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Abstract

This paper discusses the biological basis of new treatment strategies that are being introduced into the clinic in
the form of controlled clinical trials. There is an increasing awareness of the need for quality assurance in the
design, execution and analysis of these trials. However there is little awareness of the need to critically assess
the biological basis of the trial design, to ensure that no other biological principles have been contravened in
the attempt to optimise just one of the many parameters that determine the differential in sensitivity between
tumours and normal tissues. Some examples are given of the changes that have recently occurred in the
laboratory interpretation of both the mechanism of action and the therapeutic gain of several novel approaches.
If these are not considered, the carefully controlled clinical trials may be wasted, because of being based on an
incomplete consideration of all the interconnected biological factors.

1. INTRODUCTION

Cancer research and cancer therapy can be compared to industry in terms of the Research and
Development (R and D) and marketing sections which are aimed to produce a better product for the
customer, in this case the patient suffering from cancer. There are two categories of cancer patients;
those in whom the tumour is still localised, for whom complete eradication of the disease is a
possibility, and those in whom it is already widespread, in which case the disease may be kept under
control, but complete cure is unlikely. The localised disease group currently have at least a 50%
likelihood of cure, with surgery and/or radiotherapy being the most important approaches, and it is this
very success rate that makes it so difficult to introduce radically new therapies, for fear of losing
existing benefits. Most of the research funded by industry is aimed at the group with disseminated
disease. It aims to increase the sale of drugs which rarely cure, but give useful remissions. Little
commercial funding goes into the improvement of the curative treatments with surgery or radiotherapy.

Oncology is a massive global international enterprise, both in terms of the thousands of researchers,
tens of thousands of practitioners and the millions of cancer sufferers, (40% of the population develop
cancer in western countries). There is an admirable degree of academic freedom and sharing of
information across national and scientific boundaries. It is impossible to imagine an overall strategic
plan, because of the multi-faceted nature of the research and its funding, and the relatively loose
international network in which researchers interact rapidly via scientific publications and conference
presentations. Of course the rapid exchange of information is desirable to allow the field as a whole to
progress efficiently. Research activities are carried out in both academic and commercial settings. On
the pharmaceutical side there are stringent regulations imposed by national government drug licensing
authorities before a new product can be marketed. However, if an existing drug, or an agent like
radiation is to be used in a new schedule, based on biological data from the laboratory, the constraint is
only at the level of the ethical committees within individual hospitals. These do not have the resources
for a detailed examination of the data base underlying each new proposal, and certainly not the time or
the expertise to look for logical inconsistencies or for technical flaws.
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As the research approaches clinical implementation, a quality control framework is needed to ensure
that the expenditure of the vast amounts of time, effort and talent needed to carry out a controlled
clinical trial are focused only on novel treatments that offer real benefit over those already in existence.
With the increasing diversification of scientific specialities there is an ever-increasing difficulty in
communications between the scientists and clinicians and the different oncology disciplines. Indeed no
scientist within oncology can be completely familiar with all the technical details and the potential
artefacts of all aspects of the diverse fields of cancer research, and so communication barriers are
developing within the laboratory sphere, as well as between full time clinicians and full time
researchers. The clinicians who divide their time between laboratory and clinical research are, of
course an important ingredient in the bridging process, but they suffer the dual problem of staying
abreast of both clinical and laboratory developments.

National and international voluntary co-operative groups have been set up to co-ordinate multicentre
clinical trials and provide quality assurance, in order to ensure that they are performed according to
established scientific principles. They work with defined methods of collecting the information about
the response of the tumour and any side effects, so that an impartial assessment can be made of whether
a new treatment gives any benefit compared to conventional therapy. However, the method by which
the small fraction of the possible new approaches is selected to go forward into clinical trials is at
present haphazard. There is an increasing emphasis on quality assurance in the execution and analysis
of the trials, but there is little or no corresponding quality assurance on the method of implementing the
biological concepts and principles which underpin the new approaches. It is this aspect that the present
paper addresses, with particular emphasis on the treatment of potentially curative tumours, using X or
gamma radiation as the tool. The following questions need to be posed. At present it would be difficult
to give reassuring answers to them.

• How can the full benefit be gained from the thousands of man-years of research and the enormous
body of information already published from laboratory studies?

• Are we any closer to the elusive 'breakthrough', or will progress only come from small incremental

steps?

• Is there a failure to carry through good concepts to clinical evaluation?

• Are any good ideas being discarded because of inappropriate implementation?

• What determines which concepts are adopted, and in which tumours they are evaluated?

• Are they being tried in the right tumour type, using the right dose or combination of agents?

• Could there be an incomplete understanding of their mode of action, and therefore an inappropriate
extrapolation from experimental systems to man?

Will a new approach be suitable for all the patients in a particular disease site or should it be used only
for a selected subset with defined parameters?.

