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Abstract

Angiogenesis, the growth of a network of blood vessels, is a crucial component of solid tumour growth, linking the relatively harmless

avascular growth phase and the potentially fatal vascular growth phase. As a process, angiogenesis is a well-orchestrated sequence of

events involving endothelial cell migration, proliferation; degradation of tissue; new capillary vessel (sprout) formation; loop formation

(anastomosis) and, crucially, blood flow through the network. Once there is blood flow associated with the nascent network, the

subsequent growth of the network evolves both temporally and spatially in response to the combined effects of angiogenic factors,

migratory cues via the extracellular matrix and perfusion-related haemodynamic forces in a manner that may be described as both

adaptive and dynamic. In this paper we present a mathematical model which simultaneously couples vessel growth with blood flow

through the vessels—dynamic adaptive tumour-induced angiogenesis (DATIA). This new mathematical model presents a theoretical and

computational investigation of the process and highlights a number of important new targets for therapeutic intervention. In contrast to

earlier flow models, where the effects of perfusion (blood flow) were essentially evaluated a posteriori, i.e. after generating a hollow

network, blood flow in the model described in this paper has a direct impact during capillary growth, with radial adaptations and

network remodelling occurring as immediate consequences of primary anastomoses. Capillary network architectures resulting from the

dynamically adaptive model are found to differ radically from those obtained using earlier models.

The DATIA model is used to examine the effects of changing various physical and biological model parameters on the developing

vascular architecture and the delivery of chemotherapeutic drugs to the tumour. Subsequent simulations of chemotherapeutic treatments

under different parameter regimes lead to the identification of a number of new therapeutic targets for tumour management.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Angiogenesis is the process by which new blood vessels
develop from an existing vasculature, through endothelial
cell sprouting, proliferation and fusion (Risau, 1997).
Adult endothelial cells (ECs) are normally quiescent and,
apart from certain developmental processes (e.g. embry-
ogenesis) and wound healing, angiogenesis is generally a
pathological process implicated in arthritis (Walsh, 1999),
e front matter r 2006 Elsevier Ltd. All rights reserved.
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some eye diseases, and solid tumour development, invasion
and metastasis (Folkman, 1995). Tumour-induced angio-
genesis is believed to occur when a small avascular tumour
exceeds some critical diameter (�2mm), above which
normal tissue vasculature is no longer able to support its
growth (Folkman, 1971). At this stage, the tumour cells
lacking nutrients and oxygen become hypoxic. This is
assumed to trigger cellular release of tumour angiogenic
factors (TAFs) (Folkman and Klagsbrun, 1987), which
start to diffuse into the surrounding tissue and approach
the ECs of nearby blood vessels. Endothelial cells subse-
quently respond to the TAF concentration gradient by
forming sprouts, dividing and migrating towards the
tumour (Ausprunk and Folkman, 1977; Sholley et al.,

www.elsevier.com/locate/yjtbi


ARTICLE IN PRESS
S.R. McDougall et al. / Journal of Theoretical Biology 241 (2006) 564–589 565
1984). It takes approximately 10 to 21 days for the growing
network to link the tumour to the parent vessel (Gimbrone
et al., 1974; Ausprunk and Folkman, 1977; Muthukkar-
uppan et al., 1982), and this vascular connection subse-
quently provides all the nutrients and oxygen required for
continued tumour growth. An excellent summary of all the
key processes involved in angiogenesis can be found in the
comprehensive review article of Paweletz and Knierim
(1989). More recent individual summaries of selected
components of angiogenesis can be found in the papers
of Carmeliet (2003), Cleaver and Melton (2003), Ferrara
et al. (2003), Jain (2003), Pugh and Ratcliffe (2003), Rafii
and Lyden, (2003), Ylä-Herttuala and Alitalo (2003).

At this stage in tumour development, chemotherapy
treatments can be administered and tumour cells can be
specifically targeted via the newly developed vasculature.
However, although most of the drugs used to date have
proven to be successful on small animals (e.g. mice), their
efficiency in humans remains highly variable from one
patient to another. One of the main reasons suggested to
explain such variability is the issue of drug delivery to the
tumour—it is thought possible that most of the drug can
bypass large areas of the target (Jain, 1987, 1988). In light
of this, more theoretical models are being developed in an
attempt to better understand vascular architecture and
microcirculatory dynamics (Secomb, 1995; Baish et al.,
1996; El-Kareh and Secomb, 1997; Quarteroni et al., 2000;
Godde and Kurz, 2001; Krenz and Dawson, 2002).

Over the past 10 years or so, there has been a lot of
interest in the mathematical modelling of tumour-induced
angiogenesis. The modelling has focussed mainly on the
key role played by ECs during the formation of the new
blood vessels. These models have considered the endothe-
lial cell proliferative and migratory response to different
signalling cues, including those associated with the soluble
and diffusible angiogenic factors secreted by the cancer
cells of the solid tumour itself, as well as those arising from
insoluble molecules present in the extracellular matrix
(ECM) (e.g. fibronectin). These key interactions of the ECs
with angiogenic factors and macromolecules of the matrix
have typically led to systems of nonlinear PDEs describing
the migration of capillary vessels from a parent vessel
through the ECM towards the solid tumour. Some of these
models have contained a discrete element, allowing the
formation of individual capillary vessels to be examined in
detail by tracking the progress of individual ECs. Key
papers in this area include the works of Stokes and
Lauffenburger (1991), Orme and Chaplain (1997), Olsen
et al. (1997), Anderson and Chaplain (1998), Levine et al.
(2001), Plank and Sleeman (2004). An excellent compre-
hensive overview of the modelling done in this area can be
found in the review paper of Mantzaris et al. (2004).

By contrast, blood flow modelling in a tumour-induced
(micro) capillary network has only been considered
relatively recently in papers by McDougall et al. (2002),
Alarcon et al. (2003) and Stéphanou et al. (2005, 2006).
Blood is a complex fluid, the rheological properties of
which lead to interesting feedback mechanisms during
perfusion. For example, shear stresses generated within the
capillary network by the flowing blood strongly influence
vessel adaptation and network remodelling (Lehoux and
Tedgui, 1998; Taber, 1998; Quick et al., 2000; Godde and
Kurz, 2001; Fisher et al., 2001). These shear stresses are, in
turn, affected by blood viscosity, the distribution of which
depends upon a non-uniform distribution of haematocrit
(volume fraction of red blood cells contained in the blood)
within the host vasculature (the Fåhraeus effect). However,
the distribution of haematocrit itself depends upon the
spatial architecture of the underlying network and so the
feedback is established, ‘‘the modelling loop is closed’’, so
to speak. Blood rheology and its influence on the
remodelling of microvascular networks have been exten-
sively studied by Pries et al. (1998, 2001a, b) both
experimentally and theoretically. From these studies Pries
and co-workers have formulated a model for vascular
adaptation incorporating a number of feedbacks mechan-
isms. They have demonstrated that the basic requirement
for the generation of stable vascular structures involves a
combination of both haemodynamic and metabolic stimuli.
In the work of McDougall et al. (2002), flow simulations

through the vascular networks were performed to investi-
gate the efficiency of chemotherapy treatments as they
passed from a nearby parent vessel to the tumour surface
via a network of capillary vessels. These vessels had been
stimulated to grow by chemical factors secreted by the
tumour cells themselves (i.e. tumour-induced angiogenesis).
The capillary vessels were generated from an angiogenesis
model of Anderson and Chaplain (1998)—the growth of
the vascular network was described by a discrete formula-
tion of the set of governing partial differential equations
and the migration of each individual endothelial cell was
traced as it emerged from a parent vessel. Endothelial cells
migrated via a biased random walk process with three main
components of movement: (i) random motility, (ii)
chemotaxis in response to a generic TAF released by the
tumour cells, and (iii) haptotaxis in response to fibronectin
gradients generated in the ECM as the ECs migrate
(a combination of degradation and production). Flow
modelling techniques used previously in the context of
petroleum engineering to model the flow of water, oil and
gas through the interstices of a porous rock (McDougall
and Sorbie, 1997) were adapted to model blood and drug
flow through these microvascular networks. Although
blood was rather crudely considered to be a Newtonian
fluid in this early work, results from McDougall et al.
(2002) highlighted two important effects that could be
responsible for the failure of some therapy regimes. First, it
was found that a considerable amount of the drug injected
into the parent vessel simply by-passed the tumour by way
of the highly interconnected capillary network. The second
effect related to the dilution of the drug as it became
dispersed throughout the tumour-induced vasculature: the
concentration of any drug reaching the tumour became so
dilute as to have little effect on the tumour cells.
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Simulations were then performed to investigate ways of
reducing these two detrimental phenomena and thereby
optimize the drug uptake by the tumour. Increasing the
mean capillary radius of the capillary bed and/or decreas-
ing the blood viscosity both led to a significant increase
in the drug uptake. Although these results were interest-
ing from a qualitative perspective, this early model was
somewhat naı̈ve, with blood perfusion modelled as the
flow of a Newtonian fluid through rigid cylindrical
capillaries.

The paper of Stéphanou et al. (2005) extended the work
of McDougall et al. (2002) by examining how the removal
of certain capillaries affected the distribution of blood flow
in the system. Capillary pruning algorithms were designed
to reflect how different anti-vascular and anti-angiogenic
drugs were thought to operate in vivo. Simulations
demonstrated that drug uptake could be increased by up
to 130% via the random removal of vessels and this
suggested the possibility of developing a new cancer
treatment strategy, viz, coupling the administration of an
anti-angiogenic drug (to preliminarily optimize the vascu-
lature) prior to chemotherapy treatment (thereby ensuring
maximum delivery). In this paper modelling and simula-
tions were also carried out on fully three-dimensional
networks.

Vascular adaptation processes have also been recently
incorporated into models comprising regular capillary
networks (Alarcon et al., 2003) and capillary networks
originating from tumour-induced angiogenesis (Stéphanou
et al., 2006). The aim of the work of Alarcon et al. (2003)
was to model the oxygen distribution within a two-
dimensional regular hexagonal network of blood vessels
and to determine its influence on the dynamics of a colony
of normal and cancerous cells. Results from computational
simulations of the model produced inhomogeneous dis-
tributions of haematocrit and oxygen tension and high-
lighted the important role played by hypoxic cells during
tumour invasion. The work of Stéphanou et al. (2006)
modelled an adaptive vasculature associated with tumour-
induced angiogenesis and considered how this adaptive
remodelling affected the supply of oxygen and drugs to the
tumour cells. However, in both papers, the flow modelling
was carried out a posteriori, either after simply generating
a hexagonal hollow vessel network a mano (Alarcon et al.,
2003) or after an initial cell migration model had produced
a hollow vessel network (Stéphanou et al., 2006).

