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Abstract— Objective: The aim of this study is to explore major 

mechanisms of atherosclerotic plaque growth, presenting a proof-

of-concept numerical model. Methods: To this aim, a human 

reconstructed right coronary artery is utilized for a multi-level 

modeling approach. More specifically, the first level consists of 

the modeling of blood flow and endothelial shear stress (ESS) 

computation. The second level includes the modeling of low and 

high density lipoprotein (LDL, HDL) and monocytes transport 

through the endothelial membrane to vessel wall. The third level 

comprises of the modeling of LDL oxidation, macrophages 

differentiation and foam cells formation. All modeling levels 

integrate experimental findings to describe the major 

mechanisms that occur in the arterial physiology. In order to 

validate the proposed approach, we utilize a patient specific 

scenario by comparing the baseline computational results with 
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the changes in arterial wall thickness, lumen diameter and 

plaque components using follow-up data. Results: The results of 

this model show that ESS and LDL concentration have a good 

correlation with the changes in plaque area [R2=0.365 (P=0.029, 

adjusted R2=0.307) and R2=0.368 (P=0.015, adjusted R2=0.342), 

respectively] whereas the introduction of the variables of oxidized 

LDL, macrophages and foam cells as independent predictors 

improves the accuracy in predicting regions potential for 

atherosclerotic plaque development [R2=0.847 (P=0.009, adjusted 

R2=0.738)]. Conclusion: Advanced computational models can be 

used to increase the accuracy to predict regions which are prone 

to plaque development. Significance: Atherosclerosis is one of 

leading causes of death worldwide. For this purpose 

computational models have to be implemented to predict disease 

progression.    

 

Index Terms— Atherosclerotic plaque growth, finite elements, 

prediction of plaque growth, proof-of-concept study 

 

I. INTRODUCTION 

N western societies, 30% of deaths is caused by coronary 

artery disease (CAD) [1]. Several systemic factors appear to 

regulate atherosclerotic evolution including hypertension, 

hyperlipidemia, chronic inflammation and diabetes. These 

biochemical factors attract monocytes. Consequently, the 

monocytes are modified to macrophages, which phagocyte the 

molecules of oxidized LDL (LDLox). Inefficient macrophage 

phagocytosis, modified LDL accumulation and cell 

apoptosis/necrosis, drive the formation of the lipid-necrotic 

core of the plaque, which, in combination with smooth muscle 

cell proliferation, characterize the high-risk complicated 

and/or flow obstructing plaques. 

Though atherosclerosis is a systemic disease, its pathologic 

expression and clinical manifestations are site-specific. 

Several local mechanisms may be responsible for this 

artery/site-specificity. In fact, low ESS and LDL accumulation 

and oxidation triggers vascular inflammation and promotes the 

expression of several chemotactic molecules and cytokines. 

Experimental and clinical studies have shown that rheology 

and especially low ESS play a considerable role in plaque 
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growth and development[2]. More specifically, complex 

arterial regions such as the bifurcations or the curved arteries 

presenting low ESS and disturbed flow are more prone to 

plaque growth. It has been shown in dedicated mechanistic 

studies that low ESS affects endothelial membrane by altering 

locally the gene expression [3], as well as its permeability [4, 

5]. 

Computational modeling has provided insights into 

atherosclerotic plaque development. Initial approaches 

focused on the simulation of blood flow in order to clarify the 

effect of ESS on plaque growth. Several studies reported a 

strong correlation between low ESS and plaque development 

[6, 7], while the recently published PREDICTION study 

demonstrated that low ESS is associated not only with an 

increased risk for plaque development but also with future 

cardiovascular events [8]. 

