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Abstract Computational models of mechanobiological
systems have been widely used to provide insight into these
systems and also to predict their behaviour. In this context,
vascular tissue engineering benefits from further attention
given the challenges involved in developing functional low
calibre vascular grafts with long-term patency. In this study,
a novel multiscale mechanobiological modelling framework
is presented, which takes advantage of lattice-free agent-
based models coupled with the finite element method to
investigate the dynamics of VSMC growth in vascular tis-
sue engineering scaffolds. The results illustrate the ability of
the mechanobiological modelling approach to capture com-
plex multiscale mechanobiological phenomena. Specifically,
the framework enabled the study of the influence of scaffold
compliance and loading regime in regulating the growth of
VSMCs in vascular scaffolds and their role in development
of intimal hyperplasia (IH). The model demonstrates that
low scaffold compliance compared to host arteries leads to
increased luminal ingrowth and IH development. In addition,
culture of a tissue-engineered blood vessel under a pulsa-
tile luminal pressure reduced luminal ingrowth and enhanced
collagen synthesis within the scaffold compared to non-pul-
satile culture. The mechanobiological framework presented
provides a robust platform for testing hypotheses in vascular
tissue engineering and lends itself to use as an optimisation
design tool.
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1 Introduction

The daunting complexities of biomechanical systems have
motivated tremendous efforts towards developing novel
computational models for predictive purposes and also to
provide better understanding about these systems. One
important potential of computational models is that they
enable the hypotheses about complex biological systems to
be corroborated or ruled out and hence constantly add to our
knowledge about them (Nigg and Herzog 2001; Viceconti
2010). Computational models of the biomechanics of the
skeletal system and cardiovascular system have significantly
advanced in recent years and have added to our knowl-
edge of the role of biomechanics in the progression of path-
ological conditions such as skeletal deformities (Subbaraj
et al. 1989), the development of aneurysms (Watton et al.
2010), fracture and wound healing (Geris et al. 2010a,b), and
medical device implantations and their prognosis (Zahed-
manesh and Lally 2009; Zahedmanesh et al. 2010; Caiazzo
et al. 2009; Boyle et al. 2010). One important complex-
ity that is specific to biomechanical systems is their regen-
erative ability where their structure can adapt in order to
maintain homeostasis following any mechanical or biolog-
ical perturbations. In many cases, however, this regenera-
tive response of the biomechanical systems may derail into
a maladaptive response. In-stent Restenosis following stent
deployment (Hoffmann and Mintz 2000) and development
of intimal hyperplasia (IH) following implantation of small
calibre vascular grafts (Lemson et al. 2000; Zilla et al. 2007;
Salacinski et al. 2001) are examples of such maladaptive
responses. In this context, the global response of the bio-
logical system that emerges at the tissue level as excessive
luminal ingrowth stems from individual cell’s behaviour and
interaction among cells. Cellular behaviour, such as differ-
entiation, proliferation, migration, protein and chemokine
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synthesis and cell death, is influenced by environmental fac-
tors such as extracellular matrix, chemicals and external
forces and together results in complex responses at the tis-
sue level. This intrinsic multiscale behaviour of biological
systems necessitates a multiscale modelling approach.

To date, two main approaches have been taken for model-
ling the response of multicellular biological systems, (i) the
continuum approach and (ii) the cell-based approach (Byrne
and Drasdo 2009). The continuum approach can be used to
model the response of biological systems at all levels from
cells to tissue. Although key cell responses such as cell den-
sity evolution can be modelled using partial differential equa-
tions (PDEs), one important limitation of this method is that
PDEs may not capture the discrete nature of multicellular bio-
logical systems consisting of individual cells and can become
cumbersome when solving complex processes involving sev-
eral variables (Hwang et al. 2009). The other method used for
modelling the response of multicellular biological systems is
the discrete approach. The biological system’s global behav-
iour results from discrete phenomena occurring at the cellular
level, and hence, biological systems may be better modelled
using the discrete methods. Two main discrete methods have
been used for modelling multicellular biological systems, (i)
cellular automata (CA) and (ii) agent-based models (ABM).
Both methods can be defined as rule-based models that take a
bottom-up approach. Each individual cell is modelled explic-
itly based on rules of behaviour that are defined for it and the
global system behaviour emerges through the local interac-
tions among the cells based on the defined rules of behav-
iour at the cell level. Although the differences between CA
and ABM are marginal, the main difference is that a lattice
point must be defined for CA while ABM can be lattice free,
meaning that cells can be at any location in the computational
domain. This location is usually determined by solving either
kinematic or dynamic equations of motion for each individual
cell. Hence, ABM can yield more realistic results given that
no restriction is imposed on the location of the cells in com-
parison with CA where the cells can only move through cer-
tain predefined lattice points. A hybrid modelling approach
may be also adopted by combining both continuum and dis-
crete methods (Gerlee and Andersona 2008; Guo et al. 2008).

With the emergence of tissue engineering as a promis-
ing technique in regenerative medicine, there is a genuine
need for robust mechanobiological models for analysis of
tissue-engineered constructs. Tissue engineers need to
consider a wide range of variables ranging from the type
of scaffold material and its mechanical and morphological
properties such as elasticity, porosity and permeability, to
the best choice of cells and the optimum bioreactor param-
eters, such as the loading regime, to obtain a functional tis-
sue-engineered construct. In the context of vascular tissue
engineering, specifically in the case of low calibre vessels,
complexities arise mainly due to development of IH where

VSMCs over-proliferate into the lumen of the construct and
ultimately occlude the blood flow. Optimally, a vascular scaf-
fold should allow the vascular cells to populate the scaffold
and remodel it into a tissue similar to the artery by producing
extracellular matrix components; however, it should prevent
over-proliferation of cells towards the lumen. IH in vas-
cular grafts and tissue-engineered blood vessels (TEBVs)
occurs due to an imbalance between inhibitory and prolifer-
ative mechanisms that control the growth of VSMCs. Scaf-
fold properties such as porosity and permeability are vital to
ensure nutrient transport and waste removal in a TEBV. On
the other hand, the elasticity of the construct, usually mea-
sured as compliance in the context of vascular grafts/scaf-
folds, plays a pivotal role in vascular scaffold remodelling
as cyclic strain has a significant anti-proliferative and pro-
apoptotic influence on VSMCs (Colombo 2009). In addition,
fluid flow in a scaffold is influenced by cyclic strain (Buijs
et al. 2009) and is therefore also dependant on the elasticity
of the scaffold when it is subject to pulsatile pressure in the
arterial system. The importance of the role of compliance is
further supported by the outcome of vascular graft implan-
tations that suggest a direct relation between the compliance
of vascular grafts and their long-term patency (Salacinski
et al. 2001). Another key factor in regulating the prolifera-
tive response of VSMCs is a functional endothelium. In the
absence of a functional endothelium, inflammatory cells such
as macrophages and platelets are recruited to the lumen of the
scaffold/graft and secrete mitogenic and chemotactic factors
such as platelet-derived growth factor (PDGF), which have
a proliferative influence on VSMCs (Lemson et al. 2000).
However, to date, most available vascular grafts/scaffolds
have shown a very poor endothelialisation rate in the human
body (Zilla et al. 2007). Given the central role of VSMCs
in success or failure of TEBVs, it is necessary to better
understand the mechanobiological mechanisms that regulate
VSMC growth dynamics in vascular tissue-engineered con-
structs, and mechanobiological models can be utilised for
this purpose.

Several mechanobiological models have been developed
using the continuum approach (Andreykiv et al. 2008;
Coletti et al. 2006; Issaksson et al. 2008) and also the cel-
lular automata approach (Byrne et al. 2007; Stops et al.
2010) combined with robust numerical methods such as
the finite element method (FEM). However, in spite of
the significant role of mechanoregulation in vascular tis-
sue engineering (Jeong et al. 2005; Xu et al. 2008; Seliktar
et al. 2003; Hahn et al. 2007) and the central role of
VSMCs in this context, mechanobiological models of VSMC
tissue-engineered constructs are scarce, and the available
mechanobiological models are mainly focused on skele-
tal tissue engineering and fracture healing. On the other
hand, even though lattice-free agent-based models have
been extensively used in modelling multicellular biological
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systems (Walker et al. 2004; Thorne et al. 2007; Merks et al.
2008; Li et al. 2008; Pappalardo et al. 2009; Baily et al. 2007),
these models are merely biological and mechanoregulation is
rarely included to these studies. The few mechanobiological
models that have used lattice-free agent-based models have
resorted to using simple analytical equations rather than using
more robust numerical methods such as FEM for the calcula-
tion of the mechanical stimuli (i.e. stress/strain) (Ausk et al.
2006; Geris et al. 2010c; Peirce et al. 2004). This is mainly
due to the fact that lattice-free agent-based models are com-
putationally expensive and coupling them with numerical
methods such as FEM is challenging.

