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Abstract

A coupled agent-based model (ABM) and finite element analysis (FEA) computational framework 

is developed to study the interplay of bio-chemo-mechanical factors in blood vessels and their role 

in maintaining homeostasis. The agent-based model implements the power of REPAST Simphony 

libraries and adapts its environment for biological simulations. Coupling a continuum-level model 

(FEA) to a cellular-level model (ABM) has enabled this computational framework to capture the 

response of blood vessels to increased or decreased levels of growth factors, proteases and other 

signaling molecules (on the micro scale) as well as altered blood pressure. Performance of the 

model is assessed by simulating porcine left anterior descending artery under normotensive 

conditions and transient increases in blood pressure and by analyzing sensitivity of the model to 

variations in the rule parameters of the ABM. These simulations proved that the model is stable 

under normotensive conditions and can recover from transient increases in blood pressure. 

Sensitivity studies revealed that the model is most sensitive to variations in the concentration of 

growth factors that affect cellular proliferation and regulate extracellular matrix composition 

(mainly collagen).
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1 Introduction

The coordinated ability of blood vessels to maintain homeostasis and adapt to 

mechanobiological alterations in their environment requires an orchestra of events that 

stretch across various biological scales. At the cellular level, cells are known to respond to 

the presence of various growth factors, signaling molecules and changes in mechanical stress 

by proliferating, participating in programmed death, or modulating the composition of the 

extracellular matrix (ECM) (Intengan and Schiffrin 2001; Korshunov et al. 2007; Schiffrin 

2012). These events are triggered within minutes to hours of a change in their environment 
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and can continue for days to weeks. Within weeks to months, these biological responses can 

collectively change the structure and mechanical properties of a blood vessel, thereby 

affecting its state of stress (Intengan and Schiffrin 2001; Fridez et al. 2002; Hayashi and 

Naiki 2009). This iterative process results in continual and spatiotemporally dependent 

growth and remodeling. Despite the wealth of information available in the literature 

regarding various mechanisms involved in maintaining arterial homeostasis and adaptation, a 

holistic point of view that spatiotemporally correlates the net of biological events to 

underlying mechanics is still lacking (Hayenga et al. 2013). The challenge we face is not 

necessarily due to a lack of knowledge about individual mechanisms involved, but rather due 

to our inability to compare, contrast and integrate the ocean of information available in the 

literature into a comprehensive scenario that can describe various aspects of compensatory 

arterial growth and remodeling. Computational models can act as a valuable tool for 

conceptualizing the complex web of mechanobiological processes involved in arterial 

adaptation (Hayenga et al. 2011; Cockrell et al. 2015). Modeling vascular adaptation 

requires a model that can account for the interaction and regulation of cells and their ECM 

content as well as calculate and respond to changes in stress and strain levels within the 

artery wall of a blood vessel. Agent-based modeling (ABM) has been used to study cellular 

interactions. This flexible technique enables simulation of complex biological systems at the 

cellular level with high spatial and temporal resolution. In these models, agents(i.e., cells in 

this case) are individual autonomous objects that behave and interact according to a set of 

predefined rules. The resulting interaction of these agents determines the overall response of 

system. Although ABMs are known to provide insightful information regarding emergent 

behaviors in biological systems (Boyle et al. 2010; Thorne et al. 2011), existing ABMs 

either overlook the role of mechanical stimuli in regulation of homeostasis or take simplistic 

approaches toward the calculation of stress and strain (Thorne et al. 2011). This limitation is 

mainly due to an inherent inability of ABMs to easily calculate the stress and strain in the 

time varying, non-homogeneous and complex geometry of the artery. To address this issue, 

researchers have suggested coupling ABMs with continuum-level models. We have 

previously coupled ABM with constrained mixture models (Hayenga et al. 2013). However, 

these models were incapable of capturing non-axisymmetric spatial variations in mechanical 

properties, a shortcoming that can be addressed by coupling ABM and FEA models. 

Coupled ABM and FEA models have been used to study intimal hyperplasia in a tissue 

engineered vessel (Zahedmanesh and Lally 2012) and stent restenosis (Boyle et al. 2013; 

Zahedmanesh et al. 2014). Zahedmanesh et al. (2014) modeled response of smooth muscle 

cells (SMCs) to placement of a stent, defined production of matrix metalloproteinase-2 

(MMP-2) by SMCs as a function of mechanical damage and used a constant doubling time 

for proliferation of synthetic SMCs. Boyle et al. (2013) used a combination of an injury 

model, inflammation model and SMC model to simulate stent restenosis.

