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Abstract

The interest in theoretical modelling of radiation response has grown steadily from a fast method to estimate the gain of new
treatment strategies to an individualisation tool that may be used as part of the treatment planning algorithms. While the
advantages of biological optimisation of plans are obvious, accurate theoretical models and realistic information about the
micro-environmental conditions in tissues are needed.

This paper aimed to investigate the clinical implications of taking into consideration the details of the tumour
microenvironmental conditions. The focus was on the availability of oxygen and other nutrients to tumour cells and
the relationship between cellular energy reserves and DNA repair ability as this is thought to influence the response of the
various hypoxic cells. The choice of the theoretical models for predicting the response (the linear quadratic model or the
inducible repair model) was also addressed.

The modelling performed in this project has shown that the postulated radiobiological differences between acute and
chronic hypoxia have some important clinical implications which may help to understand the mechanism behind the current
success rates of radiotherapy. The results also suggested that it is important to distinguish between the two types of hypoxia

in predictive assays and other treatment simulations.

Theoretical modelling of radiation treatment is now
widely used both for evaluating old treatments and
for estimating the potential gain of new strategies.
Identifying biologically relevant input parameters
has allowed the use of theoretical modelling to
predict the response to fractionated treatments.
This has then led to the inclusion of biological
endpoints into treatment planning algorithms. For
this purpose it is important to have an accurate
theoretical model to describe the radiation response
as well as realistic information about the micro-
environmental conditions knowing that they greatly
influence the radiation response.

Many years ago it has been recognised that the
tumour microenvironment differs considerably from
that of normal tissues [1] and that it influences
greatly the result of cancer therapy [2]. It is thus
known that a brief interruption of the oxygen supply
to the cells determines an increased radioresistance.
However, less known is the effect of nutrient
deprivation which results in a depletion of the cellular

energy reserves [3-5]. The DNA repair process
requires the activation of many enzymes [6] and
therefore cells having low energy reserves would be
less able to induce the repair processes and conse-
quently they are expected to be more sensitive than
those with plenty of energy [7,8]. This was observed
experimentally in cells lacking both oxygen and
nutrients and in cells oxygenated briefly after chronic
nutrient starvation [9-15]. The incapacity of the
starved cells to induce the repair mechanisms has
some very interesting consequences for the hypoxic
cells that have been deprived of other nutrients, some
of which have been described elsewhere [16,17].
Thus, the brief interruption of the oxygen supply to
the acutely hypoxic cells determines an increased
radioresistance, while the prolonged lack of oxygen
and other nutrients in starved chronically hypoxic
cells results in a radiosensitisation. Although this has
been known or postulated for some time, its implica-
tions have generally been discussed only on a
qualitative level. This study aims to bridge the gap
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and investigate in a quantitative fashion the clinical
implications of taking into consideration these differ-
ences in the radiobiological responses of acutely and
chronically hypoxic cells in order to get an estimation
of the magnitude of the difference that will appear if
this aspect is neglected for predictive purposes.

Materials and methods

Tumour microenvironment was simulated using the
method described in Dasu et al. [18]. Thus, a Monte
Carlo method was used to generate tissues with
blood vessels placed according to ranges of experi-
mentally measured distributions of intervascular dis-
tances. The oxygenation of the tissue was calculated
numerically from the differential equation describing
the oxygen transport, the result being an oxygena-
tion map which reflects the limited diffusion of
oxygen into the tissue and hence the diffusion
limited or chronic hypoxia demonstrated experimen-
tally by Thomlinson and Gray [19] and later by
Tannock [20]. The temporal component of hypoxia,
the perfusion limited or acute hypoxia, suggested by
Brown [21] to occur due to the transient collapsing
of the tumour blood vessels as the result of increased
interstitial pressure or temporary vessel occlusion
due to “rigidised” blood cells in the acid environ-
ment was simulated according to the method de-
scribed in Dasu et al. [18] by the random closure of
some blood vessels in the simulated tissue. Several
patterns of acute hypoxia were modelled for a
treatment simulation as the time-scale for this type
of hypoxia ranges from a few minutes to hours and
therefore it is not likely to have the same oxygenation
pattern through consequent radiation fractions. It
was thus possible to simulate a realistic temporal
variation of tumour oxygenation which may be
encountered in clinical practice. Furthermore, being
able to simulate both types of hypoxia which overlap
in a real tumour has the advantage that it is possible
to know at any moment the probable contribution of
each hypoxia aspect to the oxygenation status of
every cell in the tissue. This method was used to
simulate the oxygenation of several tissues with
various mean intervascular distances ranging from
60 pum to 120 pm and thus covering a whole range of
tumours with various vascular densities. Low pO,
values were assumed for the boundary conditions at
the tumour blood vessels as these originate on the
venous side of the vasculature [1].

