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Antiangiogenic and vascular disrupting agents are in the
current cancer therapeutic armamentarium. A better
understanding of the intricate mechanisms ruling neo-
vessel survival within tumors during or after treatment is
needed. Refinement of imaging and a growing knowl-
edge of molecular biology of tumor vascularization pro-
vide new insights. It is necessary to define suitable
methods for monitoring tumor response and appropri-
ate tools to analyze data. This review compares most
commonly used preclinical models, considering their
recent improvements, and describes promising new
approaches such as microfluidics, real-time electrical
impedance based technique and noninvasive imaging
techniques. The advantages and limitations of the in
vitro, ex vivo and in vivo models are discussed. This
review also provides a critical summary of emerging
approaches using mathematical modeling.

Vascular remodeling: suitable models and methods
for monitoring tumor response
Vasculogenesis and angiogenesis are the fundamental
processes by which new blood vessels are formed. During
vasculogenesis angioblasts differentiate into endothelial
cells and form a primitive vascular network, whereas
during angiogenesis new capillaries grow from pre-existing
blood vessels. Deregulated angiogenesis has been de-
scribed as a key pathological event in cancer [1].

In cancer angiogenesis abnormal amounts of stimulat-
ing factors are released. Insufficient levels of local oxygen
and nutrients in a tumor >1–2 mm in diameter, coupled
with genetic mutations in tumor cells, are responsible
for triggering the angiogenic switch. New blood vessel
formation can occur through various processes shown in
Figure 1 [1].

As a means to combat cancer angiogenesis (see Table 1
for examples of antiangiogenic agents), strategies to inhibit
proangiogenic or overexpress antiangiogenic molecules

Review

Glossary

Angioblast: primordial mesenchymal cell from which vascular endothelium

cells are differentiated.

Angiogenesis: process of developing new blood vessels. Normal angiogenesis

occurs during fetal development and in the uterus during the menstrual cycle,

as well as around a wound or cut to help with healing. Tumor angiogenesis is

the formation of new blood vessels that grow into the tumor, giving it nutrients

and oxygen to assist its growth.

Cancer stem cells: multipotent cells able to differentiate into various cell types

and initiate a tumor.

Conditioned medium: medium enriched with soluble factors released by cells

that are cultured in it.

Endothelial cells: thin, flattened cells lining the inside surfaces of blood and

lymph vessels.

Endothelial progenitor cells: multipotent cells able to differentiate into

endothelial cells.

Extracellular matrix (ECM): defines the environment of cells. The ECM consists

of several different macromolecules such as proteins and polysaccharides. It

provides mechanical strength and protection and functions as a medium for

cell communication such as growth factor signaling. ECM also provides vital

cell-matrix adhesion, which regulates cell functions that are essential for

wound healing or inflammatory process.

Filopodia: slender cytoplasmic projections containing actin filaments, involved

in cells migration and direction.

Glioblastoma multiforme (GBM): the most malignant type of astrocytoma,

composed of spongioblasts, astroblasts, and astrocytes; GBM usually occurs in

the brain but may occur in the brain stem or spinal cord.

Intravital microscopy: technique used to observe biological systems in vivo at

high resolution, characterized by a long working distance.

Intussusception: also called splitting angiogenesis, is the development and

growth of transluminal pillars through the lumen of capillaries, to delineate

new vascular entities through partition.

Mitotic rate: proportion of cells undergoing mitosis within a tissue.

Multiple correspondence analysis: a statistical method used to extract the

major information contained in a categorical database. A categorical

characteristic is not numeric information, which can take a fixed number of

values.

Multi-photon laser scanning: technique using a beam of laser light, focused

into a small point at the focal plane of the specimen. The beam is scanned in

the X–Y direction by the mirror move. Multi-photon refers to the requirement

of more than one photon to excite the fluorescent probe.

Orthotopic: natural site, opposed to heterotopic.

Perivascular cells: cell types covering the endothelium.

Response element: sequence of DNA within a gene promoter region able to

bind specific transcription factor.

Tip-phenotype: VEGFR-mediated Dll4 expression dictates tip/stalk phenotype

in a cell-cell dependent manner involved in sprouting angiogenesis. Tip cells,

defined by the expression of Dll4, are leading the vascular sprout using

filopodias as sensors for chemoattractant molecule.
Severe combined immunodeficiency (SCID): a genetic disorder in which both

‘‘arms’’ (B and T cells) of the adaptive immune system are impaired due to a

defect in one of several possible genes.
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Stalk-phenotype: are endothelial cells supporting the sprouting by VEGF-

induced proliferation. The stalk phenotype is maintained by lateral inhibition

through Notch receptor binding to Dll4 expressed by tip cells.

Vasculogenesis: process of blood vessel formation occurring by de novo

production of endothelial cells.

Vasculogenic mimicry: mechanism by which the tumor cells organize in

vessel-like structures.

