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Abstract

The search for the optimal choice of treatment time, dose and fractionation
regimen is one of the major challenges in radiation therapy. Several aspects
of the radiation response of tumours and normal tissues give different indica-
tions of how the parameters defining a fractionation schedule should be altered
relative to each other which often results in contradictory conclusions. For ex-
ample, the increased sensitivity to fractionation in late-reacting as opposed to
early-reacting tissues indicates that a large number of fractions is beneficial,
while the issue of accelerated repopulation of tumour cells starting at about
three weeks into a radiotherapy treatment would suggest as short overall treat-
ment time as possible. Another tumour-to-normal tissue differential relevant
to the sensitivity as well as the fractionation and overall treatment time is the
issue of tumour hypoxia and reoxygenation.

The tumour oxygenation is one of the most influential factors impacting
on the outcome of many types of treatment modalities. Hypoxic cells are up
to three times as resistant to radiation as well oxygenated cells, presenting a
significant obstacle to overcome in radiotherapy as solid tumours often contain
hypoxic areas as a result of their poorly functioning vasculature. Furthermore,
the oxygenation is highly dynamic, with changes being observed both from
fraction to fraction and over a time period of weeks as a result of fast and slow
reoxygenation of acute and chronic hypoxia. With an increasing number of
patients treated with hypofractionated stereotactic body radiotherapy (SBRT),
the clinical implications of a substantially reduced number of fractions and
hence also treatment time thus have to be evaluated with respect to the oxy-
genation status of the tumour.

The perhaps most promising tool available for the type of study aiming at
determining the optimal SBRT approach with respect to fractionation is radio-
biological modelling. With clinically-derived tissue-specific radiobiological
parameters and well-established survival models, in silico modelling offers a
wide range of opportunities to test various hypotheses with respect to time,
dose, fractionation and details of the tumour microenvironment. Any type of
radiobiological modelling study intended to provide a realistic representation
of a clinical tumour should therefore take into account details of both the spa-
tial and temporal tumour oxygenation.



This thesis, consisting of papers I-III and a summary, presents the results
of three-dimensional radiobiological modelling of the response of tumours
with heterogeneous oxygenation to various radiation qualities, fractionation
schemes, oxygenation levels and dynamics using different survival models.
The results of this work indicate that hypoxia and its dynamics play a ma-
jor role in the outcome of both photon and carbon ion radiotherapy, and that
neglecting the oxygenation status of tumours treated with SBRT may compro-
mise the treatment outcome substantially. Continued to include clinical stud-
ies on the impact of hypoxia on the treatment outcome in lung cancer patients
treated with SBRT, this project will hopefully advance the evolution towards
routinely incorporating functional imaging of hypoxia into treatment planning.
This is ultimately expected to result in increased levels of local control with
more patients being cured from their cancer.



Sammanfattning

En strålterapibehandling definieras i stor utsträckning av den totala dosen, an-
talet behandlingstillfällen (fraktioner) och behandlingstiden. Målet att hitta den
optimala kombinationen av dessa parametrar utgör en av de stora utmaningar-
na inom strålterapin. Skillnader i hur normala vävnader och tumörer påverkas
av joniserande strålning indikerar i många fall motsägande slutsatser om hur
den inbördes relationen mellan dessa faktorer bör se ut. Kontrasten mellan hur
normal vävnad och tumörer generellt påverkas av fraktionering antyder exem-
pelvis att ett stort antal fraktioner är att föredra, samtidigt som en lång behand-
lingstid bör undvikas på grund av att tumörceller vanligtvis börjar föröka sig
lavinartat efter cirka tre veckors behandling. En annan skillnad mellan normal
vävnad och tumörvävnad relevant för strålkänslighet såväl som antalet fraktio-
ner och den totala behandlingstiden är hypoxi (syrebrist) och dess dynamik.

Tumörens syresättning är en av de mest inflytelserika faktorerna som på-
verkar utfallet av flertalet behandlingsmetoder. Celler med syrebrist kan vara
upp till tre gånger så resistenta mot strålning som väl syresatta celler, vilket
utgör en stor svårighet inom strålterapi eftersom tumörer ofta innehåller om-
råden med syrebrist på grund av ett typiskt underutvecklat blodkärlssystem.
Vidare är syrefördelningen i tumörer föränderlig över tid och kan variera såväl
från dag till dag som över en period om flera veckor. Eftersom ett ökande antal
patienter behandlas med hypofraktionerad stereotaktisk strålbehandling måste
den kliniska innebörden av ett kraftigt reducerat antal behandlingstillfällen -
och därmed också en kortare behandlingstid - utvärderas med hänsyn till både
spatiella och dynamiska aspekter av syrefördelningen i tumörer.

