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Abstract
Antiangiogenic drugs were developed with the aim to inhibit the formation of intratumoural
blood vessels and in consequence the growth of solid tumours. As these drugs are generally
combined with classical cytotoxic drugs in the treatment of cancer patients, finding the optimal
combinations remains a complex challenge due to possible interactions of the antiangiogenic
compound with the hemodynamic property of the treated tumour. To analyze this problem,
we developped a multiscale model of vascular tumour growth combining a molecular model of
VEGF signalling pathways and a tissue model of the tumour expansion including the dynamics
of cellular and tissue processes of tumour growth and response to treatments. We addressed the
potential impact of antiangiogenic drug by defining a new index of vasculature quality which
depends on the balance between stable and unstable vessels within the tumour mass. Our goal
was to investigate the interactions between a chemotherapy and a antiangiogenic treatment,
and, by simulating the model, to identify the optimal delay of chemotherapy delivery after
the administration of the antiangiogenic compound. This theoretical analysis could be used in
the future to optimize antiangiogenic drug delivery in preclinical settings and to facilitate the
translation from preclinical to clinical studies.
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1. Introduction
Angiogenesis, the formation of new blood vessels, is recognized as a key process in the growth and
development of solid tumours (Folkman, 2002). Malignant cells lacking of oxygen and nutrients
due to the increase of tumour burden can secrete angiogenic factors to activate the endothelial
cells from the nearest blood vessels. When bound to endothelial cell receptors, angiogenic factors
activate several intracellular signalling pathways that regulate cell proliferation and migration
towards the tumour. This process leads to the formation of a new vascular network that irrigates
the tumour with oxygen and nutrients thus promoting its growth.
The discovery of the angiogenic growth factors such as VEGF (vascular endothelial growth factor) or angiogenesis inhibitors like endostatin has prompted the development of antiangiogenic
drugs. First monoclonal antibodies (mAbs) such as bevacizumab and more recently receptor
tyrosine kinase inhibitors (RTKis) such as sorafenib or sunitinib have been developed with the
aim to starve the tumour by inhibiting the formation of intratumoral blood vessels. In clinical
settings, it appears that these types of drugs could lead to significant toxicity profiles, so that
their administration was prescribed at low doses, and in combination with conventional cytotoxic
treatments, i.e. chemotherapy or radiotherapy (Jain, 2005). Nowadays, around 10 antiangiogenic
compounds have been successfully developed and released to the market. Even if some of them
have shown a clinical benefit in randomized clinical trials - for example, bevacizumab combined
to a conventional chemotherapy regimen was shown to increase survival in colorectal cancer
patients (Hochster et al., 2008; Scheithauer and Schmiegel, 2009) - these drugs have not met
expectations (Gasparini et al., 2005; He et al., 2012). The development of optimized therapeutic protocols, based on a deep understanding of the interactions between the tumour dynamic,
antiangiogenic drugs and chemotherapy, is thought to improve the benefit of this therapeutic
strategy (Jain, 2005).
A tumour vascular network is usually chaotic and characterized by a high interstitial fluid pressure (IFP) which impairs blood flow within the tumour (Jain, 2001). Several experiments in
animals have shown that blocking angiogenic signalling by the use of antiangiogenic compounds
can cause a passive pruning of the abnormal or immature vessels and a remodelling of the remaining vasculature, leading to its “normalization” (Ma and Waxman, 2008; Tong et al., 2004).
This normalization results in a decrease of IFP, and in consequence, an improvement of blood
flow after several days of treatment (Czabanka et al., 2009; Dickson et al., 2007). In addition
to that, a clinical study has shown that in six patients treated for a rectal cancer, 12 days after
the administration of a low and unique dose (5 mg/kg) of bevacizumab, the tumoural vascular
network was less dense and more regular with an improved blood flow (Jain, 2001). According to
these results, it is plausible that the administration of the antiangiogenic agent, by normalizing
the hemodynamic property of the tumour vascular network, allows for better penetration of the
associated chemotherapy. However, this effect is also believed to be transient, and longer application of the antiangiogenic treatment may cause destruction of the tumour vasculature and as
a consequence, the collapse of the intratumoural blood flow (Jain, 2001).
To identify optimal protocols for combining antiangiogenic drugs and cytotoxics, it appears
important to properly determine characteristics such as duration and amplitude of the “normal-
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ization window”, the link between the dose of antiangiogenic and these characteristics, and the
benefit of this normalization for the efficacy of the combined chemotherapy (Jain, 2005). Recent
studies showed that the problem is too complex to be only solely addressed through classical
biological experiments. For instance, it has been observed that besides the intrinsic biological
complexity of the angiogenesis process, the type of tumour could drastically affect the effect and
the kinetic of antiangiogenic drugs (Ma et al., 2003). In addition to that, almost all pharmacological studies on antiangiogenic drugs and combination with chemotherapy were developed in
animals. Even if these studies allow for highlighting qualitative criteria, their results cannot be
easily translated to clinical research.
Numerous biomathematical and multiscale models have been developed to better understand the
complex mechanisms involved in the process of angiogenesis, its role in tumour growth and the
consequences of its inhibition (see Mantzaris et al. (2004) for a review).
Several efforts on multiscale modelling of cancer growth deserve especially to be cited. In this
respect, we must highlight the study proposed by Zheng and co-workers (Zheng et al., 2005) that
couple a model of tumour growth and a hybrid model of angiogenesis respectively developed
by Byrne and Chaplain (Byrne and Chaplain, 1995) and by Anderson and Chaplain (Anderson and Chaplain, 1998). Other groups have investigated the mechanisms leading to abnormal
vasculature and its effects on tumour growth and drugs delivery through probabilistic cellular
automata (Bartha and Rieger, 2006; Lee et al., 2006; Welter et al., 2008). Few models addressed
the issue of the effect of drug combination. Kohandel and co-workers have proposed a continuous
model of vascular tumour growth based on tissue dynamics to investigate the effect of combinations of antiangiogenic drugs with radiotherapies (Kohandel et al., 2007). This model implicitly
takes into account the molecular mechanisms of angiogenesis by considering that endothelial and
tumour cells attract each other, and it considers the variability of the efficacy of the vasculature
as a function of the amount of endothelial cells.
More simple models and data-driven models must also by highlighted. In particular, models that
integrate tumour size alone have been well established. A standard and robust model, namely
the modified-Gompertz model, has been proposed to predict tumour growth inhibition in mice
treated with chemotherapeutic compounds (Simeoni et al., 2004; Magni et al., 2006). Additional
studies have focused on the translation of these modelling results in mice to gain clinical insights
into optimal drug delivery (Rocchetti et al., 2007). Very recently, these types of ODE-based
tumour growth inhibition models were also successfully applied to clinical data with some clear
application potentials in colorectal cancer (Claret et al., 2009), non small cell lung cancer (Wang
et al., 2009) and low-grade gliomas (Ribba and et al, in press).
More specifically focusing on the process of angiogenesis and its inhibition, Hahnfeldt and coworkers have proposed a simple extension of the classical Gompertz model for the process of
angiogenesis (Hahnfeldt et al., 1999). In their model, the tumour limiting size, or "carrying
capacity" is the result of competition between pro- and anti-angiogenic molecules. This model
has been successfully fitted to volume data for Lewis lung carcinoma subcutaneously xenografted
in mice either treated or not with different antiangiogenic compounds. This model has been subjected to mathematical analysis to study its main properties highlighting the best strategies to
optimize the delivery of antiangiogenic drugs (see for instance d’Onofrio and Gandolfi (2004)). In
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2011, we have proposed a more complex model of tumour growth accounting for different types
of tumour tissues, and in particular hypoxic tissue that is known to play a crucial role in tumour
driving the process of angiogenesis (Pouysségur et al., 2006). The main innovation of this model
was the integration, together with tumour size, of classical histological biomarkers such as those
commonly retrieved in preclinical studies. This model integrates three types of tissue (proliferative non-hypoxic, hypoxic, necrotic) and shows correct predictions of tumour size progression
as well as the percentages of necrotic and hypoxic tissue in 30 mice that were xenografted with
either two colorectal cancer cell lines (Ribba et al., 2011).
Closer to the work presented here, we have recently proposed a continuous model of tumour
growth and angiogenesis that integrates the competition between pro- and anti-angiogenic factors modelled on the basis of pharmacological laws (Billy et al., 2009). This model was based on
previous developments applied to different anticancer treatment strategies (Ribba et al., 2006a,b,
2009). In this model, the tumour growth is determined by an age-structured cell cycle model
which distinguishes proliferative, quiescent and apoptotic cells, and through which the progression is dependent on the hypoxia and the local amount of cells. At a tissue scale, the tumour
mass is modelled as a multi-phase fluid which spatial dynamics can be simulated using partial
differential equations (PDEs) with laws from fluid mechanics. In the model, the vascular network
is represented by endothelial cells. It grows and maturates depending on the angiogenic factors
secreted by the tumour.
Our goal is to propose herein a theoretical formalism to investigate the action of different antiangiogenic compounds and to evaluate the efficacy of antiangiogenic drugs combined with
cytotoxics. To do so, the previous work (Billy et al., 2009) has been extended to:
• Integrate a complex model of the dynamics of the intracellular pathways of VEGF signalling
which dictates the rate of proliferation, migration and apoptosis of endothelial cells;
• Derive an index of vasculature quality to assess its efficiency and which will impact the
amount of oxygen or drug delivered through the vessels.
The model is used to simulate the combined effect of virtual chemotherapy and antiangiogenic
drugs and highlight possible optimal association scheduling between the two treatments. To assess the verisimilitude of the model simulations, we qualitatively compared them to experimental
data obtained by our group on mice xenografts.
2. Methods
The model methodology is composed by the following "blocks”:
1. The definition of a new index of intratumoural vasculature quality;
2. The development of an ordinary differential equations (ODE) model of VEGF signalling
pathway;
3. The model of tumour growth including the dynamic of both endothelial and tumour cells;
4. The model of drug effects;
5. The techniques to evaluate the efficacy of the treatments.
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Figure 1: The multiscale model is constituted of a molecular module describing the intracellular pathways of VEGF
signalling, a cellular module focusing on cell cycle regulation and a tissue module describing the spatial behaviour
of the tumour mass. The endothelial cells, whose activity is mainly dictated by the molecular module, form the
blood vessel network in response to VEGF stimuli secreted by tumour hypoxic cells. An index of vasculature
quality is derived from the characteristics of the intratumoural vessel network. This affects the diffusion of drugs
and oxygen within the tumour.

