24 hours these important tumour cell
kinetic data are available. In 10 of 14 patients studied the potential doubling
time of the tumour was found to be less than 6 days (Wilson et al. unpublished
data). It is in such rapidly growing tumours that a high and significant
concentration of hypoxic cells would be expected.

Accelerated courses of radiotherapy have been most promising in these cases.
In our series use of a 36-fraction regime given on 12 consecutive days produced
complete regression in the primary site in all except one of 20 patients with
advanced head and neck tumours (Saunders et al. 1987).

It can be argued that with rapidly growing tumours the main cause for
radiation failure in a well-vascularized site is likely to be the repopulation
between fractions and not hypoxia. It is of interest, however, that the results
observed in the secondary nodes of these patients have been less satisfactory and
perhaps it is here in this less well vascularized area that hypoxia is an additional
major problem. It is probable that to achieve the best control with very rapidly
growing tumours hyperfractionation must be combined with selective hypoxic
cell sensitization.

Evidence that Hypoxic Tumour Cells are Responsible for Failure,
Despite the Best Fractionated Radiotherapy

A re-analysis of patients treated for carcinoma of the cervix using hyperbaric
oxygen in three radiotherapy centres showed a remarkable finding in the
subgroup of patients who were so severely anaemic prior to presentation that
blood transfusion was required before radiotherapy. When treated in hyperbaric
oxygen there was a high local tumour control rate while conventional
radiotherapy resulted in particularly poor results (Dische et al. 1983). This
appeared to identify one special subgroup where hypoxia was a severe problem
which could not be overcome by routine fractionated radiotherapy; however a
radiosensitizing method was successful.

In two of the studies of misonidazole in head and neck cancer significant and
sustained benefit was achieved, giving further examples of tumours where,
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despite fractionated radiotherapy, hypoxia remains a problem and a sensitizer
can help (Sealy and Cridland 1984; Overgaard 1985b).

Further Techniques for the Exploitation of the Oxygen
Effect

Improved Oxygen Transport

In addition to the use of blood transfusion, hyperbaric oxygen and chemical
sensitizing agents, improved oxygenation of a tumour may be achieved in other
ways. Perfluorochemical agents improve oxygen transport and when used with
concurrent 100% oxygen-breathing have produced promising results recently in
a pilot study in head and neck cancer (Rose et al. 1986). The oxygen
requirements of tissue can be reduced by hypothermia leading to a rise in oxygen
availability, and this has been combined with radiotherapy in hyperbaric oxygen
in a promising pilot study (Sealy et al. 1986). Improved vascular perfusion of
tumours may be achieved by manipulation of the blood pressure and this is a
new area for clinical experiment.

Radiotherapy under Hypoxia

An alternative approach is the deliberate use of hypoxic conditions during
radiotherapy. In the past a number of groups have rendered limbs hypoxic by
temporary arrest of the circulation, thus reducing the dominance of hypoxia in
tumour over that in normal tissue (Suit and Lindberg 1968). Results did not,
however, suggest an advantage over conventional radiotherapy. Perhaps this
was because the technique required the use of unsatisfactory fractionation.
Centres in East Germany and in the Soviet Union are currently testing hypoxic
radiotherapy with patients breathing 10% oxygen in the period before and
during treatment (Tysb et al. 1983). Such a technique should lead to protection
of normal tissues. In contrast, evidence accumulating in the laboratory suggests
that the blood supply to many tumours is, under normal conditions, barely
adequate and that a further decrease or a reduction in oxygen supply can induce
severe hypoxia and necrosis (G. E. Adams 1986, personal communication). It
remains to be seen whether, on balance, the therapeutic ratio will be in favour of
greater effects in tumour compared with those in normal tissues and whether the
technique can be reliably employed. A similar effect may also be achievable with
the use of drugs which shift the oxygen—haemoglobin dissociation curve to the
left so rendering it less efficient and giving the effect of a temporary anaemia.

Hypoxia before Radiotherapy

Another approach is to stimulate the conditions in the patients with carcinoma
of the cervix who had severe anaemia and give a pre-treatment period of hypoxia
prior to radiotherapy under well-oxygenated conditions. R. Sealy (personal
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communication 1986) has deliberately induced anaemia in patients and then
after restoration of the haemoglobin concentration treated them in hyperbaric
oxygen. Drugs which move the haemoglobin dissociation curve to the left could
similarly be used, as also could methods to reduce blood flow to tumour.

New Chemical Radiosensitizers

The main line of research remains with the use of chemical agents to sensitize
hypoxic tumour cells. Two drugs, SR 2508 and Ro 03-8799, have now completed
phase I and phase II testing (Coleman et al. 1984; Saunders et al. 1984). In the
former the dose-limiting effect is again peripheral neuropathy, but considerably
higher doses may be given than of misonidazole. With Ro 03-8799 peripheral
neuropathy does not occur, but there is an immediate disturbance giving rise to
the complaint of heat and malaise which limits the amount which can be given on
any one occasion; the drug does show a several-fold concentration in tumours
however (Saunders et al. 1984).

Tumour concentration studies performed when two or three drugs are given
simultaneously enable an estimate of the radiosensitizing concentrations likely
to be achieved and allow a direct comparison with those obtainable with
misonidazole in the same human tumour (Dische et al. 1986b). The conclusions
from these studies are that in multifraction radiotherapy both are likely to show
concentrations which will give a sensitization equal to a fivefold increase in
misonidazole dosage, that is as though a cumulative dose of 60 g instead of 12 g/
m? of surface area had been given.

The two sensitizing drugs have different toxic effects, so their use in
combination could give greater sensitization combined with equal or reduced
morbidity. A phase I dose escalation study has been completed (Newman et al.
1986). Unfortunately problems of drug availability and anticipated problems
with drug regulation authorities have considerably hampered this development.

Particularly high concentrations of Ro 03-8799 have been found in malignant
melanoma which may be tenfold greater than in the plasma at the time of
tumour sampling, and promising results have been found in a pilot study
combining Ro 03-8799 with radiotherapy. Five of seven patients treated with the
objective of cure have shown complete and lasting local clearance (Dische
unpublished data). Randomized controlled clinical trials have commenced on an
international basis on the use of SR 2508 in head and neck cancer and Ro 03—
8799 in advanced carcinoma of the cervix.

Conclusion

The oxygen effect remains a radiobiological phenomenon of the utmost
importance. There is great potential for improving the results of cancer
treatment, but such advance is dependent on improved biological measurement
of human tumours and the evolution of integrated plans for radiotherapy.
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16 Combined Treatment with Radiation and
Anti-Cancer Drugs: Experimental and
Clinical Results

H. Bartelink, A. C. Begg, L. Dewit and F. A. Stewart

Introduction

The combination of radiotherapy and chemotherapy for the treatment of
patients with malignant tumours has found increasing use during the last decade.
The main aims of this combined treatment approach are to increase the control
of primary tumours and to eradicate microscopic metastases. The first of these
aims, improvement of local control, can be attempted in two ways: (@) giving the
chemotherapy separated in time from the irradiation, or (b) administering
cytotoxic drugs during the irradiation period in order to obtain a radiosensitizing
effect. With the first approach only additive cell killing is sought, while using
cytotoxic agents as radiosensitizers may cause supra-additive cell killing by
specific interactions between the two agents. In either situation the che-
motherapy will also have an effect on microscopic metastases. Additive or
supra-additive results of a combined treatment can, however, also occur in
normal tissues. The anticipated therapeutic gain will then be decreased due to
additional complications in normal tissue or even the induction of second
malignancies. It is therefore important that, before introducing promising new
combinations of radiotherapy and chemotherapy, studies in animals should be
carried out to quantitate the effect of the combination on normal tissues as well
as on tumours. We will describe experimental results for combined treatments
with cisplatin and X-rays, concentrating mainly on results obtained in our own
laboratory, in order to illustrate some general principles of combined modality
therapy. This will be followed by an evaluation of clinical trials in which the
combination of irradiation and chemotherapy has been investigated.

Experimental Tumour Studies

In the following section the experimental approach to investigating interactions
between chemotherapy and radiotherapy will be illustrated by our studies with
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cisplatin. The aim of these studies was to define the relative roles of additive
killing, radiosensitization (modification of the single dose radiation survival

curve), inhibition of repair (sublethal and potentially lethal damage) and
inhibition of proliferation.

Killing and Radiosensitization

Fig. 16.1 shows the magnitude of cell killing and radiosensitization by a series of
cisplatin doses on log-phase, aerobic RIF1 cells in culture (Begg et al. 1986). The
left-hand panel shows, firstly, that increasing drug doses caused progressive
cytotoxicity in the absence of radiation (y intercept values). Secondly, cells
irradiated at the end of the 1-hour drug treatment were more sensitive to X-rays
than cells not previously exposed to cisplatin. This is more clearly seen in the
right-hand panel, where the curves have been corrected for drug-induced cell
killing. Sensitizer enhancement ratios (SERs) can be calculated from these
corrected survival curves by reading off the doses with and without drug to
produce a given level of killing. SERs of over 2 were obtained with cisplatin
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Fig. 16.1. Radiosensitization of RIF1 cells by cisplatin. Cells were irradiated at the end of a 1-hour
exposure while still in contact with the drug. Numbers against the curves are cisplatin concentrations

in pg/ml. The curves in b have been reproduced from those in a after correcting for cell killing by
drug alone.
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Fig. 16.2. Isobologram analysis of the interaction between cisplatin and X-rays. The hatched areas
are the “envelopes of additivity” calculated from the single agent survival curves. The points are the
combined treatment data and show the doses of X-rays (Gy) and drug (ug/ml; 1 hour) required to
produce the surviving fraction indicated in each panel.

concentrations which are achievable in the blood of man, indicating that this
drug can be a potent radiosensitizer.

