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Abstract The effects of anti-angiogenesis treatment by angiostatin and endostatin on

normalization of tumor microvasculature and microenvironment are investigated, based

on mathematical modeling and numerical simulation of tumor anti-angiogenesis and tu-

mor haemodynamics. The results show that after anti-angiogenesis treatment: (i) the

proliferation, growth, and branching of neo-vessels are effectively inhibited, and the ex-

tent of vascularization in tumors is accordingly reduced. (ii) the overall blood perfusion

inside of tumor is declined, the plateau of tumor interstitial fluid pressure (IFP) is re-

lieved, the interstitial fluid oozing out from the tumor periphery into the surrounding

normal tissue is reduced, the reduction of overall extravasation across vasculature to tu-

mor interstium is much less than the decreased overall blood perfusion, due to the decline

of IFP, the intravasations is remarkablely effected by the change, in some cases there are

no intravasation flow appear.
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1 Introduction

Unlike the normal blood vessels, tumor vasculature has abnormal organization, structure,
and function. Tumor vessels are leaky and blood flow is heterogeneous and often compro-
mised. Vascular hyperpermeability and the lack of functional lymphatic vessels inside tumors
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cause elevation of interstitial fluid pressure (IFP) in solid tumors[1]. These characteristics
cause abnormal microenvironment in tumors and form a physiological barrier to the delivery of
therapeutic agents to tumors. Furthermore, elevated tumor IFP increases fluid flow from the
tumor margin into the peri-tumor area and may facilitate peri-tumor lymphatic hyperplasia
and metastasis[1–2].

Tumor vasculature is not a simple supply line of nutrients to tumors. It governs pathophys-
iology of solid tumors and thus, tumor growth, invasion, metastasis, and response to various
therapies. Anti-angiogenic treatments directly targeting angiogenic signaling pathways as well
as indirectly modulating angiogenesis show normalization of tumor vasculature and microenvi-
ronment at least transiently in both preclinical and clinical settings[1,3–6]. Endostatin (ES) has
been considered as one of the most potential anti-angiogenic drugs. It can inhibit endothelial
cell proliferation, migration, invasion, and tube formation[7]. Angiostatin (AS), one of anti-
angiogenic factors, can induce tumor dormancy by inhibiting endothelial cell proliferation[8].
While these anti-angiogenic drugs have been approved for cancer treatment, it appears that the
clinical application of the agents on anti-angiogenic therapy is more complex than originally
thought.

Due to the scale of tumor microvessel, little is known about how vasculature structure and
microenvironmental flow is affected by anti-angiogenesis therapy, even with the current state
of the art imaging techniques. Therefore, numerical simulation could be an effective study
method. There are a few mathematical models of tumor anti-angiogenesis have been developed
so far[9–10]. However, none of them were used to further investigate the normalization of tumor
microenvironment by anti-angiogenesis. The purpose of this paper is to investigate the effects
of anti-angiogenesis treatments (by AS and ES) on tumor microvasculature and resultant mi-
croenvironment normalization. Figure 1 describes the major structure of the study. It is based
on two mathematical models: (a) tumor anti-angiogenesis and (b) tumor haemodynamics.

Fig. 1 Structure of the study

2 Models and methods

2.1 Model of tumor anti-angiogenesis

The factors that influencing tumor angiogenesis activities included in the present model
are the proliferation of endothelial cells (ECs), the migration of EC through random motility,
chemotaxis in response to tumor angiogenesis factors (AGF) released by the tumor, and hap-
totaxis in response to fibronectin (FN) gradients in the excellular matrix (ECM). In addition,
the inhibition of AS and ES on EC proliferation and apoptosis are also considered. The density
of ECs n, the AGF concentration c, the FN concentration f , the AS concentration a, and the
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ES concentration in plasma e, satisfy the following non-dimensional equations[9–11],
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where D, χ, and ρ are the coefficients of EC diffusion, chemotaxis to AGF, and haptotaxis to
ECM, respectively. ξ is the EC chemotaxis coefficient to AS. βr is the EC proliferation rate.
H(c) is an on-off function,

H(c) =

{
0, c � c∗,
c − c∗, c > c∗.

