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KEYWORDS Summary The goal of this paper is to provide both the basic scientist and the
Simulation; clinician with an advanced computational tool for performing in silico experiments
Tumour growth; aiming at supporting the process of biological optimisation of radiation therapy.

Improved understanding and description of malignant tumour dynamics is an ad-

Radiation therapy;
ditional intermediate objective. To this end an advanced three-dimensional (3D)

EMT6 spheroid; . ) .

. .p . Monte-Carlo simulation model of both the avascular development of multicellular
Surviving fraction; . . es -
Cancer tumour spheroids and their response to radiation therapy is presented. The model

is based upon a number of fundamental biological principles such as the transition
between the cell cycle phases, the diffusion of oxygen and nutrients and the cell
survival probabilities following irradiation. Efficient algorithms describing tumour
expansion and shrinkage are proposed and applied. The output of the biosimulation
model is introduced into the (3D) visualisation package AVS-Express, which performs
the visualisation of both the external surface and the internal structure of the dy-
namically evolving tumour based on volume or surface rendering techniques. Both
the numerical stability and the statistical behaviour of the simulation model have
been studied and evaluated for the case of EMT6/Ro spheroids. Predicted histolog-
ical structure and tumour growth rates have been shown to be in agreement with
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published experimental data. Furthermore, the underlying structure of the tumour
spheroid as well as its response to irradiation satisfactorily agrees with laboratory

experience.

© 2004 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Radiation therapy (external beam therapy,
brachytherapy) is applied to cancer patients
each year as therapy or for palliation, or as an
adjunct to surgery or chemotherapy. In order to
achieve the best outcome for the patient in terms
of tumour control and complication frequency, an
optimisation process of the treatment planning
should take place before the radiation delivery.
As cancer biology is one of the most crucial de-
terminants of the treatment outcome, efficient
modelling, simulation and visualisation of the
biological phenomena taking place before, during
and after irradiation is of paramount importance.
The practical usefulness of such processes is
both to improve understanding of the cancer
behaviour and to optimise the spatiotemporal
treatment plan by performing in silico (= on the
computer) experiments before the actual delivery
of radiation to the patient. The objective function
concerning exclusively tumour control can be the
overall tumour repopulation (number of surviving
tumour cells). Optimisation aims at minimising
tumour repopulation for the maximum possible
duration. In the clinical setting a compromise
between minimisation of tumour repopulation for
the maximum possible duration and minimisation
of healthy tissue damage (including early and late
normal tissue cell loss) is sought.

The objective of this paper is to demonstrate
how algorithm and complexity theory, the generic
Monte-Carlo stochastic technique and current vi-
sualisation tools can be combined in order to effi-
ciently simulate the growth and response to irradia-
tion of three-dimensional (3D) multicellular tumour
spheroids. The biophysical part of the proposed ap-
proach is based on a discrete time cell cycle model,
which is applied to each one of the cells constitut-
ing the tumour. The discrete time and space char-
acter of such a model allows the imposition of ar-
bitrary boundary conditions such as the spatial pro-
file of the oxygen and glucose supply. Therefore,
this kind of model can be easily extended to the
in vivo case [1], where the presence of different
tissues producing variable elastic and nutrient sup-
ply profiles in the vicinity of a tumour can greatly
affect the growth pattern. Furthermore, simula-
tion of the growth of a multifocal tumour or a

tumour of arbitrary geometry can be readily per-
formed. Special emphasis is placed on the adjust-
ment of the model output to experimental data. To
this end, some previous model assumptions [1] have
been modified in order to refine the description
of the involved phenomena. Although the present
paper does not deal with the damage to healthy
tissue, our group is currently working on the devel-
opment of an analogous computer model simulating
the response of both hierarchical and flexible nor-
mal tissue systems to irradiation. A more simplistic
approach of quantifying the effect to irradiation
to healthy tissues could be the application of the
concept of normal tissue complication probability
(NTCP).

The paper begins with a brief description of the
most essential assumptions concerning cell divi-
sion and interaction. A number of novel algorithms
describing expansion and shrinkage of the entire
tumour system are presented and the space-time
quantization policy is clarified. As an application
example, the case of EMT6/Ro tumour spheroid in
vitro is considered. Franko et al. [2] showed that
EMT6 spheroids appear to satisfactorily model the
response of EMT6 tumours to irradiation. Both the
numerical stability and the statistical behaviour of
the model predictions are checked. The predicted
histological structure and the tumour growth rates
are compared with published experimental data.
Subsequently, the response of the heterogeneous
population of the spheroid tumour system accord-
ing to the nutrient deprivation is simulated by us-
ing the linear quadratic (LQ) model [3]. Different
fractionation schemes are simulated and both the
external and the internal structure of the spheroids
are 3D visualised. Qualitative agreement with both
experiment and clinical experience concerning the
application of fractionated irradiation strengthens
the robustness of the model as a decision and treat-
ment planning supporting system.

2. Background

Multicellular tumour spheroids are characterized by
the emergence of cellular heterogeneity and can
constitute a satisfactory in vitro model of solid tu-
mours [4]. Therefore, a substantial volume of ex-
perimental work on tumour spheroids investigating
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basic biological mechanisms, such as metabolism
and proliferation, regulation of growth satura-
tion, differentiation and development of necro-
sis has been performed during the last decades
[5—7]. Due to the particular structural character-
istics of tumour spheroids, cell to cell interac-
tions are facilitated. Such interactions may modify
the cellular metabolism and thus the response to
therapy.