Further analysis can be performed with these data in order to test whether the
observed interactions are more than additive. Construction of isobolograms is
one such analysis that is particularly useful in cases where one or both dose—
response curves for the individual agents to be considered are non-linear (Steel
and Peckham 1979). This is the case for both cisplatin and radiation in RIF1 cells
(Begg et al. 1986), for which the resultant isobolograms are shown in Fig. 16.2.
The position of the combined treatment data points relative to the “additivity
envelopes” depends on the level of effect taken for the analysis, but at low
survival levels the points lie beneath the envelope, indicating a supra-additive
interaction. Radiosensitization by cisplatin of several different tumour types in
vivo has also been observed. In addition to SERs of over 2 in subcutaneous or
intramuscular RIF1 tumours (Figs. 16.3 and 16.4), marked enhancements have
also been seen in a C3H mammary tumour (Overgaard and Khan 1981), the
MTG-B mammary tumour (Douple and Richmond 1982) and in the SCC VII
hypoxic tumour cells after systemic administration of well-tolerated doses.

Oxic Versus Hypoxic Radiosensitization

Cisplatin has previously been shown to be a radiosensitizer of hypoxic cells
(Douple and Richmond 1980). The data presented above and those of others,
however, demonstrate that its radiosensitizing capacity is not limited to hypoxic
cells. Ziegler (1986), for example, studied radiosensitization by cisplatin in four
cell lines — two rodent and two human. In only one of the lines was the drug a
specific sensitizer of hypoxic cells, whereas in two lines sensitization was seen
only in oxic cells. In the fourth cell line no radiosensitization was observed. The
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Fig. 16.3. Effect of cisplatin on split dose repair. Hypoxic (clamped) RIF1 tumours were given one
fraction of X-rays (open circles) or four fractions (filled circles) separated by 5-hour intervals, with
(right) or without (leff) a single dose of cisplatin (6 mg/kg) given 30 minutes before the first
irradiation. The end-point was the time taken for tumours to grow to 2 mm above the size at
treatment. Similar separations between the 1 and 4 fraction curves on the two graphs indicate little or
no drug-induced inhibition of repair.

reason why sensitization is seen in some lines but not others is not known. In the
relatively few studies completed so far there does, however, appear to be a
relationship between sensitivity to killing by the drug and radiosensitization
(Begg et al. 1986). RIF1 cells are one of the cell lines most sensitive to cisplatin
and show a large degree of radiosensitization. CHO cells are more than 10 times
as resistant to the drug and show only a small degree of sensitization (Murthy et
al. 1979). Studies are urgently needed to elucidate mechanisms which may then
lead to ways of predicting which cells or tumours would benefit from treatment
with cisplatin as a radiosensitizer.

Effects on Repair of Radiation Damage

In addition to its ability to modify the shape of the radiation cell survival curve,
cisplatin has also been shown to inhibit repair of both sublethal and potentially
lethal radiation damage (SLD and PLD) (Dritschilo et al. 1979; Carde and Laval
1981). Repair inhibition can be almost complete but is dependent on the time of
administration of the drug relative to irradiation, as illustrated for RIF1 cells in
Fig. 16.5. Further studies on RIF1 cells, however, showed that cisplatin
appeared to have opposite effects on the two types of repair in this cell line.
Inhibition of SLD repair (increase in survival between two radiation doses) was
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Fig. 16.4. Radiosensitization by cisplatin of intramuscular RIF1 tumours given five fractions of X-
rays (4 Gy) alone (circles) or X-rays (4 Gy) plus drug (1.6 mg/kg) (triangles). Cell survival was
assayed in vitro immediately (@,A) or 24 hours (O,A) after each dose. Both cell killing and
radiosensitization are evident in the combined treatment groups (A,A) with no evidence of
inhibition of potentially lethal damage repair.

confirmed, whereas PLD repair (increase in survival after a single dose) was
significantly enhanced by cisplatin (Table 16.1). The net result of the two
opposing effects was a small but insignificant decrease in total repair. The
contrast between the stimulation of PLD repair by cisplatin observed in RIF1
cells and its inhibition in CHO cells (Dritschilo et al. 1979) and rat hepatoma
cells (Carde and Laval 1981) shows that this effect, like many others, is cell line
dependent, and indicates the important need for a more basic understanding of
PLD repair at the molecular level.

The effects of cisplatin on radiosensitization and repair in RIF1 tumours
treated in vivo were also investigated. Fig. 16.4 shows the marked radiosensiti-
zation obtained by the drug in a five-fraction treatment schedule in which cell
survival was assayed in vitro either immediately or 24 hours after each dose
(Bartelink et al. 1986). These data show no PLD repair inhibition by cisplatin.
Fig. 16.3 shows the radiosensitizing effects of cisplatin, again in RIF1 tumours,
in both single dose and four-fraction schedules as assayed by growth delay. From
this figure one can also assess the effect of the drug on split dose repair, from the
relative displacements of the 1 and 4 fraction curves with and without drug. This
analysis showed, in agreement with the in vitro findings, that at equivalent total
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Fig. 16.5. Inhibition of SLD repair by cisplatin in RIF1 tumour cells, as determined by the increase
in survival when 5 Gy was split into two doses of 2.5 Gy. A 1-hour exposure of 1 pg/ml cisplatin was
given, ending immediately (—0 h) or 24 hours (—24 h) before the first irradiation. The right-hand
panel shows survival as a ratio of the 0 h (single dose) value.

radiation doses there was little or no effect on repair of radiation damage.
Despite this lack of repair inhibition, considerable enhancement of radiation
damage was seen for both schedules. There have been very few other tumour
studies specifically investigating repair inhibition by cisplatin in vivo, although
Fu and colleagues (1985) reported that cisplatine produced a decrease in the split
dose recovery ratio in a murine squamous cell carcinoma.

Table 16.1. Cisplatin: effects on X-ray repair in vitro

Survival ratio®

X-rays alone X-rays plus cisplatin

Group® PLDR® SLDR¢ Total PLDR SLDR Total
1L 0.93 2.84 2.31 1.28 1.18 1.50
2L 1.21 1.96 2.38 1.32 1.49 1.98
4L 1.07 1.54 1.65 1.25 1.07 1.34
4P 1.16 1.51 1.75 2.08 1.13 2.34
Mean 1.09 1.87 2.02 1.48 1.22 1.79
+SEM +0.06 +0.20 +0.19 +0.20 +0.09 +0.23

A. C. Begg, J. Emondt and H. Bartelink (unpublished data).

2Factor increase in surviving fraction due to repair.

®Days between plating and irradiation. L, log phase; P, plateau phase.
°PLDR, potentially lethal damage repair.

4SLDR, sublethal damage repair.
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Fig. 16.4. Radiosensitization by cisplatin of intramuscular RIF1 tumours given five fractions of X-
rays (4 Gy) alone (circles) or X-rays (4 Gy) plus drug (1.6 mg/kg) (triangles). Cell survival was
assayed in vitro immediately (@,4) or 24 hours (O,A) after each dose. Both cell killing and
radiosensitization are evident in the combined treatment groups (A,A) with no evidence of
inhibition of potentially lethal damage repair.

confirmed, whereas PLD repair (increase in survival after a single dose) was
significantly enhanced by cisplatin (Table 16.1). The net result of the two
opposing effects was a small but insignificant decrease in total repair. The
contrast between the stimulation of PLD repair by cisplatin observed in RIF1
cells and its inhibition in CHO cells (Dritschilo et al. 1979) and rat hepatoma
cells (Carde and Laval 1981) shows that this effect, like many others, is cell line
dependent, and indicates the important need for a more basic understanding of
PLD repair at the molecular level.

The effects of cisplatin on radiosensitization and repair in RIF1 tumours
treated in vivo were also investigated. Fig. 16.4 shows the marked radiosensiti-
zation obtained by the drug in a five-fraction treatment schedule in which cell
survival was assayed in vitro either immediately or 24 hours after each dose
(Bartelink et al. 1986). These data show no PLD repair inhibition by cisplatin.
Fig. 16.3 shows the radiosensitizing effects of cisplatin, again in RIF1 tumours,
in both single dose and four-fraction schedules as assayed by growth delay. From
this figure one can also assess the effect of the drug on split dose repair, from the
relative displacements of the 1 and 4 fraction curves with and without drug. This
analysis showed, in agreement with the in vitro findings, that at equivalent total
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above, in showing little or no effect of the drug on cell cycle progression, despite
considerable cell killing. Inhibition of proliferation does not, therefore, appear
to be an important mechanism of action of cisplatin in these drug-sensitive RIF1
cells. Cisplatin has been shown in some cell lines to inhibit DNA synthesis
(Harder and Rosenberg 1970) and to cause dose-dependent cell cycle perturba-
tions (Bergerat et al. 1979). Distinctions between doomed cells and surviving
cells were not made, however.