The cellular survival was calculated theoretically
using the models described below and taking into
account the relationship between radiosensitivity
and oxygenation on one hand and energy reserves
on the other hand. As the same blood vessel network
is used to transport both oxygen and other nutrients,

it was assumed that diffusion-limited hypoxic cells
are also nutrient deprived and hence energy deprived
in contrast to the perfusion limited hypoxic cells that
have quite high energy reserves. This assumption
was made bearing in mind that the timescale for the
depletion of the energy reserves is about one to two
hours [4,7], i.e., longer than the intrinsic timescale
of a few minutes which characterises acute hypoxia
and hence that it is extremely unlikely that acutely
hypoxic cells would experience a drop in cellular
energy which might impede their repair mechan-
isms. The equation proposed by Alper and Howard-
Flanders [22] was used to describe the variation in
radiosensitivity with oxygen tension.

The response of the whole tumour tissue was
described in terms of the tumour control probability
(T'CP) by assuming a Poisson function (Equation 1):

TCP = exp[—N-SF,,] (1)

where N is the number of clonogenic cells in the
tumour and SF,,, is the total cellular survival at the
end of a fractionated treatment schedule. For
calculations we have assumed that there are about
10°-10® viable cells per gram of tumour, which
corresponds to a reasonably low cell packing factor
and clonogenic density. According to this assump-
tion, a fairly small tumour of about 2.5-3 cm in
diameter would contain 10° cells.

Mathematical models to describe tissue response to
radiation

Among the models that are being considered for the
biological optimisation of treatment planning, the
linear quadratic (.LQ) model [23-27] would appear
to be the first choice, as it has been used successfully
for years for iso-effect calculations of fractionated
treatments with a rather large range of fractional
doses. According to the LQ model, the dependence
between cell survival and radiation dose is given as:

SF(D) = exp(—aD — fD?) (2)

where D is the radiation dose and « and f are cell-
specific parameters.

However, a series of experiments initiated in the
mid-1980s [28,29] have shown that the LQ model
fails to predict the cell response to very small doses
of radiation (below 0.5-1 Gy). This hypersensitivity
to low doses has been shown to exist iz vivo both in
normal tissues [28-31] and in tumours [32,33] as
well as in a wide range of cell lines studied i vitro
[34-42]. Experiments are still performed in order to
establish the mechanism of the hypersensitivity at
low doses, but it seems that it has a molecular origin,
being an adaptive response to radiation damage,
similar to other stress responses [43-45]. It thus
appears that unirradiated cells are in a radiosensitive
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ground state and the recognition of radiation-in-
flicted damage to the DNA by a checkpoint in the
G2 phase of the cell cycle induces effective repair
mechanisms to deal with the damage [45]. The fact
that the full induction the repair mechanisms seems
to appear for radiation doses in the clinical range
might have important implications for the clinical
applications involving low levels of irradiation for the
normal tissues such as intensity modulated radiation
therapy.

Consequently, several alternative models [29,36,
46] have been proposed to replace the LQ model. All
these models assume different mechanisms for the
transition from the sensitive to the resistant state of
the cell. Thus, the model proposed by Joiner and
Johns [29] is an adaptation of the LLQ model which
assumes a gradual transition that is consistent with
the repair rate being related to the level of damage:
the more damage is inflicted, the more efficient the
induction of the repair mechanisms. By contrast, the
model proposed by Wouters and Skarsgard [36]
assumes that the cells need a certain threshold level
of damage to activate the repair mechanisms, while
the activation has an “on-off” characteristic, activa-
tion meaning fully resistant response and inactiva-
tion fully sensitive response. Finally, Lind et al.
[46] used an approximation of a Poisson model to
account for the accumulation of damage into the
cells and the activation of the cellular repair.

