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Abstract

The linear-quadratic model is one of the key tools in radiation biology and physics. It provides
asimple relationship between cell survival and delivered dose: S = e~*P~#”" and has been used
extensively to analyse and predict responses to ionising radiation both in vitro and in vivo. Despite its
ubiquity, there remain questions about its interpretation and wider applicability—Is it a convenient
empirical fit or representative of some deeper mechanistic behaviour? Does a model of single-cell
survival in vitro really correspond to clinical tissue responses? Is it applicable at very high and very
low doses? Here, we review these issues, discussing current usage of the LQ model, its historical
context, what we now know about its mechanistic underpinnings, and the potential challenges and
confounding factors that arise when trying to apply it across a range of systems.

Introduction

From almost immediately after the first radiotherapy treatments over 100 years ago, mathematical modelling
has played an important role in how we understand and optimise radiation delivery for the treatment of cancer.
The importance of mathematics in treatment planning goes without saying—the reconstruction of patient
structures, optimisation of treatment fields and the calculation of delivered doses are all mathematically
intensive techniques and key parts of modern radiotherapy. But radiotherapy has also along history of biological
modelling, as researchers attempted to better understand how radiation affects the body and how this could be
optimised to maximize therapeutic benefit.

It is difficult to over-state the ubiquity of the linear-quadratic (LQ) dose response model in this area. Since
its early formulations over 50 years ago, it has become the preferred method for characterising radiation effects
in both the laboratory and the clinic. It has weathered a range of challenges from other models and remains the
first (and often only) choice for researchers and clinicians in a range of applications, despite its simplicity—or
perhaps thanks to it.

The most common expression of the LQ describes the survival probability of a cell following exposure to a
single dose of radiation, S, as:

S — e—aD—ﬁDz

where v and 3 are parameters describing the cell’s radiosensitivity, and D s the dose to which it is exposed. When
survival is typically plotted on a log scale, this gives a quadratic response curve, as illustrated in figure 1. This is
often referred to as a ‘shouldered’ dose response curve—with an initial region dominated by the linear o term
at low doses, followed by increasing curvature as the quadratic 8 term becomes more significant. The degree
of curvature is frequently defined in terms of the /3 ratio—this has units of Gy, and corresponds to the dose
at which the linear @ and quadratic § contributions are equal. Thus, cells with high a//3 ratios see a relatively
constant rate of cell killing with increasing dose, while those with alow o/ 8 ratio show a pronounced curvature.

An intuitive interpretation of these two contributions to cell killing is that the o term reflects death from
‘single hit’ events—that is, lethal damage caused by a single incident particle—while the 3 term represents
‘multiple hit’ cell death resulting from the interaction of damage from different radiation tracks, which scales in
proportion to the square of the dose. This concept is illustrated in figure 1.

This shouldered response is particularly significant if a dose is broken up into many small exposures. If cells
are allowed sufficient time to recover after irradiation (on the order of 6-24 h), sub-lethal damage from the initial
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Figure 1. Illustration of LQ curves. Left: Responses for cell lines with high and low a/ G ratios. High o/ 3 cell lines (10 Gy) have
nearly-constant rates of cell killing with increasing dose, while low o/ 3lines (3 Gy) show a pronounced curvature, with greater
killing per unit dose at higher doses. Right: Separation into one- and two-hit kinetics. At low doses, response is dominated by one-hit
events, while at higher doses multi-hit killing is more important. These effects are equal when the dose matches the av/ 3 ratio of the
cellline (5 Gy).

exposure will be fully repaired, and cells will respond as if they had not previously been irradiated, repeating the
‘shouldered’ part of the curve. Thus, for an exposure to n well-separated fractions of dose d, the predicted sur-
vival is

S — (e—ad—ﬁdz)” _ e—n(ad+/3d2) ¢~ D(a+pd)

where Dis again the total exposure dose, given by D = nd. It can be seen that this leads to increases in cell survival
by reducing the magnitude of the quadratic contribution to cell killing (as dD < D?). This sparing is limited for
high /8 lines where single-hit killing dominates, while low ./ 3 lines experience significant sparing (figure 2).
This enables the relative level of cell killing in different populations to be tailored by adjusting the fractionation
schedule, an observation which proved extremely important to the development of clinical radiotherapy, where
it remains a key predictive tool.

However, despite widespread usage of the LQ, there remain questions about its applicability. Its simplicity
belies the complexity of the underlying biology, particularly in modern radiotherapy where we know that radio-
sensitivity can be modulated by both intrinsic genetic and phenotypic characteristics of the cell as well as extrin-
sic factors in the cellular environment and how radiation is delivered. As a result, many investigators have raised
questions about the general validity of the LQ, and whether it truly represents underlying biology or is simply
a useful empirical tool (Kirkpatrick et al 2009). These questions are particularly pressing as we seek to develop
novel radiotherapy treatments, often in combination with other molecular agents.

This review discusses these issues in more detail, including the historical origins of the LQ, the biological
mechanisms driving these cellular responses, and the prospects and challenges for continued use of the LQ in the
future.

Historical background

Despite the modern prominence of the LQ, its origins cannot be simply traced back to a single source. A broad
range of publications over several decades independently proposed models that are recognisably equivalent
to the modern LQ, with justifications ranging from empirical fitting to detailed descriptions of DNA repair,
emerging from both preclinical cell survival data as well as tissue iso-effect studies.

In vitro investigations of the effects of ionising radiation on different organisms began very shortly after the
discovery of x-rays and other forms of ionising radiation at the end of the 19th century, and in the first few dec-
ades of the 20th century a number of reports were published describing biological responses to radiation. Due
to the limited cell culture techniques available, most of these experiments were carried out in simpler organisms
such as yeasts, bacteria and viruses. In the majority of these experiments, almost purely exponential response
curves were obtained. This led to a number of investigators advancing a simple hypothesis for radiation-induced
cell killing: exposure to ionising radiation causes damaging events (or ‘hits’) in proportion to the dose to which
the cell is exposed (Crowther 1924, Curie 1929). If one of these hits occurs in a sensitive region (or ‘target’) in the
cell, the cell then died.

If it is assumed that hits are Poisson distributed with a mean number proportional to the dose delivered, this
‘single target’ model gives a survival of:
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Figure 2. Illustration of impact of fractionation. In cells with the same «/ 3 ratios as those in figure 1, splitting the treatment into

well-separated 2 Gy fractions leads to a sparing effect by modulating the contribution of the 5 component. This has a pronounced
effect on survival in the low a/ 3 cell lines, but relatively limited effects on high o/ 3 cells.

S =Py (0,D) = ¢ .

Where Py;(n, D) is the probability of a cell receiving # hits following exposure to a dose of D and Dj is the
dose that leads to an average of one hit per cell (figure 3), reproducing the observed exponential dependence.
Interestingly, based on Dy and the number of ionisations caused by a given radiation exposure, the implied size
of the radiation ‘target’ can be estimated. Early estimates suggested target sizes on the order of tens to hundreds
of nm (Crowther 1924), which drew comparisons with the dimensions of the genetic material in chromosomes,
and the suggestion that inactivation of viruses and bacteria was due to the formation of lethal mutations (Lea
1946).

Single target models dominated early radiation biology, even though investigations in some further biologi-
cal systems began to show evidence for shouldered response curves (Alper et al 1960). However, interest in more
sophisticated models expanded greatly following the work of Puck and Marcus which presented in vitro studies
of radiation sensitivity in mammalian cells from both cancer and normal tissue (Puck and Marcus 1956, Puck
et al 1957). Two major observations arose from studying mammalian cells: firstly, they were dramatically more
sensitive to ionising radiation than viruses and bacteria; secondly, unlike simpler organisms, cells consistently
showed shouldered response curves.

A number of generalisations of the single-hit single-target model were possible (Atwood and Norman 1949,
Alper et al 1960, Fowler 1964), but the single-hit, multi-target model rapidly became the most common approach
to these data. In this model, rather than assuming cells contained a single radiosensitive target, it is assumed they
contain m targets, each of which must be inactivated. If the number of hits per target is still given by D/ Dy, then
the probability of a single target being hit is given by

1 — Pyis (0,D) = 1 — e B
and thus the surviving probability (i.e. not all m targets are hit) is given as:
s=1-(1-¢%)"

This model, illustrated in figure 3, reproduces the shouldered response, with an initial cell killing slope of zero. At
higher doses, the slope of this curve becomes 1 /Dy, matching that of the single-hit single-target model. A similar
approach—modelling single targets which require multiple hits to be inactivated—yields a similar overall trend
(Fowler 1964).

While multi-hit curves can yield very similar results to the LQ model over typically studied dose ranges
(figure 3), experimental disagreements began to arise at low and high doses. Evidence accumulated that many
cells showed non-zero initial radiation response slopes, while at high doses many mammalian cells showed con-
sistently increasing curvature (Barendsen et al 1960). And while a number of variants were proposed to address
these issues (such as multi-hit multi-target models, or those which combined single-target and multi-target
killing), these required additional fitting parameters which complicated analysis.

These experimental challenges were coupled with theoretical difficulties. While the high sensitivity of mam-
malian cells suggested that the ‘targets’ should be easy to visualise, there was limited progress in identifying them,
with numerous disagreements about the value and interpretation of the target number m. For HeLa cells, Puck
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Figure3. Left: Comparison of single- and multi-target survival models. Both models have Dy = 2 Gy, which corresponds to the
slope at high doses, while the multi-target model has a target number of 11 = 2. The dotted line shows the extrapolation of the high-
dose response to 0 Gy, with the intercept equal to m. Right: Comparison of LQ (solid lines) and multi-target models (dashed lines)
for two different v/ 3 ratios. Although they have different underlying assumptions, it is often difficult to distinguish between the
models, particularly if survival measurements are only available at a small number of doses.

and Marcus fit their clonogenic survival data with an m value of exactly 2 (Puck and Marcus 1956). This was
justified based on the diploid nature of human cells, and by comparison with some early experiments in yeast
that showed good correlation between ploidy and target number. However, this picture rapidly became more
complex, as investigations in other cell lines showed an extremely broad range of m, potentially up to hundreds
for some cells (Fowler et al 1963). These observations led many authors to argue that rather than being a true
number of targets, m was instead an empirical descriptive factor. This was sometimes called the ‘extrapolation
number’ of the curve, as this was the value at which the high-dose response crossed the y-axis when extrapolated
back to zero dose, as shown in figure 3 (Alper et al 1960, Elkind and Sutton 2012).

Consequently, while target theory was the dominant approach for several decades, a number of other
approaches were explored, including some that are recognisably similar to the modern LQ. Perhaps the earliest
example of this was by Lea and Catcheside, who in 1942 fit chromosome aberration yields in Tradescantia seeds
using a quadratic, and later predicted that only seeds free of chromosome aberrations were viable, which agreed
well with experimental observations (Lea and Catcheside 1942, Lea 1946). Over the following decades, a number
of other authors postulated LQ-like models, based on a range of motivations. In 1966, Sinclair published a review
of cell survival curve models, where an LQ model is introduced as S = e~ (©iP+k)D which Sinclair describes as an
attempt ‘to fit a mathematical expression to the shape of the curve and see if the result can be interpreted in terms of a
model’ (Sinclair 1966). By contrast, both Kellerer and Rossi (1971) and Chadwick and Leenhouts (1973) derived
LQ models from theoretical models of the combination of damage from single- and multi-track events.

Kellerer and Rossi began from a relatively abstract two-step inactivation process, where undamaged cells
could either be directly killed by a single particle, or moved into a ‘pre-damaged’ stage from which a second
particle could lead to death. Chadwick and Leenhouts took a more mechanistic approach, arguing that it was the
yield of DSBs which drove cell killing, and that these yields could be calculated based on the probability of DSBs
being formed either by a pair of nearby backbone damages resulting from the same primary or by a combination
of backbone damages from independent particles. In both models, after some modest simplifying assumptions,
the average number of lethal events was found to follow a linear-quadratic relationship with dose.

Based on these experimental studies and theoretical discussions, LQ models grew rapidly in influence. This
was further assisted by its simplicity and easily understandable parameters that could be linked with a number
of other endpoints showing similar trends. But perhaps more importantly, the LQ model was also shown to be
an effective tool to understand clinical responses, providing a direct link between the lab and clinical practice,
discussed in more detail below.

Is thelinear-quadratic model mechanistic?
However, even during its earliest applications, there were outstanding questions about the true nature of the LQ
model. Its simplest empirical interpretation is that a Taylor series can be used to approximate any response using
a polynomial, and examination of dose-response curves suggest that for practical doses only the D and D? terms
are significant. This simple argument was used by many investigators to justify quadratic dose response curves
for anumber of endpoints, including not only survival but also yields of mutations and chromosome aberrations
(Lea and Catcheside 1942, Sinclair 1966, Lyon et al 1979).

Even at this level, the LQ remains useful as it still supports many of its key practical observations—such
as one- and two-hit events giving rise to linear and quadratic terms, or the impact of fractionation—despite
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the mechanisms being left unspecified. However, this empirical approach hinders deeper analysis. Without an
understanding of the underlying biology, it is difficult to develop rational links between observations in different
systems, and we cannot apply our growing knowledge of fundamental radiation biology to better understand and
optimise radiotherapy. As a result, there has been significant investigation into the mechanisms of LQ responses.

A number of early examples of the LQ came from approximations to models of misrepair processes, includ-
ing the two-step model of Kellerer and Rossi (1971) and the Molecular Theory of Chadwick and Leenhouts
(1973).As the LQ became more established, a number of other approaches were developed to attempt to put it on
a more mechanistic footing, including the repair-misrepair (RMR) model (Tobias 1985), the lethal-potentially
lethal (LPL) model (Curtis 1986), and the saturable repair model (Goodhead 1985). The RMR and LPL models
are developed around the potential of ‘lesions’ interacting, similar to older models describing yields of chromo-
some aberrations (Lea and Catcheside 1942), while the saturable repair model takes a different approach, posit-
inga single class of damage which cells have a limited capacity to repair.

In general, these responses were typically described in terms of three classes of damage: lethal damage, sub-
lethal damage, and potentially lethal damage (Bedford 1991). Lethal damage refers to types of damage that are
so severe that they cannot be repaired by the cell and will lead to death in all cases (say, extremely complex DNA
damage), giving rise to the initial linear component of the dose response curve. Sub-lethal damage refers to less
serious types of damage which will not be lethal on their own, but which can combine with further radiation-
induced damage to kill the cell. This may represent, for example, simpler classes of DNA damage that can interact
to form more serious lesions. As this involves the accumulation of multiple damage events, it gives rise to a curved
component in the dose-response curve. Finally, potentially lethal damage refers to types of damage that are lethal
in some cases, but not others—for example, cells forced to undergo division with unrepaired DNA damage may
die due to a failure at mitosis, even if the damage could otherwise have been successfully repaired. Depending on
the cell and environmental condition, this may contribute to the linear component, the quadratic component, or
both.

These interpretations naturally yield LQ-like response curves, with directly lethal events giving rise to an ini-
tial linear component, and multi-track effects leading to increasing curvature, and can agree with experimental
data over the ranges typically used in clonogenic assays. They also provide the potential to more naturally incor-
porate other effects, such as the impact of partial repair and dose rate on response. However, in all these cases they
still abstract out much of the underlying biology.

This fact has become particularly significant as growing evidence indicates that the LQ model may not be a
perfect description of all cellular responses. For example, in the phenomenon of low-dose hypersensitivity, some
cells show dramatic sensitivity to low doses of radiation (typically <0.5 Gy) before plateauing or even exhibit-
ing partial recovery before returning to an LQ-like response at higher doses (Joiner ez al2001). In addition, some
investigators report that the dose-response curve begins to straighten at higher doses, leading some to propose
that a linear-quadratic-linear dose response model is more appropriate (Astrahan 2008). Given these and other
questions, together with the considerable advances that have been made in our understanding of radiation biol-
ogy over the past 30 years, it is useful to review the mechanisms which govern how cells which respond to radia-
tion, and their compatibility with the assumptions of the LQ model.

Mechanisms of radiation response

Initial damage

Many early target theory applications calculated target volumes which were consistent with the dimensions of a
chromosome (Crowther 1924), and radiation’s ability to induce mutations provided clear evidence that it was
active against the genetic material of the cell, even before the nature of genes was fully understood (Lea 1946).
Following the discovery of the structure of DNA, it became clear that radiation’s ability to disrupt the structure
of DNA was the major driver of its biological effects.

A range of experimental studies confirmed DNA’s role as the key target for radiation sensitivity. Warters et al
treated cells with radionuclides targeted to either the nucleus or the cell membrane. By analysing the sub-cellular
dose distribution for each radionuclide, they were able to show that not only were the nuclear-targeted agents
much more effective per unit activity, but that the activity of either agent that killed 50% of cells delivered the
same dose to the nucleus. This was despite doses to the cytoplasm and membrane differing by several orders of
magnitude (Warters et al 1978). This indicated that radiation targets outside nuclear DNA are only minimally
sensitive, an observation which has been supported by anumber of other sub-cellular irradiation studies (Munro
1970, Kaplan and Morgan 1998).

