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Abstract — Antiangiogenic therapy is aimed at the blocking of angiogenesis, i.e., the process of
new blood vessels formation, which should decrease oxygen and nutrients inflow to tumor and thus
slow down its growth. This type of therapy is frequently administered together with chemotherapy,
which kills rapidly proliferating tumor cells, as well as other dividing cells of the body, thus leading to significant adverse effects. However, action of bevacizumab inevitably influences the inflow of
chemotherapeutic drug in tumor, therefore, optimal scheduling of drug administration is an important
problem. Using a model based on consideration of the most crucial processes happening during tumor
progression and therapy, we compare effectiveness of different schemes of combined chemotherapy
with bevacizumab and propose new scheme of drug administration which may lead to enhanced antitumor effect compared to classical clinical scheme of simultaneous drug administration.
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After many years of cancer research, it has been widely accepted that tumors are
complex tissues consisting of many components interacting with each other rather
than merely colonies of malignant cells [16]. Despite all the incredible diversity of
tumor types, every single tumor contains normal tissue compartment, which is actively participating in the process of tumor progression. Therefore, normal cells in
tumor tissue along with the signaling pathways which interconnect them with malignant cells have also been recognized as potential targets to therapeutic interventions. A distinguished example of this type of treatment is antiangiogenic therapy,
which is aimed at the blocking of angiogenesis, i.e., the process of new blood vessels formation. This type of therapy was suggested in 1971 by Folkman [11]. The
first antiangiogenic drug, bevacizumab, was approved for medical use in 2004 and
is widely used nowadays.
Pre-existing vascular system limits the rate of tumor growth. Tumor cells often require larger oxygen and metabolites supply than normal cells; blood capillaries inside the tumor can degrade by various chemical and mechanical reasons;
moreover, proliferating tumor tissue extrudes surrounding tissues with their vessels,
moving away metabolite sources from its main mass. This limitation is overcome
by tumor neovascularization, governed by tumor-induced proangiogenic factors, of
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which vascular endothelial growth factor, or VEGF, is accepted to be the most important one. However, due to overproduction of proangiogenic factors by tumors,
their newly formed microvasculatory system is chaotic and the capillaries themselves are dilated, tortuous, and highly permeable [2]. The action of VEGF can be
inhibited by neutralizing it or its signaling pathways in endothelial cells, e.g., bevacizumab binds irreversibly to VEGF, rendering it inactive. Antiangiogenic therapy
leads to capillaries maturation and prevents the formation of new capillaries thus
depriving tumor of nutrients and decelerating its growth. Compared to traditional
radio- and chemotherapy, antiangiogenic therapy has moderate side-effects, but it
alone can not eradicate tumor, so it is reasonable to administer it together with another therapy aimed at the direct tumor cells killing. Due to this, nowadays almost
all of the approved administration schemes, which include bevacizumab, combine it
with various chemotherapy agents [12], the main aim of which is intervention in the
process of cell division. The action of these agents is not specific to cell types, but as
tumor cells divide much more frequently than normal ones, impact of chemotherapy
on them prevails over effect on surrounding normal cells. Nevertheless, this kind of
therapy often leads to significant side-effects, such as anemia, hair loss, mucositis
and nausea.
Two different types of antitumor drugs, administered simultaneously, inevitably
interact with each other in different ways, e.g., chemotherapy slows down neovascularization rate by interfering with division of endothelial cells, thus enhancing antiangiogenic action [19]. On the other hand, maturation of tumor capillaries resulting
in decrease in their permeability and their subsequent degradation due to antiangiogenic therapy lead to reduced influx of chemotherapeutic drug in tumor, which
was observed experimentally [5, 25]. Therefore, a great challenge concerning cytotoxic chemotherapy combined with antiangiogenic agent is the problem of optimal
scheduling of drugs administration in order to maximize antitumor effect and minimize side-effects. The topic is being actively investigated now, and mathematical
modelling can facilitate its investigation.
At present, in contrast to clinical practice, the mathematical modelling of combined antitumor chemotherapy with antiangiogenic agents is only at its early stage
[1, 15]. In fact, all existing works of this type do not take into account the spatial
structure of the tumor, which indicates that they are only suitable for the simulation
of postoperative (adjuvant) therapy. Moreover, the effect of antiangiogenic drugs
is described only phenomenologically in these models. However, there are a lot of
works on classical chemotherapy modelling [6, 10, 27], from which modelling approaches and reference parameters of common drugs may be used. Furthermore, the
modelling of bevacizumab pharmacodynamics in blood and tissue as application to
cancer [4, 23] and ophthalmic diseases [21] has already begun.
An important factor requiring detailed consideration is the fact that standard
chemotherapeutic agents, such as doxorubicin, cisplatin, oxoplatinum, have low molecular weight (a few hundred Daltons) unlike macromolecular bevacizumab (149
kDa) and VEGF (about 40 kDa). Thus, during the modelling of their pharmacodynamics in blood and tissue, it is necessary to take into account the mechanisms
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Figure 1. Block-scheme of the model of tumor
progression and combined antitumor chemotherapy with bevacizumab. n1 and n2 are proliferating and migrating tumor cells respectively, h are
host cells, m is necrosis, S is glucose, V EGF is
vascular endothelial growth factor, EC and FC
are preexisting and angiogenic microcirculatory
networks respectively, CRF is capillary regression factors, A is bevacizumab, T is chemotherapy agent. Gray arrows indicate stimulating relations, black arrows indicate inhibiting relations,
white arrows denote cell transitions.