Among these three models, the Joiner and Johns
model [29] is the most convenient to use, as it is
closely related to the LQ model and can therefore
use the large database of LQ parameters which have
been derived along the many years of use of the latter
model. It also has to be mentioned that the Joiner
and Johns model [29], which we will refer to as “the
linear quadratic model with inducible repair” (LQ/
IR) or simply as “the inducible repair model”, is
virtually identical to the linear quadratic model
above 1 Gy and up to several tens of Gy (the dose
range where the LQ model has been used with
reasonable accuracy) for oxic cells.

According to the Joiner and Johns model [29] the
hyperradiosensitivity at low doses is described math-
ematically by an exponential variation of the
shoulder slope with dose. By this variation, one can
assume that the competition between the repair and
fixation of lesions is taken into account. The
equation that gives the surviving fraction after dose
D according to the LQ/IR model is:

SF(D) = exp{—I;x;R [1 +(IRR — 1)exp (—sﬂ

C

xD — /)’DZ} (3)

where IRR is the inducible repair ratio, a parameter
describing the total inducibility of the cellular repair
mechanisms, and D¢ is the dose at which 1 — /e (i.e.
63%) of the transition to the maximum repair
capacity has occurred. The «g parameter is the initial
slope of the dose survival curve at very low doses and
gives the maximum sensitivity of the cells. The
shoulder slope denoted by « in the classical LQ
model is given by the ratio ag/IRR. It has to be
mentioned that the IRR parameter is very important
for the shape of the cell survival curve at low doses. It
has been shown to vary considerably between 1 and
20 or even more [42] for most of the cell lines
investigated, even though a fraction of them (about
one fifth of them) do not seem to exhibit inducible
repair.

Energy starvation and repair impairment

We have previously studied the influence of energy
starvation on radiation response by assuming that
the full sensitisation has a magnitude given by the
IRR parameter of the LQ/IR model [16,17,47]. In
order to account for the gradient of sensitivities
resulting from the different degrees of starvation
caused by the nutrient diffusion from the blood
vessels, we have assumed a sigmoid function similar
to that describing the oxygen effect with the max-
imum value equal to IRR for cells situated close to
the blood vessels which have abundant supply of
nutrient compared to those further away. This
assumption was made taking into consideration
that both oxygen and other nutrients such as glucose
diffuse from the blood vessels and are gradually
consumed in the tumour cells (preferentially through
a glycolytic metabolism).

Thus, the general equation used to describe the
cell survival in a point in tissue is:

g 1
DMF, IRR,

SF(D) = exp { —

D
X [1 + (IRR; — 1)exp (—)]
D. - DMF,,

DMF;
where DMF,, DMFp, DMF; are dose modifying
factors given by the Alper and Howard-Flander’s
[22] equation according to the local oxygen tension
or pO, caused by the superposition of perfusion
limited and diffusion limited hypoxia and IRR; is the
inducible repair ratio given by the local diffusion
limited oxygenation.

Through Equation 4 it is therefore possible to
account both for the radioresistance conferred by the

xD —
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oxygen depletion through the DMF,, DMFp and
DMFj factors and for the biochemical radiosensiti-
sation linked to long term nutrient and oxygen
starvation in the diffusion limited hypoxic cells.
Thus chronically hypoxic cells are more sensitive
than the acutely hypoxic cells due to reduced
inducibility of repair. It may even happen that
chronically hypoxic cells could be more sensitive
than the glucose-fed oxic cells if IRR is greater than
the radiochemical hypoxic protection (DMF of 2 to
3). By contrast, acutely hypoxic cells, for which the
nutrient deprivation is relatively short, have high
energy reserves and are thus capable of inducing the
DNA repair mechanisms and are hence radioresis-
tant. On the other hand, if oxygen supply is restored
to the starved hypoxic cells, they lose the chemical
radioresistance conferred by the absence of oxygen
and provided that the oxygenation is very brief they
cannot also gain the DNA repair capacity. Using the

assumptions above, the response of tissues with
various degrees of oxygenation was investigated for
various fractionated radiation treatments. The re-
sults of the modelling were then compared to clinical
situations.

