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Abstract— The carotid artery disease is one of the leading
causes of mortality worldwide, as it leads to the progressive
arterial stenosis that may result to stroke. To address this issue,
the scientific community is attempting not only to enrich our
knowledge on the underlying atherosclerotic mechanisms, but
also to enable the prediction of the atherosclerotic progression.
To this aim, this study investigates the role of T-cells in the
atherosclerotic plaque growth process through the
implementation of a computational model in realistic carotid
arteries. In brief, T-cells mediate in the inflammatory process by
secreting interferon-y that enhances the activation of
macrophages. In this analysis, we used 5 realistic human carotid
arterial segments as input to the model. In particular, magnetic
resonance imaging data, as well as, clinical data were collected
from the patients at two time points. Using the baseline data,
plaque growth was predicted and correlated to the follow-up
arterial geometries. The results exhibited a very good agreement
between them, presenting a high coefficient of determination,
and thus of 0.64.

Clinical Relevance— The presented methodology enables the
prediction of the inflammatory response during the
atherosclerotic process, that can be used as an additional tool for
patient-specific risk stratification.

l. INTRODUCTION

As recently as January 2021, COVID-19 was identified as
the leading cause of death in USA, however, the carotid artery
disease still remains a chronic and prevalent cause of mortality
[1]. Atherosclerosis is the major cause of the carotid artery
disease, which is identified by the presence of plagues within
the carotid arteries, narrowing and stiffening them, and
causing the reduction of the brain’s blood supply, that may
lead to strokes or transient ischemic attacks (T1A). According
to histological analyses, the atherosclerotic plaques consist of
cholesterol, calcium, fibrous tissue and other cellular debris,
while they differentiate into 8 types according to the American
Heart Association (AHA) [2]. Specifically, the underlying
biological process of the atherosclerotic plaque generation is
very complicated; however, over the past century, the major
risk factors have been discovered, identifying high serum
lipids, smoking, diabetes and obesity as the major culprits of
atherosclerosis [3].

Currently, prevention of atherosclerosis is based on the
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regulation of the patient’s diet and exercise program, or in
provision of medications to lower the serum lipids. However,
in case of an ischemic event, several procedures are available,
including medication or/and surgery. The main treatment is the
provision of intravenous tissue plasminogen activator (tPA),
which breaks up clots, while medication is provided to restore
breathing, heart rate and blood pressure. In case tPA has no
effect, clots can be removed through surgery up to 24 hours
after the onset of stroke symptoms [4].

However, an era of change in the prevention and treatment
of the carotid artery disease is forced by the advance in the
technological and biological field. The first pieces of evidence
include the constant enrichment of our knowledge regarding
the atherosclerotic mechanisms, and the initiation of the
attempts to predict the atherosclerotic plagque growth using
computational techniques. Regarding the last one, the most
common approaches are based on the accumulation of
lipoproteins within the arterial wall that trigger several
pathophysiological pathways resulting to atherosclerosis [5].

Briefly, one of the most representative models considers
that the atherosclerotic process initiates with the effect of the
shear stress on the endothelial membrane due to blood flow
[6]. This triggers a specific pathway that may result to
endothelial dysfunction causing an increased endothelial
permeability, thus favoring the abnormal accumulation of low-
density lipoproteins (LDL) within the arterial wall. Within the
arterial wall, LDL is oxidized triggering an inflammatory
response by the production of cytokines, which are
inflammatory mediators. The inflammatory response includes
the accumulation of monocytes and their differentiation into
macrophages, that uptake the oxidized LDL and form foam
cells and consequently fatty streaks. In addition, the contractile
smooth muscle cells (SMCs) proliferate and differentiate into
synthetic SMCs secreting collagen to restore the area of
inflammation. Overall, this results in the generation of plaque,
increasing the wall thickness, while reducing the lumen area
[71.

Several attempts have been made to accurately predict
atherosclerotic plaque growth, implementing one or more of
the abovementioned mechanisms. However, most of these
studies utilized idealized 1D or 2D arterial geometries [8],
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while only a few proof-of-concept studies are based on
realistic human arterial geometries [7], [9]-[14].