The aim of the current paper is to implement a number
of significant improvements in the modelling approach by
considering the flow of a non-Newtonian fluid in a dynamic

adaptive network, i.e. a network that evolves both spatially
and temporally in response to its associated flow distribu-
tion. We present results corresponding to a number of
different stages in the formulation of what we call our
dynamic adaptive tumour-induced angiogenesis (DATIA)
model.

The model of DATIA presented in this paper begins with
an implementation of a formulation of endothelial cell
migration at the capillary sprout tips that explicitly takes
into account the important function of matrix degrading
enzymes (such as matrix metalloproteinases, MMPs;
urokinase plasminogen activators, uPAs) during angiogen-
esis in the absence of flow (Levine et al., 2002; Lolas, 2003).
We explicitly incorporate mediation in vessel growth via
ECM proteolysis by specific enzymes produced by ECs. A
number of recent publications have demonstrated the
importance of enzymes from the MMP family and their
involvement in the regulation of the various stages of the
angiogenic process (Davis et al., 2000; Yan et al., 2000;
Hidalgo and Eckhardt, 2001; Sternlicht and Werb, 2001).
These MMPs are involved in the migration of ECs within
the ECM, EC proliferation, and the remodelling of the
basement membrane of newly formed vessels. Their
importance is such that these proteinases and their
regulation form new targets for cancer treatment. As our
ultimate goal is to propose a global modelling framework
within which to further investigate new treatments, it is
important to incorporate explicitly the MMP effect into the
modelling. Another key aspect of the MMP issue relates to
their effect on transmural transport—tumour vascular
networks are very leaky and proteolytic activity plays a
vital part in the breaching of non-mature capillary
membranes by ECs during sprout formation. Although
we will not take vessel leakiness into account in the present
paper, this aspect is currently under investigation in an
attempt to describe drug diffusion through the tumour
tissue itself. Matrix degrading enzymes also play a key
role in the invasion of tissue by cancer cells, something
which is closely tied in with tumour-induced angiogenesis
(Anderson et al., 2000; Lolas, 2003; Anderson, 2005).
The main aim of this paper is to investigate the impact of

blood perfusion during angiogenesis and the paper
continues with a discussion of a series of models related
to capillary flow and vessel remodelling. Whilst previous
approaches by McDougall et al. (2002) and Stéphanou
et al. (2005) have made the assumptions of constant blood
viscosity and invariable vessel radii, and other work by
Alarcon et al. (2003) and Stéphanou et al. (2006) has
considered remodelling of hollow capillary networks a
posteriori, the modelling formulation in this current paper
is extended to account for variable blood viscosity and
evolving capillary radii coupled directly to the network as it
is growing. The model considers a number of stimuli
affecting vessel diameter that account for the influence of
the wall shear stress (WSS), the intravascular pressure, and
a metabolic mechanism depending on the blood haemato-
crit. In addition, the angiogenesis model of Anderson and
Chaplain (1998), where sprout branching depended only
upon local TAF concentration, is extended here to take
into account the important feature of shear-stress-induced
capillary sprouting and branching. Network architectures
are produced that adapt dynamically through adjuvant
branching of vessels experiencing high shear stresses during
perfusion. The flow induces additional branching, resulting
in topological perturbations in the developing architecture
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that become magnified during successive growth periods.
These differences in network structure subsequently alter
the distribution of flow (and hence shear stress) throughout
the vascular bed and so it is the additional branching
mechanism that effectively couples the migration and
flow models.

Computational simulation results are presented corre-
sponding to a number of different stages in the formulation
of the full DATIA model. The simulation results are
presented stage-by-stage in such a way as to show the
evolution of the model—this allows the effect of each of the
model components to be assessed individually and facil-
itates direct comparison with previous work. The next
section begins with a simulation demonstrating the effect of
explicitly incorporating matrix degrading enzyme (MDE)
activity into the migration model. At this stage, no flow/
remodelling is considered and only sprout branching at the
vessel tips is allowed. Subsequent results incorporating flow
show the impact of dynamic remodelling and shear-
induced vessel branching upon global network architec-
ture. Next, a number of key physical and biochemical
parameters are varied in the model to assess their effect
upon the network architecture. Finally, in order to
quantify the efficiency of these different networks in
carrying blood-borne material (e.g. nutrients, drugs) to
the tumour, a series of simulations involving the contin-
uous infusion of a ‘‘passive tracer-drug’’ is described. In
doing so, some insights are offered into the evolution of
chemotherapeutic agents during treatment and a number
of new therapeutic targets for tumour management are
subsequently identified, thus providing a rational biome-
chanical basis for an effect which has been known for over
30 years (Salsbury et al., 1970; Le Serve and Hellmann,
1972). The paper concludes with a discussion section
summarising all the main results and offering directions for
future model development and study.

2. A modelling framework for DATIA

Although the ultimate aim of the work presented in this
paper is to produce a model of angiogenesis that couples
cell migration with blood flow, it will first be beneficial to
examine each of these components in isolation.

2.1. A model of hollow capillary vessel formation via

endothelial cell migration

The model of endothelial cell migration used here
describes how capillary sprouts emerging from a parent
vessel migrate towards a tumour, leading to the formation
of a vascular network that supplies nutrients for continued
development. The model is inspired by the tumour-induced
angiogenesis model initially proposed by Anderson and
Chaplain (1998). The model assumes that ECs at the tips of
the new capillary sprouts (vessels) migrate through (i)
random motility, (ii) chemotaxis in response to TAF
released by the tumour, and (iii) haptotaxis in response
to fibronectin (FN) gradients in the ECM. If we denote by
n the endothelial cell density per unit area, then the (non-
dimensional) equation describing endothelial cell conserva-
tion is given by

qn

qt
¼ Dr2n
zfflffl}|fflffl{random

�r � ðwðcÞnrcÞ
zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{chemotaxis

� rr � ðnrf Þ
zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{haptotaxis

. (1)

The chemotactic migration is characterized by the
function wðcÞ ¼ w=ð1þ dcÞ, which reflects the decrease in
chemotactic sensitivity with increased TAF concentration.
The coefficients D, w and r characterize the random,
chemotactic and haptotactic cell migration, respectively
(details of the scalings used are given in Section 2.4 and full
details of the non-dimensionalization can be found in
Anderson and Chaplain (1998)).
TAFs and FN bind to specific membrane receptors on

ECs and subsequently trigger molecular cascades inside the
ECs, activating cell migratory machinery. One consequence
of this activation process is the production by the cells of a
MDE, which enhances the attachment of the cells to
fibronectin contained in the ECM. The ECs are conse-
quently able to exert the traction forces required to propel
themselves during migration. In the earlier model of
Anderson and Chaplain (1998), endothelial cell densities
and their global influence on TAF and FN concentrations
were considered in a continuous formulation. Here, we
choose to focus on local effects and consider the influence
of each individual cell on its local environment. In order to
achieve this, the displacement of each individual endothe-
lial cell, located at the tips of growing sprouts, is given by
the discretized form of the endothelial cell mass conserva-
tion equation (1). The migration of each cell is conse-
quently determined by a set of normalized coefficients
emerging from this equation, which relate to the likelihood
of the cell remaining stationary (P0), or moving left (P1),
right (P2), up (P3) or down (P4) (see Fig. 1 and Anderson
and Chaplain (1998) for more details):

n
qþ1
l;m ¼ n

q
l;mP0 þ n

q
lþ1;mP1 þ n

q
l�1;mP2 þ n

q
l;mþ1P3 þ n

q
l;m�1P4,

where l and m are positive parameters which specify the
position of the endothelial cell on the two-dimensional
spatial grid, i.e. x ¼ lDx and y ¼ lDy and time discretiza-
tion is represented by t ¼ qDt. These coefficients P0–P4

incorporate the effects of random, chemotactic and
haptotactic movement and depend upon the local chemical
environment (FN and TAF concentrations).
The model is then given by the following set of

equations:

qc

qt
¼ � Znkc,

qf

qt
¼ bnk � gmf ,

qm

qt
¼ ank þ er2m� nm, ð2Þ
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Fig. 1. Schematic diagram of a section of the two-dimensional grid used in

the numerical computation procedure illustrating how the process of the

migration of tip ECs, and hence capillary sprout growth, is taken into

account in the simulations. At each node, the sprout tip can grow in three

possible directions in two-dimensional (and five possible directions in

three dimensional).
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where c represents the TAF concentration, f the FN
concentration, m the MDE density and nk a Boolean value
(1 or 0) that indicates the presence or absence of an
endothelial cell at a given position. The parameters b and a
characterize the production rate by an individual endothe-
lial cell of FN and MDE, respectively, and Z its TAF
consumption rate. The major difference with the earlier
model is that degradation of fibronectin f, characterized by
the coefficient g, no longer depends directly on the
endothelial cell density n. This now depends upon the
MDE density m produced by each individual endothelial
cell nk at rate a. (Anderson et al., 2000; Levine et al., 2001;
Lolas, 2003; Anderson, 2005). The MDF once produced,
diffuses locally with diffusion coefficient e, and is sponta-
neously degraded at a rate n. Proliferation of the ECs at the
capillary tips and branching at capillary tips are imple-
mented in the model at the discrete level. Using the above
model it is possible to generate ‘‘hollow’’ capillary net-
works which are structurally similar to those observed
experimentally (Gimbrone et al., 1974; Muthukkaruppan
et al., 1982).

2.2. Modelling blood perfusion in the developing capillary

network

2.2.1. Flow through a connected network

Although the main aim of this paper is to investigate the
impact of blood perfusion during angiogenesis, we will
introduce our treatment of flow modelling by describing a
series of examples of network transport and vessel
remodelling that are initially de-coupled from the capillary
growth processes. Previous approaches by McDougall
et al. (2002) and Stéphanou et al. (2005) had made the
rather limiting assumptions of invariant blood viscosity
and constant capillary radius, whereas, in reality, biological
structures tend to exhibit some degree of compliance and
blood is a non-Newtonian fluid. Here, we extend the earlier
formulation to account for variable blood viscosity and
evolving capillary vessels that may either dilate or constrict
both spatially and temporally. We are minded of the words
of D’Arcy Thompson, ‘‘We rely once more on Poiseuille’s

Lawy but we have also to account for the blood itself.’’
(Thompson, 1917).
In order to calculate flow within the entire intercon-

nected network of capillaries, it is first necessary to decide
upon a local relationship between the pressure gradient DP

and flow Q at the scale of a single capillary element of
length L and radius R. Such a relationship in the case of a
non-Newtonian fluid can be approximated by the following
Poiseuille-like expression:

Q ¼
pR4DP

8mappðR;HDÞL
, (3)

where mapp(R,HD) ¼ mrel� mplasma is the apparent blood
viscosity, which depends upon the local blood haematocrit,
the radius of the vessel through which the blood is flowing,
and the underlying plasma viscosity, mplasma (see Eq. (5)
below for a definition of mrel). When considering flow
calculations through a network of interconnected capillary
elements of distributed radii, one simply conserves mass
(or flow if the fluid is incompressible) at each junction
where capillary elements meet (see Fig. 2). Hence, for each
node the following expression can be written

Xk¼N

k¼1

Qði;jÞ;k ¼ 0, (4)

where the index k refers to adjacent nodes and N ¼ 4 in a
fully connected regular two-dimensional grid or N ¼ 6 in
three dimensional. This procedure leads to a set of linear
equations for the nodal pressures (Pi) which can be solved
numerically using any of a number of different algorithms
(e.g. successive over-relaxation (SOR), Choleski conjugate
gradient method, Lanczos method). Once nodal pressures
are known, Eq. (3) can be used to calculate the flow in each
capillary element in turn. A fuller discussion of the
procedure can be found in McDougall et al. (2002).

