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Abstract

Objectives

As a fractionated course of radiotherapy proceeds tumour shrinkage leads to resolution of hypoxia
and the initiation of accelerated proliferation of radioresistant cancer cells with better repair
capacity. We hypothesise that, in tumours with significant hypoxia, improved tumour control could
be achieved with bi-phasic fractionation schedules that either use acceleration after 3-4 weeks of
conventional radiotherapy or deliver a higher proportional dose towards the end of a course of
treatment. We conducted a modelling study based on the concept of biological effective dose (BED)

comparing such novel regimens with conventional fractionation.

Methods
The comparator conventional fractionation schedule was 70 Gy in 35 fractions delivered over 7
weeks was tested against the following novel regimens, both of which were designed to be
isoeffective in terms of late normal tissue toxicity.
Q) 40 Gy in 20 fractions over 4 weeks followed by 22.32 Gy in 6 consecutive daily
fractions (delayed acceleration)
(i)  30.4 Gy in 27 fractions over 4 weeks followed by 40 Gy in 15 fractions over 3 weeks

(temporal dose redistribution)

The delayed acceleration regimen is exactly identical to that of the comparator schedule over the
first 28 days and the BED gains with the novel schedule are achieved during the second phase of
treatment when reoxygenation is complete. For the temporal redistribution regimen it was assumed
that the reoxygenation fraction progressively increases during the first four weeks of treatment and

an iterative approach was used to calculate the final tumour BED for varying hypoxic fractions.

Results
Novel fractionation with delayed acceleration or temporal fractionation results in tumour BED gains

equivalent to 3.5 — 8 Gy when delivered in 2 Gy fractions.

Conclusion
In hypoxic tumours, novel fractionation strategies result in significantly higher tumour BED in

comparison to conventional fractionation.



Advances in knowledge
We demonstrate that novel bi-phasic fractionation regimens could overcome the effects of tumour

hypoxia resulting in biological dose escalation.
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Abstract

Objectives

As a fractionated course of radiotherapy proceeds tumour shrinkage leads to resolution of hypoxia
and the initiation of accelerated proliferation of radioresistant cancer cells with better repair
capacity. We hypothesise that, in tumours with significant hypoxia, improved tumour control could
be achieved with bi-phasic fractionation schedules that either use acceleration after 3-4 weeks of
conventional radiotherapy or deliver a higher proportional dose towards the end of a course of
treatment. We conducted a modelling study based on the concept of biological effective dose (BED)

comparing such novel regimens with conventional fractionation.

Methods
The comparator conventional fractionation schedule was 70 Gy.in 35 fractions delivered over 7
weeks was tested against the following novel regimens, both of which were designed to be
isoeffective in terms of late normal tissue toxicity.
Q) 40 Gy in 20 fractions over 4 weeks followed by 22.32 Gy in 6 consecutive daily
fractions (delayed acceleration)
(i)  30.4 Gy in 27 fractions over 4 weeks followed by 40 Gy in 15 fractions over 3 weeks

(temporal dose redistribution)

The delayed acceleration regimen is exactly identical to that of the comparator schedule over the
first 28 days and the BED gains with the novel schedule are achieved during the second phase of
treatment when reoxygenation is complete. For the temporal redistribution regimen it was assumed
that the reoxygenation fraction progressively increases during the first four weeks of treatment and

an iterative approach was used to calculate the final tumour BED for varying hypoxic fractions.

Results
Novel fractionation with delayed acceleration or temporal fractionation results in tumour BED gains

equivalent to 3.5 — 8 Gy when delivered in 2 Gy fractions.

Conclusion
In hypoxic tumours, novel fractionation strategies result in significantly higher tumour BED in

comparison to conventional fractionation.
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Advances in knowledge
We demonstrate that novel bi-phasic fractionation regimens could overcome the effects of tumour

hypoxia and offer improved tumour BED without compromising normal tissue tolerance .
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Introduction

Advances in technical radiotherapy have enabled superior spatial distribution of dose, resulting in
the delivery of treatment with greater anatomic precision. However, there has been little effort
focused on varying the temporal distribution of dose and most current schedules of fractionated
radiotherapy use a uniform dose per fraction for the whole course of treatment'. This is-despite
several studies providing significant evidence of temporal variations within radiobiological

processes during treatment.

Hypoxia is one of the main causative factors of radioresistance and there have been a number of
studies on the dynamics of hypoxia during a course of treatment. A small number of studies made
direct measurements of oxygen tension before and during radiotherapy with some showing an
improvement in oxygenation during radiotherapy®’. However, these findings were equivocal and
likely influenced by the timing of taking measurements in relation to irradiation. Hypoxia imaging
studies are easier to perform and have demonstrated a reduction in hypoxic volume as a course of
radiotherapy progresses*>®’. In a '*F-FAZA positron emission tomography (PET) study in patients
with squamous cell carcinoma of the head‘and neck a decrease in the hypoxic fraction from 21.7%
at baseline to 3.6% during treatment was demonstrated*. Similar findings have been reported in a
number of other hypoxia PET imaging studies™®’. These results suggest that tumour shrinkage
improves the ability of the tumour vasculature to supply oxygen and nutrients, resulting in an
increase in the reoxygenation rate which in turn leads to a significant reduction in the hypoxic

fraction, as treatment proceeds.