While experimental [8—10] and mathematical
[11—13] models dominate the field of tumour re-
search, a relatively limited number of computer
modelling approaches has appeared in the litera-
ture. The main purpose of such models is to per-
form virtual in silico experiments aiming at op-
timising the various cancer treatment modalities.
Such models have been used in order to study,
e.g. the evolution of a spheroidal tumour in nu-
trient medium [14—16], the growth and behaviour
of a tumour in vivo [17—19], the neovascularisa-
tion (angiogenesis) process [20], the competition
between neoplastic and immune subsystems [21]
etc. Moreover, computer simulation models aim at
three-dimensionally predicting and visualising the
response of a tumour to various schemes of radia-
tion therapy with respect to time. Duechting [22]
developed a three-dimensional simulation model
of tumour response to irradiation by combining
systems analysis and cellular automata. Ginsberg
[23] described the growth of an exactly spheri-
cal multilayer tumour in vitro by applying general
control theory methods and appropriate commer-
cial software. Nahum and Sanchez-Nieto [24] pre-
sented a computer model based on the concept
of the tumour control probability (TCP) and stud-
ied TCP as a function of the spatial dose distribu-
tion. Stamatakos et al. [1,15,19] developed a three-
dimensional discrete radiation response model of a
tumour both in vitro and in vivo and introduced high
performance computing and virtual reality tech-
niques in order to visualise the external surface and
the internal structure of a dynamic tumour. Kocher
et al. developed a simulation model of tumour re-
sponse to fractionated radiotherapy [25] and radio-
surgery (single dose application) [26] and studied
the vascular effects.

3. Design considerations

A reliable tool to theoretically study the effect of
the various parameters on the progression of malig-
nant tumours and their response to therapeutic in-
terventions would substantially facilitate the work
of the basic scientist. Besides, the in silico produced
knowledge would contribute to gaining both quali-

tative and quantitative insight into the underlying
biological phenomena.

On the other hand, the clinician needs a reliable
platform in order to optimise treatment planning
based on the individual patient’s data, e.g. the par-
ticular histopathology and the genetic profile that
determines the radiobiological parameters of the
LQ model. As already mentioned tumour spheroids
have proved to be the most reliable in vitro mod-
els of clinical tumours in vivo. Furthermore, exper-
imenting in silico with small avascular micrometas-
tases is expected to enhance the effectiveness of
treatment concerning local invasion.

The systems design aims at satisfying the above-
mentioned requirements.

4. Theory and computational methods

The model formulation is based on the cellular
level. Angiogenesis is not taken into account. This
is a plausible hypothesis for both tumour growth
in cell culture and the non-vascularised tumour
or metastatic nodule growth in vivo. In the fol-
lowing, the model assumptions based on previous
work with eventual modifications [1,15,16] are pre-
sented. The diagram describing the overall compu-
tational procedure is shown in Fig. 1.

4.1. Tumour growth kinetics

1. The cytokinetic model shown in Fig. 2 is
adopted. According to this model, a tumour cell,
when cycling, passes through the phases G1 (gap
1), S (DNA synthesis), G; (gap 2) and M (mitosis).
After mitosis is completed, each one of the re-
sultant cells re-enters G if oxygen and nutrient
supply in its current position is adequate. Oth-
erwise, it enters the resting Gy phase. It should
be noted that although from the purely biologi-
cal point of view each ‘‘mother’’ cell disappears
through mitosis and two equivalent ‘‘daughter’’
cells appear in its place, in this paper the con-
vention of considering one ‘‘mother’’ and one
“*daughter’’ cell has been adopted.

2. Acellin the Gy phase is not actively synthesizing
DNA but may have become arrested in the G4, S
or G; phase of the cell cycle [27]. It stays in the
Gg phase for as long as its distance (r) to glucose
and oxygen supply is greater than the thickness
of the proliferating cell layer (Tp) and lower than
the thickness of the viable cell layer (T) (Fig. 3).
If the local environment of the cell becomes ad-
equate (r < Tp) the cell re-enters G4. Conversely
a cell, deprived of oxygen or glucose (r > T),
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Fig. 1. Schematic diagram of the overall computational
procedure.

looses its energy-producing capacity and enters
necrosis (N) [28]. The thickness of the viable rim
decreases linearly as a function of the spheroid
diameter [28,29]. The thickness decrease could
be explained by two factors. The first one is the
reduction of the surface-to-volume ratio, which
influences the nutrient-supply mechanism. The
second one is the action of cytostatic factors dif-
fusing out of the necrotic core [30]. The growth
inhibitory factors reduce the number of prolifer-
ating cells and the viability inhibitors affect the
viability of cells near the necrotic core [28]. As
the proliferating cell layer is part of the viable
rim, the same decrease rate for Tp has been as-
sumed. The thickness of the hypoxic cell layer

(Tg,) can be calculated as the difference of the
viable and the proliferating cell rim.

