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Abstract

Objectives: Tumour re-population during radiother-
apy was identified as an important reason for treat-
ment failure in head and neck cancers. The process
of re-population is suggested to be caused by vari-
ous mechanisms, one of the most plausible one
being accelerated division of stem-cells (i.e. drastic
shortening of cell cycle duration). However, the lit-
erature lacks quantitative data regarding the length
of tumour stem-cell cycle time during irradiation.
Materials and methods: The presented work sug-
gests that if accelerated stem-cell division is indeed
a key mechanism behind tumour re-population, the
stem-cell cycle time can drop below 10 h during
radiotherapy. To illustrate the possible implications,
the mechanism of accelerated division was imple-
mented into a Monte Carlo model of tumour growth
and response to radiotherapy. Tumour response to
radiotherapy was simulated with different stem-cell
cycle times (between 2 and 10 h) after the initiation
of radiotherapy.

Results: It was found that very short stem-cell
cycle times lead to tumour re-population during
treatment, which cannot be overcome by radiation-
induced cell kill. Increasing the number of radiation
dose fractions per week might be effective, but
only for longer cell cycle times.

Conclusion: It is of crucial importance to quantita-
tively assess the mechanisms responsible for
tumour re-population, given that conventional treat-
ment regimens are not efficient in delivering lethal
doses to advanced head and neck tumours.
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Introduction

Management of advanced head and neck cancer repre-
sents a multi-disciplinary challenge. Despite consider-
able progress in surgery, radiotherapy and chemotherapy
over the last few decades, long-term survival has not
improved significantly among these patients. One of the
major challenges in advanced head and neck cancer is
tumour re-population during treatment. Protracted radio-
therapy in squamous cell carcinoma in head and neck
cases has been reported to result in poor clinical out-
come, this being attributed to accelerated immigration of
tumour cells during treatment (1). Due to the prolifera-
tive potential of head and neck cancer cells during
radiotherapy, it has been advised that it is preferable to
delay initiation of treatment rather than to interrupt treat-
ment once started.

Several pre-clinical studies have indicated that
responses of normal and malignant squamous cells to
cytotoxic injury (irrespective of its cause) include greatly
increased mitotic rate. Accelerated re-population is noted
by a sharp increase in tumour growth rate (15-20 times
faster) after the initiation of radiotherapy (2). Experimen-
tal data have shown that this response of squamous epi-
thelia is analogous to the acute response of normal tissue
after injury (3). It has been suggested (4) that squamous
cell carcinomas retain some of their homeostatic control
mechanisms specific to their tissue of origin. Similarly,
other studies support evidence that normal and malignant
squamous epithelia share the same behaviour in response
to injury (5,6). Consequently, mechanisms responsible for
normal tissue re-population may be considered relevant in
tumour re-population.

Furthermore, cell proliferation studies undertaken by
Dorr et al. have shown that accelerated re-population of
human squamous mucosa begins within 1 week after the
start of treatment (7). Histological analysis of human
mucosa from head and neck cancer patients during a
course of radiotherapy have indicated considerable reduc-
tion in cell density from approximately 1000 to 500 cells/
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mm by the end of the first week of treatment. This drop in
cell density radically slowed in subsequent weeks reach-
ing around 400 cells/mm by the end of treatment. This
observation suggests that cell loss would be overcome by
accelerated proliferation initiated within the first week.

As a response to cell destruction caused by irradia-
tion, tumour tissue may accelerate a rate of stem cell
production (considering that nomenclature of tumour
stem cell should be accepted) by changing cell division
patterns (3). One way to achieve such changes is
through loss of asymmetrical division of stem-cells,
which results in stem-cells dividing symmetrically into
two stem-cells instead of one stem cell and one differen-
tiated cell. A further suggested mechanism is accelerated
stem cell division (Fig. 1), a process in which stem cells
shorten the duration of their cell cycle, resulting in
higher mitotic rate (2,3).