2. RADIOBIOLOGY AND RADIATION THERAPY

The implementation of laboratory research into routine clinical practice takes a long time. The basic
research of the thirties and forties in radiation physics has led to dramatic advances in the methods of
delivering radiation to the desired target, and of accurately measuring that dose delivery. Supervoltage
therapy machines were introduced in the sixties and these provided part of the impetus to develop the
more sophisticated imaging devices in the seventies and eighties. These have all been brought together
with the aid of computer assisted dose planning to enable people now to contemplate conformal therapy
as a practical possibility. Thus nowadays the practice of radiotherapy in a department that does not
employ basic scientists, in the form of hospital physicists and engineers, would be difficult to imagine.
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The situation is however quite different for radiation biology. It is widely recognised that the damaging
effect of radiation is not identical on all normal tissues tumours, both in terms of the extent of cell kill
that is achieved with a particular dose, and the timescale over which the cell death is observed. The
differences in response form the basis of the common clinical practice of fractionation. Although the
existing schedules have evolved with clinical experience over decades, there is no certainty that they are
yet optimised.

Radiobiology, the study of the biological effects of radiation, is a long established field, yet there are no
radiobiologists employed in a support role like hospital physicists. Indeed most respected radiotherapy
departments in Europe have no access to a radiobiologist on site, even within academic departments. In
spite of this apparent lack of integration of radiobiology within radiotherapy departments, there is an
acknowledged impact of radiobiology research in the practice and training of conventional
radiotherapy, and even more in the developments of new initiatives.

The early studies of radiation effects in biological systems revealed the complexities of the response and
the way it could be influenced by such factors as the age of the cell in the cell cycle, the intracellular
concentrations of oxygen and the sulphydryls that protect against oxidative damage. Much effort was
needed to distinguish between radioresponsiveness, i.e. the speed of reaction to the toxic insult, and
radiosensitivity, i.e. the fraction of cells succumbing to the toxic agent. Assays of cellular survival,
both in culture and in situ in the animal were painstakingly developed, so that the response of whole
tissues and/or solid tumours could be understood in terms of the constituent cells. It has been
recognised that all multicellular organs have heterogeneous cell populations within them, and may show
a variety of responses according to the fraction of the organ that is irradiated, and the method of
administering the radiation, i.e. it's distribution both in time and space. This research has led to the
diverging fields of

preclinical radiobiology, with its emphasis on the influence of microenvironmental factors and
the compensatory responses of whole tissues when they are damaged,

cellular and subcellular radiobiology, concerned with the study of DNA repair and the
chemical, physical, biochemical and genetic factors that influence the response of individual cells to
radiation and other toxic insults.

There is now a perceived need for a new breed of researchers, whose special interest will be in
the translation of the increasingly complex laboratory studies into practical concepts that can be
considered for improving clinical outcome. Their involvement in the evolution of new treatment
strategies is particularly important when there are existing treatments with a significant probability of
curing the patient, and with known probabilities of morbidity. In this situation any new proposal must
be viewed with extreme caution since there is the double risk of failure, either by losing some of the
existing success rate in eradicating the tumour, or by increasing the morbidity.

The role of the translational researcher is crucial in ensuring the optimal trial design to take new
biological concepts forward into clinical trial. There must be an exceptional degree of communication
and of dialogue to ensure the greatest probability of benefit to the patient, and the least waste of energy
and resources in trials which are unlikely to show a real benefit, because they have failed to take
account of all the interconnected biological aspects. The assessment of new curative regimes in cancer
therapy require many years, often exceeding a decade to demonstrate either a long term benefit or a
long term hazard. Surprisingly with such an investment at risk, few of the trial co-ordinating groups
regard it as essential to involve the translational scientists in the details of their trial design, although
none of them would buy a new radiotherapy machine without the detailed advice of their radiation
physics colleagues.

3. CLINICAL APPLICATION OF RADIOBIOLOGICAL PRINCIPLES

As quality assurance in clinical trials becomes increasingly common, it seems an appropriate time to
review the progress that has been made in the biological understanding of the cytotoxic action of
radiation, and particularly the way the preclinical field has changed its interpretation of data in the last
decade or so.
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Over the years there have been waves of enthusiasm, disappointment and disillusion before a realistic
appreciation was gained of the potential benefit from a series of different biological principles. These
have included altered fractionation, low doserate, hyperbaric oxygen, fast neutrons, negative pi mesons
and other unconventional radiations, chemical radiosensitisers and chemical radioprotectors. At present
the clinical interest is focused on accelerated schedules, the use of more and smaller doses
(hyperfractionation), the use of several fractions per day, high dose rates for brachytherapy, and the use
of gaseous or chemical radiosensitisers which affect either the delivery of oxygen to deprived cells, or
act as a substitute for it. Many of these areas have now progressed into rational clinical evaluation,
and no longer have the unrealistic expectations that often accompany the initial adoption of a concept
into the clinic. Each of these topics is backed by a large body of data obtained in a variety of biological
systems, ranging from chemical and biochemical assays in test tubes, through viruses, bacteria and
mammalian cells in dishes, to organised tumours and normal tissues in animals. The preclinical studies
in rodents are an essential last step to determine whether there is a differential in the increased damage
between tumours and normal tissues.

The biggest changes have been the development of quantitative assays that permit non lethal
endpoints to be used for acute and late reactions, novel experimental designs that allow low dose
levels to be studied e.g. the top-up technique, and the use of these with schedules close to those
that are likely to be used in the clinic Such studies have shown that all normal tissues are not
alike in their response to altered fractionation schedules or to physical and chemical modifiers, and
that the gain predicted from single dose experiments is grossly in error when compared with the
gains for multiple fractions of2-3Gy.