Tumour cell repopulation is more prominent after around 3-4 weeks of radiotherapy with increased
proliferation of clonogens at a rate faster than before treatment®®!%!!, This could be due to increases

in growth fraction and shortened cell cycle time resulting from tumour shrinkage and improved

8,9,10,11

blood supply . However, other studies suggest that release of cytokines by the inflammatory

response to radiation may also contribute to this phenomenon'?. The “kick-off time” of accelerated

repopulation is independent of dose delivered and is generally held to be around 21-28 days after

8,13,14,15

the start of a course of radiotherapy Accelerated repopulation is well recognised in certain

tumour types such as squamous cell carcinoma of the head and neck, urothelial bladder cancer, and

14,15,16,17

cervical cancer . However, in some tumours such as prostate cancer, evaluation of
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radiobiological data remains equivocal and some investigations do not show any evidence for this

phenomenon'®,

Several studies have demonstrated that tumour cells which survive to proliferate as a course of
radiotherapy progresses are more radioresistant and have better DNA repair capacity (i.e. reduced
o/P ratio) than at the onset of treatment, both due to the repopulation of intrinsically radioresistant
cells as well as adaptive changes induced by exposure to fractionated radiotherapy'®?%222, In vitro
studies of prostate cancer and neuroblastoma cell lines have shown that fractionated radiotherapy
leads to the selective proliferation of radioresistant tumour cells!®2!. Furthermore, a study of glioma
stem cells showed that fractionated radiotherapy results in activation of checkpoint proteins leading
to cell cycle arrest and synthesis of DNA repair proteins®. It has also been shown that certain lung
cancer cell lines surviving fractionated radiotherapy induce expression of genes associated with

DNA repair?*.

The therapeutic implications of the hypothesied changes in radiobiological phenomena during a
course of radiotherapy are listed in Table 1. As summarised in Figure 1, as a treatment course
proceeds, surviving clonogens are likelyto be better oxygenated, proliferating faster and more

radioresistant with superior repair capacity than at the outset.

Resolution of hypoxia should reduce the cumulative oxygen enhancement ratio (OER) for the
whole tumour during treatment. Therefore, for tumours in which hypoxia and delayed repopulation
are known factors of treatment failure, the use of accelerated fractionation after 3-4 weeks of
conventional - fractionation could lead to better outcomes than if acceleration was initiated from the
outset. Alternatively, greater effect could be achieved by delivering a higher proportion of dose

during the latter part of a course of radiotherapy when the tumour is relatively better oxygenated.

We conducted a radiobiological modelling study to test the hypothesis that regimens based on the
above premise may result in a superior biological effective dose (BED) to tumour compared with

conventional schedules?.
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Methods

1. Objective

The objective is to evaluate alternative fractionation schedules that intend to deliver a higher
biological effective dose to significantly hypoxic tumours whilst respecting a specified normal
tissue dose constraint. For the purposes of this study we assume that the hypoxic fraction reduces

significantly during the first 28 days of a course of conventional fractionated radiotherapy.

2 Derivation of alternative fractionation schedules

We compare a conventional schedule of 70 Gy in 35 fractions delivered over 7 weeks with two
alternative fractionation regimens derived from the methodology summarised below and described
more fully in the Appendix. Both alternatives are designed to match the late-responding normal

tissue BED of the conventional schedule.

2.1 Accelerated radiotherapy after 4 weeks of conventional radiotherapy.

Acceleration delivered over a whole course of radiotherapy could be counter-productive since the
highest proportion of dose might be given before the tumour has fully reoxygenated. We seek to
overcome this by using hypofractionation and/or accelerated hyperfractionation only after 3-4
weeks of conventional radiotherapy, thereby ensuring that reoxygenation is probably complete

before fractionation is altered.

The methodology involves calculating the optimum dose per fraction required to maximize the cell
kill during the final (fully-oxic) phase, as described in section A1 of the appendix?®*"¥.. Once the
optimum dose per fraction is derived then the corresponding number of fractions during the final
phase is calculated based on consideration of the normal tissue tolerance. It is assumed that the
critical normal tissue receives the same dose and dose—fractionation as the tumour. The optimum
fraction size is dependent on the values of the BED equivalent repopulation rate (K), which could

range from 0.6 Gy/day to 0.9 Gy/day, for tumours with a significant repopulation rate.
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2.2 Delivery of a proportionally higher total dose using increased dose per fraction after 4 weeks

Dose redistribution by delivering a proportionally higher phase-2 dose forms the basis of this
approach. It requires hyperfractionation over the first 28 days followed by hypofractionation, when
reoxygenation is assumed to be nearly complete. In this scheme the total dose, treatment duration,
BED oGy (for acute reactions) and BEDsgy (for late reactions) are designed to be identical to those
in a conventional schedule of 70 Gy in 35 fractions®®. Since the treatment durations are identical the

repopulation effect is assumed to be the same in both the novel and comparator schedule.

The objective is to derive a regimen that would deliver a proportionally higher BED during the
latter part of treatment, i.e. during weeks 5-7 of radiotherapy. We chose a value of 60% during the
second phase of treatment to ensure a balanced redistribution of dose.<This is achieved by using
larger fraction sizes in the second phase with the same number of fractions (15) as in the
comparator schedule. The method described by Joiner is then used to determine the fractionation

regimen for the first 4 weeks of radiotherapy?.

3. Calculation of improvement in tumour BEDs

3.1 Accelerated radiotherapy after 4 weeks of conventional radiotherapy.

In both the comparator and novel schedule the hypoxic and reoxygenation conditions during the
first 28 days are identical since the fractionation during this period is the same in both cases.
Therefore the tumour BEDs at 28 days, although unknown, are identical and all the BED gains in
the novel schedule are achieved in the final (accelerated) phase. Thus the numerical difference
between this phase-2 BED and that of the post-28 day BED of the comparator schedule yields the

absolute BED improvement for the entire novel treatment.