Often being highly proliferative tumours, head and
neck cancers cannot be successfully managed with conven-
tionally fractionated radiotherapy which delivers overall
dose of 70 Gy over 7 weeks, in a fractionated regimen
with 2 Gy/fraction 5 days a week. As an aggressive
response to an aggressive tumour, altered fractionation
schedules, such as accelerated radiotherapy, have been
developed and trialled with more success than conventional
radiotherapy (8). Accelerated radiotherapy usually delivers
smaller overall doses over shorter treatment courses (5—
6 weeks), 6 days a week. Despite clinical implementation
of more aggressive treatment, rate of locoregional recur-
rence is still high with 5-year survival rate below 50% (9).

Knowing the impact of tumour re-population, during
therapy, on treatment outcome, it is of crucial impor-
tance to quantitatively determine duration of the stem-
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cell cycle time here, during radiotherapy. Yet, there are
no experimental data reporting values that reduced stem-
cell cycle times are likely to have.

The aim of this work was to use a computational
modelling approach to tumour cell kinetics and behav-
iour during radiation therapy and to simulate the effect
of various tumour stem-cell cycle times on cell survival.

Materials and methods

Basic model of tumour growth

The present study has been based on the previously
developed Monte Carlo tumour growth model (10)
which showed that combination of probability functions
for cell generation, duration of the four phases of the
cell cycle, mean cell cycle time and cell loss factor
creates a virtual tumour, with tumour growth parameters
consistent with those found in the literature: volume
doubling time of 50 days; cell loss factor of 85% and
thymidine labelling index of 5%. Mean cell cycle time
of such a virtual head and neck tumour was 33 h (11),
standard deviation 13.7 h. Here, the main cell types
comprising the tumour would be stem cells (unlimited
division capacity and representing 2% of the pre-treat-
ment cell population), finitely proliferating cells (limited
extent of cell division) and non-proliferating (quiescent)
cells. Cells followed exponential distribution along the
G/Gg, S, G, and M phases with the following
proportions of cell cycle stages: G,/Gy — 40%, S — 30%,
G, —23% and M — 7%.

The course of cell creation starting from a single
stem cell, and cell proliferation was temporally con-
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Figure 1. Schematic illustration of radia- 5 G)

tion-induced accelerated stem cell division.
Cells divide into two daughter cells, whereby
one of the daughters retains stem cell-like
properties of the parent cell. The other daugh-
ter cell fate is to be either a differentiated cell

or another stem cell.
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trolled, the first stem cell being defined as entering mito-
sis at time zero. Each subsequent daughter cell was
attributed a start and an end-time, with each newly cre-
ated cell having assigned a cell cycle time by random
sampling from a truncated Gaussian distribution, with
mean value of around 33 h. Start-time was defined as
sum of duration of cell cycle times since time zero, for
all preceding generations. End-time consisted of start-
time plus cell cycle time of the current cell. At each
interval of a master clock, each cell was surveyed to
check if its end-time fell within the clock interval, and
was processed accordingly. The results module kept
track of overall number of cells, cell types, and also cell
distribution along the four phases of the cycle, as well
as population of quiescent cells. All these parameters
were listed every 100 h of biological growth time. A
growth rate factor (GRF) was defined as the ratio of cell
counts between two consecutive 100-h intervals. Kinetic
parameters of the virtual tumour as well as distribution
of cells along the cell cycle and quantitative tumour
composition, were in accordance with basic biological
properties of a head and neck carcinoma.