Radiation can induce DNA damage either directly by causing ionisations and breaking bonds within the
DNA molecule itself, or indirectly by ionising other molecules (particularly water) which can then go on to inter-
act with and disrupt DNA. A wide range of types of lesion can be created following these interactions (Ward
1988), but they can be broadly separated into two categories: base damage and strand breaks. Base damage repre-
sents structural changes to the DNA base pairs that make up the genetic code. These changes can range from the
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attachment of an OH molecule to the base to its complete removal. Strand breaks refer to damage to the sugar-
phosphate backbone which disrupts the structure of the DNA helix. These are further sub-divided into single-
strand breaks (SSB)—where the only one strand is damaged—and double-strand breaks (DSBs), where opposite
strands are damaged in close proximity (typically separations of less than ten base pairs, or approximately 4nm),
which can lead to complete separation of the DNA molecule. On the order of 1000 damaged bases and SSBs are
typically created following exposure of a cell to 1 Gy of x-rays, while the yield of DSBs is on the order of 30 to 40
per Gray (Ward 1988).

However, base damages and SSBs have only minimal biological impact. In both cases, the overall structure of
the DNA molecule is likely to be intact and the cell can repair the damage both quickly and accurately, making
use of the opposite undamaged strand as a template to ensure genetic integrity. This was demonstrated by a com-
paring the effects of hydrogen peroxide to ionising radiation. Hydrogen peroxide very efficiently generates SSBs
via free radicals, but only rarely produces DSBs when SSBs coincide. Ward et al showed that doses of hydrogen
peroxide which produced yields of SSB similar to 1 Gy of x-rays had no significant effect on cell survival. In fact,
to cause significant toxicity hydrogen peroxide had to generate yields of SSB equivalent to thousands of Gray,
highlighting the resistance of cells to these simple damages (Ward eral 1985).

As a result, despite their relative rarity, DNA double-strand breaks are widely accepted as the key driver of
radiobiological effects in cells. Because DSBs involve the severing of both strands, often including ‘dirty’ ends
with the modification or loss of multiple base pairs, there is no complementary strand to act as a template for
repair. As a result, more complex processes are required to repair this damage, with a high probability of the intro-
duction of at least small genetic alterations, if not large-scale genomic rearrangements.

Once DSBs were identified as the primary driver of radiation-induced biological effects, there were a number
of hypotheses about how their yield related to the linear-quadratic dependence of cell survival. Some models
proposed that DSBs themselves had a linear-quadratic dependence on dose (Chadwick and Leenhouts 1973),
assuming that DSBs can either be formed directly by the interaction of a single incident particle or as a combina-
tion of SSB and other damage types from multiple particles. However, while these one- and two-hit effects can be
observed in plasmid DNA, two-hit events typically only become significant at doses much higher than those used
in clinical radiotherapy (Siddiqi and Bothe 1987). Instead, in mammalian cells the yield of DSBs is extremely
linear over a dose range spanning 1 mGy to 100 Gy using a range of different quantification methods (Rothkamm
and Lobrich 2003). As a result, the LQ dependence of survival cannot solely depend on the yield of DSBs, and
must instead be mediated by the cell’s response to these damages.

Double strand break repair

Asnoted above, 30-40 DSBs are induced per Gray of ionising radiation. However, even in relatively radiosensitive
cells less than one lethal event is typically observed per Gray. This indicates that, although they are acknowledged
as the primary driver of cell death, most DSBs are repaired correctly. Three pathways are primarily responsible
for the repair of DSBs—nonhomologous end joining (NHE]), homologous recombination (HR) and
microhomology-mediated end joining (MMEJ).

In NHE]J, two free DNA ends are rapidly bound together and subjected to processing to remove damaged or
mismatched nucleotides before the two strands are ligated together to restore the DNA structure. Because the
end-processing and ligation steps can lead to the loss of genetic material at the site of repair, NHE] can introduce
small mutations, even in ‘correctly’ repaired DSBs. However, because it is available throughout the cell cycle and
can be completed relatively rapidly (on the order of minutes for simple breaks) it is the dominant DSB repair
process in mammalian cells (Waters et al 2014).

HR is a more complex process which takes advantage of duplicated DNA to carry out accurate repair. After
DNA replication in the early S phase, each chromosome consists of two replicated sister chromatids with identi-
cal sequences. HR can then take advantage of these chromatids to support accurate repair of damage incurred
in the late S and G2 phases. HR resects back the DNA strands near the DSB to expose undamaged ends on both
sides of the break, and the sister chromatid is then used as a template to accurately fill in the resulting gap without
loss of genetic information. While accurate, this process is restricted to the latter stages of the cell cycle where
DNA has been replicated to provide a homologous template strand, and is a more complex and slower process
than NHE] (Krejci ef al 2012). Significantly, because HR is a higher-fidelity process than NHE], this introduces a
cell-cycle dependence to radiation sensitivity, with more accurate DSB repair in S and G2, and correspondingly
greater radiation resistance.

NHE] and HR are responsible for the resolution of almost all damage in repair competent-cells, but MME]
(also known as Alternative-NHE]J) provides a backup process. MME]J is similar to NHE], but resects both DSB
ends to align DNA based on short (5-25bp) homologous sections. This process leads to the loss of genetic mat-
erial in almost all cases, and is highly prone to misalignment and incorrect repair (Deriano and Roth 2013). Cru-
cially, however, it is very simple and flexible, providing a method to repair breaks which have proven resistant to
other repair mechanisms (Iliakis et al 2015).
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However, even if the cell has sufficient repair pathways to ensure all DSBs are re-joined, there is still arisk of a
number of classes of incorrect repair, which can have significant negative effects on the cell.

Consequences of misrepair

Misrepair can be separated into two broad classes. Firstly, as noted above, NHE] and MME] can introduce small
alterations to the genome during repair due to the lack of reference template strands. These can involve the loss,
duplication or alteration of one or a small numbers of base pairs. Although this class of event represents by far the
majority of misrepair events, such changes often have only minor impacts—for example, if they occur in non-
coding DNA—but may also lead to mutations in individual genes. In many cases these mutations are stable and
compatible with cell survival and proliferation, although they may prove to be carcinogenic (Hoeijmakers 2001).

A much less common class of misrepair, which poses a much more significant challenge to cell survival, can
occur when the repair processes incorrectly join ends from distinct DSBs, leading to large-scale reorganisations
of genetic material known as chromosome aberrations. Gross chromosome aberrations can be visualised relatively
easily with simple staining and microscopy techniques, and so were some of the earliest categories of radiation-
induced cytogenetic changes to be studied (Sax 1938, 1940). It rapidly became clear that, although relatively rare
compared to the total yield of DSBs, these changes were also some of the most biologically consequential effects
of radiation.

Even in the simplest form—so-called ‘binary’ aberrations which involve only two DSBs—these can lead
to a range of different reorganisations, depending on the regions of the chromosomes involved, with some of
the major categories possible in G1 illustrated in figure 4 (Hlatky ef al 2002). Chromosome aberrations can be
broadly grouped according to two features. Firstly, whether they are inter-chromosome events, involving DSBs
on two separate chromosomes, or intra-chromosome events, involving ends from two DSBs on the same chro-
mosome. Secondly, whether they are symmetric or asymmetric—that is, whether each of the resulting re-joined
chromosomes contain a single centromere, or if acentric and dicentric chromosomes are formed.

Centromeres are specialised sub-regions of the chromosome which link sister chromatids during replica-
tion, and are the binding site for kinetochores which ensure accurate chromosome separation during mitosis.
Because of this, the asymmetric versus symmetric distinction is most significant for cell viability. While sym-
metric exchanges may move genetic material between two chromosomes or invert a portion of their sequence,
outside the immediate vicinity of the DSBs this has little impact on cellular function. By contrast, asymmetric
exchanges lead to the formation of structures that are not effectively processed during mitosis. Dicentric chro-
mosomes may fail to separate and lead to mitotic catastrophe, while acentric DNA fragments will not be passed
on during mitosis and lead to the loss of significant genetic material if large sections of a chromosome are lost.
Symmetric and asymmetric events are believed to be equally likely, because the DNA ends involved are otherwise
identical (Savage and Papworth 1982).

It should be noted that a range of further sub-divisions are also possible, particularly in late S and G2 phases
where chromatid-type aberrations are also possible, when breaks lead to misrepair between replicated sister chro-
matids. In addition, higher-order interactions involving misrepair between multiple DSBs are also possible, lead-
ing to more complex exchanges. These effects are reviewed in more detail elsewhere (Hlatky er al 2002).

Of particular relevance to this review is the fact that chromosome aberrations were also some of the earliest
biological effects to which linear-quadratic models were fit (Lea and Catcheside 1942). While many early investi-
gators initially expected this to be a purely quadratic effect as each chromosome aberration required two ‘hits’—
now known to be DSBs—experiments suggested a two-component response (Lea 1946). Indeed, experiments at
extremely low doses, dose rates, and with very low-energy radiation have all confirmed that chromosome aber-
rations can be formed by individual radiation-induced DSBs, even those which resemble two-hit events (Lloyd
et al 1975, Cornforth et al 2002). The mechanism of these one-hit types of damage remains the subject of some
debate, with several suggested mechanisms, including interaction of radiation-induced DSBs with endogenous
damage (Pfeiffer et al 2000), or complex repair process failures interacting with undamaged DNA (Goodhead
etal 1993).

However, even before the mechanisms of aberration formation were understood, the shape of their dose-
response curve together with the similarity in yield with rates of cell killing led many investigators to suggest that
chromosome aberrations were the key lethal event determining cell survival following ionising radiation. This
was supported by research which showed that large structural changes—such as dicentric and large deletions—
rapidly disappeared from a population of dividing cells, suggesting they were not compatible with continued cell
survival (Carrano 1973, Brown and Attardi 2005).

This hypothesis was quantitatively confirmed by Cornforth and Bedford, who compared yields of chromo-
some aberrations in non-cycling AGO-1522 cells to cell survival following x-ray irradiation (Bedford and Corn-
forth 1987). These data (illustrated in figure 5) showed a 1:1 correlation between the types of aberration which
were detected in their Giemsa stain assay (dicentrics, rings, large deletions) and the number of ‘lethal events’
per cell, defined as N = — In(S), where S is the surviving fraction. Similar results, although with slightly greater
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Figure4. Illustration of some binary chromosome aberrations in G1. These events involve two breaks in either a single
chromosome (top) or two chromosomes (bottom). Incorrect rejoining can lead to a range of biological effects, depending on
whether the misrepair is symmetric (all chromosomes retain a centromere) or asymmetric (some chromosomes lack a centromere).
Symmetric exchanges can lead to inversions or translocations, which are generally well tolerated by cells. Asymmetric exchanges
cause the formation of acentric and dicentric fragments, which can lead to significant genetic loss or failure to complete mitosis.
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Figure 5. Relationship between chromosome aberrations and cell death. Left: In non-cycling normal AGO-1522 cells, chromosome
aberrations and lethal events display an almost exactly 1:1 relationship. However, the rate of death is significantly greater in cycling
cells, indicating other death pathways. (Derived from Bedford and Cornforth (1987)). Right: In cycling cells, these additional cell-
death pathway depends on cell genetics. Even when cycling, TP53-mutant cells (closed symbols) show the 1:1 correlation between
aberrations and cell survival, while TP53-competent cells (open symbols) show additional sensitivity as with AGO-1522 cells.
(Derived from Borgmann et al 2004.)

uncertainties, were also obtained for repair-defective cells. This indicated that despite representing only a small
fraction of misrepair events, not only were these aberrations lethal, but in this experimental model they were the
dominant driver of lethality.

The actual process by which cells die following chromosome aberration formation can vary according to
the type of aberration formed and the cell’s genetic background. This can include failure to successfully divide,
the activation of programmed cell death (apoptosis (Watters Dianne 1999, Roos and Kaina 2013)), or less struc-
tured death due to the loss of key genetic functions (necrosis (Zong and Thompson 2006)). However these results
suggested a relatively simple interpretation can be applied: If the yield of chromosome aberrations following
radiation exposureis givenby Y = aD + bD? then clonogenic cell survival is given by the fraction free from aber-
rations, thatis S = =¥ = ¢=D=bD", indicating that the a and b parameters describing the yield of chromosome
aberrations are identical to the & and 5 LQ parameters.

Unfortunately for those seeking a simple conceptual model, even within this dataset there was evidence that
there were other mechanisms by which cells could be rendered non-viable.
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Other cell death mechanisms

The direct relationship between aberrations and cell survival was observed in non-cycling cells, held in GO
and given 24 h to repair initial damage before being released into the cell cycle. By contrast, when cells were
immediately released into the cell cycle, they showed significantly greater sensitivity to ionising radiation (figure
5). This pointed to additional death mechanisms due to unresolved damage in cycling cells.

Significantly, when these studies were repeated in cycling cells from different cell lines, it was seen that this
effect depended on the cell’s genetic background (Borgmann et al 2004). As illustrated in figure 5, two distinct
groups are seen, which are separated by the presence of mutations in the TP53 gene. TP53 is a key gene in the
maintenance of cellular genetic integrity, mutated in over 40% of cancers (Kandoth et al 2013). It is involved in
the detection and repair of DNA damage, and activation of DNA-damage cell cycle checkpoints (Feiand El-Deiry
2003). Consequently, this dependence points to the involvement of active cell death processes in cycling cells.

Exposure to ionising radiation induces a number of cellular responses. In particular, cell cycle checkpoints
are activated (particularly at the G1/S and G2/M transitions) to prevent cell cycle progression with unresolved
damage. Most commonly, this is a short-term delay in cell cycle progression to allow the cell time to repair small
amounts of damage (Deckbar et al 2011). Faced with larger amounts of damage, cells can alternatively enter
a state of permanent arrest known as senescence (Ewald ef al 2010). In this state, the cell will not undergo any
further division, but may remain alive for extended periods. Finally, apoptosis may also be triggered rapidly in
response to significant levels of genetic damage (Dewey et al 1995, Watters Dianne 1999, Roos and Kaina 2013).
As this active apoptosis process typically occurs within 24 h of irradiation, it is sometimes referred to as ‘early’
apoptosis, to distinguish it from apoptosis resulting from misrepair which typically only occurs after one or more
attempts by the cell to divide (Algan et al 1996, Endlich et al 2000).

These active cell death pathways can be a significant contribution to radiation sensitivity, acting in addi-
tion to death which results from misrepair (Algan et al 1996, Borgmann et al 2004). The interactions between
unrepaired damage, senescence and apoptosis in determining cellular fate for a particular cell are very complex,
depending on a range of genes in addition to TP53, and are beyond the scope of this review. However, quantita-
tively, experimental studies of the probability of different cell lines successfully evading apoptosis and passing
through the G1 checkpoint following irradiation very closely follows an exponential dependence on dose (Di
Leonardo etal 1994, Algan et al 1996, Chapman 2003). That is, the contribution of the effects of early active apop-
tosis and senescence can be modelled as a single exponential § = e~.

It is important to note that the value of ¢ is very strongly cell- and exposure condition-dependent, with both
the absolute and relative contributions of apoptosis and senescence varying significantly. Cell death pathways
are differentially regulated between cell types, giving rise to extremely rapid high levels of apoptosis in lymphoid
and hemopoietic cells with comparatively low levels in fibroblast cells (Radford 1991), and intermediate levels in
endothelial cells (Langley et al 1997). Furthermore, as noted above, genetic alterations can influence the activity
of cell cycle checkpoints, DNA repair processes and the death pathways themselves, further modifying radiation
sensitivity.

Unrepaired DNA damage can also have one final effect, in mitotic catastrophe (Vakifahmetoglu et al 2008).
Mitotic catastrophe is a general term for cells that fail to successfully undergo mitosis, and can be caused by a
range of factors, including asymmetric chromosome aberrations as noted above. Because DSBs split chromo-
somes in two, there is also a high chance that genetic material will be lost and division will fail if a cell enters
mitosis with unresolved damage. This gives rise to an extreme sensitivity to ionising radiation for cells irradiated
just before or during mitosis, as each break has a high probability of rendering the cell non-viable. Once again,
experimental studies show an almost purely exponential radiation response in M phase with respect to dose (and
in turn, DSB yield). Thus, the probability of evading mitotic catastrophe can be described as S = e, where d
is a term which depends on the amount of unrepaired damage which can reach the mitotic phase of the cell cycle
and its likelihood of causing a failure of division (Biade et al 1997, Stobbe et al 2002, Heijink e al 2013).

While the G2/M checkpoint typically prevents mitosis until this damage is repaired, it has an activation
threshold. Cells can fail to detect small amounts of damage, and thus progress to mitosis without delaying for
repair (Deckbar et al 2011). Despite the relatively small level of damage needed to activate G2 arrest (10-20
DSBs), the extreme sensitivity of cells during mitosis means this can significantly reduce survival.