To achieve the ultimate goal of using the ABM to capture emergent behaviors within the 

arterial wall, it is crucial to include the role of various soluble factors (e.g., growth factors 

and proteases) and their interactions. Herein, we present a coupled ABM-FEA 

computational framework that allows for fast and reliable simulation of vascular adaptation 

by coupling cellular production of growth factors and proteases to changes in stress and 

strain. This ABM includes three major cell types within the artery and accounts for cellular 
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production of three different proteases, MMP-1, 2 and 9, two growth factors, platelet-derived 

growth factor-AB (PDGF-AB) and tissue growth factor-beta (TGF-rbeta), and two 

endogenous paracrines, nitric oxide (NO) and endothelin-1 (ET-1). Performance of the 

model was assessed under normotensive conditions and under transient increases in blood 

pressures. Also, sensitivity of model to variations of ABM parameters is assessed by 

performing a 1D sensitivity analysis. This model can be used as a tool to study emergent 

aspects of vascular remodeling, predicting arterial responses under pathological conditions, 

or as a quantitative measure for comparing results reported by various researchers.

2 Materials and methods

A computational framework that allows fast and reliable coupled ABM-FEA simulation of 

blood vessels was developed in Java™. REPAST Simphony libraries (North et al. 2013) 

were used as the base code for the ABM and the commercially available FE package 

ANSYS (ANSYS Inc., Canonsburg, PA) for FEA simulations. A 3D model of porcine left 

anterior descending artery (LAD) was implemented, and we conducted stability checks and 

parameter sensitivity analysis for select parameters. The model is constructed based on 

histological data available from a porcine model of hypertension that provided information 

regarding initial cell density and amount of structurally significant ECM proteins as well as 

geometry of the LAD (Hayenga et al. 2012), and details are provided in Table 2 in 

supplementary documents. Cell size is chosen based on information provided by Chamley-

Campbell et al. (1979) for SMCs and adventitial fibroblasts (AFs) and Garipcan et al. (2011) 

for endothelial cells (ECs); cell volumes are reported in supplemental Table 3.

2.1 Agent-based model

The ABM expands upon a 2D model of mouse aorta (Thorne et al. 2011) developed in 

Netlogo (Wilensky and Evanston 1999). The ABM module implements the REPAST 

Simphony libraries (North et al. 2013) and adapts this environment for 3D lattice-based 

biological simulations. Two super classes of agents were defined in this model: patch and 

cell. Patches are stationary agents of dimension 25μm 25μm × 25μm that contain space 

filling ECM, cells, as well as various chemokines and growth factors secreted by cells. Each 

lattice site can be occupied by one agent of type patch and multiple agents of type cell. 
These two super classes were supplemented with a set of methods that define their general 

behavior, such as the ability to identify and update their type, identify neighbors of a specific 

class, manage their contents and diffuse various cytokines and growth factors. Each subclass, 

for instance, different types of cells, is then provided with specific rules that define its 

behavior in response to changes in their patch environment. These rules include cell-type-

specific relationships governing production of various growth factors and proteases, 

deposition and degradation of collagen, elastin and gelatin, as well as proliferation and 

apoptosis in the presence of various factors. A forward in time, centered in space, 

discretization algorithm is implemented in the ABM code to solve Fickian diffusion 

equations.

The patch super class consists of four subclasses: intimal, medial, adventitial and boundary. 

Each of intimal, medial and adventitial patches is associated with a subclass of cells (ECs, 
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SMCs and AFs). Patch type is initially assigned based on information provided by user 

regarding geometrical features of the artery during model initialization step and is updated 

based on the cell types occupying the patch during simulation. For instance, SMCs can move 

into and out of an adventitial patch; however, patch type will only update from adventitial to 

medial when the last fibroblast moves out of the patch. Each patch has a constant volume 

and manages its contents so that the occupied volume never surpasses the nominal volume. 

This management is performed by calculating the ratio of occupied volume to nominal 

volume (Vratio) for all patches, identifying patches with a ratio greater than one, choosing a 

content (SMC, EC, AF) randomly, making a list of neighbors that have a lower ratio in 

comparison with the over occupied patch and moving the extra content (i.e., cells) to those 

patches. In generating the list of neighbors, priority is with patches associated with chosen 

content, two scenarios are possible if no such patch is found. If chosen content is in a patch 
which is not associated with it, another content is picked and procedure is repeated from 

beginning. Otherwise, the search is gradually extended to (i) patches of the same type, (ii) 

patch types that are part of the artery (intimal, medial and adventitial) and (iii) finally all 

patch types (including boundary). For instance, an extra SMC in a medial patch can move to 

an adventitial patch only if it cannot find any neighboring medial patch with a lower Vratio. 

Upon moving to an adventitial patch, the SMC prefers to move back to a medial patch, but if 

no adjacent medial patch with a lower Vratio is found it will stay in the adventitial patch.

