The Open Biomedical Engineering Journal, 2008, 2, 43-51

43

Open Access

Critical Parameters Determining Standard Radiotherapy Treatment Outcome for Glioblastoma Multiforme: A Computer Simulation
D.D. Dionysiou*,1, G.S. Stamatakos1, D. Gintides2, N. Uzunoglu1 and K. Kyriaki2
1

In Silico Oncology Group, School of Electrical and Computer Engineering, Institute of Communication and Computer
Systems, National Technical University of Athens, Greece

2

School of Applied Mathematics and Physics, National Technical University of Athens, Greece
Abstract: The aim of this paper is to investigate the most critical parameters determining radiotherapy treatment outcome
in terms of tumor cell kill for glioblastoma multiforme tumors by using an already developed simulation model of in vivo
tumor response to radiotherapy.

INTRODUCTION
Radiation therapy plays a central role in the management
of cancer. Radiation is considered now a well understood
cytotoxic agent [1: pg. 7]. Apart from advances in the socalled physical treatment planning, which refers to techniques used for improving radiation dosimetry and dose distribution, it is now widely recognized that further improvements in radiotherapy treatment will most probably require
increasing grounding in fundamental radiobiological mechanisms [1].
Cancer biology plays a critical role in determining radiotherapy treatment outcome. In this context, efficient modeling of tumor response to radiotherapy can contribute to the
elucidation of the involved biological mechanisms and to the
emergence of patient-individualized treatments, on the presupposition of adequate clinical adaptation and testing.
During the last years researchers have enhanced the understanding of tumor behavior by means of various simulation models. Representative examples drawn from the extensive corresponding literature have been given in [2]. Analytical mathematical models are valuable tools to study some
aspects of tumor radiobiology. Discrete time algorithmic
descriptions (computer simulations) present the advantage of
great adaptability in treating complex situations. They offer
the possibility of accounting for a large number of mechanisms and interactions and they are therefore particularly
suitable to describe in vivo tumor growth and response to
irradiation. The stochastic nature of the involved biological
phenomena favors the choice of stochastic techniques such
as the generic Monte Carlo method for oncological simulations. An extensive presentation of computer simulation
models of particular interest has been given in [3].
The goal of this study was an investigation of the relative
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apy treatment outcome in terms of tumor cell kill for
glioblastoma multiforme (GBM) tumors by performing adequate simulations using an already developed simulation
model of in vivo GBM response to radiotherapy. For each of
the selected critical parameters a series of simulation runs
covering the whole range of values that have appeared in the
literature for GBM have been performed, while adjusting the
remaining parameters at the most typical GBM values. GBM
is a highly aggressive type of brain tumor. Prognosis for patients with GBM remains dismal despite efforts to improve
current therapies and develop novel clinical approaches [4].
The comparison of the simulation results with clinical
experience and experimental knowledge was selected as a
means to reveal and substantiate the potential and flexibility
of the particular simulation model in order to study biological phenomena related to cancer and in the long-term serve
as a patient individualized treatment optimization tool, following a strict clinical validation procedure.
MATERIALS AND METHODOLOGY
Brief Outline of the Simulation Model
The In Silico Oncology Group (ISOG) simulation model
of imageable GBM response to radiotherapy, which has been
used for the purposes of this study, is based on the clinical,
imaging, histopathologic, and molecular data of the patient
and incorporates numerous fundamental biological mechanisms. The model is characterized by the combination of the
following features: (i) possibility for simulation of both untreated in vivo tumor growth and in vivo tumor response to
radiotherapy; (ii) possibility for consideration and use of the
actual imaging, histopathologic and molecular data for each
particular clinical case (clinical orientation); (iii) incorporation of numerous biological mechanisms by means of an
explicit algorithmical description; (iv) introduction of the
notion of the ‘‘geometrical cell’’ and its constituent compartments, called ‘‘equivalence classes’’, corresponding to
discrete phases within or out of the cell cycle; (v) extensive
use of random number generators to simulate the stochastic
nature of various biological phenomena involved (Monte
Carlo approach); (vi) discrete and modular character, which
confers a high level of adaptability; (vii) possibility for 3D
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reconstruction and visualization of the results. A detailed
description of the simulation model can be found in [2, 3, 5].
For the sake of clarity and completeness of information regarding the methods used in this work a brief outline of the
model is presented below.
The clinician delineates the tumor and its inner regions of
interest by using a dedicated computer tool. For GBM, high
signal intensity in T1-weighted contrast-enhanced MRI with
gadolinium corresponds to regions of actively proliferating
tumor cells, while low intensity regions correspond to necrotic regions [4: pg. 109]. A 1mm-thick layer surrounding
the necrotic region is assumed to correspond to the resting
cells’ region. The distribution of the absorbed dose in the
region of interest according to the treatment plan is also acquired.
A prototype system of quantizing cell clusters included
within each elementary cubic volume of a discretizing mesh
covering the anatomic area of interest lies at the heart of the
simulation approach. During a simulation the geometrical
mesh is scanned with a time step of an hour. The elementary
cubic volume of the mesh is called “Geometrical Cell (GC)”.
In each time step, the updated state of a given GC is determined on the basis of a number of algorithms describing the
behavior of the cells constituting the tumor. More specifically, each GC of the mesh belonging to the tumor contains
cells, which are distributed in a number of “classes” (compartments), each one characterized by the phase in which its
cells are found (within or out of the cell cycle: G1, S, G2, M,
G0, Necrosis, Apoptosis). Specially designed stochastic cellular automata describe tumor cell kinetics, by incorporating
the following biological phenomena:
•
•
•
•
•