The methodology is described in more detail in section A1l of the appendix. As mentioned
previously, the derivation of the optimal fractionation regimen is based on an assumed value for the
BED equivalent repopulation rate (K). However, in clinical practice this value is likely to vary
between individual tumours. Therefore, tumour BED is computed for each fractionation regimen
for a range of K values, in addition to the one on which the regimen was derived. As mentioned
previously, it is further assumed that repopulation is fully underway at week 4 (kick-off time is less
than 28 days). While this is likely to be the case for many tumours there may be instances where the

kick-off time is in excess of 28 days and therefore an additional analysis is performed where
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tumour BED is calculated assuming the kick-off time is 35 days. Finally, we consider the impact on
tumour BED if repopulation does not occur, even though this approach is recommended only for

tumours in which accelerated repopulation is a well recognised phenomenon.

3.2 Delivery of a proportionally higher total dose with a high dose per fraction after 4 weeks

Assessment of the improvement in tumour BED is more involved in this case. This is because,
unlike the above, the fractionation pattern is now altered in both phases, meaning that the phase-1
BED of the novel schedule will not be the same as that of the comparator schedule and must
therefore be calculated separately. This requires assumptions to be made about the pattern of

reoxygenation during the first 28 days. .

It is assumed that the reoxygenation rate increases progressively with time independent of the
phase-1 dose delivered and that hypoxic cells which have not already been sterilised by radiation
move directly to an oxic state according to either a linear, sigmoidal reoxygenation versus time
model. In the sigmoid model, it is assumed that a reoxygenation rate of 50% (to) is reached by day
21. However we performed further analysis when the increase in rate is faster (to= 14 days) and
slower (to=21 days). In the linear model, it was assumed that the reoxygenation rate increases
uniformly to reach completion (100%) by day 28. We performed further analysis assuming
completion of reoxygenation is reached by day 21 and 35 to represent fast and slow rises in
reoxygenation rate. Since there could be tumours in which time dependent increases in
reoxygenation rate do not happen, we also tested our regimen in a fixed reoxygenation model

where the rate is assumed to be 5% for all fractions.

The OER for-hypoxic cells is assumed to be 2 and the modelling considers only discrete cellular
jumps from fully-hypoxic to fully-oxic status. Following conventional practice, and as
recommended by Chapman and Nahum?’, the oxic alpha and beta values are respectively changed
to alpha/OER and beta/OER? in hypoxic conditions. This step inherently assumes that the OER
exerts simply a dose modifying influence and is therefore fraction-size independent. There is some
evidence that effective OERs become smaller with reduced fraction sizes, especially at those
significantly less than about 2 Gy although to incorporate that possibility requires the assumption
of separate OER factors for alpha and beta**3!233_ The methodology for achieving this has been
disused in more depth by Jones et al, but the required factors usually need to be derived from in-
vitro studies, in-vivo based data being rarely available and/or difficult to derive®*. Furthermore,

some more recent in-vitro studies suggest that OERs may increase, decrease or remain the same as



©CO~NOOOTA~AWNPE

fraction size is altered, and this adds to the overall uncertainty®>. Since OER calculations are
required only in Phase 1 of the temporal dose redistribution exercise, for which fraction sizes are
either 2Gy (for the reference schedule) or 1.12Gy (for the novel schedule), the selection here of a
dose-independent OER value of 2, being somewhat lower than the more usually assumed range of
2.5 —3, 1is considered to be realistic. If it is the case that the effective OER is lower in Phase 1 of
the novel regimen than in the comparator schedule then that would mean that the true BED

improvements are likely to be better than those calculated here.

Repopulation is not considered as it is assumed to be the same in the reference and novel schedules,

overall treatment times being the same in all cases.

Modelling the effects of reoxygenation on a tumour with oxic and anoXic components could be

achieved by an iterative approach as shown by the work of Denekemp et al-and Jones et al**3,

A hypothetical two-compartment tumour initially made up of anoxic fractions ranging from 0 to 1
in increments of 0.1 is considered. To account for differences in intrinsic radiosensitivity (i.e. in a),
we consider tumours with an o/p of 3 Gy as well as 10.Gy. The BED for the novel and conventional
schedule is computed using an iterative approach for each hypoxic fraction, o/p ratio and
reoxygenation model using the methodoelogy described more fully in section A2 of the appendix

and briefly outlined below.

For each fraction the following steps are followed:

(a). For each dose fraction the reoxygenated fraction (RF) is calculated after deriving the

reoxygenation rate using either the linear or sigmoid model.

(b) After each dose the reoxygenated cell fraction is subtracted from the hypoxic fraction and added

to the oxic fraction.

(c) Steps (a) and (b) are repeated iteratively for each dose delivery. The surviving fraction of cells is
calculated for both the oxic and hypoxic components after each dose and progressively summed

until reoxygenation is complete.

(d). Tumour BED is then calculated for the novel and conventional regimen based on the final

surviving fraction of cells at the end of treatment using an assumed radiosensitivity (a) value of 0.3
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Gy'!. The increment in the novel BED over the comparator BED being the measure of treatment

improvement.

4. Calculation of normal tissue BED

BED1 oGy and BED;3gy for normal tissues were computed for the conventional and novel regimens to
compare acute and late normal tissue toxicity respectively. Since some of the novel regimens have

accelerated fractionation, weekly BED1ogy is also calculated as a measure of dose intensity.

Results

Tumour BED

Accelerated radiotherapy after 4 weeks of conventional radiotherapy.