The model is constructed based on information provided by the user regarding geometrical 

features of the artery, composition of each layer, volume of various cell types and lattice 

size; this information can be provided either by using the graphical user interface (GUI) or a 

text file (Fig. 1). The cubic lattice is then populated with patches that contain appropriate 

number of cells and amount of ECM. The simulated blood vessel was assumed to consist of 

three layers—intima, media and adventitia, and each of these layers was represented by a 

patch type. The three cell types included in the model were ECs, SMCs and AFs. The rules 

for each cell type are found in Table 1. To reduce computational cost, the model represents 

cells of some types in multiples. That is, each cell representing an EC actually contains four 

ECs and each cell representing a SMC contains two SMCs, but an AF is represented as one 

cell. Considering that mechanical stimuli and alterations in blood pressure are key players in 

regulation of homeostasis in blood vessels, the ABM was designed to take into account these 

effects by automatically creating a FE model of the artery using ANSYS Parametric Design 

Language (APDL) and reading in the calculated stress and strain values for each patch from 

the FE model via text files. A time step (or tick in ABM terminology) of 6h was chosen for 

the ABM based on studies by Thorne et al. (2011).

2.1.1 Rule development—Each rule of the ABM describes a certain aspect of an agents 

behavior, and rule derivation is the conversion of the data gleaned from literature into 

mathematical equations and systematic language. As this model aims to eventually predict 

arterial adaptation in response to alterations in blood pressure, rules included in the model 

were focused on regulation of ECM and production of key vasoactive paracrines, growth 

factors and matrix metalloproteases involved in this process. Collagen type I, elastin and 

gelatin comprise the ECM, and elastin turnover was assumed to be insignificant under 
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normal conditions (given its long half-life of 40 years (Lefevre and Rucker 1980)). Table 1 

presents a full list of rules and macromolecules incorporated into the model.

2.1.2 Rule scoring—Reliability of ABM predictions depends on the quality and 

credibility of the information used to generate the rules. Discrepancies within a rule can 

arise, as the information was obtained from various sources with experiments performed 

according to different protocols, equipment and cell types. Therefore, it is necessary to 

assess the quality of each rule diligently. To address this issue, a rule scoring method 

suggested by Thorne et al. (2011) was used. In short, a weighted average score was 

calculated based on metrics assessing literature consensus or number of peer-reviewed 

articles in agreement with the rule, physiological methods or similarity to in vivo conditions, 

similarity metric (same cell type, species and organ system to that being simulated) and data 

type that checks if the data were extrapolated or obtained from direct measurements. The 

scoring procedure was repeated by at least two researchers. Each rule is scored on a scale of 

0 to 10, with 10 being the highest. For instance, in literature consensus metric a rule will 

receive a score of 10 if 7 or more papers confirm its results and a score of 0 if the results are 

not confirmed by other researchers. More details are given in Table 1 in supplementary 

documents. In order to improve the quality of predictions, rules that received an average 

composite score below 5 were reexamined and re-derived if possible.

2.2 Finite element analysis

The finite element model is created automatically using an ANSYS Parametric Design 

Language (APDL) script that is generated by an interaction module within the ABM. This 

interaction module is run every 5 time steps (every 30 h); it collects information on each 

patch’s position, composition and blood pressure from the ABM in order to update a 

preexisting template for APDL script accordingly. The APDL script constructs the geometry, 

generates a mesh using cubic SOLID186 elements, assigns pointwise material properties to 

each element, applies boundary conditions and load, runs the solver in batch mode and 

writes desired the outputs of maximum principal stress and strain to a text file. The 

interaction module then assigns the outputs to corresponding patches. The entire 

handshaking procedure takes 4min to complete for a normotensive simulation.

Arterial tissue was modeled as an isotropic inhomogeneous material with incompressible 

neo-Hookean hyper-elastic properties. A content-based strain energy density function, 

inspired by models presented by Zulliger et al. (2004) and Karšaj and Humphrey (2012), 

was developed using the USERMAT feature of ANSYS. The material model receives mass 

fractions and initial shear modulus of four groups of contents to calculate strain energy 

density at each integration point. These groups include collagen, elastin, cells and gelatin. 

The material constants were obtained by reviewing literature for collagen (Lu et al. 2004), 

elastin (Lu et al. 2004; Karšaj et al. 2010), cells (Engler et al. 2004; Qiu et al. 2010; Stroka 

and Aranda-Espinoza 2011) and gelatin (Norris and McGraw 1964; Lou 1999; Yakimets et 

al. 2005) (Table 2). Equation 1 shows strain energy density function implemented in the 

USERMAT of ANSYS in which φi is the mass fraction of content i, ci is material constant 

and I1 is first invariant of the right Cauchy Green tensor. Although it might be ideal for each 

element to have its own unique material defined in ANSYS, this is not possible due to 
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technical limitations on number of materials within ANSYS. Therefore, a table containing 

possible permutations of mass fractions for various contents (steps of 5%) was defined in the 

ABM. The ABM chooses the material that is closest to the combination of mass fractions for 

each patch, and flags it to be passed to FEA.

