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Abstract 7 

We introduce a new multi-physics, multi-scale modeling approach to understand plaque progression 8 

during coronary artery disease. Prior works have coupled agent-based models (ABMs) with finite element 9 

analysis (FEA) or computational fluid dynamics (CFD) to study the individual contributions of tissue 10 

mechanics or hemodynamics to plaque growth. However, these approaches could not simultaneously 11 

capture the dynamic interplay between all three domains that drive plaque development. This study aims 12 

to present a novel method that merges hemodynamics via CFD, biological processes via ABM, and 13 

biomechanics via FEA into a single multi-scale, multi-physics simulation (CAFe). A description of the 14 

mechanisms and modeling approaches utilized in the CAFe model is provided, as well as preliminary 15 

exploration of the model’s capabilities in idealized healthy and stenosed coronary artery models. A 16 

volumetric 3D tetrahedral mesh of the artery is shared between CFD, ABM, and FEA to simulate 17 

geometrical and biological changes with continuity and consistency. The CFD and FEA modules, 18 

implemented with FEBio, calculate the wall shear stress and structural stress and strain, respectively. These 19 

biomechanical values are passed to the ABM, implemented in MATLAB, which simulates vascular 20 

remodeling using molecular diffusion, cell migration, equations for cellular processes, and volumetric 21 
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growth to update the geometry. Initial results using CAFe suggest atherosclerotic arteries seek to maintain 22 

a hemodynamic threshold through preferential growth and remodeling downstream of a stenosis. The 23 

innovative approach described herein marks a significant step forward in predictive modeling of CAD 24 

progression and paves the way for powerful coupling of the spatiotemporal-dependent remodeling 25 

paradigms exhibited by the disease. 26 

 27 

Keywords: Coronary Artery Disease (CAD), Computational Modeling, Cardiovascular, Finite Element 28 

Analysis (FEA), Agent Based Modeling (ABM), Biomechanics, FEBio 29 

 30 

*Address correspondence to: 31 

Dr. Heather N. Hayenga 32 

The University of Texas at Dallas 33 

800 W. Campbell Road, Richardson, TX 75080 34 

Phone: 972-883-3558 35 

E-mail: heather.hayenga@utdallas.edu 36 

  37 

mailto:heather.hayenga@utdallas.edu


 

3 

 

1. Introduction 38 

Coronary artery disease (CAD) is a major cardiovascular disease (CVD); it was responsible for 382,820 39 

deaths in 2020 in the USA, accounting for approximately 55% of all CVD-related deaths that year (Tsao et 40 

al. 2022). CAD is characterized by a buildup of fatty plaque and dead cells inside coronary arteries. Also 41 

called atherosclerosis, CAD obstructs the flow of oxygenated blood, often leading to major adverse 42 

cardiovascular events (e.g., myocardial infarction). An estimated 7.2% of adults in the United States over 43 

the age of 20 have some form of CAD, rising to over 35% for adults over the age of 30 (Blewett et al. 2021). 44 

Given the prevalence and severity of CAD, understanding the biomechanical and structural factors driving 45 

plaque progression and instability is essential for advancing diagnostic and therapeutic approaches. 46 

Coronary arteries are constantly responding to changes in biochemical, mechanical, and hemodynamical 47 

loads to maintain homeostatic equilibrium. In CAD, dysfunction in this highly interconnected system is 48 

responsible for plaque deposition and adaptive arterial remodeling. An improved understanding of the 49 

underlying pathological mechanisms of CAD will enable a more accurate prediction of plaque growth and 50 

subsequent management of the prevalent disease. 51 

Multiscale agent-based modeling (ABM) has offered valuable insights into the complex interplay of events 52 

that drive the progression of CAD. Previously, computational fluid dynamics (CFD) models have been 53 

coupled with ABMs to understand mechanisms such as hemodynamically driven leukocyte 54 

transendothelial migration (Bhui and Hayenga 2017), the impact of pulsatile flow on leukocyte capture 55 

(Ciri et al. 2018), and plaque growth (Corti et al. 2019; 2020). Separately, a finite element analysis (FEA) 56 

model has been coupled with ABM to investigate the biomechanical mechanisms contributing to arterial 57 

growth and remodeling (Keshavarzian, Meyer, and Hayenga 2018). Both implementations (CFD with ABM 58 

and FEA with ABM) provided a path for more advanced models capable of studying CAD outcomes such 59 

as vascular adaptation (Corti et al. 2021) or restenosis (Corti et al. 2022). However, a fully coupled model 60 
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that incorporates CFD, ABM, and FEA would allow for a deeper understanding of artery remodeling, as 61 

was recently demonstrated with femoral artery restenosis (Corti et al. 2024).  62 

Herein we present CAFe (CFD, ABM, and FEA), a multi-scale, multi-physics, modeling framework of 63 

atherosclerotic plaque growth that is capable of seamlessly coupling all three domains: (i) a CFD module 64 

for hemodynamics, (ii) an ABM module for biological processes, and (iii) a FEA module for structural 65 

mechanics [Figure 1].  66 

 67 

Figure 1. Overview of the interconnected submodules of the multi-scale, multi-physics CAFe model. Stresses and strains calculated 68 

in the FEA module and wall shear stress (WSS) values from the CFD module drive the biological interactions of the ABM. 69 

This framework introduces a substantial novelty in the coupling mechanism of the three modules by 70 

utilizing a volumetric 3D mesh capable of capturing the geometrical changes produced by plaque growth. 71 

As proof of concept, the CAFe model described herein was applied to two cases of idealized (with respect 72 

to 3D shape and composition) human coronary arteries (Section 2.2). The first case, a non-atherosclerotic 73 

human coronary artery is modeled as a straight axisymmetric cylindrical tube with healthy physiological 74 

inputs to explore the model’s response to healthy, homeostatic conditions. In the second case, an 75 
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atherosclerotic human coronary artery is modeled as a non-axisymmetric tube with a mild 30% stenotic 76 

plaque (Cury et al. 2016). Both cases simulated a timeframe of 6 months, a clinically relevant endpoint 77 

based on the Atorvastatin and PREMIER trials (Svetkey et al. 2003; Eshtehardi et al. 2012), to observe intra-78 

plaque remodeling while enabling rapid model development. 79 

2. Methods 80 

2.1 A multi-scale, multi-physics framework 81 

CAFe is a multi-scale, multi-physics framework that enables exploration into the underlying mechanisms 82 

contributing to plaque growth by coupling three separate, yet interconnected modules: (i) The ABM 83 

module (Section 2.3) simulates biological processes driving tissue remodeling at the cellular/tissue scale, 84 

(ii) the FEA module (Section 2.4) calculates mechanical stresses and strains from updated composition and 85 

shape, and (iii) the CFD module (Section 2.5) calculates hemodynamical wall shear stress (WSS) reflective 86 

of changes in the luminal geometry.  87 

The initial geometry, mesh (nodes and elements), and configuration of each patch (e.g., number of cells, 88 

extracellular matrix (ECM) composition, and molecular concentration), are directly given as inputs or 89 

calculated from ABM rules. Initially, the average edge length of the patches (i.e. elements) is approximately 90 

0.25mm, yet the size of a patch changes during active remodeling. The initial states of stress, strain, and 91 