Given that cyclic strain due to pulsatile blood pressure
is the prevalent mechanical load that VSMCs are exposed
to in an artery, several studies have been dedicated to the
study of the influence of cyclic strain on VSMCs (Chapman
et al. 2000; Wang and Thampatty 2006; Morrow et al. 2005;
Durante et al. 2000; Colombo 2009). It has been shown that
physiological cyclic strain (less than 15% amplitude) has an
anti-proliferative influence on VSMCs and also increases the
apoptosis rate of VSMCs (Colombo 2009; Chapman et al.
2000; Morrow et al. 2005; Kona et al. 2009). In a recent in
vitro study by Colombo (2009) which was dedicated to the
study of the role of cyclic strain on VSMCs, bovine aortic
smooth muscle cells were cultured under cyclic strain with
varying mean and amplitude. The study showed that phys-
iological cyclic strain has an anti-proliferative influence on
VSMCs and that the relationship between cyclic strain and
proliferation and apoptosis rate depends on the amplitude of
the cyclic strain rather than on the mean value of the cyclic
strain. The consistency of these findings on human VSMCs
was also verified by conducting the same experiments on
human Iliac VSMCs (Colombo 2009). Conversely, patho-
logical values of cyclic strain (>15%) have been found to
play a conflicting role and increase proliferation in VSMCs
(Numaguchi et al. 1999; Kozai et al. 2005; Halka et al. 2008;
Kona et al. 2009). In addition, physiological cyclic strain
has been shown to upregulate gene expression for synthesis
of ECM products such as collagen and elastin (Kona et al.
2009). On the other hand, pore fluid velocity within a tissue-
engineered construct can significantly improve nutrient
delivery and waste removal, which in turn increases the pro-
liferation rate and reduces cell death. Cartmell et al. (2003)
studied the effect of medium perfusion rate on cell growth
and ECM synthesis within human trabecular bone scaffolds
seeded with osteoblast-like cells and showed a significant
increase in DNA content in perfused samples compared to
statically grown samples. In another study by Volkmer et al.
(2008), cell death occurred in the central region of a statically
cultured bone matrix scaffold following 5 days culture where,
in contrast, perfusion bioreactors successfully prevented
cell death in the scaffold. Culture of VSMCs on vascular
scaffolds has also resulted in a higher number of VSMCs

and improved mechanical properties when cultured in perfu-
sion bioreactors compared to the static culture (Jeong et al.
2005; Hahn et al. 2007; Stankus et al. 2006). Therefore, from
a mechanobiological modelling standpoint, cyclic strain and
pore fluid flow are two key mechanical regulators of VSMC
growth in a vascular tissue-engineered construct, which have
to be given specific consideration.

In this study, a mechanobiological model of a TEBV is
presented where cyclic strain and pore fluid flow velocity are
adopted as the main regulators of VSMC growth in TEBVs.
In order to implement the model, a robust mechanobiolog-
ical modelling framework was developed utilising lattice-
free agent-based models coupled with FEM. The framework
can be used as a predictive and optimisation tool for vascu-
lar tissue engineering applications and can be used to elu-
cidate the underlying mechanobiological mechanisms that
drive the remodelling process in vascular tissue-engineered
constructs.

2 Mechanobiological model

2.1 Mechanobiological model overview

A mechanobiological modelling framework was developed
which comprised of two main coupled modules, (i) a mod-
ule based on the finite element method (FEM) that quantifies
cyclic strain (εcyc) and pore fluid velocity (Vfluid) as the main
regulators of VSMC growth in TEBVs and (ii) a biological
modelling module based on an agent-based model that sim-
ulates the key responses of VSMCs growth, i.e. migration,
proliferation, apoptosis and ECM synthesis in the vascular
scaffold under the influence of the mechanical stimuli quan-
tified in the FE module, see Fig. 1. In the FE module, the
value of cyclic strain (εcyc) is calculated as the amplitude
of the maximum principal strain at each element’s centroid,
and the pore fluid velocity (Vfluid) was also calculated at each
element’s centroid as the mean fluid velocity throughout the
loading cycle. The simulation starts in the FE module and
the quantified values of the mechanical stimuli, i.e. (εcyc)

and (Vfluid), are transferred to the agent-based model where
the growth of VSMCs is simulated under the influence of the
mechanical stimuli. Following the agent-based simulation of
cell growth and ECM synthesis, the geometry, boundary con-
ditions and mechanical properties of the tissue-engineered
construct are updated, and the updated model is submitted to
the FE module in order to take the influence of remodelling of
mechanical properties due to cell growth into account. This
iterative approach is repeated until the simulation reaches the
desired simulation end time, see Fig. 1. Given that the two
modules are loosely coupled, it is essential to ensure that the
time period for each iteration is small enough to ensure that
changes of mechanical properties are insignificant during
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Fig. 1 a Overall schematic of
the mechanobiological
modelling framework, the
simulation starts with a FE
analysis where mechanical
stimuli are quantified and then
the ABM determines the VSMC
growth under the influence of
the mechanical stimuli.
Following the ABM, the FE
model is updated and the
iterative approach continues
until the simulation end time is
achieved. b Detailed system
diagram of the components and
processes involved in the
mechanobiological model.
Mechanical stimuli quantified in
the FE module regulate the
doubling time, apoptosis rate
and ECM synthesis of VSMCs
in the ABM model. The
mechanical properties of each
finite element and also the new
luminal surface are then updated
based on the value of ECM
synthesised in each element

(b)

(a)

that time period. Therefore, in this study, the time period
for each iteration was set to two days, which was chosen
based on a sensitivity analysis.

A custom-written routine was developed using python
programming language to enable communication between
the FE software Abaqus (Simulia, Providence, RI, USA)

and the agent-based modelling framework BREVE (www.
Spiderland.org). The same routine also handled the tasks
necessary for updating the input files of the FE analysis and
data mining and processing. The agent-based model was pro-
grammed using the STEVE language specific to the BREVE
agent-based modelling framework.
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2.2 Finite element module

An axisymmetric poro-hyperelastic FE model of a tubular
scaffold was used to quantify the cyclic strain (εcyc) and
the pore fluid flow velocity (Vfluid) in the tissue-engineered
construct. Pressure and pore pressure boundary conditions
were applied to the luminal surface of the tissue-engineered
construct depending on the lumen pressure while the two
ends were longitudinally tethered and the pressure and pore
pressure boundary conditions were set to zero (relative to
the ambient pressure) at the abluminal surface. The model
is composed of (11,780) equilateral rectangular axisymmet-
ric elements (Abaqus type CAX4RPH), 8,740 of which are
inactivated luminal elements that are added to the mesh con-
nectivity upon VSMC proliferation into the luminal elements
and synthesis of ECM. The python code could automatically
detect the new luminal surface and apply the pressure and
pore pressure boundary condition to the new surface follow-
ing each iteration. The tube was 8 mm long with a thick-
ness of 0.673 mm and a luminal diameter of 4.18 mm, which
was chosen based on dimensions of bacterial cellulose tubes
used in (Zahedmanesh et al. 2011) which have shown good
potential for vascular tissue engineering. The model was dis-
cretised by 190 elements longitudinally and 62 elements radi-
ally. This mesh density was chosen based on mesh sensitivity
studies.

Poro-hyperelastic models couple the behaviour of the
solid phase and the fluid phase of the material both of which
are considered as incompressible. The approach employed
in (Feenstra and Taylor 2009 and Ayyalasomayajula et al.
2010) was adopted, which is based on an effective stress con-
cept where an additive decomposition of the stress caused by
external loading, σ̄ , into an effective stress on the matrix of
the tissue, σ , and an isotropic pore pressure, P , is used as
follows:

σ̄ = σ + PI (1)

The pore pressure drives the pore fluid velocity field under
the assumption of Darcy’s flow as:

V = ϕVfluid = −K∇ p (2)

where V is referred to as the effective fluid velocity, ϕ is the
porosity of the material, Vfluid is the pore fluid velocity, K is
the permeability of the material, and p is the pore pressure
(Feenstra and Taylor 2009), see Table 1. The porosity in turn
is a function of the determinant of the deformation tensor,
J , and the initial (unloaded) porosity of the material, ϕ0, as
follows:

ϕ = 1 − J−1(1 − ϕ0) (3)

In order to calculate the effective stress, the following Ogden
hyperelastic equation was used to model the stress–strain

Table 1 Porosity and permeability values used in the simulations

Scaffold Initial porosity
of the scaffold,
ϕ0

*Permeability of
the scaffold, K
(m4/N .s)

Bare scaffold 0.86 2.8e −13

Remodelled
scaffold

0.5 5.7e −16

* Scaffold porosity and permeability for the remodelled scaffold were
adapted from data in Koshiba et al. (2007) and Feenstra and Taylor
(2009), respectively. The bare scaffold data are based on authors’ exper-
iments on bacterial cellulose arterial scaffolds (In Abaqus, the perme-
ability values should be input with dimensions (L/T) (Abaqus analysis
user’s manual v6.8), i.e. k(m/s) = ρ.g.K(m4/N .s), where ρ is the den-
sity of the wetting liquid, 1.05 × 103 kg/m3, and g is the magnitude of
the gravitational acceleration, 9.8 m/s2. Hence for the bare scaffold, k =
2.9×10−9(m/s) and for the remodelled scaffold, k = 5.9×10−12(m/s))

Table 2 Coefficients of the Ogden hyperelastic constitutive models
(Zahedmanesh and Lally 2009; Zahedmanesh et al. 2011)

Hyperelastic
constants

Low compliance
scaffold

Arterial compliant
scaffold

μ1 (Pa) −40,841,700.4 −1,231,144.96

μ2 (Pa) 25,961,863.1 785,118.59

μ3 (Pa) 14,911,467.2 453,616.46

α1 6.860,889,05 16.59

α2 8.517,152,27 16.65

α3 3.735,167,42 16.50

response of the scaffolds and IH tissue (Ogden 1972)
considering them to be incompressible.