W = ∑
i = 1

4
ϕi ⋅ wi = ∑

i = 1

4
ϕi ⋅

ci
2 I1 − 1 (1)

FEA simulations were performed under normotensive conditions (mean arterial 

pressure=13.3 kPa, based on (Hayenga et al. 2012) with an axial prestretch of 10% (Guo et 

al. 2012) and a preconditioned conjugate gradient (PCG) solver. To validate FEA 

predictions, as a first step, circumferential stress was compared to values obtained from 

analytical models (homogenous thick-walled cylinder) and subsequently inner radius (under 

normotensive conditions) was compared to experimental values reported by Broek et al. 

(2011).

2.3 Homeostatic stability and sensitivity analysis

While this model aims to capture emergent behaviors during arterial adaptation, under 

healthy normotensive conditions there should not be any significant change in matrix 

contents nor cell proliferation or apoptosis rates. Therefore, it is crucial to ensure that the 

model is stable under homeostatic conditions and under transient changes in blood pressure 

and that the sensitivity of outputs to variations of various parameters implemented in each 

rule is assessed. First, parametric refinement was performed to ensure that the model is 

stable under homeostatic conditions. Subsequently, the ability of the model to recover 

transient changes in blood pressure was assessed by increasing blood pressure by 30% for 

one time step (6h, at tick=2, 102, 202 and 302) during a 400-time-step simulation (100 

days). Also, a 1D parameter sensitivity analysis was performed to assess the ability of model 

to compensate for changes in pathways or behaviors. The sensitivity analysis is performed 

by varying a select parameter of each rule by one order of magnitude either up or down over 

the entire 400-time-step (100 day) simulation. Due to inherent stochasticity of the ABM, all 

400-time-step simulations were replicated 5 times and the averages ± standard error are 

reported, unless stated otherwise.

2.4 Vascular adaptation in response to placement of a cuff

To assess the ability of the model to predict emergent behaviors in other vascular beds, we 

simulated the effects due to placement of a cuff around the common carotid artery (CCA). 

Rabbit CCA model was constructed based on information provided by Bayer et al. (1999) 

and Sokolis et al. (2011) regarding geometry and composition of rabbit CCA. To simulate 

the remodeling effects due to an adventitial cuff, with an internal pressure 7.5 kPa a radial 

compression of either 0, 5, or 10 percent of the CCA thickness was applied by radial 

displacement boundary condition in FEA.

Keshavarzian et al. Page 6

Biomech Model Mechanobiol. Author manuscript; available in PMC 2018 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3 Results

3.1 Rule scoring

The rules regarding fibroblasts (Table 1, rule No. 20–25) implemented in the model scored 

between 5.54 and 6.18 with an average of 5.75. The lowest score belonged to production of 

MMP-9 by fibroblasts. The main factor contributing to the low score was lack of detailed 

information that would correlate amount of MMP-9 produced per single cell. Scores for all 

other rules can be found at Thorne et al. (2011). Therefore, all the listed rules were 

incorporated into the ABM.

3.2 Stability of coupled ABM-FEA model

Stability of the model was assessed with two approaches: first under normotensive 

conditions and second under transient (for one time step at tick = 2, 102, 202 and 302) 

increases in blood pressure (30% above MAP). The model was run for 400 time steps (5 

repetitions) for each of these scenarios. Table 3 shows average maximum variation from the 

normalized initial baseline value for various parameters under normotensive conditions and 

transient increases in blood pressure. At tick 400, the average thickness (over the entire 

length) is 162.37 ± 9.32 μm (initial value = 162 μm) which indicates minor variations in 

thickness over time. Transient increases in blood pressure did not affect performance of the 

model (compared to normotensive case) (Fig. 3). Therefore, the model is capable of 

recovering from temporary spikes in blood pressure that may happen during intense physical 

activity in real life.

Although slight spatial variations are appreciated in distributions of cauchy stress, PDGF 

and TGF-β, the net amounts do not significantly change over the 400 tick simulations (Fig. 

2). The spatial variation of TGF-β mass throughout the media is mainly due to proliferation, 

apoptosis and movement of SMCs, as this is the cell type that secretes TGF-β in the model. 

