Biomechanics and Modeling in Mechanobiology (2022) 21:1623-1640
https://doi.org/10.1007/510237-022-01648-4

REVIEW PAPER q

Check for
updates

On the role of mechanical signals on sprouting angiogenesis
through computer modeling approaches

Tamer Abdalrahman'? - Sara Checa’

Received: 14 March 2022 / Accepted: 8 October 2022 / Published online: 17 November 2022
© The Author(s) 2022

Abstract

Sprouting angiogenesis, the formation of new vessels from preexisting vasculature, is an essential process in the regeneration
of new tissues as well as in the development of some diseases like cancer. Although early studies identified chemical signal-
ing as the main driver of this process, many recent studies have shown a strong role of mechanical signals in the formation
of new capillaries. Different types of mechanical signals (e.g., external forces, cell traction forces, and blood flow-induced
shear forces) have been shown to play distinct roles in the process; however, their interplay remains still largely unknown.
During the last decades, mathematical and computational modeling approaches have been developed to investigate and better
understand the mechanisms behind mechanically driven angiogenesis. In this manuscript, we review computational models of
angiogenesis with a focus on models investigating the role of mechanics on the process. Our aim is not to provide a detailed
review on model methodology but to describe what we have learnt from these models. We classify models according to the
mechanical signals being investigated and describe how models have looked into their role on the angiogenic process. We
show that a better understanding of the mechanobiology of the angiogenic process will require the development of computer
models that incorporate the interactions between the multiple mechanical signals and their effect on cellular responses, since
they all seem to play a key in sprout patterning. In the end, we describe some of the remaining challenges of computational
modeling of angiogenesis and discuss potential avenues for future research.
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1 Introduction

The formation of new capillary blood vessels from preexist-
ing vessels, known as angiogenesis, is an essential process in
many physiological and pathological processes. Angiogen-
esis plays a major role in healthy tissues, e.g., it is involved
in embryonic development (Risau 1997), as well as in tissue
regeneration (Rouwkema and Khademhosseini 2016) and in
common diseases such as cancer (Valastyan and Weinberg
2011).

Angiogenesis is a very complex process that is driven by
both mechanical and biochemical signals that operate locally
(i.e., at cell—cell and cell-extracellular interfaces) and across
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distances spanning hundreds of microns (e.g., diffusion of
growth factors, the transmission of mechanical signals).
New capillary blood vessels are composed of endothelial
cells (ECs), and their growth includes endothelial tip cell
selection, tip cell motility, and stalk cell proliferation. Tip
cells migrate with a large number of long filopodial disten-
sions which can expand, lead, and guide endothelial sprouts.
Sprouts join each other forming close to circular structures
through anastomosis (Potente et al. 2011; Carmeliet and Jain
2011), which is basic for setting up a bloodstream. New tip
cells appear through the branching of existing sprouts, which
then form newly formed capillaries.

Angiogenesis is tightly regulated by several micro-
environmental factors inside and outside the blood ves-
sel, including soluble molecules (e.g., growth factors and
cytokines), extracellular matrices (ECMs), interactions
between endothelial cells and other cell types, in addition
to mechanical forces originating from ECs themselves, the
blood flow, and extravascular tissue deformation (Hudlicka
1998; Ingber 2002; Conway et al. 2001). While full-size
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strides had been made in the understanding of the role of
biochemical signals on the regulation of angiogenesis, the
role of mechanical signals has been traditionally less inves-
tigated. However, in recent years there is a clear rise of inter-
est in understanding the role of mechanical forces in biologi-
cal processes in general and angiogenesis in particular, due
to strong pieces of evidence showing that the mechanical
environment surrounding cells affects many components of
their physiology and pathology (Bentley et al. 2008).

Although there are several reviews on computational
modeling of angiogenesis (Scianna et al. Sep. 2013; Heck
et al. 2015), to the authors' knowledge, no review has
focused on models developed to investigate the role played
by mechanical signals in the process. The aim of this review
is to fill this gap and discuss recent advances in mathemati-
cal and computational modeling of mechanoregulation of
sprouting angiogenesis. We will first provide an overview
of the types of theoretical models which are used to simu-
late the angiogenic process giving special attention to the
modeling tools used to incorporate the mechanical aspects
(i.e., external loads, blood flow shear forces, and cell trac-
tion forces) during sprouting angiogenesis. Thereafter, we
will summarize the types of mechanical signals that have
been considered in computational models of angiogenesis
and the insights they have provided. Finally, we will discuss
current challenges on computational modeling of the effect
of mechanical signals on angiogenesis and describe potential
future work.