Radiobiologisk modellering utgör det kanske mest lovande verktyget för
studier som syftar till att hitta den optimala, hypofraktionerade behandlings-
strategin. Med vävnadsspecifika, radiobiologiska parametrar som erhålls från
kliniska studier och väletablerade modeller kan ett brett spektrum av ansat-
ser avseende behandlingstid, dos och fraktionering testas i simulerade tumörer
med varierande antaganden om mikromiljön. För att en sådan simueringsstu-
die ska utgöra en realistisk representation av en klinisk tumör måste detaljer
om syrefördelningen i både rum och tid inkluderas i modellen.

I denna avhandling presenteras resultaten av tredimensionell, radiobiolo-
gisk modellering av hur tumörer med heterogen syrefördelning svarar på be-
handling med olika stråkvalitéer och fraktioneringsscheman, för olika grader



av hypoxi och förändringsmönster med användning av olika överlevnadsmo-
deller. Detta arbete påvisar vikten av att inkludera information om hypoxi vid
valet av behandlingsstrategi, samt att syresättningens utbredning och dynamik
spelar en stor roll för utfallet av strålterapibehandlingar med både fotoner och
koljoner. Projektet kommer i framtiden att inkludera kliniska studier av fö-
rekomsten av hypoxi i lungcancer samt hur utfallet av stereotaktiska behand-
lingar av sådana tumörer påverkas. Detta kommer förhoppningsvis att bidra till
utvecklingen mot att funktionell bildtagning av hypoxi rutinmässigt inkluderas
i dosplanering, vilket slutligen förväntas öka antalet botade cancerpatienter.
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1. Introduction

For more than a century, ionizing radiation has been applied in medicine for
the purpose of treating cancer and other lesions. The radiobiological rationale
for how to optimally administer the dose has been developed in parallel, result-
ing in the formulation of the so-called 5 R’s of fractionation (repair, reassort-
ment, repopulation, reoxygenation and radiosensitivity) on which the practice
of modern radiotherapy is based (Mayles, Nahum & Rosenwald, 2007).

One of the greatest obstacles to overcome in radiotherapy as well as in sev-
eral other treatment modalities is tumour hypoxia. Apart from the increased
radioresistance of hypoxic compared to normoxic cells, hypoxia is also associ-
ated with a more aggressive phenotype increasing the risk of metastasis (Chan
& Giaccia, 2007). A straightforward strategy to overcome the increased ra-
dioresistance associated with hypoxia is to escalate the radiation dose. This
can reasonably be achieved by dose-boosting hypoxic sub-volumes provided
that the tolerance of the normal tissues and potential risk organs in the vicinity
of the target volume is not compromised. Another strategy is to increase the
biological effectiveness of the treatment while not necessarily changing the to-
tal physical dose. This can be done by altering the fractionation pattern as in
stereotactic body radiotherapy (SBRT), employing few fractions of high doses.

SBRT has shown promising results in curing cancer where conventionally
fractionated radiotherapy (CFRT) has proven ineffective, such as non-small-
cell lung cancer (NSCLC) (Onishi et al, 2004). As the positive clinical experi-
ence with SBRT is giving confidence in the technique, there is a trend towards
reducing the number of fractions even further provided that the toxicity of the
normal tissue is not escalated. Such extreme hypofractionation might however
compromise the treatment outcome in hypoxic tumours given the reduced pos-
sibility for reoxygention between fractions, and the optimal SBRT treatment
approach is therefore yet to be found.

While the current practice of radiotherapy with respect to dose and frac-
tionation is empirically derived, the potentially most promising tool available
for a study aiming at determining the optimal SBRT approach with respect
to fractionation is radiobiological modelling. With clinically-derived tissue-
specific radiobiological parameters and well-established survival models, in
silico modelling offers a wide range of opportunities to test various hypotheses
with respect to time, dose, fractionation and details of the tumour microenvi-
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ronment. Given the complexity and dynamics of tumour hypoxia, a radiobi-
ological modelling approach aiming at producing a realistic representation of
a clinical scenario should therefore include details of both the spatial and the
temporal tumour oxygenation and its influence on the treatment outcome.