Model of radiotherapy and response to treatment

The virtual tumour was exposed to radiation, simulating
real-time conventional radiotherapy for squamous cell
carcinomas of the head and neck, with a standard frac-
tionation schedule: 2 Gy/raction, 1 fraction/day, 5 days/
week over 7 weeks. The surviving fraction after clinical
dose of 2 Gy (SF,) for squamous cell carcinomas of the
head and neck indicated by the literature is around 54%
(12) and this was implemented into the model as such.
Furthermore, the model has also taken into account dif-
ferences in cell radiosensitivity along the various phases
of the cell cycle. Therefore, supported by literature data
(13), the following relationship between phase-specific
surviving fractions has been implemented into the
model:

SFQ(S) =3 X SFQ(M) =3 X SFQ(GQ)
=1.1x SFQ(G()),

where SF,() relates to the surviving fraction of cells
after radiotherapy in various phases of the cell cycle. As
G is usually the longest and most variable phase of the
cell cycle, for simplicity, SF, for G; was considered to
be the average SF, (i.e. 54%), linked to the other SF
parameters via the relationship shown below:
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where Ng represents initial (pre-irradiation) number of
cells in the cycle and Ny; represents initial number of
cells in phase “i”. This formalism leads to non-uniform
radiation-induced cell kill along the mitotic cycle, a fact
that takes the model closer to the biological setting.

Tumour re-population mechanisms were modelled
according to experimental observations in which tumour
stem cells reduce the length of their cell cycle as a
response to cell destruction caused by radiation. Thus,
mean cell cycle time of 33 h is shortened after initiation
of radiotherapy. Possible mechanisms responsible for
tumour re-population during treatment have been analy-
sed in a previous study (14) both as single mechanisms
and as combined effects on tumour cell population. As a
response to radiation-induced cell loss, stem-cell cycle
time has been reduced in the aforementioned work to a
fixed value of 3 h to simplify the modelling process;
however, without initiation of a sensitivity study of
other possible values and their likely effects on tumour
behaviour. Consequently, the aim of the current model
is (i) to simulate the effects of a wide range (from 2 to
10 h) of short stem-cell cycle durations as a response to
radiation-induced cell killing and (ii) to assess tumour
behaviour during treatment from the perspective of cell
survival.

As there is experimental evidence on early onset of
tumour re-population (7), the current work simulates the
mechanism of accelerated stem cell division from the
first week of treatment. Accordingly, cycle time of stem
cells is reduced from pre-treatment value (33 h) to a
value ranging between 2 and 10 h. Given that the litera-
ture lacks quantitative evaluation of duration of stem-
cell cycle time, the qualitative observation of ‘acceler-
ated stem division’ has been translated into the model
through a sensitivity study investigating the impact of
stem-cell cycle times reducing after initiation of
treatment.

Results and discussion

Influence of stem-cell cycle time on pre-treatment
tumour growth

As described in the Materials and methods section, the
average value of stem-cell cycle time during free growth
has been considered to be 33 h. However, to study
effects of various (extreme) stem-cell cycle times on pre-
treatment tumour growth, besides the standard 33 h, one
short (5 h) and one long (45 h) stem-cell cycle times
have also been considered and the results are presented
in Figs 2 and 3. Growth Rate Factor, as defined in the
Materials and methods, was determined for all three sce-
narios and plotted against tumour growth time (Fig. 2).
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Despite initial statistical fluctuation among GRF (due
to low number of cells at the beginning of tumour devel-
opment), in time, tumour growth converged towards a
more stable growth rate factor, independent of cell cycle
time (average GRF = 1.052 for the tumour with initial
stem-cell cycle time of 45 h and GRF = 1.084 for the
tumour with initial stem-cell cycle time of 5 h). Slope of
the tumour growth curve (Fig. 3) is dictated by initial
variations among the three cell populations having differ-
ent cell cycle times. Clearly, shorter the cycle duration,
steeper the slope of the tumour growth curve, and faster
the development into a clinically detectable tumour.

Influence of stem-cell cycle time on tumour re-growth
during conventional radiotherapy

Onset time for re-population during radiotherapy greatly
influences overall cell survival. Knowledge of early re-
population can determine the correct treatment choice to
overcome uncontrollable tumour growth.