More recently, studies attempted to model complex 

mechanisms of atherosclerosis, such as the macromolecular 

transport. Computational studies on LDL transport attempted 

to simulate the mechanisms of LDL accumulation into the 

arterial wall which can be considered as the initial step, from 

the biological point of view, of plaque formation. Several 

studies have been carried out on LDL transport which can be 

categorized into: (i) studies where the endothelial membrane 

was considered as non-permeable [9, 10], (ii) studies wherein 

the endothelial membrane is semi-permeable and the arterial 

wall is structured as one homogenous cell layer [11-15], and 

(iii) studies which consider the arterial wall as multi-layer [16-

18]. In the majority of these studies the endothelial membrane 

is considered as an active barrier which reacts to ESS [13, 19], 

hypertension [18, 20] or biological conditions, e.g. the nitric 

oxide (NO) concentration [21] or the mitosis of endothelial 

cells [12, 22, 23]. Finally, the most recent studies by Filipovic 

et al. [24, 25] simulated several steps of plaque growth from 

blood flow and LDL transport to macrophages and foam cells 

formation.  

In this work, we present a novel model for plaque growth 

prediction. Our approach is based on a multi-level modeling 

rationale: first images from intravascular ultrasound (IVUS) 

and angiography are utilized to reconstruct the coronary 

artery, ii) blood flow is modeled and the ESS is calculated, iii) 

LDL, HDL and monocytes transport is modeled considering 

the effect of ESS and iv) plaque growth modeling is 

performed. This level consists of the oxidation of LDL under 

the protective effect of HDL, the differentiation of 

macrophages and finally foam cells formation.  

The innovation of the proposed model is that it considers all 

the main biological and biochemical mechanisms of plaque 

growth such as the oxidation of LDL, the recruitment of 

monocytes and the formation of foam cells. In addition, for the 

first time, information about plaque characteristics acquired 

from images at one time point is integrated in the 

mathematical model. More specifically, macrophages 

accumulation is depicted in optical coherence tomography 

(OCT) frames and the findings are integrated as boundary 

condition in the proposed model. Last but not least, we present 

a validation scenario of the model by examining the 

computational results acquired from baseline medical 

examinations with the follow-up virtual histology (VH) 

findings of plaque components as well as with the follow-up 

OCT findings of macrophages. Part of this work was 

previously presented [26], however the abovementioned 

innovations characterize only this work.  

The results of a proof of concept experimental study in the 

hypercholesterolemic swine model of atherogenesis are also 

included as a validation scenario of the association between 

inflammatory and morphological features of coronary lesions 

and ESS values. 

II. MATERIALS AND METHODS 

A. Patient’s data and 3D reconstruction 

A patient was admitted with an acute coronary syndrome, 

had revascularization and was recruited for the IBIS 4 study 

[27]. As part of the study protocol he underwent IVUS-VH 

and OCT imaging in the non-treated vessels at baseline and 

after 13 months follow-up (Table 1).  
TABLE I 

VIRTUAL HISTOLOGY (VH) ANALYSIS OF RECONSTRUCTED ARTERIAL 

SEGMENT. 

Plaque Analysis Baseline Follow-up % Difference 

Fibrous Volume (mm3) 3.26 3.76 15.34 

Fibrous Fatty Volume 

(mm3) 
0.54 0.44 -18.52 

Necrotic Core Volume 

(mm3) 
1.07 1.70 58.89 

Dense Calcium Volume 

(mm3) 
0.25 0.40 60 

Plaque Volume (mm3) 4.13 4.03 -2.42 

Fig. 1 shows the angiographic, IVUS and OCT images for 

baseline and follow-up time points. Written informed consent 

was obtained from the patient for using the data for research 

purposes. 

 
Fig. 1.  (A-D) and (E-H) depict baseline and follow-up imaging, respectively. 
(A, E) Coronary angiography shows an LCX artery with two stenosed regions 

at the follow-up examination. (B, C, F, G) the IVUS examination at the 

bifurcation region and the corresponding virtual histology examination. (D, H) 
The corresponding OCT examination with increased plaque at the follow-up 

examination. 
Coronary artery reconstruction was performed using a 

validated methodology based on the fusion of angiographic 

and IVUS data as previously described [28]. Briefly, the 

catheter path was extracted from Biplane angiographic 

images. Finally, the luminal and media-adventitia borders 

were detected in IVUS and they were placed onto the catheter 

path and their absolute orientation was estimated. The final 
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results represent the lumen and adventitia surfaces (Fig. 2). 