In this thesis, the impact of hypoxia on the choice of advanced radiother-
apy treatment regimens is discussed, including the results of three-dimensional
radiobiological modelling of the response of tumours with heterogeneous oxy-
genation to various radiation qualities, fractionation schemes, oxygenation lev-
els and dynamics using different survival models.
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2. Radiobiology of tumour
hypoxia

2.1 The oxygen effect

Ionizing radiation interacts with matter and deposits dose through ionizations
of the target atoms. In biological materials, these interactions lead to damage
that may affect the irradiated cells to various extents, and the DNA molecule
is considered to be the critical target for ionizing radiation. Charged particles,
either as constituents of the primary beam or formed as secondary particles,
may ionize the DNA molecule directly or interact to form highly reactive free
radicals which in turn damage the DNA. These processes are respectively re-
ferred to as the direct and indirect mode of action (Hall & Giaccia, 2012).

The spatial pattern of damage inflicted by ionizing radiation is stochastic.
Photons and electrons have low linear energy transfer (LET), defined as the
energy transferred per unit length of a radiation track (commonly quoted in
keV/µm) (ICRU 62, 1999). For low LET radiation, the indirect mode of action
is dominant and the majority of DNA damage is caused by the free radicals.
With increasing LET, ionizations appear more densely along the particle track
corresponding to an increase in the direct mode of action.

If molecular oxygen is present at the time of or shortly after irradiation, the
DNA damage induced by the free radicals may become fixated, leading to an
increase in the biological effect. In contrast, damage in cells lacking oxygen
will be more readily repaired making those cells more resistant to radiation.
This effect can be quantified by the oxygen enhancement ratio (OER), which
is the ratio of the doses required in hypoxic to oxic conditions to achieve the
same biological effect (Figure 2.1). Depending on the level of hypoxia and
the biological end-point, the OER for photons is about three. With increasing
LET, the fate of an irradiated cell is less dependent on the presence of oxygen
as a result of the increasing dominance of the direct mode of action. For high-
LET radiation such as protons and ions, the OER thus approaches unity (Hall
& Giaccia, 2012).
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Figure 2.1: Illustration of OER. Survival curves for oxic (red) and hypoxic (blue)
conditions. The OER is given by the ratio of the doses required in hypoxic to
oxic conditions to achieve the same level of biological effect, for example 10%
surviving fraction (SF).

In any radiotherapeutic scenario where the OER cannot be expected to be uni-
formly equal to one, it is quite clear that ignoring the oxygen effect could
impact substantially on the success of the treatment. This is of particular im-
portance in the radiation treatment of cancer, as tumours are often hypoxic and
thus more radioresistant than normal tissues.

2.2 The origin and mechanisms of tumour hypoxia

Tumours become hypoxic as a result of the special nature of their vasculature.
The uncontrolled proliferation of tumour cells, as described by the hallmarks
of cancer (Hanahan & Weinberg, 2000), results in a rapid growth of the tumour
mass and volume which does not allow the formation of an adequate vascular
network. Tumour vessels are typically irregular, unstructured and immature in
the sense that they lack the elasticity required for an efficient delivery of oxy-
gen and nutrients. Cells that are consequently not supplied with a sufficient
amount of oxygen become hypoxic to various degrees resulting in a modifica-
tion of their sensitivity to radiation as described by the oxygen effect.

In the initial stage of tumour growth, the tumour cells survive through the
parasitation of adjacent normal vessels. When the need for oxygen and nu-
trients exceeds that which can be provided by these vessels, the tumour has

16



to initiate the creation of its own vascular supply. The two major processes
through which this is achieved are angiogenesis and vasculogenesis.

Angiogenesis is the process in which pre-existing normal vessels are stim-
ulated to form new capillaries to supply the growing tumour. This results from
an imbalance in the regulation of promoting and inhibiting the release of angio-
genic growth factors in favour of promoting angiogenesis (Hanahan & Folk-
man, 1996). Several of the growth factors stimulating angiogenesis such as
the vascular endothelial growth factor (VEGF) are furthermore partly driven
by hypoxia. In addition to the poor functionality of the vessels, tumours tend
to derive their blood supply from the venous side of the normal vasculature
which contain blood that is already deprived of oxygen (Vaupel et al, 1989).

Vasculogenesis is the process in which de novo vessels are formed through
the recruitment of circulating bone marrow derived cells (BMDC), indepen-
dent of the pre-existing normal vasculature. Damaged vasculature of irradi-
ated tumours has been found to be restored by the recruitment of these cells,
allowing surviving tumour cells to grow through vasculogenesis. It has further-
more been suggested that it is increased tumour hypoxia, caused by the loss of
functional vasculature, that stimulates the tumour influx of BMDC (Kioi et al,
2010).