Cycling of proliferating cells through the subsequent
phases of the cell cycle.
Spontaneous apoptosis.
Transition to a dormant (G0) phase due to inadequate
supply with oxygen and nutrients.
Local reoxygenation and nutrient provision reestablishment.
Cell death through necrosis due to prolonged oxygen
and nutrients deprivation.

•

Radiotherapy-induced cell death: possibility of distinction between two mechanisms of radiation-induced cell
death, namely apoptotic and necrotic cell death.

•

Apoptotic cell death can be furthermore subdivided into
radiation-induced interphase death (direct death through
apoptosis) and radiation-induced mitotic apoptotic death.
In most solid tumors, though, the majority of lethally
damaged cells dies through a radiation-induced mitotic
necrotic mechanism and is considered to undergo a few
mitotic divisions prior to death and disappearance from
the tumor (two mitotic divisions assumed in the current
version of the simulation model) [1, 6].

•

The probability of cell death taking place through each
specific mechanism depends primarily on cell type [7,
8].

Cell killing by irradiation is described by the Linear
Quadratic or LQ Model, which is widely used in the pertinent literature [1]:
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S(D)=exp[-(D+D2)

…

(1)

where S(D) is the surviving fraction after a (uniform) dose D
(Gy) of radiation to a population of cells. The parameters 
(alpha) (Gy-1) and  (beta) (Gy-2) are called the radiosensitivity parameters of the LQ model. Cell radiosensitivity varies
considerably throughout the cell cycle [1, 9, 10]. The S
phase is regarded as the most resistant. Cells in any proliferating phase are more radiosensitive than hypoxic cells residing in G0. Based on these observations the model currently
uses different values for the radiosensitivity parameters of
the LQ model for the S phase (s,s), the remaining proliferating phases G1, G2, M (p,p), and the G0 phase (G0, G0).
The values of s , s and G0, G0 can be derived as perturbations of the (p,p) values, as for example in: G0= p /OER,
G0= p /OER2, s = 0.6 p + 0.4G0, s = 0.6p + 0.4G0,
where OER is the Oxygen Enhancement Ratio [9].
Tumor expansion or shrinkage is simulated on the basis
of the following algorithms: If the number of tumor cells
contained within a given GC drops below a given threshold,
then a procedure which attempts to “unload” the remaining
cells in the neighboring GCs takes place. Cells are preferentially placed within the neighboring GCs with the maximum
available free space. If the given GC becomes empty, it is
assumed to disappear from the tumor, in which case an appropriate shift of a chain of GCs, intended to fill the “vac-
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Fig. (1). A simplified flow diagram of the simulation model.
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Table 1.
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Values of Cell Cycle Duration for GBM Cell Lines/Tumors
TC (hours)

Reference

Source

36-48

[11]

Literature review

26.2±5.6

[12]

U87 cell line, 4 surgical specimens

24-48

[13]

13 surgical specimens

22

[14]

U251 cell line

75.6±45.7

[15]

24 glioma surgical specimens (of which 13 GBMs)

48-72

[16]

-

57±6

[17]

4 surgical specimens

uum”, leads to tumor shrinkage. This can happen after the
killing of a number of cells by irradiation. On the other hand,
if the number of alive and dead cells within a given GC exceeds a given threshold, then a similar procedure attempting
to unload the excess cells in the surrounding GCs takes
place. In case that the unloading procedure fails to sufficiently reduce the number of cells, then a new GC emerges.
Its position relative to the “mother” GC is determined using
a random number generator. An appropriate shifting of a
chain of adjacent GCs leads to a differential expansion of the
tumor.
A simplified flow diagram of the simulation model is
depicted in Fig. (1).
Table 2.
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RESULTS
Literature Review
A thorough study of glioblastoma multiforme literature
preceded the simulations, so as to define the real clinical
range of the values of various model parameters. The parameters selected for the study of their relative impact in
GBM’s response, based on accumulated clinical and experimental knowledge, were the  and  radiosensitivity parameters of the LQ model, the cell cycle duration (TC), the cell
loss factor (CLF) and the growth fraction (GF) of the tumor.
These constitute three parameters characterizing the kinetic
behavior of tumors (TC, CLF, GF) and two parameters (