2.1. New index of vasculature quality
The definition of an index of vasculature quality is a crucial point of our model. It allows us
to describe the change in the hemodynamic properties of the tumour due to the antiangiogenic
treatment. A good vasculature quality can be correlated to an effective blood flow. The index
we propose is derived from the number of endothelial cells constituting immature blood vessels,
E, known to be responsible for inefficient blood flow within the tumour. We first compute R as
the number of these cells located in the tumour relative to the tumour volume V ol.
R
E dxdy
R=
.
(1)
Vol
We define the index of vasculature quality Π as:
Π=1−

Rγn
γn ,
Rγn + R0.5

(2)

where R0.5 is the proportion of immature vessel cells which induces a vasculature quality that is
the half of the possible maximum value, and γn is the sigmoidicity coefficient, that regulates the
sharpness of the relationship.
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2.2. VEGF signalling pathway
We built a complex model of the intracellular pathways of VEGF signalling to describe the dynamics induced by the angiogenic factor stimulation.
The reconstruction of the intracellular pathways of VEGF was made based on the knowledge
available in literature and the dedicated database KEGG1 (Kyoto Encyclopaedia for Genes and
Genomes). We extracted the largest consensus of available sources to build a view of the molecular cascades. A similar work was achieved by Ribba and co-workers in 2006 (Ribba et al., 2006a).
The binding of VEGF to its receptor, the VEGFR-2, at the surface of endothelial cells leads to the
phosphorylation of tyrosine residues on the intracellular part of the receptor. This can activate
cytoplasmic proteins, and triggers three main signalling pathways. The PLCy1/PKC/MAPK
pathway stimulates cell proliferation, the p38/MAPKAPK/Hsp27 pathway activates cell migration and the PI3K/Akt pathway improves the resistance to apoptotic signals, enhances the
vessels permeability and stimulates the cell growth. A simplified diagram is given in Figure 2,
and full diagram is provided in the Appendix.
The dynamics of the molecular system is translated into a system of ordinary differential equations (ODEs), with the following hypotheses: the molecular concentrations are continuous, reactions happen in a homogeneous medium of a volume large enough, and reactions are deterministic.
For each reaction, we define an equation that describes its dynamics. We distinguish two kinds
of reactions: reversible and irreversible. In reversible reactions, A + B ↔ AB, compounds A and
B bind to each other to form a stable complex AB at the rate k1 and the product AB dissociates
itself into A and B at the rate k−1 . The speed of the reaction depends on the amount of each
molecule involved according to the following formula :
v = k1 [A][B] − k−1 [AB].

