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Abstract— The type of the atherosclerotic plaque has
significant clinical meaning since plaque vulnerability depends
on its type. In this work, we present a computational approach
which predicts the development of new plaques in coronary
arteries. More specifically, we employ a multi-level model
which simulates the blood fluid dynamics, the lipoprotein
transport and their accumulation in the arterial wall and the
triggering of inflammation using convection-diffusion-reaction
equations and in the final level, we estimate the plaque volume
which causes the arterial wall thickening. The novelty of this
work relies on the conceptual approach that using the
information from 94 patients with computed tomography
coronary angiography (CTCA) imaging at two time points we
identify the correlation of the computational results with the
real plaque components detected in CTCA. In the next step, we
use these correlations to generate two types of de-novo plaques:
calcified and non-calcified. Evaluation of the model’s
performance is achieved using eleven patients, who present de-
novo plaques at the follow-up imaging. The results demonstrate
that the computationally generated plaques are associated
significantly with the real plaques indicating that the proposed
approach could be used for the prediction of specific plaque
type formation.

Keywords: Plaque generation, finite elements, plaque
growh.

I. INTRODUCTION

Coronary atherosclerosis is the most common form of the
cardiovascular disease (CVD) responsible for the most yearly
deaths worldwide [1]. Plaque vulnerability is a feature of the
disease associated with major events, such as myocardial
infarction (MI) or even death. It has been clinically found that
lipidic plaques are more vulnerable than the calcified ones
especially due to their difference in their elastic properties
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with the calcified plaques being stable and stiff enough
against the hemodynamics forces.

Hemodynamics play a significant role in CVD. Though
CVD is a systemic disease, hemodynamics is responsible for
the local manifestations of the disease, where the endothelial
shear stress (ESS) acts as a factor for alterations of the
endothelial membrane functions in several levels e.g.
biochemical and genetic, increasing its permeability to lipid
components as well as triggering the inflammation at the
regions of low ESS.

The effect of ESS on the pathophysiology of
atherosclerosis was investigated in several computational
studies [2]-[4]. The main outcome of these works was that
low ESS is indeed associated with highest rates of disecase
progression. Subsequently, the low ESS has a negative effect
to the endothelial physiology by increasing its permeability to
low density lipoproteins (LDL) as demonstrated previously
[5], [6]. A lot of effort was given previously from several
researchers in the modelling of the mechanisms of
atherosclerosis. In particular, a three level approach was
proposed using proof or concept case studies or even
idealized arterial geometries [7]-[10]. In these studies, the
aim was to develop a computational model to simulate
atherosclerotic plaque growth, assuming however, that the
plaque is homogeneous. Very recently, Pleouras et al. [11]
presented a novel computational model for plaque growth
which employed 100 patients and it was validated using the
follow-up imaging of these patients. This model predicts the
formation of plaque and the arterial wall thickening with
moderate accuracy.

In this work, we utilize this computational model as well
as the clinical findings of the 100 patients to enhance the
capabilities of the model to generate de-novo atherosclerotic
plaques. For the first time, the generation of plaques is
performed in real human data and a proof-of-concept
demonstration of the model’s effectiveness is demonstrated
using real follow-up imaging. Since the development of this
model was based on CTCA imaging, we assume that
calcified and non-calcified plaques can be generated. This
was done in order to validate the computational findings with
the CTCA imaging data. Data from eleven patients with de-
novo plaques at the follow-up time point were used to
validate the current model.

4354



II. MATERIAL AND METHODS

A. Population

During the H2020 SMARTool project (Clinicaltrial.gov
Identifiers NCT04448691) [12], a prospective, multicenter
study was conducted. Ethical approval was provided by each
participating center (National Research Council, Italy,
University of Turku, Finland, University of Zurich,
Switzerland, Fondazione Toscana Gabriele Monasterio, Italy,
Warsaw National Institute of Cardiology, Poland) through the
approval of the clinical study by the Ethics Committee Vast
Area Northwest of Tuscany (CEAVNO), Pisa, Italy, and all
subjects gave written informed consent. The clinical study
follows the declaration of Helsinki [11]. 94 patients were
selected from this population, for which clinical information
as well as CTCA imaging was available at least at two time
points for analysis and used for plaque growth simulation.
From these 94 patients, a sub-class of eleven patients was
chosen where plaques could be identified only on the follow-
up CTCA scans constituting de-novo plaques, which would
be used for the validation of the presented study.

B. CTCA analysis and 3D reconstruction

The 3D reconstruction of both the baseline and follow-up
CTCA imaging was performed using an in house 3D
reconstruction and plaque characterization tool [13], [14],
which provided the lumen area, the plaque volume and the
plaque burden. An overview of the methodology can be
summarized in the pre-processing of the images, resulting in
the removal of the blooming effect of the calcified plaques,
the identification of the potential vessel regions, the
segmentation, and 3D plaque reconstruction which is
achieved using a 3D level set algorithm. An arterial
example is shown in Fig. 1. The methodology is able to
segment and provide 3D reconstructions of the calcified and
non-calcified plaques.

Figure 1. A case example of the baseline (left) and the follow-up (right)
coronary arterial 3D reconstruction with calcified (yellow) and non-
calcified plaques (blue).