Values of the  and  Parameters of the Linear Quadratic Model for GBM Cell Lines
 (Gy-1)

 (Gy-2)

Reference

Cell line

0.05

0.05

[10]

U87MG

0.1

0.06

[10]

SF-126

0.31

0.04

[10]

SF-268

0.36

0.06

[10]

U-251MG

0.45

0.06

[10]

SF-188

0.61

0.02

[10]

U87-LUX.8

0.17

0.02

[10]

U87-175.4

0.167±0.052

0.021±0.003

[20]

GB A7(puro)

0.370±0.077

0.015±0.007

[20]

GB A7R

0.25(0.22-0.29)

-

[21]

HGL21

0.32(0.28-0.36)

-

[21]

D54MG

0.387±0.121

-

[22]

U87MG

0.226±0.023

-

[22]

U373MG

0.482±0.055

-

[22]

M059J

0.038±0.004

0.007±0.002

[23]

U87MG

0.05±0.007

0.018±0.003

[23]

T98G

0.031

0.0030

[24]

U251

0.017

0.019

[24]

U87

0.058

0.0061

[24]

T98G
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and ) widely used to describe tumor cell radiosensitivity.
These parameters reflect characteristics of a tumor that are
determined largely by the underlying genetic profile of the
tumor cells.
More specifically, Table 1 presents the values reported in
the literature for the cell cycle duration of GBM cell lines,
xenografts or primary tumor specimens. The corresponding
references are [11, 12-17]. The distribution of the total cell
cycle duration to the various phases constituting the cell cycle (G1, S, G2, M) has been assumed to follow the distribution in a typical malignant cell as described in [18]:
G1TC40%, S TC39%, G2TC19%, M TC2%.
It should be noted that different distributions of cell cycle
phase durations have been also encountered in the relevant
literature. Many authors state that the varying length of G1
phase accounts for most of the differences reported in the
total cell cycle duration between different cell types or between cells growing under different conditions, while S and
M phases are normally quite fixed in duration [19]. A comparative study of the effect of the adoption of this alternative
assumption has been also performed.
Table 2 presents the results of the literature search for
values of the  and  parameters of the LQ model for GBM,
Table 3.

which are generally considered to reflect tumor cell intrinsic
radiosensitivity. The corresponding references are [10, 2024]. Cellular sensitivity to irradiation reflects a culmination
of numerous molecular pathways including DNA repair and
cell cycle checkpoint fidelity.
Table 3 presents the values found in the literature for the
cell loss factor of GBM, which is defined as the cell loss rate
as a fraction of the cell birth rate [1, 13]. The corresponding
references are [25-28]. The concept of the cell loss factor
emphasizes that a tumor is a dynamic system and that its net
growth is the cumulative effect of competing processes of
cell proliferation, death and removal. The simulation model
considers necrosis and apoptosis as the basic mechanisms of
cell loss and assumes that the total cell loss factor is the sum
of the cell loss factor due to necrosis and the cell loss factor
due to apoptosis. Furthermore, in the particular case of GBM
the contribution of necrosis to the total cell loss is considered
far more important than that of apoptosis (necrosis 10-fold
higher), as gliomas exhibit in general low levels of spontanteous or radiation-induced apoptotic cells [29-31]. It should
also be noted that cell loss factor values are considered fixed
throughout radiotherapy in the simulation model. This is also
a reasonable first approximation for tumors that exhibit little
or no regression in post-irradiation imaging studies, such as

Values of the Cell Loss Factor for GBM Tumors
CLF

Reference

Source

0.278

[25]

5 U87 xenografts in nude mice

0.17
0.49

U87, HGL9 and

[26]

U251-MG xenografts in nude mice

0.171
0.45
0.272
0.11

[27]

HGL9, HGL21, HGL29, U251-MG, MMC1, U87 and Hp56 xenografts in nude mice

[28]

15 ethylnitrosourea-induced rat gliomas

0.16
0.555
0.75
0.32
0.13
0.44
0.04
0.37

Table 4.

Values of the Growth Fraction for GBM Tumors
GF (%)

Reference

Source

28 (14-4)

[11]

From literature review

8-46

[13]

13 surgical specimens

Approximately 15

[15]

24 glioma surgical specimens (of which 13 GBMs)

10-30

[16]

-

14-39 (31±10)

[17]

4 surgical specimens

10-40

[33]

22 surgical specimens

A Computer Simulation

GBM [10]. This is thought to happen in cases where the
blood flow to the tumor does not change during therapy and
is usually observed for very slow growing tumors or those
that have low cell loss factors at initiation of treatment, such
as GBM [6, 32].
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ment. The standard fractionation scheme of 2Gy/day, 5
days/week, 60Gy in total, no irradiation during weekends,
was used in all simulation cases.

