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The article describes a computer modeling technique that allows predicting the development of restenosis of the internal carotid artery
after carotid endarterectomy (CEE). A clinical case has been demonstrated that proves the effectiveness of the developed method. It is indicated
that for the correct formation of the geometric model, data from multispiral computed tomography with angiography of the patient after CEE with
a layer thickness of 0.6 mm and a current of 355 mA are required. To build a flow model, data of color duplex scanning in three sections are
required: 1. In the proximal section of the common carotid artery (3 cm proximal to the bifurcation); 2. In the section of the external carotid artery,
2 cm distal to the carotid sinus; 3. In the section of the internal carotid artery, 2 cm distal to the carotid sinus. The result of computer calculations
using specialized software (Sim Vascular, Python, Open Foam) is a mathematical model of blood flow in a vessel. It is an array of calculated data
describing the speed and other characteristics of the flow at each point of the artery. Based on the analysis of RRT and TAWSS indicators, a
computer model of bifurcation is formed, which makes it possible to predict areas of increased risk of restenosis development. Thus, the developed
technique is able to identify a cohort of patients after CEE, subjected to a high probability of loss of the vessel lumen. Such an opportunity will
provide a more precise supervision of these patients in the postoperative period with the aim of early diagnosis of restenosis and timely prevention
of the development of adverse cardiovascular events.
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AG - angiography

ASP - atherosclerotic plaque

BCA - brachiocephalic arteries

CCA - common carotid artery

CEE - carotid endarterectomy

CDS - color duplex scanning

ECA - external carotid artery

ICA - internal carotid artery

MSCT AG - multispiral computed tomography with angiography

INTRODUCTION

Carotid endarterectomy (CEE) has become a routine intervention on the carotid arteries in many vascular
hospitals in our country [1-3]. National guidelines provide strict quality standards for this procedure [1]. There
are known permissible rates of the frequency of possible adverse cardiovascular events for institutions that are
engaged in reconstructive interventions on the brachiocephalic arteries (BCA) [1]. However, no criteria have
been developed for restenosis of the internal carotid artery (ICA) [1]. Despite this, there are large studies and
meta-analyzes that have concluded that early and late loss of vessel lumen is an important predictor of
ischemic stroke [4-7]. Most of these works demonstrate a high tendency to form this pathology after classical
CEE relative to eversion technique [4-7]. According to a number of authors, the physical distortion of the
properties of the blood flow after the expansion of the carotid bulb forms zones of parietal stagnation and
turbulent flow, which provokes neointimal hyperplasia in this localization. [8—-11]. However, ICA restenosis is
formed, according to various sources, only in 5-20% of cases from the total sample [2, 4, 12—-14]. A possible
reason is that the width of the patch does not always dilate the lumen of the artery to those sizes that distort



hemocirculation with the induction of subsequent pathological phenomena [2, 8-10, 12]. To date, the current
recommendations do not offer methods that can differentiate this cohort of patients with the aim of further
precision management and early detection of vascular lumen loss [1].

The purpose of this paper was to demonstrate the effectiveness of the developed computer modeling
technique for predicting the likelihood of ICA restenosis after classical CEE.

Clinical case

Patient V., 62 years old, a man, complained of dizziness, tinnitus, anginal pain in the heart during exercise.
Using screening color duplex scanning (CDS), stenotic lesion of the right ICA was diagnosed. According to the
results of coronary angiography, hemodynamically significant stenoses were not revealed. According to
angiography (AG), 70% stenosis of the right ICA with signs of unstable atherosclerotic plaque (ASP) was visualized

(Fig. 1).

Fig. 1. Angiography of the brachiocephalic arteries: 1 — 70% stenosis of the right internal carotid artery.

A multidisciplinary council including a cardiovascular surgeon, endovascular surgeon, neurosurgeon,
cardiologist, neurologist, anesthesiologist-resuscitator, in view of the presence of an extended atherosclerotic
lesion of carotid bifurcation made a decision to perform the planned classical CEE on the right with the
reconstruction with a patch made of diepoxy-treated xenopericardium. The postoperative period was uneventful.
To control the patency of the reconstruction zone, the patient underwent multislice computed tomography with
angiography (MSCT AG). According to the study, no signs of restenosis were revealed (Fig. 2).

Fig. 2. Multislice computed tomography with angiography of the brachiocephalic arteries: 1 — internal carotid artery;
2 — external carotid artery; 3 — common carotid artery; 4 — patch implantation area.



In order to identify the risks of carotid restenosis formation in the mid-term and long-term follow-up periods, the
MSCT AG data (with a layer thickness of 0.6 mm and a current of 355 mA) were used for computer modeling of the
reconstruction zone of the carotid bifurcation of a real patient. The files in the .dcm format were processed using the Sim
Vascular software, and then a geometric model was built (Fig. 3).

Fig. 3. Geometric model of the right internal carotid artery after carotid endarterectomy with plastic xenopericardial patch

Further, to build a model of currents, the CDS of the reconstruction zone was performed in three sections: 1. in the
proximal section of the common carotid artery (CCA) (3 cm proximal to the bifurcation); 2. in the section of the external
carotid artery (ECA), 2 cm distal to the carotid sinus; 3. in the section of the ICA 2 cm distal to the carotid sinus. Due to
the fact that recirculation occurs in the carotid sinus, which distorts the data on the main flow, the most optimal segment
for measuring indicators is precisely the distance 2 cm distal to the carotid sinus. The incoming flow was modeled in
accordance with the velocity flow diagrams in the CCA (Fig. 4).

