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ABSTRACT 

 

 

 Supervising Professor:  Dr. Heather N. Hayenga 

 

 

 

 

A vast amount of work has been dedicated to understanding the role hemodynamics and 

cytokines play in leukocyte adhesion, trans-endothelial migration (TEM) and subsequent 

accumulation of leukocyte-derived foam cells in the artery wall. However, a comprehensive 

mechanobiological model to capture these spatiotemporal events and predict the growth and 

remodeling of an atherosclerotic artery is still lacking. In this dissertation we present a multiscale 

model of leukocyte TEM and plaque evolution in the left anterior descending (LAD) coronary 

artery. The approach integrates cellular behaviors via agent-based modeling (ABM) and 

hemodynamic effects of pulsatile blood flow via computational fluid dynamics (CFD). We found 

that using fully developed steady blood flow does not result in a representative number of 

leukocyte TEM as compared to pulsatile flow, whereas passing wall shear stress (WSS) at peak 

systole of the pulsatile flow waveform does. Moreover, using the model, we found leukocyte 

TEM increases monotonically with decreases in luminal volume. Specifically, neutrophils are 

primary cell type entering the wall at the genesis of plaque evolution and again the lumen caliber 

is altered for the first time. At critical plaque shapes the WSS changes rapidly resulting in sudden 
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increases in leukocyte TEM, suggesting lumen volumes that will give rise to rapid plaque growth 

rates if left untreated. Overall, this multi-scale and multi-physics approach appropriately captures 

and integrates the spatiotemporal events occurring at the cellular level in order to predict 

leukocyte transmigration and plaque evolution. 
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Figure 5.6 When the degree of stenosis was below 8%, the level of leukocyte TEM was constant 

over an average change in lumen volume of 107±5 patches, followed by a rapid 

increase in TEM over the next 28±17 patches: (A) Scatter plot displaying leukocyte 

TEM and severity of stenosis as a function of luminal volume (patches). (B) Bar plot 

indicating the change in lumen volume after which a significant increase in 

leukocyte TEM was observed. (Mean ± SD, *p < 0.05). (C) Longitudinal cross 

sections of the ABM at ‘a’, ‘b’, and ‘c’ points from 5A, illustrating where the initial 

inward growth occurred. ACs, ECs, and leukocytes in the plaque are indicated in red, 

green and yellow, respectively. Black represents the new ECs added in the lumen. 

Inlet flow is at the bottom of each subfigure. (D) Subplot showing the number of 
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patches (from ABM) with WSS < 1.2 Pa at specific plaque shapes (i.e., lumen 

volumes) corresponding to ‘a’, ‘b’, and ‘c’ points from 5A. Overlaid color contour 

plots of the WSS (from CFD) over the plaque at each point. The number of patches 

of low WSS (blue region) are almost constant (13 and 15 respectively) 

corresponding to nearly constant TEM. Then, the number of patches having low 

WSS increases (83) as does TEM. Inlet flow is at the left of each subfigure in (D). .59 
 

Figure 5.7 Eccentric plaque growth and remodeling prediction: Longitudinal (left) and 

corresponding transverse (right) views of an evolving artery where ECs, ACs and 

leukocytes are represented by green, red and yellow respectively. A) Initially the 

artery is impregnated with 15 leukocytes. B) At 6 months the plaque area is 40% of 

the lumen area and will start growing inside lumen according to Glagov’s 

phenomenon. C) At 7 months the plaque has grown inward and outward, changing 

the luminal geometry. .................................................................................................62 
 

Figure 5.8 Different types of leukocytes present in the plaque as it evolves: Before the plaque 

reduces the caliber of the lumen, as indicated by the vertical dashed red line, TEM is 

only due to endothelial activation by cytokines. Initially neutrophils constitute the 

majority of the plaque volume, followed by monocytes and monocyte-derived cells 

and then neutrophils again. When the plaque starts growing inside the lumen 

(vertical dashed line) leukocyte TEM is largely influenced by blood flow. With time 

the severity of stenosis increases and so does the region of low WSS. Therefore, the 

rate of leukocyte TEM is greater for all cells. Among these cells, the concentration of 

neutrophils (62%) in blood is higher than monocytes and lymphocytes (5.3% and 

30% respectively). Also neutrophils adhere on the EC surface with WSS < 1.2 Pa 

whereas the monocytes and lymphocytes adhere with WSS < 1 Pa and < 0.4 Pa 

respectively. Thus there is a rapid increase of neutrophils immediately after 6 months 

whereas the rate for lymphocyte increases after several days when the plaque is 

bigger and WSS < 0.4 Pa. ...........................................................................................63 
 

Figure 5.9 ABM-CFD model is more sensitivity to IL-1β than TNF-α:  A) Represents the highest 

concentration of IL-1β or TNF-α in an EC patch over a 50 day ABM-CFD 

simulation. The concentration is < 0.04U/ml during the entire simulation. B) Shows 

the ABM rules for probability of neutrophil adhesion as a function of TNF-α and IL-

1β concentration. Therefore, over a 50 day simulation, neutrophil adhesion is 

primarily due to IL-1β. ...............................................................................................64 
 

Figure 5.10 ABM-CFD model exhibits minimal stochasticity in regards to the predicted number 

of cells in the wall with time:  The figure represents the average number of each 

leukocyte in the artery wall over a 130 day simulation. Shaded areas represent the 

standard deviation from three repetitions. The standard deviation is never above 220 

in all cases. Indicating minimal stochasticity in the model despite having 

probabilistic functions. ...............................................................................................65 
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Figure 5.11 ABM-CFD predictions corroborate an experimental porcine model of atherogenesis: 

‘x’ represents mean plaque area from individual pigs, fed high cholesterol diet. ‘.-

‘represents predicted plaque area as a result of a 30% increase in LDLs. ..................66 
 

Figure 5.12 Spatial distribution of cells in the artery wall: Longitudinal (A) and corresponding 

transverse (B) cross sections in a 7-month simulation of atherosclerosis, where 

endothelial cells, arterial cells, neutrophils and monocytes are represented by green 

diamonds, red circles, blue crosses and black dots, respectively.  All other cells in the 

wall (lymphocytes, M1, M2 and foam cell) are represented in yellow. Neutrophils 

and monocytes coalesce towards the cap, shoulder regions, and adventitia but to a 

lesser extent at the central region of plaque. ...............................................................71 
 

Figure 5.13 100µm patch size is reasonable given the sensitivity in change cytokine 

concentration does not change much:  Schematic presentation of patches and the 

cytokine concentration on the corresponding patches. Obviously, there is not much 

change in the neighbor patches. So considering same cytokine concentration 

throughout a patch is reasonable. ................................................................................74 
 

Figure 6.1 AM expression as function of TNF-α: Data (o) are collected from [1]. The best fit 

sigmoidal function is considered as the ABM rule for AM expression as function of 
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Figure 6.2 AM expression as function of TGRL: Data (o) are collected from previous literature 

[2] for (A) ICAM-1, (B) VCAM-1 and (C) E-Selectin expression as a function of 

TGRL. The ICAM-1 and E-Selectin do not change with TGRL whereas VCAM-1 

does. The line plot is the best fit considered as rule of VCAM-1 expression with 
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Figure 6.3 AM expression, above TNFα induced at static, as function of WSS: Data (o) are 

collected from [3] for (A) E-Selectin, (B) VCAM-1 and (C) ICAM-1 expression as 

function of WSS. The best fit linear function is considered as rule of selectin and 

AM expression with WSS. .........................................................................................80 
 

Figure 6.4 Multivariable dependence of AM expression: Color plot shows the gradual change of 

AM expression with change of TNF-α, TGRL, WSS together. Color bar represents 

the value of E-selectin and AM expression. ...............................................................81 
 

Figure 6.5 Dependence of AMs and E-Selectin expression as function of ox-LDL: (A) 

Comparison of ICAM-1 expression from different sources [6-8]. (B) Expression 

from Cominacini et al. (C) Data (o) of ICAM-1 expression from [8]. The line plot 

(sigmoid fit) is the derived rule. .................................................................................82 
 

Figure 6.6 Neutrophil adhesion as function of AM: Left panel (A, C) shows the neutrophil 

adhesion probability from different sources and the relative contribution of different 
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AMs. For example, Neelamegham et al. found 44% adhesion probability when EC 

expresses 2.06, 3.77 and 17.05 times of baseline value of ICAM, VCAM and E-

Selectin respectively. Adhesion due to ICAM-1, VCAM-1 and E-Selectin alone are 

24%, 0% and 20% respectively.  Right panel (B, D): Rules derived from those 

sources. ‘o’ represents data and line plot is the fit representing rule of neutrophil 

adhesion as function of AMs. .....................................................................................85 
 

Figure 6.7 Monocyte adhesion as function of selectins: Left panel (A, C, E) shows the monocyte 

adhesion probability from different sources and the relative contribution of different 

AMs. For example, Takahashi et al. found 39% adhesion probability when EC 

expresses 2.05, 3.6 and 14.9 times of baseline value of ICAM-1, VCAM-1 and E-

Selectin respectively. Adhesion due to ICAM-1, VCAM-1 and E-Selectin alone are 

13%, 7% and 19% respectively. Right panel (B, D, F): Rules derived from those 

sources. ‘o’ represents data and sigmoid functions are fit and represent the rule for 

monocyte adhesion as function of AMs. ....................................................................87 
 

Figure 6.8 Leukocyte adhesion probability as function of AMs and E-Selectin: (A) Neutrophil 

adhesion probability (B) Monocyte adhesion probability. Color bar shows the 

magnitude of adhesion probability .............................................................................88 

 

Figure 6.9 Detachment of adhered cells with flow: After initial attachment with selectin/ 

integrin, depending on WSS the leukocytes get detached from surface. As WSS 

increases, the number of leukocytes bound to surface decreases. The bond strength 

between leukocytes and selectin (orange,*) is weaker than that of with integrin 

(blue,circle). Hence, final adhesion is higher for integrin than selectin. Data were 

taken from [14, 18]  .................................................................................................... 92 
 
Figure 6.10 Atheroprotective effect of HDL on selectin and AM expression, and ox-LDL: HDL 

decrease the AM expression and reduce the effect of ox-LDL. As previous, ‘o’ 

represents data [13-15]and line plot represents the fit. These figures show relative 

decrease of the indicated proteins from initial (before applying HDL) ......................94 
 

Figure 6.11 Consumption of LDL and ox-LDL by macrophages: Macrophage consumption rate 

of ox-LDL and LDL. Data were taken from Leake et al.[21] ....................................95 
 

Figure 6.12 Sensitivity study of adhesion molecule for different cytokine concentration: TNF-α 

(inclined bar) and IL-1β (straight bar) are changed to 2 times (blue) and (1/2) times 

(orange) of the reference value. ICAM-1 and E-Selectin are sensitive more to change 

of TNF-α than to IL-1β whereas VCAM-1 to IL-1β. ...............................................103 
 

Figure 6.13 Sensitivity study of adhesion molecule expression based on HDL concentration: 

Initially ICAM-1, VCAM-1 and E-Selectin are all the same i.e. 10 times of baseline. 

HDL is then applied to the endothelial cells at different concentrations. It is obvious 
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that even small amount of HDL, can decrease VCAM significantly, whereas ICAM 

and ES requires a higher concentration of HDL. ......................................................104 
 

Figure 6.14 Adhesion probability as function of IL-1β: Adhesion probability of monocyte and 

neutrophil as function of (A) E-Selectin, (B) ICAM-1 and (C) E-Selectin. The AMs 

and E-Selectin are expressed only due to IL-1β. (D) Total adhesion probability due 
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Figure 6.15 Adhesion probability with TNF-α: Adhesion probability of neutrophils and 

monocytes as function of (A) VCAM-1, (B) E-Selectin and (C) ICAM-1. All the 

AMs and E-Selection are expressed only due to TNFα. (D) is the total adhesion 
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Figure 6.16 Comparison of leukocytes in wall between current and previous model: Number of 

neutrophils (A), monocytes (B) and lymphocytes (C) in the wall were measured with 
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Figure 7.1 VH-IVUS data processing in Matlab:  (A) VH-IVUS image of one axial segment of 

the LAD. It has 5 colors representing 5 different compositions. Binary image were 
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which represents calcium, (D) dark green channel which represents FT, (E) light 

green channel which represents FF, and (F) grey channel which represents the 
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Figure 7.2 Set up of ABM with VH-IVUS data: A slice of VH-IVUS image with compositions 
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Figure 7.4 Flow chart of complete model of atherogenesis.  To make an integrated model of 
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CHAPTER 1 

INTRODUCTION: DISSERTATION LAYOUT 

Coronary artery disease (CAD) is the leading cause of death in advanced countries. The 

most common cause of CAD is atherosclerosis [22]. Atherosclerosis is a local inflammatory 

disease characterized by recruitment of leukocytes into the arterial wall. Through a sequence of 

events the arterial wall develops an atherosclerotic plaque, comprising of leukocyte-derived foam 

cells, lipids, calcium and other constituents [23]. In the event an atherosclerotic plaque ruptures, it 

may block blood flow completely, which typically results in a life-threating heart attack or stroke.  

The endothelium comprises the inner lining of the artery, and thus is in direct contact with 

flowing blood. Hence, the endothelium is constantly exposed to the mechanical forces exerted by 

blood. The frictional force per unit area of the vessel wall, called wall shear stress (WSS), is a 

critical factor in maintaining endothelial function and leukocyte adhesion on the endothelial cell 

(EC) surface. It is well known that the low and oscillating WSS is associated with the early stage 

of atherosclerosis as it favors the leukocyte adhesion to the endothelium. Thus, arterial bifurcated 

regions are prone for plaque development. 

The recruitment steps involved in the leukocyte transmigration cascade (i.e., capture, 

rolling, firm adhesion and transmigration) are well established [24-26]; however, a computational 

framework which can capture and predict the effects of these events is lacking. Clinically 

hemodynamics has been used to predict areas of plaque progression [27-30] or the need for 

treatment (e.g., Fractional Flow Reserve). Experimentally, the dynamics relating WSS, endothelial 

cell activation and leukocyte trans-endothelial migration (TEM) have been quantified [31-33] 

However, a computational model incorporating the interdependency of leukocyte TEM, plaque 
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growth and WSS with time is lacking. This motivated the need to build a predictive model of 

leukocyte TEM and the consequential progression of plaque in order to deepen our understanding 

of the pathophysiology of atherogenesis.  

Thus the overall goal of this dissertation is to create a novel predictive model of leukocyte 

TEM by incorporating pathophysiological dependencies on changes to the mechanical 

(hemodynamics) by computational fluid dynamics (CFD) and biological (leukocyte TEM, 

chemotaxis, outward remodeling of the artery, monocyte to foam cell differentiation, cell 

activation, and protein diffusion) environment by agent based model (ABM) to determine the 

evolution of an atherosclerotic plaque. Eventually, such a model will be able to predict growth and 

remodeling of patient-specific human plaques and be fundamental to treatment planning and 

optimization. This dissertation is broken down into seven chapters.  

Chapter 2 provides a background of leukocyte transmigration. The vascular events 

involved in leukocyte TEM and the influential factors are qualitatively described in this section.  

In Chapter 3, we performed a CFD simulation of a bifurcated channel and investigated the 

change of hemodynamics as function of inlet flow rate, bifurcation angle and width of the channel. 

Previous computational and in vitro studies have suggested that arterial bifurcations are susceptible 

locations for formation of atherosclerotic plaques [34-36]. Indeed our results support why plaque 

most often occurs near the aortic bifurcation. Specifically, Dr. Schmidtke’s group at UTD 

experimentally investigated neutrophil adhesion at bifurcations using microfluidic channels. We 

then performed CFD simulations to mimic the experimental setup. It was found that the regions 

where neutrophils adhere in the experiment corresponds with the low WSS regions.  
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In Chapter 4, we developed an agent based model which captures the growth and 

remodeling as a result of leukocyte transmigration. First, we identified the primary factors 

affecting leukocyte adhesion and TEM. Next a series of equations (called “rules”) capturing 

leukocyte adhesion as function of the identified key factors were developed and implemented into 

the ABM. The rules were derived from previous literature studies that were sometimes inconsistent 

or limited in their findings. Therefore, a rule scoring metric was used to verify each rule [37]. 

Altogether, our ABM included diffusion of key biological proteins and cytokines, leukocyte 

adhesion and transmigration, and chemotactic driven leukocyte migration into and within the 

artery wall. Lastly, we coupled and verified the ABM with CFD to model the effect of 

hemodynamics on leukocyte adhesion.  

In Chapter 5, we proposed a computationally effective way to capture the pulsatile nature 

of blood flow in the CFD-ABM. Since, blood flow through an artery is pulsatile in nature, the 

WSS and therefore rate of leukocyte TEM varies with time. We hypothesized that using average 

WSS is not physiological because it does not capture the effect of low WSS as well as high WSS 

in TEM. To test this hypothesis, we used an ABM to compare the total leukocyte transmigration 

during time averaged and instantaneous flow in a stenotic coronary artery. Specifically, WSS was 

determined using direct numerical simulations (DNS) performed using in-house code by Dr. 

Leonardi’s group. The WSS computed from DNS was then coupled with our ABM of leukocyte 

transmigration. The adhesion rate computed from mean flow field generally under predicts the 

leukocyte transmigration compared to the actual rate of adhesion as the instantaneous flow field 

can be quite different from the mean flow. This analysis emphasizes the importance of the 

instantaneous flow conditions in evaluating the leukocyte rate of adhesion. As an alternative, we 
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found that passing WSS profile at peak systole of the pulsatile flow waveform gives same 

leukocyte adhesion as when using instantaneous flow. Towards the end of the chapter, we show 

simulated results of the coupled CFD-ABM. We found that leukocyte TEM increases 

monotonically with decrease of plaque volume and the type of leukocytes entering the plaque 

depend on the stage of plaque growth. Finally, we found that at critical plaque shapes the WSS 

changes rapidly resulting in sudden increases in leukocyte TEM. These results suggest specific 

plaque shapes will give rise to rapid plaque growth rates if left untreated. 

In Chapter 6, we made the model more physiological by adding more mechanistic rules in 

regards to leukocytes adhesion and the atheroprotective nature of high density lipoprotein (HDL). 

That is, previously the probability any given leukocyte would enter the artery wall was only 

dependent on WSS and cytokine concentration. In this chapter, we expand on these functions to 

include WSS, cholesterol, and cytokine induced upregulation of adhesion molecules (AM) and 

selectins. AM and selectins are receptors on the endothelial cells that bind to integrins on 

leukocytes from the blood and facilitate transmigration into the artery wall.  Specifically, we added 

the effects of different factors such as cytokine concentration, oxidized low-density lipoprotein 

(ox-LDL), tri-glyceride rich lipoprotein (TGRL), and WSS have on Intercellular adhesion 

molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), and endothelial selectin (E-

selectin). In this way, leukocyte adhesion depends on the cell type and concentration of AMs and 

selectins on the endothelium. Moreover, the effects of lipoproteins within the artery wall on cell 

differentiation were also added to the ABM. Specifically, macrophages consume both LDL and 

ox-LDL and form lipid laden foam cell. HDL on the other hand reduces the concentration of AMs 
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as well as the effect of oxidized LDL (ox-LDL) and thus slower down the progression of 

atherosclerosis. 

In the last part of this dissertation (Chapter 7), our future work is proposed. Future work 

includes incorporating longitudinal patient data from intravascular ultrasound-virtual histology 

(IVUS-VH) into our ABM, and compare the simulated progression of plaque growth to the follow-

up patient data set. We present preliminary results in processing patient specific virtual histology 

(VH) data, using MatLab, to get the composition and morphology of artery. We then used that data 

to setup our ABM. We will then run simulations and compare the growth and remodeling with 6 

months follow up patient data. 
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CHAPTER 2 

BACKGROUND AND SIGNIFICANCE 

Normal Artery  

The main conduits for blood flow include arteries, arterioles, capillaries, venules, and 

veins. Arteries (except pulmonary and umbilical artery) are the blood vessels that deliver 

oxygen-rich blood from the heart to the tissues of the body. Arteries consist of three layers. An 

inner layer (tunica intima) is composed of single layer of endothelial cells. It forms an interface 

between circulating blood in the lumen and the rest of the vessel wall. A middle layer (tunica 

media) is primarily comprised of circumferentially arranged smooth muscle cells and elastic 

fibers (Figure 2.1). The outer layer (tunica adventitia) is comprised primarily of fibroblasts, 

vasa-vasorum. The dimension of an artery and the thickness of each layer vary depending on the 

Figure 2.1. Cartoon of an arterial cross-section illustrating its three layers, and the majority 

cell type in each layer: Source: Blausen.com staff (2014). "Medical gallery of Blausen Medical 

2014". WikiJournal of Medicine 1 (2). DOI:10.15347/wjm/2014.010. ISSN 2002-4436. 
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type of artery, and obviously on species. For the human coronary artery, the average thickness of 

the intima is 80 μm, media is 200 μm,[38, 39] and adventitia is 300- 500 um [39] . The internal 

space, through which blood flows, is called lumen. The average lumen diameter is  3600±1400 

um, where the size range is due to tapering [39]. 

Atherosclerosis 

Atherosclerosis is an inflammatory disease. It originates from leukocytes entering the 

artery wall and forming what is called an atheroma or plaque inside the artery wall. Over time, 

plaque grows larger and blocks blood flow through lumen (Figure 2.2). In the event an 

atherosclerotic plaque ruptures, it may block blood flow completely, which typically results in a 

life-threating stroke or myocardial infarction. Indeed, the less stenotic plaques may be more 

vulnerable to rupture due to their underlying structure. According to a metastudy approximately 

Figure 2.2. Longitudinal and transverse cross section of a normal and stenosed artery: A) 

Normal artery with normal blood flow. B) Blood flow through an artery with plaque. Source: 

“Atherosclerosis.” National Heart Lung and Blood Institute, U.S. Department of Health and 

Human Services, www.nhlbi.nih.gov/health-topics/atherosclerosis. 
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85% of acute myocardial infarctions arose from lesions with degrees of stenosis less than 60% 

on an antecedent angiogram.[40] 

Factors affecting inflammation or atherogenesis 

It was largely believed that the accumulation of cholesterol, in particular low density 

lipoprotein (LDL) in the artery wall, initiates atherosclerosis; however, it is much more than that. 