Finally, Table 4 presents the values found in the literature
for the growth fraction of GBM tumours, i.e. the fraction of
actively cycling tumor cells. The corresponding references
are [11, 13, 15-17, 33].
SIMULATION RESULTS
For each of the selected critical parameters a series of
simulation runs covering the whole range of values that have
been reported in the literature for GBM have been performed, while adjusting the remaining parameters at the
most typical GBM values. For example, typical parameter
values for GBM are: TC = 40h [11], =0.36Gy-1, =0.02Gy-2
[10, 34], CLF=0.3 [25], GF=25% [11]. The duration of the
G0 phase has been adjusted to 25h [35] and the oxygen enhancement ratio has been taken equal to 3 [36, 37]. The initial tumor was a typical case of a 34.55cm3 GBM delineated
based on MRI imaging data. The initial tumor volume corresponds to a total of 34550 GCs of 1mm3 each. Assuming a
typical cell density of 106cells/mm3 [1:9-10] this corresponds
to an initial number of cells equal to 3.4551010 (or approximately 10gr). The outer boundary of the tumor and a
central necrotic area were evident on the T1 imaging data,
while an intermediate region with increased percentage of
G0 cells has been assumed to surround the necrotic area in
accordance with general biological knowledge. A central
slice of the tumor is depicted in Fig. (2).

Fig. (3). Number of living tumor cells as a function of time from
the start of radiotherapy treatment (at t=0), for hypothetical GBM
tumors differing in the value of the alpha parameter of the LQ
model.  is in Gy -1.

Fig. (4). Number of living tumor cells as a function of time from
the start of radiotherapy treatment (at t=0), for hypothetical GBM
tumors differing in the value of the beta parameter of the LQ model.
 is in Gy -2.

Fig. (2). A central MRI slice of the tumor that has been considered
as a typical GBM case. A specialist has delineated the outer boundary of the tumor (yellow) and the central necrotic area (green) with
the use of a specially developed computer tool. A 1mm-thick layer
surrounding the necrotic region is assumed to correspond to the
resting cells’ region.

Fig. (5). Number of living tumor cells as a function of time from
the start of radiotherapy treatment (at t=0), for hypothetical GBM
tumors differing in the value of the cell cycle duration.

Figs. (3-8) depict the simulation results in the form of the
number of living tumor cells as a function of time. The time
point t=0 corresponds to the start of the radiotherapy treat-

According to the results obtained for the parameter
ranges considered, the parameters with the major impact on
the tumor’s response to radiotherapy were the alpha parame-
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ter of the LQ model and the cell cycle duration of tumor
cells, while the effect of the other parameters was less pronounced. More specifically, starting with an otherwise identical tumor in all cases, by varying the values of the alpha
parameter the resulting number of living tumor cells one
week after the end of treatment (t=6 weeks) spans an interval
of approximately 10 orders of magnitude (logs). The corresponding interval in the cases of TC, beta, CLF and GF parameters is approximately of the order of 7, 2, 1.5 and 0.5
logs correspondingly.

Fig. (6). Number of living tumor cells as a function of time from
the start of radiotherapy treatment (at t=0), for hypothetical GBM
tumors with (A): C = 40h and cell cycle phase durations according
to [18] (G1:16h, S:15h, G2:8h, M:1h), (): C = 50h and cell cycle
phase durations according to [18] (G1:20h, S:19h, G2:10h, M:1h),
(C): C =50h and G1 phase duration 10h longer than in (A)
(G1:26h, S:15h, G2:8h, M:1h).

In Fig. (6) the effect of adopting the two alternative distributions for the cell cycle phase durations that have been
discussed above, is depicted by means of a comparative
simulation. More specifically, the values of TC=40h and
TC=50h are considered for this exploratory simulations. The
consideration of TC equal to 50h by attributing the extra
duration compared to TC=40h in the G1 phase (G1:26h,
S:15h, G2:8h, M:1h), instead of distributing the extra time in
all phases according to [18] (G1:20h, S:19h, G2:10h, M:1h),
seems to enhance the tumor cell kill effect, since G1 has
been assumed as a relatively radiosensitive phase of the cell
cycle.

