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ABSTRACT

Simulating the response to radiotherapy (RT) in cancer patients may
help devising new therapeutic strategies. Computational models
make it possible to cope with the multi-scale biological mechanisms
characterising this group of diseases. We present in this paper an in
silico model of tumour growth and radiation response, capable of
simulating a whole RT protocol of prostate cancer. Oxygen diffu-
sion, proliferation of tumour cells, angiogenesis based on the VEGF
diffusion, oxygen-dependent response to irradiation and resorption
of dead cells were implemented in a multi-scale framework. A sensi-
tivity analysis using the Morris screening method was performed on
21 computational tissues, initialised from prostate histopathological
specimens presenting different tumour and vascular densities. The
dose per fraction and the duration of the cycle of tumour cells were
identified as the most important parameters of the model.

Index Terms— Computational modelling, tumour growth, ra-
diotherapy, prostate cancer, sensitivity analysis

1. INTRODUCTION

Cancer is currently the main cause of mortality in many developed
countries. Prostate cancer, specifically, is the most often diagnosed
type of cancer in men from 82 countries with high and very high hu-
man development indexes [1]. Among the numerous existing treat-
ments, external RT is the most commonly used. It is estimated that
52.3% of all cancer patients receive RT at some point during their
treatment [2]. This percentage rises up to 60% for prostate cancer
patients. To allow healthy tissues enough time to recover, the ra-
diation process is carried out over several sessions. In prostate RT,
a total dose of 80 Gy with a scheme of 2 Gy/fraction during eight
weeks from Monday to Friday is typically prescribed, achieving, in
most of the cases, tumour local control at the end of the treatment.
However, about 0-10%, 10-20% and 30%-40% of patients with,
respectively low, intermediate and high risk tumours (according to
the D’ Amico classification) suffer a relapse within 5 years [3]. To
improve these numbers, hypofractionated treatments have been re-
cently proposed [4]. They suggest increasing the dose per fraction
d, reducing the number of irradiation sessions IN. The knowledge of
the response of patients to these new schemes is still limited.
Computational models appear as attractive tools to deal with
this issue. They have been used for simulating and quantitatively
analysing several human physiological processes with the aim of us-
ing the results for diagnosis and improved therapeutic applications
[5]. The principles of computational modelling and the difficulties
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arising when integrating mechanisms occurring at different tempo-
ral and spatial scales and described by various formalisms are thor-
oughly discussed by Hernandez et al. [6].

Another major issue of in silico models is to deal with the large
number of variables they may contain. Sensitivity analysis are help-
ful to identify the most relevant parameters, determine which ones
can be negligible and potentially simplify the model. Sobol variance-
based method [7] is capable of determining quantitatively the impact
of parameters on a given output of the model. However, it is com-
putationally expensive. Morris screening method [8] offers a rough
view of the hierarchy of parameters of a model with a limited cost.

We propose in this paper a multi-scale computational model go-
ing further from Aubert et al. [9] and integrating (i) oxygenation
of the tissue, (ii) proliferation of tumour cells, (iii) angiogenesis,
(iv) oxygen-dependent response to irradiation and (v) resorption of
dead cells. The model was implemented in C++, using the Multi-
formalism Modeling and Simulation Library (M2SL) [5] [10], pre-
viously developed in our laboratory. To identify the most relevant
parameters of the model, as well as to characterise the nature of
their impact on a given output, a sensitivity analysis using the Morris
screening method was performed.

The paper is structured as follows: next section describes the
tumour growth and response to RT model as well as the principles of
the Morris screening method. Then, the results of this analysis are
presented.

2. MATERIALS AND METHODS

2.1. Description of the tumour growth and response to RT
model

2.1.1. General description

We considered a 3D prostate computational tissue, containing 7
types of cells: healthy (fibroblasts, macrophages, epithelial, smooth
muscle, etc) tumour, pre-existing and neo-created endothelial and
dead by hypoxic necrosis, apoptosis or mitotic catastrophe. Each
voxel of the tissue corresponds to one cell of the above-mentioned
types. Tissues were initialised using hispathological specimens
from patients with localised prostate cancer treated with radical
prostatectomy (figure 1).

2.1.2. Oxygenation

Oxygenation of the tissue was modelled using the reaction-diffusion
equation (1) [11] with the partial oxygen pressure pOsz(x,t) as un-
known; D2, the diffusion coefficient; V,$2,, the maximum oxygen
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consumption ratio and K 1(\)/[2, the Michaelis constant.
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We considered that dead cells do not consume oxygen. We supposed
that pre-existing and neo-created endothelial cells have fixed pO-
values pOE™*E"% and pO5<°Pn?, respectively. We considered that
cells having a pO2 lower than a threshold pO3“ die instantaneously
by hypoxic necrosis.