(3)

In an irreversible reaction, A → B, a compound A is transformed into B. Under the hypothesis
that it is enzyme-catalyzed, this kind of reaction is defined by a maximal speed V and a quantity
K which corresponds to the amount of reactant needed to have a reaction speed equal to the
half of the maximal speed. The speed of such a reaction, v, is described by a sigmoid function:
v=

V [A]
.
K + [A]

(4)

We can then associate to each molecule ci a differential equation that describes its dynamics over
time:
X
dci X
=
vprod,ci −
vcons,ci ,
(5)
dt
where vprod,ci and vcons,ci are respectively the velocities of the reactions producing and consuming the molecule ci (see in the Appendix for the complete set of equations of the system). The
1

http://www.genome.jp/kegg/pathway.html
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Figure 2: Schematic and simplified view of the VEGF signalling pathways in endothelial cells. VEGF binding
to VEGFR-2 activates cells proliferation, migration and resistance to apoptosis (survival). The full model is
composed of 64 ordinary differential equations and 98 parameters. A complete representation of the network is
provided in the Appendix.

resolution of the system of ODEs gives the general dynamics of the system molecules over time.
To study the effect of the molecular pathways on cellular behaviours, we defined theoretical
outputs. They depend on the amount of the last molecules of the intracellular pathway that
triggers this cellular mechanism. They are calculated thanks to a sigmoid function with minimal
value 0 and maximal 1. We defined outputs for proliferation (p), migration (χ) and resistance
to apoptotic signals (a). The values of these outputs are taken at the equilibrium of the system.
This way, we obtained a system of 64 ODEs, with 98 parameters. These equations are available
in the Appendix. The model parameters were taken from previous publications. In particular,
the parameters relative to the proliferation and survival pathways were taken from Hatakeyama
et al. (2003) whereas the parameters relative to the migration pathway were estimated based on
data presented in Hendriks et al. (2008).
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2.3. Model of tumour growth
2.3.1. Endothelial cells dynamics
The tumour is surrounded by mature blood vessels which can sprout new stable (mature) or
unstable (immature) vessels. Stimulated by the VEGF secreted by quiescent tumour cells, cells
constituting immature vessels proliferate, migrate towards the gradient of angiogenic factor and
resist apoptosis. The rates of proliferation p = p([V ]), migration χ = χ([V ]) and apoptosis
a = a([V ]) depend on the local amount of VEGF [V ] and are computed with the molecular
model detailed above. Due to the affinity of endothelial cells to each other, migration is reduced
by the local amount of endothelial cells. To model the formation of functional blood vessels,
when the local number of endothelial cells overtakes a threshold τE , unstable vessels will mature.
This leads endothelial cells to become a part of mature vessels at a rate µ.
These assumptions permit us to describe the dynamics of endothelial cells constituting immature
vessels, E, depending on the quantity of the mature vessel endothelial cells, Es, and on the
VEGF-dependant parameters.
∂E
E + Es
E
)∇[V ]) = p E(1 −
) − aE E
+ ∇ · (χ E (1 −
∂t
NE
NE
(6)
− µ H(E + Es − τE ) E,
(
1 if x ≥ 0
where H is the heaviside function H(x) =
.
0 else
Since mature vessels are fixed in the medium, the dynamics of their constituent cells are considered far more simple, as described in the equation:
∂ Es
= µ H(E + Es − τE ) E − aES Es.
(7)
∂t
We consider that a vessel is formed in a spatial location when the local amount of endothelial
cells is above a given threshold τV . Otherwise, neither oxygen nor drug can diffuse from this
location.
2.3.2. Tumour cells dynamics
In our model, the tumour is described by an age-structured cell cycle model. The cells can
progress through three stages : proliferative (P ), quiescent (Q) and apoptotic (A). They evolve
in time t and in age a. The proliferative stage is constituted of two phases P1 and P2 . The
passage from P1 to P2 is possible only if the local environmental conditions are favourable, i.e.
there is enough oxygen ([O2 ] ≥ τ1,h ) and the medium is not overcrowded (the local number of
cells is lower than a threshold τ0 ). Otherwise, the P1 tumour cells enter the quiescent stage.
Quiescent cells, denoted Q, can return to the proliferative stage, and enter at the beginning of
the P2 phase as soon as the conditions improve. If the local hypoxia is high (i.e [O2 ] ≤ τ2,h ,
with τ2,h ≤ τ1,h ), P1 and quiescent cells enter apoptosis. These assumptions are translated into
the equations (8) and (9), where f (x, y, t) and g(x, y, t) model the environmental conditions that
lead respectively to the entrance of proliferative cells into a quiescent stage and to the entrance
of quiescent cells into the apoptotic stage.
(
R amax,P1
R amax,P2
1 if 0
P1 (t, a, x, y)da + 2 0
P2 (t, a, x, y)da + Q(t, x, y) ≤ τ0 and [O2 ] ≥ τ1,h
f (x, y, t) =
0 else
(8)
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(
1
g(x, y, t) =
0

if [O2 ] ≥ τ2,h
else

(9)

Each stage of the cellular cycle corresponds to a phase of a multi-phasic fluid (Ambrosi and
Preziosi, 2002; Greenspan, 1972). The variables we consider are then densities of cells. The
dynamics of the tissue is ruled by laws from fluid dynamics and is formulated as advection
equations:
∂P1 ∂P1
+
+ ∇ · (vP1 P1 ) = 0,
∂t
∂a
∂P2 ∂P2
+
+ ∇ · (vP2 P2 ) = 0,
∂t
∂a
 +
 −
∂Q
∂f
∂g
−
+ ∇ · (vQ Q) = g(1 − f )P1 (a = amax,P1 ) −
Q(t ) +
Q(t− ),
∂t
∂t
∂t
 −
∂A
∂g
Q(t− ),
+ ∇ · (vA A) = (1 − g)P1 (a = amax,P1 ) −
∂t
∂t

(10)
(11)
(12)
(13)

where vP1 , vP2 , vQ and vA represent the velocities of the tumour cells in the different phases of
the cell cycle. We assumed that the advection movement is passive, so that vP1 = vP2 = vQ =
 −
 +
and ∂h
represent respectively the positive and negative part of the measure
vA = v. ∂h
∂t
∂t
∂h
,
with
h
=
f
or
g,
and
they
are used to describe the input and output of the quiescent phase
∂t
due to the change of environmental conditions.
The boundary conditions in age of the proliferative cells that describe the passage between the
phases P1 and P2 are defined by :
(
P1 (a = 0) = 2P2 (a = amax,P2 )
h i+
(14)
P2 (a = 0) = f P1 (a = amax,P1 ) + ∂f
Q(t− )
∂t
In order to compute the velocity v, we rely on the hypothesis according to which the velocity is
derived from a potential assimilated to a pressure p (Darcy’s law for porous media) :
v = −k∇p,

(15)

where k = k(x, y) is a porosity coefficient. In addition to that, we assume that the volume is
always saturated: the space is filled by healthy tissue H that is pushed by the expansion of the
tumour and so advected with the same velocity v :
∂H
+ ∇ · (vH) = 0.
∂t

(16)