2 Mechanical regulation of the angiogenic
process

Both biochemical and mechanical signals are known to
drive sprout patterning (Czirok and Little 2012; Ceccarelli
et al. 2012). Vascular endothelial growth factor (VEGF-A)
is a major regulator of blood vessel formation and function
(Shibuya 2011). However, many of the individual angiogenic
processes are known to be responsive to mechanical stimuli.
For instance, key molecular controllers of tip cell selection
(Geudens and Gerhardt 2011) have been recently identified
as mechanosensitive (Wang et al. 2017; Loerakker et al.
2018). Moreover, the expression and secretion of proteases
that are involved in angiogenesis are also mechanosensitive
(Dao Thi et al. 2012; Haage et al. 2014).

In vivo, blood vessels are dynamically exposed to
mechanical loads that originate from blood flow or the
extravascular environment, such as compression by grow-
ing tissues or contracting skeletal muscle (Hudlicka 1998).
Different studies have been proposed to investigate the effect
of different types of loads on sprout formation, for example,
by applying tensile loading to skin flaps to promote healing
(Cherry et al. 1983) or by providing dynamic mechanical
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stimulation during the bone healing process (C. von R.
Augat Peter, Marianne Hollensteiner 2020). In general,
mechanical stimulation has been shown to promote angio-
genesis; however, too high mechanical signals have been
shown to hinder the process (Lienau et al. 2009).

In vitro, endothelial cells and vascular networks dynami-
cally react to mechanical stimuli, including both flow shear
stress and extravascular mechanical strains (Buchanan et al.
2014; Galie et al. 2014; Sharifpanah et al. 2016; Zeiger et al.
2016) (Fig. 1). The mechanical properties of the extracellu-
lar matrix have likewise been shown to influence the process
of angiogenesis (Mongiat et al. 2016) (Fig. 1). The capability
of endothelial cells to construct tubular networks depends on
the stiffness of the ECM on which the cells live. In addition,
in 2D and 3D angiogenesis assays, increased matrix stiff-
ness resulted in inhibition of vascular network development
(Vernon, et al. 1995, 1992; Kuzuya et al. 1996; Kuzuya et al.
1998; Deroanne et al. 2001; Hoying et al. 1996; Kanzawa
et al. 1993; Sieminski et al. 2004).

The role of shear forces in angiogenesis has been investi-
gated using 2D and 3D assays where fluid shear forces have
been applied to cells. For example, shear stresses at 0.1 Pa
promoted the directional assembly of bovine aortic ECs,
which formed tubular structures that tended to align with
the flow direction on the surface of a Matrigel (Belair et al.
2015). In 3D cultures, the sprouting of a monolayer of pul-
monary microvascular ECs into collagen gels was promoted
by shear stresses at 0.3 Pa, but there was no directionality
exhibited by sprouts, probably because of the minimal shear
stress inside the gel (Ueda et al. 2004).

The effect of extravascular mechanical loads on tube
formation has been shown utilizing 3D in vitro models in
which tensional force was applied to gels using uniaxial
stretchers (Korff and Augustin 1999). An EC spheroid cul-
tured on the surface of unstretched collagen gels resulted
in sprouts in the radial direction. However, when cultured
on deformed collagen gels, outgrowth of ECs specially
happened along the direction of the tensional loads (Korff
and Augustin 1999). Moreover, the response of endothelial
cells to extravascular mechanical strains has been shown to
depend on the stimulus magnitude (Krishnan et al. 2013).
For instance, Mooney et al. showed that 6% cyclic uniaxial
strain increased endothelial cell tube development and angi-
ogenic factor secretion in 2D environments. In 3D culture,
8% strain regulated the directionality of the neovascular
network, yet reduced new branch formation (Yu et al. 2009;
Matsumoto et al. 2007). Moreover, the direction of growth
has also been shown to depend on the strain magnitude with
higher magnitudes leading to the orientation of the sprouts
perpendicular to the principal strain direction (known as
“scape mechanisms”) (Joung et al. 2006).
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Fig. 1 Illustration of mechani-
cally induced sprouting angio-
genesis (the vessel structure
from Wood et al. 2011) through
1) cell—cell mechanical commu-
nication, 2) cell traction forces,
3) ECM deformation, 4) blood
flow-induced shear forces, and
5) changes in blood pressure

3 Modeling approaches

Computational modeling is a powerful tool to investigate
highly complex biological processes, such as sprouting
angiogenesis (Carlier et al. 2012; Heck et al. Feb. 2015). In
general, theoretical models of angiogenesis can be divided
taking into account the modeling approach used. Continuous
models are commonly developed using differential equations
based on physical laws, while discrete models assemble an
accumulation of discrete geometric units that act according
to a particular set of rules. Continuous-discrete models, or
hybrid models, consolidate the two methodologies, often
through determining the behavior of discrete units by solving
a problem governed by differential equations.