This effect can be seen to naturally parallel the low-dose hypersensitivity effect described above—at very low
doses, cells escape G2 arrest and have an elevated risk of death, while at higher doses the arrest activates, giving
the cell additional time to repair damage and potentially seeing an increase in survival. Indeed, this link has been
explored and confirmed experimentally, with investigations showing that hypersensitivity is strongly associated
with G2 cells, and in particular the activity of the G2 arrest checkpoint (Marples et al 2004). This represents one
area where there is a clear breakdown in LQ responses and has led to the development of new models (such as
the Induced Repair model (Joiner and Marples 1993)), although because of its cell-cycle specificity its impact is
frequently small in many cell lines.
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Considering all of these effects, we can see that while a number of different effects contribute to cell killing,
for most cells they have broadly similar exponential dependencies on either dose or the square of dose. Thus, the
final cellular survival probability is that it is not killed by any of these mechanisms, and can be expressed as

S — equfszechede _ ,—aD—BD’

e

In this interpretation, we can see that the LQ model parameters may correspond mechanistically to summaries of
cell death via different processes (o = a + ¢ 4+ d and 5 = bbased on above notation, schematically illustrated in
figure 6), capturing much of the overall trends in sensitivity with good accuracy (with perhaps the exception of
G2 hypersensitivity). However, the mechanistic interpretability of these LQ parameters is somewhat limited, as
they reflect the combined contributions of a range of different biological processes, which can depend on a range
of intrinsic factors such as the genetic background and tissue of origin of the individual cells.

While the above discussion has focused on these intrinsic cell properties, extrinsic effects from a cell’s micro-
environment can also significantly modulate its response to ionising radiation. This can include factors such as
the availability of oxygen or other nutrients and communication with nearby cells, as well as the type of incident
radiation.

Radiation quality

Much of the key early research in radiation biology, including the majority work referenced above, was performed
using x-rays. Due to their long ranges and sparse ionisation density, x-rays tend to cause DNA damage that is
approximately randomly distributed throughout the cell nucleus. However, ionising radiation encompasses
a wide range of different particle types—including not only massless photons but also electrons and heavier
charged particles such as protons and carbon ions—which deliver dose with different distributions both on the
macro- and nano-scales. On the macro-scale, this is reflected by a move from the approximately exponential dose
fall-off seen in photon therapy, to the characteristic Bragg curve of heavy charged particles that show a roughly
flat, low dose in an entrance ‘plateau’, before rising to a Bragg peak of dose deposition towards the end of the
particle range. This offers significant dosimetric benefits in treatment planning, as by tuning the initial particle
energy doses can be much more precisely confined to target volumes. These physical benefits underpin much of
the clinical interest in charged particle radiotherapy (Loeffler and Durante 2013).

However, on the nanoscale heavy charged particles also deposit their energy much more densely than sparsely
ionising radiation such as photons or electrons, particularly towards the end of their range. This is typically
defined in terms of the linear energy transfer (LET) of the radiation—the amount of energy deposited per unit
track length. This increases from approximately 0.2 keV gm ™! for photons or electrons, to values between 2 and
20keV um~! for protons, and potentially 100keV zm ™! or more for heavier charged particles. This increase in
energy deposition leads to denser distributions of ionisations in DNA and thus greater levels of biological damage
(Tommasino and Durante 2015). This increase in sensitivity is frequently attributed to two different processes—
firstly, when energy is deposited more densely on the nano-scale, the complexity of individual sites of damage
increases. Thus, instead of simple isolated DSBs, there is an increase in the number of DSBs with additional
nearby strand or base damages, and there is a chance of simpler strand damages overlapping closely enough to
form additional DSBs (Goodhead 1994). At slightly longer scales of a few hundred nm to a few microns, inde-
pendent DSBs from the same charged particle are also spatially correlated along its ‘track’ (Nakajima et al 2013).
This significantly reduces the average spatial separation between DSBs, which has been suggested to increase the
risk of misrepair. The exact contributions of these two processes remains an outstanding question.

However, despite uncertainty about the underlying mechanism, there is broad agreement about the overall
trend of radiosensitivity with LET, as illustrated in figure 7 (Chaudhary et al 2014). This shows increasing sen-
sitivity to protons with increasing LET at different positions in a Spread-Out Bragg peak. These differences are
typically described in terms of relative biological effectiveness (RBE), defined as the ratio between the dose of a
reference radiation and test radiation which give the same biological effect. Thus, the RBE of protons relative to
photons at 10% survival is given as:

10
RBE = —-
10
D,
where DI and D, are the photon and proton doses which give 10% survival, respectively.

From a consideration of figure 7 and other data it can be seen that not only are cells more sensitive to high LET
radiation, but the shape of the dose response curve also changes, becoming more linear at high LET (Paganetti
2014). This can be understood from the LQ perspective as an increasing importance of single-hit death, as each
high LET particle deposits more energy per cell traversal with a correspondingly higher chance of causing lethal
damage. Numerous empirical LQ-based models have been developed to describe these effects through alteration
of the avand [ parameters to reflect the contribution of LET (Carabe-Fernandez et al 2007, Wedenberg et al 2013,
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Figure 6. Schematic illustration of cell cycle variations in sensitivity. Top: Illustration of radiation sensitivity in a human cell line
exposed to x-ray irradiation, following e.g. Sinclair et al (1968). Bottom: Illustration of relative contribution of different processes
to cell death through the cell cycle. While the overall trends in cell cycle dependence are common to all cell lines, the relative
contributions of these effects can change depending on the irradiation, environmental conditions, genetic background and tissue of
origin of the cells being exposed.
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Figure7. Variation of sensitivity with proton LET at different positions within a Spread Out Bragg Peak. When compared to x-rays,
protons cause greater levels of cell killing for a given dose. The size of this effect depends on the LET of the incident radiation, with
cells becoming more sensitive (through an increased oo component) at higher LETs. This also depends on cell line, with different
responses seen in low a/ 3 glioma cells (left) compared to high /3 normal fibroblasts (right). Illustration derived from Chaudhary
etal (2014).

McNamara et al 2015), recently reviewed in Rervik et al (2018). These models typically reflect the increasing
single-hit effects through an LET dependent modification to a of the form:
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where o, and a, correspond to the proton and photon o parameters, and p; and p, are empirical fitting terms.
The presence of the inverse dependence on the photon «/ indicates that these effects are more significant in
cells with low /8 ratios. Similar functions are also sometimes applied to changes in 5 with LET, although there
greater disagreement on both the magnitude of this effect and its dependence on factors such as the /5 ratio.
However, despite the existence of these models demonstrating a departure from standard LQ behaviours,
proton therapy is still typically planned with a constant RBE of 1.1 and the assumption tissues otherwise respond
as they do to photons. This is in part due to the relatively large uncertainties in experimental studies of RBE
(Paganetti 2014). However, heavier charged particles such as carbon have significantly greater RBEs, necessitat-
ing the use of more detailed models. Two—thelocal effect model (LEM) and the microdosimetric Kinetic model
(MKM)—are currently used for planning in Europe and Japan (Krdmer and Scholz 2000, Inaniwa et al 2010).
These approaches move away from a purely LQ formalism to incorporate detail on the nanoscale deposition of
energy and its impact on radiation sensitivity. This integration of mechanistic models to predict how cellular
sensitivity changes under different scenarios indicates a potential future direction for research in this area.

Microenvironmental factors

Oxygen availability was one of the first radiation modifiers to be identified, when early investigators noted that
exposures when blood vessels were constricted were less effective than those where blood could flow freely (Hahn
1904). Crabtree and Cramer observed significantly higher cell viability in ex vivo tissue cultures irradiated in
anaerobic conditions, demonstrating experimentally that oxygen was a key driver of this effect (Crabtree and
Cramer 1933).

This effect is now typically quantified as the ratio of doses which are needed to give the same biological effect
in hypoxic and oxic conditions, known as the oxygen enhancement ratio (OER), which is observed to be approxi-
mately three for most cell types (Hill et al 2015). Cells are most resistant in the complete absence of oxygen, but
see arapid increase in sensitivity as the oxygen partial pressure increases from approximately 0.5 mbar to 25 mbar
(0.5 mmHg to 20 mmHg), with a sigmoidal trend (Wouters and Brown 1997). Resistance under hypoxia has
classically been associated with the ‘oxygen fixation hypothesis’. This posits that indirect radiation damage is a
two-step process, where first a radiation-induced free radical interacts with DNA to form a transient DNA radi-
cal. In the absence of oxygen, this DNA radical has a high probability of being chemically reduced and restored
to its original configuration without the need for biological repair. However if oxygen is present, it can bind with
the DNA radical to form a DNA peroxide which cannot be easily reduced, ‘fixing’ the damage in place. However,
in recent years there has being growing interest in the fact that hypoxia also drives a number of epigenetic and
molecular changes within the cell, modifying its response to stress signals and potentially ionising radiation sen-
sitivity (Hockel and Vaupel 2001, Bertout et al 2008).

Hypoxia is important in radiotherapy as it is a common feature of many tumours, due to their growth out-
stripping the available local vasculature. This gives rise to radiation-resistant hypoxic sub-regions, which are
associated with poor prognosis (Horsman and Overgaard 2016). This heterogeneous distribution of sensitivity
has been suggested to give rise to deviations from LQ responses in hypoxic tumours, but to date there is limited
evidence of significant differences in clinical settings. This may be due to oxygen levels within the tumour being
highly dynamic with varying regions of transient and chronic hypoxia obscuring this effect (Bayer et al 2011), or
reoxygenation (one of the five ‘R’s of radiotherapy) occurring throughout the treatment course (Kallman and
Dorie 1986).

In addition to the impact of oxygen, neighbouring cell populations can also impact on radiation responses.
While direct radiation interaction with cellular DNA is the key driver of radiation sensitivity, there is growing
evidence that intercellular communication can also cause cell death. In vitro, this can occur due to direct com-
munication between cells via a process known as the ‘radiation-induced bystander effect” (Prise and O’ Sullivan
2009).

In this effect, cells exposed to ionising radiation signal neighbouring cells (either through gap junctions or
the secretion of signals within exosomes), inducing stress responses which can include elevated oxidative stress.
This can lead to long-term genomic instability and reduced viability (Little 2003). While these effects were first
observed in cells exposed to very low or zero dose (Mothersill and Seymour 1997, Nagasawa and Little 1999),
more recent studies have shown significant alterations in out-of-field survival for cell populations exposed to
modulated fields similar to those used in radiotherapy (Mackonis et al 2007, Butterworth e al 2012). Mathemati-
cal modelling of these effects suggest that signalling may play a greater role than previously anticipated, and could
become more significant as radiotherapy delivery becomes more precise (Ebert et al 2010, McMahon et al 2013a,
2013b). However, although signalling-driven carcinogenesis have been demonstrated in radiation-sensitive mice
(Mancuso et al 2008), there is still a lack of definitive clinical evidence of these effects.

Invivo, theimmune system can also potentially play a role (Demaria and Formenti 2012, Hanna et al 2015). It
has long been known that in some systems a functional immune system impacts on the likelihood of formation
of cancer and the radiation dose needed to control it (Stone et al 1979). However, most cancers have developed
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Figure 8. Impact of cell cycle heterogeneity. Illustrative radiation response curves are shown for G1, S, G2 and M populations, in
proportions typical for heterogeneous in vitro cultures. G1 cells show higher radiosensitivity than S and G2 cells, while G2 cells show
some evidence of low dose hyper-sensitivity and M cells show acute radiosensitivity. However, experiments will typically measure
only the whole-population response (black line). While this population may still be well described by an LQ model, these parameters
may not accurately reflect the response of any individual cells.

the capacity to evade the immune system, mitigating this effect. Recent evidence suggests that radiation expo-
sure can promote immune responses against tumours, particularly when combined with novel immunotherapy
techniques, potentially causing significant shifts in overall sensitivity (Dewan et al 2009, Reynders et al 2015,
Weichselbaum et al 2017).

Challenges in applying the LQ model

Heterogeneous populations

It is quite common to refer to a given cell line as having, for example, a ‘high a//3 ratio’. However, care must be
taken to ensure statements like this are placed in an appropriate context. Cells with active apoptosis pathways, for
example, often show much greater resistance in late S and G2, accompanied by a much lower «/ 3 ratio (Sinclair
1968, Chapman 2003). This is particularly important when cells are irradiated as a heterogeneous population
in different cell cycle phases. As seen in figure 8, the response of a heterogeneous cell population is actually
the combination of a range of sensitivities, despite often being plotted as a single curve. Indeed, the aggregate
radiation response curve may not particularly resemble any of the individual radiation response curves, and may
obscurekey components of the radiation response in individual phases. In this example, the aggregate population
appears to be a relatively resistant, high o/ 8 cell line (>20 Gy). This is despite individual cells having a significant
range of sensitivities, and all showing significantly lower «/ 3 ratios. In extreme cases (e.g. extrapolating to very
high doses or when genetic defects impart particularly sensitivity in some phases (Denekamp et al 1989)) this
can even lead to departures from LQ responses with, for example, reducing slope at high doses, despite each
individual cell following an LQ behaviour.

As aresult, although survival curves obtained from an asynchronous cell population are frequently useful, it
isimportant to bear in mind the conditions in which a particular radiation response curve was obtained. Shifts in
cell cycle distribution or irradiation condition may be all that is required to change a cell line from ‘high a/ 5’ to
‘low a/ B’ responses, or cause apparent breakdowns in the applicability of the LQ model, despite its underlying
accuracy for well-defined populations.

Hypofractionation

Much early radiotherapy research focused on hyperfractionation—the delivery of a larger number of smaller
fractions—to further improve the separation between tumours and late-responding normal tissues (Thames et al
1983). However, this has not seen widespread clinical uptake, and with the introduction of more precise delivery
techniques, hypofractionation has become an increasingly significant part of the radiotherapy landscape, and
seen good results in a number of sites (Nahum 2015). Because of the apparent contrast with the traditional LQ
interpretation, this has led some investigators to question the validity of the LQ model, and in particular if it is
accurate at high doses or if the response curve straightens at high doses necessitating new models (Kirkpatrick
etal2009).

Linearization of biological effects at higher doses is suggested by a number of mechanistic models, par-
ticularly those which consider the interaction of lesions (whether DSBs or otherwise). This can be understood by
noting that moving from 2 to 4 DSBs effectively doubles the number of potential misrepair partners, while mov-
ing from 200 to 202 DSBs would have a relatively minor effect. Similar trends have been experimentally observed
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in pulsed field gel electrophoresis studies of DSB repair, which show that an initially linear increase in the rate of
misrepair slows at higher doses, with non-linearities becoming apparent at doses above 20 Gy (Lobrich et al 2000,
Rydberg et al 2005).

Such a trend would be expected to translate into reductions in aberrations and cell death compared to a
purely LQ model. However, it is difficult to robustly quantify many endpoints, including survival, at very high
doses. Because of the high level of cell killing, such experiments require the irradiation of very large numbers
of cells to yield even small numbers of survivors. This introduces a number of very sensitive sources of error, as
even small experimental errors or heterogeneities in the irradiated population can significantly influence meas-
ured responses. Further uncertainty is introduced by the protracted times needed to deliver high doses in some
scenarios, as this opens the potential for sub-lethal damage repair to reduce cell killing at high doses (Dasu and
Toma-Dasu 2015).

Alternative response models

These challenges mean there remains significant disagreement about the validity and applicable range of the LQ
model in vitro, with some authors suggesting significant discrepancies at doses of 5 Gy or above, while others
report good agreement up to tens of Gy. As a result, there is considerable interest in the development of alternative
models to describe in vitro radiation response. These include simple modifications of the original LQ with a third
parameter proportional to the cube of dose to give a ‘linear-quadratic-cubic” model, or modifying the LQ such
that it has a maximum slope and linear response at high doses, giving rise to a linear-quadratic-linear model
(Astrahan 2008). Alternative approaches have attempted to introduce more mechanistic rationale for alteration
of the LQ parameters, such as by moving smoothly between linear-quadratic and multi-target models (Park et al
2008) or incorporating corrections for dose protraction and lesion interaction (Guerrero and Li 2004, Wang et al
2010).

However, in many cases these models introduce new parameters that are difficult to interpret biologically. As
an alternative, there is also interest in developing further mechanistic interpretations. These include revisiting
approaches such as the LPL and RMR to place modified LQ curves on a stronger theoretical footing (Carlson et al
2008, Guerrero and Carlone 2009); the development of updated target-theory approaches (Zhao et al 2015); or
the development of mechanistic models characterising particular aspects of the DNA repair process, such as the
involvement of ATM (Bodgi and Foray 2016).

Both empirical and mechanistic models face a significant challenge, however—by necessity, they involve the
inclusion of additional parameters, requiring additional data to be robustly fit. Coupled with the generally good
performance of the LQ model in the majority of preclinical in vitro datasets, there has been comparatively little
uptake of these more sophisticated models in preclinical radiobiology. Instead, the standard LQ remains the
dominant tool in preclinical radiobiological modelling.

But despite the LQ’s successes in preclinical models, its ability to translate this success into the clinic, and its
validity for predictions of tissue-level responses, also remains the subject of some debate.