Xenotransplantation/xenograft: cells or pieces of organs or tumor grafted to a

host animal whose species is different from the donor.
have been used to target tumor endothelial cells [20]. There
is also a clear rationale for combining antiangiogenic
molecules with other targeted agents to control tumor
growth and development. Contrary to antiangiogenic strat-
egies that inhibit the formation of new blood vessels,
antineovascular therapy (ANET) disrupts existing tumor
vessels. Targeting endothelial cells rather than tumor
cells, provides many advantages. First, a single vessel only
has to be damaged at one point to block blood flow to
hundreds or thousands of tumor cells upstream and down-
stream [21]. Moreover, vascular endothelial cells are adja-
cent to the bloodstream, ensuring adequate drug delivery,
whereas access to the tumor tissue is sometimes impeded
by an aberrant vasculature and high interstitial pressure
[21–23]. Additionally, endothelial cells lining angiogenic
blood vessel of different tumors are likely to have a similar
pattern of markers expression. Therefore, ANET can be
used with many vascularized tumors and can also be
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achieved with classical cytotoxic agents through metro-
nomic chemotherapy. Metronomic chemotherapy is a se-
lective dosing schedule. In addition to proliferating cancer
cells and various types of normal cells, such as those of the
bone marrow, conventional cytotoxic chemotherapeutics
affect the endothelium of the growing tumor vasculature.
The antiangiogenic efficacy of chemotherapy seems to be
optimized by administering comparatively low doses of
drug on a frequent or continuous schedule, with no extend-
ed interruptions referred to as metronomic chemotherapy.
By frequent administration at low doses, cytotoxic agents
accumulate in angiogenic endothelial cells [24].

Photodynamic therapy (PDT) is another approach to
tumor neovasculature targeting in addition to targeting
proliferating cancer cells. Indeed, PDT effects are mediated
not only through direct killing of tumor cells but also
through indirect effects, which involve the destruction of
tumor neovasculature [25]. Tumor neovasculature target-
ing appears as an approach of significant research interest
for the development of active photosensitizer delivery sys-
tems able to enhance selectivity and efficiency of vascular
PDT for cancer. The main molecular targets explored in the
vascular-targeting PDT for cancer includes the vascular
endothelial growth factor receptors (VEGFRs) such as neu-
ropilin (NRP)-1, receptor tissue factor (TF), avb3 integrins,
and matrix metalloproteinase (MMP) receptors [26].
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A better understanding of the intricate mechanisms of
neovessel survival within tumors during or after antian-
giogenic therapies and/or ANET is necessary. Various
assays and models are available to unravel the mechanism
of tumor angiogenesis and vascular-targeting therapies. In
vitro and ex vivo approaches have provided solid and
critical data on the molecular and cellular regulations
involved in tumor vascularization and have allowed target
screening and drug discovery of recent decades (Table 1).
As illustrated in Table 1, to acquire complementary
results, it is necessary to use different experimental mod-
els. For instance, Laschke et al. have used the aortic ring
assay to assess the inhibition of sprouting by a phenolic
plant molecule [18,19]. This selection was based on the
presence of different cell types (see section discussing the
aortic ring model). Also, the endothelial cells of the aorta
are not preselected by passaging and thus are not in a
proliferative state at the time of explantation. In vivo, the
effects of the phenolic compound have been observed using
an endometriosis model in mice through the dorsal skinfold
chamber [18,19]. Table 1 also highlights the diversity of
molecules and biological processes that can be targeted in
antiangiogenic/vascular therapies, and their mechanism of
action. This variety of approaches makes the evaluation of
therapies even more challenging. Indeed, it is critical to use
the appropriate model when it exists.

In this review, we discuss the advantages and draw-
backs, as well as the most recent technical improvements
of these models and assays.

In vitro assays
Endothelial cell culture

Endothelial cells that are seeded on extracellular matrix
(ECM) proteins represent the later stages of angiogenesis.
These cells are extensively used to assess novel compounds
for pro- or antiangiogenic effects on proliferation, migra-
tion, or morphogenesis, as well as the mechanism of action
of the compound [14] (Figure 2). Although the cells can
easily be probed for information on signaling pathways or
gene expression, evaluation of morphological data is labor
intensive and requires computer-assisted analysis.

The origin of endothelial cells has been shown to impact
the results provided by in vitro assays, notably the origin
(a) (b)

TRENDS in Biotechnology 

Figure 2. In vitro evaluation of human umbilical endothelial vein endothelial cells

(HUVECs) ability to form tube-like structure on Matrigel coating. The endothelial

network thickness has been assessed using fluorescence intensity (Nikon AZ100)

of PECAM (Platelet endothelial cell adhesion molecule-1) antibody coupled to

Alexa 488, after 6 h culture in low-serum medium [(a) – 2% fetal calf serum (FCS)],

or coculture with FaDu cells [(b) 200 000 cells/cm2]. HUVECs were seeded on

Matrigel at 150 000 cells/cm2 and fixed using 4% paraformaldehyde (reproduced,

with permission, from [14]).
of cells from either capillaries (human microvascular
endothelial cells) or large vessels (human umbilical vein
endothelial cells). Consequently, the assays have been im-
proved to use endothelial cells activated by the tumor; they
have a specific phenotype and respond differently to anti-
angiogenic therapies as compared to normal endothelial
cells. Unfortunately, the endothelial cells phenotype tends
to change rapidly after isolation. Coculture of endothelial
and tumor cells could overcome these issues, because
changes in gene expression and properties have been ob-
served in such systems [27] (Figure 2).