Continuous models simulate the development of tip and
stalk cell densities by frameworks of coupled partial dif-
ferential equations (Byrne and Chaplain 1995; Balding and
McElwain 1985; Chaplain and Stuart 1993). Tip cell behav-
ior is often simulated via a reaction—advection—diffusion
equation where often the gradient of an angiogenic factor is
the parameter that controls the chemotactic migration of the
cells. The advancement of stalk cells or vessel cell densities
is usually driven by a term relative to the flux of tip cells,
a phenomenon termed the “snail-trail” (Byrne and Chap-
lain 1995). Phase-field continuum models have also been
used to investigate sprouting angiogenesis (Santos-Oliveira
et al. 2015). In these models, partial differential equations
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Blood pressure has been found to
be key factor in network
expansion. Local changes in blood
pressure determine the placement
and growth of newly formed
sprouts.

are used to describe the movement of boundaries between
domains making them suitable to model morphology and
growth of biological systems. Using this approach, Santos-
Oliveira et al. were able to describe sprouting as a function
of the mechanical characteristics of the microenvironment
(Santos-Oliveira et al. 2015).

Generally, in the context of angiogenesis modeling,
continuum models ignore constituent details (for example,
cell-level details), and new capillary growth is modeled as
changes in vascular density at the network level (Czirok and
Little 2012). Continuum models are typically implemented
by solving differential equation systems that describe physi-
cal phenomena as a continuous spread in space and/or time.
The main advantage of this modeling approach is that it
allows modeling large regions of interest without high com-
putational cost.

Discrete computer models aim at modelling the rami-
fied vasculature that results from the angiogenic process.
Discrete models are better for studying behavior at the level
of individual cells because they allow for a more comprehen-
sive prediction of the capillary network's structure and mor-
phology, which is not achievable with continuous models.
These models address the behavior of one or more individual
cells as they interact with one another and the microenviron-
ment. Discrete approaches usually track and update individ-
ual cells as per different biophysical rules (Kiani and Hudetz
1991; Landini and Misson 1993; Gazit et al. 1995; Baish
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et al. 1996; Nekka et al. 1996), simulating the dynamics of
the process as increments of time and space (Chaplain 1995;
Stokes et al. 1991). One disadvantage of discrete modeling is
the high computational cost associated with the simulation
of the cellular behavior of each individual cell.

Several researchers have developed computer models of
angiogenesis based on a hybrid approach (Bookholt et al.
Dec. 2016; Vilanova et al. 2014), which are characterized
by a combination of discrete and continuum models. Hybrid
models have been used to model microscale cell behavior
based on signals from macroscale fields (Bonilla et al. 2014).
Hybrid models can also involve cell dynamics to model
blood flow (Perfahl et al. 2011; Stéphanou and S. Le Floc’h,
and A. Chauviere, 2015; Owen et al. 2009) and drug deliv-
ery in the vascular network (Vilanova et al. 2014) as well
as tumor growth (Perfahl et al. 2011). Recently, multiscale
approaches have been built where biological phenomena at
different lengths and time scales have been coupled to inves-
tigate their contribution to the angiogenic process (Stépha-
nou and S. Le Floc’h, and A. Chauviere, 2015; Alarcon et al.
2003, 2004). Although discrete and hybrid models provide a
qualitative description of vessel network shape, they are both
theoretically and computationally expensive.

Many computer models of angiogenesis have investigated
the role of mechanical signals in the process. To this aim,
the level of mechanical signals influencing endothelial cell
behavior needs to be predicted. Finite element modeling
has been used to estimate the deformation of the extracel-
lular matrix created by endothelial cell traction forces and
external loads (Edgar et al. 2014; Edgar et al. 2015a). In
addition, computational fluid dynamics (CFD) has been
used to estimate blood flow velocity and wall shear stress,
as mechanical stimulators of angiogenesis (Bernabeu et al.
2014). In addition, mathematical models have been used to
quantify cell-cell mechanical communication and interac-
tions of the cell with the surrounding extracellular matrix
(Daub and Merks 2013). A classification of some of the
most relevant models based on their approaches is given
in Table 1.

4 Computational modeling of the role
of mechanical signals on angiogenesis

4.1 Computer models of cell traction force-driven
angiogenesis

Cell-produced traction forces influence migration, prolifera-
tion, and differentiation of many cell phenotypes, including
endothelial cells and pericytes that participate in angiogen-
esis (Joung et al. 2006; McCormick, et al. 2002). Mechanical
signals transferred into cells by means of mechanotransduc-
tion are controlled by the structure and arrangement of the
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ECM (Deroanne et al. 2001; Vernon and Sage 1999) and by
cell receptor structures bound to ECM components (Jalali
et al. 2001).