The specific characteristics of the tumour vasculature result in an oxy-
genation that is insufficient, heterogeneous and dynamic. Two main patterns
of hypoxia with different associated temporal behaviours can be identified as
chronic and acute hypoxia, although further differentiation of hypoxic sub-
types has been proposed (Vaupel & Mayer, 2014). Distinguishing between
different kinds of hypoxia is important from many points of view, with respect
to predicting and evaluating the response to a treatment schedule as well as
choosing optimum treatment parameters.

2.2.1 Chronic hypoxia and slow reoxygenation

Tumour cells located almost up to the diffusion distance of the closest capillary
will become chronically deprived of oxygen. These cells could either be sensi-
tive or resistant to radiation compared to well-oxygenated cells depending on
the severity of the deprivation of oxygen and nutrients. Moderately hypoxic
cells with a decreased level of oxygen while still receiving enough nutrients to
sustain their viability would be more resistant, while severely hypoxic cells on
the verge of necrosis could be expected to be more easily eradicated (Zölzer &
Streffer, 2002).

Over the course of a conventionally fractionated radiotherapy (CFRT) treat-
ment lasting for several weeks, tumour shrinkage resulting from the eradica-
tion of cells is likely to be observed. As the most sensitive cells are effec-
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tively killed by the radiation and thus stop consuming the diffusing oxygen,
chronically hypoxic cells may become reoxygenated by the oxygen that hence
becomes available to them. This process, referred to as slow reoxygenation,
occurs over a period of several weeks and leads to a radiosensitization of the
hypoxic cells, making them more effectively targeted during the remainder of
the treatment (Hall & Giaccia, 2012, Kallman, 1972).

Figure 2.2: Illustration of slow reoxygenation. The colour scale indicates the
oxygen partial pressure in a cross section through a spherical tumour presenting
a large hypoxic core in the beginning of the treatment that becomes smaller due
to reoxygenation.

2.2.2 Acute hypoxia and fast reoxygenation

A consequence of the bulky, inelastic structure of the tumour vasculature is that
the vessels can be temporarily occluded causing a state of acute hypoxia in the
nearby cells. This type of instantaneous lack of oxygen exclusively leads to an
increased radioresistance, as the suddenly hypoxic cells have not previously
been in a constant state of starvation (Zölzer & Streffer, 2002).

As easily as a tumour vessel can become obstructed, it can re-open and
once again supply oxygen to the previously acutely hypoxic cells. This process
is referred to as fast rexoygenation, and it has been observed to occur within
minutes (Redler, Epel & Halpern, 2014). Thus, it could be expected that the
tumour oxygenation pattern will change locally between fractions so that cells
that were hypoxic in one fraction become oxygenated at the next and vice
versa. This type of reoxygenation is thus not dependent on that cells die or
cease consuming oxygen.
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Figure 2.3: Illustration of fast reoxygenation. The colour scale indicates the
oxygen partial pressure as a result of diffusion from three blood vessels and con-
sumption by the cells. In the left panel one of the blood vessels is occluded. In
the right panel the previously occluded blood vessel is open.

Based on the inherent differences in the nature of the various types of hypoxia,
there are most likely several implications for the alteration of radiosensitivity
to consider.

2.3 Radiation sensitivity and hypoxia

2.3.1 Intrinsic radiosensitivity

The fate of an individual cell after irradiation is largely determined by its in-
trinsic sensitivity to radiation. The DNA molecule has been identified as the
primary target for radiation, however DNA damage and repair capacity are not
exclusive in defining the intrinsic radiosensitivity (Szumiel, 2008). While a
double-strand break (DSB) is considered to be the primary lethal lesion, other
types of damage have been found to impact on the ability of cells to repair after
irradiation. Chavaudra et al (2004) studied the intrinsic radiosensitivity in 19
cell lines of human tumour origin and concluded that in addition to DSB, chro-
matin damage also contribute to the sensitivity (Chavaudra, Bourhis & Foray,
2004).

Apart from variations in sensitivity between different cell types and the in-
trinsic properties of signalling and repair, external conditions such as the level
of oxygenation clearly also impact on the effective radiosensitivity ultimately
determining the radiation response of each cell. Thus, the tumour microenvi-
ronment is likely to strongly modify the outcome of a radiotherapy treatment,
raising a question of the level of heterogeneity in sensitivity that needs to be
considered in evaluating and predicting biological effects of radiation.
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2.3.2 Uniform and heterogeneous populations

It is in many ways convenient to think of tumours and normal tissues as uni-
form populations of cells that behave and respond similarly to e.g. radiation. In
fact, this is generally assumed in the clinical application of many radiobiologi-
cal models such as the well-established linear quadratic (LQ) model in its basic
form, where entire organs and tumours are often described by single values of
radiosensitivity. This assumption substantially simplifies treatment decisions
based on the comparison of iso-effect fractionation schedules as assessed by
the concept of biological effective dose (BED). In reality, the tumour microen-
vironment in terms of oxygenation and thus sensitivity is far from black and
white and instead constitutes a non-linear gray scale of sensitivities. In order
to fully understand and hence be able to predict the response of tumours, the
overall paradigm must shift from considering static, uniform populations of
cells to heterogeneous and dynamic. To this end, radiobiological modelling is
a powerful tool offering the testing and evaluation of a wide range of hypothe-
ses which might not otherwise translate from bench to bedside very easily.