2.2.2. Blood rheology

Blood is a very complex biphasic medium, composed of
many different constituents, including: red blood cells
(erythrocytes), white blood cells (leukocytes), and platelets
involved in clotting cascades. These solid elements repre-
sent approximately 45% of the total blood composition in
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Fig. 2. Schematic representation of the capillary vessels superimposed

onto the two-dimensional simulation grid used for flow calculations.
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humans—red cells are predominant—and are carried in the
plasma, which constitutes the fluid phase. A measure of the
solid phase is given by the blood haematocrit, which
represents the volume fraction of red blood cells contained
in the blood. Hence, the average human haematocrit has a
value of around 45%.

Because of its biphasic nature, blood does not behave
as a continuum and the viscosity measured while flowing
at different rates in microvessels is not constant. More-
over, direct measurement of blood viscosity in living
microvessels is very difficult to achieve with any degree
of accuracy. Pries et al. (1996) have proposed an
alternative approach, which entails comparisons of the
flow distribution in a numerical network (generated by a
mathematical model) with similar experimental systems.
The relationship which was found to offer the best fit
with the experimental data at the microvascular scale, is
given by

mrelðR;HDÞ ¼ 1þ ðm0:45 � 1Þ f ðHDÞ
2R

2R� 1:1

� �2
" #

�
2R

2R� 1:1

� �2

, ð5Þ

where m0.45 is the viscosity corresponding to the normal
average value of the discharge haematocrit (HD ¼ 0:45),
R the vessel radius and f(HD) a function of the
haematocrit. The various terms appearing in (5) are defined
as follows:

m0:45 ¼ 6e�0:17R þ 3:2� 2:44e�0:06ð2RÞ0:645 ,

f ðHDÞ ¼
ð1�HDÞ

C
� 1

ð1� 0:45ÞC � 1
,

C ¼ ð0:8þ e�0:15RÞ �1þ
1

1þ 10�11ð2RÞ12

� �

þ
1

1þ 10�11ð2RÞ12

� �
. ð6Þ

Plots of Eq. (5) show that the apparent blood viscosity
generally increases with decreasing capillary radius,
although the precise relationship is actually haematocrit
dependent. The rheological properties defined by Eqs. (5)
and (6) have been used in the perfusion modelling
described here.

2.2.3. Vessel adaptation and capillary remodelling

Blood rheological properties and microvascular network
remodelling are interrelated issues, as blood flow creates
stresses on the vascular wall (shear stress, pressure, tensile
stress) which lead to adaptation of the vascular diameters
via either vasodilatation or constriction. In turn, blood
rheology (viscosity, haematocrit, etc.) is affected by the
new network architecture—consequently, we should expect
adaptive angiogenesis to be a highly dynamic process.
In this paper, vessel adaptation follows the treatment of

Pries et al. (1995, 1998, 2001a). The model considers a
number of stimuli affecting vessel diameter that account for
the influence of the WSS (Swss), the intravascular pressure
(Sp), and a metabolic mechanism depending on the blood
haematocrit (Sm). These stimuli form a basic set of
requirements in order to obtain stable network structures
with realistic distributions of vessels diameters and flow
velocities. A brief description of each now follows.

2.2.3.1. Wall shear stress. Many studies show that vessels
adapt their radius in order to maintain a constant level of
WSS (Pries et al., 1998, 2001a, b; Fung, 1993). Hence vessel
radius tends to increase with increasing WSS, whilst WSS
decreases with increasing radius. The WSS stimulus can be
described by a logarithmic law as

Swss ¼ logðtw þ tref Þ, (7)

where tw is the actual WSS in a vessel segment calculated
from

tw ¼
4mðR;HDÞ

pR3
jQj (8)

and tref is a constant included to avoid singular behaviour
at low shear rates (Pries et al., 2001a). Stresses in Eqs. (7)
and (8) are in dynes/cm2. The WSS calculated in the parent
vessel of our computational model is of the order 4 Pa
(40dynes/cm2) and capillary values are less than 2 Pa
(20 dynes/cm2), in agreement with those measured experi-
mentally in the dog by Kamiya et al. (1984). Adaptation in
response to the WSS stimulus alone tends to reinforce a
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single path in the network composed of a few well-
established fully dilated vessels—corresponding to the
main flowing ‘‘backbone’’ of the vasculature—whilst
simultaneously eliminating the low-flow paths. However,
the resulting network is ‘‘unstable’’ in the sense that there is
no consistent balance for the radius and flow distribution
achieved when Swss is considered in isolation.

2.2.3.2. Intravascular pressure. Intravascular pressure is
another key stimulus for vascular adaptation. Pries et al.
(1998) have experimentally observed on the rat mesentery
the dependence of the magnitude of the WSS with the local
intravascular pressure (P). They proposed a parametric
description of their experimental data, which exhibits a
sigmoidal increase of the WSS with increasing pressure
through the following:

teðPÞ ¼ 100� 86 expf�5000 � ½logðlog PÞ�5:4g. (9)

Pressure is measured in mm of mercury (1mmHg ¼
133 Pa) and stresses are again given in dynes/cm2. The
sensitivity of the corresponding stimulus to intravascular
pressure is then described by

Sp ¼ �kP log teðPÞ, (10)

where kP is a constant that dictates the relative intensity of
the stimulus.

2.2.3.3. Metabolic haematocrit-related stimulus. The me-
tabolic stimulus effectively stabilizes the adapting network
by stimulating vessel growth in areas of the vascular bed
exhibiting low flow. The stimulus is once again described
by a logarithmic law and takes the form

Sm ¼ km log
Qref

QHD

þ 1

� �
, (11)

where Qref is a reference flow. In our simulations, Qref

corresponds to the flow in the parent vessel. HD represents
the discharge haematocrit in the vessels, Q the flow in the
vessel under consideration and km is a constant character-
izing the relative intensity of the metabolic stimulus.

Our theoretical model for vessel adaptation assumes that
the change in a flowing vessel radius (DR) over a time step
Dt is proportional to both the global stimulus acting on the
vessel and to the initial vessel radius R, i.e.

DR ¼ StotRDt ¼ ðSwss þ Sp þ SmÞRDt. (12)

With the relationships described above, the model for
vessel adaptation (cf. Pries et al., 1998, 2001a, b; Alarcon
et al., 2003; Stéphanou et al., 2005, 2006) becomes

DR ¼ logðtw þ tref Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Swss

� kp log teðPÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Sp

2
64

þ km logððQref =QHDÞ þ 1Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Sm

�ks

3
75RDt. ð13Þ
The additional term ks represents the shrinking
tendency of a vessel. This term is interpreted by Pries
et al. (1998) as reflecting a natural reaction of the basal
lamina, which acts to counter any increase in vessel
diameter.
Inclusion of the above mechanisms into our modelling

framework now allows us to simulate dynamic remodelling
of a flowing vasculature. This significant improvement in
angiogenesis modelling allows us to describe vascular
growth in a far more realistic manner, with areas of the
capillary network dilating and constricting in response to
variations in perfusion-related stresses and stimuli. The
final step in the development of the complete DATIA
model is to couple the network flow modelling approach
outlined in this section to the ‘‘hollow capillary’’ model
derived from the endothelial cell migration equations
described earlier.
2.3. Coupling flow and cell migration through capillary

branching and anastomosis

In previous models (McDougall et al., 2002; Stéphanou
et al., 2005), the important mechanisms of capillary
branching (the formation of new sprouts from existing
sprout tips) and anastomosis (the formation of loops by
fusion of two convergent capillary sprouts) followed a
similar treatment to that proposed by Anderson and
Chaplain (1998). Sprout branching depended only upon
local TAF concentration and the impact of flow was
ignored. However, this latter point can be seen as a
weakness of these earlier models, as WSS is known to play
a leading role in growth and branching (Pries et al.,
2001a, b). In the current paper, the cell migration and flow
models are coupled by incorporating the mechanism of
shear-dependent vessel branching in addition to sprout tip
branching via local TAF concentrations. Once again we
quote the words of D’Arcy Thompson: ‘‘This is a vastly

important themey and helps to bring the morphological and

the physiological concepts together.’’ (Thompson, 1917). In
doing so, we can simulate network architectures that adapt
dynamically through adjuvant vessel branching in areas of
the capillary network experiencing increased shear stresses
following anastomosis elsewhere in the system. We note
that because the shear stress is due to the blood flowing
through the capillaries, vessel branching can only occur
after some degree of anastomosis has taken place—hence,
the early stages of angiogenesis are characterized by TAF-
dependent branching only. To summarize, the conditions
for vessel branching in the new model are as follows: (i) the
likelihood of a vessel branching increases with both
the local TAF concentration and the magnitude of the
shear stress affecting the vessel wall; (ii) the vessel must
reach a certain level of maturation before it is able to
branch, although branching cannot occur once a basal
lamina has formed around a vessel (Gee et al., 2003;
Benjamin et al., 1998).
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Table 1

Typical dimension of blood cells and capillaries (after Secomb, 1995)

Dimension

(mm)

2 Red blood cell thickness and platelets dimension

2.8 Minimum diameter through which a red cell is able to pass

8 Red blood cell diameter

10 Mean capillary diameter

20 Size of the largest white blood cells
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2.4. Model parameterization and simulation details

2.4.1. Initial conditions

The domain considered for the computational simula-
tion studies is a square of length L ¼ 2mm and the parent
vessel from which the vascular network grows is located at
the upper edge of the domain. The tumour surface is
located along the lower domain boundary. We assume that
the capillary sprouts, TAF and MDE remain confined
within the domain and so no-flux boundary conditions are
imposed on the boundaries. Initial TAF and fibronectin
profiles are the same as those used in McDougall et al.
(2002), there is initially no MDE present and vascular
growth is initialized by distributing five sprouts at regular
intervals along the parent vessel.