WSS are calculated by independently executing FEA and CFD simulations using the open-source FEBio 92 

software (Maas et al. 2012).  93 

At the end of each ABM time step, the change in volume of each patch is calculated. This change in volume 94 

is used to update the mesh via the volumetric growth submodule (Section 2.3.4). Every 15 ABM timesteps, 95 

the FEA and CFD modules are executed separately to update the mechanical and hemodynamical values, 96 
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respectively, which are then passed back to the ABM for the next CAFe time step. At the end of each CAFe 97 

time step, the composition of each patch is updated [Figure 2].  98 

 99 

Figure 2. General flowchart of the CAFe model. After initialization, the ABM updates the geometry via cellular migration, molecular 100 

diffusion, growth and remodeling submodules. Modular CFD and FEA simulations update hemodynamical and mechanical values, 101 

respectively. 102 

2.2 Coronary artery meshes and compositions 103 

As a proof-of-concept, two idealized human coronary artery geometries are presented. The first case 104 

represents a segment of a healthy human coronary artery, whereas the second case represents a stenotic 105 

coronary artery with a 30% stenosis [Figure 3]. Both meshes were comprised of tetrahedral elements with 106 

an average edge length of 0.25 mm. Case 1 had 75,667 elements and 15,334 nodes, and Case 2 had 76,095 107 

elements and 15,391 nodes. The number of elements and nodes did not change during the simulation. In 108 
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both cases, the region of the artery being simulated had an axial length of 8 mm, maximum lumen 109 

diameter of 3 mm, and radial intimal/medial and adventitial layer thickness of 0.5 mm each (Gradus-Pizlo 110 

and Feigenbaum 2003; Konishi et al. 2023). The plaque in the stenotic mesh was 3 mm in axial length, 1.5 111 

mm at the thickest radial point, and 1.5 mm wide circumferentially. In both cases, the region of the artery 112 

being simulated was encapsulated by a sleeve portion that acts as a surrogate for the connective and 113 

perivascular tissues in a real coronary artery and the sleeve isolates the region of interest from boundary 114 

conditions during the volumetric growth and mechanical analyses. A similar approach was utilized in in-115 

silico mechanical simulations of patient-specific arteries (Warren et al. 2022; Guvenir Torun et al. 2021). 116 

This sleeve layer had a radial thickness of 0.25 mm and an additional axial length of 0.5 mm anterior and 117 

posterior to the region of interest. 118 

 119 

Figure 3. Idealized meshes of healthy (Case 1) and atherosclerotic (Case 2) human coronary arteries. The intimal/medial layer, 120 

adventitia, and sleeve layers are approximately 0.5, 0.5, and 0.25 mm thick, respectively. Each tetrahedral element (i.e. patch) has 121 

an initial edge length of approximately 0.25mm and contains cell agents, ECM and molecular components. Patches that line the 122 

lumen with an entire face are considered intimal patches and contain ECs determined by the surface area of the lumen face. 123 

The initial quantities of cell agents and ECM constituents within each patch are given as inputs to the CAFe 124 

model [Table 1]. The initial number of cells in a patch was calculated by multiplying the percent 125 
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composition of the corresponding tissue type by the volume of the patch and dividing by the cell’s volume 126 

[Table 2]. The initial composition of ECM in each patch was determined similarly, using the mass of ECM 127 

constituents. Molecular concentrations within a patch are calculated when CAFe initializes using the ABM 128 

rules. Patches in the intimal and medial layers have vascular smooth muscle cells (VSMCs) and ECM 129 

components. Those patches facing the luminal surface also contain endothelial cells (ECs), proportional to 130 

the area of the lumen-adjacent face [Figure 3]. Patches in the adventitial layer contain fibroblasts (FBs) 131 

and ECM. The plaque patches contain VSMCs and leukocytes. The sleeve layer is empty of cells and does 132 

not remodel within the ABM, but, as a connective tissue surrogate, contributes mechanically during FEA 133 

simulations. Other parameters considered in the model are blood LDL content (9.5e5 pg/mm3 for healthy, 134 

1.2e6 pg/mm3 for stenosed (Expert Panel on Detection 2001)) and blood leukocyte density (11e3 135 

cells/mm3 (Blumenreich 1990), 50% neutrophils, 30% lymphocytes, and 10% monocytes).  136 

 

Plaque (Liu et al. 

2011; Villiger et 

al. 2018) 

Artery Wall (Keshavarzian et al. 2018; Wagenseil and 

Mecham 2009) 

Intima Media Adventitia 

Artery Wall 

Cells 

EC - Area dependent - - 

VSMC 35% 50%* 25% - 

FB - - - 25% 

Leukocytes 

Foam cell 15% - - - 

Lymphocyte 2.5% - - - 

Neutrophil 5% - - - 

Monocyte 2.5% - - - 

Macrophage 10% - - - 

ECM Collagen 10% 30%* 35% 35% 
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Elastin 10% 10%* 35% 35% 

Gelatin 10% 10%* 5% 5% 

Table 1. Initial percent volume composition of each element type. *Actual percentage determined based on the remaining volume 137 

available after accounting for the number of ECs in the lumen face for each patch. 138 

2.3 The ABM module 139 

The ABM module is responsible for simulating processes such as cell turnover, cell migration, production 140 

or reduction of molecules and ECM proteins, molecular diffusion, and volumetric growth [Supplemental 141 

Figure 1]. A 6-hour timestep was used. Within the ABM, four submodules are coupled to simulate plaque 142 

remodeling: (i) biological rules, (ii) cellular migration, (iii) molecular diffusion, and (iv) volumetric growth. 143 

2.3.1 The biological rule sub-module, agents, and components 144 

Biological processes are modeled using equation-based rules derived from literature (Bhui and Hayenga 145 

2017; Keshavarzian et al. 2018; Thorne et al. 2011). These processes include cellular proliferation, 146 

production or removal of solutes, ECM remodeling, leukocyte infiltration, and LDL infiltration.  147 

Although other types of equations can be utilized, this study uses four types of equations to represent 148 

these processes: (i) polynomial, (ii) sigmoidal, (iii) piecewise continuous, or (iv) probabilistic. First-order 149 

polynomials are used for basal production rates such as the baseline production of matrix 150 

metalloproteinase (MMP) by VSMCs and FBs [Supplemental Table 1, rules 5, 13-15]. Higher-order 151 

polynomials are used for more complicated processes such as monocyte adhesion as a function of WSS or 152 

LDL concentration at the wall [Supplemental Table 1, rules 32, 53]. Sigmoidal equations are used to 153 

implement threshold effects and saturation points, making them suitable for modeling processes such as 154 

leukocyte adhesion as a function of interleukin-1 (IL1) concentration [Supplemental Table 1, rules 31, 38, 155 

44]. Piece-wise continuous rules are used when appropriate to define outputs with varying responsive 156 
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ranges. For example, neutrophils only adhere to the endothelium when the WSS is lower than 1.2 Pa but 157 

lack the bond strength to maintain contact with the endothelium when WSS is greater than 1.2 Pa 158 

[Supplemental Table 1, rule 46]. For probabilistic rules, a random number generator is used to model 159 

stochastic processes such as cell proliferation [Supplemental Table 1, rules 1, 2, 10, 11]. When an equation 160 

requires a mechanical or hemodynamic input, the value of the corresponding patch is used. For example, 161 