Ū =
3∑

i=1

2μi

α2
i

(λ̄
αi
1 + λ̄

αi
2 + λ̄

αi
3 − 3) (4)

where Ū denote the isochoric strain energy density, λ̄i

denotes the deviatoric principal stretches, and μi and αi are
the hyperelastic constants, see Table 2.

Two types of scaffold were defined: a low compliance
scaffold and a scaffold with a compliance similar to that
of arteries (arterial compliant scaffold). The stress–strain
response of a bacterial cellulose scaffold was chosen for
the low compliance scaffold (Zahedmanesh et al. 2011),
and the stress–strain response of human coronary medial
layer was opted for the compliant scaffold. Where luminal
ingrowth occurred, the mechanical properties of human cor-
onary media were assigned to the luminal elements given that
it is mainly composed of VSMCs, see Fig. 2 and Table 2.

Once cells populate a scaffold, they should ideally change
its mechanical properties, such as compliance and permeabil-
ity, to that of the native artery. Several scaffolds have shown
this response such as in the study by Greisler et al. (2004)
where cell growth was found to increase the compliance of
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Fig. 2 Stress–strain response of the low compliance scaffold
(Zahedmanesh et al. 2011), arterial compliant scaffolds adapted from
(Holzapfel et al. 2005)

woven polyglactin 910 grafts implanted into rabbits and the
study by Song et al. (2010) which showed a lowering of initial
stiffness of the Poly(Trimethylene Carbonate) scaffolds fol-
lowing VSMC culture. In addition, in the work by Roy et al.
(2005), decellularisation of porcine carotid arteries signifi-
cantly reduced arterial compliance. Therefore, remodelling
of the mechanical properties of the scaffolds was represented
by altering the initial mechanical properties of the scaffold,
i.e. stress–strain response, permeability and porosity to that
of arterial tissue (i.e. human coronary media given that media
is mainly populated by VSMCs) in elements where the ECM
content reached a threshold value of ECMThreshold. In addi-
tion, the luminal elements were also activated when their
ECM content reached ECMThreshold. Element activation only
occurred in the FE model while for the agent-based model,
all grid elements were available throughout the simulation.
The collagen content in a native artery is approximately 3.1×
10−4 µg/cell (Hahn et al. 2007). Based on the dimensions of
each finite element used in this study and dimensions of each
VSMC, a maximum of two VSMCs can reside in each ele-
ment. Hence, a value of 6.2×10−4 µg/element is the arterial
collagen content for each element in this study.

The remodelling threshold value ECMThreshold was cho-
sen as 3.1×10−4µg/element, which represents half the arte-
rial collagen content per element given that once the ECM
content in the construct is higher than this value, its mechan-
ical properties are more similar to arteries than the original
scaffold.

2.3 Agent-based module

An agent-based model of VSMCs seeded confluently on the
luminal and abluminal surfaces of a vascular scaffold was
constructed by assigning one row of cells (250 cells distrib-
uted homogeneously) to the luminal and abluminal surfaces,

Table 3 Parameter values used for migration speed, dimension and
ECM synthesis of VSMCs

Parameter Value Unit Description and reference

VSMC
migration
speed

0.001 mm/hr DiMilla et al. (1993)

VSMC radius 12.96 μm Adapted from Peirce et al.
(2004) (6 × 88 μm2)

ECMThreshold 0.00031 μg/element ECM threshold for remod-
elling into arterial tissue.
Adapted from Hahn et al.
(2007)

ECMdep−baseline 1.12e −7 μg/cell.hr Baseline ECM synthesis per
hour. Adapted from Hahn
et al. (2007)

respectively. Following the FE analysis, the values of the
mechanical stimuli at each element of the FE model are
exported to the ABM module. In the agent-based model,
for each mechanical quantity, i.e. εcyc and Vfluid, a matrix
Ai, j is defined where i = the number of FE elements in the
longitudinal direction and j = the number of FE elementsin
the radial direction. Each component of the matrix takes the
value quantified at the centroid of the corresponding FE ele-
ment. Hence, at each point in the ABM domain, the value
of the corresponding mechanical stimuli can be queried by
referring to the related matrix component based on the coor-
dinates of the point. This way the FE mesh domain could be
easily superimposed on the ABM domain. The time step for
the ABM simulations was set to 1 h given that the experi-
mental data used on cell processes such as cell migration and
proliferation were obtained on a per hour basis.

2.3.1 Cell migration

The agent-based model was a lattice-free model, and VSMCs
were modelled as spheres with a radius equivalent to the aver-
age equivalent radius of VSMCs consistent with the approach
taken in (Caiazzo et al. 2009) in which VSMCs were mod-
elled as spheres in a lattice-free agent-based model of cor-
onary restenosis. VSMCs could migrate in a random walk
fashion over the ABM domain, see Table 3. The same method
used for superimposing the values of mechanical stimuli on
the ABM domain was used to define the values of ECM
synthesised by VSMCs throughout the ABM domain.

2.3.2 Cell proliferation

Proliferation was modelled by defining doubling time for
each individual cell consistent with the approach taken in
the ABM model presented in (Peirce et al. 2004). Each cre-
ated cell records its age and once the age of the cell equals its
doubling time, the cell undergoes mitosis if there is a vacancy
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Fig. 3 The influence of cyclic strain on the overall doubling time of
VSMCs with maximal nutrient availability and waste removal

surrounding the cell. The age of the created daughter cells is
then initiated at 0. Doubling time of VSMCs was defined as
a function of cyclic strain εcyc and pore fluid velocity Vfluid

as follows:

Doubling Time
(
εcyc, Vfluid

) = f
(
εcyc

) + g (Vfluid) (5)

where f
(
εcyc

)
determined the effect of cyclic strain on the

doubling time of VSMCs and was derived from the experi-
mental work by Colombo (2009) as defined by the following
equation, see also Fig. 3.

f
(
εcyc

) = 13871.25ε2
cyc − 48.225εcyc + 43.257 (6)

Cartmell et al. (2003) studied the influence of pore fluid
velocity on cell proliferation using a perfusion bioreactor
for scaffold inlet flow rates of 0.01, 0.1, 0.2 and 1 ml/min
(Cartmell et al. 2003). The inlet flow rates were converted
to pore fluid velocity using an analytical method where the
mean pore pressure velocity within the scaffold was cal-
culated using the following equation consistent with the
approach taken in (Stops et al. 2010; Jungreuthmayer et al.
2009):

Vfluid = Q

πϕr2 (7)

where Vfluid is the pore fluid velocity, Q is the external inlet
flow rate, ϕ is the scaffold porosity, and r is the chamber
radius (Cartmell et al. 2003).

The contribution of pore fluid velocity to the overall dou-
bling time of VSMCs was then described using the data
obtained from (Cartmell et al. 2003), which presents the fold
change in DNA content using the aforementioned flow rates
and the static doubling time of VSMCs based on Jeong et al.
(2005) by the following phenomenological equation, see also
Fig. 4.:

g (Vfluid) = 3.594 + 165.4 × e−1075000×Vfluid (8)

Fig. 4 The influence of pore fluid velocity on the overall doubling time
of VSMCs

2.3.3 Cell death

Similar to the proliferation rate, apoptosis rate of VSMCs
is dictated by the value of cyclic strain that the cells are
exposed to (Colombo 2009) and the availability of nutrients
and waste removal. Therefore, the probability of apoptosis
for each VSMC was defined as a function of the value of
the cyclic strain, and pore fluid velocity and the apoptotic
cells were removed from the simulation following every iter-
ation. The apoptosis rate reported in experimental studies
determines the probability of apoptosis for each cell. A logi-
cal statement using a random number generator was defined
within each cell, which had a probability equivalent to the
apoptosis probability of each cell. Where the statement was
true the cell was removed. The following function was used
to describe the probability of apoptosis for each VSMC.