Fig. 1. Example of an (a) HES staining of an histopathological cut;
(b) corresponding CD31 staining; (c) CD31 staining region of inter-
est; (d) initial computational tissue, where healthy cells are repre-
sented in white; tumour, in light blue and pre-existing endothelial in
light red; (e) computational tissue after a 37 x 2 Gy RT treatment
[12], where tumour cells with DNA damaged by irradiation are rep-
resented in dark blue; neo-created endothelial, in dark red and dead
by hypoxic necrosis, in ochre and by mitotic catastrophe, in brown
and (f) computational tissue after a 20 x 3 RT treatment [12].

2.1.3. Proliferation of tumour cells

To reproduce the proliferation of tumour cells, the life-cycle repre-
sented in figure 2 was considered. It is composed of four phases:
Gl1, S, G2 and M. There exists a fifth phase, called GO and placed
out of the cycle, in which cells are quiescent. When a cell whose
DNA has not been damaged by irradiation, arrives at the end of its
cycle, it divides, placing the new tumour cell in an available space
(a healthy or dead cell) of its Moore neighbourhood of order N. If
there is no free place around, then the cell enters the GO phase, where
it remains until the liberation of a space. The duration of each phase
can be calculated using the percentages of figure 2.
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Fig. 2. Cell cycle

2.1.4. Angiogenesis

The modelling of angiogenesis, was based on the VEGF (Vascular
endothelial growth factor) diffusion. This protein, consumed by en-
dothelial cells, is emitted by hypoxic cells to provoke the creation of
blood vessels that satisfy their oxygen needs. We considered that the
VEGEF distribution v(z, t) is given by the reaction-diffusion equation
@)

v DY EGF p,, _ 7 VEGF v )

E = max U-’-K]‘\//IEGF’

where DV ECF ig the diffusion coefficient; Vn‘fﬂcF , the maximum
VEGF consumption ratio and K }Z¢¥ | the Michaelis constant. We
supposed that hypoxic cells (with a pO2 value lower than a given
threshold pO%Y?) have a fixed v(x, t) value, v"Y7. Different cycle
durations TpreEnd and TheoEnd, Were defined for pre-existing and
neo-created endothelial cells, respectively. If at the end of the cycle,
the VEGF concentration of an endothelial cell whose DNA has not
been damaged by irradiation exceeds a predetermined value v, the
cell in question divides. If not, it enters the quiescent phase GO,
where it remains until a potential augmentation of v(z, ¢). The new
endothelial cell is placed in the most hypoxic direction.

2.1.5. Response to irradiation

To model the response of every cell to irradiation, its survival frac-
tion (S'F’) was calculated using the linear-quadratic equation, as it is
done in almost every other model in the literature, adjusted to con-
sider the influence of the pO2 (3) [13].

B

SF = exp (—%d OER — mcz20ER2) , 3)

where a and 3 are the radiosensitivity parameters; d, the adminis-
tered dose per session and O E R, the oxygen enhancement ratio. We
considered that the radiosensitivity of tumour cells varies throughout
the cycle. The other types of cells, significantly more radioresistant,
have constant values of « and 3 throughout the cycle. Irradiated cells
are arrested for a duration T4,es¢ at checkpoints situated in transi-
tions between phases G1/S and G2/M [14] (figure 2). For low doses
(d < d*re®), cells damaged by irradiation die by mitotic catastro-
phe. For high doses (d > d'""°*), they do it instantaneously by
apoptosis.
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Table 1. Ranges of factors

Factor Range
Tium 85,68 - 1310,4 h [13][15]
Theat 171,36 - 2620,8 h
TheoEnd 1680 -3120 h
] 10,5 mol/pm? - 19,5 mol/pim?
Qheal 7-107%-1,3-1073 Gy !
a/Bheal 0,7 - 13 Gy
QtumG1 0,0238 - 0,3562 Gy ' [4]
a/Brumac1 0,7 - 13 Gy [4]
Qtums 0,0168 - 0,2561 Gy ' [4]
a/Brums 0,7 - 13 Gy [4]
QtumG2 0,0252 - 0,3809 Gy ' [4]
a/Ba2 0,7 - 13 Gy [4]
QtumM 0,028 - 0,4251 Gy ! [4]
o/ Brumm 0,7 - 13 Gy [4]
OtumGo 0,105-0,195 Gy~ !
a/Brumaco 0,7-13 Gy
QpreEnd 7-107%-1,3-1073 Gy ! [14]
o/ BpreEnd 0,7-13 Gy [14]
QneoBnd 7-107%-1,3-1073 Gy ! [14]
a/BreoEnd 0,7 - 13 Gy [14]
dihres 42-13 Gy
Tarrest 42-39h
pO3°° 0,7 - 1,3 mmHg [14]
d 1,26 - 6,5 Gy
DO2 1,022 - 2,873 pm?/ms [11]
Vo2, 5,81-1072-2,873 -10~2 mmHg/ms [11]
K$? 0,119 - 7,67 mmHg [11]
DVEGFE 1,4 - 2,6 pm?/ms
VyEGE 525107 - 6,825 -10~° mol/um®ms
Ky”e" 1,75 - 3.25 mol/um?®
poLTeEnd 8.4 - 93,6 mmHg [16]
pOyectnd 8,4 - 93,6 mmHg [16]
pOhvr 3,5- 6,5 mmHg [14]
vhvp 14 - 26 mol/pm?>