Eventually, the volume occupied by the endothelial cells is considered as negligible.
In consequence:
Z
0

amax,P1

Z
P1 da +

amax,P2

P2 da + Q + A + H = Nmax ,

0
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(17)

Summing the equations (10) and (16), integrating in age and using (17), we obtain :
∇ · (v) = P2 (a = amax,P2 ),

(18)

Using Darcy’s law (15), we obtain a solvable equation, endowed with a zero Dirichlet boundary
condition :
−∇ · (k∇p) = P2 (a = amax,P2 ).
(19)
This set of equations allows us to describe the dynamics of tumour cells over time and space.
The computation of the VEGF and the oxygen field makes a link between the tumour model
and the vasculature dynamics. We assumed the VEGF to be secreted by tumour quiescent cells
and to stimulate endothelial cells. Oxygen diffuses into the tissue from the endothelial cells and
feeds the tumour cells.
VEGF dynamics
Hypoxic quiescent tumour cells secrete VEGF, [V ], at a rate α[V ] . VEGF diffuses in the medium
with a diffusion coefficient K[V ] , is naturally degraded at the rate ξ[V ] and is consumed by the
immature endothelial cells E at a rate δ[V ] , as given in the equation:
−∇ · (K[V ] ∇[V ]) = α[V ] Q[02 ]≤τ1,h − δ[V ] E[V ] − ξ[V ] [V ],

(20)

where the term Q[02 ]≤τ1,h represents the cells that are quiescent due to the lack of oxygen, in
opposition to the cells that become quiescent due to overcrowding and don’t secrete any VEGF.
Oxygen delivery
Oxygen, [O2 ] is brought to the tissue by the vasculature and is consumed by the tumour cells.
Its delivery at a given spatial point is possible only if the number of endothelial cells is large
enough to form functional vessels, and is dependent on the quality of the vasculature Π defined
above:

P
−∇(K[O2 ] ∇[O2 ]) = − φ α[O2 ],φ φ
(21)
[O2 ] = ΠCmax
where Es ≥ τv
where α[O2 ],φ is the consumption of oxygen by each type of tumour cells φ = {P1 , P2 , Q}, τv is
the minimum amount of endothelial cells needed to form efficient mature vessels, and Cmax the
oxygen concentration on blood.
2.4. Model of drugs effect
Similarly to oxygen, cytotoxic and antiangiogenic drugs diffuse from the vasculature and spread
into the tissue. The amount of diffusion depends on the vessel quality Π, which in turn depends
on the density of unstable vessels. For each treatment, we define a diffusion equation and describe its effect on the vascular tumour model.
Model of chemotherapy treatment The chemotherapy [C] is delivered through the vasculature. Its concentration in the blood vessels is defined by a function P[C] (t) (defined in eq. (26))
and like oxygen depends on the vasculature quality Π. We assumed the drug concentration to be
naturally eliminated with a rate ξ[C] and to diffuse in the tissue with the corresponding equation:
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−∇ · (K∇[C]) = −ξ[C] [C]
[C] = Π P[C] (t)

where Es ≥ τv

(22)

The chemotherapy acts by killing the tumour cells in the last age of the phase P2 . We defined
its action on these cells by a sigmoid function. Thus, the equation describing the behaviour of
the proliferating P2 cells becomes :
Emax,C [C]
∂P2 ∂P2
+
+ ∇ · (vP2 P2 ) = − P2 (a = amax,P2 )
,
∂t
∂a
C50 + [C]

(23)

where Emax,C is the maximal effect of the chemotherapy and C50 stands for the amount of
chemotherapy needed to induce half of the maximal effect.
Model of antiangiogenic treatment
We denote the concentration of the antiangiogenic drug by [AA]. The antiangiogenic drug inhibits
the free VEGF, and is consumed by the reaction with the angiogenic factor via a MichaelisMenten effect. The equation we use is :
(

−∇ · (K∇[AA]) = −[V ]
[AA] = Π P[AA] (t)

Emax[AA] [AA]
v50 +[AA]

where Es ≥ τv

(24)

where P[AA] (t) is the concentration of antiangiogenic in the blood vessels depending on time
(defined in eq. (26)), Emax[AA] is the maximal effect of the drug and [AA]50 is the amount of
drug required to produce half of the maximal effect.
As the VEGF is inhibited by the drug, its dynamics becomes :
−∇ · (K[V ] ∇[V ]) =α[V ] Q[02 ]≤τ1,h − δ[V ] E[V ]
− ξ[V ] [V ] − [V ]

Emax[AA] [AA]
.
[AA]50 + [AA]

(25)

Administration protocols
In this work, we considered very simple drug dynamics where drugs are present at a constant
concentration in the blood for a given duration.
(
Dosedrug if t ∈ Tadmin,drug
Pdrug (t) =
(26)
0
else


where drug = [C], [AA] , Tadmin,drug is the time interval of administration of the treatment and
Dosedrug is the chosen concentration. According to the expressions of drugs dynamics eq. (22)
and eq. (24), the amount of drug then delivered into the tissue depends on the global quality of
the vasculature.
2.5. Evaluation of treatment effect
We defined several criteria to evaluate the effect of the treatments on the tumour growth, and
thus to be able to identify the optimal combinations between the two drug administrations:
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• The Time Efficacy Index (TEI)(Simeoni et al., 2004): We look at the delay in time it takes
for a treated tumour to reach a size reached by an untreated tumour after 100 time units.
The TIE is then computed as :
T EI = t(T Streated (t) = T Suntreated (T )) − T.
Where TS(t) is the total amount of tumour cells at time t. A positive TEI indicates a delay
in tumour growth induced by the treatment, whereas a negative TEI shows an increase in
the speed of growth.
• The total amount of chemotherapy delivered in the tissue over the time (T ot[C] )
Z
T ot[C] = [C]x,y,t dxdydt.
Since the quality of the vasculature varies due to the antiangiogenic action, for a same
concentration in the blood, depending on the time of application of the combined treatment,
the quantity of chemotherapy that reaches the tissue changes.
2.6. Parameter values and experiments to support model predictions
Our model is composed of two main blocks, the molecular system and the cellular and tissular
machinery. The parametrization of each was made independently. The molecular pathways
model was build first alone, and then integrated the higher level model. The parametrization
of the molecular model is detailled in Lignet et al. (2013). For two of the three branches of
the signalling pathway, most of these parameters were found in the literature. A couple of
parameters at the head of the system had to be estimated (V21 and K21, see Table D.5 and
Figure in appendix 1). Hence we proceeded to a sensitivity analysis on their value and we did
not find them impacting the overall dynamic of the pathway (Lignet et al., 2013)..
The cellular and tissular model also involves a large number of parameters. A minority of them
were fixed to values used in previous modelling works (Ribba et al., 2006a,b; Billy et al., 2009),
the others were estimated to retrieve a tumour growth that qualitatively agrees with our previous
works. Since the structure of the model is significantly different from the structure of these works,
we had to modify the value of some of the extracted parameters. In the end, only the number of
endothelial cells leading to the maturation, τE and the threshold of overcrowd τo are comparble
to the values used in Ribba et al. (2006a). The Table 2 summarizes the values of each parameter.
Due to the high computational cost of every simulation, it was impossible to proceed to a
sensitivity analysis to investigate the importance of each parameter. But it appeared clearly
during the manual fixing of the values that some parameters were more influential than others.
In particular K, the diffusion coefficient for molecules in the tissue, α[V ] the production rate of
VEGF, τ1,h and τ2,h the thresholds of hypoxia, τE the amount of cells necessary for endothelial
cells to maturate, and τv the amount to create an efficient vessel, impact deeply on the dynamic
of the system when their values were modified.
To give more confidence on our results, we have compared the resulting simulations to experimental data performed on mice experiments. As the focus of the present paper is the presentation of
the model and not the experimental data, we decided not to detail our experimental protocol to
shorten the presentation of the paper. The reader can have the details of a similar experimental
study in Ribba et al. (2011).
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3. Results
3.1. Tumour growth and effect of the antiangiogenic drug on the tumour vasculature
We simulated the model of tumour growth (without any treatment) by fixing the model parameters to pre-existing values (Ribba et al., 2006a,b; Billy et al., 2009). We represented in Figure 3
left panel the simulated evolution of the number of tumour cells together with real data of tumour
volume over time in days in xenografted nude mice that received subcutaneously an injection of
colorectal cancer cells. We assumed here that the total number of tumour cells is proportional to
the tumour volume. Interestingly, the simulated curve present two regions of linear growth. A
first transient region where the different biological regulation mechanisms starts, and that could
correspond to the avascular stage of the tumour growth process. This phase is followed by a
second regimen, corresponding to the vascular stage, when the tumour grows faster. This second
stage growth is in good agreement with experimental measurements.