Fig. (7). Number of living tumor cells as a function of time from
the start of radiotherapy treatment (at t=0), for hypothetical GBM
tumors differing in the value of the cell loss factor.
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DISCUSSION
The critical importance of the alpha parameter of the LQ
model and of the cell cycle duration as major determinants of
tumor response to radiotherapy is well documented in relevant literature [1:242, 38]. The cell cycle duration is directly
linked to tumor cell proliferation during treatment. Rapidly
proliferating tumors might be expected to repopulate more
rapidly during treatment and thus be relatively resistant to
some forms of treatment. Of course the proliferative potential of a tumor apart from the cell cycle time depends on the
growth fraction and on the cell loss rate as well.
The linear component in the LQ model ( coefficient) is
related to the initial slope of the survival curve and is
thought to be due to single-track events. The quadratic component ( coefficient) is related to the slope of the survival
curve at higher doses, and is considered to reflect sub-lethal
damage repair. The ratio / is the dose for which the contribution of the linear and the quadratic terms are equal and is
descriptive of the rate of the survival curve’s bending, with
smaller values corresponding to higher rates. Clinically relevant radiation doses (around 2Gy, as in standard radiotherapy treatment for GBM) are generally dominated by the alpha component of the clonogenic survival curve, to which
differences between radiosensitive and radioresistant cells
are mainly attributed. For such dose fractions, the beta parameter seems to present little variation between different
cells [1: pg. 190, 9: pg. 23-24, 91-95, 10, 38].
For example, in [39] the effect of radiosensitivity on tumor response to radiotherapy was examined by varying alpha from 0.2 to 0.35 to 0.5Gy-1 with / fixed at 10Gy. The
model assumed that the bulk tumor was composed of viable
cells and “doomed” cells and used a modified LQ model to
compute “doomed” cells for a typical tumor of 5.8cm diameter (100gr), irradiated by a radiotherapy treatment of 30 fractions of 2Gy, given at a rate of 5 fractions per week (a fraction is delivered every 1.4days). The LQ model modification
refers to the integration into the model of a description of
tumor cell proliferation, whereby the tumor grows exponentially when its size is below a threshold value and in Gompertzian mode when its size is greater than the threshold. The
tumor cell population is assumed homogeneous in terms of
radiosensitivity.
The author of this study concludes that radiosensitivity
has a very significant effect on the nadir of the surviving
fraction. The depth of nadir of the surviving fraction increases with increasing radiosensitivity. The survival fraction interval at the end of treatment is approximately 9.5logs.
This could be considered a rather good agreement with the
results produced in our study taking into account the differences in the underlying simulation models. Furthermore after
a parameter sensitivity analysis performed by considering
1% changes in the values of the model parameters, the
author reaches the conclusion that radiosensitivity was, by
far, the most dominant parameter, followed by proliferation
rate and doomed cell loss rate, which is also in agreement
with the results presented here.
On the other hand, the small contribution of the beta effect to the overall radiosensitivity of a tumour has been frequently reported in the literature [1: pg. 190, 9: pg. 24].
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As far as the variation in the growth fraction of GBM
tumors is concerned, it is observed from Fig. (8) that, as expected, as time increases the absolute difference between the
numbers of surviving cells is constantly decreasing. Therefore, it is becoming progressively easier for the curves corresponding to different growth fractions to coincide at certain
points if the stochasticity of the mathematical treatment is
taken into account. It is obvious that after a point at which
the number of surviving cells of two initially different tumors becomes the same their further relative time course is
random given that the same treatment scheme is applied. It
should be noted that different values of the growth fraction
are computed in the model by appropriately adjusting the
number of dead cells so as to have the same total number of
cells (i.e. the hypoxic fraction remains the same).

Fig. (8). Number of living tumor cells as a function of time from
the start of radiotherapy treatment (at t=0), for hypothetical GBM
tumors differing in their growth fraction.