The conclusions from these in vitro and in vivo tumour studies are that
radiosensitization (i.e. modification of the radiation cell survival curve), plus
additive cell killing, are the two most important mechanisms by which cisplatin
can increase the effects of radiotherapy. The drug is capable of inhibiting repair
of radiation damage, but in vivo studies suggested that this is not a major factor.
Inhibition of proliferation also does not appear to be a major effect. Studies are
now under way to investigate which molecular lesion, such as cisplatin~DNA
adducts, is the most important for radiosensitization and/or repair inhibition.
These studies employ cell lines with different sensitivities to the cytotoxic and
radiosensitizing actions of cisplatin and a range of drug-DINA adducts are being
measured. Included in this work are antibodies and an antiserum which
recognize specific cisplatin-DNA adducts (Poirier et al. 1982; Terheggen et al.
1987). From such studies it is hoped to gain insight into the mechanism of
radiosensitization by cisplatin and, ultimately, to be able to predict which
tumours will be radiosensitized by the drug and, just as importantly, which will
not. Other mechanisms by which cisplatin may radiosensitize cells include
reduction of intracellular endogenous protectors such as glatathione, and
fixation of damage by virtue of the electron affinity of the drug, analogous to the
mechanism of action of hypoxic cell radiosensitizers such as misonidazole
(Douple and Richmond 1980). The precise role of these two factors in cell lines
with differing SERs for cisplatin is not known and merits further study.

ental Normal Tissue Studies

Any increase in normal tissue reaction which occurs as a result of combined
chemotherapy and radiotherapy, whether due to additive toxicities or interac-
tion, must be taken into account when assessing the possible therapeutic benefit
(Phillips et al. 1975). To illustrate such effects, studies on the response of a range
of normal tissues in mice to combined treatments of X-rays and cisplatin, using
both single dose and fractionated schedules, will be described. The systems
investigated were acute damage in the small intestine (duodenum) and late
damage in the large intestine (rectum) and in the kidney.

Small Intestine

Duodenal damage was measured using the microcolony assay of Withers and
Elkind (1970). Fig. 16.7 illustrates the crypt cell survival after single doses of X-
rays alone or in combination with 10 mg/kg cisplatin given 30 minutes before or
10 minutes after irradiation. Cisplatin caused a downward shift in the X-ray
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Fig. 16.7. Duodenal crypt stem cell survival versus X-ray dose for single doses of X-rays alone (&)
or in combination with 10 mg/kg of cisplatin given 30 minutes before (4 ) or 10 minutes after X-rays
(O). The curves are obtained by linear regression analysis. Error bars are =1 SEM.

survival -curve with a dose enhancement factor (DEF)* of 1.3. There was,
however, no modification of the slope of the survival curve, which suggests that
there was no radiosensitization by the drug but only independent killing by drug
and radiation. Separate experiments demonstrated that cisplatin given at various
intervals of up to 12 hours before or 6 hours after irradiation resulted in similar
levels of crypt cell killing (Dewit et al. 1985a), supporting the hypothesis of
independent cell killing by drug and X-rays in the duodenum. These results are
in agreement with those of Luk et al. (1979), Phillips (1979) and Shenken et al.
(1979), but contrast with those of Von der Maase (1984a) who reported
radiosensitization in duodenal crypts by cisplatin which was only observed when
the drug was given before irradiation.

To assess the influence of cisplatin on SLD repair in the intestine, a series of
fractionated irradiations were given and repair after X-rays alone was compared

Dose of X-rays alone

*DEF =
Dose of X-rays + drug

for an equivalent level of cell killing or tissue damage.
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Fig. 16.8. Duodenal crypt stem cell survival as a function of X-ray dose for X-rays alone (a) and
cisplatin plus X-rays (b) after single doses (@) and 2 (A), 5 (A), 10 (O) or 15 fractions (B). The
curves were obtained by weighted linear regression analysis. Vertical bars are =1 SEM.

with that seen after X-rays plus drug (Dewit et al. 1985b).

For these experiments a single dose of 8 mg/kg was injected before the first of
1,2, 5,10 or 15 X-ray doses given at 3-hour intervals. After X-rays alone the total
dose for a constant level of cell survival increased with increasing number of X-
ray fractions due to SLD repair (Fig. 16.8a). After the combined treatment there
was also an increase in total dose with fractionation (Fig. 16.8b), but all the
curves were shifted to lower X-ray doses. The extent of the vertical shift of the
survival curves for X-rays plus drug compared with X-rays alone was essentially
independent of the fractionation scheme (Fig. 16.9) and was similar to the
calculated value (from separate experiments) of approximately 1 log;o of cell
killing by 8 mg/kg cisplatin alone. These data suggest that independent cell
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Fig. 16.9. Comparison of the crypt stem cell survival curves versus dose after X-rays (continuous
lines) and cisplatin plus X-rays (dashed lines), and their vertical distance (dotted lines) within each
fractionation schedule. SD, single dose; 2,5, etc., the number of fractions.

killing dominates the response to combined treatments. Linear-quadratic (LQ)
analyses of the fractionated data, however, demonstrated a slight increase in the
a/f ratio (an indication of X-ray survival curve shape, inversely related to repair
capacity) from 13.0 £ 1.7 Gy for X-rays alone to 20 = 4 Gy for the combined
treatments. This would be consistent with there being a small amount of
inhibition of SLD repair by cisplatin in the duodenum, as has been observed in
experiments by Luk et al. (1979). The contribution of this effect is small,
however, compared with independent cell killing.

Large Intestine

The influence of combined treatments of cisplatin and X-rays on the
development of late rectal damage was also studied, using diarrhoea and rectal
stenosis as end-points (Dewit et al. 1987). There was no increase in the incidence
of diarrhoea or the development of rectal stenosis after the combined treatment
compared with X-rays alone for drug given before or after single dose
irradiation. When cisplatin was combined with fractionated irradiation there was
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a trend towards inhibition of SLD repair. Using rectal stenosis as an end-point,
the a/f ratio increased from 4.4 Gy after X-rays alone to 6.9 Gy after the
combination treatment (Dewit et al. 1987). This increase was small, however,
and failed to reach statistical significance. The sum of the data on the rectum
therefore suggests that cisplatin had little influence on the radiation response,
either through independent cell killing or repair inhibition. Similarly, published
data for combination treatments of cisplatin and X-rays in rodent skin
(Overgaard and Kahn 1981; Von der Maase 1984b; Lelieveld et al. 1985) and lip
mucosa (Landuyt et al. 1986) have generally failed to demonstrate significant
drug toxicity or any influence of cisplatin on the radiation response of these
tissues.

Kidney

Renal damage was measured by clearance of >'Cr-EDTA after treatments with
cisplatin alone or in combination with bilateral irradiation (Stewart et al. 1986).
After drug alone there was significant renal toxicity within 1 week of 6 mg/kg
cisplatin, with partial recovery from 1 to 7 weeks (Fig. 16.10). After irradiation
alone there was no measurable damage before about 20 weeks, but from this
time there was a progressive and dose-related deterioration in renal function.

Fig. 16.10. Time course for changes in renal function (assessed from clearance of >!Cr-EDTA at 30
minutes following injection) after cisplatin, X-rays or a combination of the two treatments. Each
point represents the mean (+1 sem) of a group of 4-10 mice. The response of untreated, control mice
is indicated by the stippled area. O, 6 mg/kg cisplatin alone; X, 14 Gy X-rays alone; ®, 6 mg/kg
cisplatin 3 h before 14 Gy X-rays.



Combined Treatment with Radiation and Anti-Cancer Drugs 189

Cisplatin given before or after X-rays caused more damage than either agent
alone at all testing times from 1 to 9 months. During the first month the response
after the combined treatment was the same as for drug alone (Fig. 16.10).

A comparison of dose-response curves for renal damage at 9 months after X-
rays alone or X-rays plus cisplatin demonstrated DEFs of 1.1~1.3, depending on
the timing and sequence of the two agents (Fig. 16.11). Independent toxicities
probably accounted for most of these effects but, since renal damage was most
severe when the drug was given at short intervals before or after irradiation,
some modification of the X-ray response could not be ruled out from these single
dose studies.

To determine whether cisplatin influenced SLD repair in kidneys, a series of
fractionated experiments were carried out. Irradiations (2, 4, 10, 20 or 30
fractions) were given in the first and fourth weeks, with a 2-week rest period in
the middle of treatment. Cisplatin (4 mg/kg) was injected 30 minutes before the
first fraction of each week, giving a total drug dose of 8 mg/kg. Fig. 16.12
illustrates dose-response curves for renal damage at 31 weeks after treatment.
For all fractionation schedules tested there was more damage after the combined

10 10¢

Residual blood activity (% per ml)

X-ray dose (Gy)

Fig. 16.11. Dose-response curves for kidney damage 9 months after X-rays alone (continuous line)
or cisplatin (6 mg/kg) (dashed line) given before X-rays. DEFs are written beside each pair of curves.
a Cisplatin } hour before irradiation; b cisplatin 1 day before irradiation; ¢ cisplatin 3 weeks before
irradiation; d cisplatin 4 weeks before irradiation. (After Stewart et al. 1986.)
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Fig. 16.12. Dose-response curves for renal damage 31 weeks after the start of fractionated
treatments with X-rays alone (filled symbols) or X-rays plus cisplatin (2 X 4 mg/kg: open symbols).
Each data point represents the mean of 4-6 mice +1 seM. a 2 fractions; b 4 fractions; ¢ 10 fractions;
d 30 fractions.

treatment than after X-rays alone, with DEFs of 1.3. There was no trend for an
increase in DEF with increasing fractionation, as would be expected if the drug
caused an inhibition of repair of X-ray damage.