Looking closely into the stem cell population (Fig. 4),
it is noted that cell killing increases with later onset re-
population. As each fraction of radiotherapy contributes
to cell destruction, thus decreasing the stem cell popula-
tion, the later re-population activated, the lower is the
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number of affected stem cells. To consider the worst-case
scenario, and also to be in line with experimental data
supporting early onset of accelerated stem division, this
work has modelled re-population being triggered by cell
loss from the first radiotherapy fraction.

Tumour re-growth is strongly dependent on duration
of stem-cell cycle time. As illustrated in Figs 5 and 6,
very short cell cycle times can lead to uncontrollable
tumour growth caused by conventional radiotherapy,
even if the initial stem cell population affected by accel-
erated cell division is as low as 2%.

Percentage tumour cell re-growth during the course
of radiotherapy is shown in Fig. 5. Each data point rep-
resents the percentage of malignant cell re-growth over
a weekend (representing the 6 weekends during the
7 weeks treatment course), when no treatment was
delivered, allowing surviving tumour cells to proliferate
and re-populate the tumour.

If onset of re-population is triggered during the first
week of treatment, as suggested by experimental data,
Fig. 5 shows that in the first 2 weeks of therapy, radia-
tion-induced cell killing is overcome by re-emergence of
the tumour population in all cases (illustrated by the
increasing slope). After 3 weeks treatment, radiation
starts to take effect and cell killing leads to successful
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tumour control in cases where stem-cell cycle duration
is considered to be greater than 8§ h.

Results of simulating the course of conventional
radiotherapy for various lengths of tumour stem-cell cycle
during irradiation are presented in Fig. 6. Graphs show
that for very short cell cycle times, re-population via
tumour stem cells overcomes cell death due to radiation,
and radiation doses administered with conventional radio-
therapy cannot compensate for tumour re-growth. Thus,
altered fractionation regimens are recommended, such as
accelerated or accelerated-hyperfractionated radiotherapy,
whereby multiple doses are delivered to the tumour daily,
and treatment break over the weekend is reduced to
1 day, as accelerated radiotherapy assumes 6 days con-
secutive treatment per week instead of the conventional
5 days (discussed in the section below).

Tumour re-growth factor (TRF) was defined as the
ratio between percentages of cell re-growth in two con-
secutive weekends, for the same tumour population, and
the data are presented in Table 1:

© 2012 Blackwell Publishing Ltd

42 during the course of conventional radio-
therapy, with different lengths of stem-cell
cycle times after initiation of treatment. In

' the first 2 weeks of therapy, radiation induced
\ cell killing is overcome by re-growth of
i tumour cell population in all situations.

% cell regrowth weekend ;|

TRF =
% cell regrowth weekend ;

the same tumour population

As a general trend, it can be noted that re-growth fac-
tor is highest shortly after onset of re-population (first
weekend) and decreases slowly during subsequent week-
ends. Yet, for very short stem-cell cycle times (<6 h), re-
growth is recorded even over the last weekend of treat-
ment, indicating that the tumour population is thriving
and could not be compensated for by radiation-induced
cell killing. This fact is substantiated by the Growth Rate
Factor during radiotherapy (GRFgr), defined as the ratio
of cell counts between two consecutive 24-h intervals,
that is, cell population growth between two consecutive
dose fractions (compared to pre-treatment GRF, which
has considered ratio of cell counts between two subse-
quent 100 h during free growth).

As opposed to the pre-treatment scenario (Fig. 2) when
tumour growth converges towards a more stable growth
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after conventional radiotherapy with differ-
ent lengths of stem-cell cycle times after
initiation of treatment. For very short cell I

cycle times re-population via tumour stem ,
cells overcomes radiation-induced cell kill. I

Table 1. Tumour re-growth factor (TRF) as a function of tumour
stem-cell cycle time