To summarize, the relative impact on GBM response to
standard radiotherapy treatment of three major parameters
characterizing the kinetic behaviour of tumors (TC, GF,
CLF) and two parameters widely used to describe radiosensitivity ( and  parameters of the LQ model) has been studied
by means of comparative simulations with the help of a fourdimensional (in time and space) computer simulation model.
A thorough literature review to investigate the real clinical
ranges of these parameters for GBM tumors has been performed. According to the simulation results obtained, the
parameters with the major impact on the tumor’s response to
radiotherapy were the  parameter of the LQ model and the
cell cycle duration of tumor cells, while the effect of the
other parameters was less pronounced. In general, the simulation results are supported by clinical experience and reproduce the dismal prognosis for GBM in terms of tumor cell
kill. Clinical reality has been reproduced in the sense that for
almost all combinations of parameter values (apart from
=0.61Gy-1) reported in the literature for GBM, the standard
radiotherapy treatment seems to be inadequate to kill all tumor cells that have been initially assumed for a 10gr-tumor.
It should be stressed that the values of these parameters
that have been derived from literature reflect the specific
molecular profiles of the cell lines or tumors for which they
are computed, and thereby provide a means to reflect into the
simulation model the effect of various genetic determinants
of tumor response to radiotherapy. For example, using the
values of the alpha and beta parameters found in [10], which
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refer to two isogenic cell lines differing only in their p53
status and performing comparative simulations, the influence
of p53 gene status can be reflected in the simulations results,
as has been performed in [5].
It should also be noted that as first approximation tumor
cell heterogeneity in terms of cell cycle time or intrinsic radiosensitivity in the same cell cycle phase has not been taken
into account. In addition, in the current version of the model
all proliferating cells are assumed to be clonogenic; cells of
limited proliferative potential or terminally differentiated
cells are ignored. This is a logical first approximation for
GBM which is a poorly differentiated tumor [25, 40].
Moreover, differentiated cells are generally not a danger to
the patient, although their bulk contributes to the tumor volume. Nevertheless, versions of the model incorporating the
distinction between stem cells, cells of limited proliferative
potential and terminally differentiated cells are under preparation.
A further note of concern is the accuracy of the experimental values used in the simulation, which depends on the
model system and the experimental procedure used for the
measurement in the corresponding studies from which they
were derived. Several causes of discrepancies between parameter values computed for established cell lines or tumor
xenografts and real clinical tumors have been frequently reported in the literature [20, 26, 38, 41]. For example, established cancer cell lines some times exhibit different characteristics compared to in vivo tumors mainly as a result of the
controlled environment of the experiments or the genetic
drift observed over time.
CONCLUSIONS
Notwithstanding the uncertainties and simplifications
mentioned in previous paragraphs, since the simulation results generally reproduce clinical reality, they thereby substantiate the clinical potential, the flexibility and the robustness of the simulation model, especially in view of its clinically oriented design. Its usefulness for gaining insight into
critical biological mechanisms seems straightforward. From
a wider perspective, the models’ translation into the clinical
environment in order to serve as a patient individualized
treatment optimization tool, following a strict validation procedure based on clinical data, can be envisaged. A similar
process of clinical translation of computer simulation models
of the ISOG group for the case of chemotherapy treatment of
breast cancer and Wilms’ tumors is currently under way in
the framework of the EC funded project “ACGT: Advancing
Clinicogenomic Trials on Cancer” (FP6-2005-IST-026996).
A simplified case study which could characteristically
explain the potential of the model to be used as a radiotherapy treatment optimization tool could be the following:
1.The imaging, histopathological and molecular data of the
patient are collected. 2.The patient's imaging tumor data is
used in order to three dimensionally reconstruct the macroscopic structure of the tumor and its metabolic regions of
interest (well oxygenated, poorly oxygenated and badly oxygenated regions). 3.The patient's histopathological and molecular tumor data are preprocessed in order to estimate the
patient individualized alpha and beta parameters of the linear
quadratic model. 4.A number of candidate dose fractionations are simulated for the patient specific virtual tumor.
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5.The level of normal tissue complications for each candidate schedule is calculated based on standard radiobiological
techniques. 6.The fractionations which do not lead to normal
tissue complications beyond the corresponding limits are
selected. 7. The fractionation that computationally leads to
the maximum tumor shrinkage (and minimum tumor viability) is the theoretically optimal scheme. 8.Provided that prospective and retrospective clinical studies agree with the
theoretical outcome for the subpopulation in which the patient falls and that the clinician does not have any substantiated objections, the theoretically suggested treatment schedule may be applied to the patient.
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ABBREVIATIONS
CLF

= Cell Loss Factor of the tumor

G0

= Dormant cell cycle phase

G1

= G1(Gap 1) cell cycle phase

G2

= G2 (Gap2) cell cycle phase

GBM

= Glioblastoma Multiforme

GC

= Geometrical Cell

GF

= Growth Fraction of the tumor.

ISOG

= In Silico Oncology Group

[17]
[18]

[19]
[20]

[21]

LQ Model = Linear-Quadratic Model
M

= Mitosis cell cycle phase

NGCT

= Neighbour GCs belonging to the Tumor

OER

= Oxygen Enhancement Ratio

S

= DNA synthesis cell cycle phase

TC

= cell cycle duration

[22]

[23]

REFERENCES
[1]
[2]

[3]

[4]

[5]

[6]

G. Steel, Basic Clinical Radiobiology. London: Arnold, 2002.
G.S. Stamatakos, D.D. Dionysiou, E.I. Zacharaki, N.A. Mouravliansky, K.S. Nikita, and N.K. Uzunoglu, “In Silico Radiation Oncology: Combining Novel Simulation Algorithms With Current
Visualization Techniques”, Proc. IEEE, vol. 90, pp. 1764-1777,
November 2002.
D.D. Dionysiou, G.S. Stamatakos, N.K. Uzunoglu, K.S. Nikita, and
A. Marioli, “A four-dimensional simulation model of tumour response to radiotherapy in vivo: parametric validation considering
radiosensitivity, genetic profile and fractionation”, J. Theor. Biol.,
vol. 230, pp. 1-20, September 2004.
J. Markert, V.T. DeVita, S.A. Rosenberg, and S. Hellman,
Glioblastoma Multiforme. USA: Jones and Bartlett Publishers,
2005.
D.D. Dionysiou, G.S. Stamatakos, N.K. Uzunoglu, and K.S. Nikita,
“A computer simulation of in vivo tumour growth and response to
radiotherapy: New algorithms and parametric results”, Comp. Biol.
Med., vol. 36, pp. 448-464, May 2006.
J. Denekamp, “Cell kinetics and radiation biology”, Int. J. Radiat.
Biol., vol. 49, pp. 357-380, 1986.