of their non-specific binding, the rate of which highly depends on patient-specific
characteristics, tumor localization and various other factors. This introduces a large
portion of uncertainty in determination of model parameters.
In this work we compare the effectiveness of different schemes of palliative
combined chemotherapy with bevacizumab. Unlike neoadjuvant therapy, which is
held before surgery and consists of 4-6 drug injections, palliative therapy takes place
when surgical intervention is not possible, and administration of drugs continues
until tumor remission or lethal outcome.

1. Model
Figure 1 demonstrates the block-scheme of the model under investigation. We rely
on widely-accepted principle of migration/proliferation dichotomy of tumor cells,
according to which a tumor cell can not actively move and divide simultaneously
[14], and therefore we consider heterogeneous colony of living tumor cells: proliferating ones, normalized density of which is n1 (r,t), and migrating ones, which
density is n2 (r,t), where r and t are space and time coordinates. Each malignant cell
can change its state depending on the level of glucose, which is selected as the key
metabolite, its concentration is S(r,t). Tumor grows in a tissue consisting of normal cells with density h(r,t). When dying, tumor and normal cells form necrosis,
whose fraction in tissue is m(r,t). In absence of tumor, the tissue contains preexisting normal capillary network, the bulk density of its surface is EC(r,t). As a result
of tumor neovascularization, the microcirculatory network expands by angiogenic
capillaries, their surface bulk density is FC(r,t). This variable is included in the
model to account for the fact that permeability of angiogenic capillaries is higher
than that of normal capillaries, due to the presence of large pores, i.e., fenestrations,
in their walls [24]. Furthermore, as a result of tumor progression microcirculatory
network locally degrades under the influence of several factors – mechanical ones,
such as vascular occlusion due to swelling of the tumor, and chemical ones, an
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example of which is angiopoietin-2, which is produced by endothelial cells themselves in the tumor microenvironment [17]. We do not consider in details relevant
biochemical processes, but introduce a new variable CRF(r,t), which determines
the regression of capillaries. The model also takes into account concentrations of
vascular endothelial growth factor, or VEGF, V (r,t) and antiangiogenic drug bevacizumab A(r,t), which irreversibly binds to it, thereby blocking tumor angiogenesis.
Concentration of chemotherapeutic agent T (r,t) is included as well, its action directly leads to death of dividing tumor cells.
Equations describing the densities of cell populations and concentration of necrosis are as follows:
∂ n1
= Bn1 − P1 (S)n1 + P2 (S)n2 − (kn1 Tn )T n1 − ∇(In1 )
∂t
∂ n2
= Dn ∆n2 + P1 (S)n1 − P2 (S)n2 − dn (S)n2 − ∇(In2 )
∂t
∂h
= −dh (S)h − ∇(Ih)
∂t
∂m
= dn (S)n2 + dh (S)h + (kn1 Tn )T n1 − ∇(Im)
∂t
P1 (S) = k1 exp(−k2 S)
1
P2 (S) = k3 (1 − tanh[εtrans (Strans − S)])
2
1
dn (S) = dn,max (1 + tanh[εcells (Scrit − S)])
2
1
dh (S) = dh,max (1 + tanh[εcells (Scrit − S)])
2
n1 + n2 + m + h = 1,
∇I = Bn1 + Dn ∆n2 .