Table 2 lists the derived optimal fraction sizes, adjusted fraction sizes and number of fractions for
each value of K. The BED gains for each alternative regimen and the conventional regimen for the
corresponding K value is listed in Table 3. The derived BED gains are also expressed as equivalent
dose in 2Gy fractions (EQD?2), the associated physical dose when delivered in 2Gy fractions. As
shown in this table, the highest gains are seen with high repopulation rates (large K), with a
marginally superior gain with a tumour o/f ratio of 3 Gy. These results suggest that 40 Gy in 20
fractions during days 1 to 26 followed by 22.32 Gy in 6 fractions during days 27-32 is the regimen
which stands to achieve the highest gains in BED from this approach.

Supplementary Table (S1) shows the corresponding BED values for each regimen for a wide range
of K values (0.3 — 0.9 Gy/day), kick-off times of 28 and 35 days and if repopulation does not occur.
(K=0).

Predictably, the best gains with the novel regimen are seen when the K value is high, there being
only marginal differences between each of the associated accelerated fractionation schedules. If
repopulation does not occur or when the K value is low (0.3 Gy per day) the accelerated regimen
results in more modest BED gains. However, and as indicated before, this regimen should only be
applied in tumours where the phenomenon of accelerated repopulation is well recognised as a cause
of treatment failure. In such cases the new results show that the novel regimes will almost always

out-perform conventional fractionation.
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Delivery of a proportionally higher total dose with a high dose per fraction after 4 weeks

As shown in section A.2 of the appendix, the final treatment regimen derived from this method
would be 30.24 Gy in 27 fractions over 4 weeks followed by 40 Gy in 15 fractions over 3 weeks.
To achieve the delivery of 27 fractions within the first 4 weeks of radiotherapy, and to avoid any

sequential use of closely-spaced fractions, weekend and/or bi-daily treatments would be required.

The BED1oGy and BEDsgy for a range of initial hypoxic fractions with linear, sigmoidal and fixed
reoxygenation models are listed in Table 4, along with the associated EQD2s. The BED of models
with slow and fast rise in reoxygenation rate are shown in Supplementary table S2, S3 for the

sigmoid and linear models respectively.

It can be seen that the novel regimen continues to show significant BED gains even with the fixed
reoxygenation rate model although, in this case the absolute BEDs are lower for both conventional
and novel regimens because fixed-rate reoxygenation results in a more selective survival of hypoxic
(and radioresistant) cells. Fixed-rate reoxygenation is unlikely but, even if this were the case, the

novel regimen still has superior BED to conventional fractionation.

The highest gains are achieved in tumours with larger hypoxic fractions, lower o/ ratio and with
the sigmoid model of reoxygenation. In the sigmoid model of time dependent increase in
reoxygenation rate, greater gains in BED are observed when the increase in rate is slower than if

there is rapid rise in reoxygenation rate.

Normal tissue Toxicity

Table 5 lists the BED for acute and late responding normal tissues for the conventional and novel
regimen, which indicate that the novel regimens are virtually isoeffective in terms of late toxicity.
In the case of Central Nervous System (CNS), the calculations (using an o/p of 2Gy) have been
based on the assumption that a physical dose sparing of at least 20% can be achieved in all the
regimens. For acute toxicity, with the strategy of conventional radiotherapy followed by
acceleration, the total BED1ogy is less than the conventional regimen, although it is delivered with a

slightly higher intensity due to shortening of treatment duration.
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Discussion

The objective of our modeling work was to investigate whether in principle a BED gain could be
achieved by the described novel strategies in fractionation. Our findings show that, in tumours with
significant hypoxia, an improved tumour BED could be achieved by using fractionation strategies
that either use acceleration in the latter part of treatment or use initial hyperfractionation followed
by hypofractionation. In both cases the altered fractionation is designed to cause no increase in

normal tissue toxicity.

The first alternative strategy discussed here, of acceleration after 4 weeks of conventional
radiotherapy, is independent of the dynamics of reoxygenation and of any assumption on its
relationship with absolute dose. It depends on achieving an improvement by manipulating
fractionation only after the majority of cells are fully oxygenated, making the modelling results
more robust. However, since accelerated fractionation is used, acute toxicity may be increased even
though the regimens are designed to be isotoxic in terms.of late toxicity. As shown in tables 3 and
S1, these regimen outperform conventional fractionation except when the repopulation rate is very
low or when accelerated repopulation does not occur. In terms of improved tumour control, the
absolute increases in tumour BEDs indicate that the novel schedules are capable of delivering
overall EQD2s (equivalent doses when delivered in 2Gy fractions) of between 3.5 and 8Gy. These
figures may seem relatively modest, but it should be recalled that the reference schedule delivers a
“true” tumour BED which is substantially less than the conventionally-calculated value, i.e. without
any allowance for the effects of hypoxia. The achievable BED gains at the higher end of the EQD2

range are therefore not insignificant.

The DAHANCA trials in head and neck cancer achieved significant improvements in survival by
shortening the overall treatment duration by one week>’. As such we feel our accelerated regimen

does have the potential to achieve clinically significant improvement in outcome.

Most current schedules of accelerated radiotherapy, involve treating multiple fractions per day or
additional fractions on weekends® %37, These schedules involve the delivery of a higher weekly
dose from the outset, leading to most of the dose being delivered when hypoxia is still present,
resulting in a reduced biological effect. Therefore, any gain resulting from accelerating is offset by
losses due to hypoxia. Restricting the treatment acceleration until after reoxygenation of hypoxic

cells is more complete overcomes this problem.
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The Meta-Analysis of hyperfractionated and accelerated Radiotherapy in Carcinomas of Head and
neck (MARCH) Collaborative Group report a significant improvement in local control with
accelerated radiotherapy with a hazard ratio (HR) of 0.74 (confidence interval [CI] 0.67-0.83)!°.
However, regional control is not significantly improved by accelerated radiotherapy (HR 0.9; CI
0.77-1.04)'°. Since hypoxic tumours have a more aggressive phenotype they are more likely to have
nodal metastases. The divergence of outcome in local and regional control with use of accelerated
radiotherapy could be due to tumour hypoxia reducing any therapeutic gain from shortening

overall treatment duration.