Despite changes in lifestyle and the use of new pharmacologic approaches to lower plasma 

cholesterol concentrations, cardiovascular disease continues to be the principal cause of death in 

advance countries [22]. However, the known key factors responsible for atherogenesis are as 

follows: 

Leukocyte adhesion and TEM: Leukocytes, also called white blood cells (WBC), are the cells of 

the immune system that are involved in defending the body against both infectious disease and 

foreign invaders. Five different and diverse types of leukocytes exist: Neutrophil, eosinophil, 

Figure 2.3 Different steps of leukocyte TEM and associated selectins and integrins: 

Leukocyte TEM is a multistep process. Capture and rolling are mediated by selectins whereas 

adhesion is integrin dependent. Finally, leukocytes transmigrate through wall depending on 

stiffness of the artery wall.  
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basophil, lymphocyte and monocytes (which become macrophages when residing in tissue). 

Leukocyte adhesion to, and transmigration through, the endothelium of blood vessels is an 

essential event in inflammation and the pathogenesis of atherosclerosis. It is a well-known 

multistep process. Figure 2.3 shows all the steps of leukocyte adhesion and transmigration. 

Cytokines, WSS and cholesterol mainly activate the endothelium through outside-in 

signaling leading to expression of selectins and integrins on the endothelial surface. Capture or 

tethering represents the first contact of leukocytes with the endothelium cells. When a leukocyte 

in the blood stream moves close enough to be in contact with endothelium it gets captured (i.e., 

weak selectin bonds are formed between the leukocyte and endothelial cell). Once leukocytes are 

captured, they slow down and begin to roll along the inner surface of the vessel wall. Rolling is 

mediated by selectins (L-selectin, P-selectin and E-selectin). The low-affinity, selectin-dependent 

interaction is then transformed into a high-affinity, integrin-mediated firm adhesion. The firm 

arrest of leukocytes to endothelial cells is mediated by interactions between leukocyte integrins, 

such as VLA-4 (α4β1), α4β7-integrin, Mac-1 (αMβ2) and LFA-1 (αLβ2), and their endothelial 

counter-receptors of the immunoglobulin superfamily, such as the vascular cell adhesion 

molecule-1 (VCAM-1), and intercellular adhesion molecules (ICAM). VCAM-1 interacts with 

VLA-4, and ICAM-1 binds to β2-integrins (including LFA-1 and Mac-1). 

After firm adhesion, leukocytes move slowly over the endothelial cell surface, a process 

called crawling or locomotion, until they reach an area appropriate spot for transmigration. TEM 

(also designated as diapedesis or extravasation) may take place at the intercellular junctions or 

through the endothelial cell. The average time taken for this process (from capture to TEM) 

depends on the type of leukocyte. Not considering the effects of flow, a neutrophil typically 
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takes around 10 minutes to transmigrate after it gets captured to the endothelium [17], whereas a 

monocyte takes approximately 20 minutes [16].  

Hypercholesterolemia and modified lipoproteins:  Mass transport of LDL from the lumen into 

the arterial wall is also an important factor contributing to  atherogenesis [41]. Once in the wall, 

LDL is oxidized, and this oxidized form of LDL (ox-LDL) is consumed by monocyte derived 

macrophages forming foam cell (Table 4.2, rules 19 and 21) [42]. High-density lipoprotein 

(HDL) on the other hand, has a protective role towards atherogenesis by inhibiting oxidation of 

LDL. 

Hemodynamics: The nature of blood flow is considered an important factor for atherosclerosis. 

Specific arterial sites, such as branches, bifurcations and curvatures cause characteristic 

alterations in the flow of blood including decreased WSS and increased turbulence. At these low 

WSS regions (WSS< 0.3Pa), the bond strength between cells and endothelium is weak and the 

leukocytes stay attached and thus the leukocyte adherence and migration increases [43]. 

Vascular remodeling 

An important concept for vascular remodeling, termed Glagov’s phenomenon, is that 

arteries remodel to maintain constant flow despite increases in atherosclerotic lesion mass.  In 

1987, Glagov et al. reported the pivotal finding that atherosclerotic arteries initially remodel 

outward in attempt to preserve the luminal blood flow i.e. the external diameter increased while 

the lumen area of atherosclerotic human coronaries remained constant until the percent of plaque 

area exceeded 40% of the luminal area. 

 All these factors and events, mentioned above, were implemented in the agent-based-

model (ABM) (see chapter 4). However, before creating an ABM, we need to know how WSS 
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affects leukocyte adhesion in the case of different flow rates, and artery geometries (straight and 

bifurcated).  This is explained in Chapter 3.  
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CHAPTER 3 

EFFECT OF WSS ON LEUKOCYTE ADHESION AT ARTERY BIFURCATION 

Overview 

Previous computational and in vitro studies have suggested that arterial bifurcations are 

susceptible locations for formation of atherosclerotic plaques. In this chapter we use 

experimental microfluidic cell channels and computational fluid dynamics (CFD) to identify how 

the angle of the daughter branches and their width affects not only the WSS profile but also 

leukocyte adhesion. Experimentally, a previous master’s student in Dr. Schmidtke’s group 

investigated cell adhesion at bifurcations. We then performed computational simulations to 

mimic the experimental setup and compared hemodynamic calculations with experimental 

results quantitatively. Low WSS regions (WSS ≤ 0.3Pa) were considered as regions where 

leukocytes could adhere. In this way, we showed that the area of leukocyte adhesion increases 

with decrease of inlet flow rate. For a bifurcated chamber with asymmetric daughter channels, 

the larger channel has more adhesion than that of smaller channel. Conversely, if both daughter 

channels are the same width then the adhesion is the same for both. We also found when the 

bifurcation angle is >60°, leukocyte adhesion does not change much (< 0.5%) with increases in 

angle degree. Likewise, when the bifurcation angle increases from 30° to 60° the change in 

amount of neutrophil adhesion is small; that is the stagnate zone increases by 6%, 8% and 15% 

when the inlet flow rate is 25 dyne/cm2, 50 dyne/cm2 and 100 dyne/cm2 respectively. Together, 

these results suggest modulating the angle of bifurcation of daughter vessels does not change 

how many neutrophils will adhere as much as modulating the flow rate.  
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Introduction 

Atherosclerosis is a cardiovascular disease characterized by the accumulation of 

lipoprotein, cholesterol and cellular products in the vascular wall [44, 45]. As mentioned 

previously, WSS, along with lot of other significant factors, affects cell adhesion and 

atherosclerotic plaque formation. Previous studies have observed that atherosclerotic plaques 

typically originate in regions of the vascular system that are characterized by recirculating flow 

[46], or abnormally low or high shear stress [47-49]. In-vitro studies, performed with sudden 

expansion flow chambers, have shown the effects of unsteady shear stress on endothelial cells 

[50, 51] and leukocytes [52, 53]. Although these studies demonstrate the factors affecting cell 

adhesion in regions of unsteady shear, only a few studies have investigated the direct effects of 

shear stress on adhesion at bifurcations. 

Previous computational [54-57] and in vitro [58-61] studies have suggested that the 

apexes of bifurcations are susceptible to points of stagnation. That is at the tip of the apex the 

velocity and WSS are low (stagnant), therefore leukocytes are likely to roll and adhere at the 

apex. However, these in vitro studies investigated only flow patterns (WSS, velocity) rather than 

cell adhesion patterns, i.e. they did not show leukocyte adhesion or correlate how the fluid 

dynamics affect adhesion for a bifurcated chamber. Recently, microfluidic chambers with 

significantly smaller dimensions have been used to model leukocyte adhesion [62-65] as well as 

the complex geometrical structures found in the vascular system, such as bifurcated chambers 

[66-68]. However, they all used low WSS (≤ 2 dynes/cm2). Herein we investigate flow patterns 

and neutrophil adhesion in a bifurcated channel, with the WSS ranging from 1-100 dyne/cm2. 
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Prabhakarpandian et al. showed that biotinylated microspheres in avidin coated 

microvascular networks tended to adhere more at bifurcation apex sites than in linear channel 

sections [69]. However, they only used shear stresses in the range of 0.1 – 2.5 dynes/cm2. 

Urschel et al. also reported increased monocyte adhesion to endothelial cell layers cultured in 

bifurcations but only on the outer channel walls and at shear stresses less than 10 dynes/cm2 [70]. 

They did not report whether adhesion was observed at the bifurcation apex. 

In this chapter we performed CFD analysis for a bifurcated microfluidic chamber using 

inlet WSS ranging from 1-100 dynes/cm2 and investigated the WSS distribution near the apex 

The regions of low WSS (< 0.3Pa) were then compared with the experiment of neutrophil 

adhesion in the bifurcated microfluidic chamber.  

Experimental Methods  

Dr. Schmidtke’s group at UT Dallas used bifurcated microfluidic chambers to investigate 

neutrophil adhesion at the bifurcation apex. The chambers consist of a single inlet channel that 

forks into two symmetric daughter channels, which then converge downstream into a single exit 

(Figure 3.1). Devices are fabricated with different bifurcation angles.  

Flow 

 

Flow 

Figure 3.1. Experimental devices: Neutrophil adhesion was measured using microfluidic 

chambers with bifurcation angles of 30, 60, 90 and 120º (left to right). 
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Cell suspensions of isolated neutrophils (106 cells/mL) are perfused through P-selectin 

(3.0 g/mL incubated 3 hrs) coated chambers at a constant inlet channel wall shear stresses (w) 

ranging from 1-100 dyne/cm2 for 2 minutes. Here, flow rate, which gives a constant inlet channel 

WSS, was determined according to the relation τw = 6μQ/H2W, where μ is the dynamic viscosity 

of the fluid, Q is volumetric flow rate at the inlet and H and W are the height and width of the 

inlet channel respectively. A fresh chamber was used each time the shear stress was changed. 

Neutrophil adhesion was observed both in the inlet channel and at the bifurcation apex.  

Experimental Results  

Adhesion depends on geometry (angle of bifurcation, and cross-sectional dimension of 

channel), shear stress, and time. There is significant adherence at the apex.  

Simulation Methods 

A commercial software package (COMSOL) was used to simulate flow through 

bifurcated microfluidic chambers. COMSOL is based on finite element analysis (FEA) method, 

which solves non-linear partial differential Navier-Stokes equations. Recreating the experimental 

conditions, we calculated the wall shear stress (WSS) distribution and compared the stagnant 

zone (WSS ≤ 0.3 Pa) under different experimental conditions. WSS below 0.3 Pa is consider 

stagnant because the adhesion bond strength of the neutrophils surpasses the detachment shear 

force, as a result the cells should stay attached. Thus the stagnant zone was correlated to regions 

of neutrophil adhesion. 

Geometry 

Geometry is created based on parameterized dimensions (Figure 3.2). Length, width and height 

of inlet, daughter channels and bifurcation angle are taken from the experimental values (Table 
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3.1). Radius of curvature of the microfluidic chamber was determined using microscopic 

analysis.  

Table 3.1 List of parameters used in COMSOL simulation   

Geometry 

Parameters 

 

L1 (µm) L2 

(µm) 

W1 

(µm) 

W2 

(µm) 

W3 

(µm) 

H 

(µm) 

Bifurcation 

angle(0) 

Radius of 

curvature 

(µm) 

8000 5600 1000  1000  1000 

 

100  30 

60 

90 

120 

290 

487 

600 

785 

Fluid 

Properties 

⍴ (Kg/m3)                             μ (Pa-s)                                ν (m2/s)    

1000                                          1000                                         3.3x10 

Inlet Shear 

Stress 

(dyne/cm2) 

1, 5, 25, 50, 100 

 

 

 

 

Figure 3.2 Geometry and parameters used for COMSOL simulation: The parameters 

used for simulation are same as experiment. 

 

Apex 
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Properties of flow  

The flow was considered as steady, laminar, and incompressible with rigid walls and no slip 

conditions (according to experiment). A constant pressure boundary at the outlet and a steady, 

uniform flow at the inlet were introduced according to the following equation.  

 𝑄 =  𝜏 ∗
𝐻2𝑊

6𝜇
 (1) 

Where, Q is volumetric flow rate, 𝜏 is shear (experimental value) at inlet, H and W are respective 

height and width of the channel and 𝜇 is the viscosity (103 Pa-s). The gravity effect was ignored 

as the microchannel was horizontal for all experiments, and the height only 100 µm. 

The governing Navier-Stokes equations for a Newtonian incompressible fluid are: 

 𝜌∇. 𝑢 = 0 (2) 

 
𝜕𝑢

𝜕𝑡
+ (𝑢. ∇)𝑢 = −

1

𝜌
∇p + ν∇2u (3) 

Here u is the velocity vector, p is the pressure, ⍴ is the density (1000 Kg/m3), ν is the kinematic 

viscosity (3.3x10-6 m2/s) and t is the time. 

Measurement of stagnant zone 

 Figure 3.3 shows the reference stagnant zone (dark shade), whose dimension is close to 

the experimental region of measurement of cell adhesion. After each simulation in COMSOL the 

shear stress, inside and surrounding the above mentioned polygon (light shade), was exported to 

a grid. The shear stress file was then imported to MATLAB and the interpolated shear stress was 

calculated. The mesh size in MATLAB is 1µm x 1µm.  
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Simulation Results  

Results were obtained for velocity, shear stress distribution inside the artery and finally 

compared the stagnant zone (region with WSS≤ 0.3 Pa), obtained in the experiment with low 

wall shear stress region near apex.   

Velocity  

Figure 3.4 shows velocity distribution in the middle plane (z = 50 μm) of the chambers 

with the inlet flow rate equivalent to 100 dyne/cm2. The direction of flow is from left to right, 

and the subplots are with different bifurcation angles. Overall, the velocity profile did not change 

much with change in bifurcation angle. 

 

 

Figure 3.3 Illustration of the zones used for experimental and computational analysis: The 

WSS from the lightly shaded polygon zone was exported for post-processing. However, only the 

darkly shaded zone was used for experimental and computational analysis 

 

Flow 
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A 

B 

C 

Figure 3.4 Velocity from COMSOL simulation: The color plot represents the velocity of the 

middle plane (at z = 50μm) at (A) 600, (B) 900 and (C) 1200 bifurcation angle. W1, W2 and W3 

(see Figure 3.2) are 1000μm each and H is 100μm. The color bar represents the magnitude of 

velocity (m/s). The velocity reduces (close to zero) at apex 
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A 

B 

C 

Figure 3.5 WSS from COMSOL simulation: The color plot represents the WSS distribution 

on the lower plane (at z = 0μm) at (A) 600, (B) 900 and (C) 1200 bifurcation angle. W1, W2 and 

W3 (see Figure 3.2) are 1000μm each and H is 100μm. The color bar represents the magnitude 

of WSS (Pa). The WSS reduces (close to zero) at apex. 
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Wall Shear Stress 

Figure 3.5 shows WSS distribution on the lower plane (z = 0 μm) of the chambers with inlet 

flow rate equivalent to 100 dyne/cm2. As shown above, the flow is traveling from left to right 

and the plots are with bifurcation angles of 60, 90, and 120 degrees. The inlet dimension (W x H) 

is 1000 x 100 m whereas the daughter channel widths are 1000 m each. Like the velocity 

profile, WSS also did not change much with different angles. 

Correlating simulation results with experimental results 

I. Neutrophil adhesion on device with the small channel cross sectional dimension: 

Experimentally neutrophils were perfused at flow rate equivalent to τw = 100 dyne/cm2 through 

the device with small inlet channel cross-sectional dimensions (100 um x 50 um, W x H) and 

investigated neutrophil adhesion on daughter channels downstream. The daughter channels were 

either asymmetric (channel of different width, 130 µm and 80 µm) or symmetric. The 

asymmetric microchannel leads to asymmetric adhesion in daughter channels (Figure 3.6 A) 

A 

Flow 

Pa 

Figure 3.6 Asymmetric adhesion at daughter channels: (A) (experiment): neutrophil 

aggregation occurred preferentially in the larger of the two daughter channels after 20 minutes of 

perfusion at 100 dynes/cm2 (B) Simulation result showing asymmetric region of low WSS 

representing asymmetric adhesion. 
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with the larger channel having more neutrophil adhesion than smaller channel. Hemodynamic 

simulations were performed for the device using the above dimensions. Figure 3.6 B shows wall 

shear stress distribution along the bottom surface inside the chamber. At the inlet of the larger 

daughter channel there is a lower region of shear, which corresponds to where the neutrophils 

aggregated in the experiments.  

 The same experiment as mentioned above but with symmetric daughter channels was 

performed. In this case, neutrophil buildup occurred symmetrically in both the daughter 

channels. Figure 3.7 B shows shear stress distribution. Note, the flow is moving from right to 

left now.  In this condition, the low WSS (i.e., < 2 dyne/cm2) is equally distributed along the 

apex of bifurcation of each daughter channel, consistent with where the neutrophils aggregate.  

II. Neutrophil accumulation in the low WSS stagnant zone: 

To quantify the relationship between channel geometry, and low WSS zones we define regions 

with low WSS (≤ 0.3Pa) as stagnant zones. Figure 3.8 shows the color plot of WSS distribution, 

flow streamlines, and velocity vectors of fluid inside the microfluidic channels. It is obvious that 

A 
B Pa 

Figure 3.7 Same adhesion at daughter channels: (A) (experiment): The buildup of neutrophil 

aggregates downstream of the bifurcation after 20 minutes of perfusion at 100 dynes/cm2. The 

aggregate buildup occurred simultaneously and symmetrically in both daughter channels. (B) 

Simulation result showing symmetric region of low WSS representing symmetric adhesion 
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the WSS and the velocity vectors at the apex of bifurcation are very small, this suggests why 

neutrophils adhere at the apex. The stagnant zone decreases with increase of inlet velocity (from 

left to right), whereas remains almost same with increase of angle (from top to down). 

We then quantified the stagnant area (WSS < 0.3 Pa), which was measured as described in 

Figure 3.3 (darkly shaded zone).The stagnant area decreased as the inlet WSS increased (Figure 

Figure 3.8 COMSOL plot of stagnant zone (zone with wall shear stress ≤ 0.3Pa) with inlet flow 

and bifurcation angle. From left to right, the plots are with inlet flow 5, 25, 50 and 100 dyne/cm2 

resp. From top to bottom, the plots are for 300, 600, 900 and 1200 resp. The lines represent streamline 

flow and arrows represent the velocity vector. From all the figures it is clear that the velocity reduces 

near apex 

Inlet flow rate 
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3.9 A). Figure 3.9 B shows, regardless of the angle of bifurcation, as the inlet WSS increases the 

stagnant area decreases. This is especially true for inlet WSS values between 5 and 25 

dynes/cm2. 

Discussion: 

In this chapter we used computational fluid dynamics to compare how WSS at the apex 

of a bifurcated flow chamber correlates to neutrophil adhesion kinetics. Our computational 

results show that WSS significantly reduces near apex which results in a stagnant zone and of 

cells accumulation. This is in agreement with previous in-vitro studies [54-57] which show low 

WSS is responsible for increased leukocyte adhesion. We also observed (Figure 3.9) that the 

stagnant area (region with WSS ≤ 0.3Pa) significantly increases with decreases in inlet flow rate. 

However, the stagnant area did not change much with changes in the bifurcation angle. These 

results suggest, when the adhesion molecules are not a factor, inlet flow rate influences leukocyte 

adhesion more than the size of the bifurcation angle. These results are significant in that they 

  

Figure 3.9 Variation of stagnant zone (zone with wall shear stress ≤ 0.3Pa) with inlet 

flow and bifurcation angle: A) Stagnant zone remains almost constant with bifurcation 

angle B) Stagnant zone decreases with increase of inlet flow rate. 
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provide a better understanding of leukocyte adhesion at bifurcations and will aid in the 

development of in vitro models of atherosclerosis. 
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CHAPTER 4 

HEMODYNAMICLY COUPLED AGENT BASED MODEL OF LEUKOCYTE 

TRANSMIGRATION 

 

Overview 

  In this chapter we present the setup of the multiscale model of leukocyte transendothelial 

migration (TEM) and plaque evolution in the left anterior descending (LAD) coronary artery. 

The approach integrates cellular behaviors via agent-based modeling (ABM) and hemodynamic 

effects via computational fluid dynamics (CFD). ABM considers biological events such as 

diffusion, protein-protein interactions, cell-cell interactions, cell migration, cell apoptosis, and 

differentiation, whereas CFD considers the hemodynamics. Hence, this computational model 

incorporates the interdependency of leukocyte TEM, plaque growth and influence of WSS with 

time. 

ABM Design 

Agent-based modeling is a class of computational modeling that predicts the evolution of 

a dynamical system by simulating the behavior of autonomous cellular components, called 

“agents.”  The agents follow behavioral “rules” that control their responses to changes in their 

environmental or internal properties. This dynamic system allows for complex phenomenon to 

emerge from the interaction of simple rule-based behaviors of agents. As illustrated in Figure 

4.1, the system resides in a regularized 3D environment, commonly implemented as a grid. The 

grid spaces are called “patches” in the ABM and within each patch, agents, extracellular matrix 

(ECM) and soluble factors can reside. 
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System description 

The 3D model of leukocyte TEM is developed in an open source ABM software, 

NetLogo 3D 5.3.1. The entire 3D space is segmented into cubical patches of edge length 100 μm. 

Figure 4.1 illustrates an arterial cross-section and all the agents included in this ABM. The 

modeled artery is allowed to spatiotemporally evolve after each time tick, which represents a 1-

hour interval. The initial conditions and parameters are given in Table 4.1.   