Apoptosis (%) = k(εcyc) + l (Vfluid) (9)

where k
(
εcyc

)
described the influence of cyclic strain on the

apoptosis of VSMCs based on the data obtained from the
experimental study by Colombo (2009) where the influence
of cyclic strain on VSMC apoptosis was studied in an envi-
ronment with maximal availability of nutrients and waste
removal, see also Fig. 5:

k
(
εcyc

) = 80.35 × εcyc + 0.357 (10)

and l (Vfluid) described the influence of pore fluid velocity
on apoptosis of VSMCs based on the experimental data on
VSMC number in static culture in a fibre matrix (Stankus
et al. 2006) and assuming an optimal pore fluid velocity above
which cell death due to nutrient shortage and waste accumu-
lation would not occur (Cartmell et al. 2003) as follows, see
also Fig. 6:

l (Vfluid)=
{ −1808066.759 × Vfluid + 13 Vfluid < 7.19E − 06 (m/s)

0 Vfluid > 7.19E − 06 (m/s)

(11)
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Fig. 5 The influence of cyclic strain on the overall apoptosis of SMCs
with ample availability of nutrients

Fig. 6 The influence of pore fluid velocity on the overall apoptosis of
VSMCs

2.3.4 Protein synthesis

At each time step of the simulation, each cell deposited ECM
with an amount of (ECMdeposition) representing the amount of
collagen synthesis by VSMCs per hour at the corresponding
FE element. It has been shown that cyclic strain upregulates
synthesis of ECM by VSMCs. In the study by Kona et al.
(2009), gene expression for collagen production in VSMCs
was found to increase twofold when the cells were exposed to
10% cyclic strain. Therefore, a linear relation was assumed
between the ECM synthesis and the value of the cyclic strain
as follows:

ECMdeposition
(
εcyc

) = ECMdep−baseline

+10 × (ECMdep−baseline × εcyc)

(12)

where ECMdep−baseline is the baseline collagen synthesis per
hour by VSMCs in static condition and εcyc is the value of
the cyclic strain, see Table 3.

3 Application of the mechanobiological model

The following three main scenarios were simulated using the
developed mechanobiological modelling framework in order
to shed light on the influence of loading regime, remodelling

Fig. 7 Schematic of the modelled tubular scaffold

of mechanical properties and the scaffold compliance on
VSMC growth dynamics, scaffold remodelling and devel-
opment of IH in TEBVs, see Fig. 7.

(i) VSMCs were seeded on an arterial compliant scaf-
fold and cultured under hypotensive (50–80 mmHg),
normotensive (80–120 mmHg) and hypertensive
(140–200 mmHg) luminal pressure and luminal pore
pressure to investigate the role of loading regime for
both in vivo and in vitro applications.

(ii) VSMCs were seeded on an arterial compliant scaf-
fold and cultured under a pulsatile luminal pressure
and luminal pore pressure of 80–120 mmHg with a
frequency of 1 Hz versus a non-pulsatile pressure of
100 mmHg to study the influence of pulsatile flow in
in vitro applications.

(iii) VSMCs were seeded on low compliance versus
arterial compliant scaffold and cultured under a pul-
satile luminal pressure and luminal pore pressure of
80–120 mmHg with a frequency of 1 Hz to study the
influence of scaffold compliance for in vivo and in
vitro applications.

4 Results

The mechanobiological model enabled the influence of com-
pliance and also the loading regime on growth dynamics of
VSMCs in vascular scaffolds to be studied. The wall clock
time for each simulation could reach up to 20 h depending on
the boundary conditions using a 2 GHz processor and single
core processing. The results clearly show that mechanical
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Fig. 8 The results of scenario (i). Influence of pulsatile pressure on
the number of viable cells over time in the arterial compliant scaffold,
three loading regimes of hypotensive (50–80 mmHg), normotensive
(80–120 mmHg) and hypertensive (140–200 mmHg) were compared

factors, i.e. loading regime and scaffold compliance, play a
key role in regulating the growth of VSMCs.

Comparison of the influence of the three loading regimes
of hypotensive, normotensive and hypertensive in scenario
(i) in all three cases revealed a response composed of a toe
and hill region where the number of cells increased to a peak
value of 12-fold where the curve subsequently reached a pla-
teau. At this stage, the scaffold was fully packed with cells
in all three cases, see Fig. 8. Following 100 days, however,
the cell number started to increase in all three cases. This
increase in the cell number coincided with activation of lumi-
nal elements given that the amount of extracellular matrix
produced in these elements exceeded the element activation
ECM threshold. The main difference in cell number among
the three cases, however, started to emerge following this
point where the cell number was highest in the hypertensive
case and lowest in the hypotensive regime with values of
20-fold and 15-fold at day 180, respectively.

Figure 9 shows the alterations of pore fluid flow velocity
and cyclic strain where the arterial compliant scaffold was
subject to normotensive pulsatile pressure. It can be seen
that pore fluid flow velocity, an indicator of nutrient transfer
and waste removal, was reduced as the cells grew and popu-
lated the scaffold. One can notice concentrated zones of high
pore fluid velocity at day 66 in elements that have a lower
ECM content due to the randomness in the ABM. Given
that the permeability of these elements was higher than the
remodelled elements, fluid flow found its way through these
elements, and hence, zones of high fluid velocity were tem-
porarily created at these elements. However, these elements
were soon remodelled leading to a more homogeneous pore
fluid velocity field. With the initiation of luminal ingrowth,
the pore fluid velocity in the scaffold reduced even further
given that the activated luminal elements further hindered
fluid flow through the scaffold. At day 180, the pore fluid
flow velocity in the core of the scaffold reduced to 0.3 µm/s,

which is more than 99% reduction compared to day 0. Inter-
estingly, the value of cyclic strain reduced 42% from a maxi-
mum initial value of 0.07 at day 0 to a value of 0.04 at day 180,
which was due to the thickening of the TEBV wall following
luminal ingrowth.

Scenario (ii) on the other hand elucidates the role of pul-
satile flow on VSMC growth dynamics. In this scenario,
the loading regime was changed from a pulsatile pressure
of 80–120 mmHg to a constant non-pulsatile pressure of
100 mmHg. In the absence of cyclic strain, the number of
cells increased 31-fold in a period of 160 days with a posi-
tive slope, showing that under this condition cells will con-
tinue to proliferate towards the lumen until the vessel is fully
occluded, see Fig. 10. In stark contrast is the case with pulsa-
tile luminal pressure where the number of cells was consid-
erably lower and increased to a maximum of 14.8-fold in the
same period. Figure 10 depicts the ABM domain showing the
viable cells and also the amount of collagen synthesised by
VSMCs in the scaffold and in the lumen. One can notice that
the thickness of the TEBV is doubled where it was cultured
under the static luminal pressure of 100 mmHg compared
to the pulsatile luminal pressure of 80–120mmHg. Interest-
ingly, the amount of collagen synthesised within the scaffold
was higher where the TEBV was subject to pulsatile luminal
pressure compared to the static case with maximum values of
8×10−4 µg/element and 5×10−4 µg/element, respectively.
This is consistent with the findings of most in vitro studies
such as Hahn et al. (2007) and Jeong et al. (2005), which
show enhanced collagen synthesis in pulsatile flow culture.
The values of the collagen content are also consistent with
the collagen content in arteries as discussed in the previous
section.

In scenario (iii), the role of scaffold compliance was stud-
ied where a low compliance scaffold and the arterial com-
pliant scaffold were compared. Consistent with the outcome
of clinical studies that suggest low compliance of vascular
grafts contributes to IH (Salacinski et al. 2001), our results
showed a significantly higher number of cells and luminal
ingrowth using the low compliance scaffold. In the arterial
compliant scaffold, a plateau region in the cell number curve
was achieved for a 75-day interval between the scaffold being
fully populated with cells and the start of luminal ingrowth,
following which the cell number started to increase slightly.
In stark contrast, in the low compliance scaffold, the cell
number constantly increased and reached a value of 26-fold
following 180 days of culture, see Fig. 11.

5 Discussion

We have developed a mechanobiological modelling frame-
work by coupling a lattice-free agent-based model with a
finite element model that can simulate growth of VSMCs
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Fig. 9 Influence of pore fluid
velocity and cyclic strain on the
cell number where the arterial
compliant scaffold was subject
to normotensive pulsatile
pressure. a Cell number
evolution for 180 days. b Mean
medium flow velocity alterations
throughout the 180 days c cyclic
strain alterations throughout the
180 days

(a)

(b) (c)

Fig. 10 Results of scenario (ii).
ECM synthesis and viable
VSMCs at day 160 (a, c), the
TEBV was cultured under static
pressure of 100 mmHg (b, d),
the TEBV was cultured under
pulsatile pressure of
80–120 mmHg

(a) (b)

(c) (d)

in a TEBV and tissue remodelling. The framework allows
the role of mechanical factors such as scaffold compliance
and the loading regime on VSMCs growth to be explored. It
also elucidates the significant regulatory role that mechanical
factors play in vascular tissue engineering which can deter-
mine the fate of a TEBV and also highlights their role in the
development of IH.

