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Abstract

Background. Conventionally fractionated radiotherapy (CFRT) has proven ineffective in treating non-small cell lung 
cancer while more promising results have been obtained with stereotactic body radiotherapy (SBRT). Hypoxic tumours, 
however, might present a challenge to extremely hypofractionated schedules due to the decreased possibility for inter-
fraction fast reoxygenation. A potentially successful compromise might be found in schedules employing several frac-
tions of varying fractional doses. In this modelling study, a wide range of fractionation schedules from single-fraction 
treatments to heterogeneous, multifraction schedules taking into account repair, repopulation, reoxygenation and radio-
sensitivity of the tumour cells, has been explored with respect to the probability of controlling lung tumours.
Material and methods. The response to radiation of tumours with heterogeneous spatial and temporal oxygenation 
was simulated including the effects of accelerated repopulation and intra-fraction repair. Various treatments with respect 
to time, dose and fractionation were considered and the outcome was estimated as Poisson-based tumour control prob-
ability for local control.
Results. For well oxygenated tumours, heterogeneous fractionation could increase local control while hypoxic tumours 
are not efficiently targeted by such treatments despite reoxygenation. For hypofractionated treatments employing large 
doses per fraction, a synergistic effect was observed between intra-fraction repair and inter-fraction fast reoxygenation 
of the hypoxic cells as demonstrated by a reduction in D50 from 53.3 Gy for 2 fractions to 52.7 Gy for 5 fractions.
Conclusions. For well oxygenated tumours, heterogeneous fractionation schedules could increase local control rates 
substantially compared to CFRT. For hypoxic tumours, SBRT-like hypofractionated schedules might be optimal despite 
the increased risk of intra-fraction repair due to a synergistic effect with inter-fraction reoxygenation.

Radiobiological modelling enables the exploration of 
various treatment scenarios with respect to physical 
parameters, such as treatment time, dose and frac-
tionation, as well as the radiobiological properties of 
both tumour and normal tissues. While the clinical 
interpretation of the results of such model calcula-
tions is highly dependent on the model and choice 
of parameters, the relative impact of various pro-
cesses can be qualitatively studied and assessed. For 
example, the impact of both radiosensitivity and 
reoxygenation has previously been studied [1–3] by 
simulating and mathematically taking into account 
the spatial and temporal patterns of tumour oxygen-
ation for calculations of cell survival. In order to  

perform a more comprehensive radiobiological eval-
uation of a wide range of treatment schedules with 
respect to the overall treatment time, dose and frac-
tionation, the remaining three Rs of radiobiology – 
repair, redistribution and repopulation – need to be 
considered as well [4].

While the inter-fraction repair of sublethal dam-
age is eloquently described by the a/b-ratio in the 
linear-quadratic (LQ) model [5], treatments with 
large doses per fraction or complicated beam arrange-
ments might take long enough to also allow for repair 
during the delivery of one fraction. Depending on 
the overall delivery time from the first beam-on time 
to the last, the intra-fraction repair might need to be 
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seriously considered in relation to the success of the 
treatment. On the other end of the fractionation 
spectrum, multifraction treatments lasting for several 
weeks and thus exceeding the kick-off time for accel-
erated repopulation might compromise the treatment 
outcome as well [4]. In the search for an optimum 
manner of delivering radiotherapy, such aspects need 
to be taken into account.

In this study, a previously used tumour model 
was further developed to include the effects of intra-
fraction repair and accelerated repopulation in addi-
tion to modelling the tumour oxygenation and its 
impact on the radiosensitivity. Furthermore, in the 
pursuit of an optimal fractionation strategy, sched-
ules employing heterogeneous doses per fraction 
have also been considered.

Method and materials

The study was performed based on a previously used 
in silico model originally derived from oxygenation 
calculations from experimentally obtained inter-vessel 
distance distributions [6,7]. Voxelised three-dimen-
sional (3D) models can thus be created to simulate 
tumours with heterogeneous oxygenation including 
the possibility to model both fast and slow reoxygen-
ation as previously described [6,8–10]. In this study, 
the model was further developed to include the effects 
of intra-fraction repair, accelerated repopulation and 
heterogeneous fractionation by modifying the LQ 
expression for surviving fraction accordingly.