Development of Rules for ABM 

To computationally model leukocyte adhesion and TEM into the arterial wall, we need to 

first identify the factors affecting migration quantitatively, and then make a series of  

Figure 4.1 Schematic illustrating the spatial distribution of each type of cell (i.e. agent) in 

the ABM. The bottom right schematic represents a luminal and artery wall patch where N is the 

number of leukocyte agents residing in this luminal patch. Among all leukocytes (N), M is the 

number that adheres to the endothelial cell surface area (A). V is the patch volume and h is 100μm 

or the distance between the patch centroids. All these parameters are used to find leukocyte 

adhesion probability (see equation 2). 
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Table 4.1. Initial ABM Parameters  

Parameters Value                                                            References 

Patch size (µm x µm x µm ) 100x100x100  

One tick One hour  

Lumen radius (µm) 1800                            [71] 

Artery length (µm) 6000  

Coronary artery wall thickness (Media + 

Adventitia) (µm) 

600                              [39, 72] 

Initial plaque  15 leukocytes  

Leukocyte concentration in blood 7x109/liter                    [73] 

Neutrophil concentration in blood 62% of leukocytes                                                * 

Monocyte concentration in blood 5.3% of leukocytes                                            * 

Lymphocyte concentration in blood 30% of leukocytes                                             * 

LDL concentration in blood Normal: 956 ng/μl  [74] 

Diffusion coefficient of cytokines 3x1011 m2/s [75] 

Diffusion coefficient of LDL 2.5x1011 m2/s [76] 

Healthy WSS (Pa) 1.4                            [30] 

Stiffness of artery wall (kPa) Normal:3  [16] 

Diameter of neutrophils & lymphocytes (µm) 12                                                                    [77] 

Diameter of monocytes (µm) 24                                                                    

Diameter of foam cell (µm) 25                                                                    

*Assigned values; patient specific   
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mathematical/procedural relations, called rules, and lastly program these rules into an ABM. The 

model of leukocyte TEM and atherogenesis considers the following biological events and the 

corresponding factors. 

1. Endothelial activation 

Cell adhesion molecules (CAMs) are proteins located in the surface membrane of endothelial 

cells and are involved in binding with other cells or with the extracellular matrix (ECM) in the 

process called cell adhesion. In essence, cell adhesion molecules help cells stick to each other 

and to their surroundings. Cytokine is a small protein released by leukocytes. Research has 

shown that several pro-inflammatory cytokines, including Tumor Necrosis Factor-α (TNF- α) 

and Interleukin-1β (IL-1 β), increase the expression of many CAMs and thus increase the 

adhesiveness between leukocytes, in the blood, and the endothelium. Whereas other cytokines 

are anti-inflammatory, such as IL-10, and inhibit the production of pro-inflammatory cytokines. 

The effect of anti-inflammatory cytokines results in a net reduction of CAMs and thus less 

leukocyte adhesion.   

2. Adhesion of leukocytes 

The probability of leukocyte adhesion (p) to the endothelium depends on endothelial cell 

activation via cytokine concentration, WSS and the concentration of leukocytes in the blood. 

Thus, in our ABM, the rules of adhesion are of the form: 

𝑅𝑖

𝜌𝑖𝑡
=
𝑓𝑖(𝛼)

𝑡𝑒𝑥𝑝
                                                                               (1) 
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Where index i represents the type of leukocyte, either lymphocyte, monocyte or neutrophil. Ri/t 

is number of leukocytes of type i that adhere per unit surface area (leukocytes/mm2) per time. ⍴i 

is the density of leukocytes of type i in the blood (leukocytes/mm3). texp is time duration of the 

experiment, and f(α) are experimentally derived functions, where α represents WSS, TNF-α and 

IL-1β  (see Table 4.2, rules 1-9), which are specific to each type of leukocyte. f(α) is derived 

from the published literature by first plotting Ri /⍴i  versus α and using matlab regression 

Figure 4.2 Leukocyte adhesion with cytokines and WSS. The top left represents the 

neutrophil adhesion as a function of TNF-α. Red dot represent the data from literature [9-12] 

and the line plot represent the fit of the data. Top right is the monocyte adhesion with IL-1β 

and the bottom represent lymphocyte adhesion with WSS. 



 

31 

algorithms to determine  the best fit equation to resent the data (as shown in Figure 4.2).  E.g.  

Bahra et al. [9] studied lymphocyte adherence as a function of TNF-α concentration. 

Lymphocyte cells  (106 cells/ ml) were perfused over human umbilical vein endothelial cell 

(HUVEC) which had been grown on micro slides of glass, and cultured with varying 

concentrations of TNF-α (1-1000 U/ml) for 4h, and observed the adhesion rate. The data are 

plotted and the best fit function of these data determined. It has been found that the best fit 

function for leukocyte adhesion based on endothelial activation by cytokines (TNF, IL-1) are 

sigmoid functions (rule 1,2,4,5,7,8), whereas the best fit functions for leukocyte adhesion 

dependent on WSS (rule 3,6,9) are polynomial of order two or more. 

Now, using the model, the probability of adhesion (p) can be computed for each 

leukocyte type. Figure 4.1 illustrates a luminal and adjacent artery patch containing leukocytes 

and ECs, respectively. N is the total number of leukocytes present in the luminal patch of 

volume, V (mm3). Among N, M is number of leukocytes that adhere to the endothelium of 

surface area, A (mm2). Hence according to law of large numbers (LLN: It holds when the same 

experiment is done a large number of times and gives long-term results for the average of some 

random events. It states that for statistical application, as the number of experiments increase, the 

average of the results gets increasingly close to the hypothetical mean), the probability of 

adherence (p) is M/ N. Since, volume V=Ah, where h is the patch length (mm), the following 

relation can be derived to compute the probability of leukocyte adhesion by type, pi. 

𝑅𝑖
𝜌𝑖𝑡
=
𝑀𝑖 𝐴⁄

𝑁𝑖 𝑉⁄

1

𝑡
= (
𝑀𝑖
𝑁𝑖
) (
𝑉

𝐴
)
1

𝑡
=
p𝑖ℎ

𝑡
 

Recalling, 
𝑅𝑖

𝜌𝑖𝑡
=
𝑓𝑖(𝛼)

𝑡𝑒𝑥𝑝
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∴ p𝑖 =
𝑓𝑖(𝛼)

ℎ
 
𝑡

𝑡𝑒𝑥𝑝
                                                                                     (2) 

3. Leukocyte TEM and chemotaxis 

Once the leukocytes adhere to the endothelium, they then have the potential to transmigrate 

through the endothelium, depending on the arterial stiffness. Arterial stiffness increases the 

leukocyte transmigration through EC surface.  Stroka et al.[17] and Hayenga et al. [16] 

investigated neutrophil, monocyte transmigrations respectively vs. arterial stiffness through 

TNF-α activated (25 ng/ml for 24 hours) EC surface (Figure 4.3) 

Upon entering the artery wall, leukocyte migration is guided by chemotaxis, i.e., directed cell 

movement towards higher concentrations of chemoattractant. Since our goal is to model 

leukocyte TEM and plaque evolution as a function of hemodynamics, the wall composition is 

considered uniform throughout, with no distinction between media and adventitia. Specifically, 

Figure 4.3 Leukocyte transmigration with arterial stiffness: (A) Lymphocyte and monocyte 

transmigration increases with subendothelial matrix stiffness. If the stiffness is > 5 kPa, 91% of 

adhered mononuclear leukoctyes transmigrate. (B) Neutrophil transmigration also increases with 

stiffness. 95% of neutrophils undergo transmigration for artery with stiffness > 5 kPa. Source data 

from [16, 17].  

A B 
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60% of the arterial wall is considered fixed and composed of ECM, namely collagen and elastin, 

and the remaining 40% is composed of cells and soluble factors [78-80]. Consequently, 40% of 

each patch of that makes up the artery wall is available for leukocytes, macrophages and foam 

cells. 

Once the leukocytes adhere to the artery wall they first determine which neighboring patch 

has space available. Secondly, of those patches with available space which one has the highest 

concentration of pro-inflammatory cytokines, and finally the leukocyte moves towards that patch 

based on its migration speed. This process repeats, within a tick and at each following tick, until 

the leukocyte finds the patch with space and the highest concentration of cytokines as compared 

to neighboring patches. Figure 4.4 illustrates the chemotactic process using a 2D ABM.  

Figure 4.4 Protein diffusion and leukocyte chemotaxis. 2D example of leukocyte (yellow 

circle with blue outline) migration. Color bar represents the cytokine concentration gradient 

(black (highest) to white (lowest) via gray). Yellow agents produce the cytokines. At tick 0 

the leukocyte is 5 patches away from the source. Cytokines diffuse at each tick following 

Fick’s law. At tick 4, the leukocyte moves to its topmost neighboring patch, since that patch 

has the highest cytokine concentration and space available. In next ticks, the leukocyte 

surveys it’s neighboring patches and moves to the one with space available and the highest 

concentration. At tick 8, it has reached the patch with the highest concentration (darkest). 

Each tick represents 1 hr.   
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4. Transport of cytokines and low density lipoproteins (LDLs) 

At each time step cytokines, generated from leukocytes in the wall, diffuse through space  

(i.e. patches) in the artery wall according to Fick’s law [75].  Fick’s law (equation 3) states that 

the flux (solute) goes from higher concentration regions to the lower concentration region. The 

magnitude depends on concentration gradient as well as the diffusion constants of the solute.  

Fick’s law in one dimension is as follow: 

𝐽 =  −𝐷
𝜕∅

𝜕𝑥
                                                                               (3) 

 

Here J is the diffusion flux, measured as amount of substance per unit area per unit time, D is the 

diffusion coefficient or diffusivity and  
𝜕∅

𝜕𝑥
 is the concentration gradient with position. 

We assume at the lumen and outer wall, the cytokine concentration is zero due to convection 

(from luminal blood flow).  In this model we consider two pro-inflammatory, TNF-α and IL-1β, 

and an anti-inflammatory cytokine, IL-10. At each time point, the total cytokine amount present 
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Figure 4.5 Removal of proinflammatory cytokine by IL-10: IL-10 inhibit the release of IL-

1β (A) and TNF-α (B) from leukocytes [4, 5] 
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in a patch is the amount of cytokine present from previous ticks, plus the amount produced from 

all the leukocytes present in that patch, plus or minus the amount diffused into or from the patch, 

minus the cytokines removed according to IL-10 (Figure 4.5) interactions (see Table 4.2, rules 

22 and 23).  

 Mass transport of LDL from lumen into the arterial wall is also an important factor for 

atherogenesis [81]. The majority of LDL transport occurs through leaky cell-cell junctions (> 

90%) and the remainder through endocytosis [82]. The occurrence of leaky junctions is governed 

largely by blood flow, hence WSS is considered a potent factor in LDL transport. Deng et al. 

presented a numerical analysis of mass transport of LDL within a physiological range of WSS. 

They used steady laminar flow of blood (considered homogeneous, incompressible and 

Newtonian) with fully developed velocity profile through a straight uniform cylinder. Depending 

on inlet flow rate, the WSS through the cylinder changes and thus the LDL transport. Hence, we 

y = 2E-08x6 - 2E-06x5 + 6E-05x4 - 0.0011x3 + 0.0104x2 - 0.0509x + 1.145
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Figure 4.6 Dependence of LDL accumulation into endothelium on WSS: Data was taken 

from Deng et al.[20] LDL accumulation decreases with increase of WSS. Data was measured 

as relative concentration of LDL (ratio of concentration of LDL in the wall and in the lumen). 

 



 

36 

can found LDL transport as function of WSS from their numerical data (Figure 4.6). LDL then 

diffuses spatiotemporally according to Fick’s law. LDL is oxidized in the arterial wall and this 

oxidized form of LDL (ox-LDL) is consumed by monocyte derived macrophages forming foam 

cell (Table 4.2, rules 19 and 21) [83]. 

5. Plaque growth and artery remodeling: 

In 1987 Glagov et al. reported the pivotal finding that atherosclerotic arteries initially 

remodel outward in attempt to preserve the luminal blood flow. Glagov and colleagues found 

that the external diameter increased while the lumen area of atherosclerotic human coronaries 

remained constant, until the percent of plaque area exceeded 40% of the luminal area at that 

specific axial-plane [84]. To determine when inward growth would occur, at each time tick in the 

ABM, the plaque area to lumen area along the axial length (in segmented intervals of one patch) 

of the artery is compared. If the plaque area is greater than 40% of the lumen area then that axial 

segment of the plaque starts growing inside the lumen in addition to outward growth (see Table 

4.2, rule 16). Figure 4.7 shows a 3D model of arterial remodeling following Glagov 

phenomenon. Plaque area is considered as number of patches with macrophages, leukocytes and 

foam cells, whereas lumen area is considered as number of patches in the lumen of the 

corresponding axial plane. Although, the mechanisms for this compensatory remodeling effect 

are still being established [85], the Glagov phenomenon informs growth and remodeling (G&R) 

in our ABM of plaque evolution. In these cases in which the mechanisms to observed 

phenomenon, such as Glagov remodeling, and LDL oxidation rate (rules 16, 18 and 19), are less 
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known the phenomenon was simply hard-coded in the model. However, when the mechanisms 

become more know they can easily be replaced by rules that are more mechanistic.  

All rules quantifying the influence of primary factors on leukocyte adhesion, TEM and 

plaque progression are derived from the published literature and are listed in Table 4.2.   

 

Table 4.2. List of rules used in the ABM (reprinted with permission from [86]). 

No. Behavior ABM Rule Ref. 

1.  

Dependence of 

neutrophil adhesion on 

TNF-α 

𝑅

𝜌𝑡
=
1

180
[0.80

− 0.68(1

− 𝑒𝑥𝑝(−0.33(𝑙𝑜𝑔10𝑥)
−0.56))]; x > 1 

      =  
1

180
[0.0996𝑥]; x ≤ 1 

 𝑥: 𝑇𝑁𝐹𝛼[𝑈 𝑚𝑙]⁄ ;  𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ];  𝑡[𝑠𝑒𝑐]  

[9] 

2.  Dependence of 

neutrophil adhesion on 

IL-1 

𝑅

𝜌𝑡
=
1

900
[0.10 + 0.19(1 − 𝑒𝑥𝑝(−28.29𝑥1.46))] 

 𝑥: 𝐼𝐿1𝛽[𝑈 𝑚𝑙]⁄ ;   𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ]; 𝑡[𝑠𝑒𝑐]  

[87] 

Figure 4.7 Glagov remodeling. Longitudinal (left) and corresponding transverse (right) views 

of an evolving artery where ECs, ACs and leukocytes are represented by green, red and yellow 

respectively. Initially the artery is impregnated with 15 leukocytes. At 6 months the plaque area 

is 40% of the lumen area and will start growing inside lumen according to Glagov’s 

phenomenon. 
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3.  
Dependence of 

neutrophil adhesion on 

WSS 

𝑅

𝜌𝑡
= {
1

300
[0.26𝑥2 − 0.8𝑥 + 0.63]; 0 < 𝑥 < 1.2

0; 𝑥 > 1.2
 

 𝑥:𝑊𝑆𝑆[𝑃𝑎] ;  𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ]; 𝑡[𝑠𝑒𝑐]  

[88] 

4.  

Dependence of 

monocyte adhesion on 

TNF-α 

𝑅

𝜌𝑡
=
1

180
[0.80

− 0.68(1

− 𝑒𝑥𝑝(−0.33(𝑙𝑜𝑔10𝑥)
−0.56))]; x > 1 

      =  
1

180
[0.0996𝑥]; x ≤ 1 

 𝑥: 𝑇𝑁𝐹𝛼[𝑈 𝑚𝑙];  𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ]; 𝑡[𝑠𝑒𝑐]⁄  

[9] 

5.  
Dependence of monocyte 

adhesion on IL-1 

𝑅

𝜌𝑡
=
1

600
[0.14 + 0.80(1 − 𝑒𝑥𝑝(−0.58𝑥1.19))] 

 𝑥: 𝐼𝐿1𝛽[𝑈 𝑚𝑙]⁄ ;;   𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ]; 𝑡[𝑠𝑒𝑐]  
[10] 

6.  

Dependence of monocyte 

adhesion on WSS 

𝑅

𝜌𝑡

= {
1

600
[−0.3295𝑥3 + 1.4𝑥2 − 1.8𝑥 + 0.79]; 0 < 𝑥 < 1.0

0; 𝑥 > 1.0
 

 𝑥:𝑊𝑆𝑆[𝑃𝑎];   𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ]; 𝑡[𝑠𝑒𝑐]  

[89] 

7.  

Dependence of 

lymphocyte adhesion on 

TNF-α 

𝑅

𝜌𝑡
=
1

180
[0.80

− 0.68(1

− 𝑒𝑥𝑝(−0.33(𝑙𝑜𝑔10𝑥)
−0.56))]; x

> 1 

      =  
1

180
[0.0996𝑥]; x ≤ 1 

 𝑥: 𝑇𝑁𝐹𝛼[𝑈 𝑚𝑙];   𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ]; 𝑡[𝑠𝑒𝑐] ⁄  

[9] 

8.  Dependence of 

lymphocyte adhesion on 

IL-1 

𝑅

𝜌𝑡
=
1

900
[0.10 + 0.19(1 − 𝑒𝑥𝑝(−28.29𝑥1.46))] 

 𝑥: 𝐼𝐿1𝛽[𝑈 𝑚𝑙]⁄ ;   𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ]; 𝑡[𝑠𝑒𝑐] 

[87] 

9.  

Dependence of 

lymphocyte adhesion on 

WSS 

𝑅

𝜌𝑡

= {
1

25
[−9.93𝑥3 + 11𝑥2 − 4.1𝑥 + 0.55]; 0.04 < 𝑥 < 0.41

0; 𝑥 > 0.41
 

 𝑥:𝑊𝑆𝑆[𝑃𝑎];  𝑅[# 𝑚𝑚2⁄ ]; 𝜌[# 𝑚𝑚3⁄ ]; 𝑡[𝑠𝑒𝑐]  

[11, 

12] 

10.  
Dependence of monocyte 

TEM on stiffness 

% 𝑇𝐸𝑀 = {
0.78𝑥2 + 4.8𝑥 + 51.06 ; 1 < 𝑥 < 5

95 ; 𝑥 > 5
 

 𝑥: 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠[𝑘𝑃𝑎] 
[16] 
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11.  Dependence of 

lymphocyte TEM on 

stiffness 

% 𝑇𝐸𝑀 = {
0.78𝑥2 + 4.8𝑥 + 51.06 ; 1 < 𝑥 < 5

95 ; 𝑥 > 5
 

 𝑥: 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠[𝑘𝑃𝑎]   
[16] 

12.  
Dependence of neutrophil 

TEM on stiffness 

% 𝑇𝐸𝑀 = {
9.18𝑥 + 46.96 ; 0.42 < 𝑥 < 5

91 ; 𝑥 > 5
 

 𝑥: 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠[𝑘𝑃𝑎]  
[17] 

13.  
TNF-α production 

5x10-6 U/ml/1h/neutrophil;  6.7x10-4 

U/ml/1h/monocyte 
[82] 

14.  
IL-1 production 

5x10-7 U/ml/1h/neutrophil;  5x10-5 

U/ml/1h/monocyte 
[82] 

15.  IL-10 production 3.75x10-5 U/ml/1h/lymphocyte [90] 

16.  Dependence of directional 

plaque growth on plaque 

to lumen area ratio at each 

z-plane  

Plaque area < 40% lumen area = plaque grows 

outward 

Plaque area ≥ 40% lumen area = 65% inward and 

35% outward 

[84] 

17.  

Dependence of wall 

concentration of LDL, Cw, 

on WSS 

𝐶𝑤
𝑡
= 𝐶0(2𝑒

−8𝑥6 − 2𝑒−6𝑥5 + 6𝑒−5𝑥4 − 1.1𝑒−3𝑥3

+ 1.04𝑒−2𝑥3 − 0.05𝑥 + 1.15) 

 𝑥:𝑊𝑆𝑆[𝑃𝑎]; 𝐶0 =
𝐿𝐷𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑙𝑢𝑚𝑒𝑛[𝑛𝑔 µ𝑙⁄ ]; 𝑡 = 1ℎ  

[20] 

18.  LDL infiltration through 

wall 
70% of Cw [20] 

19.  LDL oxidation (OxLDL) 

rate 
1.2 % /1h of total LDL concentration; [74] 

20.  
Macrophage type ratio 

M1(pro-inflammatory): M2(anti-inflammatory) = 

2:1 

[83, 

91-93] 

21.  
Foam cell formation 

If oxLDL > 100 μg/ml, macrophage becomes foam 

cell 
[94] 

22.  
Removal of IL1β by IL-10 

 

𝐼𝐿1𝛽

𝑡
= (−0.0096𝑥 + 1) × 𝐼𝐿1𝛽  

 𝑥: 𝐼𝐿10[𝑈 𝑚𝑙]; 𝑡 = 1ℎ⁄  
 

[4] 

23.  Removal of TNFα by IL-

10 

𝑇𝑁𝐹𝛼

𝑡
= (−0.0095𝑥 + 1) × 𝑇𝑁𝐹𝛼   

 𝑥: 𝐼𝐿10[𝑈 𝑚𝑙]; 𝑡 = 1ℎ⁄  
[5] 

24.  Lifespan of leukocytes in 

wall  

Neutrophils: 3 days, Monocytes: 7 days, 

Lymphocytes: 7 days  
 

# = number of leukocytes 
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Rule confidence 

Since a model is only as good as its rules, and each rule is derived from different sources 

we used a rule scoring metric to gain confidence in each rule, as previously described [37]. 

Briefly, each rule is independently evaluated for 1) universal acceptance by different published 

literature sources, 2) physiological accuracy of the articles methods, 3) similarity of the 

conditions in the article to those being simulated in our ABM, and 4) precision of the data 

measurements. Table 4.3 is an example of rule scoring from three blinded researchers. If the 

average score for a given rule is under 5 it is deemed less reliable. Thus we either rederived the 

rule (e.g., formulating the rule from one of the articles making a contradictory but more prevalent 

claim) or generalized the correlation if limited data exists.  