Microfluidic technologies

To develop multiple microtissues with perfused capillaries
based on vasculogenic process, microfluidic technologies
were developed. They are chip-systems reproducing capil-
lary networks through the integration of channels (as
small as 5 mm in diameter), and bifurcations. Endothelial
cells can be cultured and maintained in laminar flow
conditions in these devices used to mimic in vivo condi-
tions. The major advantages of microfluidic devices are to
control precisely the spatial and temporal composition of
the liquid (e.g., growth factor gradients), and the ability to
visualize cellular events such as cell–cell interactions (ho-
mo or heterotypic) or particle–cell interactions by coupling
the device to imaging techniques using fluorescence. Devel-
opments of microfluidic devices include the creation of 3D
networks, using patterns of microvascularization repro-
duced from in vivo imaging. Progress is promising, as
the applications for these devices continue to expand,
and the devices allow the observation of very subtle biolog-
ical events [28].

Migration assays

Conventional methodologies used for endothelial cell mi-
gration detection are the transwell migration assay or the
tube formation assay. Transwell assays allow quantifica-
tion of cells moving through a membrane, from one com-
partment to another, classically guided by a gradient or a
growth factor [18]. Tube formation is a morphogenesis
assay and is used to evaluate the effect of a molecule or
a medium on the organization of endothelial cells seeded on
a matrix (collagen-based or more complex such as Matri-
gel) [14]. Quantification then requires cell counting or
computer-assisted image analysis. The xCELLigence sys-
tem, based on real-time cell analysis, is a new, versatile
device for invasion and migration studies, and is at present
the only device able to measure quantitatively the invasive
and migratory behavior of cells in real time without exog-
enous labels. As cells migrate from the upper chamber
through the membrane into the bottom chamber, they
contact electronic sensors on the underside of the mem-
brane, resulting in an increase in impedance. The imped-
ance intensity correlates to increasing numbers of
migrated cells, and cell-index values reflecting impedance
changes are continuously recorded. This system can nota-
bly evaluate the influence of a cellular protein on the
migration potential of a wide range of cell lines. These
findings could be the starting point for further investiga-
tions to understand the cellular processes involved in
migration at the molecular level [29].
651



Table 1. Examples of experimental models to evaluate the vascular effects of antiangiogenic and/or antivascular agents in preclinical studies

Models Antiangiogenic agents Therapeutic targets Molecule class/mechanism of action Refs

in vitro/ex vivo in vivo

HUVECs, tube formation

DSFC/IVM Bevacizumab
VEGF

Proangiogenic

factors

Humanized IgG1 mAb [2]

Mice xenografts/IHC VEGF-Trap, Aflibercept Composite VEGF decoy receptor [3]

Rabbit cornea Thalidomide

VEGF, b-FGF

IMiD [4]

DSFC/IVM Nadroparin (LMWH) Heparin or heparan sulfate mimetic [5]

Angiosponge model PG545 – [6]

Aortic ring assay

GEM models and microbubble

Contrast-enhanced ultrasound

imaging

Sunitinib malate

(SU11248)

VEGFR-1, -3, PDGFR a/b,

RET

RTK
Multikinase inhibitor, including RTK

[7]

CAM

Mice xenografts AL3810, CHIR-258 VEGFR2, PDGFR, FGFR1

[8]

[9]

Mice xenografts/IHC
AMG-706, Pazopanib

GW786034

VEGFR-1, -2, -3 PDGFR,

c-Kit

[10]

[11]

HBMvEC culture Mice xenografts/IHC ABT-510 Endothelial CD-36 Proliferation Peptidic analog of TSP-1 [12]

3D bovine aortic EC–Matrigel

culture Mice Matrigel plug angiogenesis assay RGDechiHCit avb3 et avb5
Integrins Antagonist

[13]

HUVEC–Matrigel culture

– Cetuximab EGFR

Other factors

with vascular

effects

IgG1 mAb [14]

DSFC/IVM

Mice Matrigel plug angiogenesis assay

Retinopathy murine model

CL1-R12
Human and murine CD160

IgG1 mAb

Caspase-dependent EC apoptosis [15]

Mice xenografts/IHC TPC-Ahx-ATWLPPR Nrp-1 Conjugate photosensitizer-heptapeptide [16]

3D EC melanoma

spheroidal model

–

Resveratrol HIF-1a, p53 Polyphenol [17]