2.4.2. Cell migration parameters

Unless otherwise indicated, the dimensionless parameter
values used for the simulations presented in this paper
were as follows (Anderson and Chaplain, 1998; McDougall
et al., 2002; Stéphanou et al., 2005, 2006):

D ¼ 0:00035; d ¼ 0:6; w ¼ 0:38; r ¼ 0:16,

Z ¼ 0:1; b ¼ 0:05; g ¼ 0:1; a ¼ 10e� 6,

e ¼ 0:01; n ¼ 3.

Time was scaled as

~t ¼
t

t

with t ¼ L2=Dc, where L ¼ 2mm was the length of the
domain and Dc ¼ 2:9� 10�7 cm2 s�1 was taken as the
diffusion coefficient for TAF (Bray, 1992). We note that
the time-scale associated with the capillary growth process
is of the order several days, whereas flow through the
parent vessel and capillary network occurs over a time-
scale of a few seconds to a few minutes. A discussion of
how the two time-scales are coupled in the full adaptive
model will be presented in Section 2.4.5.

2.4.3. Flow model parameters

In order to carry out the flow simulations, it is clear that
a number of important physical and biological parameters
need to be estimated.

2.4.3.1. Vessel properties. For the a posteriori remodel-
ling simulations presented below, the initial radius of each
capillary segment was taken to be 6 mm and remodelling of
the vessels was permitted within a range, from a minimum
radius of 2 mm (essentially eliminating flow. See Table 1) to
a maximum radius of 12 mm (see Table 1). During the
DATIA simulations, nascent, non-flowing capillaries (i.e.
those not yet part of the connected flowing network) were
assigned 6 mm radii and remodelling was again considered
in the range (2,12)mm. In all simulations, the radius of the
parent vessel was kept fixed at 14 mm. These values
correspond to vessel radii at the capillary level, where the
sizes of the vessels are very close to the size of the red blood
cells (Ciofalo et al., 1999).

2.4.3.2. Adaptation parameters. The parameters used for
the base-case adaptation model presented in Eq. (13) were
taken to be

ks ¼ 0:35; kp ¼ 0:1; km ¼ 0:07;

tref ¼ 0:103; Qref ¼ 1:909e� 11

(after Stéphanou et al., 2005, 2006), where Qref corresponds
to the flow in the parent vessel, calculated from Eq. (3) with
R ¼ 14 mm, L ¼ 2mm and DP ¼ 1200Pa (9mmHg) (the
pressure drop across the parent vessel). The apparent
viscosity mapp is calculated from Eq. (5) for each vessel
segment and incorporates the effect of discharge haemato-
crit HD (which is assumed to remain constant at the inlet of
the parent vessel). The plasma viscosity mplasma is
1.2� 10�3 Pa s and this parameterization gives perfusion
velocities in the parent vessel of approximately 3mm s�1.
The chosen parameter values pertaining to remodelling
stimuli (i.e. the ki) yielded stable networks in all cases.
One of the main determinants of the extent of vascular

remodelling is the intravascular pressure (P). In the
simulations carried out here, we have chosen inlet and
outlet pressures to ensure average intravascular pressures
of approximately 20mmHg, in accordance with physiolo-
gical values at the capillary scale. The effect of varying
intravascular pressure will be examined in more detail later.

2.4.4. Tip and vessel branching probabilities

In earlier work (Anderson and Chaplain, 1998; McDou-
gall et al., 2002; Stéphanou et al., 2005, 2006), branching at
the capillary tips was assumed to depend only upon the
local TAF concentration. This formulation has been used
again here and the corresponding tip branching probabil-
ities are shown in Table 2. In addition to tip branching,
however, the physiologically significant process of vessel

branching is also modelled as part of the current study. In
order to implement this effect in the model, we assume that
branching along a vessel (i.e. the generation of a new vessel
which branches out at some point along an existing vessel
wall as distinct from the vessel tip) depends both on the
TAF concentration and on the WSS. Table 3 shows the
dependence of vessel branching probability as a function of
the combined effects of local WSS and local TAF
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Table 2

Sprout tip branching probabilities as a function of the local TAF

concentration

TAF concentration Sprout tip branching probability

p0.3 0.0

]0.3–0.5] 0.2

]0.5–0.7] 0.3

]0.7–0.8] 0.4

40.8 1.0

Table 3

Vessel branching probabilities as functions of the local TAF concentration

and the magnitude of the local wall shear stress

[TAF]/TAFmax WSS/tmax

[0.0,0.2[ [0.2,0.4[ [0.4,0.6[ [0.6,0.8[ [0.8,1.0]

[0,0,0.3[ 0.00 0.00 0.00 0.00 0.00

[0.3,0.5] 0.00 0.02 0.04 0.06 0.08

[0.5,0.7[ 0.00 0.03 0.06 0.09 0.12

[0.7,0.8[ 0.00 0.04 0.08 0.12 0.16

[0.8,1.0] 0.00 0.10 0.20 0.30 0.40

TAFmax is the maximum TAF concentration at t ¼ 0 and tmax ¼ 2Pa

(20 dynes/cm2), the maximum shear stress derived from preliminary flow

simulations.
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concentration. In the absence of quantitative experimental
data, the probabilities chosen for the vessel branching
process have been defined on a qualitative basis and reflect
the combined influence of the WSS and local TAF
concentration. High values of WSS in tandem with high
local TAF concentrations lead to a higher branching
probability at that point in the vessel wall, whilst lower
values of one or both of WSS and TAF concentration lead
to a lower branching probability. For each range of WSS
(linearly distributed in [0,1]), the corresponding TAF
probability profile has been obtained via a linear scaling
of the values reported in McDougall et al (2002) and
Stéphanou et al. (2005, 2006). Note that in the absence of
WSS, TAF-dependent sprout tip branching is the only
means by which a migrating vessel can bifurcate.

One additional constraint on vessel branching is the age
of the vessel itself. The time interval within which a vessel
can branch has been fixed at [4–8] days in the simulations
(i.e. from ~t ¼ 2:66 to 5:33). In this interval, the vessel is
sufficiently mature for branching to occur yet young
enough to ensure that no basal lamina has had time to
form (which would contribute considerably to the stabili-
zation of the network; Benjamin et al., 1998; Morikawa
et al., 2002).

2.4.5. Coupling growth and flow time-scales

As mentioned earlier, the time-scales associated with the
endothelial cell migration and the flow processes are vastly
different—formation of the tumour-induced vasculature
occurs over the course of several days, whilst the parent
vessel/capillary network can be completely perfused within
minutes.
In order to address this issue without compromising

computational efficiency, it became necessary to develop a
simulation framework that allowed remodelling to occur
during the growth phase. An idealized procedure is as
follows: (i) model the growth of the capillary network on a
time-scale ~t, using the endothelial cell migration model; (ii)
pause the endothelial cell migration model whenever a new
anastomosis (loop) forms; (iii) switch time-scales and flow/
remodel the entire capillary network using Eqs. (3)–(6) and
(13) as a result of the modified flow geometry until a new
steady state has been reached (this typically takes �100 s);
(iv) resume network growth using the cell migration model
on the ~t time-scale.
During the later stages of a simulation, however, the

number of anastomoses (loops) increases considerably and
the above procedure becomes impractical from a computa-
tional point of view. Consequently, it was decided to flow
the network to steady state at regular intervals during the
growth process. A sensitivity study showed that remodel-
ling at intervals of D~t ¼ 4:0 was sufficient to produce
vascular networks consistent with those generated from
simulations incorporating more frequent adaptation.
Returning to the time-scale for flow, it should be noted

that the time-step required when dealing with calculations
involving convective transport within a network must be
less than or equal to the minimum time required for the
least efficient capillary element in the network to empty; i.e.
Dt ¼MIN(Vcap/Qcap), where Vcap and Qcap correspond to
the volume and flowrate of a capillary element. This
procedure ensures that mass (in this case erythrocyte mass
through haematocrit) is conserved during a simulation.
3. Simulation results

Results are presented in the following section corre-
sponding to a number of different stages in the formulation
of the full DATIA model. The section begins with a
simulation demonstrating the effect of explicitly incorpor-
ating MDE activity into the endothelial migration model.
At this stage, no flow/remodelling is considered and only
sprout branching at the vessel tips has been allowed (i.e.
there is no vessel branching due to WSS). The main point
of interest in this first set of computational simulations is to
assess the effect of MDEs upon endothelial cell migration.
Subsequent results incorporating flow will show the impact
of dynamic remodelling and shear-induced vessel branch-
ing upon the global network architecture. Finally, once the
full DATIA model is implemented, a number of key
physical and biochemical parameters are varied in the
model to assess their effect upon treatment delivery to the
tumour—these results highlight a number of new ther-
apeutic targets for tumour management.
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3.1. Capillary network architecture in the absence of flow

The model for tumour-induced capillary growth de-
scribed by the system of Eqs. (1) and (2) was solved
numerically on a 100� 100 (x,y) square grid. The system of
Eq. (2) was solved for each grid point at each time step and
the resulting variables c and f were then used to calculate
the coefficients P0–P4 appearing in the discretized form of
Eq. (1). These coefficients were then used to calculate the
migratory direction of each endothelial cell at the vessel tip
at each time step of the simulation, i.e. the direction of
growth of each sprout.

Figs. 3 and 4 present the simulation results associated
with an initial linear gradient of TAF—Fig. 3 shows the
network growth and vascular architecture, whilst Fig. 4
shows the associated MDE concentration in the ECM. We
observe in Fig. 3 the stochastic nature of each of the five
sprout trajectories as they progress towards the tumour
(the surface of which occupies the lower boundary of the
domain). Initially, the MDE concentrations are highly
localized around the individual sprout tips and the
migratory path taken by each vessel is essentially indepen-
dent of its neighbours. At time ~t ¼ 2:6 (corresponding to
t ¼ 3.9 days), vessels 2 and 3 (numbered from left to right)
begin to converge and by ~t ¼ 5:2 (7.8 days) some degree of
sprout branching and local anastomosis has already taken
place for all five sprouts. Vessels 2 and 3 have now formed
an anastomosis (loop)—hence perfusion could be expected
to occur within the developing capillary bed at this time
(as will be described later when discussing the full
DATIA model).
Fig. 3. Spatiotemporal evolution of a developing hollow capillary network. The

follow as they migrate through the ECM in response to TAF gradients (chemo

subsequent vessel structure. Tip branching and vessel fusion (loop formation
Anastomosis increases considerably with increased
sprout branching in regions distal to the parent vessel
and the individual vascular trees rapidly connect with one
another after ~t ¼ 6 (9 days). Regions of high MDE
concentration subsequently emerge as the number of
migrating, productive tip cells rises and it becomes clear
that the increase in anastomosis is related to an increase in
lateral migration due to the appearance of a connected
MDE front as shown in Fig. 4 (from ~t ¼ 6). It takes
approximately 10 days for the growth process to be
completed, i.e. for the vasculature to connect the tumour
to the parent vessel and hence to the blood supply.
The vascular architectures produced by the model at this

stage are in good agreement with experimental data
(Gimbrone et al., 1974; Muthukkaruppan et al., 1982)
but the resulting vascular networks lack any variation in
capillary radius (a vital factor when considering treatment
efficacy). Moreover, vessel branching at this stage only
depends upon the local TAF concentration and is
unaffected by perfusion. The following sections present
results that address these issues, together with an examina-
tion of the roles played by a number of important physical
and biochemical parameters.