Table 4.3 An example of rule scoring   

Rule Monocyte adhesion on IL-1β 

article  Bevilacqua et al. 

1. Article agreement (3) 5 5 5 

2. Phsiological methods (in-vitro, sound environment) 4 4 2 

3a. Same species (human)  10 10 10 

3b. Same organ (coronary artery) 5 5 5 

3c. Same cell type (endothelial cell) 10 10 10 

3d. Same in vivo state 0 0 0 

3. Similarity metric total: 6.25 6.25 6.25 

4a. Numerical 10 10 10 
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Computational fluid dynamics (CFD) 

Wall shear stress (WSS) in a coronary artery is known to play a significant role in the 

early atherogenosis. CFD allows for efficient and accurate computations of hemodynamic 

features of both normal and abnormal situations in the cardiovascular system. CFD is different 

from medical imaging visualization. Medical imaging techniques such as coronary angiography 

or computed tomography angiography, only the degree of lumen changes such as stenosis or 

occlusion can be assessed. In contrast, CFD analysis enables us to calculate the hemodynamic 

changes (WSS) in the coronary artery, and based on the values predict where the plaque may 

grow. Specifically, low WSS is an early indicator of plaque growth; thus, to some extent, CFD 

allows early detection of coronary artery disease and helps to understand the progression of 

plaques, which has great impact to clinical treatment.  

As the plaque grows inward (according to Glagov phenomenon) the change in luminal 

geometry alters the blood flow. Therefore, CFD analysis is used to investigate the hemodynamic 

effect of the plaque burden in the left coronary artery. This investigation gives spatiotemporal 

information about WSS, which in turn is used to predict the leukocyte transmigration. A 

commercial CFD package COMSOL (5.2a) is used for the hemodynamic calculations.  

4b. Measured directly 10 10 10 

4c. Many data points (6-10) 4 4 4 

4. Data type total: 8 8 8 

Average confidence 5.8125 5.8125 5.3125 

Compose score by Res. 1 Res. 2 Res. 3 
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Conditions of the CFD model 

 Blood: Density and dynamic viscosity of blood are 1060 kg/m3 and 3.5e-3 Pa-s respectively. 

Blood is considered homogeneous, incompressible and Newtonian. Johnston et al. showed that 

for transient blood flow in arteries the use of Newtonian model is reasonable [95]. Moreover, 

Chaichana et al. conducted a study investigating WSS at stenotic locations using either 

Newtonian or non-Newtonian flow and concluded that the WSS was not significantly different 

[96]. Therefore, although blood behaves more as non-Newtonian, for simplicity and given the 

minimal error introduced we considered blood as non-Newtonian. 

 Flow and boundary conditions: Laminar pulsatile blood flow (Figure 4.8) with a cardiac 

period of 0.8 sec is introduced at inlet [19]. Nosovitsky et al. validated the assumption of 

laminar flow in stenotic arteries is appropriate [97]. They compared laminar flow model and 

turbulence model for two representative stenosis level (25% or 75%) and showed that the 

velocity vector and WSS profile are same for both the models. They concluded that the effect 

Figure 4.8 Coronary blood flow rate profile: Pulsatile flow rate with a period 0.8s is 

used for CFD analysis. The flow rate was taken from [19] 
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of turbulence is very small and can be neglected. The wall is considered rigid and cylindrical. 

Differences of WSS between compliant and rigid wall models depend on several factors (e.g., 

degree of compliance, geometry, curvature, and stenosis severity). Coronary arteries with mild 

stenosis, exhibit a change in diameter < 2% over a cardiac cycle and peak WSS differences 

between compliant and rigid wall models is < 10% [98]. In arteries with severe stenosis the 

difference is around 30-40% [99]. Therefore, a rigid wall assumption was a close 

approximation for the case of early atherosclerosis studied herein. No slip at wall and constant 

pressure at the outlet are used.  

 

Coupled CFD-ABM model 

Leukocyte accumulation and leukocyte derived foam cells form plaque inside the wall. 

Plaque grows over time and eventually blocks the blood flow depending on the severity of 

plaque. Since the hemodynamics change when plaque enters lumen, the rate of leukocyte 

transmigration also changes. Hence a coupling between ABM and CFD is necessary for a self-

consistent leukocyte transmigration model. Figure 4.9 shows the flow chart of the integrated 

model. 
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Transferring geometry from ABM to CFD 

 The luminal surface of the artery, according to ABM, is passed to COMSOL. 

Specifically, a text file containing the position of each EC, at the centroid of cubical patches, is 

first passed to MATLAB (R2016a). A MATLAB routine then reconstructs the inner layer by 

sorting all the x and y points in the azimuthal direction for each z-plane and smooths the shape 

by first taking the average of two consecutive x, y points in the azimuthal direction and then 

applying the built-in smooth function in MATLAB (Figure 4.10), and finally creates a surface 

mesh stereolithographic (STL) file. The STL file is then imported in COMSOL. 

CFD 

ABM 

Figure 4.9 Flow chart of the handshaking between two modeling tools: After setting up the 

artery with a small plaque embedded in the wall and leukocytes in the lumen, leukocytes 

transmigrated according to rules, described before at each tick. The plaque area was then calculated 

for each segment and compared with corresponding lumen area. The artery then remodels 

following Glagov phenomenon. Once the plaque enters lumen, CFD simulation was done and 

updated ABM with new WSS. 
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Transferring WSS from CFD to ABM 

As before, the WSS of the artery also should be formatted to be usable in the AMB 

model. A text file is created containing the WSS distribution throughout the whole inner surface 

points of the artery with appropriate resolution. A matlab function is then used to interpolate the 

WSS at the specific X, Y, and Z centroid patch locations determined previously. This WSS 

information is then imported into the ABM.  

Confidence of the model 

Verifying model stability 

To assess homeostatic stability the ABM was run under normal conditions (healthy blood 

flow with normal WSS i.e. 1.4 Pa and no endothelial activation) for a week. There is not any 

leukocyte adhesion or TEM, as expected (Figure 4.11A). In reality, your blood pressure may 

temporarily fall, for example when sleeping. These temporary spikes should not lead to 

atherosclerosis. To check this, we simulated temporary spikes of low WSS (35% lower than 

normal) at every 10 hour for a week. These spikes did not affect leukocyte TEM or lead to 

plaque development (Figure 4.11 B).  

Figure 4.10 Inner layer data from ABM: Left: Cross section of the lumen. Since agents in 

ABM are at centroid of patches, the inner layer is a saw-toothed line. Middle: Smooth surface 

of the inner layer. Right: STL file generated in MATLAB 

 



 

46 

Verification of spatial WSS distribution and leukocyte TEM are correct 

Leukocyte TEM and WSS are inversely proportional. To confirm we observe what we 

expect/programed, we plotted WSS (from CFD) with the spatial positions of leukocyte TEM at 

the lowest flow rate (33% of cardiac cycle) and the highest flow rate (6% of cardiac cycle). As 

expected, transmigration was highest and distributed over the plaque evenly under low flow 

conditions. Conversely, under higher flow conditions the WSS was high and the level of 

transmigration was low. Figure 4.12 illustrates the WSS distribution over a stenosis with 

overlaid transmigration positions (red dots), as obtained from the ABM. 

Figure 4.11 ABM ensures homeostatic and stability under temporary spikes: (A) the model 

is run with normal WSS (1.4 Pa) and inactivated endothelium. As expected no transmigration 

(left) as well as no plaque growth (right) is overserved. (B) An example result of the model under 

temporary spike of WSS. WSS is lowered to 0.9 Pa (left) periodically at each 10 hour. The artery 

adapts this temporary change of WSS resulting no transmigration (middle) and hence no plaque 

growth (right). 
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Discussion 

In this chapter we presented a coupled ABM-CFD model. ABM considers biological 

events such as diffusion, endothelium activation, cell adhesion, TEM, chemotactic driven 

migration, cell apoptosis, differentiation and foam cell formation. We identified the primary 

factors affecting leukocyte adhesion and plaque progression and defined a set of rules to program 

into ABM. ABM captures compensatory arterial growth and remodeling following Glagov’s 

phenomenon. Once the plaque starts growing into the lumen, the inner geometry at each 

endothelial cell was passed to COMSOL to preform CFD analysis. CFD updates and passes the 

Figure 4.12 Comparing WSS and transmigration position: Contour plots represent overlaid 

WSS (from CFD) and transmigration positions (form ABM). The endothelium is activated only 

adjacent to the plaque. A) At 33% of cardiac cycle the blood flow is very small (Fig. 3.10A) and 

so the WSS is also very small throughout whole artery. Hence leukocyte (generated only near 

plaque) transmigration occurs from almost everywhere (red dots). B) Likewise at 6% of cardiac 

cycle blood flow is very high and so the WSS. Hence few leukocytes transmigrated. Note color 

scale magnitude is different for A) and B). 
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spatial WSS values into the rules of ABM controling leukocyte TEM.We have shown that the 

ABM and CFD are able to successfully handshake information. This integrated model shows 

stability under homeostasis and temporary spike conditions. Verification of the model 

handshaking was completed by observing the positions of leukocyte adhesion positions under 

low and high flow. Indeed the areas of low WSS correlated with leukocyte adhesion. 

Obviously, leukocyte transmigration is dependent on the flow rate of blood (Figure 4.8); 

due to the pulsatility of blood, within one cardiac the likelihood of leukocyte transmigration 

varies. However, updating WSS at each fraction of cardiac cycle requires a lot of handshaking 

between two models and making this option a challenge as it would take years to simulate the 

complete model of atherosclerosis. In the next chapter we will introduce an effective way of 

including the pulsatile nature of blood flow in the model. 
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CHAPTER 5 

EFFECTIVE CONSIDERATION OF PULSITILE HEMODYNAMICS AND 

ATHEROGENESIS MODEL 

 

Overview 

Since blood flow is pulsatile in nature, WSS, the rate of leukocyte adhesion, and trans-

endothelial migration change throughout the cardiac cycle. Using direct numerical simulation 

(DNS) techniques to model pulsatile flow of incompressible and Newtonian blood through an 

artery (performed by Dr. Leonardi’s group), we found that leukocyte adhesion from either mean 

flow or instantaneous flow give significantly different results. On further investigation, we found 

that passing WSS at peak systole results in a representative number of leukocyte TEM compare 

to pulsatile flow whereas using fully developed steady blood flow does not. Moreover, using the 

model, we have found leukocyte TEM increases monotonically with decreases in luminal 

volume. At some plaque shapes the WSS changes rapidly resulting in sudden increases in 

leukocyte TEM. Moreover, the model was able to capture which leukocyte types are 

predominate at different phases of plaque growth; specifically neutrophils are predominate in the 

beginning and when the plaque starts blocking blood flow. Together these results give us insight, 

at a cellular level as to the evolution of atherosclerotic plaque growth.  

Introduction: 

Blood flow through artery is pulsatile in nature and so the WSS. Since leukocyte 

adhesion depends on WSS, the adhesion also changes with time over a cardiac cycle. Therefore, 

one may wonder, how can the pulsatility of the blood flow be captured in the ABM? One way of 

answering this question is to simulate the events exactly the way it is happening, that means 
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updating the WSS at every fraction of cardiac cycle (0.8s) for example 0.01s. However, to 

simulate a very long process like atherogenesis, which occurs over the span of years, in 

increments of 0.01s time steps is not feasible (with our current processor speeds). A compromise 

will be to use a constant WSS corresponding to average flow rate but that would not be 

physiological, as it would not capture low WSS, which is mainly responsible for transmigration.  

To confirm the time-dependent nature pulsatile flow has on leukocyte adhesion, Dr. 

Leonardi’s group implemented a direct numerical simulation (DNS) of pulsatile flow for an 

incompressible, Newtonian blood flow model. WSS computed from the DNS was coupled with a 

leukocyte transmigration model and compared the total value of leukocyte transmigration with 

time-averaged and instantaneous flow. It was found that the leukocyte transmigration from mean 

flow and instantaneous flow are significantly different. Therefore, an appropriate time interval at 

which WSS would be passed from CFD to ABM is needed in order to emulate pulsatile flow. 

Method:  

Comparing effect of average flow rate and instantaneous flow rate on leukocyte transmigration 

(DNS) 

Numerical Method 

DNS is a simulation in CFD in which the Navier-Stokes equations are numerically 

solved. The flow in stenotic coronary artery was investigated using DNS. The in-house DNS 

code was developed by Dr. Leonardi’s group. The Navier-Stokes equations for a Newtonian 

incompressible fluid are assumed as the governing equations. 

∇. 𝑢 = 0      (1) 

𝜕𝑢

𝜕𝑡
+ (𝑢 . ∇)𝑢 = −

1

𝜌
∇𝑝 +  𝜗∇2𝑢        (2) 
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Here, u is the velocity vector, p the pressure, ⍴= 1060 kg/m3, ν = 3.3 x 10-6 m2 /s is the blood 

density and is the blood kinematic viscosity and t is time. The incoming velocity profile is 

assumed to be axisymmetric and parabolic.  

The artery was considered as a rigid circular cylinder of diameter D = 2.9 mm (Figure 5.1). 

Height of the stenosis is h, x is the streamwise distance from minimum lumen area (MLA) and r 

is the radial distance. 

Verification of the in-house code by COMSOL 

Previously, the code was extensively validated in cases of flow over rough surfaces 

(Orlandi et al, 2006; Burattini et al., 2008). Herein, to validate the code further the same 

simulations were performed using a commercial software, COMSOL. Simulations with 

COMSOL are two-dimensional and axisymmetric to save computational time. On the other hand, 

the use of our in-house code runs fasters, and allows us to calculate the WSS and transmigration 

instantaneously. The results from the fully three-dimensional Direct Numerical Simulation 

(DNS), averaged along the azimuthal direction ϑ, are consistent with COMSOL and to reproduce 

A B 

X X 

X 

Figure 5.1 Flow rate and geometry used for DNS: (A) solid line represents the instantaneous 

bulk velocity and dashed line represent mean velocity (umean = 0.384 m/s) (B) Geometry of 

stenosis, used in DNS. ‘X’ are the positions (at MLA, 1.615 mm upstream and 1.615 mm 

downstream from MLA) where the velocities are compared with COMSOL. 
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the overall effect of the stenosis. In fact, because of the regular geometry of the configuration in 

this study, the flow properties are homogeneous in the azimuthal direction. In the following 

sections u = u(x, r, t) indicates such azimuthally-averaged velocity, and is simply referred to as 

the “instantaneous” velocity. The mean velocity is obtained from the time-average of u over the 

cardiac cycle and is denoted as u(x, r). An analogous notation is applied to the other variables.  

Leukocyte adhesion at different instant of cardiac cycle 

Previously, we quantified leukocyte adhesion as a function of WSS (Table 4.2, rule3, 6, 

9). Using the instantaneous WSS, predicted from in-house code, neutrophil adhesion was 

computed at four instants during cardiac cycle. The mean rate of adhesion, using time-averaged 

flow over the complete period of cardiac cycle was also computed and compared with that of 

instantaneous flow. 

Determination of the optimal timescale to pass WSS into the ABM 

To determine the actual leukocyte transmigration over one cardiac cycle, WSS was 

computed using pulsatile flow over two spherical plaques (one of radius 1.0 mm and other 1.5 

mm) and saved at each 0.01 sec interval for each lumen patch location. The average number of 

leukocyte TEM over one full cardiac cycle can then be determined. Then we identified a 

representative time point, within the cardiac cycle, which would give us the same number of 

leukocyte transmigration as if we used instantaneous flow profiles. This value is compared to 

steady flow, and used to determine the appropriate flow rate that will generate approximately the 

same total leukocyte transmigration over a cardiac cycle. Future simulations pass the WSS 

calculated at this time point within the cardiac cycle.  

Determining rate of leukocyte TEM  
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To quickly grow a large plaque in order to determine how many leukocytes enter the 

artery wall as a function of WSS and plaque shape, we have used an accelerated G&R version of 

ABM. This accelerated version of the ABM considers only 4%, instead of 40%, of the patch is 

available for leukocytes. This will accelerate the growth rate because the patches will fill up 

faster requiring the generation of new patches. Now, after a change in internal geometry, i.e. 

change in number of luminal patches, the ABM was paused, CFD is performed with the current 

geometry, and WSS was updated into ABM and ABM restarted. This method was used starting 

with three spherical plaques of different severity, small (0-5% stenosis), medium (5-20% 

stenosis) and big (20-35% stenosis) and the leukocyte transmigration was measured as a function 

of only WSS (i.e. cytokine concentration was held constant at 25 ng/mL of TNFα). 

  

Results 

Results from DNS 

Comsol results are in good agreement with the results from DNS 

Figure 5.2 compares the results of the DNS with velocity profiles obtained using the commercial 

software COMSOL. The profiles were sampled at four equally spaced instants of the cardiac 

cycle 1.615 mm upstream the MLA (Figure 5.2, top), at the MLA (Figure 5.2, middle), and 

1.615 mm downstream the MLA (Figure 5.2, bottom). A quantitative measure of the difference 

between the two CFD solvers is provided in Table 5.1.  

The normalized mean square error (NMSE) is defined as: 

𝑁𝑀𝑆𝐸(𝑥, 𝑡) =  
< (𝑢𝐶𝑂𝑀𝑆𝑂𝐿 − 𝑢𝐷𝑁𝑆)

2 >𝑟
< 𝑢𝐶𝑂𝑀𝑆𝑂𝐿 >𝑟 . < 𝑢𝐷𝑁𝑆 >𝑟

 

Where <.>r indicates an average along the radial direction.  
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Table 5.1 Statistical measured of the difference between COMSOL and the present 

DNS 

X[mm] NMSE[%] Average 

NMSE[%] t/T = 0 t/T = 1/4 t/T = 1/2 t/T = 3/4 

-1.615 0.096 1.522 1.432 0.046 0.663 

0 0.020 1.710 0.918 0.020 0.453 

1.615 0.043 3.344 1.683 0.074 0.851 

 

Overall, the agreement was quite good. The maximum NMSE between the two simulations is 

about 3% downstream the MLA at t = T/4; otherwise the error is lower than 2%. Note that the 

error is relative to the instantaneous mean velocity in the lumen. At t = T/4 the incoming flow 

rate is near the minimum (Figure 5.2) and the instantaneous mean velocity is quite low.  

In absolute terms, the maximum NMSE corresponds to a difference of 0.07 m/s between 

COMSOL and in-house code (Table 5.1). The absolute maximum difference is about 0.2 m/s 

downstream the MLA at t = T/2 (Figure 5.2, bottom, c).  
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Leukocyte adhesion depends on instantaneous flow of cardiac cycle 

 The instantaneous flow over a cardiac cycle has a significant influence on leukocyte 

adhesion. Figure 5.3 shows that the rate of adhesion computed from the mean stress (shown as a 

solid black line) is considerably different from leukocyte adhesion computed from instantaneous 

Figure 5.2 Comparison of velocity profiles, simulated using DNS and COMSOL, at 

different instant of cardiac cycle: From top to bottom: velocity profiles at 1.615 mm upstream 

from MLA, at MLA and 1.615 mm downstream from MLA at different instant during the 

cardiac cycle: ((a) t/T = 0; (b) t/T = 1/4; (c) t/T = 1/2; (d) t/T = 3/4). Line represents the 

COMSOL simulation, and symbols represent in-house code calculations. 
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WSS. Hence, there is a need to find the time interval of cardiac cycle to pass WSS from CFD to 

ABM. 

 

Capturing instantaneous WSS effects in the ABM  

 We observed that over an entire cardiac cycle, the average number of leukocytes 

undergoing TEM per hour was 16 in an artery with a spherical plaque of radius of 1mm or 26 for 

a 1.5mm plaque (Figure 5.4 B, C). These numbers correspond to the flow rate at the peak 

coronary flow during systole, i.e., between the opening and closing of the aortic valve. In 

contrast, with an input of mean steady flow, an average of only 7 leukocytes transmigrated into 

the wall after 1 hour. Thus, a steady flow profile was inadequate in capturing the full effect of 

leukocyte transmigration. However, a judicious choice from the pulsatile flow case can provide a 

computationally tractable alternative. This simplifying assumption for handshaking between the 

Figure 5.3 Comparing rate of neutrophil adhesion with instantaneous WSS and average 

WSS: Line plot represents the rate of neutrophil adhesion with time averaged WSS value and 

symbol represent rate of neutrophil adhesion at different instant of cardiac cycle: at t/T = 0, at 

t/T = ¼, at t/T = ½ and at t/T = ¾ 
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ABM and CFD generated approximately the same total leukocyte transmigration as if we include 

the complete pulsatile flow history.  

Figure 5.4 Representative cardiac cycle to pass spatial WSS profile into ABM: (A) 

Coronary blood flow rate profile used in CFD according to [19]. Number of leukocytes 

undergoing TEM in 1 hour using instantaneous pulsatile flow over a spherical plaque with 

radius (B) 1.0 mm or (C) 1.5 mm. The average number leukocyte TEM per hour, over one 

cardiac cycle, is 16 for (B) and 26 for (C). The WSS profile at peak flow during systole 

corresponds to these average TEM values, as indicated by the dashed line and red ‘x’ marks 
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Rate of leukocyte TEM for accelerated model  

Leukocyte transmigration was found during the G&R process of the accelerated model with 

spherical plaques (see methods). Using these accelerated models, we observed leukocyte TEM 

over a given change in luminal volume. After a change in luminal patches of around 80, 35 and 

10 for small (Figure 5.5 A), medium (Figure 5.5 B) and big plaques (Figure 5.5 C) 

respectively, the number of leukocytes transmigrating changes significantly. Overall, the rate of 

leukocyte transmigration increased with increase in stenotic severity.  

Figure 5.5 Frequency of updating WSS: WSS was updated at each change of geometry (lumen 

patch) and corresponding leukocyte TEM is obtained from ABM. It is found that for small (A), 

medium (B) and big (C) spherical plaques, up to change of lumen patches of 80, 35, 10, 

respectively. TEM is almost constant. Hence, WSS update is necessary after change of 80, 35, 

and 10, respectively. 

