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Clinical experience shows that there is a therapeutic window between 60 and 70 Gy where many tumours are eradicated, but the function
of the adjacent normal tissues is preserved. This implies much more cell kill in the tumour than is acceptable in the normal tissue. An
SF2 of 0.5 or lower is needed to account for the eradication of all tumour cells, while an SF2 of 0.8 or higher is needed to explain why
these doses are tolerated by normal tissues. No such systematic difference is known between the intrinsic sensitivity of well-oxygenated
normal and tumour cells. The presence of radioresistant hypoxic cells in tumours makes it even more difficult to understand the clinical
success. However, there is experimental evidence that starved cells lose their repair competence as a result of the depletion of cellular
energy charge. MRS studies have shown that low ATP levels are a characteristic feature of solid tumours in rodents and man. In this
paper we incorporate the concept of repair incompetence in starving, chronically hypoxic cells. The increased sensitivity of such cells has
been derived from an analysis of mammalian cell lines showing inducible repair. It is proportional to the SF2 and highest in resistant cells.
The distinction between acutely hypoxic radioresistant cells and chronically hypoxic radiosensitive cells provides the key to the realistic
modelling of successful radiotherapy. It also opens new conceptual approaches to radiotherapy. We conclude that it is essential to
distinguish between these two kinds of hypoxic cells in predictive assays and models.
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ORIGINAL ARTICLE

It is now over a century since the first cancer patient was
treated with ionizing radiation. During this time radiation
oncology has been developed into a very effective branch of
medicine. It permits the eradication of many malignant
tumours without disfiguring the patient and with the
preservation of adequate function of the adjacent organs.
There is an accompanying body of radiobiological data that
shows the principles of radiation-induced cell kill (clono-
genic sterilization) and the multiple factors that influence
the response between successive treatments in a fractionated
schedule. The clinical outcome is often illustrated in radio-
biology textbooks in the manner shown in Fig. 1. Steep
dose-response curves are observed clinically for both tu-
mour and normal tissue responses. The tumour control
probability curve (TCP) is shown as being displaced to the
left of the normal tissue complication curve (NTCP), in
accordance with clinical experience for most solid tumours.
The dose prescribed is usually intended to cause a small
percentage (e.g. 5%) of patients to have moderately severe
side effects, which will develop within 5 years. This is called
the tolerance dose or TD5/5. In this way the clinician can
ensure that the patient is given the maximum tolerable dose.
Unless there are some side effects against which to monitor
the treatment efficacy, it is impossible to know whether the

maximum dose has been given and thus the tumour might
be underdosed. This diagram, in one form or another, is
included in most radiobiology textbooks and forms the
basis of modelling studies aimed at optimizing radiotherapy
by modified fractionation, by the use of chemical modifiers,
by alternative types of radiation, or by tighter conformation
of the high-dose volume.

The aim of any novel approach is to increase the tumour
control rate without a corresponding increase in morbid-
ity, i.e. to increase the displacement between the two
curves shown in Fig. 1 and thereby enlarge the therapeutic
window. With conventional treatments, in many tumour
sites, 50% or more local control rates can already be
achieved with the normal tissue tolerance dose TD5/5. In
order to maximize the likelihood of achieving a therapeutic
gain with any new modality, we need to understand the
reasons behind the relative position of these two curves for
conventional therapy. What makes tumours more ra-
diosensitive than the normal tissues that are inevitably
included in the high-dose volume? The inset in Fig. 1
illustrates what is known about the levels of cell kill
needed for the tumour and normal tissue effects. In order
to obtain complete tumour eradication the last clonogenic
cell in a tumour has to be sterilized, i.e. at least 9 decades
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of cells must be killed (see below for details). By contrast,
a normal tissue will only continue to function if one or
more cells is left to repopulate each of the functional
subunits in the tissue, e.g. the nephrons in a kidney or the
crypts in the intestine. These subunits may contain several
thousand cells and only a fraction of the subunits can be
lost (1–3). Therefore much less cell kill can be tolerated by
the normal tissue than the cell kill needed to eradicate a
tumour. Only if there is a large differential in intrinsic
cellular radiosensitivity could one predict that the dose
needed to kill 9 decades of tumour cells would kill only
about 4 decades of normal tissue cells.

Intrinsic radiosensiti6ity. Many studies have been per-
formed in culture to study the intrinsic cellular radiosensi-
tivity, which give insight as to whether such a systematic
difference in radiosensitivity exists between normal and
malignant cells (4–13). Established cell lines have been
used for decades, and more recently these have been
supplemented by freshly explanted cells from patients. The
cells have been studied by clonogenic survival, by measures
of DNA damage or chromosome injury. They have been
investigated growing in free suspensions, in soft agar, as
monolayers attached to glass or plastic dishes, on specially
prepared surfaces, as aggregates, spheroids or even as
xenografts. Many features of the radiation response have
been described, including the variation in sensitivity
around the cell cycle, the effect of exponential versus
plateau growth, the protective effect of contact between
cells, the genetic composition, and so on. A wide range of
radiation response has been seen, with survival of single
cells at 2 Gy ranging from 0.1 to 0.9 in different cell lines
and different culture conditions. However, no consistent
difference between the sensitivity of tumour cells compared
with their normal counterparts has been detected. Hence
studies of cells in culture do not provide the universal
reason that would account for the relative positions of the
TCP and NTCP curves in Fig. 1.

We can then look at the more complex picture of the
response to fractionated irradiation of a whole organ,
tissue or tumour in vivo and seek an explanation there.
Unfortunately the pathophysiology and architecture of
solid tumours provide further reasons to suppose that the
whole tumour might be more radioresistant than the nor-
mal tissues, and none to suggest an increased sensitivity.

Repopulation. Rapid proliferation between fractions can
lead to sparing of the tumour by the addition of extra cells
during the 6–7 weeks of radiation therapy, moving the
TCP curve to higher doses. Tumour cell potential doubling
times of a few days have been measured in many human
tumours before treatment (14, 15). Analyses of clinical
data for treatments spread over periods of longer than 6
weeks show that there is on average a 14% loss of local
control for each added week (16). Thus proliferation
causes extra cells to be born within the treatment schedule
and requires extra doses to eradicate them. Although

compensatory accelerated proliferation within the treat-
ment schedule can also spare early reacting epithelial
tissues, this compensation does not occur within the over-
all treatment time of 6 or 7 weeks in late reacting tissues
(17). Most of the deep essential organs in the body are late
reacting and these are therefore further disadvantaged
relative to tumours.