B. Animal studies 

In 12 pigs on high fat high cholesterol diet, an IVUS 

catheter (20 MHz,100, 200 μm axial resolution, 5 mm 

penetration) has been advanced in distal left anterior 

descending artery (LAD), coronary Doppler flow velocity 

measured, and resulting 2D tomographic sections were used to 

obtain 3D reconstruction for ESS estimate. Animal 

instrumentation and experimental protocol were approved by 

the Animal Care Committee of the Italian Ministry of Health 

and were in accordance with the Italian Law (DL-116, Jan. 27, 

1992), which is in compliance with the National Institute of 

Health publication Guide for the Care and Use of Laboratory 

Animals. 

 
Fig. 2.  (A) 3D reconstructed left circumflex artery at the baseline time point 

(red color: lumen; transparent grey color: outer wall). (B) 3D reconstructed 

coronary artery at the follow up time point (red color: lumen; transparent grey 
color: outer wall). 

ESS coronary profiling was obtained before and after 2 and 

4 months hypercholesterolemic diet. The main coronary 

arteries were examined by histology and 

immunohistochemistry (IHC). Blood samples were collected 

at baseline and end diet for measuring lipoprotein 

concentration and inflammatory markers. Quantitative IHC 

was used to assess immune-expression of several relevant 

markers of monocyte activation/migration and of foam cells, 

including macrophage migration inhibitory factor (MIF), 

stromal derived factor 1a (SDF1a) chemokine receptor type 4 

(CXCR4) and calprotectin (MAC387, S100A8/A9), a classic 

macrophage marker [29]. 

C. Modeling blood flow 

We assume that blood flow is laminar and incompressible 

while blood behaves as a Newtonian fluid. Blood flow in the 

arterial lumen was modeled using the Navier-Stokes equations 

and the continuity equation: 

 2 0p
l l l l

      u u u ,  (1) 

0l u ,  (2) 

where l refers to the lumen, ul is the blood velocity, pl is the 

pressure, μ is the dynamic viscosity of blood, and ρ is the 

blood density. 

Plasma filtration in the arterial wall was modeled using 

Darcy’s Law assuming that arterial wall is a homogenous 

porous media: 

0w
w w

p

u p




 
   

 

,  (3) 

where pw is the pressure in the arterial wall and uw is the 

plasma velocity, μp is the plasma viscosity and kw is the 

Darcian permeability.   

D. Modeling plaque growth 

Plaque growth is modeled considering the main 

pathophysiological processes which occur during 

atherosclerotic plaque development: i) LDL, HDL and 

monocytes transport, ii) LDL oxidation, iii) macrophage 

differentiation and iv) foam cell formation. 

We modeled LDL, HDL and monocyte transport in the 

arterial lumen using the convection-diffusion equations: 

 , , , 0l LDL l LDL l l LDLD c c u     ,  (4) 

 , , , 0l HDL l HDL l l HDLD c c u     , (5) 

  0,,,,  monocyteslmonocyteslmonocyteslmonocytesl uccD , (6) 

where l indicates the lumen domain, LDL, HDL and 

monocytes the molecules or cells of LDL, HDL and 

monocytes, respectively. D is the diffusivity of each molecule 

or cell and c is the corresponding concentration. 

Additionally, we model LDL transport in the arterial wall 

using a convection-diffusion-reaction equation: 

 , , , , , ,w LDL w LDL w LDL w LDL w LDL w LDLD c kc u r c     , (7) 

where Dw is the diffusivity in the wall, rw is the consumption 

rate constant and k is the solute lag coefficient. 