Similarly with hypofractionated schedules, the potential reduction in biological effect due to
hypoxia is even greater than in conventional regimens because the entire duration of treatment is
virtually completed before improvements in tumour oxygenation can take effect. Indeed, the meta-
analysis of concurrent hypoxia modification and radiotherapy in head and neck cancer showed a
larger numerical impact in patients treated with hypofractionation versus conventional
fractionation®®. The hazard ratio of hypoxia modification was 0.56 (95% CI 0.40-0.77) in

hypofractionated schedules while it was 0.77 (0.67—0.89) with conventional fractionation’®.

The second alternative strategy, of proportional dose escalation after 4 weeks, has the advantage
that it is designed to be isotoxic with the conventional regimen in terms of both acute and late
toxicity. In tumours with significant hypoxia, this strategy results in substantial gains (with EQD2s
again of up to 8Gy) and, sinceoverall treatment time is not altered, these gains are independent of
repopulation rate. However, the methodology needs assumptions to be made on the model of
reoxygenation independent of the dose delivered during the first 4 weeks of radiotherapy. We have
tested three models of reoxygenation and in all instances the novel regimen is superior to the
conventional regimen. In addition, for the models of time dependent increase in reoxygenation rate
we considered a wide range of parameters to simulate slow and fast rises to test the robustness of
our regimen. The largest gains are achieved in tumours with high hypoxic fractions, with slow rise
in reoxygenation rate using the sigmoid model. Even under more modest conditions of a hypoxic
fraction of 10%, BED gains of 3-8 Gy (EDD2) are achieved with the novel regimen. Furthermore,

the gains are much higher if the tumour alpha/beta ratio is lower.

Both the strategies considered here are designed to be iso-effective to the comparator schedule in
terms of normal tissue effects, i.e. the normal tissue BEDs are unchanged in the alternative
schedules. Except in the case of CNS, for which a physical dose sparing of 20% is assumed to be

achjevable, the normal tissues are assumed to receive 100% of the prescribed tumour dose. As most
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normal tissue volumes will receive a lesser dose in practice than the tumour the assumption made

here provides an inherent degree of additional safety.

Even though our models required several assumptions on radiobiological processes, we tested our
regimen using a wide range of values for these parameters. Overall, our results strongly suggest a
likely superiority for the novel regimens in a wide variety of circumstances. However, both
strategies require treatment during weekends or additional fractions per day which may result in

practical difficulties for radiotherapy departments.

The choice of an optimized fractionation regimen should ideally be based on the extent of hypoxia,
reoxygenation rate, repopulation rate and the intrinsic radiosensitivity of the tumour. The failure of
previous experimentation with modified fractionation schedules to make significant improvements
in outcome could be attributed to the empirical basis on which they were used. The potential for
personalised selection of fractionation regimen based on predictive biomarkers to improve
outcomes over empirical application has already been shown by Jones and Dale®. Although a
number of biomarkers of hypoxia, tumour radiosensitivity and repopulation have shown

considerable promise none have been validated prospectively**:#1:4243,

As shown in Figure 2, well oxygenated tumours with high radiosensitivity could be treated with
conventional schedules. If the clonogen number is low they might even be suitable for a dose de-
escalation approach to reduce toxicity of treatment. For well-oxygenated tumours with a high
repopulation rate, hypofractionated regimens are more suited. However if hypoxia is present the
best approach would be 3-4 weeks of conventional radiotherapy followed by acceleration. For
hypoxic tumours with low repopulation rates fractionation regimens that deliver a potentially
higher total dose after 3-4 weeks of radiotherapy would be more beneficial. For radioresistant
tumours with a high clonogen population, alternative treatment modalities such as neoadjuvant
chemotherapy or surgery used as the initial method of treatment would be required as these tumours

are unlikely to be cured by radiotherapy alone.
Conclusion
This work provides a basis for further modeling studies that could potentially lead to clinical trials

of fractionation schedules that either deliver a higher proportional dose towards the end of a course

of treatment or use acceleration after 4 weeks of conventional radiotherapy. Such approaches are
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indicated in tumours with significant hypoxia and accelerated repopulation such as squamous cell

carcinoma of the head and neck and muscle-invasive urothelial bladder cancer.
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Figure 1

Dynamic changes of radiobiological phenomena during radiotherapy. Tumour shrinkage
results in decreased demand for oxygenation as well as better perfusion resulting in resolution
of hypoxia. In addition, fractionated radiotherapy results in the selective proliferation of
radioresistant cancer stem cells with better DNA repair capacities. (N denotes the central
necrotic mass of a hypoxic tumour which is surrounded by viable tumour cells, some of which

have a reduced supply of oxygen. The black bars indicate fractions of radiotherapy.)

Figure 2

Schema for biomarker driven personalised fractionation
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Table

Table 1

The therapeutic implications of changes in tumour-specific radiobiological phenomena during a course of radiotherapy

cells

Phenomenon Changes as the radiotherapy course progresses Therapeutic implication

Repair Selective survival and proliferation of cells with better Higher doses per fraction will be more beneficial
DNA repair capacity

Reoxygenation Decrease in hypoxic fraction OER* returns to unity resulting in the delivery of higher biological

dose to tumour towards the end of the treatment course

Reassortment Reduction in cell cycle time and increase in the Diminished role for reassortment and fractionation
proportion of proliferating cells

Repopulation Accelerated repopulation commences 2-4 weeks after ~ Overall treatment time may need to be reduced to counter accelerated
starting radiotherapy repopulation

Radiosensitivity Selective survival and proliferation of radioresistant Higher doses per fraction will be more beneficial as o/ is likely to be

reduced.

