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 Abstract— Low density lipoprotein (LDL) has a significant 

role on the atherosclerotic plaque development, while the 

concentration of high density lipoproteins (HDL) is considered 

to play an atheroprotective role according to several 

biochemical mechanisms. In this work, it is the first time that 

both LDL and HDL concentrations are taken into account in 

order to predict the regions prone for plaque development. Our 

modeling approach is based on the use of a realistic three-

dimensional reconstructed pig coronary artery in two time 

points. Biochemical data measured in the pig were also included 

in order to develop a more customized model. We modeled 

coronary blood flow by solving the Navier-Stokes equations in 

the arterial lumen and plasma filtration in the arterial wall 

using Darcy’s Law. HDL transport was modeled only in the 

arterial lumen using the convection-diffusion equation, while 

LDL transport was modeled both in the lumen and the arterial 

wall. An additional novelty of this work is that we model the 

oxidation of LDL taking into account the atheroprotective role 

of HDL. The results of our model were in good agreement with 

histological findings demonstrating that increased oxidized 

LDL is found near regions of advanced plaques, while non-

oxidized LDL is found in regions of early plaque types.  

I. INTRODUCTION 

Coronary artery disease (CAD) is the most common 
cause of death in western societies [1]. Atherosclerosis is 
characterized by the thickening of the arterial wall which 
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may lead to occlusion of the arterial lumen. There are many 
risk factors reponsible for atherosclerotic plaque 
development including hyperlipidemia, hypertension, 
diabetes, smoking, genetic disorders. An increased 
concentration of LDL is found to have an utmost role at the 
initial stages of plaque formation since the augmented 
accumulation of lipids in the arterial wall is related to the 
inflammatory process. LDL particles accumulating in the 
arterial wall are gradually being oxidized (ox-LDL) and 
subsequently, foam cells are formed by the phagocytosis of 
the ox-LDL by macrophages. In contrast, HDL has an 
atheroprotective role since it is considered to protect from 
LDL oxidation [2] and also limits the inflammatory process 
that underlies plaque initiation [3]. The anti-oxidative role of 
HDL is in part due to the paraoxonase enzyme contained in 
the HDL particle [3] and prevents oxidation by hydrolyzing 
cholesterol and lipid peroxides [4]. 

Several modeling approaches have been proposed for 
understanding the mechanisms of plaque initiation. The 
majority of these studies are based on the modeling of LDL 
transport in arterial segments. The main classification of 
these approaches can be made according to the boundary 
conditions that are applied at the lumen-endothelium 
interface. Some studies consider a non-permeable 
endothelium, where LDL is calculated in the luminal area 
only [5]. However, more recent studies treat the endothelium 
as a semi-permeable membrane and several conditions are 
important in order to represent the physiology of the artery. 
The Kedem-Katchalksy equations [6] are widely used to 
describe endothelial permeability [7-9]. In other studies the 
role of mitosis is taken into account and its influence on the 
total accumulated LDL concentration [10, 11]. Finally, in 
latest computational studies [12, 13] the overall process of 
plaque formation is modeled assuming LDL transport, 
monocyte and LDL-oxidation modeling, foam cell formation 
and plaque formation.  

In the present study, we model both LDL and HDL 
transport in a reconstructed arterial segment. We consider 
that the endothelial layer is permeable and we use the 
Kedem-Katchalsky equations to describe the penetration of 
the molecules in the wall. The novelty of this work is two-
fold: 1) we model HDL transport, and 2) we model LDL 
oxidation taking into account the protective role of the 
accumulating HDL in the wall. Moreover, this computational 
study is considered as a proof-of-concept study for  
predicting the localization of lipid-rich regions, which are 
expected to culminate in advanced plaques associated with 
clinical events. For this purpose, we use the three-
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dimensional reconstruction of a pig coronary artery at two 
time points (baseline, follow-up) for our modeling analyses 
and we correlate our results with histolopathologic findings 
at follow-up after sacrifice taking into account biochemical, 
biological and genetic markers. 

II. MATERIAL AND METHODS 

A. Proof-of-Concept Data 

In this study, we use data from a pig that received a high-
lipid diet for 16 weeks; the animal underwent coronary 
angiography, Doppler flow velocimetry, and IVUS 
evaluation at baseline and at the end of the diet period before 
sacrifice (Fig. 1). Ex vivo micro-CT analysis of excised 
coronary left main and left anterior descending arteries was 
performed to accurately assess the severity of lesions (Fig. 
2A), which were also analyzed by histology and 
immunohistochemistry (Fig. 2B). 