These fractionation data were analysed in terms of an LQ model in order to
determine a/f ratios for renal damage after X-rays plus cisplatin. Fig. 16.13
illustrates reciprocal isoeffective doses for the different schedules plotted as a
function of the X-ray dose per fraction at a testing time of 30 weeks after the
start of the treatment. The straight line fits through the data indicate the
applicability of the LQ model for these data, giving a/f ratios (back-
extrapolation of the curves to the x-axis) of 3.2 + 0.2 Gy and 2.3 = 0.3 Gy for
X-rays alone and the combined treatments respectively at this testing time.
Repeated tests demonstrated that the a/f ratios for both X-rays alone and the
combined treatment varied between 2 and 3 Gy, with no consistent trend for
higher, or lower, «/f ratios after the combined treatment. The data points for
the combined treatments fall on a separate line from the data for X-rays alone,
due to the component of damage from drug alone. If the X-ray dose-response
relationship had been modified by cisplatin then a significant change in the a/f8
ratio would be predicted, but this was not observed. These analyses strongly
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Fig. 16.13. Reciprocal total dose versus dose per fraction at 29-31 weeks from the start of
treatment with X-rays alone (filled symbols) or X-rays plus cisplatin (open symbols). Isoeffective
doses were calculated from dose-response curves at a level of 6% residual plasma >!Cr-EDTA.
Errors are £ 1 SeM, obtained from envelopes of errors on the dose-response curves. A, X-ray-only
data from a previous experiment giving 2-30 fractions equally spaced in a total treatment time of 1
month; @, concurrent X-ray-only data with irradiations (2-30 fractions) in the first and fourth week
of a 4-week treatment period; O, X-rays plus cisplatin (2 X 4 mg/kg, given  hour before the first
X-ray dose in weeks 1 and 4).

imply that radiosensitivity of the kidneys is not modified by cisplatin and that
there is no inhibition of SLD repair by the drug. The increased renal damage
observed after combined treatments with X-rays and cisplatin is therefore
probably the result of independent toxicities.

The increase in renal damage which was observed when cisplatin and X-rays
were given in close sequence (within 1 week) was quite modest, with maximum
DEF values of 1.3. In a series of retreatment studies, however, mice with
previously irradiated kidneys were found to be extremely sensitive to subsequent
treatment with cisplatin (Stewart et al. 1987). The LDs, for drug given 6 months
after renal irradiation (10-12 Gy) was reduced to about 7 mg/kg compared with
14 mg/kg in unirradiated mice. Renal function at the time of drug administration
was near normal in all these animals but doses of 4-8 mg/kg cisplatin given to
previously irradiated mice caused a rapid and unexpectedly severe deterioration
in renal function (Fig. 16.14). Low doses of renal irradiation can therefore
markedly decrease tolerance to subsequent cisplatin treatment. It is unlikely that
these results can be fully explained in terms of independent toxicities, but the
mechanisms involved are, as yet, poorly understood. It is possible that altered
pharmacokinetics of the cisplatin in previously irradiated kidneys could explain
some of the increased sensitivity. It is noteworthy that the reverse sequence, i.e.
renal irradiation given 6 months after previous chemotherapy, did not result in
any increased damage compared with irradiation alone.



192 Radiobiology in Radiotherapy

Fig. 16.14. Development of renal damage from 4 to 30 weeks after a dose of 6 mg/kg cisplatin,
given 6 months after renal irradiation (&). The responses to drug alone (dashed line) and 10-12 Gy
X-rays alone (X) are also shown for an equivalent testing period, i.e. from 6 months after irradiation
for a period of 30 weeks. The hatched area shows the response of control (untreated) mice +1 sem.
(After Stewart et al. 1987.)
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Conclusions

In summary, these studies on normal tissue showed that cisplatin and X-ray
treatments given in close sequence caused modest increases in intestinal and
renal damage compared with X-rays alone. These effects could largely be
explained by independent toxicities, with the possibility of some inhibition of
SLD repair in the intestine. There was no increase in late rectal stenosis, acute
skin reactions or lip mucosal reactions after combined cisplatin and irradiation.
None of these studies demonstrated a large sensitization of normal tissue
radiation damage by cisplatin and a comparison with the tumour results (see
above) would therefore indicate an overall therapeutic gain. Animals which had
previously received renal irradiation were, however, found to have very poor
tolerance to cisplatin given several months after irradiation, suggesting that such
sequential treatments should be approached with extreme caution.

Clinical Studies

The aim of combined radiotherapy and chemotherapy in patients is primarily to
improve survival, but also to achieve better local control and thus avoid both
mutilating surgical procedures and patients dying with uncontrollable locoregio-
nal recurrences (Bartelink 1987). Promising pilot studies in patients with
malignant head and neck tumours, and even widespread advertising, have
suggested that this combined treatment regimen is successful, with claims that
high response rates, complete remissions and significant tumour reduction can
be obtained (Tannock and Brownman 1986). These suggestions were based on
non-randomized trials, however, and hardly any long-term results are available
from randomized clinical trials to confirm improvement in survival (Tannock
and Brownman 1986). Data on the possible detrimental effect of combined
treatment are even more scarce.

In this section the available data from clinical trials will be described with
regard to a possible gain in local control and survival and the side-effects such as
late radiation injuries and induction of second malignancies.

Cytotoxic Drugs as Radiosensitizers

In several trials cytotoxic drugs have been given during the irradiation period to
increase the tumour cell kill, with the expectation that they will also act as
radiosensitizers. One of the first drugs tested, 5-fluorouracil, appeared to
improve the local tumour control in patients with oral cavity tumours (Lo et al.
1976). Other drugs such as hydroxyurea and nitrosoureas have also been tested,
but only a small increase in control, for example in brain tumours, has been
demonstrated (Reagan et al. 1976). Bleomycin has been used in a number of
randomized trials and in two such trials an improvement in local control was
obtained (Shanta and Krishnamurhti 1980; Fu et al. 1987). Despite these two
positive findings, no beneficial effect could be shown in two larger European
studies where bleomycin was used as a radiosensitizer (Cachin et al. 1977;
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Vermund et al. 1985; Eschwege et al. 1986). The potential effect of mitomycin C
as a hypoxic cell sensitizer has also been investigated in patients with head and
neck tumours. Improvement of local control was observed, with a modest
increase in survival (Weissberg et al. 1986), but, as in the bleomycin study (Fu et
al. 1987), the number of evaluable patients per treatment arm was small. In
addition, patients with different primary tumour locations had been entered in
the trial and radiotherapy was followed by surgery in some patients. The value of
mitomycin C as a radiosensitizer, therefore, still remains unclear. The
combination of 5-fluorouracil and mitomycin C has been used in patients with
anal carcinoma. Improvement of local control and the avoidance of a colostomy
was achieved in the majority of patients (Cummings et al. 1984; Papillon 1986).
The possible beneficial effect of combined therapy in this tumour site is now
under further study in randomized trials of the EORTC and RTOG groups.

Cisplatin, shown in animal experiments to be a radiosensitizer as described
earlier in this chapter, has recently been explored in phase I and II studies
(Dewit et al. 1985c; Schaake-Koning et al. 1986). These studies are now being
followed by randomized phase III trials in patients with brain, head and neck,
oesophagus, lung and bladder cancer. No results are available yet due to
insufficient follow-up time.

Radiotherapy and Multi-drug Chemotherapy Regimens

The sequential administration of radiotherapy and chemotherapy is given to
obtain independent cell killing. In most trials chemotherapy was given after
treatment of the primary tumour with radiotherapy and/or surgery. Despite the
biologically sound rationale of adjuvant chemotherapy for the eradication of
microscopic metastases, such treatments have not fulfilled their early promise.
The entire concept and its biological underpinnings are now under re-evaluation
(Carter 1986). Two alternative approaches have been proposed to improve the
efficacy of combined treatment. The first is to alternate radiotherapy and
chemotherapy to allow the normal tissues to recover from the specific side-
effects of each treatment modality (Looney et al. 1985). This approach resulted
in a small improvement in the survival of a subgroup of patients with Hodgkin’s
disease (Hoppe et al. 1979; Tubiana et al. 1985); and in small cell lung cancer a
reduced local recurrence rate in the chest was observed with no change in
survival (Salazar and Creech 1980; Perez et al. 1984; Maurer et al. 1985). The
recent CALGB study (Perry et al. 1987) also demonstrated an improved survival
rate when radiotherapy was added to chemotherapy, although the number of
patients living longer than 3 years was small. It is therefore likely that in this
study a short prolongation of survival cannot be distinguished from a long-lasting
improvement in the survival rate.

The second alternative is to give chemotherapy first to reduce the local tumour
burden or to avoid a delay of systemic treatment in patients with a high chance of
microscopic distant metastases. This approach was explored by the group at
Wayne State University for patients with head and neck tumours. They
administered a combination of 5-fluorouracil and cisplatin as induction
chemotherapy before a course of radiotherapy (Ensley et al. 1984). A high
response rate was found, with a correlation between patients who responded
well to chemotherapy and long-term local control after radiotherapy. Prelimin-
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ary results of two randomized trials did not, however, confirm the good results of
the pilot studies, and even suggested that a detrimental effect on survival may
result due to the delay in the treatment of the primary tumour. (Martin et al.
1986; Haas et al. 1986).

