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1 Background

Recently, cardiovascular disease is considered dramatically increased. The common
type of death that is mainly due to heart disease or stroke, which is caused by
the accumulation of plaques on the endothelial walls of the coronary arteries [1].
The coronary artery disease (CAD) induces to a reduction in the oxygen level
at the myocardium and this has been related to the antecedents of cardiovascular
disease such as myocardial infarction, stroke and unstable angina [2]. Despite
the diversification of risk factors, in particular high cholesterol, diabetes and
hypertension, being of a systemic nature, the plaques are located at specific sites
of the coronary artery where an endothelial shear disorder occurs [3–5]. In recent
years, the additional explanation that has been shown for plaque formation is blood
pressure/shear stress [6, 7].

The appearance of atherosclerosis that is based on observation plays a role
in the identification of blood behavior. According to the distribution of vascular
inflammation and plaques near the lateral branches or arterial stenosis, the blood
trajectory n It is not uniform and at the slightest curvature of curvatures where blood
flow is relatively low [8, 9]. The inflow of blood flow on the vessel wall is caused by
shear stress is reflected via the behavior of endothelial cells. The shear stress leads
to shear deformation of the cells and subsequently the inflammatory component and
the progression of the plaque [10].
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The main objective in our study is to analyze the impact of CFD modules on a 3D
artery model for a blood flow of normal physical characteristic and detect if there
are anomalies via velocity value study and pressure.

2 Related Works

The detection of coronary stenosis is crucial for decision making in coronary revas-
cularization. With the advancement of digital fluid dynamics (CFD), flow accuracy
is limited due to the adopted modeling approach. To overcome this problem, a new
non-invasive method based on CFD is proposed [11]. The study in [12] focuses
on examining the effects of hyperemic flow, such as velocity, shear wall in 3D
coronary artery models with and without stenosis on the hydrodynamic parameters.
3D coronary artery models suffer from a > 50% shrinkage of the light surface to
simulate the hyperemic flow condition. In contrast, the decrease in pressure was
found downstream of the stenosis relative to the coronary artery without stenosis.
The analysis provides a view of the distribution of shear stress and pressure drop
across the walls to understand the effect of hyperemic flow under both conditions.
The research developed in [13] shows the effectiveness of 3D modeling of the artery
on the Coronary CT Angiography-derived Fractional Flow Reserve via the Machine
Learning Algorithm versus Computational Fluid Dynamics technique. The severity
of the stenosis is assessed relative to invasive angiography and angiographic stenosis
and does not necessarily apply with hemodynamic accuracy when the fractional
flow reserve is used as a reference. In this context, Machine Learning algorithms
improve the performance of CTA by correctly reclassifying hemodynamically no
significant stenosis and CFD-based CT [14]. The study of the correlation between
left coronary bifurcation angle and coronary stenosis as assessed by coronary
angiography coronary angiography (CCTA) analysis generated by digital fluid
dynamics (CFD) [15]. MV et al [16] proposes a reconstruction of the right coronary
artery from the angiogram of a patient. The flow analyzes were performed using
the Digital Fluid Dynamics (CFD) method focusing on the geometry of the stenosis
characterized by areas of stasis, multidirectional velocity, and high wall shear stress.
A clinical review was proposed by JM et al [1] for the prognostic indications for
quantifying the severity of coronary artery disease and invasive and non-invasive
imaging technologies to quantify the anatomical parameters of coronary stenosis.
The application of image-based CFD simulation techniques [17, 18] to elucidate
the effects of hemodynamics in vascular physiopathology on the initialization and
progression of coronary artery disease. At this stage Blood flow presents the key for
localization and progression of coronary heart disease [19]. CFD simulation based
on 3D luminal reconstructions is used to analyze local flow fields and flow profile
due to changes in vascular geometry. It helps to identify the risk factors for the
development of coronary heart disease [20].
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2.1 Methods and Materials

A 3D model of the artery has been reconstructed with a geometry that contains 4
nodes, 6 edges, 4 faces. The Hex-dominant algorithm for only CFD module has
been adopted with internal meshing mode and moderate finesses. The Blood-type
fluid parameterization was set with a Newtonian model viscosity, (ν) Kinematic
viscosity = 0.00004 m2/s, (ρ) Density = 1056 kg/m3. A second 3D for this
bifurcation model is composed of two nodes, 6 edges, 6 faces, 1 volumes. The mesh
was generated with Max global cells = 100,000,000, Resolve feature angle = 30,
Solver iterations = 150, Relax iterations = eight. Therefore, the boundary con-
ditions is defined as follows: Pressure inlet = 1184 (Pa), the turbulence kinetic
energy = 0.00375 (m2/s2) and the specific dissipation rate = 3.375 (1/s) for the
blood fluid.

3 CFD Studies on Coronary Artery Disease

In order to predict the flow field, particle transport and related phenomena in the
region of interest, the numerical methods are used by computational fluid dynamics
to solve the set of main equations (continuity and Navier-Stokes equations) for blood
flow). The CFD procedure includes the pre-processing phase, which essentially
contains the construction of the geometry (artery) to represent the domain of
interest, discretization of the domain with meshes as well as the description of the
physical model and the boundary conditions. The post-processing part is dedicated
for the presentation of the results and the numerical resolution of the equations.
The coronary arteries are very curved and are mobile and deformable; this is why
the flow study is considered a hard task which leads to in-depth studies on CFD
to analyze coronary artery disease in recent decades. To minimize the numerical
diffusion and to reduce the number of elements, the generation of the coronary
artery model consists of defining the fluid and structural domains that are meshed
with hexahedral cells.