Many of the biological concepts were taken forward for clinical evaluation long before completion of
the full spectrum of preclinical studies, which were necessary to show how the new approach should be
used to give the maximum chance of success. Initially the preclinical studies were limited to large
single doses, or a few large doses, but not using clinically relevant 2-4 Gy fractions. The patho-
physiology of tumours determines the response, particularly the gradients of oxygen and other nutrients.
These gradients change as soon as therapy commences, and so the results with single doses or a few
large fractions are usually totally misleading for fractionated therapy. Therefore, it sometimes seemed
that radiobiology was trailing the clinic, explaining why something failed, rather than pointing the way
to new successes! Since there are no magic differences in the radiosensitivity of tumour cells versus
normal cells, the benefits are likely to come from 'fine tuning', which requires a careful consideration of
all aspects, especially those relating to the dynamics of the tumour microenvironment. Rushing in with
a partial data base is inevitably going to lead to failure. This was clearly demonstrated with
hypofractionation and with neutron therapy.

4. BIOLOGICAL EFFECTIVENESS AND THERAPEUTIC GAIN

The oxygen effect was for many years the main preoccupation of both radiobiologists and
radiotherapists because it indicated a difference between solid tumours and all normal tissues that could
be limiting treatment success. Recently the emphasis has shifted to consider differences between
different types of normal tissue as being at least as important as the oxygen effect, particularly in
relation to the overall treatment time and the dose per fraction(6). Two of the most fundamental
changes that have been proposed to the clinicians (hyperfractionation and acceleration) involve altering
the total dose in such a way that the acute reactions (occurring shortly after treatment) will become
more severe and dose limiting, but with a concomitant sparing of damage to the deeper tissues, which
have delayed 'late' reactions after irradiation. It has been realised that the tumour responds more like
the acute than the late reactions when radiotherapy schedules are altered, presumably because of
their cell kinetic characteristics (3, 22, 23). Thus to inflict more tumour injury it may be necessary to
inflict more acute normal tissue injury, but of course it would be unacceptable to do this if there were a
corresponding risk of an increase in the more life-threatening late damage. This is a very fundamental
change from the sixties and seventies when skin and gut, both acutely responding tissues, were the
standard normal tissues against which all therapeutic gain comparisons were made. To explain this
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shift in emphasis it is necessary to understand the underlying biology and the predictability of responses
in the different tissues at risk. The following sections are provided as a summary of the relevant areas
of research for the clinical trials at present in progress, or about to be initiated.

In the seventies and eighties a great deal of effort was put into studies of the aetiology of injury in
tissues with different patterns of cell turnover and cell renewal potential, with a distinction being drawn
between the epithelial tissues with high turnover rates and the more structured deep organs in which cell
turnover is normally minimal (3). A distinction was made between hierarchical and flexible tissues, in
which the fundamental difference is that in one the proliferating and differentiated cells are visibly and
functionally distinct, whereas in the other individual cells can either function as proliferating or as
differentiated elements, as the occasion demands. This distinction separates most of the epithelial
tissues, which are hierarchical from the structural and connective tissues which are flexible, but it does
not separate acute and late responding tissues completely since some epitheha have very slow turnover
of their structured cell layers e.g. bladder. The cell kinetic characteristics influence the homeostatic
response to any injury, including radiation, and particularly to fractionation, both in terms of overall
time and the size of individual dose fractions (3, 24).

Hyperfractionation, using more than the usual 30-35 fractions, with an appropriate reduction of
fraction size below 2 Gy is associated with a lower protection of tumour cells by hypoxia (14) and also
gives a disproportionate sparing of damage as the dose is subdivided in late reacting tissues(24). It
must be administered as more than one fraction per day unless the overall time is to be considerably
prolonged. This introduces the need to know whether prolongation of time is a good or bad thing, and
the necessary time for complete repair of sublethal lesions in order to decide the interfraction interval if
using more than one fraction a day. At one stage it was assumed that an interval of 3-4 hours was
adequate, but it is now accepted that the interval should be at least 6 hours.. This makes it easy to use
two fractions per day, but logistically harder to use three or four. With hyperfractionation higher total
doses can be given, e.g. 80 Gy without exceeding the tolerance for late damage (8,11,15).

A contrasting approach, based on a different aspect of the radiobiological difference between acute and
late responses, is to give accelerated treatments, so that the entire course of radiotherapy is given over
2-3 weeks, instead of the conventional 6-8 weeks (7).This is based on the recently acquired knowledge
that only acute reactions and tumour damage are spared by protracted treatments, and that overall time
has little influence on late reacting tissues, which are often the life threatening organs at risk (3).

The next phase, which is just beginning, is to combine some of these strategies into multifactorial
approaches to overcome several aspects of radioresistance simultaneously, as with accelerated
hyperfractionation or with the addition to this of several types of hypoxic cell sensitiser as in ARC ON
(4, 17). In implementing this approach the total dose may need to be significantly reduced, as in the
extreme case of CHART, where 54 Gy is given in 12 days instead of the usual 64-66 Gy in 6/2 weeks
(18). Of course it takes courage, good communication and a solid body of data from the laboratory for
clinicians to sacrifice physical dose, which they can measure, for the potential benefits of increased
biological effect with a different schedule.