LDL oxidation is modeled taking into account the athero-

protective role of HDL. Previous data [30] are used for this 

purpose. Necessary fitting of the experimental data is made in 

order to represent physiological human values. Details about 

the LDL oxidation and the fitting of the experimental data can 

be found elsewhere [31]. The oxidation of LDL was modeled 

using a diffusion-reaction equation: 

 

protectionOxLDL

LDLLDLwOxLDLOxLDL

HDLMck

crcD





1

,0
, (8) 

where cOxLDL is the oxidized LDL concentration, DOxLDL is a 

diffusion coefficient of oxidized LDL, k1 is a constant 

absorption rate of macrophages to oxidized LDL and M is the 

number of macrophages. The equation requires as inlet 

boundary condition the calculated LDL concentration, while 

the reaction term of the equation takes into account the HDL 

concentration. HDLprotection was defined by the experimentally 

observed relation shown in Fig. 3 and gives the oxidation rate 

of LDL molecules by the following equation: 

0056.10005.0

10x3

,

2

,

5



 

HDLl

HDLlprotection

c

cHDL   (9) 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

4 

 
Fig. 3. Relation of LDL oxidation rate with HDL concentration. The fitting 

and the extraction of the relation is described in [16]. 

Finally, macrophage migration and foam cell formation are 

modeled using the following equations: 

  OxLDL

s

s
MM Mck

c

c
cD 1

1
0 


  , (10) 

  MIFcD SS  0 ,  (11) 

OxLDLw Mckv 1 ,  (12) 

where DM and DS are the diffusion coefficients for 

macrophages and cytokines, respectively. cM and cS are the 

macrophages and cytokines concentration, respectively. k1 is 

the growing plaque coefficient. 

E. Assumptions and boundary conditions 

In the proposed model, we assume that Macrophage 

Migration Inhibitory Factor (MIF) expression depends on the 

lesion severity. This assumption is based on the results 

observed from the animal studies. More specifically, Fig. 4B 

depicts the relation of MIF with lesion area which is found and 

characterized by the expert at each histological frame 

Furthermore, lesion area is found to be correlated very well 

with total wall thickness as shown in Fig. 4A. Thus, using 

these relations, we are able to assume the local expression of 

MIF gene measured using polymerase chain reaction (PCR). 

Its concentration is applied as a boundary condition for the 

estimation of the cytokines concentration.  

A novelty of this study is that it introduces for the first time 

the baseline macrophage accumulation, acquired from OCT 

images. After co-registration with IVUS images we integrate 

this information in our model. In order to perform this, we fit a 

function of macrophages accumulation as shown in Fig. 5 to 

receive the macrophage accumulation along the longitudinal 

distance. Then this function is multiplied with the boundary 

condition of the MIF concentration. 

Another assumption of our model is that the oxidized LDL 

is responsible for monocyte differentiation to macrophages. 

This means that oxidized LDL increases vascular 

inflammation. In order to represent mathematically this 

relation of oxidized LDL with macrophages/monocytes we 

incorporate in our model a boundary condition which is 

extracted by the experimental findings of Hayden et al. [32]. 

 
Fig. 4.  Results from animal studies. (A) Relation of lesion area found in each 

histological section with total wall thickness as observed by histology, (B) 

relation of lesion area with measured MIF area. 

 
Fig. 5.  The blue line shows the original macrophages accumulation along the 
longitudinal length of the arterial segment. The red line depicts the fitting 

function. 

Fig. 6 presents this relation as well as the fitting curve. 7-

ketocholesterol (7-KC) is found in relatively large abundance 

in OxLDL and for this reason we assume that OxLDL has a 

similar relation with monocyte differentiation. The diagram of 

Fig 6 shows that increased values of oxidized LDL increase 

the differentiation of monocytes to macrophages. 