One important advantage of the in-silico mechanobiolog-
ical models is their capability to identify the role of each
individual parameter involved in the complex multiscale

mechanobiological problems such as vascular tissue engi-
neering. Given the numerous parameters involved in such
systems and their intertwined role, it is often difficult to iso-
late the dominant cause and determine the contribution of
each parameter to a specific behaviour using in vivo or even
in vitro experiments. In silico mechanobiological models
enable the contribution of each of the involved parameters to
the tissue-level behaviour to be quantified in isolation. The
current study illustrates a very good example in this con-
text. The predicted nonlinear cell growth response, which is
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Fig. 11 Results of scenario (iii) where the influence of scaffold com-
pliance was studied

characterised by an increase in cell number to a peak
value and a subsequent reduction in VSMC growth, is also
observed in in vitro cell culture studies on VSMC in com-
pliant vascular scaffolds (Jeong et al. 2005); however, the
timescale of such experimental studies is limited to a few
months at best, and therefore, they do not provide much data
on luminal ingrowth and IH. It is known that the reduction
in the permeability of the scaffold, the value of cyclic strain
and also cell–cell contact all play significant roles in VSMC
growth dynamics; however, when they are all involved in
the system, the contribution of each factor may not be easily
quantified without a computational model. Even the influence
of cyclic strain cannot be easily determined since although
cyclic strain has an anti-proliferative and pro-apoptotic effect
on VSMCs (Colombo 2009), it can also enhance the medium
flow in a scaffold and hence improve the proliferation rate.
The value of cyclic strain can alter along with cell growth due
to the remodelling of mechanical properties of the TEBV and
also thickening of the TEBV wall. Therefore, determining the
role of cyclic strain on a TEBV requires more than intuition,
and the presented mechanobiological model addresses these
challenges.

Several studies have highlighted the role of compliance
on the development of IH and long-term patency of vas-
cular grafts (Salacinski et al. 2001). Graft compliance can
influence development of IH in two distinct ways, (i) pertur-
bations of blood flow and shear stress and formation of recir-
culation and flow separation zones, which can increase the
particle residence time and hence increase the luminal con-
centration of mitogenic factors such as PDGF that stimulate
luminal ingrowth of VSMCs (Salacinski et al. 2001; Lemson
et al. 2000), and (ii) the low value of cyclic strain exerted on
VSMCs in a graft increases their proliferation rate that leads
to IH. It is a very challenging task to determine the contribu-
tion of each of these two different factors in the development
of IH using in vivo experiments. In vitro experiments can also
be challenging in this respect since IH is a long-term pro-

cess, and in vitro experiments can be very time-consuming,
laborious, expensive and prone to the risk of contamination
when conducted over long timescales. However, the present
mechanobiological model enables the influence of cyclic
strain on IH to be studied in isolation over a long timescale
which is one of its important advantages.

In this context, the results clearly show that any sub-
tle decrease in cyclic strain can initiate a maladaptive path
towards occlusion of the TEBV due to IH. Indeed, cyclic
strain played a synergic role given that low cyclic strain con-
tributed to more luminal ingrowth, which in turn reduced
the cyclic strain further and thereby expedited patency loss.
Although using an arterial compliant scaffold with a normo-
tensive pulsatile luminal pressure leads to a steady-state cell
number for up to 100 days, without an endothelium, VSMCs
will still eventually grow into the lumen. Therefore, even
though the results elucidate the determining role of biome-
chanics in vascular tissue engineering, they also highlight
the significance of the endothelium and the need for vascular
scaffolds with high endothelialisation rates. Such insight-
ful trends would be difficult to ascertain, even qualitatively,
using in vitro experiments, while the presented model enables
quantitative evaluation of the influence of each parameter.

Interestingly, the results of scenario (i) show that under a
hypertensive luminal pressure, the VSMC luminal ingrowth
is higher compared to normotensive and hypotensive loading
regimes. Given that the difference in cell number among the
three cases emerged following 84 days by which the scaffold
was fully populated by cells, this observation corroborates
clinical studies that suggest that hypertension causes thick-
ening and stiffening of arteries (London et al. 2004). This was
mainly due to the stress-stiffening response of the scaffold
and IH tissue which stiffen at higher pressures and therefore
undergo approximately 20% lower cyclic strain in the hyper-
tensive pressure compared to the normotensive pressure.

The results of scenario (ii) and (iii) both signify the
role of cyclic strain in regulating the remodelling of tissue-
engineered blood vessels and development of IH. In scenario
(ii), the absence of cyclic strain due to the bioreactor flow type
(i.e. pulsatile vs. non-pulsatile flow) is studied while in sce-
nario (iii), low cyclic strain due to the mechanical properties
of the scaffold is studied. As shown in Fig. 10, the amount
of extracellular matrix produced in the vascular scaffold is
higher where a pulsatile flow culture was used. This is very
interesting given that the cell number and luminal ingrowth
were maintained lower when pulsatile flow culture was used.
One might presume that due to the higher cell proliferation
in the non-pulsatile culture, ECM synthesis, and therefore
remodelling, should be enhanced, while counter-intuitively
the pulsatile flow maintained the cell number and IH at a con-
siderably lower level while enhancing ECM synthesis and
remodelling of the scaffold. This outcome is clearly due to
the fact that cyclic strain increases ECM synthesis by each
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Fig. 12 The influence of pore fluid velocity on VSMC growth dynam-
ics. Pore fluid velocity was set to zero in Eq. 8 to reveal the influence
of pore fluid velocity

VSMC and also the fact that IH tissue, which is lower in
the pulsatile flow culture, functions as a barrier to nutri-
ent flow through the vessel and consequently reduces cell
growth in the scaffold while luminal cells receiving ample
nutrients continue their ingrowth and increase IH. In scenario
(iii), the IH level is higher in the low compliance scaffold as
expected; however, one can notice that in the lower com-
pliance scaffold, IH continues to increase even after cells
populate and remodel the scaffold. This is due to the fact
that in the low compliance scaffold, a higher level of luminal
ingrowth occurred at the onset of growth which accounted
for IH formation and therefore an increase in the thickness
of the vessel, see Fig. 11. Hence, in spite of the fact that
the mechanical properties were remodelled to the more com-
pliant arterial properties after being populated by cells, in
the low compliance scaffold, the added thickness due to IH
reduced the cyclic strain value in comparison with the com-
pliant scaffold where cell ingrowth was minimal at the onset
of cell growth.

In order to highlight the influence of pore fluid velocity
on VSMC growth, the arterial compliant scaffold was cul-
tured under normotensive pulsatile pressure while pore fluid
velocity was set to zero in Eq. 8 in an artificial case to isolate
the influence of pore fluid velocity in cell proliferation. The
results showed a considerably lower VSMCs growth rate in
the initial phase of the curve that prolonged the period of
time required to fully populate the scaffold by cells. This
reduced cell growth rate was maintained throughout the cul-
ture period as a lag in growth signifying the influence of pore
fluid velocity on growth of VSMCs by enhancing nutrient
transfer and waste removal, see Fig. 12.

The results also demonstrate the capability of the presented
mechanobiological model to pinpoint an optimal tissue engi-
neering approach that would yield the best results following
implantation of a scaffold or in the in vitro cell culture exper-
iments. The simulations show that the optimal scaffold for
vascular tissue engineering should have a compliance similar
to arteries to minimise IH and enhance ECM synthesis and
remodelling. In addition, the results show that production of
ECM at levels consistent with arterial tissue can take up to
6 month under optimal biomechanical conditions. Therefore,
one can conclude that in the context of scaffold design, the
degradation of a vascular scaffold in the first 6 month period
should be minimised to reduce the risk of failure. On the other
hand, in the context of in vitro cell culture experiments, the
results imply that in order to enhance cell growth and reduce
culture time, an initial non-pulsatile luminal pressure can be
used until cells fully populate the scaffold, following which
a pulsatile luminal pressure can enhance ECM synthesis and
scaffold remodelling.

The results clarify an important potential application of the
model which is to serve as a platform to test existing hypothe-
ses and also generate new hypotheses in vascular tissue engi-
neering. The outcome of the simulations can then help to
design new in vitro experiments, reduce the experimenta-
tion costs and come up with new tissue engineering strate-
gies through identification of the most significant parameters
involved which are informed by the in silico model.