2.1.6. Resorption of dead cells

We considered the resorption of dead cells as the result of a compe-
tition between the proliferation of tumour cells described in subsec-
tion 2.1.3 and the division of healthy cells, for which the duration of
their cycle Theq is defined. When a cell whose DNA has not been
damaged by irradiation, arrives at the end of its cycle, it divides, re-
placing a dead cell of its Moore neighbourhood of order NV by a new
healthy cell. If there is no dead cell around, then it enters the GO
phase.

1499

2.2. Description of the Morris screening method

This method explores a K -dimensional cube, where K is the number
of factors, regularly divided in p levels. In this space, N elementary
effects, given by (4)

@1, e @iy ey xi) — f(@1y s + Ay TK)
A b

EE; = “)
are calculated for each factor z;. Morris suggests using a clever ex-
perimental plan that requires, in total, N (K + 1) simulations of the
model and taking A = ﬁ, where p is even. Thus, the mean
and standard values (u; &= o;) are computed for each parameter. To
avoid the cancellation of symmetrical elementary effects, more re-
cent works (Campolongo et al. [17]) propose considering the mean
over the absolute value of elementary effects, p;. Studying in the
plane p* vs. o the obtained mean and standard deviation values,
we can distinguish three regions: factors with low p; and o; can be
considered negligible, those with high p; and low o; have a linear
effect on the model output and those with high u; and o; possess
either a non-linear effect on the output model or an important inter-
action with other factors.

The time to destroy 95% of initial tumour cells was used as out-
put of the model. We considered the ranges presented in table 1 for
the K = 34 parameters of the model. They were obtained calculat-
ing, respectively, 0.7 and 1.3 of the minimum P™" and maximum
P™? values extracted from the literature. The value of A used for

each parameter was normalised as 13pmaz _g 7pmin -

3. RESULTS AND DISCUSSION

We present the results of the Morris sensitivity analysis performed
on the 21 computational tissues, taking p = 20 and N = 100. We
considered for every simulation a total dose of 80 Gy, administered
every 24 h, from Monday to Friday.

Non-linear or
interactions

L

" ¢ ] Linear
f Neg]igible

Fig. 3. Mean pix vs. o plane for the 21 computational tissues

We represent in figure 3 the means and standard deviations of the
elementary effects of the 34 parameters of the model. We observe
that the dose per fraction d is situated in the linear region. The dura-
tion of the cycle of tumour cells is situated on the axis ¢ = p*. In
the “non-linear or interactions” region, we can find tumai, dihres,
Qtyuma2 and Torrest. The rest of the parameters could be considered
negligible. The o components of d and d;,r.s may be explained
by the existing interaction between them. In fact, as described in
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subsection 2.1.5, d < d*""°® results in immediate death of irradi-
ated cells and, consequently, significantly lower values of time to
kill 95% of initial tumour cells.

In figure 4, we present the mean Euclidean distance to the origin
of points in figure 3 and the respective p* contribution, calculated as
H*z
N
impact on the output of the model. The duration of the cycle of

tumour cells T3, presents the second most important effect.

The response of tissues to different doses per fraction, in particu-
lar to high values corresponding to hypofractionated treatments, will
be discussed in depth in future works. As a first step, we have tested
two irradiation schemes of 37 x 2 Gy (figure 1.e) and 20 x 3 Gy
(figure 1.f) every 24h from Monday to Friday, whose equivalence
in terms of relapse within 5 years has been pointed out in clinical
studies [12].

. We observe that the dose per fraction d has the highest

Ty 21 tissues - Time to kill 95% of tumor cells

1000}~
800
600

100}

|
wjiijjlijjjjj\éj!fngj il I“““““N |
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Fig. 4. Mean Euclidean distance to the origin (in red) and its g
contribution (in blue) for the 21 computational tissues

4. CONCLUSION

We developed a multi-scale in silico model of tumor growth and
oxygen-dependent response to radiation. The Morris analysis per-
formed on the 21 computational tissues determined that the dose per
fraction and the duration of the cycle of tumour cells have the most
important effect on the time needed to kill 95% of initial tumour
cells. A global sensitivity analysis using the Sobol method will be
performed to better evaluate the impact of these parameters. In par-
ticular, understanding the effect of the dose per fraction is essential
to predict the patients response to different hypofractionated treat-
ments before applying them in clinics.
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