Although the distribution of PDGF appears uniform within the media over time (Fig. 2 d, e, 

f), subtle differences in PDGF amounts in patches within the media are indistinguishable 

because of the relatively higher production of PDGF by ECs in intima. Spatial distribution of 

collagen, elastin and gelatin did not change significantly during normotensive simulations 

(supplemental Fig. 1); the net change in mass was less than 0.01% for collagen, 0% for 

elastin and less than 0.01% for gelatin (average of 5 repetitions). For a complete list of 

figures representing spatial distribution of various proteins, please refer to supplemental Fig. 

1.

3.3 Model sensitivity

Sensitivity of the model to variations in the ABM parameters was assessed by individually 

increasing (Table 4, X10) or decreasing (Table 4, X0.1) 16 select parameters by one order of 

magnitude and observing how the outputs (cell and protein content) are affected. Sensitivity 

of each output to these variations was determined by plotting the average ± standard error 

for each simulation; if the standard error values of the outputs overlap with the control, the 

model was considered to be not sensitive (NS) to that parameter and vice versa. Response of 

model to variation of these parameters can be further divided into two subcategories: stable 

response and unstable response. The response was considered stable if the model is capable 
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of compensating for the parameter variation and establishing a new steady state, and 

unstable if no steady state is reached. The ABM was sensitive to 11 parameters (Table 4), 

and these parameters mainly belong to production of growth factors, proliferation of 

fibroblasts and SMCs and regulation of ECM (mainly collagen) by fibroblasts and SMCs. 

For example, the model was sensitive to a 10x increase of parameter m in rule no. 4 

(production of TGF-β by SMCs) as shown in Supplemental Fig. 5. Within 100 days, 

increasing this parameter led to a 22-fold increase in TGF-β production, enhanced collagen 

secretion (8% at day 100) and eventually increased wall stress, but did not affect production 

of PDGF or proliferation of cells (Supplemental Fig. 5). Likewise, directly increasing the 

basal collagen secretion rate by fibroblasts (rule no. 22, Supplemental Fig.13) increased 

collagen mass by 3.3% after 100 days and eventually wall stress. Conversely, as shown in 

Fig. 4 increasing MMP-1 production by fibroblasts (rule no. 23; Fig. 4 and Supplemental 

Fig. 16) enhanced collagen degradation (4%), gelatin secretion (6%), metalloproteinase 

secretion (2%), and decreased stress (5%) in the adventitia, yet in the medial stress was 

increased (2.5%) along with stress-mediated production of TGF-β (2%) by SMCs and 

within 204 tick times a new homeostasis level was reached, whereas increased MMP-1 

production by SMCs had a similar effect decreasing medial collagen (7%), wall stress (4%), 

growth factors, proteases, and even the number of SMCs (2%) (rule no. 5; Supplemental Fig. 

6). Collectively these results highlight the role collagen regulation plays in stress-mediated 

remodeling of the artery. For detailed results, please refer to supplementary documents.

3.4 Vascular remodeling in response to placement of an adventitial cuff

Cuffed CCA was simulated to mimic experimental conditions of Bayer et al. (1999) using 

the ABM-FE framework. Placing the cuff decreased the stress in arterial wall. The decrease 

in stress led to a decline in cellular production of PDGF and TGF-β, decreased the 

population of SMCs (6%, supplemental Fig. 19j) and collagen mass (1%, supplemental Fig. 

19a) and increase in gelatin mass (6%, supplemental Fig. 19f) over 400 tick times (100 

days). Production of MMP-2 (33%, supplemental Fig. 19h) and 9 (8%, supplemental Fig. 

19i) also decreased in response to decreased stress. These results compare to Bayer et al. 

(1999) who also observed a decrease in cell population and collagen mass (Bayer et al. 

1999).

4 Discussion

Previously, ABM and FEA have been used separately to study various aspects of arterial 

remodeling, vasculogenesis and stent restenosis (Bailey et al. 2007; Bentley et al. 2008; 

Boyle et al. 2010); however, many of these models either neglected the role of mechanical 

stimuli in production of cellular proteins or take simpler approaches toward modeling the 

underlying biological events involved in arterial remodeling. While ABMs by Bailey et al. 

(2009) and Peirce et al. (2004) consider mechanical stimuli as a driving factor for production 

of cellular proteins, none of the existing ABMs have directly linked cellular production of 

growth factors and proteases with the spatial variation of arterial stress. Although Thorne et 

al. (2011) successfully used ABM to simulate arterial remodeling under hypertensive 

conditions, they used the hoop stress formula to calculate stress which assumes thin-walled 

tube and fails to capture any compositional or non-axisymmetric variations in stress; 
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moreover, the role of adventitia and adventitial fibroblasts as active participants in 

maintaining homeostasis and remodeling (Gingras et al. 2009) was neglected. FEA 

simulations have also been used to study vascular adaptation (Sáez et al. 2014). Although 

these models can provide an accurate estimation of stress and strain distribution within the 

artery (Humphrey 2002), they often neglect biology and/or do not account for non-

homogeneities of material properties or changes in geometry that develop during 

remodeling. In the model by Sáez et al. (2014), vascular growth is limited to the media and 

occurs by expansion of each element upon reaching a critical level of stretch. Herein, we 

improved and/or added to the previous coupled ABM-FEA models used to study vascular 

adaptation (including, (Zahedmanesh and Lally 2012; Boyle et al. 2013; Zahedmanesh et al. 