VSMC production of MMP2 as a function of mechanical stress [Supplemental Table 1, rule 6] uses the 162 

effective stress corresponding to the patch the VSMC resides to calculate 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 . Temporally, the hourly 163 

output of each rule is scaled to match the 6-hour ABM time step by multiplying by 6. The full list of 164 

equations governing the biological processes in the ABM module can be found in Supplemental Table 1 165 

and were adapted from the work of Bhui et. al. (Bhui and Hayenga 2017) and Keshavarzian et. al. 166 

(Keshavarzian et al. 2018).  167 

Each cell agent has 4 parameters: migration velocity, mass, volume, and lifespan [Table 2]. To reduce 168 

computation, the location of an agent is not modeled explicitly within a patch. Instead, the location of an 169 

agent is assumed to be at the “center” of a patch. Regarding cell actions via biological rules, all types of 170 

cells, except for macrophages, are modeled as a collection within a patch; the output of equations with 171 

these cell types is calculated using the total number of cells of a type within a patch as input. For example, 172 

the total amount of MMP1 produced by VSMCs in a patch [Supplemental Table 1, rule 5] is calculated by 173 

multiplying the output of the equation for a single VSMC, 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀1𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 , by the total number of VSMCs in the 174 

patch. Conversely, macrophages are modeled and tracked individually, i.e., equations involving 175 

macrophages are calculated as the output of each individual agent, and then summed together to get a 176 

total value for a given patch. This approach accounts for the phenotypical transformation of macrophages 177 

into foam cells once they consume a certain amount of oxLDL [Supplemental Table 1, rule 57, 58]. Apart 178 

from VSMCs and FBs whose lifespan is rule-based, and ECs and foams cells who live indefinitely, cell 179 

turnover as determined by a cell’s lifespan is used to update the total number of cells at each ABM step.  180 
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 Cell Agent 
Migration Velocity 

[mm/h] 
Mass [g] Volume [mm3] Lifespan [h] 

Artery Wall Cells 

VSMC Non-migratory 1.31e-6 1.31e-6 Rule-based 

EC Non-migratory 5.25e-11 1.25e-7 Inf. 

FB Non-migratory 9e-10 9e-7 Rule-based 

Immune Cells 

Lymphocyte 0.1 9e-10 9e-7 336 

Neutrophil 

0.6 (Moghe, 

Nelson, and 

Tranquillo 1995) 

9e-10 9e-7 144 

Monocyte 

0.1 (Farrell, 

Daniele, and 

Lauffenburger 

1990) 

9e-10 8.18e-6 336 

Macrophage 
0.1 (Farrell et al. 

1990) 
9e-10 8.18e-6 336 

Foam Cell Non-migratory 9e-10 8.18e-6 Inf. 

Table 2. Parameters defined for each cell agent in the ABM.  181 

Molecular components have three parameters, a diffusion coefficient, molar mass, and half-life [Table 3]. 182 

Molecular components are represented by the sum of their masses in each patch. The biological rules are 183 

used to calculate the amount of each molecular component that is produced in a single ABM time step. 184 

Concurrently, the amount of a molecular component that is degraded in a single ABM time step is 185 

calculated using its half-life. The remaining amount in each patch is then passed to the diffusion sub-186 

module (Section 2.3.3) to update the concentration gradient for the next timestep.  187 
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Name Diffusion Coefficient [mm2/h] Molar Mass [kDa] Half-Life [h] Ref 

PDGFab 0.108 26.8 2.4 
(Gay and Winkles 

1991) 

IL1 0.108 17.5 2.5 
(Hazuda, Lee, and 

Young 1988) 

IL10 0.108 17.5 2.5 
(Hazuda et al. 

1988) 

TNFa 0.108 17.5 2.5 
(Hazuda et al. 

1988) 

TGFβ 0.108 25 2.5 
(Hazuda et al. 

1988) 

LDL 4.4e-2 2930 68 (Mallol et al. 2012) 

oxLDL 4.4e-2 2930 68 (Mallol et al. 2012) 

Table 3. Parameters defined for each molecule in the ABM. 188 

Like molecular components, ECM components are represented as the sum of their mass in each patch. 189 

The production of structural ECM components (i.e., collagen, elastin, and gelatin) is driven by the actions 190 

of cellular agents [Supplemental Table 1, rules 5-8], whereas their reduction is driven by degradation via 191 

matrix metalloproteinases [Supplemental Table 1, rules 22-29].  192 

2.3.2 The cellular migration sub-module 193 

Chemotactic migratory patterns of immune cells are modeled in the cell migration submodule. This 194 

submodule replicates experimental evidence of leukocytes migrating individually toward a source of a 195 

chemoattractant (Cano, Vargas, and Lavoie 2016; Lu, Um, and Tartakovsky 2021) with a “random walk” 196 

pattern by incorporating a simplified algorithm adapted from (Rangarajan and Zaman 2008; Zaman et al. 197 
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2005) [Supplemental Figure 2] that simulates cellular migration over the course of an ABM time step. The 198 

time step discretization is calculated using patch connectivity, distances between patch centroids, and the 199 

migration velocity of a given cell agent. The decisions of each individual cell agent are modeled. Cells have 200 

a higher probability of migrating into an adjacent patch with a higher chemoattractant concentration than 201 

to a patch with a lower chemoattractant concentration. However, if multiple adjacent patches have a 202 

higher chemoattractant concentration than the patch they resided in, a patch is randomly chosen for the 203 

cell to migrate into. Artery wall cells (VSMCs, ECs, and FBs) are not modeled in the migration submodule, 204 

although they could be incorporated in future models. 205 

2.3.3 The molecular diffusion sub-module 206 

Molecular diffusion is modeled during each ABM time step. Concentration gradients are calculated using 207 

the molar mass of each molecule and patch volume. Diffusion is simulated using Fick’s second law as a 208 

second order parabolic PDE in MATLAB’s PDE solver. The concentration gradient is used as the initial 209 

starting concentration and the 6-hour ABM time step is discretized using patch connectivity. To ensure 210 

mass conservation, a zero-flow Neumann boundary condition (Rapp 2017) is enforced at the external 211 

boundary of the artery region of interest. Of note, ECM components are stationary and do not diffuse. 212 

2.3.4 The volumetric growth sub-module 213 

In each ABM time step, changes in ECM composition and the number of cells modify the volume of each 214 

patch. The number of nodes and patches or elements does not change during remodeling. The element-215 

connectivity of the mesh remains the same, only the nodal coordinates are modified. To ensure the 216 

geometric volume of each patch matches the volume calculated by the ABM, the mesh is updated using a 217 

modified version of the “Cell-Growth” plugin in FEBio (Ateshian et al. 2012). After the biological rules, 218 

migration, and diffusion submodules are executed, a subroutine calculates the fold change in volume 219 

throughout the region of interest and writes a material definition for each patch to a FEBio input file. This 220 
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material definition ties the volume fold-change to the osmotic pressure component of the Cauchy stress 221 

equation by imposing positive or negative isotropic pressure to make an element grow or shrink. An 222 

incompressible hyperelastic Neo-Hookean material with a Young’s modulus of 10 MPa is assigned to the 223 

sleeve elements surrounding the region of interest, serving as a mechanical backbone to constrain growth 224 

and mimic the properties of healthy arterial tissue. The nodes on both ends of the sleeve region are fixed 225 

and a pressure load is applied on the lumen to distribute the resulting forces. 226 