Aortic ring assay

Murine EC culture

DSFC/IVM

CAM

4-Hydroxybenzyl

alcohol (HBA) Anti-MMP-9, VEGF Phenol

[18]

[19]

CAM, chick chorioallantoic membrane; CD, cluster of differentiation; DSFC, dorsal skinfold chamber; EC, endothelial cell; EGFR, epithelial growth factor receptor; FGF, fibroblast growth factor; GEM, genetically engineered mice;

HBMvEC, human brain microvascular endothelial cells; HIF, hypoxia-inducible factor; HUVEC, human umbilical vein endothelial cell; IHC, immunohistochemistry; IMiD, immunomodulatory drug; IVM, intravital microscopy; LMWH,

low-molecular-weight heparin; mAb, monoclonal antibody; MMP, matrix metalloproteinase; Nrp, neuropilin; PDGFR, platelet-derived growth factor receptor; R-1, receptor-1; RET, REarranged during Transfection (neurotrophic factor

receptor); RTK, receptor tyrosine kinase; TSP, thrombospondin; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor.
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Ex vivo organ culture assays: toward the complexity of
tumor angiogenesis
The most widely used ex vivo model for angiogenesis is
aortic explants from rodents. Pieces of aorta are cultured in
a 3D matrix. New vessels appear spontaneously within 3
days. After exposure of aortic rings to growth factors or new
antiangiogenic compounds, the angiogenic sprouting can
be assessed. This easy-to-use assay has become popular
because of its good correlation with in vivo angiogenesis: it
summarizes different levels involved in sprouting angio-
genesis from endothelial cell biology to paracrine regula-
tion by the different cell types present in the aorta [30].
Some studies have demonstrated the existence of vascular-
wall resident stem-like cells in the adventitia of the human
internal thoracic artery. The rodent aortic ring might be a
good model to study a possible role for progenitors in tumor
angiogenesis, because pluripotent cells are located in the
aortic adventitia of adult mice [31]. The main drawbacks
for an aortic ring model are variability caused by either the
rodent genetic heterogeneity, or the lack of reproducibility
of handling of the aorta. Quantifying the newly formed
vessels is also difficult, especially due to the 3D growth.
Moreover, sprouting from large vessels such as the aorta
may be very different than from microvessels occurring in
tumors [30]. Finally, we could comment that the different
cell types in this assay do not characterize a tumor popu-
lation. Pericyte coverage is decreased in the tumor envi-
ronment, and the patterns of expression in tumor-
associated fibroblasts or cancer-associated macrophages
are modified similarly to those in endothelial cells
(Figure 1).

In vivo angiogenesis assays and models
Zebrafish

Zebrafish (Danio rerio) is an exciting vertebrate model for
angiogenesis because of its significant degree of genetic
homology with humans. Moreover, zebrafish are amena-
ble to direct intravital imaging with high spatial and
temporal resolution through fluorescent tools. The em-
bryo transparency is a valuable characteristic, and trans-
plantation of human tumor cells has been recently
developed. However, the embryo can only bear a limited
number of cancer cell grafts; they interfere with devel-
opment and can be lethal. Angiogenesis assays on zebra-
fish embryos are very amenable for pharmacological in
vivo screening, because embryos can be maintained in 96-
well plates. Zebrafish has been shown to discriminate
between highly and poorly angiogenic tumors [32]. De-
spite their similarity, some discrepancies between zebra-
fish and mammalian models have been observed, notably
in the pattern of expression of some markers. Similarly,
hypoxia induces increased vascular density and tumor
cell dissemination in tumor-bearing zebrafish main-
tained in hypoxic conditions [33]. Contrary to tumor
hypoxia occurring at a tissue level, hypoxia in the zebra-
fish is applied to the whole body through water contain-
ing 7.5% oxygen. In comparison, in vitro hypoxia uses up
to 1% of oxygen. This emphasizes the need to optimize
zebrafish protocols for human cancer models, and the
requirement of a better knowledge of zebrafish embryos
physiology.
Chorioallantoic membrane (CAM)

The CAM model takes advantage of the surface-level cap-
illary network developing within the chick extra-embryo
membrane mediating gas and nutrients exchanges before
hatching. Major advantages are a very low cost, reproduc-
ibility, and its ease of use [34]. Transferred into a Petri
dish, the embryo ex ovo can receive multiple grafts, reduc-
ing the cost even more, which is offset by limited survival.
The CAM allows a medium throughput screening of the
effects of pharmacological compounds on tumor vasculari-
zation (that can be administered through slow-release
polymer carriers or intravenous injection). The introduc-
tion of gridded collagen on plants in shell-less CAM allows
easier scoring of angiogenesis, and the incorporation of
various materials such as cells or testing compounds. The
vertical growth of newly formed vessels within the 3D
matrix enables discrimination from the pre-existing vas-
culature [35].