4 Results and Discussion

4.1 Dedicated for Coronary Artery Analysis

A model of coronary stenosis acquired with CT with a maximum diameter 3.27 mm,
minimum diameter 1.08 mm, length 29.66 mm, and a main tortuosity 0.11 mm
presented in Fig. 1a was selected. The reconstruction of the 3D model was generated
in Fig. 1b.

In order to minimize the numerical diffusion and to reduce the number of
elements we adopted the geometry of the artery in Fig. 2. For the generation of
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Fig. 1 Reconstruction of the 3D coronary artery model

Fig. 2 Model of the artery in
3D

0.02 [m]

the model of coronary artery, the fluid and structural domains are in mesh with the
hexahedral cells.

The next step is to define the meshing mode. We have used an internal meshing,
which is typically used for pipe flow and valves. It will place the mesh inside the
body and attempt to generate multiregional and will surround the materiel point and
extend until the boundaries of the artery as shown in Fig. 3.

The mesh quality are depicted in Table. 1 as follows after finishing parallel
processing:

Due to the variation of the blood flow with the cardiac cycle, the flow in the
coronary artery is unstable. The inflow and outflow conditions allow the observa-
tion of the hemodynamic changes of the arterial system, including the coronary
artery. Therefore, the boundary conditions is defined as follows: velocity inlet and
outlet = 0.2 m/s and arterial pressure = 76 mmHg in the diastole phase [21]. The
fluid solver completed the parallel computation for execution time = 318.52 s and
ClockTime = 340 s and the residual simulation is presented as follows in Fig. 4.
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Fig. 3 Mech of the artery

Table 1 Mesh quality
metrics

Mesh quality metrics

Median 1.043005289846296
Min 1.0000000202514494
Max 59.82625634572443
Average 2.7749034006189257
Standard deviation 3.3558916335140054

0-th percentile: 1.0000000202514494
20-th percentile: 1.006279489227181
40-th percentile: 1.0199218383015278
60-th percentile: 1.1554712432086376
80-th percentile: 6.693254767354305
100-th percentile: 59.82625634572443
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Fig. 4 The residual simulation
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Fig. 5 Simulation of the pressure

The inlet and outlet boundary conditions are based on a physiological flow rate
and pressure of the aorta. The average blood flow in the left coronary artery is
estimated to be about 57 ml / min, reaching a maximum of 105 ml/min during
the diastolic phase according to average human coronary blood flow data that are
available in the literature [22–24]. A flow simulation is conducted over a time-span
of several cardiac cycles, which are represented by time steps. The time steps can
be divided into a number of coupling iterations, with each time step converged to
a residual target of less than 1 × 10−4 by approximately 100 iterations. A total of
600 time steps are required to achieve satisfactory convergence for fluid simulation
when all velocity component changes from iteration to iteration are less than 10−6

[25, 26]. The solution field simulation shows a decrease in pressure as well as the
velocity value in the stenotic segment as shown in Figs. 5 and 6.

4.2 Dedicated Bifurcation Analysis

In a research setting, coronary arterial analysis (QCA) is used after coronary angiog-
raphy or intervention to evaluate the effectiveness of treatments such as ballooning,
stenting, or drug therapy. For coronary device studies, QCA is performed on images
acquired before treatment, immediately after treatment and follow-up. The main
dedicated laboratories usually perform the analysis for independent analysis. The
most important search parameters, calculated using QCA, are: the acute luminal
gain; MLD which gives insights on the acute efficacy of the device and is defined as
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Fig. 6 Simulation of the velocity

post-procedural, the luminal loss which is the estimator for restenosis and defined as
post-procedural MLD and the binary angiographic restenosis which is the incidence
of percent diameter stenosis>50% [27].

By adopting the same methodology for the conception of coronary artery QCA
offers a dedicated bifurcation analysis option to overcome the major challenges in
quantifying bifurcation lesions as seen in Fig. 7:

The processed model is a pathological case with occlusion 60%. A second 3D
for this bifurcation model is composed of two nodes, 6 edges, 6 faces, 1 volumes.
The mesh was generated with Max global cells = 100,000,000, Resolve feature
angle = 30, Solver iterations = 150, Relax iterations = eight. Therefore, the
boundary conditions is defined as follows: Pressure inlet = 1184 (Pa), the turbulence
kinetic energy = 0.00375 (m2/s2) and the specific dissipation rate = 3.375 (1/s) for
the blood fluid. The final processing of the Solver finished with the initial resid-
ual = 8.49079723516e-07, Final Residuel = 8.49079723516e-07, average solving
K: 7.12500637921e-05, Execution Time = 1923.11 s and Clock Time = 2075 s as
showed in Fig. 8.

The results of analysis of the arterial bifurcation with the CFD modules represent
a considerable advantage, because now, for these cases also, the previous and
subsequent data can be compared and these patients can be included. Due to blood
reflux in the stenotic segment, velocity as well as pressure take up significantly
negative values, which may give indications for detecting the position of the stenosis
as indicated in Fig. 9.



46 H. Sakly et al.

Fig. 7 (a) Reconstruction of the 3D bifurcation model;(b) Model of the bifurcation in 3D; (c)
Mech of the bifurcation
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Fig. 8 Convergence plot of the solution
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Fig. 9 (a) simulation of the velocity (b) simulation of the pressure
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5 Conclusion

In summary, promising results have been depicted with the use of CFD for the
diagnosis of coronary artery disease. With the advancement of CFD methods and
image processing techniques, the detection of additional indications for coronary
heart disease will be elucidated using specific CFD applications [28–31].
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