5. HYPOXIC RADIORESISTANCE

It has been known for several decades that the concentration of oxygen surrounding cells has a
profound influence on their radiosensitivity (9, 21) The number of cells that are killed is, of course, the
main determinant of the success of therapy, but since hypoxic cells require three times as much dose to
kill them, the oxygen effect can dominate the overall effect. Hypoxic cells are common in untreated
solid tumours, but rarely if ever exist in normal tissues. This means that the radiotherapist is starting at
a disadvantage, treating radioresistant tumours, embedded in radiosensitive, normal structures.
Hypoxic stains have recently been developed that allow the demonstration and quantitation of these
cells (10). The important question now is not whether hypoxic cells exist, (they do), but whether they
persist throughout a course of therapy.

Many studies have shown that there are two separate mechanisms that can lead to hypoxic resistance.
The first type results from cells being pushed so far away from the capillaries that they are beyond the
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diffusion range for oxygen in a respiring tissue (21). These cells will die of their hypoxia if they are not
rescued. However the process of initiating therapy can anomalously rescue these cells e.g. by x-rays
killing some of those closest to the vessel and hence allowing the oxygen to diffuse to more distant cells.
The new vessel network in tumours is inadequate, and the inter-capillary distances are large enough for
this form of hypoxia to be common in many solid tumours, in contrast to all normal tissues. The
structure of a central vessel, surrounded by a cuff of tumour cells, 6-9 cells wide (about 150um), and
bounded by necrotic (dead) tissue is a common microscopic pattern repeated throughout the tumour
mass. The central capillary in each cord is the only source of oxygen and other nutrients, and there is
no reserve or collateral circulation , which is a common feature of normal tissues. This corded micro-
architecture is not to be confused with the cruder and less accurate concept of a dead 'centre' to a
tumour, surrounded by a rim of 1-2 cm of viable tumour. That macro-architecture may eventually
develop, superimposed on the microscopic arrangement, as individual vessels looping into the tumour
structure become so long that they are completely depleted of all nutrient, and then all the dependent
cells die.

A second mechanism of hypoxia has more recently been highlighted, resulting from transient closure of
individual vessels, which renders all the cells around such a vessel temporarily hypoxic. The reasons
and the timescale of this intermittent opening and closing is at present poorly understood. The periods
of obstruction may last minutes, or an hour or two. It may be caused by intermittent oedema resulting
from small changes in the intravascular pressure, because the intravascular to extravascular pressure
differential that exists in normal tissues is lost in tumours due to the lack of lymphatic drainage.
Alternatively, it may be the result of abnormal stickiness of the endothelial cells leading to blockage of
the narrow vessels by aggregates of leukocytes which subsequently break loose and are flushed through
(4). Tumour cells can only tolerate a few hours of complete oxygen deprivation (5-12 hours in mice)
before they die an ischaemic death. Thus no single cell is likely to exist in the state of hypoxia that
confers radioresistance from the start to the end of a course of fractionated radiotherapy. Therefore it
is important to gain an understanding of the dynamic processes that determine how the fraction of
resistant hypoxic cells changes as treatment progresses, i.e. their loss and replacement.

6. OVERCOMING THE TUMOUR RADIORESISTANCE.

The first form of 'diffusion-limited' hypoxia can be overcome by increasing the oxygen transported in
the blood, or by providing non-metabolisable substitutes for oxygen that mimic its electron afflnic
characteristic. Nimorazole ( a nitro-imidazole) and gaseous mixtures with increased oxygen tensions
(e.g. Carbogen containing 95% oxygen and 5% CO2 )are currently being tested in the clinic. For the
perfusion limited hypoxia it is necessary to use something that reduces the cyclic closing of vessels.
Large doses of the vitamin supplement Nicotinamide have been shown to achieve radiosensitisation in
mice by this means (12, 16, 17),. When two approaches are combined, in the form of nicotinamide and
carbogen, overcoming both forms of hypoxia at the same time, a very large benefit is seen even with the
small repeated doses of radiation simulating a course of radiotherapy (17).

New techniques, some of which can already be used in the clinic, are available to monitor the flow of
blood through tissue, either at the gross level of arterial and venous flow, or at the microvessel level.
These include isotope tracer techniques and physical measures e.g. with laser Doppler flow. There are
also microelectrode methods of monitoring the levels of oxygenation in tumours, and novel compounds
that are metabolised into bound products only in low oxygen tensions, which can be used to determine
the fraction of cells in a tumour that are below the critical oxygen tensions (10). Some of these
techniques have already been adopted in certain experimental studies in patients, whereas others are
still too invasive or have not yet been proven to be sufficiently non-toxic.

The initial excitement with both hyperbaric oxygen and the chemical sensitisers like misonidazole, was
based on the false premise that the large dose modifying factors seen in culture or in single dose studies
in mouse tumours, corresponding to an effective dose increase of 100-200% would be achieved in the
clinic. The animal data had already shown in the early to mid seventies that much of this effect was
lost with fractionation, because of reoxygenation, and the likely gain in the clinic was only 2-20% in
dose equivalents, depending on the characteristics of the individual tumours (5).
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7. UTILISING TUMOUR HYPOXIA TO ADVANTAGE

When the radiosensiters like Flagyl and Misonidazole were originally developed, their mechanism of
action was postulated to be as chemical substitutes for oxygen, which could diffuse through tumours
because they were not metabolised, and act as electron acceptors at the site and at the time of the
ionisations produced by X or gamma rays. They were believed to have a purely chemical function
with no biochemical or physiological involvement. However they were then shown to have two other
mechanisms by which the cytotoxic effect of the combined therapy might be influenced; bio-reduction
to a toxic metabolite and vasoactivity causing the tumour blood vessels to shut down. Each of these
activities could cause extensive cell kill within tumours, which could have been confused with, and
interpreted as, chemical sensitisation in the initial studies. These effects only occur at high dose levels,
e.g. 500-1000 mg/kg and are therefore unlikely to give the same effect in man where 10-fold lower
doses were used in the disappointing clinical trials.