One must naturally use caution when extrapolating
from a model using chicken cells. Similarly, even in the
case of tumor grafts or cell inoculation, the possibility
cannot be excluded of a bias in studies conducted in these
kinds of models while the embryo is still developing. Em-
bryonic stem cells (ESCs) may have a more dramatic
impact on vessel formation in embryonic tissues than in
adult tissues. ESCs can spontaneously differentiate into
miscellaneous cell types depending on the environment
and the surrounding factors. When cultured in suspension,
aggregating human ESCs form embryoid bodies, which
have the potential to differentiate into endothelial cells.
These embryoid bodies, when implanted in severe com-
bined immunodeficiency (SCID) mice, are able to consti-
tute functional microvasculature within the host tissue
[36]. Caution should be used when using developing em-
bryos for angiogenic assays.

Mouse models

In vivo preclinical angiogenesis studies in cancer mostly
use subcutaneous xenografts on mice. However, the choice
of the tumor model is a critical point for angiogenesis
assays to be predictive of clinical situations. Notably,
important differences between subcutaneous xenografts
and orthotopic models have been pointed out. Orthotopic
models could be more predictive of antiangiogenic/vascular
therapy mechanisms of action and efficacy [37]. The dis-
crepancies between preclinical and clinical data have re-
cently been reviewed. Most patients receiving VEGF
inhibitors have late stage or metastasis diseases, whereas
in vivo assays are mainly realized using animals bearing
early-stage or primary tumors [38]. Preclinical studies
using tumor-bearing mice suffer a lack of relevant and
specific markers to assess the effects of antiangiogenic/
vascular therapies. The endpoint commonly used is tumor
microvessel density (MVD), which is the number of vessels
in a given surface. To evaluate MVD, immunohistochemi-
cal techniques are used with markers such as CD31, CD34,
or lectins. However, MVD is controversial, because the
tumor can regress during treatment, without any change
in MVD [39].

To overcome these limitations, noninvasive in vivo im-
aging such as magnetic resonance imaging (MRI), whole
653
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Figure 3. Application of intravital confocal microscopy on nude mice (around 12

weeks old), bearing a dorsal skinfold chamber (day 22 after surgery, small dorsal

kit from APJ Trading Co. Inc., CA, USA) with a U87-GFP tumor chunk (20 days post-

graft, green, 488 nm). Images performed on anesthetized mice (ketamine–xylazine,

10 ml/g body weight) 5 min after intravenous injection of 120 ml nanoparticles

conjugated with chlorin as photosensitizer (red, 650 nm). Multiphoton illumination

was coupled with a confocal microscope (PTIBC-IBISA NANCY PPIA 7561 CNRS),

objective (2�), Macrozoom (2�) for (a) and (60�) for (b) to detect fluorescence

(bead from 520 to 550 nm, excitation at 488 nm and nanoparticles with chlorine

from 630 to 670 nm, excitation at 800 nm). (c) Intravenous injection of

nanoparticles through the caudal vein (i), position of a mouse bearing the dorsal

skinfold chamber on the microscope plate (ii). First, mutiphoton illumination is

optimized on the whole field (iii) to detect both GFP fluorescence (green) and

chlorin fluorescence (red). Then, the tumor tissue is specifically imaged using the

Macrozoom [2� in (iv) and 60� in (v)], and the chlorin-fluorescence channel can be

selected for vascular imaging analysis (vi). (vii) shows the tumor tissue (U87-GFP

in green) and the surrounding microvasculature (chlorin fluorescence in red).
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body fluorescence and bioluminescence, or intravital mi-
croscopy approaches are being improved. Imaging tools
have the potential to evaluate patient response clinically.
In vivo multispectral fluorescent imaging, for example, is
used to detect a distinct signature associated with blood
vessels in fluorescent tumors in mice, enabling the imaging
of tumor vasculature and quantification without vascular
probes [40].