Hypoxia. The existence of hypoxic cells as a result of the
inadequate microvasculature and large intercapillary dis-
tances has long been postulated to increase the radioresis-
tance of tumour cell populations (18). A complete absence
of oxygen at the time of irradiation can increase the
cellular resistance by a dose-modifying factor of 3. This
translates into an enormous reduction in cell kill at the
dose levels needed for tumour cure, e.g. by a factor of 106

for a completely hypoxic population. Even a small fraction
of hypoxic cells requires a large increase in the dose needed
for cure, depending critically on the pattern of reoxygena-
tion (19). There is evidence from microelectrode studies
and from the recent use of bioreductive stains that hypoxia
exists in both experimental and human tumours and that it
has an impact on the outcome of radiotherapy, though not
as large as that predicted from the radiobiological studies
(20–22).

Two distinct forms of hypoxia are recognized. Chronic
(diffusion-limited) hypoxia occurs at the bottom of the
nutrient gradient around each blood vessel (18, 23–26). It
develops slowly and progressively worsens, leading ulti-
mately to starvation-induced cell death. Superimposed
upon this architectural feature is a rapidly changing form
of hypoxia (termed intermittent, perfusion-limited or acute
hypoxia). This is caused by the closure of individual

Fig. 1. Dose-response curves for tumour control probability
(TCP) and normal tissue complication probability (NTCP) as they
are commonly depicted in radiobiology textbooks. Fifty percent
tumour control is depicted at the dose that gives 5% normal tissue
complications. The inset panels show the difficulty of explaining
this if all the cells have the same intrinsic radiosensitivity. Normal
tissues would be destroyed at much lower doses than those needed
to kill all cells in a tumour if there is no difference in intrinsic
radiosensitivity.
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capillaries or by blood flow ceasing for some minutes or
hours (27–29). These two forms of hypoxia are usually
discussed as if they have the same effect on the cellular
response. We believe this has been a gross oversimplifica-
tion, which has obscured some important aspects of cellu-
lar sensitivity as described below.

Energy charge. Another characteristic feature of malig-
nant tumours is the reduction in energy charge. This is
detectable by magnetic resonance spectroscopy (MRS), as
the reduction of the peaks representing high-energy phos-
phates (ATP and ADP), and a resultant increase in the
levels of low-energy phosphate (AMP) and inorganic phos-
phate (30–34). These characteristic spectra have been in-
vestigated as a technique for indirectly identifying hypoxia
in tumours, though they are actually showing energy
charge reduction as a result of overall nutrient deprivation,
not simply oxygen reduction. This distinction may be
critical and has so far not been included in any of the
many modelling studies to predict treatment outcome.

Mathematical modelling in translational research. The
most commonly used mathematical model to describe the
response of cells to radiation is described by the linear
quadratic equation, which provides a reasonable fit to
many sets of experimental data over a wide dose range
(35–37). However, many recent investigations of the very
low-dose region have shown that the LQ model fails below
doses of 1 Gy. There is a complex hyperfine structure to
the survival curve, both in vitro and in vivo that is not
predicted by the LQ model (38–47) This has forced a
re-evaluation of the biophysical or biochemical basis of the
shouldered shape of the survival curve. It appears that
most untreated cells have little capacity to deal with DNA
damage inflicted by ionizing radiation and are therefore
exquisitely sensitive to very low doses of x-rays. However,
if these cells are stimulated by genotoxic damage and
recognize the danger to their DNA, they can activate or
manufacture more enzymes that can then repair large
numbers of DNA lesions. This form of stress response is
analogous to the production of heat-shock proteins and
hypoxia-inducible stress proteins, although in this case, the
identity of the proteins has not yet been established.
Intrinsically, radiosensitive cells are those that are inca-
pable of mounting the adaptive response. The greater the
capacity for inducing this repair, the more radioresistant
the cell line and vice versa (12, 48, 49).

The hypersensitive response of cells to low doses of
radiation was first mathematically described by Joiner &
Johns (39). They put forward the inducible repair model
(LQ/IR) that is a modification of the classical linear
quadratic (LQ) model. This takes into account the pro-
gressive increase of the relative radioresistance of cells with
increasing radiation exposure. An alternative model has
been proposed by Wouters & Skarsgard (44), which pre-
dicts that a certain number of lesions in the DNA are
needed as a threshold to trigger the repair. This model is

more mechanistic and intellectually appealing, but has not
been widely adopted because it predicts very sharp transi-
tions from sensitive to resistant slopes and fits the data less
well than the Joiner & Johns’ (39) equation.

Incorporating chronic hypoxia. We recently compared
the LQ and the LQ/IR mathematical models for simulat-
ing the response to fractionated radiotherapy of different
cell populations in tumours and normal tissue. We have
shown that quite different conclusions are drawn depend-
ing on the choice of model (49–53). It is crucial therefore
for translational research activities to determine experi-
mentally which model is correct. The use of the newer
LQ/IR model provided strikingly different predictions for
the impact of hypoxia on cells in tumours. Furthermore,
this led us to investigate the clinical consequences if repair
induction could be diminished or abolished in chronically
hypoxic, starving cells. We predicted that such cells might
provide an explanation of the effectiveness of radiotherapy
(51). We subsequently found that this ‘new concept’ of
chronic hypoxic sensitivity is supported by several compre-
hensive sets of experimental data in the literature, acquired
by very experienced investigators over the past three
decades (54–61). This experimental evidence that nutrient
deprivation and/or chronic oxygen deprivation reduces the
cell’s repair competence has been widely ignored, especially
by the computer modelling fraternity. It is the magnitude
of sensitization by the loss of repair in chronically hypoxic
cells that we seek to address in the present paper. We
believe that the incorporation of these data into preclinical
modelling results in the need for a complete paradigm shift
in relation to the impact of hypoxia on radiosensitivity.

MATERIAL AND METHODS

We used simple mathematical models to predict the re-
sponse of uniform or heterogeneous cell populations to
single dose and fractionated schedules of treatment, lead-
ing through calculations of the surviving fraction to the
construction of TCP and NTCP curves. The classical LQ
model (35–37) (equation 1) relates the radiation dose D to
the loss of clonogenic ability (usually designated Surviving
Fraction or SF) through a quadratic equation containing a
linear dose term with the constant a and a squared dose
term with the constant b.