There are various approaches to radiobiological modelling and thus also
a range of models for radiation cell survival to consider. The perhaps most
well-known is the linear quadratic (LQ) model (Barendsen, 1982) which is
mathematically simple and has been given mechanistic interpretation (Chad-
wick & Leenhouts, 1973). According to the LQ model, the surviving fraction
SF in a well-oxygenated cell population after a single dose of radiation D is
given as:

SF = exp
(
−αD−βD2) (2.1)

where α and β are the radiosensitivity parameters for oxic conditions. These
parameters can be easily modified to take into account a hetereogeneous oxy-
genation through the introduction of oxygen modifying factors (OMFs) based
on the oxygen tension in each cell (Toma-Dasu & Dasu, 2013):

SFhyp = exp
(
− α

OMF
D− β

OMF2 D2
)

(2.2)

Due to the resulting continuous bend of the LQ-survival curve, the model has
been criticised for overestimating cell kill in the high-dose range as compared
to in vitro data showing a straight dependence on dose in a log-linear plot.
A commonly quoted alternative is the universal survival curve (USC) model,
which is a merge of the LQ model at low and intermediate doses, and the
single-hit multi-target (SHMT) model at doses above a threshold dose DT

(Park et al, 2008):
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SF =

{
exp
(
−αD−βD2

)
if D ≤ DT

exp
(
− 1

D0
D+

Dq
D0

)
if D ≥ DT

(2.3)

where Dq represents the dose where the tangent of the final slope -1/D0 of
the survival curve intersects the horizontal axis. In the case of heterogeneous
oxygenation, the parameters Dq, D0 and DT are modified through the OMFs
similar to Eq. (2.2).

While there is an on-going debate regarding the suitability of the LQ model
in the high-dose range (Kirkpatrick, Brenner & Orton, 2009), the USC model
has also received some criticism based on its lack of a mechanistic basis (Tomé,
2009). Attempts to compare the two models have almost exclusively been
made for uniform populations with respect to the oxygenation (Park et al,
2008). However, taking into account the modification in radiation sensitivity as
introduced by the heterogeneous tumour oxygenation (paper I) has shown that
the two models predict similar results with respect to survival and tumour con-
trol probability (TCP) over a much larger dose-range than anticipated for a uni-
formly oxic tumour (Lindblom et al, 2014). This demonstrates the importance
of making relevant comparisons when assessing the clinical applicability of ra-
diobiological models; evaluating models by fitting them to well-oxygenated in
vitro data is probably not a realistic representation of in vivo human tumours.
Furthermore, it is an example of how considering uniform versus heteroge-
neous cell populations can result in rather different conclusions. This may
ultimately affect the clinical decisions made regarding the treatments of pa-
tients with tumours most likely far from homogeneously well oxygenated.

Several other models with different degrees of complexity have been pro-
posed as alternative to the LQ model. Among them, the more sophisticated
repairable-conditionally repairable (RCR) model developed by Lind et al is
able to reproduce both the low-dose hypersensitivity and the high-dose straight-
ening of the survival curve that has been observed in vitro (Lind et al, 2003).

In its basic form, the RCR model predicts cellular survival as:

SF = exp(−aD)+bD exp(−cD) (2.4)

where a, b and c are the model parameters. The RCR model has been param-
eterized in terms of LET and adapted to include the oxygenation status in a
black-or-white approach (Antonovic et al, 2013, Lind et al, 2003, Wedenberg
et al, 2010). In a recent study by Antonovic et al (2014), the model was further
developed to take into account continuous values of oxygen tension similar to
the approach in Eq. (2.2). In this way, cell survival models modified to account
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for biological as well as physical heterogeneities on voxel level and incorpo-
rated into three-dimensional in silico modelling can provide clinically-relevant
representations of realistic tumours for the purpose of evaluating the response
to various treatment schedules.
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3. Time, dose and fractionation in
radiotherapy