(1.1)

At any moment of time each tumor cell either proliferates at the rate B or randomly moves with the diffusion coefficient Dn , the intensities of transitions from
one state to another are P1 (S) and P2 (S), respectively, depending on the concentration of glucose. The forms of these functions are described in detail in our previous
work [23]. Both tumor and host cells die due to lack of glucose with rates dn (S)
and dh (S), respectively. They can also die in result of chemotherapy. All dying cells
turn into necrosis. The effectiveness of the chemotherapeutic drug, regardless of the
details of its mechanism of action, is described by the parameter kn1 , which governs the rate of proliferating cells death. The concentration of the drug in blood is
normalized to its dosage Tn .
We consider an incompressible dense tissue in which space distribution of tissue components is affected by their local kinetics, e.g., dividing cells push out surrounding tissues, providing an increase of tumor size. To account for these effects,
we introduce the convective flows field I(r,t), which in general case is derived the
following way.
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Consider a system of equations for the subpopulations of cells ni , which can
divide, die, transform into each other, and also possess intrinsic mobility, while the
total cell density is constant and equal to unity. For simplicity, the volumes of all the
cells are equal. The evolution of the system is described by the equations:
∂ ni
= fi (n, ·) + Di ∆ni − ∇(ni I).
∂t
Here fi (n, ·) are the functions that describe the local kinetics of cell populations,
depending on densities of cells themselves and on external conditions; Di is the
diffusivity of cells of i-th population, I is the velocity of convective motion, the
gradient of which can be expressed by summing up left and right sides of equations:
∇I = ∑[ fi (n, ·) + Di ∆ni ]
i

the terms of cell transitions being mutually canceled out. In the case considered
herein, local cell kinetics comprises division of cells in population n1 and diffusion
of cells in population n2 , which results in the formula for convective flow velocity
field (see (1.1)).
As already mentioned, the model uses two variables to describe the vascular
network – EC and FC, which are the surface densities of normal and angiogenic
capillaries, the latter having significantly higher permeability. Equations describing
the dynamics of capillary surface density are as follows:
∂ EC
= − µ(EC + FC − 1)EC · Θ(EC + FC − 1) − kCRF CRF · EC
∂t
− l(n1 + n2 )EC + vmat FC · e−V /Vnorm − ∇(elast · I · EC)
V
∂ FC
= DFC ∆FC + Re−T /TRe Θ(S − Scrit )
(EC + FC)
∂t
V +V ∗
− µ(EC + FC − 1)FC · Θ(EC + FC − 1) − kCRF CRF · FC

(1.2)