In addition to, the previously described pathway,
there is always a probability that each cell re-
siding in any phase (other than necrosis or apop-
tosis) dies with some probability per hour due
to both ageing and spontaneous apoptosis (SA).
This probability representing the cell loss rate
due to apoptosis is the product of the cell loss
factor due to apoptosis (with a typical value of,
e.g. 10%) and the cell birth rate [3]. The cell
birth rate can be considered as the ratio of the
growth fraction (with a typical value of, e.g.
40%) [3,27] to the cell cycle duration.

4.2. Tumour geometry

1.

A 3D mesh discretizing the volume occupied by
the cell culture is used. This volume includes
the tumour as well as part of the surround-
ing nutrient medium. Each cubic geometrical
cell of the mesh can be occupied by a vital tu-
mour cell (Fig. 4), by products of cell death (ei-
ther necrotic or apoptotic) or by the nutrient
medium.

. The total space occupied by the simulated cell

culture has been confined to 120 x 120 x 120
mesh cells. This limit depends on the available
computer memory and power as well as on the
maximum tolerable runtime.

. The tumour spheroid formation starts with the

placement of either a single tumour cell at the
stage of mitosis or a small tumour spheroid at
the centre of the discretizing mesh. A tumour
cell can divide even if there is no free space for
the daughter cell to be accommodated.

. Communication between cells at any angular di-

rection is possible.

. The cell lysis and apoptosis products are gradu-

ally diffused towards the outer environment of
the tumour. In case of in vivo tumour growth,
such substances are expected to be partly in-
gested by phagocytes. In this case, the macro-
scopic result of this mechanism is tumour shrink-
age due to the exertion of external pressures.
Tumour shrinkage is computationally achieved
by shifting a cell chain from the external en-
vironment of the tumour towards the cell that
has to disappear in a direction defined by the
cell and the centre of the mesh. In this way tu-
mour connectivity is preserved, because all cells
tend to move towards the centre of the tumour.
Tumour expansion is computationally achieved
by shifting a cell chain from the newly occu-
pied mesh cell towards the external environ-
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Fig. 2. Cytokinetic model of a tumour cell. The solid lines represent cell proliferation and cell death without application
of any therapeutic treatment. The dashed lines represent the cell response to irradiation. Symbol explanation: G;: G4
phase, S: DNA synthesis phase, G;: G, phase, Go: G phase, N: necrosis, A: apoptosis, SA: spontaneous apoptosis, Rl:
radiation induced, ID: interphase death, MND: mitotic necrotic death, MAD: mitotic apoptotic death.

ment of the tumour in a random direction. The
shifting direction is defined in spherical coor-
dinates using two random numbers that define
the azimuthal angle in the xy-plane and the z-
coordinate in the z-axis. In both cases, i.e. tu-
mour expansion and shrinkage, integer round-
ing is applied to determine the best possible se-
quence of cells that has to be shifted in the dis-
cretizing mesh (Fig. 4).

4.3. Time quantization and statistical
behaviour of the phase durations

1.

2.

3.

Time is quantized and measured in appropriate
units. In this paper, 1h has been adopted as the
unit of time.

The durations of the various cell states follow
normal (Gaussian) distribution.

The simulation can be considered a row-to-row
computation of the cell algorithm for each in-
dividual cell. At each time step, the remaining
time in the current phase of the cell under exam-
ination is reduced by one time unit. The config-
uration obtained in this way serves as the initial
step of the subsequent calculation step.

4.4. Tumour cell response to irradiation

1.

The response of each cell to irradiation, leading
to absorbed dose d is described by the LQ model
[31]. According to this model, the survival prob-
ability S(d) of the cell is given by the expression

(1)

where o and B are parameters describing the
radiobiological properties of the specific tumour
[3]. It is noted that Eq. (1) is effective after the

S(d) = exp[—(ad + Bd?)],

Fig. 3. Parameter definition in the spheroid model. P:
proliferating cells, Go: quiescent cells, N: necrosis. T:
thickness of the viable cell layer, Tp: thickness of the
proliferating cell layer, Tg,: thickness of the hypoxic cell
layer, Tg, = T — Tp, D: spheroid diameter, r: distance of
an arbitrary cell to glucose and oxygen supply.

expiration of a time interval sufficient for the
sublethal damage to be repaired (i.e. 4h after
irradiation).

. Cellsin any cell cycle phase are more radiosensi-

tive than hypoxic cells residing in Gg. Cells in the

| ‘tumor cell !
= _;_. dliame’ter 4

W |

Fig. 4. The best possible approximation of an ideal line
given a discretizing mesh (shown for simplicity in two-
dimensions). The algorithm is applied to the modelling
of tumour expansion.
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S phase are more radioresistant than cells in any
other cycle phase (G1, G, and M). Three differ-
ent sets of values for the « and 8 parameters of
the LQ model are assumed: one set for the prolif-
erating cell cycle phases except the S phase (ap,
Bp), a second one for the S phase (as, Bs) and a
third one for the resting Go phase (ag,, g,). This
assumption is justified by the experimentally es-
tablished different values of radiosensitivity in
the above-mentioned phases [32,33]. The radio-
biological parameters of the tumour cells (« and
B parameters of the LQ model) are obtained by
fitting the LQ model to an experimental survival
curve. However these values are often not very
accurate, as ‘‘trade-off’’ between « and g al-
lows a range of combinations of the two param-
eters to fit the data almost equally well. A use-
ful alternative for the calculation of the linear
component of cell killing is to use low dose rate
irradiation. The cell survival curve at low dose
rate seems to extrapolate the initial slope of the
high dose rate curve [3].