2.4 The FEA module 227 

Mechanical stresses and strains drive changes in cell and ECM patch composition which modifies the 228 

mechanical properties of the artery. To dynamically update changes in material properties of the mesh the 229 

elastic modulus of each patch is computed from the percent composition of cell agents and ECM 230 

constituents and their associated elastic modulus [Table 4]. This value is used as the Young’s modulus of a 231 

hyper-elastic isotropic Neo-Hookean material model with a Poisson’s ratio of 0.48. The nodes on both ends 232 

of the sleeve are fixed and a ramped systolic pressure load of 120 mmHg is applied to the luminal surface. 233 

Mechanical analysis is performed with FEBio’s built-in implicit solver. Once complete, an automated script 234 

reads the Cauchy stress and Green-Lagrange strain values and calculates the effective stress [Supplemental 235 

Table 1, rule 59] and effective strain [Supplemental Table 1, rule 60] of each patch. These effective stress 236 

and strain values are then passed back to the ABM for the next timestep.  237 

Agent Type Elastic Modulus [kPa] Ref. 

ECM 

Collagen 442.6 (Lu et al. 2004) 

Elastin 100 
(Karšaj, Sorić, and Humphrey 2010; Lu 

et al. 2004) 
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Gelatin 2 
(Lou and Chirila 1999; Norris and 

McGraw 1964; Yakimets et al. 2005) 

Cells 

VSMC 4.3 (Qiu et al. 2010) 

FB 0.5 (Engler et al. 2004) 

EC 1.42 (Stroka and Aranda-Espinoza 2011) 

Neutrophil 1.5 (Lee, Patel, and Park 2011) 

Lymphocyte 0.085 (Bufi et al. 2015) 

Monocyte 0.52 (Bufi et al. 2015) 

Macrophage & Foam cell 1.2 (Bufi et al. 2015; Patel et al. 2012) 

Table 4. Elastic modulus values for each agent used in the FEA module. 238 

2.5 The CFD module 239 

WSS plays a critical role in plaque remodeling (Timmins et al. 2017; Tziotziou et al. 2023) and LDL uptake 240 

(Deng et al. 1995) in CAD. Rigid CFD simulations using FEBio’s fluid solver are utilized to calculate WSS 241 

values. To generate the mesh for the fluid cavity, the luminal surface is isolated and extended 5 diameters 242 

(roughly 15mm) at the inlet and outlet to allow fluid flow to fully develop. This extended lumen surface is 243 

used to generate a volumetric mesh comprised of tetrahedral elements (Si 2015) and pentahedral 244 

elements at the luminal boundary [Figure 4A]. Blood is modeled as a homogeneous, incompressible, and 245 

Newtonian fluid, with a viscosity of 3.5e-3 Pa·s and a density of 1060 kg/m3. Parabolic, laminar pulsatile 246 

blood flow, with a cardiac period of 1 second for 3 cycles is applied to the inlet (He and Ku 1996; Nosovitsky 247 

et al. 1997). Since blood flow is naturally pulsatile, WSS changes significantly throughout the cardiac cycle. 248 

Bhui et al. and Ciri et al. found that the total number of leukocytes migrating into the artery wall over the 249 

course of an hour can be replicated using instantaneous WSS at 45% of the cardiac cycle (Ciri et al. 2018; 250 
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Bhui and Hayenga 2017). To further ensure consistent WSS calculations, three cardiac cycles are simulated 251 

and the average WSS at 45% of each cardiac cycle [Figure 4B] is used. 252 

 253 

Figure 4. CFD simulation mesh and fluid velocity at the inlet. A) The luminal surface of the mesh is isolated and extended 15 mm 254 

at the inlet and outlet. 10 layers of pentahedral elements line the luminal boundary to accurately capture WSS. B) Pulsatile bulk 255 

velocity at the inlet with 45% of the cycle denoted with arrows. 256 

3. Results  257 

Simulations were conducted to evaluate CAFe's ability to simulate tissue remodeling, modify geometry, 258 

and to test the coupling between CFD, ABM, and FEA. A Windows x64-based PC with 128 GB RAM and 20 259 

CPU cores was utilized. FEA, CFD, and growth models were performed using FEBio v2.3.0. The ABM and its 260 

submodules as well as the automated interfacing functions were executed in MATLAB vR2022b. Two cases 261 

were considered: 1) a healthy artery with no plaque, and 2) an artery with a 30% stenosis.  262 

3.1 Comparison between the healthy and stenosed cases 263 

Two simulations were run for each case and a two-tailed Student’s T-test was performed showing little 264 

run-to-run variability [Figure 5]. The number of patches and nodes remains the same in all instances. On 265 

average, the total number of VSMCs decreased by 7.9% and 5.3% in the healthy and stenosed cases 266 

(p=0.0034), respectively [Figure 5A], whereas the total number of fibroblasts increased by 0.53% and 1.5% 267 

in the healthy and stenosed cases (p=0.0011), respectively [Figure 5B]. TGFβ more than doubled in the 268 
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stenosed case but remained at zero in the healthy case (p=0.0498) [Figure 5C]. Within the first 3 days, the 269 

total amount of PDGFab in the stenosed case dropped significantly but increased slightly in the healthy 270 

case with both instances converging to a homeostatic value around 5.5e6 pg by day 5 (p<0.001) [Figure 271 

5D]. The total volume of the mesh in the region of interest remained the same and decreased by 3.6% in 272 

the healthy and stenotic case (p=0.0639), respectively [Figure 5E]. Although the decrease in volume for 273 

the stenotic case was minimal, the final volume of the plaque (patches containing foam cells) was greater 274 

than two times the original volume. Moreover, the plaque extended downstream from its original position 275 

[Figure 5F]. Mechanical stresses in the healthy artery were more uniformly distributed than the stenosed 276 

case [Supplemental Figure 3]. The effective stress in the healthy case ranged from 35-45 kPa whereas the 277 

stenosed case had stresses as low as 5 kPa in the plaque region and stresses as high as 55 kPa in the regions 278 

directly adjacent to the plaque and in the healthy tissue. 279 
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 280 

Figure 5. Comparison between healthy and stenosed cases for cellular, molecular, and volumetric changes. The mean (dashed line) 281 

± max-min range (shadow) of two simulations are presented for the healthy and stenosed case. A) Total number of VSMCs. B) Total 282 

number of FBs. C) Total amount of TGFβ. D) Total amount of PDGFab. E) Total non-plaque volume in the region of interest. F) Total 283 

plaque volume in the region of interest with mesh overlay of the stenosed case at day 0, 90, and 180; plaque includes any patches 284 

with foam cells (plaque shown as yellow in mesh view, non-plaque is red). 285 

3.2 Leukocyte infiltration in the stenosed case 286 

Regions of low WSS (i.e. <1 Pa for monocytes, <0.41Pa for lymphocytes, and <1.2 Pa for neutrophils 287 