SFOXIC=exp(−a · D−b · D2) [1]

The inducible repair variant of the LQ model proposed
by Joiner & Johns (39) assumes little or no repair before
irradiation commences and a gradual, exponential induc-
tion of repair capacity with increasing dose (equation 2).
This model contains two extra terms compared to the LQ
model:

1. the sensitivity at very low doses, designated aS, that
transforms gradually to the resistant a (the classical LQ
shoulder slope), which is now termed aR;
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2. an ‘induction dose’ term, designated DC, at which
1–1/e (i.e. 67%) of the transition to the maximum
repair capacity has occurred.
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The maximum extent of inducible repair is expressed as
the ratio of the initial pre-induction hypersensitive slope
(aS) to the final post-induction resistant slope (aR), i.e.
aS/aR, which we will term the inducible repair ratio (IRR).
An IRR of unity corresponds to no inducible repair and is
thus equivalent to the classical LQ model. Increasing
values of IRR correspond to more repair induction and
are linked with more radioresistance.

When considering the modification of the response by
acute hypoxia, we have assumed that oxygen deprivation
modifies all the parameters by an oxygen enhancement
ratio (OER) (equation 3). In the modelling we have as-
sumed a uniform dose modification factor of three. This is
an oversimplification, but does not change the general
conclusions, as discussed elsewhere (50, 53).
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The effect of prolonged hypoxia together with energy
charge depletion (corresponding to chronic hypoxia) has
been assumed to give the same chemical protection factor
of three compared to an oxygenated state, but in addition
it prevents repair induction. The response of such cells is
therefore composed only of the initial hypersensitive slope
(aS) and the beta term, both modified by the OER as in
equation 4.

SFCHRONICALLY HYPOXIC=exp
�
−

aS

OERa

· D−
b

OERb

· D2�
[4]

Finally, the response of mixed populations of oxic cells
with either acutely hypoxic cells or chronically hypoxic
cells, or both, is obtained by summing the separate ele-
ments as in equation 5.

SFMIXED= (1−AHF−CHF) · SFOXIC

+AHF · SFACUTELY HYPOXIC

+CHF · SFCHRONICALLY HYPOXIC [5]

AHF and CHF are the fractions of acutely hypoxic and
chronically hypoxic cells, respectively.

When a particular combination of subpopulations of
oxic and hypoxic tumour cells are considered, we have
assumed for the present calculations that they re-assort
into the same fractions after each treatment. This corre-
sponds to a moderate level of reoxygenation and assumes
no progressive accumulation of cells in subcompartments
that have a greater resistance. The response to a series of
fractions can then be obtained by simply raising the effect
of a single small fraction, e.g. SF2, to a power equal to the
number of fractions, e.g. (SF2)35 for 35 fractions.

Tumour control probabilities (TCP) and normal tissue
complication probabilities (NTCP) were obtained from the
cell survival (SF) through Poisson statistics (equation 6).

TCP or NTCP=exp(−K · SF) [6]

K is the number of tissue rescuing units or tumour
clonogens existing in the irradiated region, using the nota-
tion of Thames & Hendry (1). For the normal tissue we
have used K values ranging from 104 to 105, which may be
an overestimate, but can be seen as representing the spec-
trum for tissues or organs. These values of K are based on
comparisons of clonogenic assays and dose-response
curves for tissue damage, together with measurements of
cell density and functional architecture (1–3). For tumours
we have started from the common assumption that 1 g
tumour tissue on average contains 109 cells, which is based
on a tumour cell diameter of 12 mm and a high packing
fraction, and matches yields of cell extracts. However,
tumours are a mixture of potentially dangerous clonogenic
cells, differentiated non-clonogenic cells, normal stromal
cells and necrotic regions. We have therefore assumed that
there are only 10% of clonogenic cells, i.e. 108 cells per
gram in a tumour. This may be a slight underestimation.
According to this assumption, a fairly small tumour of 3
cm diameter (10 g) would contain about 109 clonogenic
cells. Many authors have discussed whether there is a very
low stem-cell fraction in tumours but we think this is
improbable (62, 63).

Using the equations above, we have made a series of
calculations of the effect of fractionated irradiation on
mixed populations of oxic and hypoxic cells. For simplic-
ity, we have chosen to consider a ‘black and white’ mixture
of oxic and hypoxic cells, although we are aware that there
is in fact a gradient of radiosensitivities, representing a
‘grey scale’. The effect of the gradient will be taken into
account in future modelling studies, but it increases the
complications of the mathematical modelling considerably.
Our aim here is simply to explore the consequence of
including acute and chronic hypoxic cells in the mixture
and to compare the response of normal tissues and tu-
mours. We have chosen the parameters for the cell survival
curves based on a recent comprehensive review of all the in
vitro mammalian cell survival data that give insight into
the low-dose hypersensitivity (49). We have used the corre-
lation between SF2 and IRR derived in that paper to link
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Fig. 2. Examples of the survival curves for oxic (solid line),
acutely hypoxic (
) and chronically hypoxic (
) cells. The four
panels represent cells with the SF2 fixed at 0.5 and the indicated
levels of inducible repair (IRR). Cells with more inducible repair
show a greater differential between the response of resistant,
acutely hypoxic cells and sensitive, chronically hypoxic cells.

In panel 2a only two curves can be seen, for oxic and
hypoxic cells. The curves for acute and chronic hypoxia
are identical since there is no inducible repair (IRR=1),
corresponding to the classical LQ model. In panels b–d we
see the more complex shapes that emerge, and the progres-
sive separation of the lines for the two forms of hypoxia,
as the IRR value increases. The greater the IRR, the more
pronounced the hypersensitivity at low doses and the more
obvious the transition from aS to aR in the oxic and
acutely hypoxic cells. The induction of DNA repair com-
petence requires a three times higher dose in acute hypoxia
than in oxygen (42, 64, 65). This results in a complex
relationship of these two curves at doses of about 0.5–1.5
Gy in the cells with lower IRR values and a crossover of
the oxic and acutely hypoxic curves for the highest IRR.
The chronically hypoxic cells are even more sensitive than
fully oxic cells for all the examples shown.