Results

Figure 1 shows cell survival curves for the various
assumptions regarding the chemical and biochemical
modification of radiosensitivity for various extents of
inducibility of the repair mechanisms. The curves
were calculated with generic parameters which give a
surviving fraction at 2 Gy (SF,) of 0.5 for the fully
oxic cells, under the assumption that o/f =10 Gy
[48]. These assumptions are universal enough to
illustrate the concepts illustrated in this paper and
have often been used for modelling the tumour
response.
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Figure 1. Cell survival curves for the various assumptions regarding the chemical and biochemical modification of radiosensitivity
for various extents of inducibility of the repair mechanisms. Dashed lines — oxic cells; dotted lines — chronic (starved) hypoxic cells; solid

lines — acutely (fed) hypoxic cells.
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In panel la are presented survival curves for oxic
and hypoxic cells having an IRR of 1, corresponding
to either no or full induction of repair. The response
of these cells is described by the classical L.Q model.
According to the predictions of this model, there is no
difference between the responses of acutely and
chronically hypoxic cells. By contrast, if the inducible
repair ratio is larger than one, i.e. the response of the
cells is described by the LLQ/IR model (as in panels
1b—d), there is a clear difference between the
predicted response of acutely and chronically hypoxic
cells. The latter (starved cells) having low energy
reserves, are unable to induce the repair mechanisms
and therefore have an extremely sensitive response,

while the former (fed cells) induce the repair me-
chanisms determining the appearance of a pro-
nounced shoulder in the survival curve. As the
value of the IRR increases progressively in panels
b-d, the difference between the predicted responses
of the two types of hypoxic subpopulations increa-
ses. Thus, the difference between the curve for
acutely hypoxic cells and the curve for chronically
hypoxic cells gradually increases. For the most extre-
me case presented in panel 1d, it may even happen
that the fully chronically hypoxic cells are more
sensitive than the oxic cells. It has to be mentioned
that all the curves in Figure 1 represent the extreme
radiosensitivities that may be encountered, as the
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Figure 2. Typical oxygenations caused by the diffusion limitations (left panels) or by the combined effects of diffusion limitations and
perfusion limitations (right panels) in tumours with the specified mean intervascular distances (IVD).
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radiosentivity of the cells varies from that described
by the oxic curve for the well oxygenated and fed cells
to that given by the acutely hypoxic curve for the
poorly oxygenated cells but with strong energy
reserves and eventually to that described by the
chronically hypoxic curve for the poorly oxygenated
and simultaneously starved cells.

Figure 2 shows typical oxygenations in the mod-
elled tissues caused by the diffusion limitations (left
panels) or by the combined effects of diffusion
limitations and perfusion limitations (right panels).
As expected, a decrease in the vascular density (an
increase in mean intervascular distance) leads to a
deterioration of the tissue oxygenation. Further-
more, the temporary closure of some of the blood
vessels in the tumour worsens the oxygenation of the
tumours. However, it is not easy to predict the
overall response of the tissues illustrated in Figure 2
as the two processes that lead to the appearance of
tumour hypoxic influence differently the radiosensi-
tivity of the cells.

Table I shows the estimated tumour control
probabilities for a relatively small tumour of 10°
cells treated with a fractionated treatment of 33
fractions of 2 Gy each under the assumption that the
tumour contains only diffusion limited hypoxia. The
results show that for no or small inducible repair
(IRR =1-3) the decrease in vascular density corre-
lates with a decrease in probability to control the
tumour. Furthermore, the presence of the relatively
radioresistant chronic hypoxic cells decrease the
overall probability of control which is about 89%
for a population of fully oxic cells. In contrast, in the
more extreme case when the inducibility of repair is
moderate to large (IRR =5-10), the diffusion limited
hypoxic cells are quite radiosensitive and their
presence in the tumour might increase the prob-
ability of control even beyond the predictions for a
purely oxic population. This may appear at first
quite improbable, but one has to bear in mind that
there are quite a number of tumours characterised by
much larger intervascular distances [1,49] which are
successfully irradiated in spite of the theoretical
predictions of zero probability of control (see for

Table I. Tumour control probabilities for tissues with various
degrees of diffusion limited hypoxia. The calculations were
performed for various assumptions regarding the inducibility of
the repair of the cells.