[Supplemental Table 1, rule 33, 40, 46]) paired with the presence of IL1 and TNFA drive leukocyte 288 

infiltration into the artery. Two simulations were run for the stenosed case [Figure 6]. The surface area of 289 

the lumen exposed to a WSS less than 1.2 Pa (the maximum WSS at which leukocytes attach to the wall) 290 
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shrinks as the model runs [Figure 6A]. The total amount of TNFα and IL1 reached a homeostatic value 291 

around day 15 [Figure 6B]. The total number of lymphocytes and neutrophils increase for the first 35 days 292 

and then reach a homeostatic value by day 50 [Figure 6C]. Although not clearly shown in the figure, 293 

monocytes also infiltrate the wall. However, the rate at which monocytes turn into macrophages was less 294 

than the rate of macrophage to foam cell transition, hence monocytes and macrophages decrease while 295 

foam cells consistently increase with time. Foam cells do not have a defined lifespan and accumulate as 296 

the model runs. 297 

 298 

Figure 6. Axial cross-section views of the stenosed mesh at key time points paired with hemodynamically driven cytokine and 299 

leukocyte amounts. The mean (dashed line) ± max-min range (shadow) of two simulations are presented for the stenosed case. A) 300 
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The surface area of the lumen with a WSS that is less than the maximum threshold for leukocyte attachment (i.e., 1.2Pa). B) 301 

Evolution of representative TNFα and IL1 concentration in the artery with TNFα concentration shown in mesh view. C) Total number 302 

of leukocyte agents in the artery with neutrophils shown in the mesh views. 303 

4. Discussion 304 

In the context of coronary artery disease (CAD), we presented an integrated multi-scale, multi-physics 305 

framework that offers a transformative approach to understanding the intricate dynamics of plaque 306 

progression. By combining hemodynamics, biomechanics, and cellular biology into a unified framework, 307 

we can simulate the nuanced interactions between fluid, tissue, and biology and build insight into how 308 

plaque changes over time.  309 

Our framework demonstrated an integrated approach to better understand the pathophysiological 310 

processes of CAD. For example, our simulations suggest that regions of the artery that exhibit low WSS are 311 

critical zones for plaque growth which is consistent with current literature that point to hemodynamic 312 

forces playing a pivotal role in disease progression (Samady et al. 2011). We also observed enhanced 313 

leukocyte captured downstream of the maximum luminal stenosis in the stenosed case where flow 314 

separation occurred if the WSS was less than 1.2 Pa. The increased number of leukocytes in this region 315 

corresponded with the location of the highest concentration of cytokines which, in turn, corresponded 316 

with increased leukocyte presence. Additionally, more LDL infiltrated in this region of the wall, contributing 317 

to increased differentiation of macrophages into foam cells. Indeed, these results corroborate longitudinal 318 

clinical studies that show preferential plaque growth in the downstream direction (Smedby 1997). 319 

Mechanically, our simulations suggest a more homogenous distribution of mechanical stress in the healthy 320 

artery as compared to the plaque of the stenosed case. Consistent with clinical observations, the 321 

dysregulation of structural ECM and the presence of fatty lipids in the plaque correspond with the 322 

reduction in effective stress observed herein (Liu et al. 2011; Villiger et al. 2018). Hemodynamically, the 323 
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CAFe model produces similar flow profiles and WSS values to established CFD models. Ciri et al. utilized 324 

both custom and commercial CFD software to model an idealized artery with 30% stenosis at 45% of the 325 

cardiac cycle (Ciri et al. 2018). The WSS is ~22Pa and ~25Pa at the minimum lumen diameter and both 326 

below 1.2Pa downstream of the maximum stenosis in (Ciri et al. 2018) and CAFe, respectively.  327 

At the tissue-level, our results are within the range of remodeling seen in experimental studies and clinical 328 

observations of atherosclerosis progression. For example, Pelosi et al. studied atherogenesis in porcine 329 

coronary arteries with a high cholesterol diet over the course of 4 months and observed an average 330 

increase of 1.93 mm2 in cross-sectional area (Pelosi et al. 2014). Our model estimates a 1.87 mm2 increase 331 

in mean cross-sectional plaque area over a course of 4 months. Additionally, our model estimates plaque 332 

growth rates comparable to a human clinical trial investigating plaque growth while on Atorvastatin  333 

(Timmins et al. 2017).  Specifically, plaque area under regions of low (<1Pa) WSS increased by 0.007 mm2 334 

over 6 months of the trial or 0.0035 mm2 over the last 4.5 months our simulation. Moreover, high (>2.5Pa) 335 

WSS caused plaque regression in both the trail and our model. Thus, our simulated results roughly 336 

corroborate with an experimental porcine model and clinical values of plaque growth at the tissue-level.  337 

However, the CAFe framework has limitations. The idealized geometric and Neo-Hookean material 338 

simplifications within the mechanical models, while necessary for computational feasibility, does not 339 

capture all the nuances of the complex human arterial behavior. Although the arterial deformations seen 340 

herein were relatively small, when available for atherosclerotic tissue, utilizing material models that 341 

incorporate fibers, anisotropy, or larger deformations may increase the accuracy of the model. Our model 342 

also incorporates a wide range of physiological processes which are dependent on the initial conditions 343 

and parameters. These values were derived from existing literature and may not fully capture clinical 344 

variability. For example, the initial percent composition of each tissue type had to be determined from 345 

qualitative observations (Liu et al. 2011; Villiger et al. 2018; Wagenseil and Mecham 2009) rather than 346 

experimental findings due to the rarity and variance in values reported across sources in the literature. As 347 
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another example, for the healthy artery, there was a 7.9% overall decrease in VSMCs with the majority 348 

occurring within the first 10 simulation steps which suggests the initial conditions were not at homeostasis. 349 

After which the number of VSMCs amount stabilizes which is in line with the adaptation phenomenon that 350 

keeps a physiological VSMC/fibroblast ratio, in agreement with the hypothesis that the relative arterial 351 

cell/ECM composition does not undergo extreme changes over time (Corti et al. 2023). Additionally, 6 352 

months is not long enough to observe an increase in stenosis. Indeed, coronary plaques often take years 353 

to produce noticeable changes in size. For example, a longitudinal 2-year study with 95 patients found the 354 

total plaque volume in patients with normal systolic blood pressure increased in volume by just 0-2.2mm3 355 

per year (Won et al. 2022). Yet the 6-month duration was chosen to observe intra-plaque remodeling while 356 

enabling rapid model development (as a 6-month simulation took roughly 15 and 27 hrs for non-stenotic 357 

and stenotic cases, respectively).  358 

5. Conclusion 359 

In conclusion, the CAFe model represents a significant step forward in the simulation of CAD progression 360 

and offers a promising tool for advancing our understanding of the disease. This multi-physics, multi-scale 361 

approach allows for a more comprehensive prediction of disease pathways, potentially leading to targeted 362 

interventions that could preempt disease progression in individual patients. Notably, the CAFe model 363 

could replicate real-world conditions within a controlled simulation environment, allowing us to observe 364 

how key factors such WSS and mechanical stress influence plaque development and remodeling. By 365 

continuing to refine this model, we hope to better predict the progression of atherosclerosis, tailor 366 

interventions to individual patients, and ultimately improve outcomes in the treatment of the disease.  367 
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Supplemental Materials 381 