We have next incorporated the link between IRR and
SF2 that has been shown in the literature (12, 48, 49). All
the low-dose hypersensitivity studies are shown in Fig. 3,
as they have been included in the recent review (49) of the
relationship between IRR and SF2. Eighteen sets of mam-
malian cell data are included. The line derived from a
curvilinear equation which relates the IRR to the recipro-
cal log survival is shown. The data points are shown with
different symbols according to whether they have been
obtained experimentally using a flow cytometer (�) or a
computerized microscope (	). This relationship allows
any particular level of SF2 to be automatically linked to a
value of IRR (49). Using this information we have then
constructed the curves shown in the following figures.

Fig. 4 shows a similar set of panels to that in Fig. 2, but
now the cell kill that is achieved with 2 Gy is directly

the values of radioresistance for ‘theoretical cell lines’ with
the appropriate values of inducible repair.

RESULTS

Fig. 2 illustrates the shape of the survival curves for four
different theoretical cell lines with increasing levels of
repair induction from panel a to d. The response is only
illustrated over the clinically interesting dose range up to 5
Gy. In each panel, three curves are shown:

– for cells in well-oxygenated conditions, capable of re-
pair induction (solid line);

– acutely hypoxic cells, capable of repair induction, but
protected by an OER of 3 (
);

– chronically hypoxic cells, protected by an OER of 3, but
with no capacity for repair induction (
).

For simplicity, in this first example, in illustrating the
influence of inducible repair on the curve shapes, the
surviving fraction at 2 Gy (SF2) has been kept constant
(0.5) for the four cell lines.

Fig. 3. Correlation between the extent of inducible repair (IRR)
and the radiosensitivity (SF2) for 18 sets of data from the litera-
ture. The curve fitted to the DMIPS data has been derived after
progressive dissection of the factors that contribute to these
parameters (see Daşu & Denekamp (49) for sources of data and
details of the analysis). The curve relating IRR and SF2 has been
used for the calculations in the rest of this paper.
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Fig. 4. Examples of the survival curves obtained when the ra-
diosensitivity and repair capacity are linked by the relationship in
Fig. 3. The four panels represent cells with the indicated levels of
sensitivity (SF2) and inducible repair (IRR). Curves are shown in
each panel for oxic (solid line), acutely hypoxic (
) and chroni-
cally hypoxic (
) cells. The acute and chronic hypoxic cells show
grossly different levels of survival at 2 Gy.

progressively less cell kill is seen in the increasingly resis-
tant cell lines. This illustrates the immense impact of a
four-fold change in SF2 when it is raised to the 35th
power. Only in panel 5d do we see a cell kill in the oxic
compartment that is compatible with preservation of func-
tion of the normal tissues included in the high-dose
volume.

In panels 5b–d there are two other curves shown which
come from the computations of admixtures of increasing
fractions of hypoxic cells. If any acutely hypoxic cells are
added, in all panels we see an upward curve reflecting their
radioresistance. If, instead, we add chronically hypoxic
cells to the oxic cells, we see a progressive increase in the
extent of cell kill below that in a purely oxic population, in
proportion to the IRR value. Mixtures of acute and
chronic hypoxia with the oxic cells lie between these two

Fig. 5. Estimates of the surviving fraction after a series of 35
repeated fractions of 2 Gy to a fully oxic population (solid line,
shown for reference) or with the addition of increments of acutely
hypoxic (
), or chronically hypoxic cells (
). It has been as-
sumed that there is a return to the specified levels of cell mixtures
between fractions. There is a big difference in the cell kill achieved
in a fully oxic population with different SF2 values. Any acute
hypoxia reduces the overall cell kill in all four panels. Adding
chronically hypoxic cells increases the total cell kill, except in
panel a) where the cells have no capacity for inducible repair (i.e
equivalent to the classical LQ model). The sensitizing effect of
chronic hypoxia is most marked in the most resistant cell lines.

linked to the amount of inducible repair, using the equa-
tion for the curve in Fig. 3. A similar pattern emerges to
that presented in Fig. 2 but, in this more realistic simula-
tion of cell lines with varying radioresistance, the absolute
levels of kill of oxic cells are now reduced in the cell lines
with more inducible repair. It is still evident that the
greatest differential between acute and chronic hypoxia
occurs in the most resistant lines and that the chronically
hypoxic cells are more easily killed than the oxic cells when
IRR is above 1.0. This illustrates the difference in the
predictions of the LQ and LQ/IR model.

In order to consider the potential clinical impact of these
differences in cell survival for the three categories of oxic
and acute or chronically hypoxic cells, we have simulated
(Fig. 5) the effect of a fractionated schedule of 35×2 Gy
fractions for the four cell lines shown in Fig. 4. We have
first calculated the cell kill that would be achieved in a
fully oxygenated population of cells. This is represented by
the horizontal bar in each panel, ranging from 24 decades
to 4 decades of cell kill for the same total dose. Of course,
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Fig. 6. Dose-response curves representing NTCP and TCP as a
function of the dose administered as a series of 2 Gy fractions. An
oxic SF2 of 0.5 with an associated IRR of 5.6 have been assumed.
The normal tissue complications (shaded area) occur in a much
lower dose range than that used clinically. The tumour response
(solid line) appears in the clinically relevant dose range (60–70
Gy), but it cannot be achieved without disastrous complications,
even if chronically hypoxic cells are present (dashed lines). The
percentage of acute or chronic hypoxic cells used to compute the
dashed line is indicated in each panel.

lines representing additional 2 Gy fractions between 60
and 70 Gy total dose.

In each figure, the four panels show NTCP and TCP
curves for oxic populations and one mixed population of
oxic and hypoxic cells. A shaded band is shown represent-
ing K=104 to 105 for the normal tissue and a single solid
line is shown for K=109 for the fully oxic 10 g tumour.
The displacement of these two curves results entirely from
the difference in the level of cell kill needed for cure and
tissue failure and is in the opposite sequence compared
with clinical experience. The dashed line in each panel
represents the addition of the specified fraction of acute
(AH) or chronic (CH) hypoxic cells. The normal tissue
curves always reach 100% complications before any single
tumour is cured if all cells are oxic and there is no
difference in their intrinsic sensitivity. The negative differ-
ential is even greater if acutely hypoxic cells are added
(upper panel in each figure).

Fig. 7. Dose-response curves representing NTCP and TCP as a
function of the dose administered as a series of 2 Gy fractions.
Symbols are as described in the legend in Fig. 6. An oxic SF2 of
0.65 with an associated IRR of 10.5 have been assumed. The
NTCP and TCP curves are in the ‘wrong’ sequence in all four
panels although the negative differential is somewhat reduced
compared with SF2=0.5.

extremes, as shown in detail elsewhere (51). Fig. 5 illus-
trates how the chronically hypoxic cells may provide the
therapeutic window that is needed to explain the relative
positions of the TCP and NTCP curves in Fig. 1. A
mixture containing a proportion of chronically hypoxic,
repair incompetent cells can be much more sensitive than a
fully oxic population.