This illustrates again how great care must be taken in translating from the laboratory to the clinic. It is
worth notingj in passing, that these findings have contributed to two completely new approaches to
tumour therapy. The first, bioreductive drug development has already led to the synthesis of analogues
of Misonidazole that have a much greater potential for conversion from an inactive prodrug to a toxic
product, only at extremely low oxygen tensions. If oxygen is present the process is reversible and a
futile cycle results. Thus the toxin is only produced in the radioresistant hypoxic cells within tumours,
and it does not diffuse to adjacent well oxygenated tissues (20). The second field, vascular targeting,
develops the concept of specifically occluding tumour capillaries for a period of several hours, by
which time the dependent cells will have succumbed to an anoxic death (4). It is now known that a very
large number of the novel agents being considered for cancer therapy, e.g. hyperthermia, cytokines, and
photodynamic therapy, have this action in mice at the doses used in the preclinical evaluation on which
the current trials are based. This activity is markedly influenced by the scheduling of the agent and the
present clinical trials may be disappointing because this supplementary mode of action has not been
considered in the trial designs.(4). Both of these fields seek to capitalise on the intrinsic poor blood
vessels in tumours and to use the existing, or an enhanced level of hypoxia as a weapon against the
tumour.

8. CELL PROLIFERATION PATTERNS

Proliferation characteristics of tumours and normal tissues have been measured for decades, using
techniques developed by radiobiologists (13). The original techniques were very labour intensive and
slow, involving labelling the animal with the radio-isotope tritiated thymidine and then making
autoradiographs by exposing sections of tissue for several weeks to photographic emulsion and scoring
the results under a microscope. They could not be used in man because of the slow timescale and the
risk of administering DNA seeking radio-isotopes. The animal studies showed that in most solid
tumours the cells were dividing rapidly, often every 12-24 hours. Often there were many cells not
actively engaged in proliferation, either because of residual characteristic differentiation, or more
commonly because of inadequate nutrition. The overall rate of expansion of the cell population was
slower than the cell cycle time, and could be expressed as the potential doubling time, Tpot. The
overall growth rate of the tumour, determined as a volume doubling time, was usually 5-10 times
slower than Tpot because many cells were lost, presumably due to starvation as a result of the
inadequate blood vessels (3, 4, 19).

hi normal tissues there is also extensive cell loss, with one cell being lost for every new cell that is born.
Indeed it is the precise balance between cell production and loss that is a characteristic of normal
tissues and which distinguishes them from tumours, rather than the actual rate of cell production itself.
The reason for the cell loss in normal tissues has to do with the functional 'wear and tear' on that
tissue. Cell turnover is very rapid in the epithelial tissues which act as a barrier in relation to the
environment. In the intestine, the epithelial cells have a cell cycle time of about 8-12 hours, i.e. as short
as any tumour cells. In stark contrast the rate of cell replacement in some of the deep organs and
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epithelial structures, such as bladder, heart, lung or liver is exceedingly slow and it is extremely
difficult to detect any cells in these tissues that are actively dividing (in mitosis) or even in the act of
preparing to divide (in the DNA synthesis phase).

9. LATENCY OF NORMAL TISSUE INJURY

Radiobiologists have long been aware that the damage inflicted by ionising radiation is expressed at the
time the cell attempts to divide. At first it was thought that non-dividing cells were unresponsive to
radiation. But now it is recognised that it is simply a question of the timescale over which the response
is expressed. Rapidly proliferating tissues can express their radiation injury within hours or days.
They can also attempt to compensate for cell depletion with equal rapidity, and certainly within the
duration of a normal course of radiotherapy (3).

As the normal wear and tear processes lead to cell loss and the irradiated cells cannot undergo
successful divisions to replace them, the tissue becomes depleted of cells. Thus depletion is more
dependent on the failure of irradiated cells to provide offspring at a later division than it is on cell
destruction caused directly by the radiation and for this reason the damage is expressed at different
rates in different organs, according to their normal rate of cell turnover. This ranges from less than a
day in the intestine to more than a year in many of the deep tissues. Each tissue is capable of a
compensatory acceleration of cell production to repair such a deficit, and if the depletion has not been
too severe it may not even be possible to detect the injury because the cells are replaced before tissue
dysfunction occurs. Skin seems to be capable of functioning quite normally even if 99.9% of the cells
are destroyed, whereas other tissues show detectable malfunction after lower levels of depletion. If the
cell kill is excessive, or introduced too quickly (depending on the rate of dose delivery) there may be a
permanent failure of tissue function, leading to long term ulceration or necrosis. The importance of this
will vary from one tissue to another, but of course it is always undesirable.