Santos-Oliveira et al. (2015) developed a phase-field con-
tinuous model of sprouting angiogenesis able to describe the
sprout growth as a function of cell traction forces generated
by the sprout tip cell and cell-cell adhesion forces. Using
this model, the authors were able to investigate the regula-
tion of endothelial cell proliferation based on local stresses.
The model presented how different types of endothelial cell
proliferation regulation influence the shape of the growing
sprout.

Using a continuous-discrete modeling approach, Edgars
et al. (2015a) estimated the value of deformation around
tip cells and investigated its effect on angiogenesis forma-
tion. Here, the nonlinear finite element (FE) was used to
calculate the ECM deformation generated by cell traction
forces, while the deformation field was then used to update
the position of tip cells. The coupling of the discrete angio-
genic growth model to the finite element model allowed the
model to track information at the microscale while resolving
deformation at the macroscale. Individual neovessel sprouts
produced localized stress fields that moved as the matrix
deformed and neovessels grew. Both the vascular compo-
nents and the ECM field were updated at the end of each
time step using the mechanics information predicted by the
finite element model (displacing and re-orienting sprouts,
re-orienting collagen fibrils, and updating density). This
established a dynamic link between cellular biomechanical
activity and the angiogenesis process. Assuming that ECs
have a tendency to align with the direction of the parent
vessel and the collagen fibril orientation, they were able to
show that the ability of tip cells to read the local mechanical
environment by applying traction forces could be a poten-
tial mechanism dictating sprout patterning. The model was
then used to predict vascular alignment under three differ-
ent boundary conditions: unconstrained (UNC), long-axis
constraint (LAC), and short-axis constraint (SAC). Within
the UNC and SAC simulations, the model predicted random
alignment while aligned microvasculature was predicted
when simulating the LAC constructs (see Fig. 2).

Taking into account cell traction forces, the role of the
ECM properties on the regulation of sprouting angiogenesis
has also been investigated. Stephanou et al. investigated the
role of cellular traction forces and ECM viscoelastic prop-
erties on sprouting angiogenesis using a 2D hybrid contin-
uous-discrete model (Stéphanou and S. Le Floc’h, and A.
Chauviere, 2015). Using this model, the authors proposed
potential effects of cellular traction forces and matrix rigid-
ity on cell migration and sprout formation. They showed
that there is a limited range of traction force intensities for
which a vascular network can be obtained. They showed that
when the traction force increases, the density of the vascular
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network decreases, and the capillaries become more rectilin-
ear. In addition, no networks were predicted if the traction
force was too high. They also investigated the influence of
matrix rigidity (Young's modulus) on the vascular network,
where they showed that only high values of Young’s moduli
influence vessel patterning.

4.2 Computer model of extracellular matrix
property-driven angiogenesis

The ECM plays a key role in the coordination of cellular
migration during the angiogenic process (Lamalice et al.
2007). Different theoretical models of angiogenesis have
integrated the mechanical interaction between ECs and the
ECM.

Edgar et al. (2013) presented a simulation framework to
investigate the mechanisms behind microvessel patterning
in fibril collagen matrices. They investigated the dynami-
cal interactions between microvessel length and branching
with the matrix fiber orientation of anisotropic ECMs. They
predicted vessel morphology based on a linear combination
of collagen fibers orientation, the vessel density gradient,
and a random walk component. In addition, they included
the remodeling of the matrix caused by active stresses gen-
erated by tip cells. They found that microvessels preferen-
tially aligned along the constrained axis (fixed-edge) and
that angiogenesis within a randomly oriented ECM produced
microvessels with no preferential alignment (Fig. 3a).

Edgar et al. further extended the model presented in
Edgar et al. (2013) to investigate the role of ECM density in
the transmission of mechanical signals and sprouting angio-
genesis. The authors investigated three different microenvi-
ronments; homogeneous, a narrow gap of low-density colla-
gen surrounded by regions of higher density collagen, and a
matrix with density gradients. For the homogenous case, the
microvessels were predicted to randomly grow, but for the
other cases, the vessels were able to grow more in the areas
with lower density (Edgar et al. 2015b) (Fig. 3b).

Daub and Merks (2013) presented a cell-based model
to investigate the potential role of ECM-guided cell migra-
tion in angiogenesis. This model gives a description of
cell-matrix interactions on the scale of a single cell, where
the cellular velocity and movement direction are guided by
the local concentration of ECM and the local gradient. They
show that higher degree of branching with bigger vascular
sprouts was obtained for faster ECM degradation. Bauer
et al. (2007) presented a tumor angiogenesis model based
on a cell-centric approach to study the effect of matrix on
neovessel branching and anastomosis. In that model, the
architecture of the ECM was assumed anisotropic, with
regions of varying densities so that the mesh-like anisotropic
structure of the ECM was utilized. The mechanical interac-
tions between cells and the ECM during endothelial cell

migration were obtained as a function of the compression
resistance of the matrix fiber composite (ECM structure).
The model suggested that heterogeneity of the structure of
the matrix is necessary for the branching formation where
the cells split from the main branch is enabled by inhomo-
geneity of the matrix. According to their findings, the aniso-
tropic structure of matrix fibers has a significant impact on
the direction and shape of migrating capillary sprouts. The
model also showed that tissue cell resistance and endothe-
lium cell attachment to matrix fibers during endothelial cell
migration, both alone and in combination, are sufficient to
promote branching and anastomosis.