*OER, Oxygen Enhancement Ratio.




Table 2

Optimal fraction sizes for use in phase-2 of a delayed acceleration regimen for various BED- equivalent repopulation rates (K values). The

phase-1 fractionation is 40Gy in 20 fractions, i.e. unchanged from that of the comparator schedule.

K (Gy/day) Optimal fraction size |Adjusted fraction Number of fractions
(Gy) size (Gy)
0.6 2.68 2.65 10
0.7 3 3.08 8
0.8 3.32 3.37 7
0.9 3.63 3.72 6

BED, Biological effective dose.

K = BED equivalent repopulation rate.



Table 3

Comparison of overall tumour BED gains for conventional and delayed acceleration regimen for each BED-equivalent repopulation rate (K).

K Phase-2 Dose per |Phase-2 Total Total BED gy Total BED gy Absolute BED Total BED3gy Total BEDsgy Absolute BED
(Gy/day) |fraction (Gy) dose (Gy) novel regimen  |conventional gain in 2Gy novel regimen  |conventional gain in 2Gy
regimen equivalent dose regimen equivalent dose
0.6 2.65 26.5 77.3 73.2 34 112.4 105.9 3.9
0.7 3.08 24.64 76.7 71.4 4.4 113.1 104.1 5.4
0.8 3.37 23.59 76.3 69.6 5.6 113.6 102.3 6.8
0.9 3.72 22.32 75.9 67.8 6.8 114 100.5 8.1

BED, Biological Effective dose
The phase-1 fractionation is 40Gy in 20 fractions and the corresponding phase-1 and phase-2 BEDs are added to obtain the total BED.



Table 4
Comparison of total tumour BED1ogy and BED3cy for each hypoxic fraction of tumour and model of reoxygenation between conventional and
redistributed dose regimens

Linear model of increase
Sigmoid model of increase in reoxygenation rate Fixed reoxygenation rate model
in reoxygenation rate
Initial
- . o / B ratio =10 Gy* o/ B ratio =3 Gy** o/ B ratio =10 Gy* o/ B ratio =3 Gy** o/ B ratio =10 Gy* o / B ratio =3 Gy**
ypoxic
fraction BED BED BED BED BED BED
Conv | Novel Conv | Novel Conv | Novel Conv | Novel Conv | Novel Conv | Novel
gain gain gain gain gain gain
BED | BED BED | BED BED | BED BED BED BED | BED BED | BED
(EQD2) (EQD2) (EQD2) (EQD2) (EQD2) (EQD2)
0 84 84 0 116.7 | 116.7 0 84 84 0 116.7 116.7 0 84 84 0 116.7 | 116.7 0
0.1 81.2 | 83.1 1.6 114.7 | 1159 | 0.7 71.7 | 78.1 53 106.7 | 113.1 3.8 51.6 | 52.9 11 87.5 | 923 2.9
0.2 79.7 | 82.4 2.3 113.1 | 115.3 1.3 69.4 76 5.5 101.6 | 1104 5.3 49.3 | 50.6 11 80.2 | 85.2 3
0.3 78.7 | 81.8 2.6 111.6 | 114.6 1.8 68.1 | 74.8 5.6 98 108.3 6.2 479 | 493 1.2 76.8 | 80.9 25
0.4 77.9 | 813 2.8 1104 | 114 2.2 67.1 | 73.9 5.7 95.4 | 106.5 6.7 47 48.3 11 72.7 | 77.8 3.1
0.5 77.3 | 80.9 3 109.2 | 1134 | 25 66.4 | 73.2 5.7 93.3 | 1049 7 46.2 | 47.6 1.2 70.2 | 75.4 3.1
0.6 76.7 | 80.5 3.2 108.2 | 112.9 2.8 65.8 | 72.6 5.7 91.5 | 103.6 7.3 45.6 47 1.2 68.3 | 73.4 3.1
0.7 76.3 | 80.2 3.3 107.2 | 1124 | 3.1 65.3 | 72.1 5.7 90 102.3 7.4 45.1 | 46.5 1.2 66.6 | 71.7 3.1
0.8 759 | 79.9 3.3 106.4 | 111.9 3.3 64.8 | 71.7 5.8 88.6 | 101.2 7.6 44.7 46 11 65.1 | 70.3 3.1
0.9 75.5 | 79.6 3.4 105.5 | 1114 | 35 64.4 | 71.3 5.7 87.4 | 100.2 7.7 443 | 456 11 63.8 69 3.1
1 75.2 | 79.3 3.4 104.8 | 111 3.7 64.1 | 70.9 5.7 86.3 99.3 7.8 439 | 453 1.2 62.6 | 67.8 3.1




BED, Biological Effective Dose

EQD2, Equivalent dose in 2Gy fractions.

Conv, Conventional Regimen: 70 Gy in 35 fractions over 7 weeks

Novel Regimen: 30.24 Gy in 27 fractions over 4 weeks followed by 40 Gy in 15 fractions over 3 weeks.
*a=0.3 Gy ! **q=0.09 Gy’!



Table 5

Comparison of normal tissue toxicity of the novel and conventional regimen.