 
Fig. 6.  Relation of macrophage adherence with the 7-KC component of 

oxidized LDL. 
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At the inlet boundary of the arterial segment a constant 

blood velocity was applied (u0 = 129 mm/s). The boundary 

conditions applied for mass transport were a constant 

concentration for LDL particles (C0,LDL = 1.696×10-3 mol/m3; 

corresponding to 160 mg/dl LDL-cholesterol in plasma) and 

HDL particles (C0,HDL = 0.636×10-3 mol/m3; corresponding to 

60 mg/dl HDL-cholesterol in plasma) at the inlet and the 

adventitia boundary (0.005C0,LDL), and a convective flow at 

the outlet of the artery. 

Kedem-Katchalsky equations [33] were used to model the 

interaction between the lumen and the arterial wall at the 

endothelial membrane layer for LDL, HDL and monocytes: 

 v p dJ L p      ,  (13) 

 1s f vJ P c J c    ,  (14) 

where Lp is the hydraulic conductivity of the endothelium; Δc 

is the solute concentration difference (specific for any 

component transported in the lumen), Δp is the pressure drop 

and Δπ is the oncotic pressure difference, in the endothelium; 

σd is the osmotic reflection coefficient, σf is the solvent 

reflection coefficient, P is the solute diffusive endothelial 

permeability, and c is the solute concentration. In this study 

the oncotic pressure difference is neglected and thus the fluid 

dynamics are decoupled from solute dynamics. The diffusive 

endothelial permeability is calculated as described in 

Sakellarios et al. [20]. We assume that hydraulic conductivity 

depends on ESS according to the study of Sun et al. [14]. 

Finally, we assume that at the adventitia boundary, 

macrophages and cytokines concentration are zero, while at 

the endothelial boundary the monocytes transmigration is 

given as: 

monocytes = 163.83e-0.133ESS, R² = 0.8351.  (15) 

This relation is extracted from experimental data [34] and 

the fitted curve is shown in Fig. 7. In this study, it was shown 

that ESS affects the rolling, arrest and transmigration of 

monocytes. Moreover, this effect was quantified under several 

ESS conditions, which have been used for our model in order 

to measure the transmigrated monocytes based on the local 

ESS. 

 
Fig. 7.  Relation of shear stress with the number of adhered monocytes. 

III. RESULTS 

Plaque size by standard histomorphometric indexes (i.e. 

intimal thickness (IT), and cross sectional lesion area (LA)), is 

inversely related to the value of baseline ESS at corresponding 

arterial sites both in all group segments and in single case 

individual artery (Fig. 8).  

 

Fig. 8.  Relation between baseline wall shear stress (WSS) and corresponding 

plaque cross sectional area in all segments of 4 months diet treated cases (left) 

and in the LAD artery of a single case (right). 

Plaque size is also directly related with the degree of 

MAC387 positive macrophages and to the level of MIF-

CXCR4 intra-lesion immune-expression, assessed as percent 

positive area of corresponding antibodies by quantitative 

immunohistochemistry (Fig. 9). These findings suggest that 

the involvement of the MIF-CXCR4 axis may contribute to 

the coronary atherosclerosis severity and extent in the 

hypercholesterolemic swine model. 

 
Fig. 9. Relation between plaque size index (mean intimal thickness) and intra-

lesional MIF+ area at corresponding arterial sites in all segments of 2 months 
diet treated cases. 

Simulation of plaque growth is performed at the baseline 

reconstructed arterial segment and the baseline modeling 

results are compared with the change of lumen, plaque burden 

and composition at follow-up. This is performed by 

segmenting the 3D model into segments of 0.5 mm. The mean 

values (areas) of each plaque component observed in each 

frame located in the corresponding segment are calculated.  

An inverse relation between ESS and LDL concentration 

was found as it is shown in Fig. 10(A) and (B). The average 

ESS was 1.35 Pa, while the average normalized LDL 

concentration was 0.1. The average transmigrated monocytes 

where 104 cells per mm2 [Fig. 10(C)]. From the geometry of 

the arterial segment, it is clear that the curvature affects the 

distribution of ESS, with high ESS estimated at the regions of 

small diameter. On the other hand, increased LDL 

accumulation was found at the region of low ESS. In these 

regions we also calculated increased migration of monocytes. 