 382 

Supplemental Figure 1. Flowchart of the ABM module. Literature-derived equations govern the biological interactions and 383 

processes which modify the cytokine gradient and number of cells in each patch. A PDE solver computes the second order diffusion 384 

equation for each molecular agent and an in-house algorithm is used to simulate cellular migration. Updated values are used to 385 

calculate the new volume of each patch and determine if the mesh needs to be modified via the growth submodule. 386 

 387 

Supplemental Figure 2. Migration implementation. Individual neutrophils in patches near the source of the chemoattractant 388 

migrate up the concentration gradient over the course of 6 hours, resulting in a collective migratory pattern. 389 
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 390 

Supplemental Figure 3. Mechanical effective stress in the healthy and stenosed cases at the beginning, middle, and end of the 6-391 

month period. 392 

 393 
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Rule Behavior Equation Ref 

1 

Probability of VSMC 

proliferation as a 

function of PDGFab 

𝑃𝑃�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� = 𝑚𝑚 · �1 − exp �−
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑏𝑏 �� 

𝑚𝑚 = -3.923e-2 [h-1] 

𝑏𝑏 = 3818 �pg
mL
� 

 

(Li et al. 2011) 

2 
Probability of VSMC 

apoptosis 
𝑃𝑃�𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� = 3.85e-2 [h-1] MBC 

3 

VSMC production of 

PDGFab as a function 

of stress 

𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 � pg

Cell·h
� =  𝑚𝑚 · 𝜎𝜎 + 𝑏𝑏  

𝑚𝑚 = 7.98e-8 � pg
Cell·h·kPa

� 

𝑏𝑏 = 6.95e-6 � pg
Cell·h

� 

(Hsieh and 

Frangos n.d.; Li, 

Moore, and 

Alavi 1995) 

4 

VSMC production of 

TGFβ as a function of 

stress 

𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 � pg

Cell·h
� =  𝑚𝑚 · 𝜎𝜎 + 𝑏𝑏 

𝑚𝑚 = 2.76e-7 � pg
Cell·h·kPa

� 

𝑏𝑏 = -1.72e-5 � pg
Cell·h

� 

(Mata-

Greenwood et 

al. 2005; 

Morishita et al. 

1998) 

5 
VSMC baseline 

production of MMP1 

𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀1𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 � pg
Cell·h

� = 𝑎𝑎 · 𝑏𝑏 

𝑎𝑎 = 39.32% (percent active) 

𝑏𝑏 = 4.50e-5 � pg
Cell·h

� 

(Karakiulakis et 

al. 2007; Owens, 

Rabinovitch, 

and Schwartz 

1981) 
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6 

VSMC production of 

MMP2 as a function 

of stress 

  

𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 � pg
Cell·h

� = 𝑎𝑎 · 𝑚𝑚 · �𝛿𝛿 + 𝛼𝛼 · �1 − exp �−�
𝜎𝜎
𝑘𝑘
�
𝑛𝑛
��� 

𝑎𝑎 = 0.3% (percent active), 

𝑚𝑚 = 0.1667 � pg
Cell·h

� (maximum rate), 

𝛿𝛿 = 0.03, 𝛼𝛼 = 0.52, 𝑘𝑘 = 101.55 [kPa], 𝑛𝑛 = 2.84 

(Kim et al. 2009; 

Okuno et al. 

2002) 

7 

VSMC production of 

MMP9 as a function 

of stress 

𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀9𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 � pg
Cell·h

� = 𝑎𝑎 · 𝑚𝑚 · �𝛿𝛿 + 𝛼𝛼 · �1 − exp �− �
𝜎𝜎
𝑘𝑘
�
𝑛𝑛
��� 

𝑎𝑎  = 0.3% (percent active) 

𝑚𝑚  = 3e-4 � pg
Cell·h

� (maximum rate), 

𝛿𝛿  = 0.04,  𝛼𝛼 =0.44,  𝑘𝑘 =78.87 [kPa],  𝑛𝑛 =2.88 

(Garcia-Lopez et 

al. 2007; Kim et 

al. 2009) 

8 

VSMC production of 

collagen as a function 

of TGFβ and PDGFab 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  � pg
Cell·h

� = �
𝑚𝑚 · 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑏𝑏, 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 > 0 & 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 > 0
𝑏𝑏,                                  𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

 

𝑚𝑚  = 19.16 [Cell-1h-1] 

𝑏𝑏  = 14.98e−4 � pg
Cell·h

� 

(Absood et al. 

2004; Kim et al. 

1988; 

Schlumberger et 

al. n.d.) 

9 

EC production of 

PDGFab as a function 

of WSS 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸 � pg
Cell·h

� = 𝑚𝑚 · �𝛿𝛿 + 𝛼𝛼 · �1 − exp�−�
𝑊𝑊𝑊𝑊𝑊𝑊
𝑘𝑘

�
𝑛𝑛

��� 

𝑚𝑚  = 0.104 � pg
Cell·h

� (maximum rate) 

𝛿𝛿 = 0.15,  𝛼𝛼 = 0.84,  𝑘𝑘 = 2.01 [Pa],  𝑛𝑛 = 1.24 

(Aromatario et 

al. 1997; Hsieh, 

Li, and Frangos 

1991) 

10 

Probability of FIBRO 

proliferation as a 

function of PDGFab 

𝑃𝑃�𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� = 𝑎𝑎 + 𝑚𝑚 · �1− exp�−�
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑘𝑘 �
𝑛𝑛
�� 

𝑎𝑎 = 1.11e-3 [h-1],  𝑚𝑚 = 9.41e-3 [h-1],  𝑘𝑘 = 0.26 [pg],  𝑛𝑛 =1.29 

(Wu et al. 2014; 

D. K. Kim et al. 

1999) 

11 
Probability of FIBRO 

apoptosis 
𝑃𝑃�𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� = 0.0105 [h-1] MBC 
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12 

FIBRO production of 

collagen as a function 

of strain 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 � pg
Cell·h

� = 𝑎𝑎 · �1 + (𝑚𝑚 · 𝜖𝜖2 + 𝑏𝑏 · 𝜖𝜖)� 

𝑎𝑎 = 9.23e-3 � pg
Cell·h

� 

𝑚𝑚 = 116,  𝑏𝑏 = 0.8 

(Wu et al. 2014; 

Jenkins et al. 

2007) 

13 
FIBRO baseline 

production of MMP1 
𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀1𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 � pg

Cell·h
� = 12.68𝑒𝑒-5 

(Karakiulakis et 

al. 2007; Ethier, 

H1ckler, and 

Saunders 1982) 

14 
FIBRO baseline 

production of MMP2 
𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 � pg

Cell·h
� = 7.65𝑒𝑒-6 

(Okuno et al. 