3. The cell death due to irradiation is simulated
by three mechanisms: the radiation induced in-
terphase death (RI-ID), the radiation induced
mitotic necrotic death (RI-MND) and the radi-
ation induced mitotic apoptotic death (RI-MAD)
[34,35]. These distinct pathways are shown in
Fig. 2. Notwithstanding the fact that quantita-
tive data concerning the above-mentioned dis-
crete mechanisms are rare or even non existent,
estimates of a rather qualitative character have
been published. In this work, the following as-
sumptions characterised by a reasonable quan-
tification of rather qualitative experimental ob-
servations have been made. Each irradiated cell
residing in the Gg phase that will not survive ac-
cording to the LQ model can die by either apop-
tosis (with a 20% probability) or necrosis (with
an 80% probability). Cycling cells being exposed
to ionising radiation can die either before en-
tering division or after having completed mito-
sis. The first form of death takes place through
apoptosis (interphase death, with a 20% prob-
ability) whereas the second one, occurring af-
ter several divisions (e.g. three), may be as-
sociated with either apoptosis (mitotic apop-
totic death, 10% probability) or necrosis (mitotic
necrotic death, 70% probability). During each di-
vision the resultant ‘‘daughter’’ cell is identical
to the ‘*'mother’’ cell, i.e. it is damaged by radi-
ation. The probability of occurrence of mitotic
death has been assumed much higher than the
probability of interphase death as for the most
cell lines in vitro the primary form of cell death
is associated with mitosis [34].

5. System description

The Visual Fortran 6.0 programming language has
been used for the model formulation. A typical sim-
ulation run of 5 weeks for 120 x 120 x 120 geo-
metrical cells takes about 5min on an AMD Athlon
XP 1800 machine (786 MB RAM). The equatorial sec-
tions of the simulated tumour spheroid are visu-
alised in two-dimensions using the standard soft-
ware package MATLAB. The 3D visualisation of the
predictions of the suggested simulation model is fa-
cilitated by software from Advanced Visual Systems
(AVS). AVS/Express™ provides utilities for medical
data acquisition, volume and surface rendering of
human body regions of interest and 3D data ma-
nipulation functionalities like intersection of data
in different cutting planes and orientations. AVS
Express™ enables users to acquire input data sets
from the output of tumour growth simulation soft-
ware and create 3D models of the tumour geome-
try. The AVS/Express-based application allows the
user to simulate the placement and the superposi-
tion of the different cell states and combine them
into a single 3D representation. The visualised vol-
umes of three cell states (proliferating, dormant
and necrotic/apoptotic) are combined into a sin-
gle 3D scene, since the use of colouring and trans-
parency enables the visualisation of complex cell
topologies. The final representation obtained can
be exported from the AVS in VRML 1.0 or 2.0 for-
mats and become available for study in a machine
independent and interoperable way for local or re-
mote examination through a local network or the
Internet.

6. Status report

In the following application, details and represen-
tative results concerning the cases of an EMT6/Ro-
tumour spheroid (mammary sarcoma of the mouse)
are given, as the EMT6 spheroids are very often used
in therapy-related experimentation.

6.1. Tumour growth

6.1.1. Simulation robustness

Random numbers have proved to be very useful
in the solution of computationally complex prob-
lems or in the simulation of systems under differ-
ent starting or operating conditions. Appropriate
pseudo-random number generators are used in or-
der to simulate the statistical character of specific
biological phenomena during cell proliferation and
irradiation. In order to identify the effect of the use
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Fig. 5. Ratio of the standard deviation (stdev) to the
mean value of the tumour volume using five different ran-
dom number generator seeds. The simulation procedure
starts with a single tumour cell.

of random numbers on the model accuracy and ro-
bustness, five different seeds for the random num-
ber generator have been investigated for the case
of an EMTé6-spheroid. The ratio of the standard de-
viation (stdev) to the mean value of the tumour vol-
ume is calculated as a function of time.

If a simulation of tumour growth begins with a
single tumour cell placed at the centre of the nu-
trient medium, the standard deviation of the total
tumour volume can be as high as 30% of the mean
value (Fig. 5). This is expected because of the small
mean value of the tumour volume at the beginning
of the process. Nevertheless, after 650 simulated
hours, the standard deviation of the total tumour
volume decreases to less than 1% of its mean value
(Fig. 5). In order to investigate the influence of ran-
dom processes in the early stages of tumour growth,
the simulated tumour spheroid formation has been
started with the placement of a small multicellu-
lar tumour spheroid with varying number of cells.
By initializing the simulation procedure with a mul-
ticellular spheroid of 122,000 cells, which corre-
sponds to a tumour formed 400 simulated hours
after the placement of a single clonogenic cell in
the nutrient medium, it has been observed that the
standard deviation of the total tumour volume is al-
ways less than 1.3%. The small statistical error de-
termined with both initialisations renders the pre-
dictions sufficiently reliable in both cases. It should
be stressed that the above presented expansion and
shrinkage algorithms have provided the highest nu-
merical stability in the simulation model when com-
pared with the corresponding algorithms previously
investigated by our group [15].