Oxidized LDL concentration presents a similar distribution 

as the LDL concentration. HDL protects LDL molecules from 

oxidation and thus the oxidation rate of LDL in regions of 

high HDL concentration is reduced. Finally, macrophages and 

foam cells had a different distribution from the other 
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computed variables. This is caused by our assumption that 

macrophage differentiation depends also on the cytokines 

concentration which is increased in regions of increased 

arterial wall thickness and moreover on the baseline 

macrophages intensity found at the OCT images.  

 

 
Fig. 10. (A) Endothelial shear stress (ESS) distribution at the luminal surface, 
(B) normalized subendothelial LDL concentration. (C) Monocytes 

concentration, (D) Oxidized LDL concentration, (E) Macrophages 

concentration, (F) Foam cells concentration. 

Fig. 11 shows the relation of the computed variables with 

the plaque area change. It is clear that all the variables have a 

good correlation and could be used to predict the change in 

plaque thickness. 

As shown in Fig. 11, both ESS and LDL concentration have 

very strong correlation with fibrotic and fibrofatty plaque 

components. More specifically, ESS has a negative correlation 

with change in fibrous and fibrofatty plaque with Pearson 

correlation about -0.76 and -0.88, respectively. However, ESS 

does not correlate with necrotic core. On the other hand, LDL 

concentration has a positive correlation with these variables 

with Pearson about 0.89 and 0.97, respectively. Finally, the 

calculated macrophages concentration correlate very well with 

the follow-up macrophages existence (P=0.038) as well as 

with necrotic core change (P=0.023). Additionally, foam cells 

are also related with the follow-up macrophages and necrotic 

core change (P=0.033 and P=0.02, respectively). 

Linear regression analysis was performed to identify 

possible predictors of plaque change area. First we examine 

ESS as unique predictor, then we add LDL concentration and 

in a stepwise approach, we add all computed variables to 

examine whether the predictive probability is increased. When 

using only ESS as predictor we observe R2=0.365 (P=0.029, 

adjusted R2=0.307). The addition of LDL concentration in the 

model leads to a higher correlation R2=0.368 (P=0.015, 

adjusted R2=0.342). The increase of the adjusted R2 means 

that adding the second predictor to the model increases the 

accuracy of the prediction. Finally, we add in the model 

oxidized LDL, macrophages and foam cells. By theory, we 

expect that adding more predictors in a linear regression 

analysis the R2 will increase. For this reason we use the 

adjusted value to understand whether the addition of 

predictors contributes to increased prediction. The results of 

this model show R2=0.847 (P=0.009, adjusted R2=0.738). 

 

 
Fig. 11. Relation of plaque area change with the computed variables [ESS, 

LDL concentration, oxidized LDL, macrophages and foam cells for (A), (B), 

(C), (D), (E), respectively]. Good correlation is observed for all dependent 
variables. 

IV. DISCUSSION 

In the proposed work, we present a mathematical model for 

multilevel patient specific prediction of plaque growth. More 

specifically, the multi-level model consists of three discrete 

levels of modeling: i) blood flow modeling and ESS 

calculation, ii) LDL and monocytes transport and 

accumulation into the arterial wall, and iii) plaque growth 

modeling considering macrophages transformation and foam 

cells formation. The innovation of this study is: i) the 

integration of the macrophages transport, ii) the use of HDL 

concentration and its athero-protective role to LDL oxidation, 

iii) the use of data observed from animal studies which are 

conducted for this specific purpose, iv) the model of 

macrophage differentiation based on the effect of oxidized 

LDL, and v) the validation of the results using a proof of 

concept human data with follow-up imaging data. 