The next step in these modelling studies was to translate
such cell survival calculations into dose-response curves. In
Figs. 6–8 we show sample sets of data created using the
same relationship between SF2 and IRR as in Fig. 3 but
using a more restricted range of SF2 values. We have
varied the number of 2 Gy fractions to create a broad
range of doses against which to plot the TCP and NTCP
curves. The range of doses used with curative intent in
most radiotherapy departments is indicated by the vertical
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Fig. 8. Dose-response curves representing NTCP and TCP as a
function of the dose administered as a series of 2 Gy fractions. An
oxic SF2 of 0.8 with an associated IRR of 22.8 have been
assumed. The NTCP curves now fit the clinical expectation of a
small fraction of complications in the therapeutic dose range. The
oxic tumour is incurable and the addition of acutely hypoxic cells
requires more than 200 Gy for an observable response. However,
with 50% chronically hypoxic cells, with or without acutely hy-
poxic cells, it is curable and the desirable therapeutic window of
cure with few complications has been achieved.

further apart and in the ‘wrong’ direction. By contrast, the
addition of 20% or 50% of chronically hypoxic cells brings
the normal tissue and tumour curves closer together. Even
the admixture of both types of hypoxic cells (panel d)
shows curative tumour response, in the dose range of
therapeutic interest. This illustrates the potential impor-
tance of chronically hypoxic, repair deficient cells, but we
must also look for the conditions that allow a reversal of
the normal tissue and tumour response in the relevant dose
range. Only in the most resistant cell line (Fig. 8) do we get
the reversal of the TCP and NTCP curves that is needed to
explain the everyday clinical experience, i.e. very few com-
plications but a high tumour control probability. The TCP
is reduced somewhat but still in the therapeutic range if
some acutely hypoxic cells are added.

Thus, repair incompetence resulting from chronic hy-
poxia can provide a possible explanation of the common
clinical experience that TCP curves can lie to the left of
NTCP curves, but only if all the cells are intrinsically
radioresistant and a considerable fraction of the tumour
cells is repair incompetent. The question we then posed is
how many chronically hypoxic cells would be needed to
obtain this therapeutic window for each of these levels of
oxic radiosensitivity. We have next computed the dose
needed to obtain 50% local control for a wide spectrum of
IRR values and a wide variety of fractions of chronically
hypoxic cells to give the array shown in Table 1. The
parameters used for the calculations and the dose that
would produce 5% complications in normal tissues are
shown at the top of the table. In the lower four sections
are shown the simulated tumour populations with no acute
hypoxic cells or with an admixture of 5, 10 or 20%. The
combinations of oxic and AH+CH cells that give a
TCD50 within the normal therapy dose range (60 to 70 Gy)
are highlighted. For the entire range of intrinsic radiosensi-
tivities it is possible to model a combination of oxic and
hypoxic cells that would allow 50% tumour cure to be
obtained with clinically relevant doses. However, if the
oxic cells have an SF2 less than 0.7, the normal tissue
tolerance is exceeded with doses much lower than the
therapeutic dose range. An intrinsic radiosensitivity corre-
sponding to SF2=0.75 or greater is needed to explain the
clinical results. In successive sections of the table we see
that, even with the addition of radioresistant acute hypoxic
cells, tumours can be cured if there are enough radiosensi-
tive chronically hypoxic cells.

DISCUSSION

This paper has shown the importance of differentiating the
two types of hypoxia in building models to predict treat-
ment outcome. The inducible repair variant of the LQ
model and the concept of starvation-induced loss of repair
is needed instead of the simple LQ model and uniform

It is possible from these figures to determine what values
of IRR are compatible with the clinical experience of 5%
complications in the dose range 60–70 Gy. The results for
an SF2 of 0.5 are shown in Fig. 6. This is the most
common assumption in mathematical modelling studies. It
shows how disastrous such a scheme is predicted to be for
the normal tissue, which should be totally destroyed in all
patients at doses below 45 Gy. In Fig. 7 we show a similar
series for a slightly more resistant cell line (SF2 of 0.65).
The normal tissue complication curve is approaching 100%
in the therapeutic dose range. In Fig. 8, for the most
resistant cell line in these particular simulations (SF2 of
0.8), we finally achieve the desired therapeutic window, i.e.
a very low incidence of normal tissue complications in the
60–70 Gy dose range

In each figure the addition of radioresistant, acutely
hypoxic cells pushes the two curves of NTCP and TCP
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hypoxic protection. Only then can we predict the known
response of both tumour and normal tissue to fractionated
radiotherapy. These simulations provide a plausible expla-
nation of the common clinical experience that some tu-
mours can be cured without disastrous complications for
the patients. Surprisingly little attention has been paid to
the considerable discrepancy between the level of cell kill
that has been shown to lead to normal tissue injury in
animals and that needed for tumour eradication. This is
probably because it has not been possible, using the LQ
model, to incorporate these data and to come up with a
clinically reasonable outcome. Likewise, little attention has
been paid to the studies in the literature that have indicated
that the biochemical repair capacity of cells may be reduced
or abolished if the hypoxia is either very prolonged or
accompanied by glucose depletion.

Until the magnitude of IRR was identified, it would have
been difficult to predict that the potential increased sensi-

tivity resulting from the loss of repair in energy-deprived
cells would be so much larger than the simple acute
hypoxic protection. The widely accepted existence of
chronic hypoxia in tumours has therefore not previously
been seen as important, or as a way of providing a
differential that explains the current success of radiother-
apy. The concept of a low stem-cell fraction has usually
been put forward in order to explain how a cure can be
achieved with a lower dose than that predicted to be
necessary to kill every tumour cell. That argument has been
dealt with elsewhere (62, 63). The low stem-cell concept
does not need to be invoked if, instead, we incorporate the
known facts about chronic hypoxia and if we allocate a
value (IRR) for the increased sensitivity due to repair
incompetence that is directly linked to radioresistance.