Thus, in the original model, tumours with het-
erogeneous and dynamic oxygenations were simu-
lated and the survival was assessed on voxel level 
using the LQ model and incorporating the dose-
modifying effect of hypoxia [11]. The basic LQ- 
expression for surviving fraction SF after a dose d 
was hence modified to include oxygen modifying  
factors (OMFs) depending on the local oxygen ten-
sion (pO2) and calculated on voxel level [8,12]:
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To study the effect of intra-fraction repair, the 
expression for survival in Equation 1 was further 
modified as [13]:
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The repair rate m is calculated as ln(2)/trepair where 
trepair is the half-time of the repair of sublethal dam-
age. A dose-rate of 2 Gy per minute and a repair 
half-time of 15 minutes were assumed in the present 
simulations corresponding to a fast component of 
repair [14].

For treatments lasting for several weeks, it is 
expected that an accelerated repopulation of the 
tumour cells is going to take place for the latter part 
of the treatment. To take this effect into account, the 
survival is instead calculated as:
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where Tpot is the potential doubling time of the clo-
nogenic cells, T is the overall treatment time and TK 
is the kick-off time for accelerated repopulation [4]. 
In this study, Tpot was assumed to be 5 days and TK 
14 days [15], corresponding to a loss of 0.4 Gy per 
day.

As an alternative to both extremely hypofrac-
tionated SBRT and conventionally fractionated 
radiotherapy (CFRT), a different schedule could 
be considered in which an escalated dose per frac-
tion is delivered on days preceding or following a 
short interruption of the treatment as represented 
by the weekends. To simulate such a heterogeneous 
fractionation schedule, Equation 4 was further 
modified as:
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where fbase and fesc are the frequencies of fractions 
delivering a baseline dose dbase and an escalated dose 
desc respectively. The escalated doses per fraction desc 
were simulated to be delivered on maximally two 
days per week depending on the overall number of 
fractions.

Two different heterogeneous oxygen distributions 
were considered for the simulated tumours in this 
work. On one hand, an overall well oxygenated 
tumour was simulated resulting from a mean inter-
vessel distance (IVD) of 100 mm, and leading to a 
hypoxic fraction (HF) less than 5 mmHg of  1%. 
On the other hand, a hypoxic tumour with a core of 
12 mm (with a mean IVD of 160 mm) surrounded 
by a less hypoxic external rim (mean IVD of 110 mm) 
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D is the total dose delivered in the fractionated 
regime.

Results

In Table I, the impact of intra-fraction repair is dem-
onstrated by a higher value of the dose required for 
50% TCP (D50) compared to the case of no repair 
for all schedules. This effect is mostly pronounced 
for the single-fraction schedules where there is a dif-
ference in D50 of 6.5 Gy between repair and no 
repair. At 10 fractions the corresponding difference 
has been reduced to 1.1 Gy as a result of the lower 
dose per fraction. In the case of no reoxygenation, 
the D50 increases with the increasing number of frac-
tions both with and without intra-fraction repair; this 
can also be seen in the dose-response curves in  
Figure 1. Thus, the impact of inter-fraction repair is 
not substantially counteracted by the decrease in 
intra-fraction repair when increasing the number of 
fractions. However, the overall difference in D50 
between the 10-fractions schedule and the single-
fraction schedule is 38.5 Gy with intra-fraction 
repair, and 43.9 Gy assuming no repair during treat-
ment. This demonstrates the relative benefit from 
employing multiple fractions given the decreased 
possibility for intra-fraction repair which is mostly 
pronounced when going from 1 to 2 fractions. In the 
case of intra-fraction repair, an increase in D50 of 
10.7 Gy is required, compared to 12.8 Gy without 
repair.

Taking into account an oxygenation that changes 
locally between fractions as a result of fast reoxygen-
ation, the D50 is substantially reduced for all fraction-
ation schedules considered as shown in Table I and 
illustrated by the dashed curves in Figure 1. Further-
more, it is interesting to note that if intra-fraction 
repair is considered, the D50 with reoxygenation de 
facto decreases when going from 2 to 5 fractions and 
then increases at 8 and 10 fractions. This phenom-
enon is only seen when intra-fraction repair is 
included (Figure 1a) and thus demonstrates a syner-

was also simulated. The hypoxic tumour had a  
resulting HF of about 21%. All modelled tumours 
had a diameter of 20 mm, corresponding to a volume 
of 4.2 cm3.