Several clinical, preclinical and computational studies 

demonstrated that ESS plays a crucial role to plaque 

formation. More specifically, regions of low ESS are more 

prone to exhibit disease progression, where the ESS is low or 

the flow disturbed [7]. In our study, ESS has a relatively good 

inverse relation with the change of the plaque area of the 

arterial segment. Also, regarding the comparison of the ESS in 

the baseline with the VH follow-up findings, it is shown that 

ESS is correlated well with change in fibrous and fibrofatty 

tissue. This finding is in agreement with Goubergrits et al. 

[35], where it was shown that low ESS correlates with regions 

of fibrous plaque. 
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Table II 

COMPARISON BETWEEN THE CHANGE IN GEOMETRY AND PLAQUE COMPONENTS RECOGNIZED IN VH FRAMES WITH CALCULATED VARIABLES. 

Variable  ESS LDL Oxidized LDL Macrophages Foam cells 

% change of plaque 

area 

Pearson 

P value 

-0.693* 

0.026 

0.804** 

0.005 

0.833** 

0.003 

-0.653* 

0.041 

-0.650* 

0.041 

% change of lumen 

area  

Pearson 

P value 

0.753* 

0.012 

-0.806** 

0.005 

-0.783** 

0.007 

0.637* 

0.047 

0.664* 

0.036 

% change of necrotic 

burden 

Pearson 

P value 

-0.459 

0.253 

0.409 

0.314 

0.318 

0.443 

0.622 

0.023 

0.634 

0.02 

% change of calcium 

plaque 

Pearson 

P value 

-0.03 

0.944 

-0.038 

0.928 

-0.182 

0.666 

-0.035 

0.934 

-0.093 

0.827 

% change of fibrous 

plaque 

Pearson 

P value 

-0.759* 

0.029 

0.893** 

0.003 

0.929** 

0.001 

-0.790* 

0.020 

-0.773* 

0.024 

% change of 

fibrofatty plaque 

Pearson 

P value 

-0.876** 

0.004 

0.969** 

0.000 

0.964** 

0.000 

-0.866** 

0.005 

-0.856** 

0.007 

Follow-up 

macrophages 

Pearson 

P value 
N/A N/A N/A 

0.579* 

0.038 

0.0592* 

0.033 

 

Similarly, Chatzizisis et al. [2] showed that fibroatheroma is 

found mainly in low ESS regions in the arterial segment while 

in Samady et al.[7] it was found that high shear stress is 

significantly correlated with the fibrous and fibrofatty area 

regression. It seems that for the specific case report, ESS can 

be used as a predictor for potential regions of plaque 

progression and especially, for prediction of fibroatheroma 

increase. 

Regarding the LDL accumulation in the arterial wall we 

find a similar, but inverse, association with plaque area 

change. This is due to the fact that LDL accumulation is 

related to ESS. The observed co-localization of low ESS with 

high subendothelial LDL accumulation is caused mainly by 

two mechanisms. First, decrease of ESS is caused by slow or 

stagnant blood flow which results in LDL particles stagnation, 

which consequently contributes to the phenomenon called 

concentration polarization, described by the formation of an 

LDL rich luminal layer adjacent to the endothelium [5, 36]. 

This increased luminal LDL concentration may increase the 

diffusion of the molecules and thus the diffusive component of 

the solute flux from Kedem-Katchalsky equations. Second, 

according to the relationship between ESS and hydraulic 

conductivity, we should expect lower transmural velocity and 

solute flux at low ESS regions. Transmural velocity is a 

dominant feature of LDL transport in the arterial wall, and the 

result of reduced transmural velocity is a decrease in the 

convection of LDL (low efflux) from the subendothelial layer 

to the outer layers of the arterial wall leading to the relatively 

augmented subendothelial LDL accumulation. Similar 

findings were reported in previous studies in human arteries 

employing an ESS-dependent hydraulic conductivity [13]. 