[24]

[25]

[26]

[27]

[28]

W.C. Dewey, C.C. Ling, and R.E. Meyn, “Radiation-induced
apoptosis: relevance to radiotherapy”, Int. J. Radiat Oncol. Biol.
Phys., vol. 33, pp. 781-796, November 1995.
G.C. Steel, “The case against apoptosis”, Acta Oncol., vol. 40, pp.
968-975, 2001.
C. Perez, and L. Brady L. Principles and Practice of Radiation
Oncology. Philadelphia: Lippincott-Raven, 1998.
D.A. Haas-Kogan, G. Yount, M. Haas, D. Levi, S.S. Kogan, L. Hu,
C. Vidair, S.F. Deen, W.C. Dewey, and M.A. Israel, “p53dependent G1 arrest and p53 independent apoptosis influence the
radiobiologic response of glioblastoma”, Int. J. Radiat. Oncol. Biol.
Phys., vol. 36, pp. 95-103, August 1996.
K. Jellinger, “Glioblastoma multiforme: morphology and biology”,
Acta Neurochir., vol. 42, pp. 5-32, March 1978.
B. Hegedues, A. Czirok, I. Fazekas, T. Babel, E. Madarasz, and T.
Viscek, “Locomotion and proliferation of glioblastoma cells in vitro: statistical evaluation of videomicroscopic observations”, J.
Neurosurg., vol. 92, pp. 428-434, March 2000.
T. Hoshino, “Cell kinetics of glial tumors”, Rev. Neurol. (Paris),
vol. 148, pp. 396-401, 1992.
L.E. Dillehay, “A model of cell killing by low dose rate radiation
including repair of sublethal damage, G2 block, and cell division”,
Radiat. Res., vol. 124, pp. 201-207, 1990.
T. Hoshino, and C.B. Wilson, “Cell kinetic analyses of human
malignant brain tumors (gliomas)”, Cancer, vol. 44, pp. 956-962,
1979.
D.C. Crafts, T. Hoshino, and C.B. Wilson, “Current status of population kinetics in gliomas”, Bull. Du Cancer, vol. 64, pp. 115-124,
1977.
T. Hoshino, C.B. Wilson, M.L. Rosenblum, and M. Barker, “Chemotherapeutic implications of growth fraction and cell cycle time
in glioblastomas”, J. Neurosurg., vol. 43, pp. 127-135, 1975.
S.E. Salmon, and A.C. Sartorelli, “Cancer Chemotherapy”, in Basic
& Clinical Pharmacology, B.G. Katzung, Ed. USA: Lange Medical
Books/McGraw-Hill, 2001, pp. 923-1044.
R.C. Bast, D.W. Kufe, R.E. Pollock, R.R. Weichelbaum, J.F. Holland, and E. Frei, Cancer Medicine. Canada: BC Decker Inc, 2000.
H. Watanabe, M. Miura, and T. Sasaki, “Differential effects of the
Insulin-Like Growth Factor I Receptor on radiosensitivity and
spontaneous necrosis formation of human glioblastoma cells grown
in multicellular spheroids”, Exp. Cell Res., vol. 250, pp. 99-111,
July 1999.
W. Budach, D. Gioioso, A. Taghian, M. Stuschke, and H. D. Suit,
“Repopulation capacity during fractionated irradiation of squamous
cell carcinomas and glioblastomas in vitro”, Int. J. Radiat. Oncol.
Biol. Phys., vol. 39, pp.743-750, October 1997.
H. Schmidberger, M. Rave-Fraenk, J. Lehmann, E. Weiss, L. Gerl,
N. Dettmer, S. Glomme, and C. F. Hess, “Lack of interferon betainduced radiosensitization in four out of five human glioblastoma
cell line”, Int. J. Radiat. Oncol. Biol. Phys., vol. 55, pp. 1348-1357,
April 2003.
M. Sarvi, L. Sappelsa, and E.R. Blazek, “Glioblastoma cell line
killing by fractionated radiation does not follow the assumption of
equal effect per fraction”, Int. J. Radiat. Oncol. Biol. Phys., vol. 54,
pp. 53-54, October 2002.
J.R. Williams, Y. Zhang, J. Russell, C. Koch, and J.B. Little, “Human tumor cells segregate into radiosensitivity groups that associate with ATM and TP53 status”, Acta Oncol., vol. 46, pp. 628-638,
2007.
P. Huang, A. Allam, L.A. Perez, A. Taghian, J. Freeman, and H.D.
Suit, “The effect of combining recombinant human tumor necrosis
factor-alpha with local radiation on tumor control probability of a
human glioblastoma multiforme xenograft in nude mice”, Int. J.
Radiat. Oncol. Biol. Phys., vol. 32, pp. 93-98, April 1995.
L. Hlatky, M. Olesiak, and P. Hahnfeldt, “Measurement of potential doubling time for human tumor xenografts using the cytokinesis-block method”, Cancer Res., vol. 56, pp. 1660-1663, April
1996.
L.A. Perez, D. Dombkowski, J. Efird, F. Preffer, and H.D. Suit,
“Cell proliferation kinetics in human tumor xenografts measured
with iododeoxyuridine labeling and flow cytometry: a study of heterogeneity and comparison between different methods of calculation and other proliferation measurements”, Cancer Res., vol. 55,
pp. 392-398, January 1995.
M. Nakajima, S. Nakasu, S. Morikawa, and T. Inubushi, “Estimation of volume doubling time and cell loss in an experimental rat