6.1.2. Geometry
As already described, the discretizing mesh consists
of cubic geometrical cells, each one including a sin-

gle tumour cell as well as the corresponding intra-
cellular medium. As the tumour cells are closely
packed, the edge of any given geometrical cell is
assumed to approximate the tumour cell diameter
(dc) (Fig. 4). Hence the volume of the geometri-
cal cell is dé. The geometrical cell volume is as-
sumed to have the same value everywhere within
the spheroid and at any instant during spheroid
growth. The tumour spheroid diameter (D) is cal-
culated according to the equation

D=2,3/41N-d3, @)
TT

where N is the number of the geometrical cells oc-
cupied by the tumour spheroid.

The tumour cell diameter can be calculated from
the tumour cell volume. As a typical mean cell vol-
ume in EMT6/Ro spheroids is 2500 um? [36], the
mean cell diameter has been calculated to be d¢
= 16.8 pm. The tumour cell diameter is used as an
adjusting parameter in order to express the values
defined in real dimensions (e.g. in wm) in terms of
the number of cells as in the case of the rim thick-
ness.

The thickness T of the viable cell layer tends
to behave as a linear function of the spheroid di-
ameter D. The slope of the thickness depends on
the glucose concentration and typically varies be-
tween —0.017 and —0.052 in the case of EMT6/Ro
spheroids [28]. The corresponding equation is

T(D) = —0.025D + Ty, (3)

where Ty is a constant depending on the spheroid
diameter (D)) at which necrosis first develops. The
units of D, T and Ty must all be the same (i.e. um).
The following property must be satisfied for the di-
ameter D, [28]:

D, = 2T(D)) (4)
According to (3) and (4)
To = 0.525D, (5)

The onset of necrosis depends on the nutrient
concentration. Under normal conditions (0.28 oxy-
gen and 5.5 mM glucose concentration) necrosis ini-
tially develops at a diameter of ~400 um, resulting
in Top = 210 wm. The thickness of the proliferating
cell layer has been assumed to be Tp(D) = —0.025D +
Tpo. According to [23,36] the spheroid diameter at
which hypoxia first develops is ~300 wm in EMT6/Ro
spheroids. In the same way Tpg is calculated (Tpg =
157.5 pm).
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Table 1 Rounded mean values and standard devia-
tions of the phase durations for EMT6 tumour cells

Cell phase N (h) A (h) Gy (h) S(h) Gz (h) M (h)

Mean 400 0 6 10 2 2
duration

Standard 2 2 1 2 0 0
deviation

N: necrosis; A: apoptosis; G1: gap 1 phase; S: synthesis; G;:
gap 2 phase; M: mitosis.

2 Extra duration due the diffusion of the necrotic/
apoptotic products: 10h.

6.1.3. Results

Typical mean values and standard deviations of the
phase durations of the constituting cells for the
EMT6-spheroid are shown in Table 1 [23]. Fig. 6a
shows the total number of viable cells of a multi-
cellular tumour spheroid of a mammary sarcoma of
the mouse grown in cell culture as a function of
the growth time. The Gompertzian pattern of tu-
mour growth is explained by the absence of blood
vessels in cell cultures. Fig. 6b shows the spheroid
diameter of the same spheroid as a function of
time. The growth curves have been redrawn from
Freyer et al. [36] with permission. Fig. 6c and d
show the simulation data of the volumetric growth
and the spheroid diameter, respectively. All results
represent the mean values of three simulation runs
each one having different seed of the random num-
ber generator. Both predictions agree very well
with the experimental results for the time interval
under consideration. Nevertheless, the calculated
spheroid diameter of the simulated tumour does not
increase linearly with time, as is the experimental
case. This could be explained by the assumption of
a constant cell volume. According to [36] the cell
volume decreases from 3100 to 1600 um? at a diam-
eter of 1500 wm. This means that our mean value
of 2500 um3 for the cell volume underestimates the
spheroid diameter in the early stages of growth and
overestimates it in the later stages of growth.

The cell cycle duration and the time required
for cell death and tumour shrinkage determine the
temporal evolution of the spheroid. As expected,
the volume growth becomes saturated over time.
The mechanism simulating the spheroid saturation
can be described as a modulation of the spheroid
size. As the spheroid is growing, the viable rim de-
creases and some cells become necrotic. Subse-
quently, the necrotic products are diffused which
practically means they are disappearing and the tu-
mour shrinks. As the tumour is shrinking the prolif-
erating rim is increasing and some dormant cells
re-enter the cell cycle. This process results again
in tumour expansion. If the rim were constant, i.e.

Table 2 Comparison of the experimental with the
simulated extent of central necrosis as a function of
the spheroid diameter

Spheroid Experimental (%)  Simulated?® (%)
diameter (pnm)

468 >1 0.4

821 12 18
1156 28 32
1347 38 39

@ Necrotic volume/total volume) x 100%. The apoptotic
products constituting approximately 1.2% of the total tumour
volume have not been taken into account.

independent of the spheroid diameter, the tumour
growth rate would decrease with time as the per-
centage of the proliferating cells is decreasing. In
such a case, although the initial stages of the Gom-
pertzian growth are satisfactorily simulated, the
growth saturation stage tends to be poorly pre-
dicted [1,15].