− l(n1 + n2 )FC − vmat FC · e−V /Vnorm − ∇(elast · I · FC)
where µ is the parameter responsible for the microcirculatory network tendency to
return to constant physiologically reasonable density due to decrease blood filling in
capillaries with the increase in microcirculatory network density above physiologically reasonable level; kCRF is the rate of capillaries destruction caused by chemical
factors; l is the parameter of capillaries degradation under mechanical pressure; R
is the maximum rate of angiogenesis achieved at high concentrations of VEGF and
sufficient concentrations of glucose in the absence of chemotherapy, which slows
down the division of endothelial cells. Parameter vmat is responsible for maturation of angiogenic capillaries in absence of VEGF. Dynamics of microcirculatory
network is described by random movement of angiogenic capillaries with the coefficient of diffusion DFC and by convective motion of the entire network at the speed
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of elast ·I, which is less than the speed of convective cell movement due to microcirculatory network connectivity.
Change of glucose concentration S is defined by the equation:
∂S
S
= DS ∆S + [PS,EC EC + PS,FC FC](Sblood − S) − [qn1 n1 + qn2 n2 + qh h]
.
∂t
S + S∗
(1.3)
Here DS is the diffusion coefficient of glucose in tissue; its uptake rate by different
cells is designated by letters q with corresponding indices; glucose inflow from
capillaries of both types is characterized by parameters PS,EC and PS,FC , Sblood is the
blood level of glucose, which is considered to be constant.
Balance of capillary regression factors CRF is set by the following expression, terms of which designate respectively their diffusion, production by tumor
cells, utilization as the result of interaction with microcirculatory network and nonspecific degradation:
∂CRF
= DCRF ∆CRF + pCRF (n1 + n2 ) − ωCRF CRF(EC + FC) − dCRF CRF. (1.4)
∂t
Equations determining the concentrations of VEGF, bevacizumab and chemotherapy agent are as follows:
∂V
= DV ∆V + pV n2 − ωV V (EC + FC) − dV V − (kA An )AV
∂t
∂A
= DA ∆A + [PA,EC EC + PA,FC FC](Ablood − A) − (kAVn )AV
∂t
∂ Ablood
(1.5)
= FA,iv − dA Ablood
∂t
∂T
= DT ∆T + [PT,EC EC + PT,FC FC](Tblood − T ) − dT,tissue T
∂t
∂ Tblood
= FT,iv − dT,blood T.
∂t
Here DV , DA , and DT are the diffusivities of corresponding substances, pV is the
production rate of VEGF by migrating tumor cells, which are in a state of metabolic
stress, ωV is the rate of VEGF binding to endothelial cells receptors, dV is the rate
of its non-specific degradation. Irreversible binding of bevacizumab to VEGF is
characterized by the constant kA . Capillary permeabilities for drugs are designated
by letters P with corresponding indices. Coefficients Ablood and Tblood are the blood
levels of drugs, their administration schemes are described by functions FA,iv and
FT,iv , while dA and dT,blood are the rates of drugs elimination from blood, dT,tissue is
the rate of non-specific binding of chemotherapeutic agent.

2. Results
The set of equations (1.1)–(1.5) was solved in one-dimensional region with size of
L = 3 cm. Numerous experimental studies demonstrate that when tumor radius is
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Figure 2. Profiles of living tumor cells density n1 + n2 , fraction of tumor with necrosis n1 + n2 + m,
normal microcirculatory network surface density EC, total microcirculatory network surface density
EC + FC, concentrations of glucose S and chemotherapeutic agent T on the day before the start
of chemotherapy and on the 2nd and 43th days of its administration under the drug effectiveness
kn1 = 4.6 × 107 .
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more than several millimeters, its center is occupied by necrotic core. Therefore
using of plane geometry does not lead to the significant deviations of results compared to spherically symmetric problem, since the Laplace operators in these cases
differ significantly only for small radii. Initially we place a colony of tumor cells on
the left border, which represents tumor center. For all variables zero-flux boundary
conditions were set on both borders. The convective flow speed was set zero on the
left border, free boundary condition was used for it on the right border. All parameters of the model were non-dimensionalized, the following normalization values
were selected for: time – tn = 1 h, length – Ln = 10−2 cm, concentration of glucose – Sn = 1 mg/ml, concentration of VEGF – Vn = 10−11 mol/ml, concentration
of bevacizumab – An = 10−9 mol/ml, concentration of chemotherapeutic agent –
Tn = 4.1 × 10−8 mol/ml. Maximum cell density was set as nmax = 109 cells/ml,
normal capillary surface density was set as ECn = 50 cm−1 [33]. Microcirculatory
network initially consists only of normal body capillaries, so EC(x, 0) = 1. The
initial distribution of glucose S(x, 0) depends on the system parameters and is calculated as the steady-state concentration of glucose in normal tissue without tumor,
n1 (x, 0) = max(0, 0.25(1 − [x2 /100])), which puts small (1 mm in width) population
of proliferating tumor cells near the left boundary. The other variables at the initial
time moment are equal to zero.
To speed up the calculations, equations for VEGF, oxygen and glucose were
considered in the quasi-stationary approximation due to high rates of their reactions
with respect to these rates for other variables and were solved numerically using the
tridiagonal matrix algorithm. For other variables, the method of splitting into physical processes was used. Kinetic equations were solved via the fourth-order Runge–
Kutta method and Crank–Nicholson scheme was used for the diffusion equations.
Convective equations were solved using the flux-corrected transport algorithm [3]
with the use of explicit anti-diffusion stage.
The following parameters were chosen as the basic set:
B = 0.01,
k2 = 19.8 [32],
Strans = 0.3 [32],
dh,max = 0.02,
kCRF = 5 × 10−5 ,
Vnorm = 0.025,
TRe = 0.07,
qn1 = 500,
S∗ = 0.02 [32],
Sblood = 1,
ωCRF = 0.5,
pV = 200 [20],
kA = 1.9 × 1012 [30],
PA,FC = 1.23,
PT,EC = 1,
dT,blood = 0.01,