Side-effects of the Combination of Radiotherapy and Chemotherapy

Apart from their own specific toxicity, some cytotoxic drugs enhance radiation
damage in normal tissues in patients. This can occur during the radiation period,
for example with acute skin and mucosal reactions. The latter phenomenon has
been observed when bleomycin was given during the irradiation period (Cachin
et al. 1977; Eschwege et al. 1986). The increased oesophagitis observed in
patients correlates well with results from animal experiments in which mouse lip
mucosal reactions induced by irradiation were significantly increased when the
animals received concomitant bleomycin infusions (Vanuytsel et al. 1986). In
other clinical studies cisplatin given during the irradiation period also caused
more severe oesophagitis reactions in patients with inoperable lung cancer (C.
Schaake, personal communication).

Information on enhancement of late radiation damage by cytostatic agents is
scarce. Administration of 5-fluorouracil was associated with more late eye
complications when it was added to irradiation in patients with sinus maxillary
tumours (Chan and Shukovsky 1976). Bleomycin, on the other hand, did not
increase late radiation damage in patients who had been treated for oropharynx
carcinoma (Eschwege et al. 1986). Most randomized trials, however, have not
used criteria for assessing late normal tissue damage.

Another point for concern is the possible increase in secondary malignancies
after combined therapy. Several studies have convincingly shown that the use of
alkylating agents in patients with non-Hodgkin’s lymphoma increases the risk of
leukaemia (Gomez et al. 1982; Greene et al. 1983; Pedersen-Bjergaard et al.
1985). This finding is consistent with studies on the risk of secondary leukaemia
following treatment of Hodgkin’s disease and ovarian cancer (Pedersen-
Bjergaard et al. 1985). In most studies the induction of second malignancies is
largely attributed to the chemotherapy. Radiotherapy did not seem to have an
additive effect on the occurrence of these leukaemias. Recently there have also
been some suggestions that with longer follow-up more solid tumours are being
found in the combined treatment groups (Somers et al. 1987).

Future Directions

There is still a lack of understanding as to why certain chemotherapy drugs are
radiosensitizers and how they act. This stems partly from the as yet rather hazy
understanding of the factors determining intrinsic radiosensitivity, plus an
equally hazy appreciation of the molecular lesion(s) responsible for cell death
from a particular drug. Increased knowledge in this area is obviously of
fundamental importance in first understanding and then improving combination
treatments with the two agents. An indication of how this is being tackled for
cisplatin was discussed above.
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Looking to the future, it is hoped that a correlation can be shown, for
example, between radiosensitization by cisplatin and the degree of DNA adduct
formation of the type that can readily be detected and quantified in tissue
sections by the use of specific antiserum (Terheggen et al. 1987). This would
provide a relatively straightforward method of testing individual tumours in
patients for sensitivity to cisplatin, i.e. adduct detection in a biopsy taken shortly
after the first course of the drug. Such antibody detection methods could well be
developed to a variety of DNA-binding drugs and to drugs which alter surface
properties.

Another approach for improving combined modality therapy is to find ways of
selectively increasing drug concentrations in tumour without concomitant
increases in sensitive normal tissues, that is, drug targeting. One relatively novel
approach that has been receiving attention recently is that of intratumoral
injection of the drug held in a slow-release system (Yu et al. 1987; Howes et al.
1987; Begg et al. 1987). Potential advantages of such an approach are the
relatively high tumour to normal tissue drug concentration ratios achievable plus
the persistence of drug in the tumour over an extended fractionated
radiotherapy course (the latter mediated through the choice of a suitable slow-
release vehicle). Improvements in techniques for monitoring the placement of
intratumoral catheters and probes extend the possibilities for this type of therapy
beyond its use for superficial tumours. This may ultimately prove to be a better
drug/radiosensitizer targeting approach for radiotherapy than the use of
liposomes, monoclonal antibodies, etc. Much fundamental animal work with
such systems, however, has still to be done.
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17 Biological Aspects of Hyperthermia

S. B. Field

Introduction

For more than a century physicans have been aware that prolonged high fever
can lead to regression of tumours. However, the development of a rationale for
the use of heat in treating malignant disease began in the 1960s with a systematic
study of its biological effects. A surge of interest in the field then followed, with
detailed studies of the biology and physiology of hyperthermia, development of
improved methods of heat delivery and temperature measurement and a
substantial number of clinical studies leading now to the possibility of
randomized controlled trials.

Hyperthermia can be used as a cell killing modality in its own right, although,
in practice, it is normally added to one of the conventional forms of treatment,
such as radiotherapy. Alternatively it can be used to enhance the effect of either
radiotherapy or some forms of chemotherapy.

Rationale for the Use of Hyperthermia in Cancer Therapy

The reasons why heat may be a useful anti-cancer treatment depend mainly on
the fact that blood flow in tumours, or at least in some regions of tumours, is
more disorganized and often sluggish compared with that in normal tissues
(Reinhold and Endrich 1986). This will have two important consequences. First,
tumours will have a poorer cooling mechanism than normal tissues and will,
therefore, become hotter in a localized heating field. This has been observed
many times in both animals and man. It is also known that substantial numbers



202 Radiobiology in Radiotherapy

of tumour cells are likely to be sufficiently far from blood vessels to become
radiobiologically hypoxic and, hence, radioresistant. These hypoxic cells are at
least as sensitive to hyperthermia as are well oxygenated cells; furthermore,
hypoxic tumour cells have a strong tendency towards anaerobic glycolysis with
the consequent production of lactic acid. Thus, tumours (or regions of tumours)
are often at a lower pH than normal tissues (Gullino et al. 1964) and it is known
that reducing the pH makes cells highly heat sensitive (Gerweck 1977). In
addition, cellular reponse to heat is dramatically affected by the nutrient
environment such as serum proteins, high sensitivity being equated with nutrient
deficiency (Hahn 1982). In both cases the differential response is substantial.

There are reports which show neoplastic cells to be more heat sensitive than
their normal counterparts. However, careful studies of the heat sensitization of
normal and transformed cells have not generally indicated a significantly
enhanced sensitivity for the transformed cell.

Since the sensitivity of cells as a function of their position in the cell cycle is
opposite for X-rays and hyperthermia, it is possible that combining the two
modalities might lead to a therapeutic advantage.

Response to Hyperthermia of Cells and Tissues

Temperatures of around 41 °C or greater can be lethal to mammalian cells.
However, the targets responsible for cell death have not been unequivocally
identified amongst the multitude of cellular changes that have been reported to
occur after hyperthermia (Leeper 1985). During DNA synthesis heated cells
appear to die as the result of chromosomal injury. However, DNA synthesis
takes a very small proportion of the total cell cycle time in many tissues. At other
times during the cell cycle the primary target for hyperthermia is thought to be
membrane — either the plasma membrane or cytoskeleton. Membrane injury
causes cells to die and lyse rapidly during interphase. In contrast, after equally
lethal doses of ionizing radiation cells do not die until division is attempted. Thus
many tissues, especially those that are slowly dividing, respond far more quickly
to hyperthermia than to ionizing radiation. Heat also Kkills cells that are
unaffected by ionizing radiations, such as the post-mitotic cells on intestinal villi,
and the effects become noticeable almost immediately after heating (Hume et al.
1983).

The pathological effects of hyperthermia in various normal tissues have been
reviewed by Fajardo (1984). In general, the response is similar to but less severe
than a thermal burn. Depending on its magnitude, hyperthermia may be
followed by oedema, focal haemorrhage, granulocytic infiltration and even
necrosis within the first day or so. Later changes include loss of blood vessels,
necrosis, monocyte infiltration and fibrosis. Most observations indicate that once
the acute response to heat has healed, there are no late effects, but we cannot
yet be quite certain of this.

There is no doubt that damage to supporting tissues, particularly the
vasculature, plays an extremely important role in heat injury to both tumours
and normal tissues. Of particular importance is the observation made on
transplanted animal tumours that vascular breakdown and stasis occur early,
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that is at lower temperatures or at earlier times, than in normal tissues. The topic
of effects of heat on the vasculature and microcirculation has been reviewed
recently by Reinhold and Endrich (1986).

Lysosomal damage has also been reported by several groups as being
associated with heat injury; effects include increased lysosomal enzyme activity,
increased membrane permeability and a higher concentration of lysosomes.
However, it is not yet clear whether these changes are the consequence of tissue
damage or the cause (Hahn 1982).

The effects of heat have been quantified in many different cell lines, normal
tissues and experimental tumours. In normal tissues it is observed that at any
given temperature once the time of heating is sufficiently long to reach the
threshold of injury, only a small increase in heating time is required to increase
the probability of necrosis to 100%. This increase is approximately 20% in
heating time or a rise in temperature of only 0.5 deg C. One consequence of this
effect is that small differences in tissue temperature, which are very likely to
occur in clinical treatments, may lead to marked differences in biological
responses if the heat treatment is close to the damage threshold. Therefore,
great care must be taken to monitor temperatures at many points. On the other
hand, if tumours are only slightly more sensitive, or at a slightly higher
temperature than the surrounding normal tissues, then hyperthermia could
result in a clear therapeutic advantage.