Stem cell cycle time 2h 3h 5h 8 h 10 h
TRF

1st weekend 2.6 1.8 1.7 1.4 1.2
2nd weekend 1.8 1.2 1.2 1.1 0.9
3rd weekend 1.1 1.2 1.2 1.1 0.0
4th weekend 1.1 1.0 1.1 0.0 0.0
S5th weekend 1.0 1.0 0.9 0.0 0.0
6th weekend 1.0 1.0 1.0 0.0 0.0

rate factor independent of cell cycle time, during radiother-
apy, stem-cell cycle time has had a stronger impact on
overall tumour behaviour, even when disregarding obvious
growth bursts over weekends (Fig. 7). Therefore, average
GRFg varies from 1.08 for stem cycle of 10 h, to 1.64 for
stem cycle of 2 h, without weekend growth, and from 1.10
to 2.23 with weekend growth, respectively. It is suggested
that this difference is due to interplay between (i) acceler-
ated stem cell division, (ii) random effect of radiation on
tumour cell killing, (iii) different cell radiosensitivities
through the cell cycle and (iv) uncompensated cell popula-
tion growth between fractions for low cell cycle times as
opposed to pre-treatment growth, which is dictated by bal-
anced cell proliferation, cell division and natural cell loss
(that is, steadier growth rate factor).

Effect of accelerated radiotherapy on tumour re-growth,
involving accelerated stem cell division

To illustrate the potent effect of tumour re-growth dur-
ing treatment, due to short stem-cell cycle times, the

© 2012 Blackwell Publishing Ltd
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current work has simulated an accelerated treatment
schedule, which delivers the same overall dose (70 Gy)
as conventional radiotherapy, but over 6 weeks treat-
ment with 6 days of 2 Gy/fraction a week. In this sce-
nario, the advantage of accelerated radiotherapy over the
conventional schedule consists of shorter re-population
times over weekends (48 h compared to 72 h), thus bet-
ter control of the stem cell population (Fig. 8).

Despite the accelerated treatment regimen, for very
short stem-cell cycle times (<5 h), treatment does not
qualify as more successful than conventional radiother-
apy. Radiation-induced cell killing is overcome with ease
by the mechanism of accelerated stem cell division and
while there is noticeable change in slope of the survival
curve for accelerated treatment regimen compared to stan-
dard, tumour population cannot be controlled (Fig. 8).

However, for short but clinically more plausible
stem-cell cycle times (>5 h), the accelerated regimen
allows reduction in the number of fractions, thus
decrease in overall dose for the same bio-effect with
14 Gy (7 fractions) compared to conventional radiother-
apy. This quantitative result cannot be equated with the
same clinical dose, as the model has its limitations by
not considering tumour microenvironment and/or inter-
play of other factors such tumour stage, size and adja-
cent normal tissue confines (to name but a few).
Furthermore in clinics, accelerated radiotherapy is often
planned with a treatment gap after about 30 Gy to allow
for normal tissue repair and re-population. This treat-
ment gap can have devastating effect on tumour control,
as tumour cells re-grow freely during this resting period.
Thus, treatment regimens must be developed based on
radiobiological properties of individual head and neck
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cancers as tumour re-population during therapy is an
obvious contributor towards recurrence.

To focus merely on the aspect of accelerated tumour
re-population as a response to radiotherapy, the hypoxia
factor has not been modelled in the present study.
Nevertheless, hypoxia is another key parameter in man-
agement of advanced head and neck tumours, as lack of
oxygen confers resistance to radiotherapy [see (15) for
the effect of hypoxia on tumour control in virtual head
and neck cancers]. It is known that head and neck cancers
have high hypoxic content and that hypoxic cells are up
to three times more radio-resistant than cells in oxic
conditions. Radioresistance, added to the above observa-
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Conventional RT with stem cycle 5h |
—e— Accelerated RT with stem cycle 2 h

Figure 8. Conventional versus accelerated
radiotherapy for tumours with short cell
cycle times. For very short stem cycle times,
radiation-induced cell killing is overcome by
the mechanism of accelerated stem cell divi-
sion in both conventional and accelerated
radiotherapy.

