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Abstract:

Background: Atherosclerosis is the most common cause of coronary artery disease which is formed by
plaque presence inside the artery wall leading to blockage of the blood supply to the heart muscle. The
mechanism of atherosclerotic development is dependent on the blood flow variations in the artery wall during
cardiac cycles. Characterization of plaque components and investigation of the plaques with subsequent
coronary artery stenosis and myocardial dysfunction has been extensively studied in the literature. However,
little is known about the effect of plaques on hemodynamic changes to the coronary artery, to the best of our
knowledge. Investigation of the position of plaques in the coronary artery and its corresponding regional
hemodynamic effects will provide valuable information for prediction of the coronary artery disease
progression. The aim of this study is to investigate the effect of simulated plaques in the left coronary artery
using computational fluid dynamics.

Methods: A left coronary artery model was generated based on a computed tomography data in a patient
suspected of coronary artery disease. The model consists of the left main coronary artery, left anterior
descending and left circumflex, together with side branches. Simulated coronary plaques were created and
placed in the left main coronary artery and left anterior descending with a resultant lumen stenosis of more
than 50%. The blood rheology and pulsatile velocity at the left coronary artery were applied to simulate the
realistic physiological situation. A transient simulation was performed to demonstrate the hemodynamic
changes during cardiac phases. The flow velocity pattern, wall shear stress and wall pressure were measured
at peak systolic and middle diastolic phases in the models with and without presence of plaques.

Results: Our results showed that the flow change due to the simulated coronary plaques demonstrated a large
circulation region at the left coronary bifurcation, and the velocity through bifurcation was increased. In
contrast, a smooth flow pattern was observed in the non-calcified regions and flow velocity was low at the
bifurcation. Low wall pressure was present in the coronary artery with a simulated coronary plaque whereas
there was high wall pressure in the normal coronary artery. The simulated plaques resulted in high wall shear
stress when compared to the low wall shear stress present in the normal coronary artery. The simulated
coronary plaques interfered with blood flow behavior which was demonstrated as a large region of disturbed
flow at coronary bifurcation.

Conclusion: We successfully simulated the coronary plaques in a realistic coronary model and the effect of
plaques in different locations on subsequent hemodynamic changes. Our preliminary study is useful for
further investigation of the development of atherosclerosis in patients with different cardiac risk factors.

Keywords: Coronary plaque, wall shear stress, wall pressure, blood flow simulation, computational fluid
dynamic
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INTRODUCTION

Coronary artery disease (CAD) is commonly caused by the presence of plaques on the coronary wall. Plaques
resulted in narrowing coronary lumen and associated with a blood clot compromised hemodynamic changes
to the myocardium (Australian Institute of Health and Welfare, 2006). It is well known that coronary
angulation is associated with the development of atherosclerotic plaques and coronary plaques were generally
formed at the bifurcation area, as confirmed by previous studies (Askura and Karino 1990; Chaichana et al.,
2011; Fuser, 1994; Gziut et al., 2006; Han et al., 2010; Sun et al., 2011). Blood flow changes are believed to
play a role in the development of coronary plaques, and this is demonstrated by the change of hemodynamic
parameters such as wall shear stress (WSS) and blood flow velocity (Askura and Karino 1990; Chaichana et
al., 2011; Fuser, 1994). Therefore, the local flow alteration at the coronary bifurcation in realistic vascular
geometry is important for understanding the pathogenesis of coronary disease.

Modern imaging techniques such as intravascular ultrasound (IVUS) and computed tomography (CT) virtual
intravascular endoscopy (VIE) are used for assessment of CAD. However, early detection and diagnosis are
of particularly important for the reduction of mortality and subsequent complications (Australian Institute of
Health and Welfare, 2006). The IVUS is used to measure blood flow changes, but is restricted to the large
coronary artery, and fails to assess WSS changes (Gijsen et al., 2007; Grayburn et al., 1992). The VIE has
been used to visualize and assess coronary plaques in patients suspected of CAD (Sun et al., 2010), but is
limited to the anatomical details and is unable to provide the hemodynamic changes in the coronary artery
due to the presence of plaques. Computational fluid dynamics (CFD) is used to overcome those imaging
techniques and prior studies used CFD to analyze the hemodynamic parameters in a reconstructed coronary
artery to implicate plaques progression (Farmakis et al., 2004; Giannoglou et al., 2005; Johnston et al., 2004;
Katritsis et al., 2010; Perktold et al., 1998; Shanmugavelayudam et al., 2010; Soulis et al., 2006;). The
purpose of this study is to simulate plaques in the left coronary artery and investigate the corresponding
influence of plaques on hemodynamic variation at the coronary bifurcation.