3.2. A posteriori remodelling of a pre-formed vasculature

network

The first step towards the development of a full DATIA
involves the temporal variation of capillary radii. In this
section, attention is focussed upon vessel adaptation in the
context of an already fully formed, flowing vascular
figure shows the migration of the ECs at the vessel tips and the paths they

taxis) and FN gradients (haptotaxis). The paths of the tip cells define the

or anastomosis) are also included in the model.
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Fig. 4. Spatiotemporal evolution of the MDE concentration in the ECM associated with the developing capillary network shown in Fig. 3. The MDE

concentration is largely localized at the sprout tips (where it is produced by the ECs) but slowly diffuses into the ECM as time progress.
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network. Initially, the capillary vessels are considered to be
devoid of red blood cells and a constant input haematocrit
of 45% is set at the inlet end of the parent vessel. Vessel
radii then dilate/constrict in accordance with Eq. (13).

Note that Eq. (13) includes terms involving shear stress,
flow, and intravascular pressure, the first two of which also
depend upon haematocrit, relative viscosity and capillary
radius through Eqs. (5) and (6). Consequently, an increase
in haematocrit into a capillary element leads to an increase
in relative viscosity, which in turn affects the flow through
that element (assuming, for the moment, that the pressure
drop across that element remains unchanged). Hence, it
may be concluded that it is the mrel (R, HD) relationship
from Eq. (5) that primarily dictates the magnitude of the
haematocrit-related stimulus Sm. While this argument is
broadly correct, the fact that the vessel radii are changing
temporally means that the overall picture is somewhat
more complex. Intravascular pressure does not remain
unchanged within a capillary element during a simula-
tion—as radii dilate and constrict, the pressure field
throughout the capillary network must be recalculated
after each time step and the new pressure values used in the
recalculation of all three dynamic stimuli. Hence, radial
perturbations, vessel haematocrit, relative viscosity, intra-
vascular pressure, WSS and capillary flow are all inter-
related and interact in a rather complex nonlinear way in
the context of network calculations.
Fig. 5 shows the evolution of a pre-formed vascular

network under the influence of perfusion. Initially, all
vessel radii (except those of the parent vessel) were set at
6 mm and the simulation was run until a steady state had
been reached (at approximately t ¼ 300 s). Once erythro-
cytes begin to enter the system from the parent vessel inlet,
the capillaries begin to dilate or constrict within the bed
according to Eq. (13). At t ¼ 0:8, it can be seen that vessels
1 and 5 have dilated to the greatest extent. This is due to
the fact that topologically these vessels essentially consti-
tute the main inlet and outlet pathways to and from the
parent vessel and consequently remove and return the
majority of the haematocrit. A fully dilated loop first
emerges at t ¼ 2:4 with a second extensive dilation
beginning at the same time in the loop composed of vessels
2 and 3.
Subsequent remodelling is accompanied by fluctuations

in the network architecture, with some regions of the
vasculature undergoing successive cycles of dilation and
constriction. This is clearly evidenced in the later snapshots
in Fig. 5, where a centrally located vessel is dilated at
t ¼ 4:5, substantially constricted at t ¼ 72, and further
dilated by t ¼ 295. Whilst this particular fluctuation is
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Fig. 5. Snapshots showing the a posteriori remodelling of a hollow capillary network. The figures show the evolution of several fully dilated vessels

containing most of the flow. These vessels form the ‘‘backbone’’ of the remodelled network. Note that the time values reported in Fig. 5 are in seconds and

are not dimensionless (dimensionless time ~t is used in this paper when discussing capillary growth, see Section 2.4.5).
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mainly due to the fact that the central vessel lies close to the
boundary between efferent and afferent capillaries, a
similar phenomenon occurs within the highly connected
regions of the network.

After approximately 300 s, the network reaches steady
state and no further remodelling occurs. It can be seen that,
for a given pre-defined ‘‘hollow’’ network architecture
generated from the endothelial cell migration model, re-
modelling due to perfusion results in the development of
several well-defined fully dilated vessels carrying almost all
the flow. As will be demonstrated later, it is the structure of
these fully dilated flowing vessels which determines the
efficacy of both nutrient delivery to the tumour and any
therapeutic treatment that may subsequently be applied.

3.3. DATIA without shear-induced branching

The next stage in the model development is to consider
vessel adaptation during growth. This is achieved using the
procedure outlined in Section 2.4.5, whereby the develop-
ing network is flowed at regular intervals until a steady
state is obtained. The case presented in this section does
not include shear-induced vessel branching. Snapshots
from the base-case perfusion simulation are shown in
Fig. 6 on a time-scale of the dimensionless time variable ~t.
At ~t ¼ 2:6, it can be seen that the five initial sprouts have
migrated towards the tumour surface, although no
anastomoses have yet occurred. Consequently, no flow is
possible in the capillary network at this stage and the
vessels begin to constrict—only the tips of the migrating
capillaries have radii greater than the minimum value, as
these are the most recently formed vessel segments and are
assigned a default radius of 6 mm upon formation.
The first anastomosis (closed loop) is formed at time

~t ¼ 4:0 (6 days) by the fusing of vessels 2 and 3 (numbered
from left to right). As noted in Section 2.4.5, the time-scale
for the flow processes is much shorter than for the cell
migration. At this stage in the simulation, flow through this
loop and its effect on the network was considered using
Eqs. (3)–(6) and (13) until a new steady state was reached.
As noted in Section 2.4.5, this process typically takes
�100 s. Consequently, the development of this loop is
shown in Fig. 6 at times ~t ¼ 4:0, ~t ¼ 4:0þ e1, and
~t ¼ 4:0þ e1 þ e2, where the ei are ‘‘small’’ times of the
order 100 s. Endothelial cell migration and vessel formation
continue with additional TAF-induced sprout branching
and anastomosis. At ~t ¼ 12:0 (approximately 18 days), all
five primary vessels have branched and connected to form a
fully connected capillary network that reaches the tumour
surface. Subsequent perfusion of this structure leads to the
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Fig. 6. Snapshots showing the evolution of a capillary network undergoing remodelling during growth but with no shear-induced branching. The ei are

times of the order of 100 s, which is the typical flow-rate time-scale (see Section 2.4.5 for details). The final steady-state network structure is the same as

that in Fig. 5 because there is no coupling of the flow to the growth through shear-induced branching.
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formation of a larger-scale loop which dilates, draws
additional haematocrit from the parent vessel, and begins
to feed neighbouring capillaries. The final steady-state
vasculature is shown in Fig. 6 at time ~t ¼ 12:0þ e3 þ e4. In
fact, the final network architecture and distribution of
capillary radii are identical to those obtained from the a
posteriori remodelling simulation. This is because the
migration and flow models are essentially uncoupled at
this stage of the model development—although the
topology of the network does affect the spatial distribution
of flow and hence the spatial distribution of vessel radii, the
flow itself does not affect the subsequent migration of
capillary sprouts. The coupling of migration and flow
occurs through the inclusion of shear-induced vessel

branching and this will be considered next.

3.4. DATIA including shear-induced branching

In the simulation results of the previous section, only
capillary sprout tip branching was considered. The series of
simulations reported in this and subsequent sections,
however, includes both sprout tip branching and vessel

branching under the combined effects of both local TAF
concentration and additionally local wall shear stress. This
crucial effect is one aspect of the current model that has not
been modelled in previous work.
For the sake of brevity, some of the intermediate

snapshots of developing capillary beds have had to be
omitted and only the final architectures (~t ¼ 30:0) are
presented in some cases (collated later in Fig. 9). This has
the additional benefit of facilitating direct comparisons to
be made between vasculatures as model parameters are
varied. The resulting vascular structures can be compared
with that generated without shear stress branching
discussed in Section 3.3. Note that sprout tip branching
is still important in the production of the first connections
between the growing vascular trees, allowing blood to flow
into the evolving capillary bed and creating the shear
stresses required for the additional vessel branching.
Clearly, the early vessel development must be identical to

that observed earlier up to the point where the first loop
forms at ~t ¼ 4:0—vessel branching only begins after the
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Fig. 7. Snapshots showing the evolution of a capillary network using the full DATIA model, including shear-stress-induced branching. The ei are times of

the order of 100 s, which is the typical flow-rate time-scale (see Section 2.4.5 for details). Both the transient and final steady-state network structure is

radically different from that of Figs. 5 and 6 indicating the importance of coupling flow effects to network growth.
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vascular networks contains connected loops, as only then
can capillaries become perfused with blood and shear
stresses exerted on vessel walls. Fig. 7, depicting the full
DATIA simulation including shear-induced branching,
confirms this.

The network architecture at later times, however,
diverges considerably from that shown in Fig. 6. After
~t ¼ 4:0, additional shear-induced branches emerge from
the apex of the loop formed by the anastomosis of vessels 2
and 3. These branches continue to migrate towards the
tumour (~t ¼ 8:0) and modify the distribution of flow and
wall shear-stress at subsequent times. Further shear-
induced branching is evident in the snapshots at ~t ¼ 12:0
(18 days), largely associated with the dilated arcade
between vessels 1 and 2. The network is essentially at
steady state at this stage, with only a small amount of
vessel branching occurring after this time.
The most important aspect of this simulation is that it

demonstrates how shear-induced branching leads to earlier
formation of dilated anastomoses close to the parent
vessel. This dilation is positively reinforcing, with proxi-
mally dilated loops undergoing further vessel branching.
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Subsequent migration of these additional branches results
in high capillary densities and the main consequence of this
is that the number of dilated, high conductivity pathways
close to the tumour surface is greatly reduced. The impact
of these changes in network architecture upon treatment
delivery will be discussed later in Section 4.

3.5. DATIA—sensitivity to wall shear stress

The results presented in this section examine the
sensitivity of the vessel branching process to WSS. This is
achieved by reducing the branching requirements in terms
of tmax, the maximum WSS measured in the base-case
simulation presented in Section 3.4.