It means that if c is higher than a threshold value c∗, the EC may proliferate, otherwise it stays
dormancy, εmax is the maximum inhibiting effect of endostatin on ECs, eC50 is ES concentration
that induce 50% of the maximum inhibiting effect, e0 is the initial concentration of ES, βd is
EC loss rate. β is FN production rate, γ is FN rate of uptake by ECs. η is AGF rate of uptake
by ECs, Da is AS diffusion coefficient, γa is AS rate of uptake by ECs, γc is ES plasma clearance
rate, UI,ex is the exogenous input of ES, and γu is the positive coefficient of ES input. The
values of these parameters can be found in [9–10].

The simulation space is a 2D domain with a size of 4 mm×4 mm, as shown in Fig. 2. Two
parent vessels are located on the left and right boundaries, a small tumor with a radius (Rt)
of 1 mm is at the center and surrounded by the normal tissues of the host. 2D9P simulation
scheme is used in this paper, please see the detail in [12].

Fig. 2 2D tumor anti-angiogenesis model scheme
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2.2 Model of tumor haemodynamics
The flow model is used based on our previous work[12–13], which couples (a) intravascular

blood flow, (b) transvascular leakiness, (c) interstitial fluid movement, (d) blood rheology, (e)
vessel compliance, and (f) lymphatic absorption.
2.2.1 Intravascular blood flow

Assume flux conservation and incompressible flow at each node o,

8∑

k=1

Qk
oBk

o = 0, (2)

Qk
o = Qk

V,o − Qk
t,o, (3)

where Bk
o =1 (or Bk

o =0) is a positive (or negative) integer representing the connectivity between
node o and its adjacent node k, Qk

o is the flowrate from node k to node o (see Fig. 3), Qk
V,o is

the intravascular flowrate without fluid leakage, described by local Poiseuille’s law,

Qk
V,o =

πR4
k

8μk

(PV,k − PV,o)
Δlk

, (4)

and Qk
t,o is the transvascular flowrate, following Starling’s law,

Qk
t,o = 2πRkΔlkLpV(P

k

V,o − P
k

i,o − σT(πV − πi)), (5)

where PV,o and PV,k are the intravascular pressure of node o and k, P
k

V,o is the mean intravascu-

lar pressure in vascular element k, P
k

i,o is the mean interstitial pressure outside vascular element
k, μk is the blood viscosity in vascular element k, Δlk and Rk are the length and radius of
vascular element k,

Δlk =

{
Δl (k = 1, 2, 3, 4),√

2Δl (k = 5, 6, 7, 8),

LpV is the hydraulic permeability of blood vessel wall, σT is the average osmotic reflection
coefficient for plasma proteins, and πV and πi are the colloid osmotic pressures of plasma and
interstitial fluid.

Fig. 3 Schematic representation of blood flux at each vascular node
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2.2.2 Interstitial fluid flow
The interstitial fluid flow is modeled by Darcy’s law,

Ui = −K∇Pi, (6)

where Ui is the interstitial fluid velocity, and K is the hydraulic conductivity coefficient of the
interstitium.

The equation of interstitial pressure Pi is described by[13]

∇2Pi =
LpVSV

KV
(Pi − PeV) +

LpLSL

KV
(Pi − PeL)H(Pi), (7)

where LpV is the hydraulic permeability of blood vessel wall, LpL is the hydraulic permeability
of lymphatic vessel wall, SV/V =

∑

k

πRk/Δl2k is the surface area of blood vessel wall per unit

volume of tissue, and SL/V is the surface area of lymphatic vessel wall per unit volume of
tissue. Here, LpLSL/V is assumed to be zero for tumor tissue, and given a uniform value for
normal tissue referring to [14]. PeV = PV − σT(πV − πi) is the effective pressure inside blood
vessels, and PeL is the effective pressure inside lymphatic vessels.

H(Pi) =

{
1, Pi � PeL,

0, Pi < PeL,

representing that no fluid in the lymphatic vessels would filtrate into the interstitium, even if
the interstitial pressure is below the lymphatic pressure[15].