Figure 3: Left: Growth of the tumour in the absence of treatment. The solid line represents the simulated data
while the dots and errors bars are the tumour volumes as measured experimentally in 27 nude mice. Right:
Vasculature quality with 10 days of treatment of sunitinib, a potential antiangiogenic inhibitor. The solid line
represents the inverse of the simulated vasculature quality index while the dots and errors bars represent the actual
interstitial fluid pressure (IFP) measurements. The vertical arrow indicates the time of treatment initiation.

The new defined index of vasculature quality is also compared Figure 3 right panel to the real
measurements of interstitial fluid pressure (IFP) within the tumour. IFP was measured by using
an adequate probe within the tumour mass of the mice at repeated time. As the IFP increases,
the pressure increases, resulting in a poorer quality of the blood flow within the tumour. As a
consequence, to be in accordance with the real data, we plotted the time profile of the inverse of
the vasculature quality index. Again, we find a very good agreement between simulations and
observed data.
3.2. Effect of the cytotoxic drug on tumour size
As simulated by the model, the delivery of a dose of cytotoxics slows down the tumour growth
by causing the death of proliferative cells (see Figure 5). This corresponds to a TEI of about 5
days. This results is also in agreement with TEI observed in xenografted mice treated with 45
mg/kg of Irinotecan (see Figure 6 of Simeoni et al. (2004)).
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3.3. Combination of antiangiogenic and cytotoxics
To investigate the best strategy to deliver the two drugs in combination, we performed simulations where the antiangiogenic was always given at the same time whereas the cytotoxics was
delivered some time after the antiangiogenic. We ran 30 simulations with the starting day of the
cytotoxic delivery varying from 1 to 30 days after the beginning of the antiangiogenic at day 60.
For each combination, we evaluated the two efficacy criteria described in the previous section :
the time efficacy index (TEI) and the total amount of chemotherapy delivered to the tumour.

Figure 4: Simulated effect of chemotherapy. The thick line represented the control tumour growth while the
thin line represents tumour size when a chemotherapy treatment is applied at day 60. The treatment induced a
time efficacy index (TEI) of about 5 days as reported in literature for xenografted nude mice treated with bolus
of 45 mg/Kg of Irinotecan, a chemotherapeutic compound. The vertical arrow indicates the time of treatment
initiation.

Considering the time efficacy index (TEI) criteria, it was clear from Figure 4 that the chemotherapy alone induce a moderated TEI of few days. Combination with the antiangiogenic drug gives
interesting results lengthening the TEI to approximately twice of its value for chemotherapy alone
(about 8 to 10 days) when the chemotherapy is applied 5 to 10 days after the antiangiogenic
(see Figure 6 - left panel). This is explained by the fact that the total amount of chemotherapy
delivered into the tissue is increased by the normalization process due to the application, a few
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days before, of the antiangiogenic drug (see Figure 5 - right panel). Interestingly, as shown on
the left panel, the combination can also be deleterious before and after the normalization window illustrated by a negative TEI, i.e. the tumour grows faster in the individuals treated by
the combination than in the individuals treated by chemotherapy alone. This can be explained
by the fact that, despite improvement in the total amount of chemotherapy delivered into the
tumour, cancer cells also benefits from good quality of oxygen and nutrient supply. In this
respect, the model simulations highlight that there exists a critical equilibrium to be found between the blood or nutrient supply and the delivered chemotherapy agent; both being improved
by the normalization process due to the effect of the antiangiogenic drug. In the model, these
two aspects increase the effect of the chemotherapy since the improvement of the blood vessels
improves the delivery of the oxygen, and so a decrease of the global hypoxia. Quiescent tumours
cells can reintegrate the cell cycle and enter the P2 phase, and this way become targets of the
chemotherapy. The proportion of tumour cells potentially killed is then greatly increased and
the effect of the chemotherapy is optimal.

Figure 5: Efficacy results in terms of the two criteria (time efficacy index - left, and total amount of chemotherapy
delivered - right) for different drug combination schedules. Circles are used for chemotherapy alone and triangles
for combination therapies. The x-axis shows the delay in days of the chemotherapeutic compound delivery
following the antiangiogenic drug.