Bioluminescence imaging (BLI) is another noninvasive
approach, which is expanding for in vivo imaging of vascu-
lature. Bioluminescence is the emission of photons in the
visible range of wavelengths through the oxidation of an
enzyme such as luciferase (North American firefly lucifer-
ase, 560 nm) [41]. This imaging technique provides non-
quantitative data but its recent development in
tomography is a seductive approach to track cells (like
progenitor cells) by whole body imaging because of its high
sensitivity.
654
Intravital microscopy can use in situ samples, acute
(exteriorized) tissue or chronic transparent chambers.
Transparent chambers can be used to elucidate molecular,
cellular, anatomical, and functional aspects of angiogene-
sis (Figure 3) with high spatial and temporal resolution.
Coupled to fluorescent tools (reporter genes, fluorescent
dyes or antibodies), tumors implanted in transparent
chambers (dorsal skinfold or cranial windows) constitute
a powerful and highly informative model for tumor vascu-
larization and follow-up of antiangiogenic therapy effects.
Computer-assisted image analysis further enables quan-
tification such as vessel length, number or diameter by
morphological measures, as well as dynamic changes of
blood flow, permeability, or shear stress by administration
of specific dyes [42]. Adding location methods, the same
area can be observed through hours, days or weeks and
thus, intravital microscopy can be used for real-time and
time-course imaging. Time-course imaging within tumors
in living animals might provide critical data to improve
treatment efficacy through dynamic parameters that can
be monitored before versus after treatment. Additionally,
intravital methods and transparent chambers, coupled to
sophisticated microscopy techniques such as multi-photon
laser scanning (MPLS) microscopy, reveal very fine biolog-
ical processes such as tumor cell mobility, arrest/adhesion
or extravasation, as well as hemodynamics, tissue oxygen
level using phosphorescence or even fibrillar collagen
structure with second harmonic imaging [43]. A major
advantage of multi-photon microscopy is 3D imaging
(Figure 3). Intravital observation of tumor vascularization,
using a transparent chamber combines many advantages;
mostly, the possibility to acquire information from living
animals repeatedly on the same region of interest for up to
several weeks. This highly dynamic and functional ap-
proach, can provide numerous quantitative data, although
offset by the slight invasiveness, the cost and the require-
ment of image analysis methods [42,43]. Dynamic contrast-
enhanced MRI (DCE-MRI) uses a contrast material and
fast imaging. Regular MRI only shows pictures of the
tumor, whereas DCE-MRI also gives information about
the blood vessels of the tumor. Noninvasive DCE-MRI
reveals progressive development of new vessels in a stan-
dardized murine angiogenesis model [44].

Computational and mathematical methods
Understanding the inhibition of angiogenesis in response
to therapy is a challenge, given the complexity of the
processes involved at the molecular, cellular and tissue
levels. In this context, mathematical models provide a
powerful analysis tool to dissect the biological mechanisms
and the role of tumor growth in angiogenesis and the
consequences of its inhibition. Moreover, the model can
provide insight for effective and robust treatment protocols
by predicting and explaining their successes (or failures),
while reducing the number of time-consuming and expen-
sive experiments.

Many mathematical models for tumor angiogenesis
have been presented in the literature from the 1970s
[45]. From simple partial differential equations to complex
multiscale models [46–56], each has provided new insights
into our understanding of the angiogenesis process and its



Box 1. Major characteristics of mathematical

antiangiogenic models

These features are used in the multiple correspondence analysis

whose results are presented in Figure I.

� Model structures. The model structure defines the type of

equations used in the mathematical models. Two main categories

are usually used to model antiangiogenic treatment responses:

the nonlinear differential equation (NDE) and the partial differ-

ential equation (PDE). The former class is used to describe the

temporal dynamics of key variables such as the tumor and

endothelial volumes, whereas the latter explains the spatiotem-

poral behavior by predicting the 2D or 3D vasculature patterns.

� Validity tests. Has the mathematical model been validated by

statistical tests based on in vitro or in vivo data? Without any

relevant validation tests, credibility of mathematical models

remains limited.

� Model size. The model size can be measured by two numerical

indicators: the number of equations and the number of model

parameters.

� Multiscale dimension. A multiscale model provides numerical

results at different biological scales such as gene expression,

protein concentrations, cell proliferation, and tumor dynamics.

Such a model is characterized by its number of biological scales and

the most challenging task is to model the cross-scales interactions.

� Determinism versus stochasticity. Some models are only based

on deterministic equations coming from physical laws such as

fluid mechanics and do not account for uncertainty in their

predictions. Uncertainty sources are multiple: measurement

noise, environmental disturbances, and inappropriate modeling

assumptions etc. The awareness of such random phenomena is

taken into account by the introduction of stochastic variables in

the models.

� Theoretic versus empiric. Equations may be derived from

physical/chemical fundamental principles (inference models, also

called first-principle or mechanistic models) but they can also be

completely deduced from experimental data (deductive models,

also called black-box or data-driven models).
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Figure I. Results of a multiple component analysis applied to six modeling

characteristics of nineteen mathematical models [50–56,58–73] used to

describe the effects of antiangiogenic treatments. Three main model classes

appear indicated by blue, red, and green sets.
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effects on natural tumor growth. Antiangiogenic models
may be classified according to three main categories depend-
ing on their purposes: (i) therapy oriented; (ii) understand-
ing of the antiangiogenic process; and (iii) theoretical
analysis of tumor-vasculature systems. The first class is
therapy oriented. Models are used to suggest new therapeu-
tic strategies [50], to test the effectiveness of new antiangio-
genic treatment [51–56], to design optimal model-based
control schemes in drug therapies [57], to optimize drug
administration in chemotherapy [58] and treatment plan-
ning systems in radiotherapy [59,60], and to measure the
impact of anticancer agents on metastatic spreading [61].

The second category describes biological insight, such as
the prediction of the capillary networks formation [51,62],
transport of macromolecules in the tumor [58,63], analysis
of competition between angiogenesis and antiangiogenesis
processes [53,64,65], or understanding how migrating tu-
mor cells respond to chemoattractants at multiple biologi-
cal levels [66]. The third category is devoted to the
theoretical analysis of tumor-vasculature systems with
investigations on the influence of delays on the tumor
eradication [50,65], or the mathematical analysis of inher-
ent properties of angiogenesis such as stability [69].