 

Figure 1: X-ray coronary angiography images at 0 weeks from two different 

views (A and B), and after 16 weeks of diet (D and E). Intravascular 

ultrasound images (IVUS) of the left anterior descending artery: (C) normal 

vessel, (F) vessel with lesion. Red arrows show the angiographic location of 

a lesion as seen in the IVUS image (F). 

Blood samples were collected at baseline and follow-up 
catheterization. The plasma lipid profile, i.e. total 
cholesterol, HDL-cholesterol (HDL-C) and LDL-cholesterol 
(LDL-C)  was measured. 

Three-dimensional coronary artery reconstruction was 
performed using the IVUS and angiographic data using a 
well validated algorithm [14].  

B. Modeling of Fluid Dynamics 

Blood flow in the arterial lumen was modeled using the 
Navier-Stokes equations and the continuity equation: 
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where l refers to the lumen, 
l

u  is the blood velocity, 
l

p  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:  
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where wp  is the pressure in the arterial wall and wu is the 

plasma velocity and kw is the Darcian permeability.  

 

Figure 2: Imaging processing of micro-CT analysis of the left main 

coronary artery and left anterior descending artery (LAD). All acquired 

frames at 57.4 μm3 voxel resolution (A) were processed by Osirix and MPR 

longitudinal 3D reconstruction. (B-left) Colors represent the lesion type. 

(B-right) A typical histological frame of the LAD.  

An artery-specific flow was applied at the inlet of the 
artery using the Doppler flow velocimetry measurements. At 
the endothelial boundary we applied a transmural velocity 
normal to the boundary layer. All parameters used in the 
study are summarized in Table 1.  

C. Modeling of Mass transport 

We modeled LDL and HDL transport in the arterial 
lumen using the convection-diffusion equations: 
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where l indicates the lumen domain, LDL and HDL the 
molecules which are transported, D is the diffusivity in the 
lumen and c is the molecule concentration.  

In parallel, we modeled LDL transport in the arterial wall 
and also the oxidation of LDL depending on the luminal 
HDL concentration. LDL transport in the wall was modeled 
using the convection-diffusion-reaction equation: 

 , , , , , ,w LD L w LD L w LD L w LD L w LD L w LD LD c kc u r c      , (6) 
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where Dw is the diffusivity in the wall, k is the solute lag 

coefficient and wr  is the consumption rate constant. 

The boundary conditions applied for mass transport were 
a constant concentration for LDL (C0,LDL) and HDL (C0,HDL) 
at the inlet (using the measured serum values) and the 
adventitia boundary (0.005C0), a convective flow at the 
outlet of the artery, and a coupling system of equations at 
both sides of the endothelial boundary. The coupling system, 
which defines the interaction between the lumen and the 
arterial wall was described by the Kedem-Katchalsky 
equations: 

 
 v p dJ L p      ,  (7) 

 
 1s f vJ P c J c    ,  (8) 

where pL  is the hydraulic conductivity of the endothelium; 

c  is the solute concentration difference, p  is the pressure 

drop and   is the oncotic pressure difference, in the 

endothelium; d  is the osmotic reflection coefficient, f is 

the solvent reflection coefficient, P is the solute endothelial 
permeability, and c  is the mean endothelial concentration. 

The oncotic pressure difference   was neglected in our 

simulations because of the decoupling of the fluid dynamics 
from the solute dynamics. We assumed that hydraulic 
conductivity was dependent on wall shear stress (WSS) in 
accordance with the studies presented by Sun et al. [7, 9].  

D. Modeling of LDL oxidation 

LDL oxidation was modeled taking into account the 
atheroprotective role of HDL which necessitates the 
quantification of the HDL protective role. Data presented in 
[15] were used for this purpose. Thus, the data presented in 
the previous in vitro experimental study were fitted to an 
HDL-C concentration of 40 mg/dl, which represents in vivo 
conditions in humans. Furthermore, in order to translate the 
LDL-C and HDL-C concentrations into LDL and HDL 
particle concentrations which are the ones considered 
actually for mass transport, we used the following 
conversions based on human data: (a) 100 mg/dl LDL-C 
equals to approximately 1060 nmol/lt of LDL particles [16], 
and (b) 60 mg/dl HDL-C equals to approximately 36 μmol/lt 
[17]. Due to the lack of experimental data, in this 
preliminary study, we assumed that the transport properties 
of HDL are similar to those of LDL.  