Dn = 0.0036,
k3 = 0.08,
dn,max = 0.0005,
εcells = 5,
l = 0.0025,
elast = 0.5,
V ∗ = 0.1,
qn2 = 3.125,
PS,EC = 2,
DS = 180 [13],
dCRF = 0.05,
ωV = 0.23,
DV = 21.6 [26],
DA = 7.2 [12],
PT,FC = 2.75,
dT,tissue = 0.14.

k1 = 0.4 [32]
εtrans = 10 [32]
Scrit = 0.1
µ = 0.001
vmat = 0.0025
R = 0.0015
DFC = 0.00036
qh = 3.125
PS,FC = 4.8
pCRF = 100
DCRF = 21.6
dV = 0.46 [22]
PA,EC = 0.002
dA = 0.0014 [12]
DT = 120

(2.1)
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The rate of tumor cell proliferation approximately corresponds to one division in
three days, their diffusion coefficient corresponds to non-diffuse tumor. Parameter
µ is chosen so that microcirculatory network can not become more than two and
a half times denser. Proliferating tumor cells require much more glucose than the
others, since it is a basic plastic substrate. Parameters of permeability of both types
of capillaries for glucose and drugs are evaluated using Renkin equation, it was done
in the same way in [23]. For the sake of simplicity, we assume that chemotherapeutic
agent does not bind with blood proteins.
To describe the chemotherapeutic agent, parameters of cisplatin were used
[27, 36] as it is one of the most commonly used chemotherapeutic drugs in combination with bevacizumab [35, 38]. The drug toxicity parameter kn1 varies for the
investigation of therapy effectiveness. Cisplatin administration scheme in clinical
practice is every time selected based on the specific situation, we simulate six drug
injections at three-week intervals. The injection of drug implies an increase of value
of its blood concentration variable Tblood by one, drug dosage being defined by its
normalization constant Tn .
Figure 2 demonstrates the distribution of model variables during cytotoxic
monochemotherapy under drug effectiveness kn1 = 4.6 × 107 . The top picture shows
the profiles of malignant cells, microcirculatory network and glucose on the day before the start of therapy. Increased glucose concentration in the peritumoral area,
where active angiogenic capillaries formation takes place, infers its greater inflow
in this area. Angiogenesis also influences the inflow of chemotherapeutic agent,
the permeability ratio of angiogenic and preexisting capillaries for it being slightly
higher than that for glucose, since drug molecules are larger. Proliferating tumor
cells are concentrated near the tumor boundary (in the area with sufficiently high
glucose concentration for proliferation) and middle picture shows how their number
reduces significantly on the second day after the first injection of the drug. In result
of death of these cells, depth of glucose penetration into the tumor increases that
leads to active transition of migrating cells n2 into proliferating state in which they
are also killed by the action of chemotherapeutic drug. The bottom figure illustrates
the 43-rd day of therapy to which the number of viable tumor cells is significantly
reduced, while the remaining cells are concentrated in depth of the tumor. Normalization of angiogenic capillaries results in decrease in effective permeability of
microcirculatory network, while action of various chemical and mechanical factors
leads to significant decrease of its overall density. Both factors affect the decrease
in inflows of drug and glucose to the tumor.
Figure 3 demonstrates the dynamics of change in the number of living tumor
cells with time for different effectiveness of chemotherapeutic agent kn1 . The drug
with effectiveness kn1 = 4.6×104 has no significant effect on the dynamics of tumor
growth which would be distinguishable on this graph, under kn1 = 4.6×105 tumor
volume slightly decreases during the therapy, but after it number of cells quickly
recovers, under kn1 = 4.6 × 106 it becomes possible to achieve significant longterm reduction in the number of tumor cells, under kn1 = 4.6 × 107 in the middle of
therapy course the number of tumor cells decreases critically, under kn1 = 4.6 × 108
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Figure 3. The number of tumor cells n1 + n2 during chemotherapy depending on the drug effectiveness kn1 . Points denote moments in time for which the variables profiles are shown in 2 under drug
effectiveness value of kn1 = 4.6 × 107 .