Bauer et al. (2009) extended their model (Bauer et al.
2007) to investigate the effect of ECM properties (fiber ori-
entation and matrix density) on vascular morphogenesis and
focused on mechanisms controlling cell shape and orienta-
tion, sprout extension speeds, and sprout morphology. The
model suggests density-dependent pro- and anti-angiogenic
effects and that high matrix fiber anisotropy provides strong
contact guiding cues, being a mechanism for sprout branch-
ing initiation. Finally, by investigating sprout formation on
modified matrix patterns, the model showed compelling
evidence that contact guidance modulates cell orientation.
Their model found a strong correspondence between fiber
alignment and cell shape and orientation where it showed
that cells elongated in the direction of the matrix fibers. In
general, this model showed that matrix topology alone is
enough to regulate cell shape and orientation and to initiate
sprout branching.

4.3 Computer modeling of the effect of external
forces on sprouting angiogenesis

External loading has been implicated as an important regula-
tor of ECM deformation effects on angiogenesis. The role
of external mechanical forces and boundary conditions on
angiogenesis has been investigated by several computational
studies.

Edgar et al. (2014) presented a computational model to
investigate the effect of boundary conditions and externally
applied loads on vascular growth and alignment. In a compu-
tational model of collagen matrix deformation, the neovessel
alignment and morphology depended on the strain direc-
tion, which corresponded with collagen fibril orientation. In
general, the microvessels used the local fiber orientation to
determine the direction of growth, and vessels grew along
the constraint direction. The distribution of vessel orienta-
tion angle shows that vessels in these simulations strongly
resemble vessels in long-axis constrained experiments.

Checa and Prendergast, (2010) investigated the influence
of tissue mechanical strains induced by external loading in
sprouting angiogenesis during bone regeneration within
tissue engineering scaffolds. Here, the authors utilized
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Fig.2 A Boundary constraints

utilized during the modeling of Long Axis

angiogenic microvessel frag- (a)

ments in three dimensions. B -Axis
A long-axis constrained (LAC)

vascularized gel simulation. The Ehart

mesh was seeded with initial
microvessel fragments on Day

0. The gel was highly perfused
by microvessels on Day 6 and

had deformed into a “neck”
shape (adapted from (Edgar

et al. 2015a)) (LAC)

(b)

Long Axis constrained

Short Axis constrained
(SAC)

Unconstrained
(UQ)

Day 0 Day 6

an agent-based model to simulate the vascular and tissue
growth inside regular porous scaffolds under different load-
ing conditions. The local mechanical environment surround-
ing the cells was determined using a finite element model
of a regular-structured bone scaffold. The scaffold's interior
(pores) was divided into a regular grid (lattice), with each
position (lattice point) representing a potential space for a
cell to occupy (Fig. 4).

The model showed an influence of initial cell seeding on
vascular growth within the scaffold pores, where peripheral
seeding was predicted to be more beneficial compared to
uniform seeding. Moreover, reduced loading was predicted
to lead to increased vascularization and bone tissue forma-
tion (Fig. 4).

Another technique called the meshless method, or the
material point method (MPM), has been used by Guilkey
et al. (2006) to simulate the 3D mechanics of a vascular-
ized scaffold under tension. In this model, stacks of confocal
microscopic images were utilized and converted into 3D dis-
crete particles which represent the complex network. Using
global mechanical properties of the structure, this model was
able to show the stress distribution in the ECM. The find-
ings revealed a very inhomogeneous stress distribution, with
microvessels being subjected to significantly more stress
than the surrounding collagen. Even under uniaxial tensile
loading, this supports the concept that local stresses around
cellular constructs in a 3D matrix are inhomogeneous.

@ Springer

4.4 Computer models of blood flow-driven
sprouting angiogenesis

Blood flow leads to hemodynamic forces and the result-
ing shear forces and pressure on ECs affect their func-
tion and differentiation (Fig. 1). Several computer mod-
els have been developed to investigate different aspects
of the interaction between shear stresses and sprouting
angiogenesis (Nekka et al. 1996; Godde and Kurz 2001;
McDougall et al. 2002; Rolland et al. 1999; Sandau and
Kurz 1994). A computational fluid dynamic approach
was recently employed by Stapor et al. (Stapor et al. Jun.
2011) to evaluate the shear stress distribution within a
blind-ended sprout. The computational results provide an
initial estimate of shear stress magnitudes and highlight
the importance of using comparable methods to estimate
local shear stress distributions caused by transmural or
interstitial flows across endothelial cells. They reported
that endothelial cells at the sprout entry suffer higher shear
stress during the early phases of capillary sprouting while
shear forces are minimal within the capillary sprout. Shear
pressures, on the other hand, become relevant for longer
sprouts at later phases of sprout growth.