4. Conclusions
In this work, we discuss the application of a multiscale model of vascular tumour growth to
analyze the efficacy of antiangiogenic drugs combined to chemotherapy. The model being highly
mechanistic and complex, parameters were not estimated but fixed based on literature and apriori knowledge. In this model, tissue and cellular dynamics were coupled to describe tumour
growth and the process of angiogenesis. The integration of the intracellular pathways of VEGF
signalling together with the modelling of an index of vasculature quality as a function of the
antiangiogenic treatment were the two main innovations that allowed us to analyze the efficacy
of antiangiogenic drugs combined to cytotoxics.
We show that the model is able to qualitatively reproduce time-evolution of tumour volume in
the absence of a treatment (unperturbed growth) and with a chemotherapy treatment, Irinotecan, in subcutaneous xenografted with colorectal cancer cell lines. The model also predicts well
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the change of time-evolution of the interstitial fluid pressure, an index of vasculature quality, in
the mice treated with a 12 days administration of the potent antiangiogenic inhibitor sunitinib.
According to the model formulation, and as also hypothesized in literature (Jain, 2005), the efficacy of combining antiangiogenic with chemotherapy is linked to the normalization process of the
tumour vasculature induced by the administration of the antiangiogenic drug. The consequence
of this normalization may drive two major phenomena:
• the improvement, at the tissue level, of the chemotherapy delivery
• the improvement of the oxygen and nutrient supply to tumour cells
This last point may result in decreasing the hypoxic and quiescent rate of proliferative cells and
thus increasing proliferation activity of the tumour; but also in raising the proportion of tumour
cells targets of the chemotherapy drug. In consequence, finding the best schedule of administration between antiangiogenic and chemotherapy consists of finding the right balance between
these two processes, i.e. tumour re-oxygenation and improved chemotherapy delivery.
Our simulations show that the chemotherapy compound must be administered 5 to 10 days after
the antiangiogenic. Obviously, this result must be tested and eventually validated by a dedicated
experimental study.
Technically, some of our choices can be discussed. Among them:
• We modelled the dynamics of the signalling pathways of VEGF with a set of ODEs. We
could have used a simple set of dose-effect equations as the underlying complexity of the
network was not fully used in our further analysis. We have decided to keep this level of
complexity as it may offer, in a future, some possibilities to test the model with different
time-protocols of various antiangiogenic coupounds targeting different levels in the VEGF
signalling cascade.
• At the tissue level, we chose to consider that the volume occupied by endothelial cells is
negligible compared to the volume of tumour and healthy cells. This hypothesis, which
allows us to compute the velocity in the eq. (19) by considering that the volume occupied
by healthy and tumour cells is constant (eq. (17)), can be debatable even if it can be
considered that vessels represent a very small fraction of space compared to healthy tissue.
• We chose not to take into account the effect of the cytotoxic treatment on endothelial cells
as well as the potential cytotoxic effect of the antiangiogenic drug. It would be interesting
to quantify these respective cytotoxic effects and then consider that their association leads
to an additive interaction as described by Loewe (see Greco et al. (1995) for details). On
the other hand, in the context of metronomic chemotherapies, the cytotoxic treatment may
have an antiangiogenic effect (Browder et al., 2000; Klement et al., 2000), which we also
negleted here.
• In the model, we only considered growth factors released by quiescent tumour cells, such
as VEGF, but did not include the effect of endogenous inhibitors of angiogenesis such as
endostatin, angiostatin and thrombospondin-1 (O’Reilly et al., 1994, 1997)
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• The model includes a large number of parameters. A part of them cannot yet be measured
experimentally. Their values would have to be set by mathematical estimations techniques,
from the few experimental data available. Nevertheless, some parameters are experimentally accessible, such as the concentration of oxygen in the blood, the proliferation rates of
endothelial and tumour cells, or the diffusion speed of oxygen and VEGF in the tissue. So
with the current progresses in experimental biology, we can hope to be able to parametrize
the model in a more precise way to fit to a particular setting.
Compared to classical models, mechanistic-based multiscale models of tumour growth and treatment, as the one we present here, open a different but complementary paradigm, with, as a
major pitfall, a more limited application potential due to the large number of parameters they
integrate. However, it is believed that the development of multiscale models can provide the basis for an integrative holistic approach to predict drug response and effect (Bonate and Howard,
2011). Our model could constitute a first step towards the development of a modelling tool to
optimize antiangiogenic drug in combination with chemotherapy in preclinical settings. This
complex physiologically-based model could be used to scale up results obtained in animal experiments to the use of these drugs to treat cancer patients. Indeed, the complexity introduced
in the model, with the detailed description of the tumour characteristic and quality vasculature
changing as a function of the drug protocol, would hopefully help the translation from preclinical
to clinical study by relying on tumour-specific parameters, such as as the tumour doubling time
for example. These translational aspects constitute a very exciting challenge we would like to
address in a near future.
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+ ∇ · (vA A) = (1 − g)P1 (a = amax,P1 ) −
+ ∇ · (vH H) = 0
= µ H(E + Es − τE ) E − aES Es

∂Q
∂t
∂A
∂t
∂H
∂t
∂ Es
∂t
∂E
∂t

Π = 1 − RγnR+Rγn ,
0.5
P
−∇(K[O2 ] ∇[O2 ]) = − φ α[O2 ],φ φ

Density of Q

Density of A

Density of H

Density of mature vessel cells

Density of immature vessel cells

Quality of the vasculature

−∇ · (K∇[AA]) = −[V ]

Emax[AA] [AA]
v50 +[AA]

[AA] = Π P[AA] (t) where Es ≥ τv

[C] = Π P[C] (t) where Es ≥ τv

Emax[AA] [AA]
[AA]50 +[AA]

[O2 ] = ΠCmax where Es ≥ τv

− aE E − µ H(E + Es − τE ) E

Table 1: Macroscopic model equations. Notations : P1 and P2 are proliferative, Q quiescent, and A apoptotic tumour cells; endothelial cells are
endothelial cells; Vim and Vm are respectively immature and mature vessels ; Ang1 and Ang2 are angiopoietins 1 and 2; VEGF is vascular endothelial
growth factor; chemo stands for chemotherapy and antiangiogenic for anti-angiogenics.

Concentration of antiangiogenic

−∇ · (K∇[C]) = −ξ[C] [C]

Concentration of chemo.

γn

E+Es
)
NE

Q(t− )

Q(t− )

− ∇ · (K[V ] ∇[V ]) = α[V ] Q[02 ]≤τ1,h − β[V ] E[V ] − δ[V ] [V ] − [V ]

E
Vol

R

∂ [V ]
∂t

R=

)∇[V ]) = p E(1 −

∂t

∂t

 ∂g −

Q(t− ) +

 ∂f +
∂t

P2 (a = 0) = f P1 (a = amax,P1 ) + [∂t f ]+ Q(t− )

Emax,C [C]
C50 +[C]

 ∂g −

+ ∇ · (vP2 P2 ) = −P2 (a = amax,P2 )

+ ∇ · (χ E (1 −

∂P2
∂a

Concentration of VEGF

Concentration of Oxygen

+ ∇ · (vQ Q) = g(1 − f )P1 (a = amax,P1 ) −

E
NE

+

∂P2
∂t

P1 (a = 0) = 2P2 (a = amax,P2 )