Both static and dynamic oxygenation patterns 
were considered, either assuming that the oxygen 
distribution was constant throughout the treatment 
(no reoxygenation) or that it changed between frac-
tions (reoxygenation). For schedules employing up 
to 10 fractions, only local changes in the oxygen 
distribution were considered by randomly redis-
tributing the oxygen tension values without chang-
ing the magnitude of the hypoxic fraction. This 
corresponds to the fast reoxygenation of acutely 
hypoxic cells. For the hypoxic tumour, shrinkage in 
the radius of the more hypoxic core of 0.4 mm per 
fraction was also simulated at every fraction follow-
ing the 10th fraction, simulating slow reoxygen-
ation coinciding with the onset of accelerated 
repopulation.

The LQ-model modified according to Equations 
1, 2 and 5 was used to calculate cell response on voxel 
level in simulated tumours with heterogeneous and 
dynamic oxygenations using an a of 0.35 Gy1 and 
an a/b of 10 Gy [15,16]. Overall tumour-response 
was estimated by calculating the tumour control prob-
ability (TCP) using a Poisson-based expression [4]:

TCP  exp(N⋅SF)� (6)

where N is the number of clonogenic cells (set to 
108) and SF is the surviving fraction given by either 
Equations 1, 2 or 5. Dose-response curves were gen-
erated by systematically increasing the total dose and 
fitting a logit expression [17] to the data points:
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where D50 is the dose required to achieve 50% TCP, 
g is the slope of the dose-response curve at D50, and 

Table I. D50 values for SBRT treatments with and without intra-fraction repair.

Intra-fraction 
repair

Reoxygenation 
pattern

D50 (Gy)

1 fx 2 fx 3 fx 5 fx 8 fx 10 fx

Yes No reoxygenation 51.7 62.4 69.4 78.5 86.7 90.2
Fast reoxygenation N/A 53.3 53.0 52.7 54.2 55.4

No No reoxygenation 45.2 58.0 66.0 76.2 85.4 89.1
Fast reoxygenation N/A 50.0 51.0 51.5 53.6 54.9

Values of D50 for the hypofractionated treatments of a hypoxic tumour with ≈21% hypoxic fraction; 
assuming either no or fast reoxygenation, with and without intra-fraction repair.
N/A, not applicable.
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gistic effect of inter-fraction reoxygenation and intra-
fraction repair.

The dose-response curves in Figure 2 indicate 
that a slight acceleration of the treatment by partly 
escalating the fractional dose could be beneficial with 
respect to local control for well-oxygenated tumours. 
For example, if a total dose of 60 Gy will be delivered 
in 30 equal fractions of 2 Gy, the overall treatment 

time if one fraction is delivered per day, five days  
a week, is 40 days. Assuming no reoxygenation,  
the corresponding TCP is 32%. If a total dose of  
60 Gy will be delivered in 9 fractions of 4 Gy and 12 
fractions of 2 Gy, the overall treatment time is only  
28 days and the corresponding TCP is almost  
100%. Thus, schedules with a baseline fractional 
dose of 2 Gy accompanied by an escalation to 3  
or 4 Gy per fraction for a maximum of two out of 
five days per week lead to an improved response 
compared to applying 2 Gy-fractions only. In fact, 
the heterogeneous schedules with no reoxygenation 
perform better than the homogeneous fractionation 
schedules assuming fast reoxygenation.

If instead the hypoxic tumour is treated with a 
heterogeneous schedule, the dose-response curves 
(dotted lines) in Figure 3 are obtained, displayed 
together with the dose-response curves from Figure 
1a assuming intra-fraction repair. If only fast reoxy-
genation is assumed to take place during the hetero-
geneous treatment, the resulting D50 is 67.6 Gy. As 
such schedules correspond to treatments that extend 
for several weeks it is reasonable to assume that some 
slow reoxygenation of chronic hypoxia also takes 
place. However, even under the rather optimistic 
assumption of a slow reoxygenation pattern corre-
sponding to shrinkage in the radius of the hypoxic 
island of 0.4 mm at every fraction after the 10th 
fraction, the D50 is only reduced to 61.0 Gy, perform-
ing slightly better than the 2-fractions schedule 
assuming no reoxygenation.