2014; Garbey et al. 2015)) by (1) incorporating three arterial cell types, (2) including cell-

specific production of growth factors and proteases and (3) accounting for the structural role 

of collagen, elastin and gelatin by implementing a content-based strain energy density 

function in the FEA. Thus, we present a coupled ABM-FEA computational framework that 

simulates spatiotemporal changes in geometry, composition and state of stress in response to 

parameter manipulation.

4.1 Stability and sensitivity of model

Maintaining homeostasis is, perhaps, the most intriguing ability of blood vessels. Despite the 

dynamic net of biochemo-mechanical stimuli they are exposed to, arteries are capable of 

withstanding temporary alterations in blood pressure and/or production of other chemical 

cues. Therefore, for any model to be able to predict vascular adaptation, it is first necessary 

to satisfy the conditions of tissue balance under normotensive conditions (i.e., balanced 

production and removal of constituents). The model also needs to be able to return to 

equilibrium after temporary increases in blood pressure or production of extracellular 

cytokines or growth factors. In this regard, stability of model was assessed under 

normotensive conditions and during transient increases in blood pressure. As expected, the 

results confirmed that the model is stable. We observed a dynamic response of balanced 

production and removal of constituents about equilibrium (Fig. 3 and Table 3). Also, the 1D 

parameter sensitivity analysis revealed the artery is able to compensate for changes in some 

parameters by reaching a new homeostatic steady state whereby the artery remodeled to 

accommodate for the perturbation. In summary, stability results validate that the model 

predicts physiological remodeling events as seen clinical normotensive control of 

longitudinal studies (Hayenga et al. 2013; Valentin and Humphrey 2009; Geisterfer et al. 

1988). Moreover, the sensitivity studies provide insightful information about the interplay of 

chemical and mechanical signals in a LAD.

4.2 ECM is the key to homeostasis

The dynamic homeostatic state of the ECM proteins is a key factor in maintaining 

homeostasis in arterial wall (Humphrey et al. 2014), as any significant change in 

composition of ECM can affect the state of stress and consequently alter production of 

growth factors and proteases. Sensitivity studies showed that modulation of parameters 

involved in regulation of ECM composition, particularly collagen, had the most significant 

effect on the model. For instance, increasing TGF-β production by SMCs caused the net 

collagen mass to increase uniformly over 100 days (8% increase) and consequently 
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increased the average stress (1.1%, Supplemental Fig. 5 (a)). Similar response was observed 

by increasing the basal rate of collagen production by fibroblasts (3.3% increase in net 

collagen mass, Supplemental Fig. 13) or increasing rate of collagen production by SMCs 

(3% increase in net collagen mass, Supplemental Fig. 11). This response is consistent with 

reports that hypertension can be a cause and consequence of increased blood pressure and 

fibrosis (Schiffrin 2012). It is worth noting that although increased collagen in the 

aforementioned cases led to an increase in stress, no significant change was observed in 

SMC population as the level of increased stress was not enough to increase PDGF 

production significantly.

4.3 Hyperplasia as a regulator of stress

Sensitivity studies revealed that SMC hyperplasia leads to an increase in medial thickness 

and decrease in stress. Increasing parameter m in rule No. 1 by fourfold led to 77% increase 

in SMC population (Supplemental Fig. 3) and 43% increase in thickness and decreased 

average maximum principal stress by 25% over the course of 100 simulated days. Hayenga 

et al. (2012) showed that following two weeks of hypertension, SMC population in porcine 

LAD increased by 33% and observations by Grinnell (1994) and Hu et al. (2008) confirm 

that hyperplasia can act as a regulator of stress.