These mathematical models can take various forms,
classified according to six characteristics presented in Box
1. Twenty-one models have been analyzed with respect to
these characteristics, completed by a multiple correspon-
dence analysis, which clearly reveals the presence of
three main classes of mathematical models in antiangio-
genic therapies: temporal [50,52,54,55,57,59,60,67], spa-
tiotemporal [51,58,62–65,68–70], and multiscale models
[53,56,61,66] (Box 1, Figure 1). All the established models
are built up from physical equations, that is, they are
mechanistic models, and very few have been directly
validated and compared with in vivo data [50,56]. For
instance, a validated multiscale model of tumor growth
was applied to demonstrate the power of in silico techni-
ques to make predictions of antitumor activity [56]. In
particular, this model was suggested to test the antitumor
activity of a clinically used angiogenesis inhibitor and a
vascular disrupting agent currently undergoing clinical
trial testing. The results highlight that the mathematical
model can make predictions in agreement with preclinical
and clinical data, and can also be used to gain more insight
into the treatment protocols. The results suggest that
vascular-targeting agents, as currently administered,
cannot lead to cancer eradication, although a highly effi-
cacious agent may lead to long-term cancer control [56].
However, few models have been confronted with real data.
Testing procedures may be decomposed in qualitative and
quantitative validations. In the latter class, preclinical/
clinical and model responses (generally tumor growth
responses with and without treatment) are compared
[50,55,57], and statistical tests are sometimes applied to
assess the relevance of the model predictions. In the
qualitative validation procedures, model predictions are
indirectly compared to experimental data (published
results) through their ability to conclude in the same
directions [51,56,58,59,68]. The number of studies in
which modeling results are compared to experimental
data is relatively low.

The integration of multi-resolution imaging and compu-
tational modeling could yield novel insights into a range of
diseases involving the pathological vasculature. Image-
based multiscale modeling derives morphological data in
655



Box 2. Summary of critical points: challenges for the most suitable model

In recent decades, knowledge on angiogenesis has progressed

greatly; growing from a pretty basic morphological description to a

very detailed elucidation of molecular processes involved in blood

vessel formation. Knowledge in biotechnology, notably in imaging,

has extensively contributed to these progresses, especially with

boundaries being pushed further in microscopy techniques, allowing

refinement of models and angiogenesis assays at the same time.

Nevertheless, some challenges still need to be tackled to reach a

better understanding of angiogenesis and mechanism of action of

antiangiogenic strategies and antivascular therapies.

� Efficacy assessment. The best indicator of antiangiogenic and

antivascular effects has yet to be characterized. Vessel number or

length might not be the most relevant endpoints to assess

treatment efficacy [39]. Notably, vessels that are not functional

are frequent within tumor tissue and are included in the

measurement of MVD [77]. Thus, MVD can decrease while blood

flow is maintained supporting tumor growth. Functionality

must be considered through hemodynamic (velocity, wall shear

stress) and blood flow parameters to reflect fully vascular-

targeted therapy effects. It could be interesting to consider a

composite marker combining anatomical and functional aspects.

Computational and mathematical approaches may be able to

contribute to reach such markers by integrating parameters of

different natures.

� Technical aspects of angiogenesis models. The degree of prediction

from preclinical studies to clinical situation needs to be improved

through an appropriate choice of experimental conditions.

Improvements in in vitro and ex vivo assays will likely come from

the use of tumor material such as tumor endothelial cells or cancer-

associated fibroblasts [27]. The presence of activated or repro-

grammed stromal cells might be required to mimic better the tumor

environment. Even if genetically engineered mice provide strong

evidence of some molecular factors involved in the regulation of

angiogenesis, these rodent models are unlikely to represent the

pathological situation in humans [7]. Similarly, addressing links and

interdependence between factors is a challenging task to tackle in

order to control fully angiogenesis assays, as well as to determine

the presence and involvement of cell types that could have a

dramatic impact on angiogenesis assay outcomes. For example, it

is important to know the contribution of BMDCs and endothelial

progenitor cells or the role of ESCs in assays using in vivo models

from different embryonic stages. For this last point however,

methods allowing the detection of BMDCs have reached a limit

that needs to be overcome, and a lack of standardization in the

studies conducted makes the involvement of bone-marrow derived

cells (BMDCs) controversial [78].

� Informative assays. Mathematical models and time course obser-

vation might provide further knowledge on release rate of

angiogenic factors, as well as their concentration and distribution.

Such data should help to identify resistance phenomenon and

improve delivery of therapy, particularly with a temporal scale to

adapt treatment schedule. Theoretical mathematical models need

to be confronted and validated with experimental data, if not

entirely built from experimental observation.
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the organ or tumor vasculature from one of several high-
resolution and 3D imaging methods [74]. According to the
authors, multiple imaging techniques can be handled such
as confocal microscopy (microscopic scale), m-CT and m-
MRI (mesoscopic scale) and in vivo MRI (macroscopic
scale). These technologies can be exploited to evaluate
antitumor and antiangiogenic treatment scenarios, as well
as guide the administration of these agents.