In slowly proliferating.tissues the damage can be latent for many months, or even years, since the
constituent cells rarely attempt division, and radiation damage does little to influence the differentiated
function of cells. It will however be expressed when normal wear and tear occurs, or if any additional
injury or trauma to the tissue makes a demand for cell replacement which the irradiated cells cannot
fulfil. This latent injury in tissues means that these slow turnover tissues do not attempt to accelerate
cell production during a course of radiotherapy, unlike the intestinal or buccal mucosa and skin (3).
They also appear to have a different pattern of recognising and repairing DNA lesions, which leads to a
greater sparing effect of subdividing the radiotherapy into smaller and smaller fractions. This is now
expressed in terms of the linear quadratic equation as the a/p ratio, and is the main rationale for the use
of hyperfractionation (8, 23). Smaller doses spare the late reactions, but do not spare the acute
reactions or the tumour damage. However the effect of unhealed acute reactions leading to
consequential and permanent late effects if the acute reactions are too severe must always be borne in
mind as a possible complication.

10. TECHNIQUES IN CELL KINETICS

In the last decades revolutionary new techniques have been developed which makes it possible at last to
rapidly measure the cell kinetic characteristics of human tumours. They depended upon the
development of sophisticated machines to measure the level of fluorescence in individual cells (flow
cytometers) and the technology of monoclonal antibodies. Precursors of DNA which contain halogens
such as Bromine or Iodine as substitutes for methyl groups have been developed, which the cell will
incorporate as if they were thymidine e.g. Bromo-deoxyuridine, BUdR and Iodo-deoxyuridine, IUdR.
They are not radioactive, can be used at very low tracer doses of 250-500 mg, which do not interfere
with cellular functions and are not mutagenic. The DNA that has the incorporated halogen can be
detected with a monoclonal antibody, and the labelled cells can either be viewed directly under the
microscope to determine the architectural arrangement of proliferation, or their frequency can be
quantified with the laser beam of a flow cytometer . If necessary, an answer could now be provided on
an individual biopsy within 24 hours, and the limitation now is simply of manpower, not of technology.
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A significant step forward in the clinical application of cell kinetic techniques in man came with the
development by Begg et al of the 'relative movement assay' in 1985 (1). This allows the simultaneous
measurement of the fraction of cells engaged in synthesising new DNA and the duration of the DNA
synthetic phase. These two parameters together allow the calculation of the potential doubling time, i.e.
the rate of cell production, taking into account both those cells actively engaged in cell proliferation and
those that are quiescent. The difference between this potential doubling time and the observed volume
doubling time is a measure of the extent of natural cell loss in the microenvironmental conditions within
an untreated tumour. It is easy now to study the proliferation characteristics of a tumour before
treatment. It is however much harder to interpret the results from this technique for tumours during the
course of therapy, because at present there are no methods available to distinguish between the cells
which are doomed to die but still look viable and those that are potential clonogenic survivors.

This technique has already been used for the measurement of cell production and loss for several
thousand human tumours over the last decade. These measurements have shown that human tumours
have cell production rates very similar to those in mice, in spite of having volume doubling times 10-
100 times longer. The median Tpot values for all the cells (both tumour and stroma) in a solid tumour
are 4-6 days for most tumour types, if measured with the flow cytometer (23). The much slower
volume doubling times of months is due to extensive cell loss, amounting to 90-99% of the cells that are
born.

The data are startling and have led to an increased interest in methods of accelerating the delivery of the
whole of a course of therapy. However, even these very short potential doubling times may be
underestimates, because of the contaminating effect of the non-dividing normal cells within the tumour
biopsy. If the flow cytometer measurements are combined with a second antibody to distinguish
tumour cells from stromal cells, e.g. cytokeratin stains, or immunohistochemistry to visually scan
histological preparations, the tumour cells can now be separated from the normal cell components
within the tumour mass. The Tpot measurement for the tumour cells alone are even shorter, averaging
2-3 days for many tumour types, with highly labelled 'hot spots' in many tumours in which the Tpot is
only 1-1.5 days (6, 23). At this point it is not clear which of these Tpot values is the relevant one, but
they are all much shorter than most therapists had believed.

Since cell production within tumours is now shown to be so very rapid, it becomes important to
question how many additional cells are being produced during the 6-7 weeks of a conventional course
of therapy. The conventional regimes, involving slow treatment over many weeks, were based on the
external observations that tumour doubling times were months, and without the modern knowledge of
the underlying explosive cell turnover. Would radiotherapy be more effective if it was given in a much
shorter timescale, and would all tumours benefit from such an accelerated regime, or only those with
pre-treatment Tpot values that are below the median? This depends on whether the rate of cell
regeneration after treatment is initiated is determined by the cell production rate, or by the pre-
treatment volume doubling rate.

To answer this question, one must consider whether, and how quickly, the pre-treatment balance
between cell production and cell loss is altered. If the cell loss is the result of starvation as cells are
pushed away from blood vessels, the reversal of that process may be rapid, occurring within hours to
days as cells close to the blood vessels die, allowing oxygen to diffuse to more distant cells. If,
however, it results from residual differentiation it is unlikely to be altered by the initiation of
radiotherapy. This is a topic that is hotly debated at all sessions on accelerated fractionation at the
moment and requires new techniques to distinguish the mode of cell death before it can be resolved.