2002), MBC 

15 
FIBRO baseline 

production of MMP9 
𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀9𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 � pg

Cell·h
� = 3.1𝑒𝑒-7 

(Garcia-Lopez et 

al. 2007; Ethier, 

H1ckler, and 

Saunders 1982), 

MBC 

16 
Total PDGF-AB 

produced 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸  - 

17 Total TGFβ produced 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  - 

18 Total MMP1 produced 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀1 = 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀1𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 + 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀1𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 - 

19 Total MMP2 produced 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2 = 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 + 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 - 

20 Total MMP9 produced 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀9 = 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀9𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 + 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀9𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 - 

21 
Total collagen 

produced 
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  - 
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22 

Collagen degraded to 

gelatin as a function 

of MMP1 

25 · 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀1 �
pg
h
� 

(Howard G 

Welgus, Jeffrey, 

and Eisen 1981; 

H. G. Welgus et 

al. 1980) 

23 
Gelatin degradation as 

a function of MMP2 
410 · 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2 �

pg
h
� 

(Xia et al. 1996; 

Lê et al. 1999) 

24 
Gelatin degradation as 

a function of MMP9 
135 · 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀9 �

pg
h
� 

(Xia et al. 1996; 

Murphy et al. 

1985) 

25 
Elastin degradation as 

a function of MMP2 
2.64 · 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2 �

pg
h
� 

(Murphy et al. 

1985; Xia et al. 

1996; Lê et al. 

1999) 

26 
Elastin degradation as 

a function of MMP9 
0.87 · 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀9 �

pg
h
� 

(Murphy et al. 

1985; Xia et al. 

1996; Lê et al. 

1999) 

27 MMP1 degradation 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀1
2.8 �pg

h
� MBC 

28 MMP2 degradation 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀2
2.15 �𝑝𝑝𝑝𝑝

ℎ
� MBC 

29 MMP9 degradation 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀9
2.11 �𝑝𝑝𝑝𝑝

ℎ
� MBC 

30 
MONO adhesion as a 

function of TNFα 

𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 [Cells] = �
1
180

· �0.8 − 0.68 · �1− exp(−0.33 · log(𝑥𝑥)−0.56)�� , 𝑥𝑥 > 1

 1
180

· 0.0996 · 𝑥𝑥, 𝑥𝑥 ≤ 1
 

𝑥𝑥: 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 �
U

mL
� 

(Bahra et al. 

1998) 
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31 
MONO adhesion as a 

function of IL1 

𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼1 [Cells] = 1
600

· �0.14 + 0.8 · �1 − exp(−0.58 · 𝑥𝑥1.19)�� 

𝑥𝑥: 𝑃𝑃𝐼𝐼𝐼𝐼1 �
U

mL
� 

(Bevilacqua et 

al. 1985) 

32 
MONO adhesion as a 

function of WSS  

𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊𝑊𝑊 [Cells] = 1
600

· (−0.3295 · 𝑥𝑥3 + 1.4 · 𝑥𝑥2 − 1.8 · 𝑥𝑥 + 0.79) 

𝑥𝑥:𝑊𝑊𝑊𝑊𝑊𝑊 [Pa] 

(Gonzales and 

Wick 1996) 

33 

Total number of 

MONO adhered to 

endothelium as a 

function of WSS, IL1, 

and TNFα 

𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀[Cells] = �
1
7.5

· �𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼1 + 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊𝑊𝑊 � · 𝑡𝑡 · 𝜌𝜌 · 𝑉𝑉, 𝑥𝑥 < 1
0, 𝑥𝑥 ≥ 1

 

𝑥𝑥:𝑊𝑊𝑊𝑊𝑊𝑊[Pa], 𝜌𝜌: Blood monocyte density �Cells
mm3�, 𝑉𝑉: Volume [mm3], 𝑡𝑡: 3600 [s] 

- 

34 

Number of adhered 

MONO that undergo 

TEM as a function of 

stiffness 

𝑁𝑁𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = �𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 · (7.8e-3 · 𝑥𝑥2 + 0.048 · 𝑥𝑥 + 0.5106), 𝑥𝑥 < 0
𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 · 0.95, 𝑥𝑥 ≥ 0 

𝑥𝑥: stiffness [kPa] 

(Hayenga and 

Aranda-

Espinoza 2013) 

35 
MONO baseline 

production of TNFα  
𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 � U

mL·h·Cell
� = 6.7e-4 

(Hatanaka et al. 

2006) 

36 
MONO baseline 

production of IL1 
𝑃𝑃𝐼𝐼𝐼𝐼1𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 �

U
mL·h·Cell

� = 5.0e-5 
(Hatanaka et al. 

2006) 

37 
LYMPHO adhesion as 

a function of TNFα 

𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 [Cells] = �
1
180

· �0.8 − 0.68 · �1 − exp(−0.33 · log(𝑥𝑥)−0.56)�� , 𝑥𝑥 > 1

 1
180

· 0.0996 · 𝑥𝑥, 𝑥𝑥 ≤ 1
 

𝑥𝑥: 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 �
U

mL
� 

(Bahra et al. 

1998) 

38 
LYMPHO adhesion as 

a function of IL1 

𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐼𝐼𝐼𝐼1 [Cells] = 1
900

· �0.1 + 0.19 · (1 − exp(−28.29 · 𝑥𝑥1.46))� 

𝑥𝑥:𝑃𝑃𝐼𝐼𝐼𝐼1 �
U

mL
�  

(Breviario et al. 

1988) 

39 
LYMPHO adhesion as 

a function of WSS 

𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 [Cells] = 1
25

· (−9.93 · 𝑥𝑥3 + 11.0 · 𝑥𝑥2 − 4.1 · 𝑥𝑥 + 0.55) 

𝑥𝑥:𝑊𝑊𝑊𝑊𝑊𝑊[Pa] 

(Munn, Melder, 

and Jain 1994; 
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Melder et al. 

1995) 

40 

Total number of 

LYMPHO adhered to 

endothelium as a 

function of WSS, IL1, 

and TNFα 

𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿[Cells] = �
1
7.5

· �𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐼𝐼𝐼𝐼1 + 𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 � · 𝑡𝑡 · 𝜌𝜌 · 𝑉𝑉, 𝑥𝑥 < 0.41
0, 𝑥𝑥 ≥ 0.41

 

𝑥𝑥:𝑊𝑊𝑊𝑊𝑊𝑊[Pa], 𝜌𝜌: Blood lymphocyte density �Cells
mm3�, 𝑉𝑉: Volume [mm3], 𝑡𝑡: 3600 [s] 

- 

41 

Number of adhered 

LYMPHO that undergo 

TEM as a function of 

stiffness 

𝑁𝑁𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = �𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 · (7.8e-3 · 𝑥𝑥2 + 0.048 · 𝑥𝑥 + 0.5106), 𝑥𝑥 < 0
𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 · 0.95, 𝑥𝑥 ≥ 0 

x: stiffness[kPa] 

(Hayenga and 

Aranda-

Espinoza 2013) 

42 
LYMPHO baseline 

production of IL10 
𝑃𝑃𝐼𝐼𝐼𝐼10𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 � U

mL·h·Cell
� = 3.75e-5 

(Rafiq et al. 

2001) 

43 
NEUTRO adhesion as a 

function of TNFα 

𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 [Cells] = �
1
180

· �0.8 − 0.68 · �1 − exp(−0.33 · log(𝑥𝑥)−0.56)�� , 𝑥𝑥 > 1

 1
180

· 0.0996 · 𝑥𝑥, 𝑥𝑥 ≤ 1
 

𝑥𝑥: 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 �
𝑈𝑈
𝑚𝑚𝑚𝑚
� 

(Bahra et al. 