4.4 Mechanical stress as a relay for chemical signals

A 10x increase in the basal production rate of MMP-1 by fibroblasts enhanced collagen 

degradation in the adventitia (Fig. 4), and this in turn led to a 2% decrease in overall average 

wall maximum principal stress and an increase in gelatin deposition. A more detailed 

investigation revealed that this decrease in average wall stress is mainly due to a drop in 

adventitial stress (5% decrease, Fig. 4a). In fact, the trend is opposite in the media, as shown 

in Fig. 4b, with a compensatory increase in medial stress. The increase in medial stress 

triggers a 2% increase in TGF-β production by SMCs (Fig. 4c) which stimulates an increase 

in the production of medial collagen thus compensating for the loss of collagen and stress in 

the adventitia. This scenario demonstrates that even though the original perturbation was 

chemical, it affected the mechanical stress which acted as a relay between chemical signals, 

triggering the secretion of proteases and growth factors in order to restore homeostasis. In 

previous ABMs that utilized a hoop stress formula, instead of continuum-level models, the 

role of ECM composition in homeostasis and signaling is ignored as stress is a purely a 

function of pressure and geometrical features of artery and not composition.

4.5 Atrophic remodeling in response to decreased stress

Placement of the adventitial cuff induced atrophic remodeling in the CCA model. Decreased 

mechanical stress at the site of the cuff led to a decrease in SMC population and collagen 

mass. Decrease in collagen mass was due to a decrease in collagen deposition and not 

degradation by MMP-1. These predictions are in accord with reports of Bayer et al. (1999) 

on atrophic remodeling at the site of the artery-cuffed CCA. They observed a 30% decrease 

in vessel wall DNA, 67 % decrease in collagen amount and 30% decrease in elastin over 21 

days. They attributed the decrease in elastin mass to an increase in proteolytic activity of 

MMP-2 and MMP-9; however, we observed an opposite trend in our simulations as 

production of MMP-2 and 9 in existing rules is a monotonic function of stress (rules 6, 7). 
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This trend suggested a shift in our understanding, in that low levels of stress may actually 

increase the production of MMP-2 and 9.

4.6 Limitations

The arterial wall constituents are assumed to be isotropic materials and collagen fiber 

anisotropy is neglected, and this simplification was mainly due to lack of information about 

the evolution of collagen fiber direction during remodeling process. Moreover, experiments 

by other researchers (Wang et al. 2006) have shown that anisotropic behavior of collagen in 

a porcine LAD is most significant at circumferential strain values above 20%; these strain 

values are typically observed when the mean arterial blood pressure is elevated by > 30%. 

Therefore, the model is particularly useful under cases of significant remodeling or for 

simulating changes as a result of MAP < 30% where fiber alignment is less crucial. Similar 

to collagen, active material properties of SMCs add anisotropy to the material model and 

regulate the mechanical response of arteries. However, to implement anisotropy in strain 

energy density functions we need to know the orientations of SMCs during migration, 

proliferation and remodeling. Therefore, we neglected their active properties, but 

implemented their passive mechanical properties. It would be possible to include active 

properties, but we would need to assume that they maintain their orientations during 

remodeling. Similarly, the role of residual stress in arterial adaptation is ignored as the goal 

of this model is to predict stress and strain values during remodeling, and published 

spatiotemporal dependent measures of opening angle and axial prestretch values during 

remodeling do not exist. Blood pressure is pulsatile in nature; however, for simplicity we 

assumed it to be constant and equal to mean arterial pressure. This approach should give the 

appropriate average response, as well as many of the rules were based on average stress or 

strain deformations. Even though kinetics of MMP, proMMP and tissue inhibitor of 

metalloproteinase (TIMP) have been investigated by various researchers using Michaelis–

Menten reaction scheme (Karagiannis and Popel 2004, 2006; Vempati et al. 2007), in this 

model we did not account for role of TIMPs and proMMPs in kinetic of MMP activation/

inhibition and regulation of ECM content. This omission was mainly due to the lack of 

appropriate experimental data on their per cell production rates and the uncertain complexity 

of MMP–proMMP–TIMP interactions (Karagiannis and Popel 2006). However, the model 

accounts for the effects of TIMPs via the MMP removal rules 17, 18 and 19. An advantage 

to ABM is the ability to refine and substitute/expand rules as the relationship become more 

known. Despite an incremental increase of collagen, in response to increased levels of TGF-

β (supplemental Fig 5) or decreased secretion of MMP-1, average stress only increased after 

330 time steps. One factor contributing to this delayed response is the method implemented 

in ABM for passing the mechanical properties to FEA which requires a 5% change in mass 

fraction of a content within each patch to update the material. Clustering techniques, such as 

k-means method (Kanungo et al. 2002), can be an alternative to the predefined material 

table, and these techniques will allow the model to account for incremental variations in 

mechanical properties by identifying patches with similar combination of the four contents 

and forming clusters that each represents one material. However, this increased accuracy 

comes at the cost of increased computational cost. Albeit we preformed gross validation of 

the model, under normotensive conditions and in the case of an arterial cuff, we did not 

validate the parameter sensitivity predictions. To validate the sensitivity studies, we desire in 
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vivo or ex vivo experimental data that show how a change in the concentration of a 

macromolecule (e.g., MMP, TGF-β, PDGF) affects the stress level, constituents and soluble 

factors in the artery wall. Currently, these type of experiments do not exist, and in the case of 

knockout (KO) mouse models, the coronary arteries are not investigated. Therefore, 

currently, many of the model predictions cannot be quantitatively validated; however, these 

predictions provide insightful information for designing future experiments and help close 

the gap between in vitro experiments and observed phenomenon.