Also from a methodological standpoint, this study presents
a novel yet simple approach to achieve more realistic
mechanobiological simulations utilising agent-based mod-
els by means of a straight forward method to couple the
available ABM frameworks with finite element packages.
The usefulness of ABMs to investigate higher-level patterns
originating from local cell–environment interactions makes
them ideal for tissue engineering applications. ABMs can
provide insight into mechanisms that drive complex observed
phenomena that are not easy to test in the laboratory, and
combining them with finite element method can significantly
increase their applicability and problem-solving potential in
mechanobiology.

In spite of the robustness and novelty of the developed
mechanobiological modelling framework, the simulations
presented in this study have their own limitations. No exper-
imental data were used to directly validate the results of this
study; however, every parameter employed was calibrated
with published experiments. Parallel in vitro experiments
are being designed and conducted to further corroborate the
model and if necessary improve the model by comparison
with the in vitro tests. Pore fluid flow velocity is taken as the
indicator of nutrient transport in the TEBV. Although this is
a plausible approach as discussed earlier in the introduction
and is adopted by other studies such as in Stops et al. (2010),
this study could benefit further from a more sophisticated
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model of nutrient transport and waste removal by solving
advection–diffusion equations for the most important bio-
chemicals, i.e. glucose, oxygen and lactate. Although this
would add tremendous complexity to the current model and
was deemed beyond the scope of this study, it is being devel-
oped for future models. While the influence of pore fluid
flow on VSMCs is interpreted in the context of its effect on
nutrient transport and waste removal, it can also influence
cell behaviour through wall shear stress. Wall shear stress
due to transmural extracellular fluid or luminal blood flow
may also have an influence on the luminal VSMCs behav-
iour. Experiments in our laboratory, however, show that the
influence of shear stress on proliferation of VSMCs is triv-
ial in comparison with the effect of cyclic strain. Neverthe-
less, excessively high values of pore fluid velocity and wall
shear stress may have an adverse effect on VSMCs growth.
In addition, given that the experiments used to establish the
relationship between pore fluid flow velocity and cell behav-
iour (Eqs. 8 and 11) in this study are based on the studies
by Cartmell et al. (2003) using osteoblast-like cells, there
is a need to determine these relationships from experiments
using VSMCs. However, the use of the data from the stud-
ies by Cartmell et al. (2003) in the model presented here
serves to illustrate how such data can be used should data
of this nature on VSMCs become available. Development
of IH depends on several factors such as endothelialisation
of the scaffold and the immune system activation; however,
endothelialisation has been shown to be very poor on most
available synthetic grafts (Zilla et al. 2007) and was there-
fore excluded in this study. Nevertheless, this study aimed at
elucidating the contribution of mechanical factors to remod-
elling and development of IH rather than prediction of the IH
level. Another limitation of this study that would benefit from
further investigation is that the scaffold is assumed to be a
homogeneous medium; however, most scaffolds have a heter-
ogeneous microstructure which can have an important influ-
ence on the value of mechanical stimuli at the cell level and
also on cell dynamics such as migration rate. The mechan-
ical properties of the construct were updated depending on
the value of ECM using a threshold-based function. Although
this is a simplification, a more realistic model requires exper-
imental data on the evolution of mechanical properties, i.e.
permeability, porosity and stress–strain relationship that was
not available. Also in this study, ECM only concerned colla-
gen given its prominent role in the remodelling; however, the
same approach can be adopted for other ECM products such
as elastin. Finally, Eq. 6 concerning the role of cyclic strain on
proliferation of VSMCs may not be applied to pathological
levels of cyclic strain (>15%) given the different mechanisms
of mechanotransduction at excessively high levels of cyclic
strain.

Nevertheless, in spite of these simplifications, the model
presented in this study is the first of its kind dedicated to

the study of the mechanobiological environment of VSMCs
in vascular tissue engineering, and it clearly captures the
key characteristics of VSMC growth in TEBVs comprising
of nonlinear growth of TEBVs with time, ECM synthesis,
remodelling and IH development.

6 Conclusions

This study demonstrates that the use of agent-based models
coupled with FE analysis is a robust and novel means for
modelling complex multiscale mechanobiological problems
such as vascular tissue engineering. The model is applied
to the investigation of growth of VSMCs in vascular scaf-
folds, and it was found that it captured the key characteristics
of VSMC growth in TEBVs. The model provided valuable
insights into the mechanobiological processes that drive the
remodelling process and regulate VSMC growth dynamics
in TEBVs and elucidated the role of mechanical factors such
as scaffold compliance and loading regime in this context.

Acknowledgments Funding was provided by Irish Research Coun-
cil for Science Engineering and Technology (IRCSET) under Embark
Initiative postgraduate scholarship and Research Frontiers Grant SFI
(08/RFP/ENM1378).

References

Abaqus analysis user’s manual (v6.8), section 21.7.2, Permeability
Andreykiv A, van Keulen F, Prendergast PJ (2008) Simulation of

fracture healing incorporating mechanoregulation of tissue dif-
ferentiation and dispersal/proliferation of cells. Biomech Model
Mechanobiol 7:443–461. doi:10.1007/s10237-007-0108-8

Ausk BJ, Gross TS, Srinivasan S (2006) An agent based model for real-
time signaling induced in osteocytic networks by mechanical stim-
uli. J Bimech 39:2638–2646. doi:10.1016/j.jbiomech.2005.08.023

Ayyalasomayajula A, Vande Geest JP, Simon BR (2010) Porohyper-
elastic finite element modeling of abdominal aortic aneurysms.
J Biomech Eng 132:104502–104510. doi:10.1115/1.4002370

Baily AM, Thorne BC, Peirce SM (2007) Multi-cell agent based simu-
lation of the microvasculature to study the dynamics of circulating
inflammatory cell trafficking. Ann Biomed Eng 35(6):916–936.
doi:10.1007/s10439-007-9266-1

Boyle CJ, Lennon AB, Early M, Kelly DJ, Lally C, Prendergast
PJ (2010) Computational simulation methodologies for mechano-
biological modelling: a cell-centered approach to neointima devel-
opment in stents. Phil Trans R Soc A 368:2919–2935. doi:10.1098/
rsta.2010.0071

Buijs JOD, Lu L, Jorgensen SM, Dragomir-Daescu D, Yaszemski MJ,
Ritman EL (2009) Solute transport in cyclically deformed porous
tissue scaffolds with controlled pore cross-sectional geometries.
Tissue Eng part A 15(8):1989–1999. doi:10.1089/ten.tea.2008.
0382

Byrne DP, Lacroix D, Planell JA, Kelly , Prendergast PJ (2007) Simula-
tion of tissue differentiation in a scaffold as a function of porosity,
Young’s modulus and dissolution rate: Application of mechanobio-
logical models in tissue engineering. Biomaterials 28:5544–5554.
doi:10.1016/j.biomaterials.2007.09.003

123

http://dx.doi.org/10.1007/s10237-007-0108-8
http://dx.doi.org/10.1016/j.jbiomech.2005.08.023
http://dx.doi.org/10.1115/1.4002370
http://dx.doi.org/10.1007/s10439-007-9266-1
http://dx.doi.org/10.1098/rsta.2010.0071
http://dx.doi.org/10.1098/rsta.2010.0071
http://dx.doi.org/10.1089/ten.tea.2008.0382
http://dx.doi.org/10.1089/ten.tea.2008.0382
http://dx.doi.org/10.1016/j.biomaterials.2007.09.003


H. Zahedmanesh, C. Lally

Byrne H, Drasdo D (2009) Individual-based and continuum models of
growing cell populations: a comparison. J Math Biol 58:657–687.
doi:10.1007/s00285-008-0212-0

Caiazzo A, Evans D, Falcone J-L, Hegewald J, Lorenz E, Stahl B, Wang
D, Bernsdorf J, Chopard B, Gunn J, Hose R, Krafczyk M, Lawford
P, Smallwood R, Walker D, Hoekstra AG (2009) Towards a com-
plex automata multiscale model of in-stent restenosis. Comput Sci
ICCS 5544:705–714. doi:10.1007/978-3-642-01970-8_70

Cartmell SH, Porter BD, Garcia AJ, Guldburg RE (2003) Effects of
medium perfusion rate on cell seeded three dimensional bone
constructs in vitro. Tissue Eng 9(6):1197–1203. doi:10.1089/
10763270360728107

Chapman GB, Durante W, Hellums JD, Schafer AI (2000) Physiolog-
ical cyclic stretch causes cell cycle arrest in cultured vascular
smooth muscle cells. Am J Physiol Heart Circ Physiol 278:H748–
H754

Coletti F, Macchietto S, Elvassore N (2006) Mathematical modeling of
three-dimensional cell cultures in perfusion bioreactors. Eng Chem
Res 45(24):8158–8169. doi:10.1016/S1570-7946(06)80292-0

Colombo A (2009) The role of altered cyclic strain patterns on prolifer-
ation and apoptosis of vascular smooth muscle cells—implications
for in-stent restenosis. PhD thesis, Dublin City University (http://
doras.dcu.ie/14917/)