Mean intervascular

distance (um) IRR=1 IRR=3 IRR=5 IRR=10

60 58% 84% 87% 89%
80 38% 81% 86% 89%
100 0% 72% 87% 94%
120 0% 62% 88% 96%

Table II. Tumour control probabilities for tissues with various
perfusion limited hypoxia superimposed onto the diffusion limited
hypoxia. The calculations were performed for various assumptions
regarding the inducibility of the repair of the cells.

Mean intervascular

distance (um) IRR=1 IRR=3 IRR=5 IRR=10
60 37% 2% 7% 80%
80 1% 28% 39% 48%

100 0% 0% 3% 17%

120 0% 0% 1% 16%

example the third and fourth row in Table I). These
results show quite clearly the relative effect of a
subpopulation of chronically hypoxic cells. Even
though the absolute levels of local control will
change for differently-sized tumours (e.g., larger
tumours would have lower TCP values for the
same dose level or would require higher doses to
achieve the same TCP level), the presence of a
radiosensitive sub-population of chronically hypoxic
cells would improve the probability of local control.

The effect of perfusion limited hypoxia is pre-
sented in Table II which gives the corresponding
TCP values if acute hypoxia appears in the con-
sidered tumours due to the temporary collapse of
some vessels. Thus, the presence of perfusion limited
hypoxia worsens the response as it is associated with
an increase in cellular radioresistance. This is seen
by a decrease in the predicted TCP when compared
to the corresponding values in Table I, as well as a
progressive decrease of the TCP for increasing
intervascular distances. It has to be mentioned
however that if one takes inducible repair into
consideration, for the case of the more repair
competent cells the presence of the radiosensitive
chronically hypoxic cells actually increases the over-
all probability of control, and as such the existence of
the repair incompetent subpopulation of chronically
hypoxic cells in tumours might provide one of the
explanations for the clinical success of radiotherapy,
as illustrated in an earlier study [16] which made
use of a simple model with a three-compartment
population.

Discussion

Taking inducible repair into consideration for mod-
elling purposes has many clinical implications in
spite of it not being present directly in the clinical
dose range. Based on the experimentally demon-
strated difference in the radiobiological response of
the two types of hypoxia, we have analysed its
implications for clinical applications in an attempt
to obtain a better understanding of tumour response
to radiation. In this respect we have tried to integrate
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the cellular effects of oxygen deprivation with those
resulting from a shortage of nutrients as it occurs in
the tumours. In particular, the mechanism of induc-
tion of repair that is behind the LQ/IR model was
assumed to quantify the extent of radiosensitisation
for the repair incompetent, starved hypoxic cells in
comparison to the well-fed hypoxic cells or even the
oxic cells.

It is well recognised that tumour vasculature is
rather poor compared to that of normal tissues, the
former having an almost chaotic structure charac-
terised by low vascular density, poor blood flow and
low nutrient content [1,49,50]. Low vascular density
leads to a chronic insufficiency of oxygen and
nutrients for some cells, named either chronically
hypoxic or diffusion limited hypoxic. While there are
some molecular mechanisms which trigger the for-
mation of new blood vessels into the starved regions,
the intense proliferation of tumour cells outgrows
the angiogenesis process and hence perpetuates the
existence of starved cells in the tumours. Super-
imposed onto the regions with chronically low
supplies of oxygen and nutrients, the transient
collapsing of the tumour blood vessels due to
increased interstitial pressure or temporary vessel
occlusion due to “rigidised” blood cells in the acid
environment determines variations in the blood flow
that translate into further poor supply of oxygen and
other nutrients. It has to be mentioned however that
these latter effects have a much shorter life-time than
the former ones, an aspect usually ignored when
considering their influence on the radiosensitivity of
the cells. Thus, it has usually been assumed that the
response of the cells is given by the oxygen starvation
and therefore that starved diffusion-limited hypoxic
cells are equally radiosensitive with the fed perfu-
sion-limited hypoxic cells. Many experimental stu-
dies have however shown that starved cells have low
energy reserves [3-5] which result in poor repair of
DNA damage [7,8] and hence in an overall radio-
sensitisation [9-15] compared to the well fed cells.
The contribution of the nutrient starvation is essen-
tial for the sensitisation process as it has been shown
that oxygen removal alone for a long period of time
does not lead to radiosensitisation [51]. These
results are wusually overlooked when modelling
or analysing the clinical implications of tumour
hypoxia.