Clinical use of the LQ model

Historical development

The clinical uptake of radiation was if anything more rapid than in the laboratory. Within a few years of
Roentgen’s discovery of the x-ray, several groups reported the use of x-rays in the treatment of cancer (Thames
1992), with the first clearly documented cures of skin cancer reported in Sweden by Stenbeck at the turn of the
century (Stenbeck 1900). A burgeoning community began to investigate how best to treat cancers with ionising
radiation. Initial treatments were typically protracted over multiple days or weeks, limited by the activity and
stability of the early x-ray sources. However, as source quality improved, a move to deliver single- or few-fraction
treatments led to unexpectedly severe toxicity.

Early developments in fractionation were largely empirical, beginning from demonstrations that rapidly-
dividing organs show greater radiosensitivity if treatments are fractionated. Perhaps the best-known early dem-
onstration of this was the use of x-rays in the sterilisation of rams, where it was shown that fractionation could
achieve this effect with minimal other toxicity, whereas doses large enough to sterilize the animals in a single
fraction lead to unacceptable side-effects (Regaud and Ferroux 1927). Fractionation schedules were developed
locally in numerous centres over the next several decades, with many groups quickly settling on daily fractions of
approximately 2 Gy, delivered over a period of several weeks with total doses on the order of 45-70 Gy, typically
based on clinical experience rather than biological rationale (Fletcher 1988).

There was significant interest in more precisely quantifying this relationship between dose, fractionation
and treatment time in different tissues to better optimise therapy. Early work by Strandqvist on skin cancers sug-

gested a relationship between the dose needed for a particular biological endpoint and the total treatment time,
of:
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Dis, = Dy TO.33

where Dy, is the isoeffect dose, Dy is the dose needed in a single treatment to deliver the same effect,and T is the
total treatment time in days. Dy was found to be a function of the biological endpoint, but the exponent on T was
suggested to be a constant (Strandqvist 1944). However, the treatments modelled in this study involved multiple
fractions per day, making the number of fractions proportional to the treatment time. Research quickly showed
that changing the number and size of fractions had a significant effect, even when the total treatment time was
held constant.

Ellis sought to address this by introducing the concept of nominal standard dose (NSD), which incorporated
both number of fractions and total treatment time:

Dy, = NSD TO11N024

where N is the number of fractions, NSD is the endpoint-specific single dose needed to yield the effect, and the
exponents are taken to be independent of endpoint (Ellis 1969). While this model embodies a number of factors
which are known to be important for radiotherapy, it was almost immediately the subject of considerable debate,
with many authors arguing both against specific coefficient values and its underlying assumptions (Liversage
1971). This left significant space for the development of new approaches to understand clinical response.

Asinvitro survival data became more readily available in the 1960s and 70s, there was growing interest in link-
ing models in these two areas. Fowler initially used a multi-target model to evaluate a ‘target cell” description of
clinical response, where in vivo responses were predicted to be proportional to cell survival. These initial analyses
performed poorly, with poor quality fits for some schedules, and unreasonable multi-target model parameters
(Fowler et al 1963 )—suggesting that this was not an ideal model for clinical fractionation. However, in later years
Douglas and Fowler revisited this approach using an LQ model of cell survival, and showed excellent agreement
with models of skin reactions in mice, superior to those of either the multi-target survival model or the NSD
approach. Significantly, the resulting o and 8 LQ parameters were also reasonable based on preclinical measure-
ments in in vitro and in vivo conditions (Douglas and Fowler 1976).

Similar results were obtained by other authors for a number of different measures of normal tissue and
tumour responses, giving credence to the LQ as an effective tool to describe clinical responses for a range of doses,
fractionation schedules and endpoints (Barendsen 1982, Thames et al 1982). Together with its relative simplicity,
its applicability to preclinical data, and the more natural explanation of differential responses in different tissues,
LQ-based approaches rapidly supplanted the NSD as the primary model by which clinical plans were evaluated.

Clinical application of the LQ

The LQ model is by far the dominant radiobiological tool used in clinical situations. This can be understood as
a combination of both its simplicity and the intuitive way in which it enables discussions around fractionation,
scheduling and tissue sensitivity, based on a ‘cell survival’ model of radiation response.

Early studies of tissue responses to radiation showed that organs containing rapidly proliferating cells—such
as skin, oral mucosa and bone marrow—typically exhibited little sensitivity to fraction size and presented symp-
toms during or shortly after the completion of radiotherapy. These early responding tissues are now known to
have high a/ 5 ratios, on the order of 7-10 Gy. By contrast organs with slower cellular turnover—such as heart,
lung or kidney—respond over a much longer timescale of months to years, and show much greater sensitivity to
fraction size. Late responding tissues are typically found to have «/ 5 ratios of 3—5 Gy (Fowler 1989).

Much of the early clinical development of radiotherapy focused on the observation that, since cancer is a
disease characterised by the uncontrolled proliferation of cells, it should be expected to have a high /3 ratio.
Historically this has been assumed to be on the order of 10 Gy, similar to early-responding tissues (Williams et al
1985). As a result, fractionation preferentially spares the slowly dividing normal tissues that are often the dose-
limiting factors in radiation treatments, allowing an escalation of tumour dose without causing unacceptable
normal tissue toxicity, as illustrated in figure 2. Thus, the LQ provides a simple way to explain both the impact of
fractionation, and the specific differences in response between different tissues.

This description assumes that clinical endpoints (whether tumour control or normal tissue response) are
driven by the death of some cell population, and the magnitude of effect is directly related to the fraction of sur-
viving target cells. The nature of target cells is deliberately left vague in many of these models, and may represent
all cells in a population (such as in tumours) or ‘critical’ sub-populations (e.g. stem cells) without significantly
affecting the following analysis (Douglas and Fowler 1976).

In this approach, the level of clinical effect is assumed to depend only on the number of surviving cells. For
simplicity, a given level of effect E is often related to the log of the survival probability. Thus, assuming an LQ
response to 7 fractions of dose d gives

E=—In(S) =n(ad+ Bd*) = D(a + Sd)
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where D = nd is again the total dose delivered. Once again, this relationship highlights the sparing effects of
fractionation—if the same dose D is delivered in a larger number of fractions (reducing d), the clinical effect E is
also reduced. And while fractionation spares all tissues, the degree of sparing can be seen to depend on the a/3
ratio of the target population. In particular, E is frequently expressed as:

E:aD(l—&—Ojﬂ).

Thus the magnitude of effect can be expressed as the product of a fraction-size independent term related to the
total dose (D) and a fraction-size dependent term which scales inversely with the /3 ratio.

As proposed by Withers et al (1983), this expression provides a simple method for calculating iso-effective
doses between different fractionation regimes—if two regimes give the same effect level E, they should be equally
clinically effective, as illustrated in figure 9. Because of the prominence of 2 Gy fractionation schedules, treat-
ments are frequently compared on the basis of equivalent dose in 2 Gy Fractions, EQD2. To obtain the EQD?2 for
an arbitrary schedule of n fractions of dose d, we find the dose which yields an equal effect level:

D(l + a%) = aEQD2 (1 + Ojﬁ)

which can be rearranged to give:

d+a/p
2+a/B’

A closely related concept is that of BED, which seeks to compare treatments without reference to a specific
fractionation schedule. As defined by Fowler (Barendsen 1982, Fowler 1989), this represents the dose needed to
deliver alevel of effect as the fraction size goes to zero. In this limit, the contribution from multi-hit events goes to
zero, and the BED is obtained by dividing the effect level E by the o term:

BEDzizD(l—i—OjB).

Similar approaches were also proposed by other authors (Barendsen 1982, Thames and Hendry 1987), under
different names. In general, all LQ-based iso-effect models agree on the equivalence of different schedules,
typically differing from one another only by a constant factor based on the reference fraction size.

A note about nomenclature is important here—‘Equivalent’ and ‘Effective’ are words that have multiple
meanings in radiation biology. In addition to here in metrics of fractionation, they appear in the SI definition
of the Sievert, referring to radiation-quality weighted and target-tissue weighted doses respectively. In addition,
BED is sometimes referred to as an ‘Equivalent’ doses rather than ‘Effective’ dose, which can potentially lead to
further confusion. As a result, care must be taken when comparing quoted ‘Effective’ dose values, to ensure they
are calculated against the same reference standard (Fowler and Dale 2010).

These model predictions can also be corrected for temporal effects, which can span short and long timescales.
Over short timescales, incomplete sub-lethal damage repair can be significant. In the above analysis, it is assumed
that fractions are delivered instantaneously, and are sufficiently well separated that damage is fully repaired
between exposures. However, for low dose-rate exposures or closely-spaced fractions, this may not be the case.

This canbeincorporated through the use of a dose protraction factor (Lea and Catcheside 1942). Thisapproach
builds on the assumption that /3 represents the interaction of sub-lethal damages, which are repaired with first-
order kinetics with characteristic rate A. Thus a maximum effect is seen for instantaneous dose delivery, but when
exposure is protracted survival becomes

EQD2 =D

S — efanGﬁDz

where G is the dose-protraction factor. For an exposure to a varying dose rate D(t), this is given by:
2 [, t N
G=— | D@ dt/ e =)D (.
D* J, 0
This expression indicates that the ‘multiple-hit’ damage done by a dose D(t)dt is proportional to the total
amount of remaining unrepaired sub-lethal damage from all exposures up to time f. This has the effect of
reducing the value of the 8 component, and can provide correction factors for protracted exposures to arbitrary
dose rates (Brenner 2008). For a series of acute well-separated fractions, this also returns the simple fractionated
model presented above, which will be used in the remainder of this text for simplicity.

On longer timescales, clinical outcomes can also be affected by the repopulation of the target cells ( Travis and
Tucker 1987, Peters et al 1988). If a cell population is growing exponentially with rate y during radiotherapy, the

effective surviving fraction will be:
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Figure9. Left: Illustration of iso-effective LQ schedules for a tissue with /8 = 3. A treatment of 20 x 2 Gy fractions leads to the
same level of cell killing (and thus clinical effect) as treatment with 5 x 5 Gy fractions. Because these two curves are iso-effective,
they have the same equivalent dose in 2 Gy fractions (EQD2) and biologically effective dose (BED) (inset). Right: Iso-effect curves
for low and high a/3 cells. For each fraction size, the total dose needed to deliver an EQD2 of 60 Gy was calculated, highlighting the
greater fraction size sensitivity of low e/ 3 cells.

S = efn(adJrﬁdz)e'yT

where T is the total treatment time. While exponential growth is a suitable model for proliferation in tumours,
it has been observed that there is little evidence for repopulation during short treatments. This led to models
incorporating a ‘kick-off” time, Ty, before repopulation begins (Fowler 1989). This gives a survival model of:

S — o n(ad+Bd) y(T=Ty)

where the growth term is taken to be 1if T < Tj. This can be converted into a BED as above to give:

d gl
BED = D (1 + a/ﬂ> — (T =Ty

This suggests that extending the treatment past Tj reduces the BED, by an amount which depends on the
relationship between the growth rate (equal to In (2) /Ty, where Tj is the tumour doubling time) and the «
component of radiosensitivity. This v/« value depends on the tumour type, with estimates of the dose ‘lost’
to tumour proliferation ranging from 0.3 to 2.0 Gy d !, potentially offsetting much of the benefit of delivering
additional fractions (Denekamp and Thomlinson 1971, Thames et al 1990, Dale et al 2002, Vogelius and Bentzen
2013). For slowly proliferating late-responding normal tissues, v is often taken to be sufficiently close to 0 that
it can be neglected. Much like the LQ survival model, this is necessarily a simplified model of repopulation, and
there is significant interest in the development of more realistic models of tumour and normal tissue recovery,
although these are outside the scope of this review (O’Rourke et al 2009, Leder et al 2014).

Tissue type and o/ 8 ratio

As noted above, in discussions of the LQ model tissues are typically separated into two broad groups. Early
responding tissues (e.g. skin, hair, mucosa, bone marrow, and also tumours) were believed to have a high o/
ratio, reflecting relative insensitivity to fraction size. By contrast, late responding tissues (e.g. heart, lung, breast)
were believed to be sensitive to fraction size, represented as alow a/ 3 ratio (Thames et al 1983).

This can be interpreted as reflecting the link between proliferation status and radiation sensitivity in cells.
Late-responding tissues have low turnover and many non-cycling cells, which gives a reduced radiation sensitiv-
ity as cells can remain functional if not stimulated to divide (quiescent cells in vitro have been shown to be able to
complete repair and remain metabolically active after exposure to 80 Gy (Kiihne et al 2004)). By contrast, early
responding cells have a high turnover, which leads to both increased radiosensitivity and a more rapid appear-
ance of the consequences of radiation.

For normal tissues, these observations have generally held true. Reviews of clinical studies of normal tissue
responses have broadly stratified tissues into two categories, with late-responding tissues having «/ 3 values in
the range from 1 to 4 Gy, while early-responding tissues have o/ 8 ratios in the range of 8—15 Gy (Joiner and van
der Kogel 2016). However, it is important to note that in addition to fraction size sensitivity, organs also have dif-
ferent absolute sensitivities to radiation, and different sensitivity to dose distributions. In many cases, this reflects
the structure of the organ— ‘parallel’ organs such as the lung are tolerant to high dose exposures in small regions,
while more ‘serial’ organs such as the spinal cord see significant toxicity after focused exposures. Numerous
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retrospective studies have been carried out to characterise these behaviours for different organs, and are sum-
marised elsewhere (Bentzen et al 2010).

For tumours, however, a more complex picture has emerged. Despite much of the development of fractiona-
tion being based on the assumption that tumours had a high o/ ratio, in a recent meta-analysis van Leeuwen
etalidentified considerable heterogeneity across many sites (van Leeuwen et al 2018). While some tumours (head
& neck, cervix, bladder and liver) consistently showed a//8 & 10 Gy in line with previous assumptions, others
showed much lower values. Breast, prostate and some sarcomas showed /3 values less than 4 Gy, suggesting
they had a similar sensitivity to nearby late-responding normal tissue. Indeed, there is evidence that prostate can-
cer may have an o/ 8 of approximately 1,lower than almost all normal tissue (Wang 2003). For anumber of other
tissue types (including rectum, nervous system, skin and lung) mixed results were seen, with a wide range of val-
ues reported. Some of this heterogeneity may be the result of underlying tissue histology, with adenocarcinomas
tending to show greater fraction size sensitivity than tumours with epithelial origins.

Van Leeuwen also identified considerable variation in reported estimates for /3 in most cancers, with evi-
dence that 75% of the variation between studies was due to inter-study heterogeneity, rather than expected sta-
tistical uncertainty. This increases to over 90% when considering studies which directly estimated the « and 3
sensitivity parameters, highlighting the high degree of uncertainty in these factors. These discrepancies were
attributed to both technical differences—in patient populations and radiotherapy techniques—as well as the
models used to predict tumour response and determine the /3 ratio. This highlights the importance of care-
fully considering underlying assumptions when attempting to apply radiobiological models in clinical settings,
and the ongoing challenge in robustly quantifying radiation response.

Hpypofractionation in the clinic

This continuing uncertainty in tissue and tumour «/ 3 ratios is of particular interest due to the growing usage
of hypofractionation. Many centres are now moving away from 2 Gy fractions, and instead using fewer, larger
fractions. Large-scale UK trials in prostate (CHHIP, (Dearnaley et al 2016)) and breast (START, (Haviland et al
2013)) have supported moderate hypofractionation, moving to doses closer to 3 Gy per fraction, with ongoing
trials exploring even larger doses. However other approaches have made much more dramatic increases in
fraction size.

Stereotactic radiotherapy—sometimes referred to as ‘stereotactic ablative radiotherapy’ (SABR) or ‘stereo-
tactic body radiotherapy’ (SBRT)—aims to use high-precision delivery techniques to complete radiotherapy
treatments in one or a few fractions. Early experience in brain metastases (Lippitz et al 2014) and lung (Murray
et al 2017) has shown good outcomes for treatments with 1-3 fractions of 15-20 Gy, making use of advanced
delivery techniques such as volumetric modulated arc therapy (VMAT), Tomotherapy or Gammaknife to pre-
cisely target dose delivery to tumour volumes.

These positive outcomes seem to stand in contrast to the traditional LQ interpretation of clinical radiother-
apy, and raise the question of other biological processes playing a role in modulating clinical responses. Notably,
normal tissue and tumours are not simple agglomerations of cells, but instead are embedded within a network
of stroma and vascular cells, which have their own radiation sensitivity and biological responses which may con-
tribute to tumour response (Park et al 2012). In addition, there is the potential for involvement of the immune
system, which can act in combination with radiation to enhance cell killing and tumour control. This can be seen
both in the primary target (Stone and Milas 1978, Dewan ef al 2009, Hanna ef al 2015, Pilones et al 2015), as well
as untargeted sub-volumes, in a phenomenon known as the abscopal effect (Reynders et al 2015, Siva et al 2015,
Poleszczuk et al 2016).

However, despite these mechanistic arguments and the initial apparent disagreement between the outcomes
of these extremely hypofractionated treatments and typical expectations, there is limited quantitative evidence
for a divergence from the LQ at any dose level. In retrospective studies and meta-analyses of responses in lung
and prostate tumours, brain metastases, and lung normal tissue, the LQ model was found to adequately describe
clinical results, and alternative models such as the LQ-L and USC were found to not add significant predictive
power (Borst etal 2010, Guckenberger et al 2013, Tree et al 2014, Shuryak et al 2015).