The continuity of pressure and flux on the interconnected boundary between the tumor and
normal tissue Γ are as follows:

{
Pi|Γ− = Pi|Γ+ ,

− KT∇Pi|Γ− = −KN∇Pi|Γ+ ,
(8)

KN and KT are the hydraulic conductivity coefficients of normal tissue and tumor tissue,
respectively.
2.2.3 Vessel compliance

It is assumed the blood vessels outside tumor are rigid, while the intra-tumoral ones are
compliant specified by a equation first proposed by Netti[16],

R = Rini

(PV − Pi + Pc

E

)b

, (9)

where R is the vessel radius, Rini is the initial radius obtained from the angiogenesis simulation,
b is the compliance exponent, E is the compliance coefficient, and Pc is the collapse pressure.
2.2.4 Blood rheology

The formula developed by Pries et al.[17] is adopted to describe viscosity changes,
⎧
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(10)

where μpla is the viscosity of plasma, and H is the blood hematocrit.



442 Jie WU, Zu-rong DING, Yan CAI, Shi-xiong XU, Gai-ping ZHAO, and Quan LONG

The distribution of red blood cells (RBCs) at microvascular bifurcations is represented ac-
cording to the approach proposed by Pries et al.[18]. The fractional flow of erythrocytes into
one daughter branch (QF,E) is calculated from the respective fractional blood flow (QF,B) as
follows: ⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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,

Φ2 = 1 + 6.98
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dm
,

Φ3 = 0.964
1− Hm

dm
,

(11)

where logit x=ln(x/(1−x)). Parameter Φ1 describes the difference between the relations derived
for the two daughter branches, Φ2 denotes the nonlinearity of the relation between QF,E and
QF,B, and Φ3 defines the minimal fractional blood flow required to draw RBCs into the daughter
branch. dα, dβ , and dm are the diameters of the daughter branches and the mother vessel, Hm

is the discharge hematocrit in the mother vessel. In these relations, all diameters are given in
micrometers.

3 Simulation results

3.1 Tumor anti-angiogenic microvasculature
In this paper, four different cases were generated based on the different chemotaxis factors.

They are, (i) AGF—AGF is the only chemotaxis factor; (ii) AGF&AS—AGF and AS are the
chemotaxis factors; (iii) AGF&ES—both AGF and ES are the chemotaxis factors with an ES
infusion of 20 mg/(kg·d); and (iv) AGF&AS&ES:10, AGF&AS&ES:6, AGF&AS&ES:4—the
chemotaxis factors are AGF, AS, and an ES infusion of 20 mg/(kg·d) since the 10th, 6th, and
4th day from angiogenesis start, respectively. The results of AGF only case is taken as the
control group, while the other five are considered the study groups.

Figure 4 shows the microvascular networks from the anti-angigenesis simulations. Figure 4(a)
is the result of AGF case. The network presents the abnormal geometric and morphological fea-
tures of tumor microvasculature, such as vessel tortuosity, heterogeneous density distribution,
“brush border” phenomenon. The extensive neovessel bed can supply not only the nutrients
for the rapid growth of tumor tissues, but also the metastasis pathways for tumor cells. The
result of AGF&AS case is shown in Fig. 4(b). Under the inhibition effects of AS, the angiogenic
network has become sparser with decreased vessel density, while the growth rate of the capillary
sprouts have not been inhibited potently. Figure 4(c) shows the result of AGF&ES case, com-
pared with Fig. 4(a), the growth rate and the vessel branching decreased with a reduced vessel
density under the inhibiting effects of ES. Figures 4(d) – 4(f) represent the networks simulated
of AGF&AS&ES cases. The figures show that the growth, proliferation, and branching of new
vessels are distinctly inhibited, and the extents of vascularization are greatly decreased. More-
over, the earlier ES infusion, the better inhibition effects. Particularly in Fig. 4(e) and Fig. 4(f),
although a part of sprouts have grown into the tumor, the vessel networks have not matured to
supply nutrients for the further development and pathways for the metabolic wastes because of
the significant reduction of blood vessel density.

