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Abstract—In this study, we present an innovative model for
plague growth utilizing a 3-Dimensional (3D) left coronary
arterial tree reconstructed from computed tomographic (CT)
data. The proposed model takes into consideration not only the
effect of the local hemodynamic factors but also major
biological processes such as the low density lipoprotein (LDL)
and high density lipoprotein (HDL) transport, the macrophages
recruitment and the foam cells formation. The endothelial
membrane is considered semi-permeable and endothelial shear
stress dependent, while its permeability is modeled using the
Kedem-Katscalsky equations. Patient specific biological data
are used for the accurate modeling of plaque formation
process. The finite element method (FEM) is employed for the
solution of the system of partial differential equations. The
results of the simulation are compared to the plaque
progression in a follow-up CT examination performed three
years after the initial investigation. The results show that the
proposed model can be used to predict regions prone for plaque
development of progression.

I. INTRODUCTION

ARDIOVASCULAR disease is one of the most
common causes of death in west societies [1].
Atherosclerosis is characterized by the thickening and
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obstruction of the arterial lumen and is considered as a
multi-factorial process, which is affected by the local
hemodynamic, biological and genetic factors. Evidence from
clinical studies have shown that the endothelial shear stress
(ESS) infuence plaque initiation and formation with the
regions being explosed to low ESS or disturbed flow
recirculation to be prone for plaque formation [2].
Dislipidemia  (i.e.,, increased LDL or low HDL
concentration) has been also associated with an increased
risk for plaque development. Finally, many genetic disorders
affect the atherosclerotic process through several
pathophysiological pathways which determine endothelial
permeability foam cells formation and macrophages
accumulation.

The recent years, finite element methods have been
widely used for modeling biological processes such as
atherosclerosis. The first studies were based on modeling
blood flow and the effect of the ESS on plaque formation
and compositional characteristics [3,4].

Besides blood flow modeling, several computational
studies have been presented modeling other processes of
atherosclerosis. Most of these studies focused on LDL
transport and implemented several different modeling
approaches. Some assumed that the endothelium is non-
permeable [5,6], others that the arterial wall as a simple
homogenous layer or multilayer; few that the endothelial
permeability is shear dependent [7-9], while others
attempted to include mitosis and apoptosis processes that
alter the endothelial permeability [10,11].

In this work, we present a novel mathematical model for
plaque growth. In this approach, we take into account the
major processes that are involved in plaque growth
including: i) the local hemodynamics, ii) LDL and HDL
transport, iii) LDL oxidation, iv) inflammation and
macrophages migration and, v) foam cells formation based
on oxidized LDL and macrophages concentration. We use
realistic patient’s data(CT images) to reconstruct coronary
geometry at baseline and compare our computational
findings with the changes in plaque distribution at a follow
up examination performed three years later.



Il. MATERIALS AND METHODS

A. Patient’s data

A female patient with multiple risk factors (hypertension,
diabetes, hypercholesterolemia and a family history of
coronary artery disease) with an atypical chest pain
underwent coronary CT in 2009. This examination showed
atherosclerotic plaque on right and left anterior descending
coronary artery (RCA; LAD), but without significant
stenosis. She was put on medical standard of care treatment
and did not have any further investigations. Three years later
the she was re-admitted with an episode of epigastric pain
and had a follow-up CT angiography that showed plaque
progression in the mid LAD (percentage diameter stenosis
18% at baseline vs 53% at follow-up, Fig. 1).

Fig 1. CT acquired at baseline (A) and follow-up (B). The red arrows in
the 3d maximum intensity projection (MIP) reconstructions indicates 3 non-
obnstructive plaques while the green arrow an now lesion detected at 3
years follow-up. (C, D) Multi-planar reconstruction (MPR) of the LAD at
baseline and follow up, respectively. The reference planes of the axial slices
shown at the right panels (a, b, c) are indicated in yellow in the main left
panel. Slice b shows the site of the progressed lesion.

B. 3D reconstruction
Sato’s Vesselness Filter was applied to improve image

quality and contrast between different objects in the CT
slices, while the Frangi Vesselness Filter [12] was used in
each slice to enhance objects similar to vessels and exclude
large objects like aorta. The borders of the vessel were
roughly extracted using the Sobel edge detection algorithm
and the obtained 2D binary slices were sequentially
grouped, resulting in a 3D binary set of images. Then, 26-
connected pixels neighbor connectivity was used to mark the
voxels that belong to the selected artery. The algorithm
produced single branches, detecting possible bifurcations.
The above procedure was applied to each branch.

From the voxels belonging to a single branch, the
centerline (3D path) was extracted by computing the center
of gravity of each rough artery border [13]. The initial
centerline is smoothed, downsampled and fitted using b-
splines for the calculation of the gradient vector on each
centerline point. The gradient is used to extract a
perpendicular radius image (PRI) at each point which is
used to detect the lumen and outer vessel wall border. From
each RPI image we extracted the Region of Interest (ROI) of
the artery by detecting the zero crosses and removing the
area below the zero cross. Finally, the classification is based
on a 3-component Gaussian Mixture Model (GMM) [14].
The 3D reconstructed geometries of the arterial tree are
shown in Fig. 2.

Figure 2. 3D reconstructed left coronary arterial tree (red color: lumen;
transparent grey color: outer wall).