In stereotactic body radiotherapy (SBRT), few, large fractions of non-uniform
doses are delivered to patients who are fixated and/or carefully monitored with
respect to motion. This way of fractionating the treatment is quite different
from the general radiotherapy approach in which several fractions of low doses
are delivered with the strive to achieve uniform target doses. This is based on
the assumption of an increased capacity of normal tissues to repair sub-lethal
damage compared to tumour tissues, indicating that there is a clinical gain in
fractionated treatments (Mayles, Nahum & Rosenwald, 2007). Furthermore,
while the short SBRT schedules of mainly 1 - 10 fractions have resulted in high
rates of local control for non-small cell lung cancer (NSCLC) patients, the dis-
advantage of not allowing sufficient time for inter-fraction reoxygenation may
result in impaired local control of hypoxic tumours (paper II) (Lindblom et al,
2014).

Several therapeutic techniques have been proposed to overcome the in-
creased radioresistance associated with hypoxia. A straightforward approach
with respect to reoxygenation is the employment of multiple fractions. How-
ever the overall treatment time must not be prolonged too much as tumours
have been found to initiate rapid proliferation about 3-4 weeks into a radio-
therapy treatment (Mayles, Nahum & Rosenwald, 2007). In this respect, an
example of a feasible hyperfractionated approach is ARCON; accelerated ra-
diotherapy with carbogen and nicotinamide (Kaanders, Bussink & van der Ko-
gel, 2002, Rojas, Joiner & Denekamp, 1992, Zackrisson et al, 1994) which
was used for the treatment of laryngeal cancer. By delivering more than one
fraction per day and thus effectively shortening the overall treatment time,
the issue of accelerated repopulation is reduced. This is combined with the
co-administration of nicotinamide to dilate vessels and thus counteract the
perfusion-limited, acute hypoxia, and carbogen to decrease the diffusion-limit-
ed, chronic hypoxia.

One of the most basic strategies to counteract the impact of hypoxia with
respect to the fundamental physics of the interactions of ionizing radiation with
matter is using high-LET radiation. This is based on the negligible oxygen ef-
fect in the pristine Bragg peak where the LET is at its highest. However, in
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order to achieve target coverage, a spread-out Bragg peak is used as obtained
from the superposition of particles with different energies and hence ranges
in tissue. In the SOBP, the LET can be substantially lower than in the Bragg
peak of monoenergetic particles, and the resulting (dose averaged) LET in the
tumour is non-uniform and can exhibit rather wide ranges of LET. For exam-
ple, the LET in the SOBP in carbon ion radiotherapy can range between 30
and 80 keV/µm (Antonovic et al, 2014), corresponding to an OER between 2
and 3 (Furusawa et al, 2000). Thus, assuming that the tumour oxygenation is
irrelevant to the outcome of high-LET radiotherapy might be dangerous when
designing such treatments with respect to the prescribed dose and number of
fractions. In paper III, this is demonstrated by modelling the impact of lo-
cal changes in the oxygen tension distribution between fractions of carbon ion
therapy, corresponding to fast reoxygenation of acute hypoxia. Taking into
account a heterogeneous oxygenation and LET distribution, the tumour con-
trol probability (TCP) of realistic in silico tumours was found to be influenced
by the presence of hypoxia, and that allowing for reoxygenation through frac-
tionation enables a range of schedules to be applied resulting in high levels of
tumour control (Antonovic et al, 2014).

Clearly, there currently exists a vast range of treatment schedules with re-
spect to radiation quality, number of fractions, total dose and dose per fraction
as well as overall treatment time. For example, head-and-neck tumour treat-
ments range from extremely hypofractionated stereotactic schedules of one
single fraction to hyperfractionated techniques such as ARCON (Amini et al,
2014, Kaanders, Bussink & van der Kogel, 2002). Provided the tools for as-
sessing individual radiosensitivity, one could realistically expect there to be an
optimum way of delivering radiotherapy within one specific tumour type. This
inevitably indicates that the best treatment solution is yet to be found for many
types of cancer treated with radiotherapy. The crucial parameters in designing
a successful radiotherapy treatment schedule are overall treatment time, pre-
scribed total dose and number of fractions. By altering these parameters, the
radiobiological mechanisms in favour of a high biological effectiveness can be
both promoted and counteracted as in a typical optimization problem.