Fig. 8 shows the capillary network development when
the critical value is reduced to tmax ¼ 1.0 Pa (representing a
50% reduction in the base-case value of tmax ¼ 2.0 Pa). An
increased amount of branching activity is observed at the
apex of the loop formed by vessels 2 and 3 in comparison
to the previous DATIA simulation and the shear-induced
branching occurs earlier (at ~t ¼ 7:5). A double loop of
dilated capillaries forms at ~t ¼ 8:0 and this is soon
followed by a burst of vessel branching and a consequent
increase in local vessel density all around the loop.
Further bursts of branching are observed around the
main structure, with neighbouring vessel segments dilating
and reinforcing what is, to all intents and purposes, a
capillary shunt.

These results clearly show that the sensitivity of the
developing vasculature to WSS is an important determi-
nant of capillary network topology. Moreover, manipula-
tion of the degree of sensitivity could prove to be an
Fig. 8. Snapshots showing the development of a capillary network structure w

show the development of what is essentially a capillary shunt with no flow rea
important therapeutic target—for example, vasculatures
such as those shown in Fig. 8 would be poorly suited to
supplying nutrients to a developing tumour and so any
therapy that increased capillary branching could prove
beneficial in starving the tumour. However, it should also
be noted that any chemotherapy treatment aimed at
targeting tumour cells and injected upstream of such a
network would yield poor treatment efficacy—the highly
dilated shunt would effectively remove any drug from the
system before it had time to reach the tumour.
The first two pictures from the collated results (Figs. 9a

and b) show the vascular structures resulting from
additional simulations examining the vessel branching
issue. In Fig. 9a, the vessel branching probabilities were
smaller than those presented in Table 3 by a factor of 2.5,
whilst in Fig. 9b the branching probabilities were smaller
by a factor of 5 (tmax ¼ 1.0 to facilitate comparisons with
Fig. 8). As expected, a reduction in sensitivity to WSS
reduces the overall capillary density and this ultimately
leads to the formation of a dilated flowing backbone that is
far less compact than before. The capillary shunt observed
earlier is now replaced by a more dendritic vascular
architecture.
Given the above discussion and the results shown in

Figs. 8, 9a and b, it is evident that additional experimental
research would be highly desirable to help elucidate and
quantify the mechanisms whereby shear-induced branching
occurs; the chemical mediators involved, the role played
by convective transport, and the sensitivity of ECs to
the associated signalling molecules. The implications
for therapeutic intervention could then be more fully
evaluated.
ith a reduced WSS parameter tmax ¼ 1.0 Pa. The results of the simulation

ching the lower boundary.



ARTICLE IN PRESS

Fig. 9. Plots showing the different steady-state capillary network structures which have evolved after a dimensionless time ~t ¼ 30 due to changes in model

parameters. (a) reduced WSS parameter tmax ¼ 1.0 Pa and branching probabilities reduced by a factor of 2.5; (b) reduced WSS parameter tmax ¼ 1.0 Pa

and branching probabilities reduced by a factor of 5; (c) reduced haptotactic coefficient r ¼ 0.16; (d) increased plasma viscosity mplasma ¼ 4.8� 10�3 Pa s;

(e) increased input haematocrit HD ¼ 0.675; (f) reduced input haematocrit HD ¼ 0.225; (g) increased inlet and outlet blood pressure (Pin ¼ 2960Pa,

Pout ¼ 1760Pa); (h) reduced inlet blood pressure (Pin ¼ 2960Pa, Pout ¼ 2060Pa); (i) reduced outlet blood pressure (Pin ¼ 3260Pa, Pout ¼ 1760Pa); (j)

increased vessel sensitivity to intravascular pressure (kP ¼ 0.5).
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3.6. DATIA—sensitivity to haptotaxis parameter

The migratory direction of any given endothelial cell
from the parent vessel to the tumour surface is affected
by a number of parameters that incorporate the effects
of random, chemotactic and haptotactic movement (cf.
Eq. (1)). In this section, computational simulation results
are presented that examine the differences in the capillary
network architecture when the haptotactic coefficient r is
varied. Whilst all previous simulations to this point have
used a value of r ¼ 0:28, Fig. 9c shows the vasculature
which develops when r ¼ 0:16, i.e. when the strength of the
haptotactic response has been reduced. All other para-
meters were the same as those used in Section 3.4.
In contrast to the simulations where r ¼ 0:28, the

capillary vessels are found to grow towards the tumour
surface in a more directed fashion and lateral migration is
reduced. This is not unexpected given the endothelial cell
chemotactic response to TAF and is also in line with the
results of Anderson and Chaplain (1998). One major
consequence of this more directed vessel growth is the
delay in the formation of anastomoses and subsequent
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perfusion from the parent vessel. In the simulation, a small
amount of perfusion only begins at ~t ¼ 6:7 (approximately
10 days, not shown), compared with ~t ¼ 4:0 (6 days) when
r ¼ 0:28. Even at this time, however, the network structure
is such that capillary flows are very low and vessel
remodelling is minimal. Only at times in excess of ~t ¼
12:0 do vessels dilate appreciably and give rise to wall shear
stresses of sufficient magnitude to cause vessel branching.
A small amount of shear-induced branching emerges at
~t ¼ 16:0 and 30:0 but these new capillaries merely pene-
trate small, insignificant islands of un-vascularized tissue
and do not perturb the existing flowing backbone.

These results not only highlight the important role
played by cell–matrix interactions during angiogenesis, but
also emphasize the way in which several apparently
unconnected phenomena can interact throughout the
process. Although the only direct coupling between
perfusion and cell migration in the model is that related
to shear-induced branching, the distribution of intravas-
cular pressure and flow is actually affected by the local
network architecture, which is, in turn, effectively con-
trolled by the underlying cell biology (through chemotaxis
and haptotaxis). Hence, not only does perfusion modify the
network topology (through vessel branching), but the
evolving topology itself affects the subsequent distribution
of shear stresses and new branches—another link is
established between perfusion, capillary remodelling, and
the biological processes.

3.7. DATIA—sensitivity to blood properties

Having examined the effects on the network structures of
varying a number of parameters related primarily to the
ECs forming the capillaries, we next turn attention to the
properties of the blood itself. The first parameter sensitivity
examines the impact of increasing the viscosity of the
plasma (mplasma) entering the system through the parent
vessel. We note that this effectively increases the apparent
viscosity used in determining vessel flow through Eq. (3).
A plasma viscosity four times greater than that used in
all other simulations was considered (i.e. mplasma ¼

4.8� 10�3 Pa s here). All other parameters were the same
as those used for the simulations presented in Section 3.4.

The structure of the capillary network generated is
shown in Fig. 9d and is seen to be similar to that obtained
using a plasma viscosity of 1.2� 10�3 Pa s (cf. Fig. 7).
Intuitively, one might expect higher viscosities to yield
higher wall shear stresses (and hence increased vessel
branching) through Eq. (8), but this assumes an increase in
viscosity without a concurrent change in vessel flow. This is
not the case here, however, as fixed inlet and outlet
pressure boundary conditions are used (these will be varied
later). Consequently, any increase in blood viscosity will
cause a decrease in capillary flow everywhere in the
network and the WSS will actually remain unaffected. This
is clear from Eq. (8) in the context of a single capillary
tube—in this case, the WSS is given by tw ¼ (rDP)/(2L)
(i.e. the WSS is independent of viscosity), where r is the
capillary radius, DP the associated pressure drop and L the
tube length. It can therefore be concluded that modifying
plasma viscosity will not appreciably affect the final
network structure.
Whilst the effect of changing the plasma viscosity is

unproblematic to interpret, the impact upon network
structure of varying the input haematocrit is less straight-
forward to predict. This is due to the fact that a number of
controlling variables (radial perturbations, relative viscos-
ity, intravascular pressure, WSS and capillary flow) are
affected by variations in haematocrit simultaneously.
Consequently, their individual contributions are difficult
to isolate in the context of flow through interconnected
networks.
As discussed earlier in Section 3.2, an increase in

haematocrit locally into a capillary element results in an
increase in relative viscosity, which decreases the flow
through that element. However, unlike the viscosity
sensitivity discussed above, where mplasma was increased
uniformly throughout the system, the haematocrit varies
both spatially and temporally. Hence, there is no way of
predicting a priori what effect changing the input
haematocrit may have upon the developing vasculature
because of the nonlinearities associated with this parameter
(although it is clear that the mrel (R,HD) relationship in
Eq. (5) plays a major role).
In order to address this issue, two simulations were

carried out at different input haematocrits: HD ¼ 0.675
and 0.225. These values represent a 50% increase and
decrease in the perfusion base-case value of 0.45, respec-
tively. Fig. 9e shows the results for HD ¼ 0.675 at time
~t ¼ 30:0. Although some minor perturbations are appar-
ent, the overall network architecture is similar to that
found earlier in Fig. 7, Section 3.4, and it appears that
increasing input haematocrit above the physiological
norm will have very little effect upon tumour-induced
angiogenesis (and hence upon the supply of nutrients
and/or treatments to the tumour). This is not the case,
however, if the haematocrit is reduced below the physio-
logical norm.
Capillary network growth with HD ¼ 0.225 is shown in

Fig. 10 (final configuration is reproduced in Fig. 9f) and
this simulation highlights some interesting features of
dynamic adaptive angiogenesis. Initially, there appears to
be less vessel branching than was observed in the
simulation reported in Fig. 7, Section 3.4—in fact, at ~t ¼
4:0 the capillaries have dilated to a far lesser degree and the
primary loop formed from vessels 2 and 3 is poorly
developed. After a time ~t48:0, however, the distribution of
haematocrit is such that a burst of vessel branching occurs
around the developing larger transverse loop (essentially
connecting the original vessels 1 and 5): vessel density
around the loop continues to increase and the high-flow
bypass becomes further reinforced. Although initial differ-
ences in global topology are small when compared to the
network generated in Fig. 7, it is evident that such small
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Fig. 10. Snapshots showing the development of a capillary network

formation where the blood has a reduced input haematocrit of 0.225.
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variations can have a dramatic impact upon angiogenesis
when coupled with local variations in vessel haematocrit.
The hypothesis here is that a reduction in input haemato-
crit during angiogenesis could lead to the formation of
highly dilated loops close to the parent vessel. The
therapeutic implications of this will be explored further
in Section 4.

3.8. DATIA—pressure sensitivities

The final set of parameter sensitivities presented in this
paper examines the related issues of intravascular pressure
and the pressure drop across the parent vessel feeding the
developing capillary network. The results presented so far
have assumed fixed inlet and outlet pressures of 3260 Pa
(24.5mmHg) and 2060 Pa (15.5mmHg), respectively. Con-
sequently, intravascular pressures calculated within the
capillary network proximal to the parent vessel are
distributed around 2660 Pa (20mmHg), whilst pressures
in distal regions (i.e. close to the tumour surface) remain
somewhat lower. Note that, (i) the magnitudes of these
intravascular pressures help determine the degree of vessel
constriction through Eqs. (10) and (13), and (ii) gradients in
intravascular pressure determine flow. Therefore both
vessel constriction and flow in the network are affected
by changes in the inlet and/or outlet pressure associated
with the parent vessel.