practically all tumor cells die already after the first injection. For the case kn1 =
4.6 × 107 the points on the graph denote the time moments, for which Figure 2
shows the distributions of model variables.
There was conducted an investigation of relative effectiveness of various schemes
of drug administration during combination therapy. In each scheme chemotherapeutic agent is administered six times with three-week intervals. In the first scheme
the antiangiogenic drug bevacizumab is not used at all, so monochemotherapy is
modelled. In the second scheme, which is used commonly in clinical practice, bevacizumab is injected at the same time with chemotherapeutic agent, starting from its
first injection, and administration of bevacizumab continues after the end of chemotherapy. The third scheme differs from the second in that the bevacizumab is administered only from the sixth injection of the chemotherapeutic drug. The comparison
of the schemes effectiveness was made under different values of non-specific binding of chemotherapeutic drug in tissue dT,tissue , as it is an important parameter which
in practice can vary significantly depending on the characteristics of patient and tumor and various other factors. The smaller its value, the less chemotherapeutic agent
binds to tumor microenvironment elements and the more deeply the drug penetrates
into the tumor. Figure 4 shows the dynamics of tumor cells number under three
different values of dT,tissue for three schemes of drug administration.
It is seen from Fig. 4 that the rate of non-specific binding of chemotherapeutic
drug heavily influences the therapy effectiveness, but the scheme of simultaneous
drugs administration, widely used in clinical practice, turns out to be not the best
one in a wide range of values dT,tissue . Scheme with bevacizumab administration
starting at the end of chemotherapy is more effective.
To quantify the effectiveness of therapy the time of tumor remission can be
used, which we conditionally defined as the number of days during which the number of tumor cells is not more than 106 . Under dT,tissue = 0.028 the delay in bevacizumab administration increases this parameter from 828 to 843, that is, by 2%,
under dT,tissue = 0.14 – from 257 to 299, that is, by 16%. This result is explained
by the fact that the administration of bevacizumab from the very beginning of the
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Figure 4. The number of tumor cells during combined chemotherapy with antiangiogenic drug under
chemotherapeutic drug effectiveness value of kn1 = 5 × 107 at different values of the rate of its nonspecific binding dT,tissue . CT – chemotherapy, AAT – antiangiogenic therapy.

combined therapy leads to rapid maturation of capillaries formed in result of tumor
angiogenesis and their later degradation – this significantly reduces the effective capillary permeability for chemotherapeutic drug and consequently fewer tumor cells
are killed by it.