3.1 Fractionation

3.1.1 Sensitivity to fractionation

The impact of altering the fractionation pattern on the response of a tissue can
be described by the survival curve for that particular cell type. For the LQ
model, the dose at which the contribution to cell kill from αD equals the con-
tribution from βD2 is given by the ratio of α to β . This parameter represents a
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measure of the curvature of the survival curve, which in turn reflects the sensi-
tivity of the specific tissue to fractionation. Quickly growing tumours tend to
have a high α/β ratio reflecting a more straight survival curve, while late re-
acting normal tissues usually have lower α/β ratios corresponding to a more
pronounced curvature. Provided the complete repair of sub-lethal damages
between fractions, the shoulder of the survival curve is repeated at each frac-
tion, leading to a differentiation between the survival of late and early reacting
tissues that increases with increasing number of fractions.

3.1.2 Inter-fraction reoxygenation

Apart from the benefit of multifraction treatment schedules as presented by
the differential in tumour- and normal tissue repair capacity, fractionated treat-
ments offer another major benefit through the reoxygenation of hypoxic cells.
As previously discussed, this can occur between fractions as a result of fast re-
oxygenation, and over time as a result of tumour shrinkage leading to a global
increase in the tumour oxygenation. Significantly reducing the number of frac-
tions - as is the tendency in photon SBRT as well as carbon-ion therapy - is very
likely to limit the achievable level of control in hypoxic tumours (Antonovic
et al, 2014, Lindblom et al, 2014).

3.2 Dose per fraction

A higher dose per fraction implies a smaller number of fractions and thus also
an increased biological effectiveness of the treatment. Apart from the radiobi-
ological consequences of a reduced number of fractions, the dose per fraction
itself may imply several interesting mechanisms possibly benefiting the treat-
ment outcome.

One such possible benefit is the decreased impact of variations in sensitiv-
ity within the cell cycle as high doses of radiation are likely to cause permanent
cell cycle arrest (Park et al, 2000, Song et al, 2012). Furthermore, it has been
hypothesized that damage to the tumour vascularity might pose a secondary
effect in SBRT, ocurring only at high doses. This is mainly based on the as-
sumption that tumour cells not targeted by the radiation might still die as a
result of their vascular supply disintegrating. This poses an interesting oppor-
tunity that might be of therapeutic relevance in stereotactic treatments.

Another interesting phenomena observed in some cases of SBRT treat-
ments is the response in lesions not targeted by the radiation. This has been
termed the abscopal effect and has been found to occur in several patients
with metastatic melanoma treated with the monoclonal antibody ipilimumbab
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and, at some point, hypofractionated radiotherapy (Hiniker, Chen & Knox,
2012, Postow et al, 2012, Postow, Callahan & Wolchock, 2012). Stamell et al
(2013) observed no response to chemotherapy in a primary melanoma, while
localized radiotherapy to the primary lesion resulted in response in both the
primary lesion and complete resolution of all (un-treated) in-transit metastases
after eight months. This abscopal effect was associated with post-radiation
anti-melanoma anti-bodies, which could imply that a systematic anti-tumour
immune response was induced by the irradiation (Stamell et al, 2013). While
an abscopal effect has been observed in other tumour types as well, such as
metastatic renal cell carcinoma (Wersäll et al, 2006), more data is needed to
conclude whether this is an effect particularly pronounced in stereotactic treat-
ments, possibly offering a new dimension to SBRT.

A possible drawback of large doses per fraction is the potentially increased
time it takes to deliver each fraction. If intra-fraction repair of the tumour cells
cannot be neglected, this would have to be taken into account in the treatment
planning.

3.3 Overall treatment time

In order to maximize the therapeutic window and avoid severe normal tissue
complications, the treatment time cannot be shortened independent of the total
dose. This poses a limit to accelerated treatments delivering several fractions
per day. Furthermore, the importance of reoxygenation promotes a treatment
time that is not too short. However, radiotherapy schedules extending over
several weeks have to take into account the fact that the number of malignant
cells starts to increase after about three weeks of therapy as a result of acceler-
ated repopulation (Mayles, Nahum & Rosenwald, 2007). It is thus beneficial
too keep the treatment time as short as possible, while not compromising nor-
mal tissue toxicity or tumour control. In SBRT, the delivery of few, high-dose
fractions is feasible due to the more rigid fixation and thus reduced margins,
allowing for rather steep dose gradients within the target volume. While this
indeed helps to ensure a high level of local control, the issue of reduced pos-
sibility for reoxygenation still represent a limiting factor at least for hypoxic
tumours.

3.4 Heterogeneous fractionation patterns

Although the radiobiological rationale for fractionation is quite clear from the
early- to late-reacting tissue differential in α/β and the importance of inter-
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fraction reoxygenation, extreme hypofractionation is an attractive approach as
the practical (and in some cases economic) benefits from a short treatment in-
volving few fractions are obvious from several points of view. Elderly patients
suffering from co-morbidities will prefer a short a treatment as possible, and
the clinic can increase their throughput by freeing valuable accelerator time.