In this case-study, we developed a novel model for the
prediction of atherosclerotic plaque growth including the
effect of the T-cells in the atherosclerotic process, which was
implemented in realistic human 3D reconstructed carotid
arterial segments. T-cells have been implicated in mediating
many aspects of autoimmune inflammation. Specifically, T-
cells accumulate within the arterial wall and activate in contact
with the macrophage-secreted interleukin-12 (1L-12), which is
an inflammatory mediator. The activated T-cells secrete
interferon-y (IFN-y) that enhances the activity of macrophages
and thus, contributing to the generation of plaques [15].

Il.  MATERIALS & METHODS

A. Dataset

The presented model was employed to a dataset of 5
human carotid arteries for its validation. This dataset includes
the magnetic resonance imaging (MRI) data of the carotid
arterial segments at two time points with interscan interval of
1 year, as well as the corresponding clinical data of each
patient. Each patient provided written informed consent and
enrolled in  the TAXINOMISIS clinical  study
(www.clinicaltrials.gov; ID: NCT03495830) protocol which
was approved by the local competent ethics committee.

B. 3D Reconstruction of carotid arteries and their plaque
components

The 3D carotid arterial geometries are reconstructed based
on a series of magnetic resonance imaging (MRI) modalities,
including ToF, Tlw, T2w and PD series. More specifically,
TOF series are utilized to reconstruct the lumen of the 3D
model while the fusion of T1w, T2w and PD series are utilized
for the reconstruction of the arterial wall model, as well as the
model of the plaque components. Finally, the three resulting
models are aligned for constituting the final arterial model.

The creation of each of the aforementioned models is based
on a novel methodology which comprises of three steps:

a) Segmentation of the region of interest: For segmenting
the regions of interest (lumen, outer wall and plaque
components), three deep learning models have been created.
More specifically, two experts have annotated 485 tuples of
ToF, Tlw, T2w and PD images from 42 different patients.
This process resulted in a training dataset which was used to
train three UNET models for the aforementioned region of
interest.

Fig 1. A case example of the baseline (left) and the follow-up (right) of a
carotid arterial segment.

b) 3D level set: A morphological operator is applied to the
3D volume of the stacked 2D segmented frames in order to
produce the 3D surface model.

c¢) 3D meshing: Marching cubes algorithm is applied to the
3D surface model, resulting to the final reconstructed arterial
model.

A. Plagque Growth Model

In our approach, we incorporated the effect of T-cells in a
previously validated plaque growth model, as presented in a
proof-of-concept study [7]. This model is separated in three
modeling levels: i) simulation of the blood flow, ii)
simulations of the biological processes within the arterial wall
and iii) simulation of wall thickening. The derived plaque
components are calculated based on the concentrations of
foam cells, collagen and smooth muscle cells.

a) T-cell infiltration through endothelium: We assume that
T-cells infiltrate within the arterial wall in a steady rate (=0.05
cm? [15]), which is part of the inflammatory response.
Therefore, the following flux boundary condition for T-cells
(eq. 1) is applied to the endothelial membrane.
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where, ¢ is the concentration of the T-cells in the outer side
of the endothelial membrane, and c;, (=10 gecm™ [15]) is the
average T-cell concentration in blood.

b) The T-cell activator, IL-12: Macrophages, foam cells and
SMCs secrete interleukin-12 (IL-12), which activates T-cells
in order to respond to the inflammatory process. IL-12

concentration is described by the following diffusion-reaction
equation (eq. 2) [15].
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where, cp,,, ¢, Cipn—y, Cupr, Cp are the concentrations of
IL-12, macrophages, INF-y, HDL and foam cells respectively,
y (=0.96 [16]) is the porosity of the arterial wall, K is the area
porosity tensor (which is a symmetric second rank tensor),,
Dy,,, (=1.08x10? cm?day™ [17]) is the diffusivity of IL-12,
AiL,m (F3x107 gcmday™ [18]) is the production rate of IL-
12 by macrophages, A;;,,r (=1x107 gemday* [18]) is
production rate of IL-12 by foam cells, K, = K have the half
value of ¢y, (=5x10° gecm™ [19]), which is the average
concentration of macrophages in blood, K;; , (=7x10** gcm
3 [18]) is the IFN-y saturation for the production of IL-12, and
d;,, (1.188 day™ [20], [21]) is the degradation rate of IL-
12.