We first examine the impact of varying the intravascular
pressure profile upon network development by decreasing
both the inlet and outlet pressures by 300 Pa (2.25mmHg).
The final vasculature (at ~t ¼ 30:0) is shown in Fig. 9g and
is similar to that found in the perfusion base-case of Fig. 7,
Section 3.4. This is as expected because the pressure
gradients are identical to those calculated earlier—only the
magnitudes of the intravascular pressures have changed
(now distributed around 2360 Pa (17.75mmHg)) and these
changes have not been sufficient to substantially affect
radial adaptations through Eq. (13).
Next, the inlet blood pressure was decreased to 2960 Pa

(22.25mmHg), whilst the outlet pressure remained fixed at
2060 Pa (15.5mmHg). In this case, all capillary flows are
reduced due to the decrease in the global pressure drop,
vessel branching diminishes and the resulting dilated
backbone is less dense than before (Fig. 9(h). In fact, the
final network architecture is closer to that obtained by
reducing the haptotactic coefficient (cf. Fig. 9c). This again
emphasizes the way in which perfusion can affect the
interpretation of the underlying biological processes in an
unexpected manner.
The final sensitivity to intravascular pressure gradients

involved decreasing blood pressure at the outlet of the
parent vessel by 300 Pa (2.25mmHg), whilst keeping the
inlet pressure fixed at 3260 Pa (24.5mmHg). In this case,
pressure gradients are the largest considered so far and an
increase in the density of shear-induced branching is
observed (Fig. 9i, note that there is an increased number
of new sprouts close to the apex of the loop formed by
vessels 2 and 3). The heavily dilated anastomoses are
reminiscent of those obtained when the haematocrit was
decreased or the sensitivity of ECs to shear-induced
branching was increased.
Having examined the role played by pressure boundary

conditions at the parent vessel, attention is next focussed
upon the role played by intravascular pressure during
radial adaptation. For this final simulation, fixed inlet and
outlet pressures of 3260 Pa (24.5mmHg) and 2060 Pa
(15.5mmHg) were used once again but the sensitivity of
the capillaries to the intravascular pressure stimulus (see
Eqs. (9) and (10)) was increased. This was achieved by
increasing the intensity parameter kP in Eq. (13) five-fold to
a value of 0.5. Results from the simulation are presented in
Fig. 9j, where it is clear that increasing the sensitivity
effectively closes down the network. Even with continued
perfusion over a long time-scale, the capillaries fail to dilate
and no stable, high conductance pathway emerges from the
interconnected network. This could prove to be another
important therapeutic target—by manipulating the sensi-
tivity of ECs to WSS through their sensitivity to
intravascular pressure, it may be possible to shut down
the capillary bed supplying blood to a developing tumour
and effectively starve it of essential nutrients.
The issues of nutrient supply and drug delivery will be

considered in the following section.

4. Transport through adapted networks: implications for

nutrient supply and drug delivery to solid tumours

In the previous section, the effects of varying a wide
variety of physical and biochemical parameters upon
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vascular architecture were investigated in the context of
DATIA. These included investigating the network struc-
ture sensitivities to shear-induced branching, blood hae-
matocrit, cell–matrix interactions (via the haptotaxis
coefficient) and intravascular pressure. The aim of the
work presented in this section is to quantify the efficiency
of these different networks in carrying blood-borne
material, e.g. nutrients, chemotherapy drugs, to the
tumour. In doing so, it is hoped that some insights can
be offered into the precise fate of chemotherapeutic agents
in the vasculature during treatment and that this could lead
to the identification of a number of new therapeutic targets
and strategies for tumour management. This approach,
through the current dynamic adaptive model for tumour-
induced angiogenesis, provides a rational biomechanical
basis to investigate an effect which was first reported over
30 years ago—that of drug-induced normalization of
tumour blood vessels—and which has recently been the
subject of renewed interest (Salsbury et al., 1970; Le Serve
and Hellmann, 1972; Jain, 2001; Hellmann, 2003; Hell-
mann, 2004; Jain, 2004).

In order to assess transport efficacy within a given
adapted vessel network, a ‘‘tracer-drug’’ at concentration
Cmax was continuously infused into the inlet of the parent
vessel for 500 s. At each time step, the total amount of drug
flowing into each capillary junction (node) was calculated,
perfect mixing was assumed at each node in the network,
Fig. 11. Plots of the tracer-drug concentration distributio
and new drug concentrations were calculated for all
outflow bonds based upon the updated nodal values.
The base-case simulation for transport utilized the

vasculature described in Section 3.4 (and shown in Fig. 7)
i.e. a fully adaptive network that includes shear-induced
branching. Fig. 11 shows the tracer-drug evolution through
the capillary network at a number of different times (in s).
It is immediately clear that the bulk (in fact, almost all) of
the injected tracer-drug flows through the highly conduc-
tive dilated backbone, largely by-passing the tumour and
recirculating to the parent vessel. In excess of 250 s of
continuous infusion is required before any tracer-drug
reaches the tumour surface, and only then in very small
concentrations.
Fig. 12 shows plots of the total drug mass in the system

(parent vessel and capillary network) and uptake by the
tumour as functions of time. It should be noted that, (i)
tumour uptake is considered to be instantaneous once the
tracer-drug reaches the lower boundary of the domain, and
(ii) all masses have been normalized to the total mass
injected into the parent vessel over the course of the
simulation. Only around 1.5% of the infused tracer-drug
even enters the capillary network and, although the total
mass in the network reaches a plateau after approximately
50 s (transport being essentially governed by steady-state
flow through the dilated backbone), it takes another
200–250 s before uptake commences. This is because
n in the network shown in Fig. 7 at different times.
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Fig. 12. Plots of (a) total drug mass in parent vessel and network over

time and (b) amount of drug reaching the tumour.
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Fig. 13. Plots showing the amount of drug reaching the tumour over time

in a network where all vessels have a fixed radius of 6 mm. Note the

difference in scale compared to that of Fig. 12b.
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capillaries forming part of the brush border close to the
tumour surface are narrow and poorly perfused—conse-
quently, only a very small fraction of the injected treatment
actually reaches the target. As an aside, it should be noted
that, although convective transport through the vessels of
the network would be a rather poor delivery mechanism for
large molecules (i.e. cytotoxic treatments), the dilated
network is sufficiently well developed within a few hundred
microns of the tumour surface that diffusion of nutrients
(oxygen, glucose) would be relatively efficient over the
time-scale of tumour growth.

Fig. 13 shows the uptake using an identical network
architecture but with all capillary radii set permanently to
6 mm (the default value given at vessel birth in the model)—
uptake values are approximately three orders of magnitude
larger that those obtained from the remodelled vasculature.
These results clearly demonstrate the impact of network
heterogeneity upon treatment efficacy and highlight the
need for incorporating vessel adaptations (dilation/con-
striction) into any angiogenesis model involving transport
issues, such as chemotherapeutic intervention. In the
absence of vessel size variation, delivery is greatly over-
estimated.
The next example of convective transport considers flow

in the capillary network produced in Fig. 8, which exhibits
extensive vessel branching close to the parent vessel due to
increased sensitivity to WSS. Tracer-drug concentration
profiles are presented in Fig. 14 and it is apparent that the
highly dilated arcades proximal to the parent vessel remove
any possibility of effective treatment via intravenous or
intra-arterial infusion (no delivery occurred during the
500 s infusion period). However, if a tumour-induced
capillary network could be forced to develop in such a
way by means of some clinical intervention, then nutrient
supply via diffusion could be considerably slowed and
tumour growth effectively curtailed.
Another possible therapeutic target discussed earlier was

the manipulation of the haptotactic response of the
migrating ECs during angiogenesis. A reduction in
haptotaxis led to the capillary network shown in Fig. 9c,
characterized by reduced lateral migration of the vessels
and reduced shear-induced branching. The tracer-drug
evolution through this vessel network is shown in Fig. 15
and suggests that tumours supplied by this type of
vasculature would be well supplied with nutrients and
could be expected to grow rapidly. Paradoxically, however,
such tumours would also be highly susceptible to infused
treatments, with far more cytotoxic agent reaching the
tumour than observed in previous cases. This conjecture is
supported by the supply and uptake results from the
infusion simulation shown in Fig. 16. Whilst the total mass
of tracer-drug entering the supplying vasculature is almost
identical to that observed in the base-case simulation
(r ¼ 0.28, Fig. 12(a)), the drug uptake by the tumour is

fifty times greater when lateral migration and vessel
branching are reduced.
The sensitivity of adaptive dynamic angiogenesis to a

number of blood properties was discussed earlier in Section
3.7 and it was found that neither elevated plasma viscosity
nor elevated haematocrit affected network topology to any
great extent. However, a depressed haematocrit was found
to lead to the formation of highly dilated arcades close to
the parent vessel and Fig. 17 shows the therapeutic
implications of this phenomenon—more drug enters the
capillary network than entered in the base-case simulation
but drug delivery to the tumour is reduced by more than

three orders of magnitude.
The overall effect is similar to that observed when the

sensitivity of the ECs to shear stress was increased. In the
context of nutrient supply to the tumour, it is proposed
here that decreasing local haematocrit could be a possible
mechanism for generating vasculatures that are detrimental
to tumour growth.
The final set of simulations dealing with nutrient and

drug transport relate to networks generated under a variety
of intravascular pressure conditions (i.e. the networks
shown in Figs. 9g–i (the network shown in Fig. 9j clearly
supplies little drug/nutrient and is not considered further).
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Fig. 14. Plots of the tracer-drug distribution within a capillary network where there is increased sensitivity to WSS, i.e. the network of Fig. 8.

Fig. 15. Plots of the tracer-drug distribution within a capillary network developed using a reduced haptotaxis coefficient of r ¼ 0:16.
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Note that, in all cases, a pressure drop of 1200 Pa
(9mmHg) was applied across the parent vessel when
modelling the injection of tracer-drug post-angiogenesis.
Although pressure conditions used in the development of
the network during angiogenesis may have differed from
this, maintaining this gradient allows meaningful compar-
isons to be made across all simulations.