tion in which accelerated stem cell division (as a sole
mechanism), could potentially lead to treatment failure,
underpins the necessity to quantitatively evaluate mecha-
nisms behind accelerated re-population during treatment.
Furthermore, accelerated stem cell division is proba-
bly not the only mechanism responsible for accelerated
re-population during radiotherapy. Cell recruitment from
the available pool of quiescent cells and also loss of
asymmetrical division of stem cells leading to symmetri-
cally dividing stem cells (that is, two daughter stems)
are mechanisms which can contribute to re-population
during radiotherapy (3,14). The graph in Fig. 9
illustrates consequences of tumour cell re-population

Cell Proliferation, 45, 404-412
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asymmetrical division of stem cells [see also

(14)].

when interaction of all above mechanisms is modelled
[see also (14)]. Time ‘0’ represents the start of radiother-
apy and the tumour regression curve is the result of
tumour response to radiotherapy without simulating any
re-population mechanisms.

While the mechanism of accelerated stem cell divi-
sion is influential enough to trigger uncontrollable
tumour re-population, this effect can only be aggravated
when considering additional factors, such as cell recruit-
ment, loss of asymmetry, loss of stem cell division,
tumour hypoxia and radioresistance.

Consequences of the above presented premise are
translated into clinical implications of accelerated re-
population during radiotherapy.

Optimal management of head and neck cancer patients
would need appropriate patient selection, based on tumour
proliferation kinetics via predictive assays or PET imag-
ing, which specifically target proliferation. While person-
alized medicine is becoming a widespread concept in
oncology, head and neck cancer patients should particu-
larly benefit from individualized treatment plans due to
high variability of tumour-related parameters (such as cell
proliferative ability), among patients. Based on cell prolif-
erative ability of each particular head and neck tumour,
individualized treatment can be designed to optimize
treatment outcome. These personalized treatments could
be delivered as:

® Accelerated radiotherapy, shortening overall treat-
ment time without reducing total radiation dose. This
treatment regimen is probably most commonly used
to overcome accelerated re-population. However, one
drawback is the treatment gap, which is usually
scheduled after delivery of around 34 Gy, to allow
for normal tissue repair. This gap in treatment is a
perfect opportunity for surviving tumour cells to start
re-populating the tumour. To avoid treatment inter-

© 2012 Blackwell Publishing Ltd
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ruption, radioprotectors such as amifostine should be
used.

® High dose rate brachytherapy, for localized tumours,
either as a boost or as monotherapy.

® Chemo-radiotherapy, either concurrently or chemo-
therapy as a neoadjuvant treatment. However, if che-
motherapy is delivered as induction, no gaps between
neoadjuvant and curative treatment should be allowed,
due to re-population triggered by drug-caused cell loss.
Furthermore, for cisplatin-based chemotherapy, cis-
platin in low doses administered on a daily basis in
combination with radiotherapy is more effective than
given in weekly cycles, in large doses. Besides better
tumour control, rate of normal tissue complications can
be also reduced.

® Proton therapy, where available. Proton therapy is
well suited to tumour sites, such as head and neck,
which need a dose higher than 70 Gy to be delivered
for tumour control. Also, with the well-focalized Bragg
peak of the proton dose distribution curve, organs at
risk which surround the diseased area are better spared.

® Targeted molecular therapies, against epidermal
growth factor receptor (EGFR) could play a key role
in management of advanced head and neck tumours,
as the vast majority of these overexpress EGFR,
which is associated with poor prognosis.

Conclusion

Tumour cell re-population during radiotherapy is sug-
gested to be caused by various mechanisms, one of the
most plausible being accelerated division of stem cells,
in which they are able to drastically shorten the duration
of their cell cycle. The presented work suggests that if
accelerated stem cell division is indeed a key
mechanism behind tumour re-population, the cell cycle

Cell Proliferation, 45, 404-412
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time can drop below 10 h. Considering this hypothesis,
it is crucial to determine value range of cell cycle time

to

enable the design of optimal treatment, as short cycles

(of a few hours) lead to re-population, which cannot be
overcome by cell killing, thus resulting in treatment fail-
ure.
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