It is important to understand the relationships between time of heating and
temperature to produce a given effect. Many data of this kind are now available
and it is found that, in general, the slopes of such curves are fairly similar. An
analysis of all such data, in vivo and in vitro, has shown the mean time change
equivalent to a temperature difference of 1 deg C is equal to a factor of 2.1 +
0.07 above a transition point and 6.4 = 0.4 below the transition, which itself
normally occurs between 42 and 43 °C. However, it is also found that there are
very large differences in tissue sensitivity (Field and Morris 1983).

It has been shown that if the blood supply to a tissue is occluded the tissue
becomes far more heat sensitive. There is a shift in the complete isoeffect curve,
presumably due to the resulting acidification. If tumours, or at least regions
within tumours, are at a reduced pH then the heat response might be
represented by the more sensitive curve. Also, the transition in isoeffect appears
to be abolished by occlusion of the blood supply. Thus, the maximum
differential might be achieved by heating at relatively low temperatures for long
times, although this may not be very practical clinically (Field and Morris 1985).

Thermotolerance

An important and very general finding is that heat treatment leads to a resistance
to further heating — a phenomenon known as thermotolerance (Henle and
Dethlefsen 1978). Two types of thermotolerance have been identified: that
which develops during prolonged heating below a critical temperature (about
42 °C) and that which develops between individual hyperthermia fractions. It is
an extremely large effect. For example, the slope of a survival curve may be
decreased by as much as a factor of 15. Alternatively, in several tissues the time
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of heating required to produce a given effect is increased by a factor of 2—4 when
the tissue is maximally thermotolerant. The effect is transient, the decay
depending on the particular cell type or tissue.

Thermotolerance in vivo and in vitro follow similar patterns, strongly
suggesting that it is a cellular, rather than a physiological, phenomenon.
Reduced pH has been shown to cause a reduction in thermotolerance, so that
thermotolerance may be less in some tumours (or regions of tumours) than in
normal tissues. A few studies, however, indicate that thermotolerance in animal
tumours lies within the range of results for normal tissues. Thus, the
experimental studies to date have given no clear indication that tumours do
contain cells which have a reduced capacity to develop thermotolerance and
there is no basis for optimism that differences between the development of
thermotolerance in normal tissues and tumours may lead to a therapeutic gain.

The time course of thermotolerance is complex. The consensus at present is
that it is preferable, clinically, to avoid thermotolerance effects, if possible, by
waiting sufficiently long between hyperthermic treatments for the effects to have
decayed (Field 1985).

The molecular basis for thermotolerance is not understood, but there are
numerous reports that hyperthermia results in the synthesis of a specific set of
proteins known as heat stress or heat shock proteins. There is some evidence
that thermotolerance is related to such protein synthesis (Burdon 1985).

An operational model which helps in formulating a picture of thermotolerance
was proposed by Li and Hahn (1980). It involves three separate phases. The first
is the induction or trigger, which can occur at any temperature. The second is the
development of thermotolerance, which can only occur at temperatures below
about 41-42 °C, depending on the type of cell, so that with two heat treatments it
is necessary to return the cells (or tissues) to temperatures below 41 or 42 °C for
thermotolerance to develop. The third phase is decay.

The topic of thermotolerance has often been reviewed, for example by Henle
and Dethlefsen (1978), Hahn (1982), Field and Anderson (1982) and Field
(1985).

Step-Down Sensitization

If cells or tissues are heated at approximately 43 °C or above, followed by
heating at 42 °C or below, then the lower temperature becomes more effective
than if given alone (Henle et al. 1978). The effect normally occurs only if the
temperature of the first treatment is higher than the transition temperature and
that of the second treatment is lower. It has been suggested that step-down
sensitization results from abolishing thermal tolerance, although it is perhaps
more likely that it is an independent phenomenon. It has recently been
suggested that at the higher temperatures more lesions are created than can be
fixed, whereas at the lower temperatures it is possible to fix many of the lesions
already present, thus increasing the effectiveness of the lower temperatures
(Jung 1986). The step-down effect is present immediately after the first heating
and decays rapidly.
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Interactions Between Hyperthermia and Other Modalities

Chemotherapy

Combining heat with chemotherapeutic drugs may enhance the therapeutic
effect of the drug either by simply increasing its uptake or by enhancing
sensitivity to it. There exists a range of types of interaction. For example, some
compounds, such as adriamycin and bleomycin, are unaffected below a
threshold temperature above which there may be a dramatic increase in the
drug’s toxicity. Other compounds, such as amphotericin B and alcohols, are not
toxic at all at physiological temperatures but only become toxic at increased
temperatures. A continuously increasing effect with increasing temperature is
seen for cis-platinum, alkylating agents and nitrosoureas. For yet other
compounds, such as methotrexate, there appears to be no interaction with
temperature. This topic is treated in some detail by Hahn (1982).

Radiation

Heat causes both an increase in the intrinsic sensitivity of cells to irradiation and
a reduction in the capacity of cells to repair both sublethal and potentially lethal
injury.

In general, direct thermal injury is observed at times before radiation damage
is expressed. Mild heat treatments, which have little effect if given alone, may
enhance the response of tissues to ionizing radiation. The response to the
combined treatment is qualitatively similar to that following radiation alone.
Therefore the effect of a mild heat treatment on the radiation response can be
expressed as a thermal enhancement ratio (TER), defined as the dose of
radiation required to cause a given response in the absence of hyperthermia
divided by that required to cause the same response in combination with
hyperthermia. The crucial question is whether or not the TER for tumours is
significantly greater than for normal tissues. This has not been found to be the
case in the experimental studies. The explanation is as follows:

1. Under the circumstances of heating by means of water baths, as was nearly
always the case in experimental studies, the tumours were not hotter than the
water; indeed, they often contained regions which were cooler. With clinical
treatments this is probably different.

2. Studies in vitro indicate that when heat is used to enhance radiation

response, pH is far less important than for direct heat cytotoxicity (Lunec and
Parker 1980).

3. There do not appear to be any data on whether nutrient deficiency affects
the potential of heat to enhance radiation injury.

4. It appears that the oxygen enhancement ratio for ionizing radiation (about 3
for photons) does not change significantly for the combination of heat and
radiation. Thus the relative radioresistance of hypoxic cells is not improved by
hyperthermia (Field and Bleehen 1979).
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5. Whether neoplasia, per se, is important to direct heat injury is dubious:
there do not appear to be data for heat enhancement of radiation damage.

Thus the clinical rationale for using heat to enhance radiation damage is far
weaker than that for using heat alone. Other ways must be sought to combine
heat with ionizing radiation for it to be clinically effective.

Effects of Sequence and Interval

If heat and radiation are given simultaneously, the effect is maximal. As the
separation between the two modalities is increased, the enhancing effect
decreases. This is an especially consistent finding if heat is given after X-rays.
The interaction in normal tissues is lost when the interval is increased to
approximately 4 hours or more. Thus, giving heat approximately 4 hours after
radiation results in the two modalities acting independently. The TER for
normal tissue is reduced to unity but that for tumour remains greater due to
direct toxicity, resulting in a therapeutic advantage (Overgaard 1982).

Re-treatment of Previously Irradiated Tissue

Hyperthermia is often used clinically to treat tumours which have recurred some
time after more conventional therapy. Most clinicians have reported that such
treatment is normally without complications, although a recall effect of earlier
treatment has been reported after radiotherapy to the central nervous system
(Douglas et al. 1981).

Several studies on rodent skin and intestine have shown a marked but
transient increase in sensitivity to hyperthermia when heat is given at various
times after radiation treatment. The time course of this increase in heat
sensitivity varies from tissue to tissue, but it appears that, providing the initial
radiotherapy treatment is not too severe, thermal sensitivity returns approxi-
mately to normal (Law 1987).

Previously irradiated sites may also be re-treated by a combination of
hyperthermia and radiotherapy. In such cases there appears to be no change in
the ability of a mild heat treatment to enhance radiation injury. Thus the TER is
not increased by prior exposure to X-rays (Law et al. 1985).

Thermal Dose

Quantitation of thermal dose in a biologically relevant way is extremely difficult.
Even the term dose is not very rigidly defined. Radiation workers have become
accustomed to using energy deposited to describe dose of radiation, since this
relates clearly to the resulting effect. Pharmacologists use drug concentration or
weight, which also relates to effect. With hyperthermia the situation is rather
different, the biological response being primarily dependent on the time at an
elevated temperature, not on the deposition of energy (Hahn 1982). Thus, if the
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temperature were fixed and constant, time at the raised temperature would be a
perfectly reasonable method of defining a thermal dose. However, the
temperature is not fixed and in clinical practice is certainly far from constant.

Gerner (1985) proposed a thermodynamic approach to this problem, based on
the Arrhenius equation, i.e. the reaction rate constant k = A e #R” where H
is the activation energy, T is the temperature and R is the gas constant.

Dewey et al. (1977) proposed using a simple empirical formula, based on in
vitro observations:

L RT-T: R =2for T >42.5°C
A - R = 6for T <42.5 °C

This equation provides a means of relating treatments to a given tissue with
different temperatures (7') and times of heating (¢), but it takes no account of
differences in absolute tissue sensitivity. These two approaches are very similar,
the time-temperature relationship itself being required to calculate the
activation energy. Sapareto and Dewey (1984) proposed that 43 °C should be
used as a reference temperature and that all treatments be described as
equivalent minutes of heating at 43 °C obtained by integration of the above
formula throughout a treatment.