Fig. 4. Velocity diagram of the flow in the common carotid artery

The data (TAPV and Area) from the ICA and the ECA were used to form the correct distribution of the outgoing flows
between these vessels (Fig. 5).

Fig. 5. TAPV and Area data for the internal and external carotid arteries

Then the obtained CDS data and the mesh of the geometric model were loaded into the Open Foam program. The first
step was to build blood flow lines. The color gradation shows the speed of movement of particles along the trajectory:
blue - slowly, red - fast (Fig. 6).

Fig. 6. Construction of streamlines

After that, the velocity field was constructed in various planes. The arrows showed the direction of the projection of
the velocity vector on the given plane, the color gradation showed the value of the blood flow velocity at a given point in
accordance with the scale (Fig. 7).
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Fig. 7. Construction of the velocity field in different planes

Diagrams of this kind demonstrated the recirculation zones and flow branching zones on the vessel wall (red dots).

Then, in the post-processing mode, the hemodynamic characteristics on the vessel wall were plotted based on the
results of the obtained calculations. Fig. 8 shows the distribution of the RRT index: red and yellow - areas of increased risk
of restenosis.

Fig. 8. Distribution of the RRT indicator: red and yellow - areas of increased risk of restenosis

Fig. 9 shows the vector field of the TAWSS index, which reflects the direction of the parietal movement of blood
particles. The lines represent the division of the vessel wall into zones of parietal stagnation and turbulence. Pink - the
area of attraction of a stable stationary point (red point in this zone).

£

Fig. 9. Vector field of the TAWSS index, which reflects the direction of the parietal movement of blood particles

Thus, in this patient, when analyzing the RRT and TAWSS indicators, 5 zones of increased risk of restenosis formation
were identified, 3 of which are localized in the ICA (Fig. 10).
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Fig. 10. Areas of increased risk of restenosis formation



Six months after CEE, the patient was invited to the clinic for a control CDS of the reconstruction zone, according to
which hemodynamically significant restenosis of the right ICA was diagnosed. According to the results of MSCT AG,
80% restenosis was visualized (Fig. 11). It should be noted that the localization of the lesion corresponded to the 3rd and
4th risk zones, as was indicated in Fig. 10.

Fig. 11. Multislice computed tomography with angiography of the brachiocephalic arteries 6 months after carotid
endaterectomy: 1 — 80% restenosis of the right internal carotid artery

The patient was admitted to the hospital for a classic right-sided reCEE. The postoperative period was uneventful. The
patient was discharged on the 7th day after surgery.
DISCUSSION

According to national recommendations, the choice of the type of CEE is carried out only by the operating
surgeon [1]. When deciding in favor of the classical technique, as a rule, a biological, synthetic or autovenous
patch is used [1]. The width of the latter in the first 2 cases has standard factory values. However, the diameter
of an artery can vary significantly from person to person [8-10]. It follows from this that there can be no
universal patch size. Therefore, in some situations, the vascular surgeon reduces the width of the patch so
that it does not unnecessarily dilate the carotid bulb [2]. But today there is no single technique and rules by
which a personalized patch size can be established [1]. It follows that the latter is calibrated based on the
operator's experience in the “hand-made” format. In the context of evidence-based medicine, this approach
cannot be justified. The current situation requires the development of new principles and methods that will
meet the requirements of personalized medicine. The presented method of computer modeling has
demonstrated the possibility of predicting the development of restenosis after classical CEE. In the same way,
using the MSCT AG data of the patient's ICA before surgery, it is possible to remove in a virtual format
atherosclerotic plaques, project an arteriotomy line, and implant patches of different sizes. This approach
allows you to select the most suitable reconstruction model, characterized by minimal deformation of the
physical properties of the blood flow. However, it must be remembered that not always the vascular surgeon
will be able to implement the parameters set by the computer program with millimeter accuracy. In any case,
the arteriotomy line, as well as the calibration of the patch, will be carried out by the operator himself.
Therefore, in the future, two directions of further development of a personified approach in carotid surgery
are possible: 1. the patch will be made individually, at the factory stage, according to the data provided by the
computer model; 2. the CEE itself will be carried out by a robot. The topographic localization of the carotid
bifurcation and the peculiarities of the local anatomy allow an experienced vascular surgeon to isolate the
latter in 5-10 minutes, which significantly differs in duration from the approaches, for example, to the
abdominal aorta. The CEE duration time most often from the incision to the skin sutures does not exceed 1-
1.5 hours. Today, the progress of medical technology has reached the point that the use of a robotic surgeon
(Da Vinci, Intuitive Surgical, USA) is possible in complex operations on the aorta [15, 16]. Thus, it is only a
matter of time before the use of robotic technology in the CEE - an operation that has actually become a
"conveyor belt". In the future, the collaboration of this possibility with the results of computer modeling will



allow, with maximum accuracy, excluding possible erroneous "preferences" of a person, to carry out a
personalized CEE, increasing the established quality standards.
CONCLUSION

The demonstrated method of computer modeling on the presented clinical example has confirmed its
effectiveness in predicting carotid restenosis after classical carotid endarterectomy. Routine application of
this technique among the entire cohort of patients after reconstructive interventions on the brachiocephalic
arteries will make it possible to identify patients with a high risk of developing vascular lumen loss, to carry
out their precise supervision in the mid- and long-term follow-up periods, avoiding the development of
ischemic events.
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