The question of how a normal tissue can tolerate the same
level of dose as that needed for tumour cure has notbeen
incorporated into most modelling studies. It has been

Table 1

Doses needed to achie6e 5% NTCP or 50% TCP in mixed populations of cells. Bold numbers show the
clinically rele6ant dose ranges that gi6e tolerable normal tissue complication rates abo6e the clinical dose

range or at least 50% tumour control probabilitiesbeloe the clinical dose range

Cell parameters

Oxic SF2 0.50 0.900.800.750.700.60
IRR 22.817.113.38.55.6 51.2

Dose in 2 Gy fractions needed to achieve 5% NTCP
in populations of 104 or 105 cells

45104 56 73 15423 32
1989372584130105

AH CH Dose in 2 Gy fractions need to achieve 50% TCP
in mixed populations of 109 cells
610 4001890 14711883

0.2 56 680 86 98 113 157
0.40 51 57 66 71 77 91

0 0.5 49 53 58 61 65 73
0 0.6 47 48 51 53 55 60

1521228563 41500.05 195
0.05 0.2 58 70 89 101 116 160

78 92726759530.40.05
0.5 50 540.05 59 62 66 74

48 50 53 54 56 600.05 0.6

126 157 20265 4300.1 0 88
0.1 73 91 103 118 1620.2 60

696154 930.40.1 8074
0.1 0.5 756752 646156

6157555451500.60.1

0 70 95 135 168 217 4640.2
0.2 64 77 96 109 124 1680.2
0.4 580.2 64 72 77 83 95
0.5 56 59 640.2 66 69 76

62595856540.2 530.6
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assumed that optimized dose conformation, even in con-
ventional therapy, means that most normal tissue is in the
penumbra. The fact that a margin of at least 2 cm is
included around the tumour and is prescribed to receive
the same dose as the tumour (i.e. is within the prescribed
treatment volume) means that up to 10 times more normal
tissue than tumour is usually taken to the full prescribed
dose. Indeed for some cancers, e.g. bladder, the whole
organ is deliberately treated to the full dose, yet it contin-
ues to function for many years. It is difficult to understand
why such treatments do not lead to huge necrotic masses,
unless we postulate that SF2 values higher than 0.7 are
commonplace. Fig. 3 shows that 14/18 cell lines used in
these studies have SF2 values above 0.6. In addition, it was
clearly shown in the 1970s that intracellular contact makes
cells much more resistant than if they are irradiated as
single cells (66–69). This is seldom considered in relation
to predictive assays of single cells in culture.

Because of the importance of the therapeutic implica-
tions, we have recently reviewed in detail the evidence for
the new inducible repair concept (49). This is based on
cell-survival studies which allow the fine structure of the
survival curve to be elucidated and on fractionated studies
of normal tissue and tumour response using very small
fractions (38–47, 70, 71). Specialized techniques have been
developed, both in vivo and in vitro, to obtain the very
high precision that is needed to demonstrate this low dose
hypersensitivity. These are described in detail elsewhere,
together with some of the other predictions about possible
clinical consequences (49–53). In earlier publications we
have focused on the possibility that 0.5 Gy fractions may
be useful for specifically overcoming the resistance of the
acutely hypoxic cells because of the crossover of the curves
shown in Figs. 2 and 4. In the present paper we have
focused instead on the implications of inducible repair for
understanding the success of conventional therapy and
have recognized the potential of chronic hypoxia as a
means of explaining tumour radiosensitivity.

Hypoxia has been recognized for decades as one of the
most characteristic features of solid tumours. Many differ-
ent approaches to novel radiotherapy protocols have been
based on the desire to remove the radioprotective effect of
hypoxia: 100% or 95% oxygen levels, either at normal
pressure or at hyperbaric pressure have been used. The
whole field of oxygen mimetic sensitizers is based on the
implicit assumption that all hypoxic cells are equally resis-
tant. This includes the drugs that have gone into clinical
trials (metronidazole, nimorazole, misonidazole, pimonida-
zole and tirapazamine), and also the later concept of
bioreduction of prodrugs in hypoxic cells. The use of high
LET particles, both neutrons and heavy ions, is also built
on the concept that the hypoxic radioresistance with pho-
tons will be reduced with higher LET radiations. All of
these approaches have given slightly encouraging results in
some clinical trials but they have all been very disappoint-

ing compared to the high expectations from the radiobio-
logical principles.

Most of the thinking in this field was built on the
original model of Thomlinson & Gray (18) of chronic
hypoxia. No fundamental change in thinking occurred
when the two different forms of hypoxia were recognized.
Reinhold first described intermittent closure of vessels
using thin tumour sandwich preparations in the early
1970s (72, 73). This has subsequently been confirmed by
many authors, in sandwich tumour preparations, by dual
staining techniques and with Doppler measurements of
changes in blood flow (27–29, 74–76). We believe that the
clinical disappointments with methods aimed at overcom-
ing hypoxic radioresistance may become more understand-
able if those strategies are re-evaluated using the new
knowledge about the magnitude of inducible repair in
different tumour lines and if a clear distinction is drawn
between acute and chronic hypoxia.

In studies of the influence of modifying factors, most
experimenters attempt to change only one factor at a time,
thereby allowing the dissection of the importance of differ-
ent factors. In this way the impact of dose rate, the
time-scale of DNA repair, etc, are elucidated. In the
studies of hypoxia, almost all experimenters have grown
cells in ideal conditions. They have then changed the
oxygen tension in the gas phase shortly before irradiation,
either to pure nitrogen or to defined low oxygen tensions,
but without altering the nutrient content of the medium.
In this way, an understanding of the redox chemical
aspects of free radical scavenging in the microseconds after
the ionizations has been built up and the OER dependence
on oxygen concentration has been obtained (77–82). In
almost all studies the gas has been changed back to air
immediately after the irradiation, allowing the cells to
repair in ideal conditions. These experimental conditions
may provide a reasonable model of acute hypoxia, but
they mimic only cells with that particular sequence and
time-scale of deoxygenation and reoxygenation, closely
linked to the timing of the irradiation.

These conditions do not mimic at all closely the chronic
hypoxia that Thomlinson & Gray (18) initially described
from histological examinations of human lung cancers.