3. Discussion
In this work, basing on the results of mathematical simulations it was suggested that
scheduling of combined chemotherapy with bevacizumab when administration of
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the latter begins with the end of chemotherapy should lead to enhanced antitumor effect compared to classical clinical scheme of simultaneous drug administration. The
main reason of this is that more chemotherapeutic drug should flow in tumor tissue
through angiogenic capillaries than through normal and maturated ones due to their
greater permeability. This result is of purely qualitative nature, and its quantitative
pre-estimation in every specific experimental or clinical case is a hardly feasible
task, since it depends on colossal number of parameters of different nature. Nevertheless, this result is based on the consideration of the most crucial processes taking
place during tumor progression and therapy, and therefore is of great potential practical importance and has to be checked by direct experiments. It should be specially
noted that estimation of tumor angiogenic capillaries permeability for chemotherapeutic drug has been made herein for certain parameter values and with neglecting
the fraction of drug molecules reversibly bound to plasma proteins. For instance,
plasma protein binding for cisplatin is estimated as 95% [34], however, plasma proteins molecular masses can be two orders of magnitude more than that of cisplatin
itself, so permeability for such complexes through pre-existing or maturated capillaries is negligible compared to that of free drug. Thus, the model overestimates
overall drug inflow during antiangiogenic treatment, and more detailed consideration of drug pharmacokinetics would only enhance the effectiveness of introduced
scheme compared to simultaneous drug administration.
Nowadays the majority of experimental investigations aimed at optimization of
combined chemotherapy with bevacizumab focus on the concept, which appeared
in the beginning of this century and has gained wide interest [18]. It was proposed
that right after beginning of antiangiogenic therapy there exists a transient period
of ‘normalization window’ when tumor gets enhanced supply of oxygen, nutrients
and drugs, and this happens due to the fact that tumor capillaries prior to their degradation become mature which leads to increased tumor blood flow. Experimental
investigations on various mice tumor models indeed demonstrated elevated levels
of oxygen concentration in tumor tissue lasting several days after beginning of antiangiogenic therapy. Consequently, combined radiation and antiangiogenic therapy
had synergistic effect when the former was administered during the ‘normalization
window’ [9,28], as the effect of radiation therapy strongly depends on the formation
of reactive oxygen species, which interfere with cell division.
However, according to existing experimental data on changes of tumor blood
perfusion, during first days after antiangiogenic therapy, in different cases it can
either increase [8] or decrease [29, 37]. Moreover, rate of oxygen consumption by
tumor can be also strongly affected by antiangiogenic therapy [7]. These and other
data raise certain questions on boundaries of applicability and correct theoretic explanation of the effect of ‘normalization window’.
Most importantly, since the inflow of the majority of metabolites and drugs is
mainly governed by the diffusion process through the capillary membrane [24], increased tumor blood perfusion alone should elevate chemotherapy agent influx in
tumor only in cases of severely impaired tumor blood perfusion before treatment,
otherwise it should not affect drug influx significantly. Indeed, injection of bevaci-

Mathematical modelling of chemotherapy

13

zumab results in rapid sustained decrease of effective tumor capillaries permeability
for lipid-insoluble molecules, to the class of which chemotherapeutic agents also belong, which was unambiguously demonstrated by numerous experiments, including
above mentioned ones [8,28]. Still, even in the cases when appearance of ‘normalization window’ would influence the chemotherapeutic drug inflow, this effect would
be very limited in time, and would affect only one injection of drug, after which due
to degradation of tumor microvasculature drug inflow in tumor would unavoidably
be severely limited. On the contrary, combined therapy scheduling suggested herein
would take advantage of increased capillary permeability for the whole course of
chemotherapy administration and therefore should integrally be more effective. To
the best of our knowledge, by now there has been no direct experiment held that
would have compared the suggested scheme with simultaneous administration.
In the present paper, only palliative therapy was considered. Investigation of
neoadjuvant therapy effectiveness should rely on the rate of decrease of tumor radius, since it is the main clinically relevant parameter. The model herein cannot
reproduce tumor shrinkage, since it does not consider interstitial fluid dynamics.
Thus, it can not describe fluid outflow from necrotic into peritumoral area and then
into lymphatic system which leads to tumor volume decrease observed as a result of
neoadjuvant chemotherapy. Therefore to carry out such investigation it is necessary
to expand the existing model, taking into account the dynamics of interstitial fluid.
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