C. Plaque growth simulation

In this step, simulation of plaque growth was performed
in a sub-population of the eleven patients. Patient-specific
parameter values were utilized for the LDL, high density
lipoprotein (HDL) and pressure and were applied as
boundary conditions. The model was previously validated for
its effectiveness to simulate the disease progression in terms
of plaque growth. Briefly, in the first level of the model,
blood flow is simulated employing the Navier-Stokes
equations to assess the ESS distribution on the endothelial

membrane. The ESS values are used as input for the
simulation of plaque growth and its major biological and
biochemical processes as a second level. These include: i) the
LDL, HDL and monocytes transport and penetration through
the endothelial membrane in the arterial wall, ii) the
oxidation of LDL particles considering the athero-protective
effect of HDL, iii) the inflammation triggering through the
appearance of macrophages, iv) the formation of foam cells,
v) the presence of collagen and proliferation of smooth
muscle cells. These processes are simulated employing
convection-diffusion-reaction equations. In the final level, the
total plaque volume is estimated by the sum of the smooth
muscle cells, foam cells and collagen concentrations and it is
used to simulate the thickening of the arterial wall causing
the lumen narrowing.

D. De-novo plaque generation

The methodology for the generation of the de-novo
plaques is based on the results of the previous section. The
simulation results (ESS, LDL concentration, HDL
concentration, oxidized LDL concentration, monocytes,
macrophages, collagen, foam cells, SMCs) were extracted in
0.5mm cross-sections as well as to 3mm arterial segments.
Using the 3mm values of all plaque growth modelling
variables, their mean values for each coronary segment are
calculated. In parallel, for each coronary arterial segment, the
information regarding the calcified and non-calcified plaque
count and volume, from the 3D reconstruction and plaque
characterization tool are used.

In the next step, the correlations between the plaque
growth modelling variables and the calcified and non-
calcified plaque volumes per artery are identified. For the
correlated variables, a ROC curve analysis was performed to
identify the threshold over which calcified or non-calcified
plaque should be generated based on the associated
computational variable. At the final stage, we assume that the
nodes of the finite element mesh correspond to calcified or
non-calcified plaque according to the nodal variables’ values.
In case of values lower than the defined thresholds, we
assume that there is normal tissue of arterial wall. The overall
methodology is presented in Fig. 2. The identified
statistically significant correlations after the analysis of the
abovementioned populations are between the monocytes and
calcified plaque and between the SMCs and the non-calcified
plaque volume. The ROC curve (AUC=0.685, P=0.025)
between the monocyte and the calcified plaques is presented
in Fig. 3, while the ROC curve (AUC=0.615, P=0.042)
between the SMCs and the non-calcified plaque is shown in
Fig. 4. The thresholds were extracted based on the ROC
curve. In particular, when SMCs concentration is over 37,641
cells/m’, the mesh nodes were classified as non-calcified
plaque. When monocytes were over 2.34*10'0 cells/m?®, the
nodes were classified as calcified plaque. In all other regions,
normal tissue was assumed. In all other regions, normal
tissue was assumed.
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III. RESULTS

3D reconstruction tool Simulation of plaque growth

Using the above mentioned methodology we performed

Sl e el e plaque growth simulations using the baseline arterial
plaque growth variables geometries and we produced de-novo calcified and non-
calcified plaques. An example of generated plaque

Correlations between the geometries is presented in Fig. 5. which shows a direct
plaque growth variables and comparison between the simulated generated calcified plaque
the CTCA identified plaques and the realistic follow-up reconstructed geometries of lumen

and calcified plaque after the simulation using the real
T e e e follovy—up period of 7 years. There is goqd visual agreement
ROC analysis especially for the largest object of the calcified plaque.

Generation calcified, non-
calcified and normal tissue
using the thresholds

Figure 2. The methodology to generate de-novo plaques.
ROC Curve
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Figure 5.  A: Follow-up geometry where the calcified plaque is present
(blue) distributed to the whole arterial wall, B: The produced calcified plaque
(white) after the simulation. Good agreement is found on the volume of the
generated plaque.
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Figure 6 presents a right coronary artery, in which non-
calcified plaque was detected in the follow-up CTCA images.
02 The plaque is found at the inner side of the curve, as well as
at the proximal part of the arterial segment. The simulation of
the plaque growth model produced only non-calcified
plaques. In particular, two major non-calcified plaques were
detected, both located at the same location as the real
reconstructed plaques.
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Figure 3. ROC curve between the monocytes and the calcified plaque
volume.

ROC Curve

0.5

0.6

Sensitivity

0.4+ B

0.2

00 T T T
00 0z 0.4 0.6 [k} 1.0

1 - Specificity Figure 6.  A: The real follow-up geometry based on the CTCA imaging
where the non-calcified plaque is present (yellow), B: The produced non-

Figure4. ROC curve between the SMCs and the non-calcified plaque calcified plaque after the simulation. Good agreement is found on the
volume. location of the generated plaque.
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We also examine the correlation of the simulated findings
(degree of stenosis, minimum lumen diameter and lesion
length) with the real findings at the follow-up CTCA
imaging, where good agreement is observed (Fig. 7).
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Figure 7. Correlation of degree of stenosis, minimum lumen diameter and
lesion length for the simulated findings with the real follow-up at CTCA.

IV. DISCUSSION AND CONCLUSIONS

In this work, we present a novel approach for the
generation of de-novo calcified and non-calcified plaques.
This is based on computational simulation of plaque growth
using a multi-level model of the major atherosclerotic
disease processes. Such as model has significant clinical
meaning, as it could be used for preventive or prognostic
strategies. In particular, plaque destabilization is affected by
several biological and biomechanical factors such including
the ESS and the blood flow forces acting on the arterial wall.
Vulnerable plaques are characterized by cap thickness <65
um [15], large necrotic core and increased macrophage
infiltration. However, these could not easily be detected
using non-invasive imaging, such as the CTCA. Using the
proposed model, it could be possible to predict the
vulnerable plaques non-invasively and propose an accurate

approach for the management of the disease.

The limitation of the current approach is its employment
in as small dataset of eleven patients. However, we aim to
further validate the current model using additional patients
with non-invasive imaging as well as patients with invasive
imaging where detailed analysis of the plaque composition is
possible.
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