Table 2 presents the portion of central necro-
sis in the total tumour volume as a function of
the spheroid diameter. The simulation data have
been compared with experimental data derived by
Freyer et al. [36]. The diameter of the simulated
tumour spheroid at the onset of necrosis has been
shown to be practically the same as the experimen-
tal one (400 um). The difference between the ex-
perimental and the simulated extent of the necrotic
core decreases with increasing spheroid size. It
must also be stated that although the tumour cell
size contributes to the formation of the spheroid
diameter, it barely affects the extent of the simu-
lated necrosis as a function of the spheroid diam-
eter. The central necrosis depends mostly on the
viable and the proliferating rim thickness (onset
and slope value) as well as on the time duration
of necrosis.

The upper panel in Fig. 9 shows an equatorial
cross-section of the developing tumour. The var-
ious cell states (proliferating phases, Gy phase,
necrotic/apoptotic products) can be readily distin-
guished. An eventual asymmetric or non-spherical
formation of the tumour does not only differenti-
ate the prediction from the cultured spheroid, but
also affects the fraction of the tumour that is able
to divide (growth fraction) and consequently the tu-
mour growth rate. Since the spheroid symmetry sig-
nificantly depends on the algorithms used for both
tumour expansion and shrinkage, special attention
has been paid to their formulation. Cross-sections
normal to any coordinate axis are similar to the
sections shown in Fig. 9, upper panel. Hence, the
proposed novel algorithms describing the shifting
of the cells in any direction in space have proved
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Fig. 6. Volumetric growth (a and c¢) and spheroid diameter (b and d) of the multicellular EMT6/Ro tumour spheroid
as a function of time. (a) and (b) Experimental curves as appeared in Freyer et al. [36] (with permission) (c) and (d)

prediction of the suggested simulation model.

to be able to form a spherical tumour. In this way
the slightly hexagonal shape caused by the shifting
in one of the six orthogonal directions of the cubic
mesh has been overcome [19,15].

6.2. Tumour response to irradiation

According to [3] the radiation dose under hypoxia
producing the same level of biological effect as the
dose under aerobic conditions is equal to the latter
multiplied by a factor, called the oxygen enhance-
ment ratio (OER). This observation can be formu-
lated as

SGo(OER - d) = Sp(d) (6)
and leads to

exp [—(aGOOER -d + Bg, (OER - d)Z)J

= exp |—(apd + ppd?)] . (7)

where Sg, is the surviving fraction of the hypoxic
cells and Sp the surviving fraction of the prolifer-

ating cells after absorption of dose d according to
the LQ model. The different pairs of « and B val-
ues modelling differences in radiosensitivity are de-
fined in Section 4.4.

Eq. (7) can be satisfied in either of the following
two ways: first by assuming that the linear and the
quadratic components contribute to the damage in-
dependently [26], i.e.

oG, OFR - d = apd = 280 — T
P ~ OER
fe,(OFR - d)? = ppd? = Po0 = 1 ®
0 Bp  (OER)?

or second by assuming that the dose at which the
linear contribution to damage equals the quadratic
contribution is the same for aerobic and hypoxic
cells. In the latter case, the following equation
holds

L 9)
Br  Ba
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Fig. 7. Survival curve of the simulated EMT6 tumour
spheroid irradiated before the development of hypoxia at
200 h. The points represent the mean values of two simu-
lation runs each one having different seed of the random
number generator. The solid line corresponds to the LQ
survival probability of each proliferating cell.

Substituting Eq. (9) into (7) gives
ag, _ Boy _ A+d
ap  Bp OERA+ (OER)*d’

Using Eqgs. (8) or (10) and for given « and 8 pa-
rameters, the Sg, and Bg, parameters for the G
phase can be calculated. Although the two equa-
tions express a different mechanism of biological
damage, they both result in the same surviving frac-
tion Sg,. The OER for X-rays is around 3.0 for most
cells [3].

Furthermore, cells in the S phase tend to be the
most radioresistant out of the proliferating cells
[32,33]. Classical experiments that have greatly
supported this finding are those performed by Sin-
clair and Morton [37]. For the above-mentioned
reason, the as and Bs values have been assumed
smaller than the ap and Bp values, respectively. It
seems to be reasonable to assume the as and Bs
values to be closer to the values of the radiobio-
logical parameters of the rest of the proliferating
cells than to the values of the parameters of the
quiescent cells (e.g. as = 0.7ap + 0.3ag,, Bs = 0.78p
+ 0.38g,). Estimates for the values of the and pa-
rameters of the ap and Bp radiobiological LQ model
have been derived from [23] (ap = 0.21, Bp = 0.028).

(10)

6.2.1. Results

A. Surviving fraction

In silico experiments have been performed to
study the radiation dose-response curves of the
simulated tumour spheroid. The spheroid diame-
ter just before irradiation is ~190 um. At this in-
stant hypoxia has not yet developed. Fig. 7 shows

the surviving fraction of the simulated EMT6 tumour
spheroid in the dose range 0—15 Gy. A higher single
dose irradiation induces killing of all viable cells.
The surviving fraction is calculated by performing
two different simulation runs with the same seed
of the random number generator: one with and an-
other one without irradiation. If we define survival
as the ratio of the number of the viable cells surviv-
ing after irradiation over the number of the viable
nonirradiated cells at the same instant, survival
would be time dependent. We assume that the sur-
viving fraction is defined when all radiation-induced
damage mechanisms have been completed, i.e.
when the survival ratio becomes minimum.