 

A 

B 

C 
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Leukocyte TEM increases with the level of stenosis 

To confirm the rate of leukocyte TEM pattern, found using spherical plaques, we updated 

the WSS at each change in luminal patch in a non-accelerated model where TEM is a function of 

WSS as well as endothelial activation. Leukocyte TEM increased monotonically as the plaque 

Figure 5.6 When the degree of stenosis was below 8%, the level of leukocyte TEM was 

constant over an average change in lumen volume of 107±5 patches, followed by a rapid 

increase in TEM over the next 28±17 patches: (A) Scatter plot displaying leukocyte TEM 

and severity of stenosis as a function of luminal volume (patches). (B) Bar plot indicating the 

change in lumen volume after which a significant increase in leukocyte TEM was observed. 

(Mean ± SD, *p < 0.05). (C) Longitudinal cross sections of the ABM at ‘a’, ‘b’, and ‘c’ 

points from 5A, illustrating where the initial inward growth occurred. ACs, ECs, and 

leukocytes in the plaque are indicated in red, green and yellow, respectively. Black 

represents the new ECs added in the lumen. Inlet flow is at the bottom of each subfigure. (D) 

Subplot showing the number of patches (from ABM) with WSS < 1.2 Pa at specific plaque 

shapes (i.e., lumen volumes) corresponding to ‘a’, ‘b’, and ‘c’ points from 5A. Overlaid color 

contour plots of the WSS (from CFD) over the plaque at each point. The number of patches 

of low WSS (blue region) are almost constant (13 and 15 respectively) corresponding to 

nearly constant TEM. Then, the number of patches having low WSS increases (83) as does 

TEM. Inlet flow is at the left of each subfigure in (D).   
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grew into the lumen over time (Figure 5.6 A). Initially, we created spherical plaques, varying in 

severity of stenosis, into an accelerated version of the ABM and monitored leukocyte TEM and 

plaque growth. Interestingly, we observed the rate of leukocyte TEM was not constant as the 

plaque grows, that only a few leukocytes transmigrated followed by a significant increase in 

leukocyte TEM. These increases occurred after luminal changes of 80, 35 and 10 patches (lumen 

volume corresponds to number of patches in the lumen) when the severity of stenosis was 

between 0-5%, 5-20%, and 20-35%, respectively (Figure 5.5). When plaque severity was below 

8%, our non-accelerated ABM predicted significant increases in leukocyte TEM after growing 

by 100 to 115 (average ± standard deviation 107 ± 5, n = 5) patches into the lumen (Figure 5.6, 

p < 0.05). Together, these results corroborated that during initial plaque growth (i.e., level of 

stenosis < 8%) the plaque will grow inside of the lumen by at least 80 patches or 0.08 mm3 

before a significant increase in leukocyte TEM was observed. Figure 5.6 B illustrates between 

two constant zones (few leukocytes performing TEM) there was a “transition zone” of about 28 

patches where the rate of TEM increases significantly. Next we used the ABM to better 

understand what spatiotemporal conditions lead to these transition zones. 

Variations in WSS has a greater influence on leukocyte TEM, as compared to cytokines. 

Figure 5.6 C, D highlight two representative plaques undergoing similar levels of leukocyte 

transmigration (points a and b) and one representative plaque experiencing significantly higher 

rates of leukocyte TEM (point c). At these three time points, the endothelial patches with the 

highest cytokine concentration (1.6 ± 0.06 ng/ml TNF, 0.18 ± 0.01 ng/ml IL-1) were near the 

minimal luminal area (MLA) or maximum stenosis. WSS was also the highest (> 2 Pa) at the 

maximum stenosis and lowest (< 1.2 Pa) in the distal and proximal zones. However, leukocyte 
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adhesion due to low WSS was almost 10 times higher than due to the highest cytokine 

concentration. Hence, most of the leukocyte TEM occurred in the distal zone of the plaque where 

the WSS was favorable for TEM (i.e. < 1.2 Pa, Figure 5.6 D). For example, when the lumen 

volume was 59807, 59753 and 59695 the number of endothelial patches with favorable low WSS 

were 8, 15 and 83 respectively. Hence, leukocyte TEM was nearly constant with a luminal 

geometry of the first two points, after which TEM increased significantly (transition zone) 

(Figure 5.6 D). More leukocytes entering the artery wall caused the plaque to grow or expand 

inwardly. Figure 5C illustrates the locations where the plaque start to protrude into the lumen 

during the constant zone (points a and b) and at the higher TEM zone (point c).  

 

Model of atherogenesis reveals spatiotemporal growth and remodeling 

Figure 5.7 illustrates the ABMs ability to capture growth and remodeling of the LAD 

coronary after an initial insult of 15 leukocytes placed in the middle of the arterial wall (Figure 

5.7 A). Cytokines generated by these leukocytes activated local endothelial cells leading to 

leukocyte adherence and TEM. Once in the wall, the leukocytes migrate, differentiate, undergo 

apoptosis, phagocytosis and synthesize proteins based their behavior rules and environmental 

conditions. The sum of these events resulted in outward arterial remodeling until the plaque area 

was 40% of lumen area (Figure 5.7 B). As expected, acutely neutrophils were the predominate 

leukocyte cell type in the wall (Figure 5.8). After 60 days of growth monocytes and monocyte-

derived cells became the majority. Once the plaque started growing predominately inward, at 

select z-planes (Figure 5.7 B), altered blood flow gave rise to lower WSS in the distal regions as 

compared to the maximal lumen stenosis (Figure 4.12). Interestingly, the ratio of neutrophils 
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within the plaque began to increase again (Figure 5.8). After about a month of inward growth 

the ratio of lymphocytes within the artery increased. Together, once the plaque starts to stenosis 

the lumen volume, the increase in leukocyte adhesion results in accelerated plaque growth 

(Figure 5.7 C).  

  

Figure 5.7 Eccentric plaque growth and remodeling prediction: Longitudinal (left) and 

corresponding transverse (right) views of an evolving artery where ECs, ACs and leukocytes 

are represented by green, red and yellow respectively. A) Initially the artery is impregnated 

with 15 leukocytes. B) At 6 months the plaque area is 40% of the lumen area and will start 

growing inside lumen according to Glagov’s phenomenon. C) At 7 months the plaque has 

grown inward and outward, changing the luminal geometry. 
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Model sensitivity and stochasticity  

Neutrophil adhesion is more dependent on IL-1β than TNF-α. According to Bahra et al. 

[9] and Breviario et al. [87]  when the concentrations of  IL-1β and TNF-α are low (< 1 U/mL), 

neutrophil adhesions is primarily due to IL-1β, whereas if the concentrations of both are high (> 

1 U/mL) the reverse is true (Figure 5.9 B). From the model we found that the highest 

concentration of either IL-1β or TNF-α in an endothelial patch over a 50 day simulation is below 

Figure 5.8 Different types of leukocytes present in the plaque as it evolves: Before the 

plaque reduces the caliber of the lumen, as indicated by the vertical dashed red line, TEM is 

only due to endothelial activation by cytokines. Initially neutrophils constitute the majority of 

the plaque volume, followed by monocytes and monocyte-derived cells and then neutrophils 

again. When the plaque starts growing inside the lumen (vertical dashed line) leukocyte TEM 

is largely influenced by blood flow. With time the severity of stenosis increases and so does 

the region of low WSS. Therefore, the rate of leukocyte TEM is greater for all cells. Among 

these cells, the concentration of neutrophils (62%) in blood is higher than monocytes and 

lymphocytes (5.3% and 30% respectively). Also neutrophils adhere on the EC surface with 

WSS < 1.2 Pa whereas the monocytes and lymphocytes adhere with WSS < 1 Pa and < 0.4 Pa 

respectively. Thus there is a rapid increase of neutrophils immediately after 6 months whereas 

the rate for lymphocyte increases after several days when the plaque is bigger and WSS < 0.4 

Pa. 
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0.04 U/mL (Figure 5.9 A). That is the probability of neutrophil adhesion due to the maximal 

concentration of IL-1β in an endothelial patch is 24.7%, whereas the probability of adhesion due 

to the maximal concentration of TNF-α is only 0.3%. Indeed, even after 7 months the maximum 

value of IL-1β and TNF- α concentration on an endothelial patch are 0.006 U/ml and 0.07 U/ml, 

respectively; this means the probability of adhesion is still influenced more by IL-1β than TNF-α 

(25.3% and 0.8%, respectively). Similarly, the probability of adhesion of monocytes and 

lymphocytes (according to rules 4, 5, 7, 8) is greater for the predicted endothelial concentrations 

of IL-1β than for the predicted endothelial concentrations of TNF- α (data not shown).  

Prior to stenosis, the model exhibits little run-to-run variation. To determine the 

stochasticity of the model, we repeated the simulation three times. Figure 5.10 shows average 

number (from three simulations) of different cell types in the wall and the shaded region shows 

the standard deviations.  

Figure 5.9 ABM-CFD model is more sensitivity to IL-1β than TNF-α:  A) Represents the 

highest concentration of IL-1β or TNF-α in an EC patch over a 50 day ABM-CFD simulation. 

The concentration is < 0.04U/ml during the entire simulation. B) Shows the ABM rules for 

probability of neutrophil adhesion as a function of TNF-α and IL-1β concentration. Therefore, 

over a 50 day simulation, neutrophil adhesion is primarily due to IL-1β. 
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Tissue-level validation of the model with an experimental study 

Predicted plaque area with time was compared to that observed in a pig model of 

atherogenesis. Pigs are good experimental models for atherosclerosis since the coronary 

hemodynamics and atherosclerotic lesion morphology in the pig heart closely resembles those 

seen in the human heart [100-102]. Pelosi et al. [103] studied atherogenesis in the coronary of 

pigs at 0, 2, and 4 months of high cholesterol diet. They measured mean lesion area of 4-5 cross 

sections, each separated by 0.5 mm. The ABM initially mimicked the conditions of the 

experimental pig model in regards to wall composition, blood hematocrit and 30% increase in 

LDL at day 0. The model simulated 4 months, and the mean lesion area was determined using 5 

Figure 5.10 ABM-CFD model exhibits minimal stochasticity in regards to the predicted 

number of cells in the wall with time:  The figure represents the average number of each 

leukocyte in the artery wall over a 130 day simulation. Shaded areas represent the standard 

deviation from three repetitions. The standard deviation is never above 220 in all cases. 

Indicating minimal stochasticity in the model despite having probabilistic functions. 
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cross sections, 0.5 mm apart and centered about the middle of the plaque. The results (Figure 

5.11) were similar to the plaque growth seen in the pigs. Thus, simulated results corroborated the 

experimental porcine model at the tissue-level.  

Discussion 

Herein we present a novel way to predict leukocyte TEM and overall G&R of a LAD 

coronary artery during atherogenesis. We developed an ABM to capture the spatiotemporal 

effects of hemodynamics on leukocyte adhesion, transmigration and plaque formation. 

Previously, a 2D ABM was employed to study vascular remodeling due to a focal stenosis (via 

ligation) in a rabbit vein graft model [104]. In the study, the exerimental model and their 2D 

ABM predicted significant intimal thickening, mostly via smooth muscle cell proliferation and 

extracellular matrix production, in low WSS zones distal to the stenosis. Likewise, our 3D ABM 

predicted increased wall thickening in low WSS zones. Yet the increased thickness was due to an 

increase in extremal mass (i.e. leukocyte infiltration) rather than cell proliferation. Moreover, we 

Figure 5.11 ABM-CFD predictions corroborate an experimental porcine model of 

atherogenesis: ‘x’ represents mean plaque area from individual pigs, fed high cholesterol diet. 

‘.-‘represents predicted plaque area as a result of a 30% increase in LDLs. 
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present an ABM-CFD modeling approach that accounts for instantaneous fluctuations in WSS 

throughout the cardiac cycle, as well as updates the WSS after significant changes in geometry, 

as opposed to updating the WSS at an arbitrary frequency. In the next generation of the presented 

ABM-CFD model we plan to add new rules related to behaviors of residual artery wall cells and 

ECM properties to tease out the influence they have on plaque development. Recently, Olivares 

et al. used ABM to parametrically identify oxLDL, out of other parameters such as cell 

migration, statins and auto-antibodies, as the most influential factor in macrophage to foam cell 

transition during early atherosclerosis [105]. However, being chiefly a parametric study, they did 

not include important interconnected events such as hemodynamic regulation of LDL, leukocyte 

TEM, chemotactic-guided cell migration, cytokine synthesis by the various leukocytes that 

invade the artery wall (i.e., lymphocyte, monocyte, leukocyte, macrophage (M1, M2) and foam 

cell), or cytokine induced endothelial activation. The ABM presented herein introduces an 

original way to capture these complex interconnected events. ABM is a promising tool to 

understand how spatiotemporal changes influence plaque progression and how complex and 

integrated processes give rise to emergent phenomenon.   

Our mechanobiolical ABM builds on, and is in agreement with, previous multi-level 

modeling attempts to capture hemodynamically inspired inflammation and atherogenesis. In 

2007, Bailey et al. used a 2D ABM of mouse to capture WSS- and chemokine/cytokine-induced 

monocyte adhesion to ECs of microvessels [106]. Similar to our results they found monocyte 

adhesion to the endothelium increases under low WSS and decreases once the WSS crosses the 

maximum threshold to withstand leukocyte adhesion. In 2012, Filipovic et al. used finite element 

modeling and a series of reaction-diffusion equations to look at LDL transport into the lumen 
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and growth of an advanced stenosis. Recently in 2016, this group expanded on these studies by 

developing a multi-level numerical model capable of capturing WSS-induced monocyte TEM 

and predicting areas particularly susceptible to plaque growth [107]. Similarly, we also report a 

positive correlation between low WSS regions and LDL accumulation and plaque growth.  The 

model developed herein is unique and novel in comparison to the above mentioned models in 

that it includes multiple types of leukocytes, not just monocytes, it has continuous and/or 

stochastic rules rather than discrete and deterministic rules, cell migration is based on chemotaxis 

rather than convection-diffusion, and it allows the plaque to evolve non-symmetrically while 

observing tissue-level Glagov phenomenon rather than axisymmetric steady state simulations. 

Collectively these added features predict monotonic plaque growth with periodic increases in 

leukocyte TEM. 

 As expected, leukocytes entered the arterial wall and migrated towards the center of the 

plaque according to chemotaxis. When the plaque was > 40% of the lumen area it started 

growing inward (i.e. towards the lumen). Interestingly, new luminal patches were first added 

near the center of the plaque but laterally from the centerline (see Figure 5.6 C, (a)). We used 

the model to determine the mechanisms behind this phenomenon. First, we observed that most of 

the endothelium near plaque constituents is activated; second, and leukocytes entering the wall 

from the edges or “shoulder” regions of the plaque migrate to the center. Third, because the 

plaque has advanced within the artery wall, the first location the leukocytes find with space still 

available and the highest cytokine is just off the centerline. Therefore, these lateral regions 

exceed 40% of the luminal area before the centerline does and are the first to protrude into the 

luminal space. Once several luminal patches have been added as to form a layer over these 
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lateral regions, leukocyte TEM occurs at a more rapid rate (Figure 5.6 C, (c)). At this point of 

time, inward growth starts occurring in the centerline of the artery because of their patches 

having a WSS < 1.2 Pa (blue regions in Figure 5.6 D). As a result, the model predicts a 

“transition zone” where an increase in the rate of leukocyte TEM is observed. After ~28 luminal 

patches are added, the number of leukocytes performing TEM levels; this is because luminal 

patches are mostly added to the lateral regions again. These results corroborate with the general 

idea that the height of the stenosis appreciably influences the low WSS zones [108]. Herein we 

use our ABM to provide insight as to how the integration of hemodynamics, TEM, chemotaxis, 

and remodeling phenomenon influence plaque shapes.  

Clinically, hemodynamics has been used to predict areas of plaque progression [30, 109]. 

Stone et al. used coronary angiography and intravascular ultrasound (IVUS) to reconstruct the 

artery and calculate WSS from 374 CAD patients (2.7 coronary arteries per patient) at baseline 

and 6-10 months later [109]. They found that regions with low WSS (< 1 Pa) distal to the throat 

of the obstruction grew most rapidly (with almost 30% of the patients experiencing a decrease of 

luminal area > 2.4 mm2).  Samady, et al. went one step further and correlated local WSS with 

plaque composition using IVUS-virtual histology (IVUS-VH) in 20 patients with CAD over 6 

months [10]. They also found arterial segments with low WSS (< 1 Pa) developed greater plaque 

progression (0.12 ± 7.8 mm2) and reduction in lumen area (by -0.9 ± 1.5 mm2) as compared to 

higher WSS areas. Moreover low WSS regions experience an increase in fibrofatty area (0.01 ± 

0.09 mm2) compared to the high (> 5 Pa) WSS regions (-0.14 ± 0.44 mm2) which actually 

experience regression of fibrofatty tissue. Smedby performed angiography on 237 patients over a 

span of 3 years to find that plaque growth was more rapid downstream of the stenosis, as 
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compared to upstream [110]. In agreement with these clinical observations, our model also 

shows a positive correlation between low WSS zones (< 1.2 Pa) and plaque progression. We 

observed increase leukocyte TEM in the region of low WSS i.e. in the downstream, or distal, 

shoulder region of the stenosis (Figure 4.12) followed by local plaque growth.   

As a form of gross validation we simulated the same conditions as an experimental porcine 

model of atherogenesis. Our ABM-CFD mean lesion area predictions were similar to those 

quantified in the experimental model (Figure 5.11) at 2 and 4 months. However, at 4 months, the 

lesion area as predicted by the ABM-CFD model was in the lower range. This may be due, in 

part, to the fact that the plaque is comprised exclusively of leukocytes and ECM in the ABM, 

whereas in reality there may be migration and proliferation of smooth muscle cells and 

fibroblasts as well as production of additional ECM all of which could increase the lesion area. 

Yet, the ABM-CFD lesion area predictions highlight the influence of leukocyte accumulation on 

plaque development. 

At the cellular-level, the ABMs spatial and temporal predictions on ratio of cell types 

within the artery wall corroborate with experimental and histological reports. We found the 

relative amount of neutrophils was the highest in the beginning (within ~ 2 months) and then 

again about a month after when the plaque started to grow inside the lumen (Figure 5.8). 

Mechanistically, neutrophil aggregation can be explained by the higher concentration of 

neutrophils in the blood and their increased adhesion rates in the presences of lower cytokine 

concentration and higher WSS conditions (Table 4.2, rules 1-3). A review by Soehnlein 

eloquently highlighted results on neutrophil involvement from animal studies.  They showed 

significant neutrophil involvement during the initial progression of atherosclerosis as well as 
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during endothelial dysfunction as may be the case when the endothelium is disrupted by inward 

plaque growth [111]. Indeed the rapid influx of neutrophils, and then lymphocytes, after inward 

remodeling may explain the occurrence of plaque fissures in minimally stenotic plaques [40].  

Spatially, after 7-months the model predicted neutrophils and monocytes coalesce towards the 

adventitia, cap, and shoulder regions of the plaque (Figure 5.12). Similarly, Rotzius et al. 

showed in mature lesions, neutrophils were abundant in the shoulder region of lesions, especially 

at the sites where the concentration of monocytes were also high. The ABM-CFD model can also 

be used to identify the global affect due to alteration of specific factors. For example, Stoneman 

et al. [112] depleted monocytes in ApoE knockout mice and showed a 50% reduction of plaque 

area after 10 weeks. Removing monocytes from the ABM resulted in around 80% reduction in 

plaque area by 10 weeks (data not shown). As expected, both models showed a reduction in 

plaque growth; the difference in magnitude may be due to genetic effects of the ApoE knockout, 

proliferation of the arterial cells and/or production of ECM.   

Figure 5.12 Spatial distribution of cells in the artery wall: Longitudinal (A) and 

corresponding transverse (B) cross sections in a 7-month simulation of atherosclerosis, where 

endothelial cells, arterial cells, neutrophils and monocytes are represented by green diamonds, 

red circles, blue crosses and black dots, respectively.  All other cells in the wall (lymphocytes, 

M1, M2 and foam cell) are represented in yellow. Neutrophils and monocytes coalesce towards 

the cap, shoulder regions, and adventitia but to a lesser extent at the central region of plaque. 
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Conclusion 

In conclusion, by considering key biological events such as diffusion of cytokines and 

LDL, chemically and hemodynamically-induced leukocyte adhesion, trans-endothelial migration, 

chemotaxis, cell apoptosis, monocyte differentiation, and foam cell formation, our ABM can 

capture and predict leukocyte TEM and thus plaque progression. Moreover coupling this ABM 

to a blood flow model allows for a better understanding of the spatiotemporal hemodynamic 

effects on plaque progression. Experimentally, the dependency of TEM on endothelial activation 

and WSS has been quantified [9-12, 16, 17, 87-89, 113, 114]. Clinically low WSS has been 

linked to areas of plaque growth and luminal constriction [115, 116]. Now, computationally we 

present a robust multiscale model to study the interdependency of leukocyte TEM, plaque 

growth and WSS with time. Together, it provides an accurate approach to predict atherosclerotic 

plaque dynamics and avoids the homogeneous idealizations or isolated correlations of existing 

approaches. Eventually, multi-scale modeling of plaque evolution will be insightful for 

individualized decision making (e.g. to treat or not to treat a lesion) and foundational for design 

changes in interventional approaches (e.g. hypothesizing how an artery will respond to a 

pharmaceutical candidate, stent design or graft). 