Also, we introduce microvessel density (MVD) to compare the anti-angiogenesis effects of
AS and ES quantitatively. Due to the simulation randomicities, 50 simulations are carried
out for each case to obtain the average MVD, as shown in Fig. 5. According to the figure,
both single and combination effects of AS and ES can effectively inhibit the process of tumor
angiogenesis, especially for the combined model at an earlier stage (e.g., AGF&AS&ES:6 and



Simulation of tumor microvasculature and microenvironment 443

AGF&AS&ES:4). The experimental results in which human dermal microvascular endothelial
cells (HDMECs) were cultured, showed that the number of microvessels decreased after using
AS and ES[19], which is well shown in our simulation results.

Fig. 4 Microvascular networks from the anti-angiogenesis simulations

Fig. 5 Comparison of MVD values of the six groups

3.2 Tumor haemodynamics on anti-angigenic microvasculature
The parameter values are listed in Table 1. The inlet and outlet pressure of the two parent

vessels are given Pin,1 = Pin,2 = 25 mmHg, Pout,1 = Pout,2 = 10 mmHg.
3.2.1 Flows on the vasculature without anti-angiogenesis treatment (AGF case)

Figure 6 shows the flow simulation results on the AGF vascular network in Fig. 4(a) (the
control one). Figures 6(a) – 6(d) are the distributions of intravascular pressure PV, intravascu-
lar velocity UV, transvascular velocity Ut, interstitial pressure Pi and interstitial velocity Ui,
respectively. The results predict the abnormal microcirculation and the resultant hostile mi-
croenvironment of tumors, such as poor blood perfusion, large amount of vascular leakiness,
elevated interstitial fluid pressure, extremely slow interstitial flow inside tumor and a rapidly
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rising convection oozing out from tumor margin into surrounding host tissue, all of which con-
sisted with the corresponding experimental observations reported[1]. These features create a
great barrier for drug delivery in tumor therapies.

Table 1 Parameter values used in flow simulations

Parameter Value
‚
‚
‚ Parameter Value

LpV/ (cm/(mmHg·s))[1] Normal: 3.6×10−8

‚
‚
‚
‚
‚

LpLSL
V

/ (1/(mmHg·s))∗ Normal: 1.0×10−4

Tumor: 1.86×10−6
‚
‚
‚ Tumor: 0

K/(cm2/(mmHg·s))[1] Normal: 2.5×10−7
‚
‚
‚ σT

[1] Normal: 0.91

Tumor: 2.5×10−7
‚
‚
‚ Tumor: 8.7×10−5

πV/mmHg[1] Normal: 20
‚
‚
‚ πi/mmHg[1] Normal: 10

Tumor: 19.8
‚
‚
‚ Tumor: 17.3

PeL/ mmHg∗ Normal: 0.5
‚
‚
‚ Pc / mmHg[16] 3.0

b[16] 0.1
‚
‚
‚ E / mmHg[16] 6.5

*estimated according to the physiological values.

3.2.2 Comparisons of the flows on the vasculature with and without anti-angiogensis treat-
ments

Likewise, we used the flow values of AGF case as the control group, and made compar-
isons with the corresponding results obtained from the other five groups (AGF&AS, AGF&ES,
AGF&AS&ES:10, AGF&AS&ES:6, AGF&AS&ES:4). In Fig. 7, each data is the average flow
value based on 50 simulated networks of the corresponding anti-angiogenesis cases to provide a
general trend of the flows.

Figure 7(a) shows the comparison of the overall blood perfusion through the vasculature,
QV/QV(AGF). QV of the groups AGF&ES, AGF&AS&ES:10, AGF&AS&ES:6, AGF&AS&ES:4
decrease about 16%, 33%, 55%, and 65%, respectively, while the value of AGF&AS group is
close to the control one QV(AGF). Herbst et al.[20] have studied the effects of ES on tumors
(as anti-angiogensis therapy) by clinical trails. The results predicted that tumor blood flow
reduced 20% after the first treatment cycle. Our result (see Fig. 7(a)) is at the similar range to
it. Other clinical researches also indicated that anti-angiogenesis therapy can cut down blood
flow inside of tumors, e.g., Willett et al.[5–6] found nearly 30% decrease of tumor blood perfusion
determined by functional CT after the anti-angiogensis treamtment using bevacizumab.