There are several factors which may contribute to this seemingly surprising result. Firstly, as discussed above,
there is now growing evidence that many tumours respond more similarly to late-responding normal tissues.
Secondly, the high precision delivery techniques used in hypofractionated radiotherapy enables significant
reductions in irradiated volumes, and relative doses between normal tissue and tumour. This reduction in nor-
mal tissue dose can offset fraction-size related effects, potentially enabling an increase in tumour control without
additional toxicity (Bentzen 2004, Nahum 2015).

Taken together, these results suggest that even bearing in mind its mechanistic shortcomings, there is limited
clinical evidence to justify moving away from the LQ formalism for describing clinical responses. Rather, it is
important to holistically compare different treatments, incorporating not only LQ predictions but other factors
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such as dose-volume and scheduling effects together with uncertainties in clinical parameters in an integrated
radiobiological understanding of these effects (Brown et al 2014).

Beyond the LQ?

Itis clear that a linear quadratic dose response curve and its & and 3 parameters describe—at best—a given cell’s
radiation response for one very specific condition. Fully characterising the cell’s radiobiological response would
require quantifying how these parameters depend not only on the cell’s underlying phenotype, but also its cell
cycle, its micro-environment, the type of radiation to which it is exposed and the way in which this radiation is
delivered.

Unfortunately, while the impact of some factors such as oxygen availability are well characterised, others,
such as LET, have proven much less tractable and remain the subject of considerable uncertainty (Paganetti
2014).In an empirical approach, comprehensively characterising even a single cell line for all possible conditions
is not feasible. As a result, there is interest in the development of new more mechanistically-informed models to
more systematically understand the underlying biology.

Some of the empirical models mentioned above provided a first step towards this goal, moving away from the
LQ’s sensitivity parameters towards mechanistic quantities such as yields of initial damage and rates of repair.
Advances in biological assays and computing power has led to a dramatic expansion of research in this area
in recent years, as investigators seek to develop models that more fully describe the mechanisms of radiation
response. As the processes involved in cell death are very complex and span a range of scales from nanoscale inter-
actions of primary radiation to biological processes taking place over hours and days, most current models focus
on one stage of this response.

In the physical domain, much work has focused on the development of nanodosimetric Monte Carlo codes,
which enable the calculation of how energy is deposited in and around DNA, and the resulting DNA damage dis-
tributions. These include KURBUC (Nikjoo et al 2006), the Monte Carlo Damage Simulation (Semenenko and
Stewart 2004), PARTRAC (Friedland ef al 2011), Geant4-DNA (Meylan et al 2017) and TOPAS-nBio (McNa-
mara et al 2017). By simulating the initial physical (and in some cases chemical) interactions of radiation with
DNA, these codes generate predictions of the number, type, and distribution of DNA damage, typically with a
focus on understanding variations in RBE and OER.

This initial DNA damage must then be translated into biological effects. Some DNA damage codes (e.g.
PARTRAC) incorporate some explicit modelling of repair, while there are a number of other independent
models which begin from distributions of DSBs and simulate the processes of DNA repair and misrepair (Bal-
larini and Ottolenghi 2004, Frese et al 2011, McMahon et al 2017, Henthorn et al 2018). Some other models
take an intermediate approach, and link from distributions of energy to biological effect, without explicitly
simulating initial damage. Of particular note among such models are the two—the LEM, and the MKM which
are currently in use in clinical practice for the prediction of carbon ion RBE (Krdamer and Scholz 2000, Inaniwa
etal2010).

However, physical interactions are only one aspect of radiation response, and there is also significant research
into better understanding the underlying biology, and how responses are affected by the cell’s particular pheno-
type and genetic background. There are a range of models of different aspects of radiation response, describing
processes such as the activity of DNA repair pathways (Cucinotta et al 2008, Taleei et al 2013, Belov et al 2014),
cell cycle arrest (Qi et al 2007, Singhania et al 2011, Kempf et al 2013), or the induction of apoptosis (Lindner
etal2017,Kundrét et al 2018), and integrating these processes into models which can predict radiation sensitiv-
ity without purely phenomenological parameters (Vadhavkar et al 2014, McMahon et al 2016, Verkhovtsev et al
2016).

While the pathways underlying these models are complex—with even single DNA repair pathway models
involving ten or more parameters—they remain conceptually very attractive. If the mechanisms underlying
radiation response can be quantified, then predictions can be made of individual radiosensitivity for a particular
tissue under a particular irradiation condition without the need for extensive empirical testing. Furthermore, an
integrated model would enable the combination of a range of different datasets, including not only survival but
also mechanistic aspects of radiation response to more accurately and robustly parameterise responses. If these
models can be developed to fulfil the promise of mechanistic, situation-specific predictions of radiosensitivity,
then this may significantly impact on how radiosensitivity is approached in clinical and pre-clinical scenarios.

Conclusions
It is difficult to summarise the current usage of the Linear Quadratic model without invoking George Box’s

well-worn aphorism: ‘All models are wrong, but some are useful’ (Box 1979). From our modern knowledge of
radiobiology, we know the LQ is at best an approximation to the cumulative effects of a range of biological
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processes which depend on an array of environmental and exposure conditions, whose impacts can be further
obscured by the heterogeneous nature of cell populations both in vitro and in vivo.

But despite these challenges and its venerable age, the LQ model continues to prove to be an effective tool in
preclinical and clinical radiobiology. It has many strengths—its simplicity makes it easily understandable to non-
specialists and straightforward to apply when comparing treatment schedules, while its functional form provides
insights into aspects of radiation biology including one-hit and two-hit lethal events; early- and late-responding
tissues; and the rationale behind fractionation and dose protraction. As a result, it is likely to remain a mainstay of
clinical and preclinical radiobiology for some time to come. And, provided investigators are mindful that meas-
ured LQ parameters are specific to a particular treatment condition and how its approximations may break down
in edge cases, it is also well-suited to these applications.

As our understanding of radiobiology improves, it is expected that new more detailed mechanistic models
of radiation sensitivity will be developed, drawing in expertise from investigators across a range of backgrounds
and skillsets. While these models may open the way to improved, personalised predictions of radiation sensitivity
for patients based on their unique disease, there is a strong possibility that the LQ model will remain the common
language to describe radiation sensitivity across disciplines.

ORCIDiDs

Stephen Joseph McMahon ® https://orcid.org/0000-0001-5980-6728

References

Algan O, Stobbe C C, Helt A M, Hanks G E, Chapman ] D, Algan O and Chapman D ] 1996 Radiation inactivation of human prostate cancer
cells : the role of apoptosis Radiat. Res. 146 26775

Alper T, Gillies N E and Elkind M M 1960 The sigmoid survival curve in radiobiology Nature 186 10623

Astrahan M 2008 Some implications of linear-quadratic-linear radiation dose-response with regard to hypofractionation Med. Phys.
354161-72

Atwood K Cand Norman A 1949 On the Interpretation of Multi-Hit Survival Curves Proc. Natl Acad. Sci. USA 35 696—709

Ballarini F and Ottolenghi A 2004 Models of chromosome aberration induction: an example based on radiation track structure Cytogenet.
Genome Res. 104 149-56

Barendsen G W 1982 Dose fractionation, dose rate and iso-effect relationships for normal tissue responses Int. J. Radiat. Oncol. Biol. Phys.
81981-97

Barendsen G, Beusker T, Vergroesen A and Budke L 1960 Effects of different ionizing radiations on human cells in tissue culture: II.
Biological experiments Radiat. Res. 13 841-9

Bayer C, Shi K, Astner S T, Maftei C A and Vaupel P 2011 Acute versus chronic hypoxia: why a simplified classification is simply not enough
Int. J. Radiat. Oncol. Biol. Phys. 80 9658

Bedford J S 1991 Sublethal damage, potentially lethal damage, and chromosomal aberrations in mammalian cells exposed to ionizing
radiations Int. J. Radiat. Oncol. Biol. Phys. 21 1457-69

Bedford ] S and Cornforth M N 1987 Relationship between the recovery from sublethal x-ray damage and the rejoining of chromosome
breaks in normal human fibroblasts Radiat. Res. 111 406-23

Belov OV, Krasavin E A, Lyashko M S, Batmunkh M and Sweilam N H 2014 A quantitative model of the major pathways for radiation-
induced DNA double-strand break repair J. Theor. Biol. 366 115-30

Bentzen S M 2004 High-tech in radiation oncology: should there be a ceiling? Int. J. Radiat. Oncol. Biol. Phys. 58 320-30

Bentzen S M, Constine L S, Deasy J O, Eisbruch A, Jackson A, Marks L B, Ten Haken R K and Yorke E D 2010 Quantitative analyses of normal
tissue effects in the clinic (QUANTEC): an introduction to the scientific issues Int. J. Radiat. Oncol. Biol. Phys. 76 39

Bertout J A, Patel S A and Simon M C 2008 The impact of O, availability on human cancer Nat. Rev. Cancer 8 96775

Biade S, Stobbe C C and Chapman J D 1997 The intrinsic radiosensitivity of some human tumor cells throughout their cell cycles Radiat.
Res. 147 416-21

Bodgi L and Foray N 2016 The nucleo-shuttling of the ATM protein as a basis for a novel theory of radiation response: resolution of the
linear-quadratic model Int. J. Radiat. Biol. 92 117-31

Borgmann K, Dede M, Wrona A, Brammer I, Overgaard J and Dikomey E 2004 For X-irradiated normal human fibroblasts, only half of cell
inactivation results from chromosomal damage Int. J. Radiat. Oncol. Biol. Phys. 58 445-52

Borst G R, Ishikawa M, Nijkamp J, Hauptmann M, Shirato H, Bengua G, Onimaru R, De Josien Bois A, Lebesque J V and Sonke ] ] 2010
Radiation pneumonitis after hypofractionated radiotherapy: evaluation of the LQ(L) model and different dose parameters Int. .
Radiat. Oncol. Biol. Phys. 77 1596603

Box G 1979 Robustness in the strategy of scientific model building Robustness in Statistics (New York: Academic Press) pp 201-36

Brenner D J 2008 The linear-quadratic model is an appropriate methodology for determining isoeffective doses at large doses per fraction
Semin. Radiat. Oncol. 18 234-9

Brown ] M and Attardi L D 2005 The role of apoptosis in cancer development and treatment response Nat. Rev. Cancer 52317

Brown ] M, Carlson D J and Brenner D ] 2014 The tumor radiobiology of SRS and SBRT: are more than the 5 Rs involved? Int. J. Radiat.
Oncol. Biol. Phys. 88 254—62

Butterworth K'T, McGarry C K, Trainor C, McMahon S J, O’Sullivan J M, Schettino G, Hounsell A R and Prise KM 2012 Dose, dose-rate and
field size effects on cell survival following exposure to non-uniform radiation fields Phys. Med. Biol. 57 3197-206

Carabe-Fernandez A, Dale R G and Jones B 2007 The incorporation of the concept of minimum RBE (RbEmin) into the linear-quadratic
model and the potential for improved radiobiological analysis of high-LET treatments Int. J. Radiat. Biol. 83 27-39

Carlson D J, Stewart R D, Semenenko V A and Sandison G A 2008 Combined use of Monte Carlo DNA damage simulations and
deterministic repair models to examine putative mechanisms of cell killing Radiat. Res. 169 447-59

Carrano AV 1973 Chromosome aberrations and radiation-induced cell death II. Predicted and observed cell survival Mutat. Res. 17 355-66

20


https://orcid.org/0000-0001-5980-6728
https://orcid.org/0000-0001-5980-6728
https://doi.org/10.2307/3579456
https://doi.org/10.2307/3579456
https://doi.org/10.2307/3579456
https://doi.org/10.1038/1861062a0
https://doi.org/10.1038/1861062a0
https://doi.org/10.1038/1861062a0
https://doi.org/10.1118/1.2969065
https://doi.org/10.1118/1.2969065
https://doi.org/10.1118/1.2969065
https://doi.org/10.1073/pnas.35.12.696
https://doi.org/10.1073/pnas.35.12.696
https://doi.org/10.1073/pnas.35.12.696
https://doi.org/10.1159/000077480
https://doi.org/10.1159/000077480
https://doi.org/10.1159/000077480
https://doi.org/10.1016/0360-3016(82)90459-X
https://doi.org/10.1016/0360-3016(82)90459-X
https://doi.org/10.1016/0360-3016(82)90459-X
https://doi.org/10.2307/3570859
https://doi.org/10.2307/3570859
https://doi.org/10.2307/3570859
https://doi.org/10.1016/j.ijrobp.2011.02.049
https://doi.org/10.1016/j.ijrobp.2011.02.049
https://doi.org/10.1016/j.ijrobp.2011.02.049
https://doi.org/10.1016/0360-3016(91)90320-4
https://doi.org/10.1016/0360-3016(91)90320-4
https://doi.org/10.1016/0360-3016(91)90320-4
https://doi.org/10.2307/3576927
https://doi.org/10.2307/3576927
https://doi.org/10.2307/3576927
https://doi.org/10.1016/j.jtbi.2014.09.024
https://doi.org/10.1016/j.jtbi.2014.09.024
https://doi.org/10.1016/j.jtbi.2014.09.024
https://doi.org/10.1016/j.ijrobp.2003.09.057
https://doi.org/10.1016/j.ijrobp.2003.09.057
https://doi.org/10.1016/j.ijrobp.2003.09.057
https://doi.org/10.1016/j.ijrobp.2009.09.040
https://doi.org/10.1016/j.ijrobp.2009.09.040
https://doi.org/10.1016/j.ijrobp.2009.09.040
https://doi.org/10.1038/nrc2540
https://doi.org/10.1038/nrc2540
https://doi.org/10.1038/nrc2540
https://doi.org/10.2307/3579497
https://doi.org/10.2307/3579497
https://doi.org/10.2307/3579497
https://doi.org/10.3109/09553002.2016.1135260
https://doi.org/10.3109/09553002.2016.1135260
https://doi.org/10.3109/09553002.2016.1135260
https://doi.org/10.1016/j.ijrobp.2003.09.036
https://doi.org/10.1016/j.ijrobp.2003.09.036
https://doi.org/10.1016/j.ijrobp.2003.09.036
https://doi.org/10.1016/j.ijrobp.2009.10.015
https://doi.org/10.1016/j.ijrobp.2009.10.015
https://doi.org/10.1016/j.ijrobp.2009.10.015
https://doi.org/10.1016/j.semradonc.2008.04.004
https://doi.org/10.1016/j.semradonc.2008.04.004
https://doi.org/10.1016/j.semradonc.2008.04.004
https://doi.org/10.1038/nrc1560
https://doi.org/10.1038/nrc1560
https://doi.org/10.1038/nrc1560
https://doi.org/10.1016/j.ijrobp.2013.07.022
https://doi.org/10.1016/j.ijrobp.2013.07.022
https://doi.org/10.1016/j.ijrobp.2013.07.022
https://doi.org/10.1088/0031-9155/57/10/3197
https://doi.org/10.1088/0031-9155/57/10/3197
https://doi.org/10.1088/0031-9155/57/10/3197
https://doi.org/10.1080/09553000601087176
https://doi.org/10.1080/09553000601087176
https://doi.org/10.1080/09553000601087176
https://doi.org/10.1667/RR1046.1
https://doi.org/10.1667/RR1046.1
https://doi.org/10.1667/RR1046.1
https://doi.org/10.1016/0027-5107(73)90007-9
https://doi.org/10.1016/0027-5107(73)90007-9
https://doi.org/10.1016/0027-5107(73)90007-9

I0P Publishing

Phys. Med. Biol. 64 (2019) 01TRO1 (24pp) SJMcMahon

Chadwick KH and Leenhouts H P 1973 A molecular theory of cell survival Phys. Med. Biol. 18 78—87

Chapman J D 2003 Single-hit mechanism of tumour cell killing by radiation Int. J. Radiat. Biol. 79 71-81

Chaudhary P et al 2014 Relative biological effectiveness variation along monoenergetic and modulated Bragg peaks of a 62 MeV therapeutic
proton beam: a preclinical assessment Int. J. Radiat. Oncol. Biol. Phys. 90 27-35

Cornforth M N, Bailey S M and Goodwin E H 2002 Dose responses for chromosome aberrations produced in noncycling primary human
fibroblasts by alpha particles, and by gamma rays delivered at sublimiting low dose rates Radiat. Res. 158 43-53

Crabtree H and Cramer W 1933 The action of radium on cancer cells. I.—Some factors determining the susceptibility of cancer cells to
radium Proc. R. Soc. B113 238-50

Crowther J A 1924 Some considerations relative to the action of x-rays on tissue cells Proc. R. Soc. B96 20711

Cucinotta F A, Pluth J M, Anderson J A, Harper ] V and O’Neill P 2008 Biochemical kinetics model of DSB repair and induction of gamma-
H2AX foci by non-homologous end joining Radiat. Res. 169 214-22

Curie M 1929 Sur I’étude des courbes de probabilité relatives a I’action des rayons X sur les bacilles C. R. Acad. Sci. 188 202—4