DiMilla PA, Stone JA, Quinn JA, Albelda SM, Lauffenburger
DA (1993) Maximal migration of human smooth muscle cells on
fibronectin and type IV collagen occurs at an intermediate attach-
ment strength. J Cell Biol 122:729–737

Durante W, Liao L, Reyna SV, Peyton KJ, Schafer AL (2000) Phys-
iological cyclic stretch directs L-arginine transport and metabo-
lism to collagen synthesis in vascular smooth muscle. FASEB J
14(12):1775–1783

Feenstra PH, Taylor CA (2009) Drug transport in artery walls:
a sequential porohyperelastic-transport approach. Comput
Methods Biomech Biomed Eng 12:263–276. doi:10.1080/
10255840802459396

Geris L, Schugart R, Van Oosterwyck H (2010) In silico design of
treatment strategies in wound healing and bone fracture healing.
Phil Trans R Soc A 368(1920):2683–2706. doi:10.1098/rsta.2010.
0056

Geris L, Vander Sloten J, Van Oosterwyck H (2010) Connecting
biology and mechanics in fracture healing: an integrated math-
ematical modeling framework for the study of nonunions.
Biomech Modelling Mechanobiol 9(6):24–713. doi:10.1007/
s10237-010-0208-8

Geris L, Liedekerke PV, Smeets B, Tijskens E, Ramon H (2010) A cell
based modelling framework for skeletal tissue engineering appli-
cations. J Biomech 43:887–892. doi:10.1016/j.jbiomech.2009.11.
010

Gerlee P, Andersona ARA (2008) hybrid cellular automaton model of
clonal evolution in cancer: the emergence of the glycolitic pheno-
type. J Theor Biol 250:705–722. doi:10.1016/j.jtbi.2007.10.038

Greisler HP, Joyce KA, Kim DU, Pham SM, Berceli SA, Borovetz
HS (2004) Spatial and temporal changes in compliance following
implantation of bioresorbable vascular grafts. J Biomed Mater Res
26:1449–1461. doi:10.1002/jbm.820261105

Guo Z, Sloot PMA, Tay JC (2008) A hybrid agent based approach
for modeling microbiological systems. J Theor Biol 255:163–175.
doi:10.1016/j.jtbi.2008.08.008

Hahn Ms, Mchale Mk, Wang E, Schmedlen Rh, West JI (2007) Phys-
iologic pulsatile flow bioreactor conditioning of poly(ethylene-
glycol)-based tissue engineered vascular grafts. Ann Biomed Eng
35(2):190–200. doi:10.1007/s10439-006-9099-3

Halka AT, Turner NJ, Carter A, Ghosh J, Murphy MO, Kirton JP,
Kielty CM, Walker MG (2008) The effects of stretch on vascu-
lar smooth muscle cell phenotype in vitro. Cardiovasc Pathol 17:
98–102. doi:10.1016/j.carpath.2007.03.001

Hoffmann R, Mintz GS (2000) Coronary in-stent restenosis—predic-
tors, treatment and prevention. Eur Heart J 21:1739–1749. doi:10.
1053/euhj.2000.2153

Holzapfel GA, Sommer G, Gasser CT, Regitnig P (2005) Determina-
tion of layer-specific mechanical properties of human coronary
arteries with nonatherosclerotic intimal thickening and related con-
stitutive modeling. Am J Physiol Heart Circul Physiol 289:H2048–
H2058. doi:10.1152/ajpheart.00934.2004

Hwang M, Garbey M, Berceli SA, Tran-Son-Tay R (2009) Rule based
simulation of multi-cellular biological systems-a review of mod-
elling techniques. Cell Mol Bioeng 2(3):285–294. doi:10.1007/
s12195-009-0078-2

Issaksson H, Donkelaar CCvan , Huiskes R, Ito K (2008) A mechano-
regulatory bone-healing model incorporating cell-phenotype spe-
cific activity. J Theor Biol 252(2):230–246. doi:10.1016/j.jtbi.
2008.01.030

Jeong SI, Kwon JH, Lim JI, Cho SW, Jung YM, Sung WJ, Kim SH,
Kim YH, Lee YM, Kim BS, Choi CY, Kim SJ (2005) Mechano-
active tissue engineering of vascular smooth muscle using pulsa-
tile perfusion bioreactors and elastic PLCL scaffolds. Biomaterials
26:1405–1411. doi:10.1016/j.biomaterials.2004.04.036

Jungreuthmayer C, Donahue SW, Jaasma MJ, Al-Munajjed AA,
Zanghellini J, Kelly DJ, O’Brien FJ (2009) A comparative study of
shear stresses in collagen-glycosaminoglycan and calcium phos-
phate scaffolds in bone tissue-engineering bioreactors. Tissue Eng
Part A 15(5):1141–1149. doi:10.1089/ten.tea.2008.0204

Kona S, Chellamuthu P, Xu H, Hills SR, Nguyen KT (2009) Effects
of cyclic strain and growth factors on vascular smooth mus-
cle cell responses. Open Biomed Eng J 3:28–38. doi:10.2174/
1874120700903010028

Koshiba N, Ando J, Chen X, Hisada T (2007) Multiphysics simulation
of blood flow and LDL transport in a porohyperelastic arterial wall
model. J Biomech Eng 129(3):374–385

Kozai T, Eto M, Yang Z, Shimokawa H, LÜscher TF (2005) Statins pre-
vent pulsatile stretch-induced proliferation of human saphenous
vein smooth muscle cells via inhibition of Rho/Rho-kinase path-
way. Cardiovasc Res 68:475–482. doi:10.1016/j.cardiores.2005.
07.002

Lemson MS, Tordoir JHM, Daemen MJAP, Kristslaar PJEHM (2000)
Intimal hyperplasia in vascular grafts. Eur J Endovascular Surg
19:336–350. doi:10.1053/ejvs.1999.1040

Li NYK, Verdolini K, Clermont G, Mi Q, Rubinstein EN, Hebda PA,
Vodovotz Y (2008) A patient-specific in silico model of inflam-
mation and healing tested in acute vocal fold injury. PLoS ONE
3(7):e2789. doi:10.1371/journal.pone.0002789

London GM, Marchais SJ, Guerin AP, Pannier B (2004) Arterial stiff-
ness: pathophysiology and clinical impact. Clin Exp Hypertens
26(7–8):689–699

Merks RMH, Perryn ED, shirinfard A, Glazier J (2008) Contact-inhib-
ited chemotaxis in De Novo and sprouting blood vessel growth.
PLoS Comput Biol 4(9):e1000163. doi:10.1371/journal.pcbi.
1000163

Morrow D, Sweeney C, Birney YA, Cummins PM, Walls D, Redmond
EM, Cahill PA (2005) Cyclic strain inhibits notch receptor sig-
naling in vascular smooth muscle cells in vitro. Circul Res 96:
567–575. doi:10.1161/01.RES.0000159182.98874.43

Nigg BM, Herzog W (2001) Biomechanics of the musculo-skeletal
system. Wiley, Amsterdam

Numaguchi K, Eguchi S, Yamakawa T, Motley ED, Inagami
T (1999) Mechanotransduction of rat aortic vascular smooth mus-
cle cells requires RhoA and intact actin filaments. Circul Res 85:5–
11

Ogden RW (1972) Large deformation isotropic elasticity: on the cor-
relation of theory and experiment for incompressible rubberlike
solids. Proc R Soc Lond A Math Phys Sci 326:565–584. doi:10.
1098/rspa.1972.0026

123

http://dx.doi.org/10.1007/s00285-008-0212-0
http://dx.doi.org/10.1007/978-3-642-01970-8_70
http://dx.doi.org/10.1089/10763270360728107
http://dx.doi.org/10.1089/10763270360728107
http://dx.doi.org/10.1016/S1570-7946(06)80292-0
http://doras.dcu.ie/14917/
http://doras.dcu.ie/14917/
http://dx.doi.org/10.1080/10255840802459396
http://dx.doi.org/10.1080/10255840802459396
http://dx.doi.org/10.1098/rsta.2010.0056
http://dx.doi.org/10.1098/rsta.2010.0056
http://dx.doi.org/10.1007/s10237-010-0208-8
http://dx.doi.org/10.1007/s10237-010-0208-8
http://dx.doi.org/10.1016/j.jbiomech.2009.11.010
http://dx.doi.org/10.1016/j.jbiomech.2009.11.010
http://dx.doi.org/10.1016/j.jtbi.2007.10.038
http://dx.doi.org/10.1002/jbm.820261105
http://dx.doi.org/10.1016/j.jtbi.2008.08.008
http://dx.doi.org/10.1007/s10439-006-9099-3
http://dx.doi.org/10.1016/j.carpath.2007.03.001
http://dx.doi.org/10.1053/euhj.2000.2153
http://dx.doi.org/10.1053/euhj.2000.2153
http://dx.doi.org/10.1152/ajpheart.00934.2004
http://dx.doi.org/10.1007/s12195-009-0078-2
http://dx.doi.org/10.1007/s12195-009-0078-2
http://dx.doi.org/10.1016/j.jtbi.2008.01.030
http://dx.doi.org/10.1016/j.jtbi.2008.01.030
http://dx.doi.org/10.1016/j.biomaterials.2004.04.036
http://dx.doi.org/10.1089/ten.tea.2008.0204
http://dx.doi.org/10.2174/1874120700903010028
http://dx.doi.org/10.2174/1874120700903010028
http://dx.doi.org/10.1016/j.cardiores.2005.07.002
http://dx.doi.org/10.1016/j.cardiores.2005.07.002
http://dx.doi.org/10.1053/ejvs.1999.1040
http://dx.doi.org/10.1371/journal.pone.0002789
http://dx.doi.org/10.1371/journal.pcbi.1000163
http://dx.doi.org/10.1371/journal.pcbi.1000163
http://dx.doi.org/10.1161/01.RES.0000159182.98874.43
http://dx.doi.org/10.1098/rspa.1972.0026
http://dx.doi.org/10.1098/rspa.1972.0026