C. Modeling blood flow

Blood flow in the arterial lumen was modeled using the
Navier-Stokes equations and the continuity equation:

—uV?u, +p(u,-V)u,+Vp, =0, )
V-u, =0, 2

where / refers to the lumen, u, is the blood velocity, p, is
the pressure, u is the dynamic viscosity of blood, and p is the
blood density.

Plasma filtration in the arterial wall was modeled using
Darcy’s Law:
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where p,, is the pressure in the arterial wall and wu,,is the
plasma velocity and k., 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 and HDL
transport, ii) LDL oxidation, iii) macrophage recruitment
and iv) foam cell formation.

We modeled LDL and HDL transport in the arterial
lumen using the convection-diffusion equations:

v (_DI,LDLVCI,LDL U L ) =0, (4)
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where / indicates the lumen domain, LDL and HDL the
molecules which are transported, D is the diffusivity in the
lumen and ¢ is the molecule concentration. Additionally, we
model LDL transport in the arterial wall using a convection-
diffusion-reaction equation:

v '(_DW,LDLVCW,LDL +key, 1prty, oL ) =uLorCwior + (6)

where D, is the diffusivity in the wall, 7, is the

consumption rate constant and & is the solute lag coefficient.
LDL oxidation was modeled taking into account the
athero-protective role of HDL. Data presented in [15] were
used for this purpose. Necessary fitting of the experimental
data was made in order to represent physiological human
values. Details about the LDL oxidation and the fitting of
the experimental data can be found in [16]. The oxidation of
LDL was modeled using a diffusion-reaction equation:
dAO + 0 : M + rw,LDLCw,LDL + HDL protection = O ' (7)

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. HDL,.ecion WS
defined by the experimentally observed relation shown in
Fig. 3.

Finally, macrophage migration and foam cell formation
are modeled using the following equations:

oM +diviv,M)=d,AM —kOx-M +S/(1+S), (8)
0,8 =dsAS — AS +kOx-M +y(Ox—0""), (9)

Vv, =kOx-M , (10)

where d, and d; are diffusion coefficients for macrophages
and cytokines, respectively. S is the cytokines concentration,
k; is the growing plaque coefficient, and A and y are the
degradation coefficients for the cytokines and the oxidized

LDL, respectively.
The boundary conditions applied for mass transport were

a constant concentration for LDL (Cy;p;) and HDL (Cy apr)
at the inlet and the adventitia boundary (0.005C;) and a
convective flow at the outlet of the artery.
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Figure 3. Relation of LDL oxidation rate with HDL concentration. The
fitting and the extraction of the relation is described in [16].
Kedem-Katchalsky equations were used to model the
interaction between the lumen and the arterial wall at the
endothelial membrane layer:

J,=L,(Ap—0,AT), (11)

J, =PAc+(1-0,)J,E, (12)
where L, is the hydraulic conductivity of the endothelium;

Ac is the solute concentration difference, Ap is the
pressure drop and Az is the oncotic pressure difference, in
the endothelium; o, is the osmotic reflection coefficient,

o is the solvent reflection coefficient, P is the solute

diffusive endothelial permeability, and ¢ is the
concentration. We assumed that hydraulic conductivity
depends on ESS according to the study of Sun et al. [7].
Finally, we assumed that at the adventitia boundary
macrophages and cytokines concentration are zero, while at
the endothelial boundary the macrophages migration is
given as:
__kS (13)
1+ 4,8

Ill. RESULTS — DISCUSSION

Simulation was performed at the left coronary arterial tree
of the patient that was reconstructed from the baseline CT
data. About two millions hexahedral elements and three
millions bridges elements were used for the lumen and outer
wall domain, respectively.

Fig. 4 shows the ESS distribution and the regions of low
ESS, where it is clear that low ESS regions are found at the
bifurcations where flow disturbances are often noted. The
average ESS was 2.7Pa, while about 35% of the total
endothelial surface presented athero-promoted (<1 Pa) low
ESS values (Fig. 4(B).

In Fig. 5(A), the calculated LDL concentration is shown.
LDL concentration is increased in low ESS regions due to
the concentration polarization at the luminal endothelial
side. Oxidized LDL is depicted in Fig. 5(B). It is apparent
that there is a difference between the distribution of the
oxidized LDL and the LDL concentration. This is due to the



protective effect of HDL to the LDL oxidation.
A B

Figure 4. (A) ESS distribution, (B) regions of low ESS (0-1Pa) indicated
with a green color. Low ESS is especially observed at the bifurcations.
A B

Figure 5. (A) Distribution of LDL concentration. (B) Concentration of
oxidized LDL.
A B

L
Figure 6. Macrophages (A) and foam cells (B) concentration. Circles show
the plaque regions.

Finally, Fig. 6 shows the calculated macrophages and
foam cells concentration. Comparing the macrophages
concentration with the follow up examination (Fig 1(B)) it is
clear that increased concentrations are observed at the
regions with plaque. Moreover, the accumulation of foam
cells is more obvious than macrophages, especially
regarding the progressed lesion (orange arrow). A limitation
is that the model may depict and other potential plaque
regions.

IV. CONCLUSION

In the current work, we modeled atherosclerotic plaque
growth in a left coronary arterial tree reconstructed using CT
data. The proposed model includes many pathophysiological
pathways involved in plaque growth: LDL / HDL transport,
LDL oxidation, macrophage migration and foam cell
formation. Thus, it is likely this model to provide more
accurate identification of vulnerable segments and may have
a value in the prediction of future culprit lesions.
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