Curtis S B 1986 Lethal and potentially lethal lesions induced by radiation—a unified repair model Radiat. Res. 106 252-70

Dale R G, Hendry] H, Jones B, Robertson A G, Deehan C and Sinclair ] A 2002 Practical methods for compensating for missed treatment
days in radiotherapy, with particular reference to head and neck schedules Clin. Oncol. 14 382-93

Dasu A and Toma-Dasu 12015 Will intrafraction repair have negative consequences on extreme hypofractionation in prostate radiation
therapy? Br. J. Radiol. 88

Dearnaley D et al 2016 Conventional versus hypofractionated high-dose intensity-modulated radiotherapy for prostate cancer: 5-year
outcomes of the randomised, non-inferiority, phase 3 CHHIiP trial Lancet Oncol. 17 1047-60

Deckbar D, Jeggo P A and Lobrich M 2011 Understanding the limitations of radiation-induced cell cycle checkpoints Crit. Rev. Biochem.
Mol. Biol. 46 271-83

Demaria S and Formenti S C 2012 Radiation as an immunological adjuvant: current evidence on dose and fractionation Front. Oncol. 2 1-7

Denekamp J and Thomlinson R H 1971 The cell proliferation kinetics of four experimental tumors after acute X-irradiation Cancer Res.
311279-84

Denekamp J, Whitmore G F and Jeggo P 1989 Biphasic survival curves for XRS radiosensitive cells: subpopulations or transient expression
of repair competence? Int. J. Radiat. Biol. 55 60517

Deriano L and Roth D B 2013 Modernizing the nonhomologous end-joining repertoire: alternative and classical NHE] share the stage Annu.
Rev. Genet. 47 433-55

Dewan M Z, Galloway A E, Kawashima N, Dewyngaert ] K, Babb J S, Formenti S C and Demaria S 2009 Fractionated but not single-dose
radiotherapy induces an immune-mediated abscopal effect when combined with anti-CTLA-4 antibody Clin. Cancer Res. 15 5379-88

Dewey W, Ling Cand Meyn R 1995 Radiation-induced apoptosis: relevance to radiotherapy Int. J. Radiat. Oncol. Biol. Phys. 33 781-96

DiLeonardo A, Linke S P, Clarkin K and Wahl G M 1994 DNA damage triggers a prolonged p53-dependent G1 arrest and long-term
induction of Cip1 in normal human fibroblasts Gen. Dev. 8 2540-51

Douglas B G and Fowler ] F 1976 The effect of multiple small doses of x rays on skin reactions in the mouse and a basic interpretation Radiat.
Res. 66 401-26

Ebert M, Suchowerska N, Jackson M and McKenzie D R 2010 A mathematical framework for separating the direct and bystander
components of cellular radiation response Acta Oncol. 49 1334—43

Elkind M M and Sutton H 2012 Radiation response of mammalian cells grown in culture I. Repair of x-ray damage in surviving chinese
hamster cells Radiat. Res. 178 AV8-26

Ellis F 1969 Dose, time and fractionation: a clinical hypothesis Clin. Radiol. 20 1-7

Endlich B, Radford I R, Forrester H B and Dewey W C 2000 Computerized video time-lapse microscopy studies of ionizing radiation-
induced rapid-interphase and mitosis-related apoptosis in lymphoid cells Radiat. Res. 153 36—48

Ewald ] A, Desotelle ] A, Wilding G and Jarrard D F 2010 Therapy-induced senescence in cancer J. Natl Cancer Inst. 102 1536—46

Fei P and El-Deiry W § 2003 P53 and radiation responses Oncogene 22 5774-83

Fletcher G H 1988 Regaud lecture perspectives on the history of radiotherapy Radiother. Oncol. 1225371

Fowler ] F 1964 Differences in survival curve shapes for formal multi-target and multi-hit models Phys. Med. Biol. 9 177-88

Fowler ] F 1989 The linear-quadratic formula and progress in fractionated radiotherapy Br. J. Radiol. 62 679

Fowler ] Fand Dale R G2010 When isa ‘bED’ nota ‘bED’?—when it is an EQD2: in regard to Buyyounouski et al (Int. J. Radiat. Oncol. Biol.
Phys. 2010;76:1297-304) Int. ]. Radiat. Oncol. Biol. Phys. 78 640—1

Fowler ] F, Bewley D K, Morgan R L, Silvester ] A, Alper T and Hornsey S 1963 Dose-effect relationships for radiation damage to organized
tissues Nature 199 253-5

Frese M C,YuV K, Stewart R D and Carlson D ] 2011 A mechanism-based approach to predict the relative biological effectiveness of protons
and carbon ions in radiation therapy Int. J. Radiat. Oncol. Biol. Phys. 83 442-50

Friedland W, Dingfelder M, Kundrat P and Jacob P 2011 Track structures, DNA targets and radiation effects in the biophysical Monte Carlo
simulation code PARTRAC Mutat. Res.—Fundam. Mol. Mech. Mutagen. 711 28—40

Goodhead D T 1985 Saturable repair models of radiation action in mammalian cells Radiat. Res. Suppl. 8 S58—67

Goodhead D T 1994 Initial events in the cellular effects of ionizing-radiations—clustered damage in DNA Int. J. Radiat. Biol. 65 7—17

Goodhead D T, Thacker ] and Cox R 1993 Effects of radiations of different qualities on cells: molecular mechanisms of damage and repair
Int. J. Radiat. Biol. 63 54356

Guckenberger M et al 2013 Applicability of the linear-quadratic formalism for modeling local tumor control probability in high dose per
fraction stereotactic body radiotherapy for early stage non-small cell lung cancer Radiother. Oncol. 109 13-20

Guerrero M and Carlone M 2009 Mechanistic formulation of a lineal-quadratic-linear (LQL) model: split-dose experiments and
exponentially decaying sources Med. Phys. 36 2636

Guerrero M and Li X A 2004 Extending the linear-quadratic model for large fraction doses pertinent to stereotactic radiotherapy Phys. Med.
Biol. 49 4825-35

Hahn R 1904 Ein beitrag zur rontgen therapie Fortschr. Geb. Rontgenstr. Nukl. 8 120—1

Hanna G G, Coyle V M and Prise KM 2015 Immune modulation in advanced radiotherapies: targeting out-of-field effects Cancer Lett.
368 24651

Haviland ] S et al 2013 The UK standardisation of breast radiotherapy (START) trials of radiotherapy hypofractionation for treatment of
early breast cancer: 10-year follow-up results of two randomised controlled trials Lancet Oncol. 14 1086—94

Heijink A M, Krajewska M and van Vugt M A T M 2013 The DNA damage response during mitosis Mutat. Res. Mol. Mech. Mutagen.
75045-55

Henthorn N T, Warmenhoven ] W, Sotiropoulos M, Mackay R I, Kirkby N F, Kirkby K J and Merchant M ] 2018 In silico non-homologous
end joining following ion induced DNA double strand breaks predicts that repair fidelity depends on break density Sci. Rep. 8 2654

21


https://doi.org/10.1088/0031-9155/18/1/007
https://doi.org/10.1088/0031-9155/18/1/007
https://doi.org/10.1088/0031-9155/18/1/007
https://doi.org/10.1080/713865033
https://doi.org/10.1080/713865033
https://doi.org/10.1080/713865033
https://doi.org/10.1016/j.ijrobp.2014.05.010
https://doi.org/10.1016/j.ijrobp.2014.05.010
https://doi.org/10.1016/j.ijrobp.2014.05.010
https://doi.org/10.1667/0033-7587(2002)158[0043:DRFCAP]2.0.CO;2
https://doi.org/10.1667/0033-7587(2002)158[0043:DRFCAP]2.0.CO;2
https://doi.org/10.1667/0033-7587(2002)158[0043:DRFCAP]2.0.CO;2
https://doi.org/10.1098/rspb.1933.0044
https://doi.org/10.1098/rspb.1933.0044
https://doi.org/10.1098/rspb.1933.0044
https://doi.org/10.1098/rspb.1924.0022
https://doi.org/10.1098/rspb.1924.0022
https://doi.org/10.1098/rspb.1924.0022
https://doi.org/10.1667/RR1035.1
https://doi.org/10.1667/RR1035.1
https://doi.org/10.1667/RR1035.1
https://doi.org/10.2307/3576798
https://doi.org/10.2307/3576798
https://doi.org/10.2307/3576798
https://doi.org/10.1053/clon.2002.0111
https://doi.org/10.1053/clon.2002.0111
https://doi.org/10.1053/clon.2002.0111
https://doi.org/10.1259/bjr.20150588
https://doi.org/10.1016/S1470-2045(16)30102-4
https://doi.org/10.1016/S1470-2045(16)30102-4
https://doi.org/10.1016/S1470-2045(16)30102-4
https://doi.org/10.3109/10409238.2011.575764
https://doi.org/10.3109/10409238.2011.575764
https://doi.org/10.3109/10409238.2011.575764
https://doi.org/10.3389/fonc.2012.00153
https://doi.org/10.3389/fonc.2012.00153
https://doi.org/10.3389/fonc.2012.00153
https://doi.org/10.1080/09553008914550651
https://doi.org/10.1080/09553008914550651
https://doi.org/10.1080/09553008914550651
https://doi.org/10.1146/annurev-genet-110711-155540
https://doi.org/10.1146/annurev-genet-110711-155540
https://doi.org/10.1146/annurev-genet-110711-155540
https://doi.org/10.1158/1078-0432.CCR-09-0265
https://doi.org/10.1158/1078-0432.CCR-09-0265
https://doi.org/10.1158/1078-0432.CCR-09-0265
https://doi.org/10.1016/0360-3016(95)00214-8
https://doi.org/10.1016/0360-3016(95)00214-8
https://doi.org/10.1016/0360-3016(95)00214-8
https://doi.org/10.1101/gad.8.21.2540
https://doi.org/10.1101/gad.8.21.2540
https://doi.org/10.1101/gad.8.21.2540
https://doi.org/10.2307/3574407
https://doi.org/10.2307/3574407
https://doi.org/10.2307/3574407
https://doi.org/10.3109/0284186X.2010.487874
https://doi.org/10.3109/0284186X.2010.487874
https://doi.org/10.3109/0284186X.2010.487874
https://doi.org/10.1667/RRAV02.1
https://doi.org/10.1667/RRAV02.1
https://doi.org/10.1667/RRAV02.1
https://doi.org/10.1016/S0009-9260(69)80043-7
https://doi.org/10.1016/S0009-9260(69)80043-7
https://doi.org/10.1016/S0009-9260(69)80043-7
https://doi.org/10.1667/0033-7587(2000)153[0036:CVTLMS]2.0.CO;2
https://doi.org/10.1667/0033-7587(2000)153[0036:CVTLMS]2.0.CO;2
https://doi.org/10.1667/0033-7587(2000)153[0036:CVTLMS]2.0.CO;2
https://doi.org/10.1093/jnci/djq364
https://doi.org/10.1093/jnci/djq364
https://doi.org/10.1093/jnci/djq364
https://doi.org/10.1038/sj.onc.1206677
https://doi.org/10.1038/sj.onc.1206677
https://doi.org/10.1038/sj.onc.1206677
https://doi.org/10.1016/0167-8140(88)90015-1
https://doi.org/10.1016/0167-8140(88)90015-1
https://doi.org/10.1016/0167-8140(88)90015-1
https://doi.org/10.1088/0031-9155/9/2/305
https://doi.org/10.1088/0031-9155/9/2/305
https://doi.org/10.1088/0031-9155/9/2/305
https://doi.org/10.1259/0007-1285-62-740-679
https://doi.org/10.1259/0007-1285-62-740-679
https://doi.org/10.1016/j.ijrobp.2010.04.044
https://doi.org/10.1016/j.ijrobp.2010.04.044
https://doi.org/10.1016/j.ijrobp.2010.04.044
https://doi.org/10.1038/199253a0
https://doi.org/10.1038/199253a0
https://doi.org/10.1038/199253a0
https://doi.org/10.1016/j.ijrobp.2011.06.1983
https://doi.org/10.1016/j.ijrobp.2011.06.1983
https://doi.org/10.1016/j.ijrobp.2011.06.1983
https://doi.org/10.1016/j.mrfmmm.2011.01.003
https://doi.org/10.1016/j.mrfmmm.2011.01.003
https://doi.org/10.1016/j.mrfmmm.2011.01.003
https://doi.org/10.2307/3583513
https://doi.org/10.2307/3583513
https://doi.org/10.2307/3583513
https://doi.org/10.1080/09553009414550021
https://doi.org/10.1080/09553009414550021
https://doi.org/10.1080/09553009414550021
https://doi.org/10.1080/09553009314450721
https://doi.org/10.1080/09553009314450721
https://doi.org/10.1080/09553009314450721
https://doi.org/10.1016/j.radonc.2013.09.005
https://doi.org/10.1016/j.radonc.2013.09.005
https://doi.org/10.1016/j.radonc.2013.09.005
https://doi.org/10.1118/1.3181990
https://doi.org/10.1118/1.3181990
https://doi.org/10.1088/0031-9155/49/20/012
https://doi.org/10.1088/0031-9155/49/20/012
https://doi.org/10.1088/0031-9155/49/20/012
https://doi.org/10.1016/j.canlet.2015.04.007
https://doi.org/10.1016/j.canlet.2015.04.007
https://doi.org/10.1016/j.canlet.2015.04.007
https://doi.org/10.1016/S1470-2045(13)70386-3
https://doi.org/10.1016/S1470-2045(13)70386-3
https://doi.org/10.1016/S1470-2045(13)70386-3
https://doi.org/10.1016/j.mrfmmm.2013.07.003
https://doi.org/10.1016/j.mrfmmm.2013.07.003
https://doi.org/10.1016/j.mrfmmm.2013.07.003
https://doi.org/10.1038/s41598-018-21111-8
https://doi.org/10.1038/s41598-018-21111-8

I0P Publishing

Phys. Med. Biol. 64 (2019) 01TRO1 (24pp) SJMcMahon

Hill R P, Bristow R G, Fyles A, Koritzinsky M, Milosevic M and Wouters B G 2015 Hypoxia and predicting radiation response Semin. Radiat.
Oncol. 25260-72

Hlatky L, Sachs R K, Vazquez M and Cornforth M N 2002 Radiation-induced chromosome aberrations: insights gained from biophysical
modeling BioEssays 24 714-23

Hockel M and Vaupel P 2001 Tumor hypoxia: definitions and current clinical, biologic, and molecular aspects J. Natl Cancer Inst. 93 26676

Hoeijmakers ] HJ 2001 Genome maintenance mechanisms for preventing cancer Nature 411 366—74

Horsman M R and Overgaard ] 2016 The impact of hypoxia and its modification of the outcome of radiotherapy J. Radiat. Res. 57 190-8

Iliakis G, Murmann T and Soni A 2015 Alternative end-joining repair pathways are the ultimate backup for abrogated classical non-
homologous end-joining and homologous recombination repair: implications for the formation of chromosome translocations
Mutat. Res. Toxicol. Environ. Mutagen. 793 1-10

Inaniwa T, Furukawa T, Kase Y, Matsufuji N, Toshito T, Matsumoto Y, Furusawa Y and Noda K 2010 Treatment planning for a scanned
carbon beam with a modified microdosimetric kinetic model Phys. Med. Biol. 55 6721-37

Joiner M Cand Marples B 1993 The response of chinese hamster V79 cells to low radiation doses: evidence of enhanced of the whole cell
population sensitivity Radiat. Res. 133 41-51

Joiner M C and van der Kogel A 2016 Basic Clinical Radiobiology (Boca Raton, FL: CRC Press)

Joiner M C, Marples B, Lambin P, Short S C and Turesson 12001 Low-dose hypersensitivity: current status and possible mechanisms Int. J.
Radiat. Oncol. Biol. Phys. 49 379-89

Kallman R Fand Dorie M ] 1986 Tumor oxygenation and reoxygenation during radiation theraphy: their importance in predicting tumor
response Int. J. Radiat. Oncol. Biol. Phys. 12 681-5

Kandoth C et al 2013 Mutational landscape and significance across 12 major cancer types Nature 502 333-9

Kaplan M Tand Morgan W F 1998 The nucleus is the target for chromosomal instability Radiat. Res. 150 382-90

Kellerer A M and Rossi H H 1971 RBE and the primary mechanism of radiation action Radiat. Res. 47 15-34

Kempf H, Hatzikirou H, Bleicher M and Meyer-Hermann M 2013 In silico analysis of cell cycle synchronisation effects in radiotherapy of
tumour spheroids PLoS Comput. Biol. 9 1003295

Kirkpatrick J P, Brenner D J and Orton C G 2009 The linear-quadratic model is inappropriate to model high dose per fraction effects in
radiosurgery Med. Phys. 36 33814

Kramer M and Scholz M 2000 Treatment planning for heavy-ion radiotherapy: calculation and optimization of biologically effective dose
Phys. Med. Biol. 45 3319-30

Krejci L, Altmannova V, Spirek M and Zhao X 2012 Homologous recombination and its regulation Nucl. Acids Res. 40 5795-818