Regimen Acute toxicity |Acute toxicity Late CNS toxicity (BED2gy)*
(BED1ocy) (BED1oGy) per  |toxicity
week (BEDsay)
Conventional fractionation
70 Gy in 35 fractions over 7 84 Gy 12 Gy 116.7 Gy 100.8 Gy
weeks

Conventional followed by hypofractionated accelerated radiotherapy
40 Gy in 20 fractions over 4 weeks followed by the second phase as follows:

26.5 Gy in 10 fractions 81.5 Gy 15.8 Gy 116.7. Gy 101.3 Gy

24.64 Gy in 8 fractions 80.2 Gy 16 Gy 116.7 Gy 101.6 Gy

23.59 Gy in 7 fractions 79.5 Gy 16.8 Gy 116.9.Gy 101.9 Gy

22.32 Gy in 6 fractions 78.6 Gy 17.2 Gy. 116.7 Gy 102.8 Gy
Hyperfractionation followed by hypofractionation

30.24 in 27 fractions over 4 84.3 Gy 12.0 Gy 117.0 Gy 101.2 Gy

weeks followed by 40 Gy in 15
fractions over 3 weeks

BED, Biological Effective Dose. CNS, Central Nervous System.
* This column shows the potential CNS toxicity in terms of BED calculated with o/ = 2Gy and on the assumption that a physical dose sparing of 20%
is achievable. (For reference, a CNS dose of 50Gy in 25 fractions over 5 weeks is associated with a BEDgy of 100.0Gy).



Appendix

APPENDIX

Methodology for derivation of alternative fractionation schedules and calculation of their

tumour BEDs

We compare a conventional schedule of 70 Gy in 35 fractions delivered over 7 weeks with two

alternative fractionation regimens derived from the methodology described below:
A.1 Accelerated radiotherapy after 4 weeks of conventional radiotherapy.

As discussed in the text, delivering accelerated radiotherapy to hypoxic tumour cells (which
exist predominantly during the initial phase of a treatment schedule) could be counter-productive
due to delivery of a proportionately higher dose before the tumour has reoxygenated fully. This
may be overcome by delaying the use of acceleration until after 3-4 weeks of conventional
radiotherapy, thereby ensuring that fractionation is only altered once the cells are fully

oxygenated.

The methodology involves calculating the optimum phase-2 dose/ fraction in order to maximize
the cell kill during the final (fully-oxic) phase based on a formula as originally derived by Jones
et al?’?® The version of the formula used here [Eq(A1)} is identical to the original, but involves

o/B values as opposed to individual values of o and p 272,

_ (a/Piate " — _ _
[1 (a//mum]x 2fKx — (a/BiatefK = 0 ....(Al)

where x = optimal fraction size; f=average interval between adjacent fractions (in days) and K
(Gyday™) is the BED equivalent repopulation rate. o/Prae= 3 Gy and o/Pumour—= 10 Gy. Factor f

is calculated as 7 divided by the number of fractions per week.

This equation allows calculation of the optimal fraction size (x) to maximize tumour cell kill for

a specified set of treatment conditions. Once x is derived then the required number of fractions



during the fully-oxic phase is calculated based on consideration of the remaining normal tissue
tolerance. In this initial assessment it is assumed that the critical normal tissue receives the same

dose and dose —fractionation as the tumour.

In this article a once-daily fractionation regimen with no weekend breaks has been assumed for
phase-2, i.e. factor fin Eq(A.1) is set to 7/7 = 1. The derived optimum fraction size is‘dependent
on the values of K, which could range from 0.6 Gy/day to 0.9 Gy/day for tumours with a
significant repopulation rate (e.g. head and neck tumours). The derived value of x is then
adjusted slightly to obtain an integer for the number of fractions. Table 2 lists the derived

optimal fraction sizes, adjusted fraction sizes and number of fractions for each value of K.

The derived optimal values of fraction size and fraction number, together with the overall time
(t) taken to deliver the phase-2 component are then used in the conventional repopulation-

corrected BED formula to calculate the phase-2 BED as:

BED=nx[1+ ]—K(t—tk)

X
(a/B)

where t is overall treatment duration, ti is the kick-off time, tumour o/ is taken to be either 3 or

10Gy and K takes the range discussed above.

As described in the main manuscript BED is calculated for the novel and conventional regimens
for a range of K values, kick off time of 28 and 35 days and for tumour o/p of 3 and 10. In

addition analysis is also performed assuming repopulation does not occur.

Since the phase-1 BEDs are the same in both the novel and comparator treatment, the
improvement in BED realizable by using the novel schedule is simply the numerical difference

between the above BEDs.

A.2 Delivery of a proportionally higher total dose with a high dose per fraction after 4

weeks



Dose redistribution by delivering a proportionally higher dose (using hypofractionation) after
reoxygenation is complete forms the basis of this approach. The total dose, treatment duration,
BEDI10 (for acute reactions) and BEDsgy (for late reactions) are all made to be identical to those
in a conventional schedule of 70 Gy in 35 fractions. This maintenance of the normal tissue BEDs
requires that hyperfractionation be used in the initial phase of treatment (1-28 days, when
reoxygenation is taking place), the exact scheme being dependent on the post-28 day

hypofractionation schedule to be used.

The total BED1oGy for the conventional regimen is derived from the standard BED formula:

BED = nd 1+ w‘/’—m]...(Az)

where n is the number of fractions and d the dose per fraction.
(Since both the new and the comparator schedule are delivered in the same overall times it is
assumed that the repopulation effect is the same in both and Eq (A.2) therefore does not need a

subtractive factor to allow for repopulation effects).