In Fig. 7, the survival probability of each prolif-
erating cell as computed from the LQ model has
been drawn with a solid line. The graph shows
that the surviving fraction of the simulated tumour
follows the irradiation survival probability of a
single tumour cell. Furthermore, the irradiation
of a tumour spheroid before the development of
hypoxia satisfactorily simulates the irradiation
under fully aerobic conditions in vitro of cells
suspended from solid tumours. The predicted
survival curve matches the experimental data for
EMT6-Rw cells presented in [38] quite well. The
surviving fractions of treated cells were calculated
by normalizing their colony-forming ability to
that of untreated cells plated during the same
experiment [38].

B. Simulation of fractionated radiotherapeutic
schemes

As the radiation response of EMT6 spheroids
satisfactorily models the radiation response of
EMT6 tumours [2], the following case is studied.
A spheroid of diameter ~1500 um where hypoxia
is present is irradiated according to any one of
the following common fractionated radiotherapeu-
tic schemes:

e standard fractionation (2 Gy once a day, 5 days a
week, 60 Gy in total);

e accelerated fractionation (2Gy twice a day, 5
days a week, 60 Gy in total);

o hyperfractionation (1.2 Gy twice a day, 5 days per
week, 72 Gy in total);

o hypofractionation (6 Gy once a day, 1 day a week,
60 Gy in total);

A time interval of 6h between fractions has
been assumed for all fractionation schemes. The
spheroid has reached the above-mentioned diame-
ter (i.e. 1500 um) 600 h after the placement of a
single tumour cell in the phase of mitosis at the
centre of the discretizing mesh. Fig. 8 shows the
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Fig. 8. The number of viable cells of an EMT6 tumour
spheroid as a function of time if untreated as well as after
the application of the standard fractionation (stand.fr.),
accelerated fractionation (accel.fr.), hyperfractionation
(hyperfr.) and hypofractionation (hypofr.) schemes. Irra-
diation begins 600 h after the placement of a tumour cell
at the centre of the discretizing mesh.

number of viable cells of the EMT6 tumour spheroid
as a function of time if untreated as well as after
the application of any of the above described frac-
tionation schemes. The rather periodical tumour
cell number decrease caused by the dose fractions,
as well as the repopulation effect of the week-

Time: 1 h Time: 200 h
Time: 800 h Time: 1000 h

end pause are easily distinguishable. No fraction-
ation scheme succeeds in eliminating the tumour.
Regrowth during radiotherapy is kept substantially
low by accelerated fractionation and hyperfraction-
ation. This is in accordance with experimental find-
ings [3]. On the other hand, it is obvious — although
not depicted in Fig. 8 — that the most effective
scheme concerning scheme duration is hypofrac-
tionation. Similar simulation predictions have been
presented by Ginsberg for the special case of ex-
actly spherical tumours [23]. Nevertheless, these
results cannot be generalized to every kind of tu-
mour spheroid since the response to irradiation is
strictly dependent on the duration of the cell cycle
and the ratio.

Fig. 9 shows an equatorial section of the initially
developing and subsequently responding to irradia-
tion tumour. As an example, the accelerated frac-
tionation scheme starting 600 simulated hours af-
ter the placement of a single tumour cell at the
centre of the nutrient medium has been selected.
The various cell states (proliferating cells, cells in
the Gg phase, cells in necrosis/apoptosis) can be
readily distinguished. Fig. 10 has been produced us-
ing the visualisation package AVS/Express™ 4.2 and
depicts a 3D representation of the external surface
of the tumour spheroid under consideration. The

Time: 600 h

Time: 400 h

Time: 1200 h Time: 1400 h

Fig. 9. Equatorial section of the initially developing (upper panel) and subsequently responding to accelerated frac-
tionation tumour (lower panel). Irradiation begins 600 h after the placement of a tumour cell at the centre of the
discretizing mesh. Grey scale code: black: cells in proliferating phases; dark grey: cells in Gy, light grey: cell death

(necrotic, apoptotic), white: nutrient medium.
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(a) Time: 600 h

(b) Time: 800 h

Fig. 10. A 3D representation of the external surface of
an EMT6 tumour spheroid using AVS/Express™ 4.2. The
snapshots (a) just before and (b) 200h after the be-
ginning of the accelerated fractionation scheme (2Gy
twice a day, 5 days a week, 60Gy in total). Colour code:
light grey: proliferating cells; dark grey: products of cell
necrosis/apoptosis. A virtual cut would reveal the green
coloured cells in Gq lying in the inner part.

two snapshots correspond just before and 200 h af-
ter the beginning of the accelerated fractionation
scheme. Cell death is apparently much more pro-
nounced in Fig. 10b.

6.3. Sensitivity analysis

The sensitivity of the model is analyzed against
the most crucial parameters involved in tumour re-

sponse toirradiation, i.e. the « and g values and the
duration of the cell cycle phases. On the contrary,
the specific way through which the cell will die, de-
termined by the parameters quantifying interphase
and mitotic cell death, does not seem to have a sig-
nificant impact from the therapeutic point of view.
The parametric analysis has been performed con-
sidering as the model output the number of surviv-
ing cells irradiated according to a given irradiation
scheme, e.g. the standard fractionation scheme.
The duration of each cell cycle phase is calculated
as a percentage of the total cell cycle duration ac-
cording to Salmon and Sartorelli [39]. The assumed
durations of necrosis and apoptosis are shown in
Table 1.