Discussion

The five Rs of radiobiology have long been used in 
the search of optimum fractionations aiming at 
maximising the response of tumours to fractionated 

Figure 1. Dose-response curves for various fractionation schedules 
with and without fast reoxygenation in a tumour with »21% 
hypoxic fraction. a) Including the effect of intra-fraction repair; 
(b) excluding intra-fraction repair.

Figure 3. Dose-response curves resulting from heterogeneously 
fractionated treatment of the hypoxic tumour assuming either fast 
reoxygenation only (orange, dotted curve) or both fast and slow 
reoxygenation (grey, dotted curve). The curves are displayed 
together with dose-response curves from Figure 1a (including 
intra-fraction repair).

Figure 2. Dose-response curves for the well-oxygenated tumour 
(HF  1%) treated with heterogeneous fractionation schedules 
versus schedules employing 2 Gy in all fractions.
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radiotherapy while minimising the effects of the 
normal tissues. Nevertheless, the recent years saw 
an increased interest in hypofractionated treatments 
making use of advanced imaging and radiation 
delivery techniques capable of minimising the vol-
ume of normal tissue included in the regions receiv-
ing therapeutic doses. This is the case of highly 
conformal or stereotactic treatments limiting the 
red shell of normal tissue, while delivering increas-
ing doses to the tumours [18]. Thus, while the 
objective is usually formulated as obtaining local 
control under the constraints of normal tissue com-
plication probability (NTCP), it could also be 
hypothesised that the trade-off between the five Rs 
with respect to their impact on local control repre-
sents an optimisation problem in itself. Under the 
assumption that the NTCP is not jeopardised, the 
mutual relationship between these processes could 
thus give an indication of an optimal treatment. 
While changes in any treatment protocol must be 
motivated by clinical evidence, there are substantial 
limitations with respect to what type of clinical trials 
– or even animal experiments – can be designed, not 
least from an ethical point of view. Thus, the kind 
of experimenting with time, dose and fractionation 
that is required in order to embark on the journey 
towards an optimal fractionation could almost 
exclusively be explored by radiobiological model-
ling. In this study, model parameters for NSCLC 
have been used, but the same methodology is appli-
cable to any tumour type given relevant parameters. 
Furthermore, the parameter values for the kick-off 
time, potential doubling time and repair half-time 
was assumed to be relatively short (14 days, five 
days and 15 minutes respectively). This rather 
extreme choice of parameters was deliberately made 
in order to study the impact of the individual pro-
cesses and also to put the results on the safe side 
with respect to achieving tumour control. However, 
for this type of study, the results are even less depen-
dent on the specific choice of parameter values and 
their inherent uncertainties as the emphasis is on 
the relative impact of different processes on treat-
ment outcome rather than analysing absolute 
numerical results alone. Nevertheless, it has to be 
mentioned that although the main aim of the study 
was not the comparison of the predictions of the 
model with the actual clinical data, the current 
results support the previous findings of the study by 
Lindblom et  al. [3] showing that the clinical out-
come of hypofractionated SBRT treatments is better 
predicted when fast reoxygenation is taken into 
account.

CFRT has generally failed to achieve satisfying 
rates of local control in non-small cell lung cancer 
[19] while stereotactic treatments as introduced in 

the 1990s for extra-cranial sites by Blomgren and 
Lax [20,21] has achieved promising results [22]. 
While offering a higher biological effectiveness and 
avoiding the problems associated with accelerated 
repopulation, it is however reasonable to question 
whether such hypofractionated schedules are effi-
cient enough in targeting hypoxic tumours given the 
limited time for inter-fraction fast reoxygenation. 
Thus, if hypoxia is the dominant factor influencing 
the treatment outcome, one might still have to con-
sider multifraction treatments. Furthermore, a higher 
dose per fraction or more complicated irradiation 
set-ups as might be required in e.g. SBRT will inev-
itably increase the risk of intra-fraction repair, poten-
tially contributing to a loss of local control.