For the reference schedule the nominal tumour BED is:
2
BEDsogy =70 (1 + R) = 84Gy
The objective would be to derive a regimen that would deliver 60% of the BED after 4 weeks
(during weeks 5-7) of radiotherapy. This is achieved by using larger fraction sizes with the same

number of fractions as in the convention schedule (15 fractions).

Dose per fraction d, fo be delivered during this period is obtained by solving a modification of

Eq(A2):

d
84 0.6 = 15'd(1+ﬁ>



1.e.:

50.4 = 15d + 1.5d?

By solving the quadratic equation we obtain 2.66 Gy as the fraction size, i.e. the required

schedule during weeks 5-7 is 15 x 2.66Gy delivered as daily fractions. .

The method of Joiner is then used to obtain the fraction size d’and dose D required in the

first four weeks of radiotherapy.

p.P—E.e

d=———
P—-E
D=P—-E

where p = prescribed dose per fraction for the reference treatment, P = prescribed total dose for
the reference treatment, e = dose per fraction to be delivered in phase-2 (i.e. the previously-
derived dose per fraction during the last three weeks of radiotherapy) and E = total dose to be

delivered in phase-2.

Therefore, for the purposes of this study p =2 Gy, P =70 Gy, e= 2.66 Gy and E = 40 Gy.

By solving these equations we obtain 1.12 Gy as the phase-1 dose per fraction (d”). As the
phase-1 dose is to be (70 — 40 =) 30Gy then the required number of phase-1 fractions is 30/1.12,

i.e. approximately 27.

The effective treatment regimen would therefore be 30.24 Gy in 27 fractions over 4 weeks
followed by 40 Gy in 15 fractions over 3 weeks. To achieve the delivery of 27 fractions within
the first 4 weeks of radiotherapy, treatment during weekends or twice daily fractions would be

required.



The next step is to calculate the tumour BED using combinations of hypoxic fractions, tumour
radiosensitivity and repopulation rates based on the methodology described below.

For the purposes of this study we assume that the reoxygenation rate during the first
fractionation phase increases progressively with time and that the reoxygenation rate is
independent of the total dose delivered. Hypoxic cells which have not already been sterilised by
radiation move directly to an oxic state according to an assumed reoxygenation versus time
model. The OER for hypoxic cells is assumed to be 2 and no intermediate OER status is

assumed in this scenario.

The increases in reoxygenation rate of the non-sterilised cells could be either linear or sigmoidal
in form. In the linear model, the reoxygenation rate increases linearly from an initial value close
to zero (here assumed to be 0.05day™!) to 1 day™! by a specified time. As stated in the main

manuscript, we consider 28 days as the default value, but further analysis is performed assuming

reoxygenation rate reaches completion at 21 days and 35 days as well.
1-.0.05
R = [(225Y. ]+ 005
C

where R (2) is the reoxygenation rate at time ¢ (in days) and t.is the time to reach complete

reoxygenation rate (1 day)

In the sigmoid model the reoxygenation rate follows a slow-fast-slow pattern during the 28 days

and the corresponding equation is assumed as:

1
RO = 1o
where k = 0.5day™'; and to (time to achieve reoxygenation rate of 0.5day™).
As stated in the main manuscript, we consider 21 days as the default value for to, but further

analysis is performed assuming to is 14 days and 28 days.



To account for tumours in which progressive increase in reoxygenation rate do not occur , we

also consider a fixed reoxygenation rate model of 0.05 per day.

A hypothetical two-compartment tumour made up of initial anoxic fractions ranging from 0 to
1 in increments of 0.1 is then considered. To account for differences in intrinsic radiosensitivity

(i.e. in o) , we consider tumours with an o/ of 3 Gy as well as 10 Gy.

The BED for the novel and conventional schedule is computed using an iterative approach for
each initial hypoxic fraction, a/P ratio and reoxygenation model using the following steps for

each fraction:

(a). The survival fractions for oxic and hypoxic are calculated via:

SFnoxic = e—(a-d)/OER—(ﬁ_dZ)/OERz

where SFoxic = Oxic survival fraction, SFunoxic = Anoxic survival fraction, OER (Oxygen
Enhancement Ratio) =2, B =0.03Gy?,and o= 0.3 Gy' if a/p ratio = 10 and o= 0.09 Gy if a/f

ratio =3.
(b). For each fraction the reoxygenating fraction (RF), which the fraction of hypoxic tumour

cells that undergoes reoxygenation, is calculated after deriving the reoxygenation rate using

either the linear or sigmoid models.

Linear model:;



c

RF = SFpric- [((1‘3'05) x 7% f) + 0.05]

Sigmoid model:

1
RF = SFanoxiC' 1+ e—k(n.f—to)]

where n = current fraction number, f = average inter-fraction interval, tO=time to reach

reoxygenation rate of k, k=0.5 day’!, and t.= time to reach reoxygenation rate of 1 day!

(c) After each daily step the reoxygenating fraction is subtracted from SFanoxic and added to
SFoxic

SFanoxic = SFanoxic —RF
SFoxic = SFoxic + RF

(d) Steps a— c are cycled iteratively for each fraction until reoxygenation is complete (anoxic

fraction is 0) after which survival fraction is computed iteratively for the oxic fraction alone.
(e). The tumour BED is calculated using the following formulae:
SFfinal = SFoxic + SFanoxic

Note: At the end of treatment SF anoxic is likely to be 0 in most instances, but in certain situations

hypoxic cells may still be surviving.
BED = —ln(SFfinal)
a

where SF = survival fraction at end of treatment and, as before, o= 0.3 Gy if a/p ratio = 10, o=

0.09 Gy! if o/ ratio =3.



The numerical difference between the final BEDs of the novel and comparator schedules

represents the BED improvement realisable in the novel schedule.
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