In practice, many human tumours are eradicated
within a therapeutic window of 60-70 Gy with the
preservation of the function of the adjacent tissue.
Due to the largely non-organised structure of
the tumour tissue and considering that in tumours
the tissue function is growth and/or regrowth, all the
clonogenic tumour cells are potential rescuers. This
means that all the clonogenic cells in a tumour

should be destroyed in order to eradicate it. It is
likely that clinical tumours have rather large number
of cells of the order of 108-10° or maybe even more.
Not only the number of clonogenic cells represents a
serious obstacle for the success of radiotherapy, but
the increased proliferation in tumours and the radio-
resistance conferred by hypoxia to the nutrient fed
cells are further motives for tumours to escape
eradication with radiation doses that allow the pre-
servation of the normal tissue function. Indeed it has
previously been shown that assuming full radioresi-
tance for the tumour hypoxic cells could increase the
dose needed to eradicate the tumours up to 200 Gy or
more in the intrinsically radioresistant cells [16].
However, in spite of the general correlation between
intrinsic radiosensitivity and success of radiotherapy
described by Fertil and Malaise [52], the dose levels
implied in practice are nowhere near the values
derived from simulations. Thus, it seems that the
difference in radiobiological response of the various
hypoxic cells in tumours may provide one of the
explanations of the clinical success of radiotherapy.

In this respect we have shown that integrating the
different radiobiological response of starved and fed
cells into the modelling of tumour response could
bring the predictions of the probability to control the
tumour closer to the clinical observations. Thus, the
presence of tumour hypoxia (especially the well fed
repair competent type) worsens the overall response
to radiation, but the radiosensitisation of the starved
hypoxic cells narrows the dose range needed for a
favourable response to radiation treatment. Further-
more, for the cells with high capacity of inducing the
repair mechanisms (high IRR), it may happen that
the presence of radiosensitive cells might be the key
to successful understanding of the differential bet-
ween tumour and normal tissues [16]. The relatively
fast disappearance from the tumours of the chroni-
cally hypoxic cells, although related to the nutrient
starvation, has to be treated separately, as it is part of
the huge cell loss that characterises the tumours. In
the steady state of an unirradiated tumour, the death
of the chronically hypoxic cells counteracts only part
of the increase in cell number through proliferation.
On the other hand, it has been suggested that cellular
loss in irradiated tumours might improve the nu-
trient supply and thus rescue the otherwise doomed
hypoxic cells [53]. Thus, cell death due to starvation
alone does not seem to account for the narrowing of
the therapeutic dose range.

The assumption that tumours contain repair
deficient hypoxic cells does not contradict other
experimental results regarding tumour oxygenation.
The postulated radiosensitisation of starved hypoxic
cells is superimposed over the chemical radioresis-
tance conferred by the absence of oxygen. Thus, an
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improvement in the oxygenation of the repair
deficient hypoxic cells would result in increased
radiosensitivity due to the oxygen effect. However,
the timescale of the oxygenation is very important as
illustrated by Foster et al. [54]. If the oxygen was
available to the starved hypoxic cells only for a brief
period before irradiation, the energy charge of the
cell is unlikely to have been modified and conse-
quently the repair deficiency is retained leading to a
sensitisation as observed in the experimental studies
of Pettersen and Wang [14] or Zoélzer and Streffer
[15]. On the other hand, if the oxygen was available
for the cells for a time long enough so that the energy
reserves of the cell are increased through the
metabolisation of other nutrients, the radiosensitisa-
tion due to impaired repair mechanisms might
decrease and it will compete with the chemical
radiosensitisation process due to the presence of
oxygen. In this case, the response of the tumour on
the whole might not modify much as has indeed
been seen in clinical practice with hyperbaric oxygen
or normobaric carbogen when prolonged pre-irra-
diation breathing times showed relatively little ben-
efit in comparison to short ones [55,56]. On the
other hand this might also explain the clinical
efficiency of oxygen mimetic sensitizers which are
not used in cellular metabolism [57].