Godde and Kurz (2001) evaluated the local shear stress by
simulating the blood flow through capillary networks to esti-
mate the local pressure gradient. A probability function was
then computed based on the local shear stress and predefined
minimum and maximum values of shear stress that would
trigger either growth or regression of a microvessel. Their
model predicted that interdigitating arteriovenous patterning
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Fig.3 a Angiogenesis model with an anisotropic ECM predominately aligned along the constrained axis (Edgar et al. 2013). b Angiogenesis
simulated within a gradient ECM density field (adapted from (Edgar et al. 2015b))

between the terminal branches of arterial and venous trees is
shear stress dependent but not pressure-dependent.

In 2006, McDougall et al. presented a computer model
called “dynamic adaptive angiogenesis.” This model simu-
lated multi-scale phenomena affecting angiogenesis, includ-
ing the link between cell migration and blood flow (McDou-
gall et al. 2006). The simulation of individual endothelial
cell movement was combined with a continuum theory to
determine blood flow as indicated by Poiseuille’s law and
vessel adaptations in response to shear stress, pressure, and a
metabolic mechanism. They were able to show that the sen-
sitivity of ECs to blood wall shear stresses is a major deter-
minant of vascular topology. The cell migration and flow
models are linked in this model by incorporating the mech-
anism of shear-dependent vessel branching. The authors
simulated network architectures that adapt dynamically in
areas of the capillary network experiencing increased shear
stresses by using adjuvant vessel branching. The vessel
branching process is made more sensitive to wall shear stress
(WSS) by lowering the branching requirements in terms of
maximum WSS. The model predicted that at the apex of
the formed loop, there is an increase in branching activity.
When a double loop of dilated capillaries forms, it is quickly
followed by a burst of vessel branching and an increase in
local vessel density all around the loop.

In order to simulate sprout network morphology and
blood flow, a method is needed to track changes in both prop-
erties during the sprouting process. Macklin et al. (Macklin
et al. 2009) updated the vasculature hybrid model (Levine
et al. 2002; Zheng et al. 2005) to simulate the dynamics
of angiogenesis, allowing for accurate prediction of blood
flow and vascular remodeling due to shear and mechani-
cal stresses generated. This model was able to consider the

adhesion of cell-cell and cell-matrix interactions and ECM
degradation. Moreover, Wu et al. (Wu et al. 2013) further
extended the model (Macklin et al. 2009; Wu et al. 2013)
to include the interstitial fluid pressure and interstitial fluid
flow.

Owen et al. (Owen et al. 2009) proposed a 2D multi-
scale vascular growth model based on the model built by
Alarcon et al. (2003, 2004). Owen’s model combines blood
flow, angiogenesis, vascular remodeling, and tissue scale
dynamics of multiple cell populations as well as the subcel-
lular dynamics (including the cell cycle) of individual cells.
The authors aimed to include the mechanisms of vascular
development by taking into account the pruning of vessels
that have insufficient flow. According to the predictions, ves-
sel pruning is mostly influenced by the pressure drop across
the vascular network, with a smaller drop resulting in more
pruning. The model also showed how that the initial vascular
architecture can influence the final density, especially when
the pressure drop across the network is high enough to allow
for low levels of vessel pruning.

Recently, Bazmara et al. (2015) presented a multiscale
model of angiogenesis that includes molecular (intracellu-
lar), cellular, and tissue scales. In this model, the formation
of a closed loop, blood flow in the loop, and loop survival
after blood flow is simulated. Additionally, the cell pheno-
type alteration due to blood flow is considered in the model
at the intracellular scale. This model predicted that when
blood flow is incorporated into the loop, the anastomosed
sprouts stabilize and elongate. When the loop is modified
without taking blood flow into account, the loop collapses.
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Fig.4 a Finite element model
of a bone scaffolds where indi-
vidual elements contain lattice
points for the simulation of cell
activity b predicted vessel for-
mation inside the scaffold pores

i . . —% Vacant cell position
(pink area) as a function of ini-

o
tial stem cell seeding (adapted <2 vag:s poclpse sy
from (Checa and Prendergast
Mar. 2010))

(a)