In light of the success of SBRT, hypofractionated schedules are indeed en-
couraging to pursue, especially for cancer types such as NSCLC in which con-
ventionally fractionated treatments have failed (Onishi et al, 2004). However,
the inevitable reservation necessary for extremely hypofractionated regimens
as applied to hypoxic tumours raises the question of whether there is another
approach that will increase rates of local control even further.

Figure 3.1: Schematic illustration indicating the impact of different fractionation
patterns on local control in hypoxic tumours. The red curve shows the beneficial
effect of fast reoxygenation, which will be most pronounced when going from
single-fraction treatments to schedules employing few fractions. The orange
curve shows the impact of slow reoxygenation, which is expected to contribute
to an increase in local control after a couple of weeks of treatment. Starting at
three to four weeks of radiotherapy, the accelerated repopulation of tumour cells
will impact negatively on the probability of controlling the tumour as reflected
by the blue curve.

While both slow and fast reoxygenation can be expected to benefit local con-
trol in conventionally fractionated treatments, the overall treatment time often
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extends beyond the kick-off time for accelerated repopulation. In hypofrac-
tionated SBRT, this can be completely avoided at the cost of a much reduced
if not zero benefit from slow reoxygenation, given that the sufficiently oxy-
genated irradiated cells will not die or immediately stop consuming oxygen
(Hall & Giaccia, 2012). If the entire treatment is given only one fraction, there
will be no benefit at all from any kind of reoxygenation. Dividing the treat-
ment into three or five fractions could thus be expected to have a rather large
impact on the achievable level of local control as a result of the inter-fraction
fluctuations in acute hypoxia (Lindblom et al, 2014).

Thus, while the optimal solution is probably not to be found at either of the
extremes of the fractionation scale, an in-between approach employing hetero-
geneous fractions of dose is worth investigating. Such a schedule could, in ad-
dition to taking advantage of the fast reoxygenation and short overall treatment
time, imply an increased biological effectiveness compared to homogeneously
fractionated SBRT.

Apart from the potential improvement in treatment outcome based on an
increased dose per fraction, the time-points at which the escalated fractions
are delivered could further impact on the local control. For example, it could
be hypothesized that delivering larger fractions on e.g. Mondays and Fridays
could (partly or entirely) compensate for the lack of treatment during the week-
end. Part of the continuation of the work presented in this study will be to
further investigate heterogeneous SBRT fractionation patterns, naturally eval-
uated with respect to the effects on the normal tissue.
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4. Summary and outlook

Despite the vast amount of scientific literature on the therapeutic issues of tu-
mour hypoxia, little has been done to actively incorporate the oxygenation sta-
tus of tumours into radiotherapy treatment planning (Overgaard, 2007). Thus,
a majority of patients receive the same treatment regardless of the oxygena-
tion and thus sensitivity of their individual tumours, which is very likely to
affect the outcome of the treatment. Any means of therapeutically targeting
hypoxia requires a reliable method to carefully map and quantify the tumour
oxygenation. For this purpose, functional imaging such as positron emission
tomography (PET) and magnetic resonance imaging (MRI) techniques play an
important role. However, even if functional imaging of hypoxia would be inte-
grated into the planning process, there are no standardized protocols of how to
alter the treatment once hypoxia has been detected, i.e. quantifying and relat-
ing the level of oxygenation to the dose that should be prescribed accordingly.

While the inherent limitations of in silico models to reflect the complex-
ity of clinical cases can be debated, the inter-comparison of simulation results
of different treatment scenarios can serve as a good indication of the trend
of expectations in actual patients. For example, the impact of fluctuations in
acute hypoxia between fractions on the probability of controlling the tumour
has been consistently found to be significant throughout this work, in simula-
tions of photon- as well as carbon ion radiotherapy and for a broad range of
tumour oxygenations. Thus, while direct comparisons between calculated pre-
dicted values and the outcome of clinical patient treatments may be disputable,
radiobiological modelling offers the tools for testing new approaches without
compromising the patient safety.

The project presented in this thesis will be continued to include studies the
influence of hypoxia on the outcome of the treatment of patients with NSCLC
to be treated with SBRT. Thus, the previous theoretical findings will be in-
tegrated within a clinical study aiming at developing optimal SBRT planning
approaches based on hypoxia imaging for NSCLC patients. This work will
thus hopefully support the progression towards incorporating information of
tumour oxygenation into treatment planning, ultimately leading to increased
levels of local control among cancer patients treated with radiotherapy.
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