The different radiobiological response of starved
and fed hypoxic cells could also explain why there
have been found only few correlations between
energy charge parameters and tumour oxygenation
or radiobiological hypoxic fraction [58]. Low energy
charge parameters are correlated only with chronic
hypoxia, while tumour oxygenation refers to the
oxygen availability, not taking into consideration
other nutrients. On the other hand radiobiological
hypoxia is a complex parameter that is given by the
combined response to radiation of all the subpopula-
tions in the tumour (oxic, fed hypoxic and starved
hypoxic). It is therefore unlikely that an a prior:
correlation will be found between these parameters.

Other clinical implications of the process of
induction of repair relate to the reduced effective
hypoxic protection (OER’) of the acutely hypoxic
cells that has been observed in hyperfractionated
experiments. Early experiments performed by Litt-
brand and his co-workers [59,60]-who compared
the survival at the same dose (per fraction) for oxic
and hypoxic cells over the dose range 0.5 — 1.5 Gy—
showed a reduced hypoxic protection at these low
doses and sometimes irradiations in extreme hypoxia
produced the same cell kill as in oxic conditions.
Several years later, Taylor and Brown [61] have seen
that fractionated experiments performed with 1.7 Gy
per fraction in oxic and hypoxic conditions yielded
an OER’ of only 1.34, much lower than the

commonly reported values of 1.8-2.5 that were
obtained in single dose experiments [62-65]. Taylor
and Brown [61] attributed the reduced OER’ to a
decreased repair capacity of the hypoxic cells, but
they failed to identify the reasons for this impaired
repair. These observations have been explained
elsewhere [66,67] by using the LQ/IR model
through a different activation of the repair mechan-
isms in oxic and hypoxic cells. Thus, in the clinical
dose range, the repair mechanisms are more or less
fully activated in the oxic cells, while for the hypoxic
cells they are closer to the ground state and thus the
cells are far from their full radioresistance. This
means that for the hypoxic cells, radiation in this
small-dose range is more damaging per unit dose
than for the oxic cells. In terms of survival curves this
means that hypoxic cells would have a less shoul-
dered curve that could be interpreted as a decreased
ability to repair potential and/or sublethal damage as
was proposed by Taylor and Brown [61] using a
target theory model. This means that hyperfractio-
nating a treatment would result in less hypoxic
protection even in the acutely hypoxic cells and
therefore in improved tumour control. Conversely,
increasing the dose per fraction would lead to an
increase of the hypoxic protection as observed
experimentally by Yaromina and co-workers [68].

It thus appears that the dependence of the DNA
repair rates on the cellular energy charge and
oxygenation plays an important role in determining
the radiation response and thus might have poten-
tially serious clinical implications.

Conclusions

The use of the inducible repair for simulations of the
tumour response to radiation has many clinical
implications. Thus, it could explain some unusual
reports in the literature with respect to hypoxic
protection and it could also predict more accurately
the tissue response in the low dose region.

More important, the distinction between the
different types of tumour hypoxia based on their
physiological and radiobiological characteristics
could provide a better understanding of the mechan-
ism behind clinical radiation therapy and a re-
evaluation of some conflicting results or puzzling
anomalies. In particular, the use of the LQ/IR model
allowed an easy quantification of the radiobiological
differences between acutely and chronically hypoxic
cells. The clinical implications of the postulated
physiological and radiobiological differences be-
tween acute and chronic hypoxia also suggested
that it is important to distinguish between the two
types of hypoxia in predictive assays and other
treatment simulations.
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