The oxidation of LDL was modeled using a diffusion-
reaction equation: 
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where O is the oxidized LDL, d is the diffusion coefficient 
and M is the number of white blood cells. 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. 

 

Figure 3: Relation of LDL oxidation with HDL-cholesterol concentration. 

Data initially presented in [15] are fitted to represent realistic values. 

III. RESULTS - DISCUSSION  

According to the analysis of histological images and 
micro-CT data, it was found that the average lesion area was 
1.93 mm

2
 with a max lesion area of 6.56 mm

2
. At the region 

of max lesion area (Fig. 4, red arrow), the max intima 
thickness (2700 μm) was found and there was a large 
fibrolipid core (45% of total wall area). However, the 
maximum proportion of lipid accumulation was found in a 
more distal region (22% of total wall area) (Fig. 4, blue 
arrow).  

 

Figure 4: Micro-CT assisted histomorphometric profiling of the left anterior 

descending coronary artery. The red arrow depicts the region of max lesion 

area and the blue arrow shows the region of max lipid accumulation.  

The results of the computational study showed an 
average WSS value of 1.5 Pa and average normalized wall 
LDL concentration of 0.11. The distribution of the values is 
shown in Fig. 5. It is clear that LDL accumulation depends 
on the local distribution of WSS. This is caused by the 
concentration polarization from the luminal side of the 
endothelium.  

 

Figure 5: (A) WSS distribution. (B) Normalized LDL concentration. LDL 
accumulation is increased at the region of low WSS. 
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Table I. PARAMETER VALUES USED IN THE SIMULATION. 

Parameter Value Parameter Value 

Blood density 

(ρ) 
1060 Kg/m3 Pressure (p) 70 mmHg 

Lumen 

diffusivity (Dl) 
5×10-12 m2/s 

Solute lag 

coefficient (Klag) 
0.1486 

Endothelial 

permeability (P) 
1.5×10-10 m/s 

Initial LDL 

concentration  

(C0,LDL) 

48.4 mg/dl 

Wall diffusivity  

(Dw) 
8×10-13 m2/s 

Initial HDL 

concentration 

(C0,HDL) 

32 mg/dl 

Solvent 

reflection 

coefficient (σd) 

0.997 

LDL degradation 

rate  

(rw) 

1.4×10-4 

Blood viscosity 

(μ) 
0.0035 Pa∙s 

Pressure in the 

arterial wall (pw) 
17.5 mmHg 

Darcian 

permeability 

(kw) 

1.2×10-18 m2 
Plasma viscosity  

(μp) 
0.001 Pa∙s 

 
Figure 6 depicts the distribution of oxidized LDL. 

Comparing the results of LDL concentration with the 
oxidized LDL, we conclude that LDL accumulation is more 
broadly dispersed in the wall compared to oxidized LDL. 
LDL  accumulated at the middle part of the arterial segment 
corresponding to the region of max lipidic proportion in 
histopathology, while oxidized LDL had an increased value 
at a small region corresponding to the largest lesion in 
histology. The co-localization of the focally increased 
computed oxidized LDL accumulation with the largest lesion 
is in agreement with the augmented inflammatory/oxidative 
processes observed in advanced atherosclerotic lesions.  

 
Figure 6: Distribution of oxidized LDL. 

IV. CONCLUSION 

In the current work, we present a novel model computing 
the oxidized LDL accumulation in the arterial wall. Our 
approach takes into account both LDL and HDL transport in 
arteries accounting for the atheroprotective effect of HDL as 
an antioxidant factor for LDL. The model was applied to a 
realistic geometry of a pig coronary artery using measured 
biochemical data and a direct comparison was made with 
histology. The main limitation of this approach is the lack of 
experimental data about the transport properties of HDL. 
The current study demonstrates that complex computational 
models representing more realistically the patho-

physiological processes of atherosclerosis may provide an 
increased predictive value for identifying regions at highest 
risk for development of advanced lesions. 
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