Fig. 18(a) shows uptake for the case when both inlet and
outlet parent vessel pressures were reduced by 300 Pa
(2.25mmHg) prior to angiogenesis. The result, as expected,
is in broad agreement with the base-case data (Fig. 12(b)),
due to the fact that both networks are structurally similar.
The impact upon drug delivery of lowering the pressure

at the inlet of the parent vessel by 300 Pa (2.25mmHg)
prior to angiogenesis, whilst keeping the outlet pressure
unchanged, is shown in Fig. 18(b). Delivery is dramatically
increased—by more than three orders of magnitude—and
tumours characterized by similar vascular architectures are
consequently highly likely to be vulnerable to chemother-
apeutic infusions.
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Fig. 16. Plots of (a) total drug mass in parent vessel and network over

time and (b) amount of drug reaching the tumour in two different capillary

networks. One network produced using a haptotaxis coefficient of

r ¼ 0:28, the other with a reduced haptotaxis coefficient of r ¼ 0:16.
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Fig. 17. Plots of (a) total drug mass in parent vessel and network over

time and (b) amount of drug reaching the tumour. Capillary network

produced using a reduced haematocrit value.
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Fig. 18. Plots of amount of drug reaching the tumour in three different

networks under different pressure configurations in the parent vessel. (a)

Reduced inlet and outlet pressures at parent vessel; (b) lower pressure at

inlet parent vessel; (c) increased pressure gradient across parent vessel.
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The final result concerning the sensitivity of angiogenesis
to pressure conditions is that presented in Fig. 18(c). This
figure shows the uptake by the tumour supplied by the
network in Fig. 9i, where the pressure gradient across the
parent vessel was increased by 300 Pa (2.25mmHg) prior to
angiogenesis. Uptake is extremely poor, which is not too
surprising given the presence of highly dilated loops close
to the parent vessel. Hence, intravenous/intra-arterial
treatments would be expected to prove ineffective in
this case.

5. Discussion and conclusions

An extensive theoretical investigation of the process of
tumour-induced angiogenesis has been presented in this
paper and results from computational simulations of the
mathematical model have highlighted a number of
important new targets for therapeutic intervention. The
approach considered has been to integrate and explicitly
couple a hybrid model of endothelial cell migration
(Anderson and Chaplain, 1998) with a network flow model
(McDougall et al., 2002; Stéphanou et al., 2005, 2006) and
to evaluate the effects of blood perfusion and radial
adaptation on the developing capillary bed. Following the
work of Pries and co-workers, blood rheological properties
and metabolic constraints have been explicitly included in
the formulation (Pries et al., 1996, 1998, 2001a, b) and the
influence of WSS on vessel branching has also been
considered. In contrast to previous capillary network flow
models reported in the literature (McDougall et al., 2002;
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Alarcon et al., 2003; Stéphanou et al., 2005, 2006), where
the effects of perfusion were evaluated a posteriori post-
angiogenesis through hollow networks, blood flow in the
model described here has been coupled directly to
migration. Consequently, the major role played by perfu-
sion during capillary growth has been evaluated, with
radial adaptations and vessel remodelling occurring as
immediate consequences of primary loop formations
(anastomoses).

As a first step towards the development and implemen-
tation of the fully dynamic adaptive model, attention
initially focussed upon vessel adaptation in the context of
an already fully formed, flowing vascular network.
Capillary vessels were considered to be devoid of red
blood cells and a constant input level of haematocrit was
set at the inlet end of the parent vessel. Subsequent a
posteriori remodelling of the network was found to be
characterized by fluctuations in vessel and network
architecture, with some regions of the vasculature under-
going successive cycles of dilation and constriction in
certain vessels. The network reached steady state after
approximately 300 s of perfusion and the architecture was
dominated by a well-defined ‘‘optimal’’ flow-path, consist-
ing of a few fully dilated vessels (a flowing ‘‘backbone’’),
the structure of which essentially determined the efficacy of
convective delivery to the tumour.

The next stage in the model development was to consider
vessel adaptation during growth. This was achieved by
flowing the developing network at regular intervals during
the growth process until a steady-state vessel structure had
been realized. However, in the absence of shear-induced
branching, the network architecture and the distribution of
capillary radii (i.e. vessel size) throughout the network
were, as expected, found to be identical to those obtained
from the a posteriori remodelling simulation.

The final development of the fully dynamic, adaptive
flow model was the inclusion of shear-induced capillary
branching, which enabled us to couple the flow properties
directly to the growing network. This explicit coupling led
to network architectures that differed radically from those
found in all previous models. Dilated loops (anastomoses)
formed at an earlier stage close to the parent vessel and this
dilation was positively reinforcing, with proximally dilated
capillaries undergoing further vessel branching. Subse-
quent migration of these additional branches resulted in
high capillary densities in regions distal to the parent vessel
and the main consequence of this was that the number of
high-conductivity pathways became greatly reduced close
to the tumour surface.

Computational simulation results pertaining to the
sensitivity of the ECs to WSS clearly showed that this
aspect of the underlying biology is an important determi-
nant of network topology. Simulations demonstrated that
manipulating the parameters relating to the degree of
sensitivity to WSS could prove to be an important
therapeutic target, as networks characterized by increased
capillary branching would be poorly suited to supplying
nutrients to a developing tumour. Conversely, however, it
was also shown that any chemotherapy treatment targeting
tumour cells by injection into such a capillary network
would yield poor treatment efficacy—the highly dilated
shunt effectively removing any drug from the network
before it had time to reach the tumour. Clearly, additional
experimental research would be highly desirable to help
elucidate and quantify the mechanisms whereby shear-
induced branching occurs—the chemical mediators in-
volved, the role played by convective transport, and the
sensitivity of ECs to the associated signalling molecules.
The implications for therapeutic intervention could then be
more fully evaluated.
Additional computational simulations were carried out

to investigate the sensitivity of the model to changes in a
number of physical and biochemical parameters and to
examine the way in which these changes affected the
vascular architecture. These included sensitivities to
changes in cell–matrix interactions (via the haptotaxis
coefficient), blood rheological properties and intravascular
pressure. The main results are summarized below:
�
 Cell–matrix interactions: Lowering the haptotactic
response of the ECs caused the capillary vessels to grow
towards the tumour surface more directly, with a
reduction in lateral migration. This more directed
motion in turn was seen to delay the formation of loops
(anastomoses) and hence perfusion from the parent
vessel. Vessel dilation was also delayed and only a small
amount of shear-induced branching occurred. The final
steady-state flowing network was somewhat ramified
compared with that obtained using a higher haptotactic
response and dilated pathways only emerged close to the
tumour surface. This result highlighted the link between
perfusion, capillary remodelling, and the underlying
biological processes, emphasizing the way in which
several apparently unconnected phenomena can interact
throughout the process.

�
 Rheological properties: Simulations examining the role

played by blood rheological properties showed that
modifying plasma viscosity would not appreciably affect
the final network structure after angiogenesis. However,
the effect of varying haematocrit was less straightfor-
ward to predict. This was due to the fact that a number
of controlling variables (radial perturbations, relative
viscosity, intravascular pressure, WSS and capillary
flow) are affected by variations in haematocrit simulta-
neously. Hence, there is no way of predicting a priori,
what effect changing input haematocrit may have upon
the developing vasculature. Results suggested that
increasing input haematocrit above the physiological
norm would have little effect upon angiogenesis, whilst a
reduction in haematocrit could lead to the formation of
highly dilated loops close to the parent vessel.

�
 Intravascular pressure: The final set of parameter

changes presented in the paper examined the related
issues of intravascular pressure and the pressure drop
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across the parent vessel. Decreasing the pressure at the
inlet, whilst keeping the outlet pressure fixed, led to a
reduction in all capillary flows. Vessel branching
consequently diminished and the vessel architecture of
the resulting steady-state flowing network was seen to be
less dense than before. The final architecture was similar
to that obtained by reducing the haptotactic coefficient
and this again emphasizes the way in which perfusion
can affect the interpretation of the underlying biological
processes in an unexpected manner. Decreasing blood
pressure at the outlet of the parent vessel, whilst keeping
the inlet pressure fixed, led to an increase in pressure
gradients throughout the capillary bed and the density
of shear-induced branching rose accordingly. Heavily
dilated arcades formed close to the parent vessel and
were reminiscent of those obtained when decreasing
haematocrit or increasing the sensitivity of ECs to shear-
induced branching. The final sensitivity to pressure
conditions concerned the sensitivity of the capillaries to
the intravascular pressure stimulus. It was found that
increasing the intensity parameter kP effectively closed
down the network. Even with continued long-term
perfusion, the capillaries failed to dilate and no stable,
high-conductance pathway could be obtained. It was
hypothesized that by manipulating the sensitivity of ECs
to WSS through their sensitivity to intravascular
pressure, it may be possible to shut down the capillary
network supplying blood to a developing tumour and
effectively starve it of essential nutrients.

In order to assess transport efficacy in the various
vasculatures (and hence nutrient and drug supply to the
tumour), we carried out a number of computational
simulations in which a ‘‘tracer-drug’’ was continuously
infused into the inlet of the parent vessel. In all cases, it was
found that the bulk (in fact, almost all) of the injected
tracer-drug flowed preferentially through the highly con-
ductive, fully dilated vessels, largely by-passing the tumour
and re-circulating to the parent vessel. Moreover, capil-
laries forming part of the brush border close to the tumour
surface were so narrow and poorly perfused that only a
very small fraction of the tracer-drug actually reached the
target. Delivery of the tracer-drug to the tumour via a
capillary network characterized by an identical architecture
but with all vessel radii set to a mean physiological value,
was overestimated by almost three orders of magnitude.
These results show the impact of vessel heterogeneity
within a given network upon treatment efficacy and
highlight the need for incorporating vessel adaptations
into any angiogenesis model involving transport issues,
such as chemotherapeutic intervention.

One possible therapeutic target discussed earlier was the
manipulation of the haptotactic response of the migrating
ECs during angiogenesis. The tracer-drug evolution results
suggest that tumours supplied by this type of vasculature
would be well supplied with nutrients and could be
expected to grow rapidly. Paradoxically, however, such
tumours would also be highly susceptible to infused
treatments, with far more cytotoxic agent reaching the
proliferating tumour rim than observed in previous
cases. Indeed, tracer-drug uptake by the tumour is
50 times greater when lateral migration and vessel
branching are reduced.
More generally, it is apparent from the transport

simulations presented here that highly dilated loops
proximal to the parent vessel remove any possibility of
effective treatment via intravenous or intra-arterial infu-
sion. However, if a tumour-induced capillary network
could be forced to develop in just such a way, by means of
some clinical intervention perhaps, then nutrient supply to
the tumour could be effectively curtailed. The DATIA
model provides a solid biomechanical framework within
which to examine, in some detail, the possibility of
normalizing tumour blood vessels as a means of effectively
treating solid tumours (cf. Salsbury et al., 1970; Le Serve
and Hellmann, 1972).
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