The many processes that need to be factored into 
the alteration or design of a new radiotherapy fraction-
ation schedule hence often have opposite impact on the 
probability to achieve local control. Therefore, it is not 
a priori straightforward to predict the outcome of e.g. 
a reduced number or fractions or a partial escalation 
of the fractional dose based on educated guessing 
alone. For this purpose, radiobiological modelling 
using clinically derived parameters offers a powerful 
tool.

For example, when the number of fractions is 
increased, an accompanying increase in the total 
dose is expected in order to achieve the same level 
of tumour control due to the inter-fraction repair of 
sublethal damage. However, it was previously dem-
onstrated that such inter-fraction repair can be effec-
tively counteracted by the fast reoxygenation of 
hypoxic cells, also taking place between fractions 
[1,3]. Furthermore, in the present study it was found 
that fast reoxygenation not only counteracts inter-
fraction repair but it also acts synergistically with the 
reduction in intra-fraction repair for schedules 
employing 2–5 fractions. Thus, the combined effect 
when going from 2 to 3 or 5 fractions from the reduc-
tion in intra-fraction repair and the increased possi-
bility for inter-fraction reoxygenation leads to an 
overall reduction in total dose for an isoeffect despite 
employing more fractions. This reduction in D50 is 
however limited to these schedules as there is a shift 
towards higher doses for the 8-fractions schedule 
which is further pronounced at 10 fractions. The fact 
that this effect is limited to a certain fractionation 
range suggests that there might be an optimal num-
ber of fractions with respect to the trade-off between 
a reduced negative impact on local control of repair 
and a positive impact of reoxygenation for a slightly 
larger number of fractions.

While the doses required for the 2-fractions 
schedule might compromise the normal tissue toler-
ance, as long as the red shell of normal tissue is of 
less concern, these results could suggest that an 
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optimal treatment schedule for hypoxic NSCLC 
might be found between 3 and 5 fractions as is deliv-
ered in several SBRT treatments [22]. Such sched-
ules would correspond to enough inter-fraction 
reoxygenation while still delivering a highly effective 
treatment from a radiobiological point of view.

Heterogeneous fractionation has only been found 
as a competitive alternative in the case of an overall 
well-oxygenated tumour. For the hypoxic tumour, a 
schedule employing 2- and 4 Gy-fractions could not 
compete with the SBRT-like schedules in terms of 
achieving high levels of TCP despite considering a 
rather optimistic decrease in the hypoxic fraction 
during treatment. This is another example of a result 
that is perhaps not so intuitive, albeit evident from 
the present simulations.

In this work, the LQ model has been used to 
predict cell survival for doses per fraction exceeding 
what has been quoted as suitable given the discrep-
ancy between in vitro survival data and the continu-
ous bend of LQ survival curve [23]. However, in all 
the calculations the oxygen tension has been math-
ematically taken into account as this has been shown 
to extend the validity of the LQ model over a much 
larger dose range compared to one of its proposed 
alternatives [2].

An impact of redistribution of tumour cells within 
the cell cycle has not been included in the model 
calculations. At moderate doses per fraction, tumour 
cells are likely to become arrested in the cell cycle 
and die by mitotic death, while at the higher, SBRT-
like doses per fraction they are likely to die from 
apoptosis [24]. In either case, any effect of redistribu-
tion within the cycle is not expected and it has there-
fore been omitted in this work.

In relation to the effect of the time point of irra-
diation, the simulation of the heterogeneous fraction-
ations has not included any modelling of the 
particular repair status of the tumour cells with respect 
to when the escalated fractions were delivered. While 
the relative benefit of heterogeneously fractionated 
schedules compared to conventionally fractionated 
treatments might have been observed if this had been 
included, it would however not lead to a better out-
come in terms of the TCP. Nevertheless, in spite of 
these limitations, the present results have shown the 
potential of theoretical modelling in optimising frac-
tionated radiotherapy before costly and lengthy 
experiments or clinical trials could be initiated.

In conclusion, heterogeneously fractionated sched-
ules only proved to be effective in well-oxygenated 
tumours. Hypofractionated treatments of hypoxic 
tumours can however exhibit a synergistic effect from 
inter-fraction fast reoxygenation and intra-fraction 
repair of sublethal damage for a limited  
fraction range, indicating the existence of an optimal 

number of fractions to maximise the response of 
NSCLC.
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