Firstly, the temporal response of a tumour
spheroid with cell cycle duration 20 h has been eval-
uated by letting the values ap vary in the range
0.2-0.6Gy~ " and Bp = 0.1ap each time. The cor-
responding values as, Bs, ag,, Bg, are calculated as
previously described. A mean value of the number
of viable cells in the range 200—800 simulated hours
has been calculated. The predictions have demon-
strated that the model is sensitive to increases in
tumour radiosensitivity. The mean number of viable
cells when ap = 0.2 Gy~ is decreased by a factor of
0.48, 0.23, 0.09 and 0.03 when «p is increased by a
step of 0.1 Gy, correspondingly.

Secondly, the radiobiological values have been
kept constant, ap = 0.4Gy~ ! and gp = 0.04Gy 2,
whereas the cell cycle duration has been considered
to vary in the range 10—50h. An increase in the
cell cycle duration has similar effects on survival as
an increase in radiosensitivity. Increasing cell cycle
duration by a step of 10 h the mean number of viable
cells compared to the mean number of viable cells
with a cell cycle of 10h is decreased by a factor of
0.22, 0.07, 0.04 and 0.04, respectively.

7. Lessons learned

The proposed simulation model is based on dis-
crete spatiotemporal rules describing the (ra-
dio)biological behaviour of a 3D tumour spheroid
instead of applying complex mathematical formu-
lations. The novelty of the model basically refers
to the following characteristics.

(i) The tumour structure (including the well oxy-
genated, the hypoxic and the necrotic lay-
ers) has been adapted to the experimental
situation by exploiting published physiologi-
cal data concerning oxygen, nutrient and cell
death product diffusion. An excellent agree-
ment of the predicted with the experimentally
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observed extent of central necrosis supports
the validity of the model.

(ii) A detailed cytokinetic diagram has been intro-
duced, in which apparently all possible path-
ways in the cellular level leading to cell death
have been incorporated. These pathways in-
clude interphase cell death via either sponta-
neous or radiation induced apoptosis, as well
as mitotic cell death through either necrosis or
apoptosis. Such a detailed cellular level model
does not appear to have been presented in the
literature as yet.

(iii) An extensive study of the statistical behaviour
of the tumour growth algorithms has been per-
formed and presented.

(iv) Cell shifting can take place along any random
direction in the 3D space. This has been shown
to lead to a remarkable preservation of the
spheroidal shape of the tumours in accordance
with experimental observations.

The model has been applied to the specific case
of EMT6 tumour spheroids. Nevertheless, it can sim-
ulate the basic growth pattern characteristics that
have been established for spheroids of many other
cell types and cell lines [40], i.e. volume growth
saturation, development of an outer proliferating
rim and a growing necrotic centre. The validation of
the tumour growth behaviour is a sine qua non task,
as the assumptions describing the tumour geometry
and the growth kinetics are critical for the tumour
evolution after irradiation (shrinkage, regrowth, re-
population). Furthermore, simulations of the appli-
cation of different fractionated schemes on a het-
erogeneous spheroid population offer a further tool
for the extrapolation of the results to the in vivo
case of solid avascular tumours. If the normal tissue
response is ignored, the simulation predictions have
shown that the accelerated fractionation scheme is
the most effective during radiotherapy. However,
after the completion of the scheme, the regrowth
is very rapid. On the contrary, the hypofractiona-
tion scheme damages the tumour spheroid less dur-
ing radiotherapy but keeps the cell number upper-
bounded for a much longer period (10 weeks). The
effectiveness of a fractionation scheme is as higher
as the duration of the scheme is longer.

Qualitative and quantitative comparison of the
simulated patterns with published experimental
data concerning both tumour growth and survival
afterirradiation has provided reliable estimation on
the accuracy of the model. As the simulation model
is quite general, the cytokinetic and radiobiological
properties of any particular type of tumour cells
(able to form tumour spheroids in culture) can pro-
vide input to the computer program implementing

the analysis presented. It should also be pointed out
that as the radiobiological properties of a tumour
(o and B parameters of the LQ model) depend on its
genetic profile (e.g. p53 expression and mutation)
an investigation of the macroscopic effects of the
genetic data can be performed using the model.
Furthermore, apart from the provision of the cy-
tokinetic and radiobiological data for the specific
tumour cells, no modifications to the code are in
principle necessary. Obviously, experimental feed-
back should always be used in order to improve the
reliability of the model.

8. Conclusions and future plans

The presented simulation model consists of a novel
to a substantial degree biophysical approach and
the application of currently available visualisation
tools. The model can provide an efficient platform
for gaining insight into the radiobiological mecha-
nisms involved in tumour growth in vitro as well as
during the avascular stages of in vivo tumour evolu-
tion. Optimisation of dose fractionation during ra-
diation therapy by performing in silico experiments
before the actual delivery of the radiation dose to
the patient is the main practical target. A further
application of the model might be the partial re-
placement of current expensive (in terms of both
time and money) in vitro oncologic experiments by
computer simulations.
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