Homogeneous seeding

Low load

(b)
High load

5 Remaining challenges in computational
modeling of angiogenesis

Although great advances have been made in the field of com-
puter modeling of angiogenesis, specifically concerning the
role of mechanical signals in the process, many questions
remain. In what follows we discuss some of the remaining
challenges in the field:

5.1 Integration of mechanical and biological signals

Most of the computer models of sprouting angiogenesis
developed so far have focused either on the role played by
biological or mechanical signals on the process (Title, et al.
2013; Sato 2013). Very few models (Vilanova et al. 2014;
Manoussaki 2003; Nivlouei et al. 2021; Vega et al. 2020)
have been used to investigate the interaction between these
two types of stimuli and their relative role on the process.
Mechanistic models that can describe the behavior (e.g.,
migration and proliferation) of individual cells have the

@ Springer
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potential to evaluate the relative role of interacting mech-
anisms such as haptotaxis/haptokinesis and chemotaxis.
One of the most important aspects which need to be further
investigated is the role of the tip cell as the main driver for
sprouting angiogenesis. On the one hand, the tip cell attaches
to the matrix and uses the filopodia to sense the mechani-
cal and chemical factors during the angiogenesis growth,
and the cell exerts a contractile pulling force (traction force)
to migrate. On the other hand, the stalk cells proliferate,
possibly pushing tip cells forward. The interaction between
these two processes and how they are regulated by the inter-
action of mechanical and chemical signals remains largely
unknown.

5.2 Integration of multiple scales

Multiscale connectivity is an evident challenge when simu-
lating a highly hierarchical process such as angiogenesis,
where processes at the cellular scale (eg. tip cell migration)
are regulated by subcellular and tissue level cues (Stepanova
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et al. Jan. 2021). Agent-based (ABM) or cell-based models
are a promising platform in which discrete cells can be simu-
lated to behave autonomously depending on a set of rules,
which can represent events at different scales. This approach
is well suited for linking different models at multiple scales
because each set of rules can be based on biological experi-
ments or outputs from embedded computational models at
different scales running either in parallel or iteratively.

5.3 Model complexity, assumptions,
and simplification strategies

Angiogenesis is a multiscale, extremely complex process
that involves a sequence of biological events that result in
neovascularization. It is vital to create computer models that
are as near to reality as feasible while still being solvable.
As aresult, it is critical to establish some assumptions about
the system and think about simplification techniques. These
simplifications can be connected to geometric simplifica-
tions, process simplifications, and temporal simplifications.
Assuming a two-dimensional geometry for a three-dimen-
sional tissue structure by setting the model boundaries to
replicate a cross-sectional slice across the tissue is one sort
of geometric simplification (Machado et al. Apr. 2011).
Another geometric simplification strategy is to abstract a
microvascular network complex branching pattern into a
more regular pattern that has some of the complex network
characteristics (e.g., vessel length density) but does not sim-
ulate the network exact structure on a vessel-by-vessel basis
(Milde et al. 2008; Guerra et al. 2020). Consolidating the
number of growth factors in a model that affects a specific
process by focusing on a few essential components or assign-
ing critical behaviors to one growth factor is an example of
a process simplification method (Schugart et al. Feb. 2008).
The modeling of discrete timeframes is a commonly used
temporal simplification (Mac Gabhann et al. 2007; Gevertz
and Torquato Dec. 2006; Peirce et al. 2004). The level of
simplification and on which property depends on the specific
research questions to be addressed.

5.4 Parameter identification

Another challenge in modeling sprouting angiogenesis is
the identification of appropriate input model parameters.
Usually, these parameters are obtained from (or estimated
from) published experimental data. Some parameters,
however, cannot be measured in vivo using currently
available experimental techniques. Instead, sometimes
in vitro models are used to derive model parameters, which
might not fully represent the in vivo conditions (Staton
et al. 2009). To evaluate the impact that specific model
parameters might have on model predictions, parameter
sensitivity analysis is of great importance. Here the levels

of certain parameters are adjusted systematically with the
aim of quantitatively determining the effect that specific
parameters have on the model predictions (Bauer et al.
2007).

5.5 Model validation and verification

Model verification is the process that confirms that the
model is well implemented and the model results match what
is expected based on the model inputs. In contrast, model
validation is required toward approving a model before it can
be used as a predictive tool. In model validation, it is proven
that the model makes predictions that are in agreement with
experimental data.