 

Assumptions and limitations 

Longitudinal human data during atherogenesis, where the severity of stenosis is < 10%, 

does not exist. We cannot directly compare our growth rate predictions, though the model’s 

growth rate (i.e., going from 0 to 8% stenosis in 6 months) seems accelerated. One reason may 
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be due to fact that the rules on leukocyte adhesion and TEM are based on experiments conducted 

in-vitro. However, we have tried to minimize error within each rule by having them tested for 

robustness by blind researchers. Another reason may be spatial restrictions in the artery wall. As 

the primary focus was on spatiotemporal WSS-induced leukocyte transmigration we have fixed 

the ECM as 60% of each patch in the artery wall. In reality, matrix metalloproteinases, released 

by cells degrade the ECM and thus free up more space and slow the growth rate. Even so, the 

growth rate should not affect the dynamics observed on how plaque stenosis alters the 

hemodynamics and thus leukocyte transmigration. Moreover, comparing the model predictions 

on lesion area were similar to a pig model of atherogenesis.  

As previously mentioned, each patch was a cube of length 100µm. Hence all the 

leukocytes present in same patch at a time experienced the same environment (i.e., cytokine 

concentration and WSS). Obviously smaller patch sizes would increase the resolution, but also 

the computational time. Spatial results confirmed that the cytokine concentration in one patch did 

not change much from the next patch even in the most concentrated zone (Figure 5.13). 

Likewise, Razavi et al. showed the WSS changes by less than 2% within 100 µm, even in the 

case of 60% stenosis [117]. Therefore, for a reasonable computational time, as well as capturing 

the variations of the parameters properly, the patch size was considered as 100µm. 

A rigid wall assumption was imposed. Differences of WSS between compliant and rigid wall 

models depend on several factors (e.g., degree of compliance, geometry, curvature, and stenosis 

severity). Coronary arteries with mild stenosis, exhibit a change in diameter < 2% over a cardiac 

cycle, and peak WSS differences between compliant and rigid wall models is < 10% [98]. In 

arteries with severe stenosis the difference is around 30-40% [99]. Therefore, a rigid wall 
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assumption is a first approximation for the case of early atherosclerosis studied herein, but can be 

expanded upon in the future. 

 

Figure 5.13 100µm patch size is reasonable given the sensitivity in change cytokine 

concentration does not change much:  Schematic presentation of patches and the cytokine 

concentration on the corresponding patches. Obviously, there is not much change in the neighbor 

patches. So considering same cytokine concentration throughout a patch is reasonable. 
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CHAPTER 6 

MECHANISTIC MODEL OF LEUKOCYTE TRANSMIGRATION 

Overview 

In the previously described model (in chapters 4 & 5), we quantified leukocyte adhesion 

as function of cytokine concentration. In reality, cytokines induce selectin and adhesion molecule 

upregulation on endothelial cells. The presences of these proteins increases the probability a 

leukocyte will adhere on the endothelial cell. In this chapter, we expand the ABM to include 

these mechanistic pathways of adhesion and others. Moreover, in the previous model we only 

considered the effect of one lipoprotein, low-density lipoprotein (LDL). In the current model, we 

have included the effects of tri-glyceride rich lipoprotein (TGRL), and high-density lipoprotein 

(HDL). HDL has atheroprotective properties, so by including HDL in the model, we are also 

considering its anti-inflammatory effect. In this chapter, we also take into account removal of 

LDL and ox-LDL, Together HDL and lipoprotein removal reduce the rate of plaque progression. 

By breaking down the cause-and-effect rules into their more mechanistic parts, we can produce a 

more accurate and robust model.  

After performing a parameter sensitivity study, we saw that ICAM-1 and E-Selectin are 

more sensitive to changes in TNF-α compare to that of IL-1 β, whereas VCAM-1 is more 

sensitive to changes in IL-1β. VCAM-1 is also more sensitive changes in HDL compared to how 

ICAM-1 or E-Selectin are regulated by HDL. Overall, these sensitivity studies give insight into 

the role lipoproteins and cytokines play in plaque progression, and also suggest how 

pharmaceuticals that target those proteins my effect plaque growth.  
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Finally, we compared the current mechanistic model to our previous published model 

[86] and as expected the growth rate of plaque was much slower in the current model. 

Events in our mechanistic ABM 

Expression of adhesion molecules (AMs) on EC surface: 

Early state of atherosclerosis involves recruitment of leukocytes to the endothelium and 

their transendothelial migration (TEM). This process is mainly mediated through adhesion 

molecules (AMs) which are expressed on the endothelial cell (EC) surface. Hence increasing 

levels of those molecules leads to increased leukocyte TEM, and thus plaque progression. In 

particular, E-selectin is involved in tethering and rolling of leukocytes on the EC surface, 

whereas Intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM-

1) are involved in firmly adhering the leukocyte onto the endothelium.  

The factors that affect selectin and adhesion molecule (AM) expression are as follows: 

1. Cytokine concentration (TNF-α, IL-1β, IFN-γ) 

2. Tri-glyceride rich lipoprotein (TGRL) 

3. Wall shear stress (WSS)  

4. Oxidized LDL (ox-LDL) 

Cytokine concentration dependence on expression of AMs and selectins 

Research in the last decade has shown that several pro-inflammatory cytokines, including 

TNF-α and IL-1β potently increase the expression of many AMs and thus increase the 

adhesiveness between leukocytes and the endothelium. IFN-γ, on the other hand acts both a pro-

inflammatory and anti-inflammatory cytokine [118, 119]. However, AM expression due to IFN-γ 

very small compare to that of TNF-α and IL-1β [120]. Hence, the influence of IFN-γ is neglected 
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here. It is worthwhile to note, when multiple cytokines are present simultaneously, the resulting 

AM and selectin expressions are different only one cytokine is present and acting on the 

endothelial cell. This synergistic effect of the cytokines will be discussed later. Figure 6.1 shows 

the dose dependence of TNF-α on AMs expression. Data were taken from Ting et al.[1]. 

 

Figure 6.1 AM expression as function of TNF-α: Data (o) are collected from [1]. The best fit 

sigmoidal function is considered as the ABM rule for AM expression as function of TNF-α.  
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TriGlyceride-Rich Lipoprotein (TGRL) dependence 

High levels of TGRLs in blood are a key factor in the development of atherosclerosis, yet 

the exact mechanism is still unclear. TGRL alone does not elicit the expression of AMs. 

However, in the presence of cytokine stimulation TGRL enhances VCAM-1 expression 

significantly [1, 2]. Interestingly, TGRL does not increase the expression of ICAM-1 and E-
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Figure 6.2 AM expression as function of TGRL: Data (o) are collected from previous literature 

[2] for (A) ICAM-1, (B) VCAM-1 and (C) E-Selectin expression as a function of TGRL. The ICAM-

1 and E-Selectin do not change with TGRL whereas VCAM-1 does. The line plot is the best fit 

considered as rule of VCAM-1 expression with TGRL. 

 

A 

C 

B 



 

79 

Selectin over the entire dose range of TNF-α (0.003 – 3 ng/ml). Figure 6.2 shows data derived 

from Wang et al. [2] and the resulting ABM mathematical expressions.  

 

WSS dependence  

It is well known that atherosclerosis develops preferentially at sites of low and oscillatory shear 

stress in arteries. Specifically, ECs sense a gradient of fluid shear stress and transduce signals 

that regulate AMs expression. Figure 6.3 shows experimental relations correlating augmented 

expression of TNFα induced E-selectin, ICAM-1 and VCAM-1 in the presence of WSS [3].  
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Figure 6.3 AM expression, above TNFα induced at static, as function of WSS: Data 

(o) are collected from [3] for (A) E-Selectin, (B) VCAM-1 and (C) ICAM-1 expression 

as function of WSS. The best fit linear function is considered as rule of selectin and AM 

expression with WSS. 
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We have separate functions for AMs and E-Selectin expression based on cytokine, TGRL 

concentration and WSS. Figure 6.4 shows a color plot of AMs and E-Selectin expression in 

presence of TNF-α, TGRL and WSS together. Note that the contribution of ox-LDL and IL-1β 

are not plotted but contribute to AM and selectin expression are included in the ABM. . The 

color bar shows the AMs expression with respect to baseline expression.  

 

 

Figure 6.4 Multivariable dependence of AM expression: Color plot shows the gradual change 

of AM expression with change of TNF-α, TGRL, WSS together. Color bar represents the value of 

E-selectin and AM expression.  
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Ox-LDL dependence 

Ox-LDL contributes to the development of atherosclerosis in several ways, one of which 

is the stimulation of endothelial cells (EC) to express selectins and AMs. We compared (Figure 

6.5 A) dependence of ICAM-1 expression with ox-LDL from different sources [6-8]. Cominacini 
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 Figure 6.5 Dependence of AMs and E-Selectin expression as function of ox-LDL: (A) 

Comparison of ICAM-1 expression from different sources [6-8]. (B) Expression from Cominacini 

et al. (C) Data (o) of ICAM-1 expression from [8]. The line plot (sigmoid fit) is the derived rule. 
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et al. [6] showed that ICAM-1 and VCAM-1 increase significantly with ox-LDL but E-Selectin 

changes only about 7% for a wide range of ox-LDL(50-200 ng/μl) (Figure 6.5, B). On the 

contrary, Takei et al. [8] showed only a small amount of ICAM-1 is expressed in the presence of 

ox-LDL. Khan et al.[121] agreed with Takei et al., and also stated that ox-LDL does not affect 

VCAM-1 or E-Selectin expression. Takei et al. experiments were also more physiolgical. They 

platted the ECs on collagen substrates. In reality collagen is present in the artery wall and 

subendothelial matrix. Therefore, we considered the data from Takei et al. to derive the rule for 

AM and selectin expresion by ECs as a function of ox-LDL, as shown in Figure 6.5, C. 

 

Synergistic effect 

Individually, each pro-inflammatory cytokine, LDL or WSS increases expression of selectins 

and adhesion molecules on endothelial cells. However, in combination the cytokines, LDL and 

WSS can summate to produce an even greater expression of selectins and AMs. Both Dustin et 

al. [122] and Honghui et al.[123] showed that expression of AMs increases in presence of TNF-α 

and IL-1β together than when the EC was stimulated by only one. The combinatorial effect is 

different than simply an additive effect of these two cytokines. There is an increase of 40% and 

35% from maximum in ICAM-1 and VCAM-1 expression respectively in presence of TNF-α and 

IL-1β together. For example, if ICAM-1 expression from some value of TNF-α and IL-1β 

separately are 3 and 4 times of baseline respectively, then when they act together the final value 

of ICAM-1 will be 40% more than maximum ICAM-1 (which was 4 times of baseline) i.e. final 

ICAM-1 will be 5.6 times of baseline. Similarly, Khan et al. showed that Ox-LDL enhances 

VCAM-1 expression induced by TNF-α by 45% in HUVECs [121].  But the AMs/ E-Selectin 
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expression from ox-LDL is so small compare to that of TNF-α  and IL-1β that synergistic effect 

of ox-LDL, TNF-α  and IL-1β is same as that of TNF-α  and IL-1β . Now, ICAM-1 and VCAM-

1 produced as a result of TNF-α alone is more than that of IL-1β alone. So as explained above, 

when both are present together after the synergistic effect thet ICAM-1 and VCAM-1 will be 

40% and 35% more than TNF-α alone respectively. 

 

Dependence of leukocyte adhesion on adhesion molecule and E-Selectin 

Leukocyte adhesion on the EC surface depends on the concentration of selectins and AMs on the 

EC. 

Adhesion of neutrophils 

Several experiments, either non-blocking or blocking particular receptors, were used to 

tease out the contribution each endothelial surface molecule has on neutrophil adhesion. Using 

in-vitro vascular monolayers of HUVECs, Stroka et al. [17] showed that when the endothelium 

was incubated with 25 ng/ml TNF-α for 24 hours and on 3 kPa sub-endothelial stiffness under 

no-flow conditions, 76% of the neutrophils transmigrated through the EC surface. Assuming all 

the cells that adhered ended up transmigrating, the adhesion is also 76%. Stimulation of the EC 

surface with 25 ng/ml TNF-α (for 24 hours), results in expression 7.91, 2.9 and 11 times above 

the baseline (i.e., no stimulation) value of ICAM-1, VCAM-1 and E-Selectin, respectively. Using 

antibodies to block selectins and VCAM-1, Robinson et al. [124] showed that with 20 ng/ml 

TNF-α, which gives nearly same value of AMs expression as with 25 ng/ml, 67% of total 

adhesion is due to ICAM-1. Since the total adhesion is 76%, the adhesion due to 7.91 times of 

baseline value of ICAM-1 is 51% (i.e. 67% of the total 76%). Neutrophil adhesion does not 
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depend on VCAM-1 [125]. Therefore, the rest of adhesion with TNF-α stimulation, i.e., 25%, is 

due to the 11 times baseline value of E-Selectin (Figure 6.6). Neelamegham et al. [126] showed 

with 5ng/ml IL-1β, which gives 2.06, 3.77 and 17.05 times of baseline value of ICAM-1, 

VCAM-1 and E-Selectin respectively, the total adhesion is 44%. Using antibodies to block each 

integrin and/or selectin they found the breakdown of contribution of ICAM, VCAM and ES to 
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Figure 6.6 Neutrophil adhesion as function of AM: Left panel (A, C) shows the neutrophil 

adhesion probability from different sources and the relative contribution of different AMs. For 

example, Neelamegham et al. found 44% adhesion probability when EC expresses 2.06, 3.77 

and 17.05 times of baseline value of ICAM, VCAM and E-Selectin respectively. Adhesion due 

to ICAM-1, VCAM-1 and E-Selectin alone are 24%, 0% and 20% respectively.  Right panel (B, 

D): Rules derived from those sources. ‘o’ represents data and line plot is the fit representing rule 

of neutrophil adhesion as function of AMs. 
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adhesion is 24%, 0 and 20% respectively (Figure 6.6). Bahra et al. [9] showed that even when E-

Selectin is 9 times it’s baseline value the adhesion probability of neutrophils is very small (~8%), 

wheras it increases significantly (25%) when E-Selectin is 11 times it’s baseline value. Based on 

all the findings mentioned above, rules for neutrophil adhesion probability as a function of either 

ICAM-1 or E-Selectin are shown in Figure 6.6 (B, D).  

Adhesion of monocytes 

Unlike neutrophils, monocytes depend on the expression of VCAM-1, in addition to E-

Selectin and ICAM-1. Using in-vitro vascular monolayers of HUVECs, Hayenga et al. showed 

that 44% of the monocytes adhered on the EC surface when the endothelium was preincubated 

with 25 ng/ml of TNF-α for 24 hours and grown into a monolayer on 3 kPa sub-endothelial 

stiffness hydrogels, under no-flow conditions [16]. Stimulating EC surface by the above 

condition gives rise to 7.91, 2.9 and 11 times of baseline value of ICAM-1, VCAM-1 and E-

Selectin respectively. Kevin et al. activated the endothelium with 10 ng/ml TNF-α for 24 hours, 

which resulted same activation as above i.e. 7.8, 2.9 and 11 times of baseline value of ICAM-1, 

VCAM-1 and E-Selectin respectively [127]. Kevin et al. also showed that 14.41% of total 

adhesion is due to ICAM-1 (Figure 6.7, left) [127]. Rafii et al. [128] and Takahashi et al. [129] 

used 10 U/ml and 25 U/ml of IL-1β respectively to stimulate the EC surface; using blocking 

antibodies both groups showed the relative contributions of ICAM-1, VCAM-1 and E-Selectin 
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Figure 6.7 Monocyte adhesion as function of selectins: Left panel (A, C, E) shows the 

monocyte adhesion probability from different sources and the relative contribution of 

different AMs. For example, Takahashi et al. found 39% adhesion probability when EC 

expresses 2.05, 3.6 and 14.9 times of baseline value of ICAM-1, VCAM-1 and E-

Selectin respectively. Adhesion due to ICAM-1, VCAM-1 and E-Selectin alone are 13%, 

7% and 19% respectively. Right panel (B, D, F): Rules derived from those sources. ‘o’ 

represents data and sigmoid functions are fit and represent the rule for monocyte 

adhesion as function of AMs. 
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are13%, 7% and 19% respectively (see Figure 6.7, left). Giuffre et al. [130] used the same 

stimulation as Kevin et al. did and showed 40% of total adhesion is due to VCAM-1. Together, 

A 

B 

Figure 6.8 Leukocyte adhesion probability as function of AMs and E-Selectin: (A) 

Neutrophil adhesion probability (B) Monocyte adhesion probability. Color bar shows the 

magnitude of adhesion probability 
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with all these results we were able to make rules regarding monocyte adhesion as a function of 

integrins and selectins. 

Figure 6.8 shows the leukocyte adhesion probability in presence of all the AMs and E-

selectin.  

Time required for leukocyte capture to TEM 

After a leukocyte is captured to an activated endothelium, it spends some time migrating 

on the endothelium before transmigrating. Then the leukocyte transmigrates through the 

endothelium and the AMs used are recycled and expressed on the surface of the endothelium 

again. Therefore, if another leukocyte adheres at the same location AMs should be available. 

However, the time from capture to TEM is not immediate and depends on the type if leukocyte. 

For example, the average time taken by a neutrophil to transmigrate after capture is around 10 

minutes [17]. Similarly, Hayenga et al. [16] showed that average time spent by each monocyte 

over endothelium after capture was around 15 minutes and average time taken for TEM was 

approximately 3 minutes. Hence, the probability of monocyte adhesion found before is over 18 

minutes. The probability of adhesion per unit time for all cell types are shown in Table 6.1(rule 

numbers 24-29). 

Now, to consider how TEM time effects the number of leukocytes that will adhere there 

can be two scenarios (high cytokine concentration and low cytokine concentration). First, the 

number of leukocytes present within 15 μm layer above the endothelium is much less as 

compared to the concentration of AMs and E-Selectin expression. When the cytokine 

concentration is very high (as is the case when the plaque is big), the AMs/ E-Selectin are highly 
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expressed. In that case, the leukocytes do not have to wait for the recycled AMs and E-Selectin, 

and so the above mention capture to TEM time does not really matter.  

In case of the second scenario, when the cytokine concentration is very small (as in case 

of a fatty streak), the expression of AMs and E-Selectin are limited. Hence, the probability of 

leukocyte adhesion may depend on capture to TEM time, because the few integrins and selectins 

need to be recycled to the EC surface before another leukocyte can bind. In this scenario, the 

probability of leukocyte adhesion as function of concentration of AMs (see quantification above) 

would be executed every 10 or 18 minutes depending on cell type. For example, based on the 

concentration of neutrophils in the blood, let’s say over 60 minutes 100 neutrophils come within 

15 μm of the endothelium and have potential to get captured. Assume that the AMs and E-

Selectin on EC surface are such that 76% of those captured neutrophils should adhere. Now if we 

take into account the time required from neutrophil capture to TEM is 10 minutes, then 

neutrophils can be captured and transmigrate 6 times in 1 hour. Within the 10 minutes of capture 

to TEM the AM and selectins may not be available for the next neutrophil to bind to. Therefore, 

to reduce the probability of neutrophil adhesion, we assume the number of neutrophils that 

would be captured in 1 hour is only 16.6 (i.e., 100 possible /6 ten min stents). Based on the 

adhesion rule, 76% of 16.6 captured neutrophils i.e. 12.6 neutrophils would then adhere on 

surface after 1 hour. For the ABM simulations shown below, we used this scenario. A 

mathematical expression of adhesion probability as function of AMs, E-selectin and time is 

given in 6.1. 

Suppose:  
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N: Total number of leukocytes (neutrophils/ monocytes/lymphocytes) that come within the 15 

μm layer above the endothelium over time interval t 

f(A): Adhesion probability as function of ICAM-1/ VCAM-1 or E-Selectin 

T: Time required for leukocytes to go from capture to TEM (mentioned above) 

N1: Number of leukocytes that get opportunity to get same value of AMs and E-Selectin 

available at same location = (N/ T) 

Na: Number of leukocytes that adhere 

P: Probability of leukocytes adhesion (Total number present / Total number of adhered) 

𝑁𝑎 = 𝑁1𝑓(𝐴) =
𝑁

𝑇
𝑓(𝐴) 

 

𝑃 =
𝑁𝑎

𝑁
=
1

𝑇
𝑓(𝐴)  

 

(6.1) 

NOTE: Although we used this scenario, in reality the concentration of AMs is typically not a rate 

limiting step, therefore in future ABMs (not show in this dissertation) we will not limit adhesion 

based on the time required for TEM.  

Detachment of adhered cells in presence of flow 

After attachment, the leukocytes may get detached from the EC surface if the drag force 

from the blood flow is higher than the adhesive strength between leukocytes and the integrin/ 

selectin. The bond strength between leukocyte receptors and selectin is weaker than the bond 

strength between leukocytes and integrin. Hence, higher WSS is required to break the receptor-

integrin (ICAM-1/VCAM-1) bond and detach the leukocytes from the endothelial surface than 

through selectin bonds.  
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Lawrence et al. showed the detachment of adhered neutrophils from the surface after 

applying a range of WSS onto the surface [18]. They injected neutrophils through a port of the 

flow chamber and allowed them to settle onto artificial surface containing 200 sites / μm2 of 

CD62 (receptor for selectins) or 250 sites / μm2 of ICAM-1. After 6 min of contact, shear stress 

was applied in staggered increments and the final number of neutrophils bound were expressed 

as percentage of neutrophils compared to those adhered initially. They found that more than 90% 

of the neutrophils remain adhered when attached with integrin even with high WSS (2 Pa) 

(Figure 6.9), whereas adhesion significantly reduced with WSS if attached only through 

selectins (Figure 6.9). 

Figure 6.9 Detachment of adhered cells with flow: After initial attachment with selectin/ 

integrin, depending on WSS the leukocytes get detached from surface. As WSS increases, the 

number of leukocytes bound to surface decreases. The bond strength between leukocytes and 

selectin (orange,*) is weaker than that of with integrin (blue,circle). Hence, final adhesion is 

higher for integrin than selectin. Data were taken from [14, 18] 
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Although they used particular concentration of integrins and selectins and only looked at 

neutrophil detachment, we used their data to formulate our detachment rule for all leukocytes 

and ranges of AMs and E-Selectin concentration (see Table 6.1, rules 30-32).  