A multiscale mechanobiological modelling framework using agent-based

Pappalardo F, Cincotti A, Motta A, Pennisi M (2009) Agent based
modelling of atheresclerosis: a concrete help in personalized
treatments. Lect Notes Comput Sci 5755:386–396. doi:10.1007/
978-3-642-04020-7_41

Peirce SM, Van Gieson EJ, Skalak, T (2004) Multicellular simulation
predicts microvascular patterning and in silico tissue assembly.
FASEB J, doi:10.1096/fj.03-0933fje

Roy S, Silacci P, Stergiopulos N (2005) Biomechanical proprieties
of decellularized porcine common carotid arteries. Am J Phys-
iol Heart Circ Physiol 289:H1567–H1576. doi:10.1152/ajpheart.
00564.2004

Salacinski HJ, Goldner S, Giudiceandrea A, Hamilton G, Seifalian AM,
Edwards A, Carson RJ (2001) The mechanical behavior of vascu-
lar grafts: a review. J Biomater Appl 15:241–278. doi:10.1106/
NA5T-J57A-JTDD-FD04

Seliktar D, Nerem RM, Galis ZS (2003) Mechanical strain-stimulated
remodeling of tissue-engineered blood vessel constructs. Tissue
Eng 9(4):657–666. doi:10.1089/107632703768247359

Song Y, Wennink JWH, Kamphuis MMJ, Sterk LMT, Vermes I, Poot
AA, Feijen J, Grijpma DW (2010) Dynamic culturing of smooth
muscle cells in tubular poly (trimethylene carbonate) scaffolds for
vascular tissue engineering. Tissue Eng Part A (in press). doi:10.
1089/ten.tea.2009.0805

Stankus JJ, Guan J, Fujimoto K, Wagner WR (2006) Microintegrating
smooth muscle cells in a biodegradable elastomeric fibre matrix.
Biomaterials 27(5):735–744. doi:10.1016/j.biomaterials.2005.06.
020

Stops AJF, erati KB, Browne M, O’Brien FJ, McHugh PE (2010) A
prediction of cell differentiation and proliefartion within a
collagen-glycosaminoglycan scaffold subjected to mechanical
strain and perfusive fluid flow. J Biomech 43:618–626. doi:10.
1016/j.jbiomech.2009.10.037

Subbaraj K, Ghista DN, Viviani GR (1989) Presurgical finite element
simulation of scoliosis correction. J Biomed Eng 11(1):9–18.
doi:10.1016/0141-5425(89)90159-3

Thorne BC, Bailey AM, Peirce SM (2007) Combining experiments
with multi-cell agent based modeling to study biological tissue
patterning, briefings in bioinformatics. Brief Bioinform 8(4):
245–257. doi:10.1093/bib/bbm024

Viceconti M, (2010) What is a model? A tentative taxonomy of
biomedical models. In: Proceedings of the European society
of biomechanics. Edinburgh, UK

Volkmer E, Drosse I, Otto S, Stangelmayer A, Stengele M, Kallukalam
BC, Mutschler W, Schieker M (2008) Hypoxia in static and
dynamic 3D culture systems for tissue engineering of bone. Tissue
Eng Part A 14(8):1331–1340. doi:10.1089/ten.tea.2007.0231

Walker DC, Hill G, Wood SM, Smallwood RH, Southgate
J (2004) Agent based compuatationl modelling of wounded epi-
thelial cell monolayers. IEEE Trans Nanobiosci 3(3):153–163

Wang JH-C, Thampatty BP (2006) An introductory review of cell me-
chanobiology. Biomechan Model Mechanobiol 5:1–16. doi:10.
1007/s10237-005-0012-z

Watton PN, Selimovic A, Raberger NB, Huang P, Holzapfel GA,
Ventikos Y (2010) Modelling evolution and the evolving mechan-
ical environment of saccular cerebral aneurysms. Biomech Mod-
eling Mechanobiol 10:109–132. doi:10.1007/s10237-010-0221-y

Xu ZC, Zhang WJ, Li H, Cui L, Cen L, Zhou GD, Liu W, Cao Y (2008)
Engineering of an elastic large muscular vessel wall with pulsa-
tile stimulation in bioreactor. Biomaterials 29:1464–1472. doi:10.
1016/j.biomaterials.2007.11.037

Zahedmanesh H, Lally C (2009) Determination of the influence of
stent strut thickness using the finite element method: implications
for vascular injury and in-stent restenosis. Med Biol Eng Compt
47(4):385–393. doi:10.1007/s11517-009-0432-5

Zahedmanesh H, Kelly DJ, Lally C (2010) Simulation of a balloon
expandable stent in a realistic coronary artery—Determination of
the optimum modelling strategy. J Biomech 43(11):2126–2132.
doi:10.1016/j.jbiomech.2010.03.050

Zahedmanesh H, Mackle J, Selborn A, Bodin A, Drotz C, Gatenholm
P, Lally C (2011) Bacterial cellulose as a potential vascular graft:
mechanical characterisation and constitutive model development.
J Biomed Material Res-Part B 97(1):105–113. doi:10.1002/jbm.
b.31791

Zilla P, Bezuidenhout D, Human P (2007) Prosthetic vascular grafts:
wrong models, wrong questions and no healing. Biomaterials
28:5009–5027. doi:10.1016/j.biomaterials.2007.07.017

123

http://dx.doi.org/10.1007/978-3-642-04020-7_41
http://dx.doi.org/10.1007/978-3-642-04020-7_41
http://dx.doi.org/10.1096/fj.03-0933fje
http://dx.doi.org/10.1152/ajpheart.00564.2004
http://dx.doi.org/10.1152/ajpheart.00564.2004
http://dx.doi.org/10.1106/NA5T-J57A-JTDD-FD04
http://dx.doi.org/10.1106/NA5T-J57A-JTDD-FD04
http://dx.doi.org/10.1089/107632703768247359
http://dx.doi.org/10.1089/ten.tea.2009.0805
http://dx.doi.org/10.1089/ten.tea.2009.0805
http://dx.doi.org/10.1016/j.biomaterials.2005.06.020
http://dx.doi.org/10.1016/j.biomaterials.2005.06.020
http://dx.doi.org/10.1016/j.jbiomech.2009.10.037
http://dx.doi.org/10.1016/j.jbiomech.2009.10.037
http://dx.doi.org/10.1016/0141-5425(89)90159-3
http://dx.doi.org/10.1093/bib/bbm024
http://dx.doi.org/10.1089/ten.tea.2007.0231
http://dx.doi.org/10.1007/s10237-005-0012-z
http://dx.doi.org/10.1007/s10237-005-0012-z
http://dx.doi.org/10.1007/s10237-010-0221-y
http://dx.doi.org/10.1016/j.biomaterials.2007.11.037
http://dx.doi.org/10.1016/j.biomaterials.2007.11.037
http://dx.doi.org/10.1007/s11517-009-0432-5
http://dx.doi.org/10.1016/j.jbiomech.2010.03.050
http://dx.doi.org/10.1002/jbm.b.31791
http://dx.doi.org/10.1002/jbm.b.31791
http://dx.doi.org/10.1016/j.biomaterials.2007.07.017

	A multiscale mechanobiological modelling framework using agent-based models and finite element analysis: application to vascular tissue engineering
	Abstract
	1 Introduction
	2 Mechanobiological model
	2.1 Mechanobiological model overview
	2.2 Finite element module
	2.3 Agent-based module
	2.3.1 Cell migration
	2.3.2 Cell proliferation
	2.3.3 Cell death
	2.3.4 Protein synthesis


	3 Application of the mechanobiological model
	4 Results
	5 Discussion
	6 Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