Kiihne M, Riballo E, Rief N, Rothkamm K, Jeggo P A and Lobrich M 2004 A double-strand break repair defect in ATM-deficient cells
contributes to radiosensitivity Cancer Res. 64 500—8

Kundrét P, Friedland W and Jacob P 2018 Modelling of intercellular induction of apoptosis in oncogenic transformed cells and radiation
effects on the phenomenon Radiat Prot Dosim. 143 54953

Langley R E, Bump E A, Quartuccio S G, Medeiros D and Braunhut S J 1997 Radiation-induced apoptosis in microvascular endothelial cells
Br. J. Cancer 75 666—72

Lea D E 1946 Actions of Radiations on Living Cells (London: Cambridge University Press)

Lea D E and Catcheside D G 1942 The mechanism of the induction by radiation of chromosome aberrations in Tradescantia J. Genet.
4421645

Leder K, Pitter K, Laplant Q, Hambardzumyan D, Ross B D, Chan T A, Holland E C and Michor F 2014 Mathematical modeling of pdgf-
driven glioblastoma reveals optimized radiation dosing schedules Cell 156 603—16

Lindner A U et al 2017 BCL-2 system analysis identifies high-risk colorectal cancer patients Gut 66 2141-8

Lippitz B, Lindquist C, Paddick I, Peterson D, O’Neill K and Beaney R 2014 Stereotactic radiosurgery in the treatment of brain metastases:
the current evidence Cancer Treat. Rev. 40 48—59

Little ] B 2003 Genomic instability and bystander effects: a historical perspective Oncogene 22 6978-87

Liversage W E 1971 A critical look at the ret Br. J. Radiol. 44 91-100

Lloyd D C, Purrott R ], Dolphin G W, Bolton D, Edwards A A and Corp M ] 1975 The relationship between chromosome aberrations and low
LET radiation dose to human lymphocytes Int. J. Radiat. Biol. 28 75-90

Lobrich M, Kithne M, Wetzel ] and Rothkamm K 2000 Joining of correct and incorrect DNA double-strand break ends in normal human
and ataxia telangiectasia fibroblasts Genes Chromosom. Cancer 27 59-68

Loeffler ] Sand Durante M 2013 Charged particle therapy—optimization, challenges and future directions Nat. Rev. Clin. Oncol. 10 411-24

Lyon M E Phillips RJ S and Fisher G 1979 Dose-response curves for radiation-induced gene mutations in mouse oocytes and their
interpretation Mutat. Res.—Fundam. Mol. Mech. Mutagen. 63 161—73

Mackonis E C, Suchowerska N, Zhang M, Ebert M, McKenzie D R and Jackson M 2007 Cellular response to modulated radiation fields Phys.
Med. Biol. 52 5469-82

Mancuso M et al 2008 Oncogenic bystander radiation effects in Patched heterozygous mouse cerebellum Proc. Natl. Acad. Sci. 105 12445-50

Marples B, Wouters B G, Collis S J, Chalmers A J and Joiner M C 2004 Low-dose hyper-radiosensitivity : a consequence of ineffective cell
cyclearrest of radiation-damaged G2—pbhase cells Radiat. Res. 161 247-55

McMahon S J, Butterworth K T, Trainor C, McGarry CK, O’Sullivan ] M, Schettino G, Hounsell A R and Prise K M 2013a A kinetic-based
model of radiation-induced intercellular signalling PLoS One 8 €54526

McMahon S J,McGarry CK, Butterworth K T, O’Sullivan ] M, Hounsell A R and Prise KM 2013b Implications of intercellular signaling for
radiation therapy: a theoretical dose-planning study Int. J. Radiat. Oncol. Biol. Phys. 87 1148-54

McMahon S J, McNamara A L, Schuemann J, Paganetti H and Prise K M 2017 A general mechanistic model enables predictions of the
biological effectiveness of different qualities of radiation Sci. Rep. 7 10790

McMahon S J, Schuemann J, Paganetti H and Prise K M 2016 Mechanistic modelling of DNA repair and cellular survival following
radiation-induced DNA damage Sci. Rep. 6 33290

McNamara A L, Schuemann J and Paganetti H 2015 A phenomenological relative biological effectiveness (RBE) model for proton therapy
based on all published in vitro cell survival data Phys. Med. Biol. 60 8399416

McNamara A, Geng C, Turner R, Mendez ] R, Perl J, Held K, Faddegon B, Paganetti H and Schuemann J 2017 Validation of the radiobiology
toolkit TOPAS-nBio in simple DNA geometries Phys. Medica 33 207—15

Meylan S, Incerti S, Karamitros M, Tang N, Bueno M, Clairand I and Villagrasa C 2017 Simulation of early DNA damage after the irradiation
of a fibroblast cell nucleus using Geant4-DNA Sci. Rep. 7 11923

Mothersill C and Seymour C 1997 Medium from irradiated human epithelial cells but not human fibroblasts reduces the clonogenic
survival of unirradiated cells Int. J. Radiat. Biol. 71 421-7

Munro T R 1970 The Relative Radiosensitivity of the Nucleus and Cytoplasm of Chinese Hamster Fibroblasts Radiat. Res. 42 451-70

22


https://doi.org/10.1016/j.semradonc.2015.05.004
https://doi.org/10.1016/j.semradonc.2015.05.004
https://doi.org/10.1016/j.semradonc.2015.05.004
https://doi.org/10.1002/bies.10126
https://doi.org/10.1002/bies.10126
https://doi.org/10.1002/bies.10126
https://doi.org/10.1093/jnci/93.4.266
https://doi.org/10.1093/jnci/93.4.266
https://doi.org/10.1093/jnci/93.4.266
https://doi.org/10.1038/35077232
https://doi.org/10.1038/35077232
https://doi.org/10.1038/35077232
https://doi.org/10.1093/jrr/rrw007
https://doi.org/10.1093/jrr/rrw007
https://doi.org/10.1093/jrr/rrw007
https://doi.org/10.1016/j.mrgentox.2015.08.009
https://doi.org/10.1016/j.mrgentox.2015.08.009
https://doi.org/10.1016/j.mrgentox.2015.08.009
https://doi.org/10.1088/0031-9155/55/22/008
https://doi.org/10.1088/0031-9155/55/22/008
https://doi.org/10.1088/0031-9155/55/22/008
https://doi.org/10.2307/3578255
https://doi.org/10.2307/3578255
https://doi.org/10.2307/3578255
https://doi.org/10.1016/S0360-3016(00)01471-1
https://doi.org/10.1016/S0360-3016(00)01471-1
https://doi.org/10.1016/S0360-3016(00)01471-1
https://doi.org/10.1016/0360-3016(86)90080-5
https://doi.org/10.1016/0360-3016(86)90080-5
https://doi.org/10.1016/0360-3016(86)90080-5
https://doi.org/10.1038/nature12634
https://doi.org/10.1038/nature12634
https://doi.org/10.1038/nature12634
https://doi.org/10.2307/3579656
https://doi.org/10.2307/3579656
https://doi.org/10.2307/3579656
https://doi.org/10.2307/3573285
https://doi.org/10.2307/3573285
https://doi.org/10.2307/3573285
https://doi.org/10.1371/journal.pcbi.1003295
https://doi.org/10.1371/journal.pcbi.1003295
https://doi.org/10.1118/1.3157095
https://doi.org/10.1118/1.3157095
https://doi.org/10.1118/1.3157095
https://doi.org/10.1088/0031-9155/45/11/314
https://doi.org/10.1088/0031-9155/45/11/314
https://doi.org/10.1088/0031-9155/45/11/314
https://doi.org/10.1093/nar/gks270
https://doi.org/10.1093/nar/gks270
https://doi.org/10.1093/nar/gks270
https://doi.org/10.1158/0008-5472.CAN-03-2384
https://doi.org/10.1158/0008-5472.CAN-03-2384
https://doi.org/10.1158/0008-5472.CAN-03-2384
https://doi.org/10.1093/rpd/ncq521
https://doi.org/10.1093/rpd/ncq521
https://doi.org/10.1093/rpd/ncq521
https://doi.org/10.1038/bjc.1997.119
https://doi.org/10.1038/bjc.1997.119
https://doi.org/10.1038/bjc.1997.119
https://doi.org/10.1007/BF02982830
https://doi.org/10.1007/BF02982830
https://doi.org/10.1007/BF02982830
https://doi.org/10.1016/j.cell.2013.12.029
https://doi.org/10.1016/j.cell.2013.12.029
https://doi.org/10.1016/j.cell.2013.12.029
https://doi.org/10.1136/gutjnl-2016-312287
https://doi.org/10.1136/gutjnl-2016-312287
https://doi.org/10.1136/gutjnl-2016-312287
https://doi.org/10.1016/j.ctrv.2013.05.002
https://doi.org/10.1016/j.ctrv.2013.05.002
https://doi.org/10.1016/j.ctrv.2013.05.002
https://doi.org/10.1038/sj.onc.1206988
https://doi.org/10.1038/sj.onc.1206988
https://doi.org/10.1038/sj.onc.1206988
https://doi.org/10.1259/0007-1285-44-518-91
https://doi.org/10.1259/0007-1285-44-518-91
https://doi.org/10.1259/0007-1285-44-518-91
https://doi.org/10.1080/09553007514550781
https://doi.org/10.1080/09553007514550781
https://doi.org/10.1080/09553007514550781
https://doi.org/10.1002/(SICI)1098-2264(200001)27:1<59::AID-GCC8>3.0.CO;2-9
https://doi.org/10.1002/(SICI)1098-2264(200001)27:1<59::AID-GCC8>3.0.CO;2-9
https://doi.org/10.1002/(SICI)1098-2264(200001)27:1<59::AID-GCC8>3.0.CO;2-9
https://doi.org/10.1038/nrclinonc.2013.79
https://doi.org/10.1038/nrclinonc.2013.79
https://doi.org/10.1038/nrclinonc.2013.79
https://doi.org/10.1016/0027-5107(79)90113-1
https://doi.org/10.1016/0027-5107(79)90113-1
https://doi.org/10.1016/0027-5107(79)90113-1
https://doi.org/10.1088/0031-9155/52/18/001
https://doi.org/10.1088/0031-9155/52/18/001
https://doi.org/10.1088/0031-9155/52/18/001
https://doi.org/10.1073/pnas.0804186105
https://doi.org/10.1073/pnas.0804186105
https://doi.org/10.1073/pnas.0804186105
https://doi.org/10.1667/RR3130
https://doi.org/10.1667/RR3130
https://doi.org/10.1667/RR3130
https://doi.org/10.1016/j.ijrobp.2013.08.021
https://doi.org/10.1016/j.ijrobp.2013.08.021
https://doi.org/10.1016/j.ijrobp.2013.08.021
https://doi.org/10.1038/s41598-017-10820-1
https://doi.org/10.1038/s41598-017-10820-1
https://doi.org/10.1038/srep33290
https://doi.org/10.1038/srep33290
https://doi.org/10.1088/0031-9155/60/21/8399
https://doi.org/10.1088/0031-9155/60/21/8399
https://doi.org/10.1088/0031-9155/60/21/8399
https://doi.org/10.1016/j.ejmp.2016.12.010
https://doi.org/10.1016/j.ejmp.2016.12.010
https://doi.org/10.1016/j.ejmp.2016.12.010
https://doi.org/10.1038/s41598-017-11851-4
https://doi.org/10.1038/s41598-017-11851-4
https://doi.org/10.1080/095530097144030
https://doi.org/10.1080/095530097144030
https://doi.org/10.1080/095530097144030
https://doi.org/10.2307/3572962
https://doi.org/10.2307/3572962
https://doi.org/10.2307/3572962

I0P Publishing

Phys. Med. Biol. 64 (2019) 01TRO1 (24pp) SJMcMahon

Murray P, Franks K and Hanna G G 2017 A systematic review of outcomes following stereotactic ablative radiotherapy in the treatment of
early-stage primary lung cancer Br. J. Radiol. 90 20160732

Nagasawa H and Little ] B 1999 Unexpected sensitivity to the induction of mutations by very low doses of alpha-particle radiation: evidence
for a bystander effect Radiat. Res. 152 5527

Nahum A E 2015 The radiobiology of hypofractionation Clin. Oncol. 27 260-9

Nakajima N I et al 2013 Visualisation of YH,AX foci caused by heavy ion particle traversal; distinction between core track versus non-track
damage PLoS One 870107

Nikjoo H, Uehara S, Emfietzoglou D and Cucinotta F A 2006 Track-structure codes in radiation research Radiat. Meas. 41 105274

O’Rourke S F C,McAneney H and Hillen T 2009 Linear quadratic and tumour control probability modelling in external beam radiotherapy
J. Math. Biol. 58 799-817

Paganetti H 2014 Relative biological effectiveness (RBE) values for proton beam therapy. Variations as a function of biological endpoint,
dose, and linear energy transfer Phys. Med. Biol. 59 R419-72

Park C, Papiez L, Zhang S, Story M and Timmerman R D 2008 Universal survival curve and single fraction equivalent dose: useful tools in
understanding potency of ablative radiotherapy Int. J. Radiat. Oncol. Biol. Phys. 70 847-52

Park H J, Griffin RJ, Hui S, Levitt S H and Song CW 2012 Radiation-induced vascular damage in tumors: implications of vascular damage in
ablative hypofractionated radiotherapy (SBRT and SRS) Radiat. Res. 177 311-27

Peters L], Ang K K and Thames H D 1988 Accelerated fractionation in the radiation treatment of head and neck cancer-a critical comparison
of different strategies Acta Oncol. 27 185-94

Pfeiffer P, Goedecke W and Obe G 2000 Mechanisms of DNA double-strand break repair and their potential to induce chromosomal
aberrations Mutagenesis 15 289-302

Pilones K A, Vanpouille-Box C and Demaria S 2015 Combination of radiotherapy and immune checkpoint inhibitors Semin. Radiat. Oncol.
2528-33

Poleszczuk ] T, Luddy K A, Prokopiou S, Robertson-Tessi M, Moros E G, Fishman M, Djeu ] Y, Finkelstein S E and Enderling H 2016 Abscopal
benefits of localized radiotherapy depend on activated T-cell trafficking and distribution between metastatic lesions Cancer Res.
76 1009-18

Prise KM and O’Sullivan ] M 2009 Radiation-induced bystander signalling in cancer therapy Nat. Rev. Cancer 9 351-60

Puck T T and Marcus P L 1956 Action of x-rays on mammalian cells J. Exp. Med. 103 653—66

Puck T T, Morkovin D, Marcus P I and Cieciura S ] 1957 Action of x-rays on mammalian cells. II. Survival curves of cells from normal
human tissues J. Exp. Med. 106 485-500

Qi] P, Shao SH, Xie ] and Zhu'Y 2007 A mathematical model of P53 gene regulatory networks under radiotherapy BioSysterns 90 698—706

Radford IR 1991 Mouse lymphoma cells that undergo interphase death show markedly increased sensitivity to radiation-induced DNA
double-Strand breakage as compared with cells that undergo mitotic death Int. J. Radiat. Biol. 59 1353—69

Regaud C and Ferroux R 1927 Discordance des effects de rayons X, d’une part dans le testicile, par le peau, d’autre parts dans le fractionment
de la dose Compt. Rend. Soc. Biol. 97 431-4

Reynders K, Illidge T, Siva S, Chang ] Y and De Ruysscher D 2015 The abscopal effect of local radiotherapy: using immunotherapy to make a
rare event clinically relevant Cancer Treat. Rev. 41 503—10

Roos W P and Kaina B 2013 DNA damage-induced cell death: from specific DNA lesions to the DNA damage response and apoptosis Cancer
Lett. 332237-48

Rorvik E, Fjeera L F, Dahle T J, Dale ] E, Engeseth G M, Camilla Stokkevag H, Thornqvist S and Ytre-Hauge K S 2018 Exploration and
application of phenomenological RBE models for proton therapy Phys. Med. Biol.