Statistical significance is found between LDL concentration 

and plaque area change which means that low ESS and high 

LDL concentration can be used to depict regions prone for 

plaque progression [37-39]. This is in accordance with 

previously presented results where low ESS and high LDL 

concentration are independent predictors of disease 

progression. In the study of Holvoet et al. [40], it was found 

with histological data that lipid concentration is related to 

plaque growth and reduction of lumen area. The relation of 

LDL concentration and ESS is in agreement with the 

experimental study of Meyer et al.[41].  

Monocytes recruitment, adherence and transport through the 

endothelial membrane are processes that are involved in 

atherosclerotic lesion formation. Macrophages are one of the 

major cell types which are involved at the early stages of the 

atherosclerotic process. Arterial wall contains resident 

monocytes; in atherosclerotic lesions the monocytes are 

usually differentiated into inflammatory macrophages[42]. 

Oxidized LDL is found to promote the differentiation of 

monocytes to macrophages and promotes vascular 

inflammation [43]. The proposed model attempts to describe 

the mechanism of macrophage differentiation using the 

oxidized LDL as regulating factor. Oxidized LDL has several 

forms in the arterial wall. However, in this work we assume 

only a major substance of oxidized LDL which includes the 7-

KC molecule. This approach was chosen because 7-KC is 

found in large amounts into the oxidized LDL particles, but 

also there is lack of experimental studies which describe the 

effect of the different forms of oxidized LDL on macrophage 

differentiation. 

The final step of the multilevel modeling approach is the 

estimation of macrophages in the arterial wall and the 

formation of foam cells. Macrophages are responsible for 

oxidized LDL phagocytosis. The increased phagocytosis of 

LDL results in the formation of “foam” cells [44]. In our 

work, we also assume that the differentiation of macrophages 

depends on the cytokines expression and especially on the 

concentration of the MIF molecule which is related to existed 

lesion area as observed in the histological images of our 

animal studies. In this way the macrophages concentration 

depends on three factors acting in parallel: i) on oxidized 

LDL, and ii) on the underlying plaque and iii) on the existence 

of macrophages. Our results regarding the prediction of 

macrophages and necrotic core change are of potential clinical 

value. Both characteristics are considered as markers of plaque 

vulnerability[45-48] and in this way we might assume that our 

model can predict vulnerable plaques. 

In our simulation foam cells are directly generated by the 

absorption of oxidized LDL by macrophages. The approach is 
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simple, but the experimental data of this mechanism are few 

for developing a complex mathematical model. However, our 

results show that the presented computational model might be 

used for prediction of atherosclerotic plaque growth in this 

specific proof of concept case. 

The main limitation of this study is that it has been tested in 

only one human case. This does not allow making strong 

conclusions about the accuracy of the model. Moreover, 

though the current model describes the major mechanisms 

which underlie atherosclerotic process, several other processes 

are neglected, such as the role of calcium or the proliferation 

of the smooth muscle cells. Additionally, another limitation of 

the current model is that does not include the evolution in 

time. It is a steady state model, but we plan to include time in 

our future work. Finally, the presented computational model is 

based on some assumptions. More specifically, the main 

relations which are applied mainly as boundary conditions in 

the proposed mathematical model are based on in vitro 

experimental studies or on animal studies. This means that 

most of them may not represent the human physiology. 

However, we perform appropriate fitting to translate the 

experimental values to human ones in order to overcome this 

limitation. 

 

V. CONCLUSIONS 

In this work, we present a multilevel modeling approach, 

which can be used for prediction of plaque growth. The 

approach is based on modeling of blood flow, LDL transport 

as well as macrophages migration and foam cells formation. 

For the first time, such a computational plaque growth model 

is tested in human serial imaging data (IVUS-VH and OCT). 

Our results indicate that a multilevel model offers more 

capabilities for more accurate prediction of regions potential 

for plaque growth and even plaque rupture, than simple blood 

flow modeling and ESS computation. 
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