A few experimenters have attempted to simulate more
closely the poor nutrient conditions that are believed to
coexist with hypoxia at several cell diameters away from
the capillaries in tumours. They have used contact inhib-
ited plateau phase cultures, either fed or starved, and have
reduced both the oxygen tension and the glucose and other
nutrients that are available to the cells (54–61, 83–86).
These studies are less easy to undertake because the cul-
ture conditions themselves are more toxic to the cells,
yielding a lower plating efficiency in the control dishes.
Nevertheless, this may be a much better model of the
environment within tumours, where the cells have been
predicted from labelling studies to survive for only 5–11 h
in the last hypoxic layer next to necrosis (87, 88).
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Experiments with both hypoxia and nutrient depriva-
tion, or just prolonged hypoxia extending into the post-ir-
radiation period, have shown that the shoulder on the
single-dose survival curve is diminished or lost, and the
ability to repair between fractions is also lost (54–61,
83–86). This has been matched to the fall in cellular
energy charge. Thus hypoxia has been demonstrated to
have two opposing effects, depending on the time-scale
and/or the other nutrient conditions. There is a very fast
chemical protective effect and a much slower biochemical
sensitization effect. Surprisingly little attention has been
paid to these very important observations. We believe that
they are the key to understanding the differential between
tumour and normal tissue response.

We should then ask what time-scales will dictate
whether a cell should be resistant due to hypoxia or
sensitized by it. Rapid mixing of streams of oxic and
hypoxic cells and very fast kinetic studies using a gas
explosion technique have been used in vitro to define the
ultrafast time-scale associated with radiochemical protec-
tive effects. The level of oxygenation at the instant of
irradiation is crucial. However, the oxygen tension can be
increased microseconds later and not influence the hypoxic
radioprotection, because of the short lifetime of free radi-
cals (80, 82). In animals, it is a little more difficult to
predict how rapidly cells in a tissue or tumour can become
sufficiently hypoxic to be fully resistant to radiation or to
lose their energy charge. In the 1970s an in vivo clonal
assay for epidermis was used as an artificially hypoxic
model to investigate oxygen-mimetic radiosensitizers (89).
This involved rendering the skin acutely hypoxic by giving
the mice pure nitrogen to breathe before irradiation. An
increase in the radioresistance could be achieved by a
factor of 2.5–2.8. An experiment to determine how long
they needed to breathe nitrogen showed that full resistance
developed within 20 seconds of changing the gas supply. In
that time all the oxygen in the 1 litre irradiation container,
in the lungs, in the blood stream and in the cells could be
depleted. Thus we can assume that in tumours complete
radioresistance will also occur within a very short time
(seconds to minutes) of cessation of flow through any
individual blood vessel.

What, then, of the time-scale of hypoxia leading to
energy charge depletion? Studies in vitro have shown that
if all oxygen and glucose is removed, the energy charge
drops within an hour or two (59, 86). Studies with MRS
have shown that the time-scale is faster in vivo, though it
is slower than the time-scale of developing hypoxic ra-
dioresistance. The use of a clamp to occlude the blood
supply or of hydralazine or BW12C pharmacologically to
shut down the tumour vasculature led to reductions in
ATP 15–30 min after the hypoxia was initiated, although
radioresistance was demonstrated within minutes (32).
This time-scale of tens of minutes to hours to deplete the
cellular energy reserves means that cells that have been

pushed down a nutrient gradient over many hours or days,
especially in an environment that is low in glucose, are
very likely to be energy deprived.

31P-MRS and bioluminescence studies of both animal
and human tumours have shown that low ATP is a
common phenomenon (30–34, 90–96). It is not possible to
quantify from the MRI images exactly how many of the
cells are ATP deficient due to chronic hypoxia, though it
may be possible to do this with bioluminescence. The
extent of energy charge depletion varies from one tumour
type to another, being less marked, for example, in
gliomas, which are known to be characterized by an
extremely rich capillary network.

The main techniques used to quantify hypoxia in tu-
mours in vivo have been the micro-electrode and more
recently bioreductive stains (20–22, 95–98). We deemed it
important to consider which type of cell is identified by
these two techniques. The Eppendorf electrode is the most
widely used tool and often referred to as the ‘gold stan-
dard’. It contains a recessed electrode, which in the early
model was 12 mm diameter and in more recent models is
17 mm. A hemisphere of cells contributes to the oxygen
measurement and is proportional to the diameter of the
electrode. We estimate that the detection volume includes
about 70 cells for the older 12 mm electrode and 500 cells
for the most recent 17 mm model. We have modelled in the
computer a regular array of tumour cords in which we
have been able systematically to investigate the relation-
ship between the architecture and the average oxygen
tension registered by the electrode (99). We have mimicked
the diffusion gradient, and have positioned the electrode
tip on cells with known pO2 values. We have systemati-
cally altered whether the electrode is looking up a gradient
towards a capillary or down a gradient towards necrosis.
These modelling exercises show that such an electrode can
never determine the absence of oxygen in a single anoxic
cell layer or even two adjacent cell layers because of
contamination by better-oxygenated layers that are within
its detection volume. We therefore conclude that such
probes, when they do detect very low pO2 values, are more
likely to be measuring areas in which flow has temporarily
ceased, i.e. areas of acute hypoxia.

The correlations that have been seen between hypoxia
measured in this way and clinical outcome would then be
in agreement with the predictions of the model used in this
paper (100–102). However, the acutely hypoxic cells de-
tected around a closed vessel are mixed with the chroni-
cally hypoxic cells that pre-existed when the vessel was
open because of diffusion distances. Thus, the fraction of
radioresistant hypoxic cells will be overestimated. Further-
more, if any individual vessel has been closed for more
than 15–30 min, all the cells may have already fallen in
energy reserves. It is easy to imagine that they could
therefore transiently change from a radioresistant to a
radiosensitive state and back again if flow then resumes.
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The bioreductive stains are also difficult to interpret.
Three of those that are currently available, NITP, EO5
and Pimonidazole, are nitro-imidazoles with side chains
that are detectable by antibodies (23–26). These are me-
tabolized by an enzyme requiring process, but only in
conditions of low oxygenation. They are then converted to
a bound product that can be detected by immunohisto-
chemistry. The pro-stain is normally kept in contact with
the cells for at least an hour or two in order to get a good
distinction between the signal and noise from background
staining. Indeed, with Pimonidazole, which is currently
undergoing clinical tests, exposure times of at least a day
are being used between injection and removal of the
biopsy (97, 98). Since no distinction has been considered
necessary between acute and chronic hypoxia, this long
interval has not been considered important. We predict
that this may lead to difficulties in interpreting the predic-
tive value of the data. A cell will bind the stain when it is
at a point in the nutrient gradient where it is still biochem-
ically active, though it has reached a critically low level of
oxygen. It seems to us unlikely that such a cell will be in
the same state many hours or even days later.