c) T-cell dynamics: The concentration of T-cells (primarily
CD4+ T-cells) is modeled by the following convection-
diffusion-reaction equation (eq 4).
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where, Dy (=8.64x107 cm2day* [22]) is the diffusivity of the
T-cells, Ay, (=1x10° day™ [20], [21]) is the activation rate
of the T-cells by IL-12, d (=0.33 day™ [20], [21]) is the
degradation rate of T-cells.

d) IFN-y dynamics: The T-cell secreted IFN-y is described
by the following diffusion-reaction equation (eq. 5).
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where, Dypy_, (=1.08x102 cm?day [23]) is the diffusivity
of the INF-y, A;zy_,r (=0.066 day™ [17]) is the production rate

of IFN-y by T-cells, and (=0.69 day* [24]) is the degradation
rate of IFN-y.

&) Monocyte & Macrophage dynamics: The monocyte and
macrophage concentrations are based on the following

Tcells concentration
endothelium wall

2.138e+14
1.603e+14
1.069e+14

5.344e+13

-1.487e-31
[m*-3]

\

0.01 (m)

0.0075

Fig. 2. A case example of the T-cell concentration distribution and plaque
formation of a carotid arterial segment.

convection-diffusion-reaction equations (eq. 6 & eq.7), which
have been altered in relation to the model presented in [7], in
order to consider the effect of IFN-y.
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Where: Cmonocytes: CMacrophagesv Dmanocytes and
Dyacrophages @re the concentrations and the diffusivities of
monocytes and macrophages respectively, Aypy—, (=0.005
day® [20]) is the activation rates of macrophages by IFN-y,
my (= 2.572 st [25]) is the apoptosis rate of monocytes,
Kipn-y (F1x10° gem [20]), and k4 (=0.0367x10* micells
st [26]) is the macrophage differentiation rate into foam
cells.

1. RESULTS

We reconstructed 5 carotid arteries at the two time-points,
using the available MRI data. The plaque growth model was
implemented to the baseline geometries, and resulted to the
wall-thickened geometries, along with several plaque regions
(fig. 2). The results indicated that the multi-level
computational model can be used for the prediction of regions
which are prone to plaque progression. Specifically, we tested
the validity of our approach by comparing the predicted
geometries to the corresponding follow-up using a well-
accepted measure of comparison as a benchmark, which is the
comparison of the area values of common cross-sections [7],
[9]. In accordance to this benchmark, we performed the
manual registration of the baseline and follow-up geometries,
and then, the cross-sections were extracted with an
intermediate spacing of 0.5mm. To avoid any registration
error of the previous procedure, the comparison was
performed utilizing the mean areas of every six cross-sections
as a benchmark.

The results indicated that the main volume of the predicted
plague and the corresponding lumen stenosis coincided with
the realistic follow-up stenosis. Moreover, in order to extract a
quantitative correlation of the results, we performed a
regression analysis between the real follow-up and the
simulated geometries. The correlation between the simulated
and the follow-up cross-section areas, resulted to a coefficient
of determination R?=0.64.



IV. CONCLUSION

In this study, it was assumed that T-cells infiltrate within
the arterial wall with a steady flux rate regardless of the
arterial region. Although, the attraction and infiltration of T-
cells within the arterial wall is far more complicated, their
effect to the activation of macrophages is described
sufficiently, so that the results demonstrated that the presented
plaque growth model can predict the plaque progression in
comparison with the realistic follow-up plaques.

To our knowledge, this is the first study that evaluates the
arterial wall thickening, as well as, the lumen stenosis in 3D
reconstructed carotid arterial segments using a plague growth
model that considers the effect of T-cells to the inflammatory
process.
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