Interstitial hypertension is a reflection of the global pathophysiology of solid tumors and may
be used for diagnosis, prognosis, and/or monitoring of treatment responses[2]. Figure 7(b) shows
the comparison of the interstitial pressure Pi (i.e., IFP) in the tumor center. Compared with
the control group, Pi in the groups of AGF&AS, AGF&ES, AGF&AS&ES:10, AGF&AS&ES:6,
AGF&AS&ES:4 declined about 17%, 20%, 47%, 60%, and 60%, respectively, indicating the IFP
plateau is effectively relieved. Accordingly, the velocity of the interstitial fluid at tumor margin
decline by 9%, 12%, 23%, 34%, and 37%, (see Fig. 7(c)). It reduces the convective flow out
of the tumor and may also enhance drug residential time within the tumor. Data obtained in
recent clinical trials also support the above results. IFP measured by a wick-in-needle technique
showed a 70% drop in rectal carcinomas 12 days after infusion of bevacizumab in patients[5–6].
Agents such as Bevacizumab, DC101, and SU11657 decrease tumor IFP in breast, colon cancers,
and gliomas[3–4].

The transvascular flux in tumors is as the same magnitude of the intravascular flux, which
not only influences tumor microenvironment, but also provides a carrier for drug delivery and
metastasis of tumor cells or growth factors of angiogenesis and lymphangiogenesis[1]. The com-
parison of the overall transvascular flow is shown in Fig. 7(d) and Fig. 7(e). The extravasation
flow (outward flow from blood vessels) is defined as Q+

t (see Fig. 7(d)), while the intravasation
flow (inward flow) as Q−

t (see Fig. 7(e)). Q+
t increases about 15% and 12% in groups AGF&AS
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and AGF&ES, close to the control value in AGF&AS&ES:10, and declines 14% and 16% in
AGF&AS&ES:6, AGF&AS&ES:4. Q+

t is helpful to drug delivery across vascular network to
tumor intersitium. Therefore, the higher of Q+

t the better of the tumor blood perfusion. Due
to the greatly decreasing of overall blood perfusion of the study groups, especially in the last
three (see Fig. 7(a)), Q+

t reduces accordingly which is only a small amount in value comparing
with the value of QV. According to Fig. 7(e), there is a remarkable effect on the intravasations
by the anti-angiogenesis treatments. Q−

t in the first three study goups (AGF&AS, AGF&ES,
AGF&AS&ES:10) decreases 36%, 42%, and 94%, respectively, and no intravasation appears
in the last two groups (AGF&AS&ES:6, AGF&AS&ES:4), which may reduce the chances of
metastasis of various growth factors or even tumor cell through the intravasation inside the
tumor.

Fig. 6 Flow simulation results of the control group AGF (the netowrk in Fig. 4(a))
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Fig. 7 Comparisons of the flow values

4 Conclusions

The effects of anti-angiogenesis treatment by angiostatin and endostatin on normalization
of tumor microvasculature and microenvironment are investigated. The results in this paper
suggest that these tumor vessels are “normalized” by anti-angiogenesis treatment and the re-
sultant network is more efficient: (i) the proliferation, growth, and branching of neo-vessels
are effectively inhibited, and the extent of vascularization in tumors is accordingly reduced.
(ii) based on the anti-angiogenic vasculature, the overall blood perfusion inside of tumor is
declined, the plateau of tumor IFP is relieved, the interstitial fluid oozing out from the tumor
periphery into the surrounding normal tissue is reduced, the reduction of overall extravasation
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across vasculature to tumor interstium is much less than the decreased overall blood perfusion,
due to the decline of IFP, the intravasation is remarkablely effected by the change, and in some
cases, no intravasation flow appears.
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