Rothkamm K and Lobrich M 2003 Evidence for alack of DNA double-strand break repair in human cells exposed to very low x-ray doses
Proc. Natl Acad. Sci. 100 5057—62

Rydberg B, Cooper B, Cooper P K, Holley W R and Chatterjee A 2005 Dose-dependent misrejoining of radiation-induced DNA double-
strand breaks in human fibroblasts: experimental and theoretical study for high- and low-LET radiation Radiat. Res. 163 526—34

Savage ] R K and Papworth D G 1982 Frequency and distribution studies of asymmetrical versus symmetrical chromosome aberrations
Mutat. Res.—Fundam. Mol. Mech. Mutagen. 95 7-18

Sax K 1938 Chromosome aberrations induced by x-rays Genetics 23 494-516

Sax K 1940 An analysis of x-ray induced chromosomal aberrations in tradescantia Genetics 25 41-68

Semenenko V A and Stewart R D 2004 A fast Monte Carlo algorithm to simulate the spectrum of DNA damages formed by ionizing
radiation Radiat. Res. 161 4517

Shuryak I, Carlson D J, Brown ] M and Brenner D ] 2015 High-dose and fractionation effects in stereotactic radiation therapy: analysis of
tumor control data from 2965 patients Radiother. Oncol. 115 327-34

Siddiqi M A and Bothe E 1987 Single- and double-strand break formation in DNA irradiated in aqueous solution: dependence on dose and
OH radical scavenger concentration Radiat. Res. 112 44963

Sinclair W K 1966 The shape of radiation survival curves of mammalian cells cultured in vitro Biophysical Aspects of Radiation Quality
(Vienna, Austria: TAEA)

Sinclair W K 1968 Cyclic x-ray responses in mammalian cells in vitro Radiat. Res. 33 620

Singhania R, Sramkoski R M, Jacobberger J W and Tyson J ] 2011 A hybrid model of mammalian cell cycle regulation PLoS Comput. Biol.
7e1001077

Siva S, MacManus M P, Martin R Fand Martin O A 2015 Abscopal effects of radiation therapy: a clinical review for the radiobiologist Cancer
Lett. 356 82-90

Stenbeck T 1900 Fall av hudkriifta, lakt nied behandling av roiitgenstrilar. (Case of skin carcinoma cured by treatment with x-rays) Hygiea
62 18-20

Stobbe C C, Park S J and Chapman J D 2002 The radiation hypersensitivity of cells at mitosis Int. J. Radiat. Biol. 78 1149-57

Stone H Band Milas L 1978 Modification of radiation responses of murine tumors by misonidazole (Ro 07-0582), host immune capability,
and Corynebacterium parvum J. Natl Cancer Inst. 60 887-93

Stone H B, Peters L] and Milas L 1979 Effect of host immune capability on radiocurability and subsequent transplantability of a murine
fibrosarcoma J. Natl Cancer Inst. 63 1229-35

Strandqvist M 1944 Studien tiber die kumulative Wirkung der Rontgenstrahlen bei Fraktionierung Acta Radiol. 55 1-300

Taleei R, Girard P M, Sankaranarayanan K and Nikjoo H 2013 The non-homologous end-joining (NHEJ) mathematical model for the
repair of double-strand breaks: II. Application to damage induced by ultrasoft x rays and low-energy electrons Radiat. Res. 179 540—8

Thames H and Hendry ] 1987 Fractionation in Radiotherapy (London: Taylor & Francis)

Thames H D 1992 On the origin of dose fractionation regimens in radiotherapy Semin. Radiat. Oncol. 2 3-9

23


https://doi.org/10.1259/bjr.20160732
https://doi.org/10.1259/bjr.20160732
https://doi.org/10.2307/3580153
https://doi.org/10.2307/3580153
https://doi.org/10.2307/3580153
https://doi.org/10.1016/j.clon.2015.02.001
https://doi.org/10.1016/j.clon.2015.02.001
https://doi.org/10.1016/j.clon.2015.02.001
https://doi.org/10.1371/journal.pone.0070107
https://doi.org/10.1371/journal.pone.0070107
https://doi.org/10.1016/j.radmeas.2006.02.001
https://doi.org/10.1016/j.radmeas.2006.02.001
https://doi.org/10.1016/j.radmeas.2006.02.001
https://doi.org/10.1007/s00285-008-0222-y
https://doi.org/10.1007/s00285-008-0222-y
https://doi.org/10.1007/s00285-008-0222-y
https://doi.org/10.1088/0031-9155/59/22/R419
https://doi.org/10.1088/0031-9155/59/22/R419
https://doi.org/10.1088/0031-9155/59/22/R419
https://doi.org/10.1016/j.ijrobp.2007.10.059
https://doi.org/10.1016/j.ijrobp.2007.10.059
https://doi.org/10.1016/j.ijrobp.2007.10.059
https://doi.org/10.1667/RR2773.1
https://doi.org/10.1667/RR2773.1
https://doi.org/10.1667/RR2773.1
https://doi.org/10.3109/02841868809090339
https://doi.org/10.3109/02841868809090339
https://doi.org/10.3109/02841868809090339
https://doi.org/10.1093/mutage/15.4.289
https://doi.org/10.1093/mutage/15.4.289
https://doi.org/10.1093/mutage/15.4.289
https://doi.org/10.1016/j.semradonc.2014.07.004
https://doi.org/10.1016/j.semradonc.2014.07.004
https://doi.org/10.1016/j.semradonc.2014.07.004
https://doi.org/10.1158/0008-5472.CAN-15-1423
https://doi.org/10.1158/0008-5472.CAN-15-1423
https://doi.org/10.1158/0008-5472.CAN-15-1423
https://doi.org/10.1038/nrc2603
https://doi.org/10.1038/nrc2603
https://doi.org/10.1038/nrc2603
https://doi.org/10.1084/jem.103.5.653
https://doi.org/10.1084/jem.103.5.653
https://doi.org/10.1084/jem.103.5.653
https://doi.org/10.1084/jem.106.4.485
https://doi.org/10.1084/jem.106.4.485
https://doi.org/10.1084/jem.106.4.485
https://doi.org/10.1016/j.biosystems.2007.02.007
https://doi.org/10.1016/j.biosystems.2007.02.007
https://doi.org/10.1016/j.biosystems.2007.02.007
https://doi.org/10.1080/09553009114551221
https://doi.org/10.1080/09553009114551221
https://doi.org/10.1080/09553009114551221
https://doi.org/10.1016/j.ctrv.2015.03.011
https://doi.org/10.1016/j.ctrv.2015.03.011
https://doi.org/10.1016/j.ctrv.2015.03.011
https://doi.org/10.1016/j.canlet.2012.01.007
https://doi.org/10.1016/j.canlet.2012.01.007
https://doi.org/10.1016/j.canlet.2012.01.007
https://doi.org/10.1073/pnas.0830918100
https://doi.org/10.1073/pnas.0830918100
https://doi.org/10.1073/pnas.0830918100
https://doi.org/10.1667/RR3346
https://doi.org/10.1667/RR3346
https://doi.org/10.1667/RR3346
https://doi.org/10.1016/0027-5107(82)90062-8
https://doi.org/10.1016/0027-5107(82)90062-8
https://doi.org/10.1016/0027-5107(82)90062-8
https://doi.org/10.1667/RR3140
https://doi.org/10.1667/RR3140
https://doi.org/10.1667/RR3140
https://doi.org/10.1016/j.radonc.2015.05.013
https://doi.org/10.1016/j.radonc.2015.05.013
https://doi.org/10.1016/j.radonc.2015.05.013
https://doi.org/10.2307/3577098
https://doi.org/10.2307/3577098
https://doi.org/10.2307/3577098
https://doi.org/10.2307/3572419
https://doi.org/10.2307/3572419
https://doi.org/10.1371/journal.pcbi.1001077
https://doi.org/10.1371/journal.pcbi.1001077
https://doi.org/10.1016/j.canlet.2013.09.018
https://doi.org/10.1016/j.canlet.2013.09.018
https://doi.org/10.1016/j.canlet.2013.09.018
https://doi.org/10.1080/09553000210166570
https://doi.org/10.1080/09553000210166570
https://doi.org/10.1080/09553000210166570
https://doi.org/10.1093/jnci/60.4.887
https://doi.org/10.1093/jnci/60.4.887
https://doi.org/10.1093/jnci/60.4.887
https://doi.org/10.1667/RR3124.1
https://doi.org/10.1667/RR3124.1
https://doi.org/10.1667/RR3124.1
https://doi.org/10.1016/S1053-4296(05)80043-8
https://doi.org/10.1016/S1053-4296(05)80043-8
https://doi.org/10.1016/S1053-4296(05)80043-8

I0P Publishing

Phys. Med. Biol. 64 (2019) 01TRO1 (24pp) SJMcMahon

Thames H D, Bentzen S M, Turesson I, Overgaard M and Van den Bogaert W 1990 Time-dose factors in radiotherapy: a review of the human
data Radiother. Oncol. 19 219-35

Thames H D, Peters L T, Withers H R and Fletcher G H 1983 Accelerated fractionation versus hyperfractionation: rationales for several
treatments per day Int. J. Radiat. Oncol. Biol. Phys. 9 127-38

Thames H D, Rodney Withers H, Peters L ] and Fletcher G H 1982 Changes in early and late radiation responses with altered dose
fractionation: implications for dose-survival relationships Int. J. Radiat. Oncol. Biol. Phys. 8 219-26

Tobias C A 1985 The repair-misrepair model in radiobiology: comparison to other models Radiat. Res. Suppl. 8 S77-95

Tommasino F and Durante M 2015 Proton radiobiology Cancers 7 353—81

Travis E and Tucker S 1987 Isoeffet models and fractionated radiation therapy Int. J. Radiat. Oncol. Biol. Phys. 13 283-7

Tree A C,KhooV S,van As N J and Partridge M 2014 Is biochemical relapse-free survival after profoundly hypofractionated radiotherapy
consistent with current radiobiological models? Clin. Oncol. 26 216-29

Vadhavkar N, Pham C, Georgescu W, Deschamps T, Heuskin A-C, Tang J and Costes SV 2014 Combinatorial DNA damage pairing model
based on x-ray-induced foci predicts the dose and LET dependence of cell death in human breast cells Radiat. Res. 18227381

Vakifahmetoglu H, Olsson M and Zhivotovsky B 2008 Death through a tragedy: mitotic catastrophe Cell Death Differ. 15 1153—62

van Leeuwen CM, Oei A L, Crezee ], Bel A, Franken N A P, Stalpers L ] A and Kok H P 2018 The alfa and beta of tumours: a review of
parameters of the linear-quadratic model, derived from clinical radiotherapy studies Radiat. Oncol. 13 1-11

Verkhovtsev A, Surdutovich E and Solov’yov A V 2016 Multiscale approach predictions for biological outcomes in ion-beam cancer therapy
Sci. Rep. 6 1-10

Vogelius I R and Bentzen S M 2013 Meta-analysis of the alpha/beta ratio for prostate cancer in the presence of an overall time factor: bad
news, good news, or no news? Int. J. Radiat. Oncol. Biol. Phys. 85 89-94

Wang J 2003 How low is the a/ G ratio for prostate cancer? Int. J. Radiat. Oncol. Biol. Phys. 55 194-203

Wang]J Z,Huang Z,Lo S S,Yuh W T Cand Mayr N A 2010 A generalized linear-quadratic model for radiosurgery, stereotactic body radiation
therapy, and high—dose rate brachytherapy Sci. Transl. Med. 2 1-7

Ward ] F 1988 DNA damage produced by ionizing radiation in mammalian cells: identities, mechanisms of formation, and reparability Prog.
Nucleic Acid Res. Mol. Biol. 35 95-125

Ward ] F, Blakely W F and Joner E11985 Mammalian cells are not killed by DNA single-strand breaks caused by hydroxyl radicals from
hydrogen peroxide Radiat. Res. 103 383-92

Warters R, Hofer K, Harris C and Smith ] 1978 Radionuclide toxicity in cultured mammalian cells: elucidation of the primary site of
radiation damage Curr. Top. Radiat. Res. Q. 12 389-407

Waters C A, Strande N T, Wyatt D W, Pryor ] M and Ramsden D A 2014 Nonhomologous end joining: a good solution for bad ends DNA
Repair17 39-51

Watters D 1999 Molecular mechanisms of ionizing radiation-induced apoptosis Immunol. Cell Biol. 77 263—71

Wedenberg M, Lind B K and Hardemark B 2013 A model for the relative biological effectiveness of protons: the tissue specific parameter /3
of photons is a predictor for the sensitivity to LET change Acta Oncol. (Madr). 52 580-8

Weichselbaum R R, Liang H, Deng L and Fu Y X 2017 Radiotherapy and immunotherapy: A beneficial liaison? Nat. Rev. Clin. Oncol.
14 365-79

Williams MV, Denekamp J and Fowler ] F 1985 A review of o/ G ratios for experimental tumors: implications for clinical studies of altered
fractionation Int. J. Radiat. Oncol. Biol. Phys. 11 87-96

Withers HR, Thames H D and Peters L] 1983 A new isoeffect curve for change in dose per fraction Radiother. Oncol. 1 187-91

Wouters B G and Brown ] M 1997 Cells at intermediate oxygen levels can be more important than the ‘hypoxic fraction’ in determining
tumor response to fractionated radiotherapy Radiat. Res. 147 541-50

Zhao L,MiD,Hu Band SunY 2015 A generalized target theory and its applications Sci. Rep. 5 14568

Zong W and Thompson C B 2006 Necrotic death as a cell fate Genes Dev. 20 1-15

24


https://doi.org/10.1016/0167-8140(90)90149-Q
https://doi.org/10.1016/0167-8140(90)90149-Q
https://doi.org/10.1016/0167-8140(90)90149-Q
https://doi.org/10.1016/0360-3016(83)90089-5
https://doi.org/10.1016/0360-3016(83)90089-5
https://doi.org/10.1016/0360-3016(83)90089-5
https://doi.org/10.1016/0360-3016(82)90517-X
https://doi.org/10.1016/0360-3016(82)90517-X
https://doi.org/10.1016/0360-3016(82)90517-X
https://doi.org/10.3390/cancers7010353
https://doi.org/10.3390/cancers7010353
https://doi.org/10.3390/cancers7010353
https://doi.org/10.1016/0360-3016(87)90141-6
https://doi.org/10.1016/0360-3016(87)90141-6
https://doi.org/10.1016/0360-3016(87)90141-6
https://doi.org/10.1016/j.clon.2014.01.008
https://doi.org/10.1016/j.clon.2014.01.008
https://doi.org/10.1016/j.clon.2014.01.008
https://doi.org/10.1667/RR13792.1
https://doi.org/10.1667/RR13792.1
https://doi.org/10.1667/RR13792.1
https://doi.org/10.1038/cdd.2008.47
https://doi.org/10.1038/cdd.2008.47
https://doi.org/10.1038/cdd.2008.47
https://doi.org/10.1186/s13014-017-0947-0
https://doi.org/10.1186/s13014-017-0947-0
https://doi.org/10.1186/s13014-017-0947-0
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1016/j.ijrobp.2012.03.004
https://doi.org/10.1016/j.ijrobp.2012.03.004
https://doi.org/10.1016/j.ijrobp.2012.03.004
https://doi.org/10.1016/S0360-3016(02)03828-2
https://doi.org/10.1016/S0360-3016(02)03828-2
https://doi.org/10.1016/S0360-3016(02)03828-2
https://doi.org/10.1126/scitranslmed.3000864
https://doi.org/10.1126/scitranslmed.3000864
https://doi.org/10.1126/scitranslmed.3000864
https://doi.org/10.2307/3576760
https://doi.org/10.2307/3576760
https://doi.org/10.2307/3576760
https://doi.org/10.1016/j.dnarep.2014.02.008
https://doi.org/10.1016/j.dnarep.2014.02.008
https://doi.org/10.1016/j.dnarep.2014.02.008
https://doi.org/10.1046/j.1440-1711.1999.00824.x
https://doi.org/10.1046/j.1440-1711.1999.00824.x
https://doi.org/10.1046/j.1440-1711.1999.00824.x
https://doi.org/10.3109/0284186X.2012.705892
https://doi.org/10.3109/0284186X.2012.705892
https://doi.org/10.3109/0284186X.2012.705892
https://doi.org/10.1038/nrclinonc.2016.211
https://doi.org/10.1038/nrclinonc.2016.211
https://doi.org/10.1038/nrclinonc.2016.211
https://doi.org/10.1016/0360-3016(85)90366-9
https://doi.org/10.1016/0360-3016(85)90366-9
https://doi.org/10.1016/0360-3016(85)90366-9
https://doi.org/10.1016/S0167-8140(83)80021-8
https://doi.org/10.1016/S0167-8140(83)80021-8
https://doi.org/10.1016/S0167-8140(83)80021-8
https://doi.org/10.2307/3579620
https://doi.org/10.2307/3579620
https://doi.org/10.2307/3579620
https://doi.org/10.1038/srep14568
https://doi.org/10.1038/srep14568
https://doi.org/10.1101/gad.1376506
https://doi.org/10.1101/gad.1376506
https://doi.org/10.1101/gad.1376506

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿The linear quadratic model: usage, interpretation and challenges﻿﻿﻿﻿
	﻿﻿Abstract
	﻿﻿﻿﻿Introduction
	﻿﻿﻿Historical background
	﻿﻿﻿Is the linear-quadratic model mechanistic?
	﻿﻿﻿Mechanisms of radiation response
	﻿﻿﻿Initial damage
	﻿﻿﻿Double strand break repair
	﻿﻿﻿Consequences of misrepair
	﻿﻿﻿Other cell death mechanisms
	﻿﻿﻿Radiation quality
	﻿﻿﻿Microenvironmental factors

	﻿﻿﻿Challenges in applying the LQ model
	﻿﻿﻿Heterogeneous populations
	﻿﻿﻿Hypofractionation
	﻿﻿﻿Alternative response models

	﻿﻿﻿Clinical use of the LQ model
	﻿﻿﻿Historical development
	﻿﻿﻿Clinical application of the LQ
	﻿﻿﻿Tissue type and ﻿﻿ ratio
	﻿﻿﻿Hypofractionation in the clinic
	﻿﻿﻿Beyond the LQ?


	﻿﻿﻿Conclusions
	﻿﻿﻿﻿﻿﻿ORCID iDs
	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿References