The modelling in this paper emphasizes the importance
of having more information about the kinetics of hypoxia,
about the availability of other nutrients and the critical
levels of both oxygen and glucose that are needed to tip a
cell from hypoxic protection to hypoxic radiosensitization.
These data are needed in order to interpret the results that
are coming from current tests of predictive assays, which
seek correlations with clinical responses. A measurement
of energy charge may have more prognostic value. If a
technique can be developed to distinguish clearly between
acute and chronic hypoxia, it will then be possible to test
the predictions we have made. At present it seems to us
unlikely that composite estimates of hypoxic fractions will
have good prognostic or predictive value, since they may
contain different contributions from resistant acute and
sensitive chronically hypoxic cells.

The present modelling also invites an alternative way of
considering the estimates of SF2 that are being made in
individual tumours. Some authors have found these to
have predictive value, whereas others have not (5–13). Our
modelling confirms that very sensitive cells should be more
readily cured, but only at the expense of unacceptable
levels of normal tissue injury. This has already been en-
countered in several clinics when Ataxia Telangiectasia
patients have been treated. For the more usual range of
radiosensitivities (SF2=0.5–0.8) we have shown that there
may be a close link between the outcome of treatment and
the combination of SF2 and chronic hypoxia, which will
not be anticipated from either assay alone. Indeed these
modelling studies provide an explanation for the poor
absolute correlation between the SF2 and the dose pre-
dicted to cure the tumours. Those studies in which a wide
range of SF2 values have been found, show a similar rank

order to the clinical tumour outcome, but no direct quanti-
tative link. A 10 g tumour with an SF2 of 0.1 should have
a TCD50 of 18 Gy, whereas one with an SF2 of 0.9 would
require 400 Gy. In reality, most of these tumours show
between 5 and 95% local control in the commonly used
clinical range of 60–70 Gy. This would not be predicted
from classical radiobiology but would be predicted from
these new modelling studies (Table 1). It is intriguing to
note that glioblastomas have been reported to have MRS
spectra and bioluminescence patterns that are more like
normal brain than most tumours (93, 94), and are known
to have a very rich capillary network. This could be part of
the explanation for their exceptional radioresistance, since
they may not be benefiting from the sensitizing effect of
chronic hypoxia. If they have SF2 values in the region of
0.8, we would predict that doses in excess of 200 Gy would
be needed to cure them, unless some way can be found of
increasing their level of energy depletion. This could ex-
plain why no benefit has been seen with altered fractiona-
tion or chemical modifiers that offer a gain of only
10–50% in dose effectiveness.

Further modelling and experimental studies are needed
to consider these predictions in detail. The computations,
so far, indicate that increasing the level of chronic hypoxia
before each radiation treatment might be a very effective
strategy for cancer therapy with both radiation and
chemotherapeutic drugs. Cells resist the effects of all
DNA-targeted cytotoxic agents by DNA repair mecha-
nisms and it is highly likely that a similar form of inducible
repair occurs in response to low doses of common
chemotherapeutic agents. Increased energy depletion
(chronic hypoxia) could be achieved with mild hyperther-
mia, non-metabolizable glucose substitutes, reduced in-
haled oxygen for half an hour before therapy, or drugs
such as hydralazine or BW12C. If these were combined
with reoxygenation immediately before and during irradia-
tion, we would predict a further beneficial result. On the
other hand, simply increasing the access to oxygen, espe-
cially for a prolonged period that allows cellular energy
stores to be replenished, would be predicted to be counter-
productive. It is interesting to note that little benefit of
hyperbaric oxygen or normobaric carbogen was seen when
prolonged pre-irradiation breathing times were used, either
in laboratory animals or in the clinic (103). We can now
speculate that these studies may have permitted restoration
of the energy charge in some of the previously chronically
hypoxic tumour cells and thereby abolished their biochem-
ical radiosensitivity. By contrast, short pre-irradiation
breathing times have been shown to be an advantage in
experimental animals (103) and have recently led to sur-
prisingly good clinical results in advanced head and neck
tumours when combined with nicotinamide (104). Since
chemical substitutes for oxygen cannot be used in
metabolism, the offsetting of energy charge against ra-
diosensitization should not be such a problem as with
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oxygen itself (105). This may explain why the non-toxic
but weakly electron-affinic sensitizers, metronidazole and
nimorazole, have been so effective in several clinical series
(106–109).

CONCLUSION

We believe that the concepts that have emerged from the
adoption of the inducible repair variant of the Linear
Quadratic model have opened many new horizons in the
field of applied radiobiology. It is time for a paradigm
shift. The central dogma of considering all hypoxic cells to
have the same radioresistance is over-simplistic and not
supported by laboratory data. The present calculations
highlight the danger of oversimplified models. They indi-
cate the urgent need for a re-evaluation of some of the
most fundamental principles and concepts in radiobiology.
When this takes place, a number of puzzling anomalies
will perhaps be better explained and new approaches to
utilizing chronic hypoxia as a weapon to cure radioresis-
tant tumours, perhaps even gliomas, may be recognized.
More complex modelling now needs to be undertaken to
incorporate gradients of oxygen and hence of radioresis-
tance, reoxygenation kinetics and the addition of cells due
to proliferation during fractionated radiotherapy.
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100. Höckel M, Schlenger K, Aral B, Mitze M, Schaffer U,
Vaupel P. Association between tumor hypoxia and malig-
nant progression in advanced cancer of the uterine cervix.
Cancer Res 1996; 56: 4509–15.

101. Kolstad P. Intercapillary distance, oxygen tension and local
recurrence in cervix cancer. Scand J Clin Lab Invest 1968;
106 (Suppl): 145–57.

102. Nordsmark M, Overgaard M, Overgaard J. Pretreatment
oxygenation predicts radiation response in advanced
squamous cell carcinoma of the head and neck. Radiother
Oncol 1996; 41: 31–9.

103. Siemann DW, Hill RP, Bush RS. The importance of the
pre-irradiation breathing times of oxygen and carbogen (5%
CO2: 95% O2) on the in vivo radiation response of a murine
sarcoma. Int J Radiat Oncol Biol Phys 1977; 2: 903–11.

104. Kaanders JH, Pop LA, Marres HA, et al. Accelerated
radiotherapy with carbogen and nicotinamide (ARGON) for
laryngeal cancer. Radiother Oncol 1998; 48: 115–22.
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