In summary, we have developed a coupled ABM-FEA model of arterial adaptation. 

Coupling microscale changes in cytokines, growth factors and proteases to macroscale 

changes in geometry, composition and stress distribution allows this model to capture 

emergent behaviors in arterial adaptation and has the potential to decrease the economic 

burden of hypertension and other arterial pathologies by facilitating management of their 

complications and discovery of new therapeutic agents.
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Fig. 1. 
Schema of the agent-based model and GUI. a The GUI allows for defining blood vessel 

geometry. b Spheres represent cells within the ABM; green spheres are ECs, red spheres are 

SMCs, and yellow spheres are AFs
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Fig. 2. 
Evolution of maximum principal stress (kPa), amounts per patch of PDGF-AB (pg), TGF-β 
(pg), collagen (pg), MMP-2 (pg) and MMP-9 (pg) in porcine LAD under normotensive 

conditions. Values are plotted at tick times of 0 (initial), 200 (50 days) and 400 (100 days) at 

each patch in a cross section at the middle of the artery. Variation of PDGF-AB and TGF-β 
is minimal under normotensive conditions
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Fig. 3. 
Effect of transient periodic increases in blood pressure on a average maximum principal 

stress, b, c growth factors, d–f structurally significant proteins of ECM, g–i proteases and j–l 
cell population. All values are normalized to initial baseline value. Blood pressure was 

increased by 30% for one time step (6h) at tick = 2, 102, 202 and 302 and results (average 

(solid line) standard error (shaded region)) were plotted against that of normotensive 

conditions. No significant change was observed in any of the parameters
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Fig. 4. 
Effect of varying parameter b in rule No. 23 (production of MMP-1 by fibroblasts) on a, b 
average adventitial and medial maximum principal stress, c, d growth factors, e–g 
structurally significant proteins of ECM, h, i proteases and k, l cell population. All values 

are normalized to initial baseline value. Parameter b was increased and decreased by an 

order of magnitude as shown in (h). Increased MMP-1 production in adventitia enhanced 

collagen degradation, decreased average maximum principal stress and eventually led to 

higher TGF-β production by SMCs
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Table 2

Mechanical properties of ECM contents and cells

Content type Initial shear modulus (kPa) References

Collagen 442.6 Lu et al. (2004)

Elastin 99 Lu et al. (2004) and Karsaj et al. (2010)

Gelatin 21.9 Norris and McGraw (1964), Lou (1999) and Yakimets et al. (2005)

SMC 4.3 Qiu et al. (2010)

Fibroblast 0.5 Engler et al. (2004)

EC 1.42 Stroka and Aranda-Espinoza (2011)

Biomech Model Mechanobiol. Author manuscript; available in PMC 2018 December 13.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Keshavarzian et al. Page 25

Table 3

Model stability assessed by the average maximal variation of each parameter from its baseline value over 100 

days and under either normotensive or normotensive with transient increases in blood pressure condition

Parameter Normotensive (%) Transient increases in blood pressure (%)

Collagen <0.001 <0.001

Elastin 0 0

Gelatin 0 <0.001

SMC <0.1 <0.01

Fibroblast 0.04 <0.01

EC 0 0

PDGF <0.001 <0.001

TGF-P <0.1 <0.001

MMP-1 0.05 <0.001

MMP-2 0.06 <0.001

MMP-9 <0.001 <0.001
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Table 4

Summary of sensitivity studies of various rule parameters

Rule no. Description X10 X0.1

SMCs

 1 Proliferation: M Unstable Stable

 3 PDGF Production: m Unstable Stable

 4 TGF-β Unstable NS
a

 5 MMP-1 Unstable Unstable

 6 MMP-2: M Unstable NS

 6 MMP-2: n Unstable Unstable

 7 MMP-9: M NS NS

 7 MMP-9: n NS NS

 8 Collagen: m NS NS

Fibroblasts

 20 Proliferation: a Unstable Stable

 22 Collagen: basal rate Unstable NS

 22 Collagen: a Stable Stable

 22 Collagen: b Stable Stable

 23 MMP-1:b Unstable NS

 24 MMP-2:b NS NS

 25 MMP-9:b NS NS

a
Not sensitive
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