11. ACCELERATED REGIMES

A number of radically different radiotherapy schedules are currently being tested in clinical trials, with
the aim of shortening the overall treatment time. These are summarised in the papers by Fowler (8) and
by Saunders and Dische (7, 18). Most of these trials were initiated before the large body of data on the
cell kinetics of human tumours were available. Sometimes an acceleration of just a week or two is
achieved by giving two fractions only on some treatment days, as in the concomitant boost trial. In
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others, 2 or 3 fractions are given each day, thereby achieving an even greater shortening of the
schedule. It is difficult to administer the same total dose in these twice or thrice daily regimes, and
some trials have therefore incorporated a short break or rest period, as in the EORTC trial (11), even
though this is anathema to any 'mouse radiotherapist'! Others have considerably reduced the total dose
in the belief that the biological gain outweighs the loss in physical dose (18). The most extreme
example of this approach is CHART, pioneered at Mt Vernon Hospital in collaboration with the Gray
Laboratory. In this regime of Continuous Hyperfractionated Accelerated Radiation Therapy, 36
fractions, each of 1.5 Gy, are given three times a day, with a minimum interval of 6 hours. The whole
treatment is complete in one third of the normal time (54 Gy in 12 days instead of 66 Gy in 6V2 weeks).
In spite of the reduction of the total dose by 20% the results from the initial non-randomised trials in
head and neck tumours, and in lung cancer were very promising. Two large randomised, multi-centre
trials are still in progress (7). The trials have now closed to accrual (April 1995) and the results of the
first evaluation will be presented at the BOA Meeting in York in July 1995. These data show a highly
significant increase in both local control and survival in bronchial carcinoma, and a significant increase
in local control of a subset of head and neck tumours, which does not, however,translate into an
increase in survival (Saunders personal communication).

Within the CHART studies and the other accelerated regimes currently being studied in many centres
world-wide, it is hoped that the tumour Tpot values can be analysed, in order to see whether accelerated
regimes might benefit all patients or only the subset with the fastest growing tumours. At this point it is
impossible to predict whether all patients would benefit. That depends upon the changes that occur in
the cell kinetics once treatment has commenced and the nutrient supply has improved to the cells that
were initially starving to death, and to those that are prevented from cycling by their nutrient
deprivation. The pre-treatment Tpot values have highlighted the potential for extremely rapid tumour
cell regeneration, but have not yet proven that such proliferation is limiting treatment success with
conventional 6-7 week schedules. The randomised CHART trial data take us closer to confirming that
the detriment of prolongation shown in the analyses by Fowler (10-15% loss in local control per week if
treatments are prolonged beyond 7 weeks) may also translate into a corresponding gain if treatments are
shortened below 7 weeks. Certainly the 20% reduction in dose with the CHART regime could only
lead to a benefit if this dose, (at least), is normally wasted in counteracting the detrimental tumour
proliferation that is possible during the conventional longer schedules.

12. MULTIFACTORIAL APPROACHES

The most recent interactions at the interface between the radiobiology lab and the clinic have been in
an attempt to combine the concepts of acceleration, hyperfractionation to spare late normal tissue
damage, and sensitisers of both diffusion- and perfusion- limited hypoxic cells (17). These concepts
have been brought together under the acronym ARCON, which stands for Accelerated Radiotherapy
with Carbon dioxide, Oxygen and Nicotinamide. Two workshops have recently been held on this
concept at the Gray Laboratory. Many individual centres are investigating the clinical potential and
four multicentre EORTC trials have been initiated. A variety of accelerated regimes are being used,
usually with multiple fractions per day. Large daily doses of about 6 grams of Nicotinamide are given
and the patients breathe 95% oxygen and 5% CO2 for a few minutes before and during each treatment.
These protocols are based on the experimental studies using clinically relevant fractionation schedules
in mice of Rojas and her co-workers at the Gray Laboratory, including studies of 30 fractions in 6
weeks (conventional) and 36 fractions in 12 days (CHART)(17). These followed on the extensive
single dose studies of Horsman et al(12). Rojas et al have shown a much larger and more consistent
therapeutic gain from this ARCON combination at clinically relevant dose levels than anything else that
has ever been studied as an adjunct to radiotherapy.

However caution is again appropriate. The more recent approaches try to take advantage of the sparing
of late reactions with hyperfractionation and avoid tumour cell proliferation with shorter schedules, and
overcome the two different versions of hypoxia. Somewhat surprisingly, the combination of carbogen
and nicotinamide does not show the loss of therapeutic effectiveness with fractionation that is predicted
for reoxygenating tumours (5). This means that it is necessary to question whether the observed
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benefits are simply due to overcoming the hypoxic radioresistance, or whether there is also a
contribution from another, as yet unidentified mechanism e.g. oxygen toxicity as in reperfusion injury.

The animal studies have mostly been performed with very large doses of Nicotinamide, 500-100 mg/kg:

and the maximum tolerated dose with repeated fractions in man is 80 mg/kg. This gives a serum level
that produces some sensitisation in mouse tumours, but is below the optimum dose in mice. It is
always a problem to know if doses in mice should be extrapolated to man on a weight basis or on a
surface area basis because of the difference in the metabolic rates. If it is simply the drug level at the
time of irradiation that is important for influencing the transient hypoxia, the plasma levels should be
predictive. However the very large effect with fractionated treatments cannot be explained by this
alone, and we do not know whether the extra benefit results from prolonged exposure (AUC) or from
the peak concentrations. Thus further laboratory studies on mechanism are needed to explain the
unexpectedly high gains in the fractionated schedules. This is a perfect example of the need for
continuous dialogue between clinicians, preclinical and basic scientists.