The integration procedure has been modelled experimentally and it was
concluded from such studies that the Dewey formula provides a practical and
reasonable method of comparing hyperthermal treatments under conditions
likely to be met in practice, that is moderate variation about a fairly steady
temperature (Field 1987). However, the formula would certainly be inaccurate if
there were large variations in temperature resulting in a significant effect of
step-down sensitization. Also it must be emphasized that the formula does not
address the problem of varying sensitivity throughout a course of fractionated
heat treatments. The use of this isoeffect relationship must be seen as an interim
solution to the problem of estimating a thermal dose.

Conclusions

It can be seen that there are sound biological reasons for an interest in
hyperthermia. Successful clinical implementation will depend on good physics
and engineering techniques and appropriate therapeutic design. These are
discussed in the next chapter.
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18 Clinical Hyperthermia: Methods and Results

N. M. Bleehen and G. C. W. Howard

Introduction

Clinical hyperthermia traces its history back to antiquity. The earliest examples,
as represented by the use of cautery, were described in the Edwin Smith Surgical
Papyrus (c. 3000 Bc). Both Hippocrates (400 Bc) and Galen (200 AD)
recommended its use for accessible tumours. Although tissue destruction by
means of cautery is still employed, hyperthermia as we would recognize it today
commenced with the observations by Busch in 1866 of tumour regression in two
patients developing high fever whilst suffering from erysipelas (Busch 1866).
Subsequently William Coley reported cures in patients deliberately inoculated
with live streptococci and then with his mixed bacterial toxin preparations
(Coley 1893).

Over the next 60 years there were sporadic attempts to heat tumours locally
with hot water, high-frequency currents (diathermy) and microwaves. Pioneer
work by Warren (1935) demonstrated the feasibility of whole body heating by
means of an externally heated cabinet without administration of endogenous
pyrogens. Isolated limb perfusion with drugs in a heated perfusate was reported
20 years ago with apparently excellent results in melanoma and sarcoma
(Cavaliere et al. 1967, 1980; Stehlin et al. 1979).

Since these earlier clinical experiments considerable renewed interest in
hyperthermia has been generated. The extensive experimental studies have
been complemented by clinical experience in many thousands of patients using a
variety of heating techniques. Hyperthermia has been used alone or, more
usually, in combination with radiotherapy. There are also a few studies of its
combination with a variety of chemotherapeutic agents.

Hyperthermia is now employed clinically in the treatment of cancer following
the induction of tumour temperatures of 4045 °C. Various methods of heat
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induction and temperature measurement are used for tumours at different sites.
The realization that failure of local tumour control remains a significant
contributing factor to both the morbidity and mortality of many cancer patients
after conventional radiotherapy has promoted clinical studies of the combined
regimes of radiation and hyperthermia.

This chapter reviews the current status of hyperthermia concentrating on
clinical techniques and results. Brief consideration will be given to relevant
aspects of biology and also to possible future developments. Further details of all
aspects of hyperthermia may be obtained from more extensive recent books on
the subject (Hahn 1982; Storm 1983; Hornback 1984; Watmough and Ross 1986)
and meeting reports (Wizenberg and Robinson 1975; Streffer 1978; Arcangeli
and Mauro 1980; Overgaard 1984b).

Biology

The experimental aspects of hyperthermia biology are reviewed in detail in the
preceding chapter. The several reasons for its interest as a potential treatment
modality are listed in Table 18.1. It should be stressed that these data have been
obtained using animal cells and in vivo systems, usually from the mouse. Few
data exist about the thermal sensitivity of human cancer cells under experimen-
tal conditions. Clinical proof of the enhancement of radiation response is good in
the palliative situation of superficial nodules but evidence from curative
treatments awaits suitable trials. This likewise applies to proof of an interaction
with chemotherapeutic agents in man.

Table 18.1. The potential value of hyperthermia in the treatment of cancer in man: reasons from
experimental models

1. Tumour cells are no less sensitive to heat than normal cells

2. Cells at low pH are more sensitive to heat than normal cells. Thus nutritional deprivation in the
region of radiobiological hypoxia may be expected to potentiate the effect of heat

3. Cells are resistant to heat and X-rays at different stages of the cell cycle

. Heat will potentiate the effect of X-rays and some cytotoxic drugs

5. Altered blood flow in tumours may result in temperatures higher in tumour than in normal tissue
when localized heating methods are employed. The microvasculature in tumours may also be
more sensitive to heat than that in normal tissues

B~

Physiological studies on blood flow and pH changes have been reported but
the results are not always consistent with each other (Reinhold and Endrich
1986). Their integration and correlation with the results from experimental
models is therefore difficult. These studies are discussed in a later section of this
chapter. It is important to note that such physiological factors may have a
profound effect on the efficacy of heating. Thus unpredictability of pre-existing
and changing blood flow patterns renders uniform heating by external sources
difficult. Alterations in metabolic status, including pH, will also change the
effectiveness of such therapy during a course of treatment.



Heating Methods

Introduction

A major limitation in the design of hyperthermia treatments suitable for use in
man relates to inadequacies in the instrumentation. These result from the
difficulty of heating tissues uniformly at a depth of more than 2—4 cm by external
means. Only whole body hyperthermia, isolated perfusion and possibly
interstitial techniques can achieve such an aim at this time. The limitation is
imposed by the physical characteristics of electromagnetic beams, which
generally preclude adequate focussing or uniform heating in depth. Ultrasound
is marginally more successful but introduces its own problems.

Assessment of the temperatures achieved is also of major importance,
particularly in local treatments. This is needed not only to avoid excessive
heating which may result in normal tissue damage but also to determine the
thermal dose achieved in tumours. All current techniques are invasive, requiring
insertion of a temperature detector into the tissue of interest. The requirement
to monitor as many points in the tissue of interest as possible increases the
burden to the patient and the labour-intensiveness of the therapy. It can be seen,
therefore, that in spite of the promising biological reasons for using hyperther-
mia, current practice is severely limited by the methodology.

A summary of the methods used for inducing hyperthermia in man is
presented in Table 18.2. For comprehensive reviews of the techniques from the
physics point of view the reader is referred to other sources (e.g. Nussbaum
1982; Hand and James 1986). Brief descriptions of these various methods are
given in the succeeding sections. They include whole body heating; regional
heating by isolated perfusion or intracavitary infusion; and localized heating by
external microwave (MW), radiofrequency (RF) and ultrasound (US) beams or
by interstitial applicators.

Whole Body Heating

Whole body heating methods were pioneered by Warren (1935) who used a
cabinet in which the patient was enclosed and treated by radiant heat and
diathermy. Subsequent developments of this method have included the Siemans—
Pomp cabinet (Pomp 1978; Engelhardt et al. 1982; Van der Zee et al. 1983) and
a radiant heat device (Robins et al. 1984).

Other techniques, which also require heat transfer through the skin and
reduction of skin cooling by impeding sweat evaporation, include the use of hot
wax baths (Pettigrew et al. 1974) and the envelopment in a hot blanket (Larkin
1979) or space suit (Bull et al. 1979).

All these techniques require considerable effort, usually needing anaesthesia
and with stress to the patient. Local skin burns, especially at pressure points,
were not infrequent. Other major systemic complications have included
disseminated intravascular necrosis (Pettigrew et al. 1974) and treatment-related
death (Van der Zee et al. 1983). Tumour responses following treatment at the
maximum tolerated temperature of around 42 °C for 1-2 hours on up to six
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occasions, have been reported with or without concomitant chemotherapy. The
transient nature of the responses and the morbidity of the treatment, though,
have generally discouraged further investigations. However recent work has
been described using a cabinet which does not require patient anaesthesia
(Robins et al. 1984). No data are currently available to document its efficacy,
and until further information is available whole body hyperthermia cannot be
recommended.

Perfusion

Induction of hyperthermia by perfusion with heated blood may be used to
induce whole body heating (Parks et al. 1979). More usually it has followed
isolation of the arterial and venous supply of a limb in the management of
sarcomas and melanomas (Cavaliere et al. 1980; Stehlin et al. 1979). Treatment
is combined with chemotherapy. The advantages of this technique are the
localization of both controlled temperatures and the drugs to the affected
extremity. However, the operation may be associated with considerable
morbidity in inexperienced hands, perhaps in part because of the lack of a
temperature differential between tumour and normal tissues.

Infusion

Localized intracavitary heating has been attempted by infusion of heated liquids.
Treatments of the bladder failed to control tumour and was associated with
severe mucosal damage (Ludgate et al. 1976). Likewise, exploration of the
technique (together with added chemotherapy) as a method of treatment for
secondary deposits from carcinoma of the ovary also failed (Spratt et al. 1980).
The technique cannot, therefore, be recommended at this time.

Ultrasound

Ultrasound (US) beams generated at 0.3-5 MHz may be used to heat tissues.
They are usually generated by a piezoelectric transducer crystal and the
maximum surface area treated by a single beam will depend on the size of this
crystal. The beams have a small angle of divergence which permits focussing.
Defined volumes at depth may therefore be heated either by using a single
transducer in a scanning mode or by employing groups of transducers activated
as either annular or phased arrays.

Other advantages of US heating are that there is only a small degree of
interaction with the conventional fine metallic thermocouples used for tempera-
ture measurement. Also the equipment required is relatively inexpensive
compared with that required for radiofrequency and microwave heating. In spite
of these several important advantages of US the techniques have not been
widely used because of the major disadvantage of US reflection at tissue
interfaces, particularly those of bone and air. Differences in attenuation and
reflection of US passing through a complex body cross-section will cause major
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changes in energy distribution. Severe dose-limiting bone pain is thought to be
one clinical consequence. The sites at which it can be used are therefore rather
limited.