Density of P2

+ ∇ · (vP1 P1 ) = 0

+

∂P1
∂t

Density of P1

∂P1
∂a

Model equation

Entity
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Parameter
τ0
τ1,h
τ2,h
Nmax
amax,P 1
amax,P 2
α[V ]
δ[V ]
ξ[V ]
NE
µ
τE
γn
R0.5
τv
Cmax
K
β[O2 ],P1
β[O2 ],P2
β[O2 ],Q
ξ[C]
Emax[AA]
v50
Emax,C
C50

Value
5 · 104
4 · 10−7
4 · 10−9
105
5
8
10−8
0
0
105
0.5
5 · 102
0.5
8 · 10−3
4 · 104
2.10−2
1 to 5
10−4
10−4
0.25 · 10−4
1.25 · 10−4
1
0.5
0.75
0.2

Table 2: Summary of the model parameters

Description
Threshold of overcrowding
Threshold of moderate hypoxia
Threshold of severe hypoxia
Total density of tumour and/or healthy cells
Maximum duration of phase P1
Maximum duration of phase P2
Secretion rate of VEGF by quiescent cells
Consumption rate of VEGF by immature endothelial cells
Degradation rate of VEGF
Maximum number of endothelial cells
Rate of maturation for endothelial cells
Minimim quantity of immature EC leading to maturation
Sigmoidal coefficient for the computation of vasculature quality
Density of EC leading to half of the maximal vasculature quality
Number of EC needed to form a functional blood vessl
Oxygen concentration in blood
Diffusion coefficient of molecules in the tissue
Oxygen consumption of the P1 tumour cells
Oxygen consumption of the P2 tumour cells
Oxygen consumption of the quiescent tumour cells
Degradation rate of chemotherapy
Maximal effect of the antiangiogenic drug on VEGF
Amount of antiangiogenic drug producing half of the maximal effect
Maximal effect of the chemotherapy on P2 cells
Amount of chemotherapy producing half of the maximal effect

Unit
cell
M
M
cell
time-unit
time-unit
M/cell
M/cell
M−1
cell
cell/time-unit
cell
cell/mm2
cell/mm2
cell
M
mm2/time-unit
M/cell
M/cell
M/cell
M/time-unit
none
M
none
M

Equation
(8)
(8)
(9)
(17)
(10), (14), (17)
(10), (14), (17)
(20)
(20)
(20)
(6)
(6)
(6)
(2)
(2)
(21),(20),(24),(22)
(21)
(21),(20),(22),(24)
(21)
(21)
(21)
(22)
(24), (25)
(24),(25)
(23)
(23)

AppendixA. Simulation techniques
AppendixA.1. Initial conditions
To initiate the model, we place in a grid a circular tumour formed mainly of P1 and P2 proliferative cells and a small part of quiescent cells. Then we randomly place endothelial cells in
the tumour area, mainly to form mature vessels and a small fraction for immature vessels. Depending on the density of cells over the domain, we compute the diffusion coefficient for VEGF,
oxygen, cytotoxic and antiangiogenic drugs. We compute the diffusion of VEGF secreted by the
endothelial cells. From the distribution of VEGF, we calculate the values of angiogenesis parameters with the molecular model. Then, we evaluate the quality of the vasculature depending on
the distribution of immature vessels. This permits us to simulate the delivery of oxygen by the
vasculature. Once all the variables of the system are initialized,we can simulate the cell cycle.
AppendixA.2. Cellular loop
The simulation is based on a recursive loop with a time unit which corresponds to the passage of
tumour cells from one age to the next. Computations are performed using a splitting technique.
At each step, we first compute the passage of the cells in age, depending on the environmental
conditions (oxygen and local density of cells) of the previous step. We can extract the variation in
mass due to proliferation P2 (a = amax,P2 ). We retrieve the pressure by solving the equation (19)
and the velocity is computed using the Darcy’s Law presented in eq. (15). The pure transport
part is solved using a upwind-scheme, corresponding to the equation :
∂φ
+ ∇ · (vφ φ) = 0,
∂t

(A.1)

with suitable sub time units in order to respect stability conditions. Finally, the expansion part
due to non-zero divergence of the velocity field is computed.
Then we compute the proliferation and the migration of the endothelial cells depending on the
local amount of cells, VEGF repartition and the angiogenesis parameters describing proliferation,
migration and apoptosis rate taken at the equilibrium and all computed at the previous step.
The computational technique used is similar to the one used to compute the dynamics of tumour
cells.
The diffusion equations (pressure, VEGF, Oxygen, drugs) are solved using a finite-volume
scheme. A penalization method is used to deal with the complex boundary conditions appearing
in the equation for the oxygen and the drugs, transforming it into a penalized right-hand side.
From the distribution of VEGF, we retrieve the angiogenesis parameters at each location, at the
steady state of the molecular model.
To save computation time, we calculate a priori a base of values of angiogenesis parameters for
a large and small-discretized range of possible VEGF values. At each time unit, angiogenesis
parameters are extracted from this base, depending on the local amount of VEGF. But our model
also allows a simultaneous computation of these parameters for a precise quantity of angiogenic
factor.
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AppendixB. Molecular model
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Figure B.6: Complete schematic representation of the molecular pathways of VEGF signalling.

22

AppendixC. Equations of the molecular model
Reaction
v1
v2
v3
v4
v5
v6
v7
v8
v9
v10
v11
v12
v13
v14
v15
v16
v17
v18
v19
v20
v21
v22
v23
v24
v25
v26
v27
v28
v29
v30
v31
v32
v33
v34
v35
v36
v37
v38
v39
ERK.P P → proliferation(p)
CASP.P → apoptosis resistance(a)
HSP 27.P → migration(χ)