Leukocyte transendothelial migration (TEM) 

Once the leukocytes adhered to surface, and survived probability of detachment by the 

drag force from the flow, depending on the stiffness of artery wall, they transmigrate through 

wall. The rules for TEM as function of stiffness has been described in chapter 4. Once in the 

wall, leukocyte migration is directed by chemotaxis. A detailed explanation of leukocyte 

movement within the wall has been demonstrated in chapter 4. 

HDL and atherosclerosis 

Levels of HDL is inversely associated with the risk for the development of 

atherosclerosis [131-134]. HDL exhibits multiple physiologic effects that play a role in reducing 

risk for atherosclerosis. It can reduce the cytokine stimulated AMs expression [13, 135] and thus 

leukocyte adhesion in a concentration dependent manner. HDL decreases AMs and E-Selectin 

expression by inhibiting sphingosine-1 phosphate signaling and nuclear factor kappaB (NF-kB) 

[136-138]. Although we are not using the pathways here, it can be replaced eventually upon 

Cytokine(TNFα, IL-1β)

Cholesterol(TGRL)

Blood flow (WSS)

Expression

(VCAM-1, ICAM-1, 
E-Selectin)

HDL 

Inhibition 

Final AMs/ E-Selectin 

= Initial*(1-Inhibition function) 
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finding the quantitative relation for that pathways. Therefore, in our current model the final value 

of AMs and E-Selectin will be as in the flow chart. 

Increased level of oxidized low density lipoprotein (ox-LDL) is a risk factor for 

atherosclerosis. HDL plays an important role in preventing atherosclerosis by inhibiting LDL 

oxidation in the artery wall. Mackness et al. showed in-vitro that inhibition of ox-LDL is 

dependent on HDL concentration and reached a maximum of 90% at 2000 ng/μl [14]. ABM 

rules detailing the effects of HDL are specified in Figure 6.10 
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Figure 6.10 Atheroprotective effect of HDL on selectin and AM expression, and ox-LDL: 
HDL decrease the AM expression and reduce the effect of ox-LDL. As previous, ‘o’ represents 

data [13-15]and line plot represents the fit. These figures show relative decrease of the indicated 

proteins from initial (before applying HDL) 
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Consumption of LDL and ox-LDL by macrophages 

As mentioned before, once LDL enters the artery wall, it gets oxidized forming ox-LDL. 

A monocyte derived macrophage consumes both LDL and ox-LDL and differentiates into a 

foam-cell. Leake et al showed degradation of LDL/ ox-LDL by macrophages [21]. They 

incubated iodine labelled LDL/ ox-LDL at indicated concentration in Figure 6.11 with 

macrophages (106 cells) for 24 hours and then determined the amount of LDL/ox-LDL in the 

media. Subtracting this amount from the initial concentration gives the consumption of LDL/ ox-

LDL by those (106 cells) macrophages. Figure 6.11 shows the consumption rate of LDL and ox-

LDL by macrophages.  

All the rules were patch based i.e. applied in each patch. The rules are listed in table 6.1.  

 

 

Figure 6.11 Consumption of LDL and ox-LDL by macrophages: Macrophage consumption rate 

of ox-LDL and LDL. Data were taken from Leake et al.[21] 
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Table 6.1. Table of all rules in the mechanistic ABM 

No. Behavior ABM Rule Ref

. 

1.  EC expression 

of ICAM-1 

based on TNF-

α (no flow) 

𝐼𝐶𝐴𝑀 = 8.121 − 7.172(1 − exp(−0.135𝑥−0.47)) 
 𝑥: 𝑇𝑁𝐹𝛼[𝑛𝑔 𝑚𝑙]⁄ ; 𝐼𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[1] 

2.  EC expression 

of VCAM-1 

based on TNF-

α (no flow) 

𝑉𝐶𝐴𝑀 = 0.954 + 1.949(1 − 𝑒𝑥𝑝(−1.878 𝑥0.529)) 
 𝑥: 𝑇𝑁𝐹𝛼 [𝑛𝑔 𝑚𝑙]⁄ ; 𝑉𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[1] 

3.  EC expression 

of E-Selectin 

based on TNF-

α (no flow) 

𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛 = 0.796 + 10.21(1 − 𝑒𝑥𝑝(−1.752 𝑥0.593)) 
 𝑥: 𝑇𝑁𝐹𝛼[𝑛𝑔 𝑚𝑙]⁄ ; 𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[1] 

4.  EC expression 

of ICAM-1 

based on 

TGRL in 

presence of 

TNFa (no 

flow) 

𝐼𝐶𝐴𝑀 = 1.1 *  (ICAM expression with TNF-α) 
 𝐼𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒] ; TGRL > 0 

[2] 

5.  EC expression 

of VCAM-1 

based on 

TGRL  in 

presence of 

TNFa (no 

flow) 

𝑉𝐶𝐴𝑀 = (0.0007𝑥 + 0.891) *  (VCAM expression with TNF-α) 
 𝑥: 𝑇𝐺𝑅𝐿[𝑚𝑔 𝑑𝑙⁄ ]; 𝑉𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[2] 

6.  EC expression 

of E-Selectin 

based on 

TGRL  in 

presence of 

TNFa (no 

flow) 

𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛 =1.1 *  (ES expression with TNF-α) 
 𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒];  TGRL > 0 

[2] 

7.  

EC expression 

of ICAM-1 

based on WSS  

𝐼𝐶𝐴𝑀(𝑥) = (1.237𝑥 + 1.027) ∗
(𝐼𝐶𝐴𝑀 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑇𝑁𝐹𝑎 & 𝑊𝑆𝑆 = 0); x < 1.4 
ICAM(x) =(1.237 ∗ 1.4 + 1.027) ∗
(𝐼𝐶𝐴𝑀 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑇𝑁𝐹𝑎 & 𝑊𝑆𝑆 = 0);x ≥ 1.4 
 𝑥:𝑊𝑆𝑆[𝑃𝑎]; 𝐼𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒] 

[3] 
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8.  

EC expression 

of VCAM-1 

based on WSS 

𝑉𝐶𝐴𝑀(𝑥) = (5.5𝑥 + 1) ∗  (𝑉𝐶𝐴𝑀 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑇𝑁𝐹𝑎 𝑓𝑜𝑟 𝑊𝑆𝑆
= 0); 𝑥 ≤ 0.2 

VCAM(x) = (-1.267x+2.311)*  (VCAM expression with TNFa for WSS 
= 0); x>0.2 

 𝑥:𝑊𝑆𝑆[𝑃𝑎]; 𝑉𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[3] 

9.  

EC expression 

of E-Selectin 

based on WSS 

𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛(𝑥) = (1.6𝑥 + 1.093) ∗
 (𝐸𝑆 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑇𝑁𝐹𝑎 𝑓𝑜𝑟 𝑊𝑆𝑆 = 0); 𝑥 < 0.4ESelectin(x) = 
(-1.6703x+2.304)∗  (𝐸𝑆 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑇𝑁𝐹𝑎 𝑓𝑜𝑟 𝑊𝑆𝑆 = 0); 
x≥0.4 

𝑥:𝑊𝑆𝑆[𝑃𝑎];  𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[3] 

10.  EC expression 

of ICAM-1 

based on IL-

1β (no flow) 

𝐼𝐶𝐴𝑀(𝑥) = 1 + 1.056(1 − exp(−11.718𝑥0.790)) 
     
 𝑥: IL1β[𝑛𝑔 𝑚𝑙]⁄ ; 𝐼𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[12

3] 

11.  EC expression 

of VCAM-1 

based on IL-

1β (no flow) 

𝑉𝐶𝐴𝑀(𝑥) = 1 + 2.772(1 − exp(−4.342𝑥0.502) 
 

 𝑥: IL1β[𝑛𝑔 𝑚𝑙]⁄ ; 𝑉𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[12

3] 

12.  EC expression 

of E-Selectin 

based on  IL-

1β (no flow) 

𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛(𝑥) = 1 +  17.078 (1 − 𝑒𝑥𝑝(−1.3619 𝑥0.225)) 
 𝑥: IL1β[𝑛𝑔 𝑚𝑙]⁄ ; 𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[13

9] 

13.  EC expression 

of ICAM-1 

based on ox-

LDL 

 [8] 

14.  EC expression 

of VCAM-1 

based on ox-

LDL   

𝑉𝐶𝐴𝑀 = 1 
 

𝑉𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[8] 

15.  EC expression 

of E-Selectin 

based on ox-

LDL 

  𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛 =1  
 
 𝐸𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑛[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒]  

[8] 

16.  Synergistic 

effect of 

TNFα and IL-

1β 

 

      ICAM= 1.4 times of  ICAM due to TNF-α alone 

  VCAM = 1.35 times of VCAM due to TNF-α alone 

  E-Selectin does not change 

[12

1] 

17.  
Inhibition of 

ICAM-1 by 

HDL 

𝐷𝑒𝑐𝑟𝑒𝑎𝑠𝑒 = −5.0665𝑒 − 19 +  0.6312(1
− exp(−0.0001918𝑥1.4983)) 

𝑥:𝐻𝐷𝐿[𝑛𝑔 𝑢𝑙]; 𝐷𝑒𝑐𝑟𝑒𝑎𝑠𝑒[𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 𝑓𝑟𝑜𝑚 𝑖𝑛𝑖𝑡𝑖𝑎𝑙]⁄  

[13] 

𝐼𝐶𝐴𝑀(𝑥) = 0.998 + 0.396(1 − exp(−0.019𝑥1.071)) 
𝑥: oxLDL[𝑛𝑔/𝑢𝑙]; 𝐼𝐶𝐴𝑀[𝑡𝑖𝑚𝑒𝑠 𝑜𝑓 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒] 
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18.  
Inhibition of 

VCAM-1 by 

HDL 

Decrease 

= −0.00086967 +   3.3756(1 − exp(−0.11958𝑥0.12618)) 
  𝑥:𝐻𝐷𝐿[𝑛𝑔 𝑢𝑙]; 𝐷𝑒𝑐𝑟𝑒𝑎𝑠𝑒[𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 𝑓𝑟𝑜𝑚 𝑖𝑛𝑖𝑡𝑖𝑎𝑙]⁄  

[13] 

19.  Inhibition of 

E-Selectin by 

HDL 

 𝐷𝑒𝑐𝑟𝑒𝑎𝑠𝑒 = 0.0008x + 0.0571; x<1000 ng/ul 
  𝑥:𝐻𝐷𝐿[𝑛𝑔 𝑢𝑙]; 𝐷𝑒𝑐𝑟𝑒𝑎𝑠𝑒[𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 𝑓𝑟𝑜𝑚 𝑖𝑛𝑖𝑡𝑖𝑎𝑙]⁄  

[13] 

20.  

Inhibition of 

ox-LDL by 

HDL 

 
Decrease(%)= 0.57233 +  91.8555(1 − exp(−2.7193𝑒 −
05 𝑥1.5442)) 
 

𝑥:𝐻𝐷𝐿[𝑛𝑔 𝑢𝑙]𝐷𝑒𝑐𝑟𝑒𝑎𝑠𝑒[%𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 𝑓𝑟𝑜𝑚 𝑖𝑛𝑖𝑡𝑖𝑎𝑙]⁄  

 

21.  Downregulatio

n of ICAM 

with time 

% Decrease = 0 

[14

0] 

22.  Downregulatio

n of VCAM 

with time 

Decrease (% of total VCAM-1 per hour) =  -0.0288x2 + 3.6275x - 12.387 

x: time [hour] 

[14

0] 

23.  Downregulatio

n of ES with 

time 

Decrease (% of total VCAM-1 per hour)  =  -0.0288x2 + 3.6275x - 12.387 

x: time [hour] 

[14

0] 

24.  
Neutrophil 

adhesion prob. 

based on 

ICAM-1 

𝑃(𝑥) = {

1

𝑇
[−0.179 +  0.690 (1 − exp(−0.303𝑥1.559))]; 𝑥 < 7

[−0.179 +  0.690 (1 − exp(−0.303𝑥1.559))]; 𝑥 > 7
 

P: probability of adhesion per unit time [fraction/ s];  𝑇: Capture to TEM 

time (600s); x: ICAM [times of baseline] 

[9, 

17, 

124

, 

126

] 

25.  Neutrophil 

adhesion prob. 

based on 

VCAM-1 

𝑃(𝑥) = 0 
P: probability of adhesion per unit time[s]; x: VCAM [times of baseline] 

[12

5] 

26.  

Neutrophil 

adhesion prob. 

based on ES 

𝑃(𝑥) = {

1

𝑇
[0.278𝑒−2  +  0.217(1 − exp(−7.214𝑒−8𝑥7.289))]; 𝑥 < 11

[0.278𝑒−2  +  0.217(1 − exp(−7.214𝑒−8𝑥7.289))]; 𝑥 > 11
 

P: probability of adhesion per unit time[s];  𝑇: Capture to TEM time 

(600s); x: ES [times of baseline] 

[9, 

17, 

124

, 

126

] 

27.  Monocyte/ 

lymphocyte 

adhesion prob. 

based on 

ICAM-1 

𝑃(𝑥) = {

1

𝑇
[−14.58 +  14.72 (1 − exp(−4.675𝑥0.516))]; 𝑥 < 7

[−14.58 +  14.72 (1 − exp(−4.675𝑥0.516))]; 𝑥 > 7
 

P: probability of adhesion per unit time[s];  𝑇: Capture to TEM time 

(1080s); x: ICAM [times of baseline] 

[16, 

127

-

130

] 
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28.  Monocyte/ 

lymphocyte  

adhesion prob. 

based on 

VCAM-1 

𝑃(𝑥) = {

1

𝑇
[−196.3 +  196.5(1 − exp(−6.973𝑥0.122))]; 𝑥 < 2

[−196.3 +  196.5(1 − exp(−6.973𝑥0.122))]; 𝑥 > 2
 

P: probability of adhesion per unit time[s];  𝑇: Capture to TEM time 

(1080s); x: VCAM [times of baseline] 

[16, 

127

-

130

] 

29.  
Monocyte/ 

lymphocyte  

adhesion prob. 

based on ES 

𝑃(𝑥) = {

1

𝑇
 [0.977𝑒−3  +  0.188(1 − exp(−3.675𝑒−7𝑥6.163))]; 𝑥 < 11

[0.977𝑒−3  +  0.188(1 − exp(−3.675𝑒−7𝑥6.163))]; 𝑥 > 11
  

P: probability of adhesion per unit time[s];  𝑇: Capture to TEM time 

(1000s); x: ES [times of baseline] 

[16, 

127

-

130

] 

30.  Detachment of 

leukocytes, 

adhered to 

ESelectin, 

based on WSS 

 [18] 

31.  Detachment of 

leukocytes, 

adhered to 

ICAM-1, 

based on WSS 

 [18] 

32.  
Detachment of 

leukocytes, 

adhered to 

VCAM-1, 

based on WSS 

 

Con

side

red 

sam

e as 

IC

AM 

33.  Dependence 

of monocyte/ 

lymphocyte 

TEM on 

stiffness 

 𝑇𝐸𝑀 = {
0.78𝑥2 + 4.8𝑥 + 51.06 ; 1 < 𝑥 < 5

95 ; 𝑥 > 5
 

 𝑥: 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠[𝑘𝑃𝑎]; 𝑇𝐸𝑀[% 𝑜𝑓 𝑎𝑑ℎ𝑒𝑟𝑒𝑑 𝑐𝑒𝑙𝑙𝑠]  
[16] 

34.  Dependence 

of neutrophil 

TEM on 

stiffness 

 𝑇𝐸𝑀 = {
9.18𝑥 + 46.96 ; 0.42 < 𝑥 < 5

91 ; 𝑥 > 5
 

 𝑥: 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠[𝑘𝑃𝑎]; 𝑇𝐸𝑀[% 𝑜𝑓 𝑎𝑑ℎ𝑒𝑟𝑒𝑑 𝑐𝑒𝑙𝑙𝑠]  
[17] 

35.  Dependence 

of directional 

plaque growth 

on plaque to 

lumen area 

ratio at each z-

plane  

Plaque area < 40% lumen area = plaque grows outward 

Plaque area ≥ 40% lumen area = 65% inward and 35% outward 
[84] 

% 𝑜𝑓 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑛(𝑥)

=  {
82.247𝑥2 − 103.84𝑥 + 38.329; 𝑥 ≤ 0.7

6; 𝑥 > 0.7
 

𝑥:𝑊𝑆𝑆[𝑃𝑎] 

% 𝑜𝑓 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝐼𝐶𝐴𝑀(𝑥)

=  {
1.740𝑥2 − 6.013𝑥 + 95.619; 𝑥 ≤ 2

90; 𝑥 > 2
 

𝑥:𝑊𝑆𝑆[𝑃𝑎] 

% 𝑜𝑓 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑉𝐶𝐴𝑀(𝑥)

=  {
1.740𝑥2 − 6.013𝑥 + 95.619; 𝑥 ≤ 2

90; 𝑥 > 2
 

𝑥:𝑊𝑆𝑆[𝑃𝑎] 
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36.  

Concentration 

of LDL at the 

EC wall based 

on WSS 

𝐶𝑤
𝑡
= 𝐶0(0.0048𝑥

2 − 0.0419𝑥 + 1.1423); x ≤ 5 

       = 𝐶0(1.04); x > 5 

 𝑥:𝑊𝑆𝑆[𝑃𝑎]; 𝐶0: 𝐿𝐷𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑙𝑢𝑚𝑒𝑛[𝑛𝑔 µ𝑙⁄ ]; 𝑡 =
3600𝑠; 𝐶𝑤: 𝐿𝐷𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑤𝑎𝑙𝑙 [𝑛𝑔 µ𝑙⁄ ]   

[20] 

37.  

Concentration 

of TGRL at 

the EC wall 

based on WSS 

𝐶𝑤
𝑡
= 𝐶0(0.0048𝑥

2 − 0.0419𝑥 + 1.1423); x ≤ 5 

= 𝐶0(1.04); x > 5 

 𝑥:𝑊𝑆𝑆[𝑃𝑎]; 𝐶0 = 𝑇𝐺𝑅𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑙𝑢𝑚𝑒𝑛[𝑛𝑔 µ𝑙⁄ ]; 𝑡 = 3600𝑠; 
𝐶𝑤: 𝑇𝐺𝑅𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑤𝑎𝑙𝑙 [𝑛𝑔 µ𝑙⁄ ]    

Consider

ed same 

as LDL 

38.  

Concentration 

of HDL at the 

EC wall based 

on WSS 

𝐶𝑤
𝑡
= 𝐶0(0.1586𝑥

2 − 0.5223𝑥 + 1.4403); x ≤ 2 

= 𝐶0 ; x > 2 

 𝑥:𝑊𝑆𝑆[𝑃𝑎]; 𝐶0 = 𝐻𝐷𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑙𝑢𝑚𝑒𝑛[𝑛𝑔 µ𝑙⁄ ]; 𝑡 = 3600𝑠; 
𝐶𝑤: 𝐻𝐷𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑤𝑎𝑙𝑙 [𝑛𝑔 µ𝑙⁄ ]     

[141] 

39.  
LDL oxidation 

rate 0.75% of LDL / day 
[142] 

40.  

Consumption 

rate of Ox-

LDL by 

Macrophage 

 

[21] 

41.  

Consumption 

rate of LDL 

by 

Macrophage 

 

[21] 

42.  Lifespan of 

leukocytes in 

wall  

Neutrophils: 2 days, Monocytes: 7 days, Lymphocytes: 7 days, 

Macrophages: 100 days 
[143] 

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛= 0.042𝑒−6 (525.8 − 525.8(1 − exp(−5.959𝑥−0.155)) ) 

𝑥: 𝑜𝑥𝐿𝐷𝐿[𝑛𝑔 𝑢𝑙]⁄ ; 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛[𝜇𝑔 𝑐𝑒𝑙𝑙 ℎ𝑜𝑢𝑟]⁄⁄  

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛= 0.042𝑒−6 (−0.004 + 3.961(1 − exp(−0.029𝑥0.999)) ) 

𝑥: 𝐿𝐷𝐿[𝑛𝑔 𝑢𝑙]⁄ ; 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛[𝜇𝑔 𝑐𝑒𝑙𝑙 ℎ𝑜𝑢𝑟]⁄⁄  
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43.  
Monocyte to 

macrophage 

type ratio 

Upon entering the artery wall a monocyte differentiates into macrophage 

accordingly:  M1(pro-inflammatory): M2(anti-inflammatory) = 2:1 

[83, 

91-

93] 

44.  
Foam cell 

formation 

If oxLDL > 260 ng/μl and lifespan of M1 is over 100 days, M1 

becomes foam cell 
[94] 

45.  TNF-α 

production 
2.2x10-2 ng/ml/1h/neutrophil;  3.7 ng/ml/1h/monocyte [82] 

46.  IL-1 

production 
2.2x10-3 ng/ml/1h/neutrophil;  0.3 ng/ml/1h/monocyte [82] 

47.  IL-10 

production 
0.16 ng/ml/1h/lymphocyte [90] 

48.  
Removal of 

IL1β by IL-10 

 

𝐼𝐿1𝛽

𝑡
= {
(−0.0096𝑥 + 1) × 𝐼𝐿1𝛽 ; x < 7
(−0.0096 ∗ 7 + 1) × 𝐼𝐿1𝛽 ; x ≥ 7

 

 𝑥: 𝐼𝐿10[𝑛𝑔 𝑚𝑙]; 𝑡 = 1ℎ⁄  

 

[4] 

49.  
Removal of 

TNFα by IL-

10 

𝑇𝑁𝐹𝛼

𝑡
= {
(−0.0095𝑥 + 1) × 𝑇𝑁𝐹𝛼; 𝑥 < 7
(−0.0095 ∗ 7 + 1) × 𝑇𝑁𝐹𝛼; 𝑥 ≥ 7

   

 
 𝑥: 𝐼𝐿10[𝑛𝑔 𝑚𝑙]; 𝑡 = 1ℎ⁄  

[5] 

50.  Initial patch 

composition 

(excluding 

leukocytes) 

Healthy artery wall patch: SMC: Collagen: Elastin = 0.74: 0.20: 0.05  

Atheroma wall patch: SMC: Collagen: Elastin = 0.32: 0.64:0.05 

[14

4-

146

] 

51.  SMC Content 

(% of wall) 

FT: 22.4%; FF: 16% 

Normal: 44.4% 

NC/ Calcium: 0 

 

52.  Volume of one 

SMC 
500 um3 both for contractile and synthetic SMC 

[14

7] 

53.  
Collagen 

production per 

SMC 

150 ug / contractile SMC/ hour 

310 ug / synthetic SMC/ hour 

[14

8, 

149

] 

54.  
Collagen 

removal 

Total collagen production by n number of plaque patches = total 

collagen removal by all plaque patches, where a patch is considered a 

plaque patch if it has any leukocytes 

** 

The grey part is the rule set, will be used in future (see chapter 7) 

* Content of ECM is considered 70%, 50% and 60% of wall in FT, FF and normal areas respectively. Hence, the SMC 

content on those areas are as given  

** Mass constraint balance (check chapter 7 for detail) 
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Analyzing the rules 

1. Model sensitivity to various factors  

 Leukocyte adhesion, TEM and plaque progression depend on lot of factors. Cytokines 

and other factors enhance expression of selectins and AMs on the endothelial cell surface. Those 

AMs aid in leukocyte adhesion and TEM. Among all the factors, cytokines (TNF-α and IL-1β) 

and WSS are potent factors that increase AMs’ expression and affect plaque progression. HDL, 

on the other hand reduces the AMs expression and thus slower the plaque growth. To quantify 

the relative effect of each factor, we performed a sensitivity study and observe how the model 

reacts with a small change of the factors. 