Radiofrequency Beams

Two principal methods are used for coupling the energy of radiofrequency
beams (RF) to heat tissues: inductive and capacitive. The most frequently used
frequencies are 13.56 and 27.12 MHz. These are the permitted ISM (industrial,
scientific and medical) frequencies not normally used for radiocommunication.
In addition, a commercial capacitive device (Thermotron RF-8) has recently
been developed operating at 8 MHz (Abe et al. 1986).

Capacitive heating occurs when electric fields between pairs of electrodes
produce currents. These may be single pairs of electrodes (e.g. Abe et al. 1986)
or multiple pairs (e.g. Le Veen et al. 1976). Contour matching with cooled saline
bolus bags between the electrodes and skin reduces the risk of superficial
heating. Even so, problems may arise with excessive heating of subcutaneous fat
due to its high electrical resistance and poor thermal conductivity and vascular
perfusion.

Inductive heating occurs when an alternating current in a coil produces a
magnetic field. This results in a flow of current which is greatest in adjacent
tissues with a high water content such as muscles and viscera. Rapid attenuation
means that only relatively superficial tumours can be heated by means of
“pancake” coils. Attempts at deeper heating by using a larger coil which
encloses a region of the patient (Storm et al. 1979) have not been very
successful.

Microwaves

Microwave (MW) radiation in the frequency range 30-2450 MHz is the most
commonly used method of inducing hyperthermia. The standard ISM frequen-
cies, not requiring shielded enclosures, are 434, 915 and 2450 MHz.

Many different designs of applicators are used, usually in direct contact with
the body surface. Cooling of the superficial tissues is often built into the
applicators because maximum power deposition will usually occur close to the
surface. The heat distribution depends on the MW frequency, dielectric loading
and the shape of the applicator. Heating of superficial masses (up to 4-5 cm
depth) may be achieved with single applicators or pairs. A commercially
designed BSD 1000 annular phased array of 16 applicators (at 50-100 MHz)
concentrically placed around a region of the patient may heat centrally placed
tumours as a result of constructive interference (Sapozink et al. 1984). The
patient is coupled to the applicators by a series of water bolus bags which also act
to cool the supertficial tissues. Phantom tests have confirmed the theoretical
heating pattern of this equipment and early clinical data also confirm that deep
heating can be achieved, particularly in the pelvis (Sapozink et al. 1984, 1985,
1986; Howard et al. 1986b). However, localization of heating to a tumour
volume remains difficult although attempts to do so by phase adjustment have
been reported (Sathiaseelan et al. 1986; Howard et al. 1986b).
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Interstitial and Intracavitary Applicators

As a result of the difficulties in achieving uniform heating by externally applied
methods, more direct heating techniques have been investigated. These include
the introduction of coaxial MW interstitial applicators into tissues (Cosset et al.
1985) and intraluminal applications into the oesophagus (Sha et al. 1984).

An alternative technique for heating tissue uses resistive RF. This relies on
local current flow (LCF) between pairs of implanted electrodes at frequencies in
the range of 0.5-1 MHz (Lilly et al. 1983). This technique has been combined
with the use of interstitial brachyradiotherapy. The same metallic guides used to
introduce the RF electrodes may be used to introduce iridium ('*2Ir).
Thermistors for temperature measurement may also be built into the same
electrodes. This technique is clearly likely to prove very useful for tumours
accessible to conventional brachytherapy.

An interesting, but as yet clinically unproved technique includes the use of
permanent implants of small ferromagnetic seeds (Lilly et al. 1985). These are
constructed with a special metallic compound (nickel-copper alloy) such that
they can be treated by an externally placed RF field. The Curie point of the
seeds is designed so that they heat to a defined temperature (45—47 °C) and no
higher. They are thus self-regulating at a defined maximum temperature. The
procedure can then be repeated with the same implant if required.

There remain problems with this putative method, principally that ideal
ferromagnetic compounds have not yet been defined. Secondly there is the
problem that all heat is generated within the implanted metal and has to be
conducted away from it to the remaining tumour. In spite of these difficulties the
method deserves further research effort.

Thermometry

The need to have adequate control over both tumour and normal tissue
temperatures is obvious. Otherwise inadequate tumour heating and excessive
normal tissue temperature will lead either to failure of control or excessive tissue
damage. Unfortunately, at the present time all available techniques require
invasive procedures for insertion of temperature detectors at the appropriate
sites.

One problem common to the use of MW and RF heating is that the metallic
thermocouples and thermistor leads may heat. This can also happen to a lesser
extent during US treatments. Methods to overcome this problem include the use
of fine, single or multijunction thermocouples implanted with their long axis as
perpendicular to the incident field as possible. The temperature is recorded after
temporarily switching off, for a few seconds, the electromagnetic power
(Sathiaseelan et al. 1985). Alternative non-perturbing probes include fluores-
cent sensors (Wickersheim and Alves 1979) or gallium-arsenide birefringent
crystals and crystal detectors (Christensen 1977) at the end of optical probes
(Cetas 1976), and small semiconductors (Bowman 1976).

Further problems are associated with invasive thermometry. The relatively
large overall diameter of the detectors (even the smallest are around 0.5 mm in
diameter) will affect local tissue blood flow. Inhomogeneities in tumour heating
can only be approximated because of the relatively few detectors which can be
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positioned. It is also extremely difficult to place detectors in tumours at depth.
This may require open surgery, although placement under computer tomog-
raphic (CT) guidance can be of use (Howard et al. 1986a).

Several groups have been attempting to develop non-invasive thermometry
techniques. These include infrared radiometry and ultrasonic radiometric
methods employing US, infrared and MW (reviewed by Christensen in
Nussbaum, 1982). None of these techniques has yet achieved anywhere near
clinical usefulness.

General Technology Conclusions

The ideal requirements for heating and temperature measurement are summa-
rized in Table 18.3. Current methods clearly lag behind these ideals and are a
major restriction to the successful clinical application of treatment.

Table 18.3. Physical requirements for hyperthermia techniques

. Should heat at whatever depth is required
. Should be unaffected by tissue inhomogeneities
. Should treat a defined volume with reasonable temperature homogeneity

. Should provide adequate thermometry to define a profile of minimum tumour and maximum
normal tissue temperatures

5. Equipment should be reliable and easy to use

AW N

Clinical Results

The last few years have seen a growth in the use of hyperthermia in the clinic. It
is estimated that between 1977 and 1984 11000 patients were treated with
hyperthermia. Most of these will have received simultaneous treatment with
other modalities, mainly irradiation or cytotoxic drugs.

Superficial Tumours

Hyperthermia Alone

Some studies have investigated the effect of heat alone on superficial nodules.
They have demonstrated an overall response rate of around 50% with a
complete response rate of the order of 10%—20% (Table 18.4). The duration of
response before tumour regrowth, however, is short at around 6 weeks. These
results are remarkably consistent, considering the variables between the
different series not only in tumour type and size but also in the technique of
heating and temperatures achieved. It would thus appear that as heat alone
results in a low complete response rate of short duration it does not have a role
in the curative treatment of human tumours. The majority of clinical work now
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being pursued has therefore concentrated on hyperthermia in combination with
other treatment modalities such as radiation or cytotoxic drugs.

Table 18.4. Hyperthermia alone in the treatment of human superficial malignancy

Reference Objective Complete
response rate (%) response rate (%)

Marmor et al (1979) 54 12

Storm et al. (1979) 50 15

Luk et al. (1981) 36 18

Overgaard (1984a) 51 13

Hyperthermia with Radiation

Many studies have investigated the combination of radiotherapy and superficial
hyperthermia (reviewed by Overgaard 1984a). Encouraging anecdotal responses
following the combination of these two modalities have been reported for a long
time, but results have been difficult to assess. In most reports radiation doses
vary considerably, and some studies have employed non-standard fractionation.
Intratumour temperatures, both planned and achieved, may vary from
treatment to treatment. The positioning of temperature-measuring probes and
the number of probes used seem to be critical. In early studies central tumour
temperatures were often monitored and one would expect these to be higher
than at the periphery. More recent studies have concentrated on measuring the
minimum tumour temperature, for reasons discussed later. Many different
methods of inducing hyperthermia have been used. Some produce more
homogenous heating than others. In addition there are the biological variables
of tumour site, size and histology.

Studies incorporating control tumours receiving radiotherapy alone are now
available which confirm the synergistic interaction between heat and
radiotherapy. Various tumour types have been treated, the majority of patients
having superficial nodules of metastatic or primary disease often at sites
previously irradiated to high doses. As a result, the radiotherapy dose was often
low. A number of studies have demonstrated preferential heating of the tumour
compared with normal tissue (Kim et al. 1978). However this does not seem to
be a universal finding and may in part be due to inhomogenous power
deposition.

These clinical studies are tabulated in Table 18.5. The results are remarkably
consistent considering the variables involved. The overwhelming conclusion is
that hyperthermia increases the percentage of both the complete and partial
responses. Overall response rates increased from around 50% for radiation
alone to around 90% for the combined modality, the complete response rate
being increased from around 30% to 60%.

Only one study has compared radical courses of radiotherapy and hyperther-
mia with radical radiotherapy alone (Scott et al. 1984)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>