Rate equation
k1 [VEGF ] [VEGF R] − km1 [VEGF.VEGF R]
k2 [VEGF.VEGF R]2 − km2 [VEGF.VEGF R2]
k3 [VEGF.VEGF R2] − km3 [VEGF.VEGF R2P ]
k4 [VEGF.VEGF R2P ] [P LCγ] − km4 [VEGF.VEGF R2P.P LCγ s]
k5 [VEGF.VEGF R2P.P LCγ ] − km5 [VEGF.VEGF R2P.P LCγ P ]
k6 [VEGF.VEGF R2P.P LCγ P ] − km6 [P LCγP ] [VEGF.VEGF R2P ]
k7 [P LCγP ][P KC] − km7 [P KC∗]
V8 [P KC∗] [RasGDP ]/(K8 + [RasGDP ])
V9 [RasGT P ]/(K9 + [RasGT P ])
V10 [RasGT P ][Raf ]/(K10 + [Raf ])
V11 (Akt.P I.P P + Enz) [Raf P ]/(K11 + [Raf P ])
EKP ]
V12 [Raf P ][M EK]/(K12 (1 + [MK
) + [M EK])
14
[M EKP P ]
I.P ]
I.P P ]
V13 [P P 2A][M EKP ]/(K13 (1 +
+ [Akt.P
+ [Akt.P
) + [M EKP ])
K15
K30
K32
[M EK]
V14 [Raf P ][M EKP ]/(K14 (1 + K12 ) + [M EKP ])
EKP ]
I.P ]
I.P P ]
V15 [P P 2A][M EKP P ]/(K15 (1 + [MK
+ [Akt.P
+ [Akt.P
) + [M EKP P ])
K30
K32
13
[ERKP ]
V16 [M EKP P ] [ERK]/(K16 (1 + K18 ) + [ERK])
P]
V17 [M KP 3] [ERKP ]/(K17 (1 + [ERKP
) + [ERKP ])
K19
[ERK]
V18 [M EKP P ] [ERKP ]/(K18 (1 + K16 ) + [ERKP ])
]
) + [ERKP P ])
V19 [M KP 3] [ERKP P ]/(K19 (1 + [ERKP
K17
V20 [P LCγP ]/(K20 + [P LCγP ])
V21 [VEGF.VEGF R2P ]/(K21 + [VEGF.VEGF R2P ])
k22 [P I3K] [VEGF.VEGF R2P ] − km22 [VEGF.VEGF R2P.P I3K]
k23 [VEGF.VEGF R2P.P I3K] − km23 [VEGF.VEGF R2P.P I3K∗]
k24 [VEGF.VEGF R2P.P I3K∗] − km24 [VEGF.VEGF R2P ] [P I3K∗]
V25 [P I3K∗]/(K25 + [P I3K∗])
V26 [P I3K∗] [P IP 2]/(K26 + [P IP 2])
V27 [P IP 3]/(K27 + [P IP 3])
k28 [P IP 3] [Akt] − km28 [Akt.P IP 3]
I.P ]
V29 [P DK] [Akt.P IP 3]/(K29 (1 + [Akt.P
) + [Akt.P IP 3])
K31
P]
I.P P ]
[M EKP ]
+ [Akt.P
) + [Akt.P I.P ])
V30 [P P 2A] [Akt.P I.P ]/(K30 (1 + K13 + [M EKP
K15
K32
[Akt.P IP 3]
V31 [P DK] [Akt.P I.P ]/(K31 (1 +
)
+
[Akt.P
I.P
])
K29
EKP ]
P]
I.P ]
+ [M EKP
+ [Akt.P
) + [Akt.P I.P P ])
V32 [P P 2A] [Akt.P I.P P ]/(K32 (1 + [MK
K15
K30
13
k33 [Akt.P I.P P ] [Casp9] − km33 [Casp9P ]
V34 [VEGF.VEGF R2P ][P 38]/(K34 + [P 38])
V35 [P 38P ]/(K35 + [P 38P ])
V36 [P 38P ][M AP KAP K]/(K36 + [M AP KAP K])
V37 [M AP KAP K.P ]/(K37 + [M AP KAP K.P ])
V38 [M AP KAP K.P ][Hsp27]/(K38 + [Hsp27])
V39 [Hsp27.P ]/(K39 + [Hsp27.P ])
k52∗ERKP P g
km52g +ERKP P g
g
k53 ∗ km53gkm53
g
+CASP.P
g
k54 ∗ km54Hsp27.P
g +Hsp27.P g

Table C.3: Reactions and rate equations of the model.
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Molecule
VEGF
VEGF R
VEGF.VEGF R
VEGF.VEGF R2
VEGF.VEGF R2P
P LCγ
VEGF.VEGF R2P.P LCγ
VEGF.VEGF R2P.P LCγ P
P LCγ P
P KC
P KC∗
RasGDP
RasGT P
Raf
Raf P
M EK
M EKP
M EKP P
ERK
ERKP
ERKP P
P I3K
VEGF.VEGF R2P.P I3K
VEGF.VEGF R2P.P I3K∗
P I3K∗
P IP 2
P IP 3
Akt
Akt.P IP 3
Akt.P I.P
Akt.P I.P P
Casp9
Casp9P
P 38
P 38P
M AP KAP K
M AP KAP KP
Hsp27
HSP 27P

Differential equation
−v1
−v1
v1 − 2 ∗ v2
v2 − v3
v3 − v4 + v6 − v21 − v22 + v24
−v4 + v20
v4 − v5
v5 − v6
v6 − v7 − v20
−v7
v7
−v8 + v9
v8 − v9
−v10 + v11
v10 − v11
−v12 + v13
v12 − v13 − v14 + v15
v14 − v15
−v16 + v17
v16 − v17 − v18 + v19
v18 − v19
−v22 + v25
v22 − v23
v23 − v24
v24 − v25
−v26 + v27
v26 − v27 − v28
−v28
v28 − v29 + v30
v29 − v30 − v31 + v32
v31 − v32 − v33
−v33
v33
−v34 + v35
v34 − v35
−v36 + v37
v36 − v37
−v38 + v39
v38 − v39

Table C.4: List of all molecules and corresponding equations
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AppendixD. Parameters of the molecular model
Parameter
k1
k2
k3
k4
k5
k6
k7
V8
V9
V10
V11
V12
V13
V14
V15
V16
V17
V18
V19
V20
V21
k22
k23
k24
V25
V26
V27
k28
V29
V30
V31
V32
k33
V34
V35
V36
V37
V38
V39
P DK
M KP 3

Value
0.0012
0.01
1
0.06
1
0.3
0.214
0.222
0.289
1.53
0.00673
3.5
0.058
2.9
0.058
9.5
0.3
16
0.27
1
6
0.1
9.85
45.8
2620
16.9
17000
507
20000
0.107
20000
0.211
1
0.1
1
0.1
1
10
1
1
2.4

Source
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Wang et al. (2007)
Wang et al. (2007)
Wang et al. (2007)
Wang et al. (2007)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Wang et al. (2007)
Est
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Est.
Est.
Est.
Est.
Est.
Est.
Est.
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)

Parameter
km1
km2
km3
km4
km5
km6
km7
K8
K9
K10
K11
K12
K13
K14
K15
K16
K17
K18
K19
K20
K21
km22
km23
km24
K25
K26
K27
km28
K29
K30
K31
K32
km33
K34
K35
K36
K37
K38
K39
P P 2A
Enz

Value
0.00076
1
0.01
0.2
0.05
0.006
5.35
0.181
0.0571
11.7
8.07
317
2200
317
60
146000
160
146000
60
100
50
2
0.0985
0.047
3680
39.1
9.02
234
80000
4.35
80000
12
0.1
20
50
5
0.01
10
10
11.4
7

Source
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Wang et al. (2007)
Wang et al. (2007)
Wang et al. (2007)
Wang et al. (2007)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
Hatakeyama et al. (2003)
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