The modeling work demonstrates how increasingly so-
phisticated modeling technology, driven by computational
simulation and calibrated with experimental data, can be
developed to provide an investigative tool complementary
to traditional methods previously presented in the above
subsection Mouse models. Intravital microscopy could be
also an ideal partner for this approach, capable of provid-
ing quantitative measurements of dynamic events in vivo
[75]. Finally, the computational advances have the poten-
tial to: (i) contribute to a systems-level view of angiogenesis
[76]; (ii) increase the efficacy of administration of systemic
pharmaceutical agents; and (iii) support the development
of clinical blood biomarkers (e.g., cancer proteins secreted
into the blood) for cancer detection.

Concluding remarks
A correct and in-depth understanding of the intricate
mechanisms of neovessel survival within tumors during
or after antiangiogenic or antineovascular treatments has
become a real challenge. The main challenges for the most
suitable model are summarized in Box 2. Appropriate in
vivo models and noninvasive imaging approaches of tumor
vascularization such as BLI provide essential tools. Hence,
the cost effective and noninvasive character of optical
imaging approaches could make them ideal modalities
for repeated measurements and to follow treatment
response of antiangiogenic agents and ANET over time.
656
Moreover, the development of computational and mathe-
matical modeling will improve the powerful contribution of
the emerging treatments. These models will also give help-
ful insights in the establishment of robust treatment pro-
tocols by predicting and explaining their success or failure.
Computational models have greatly refined the understand-
ing of the microenvironmental changes that accompany
tumor angiogenesis such as changes in tumor blood flow,
oxygen diffusion, VEGF expression and extracellular pH.
However, high-resolution 3D imaging data that simulta-
neously quantify tissue morphology and the molecular
players involved are not all available. Simultaneously visu-
alizing changes in the complex angiogenic microenviron-
ment at different spatial scales remains a challenge due to
the lack of integration between micro- and macroscopic
imaging data [74]. Moreover, these developments are help-
ing us gain a fundamental understanding of the cellular and
molecular regulation of tumor angiogenesis that will benefit
the development of new cancer therapies.
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48 Peirce, S.M. (2008) Computational and mathematical modeling of
angiogenesis. Microcirculation 15, 739–751

49 Rejniak, K.A. and McCawley, L.J. (2010) Current trends in
mathematical modeling of tumor-microenvironment interactions: a
survey of tools and applications. Exp. Biol. Med. 235, 411–423

50 Hahnfeldt, P. et al. (1999) Tumor development under angiogenic
signaling: a dynamical theory of tumor growth, treatment response,
and postvascular dormancy. Cancer Res. 59, 4770–4775

51 Chaplain, M.A. (2000) Mathematical modelling of angiogenesis. J.
Neurooncol. 50, 37–51

52 Arakelyan, L. et al. (2003) Multi-scale analysis of angiogenic
dynamics and therapy. In Cancer Modelling and Simulation
(Preziosi, L., ed.), pp. 205–239, CRC Press

53 Billy, F. et al. (2009) A pharmacologically based multiscale mathematical
model of angiogenesis and its use in investigating the efficacy of a new
cancer treatment strategy. J. Theor. Biol. 260, 545–562

54 D’Onofrio, A. and Gandolfi, A. (2009) A family of models of angiogenesis
and anti-angiogenesis anti-cancer therapy. Math. Med. Biol. 26, 63–95

55 Ribba, B. et al. (2011) A model of vascular tumour growth in mice
combining longitudinal tumour size data with histological biomarkers.
Eur. J. Cancer 47, 479–490
657

http://dx.doi.org/10.1186/1479-5876-9-7


Review Trends in Biotechnology December 2012, Vol. 30, No. 12
56 Gevertz, J.L. (2011) Computational modeling of tumor response to
vascular-targeting therapies – part I: validation. Comput. Math.
Methods Med. http://dx.doi.org/10.1155/2011/830515

57 Gorelik, B. et al. (2008) Efficacy of weekly docetaxel and bevacizumab
in mesenchymal chondrosarcoma: a new theranostic method
combining xenografted biopsies with a mathematical model. Cancer
Res. 68, 9033–9040

58 Finley, S.D. et al. (2011) Pharmacokinetics and pharmacodynamics of
VEGF-neutralizing antibodies. BMC Syst. Biol. 21, 193–213

59 Finley, S.D. and Popel, A.S. (2012) Predicting the effects of anti-
angiogenic agents targeting specific VEGF isoforms. AAPS J. 14,
500–509

60 Ledzewicz, U. and Schattler, H. (2008) Optimal and suboptimal
protocols for a class of mathematical models of tumor anti-
angiogenesis. J. Theor. Biol. 252, 295–312
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