13. DOSE AT THE TARGET

Radiobiologists have for years focused on the concept of dose, both in gross terms and at the
subcellular chromosomal level. They have always been concerned to know the dose that is delivered to
the target volume and the micro-environmental factors within each cell that influence that doses'
effectiveness. It is, however, at the gross level of dose delivered to the whole target, the tumour and the
surrounding normal tissue, that radiobiology most obviously interacts at present with radiation physics
and the quality assurance programmes in dose delivery. Clearly every time a margin is added to the
tumour boundary, to diminish the possibility of a geographic miss, the amount of normal tissue exposed
to the full dose is increased in a way that is not obvious from the simple statement of a 10 or 20 mm
addition margin to the field. This apparently small change could correspond to a 30 fold increase in the
volume of normal tissue irradiated with small tumours or the addition of litres of additional normal
tissue with larger fields. (A 2 cm diameter tumour corresponds to a sphere of 5.4 ml but with a 20 mm
margin the sphere expands to 144 ml. For a 6 cm or a 10 cm tumour the corresponding figures are 144
and 670 ml and 670 and 1840 ml). The added volume of normal tissue is larger in absolute terms for
the larger tumours, but a smaller increase in relative terms.

The consequence of this increase in the fraction of an organ that is irradiated is generally believed to be
very serious, though it is very hard to quantify from studies in small rodents. There is a clear need to
find techniques that minimise movement and positioning artefacts in order to keep the normal tissue
involvement to a minimum while guaranteeing no geographic misses. The many physics quality
assurance programmes that are now developing in academic centres which are involved in randomised
trials will undoubtedly lead to optimisation, and will ultimately contribute to better general practice
throughout Oncology departments in the future.

However, we should consider the tolerance levels that are being set as the targets in these 'best studies',
in the light of the biological gains that can be expected from the new schedules that are being tested in
these clinical trials. The predicted benefits from moderate hyperfractionation, a 1-3 week shortening in
radiotherapy schedules or from the use of an hypoxic cell sensitiser with fractionated radiotherapy are
in the range of 5-15% in dose equivalents, and a great deal of effort is being expended to achieve these
gains. A variation in dose of ±5% is currently regarded as a minor deviation in a trial protocol and
such patients will be analysed as if they had all received the prescribed dose. Because of the sigmoid
shape of the dose response curves a 10% increase in dose effectiveness could translate into a much
larger increase in local control. The logical conclusion then must be that a ±5% deviation is not minor!
Furthermore one could gain far more information from trial data if the data are analysed according to
the dose each individual tumour actually received, rather than pooling the data to the arbitrary original
prescribed value, especially when there is known to be a wide (at least 10%) spread in the dose
delivered.
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In almost every trial designed over the last 20 years there has been great resistance from the oncologists
to deliberately build in a dose variation of ± 3% or 5% in order to bracket the likely dose in the new
(unknown) treatment arm that should give equal tumour and normal tissue damage. It transpires that at
least that dose variation is present in any well controlled and documented trial, even with good quality
assurance. I would urge the trial coordinators and analysts to recognise this as a potential golden of
information. Disregarding the spread may ensure that the small but important biological gains that are
being sought will be missed because they are of the same order as the error spread in dose delivery that
is considered as acceptable quality control. Thus the data from any such studies should be analysed
according to the treatment actually received by each patient, and not according to the prescription dose,
or even more irrationally according to the arm to which they were randomly allocated, regardless of
what treatment they actually received!

14. SUMMARY

This manuscript discusses the biological basis of new treatment strategies that are being introduced into
the clinic in the form of controlled clinical trials. There is an increasing awareness of the need for
quality assurance in the design, execution and analysis of these trials. However there is little awareness
of the need to critically assess the biological basis of the trial design, to ensure that no other biological
principles have been contravened in the attempt to optimise just one of the many parameters that
determine the differential in sensitivity between tumours and normal tissues. Some examples are given
of the changes that have recently occurred in the laboratory interpretation of both the mechanism of
action and the therapeutic gain of several novel approaches. If these are not considered, the carefully
controlled clinical trials may be wasted, because of being based on an incomplete consideration of all
the interconnected biological factors.

The challenge, as always, is to find ways of crossing the communication boundaries between fields, and
of moving forward in a spirit of co-operation and collaboration, rather than the competitive spirit that
decreasing resource pools can engender. Only in that way is the current generation of cancer sufferers
likely to get the benefit from the billions of pounds that have already been invested in basic and applied
cancer research, and in the sophisticated technologies now available to identify the tumour margins and
to deliver the dose with great accuracy to the chosen volumes. The fractionation schedule over which
that dose will be administered, or the associated combinations of therapy must also be reassessed with
vigour to ensure that great care is not being taken to ensure good quality control of trials which are ill
conceived in the first instance. Good quality control of the details of the implementation of new
concepts is every bit as important as the accurate delivery of treatment, but this is almost never
discussed openly.
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