In the case of computer models of angiogenesis, models
are often not built to make predictions about what would
happen in “in silico experiments.” Computer models of
angiogenesis are, however, used to try to understand the
mechanisms behind experimental observations. In this case,
validation of the model is not so important but the compari-
son of the model with experimental data is used to make a
hypothesis about the underlying mechanisms. Many of the
existing models have been developed to simulate controlled
in vitro experiments with the aim of gaining a deeper under-
standing of the mechanical signals playing a role under those
controlled conditions (Santos-Oliveira et al. 2015; Peirce
et al. 2004; Roman and Pekkan 2012; Boas et al. 2013; Shiu
et al. 2005). In these studies, model geometry and input
parameters are derived from the dedicated in vitro experi-
ments and computer model predictions of sprout patterning
(e.g., vessel density, vessel orientation, etc.) are compared to
the experimental data (Edgar et al. 2015b, 2013; Bauer et al.
Jul. 2009). For example, Edgar et al. (Edgar et al. 2015a)
used a dedicated in vitro experimental setup to investigate
mechanical interactions between growing neovessels and the
deformation of the matrix. They compared computer model
predictions with experimental data of gel contraction and
microvessel alignment for different boundary conditions.
The authors refer to this as a global validation of the model,
since individual model assumptions or hypothesis could not
be tested. Bazmara et al. (Bazmara et al. Jun. 2015) did not
use dedicated experiments for model validation, but used
an in vivo and an vitro experiment reported in the litera-
ture to validate different aspects of the model, in particular,
predicted sprout extension before loop formation (in vitro
validation) and loop elongation after establishment of flow
(in vivo validation). Although they were able to show good
quantitative agreement between model predictions and
experimental data, they only validated one specific param-
eter (extension speed), not testing the validity of the multiple
assumptions/hypothesis made in the model. To the authors
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knowledge a fully validated computer model of angiogenesis
does not exist, partially due to the complexity of the process.

5.6 Not an isolated process

One of the main challenges in understanding the angiogenic
process, both experimentally and theoretically, is that it is
often not an isolated process. Endothelial cells interact with
many other cells in the organism both mechanically and
chemically, for example, with stromal and immune cells
(Ribatti and Crivellato Sep. 2009; Stockmann et al. 2014;
Hughes May 2008). Understanding the regulation of the pro-
cess requires therefore to consider other cell types that might
play a role in this regulation.

5.7 Heterogeneity of endothelial cells

Although computer models usually talk about endothelial
cells in general, experimentally it has been shown that dif-
ferent subtypes of endothelial cells exist not only in different
organs but also within the same vascular bed. For example,
two subpopulations of endothelial cells have been identi-
fied in the murine skeletal system: the H type, which are
responsible for angiogenesis, and the L type, which form the
sinusoidal capillaries in bones (Kusumbe et al. 2014). This
heterogeneity must be considered since different subpopula-
tions have different functionality and a different response to
external signals.

6 Future directions

Sprouting angiogenesis is a complex process that is guided
by different chemical and mechanical cues. Although
different mechanical cues and their role on sprouting
angiogenesis have been investigated, there are still some
mechanics-related effects unexplored, e.g., the details of
mechanotransduction at the cellular level. Moreover, most
models have focused on the effect of individual mechani-
cal cues, for example blood flow; however, all the above-
described mechanical cues act at the same time during the
angiogenic process. The role of outer versus inner vascular
mechanical signals, for example, remains highly unexplored.

It is critical to precisely analyze the specific nature of
the forces at play in order to design and implement in silico
that address physiologically relevant topics in mechanobi-
ology. This includes the force's direction (isotropic or ani-
sotropic for topography, axial or radial for flow or strain),
and the ECM properties (isotropic, anisotropic, and fibers
orientations).

Additionally, when applicable, the force's time-dependent
pattern (waveform and frequency of ECM’s strain, pressure
of blood flow) should be considered in order to obtain a
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dynamic mechanoregulation model for sprouting angiogen-
esis. To better comprehend the effect of various mechanical
cues on ECs and to model the mechanisms by which ECs
integrate and decode multiple environmental information,
more research is needed. In vivo, these mechanical cues are
linked and imposed on ECs at the same time, and therefore,
the impact of many cues should be included in the same
computational model to better replicate how ECs integrate
and interpret various mechanical inputs.

7 Conclusions

The impact of mechanical signals on the angiogenic process
remains only partially understood. Computational models of
angiogenesis have brought us a deeper understanding of the
role of mechanical signals on the process since they provide
a way to quantify those signals, which are often difficult
to measure experimentally. This review article summarizes
the application of computer models to investigate the role
of different mechanical cues (cellular traction forces, the
surrounding extracellular matrix, external loads, and blood
flow-induced shear forces) on the regulation of angiogenesis.

We show that most of the models are focused on under-
standing the role played by one single mechanical signal
(e.g., fluid flow) on the angiogenic process. However, mul-
tiple mechanical signals of different origins act simultane-
ously, affecting sprout patterning. Because of the complex
interaction between cellular processes, ECM remodeling,
and extra- and intravascular mechanical forces involved in
sprouting angiogenesis, computer models should be devel-
oped considering multiple origins of the involved mechani-
cal signals.
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