Sensitivity of AM expression based on cytokine value 

 The ABM was setup such that the cytokine concentrations were either the same for both 

TNF-α and IL-1β or changed by an order of two. The relative change of AM expression was 

measured relative to the AMs expression on that value. Figure 6.12 shows that relative change 

of ICAM-1 and E-Selectin expression as a function of cytokine concentration. ICAM-1 and E-

Selectin are more sensitive to changes in TNF-α compare to that of IL-1 β, whereas VCAM-1 is 

more sensitive to changes in IL-1β.  
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Sensitivity of AM expression based on HDL 

A very small value of HDL reduces VCAM-1 expression whereas to reduce ICAM-1 and 

E-Selectin at least 500 ng/μl HDL is needed (Figure 6.13). 
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Figure 6.12 Sensitivity study of adhesion molecule for different cytokine concentration: 

TNF-α (inclined bar) and IL-1β (straight bar) are changed to 2 times (blue) and (1/2) times 

(orange) of the reference value. ICAM-1 and E-Selectin are sensitive more to change of TNF-

α than to IL-1β whereas VCAM-1 to IL-1β. 



 

104 

 

2. Adhesion Probability with Cytokine Concentration 

Adhesion probability due to IL-1β 

IL-1β increases the AMs and E-Selectin expression which, in turn increases leukocyte adhesion. 

Hence, IL-1β increases the leukocyte adhesion. Figure 6.14 shows the neutrophil and monocyte 

adhesion with change of IL-1β. Although the dependence of adhesion on ICAM-1, VCAM-1 and 

E-Selectin (expressed only due to IL-1β) are different for different cell types, the total adhesion 

for monocyte and neutrophil are same. 

Figure 6.13 Sensitivity study of adhesion molecule expression based on HDL 

concentration: Initially ICAM-1, VCAM-1 and E-Selectin are all the same i.e. 10 

times of baseline. HDL is then applied to the endothelial cells at different 

concentrations. It is obvious that even small amount of HDL, can decrease VCAM 

significantly, whereas ICAM and ES requires a higher concentration of HDL. 
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Adhesion probability due to TNF 

The adhesion probability due to all the AMs and E-Selectin, is higher for neutrophils than for 

monocytes Figure 6.15. 

With IL-1β, the adhesion probability is same for neutrophils and monocytes whereas with TNF-

α, neutrophils adhesion is much higher than that of monocytes. Also the concentration of 

A B 

D C 

Figure 6.14 Adhesion probability as function of IL-1β: Adhesion probability of monocyte 

and neutrophil as function of (A) E-Selectin, (B) ICAM-1 and (C) E-Selectin. The AMs and 

E-Selectin are expressed only due to IL-1β. (D) Total adhesion probability due to all AMs 

and E-Seletin. 
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neutrophils in higher than that of monocytes and they transmigrate from EC surface much faster 

than monocytes. Hence, overall the number of neutrophils that transmigrate over a certain time is 

higher than number of monocytes that transmigrate over that time. 

 

 

 

 

 

B A 

C D 

Figure 6.15 Adhesion probability with TNF-α: Adhesion probability of neutrophils and 

monocytes as function of (A) VCAM-1, (B) E-Selectin and (C) ICAM-1. All the AMs and E-

Selection are expressed only due to TNFα. (D) is the total adhesion probability. 
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Results 

We ran the simulation for 5 months and compared the results with previous (non-mechanistic) 

model. Figure 6.16 shows the number of leukocytes present in the artery wall with time. Figure 
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Figure 6.16 Comparison of leukocytes in wall between current and previous 

model: Number of neutrophils (A), monocytes (B) and lymphocytes (C) in the wall 

were measured with time. Red and blue data represent the previous and current 

model respectively. 
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6.17 shows the spatiotemporal growth of the artery. Both the results were compared to previous 

model. 

 

 

 

A B 

D C 

Figure 6.17 Comparison of 5 months plaque growth between current and previous 

model: Transverse cross section of artery from current (A, B) and previous (C, D) model. 

B, D represent the longitudinal cross sections. 
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Discussion 

In this chapter we present a robust multiscale model. The ABM includes biological 

events, explained in chapter 4, as well as expands on events to include detailed steps. Each rule 

and the literary source used to derive the rule are described. Some rules only had a few data 

points. In this case we scoured the literature for more information to ultimately formulate a rule 

that represented the pathophysiological process (see rule for monocyte/ neutrophil adhesion).  

Several studies ([16, 17]) have shown that when ECs are stimulated with TNF-α or IL-1β, 

leukocytes adhere and then transmigrate within several minutes. This is probably due to the high 

concentration of AMs on EC surface. However, if the EC surface is stimulated with ox-LDL 

only, and thus AMs expression is less, then leukocytes take a longer time (approx. an hour) to 

adhere and transmigrate [150].  

Finally, we compared the model with a previous published model [86]. As mentioned in 

chapter 5, the previous model seems accelerated since it only took 6 months for the lumen 

caliber to start to decrease. The acceleration was because the rules were derived from in-vitro 

experiments done with high concentrations of cytokines (pro-inflammatory), yet we did not 

consider concentration dependent effect is the ABM. Therefore, the leukocyte adhesion and 

TEM were very high from the beginning. However, in the current model we consider 

mechanistic pathways of adhesion, therefore we expect a more accurate and realistic growth rate 

of plaque. Figure 6.17 shows a comparative result of plaque growth from these two models. As 

expected the growth rate was more realistic than previous model. The TEM time, mentioned 

before, significantly reduced the rate of leukocyte TEM in current model and thus plaque growth. 

However, in reality TEM time may not be the rate limiting step. Also in the current model the 
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leukocyte concentration in the lumen was considered homogeneous whereas in reality it is 

velocity dependent and thus spatially changes along the artery.  In future we will have particle 

tracking and so the adhesion will be spatially dependent on cell concentration and AMs at 

particular location.  

Some rules in the current model are still not mechanistic such as macrophage to FC 

formation (rule # 44) and anti-inflammatory effect of HDL (rule# 17-20). In future, we can 

extend our work by adding the pathways of those events. In addition, the current model considers 

uniform leukocyte concentration throughout the artery. In reality, the flow rate changes spatially 

specially for stenosed artery and so does the cell concentration. For example, the cell 

concentration abruptly decreases at the recirculation flow area. Depending on the cell 

concentration and AMs / E-Selectin expression, the adhesion rules change (as mentioned before 

also see rule 24-29). In future, we can use particle-tracing model and find spatial dependence of 

cell concentration.  

Since the model seems to work physiologically, our next steps include incorporating 

patient data (blood profile and anatomy of artery) into the model and observing the plaque 

growth. That model will also include patient-specific compositions of artery wall and their 

contribution in plaque progression. This model will help clinicians in decision making about the 

treatment options to prevent plaque rupture. In chapter 7, we discussed how we are implementing 

patient data into the ABM and how we are considering the activity of a new cell type, smooth 

muscle cells.  
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CHAPTER 7 

FUTURE WORK 

MODEL SETUP WITH PATIENT SPECIFIC DATA 

 

Overview 

The eventual goal of the vascular mechanobiology laboratory is to create a patient-specific 

model capable of predicting disease evolution and suggesting treatment options. The first step 

towards this goal is to create a comprehensive multiscale model of leukocyte extravasation and the 

following growth and remodeling process (as presented in chapters 1 through 6). The next step, 

towards the eventual goal is to pass patient-specific imaging into our ABM. After setting up our 

ABM to mimic the patients’ conditions we can validate out predicted remodeling using 

longitudinal data from patients. In this chapter I present our initial efforts towards this goal.  

Background 

Gray-scale intravascular ultrasound (IVUS) is a catheter based in-vivo imaging modality 

used for quantitative assessment of coronary artery disease. This imaging method helps to evaluate 

the patient’s need to treat their coronary artery disease with either a stent, bypass, vascular graft, 

etc. In the case the patient doesn’t receive treatment, IVUS can be used to track the progression-

regression of the atherosclerotic lesion (typically for clinical trials of a new pharmaceutical 

claiming to reduce atherosclerotic plaques). However, IVUS alone only provides information 

about the inner and outer dimension of the artery. This limitation has been partially overcome by 

Volcano sponsored software that can post-processes the IVUS-based images to estimate the spatial 
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composition of the artery. The processed images are termed virtual histology IVUS (VH-IVUS). 

VH-IVUS specifically provides the geometry of the artery as well as 5 compositions: fibrous 

tissue, fibrofatty, necrotic core, calcified, and healthy (or normal wall). Figure 7.1 illustrate the 

different tissue types in one axial slice of VH-IVUS.    

Wall Compositions:  

• Fibrous tissue (FT) is identified as a dark green group of pixels on the VH IVUS screen. 

This tissue is characterized by bundles of collagen fibers with little or no lipid 

accumulation in the fibrous [151, 152].  

• Fibrofatty (FF) tissue is identified as a light green group of pixels on the VH IVUS 

screen. This tissue is characterized by loosely packed collagen fibers with lipid 

accumulation. There is no necrotic tissue and no or few cholesterol clefts [151, 152].  

• Necrotic core (NC) tissue is identified as a red group of pixels on the VH IVUS screen. 

A high level of lipid with many necrotic cells and remnants of dead lymphocytes and 

foam cells characterize this tissue. There are few or no collagen fibers. The extracellular 

matrix (ECM) is not well organized and has poor mechanical stability [151, 152].  

• Dense calcium is identified as a white pixel group on the VH IVUS screen. This tissue is 

characterized by compact calcium crystals [151, 152].  

• Normal wall is identified as a gray pixel group on the VH IVUS image. It is composed 

of contractile SMC, collagen, elastin. 

Different phenotypes of smooth muscle cells (SMC): 

Previously, our ABM has not included the behavior of normal arterial cells, like smooth 

muscle cells (SMC). SMC are the predominate cell type in the arterial media and give the artery 
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the ability to contract (contractile type) or if needed synthesize proteins (synthetic type). SMC 

phenotypic modulation plays a key role in atherosclerosis by changing their phenotype from 

contractile to synthetic, which are characterized by changes in morphology and migration rates. 

Different mechanical and biological factors affect this conversion. Initially, the artery wall is 

comprised of contractile SMC. Once inflammatory cells transmigrate into the wall they release 

cytokines. Cytokines stimulate SMC growth and proliferation and hence the SMC differentiates 

into a synthetic phenotype [153, 154]. 

Overall, importing the geometry and the compositions of an artery, based on VH-IVUS, 

as well as behavior of SMCs into ABM can allow us to predict plaque progression for patient 

specific cases. 

Methods 

  
VH-IVUS data processing  

A MATLAB code was developed to process the VH-IVUS images into their spatial tissue 

types and then produce the input file of this information for the ABM. In VH-IVUS each dataset 

color represents a different composition of artery. MATLAB recognizes each color and produces 

a corresponding table of positions (x, y and z) of those colors. Figure 7.1 shows an example slice 

of VH-IVUS image and a binary image representing each composition. 

Importing VH-IVUS data into ABM: 

The text files containing the positions of the compositions, mentioned above, are called 

upon by the ABM. The ABM then defines each spatial patch according to the corresponding 

composition. The element size of ABM is chosen to be equal to the pixel size of VH-IVUS. The 

grid size of ABM is 20μm radially and 450μm axially; since each pixel is 20 x 20 μm and each 
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axial slice is 450 μm. All the patches inside the donut (Figure 7.1, A) are considered as luminal 

F

B 

E

C D 

A 

Figure 7.1 VH-IVUS data processing in Matlab:  (A) VH-IVUS image of one axial segment of 

the LAD. It has 5 colors representing 5 different compositions. Binary image were created to isolate 

the (B) red channel which represents the NC, (C) white channel which represents calcium, (D) dark 

green channel which represents FT, (E) light green channel which represents FF, and (F) grey 

channel which represents the normal artery wall. 
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patches. Figure 7.2 shows a slice of ABM where all the compostions were imported from VH-

IVUS. 

Initial setup 

Classification of VH IVUS into cells and matrix  

In the normal artery patches (gray by VH IVUS), the SMCs are contractile while in the 

plaque patches they are synthetic in nature. In the normal artery patches the distribution is as, 

SMC: Collagen: Elastin = 0.74: 0.20: 0.05, whereas for the plaque patches (both FT and FF) the 

distribution is 0.32: 0.64: 0.05 [144]. The calcium and necrotic core patches do not have any 

SMCs or collagen. Table 7.1 shows the initial spatial distribution of SMC, collagen, elastin and 

leukocytes. 

 

 

B A 

Figure 7.2 Set up of ABM with VH-IVUS data: A slice of VH-IVUS image with 

compositions (A), mentioned above, and corresponding cross section of ABM (B) with all 

those compositions. 
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Collagen production and removal: 

Production: 

Collagen is produced both from contractile and synthetic SMCs. The total collagen production at 

one tick is sum of the collagen production from individual SMCs in plaque type patches (i.e., any 

patch with a leukocyte in it).  

So, Mi = Total collagen production from ith patch =∑ 𝑀𝑠 𝑜𝑟 ∑ 𝑀𝑐𝑐𝑠 , where s and c represent 

synthetic and contractile SMCs respectively on that patch. A patch can only have either synthetic 

or contractile SMCs (depending on the presences of leukocytes).  

So if, 

Table 7.1 Initial setup of patient specific IVUS-ABM model and assumptions considered 

FT FF Normal artery NC Calcified Leukocyte 

concentration 

70% normal 

wall and 30% 

leukocytes  

(i.e. 22.4% 

SMC, 44.8% 

Collagen, 3.5% 

Elastin and 30% 

leukocytes) 

50% normal 

wall and 50% 

FCs & 

leukocytes  

(i.e. 16% 

SMC, 32% 

Collagen, 2.5% 

elastin, 35% 

FC and 15% 

leukocytes) 

60% normal 

wall and 40% 

leukocytes [80, 

155, 156]  

(i.e. 44.4% 

SMC, 12% 

collagen, 3% 

elastin and 

40% 

leukocytes)   

100% FCs 

& 

leukocytes 

(i.e., 70% 

FC and 30% 

leukocytes), 

no ECM 

100% 

calcium i.e. 

no ECM or 

no cells 

6x109/L 

Assumptions 1. The volume of contractile SMCs and synthetic SMCs are same 

2. The collagen production per SMC is same for the fibrous tissue (FT) 

and fibrofatty (FF) plaque as they are both synthetic type SMCs 

3. Mass balance constraint: The total collagen production from SMCs in 

the plaque patches is almost same as total collagen removal from all 

those patches. 

4. Collagen in normal artery patches (gray on VH IVUS) the collagen 

production equals collagen removal.  
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M = Total collagen production from all the patches having SMCs and at least 1 leukocyte 

B = Total number of patches having SMCs and at least 1 leukocyte 

Then,  𝑀 = ∑ 𝑀𝑖
𝐵
𝑖=1  

Removal:  

Total collagen production and total collagen removal should be balanced so that there is not a net 

collagen production. Since we are not considering removal of collagen by metalloproteinases 

(MMPs), because production of MMPs depends on arterial stress, for now we are assuming 

Initialization 

𝑀 =  𝑀𝑖

𝐵

𝑖=1

 

N = 0 

A = M - N 

D i = random floating 

number from Mi to A/ B 

 

𝑁 =  𝐷𝑖

𝐵

𝑖=1

 

Check condition:  

N = M?  

Yes 

Done 

No 

Figure 7.3 Flow chart of collagen balance:  The total collagen production in the artery is balanced 

by removal of the collagen. 
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about equal removal of collagen. However, due to the randomness, some patches may have more 

collagen removal than others. This rule will be replaced in the eventual model.  Suppose, 

N = Total collagen removal (see in the flow chart) 

A = M - N 

C = Average collagen removal per plaque = A/B 

Di = random floating number from Mi to C (generated by B plaque patches having collagen) 

Figure 7.3 shows a flow chart of collagen turnover. 

 

Discussion 

Here we reported the initial setup of our ABM using patient specific data. The geometry 

and composition of artery are imported from IVUS-VH data. In future, we will run the model 

and compare the plaque progression with 6 month patient-specific followup data. Specifically, 

we will quantify the plaque area, and the change of area of different compositions.  

 One of the goals of our lab is to develop of a complete model of leukocyte transmigration 

and thus atherosclerosis. Figure 7.4 shows a basic flow diagram and the interaction of the tools 

required to achieve this goal. A model of the artery developed using ABM is the primary driver 

which simulates all the biological events associated with atherogenesis, including leukocyte 

transmigration. It also provides the change in the geometry of artery due to accumulation of an 

atherosclerotic plaque. After determining the geometry of an artery, and its constituents, a finite 

element analysis (FEA) program then calculates the maximum principle stresses throughout the 

arterial wall. The stresses then serve as input into the ABM, which in turn may cause a change in 

the geometry of artery (remodeling) to maintain the homeostasic condition. As mentioned earlier, 
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the remodeled geometry is then used to compute the wall shear stress (CFD) resulting from the 

blood-flow. Like the stress in the wall, the shear stress on the endothelium is then used by the 

atherogenesis model (ABM) to determine leukocyte transmigration, diffusion, and endothelial 

cell behavior. Combining these flexible tools, we will be able to capture the biological 

complexity and mechanical heterogeneity that exists in atherosclerosis. 

  

 

Figure 7.4 Flow chart of complete model of atherogenesis.  To make an integrated model of 

atherogenesis, modeling of biology, hemodynamics and wall mechanics are needed. This figure 

shows the tools for each model and the corresponding input and output 
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Commission (UGC), India, in 2006 

 Ranked 267 out of 4944 (all India, 94.6 percentile) in GATE (Graduate Aptitude Test in 

Engineering), conducted by Indian Institute of Technology (IIT) in 2006 

 

MENTORING STUDENTS AND SERVICES 

 

Mentoring Undergraduate Students 

1. Kevin Gonzalez, B.S. Student in Physics at UT Dallas (Summer 2017 – Present) 

2. Victoria Koshevarova, B.S. Student in Biomedical Engineering (Fall 2016 – Summer 2017) 

3. Caleb Cyrill, B.S. Student in Biomedical Engineering (Summer 2016 – Fall 2016) 

4. Claudia Gabrielle Truong, B.S. Student in Biomedical Engineering (Summer 2016) 
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5. Jayant V Kurvari, B.S. Student in Biomedical Engineering (Summer 2016 – Fall 2016) 

6. Roja Todigala, B.S. Student in Biomedical Engineering (Summer 2016) 

7. Sahiti Yarakala, B.S. Student in Biomedical Engineering (Summer 2016) 

8. Sarah A Shahub, B.S. Student in Biomedical Engineering (Summer 2016) 

9. Andrew Paul Nguyenba, B.S. Student in Biomedical Engineering (Summer 2016) 

 

Judging Undergraduate Research Grant Poster Contest (April 2014) 

UT Dallas Undergraduate research awardee posters  

 

PEER-REVIEWED PUBICATIONS 

 

1. Umberto Ciri, Rita Bhui, Jorge Bailon-Cuba, Heather N. Hayenga, and Stefano Leonardi 

“Direct numerical simulation of a pulsatile flow in a stenotic coronary artery.” Submitted in J. 

Biomechanics 

 

2. “Shear stress at bifurcations and its effect on neutrophil adhesion.” In progress 

 

3. Rita Bhui, Heather N. Hayenga “An agent-based model of leukocyte transendothelial 

migration during atherogenesis.” PLoS Comput Biology 2017 

 

4. Marc A. McWilliams, Rita Bhui, David W. Taylor, and Jason D. Slinker “The Electronic 

Influence of Abasic Sites in DNA.” J. Am. Chem. Soc., 2015 

 

PRESENTATIONS (* indicates presenting author) 

 

1. Bhui R*, Hayenga H. A Multiscale Model of Leukocyte Transendothelial Migration. BMES 

Conference, Phoneix, AZ, October 11-14, 2017. 

 

2. Bhui R*, Meyer C, Leonardi S, Hayenga H. A Multiscale Model of Leukocyte 

Transmigration. BMES Conference, Tampa, FL, October 7-10, 2015. 

 

3. Bhui R*, Hayenga H. A Feasible Multiscale Model to Capture the Main Events during 

Atherogenesis. Sy-Bio Conference, UT Dallas, March 3, 2015. 

 

 

 