A Computer Simulation

[29]

[30]

[31]

[32]

[33]

[34]

The Open Biomedical Engineering Journal, 2008, Volume 2

glioma model in vivo”, Acta Neurochir. (Wien), vol. 140, pp. 607613, July 1999.
D.T. Yew, H.H. Wang, and D.R. Zheng, “Apoptosis in astrocytomas with different grades of malignancy”, Acta Neurochir.
(Wien), vol. 140, pp. 341-347, May 1998.
S. Tribius, A. Pidel, and D. Casper, “ATM protein expression correlates with radioresistance in primary glioblastoma cells in culture”, Int. J. Radiat. Oncol. Biol. Phys., vol. 50, pp. 511-523, June
2001.
H.- K.G. Shu, M.M. Kim, P. Chen, F. Furman, C.M. Julin, and
M.A. Israel, “The intrinsic radioresistance of glioblastoma-derived
cell lines is associated with a failure of p53 to induce p21BAX expression”, Proc. Natl. Acad. Sci. USA, vol. 95, pp. 14453-14458,
November 1998.
B. Jones, and R. Dale, “Inclusion of molecular biotherapies with
radical radiotherapy: modeling of combined modality treatment
schedules”, Int. J. Radiat. Oncol. Biol. Phys., vol. 45, pp. 10251034, November 1999.
F. Giangaspero, C. Doglioni, M.T. Rivano, S. Pileri, J. Gerdes, and
H. Stein, “Growth fraction in human brain tumors defined by the
monoclonal antibody Ki-67”, Acta Neuropathol., vol. 74, pp. 179182, June 1987.
H. Schmidberger, M. Rave-Fraenk, J. Lehmann, E. Weiss, L. Gerl,
N. Dettmer, S. Glomme, and C.F. Hess, “Lack of interferon betainduced radiosensitization in four out of five human glioblastoma
cell lines”, Int. J. Radiat. Oncol. Biol. Phys., vol. 55, pp. 13481357, April 2003.

Received: June 17, 2008

[35]

[36]

[37]

[38]
[39]

[40]

[41]

51

W. Duechting, W. Ulmer, R. Lehrig, T. Ginsberg, and E. Dedeleit,
“Computer simulation and modelling of tumour spheroid growth
and their relevance for optimization of fractionated radiotherapy”,
Strahlenther. Onkol., vol. 168, pp. 354-360, 1992.
D. Murray, R. Mirzayans, A.L. Scott, and J.M. Allalunis-Turner,
“Influence of oxygen on the radiosensitivity of human glioma cell
lines”, Am. J. Clin. Oncol., vol. 26: e169-e170, 2003.
N. Laperriere, L. Zuraw, and G. Cairncross, “The cancer Care
Ontario Practice Guidilines Initiative Neuro-oncology Disease Site
Group “Radiotherapy for newly diagnosed malignant glioma in
adults: a systematic review””, Radiat. Oncol., vol. 64, pp. 259-273,
2002.
J.D. Chapman, “Single-hit mechanism of tumour cell killing by
radiation”, Int. J. Radiat. Biol., vol. 79, pp. 71-81, 2003.
J.A. O’Donoghue, “The response of tumours with Gompertzian
growth characteristics to fractionated radiotherapy”, Int. J. Radiat.
Biol., vol. 72, pp. 325-339, 1997.
S.A. Ansari, M. Safak, L. Del Valle, S. Enam, S. Amini, and K.
Khalili, “Cell cycle regulation of NF-kB-binding activity in cells
from human glioblastomas”, Exp. Cell Res., vol. 265, pp. 221-233,
May 2001.
P. Kaaijk, D. Troost, P. Sminia, M.C.C.M. Hulshof, van der
Kracht, S. Leenstra, and D.A. Bosch, “Hypofractionated radiation
induces a decrease in cell proliferation but no histological damage
to organotypic multicellular spheroids of human glioblastomas”,
Eur. J. Cancer, vol. 33, pp. 645-651, April 1997.

Revised: August 05, 2008

Accepted: August 06, 2008

© Dionysiou et al.; Licensee Bentham Open.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the
work is properly cited.