1998) 

44 
NEUTRO adhesion as a 

function of IL1 

𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐼𝐼𝐼𝐼1 [Cells] = 1
900

· �0.1 + 0.19 · (1 − exp(−28.29 · 𝑥𝑥1.46))� 

𝑥𝑥:𝑃𝑃𝐼𝐼𝐼𝐼1 �
U

mL
�  

(Breviario et al. 

1988) 

45 
NEUTRO adhesion as a 

function of WSS 

𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑊𝑊𝑊𝑊𝑊𝑊 [Cells] = 1
300

· (0.26 · 𝑥𝑥2 − 0.8 · 𝑥𝑥 + 0.63) 

𝑥𝑥:𝑊𝑊𝑊𝑊𝑊𝑊[Pa] 

(Sheikh et al. 

2003) 

46 

Total number of 

NEUTRO adhered to 

endothelium as a 

function of WSS, IL1, 

and TNFα 

𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁[Cells] = �
1
7.5

· �𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐼𝐼𝐼𝐼1 + 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑊𝑊𝑊𝑊𝑊𝑊 � · 𝑡𝑡 · 𝜌𝜌 · 𝑉𝑉, 𝑥𝑥 < 1.2
0, 𝑥𝑥 ≥ 1.2

 

𝑥𝑥:𝑊𝑊𝑊𝑊𝑊𝑊[Pa], 𝜌𝜌: Blood neutrophil density �Cells
mm3�, 𝑉𝑉: Volume [mm3], 𝑡𝑡: 3600 [s] 

- 
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47 

Number of adhered 

NEUTRO that undergo 

TEM as a function of 

stiffness 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = �𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 · (9.18e-2 · 𝑥𝑥 + 0.456), 𝑥𝑥 < 5
𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 · 0.91, 𝑥𝑥 ≥ 5 

x: stiffness[kPa] 

(Stroka and 

Aranda-

Espinoza 2011) 

48 
NEUTRO baseline 

production of TNFα 
𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 � U

mL·h·Cell
� = 5.0e-6 

(Hatanaka et al. 

2006) 

49 
NEUTRO baseline 

production of IL1 
𝑃𝑃𝐼𝐼𝐼𝐼1𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 �

U
mL·h·Cell

� = 5.0e-7 
(Hatanaka et al. 

2006) 

50 Total TNF-α produced 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 �
U

mL·h·Cell
� = 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 - 

51 Total IL1 produced 𝑃𝑃𝐼𝐼𝐼𝐼1 �
U

mL·h·Cell
� = 𝑃𝑃𝐼𝐼𝐼𝐼1𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝑃𝑃𝐼𝐼𝐼𝐼1𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 - 

52 Total IL10 produced 𝑃𝑃𝐼𝐼𝐼𝐼10 �
U

mL·h·Cell
� = 𝑃𝑃𝐼𝐼𝐼𝐼10𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 - 

53 

Concentration of LDL 

at endothelium as a 

function of WSS 

𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 �
pg

mm3�

= �𝐶𝐶0 · (2e-8·𝑥𝑥6 − 2e-6·𝑥𝑥5 + 6e-5·𝑥𝑥4 − 1.1e-3·𝑥𝑥3 + 1.04e-2𝑥𝑥2 − 0.05𝑥𝑥 + 0.096), 𝑥𝑥 < 5
0, 𝑥𝑥 ≥ 5

 

𝑥𝑥: WSS [Pa], 𝐶𝐶0: Blood LDL concentration � pg
mm3� 

(Deng et al. 

1995) 

54 
LDL infiltration into 

wall 

𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿 �
pg

mm3� = 0.7 · 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 

70% of LDL at the lumen 

(Deng et al. 

1995) 

55 LDL oxidation rate 
𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜�

pg
mm3�= 0.012 · 𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿 

1.2% per hour 

(Pappalardo, 

Musumeci, and 

Motta 2008) 

56 
MONO to MACRO 

ratio 

𝑁𝑁𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1
2

· 𝑁𝑁𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 

Upon entering the wall, monocytes differentiate into macrophages 

(Adamson and 

Leitinger 2011; 

Colin, Chinetti-

Gbaguidi, and 
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Supplemental Table 1. ABM Rules. 394 

  395 

Staels 2014; 

Ley, Miller, and 

Hedrick 2011; 

Kadl et al. 2010) 

57 
MACRO LDL 

consumption 
16.67 �pg

h
� 

(Leake and 

Rankin 1990) 

58 
MACRO to FOAM 

transition 
If a macrophage consumes >500 pg LDL, it turns into a foam cell 

(Dubland and 

Francis 2015) 

59 
Effective (von-Mises) 

stress 

𝜎𝜎 = �0.5 ∙ ��𝑠𝑠𝑥𝑥 − 𝑠𝑠𝑦𝑦�
2 + �𝑠𝑠𝑦𝑦 − 𝑠𝑠𝑧𝑧�

2 + (𝑠𝑠𝑥𝑥 − 𝑠𝑠𝑧𝑧)2 + 6 ∙ �𝑠𝑠𝑥𝑥𝑥𝑥2 + 𝑠𝑠𝑦𝑦𝑦𝑦2 + 𝑠𝑠𝑥𝑥𝑥𝑥2�� 

𝑠𝑠𝑥𝑥: xx-component of Cauchy stress 

𝑠𝑠𝑦𝑦: yy-component of Cauchy stress 

𝑠𝑠𝑧𝑧: zz-component of Cauchy stress 

𝑠𝑠𝑥𝑥𝑥𝑥: xy-component of Cauchy stress 

𝑠𝑠𝑦𝑦𝑦𝑦: yz-component of Cauchy stress 

𝑠𝑠𝑥𝑥𝑥𝑥: xz-component of Cauchy stress 

- 

60 
Effective (Green-

Lagrange) strain 

𝜖𝜖 = �𝐸𝐸𝑥𝑥2 + 𝐸𝐸𝑦𝑦2 + 𝐸𝐸𝑧𝑧2 − 𝐸𝐸𝑥𝑥𝑥𝑥 ∙ 𝐸𝐸𝑥𝑥𝑥𝑥 − 𝐸𝐸𝑥𝑥𝑥𝑥 ∙ 𝐸𝐸𝑦𝑦𝑦𝑦 − 𝐸𝐸𝑦𝑦𝑦𝑦 ∙ 𝐸𝐸𝑥𝑥𝑥𝑥 + 3 ∙ �𝐸𝐸𝑥𝑥𝑥𝑥2 + 𝐸𝐸𝑥𝑥𝑥𝑥2 + 𝐸𝐸𝑦𝑦𝑦𝑦2� 

𝐸𝐸𝑥𝑥: xx-component of Green-Lagrange strain 

𝐸𝐸𝑦𝑦: yy-component of Green-Lagrange strain 

𝐸𝐸𝑧𝑧: zz-component of Green-Lagrange strain 

𝐸𝐸𝑥𝑥𝑥𝑥: xy-component of Green-Lagrange strain 

𝐸𝐸𝑦𝑦𝑦𝑦: yz-component of Green-Lagrange strain 

𝐸𝐸𝑥𝑥𝑥𝑥: xz-component of Green-Lagrange strain 

- 
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