1. MATERIAL AND METHODS

1.1. Left Coronary Reconstruction Procedure

A sample patient suspected of coronary artery disease was selected for inclusion in the study. The patient
data was obtained using a multislice CT scanner with patient’s CT volume data saved in ‘DICOM format’ for
three-dimensional reconstruction. Commercially available software, Analyze 7.0 (Analyze Direct, Inc.,
Lexana, KS, USA) was used to segment the left coronary artery section and its coronary tree. Image post
processing and editing techniques were applied to the volume data, and digital artifacts and soft tissues were
manually removed in some slices (Sun et al., 2003; Sun et al., 2004). Figure 1 shows the three-dimensional
CT image of the left coronary artery. The left
coronary model consisted of the left main stem
(LMS), left anterior descending (LAD), Ileft
circumflex (LCx) and its coronary tree. The
reconstruction procedure carried out using Blender
version 2.48 (Blender Institute, Amsterdam,
Netherlands). The computer models were saved in
‘STL format’ for hex-mesh generation.

1.2. Left Coronary models With/Without
Plaques

Coronary plaques were generated with a 50% lumen
stenosis leading to major blood flow variations inside
the coronary artery (Fuser, 1994). However, plaques
contain various components that are determined by
their calcium concentrations (Sun et al., 2010). The
hard plaques or central calcified plaques were
simulated in this study and located at LMS and LAD,
as this type of plaque represents the most common
form of CAD, and plaques located in these locations

Figure 1. 3D volume rendering demonstrates
stenotic changes in the LAD (arrows).
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tend to induce myocardial ischemic changes (Cho et al., 2001). Figure 2 shows the left coronary artery
models with and without presence of coronary plaques.
Left main stem

Plaque \l/ 1.3. Computational Fluid Dynamics

N

The STL files in Section 1.2 were used to generate
1 the mesh models, using ANSYS ICEM CFD 12

(Ansys, Inc., Canonsburg, PA, USA). The mesh

\\ elements of the left coronary models, with and

without plaques, were created using a hex mesh of

K approximately 1x10° of elements. The plaque

\ section was created using a tetra mesh of

JIN W appproximately 8x10* cells. The materials and fluid

properties for computational simulation were

o referenced from a previous study (Chaichana et al.,

Left circumflex /I\ 2011). In this study, time-dependent boundary

Left anterior descending conditions were applied to the velocity inlet (left

main stem) and the pressure outlets (left anterior

Figure 2. 3D left coronary artery models with and descending and left circumflex). Plaques were

without plaques. assumed to be a rigid (Sun et al., 2009). Three-

dimensional left coronary mesh models were saved

in ‘GTM format’ and CFD analysis has been described in previous studies (Chaichana et al., 2011; Sun and
Chaichana, 2010; Sun and Chaichana, 2009).

The Navier-Stokes equations were solved by using ANSYS CFX 12 (Ansys, Inc., Canonsburg, PA, USA),

running on Microsoft Windows 7, 6 MB RAM with a Xeon W3505 2.53 GHz CPU. The convergence target

of each simulation was less than 1x10™ per left coronary model. Time consumption of each model was

approximately 2 hours. ANSYS CFD Post-processing 12 (Ansys, Inc., Canonsburg, PA, USA) was used to

compute and visualize velocity flow fields for comparisons of left coronary models, with and without

presence of plaques.

2. RESULTS

2.1. Hemodynamic variations surrounding plaques locations

The present study was performed based on in-vivo physiological conditions during the cardiac pulsatile cycle.
The time of 0.4 sec and 0.7 sec indicate the peak systolic and mid diastolic phases, respectively. The results
of computer simulations demonstrated a direct influence of bifurcation plaques at the left coronary artery on
blood flow variations. Figure 3 presents the flow velocity patterns visualized at the bifurcation without the
presence of plaques. While the blood flow surrounding plaque locations is shown in Figure 4. The velocity
contours range from 0 mm/s to 30.50 mm/s, as shown in Figure 4. The left coronary model with plaques
caused hemodynamic variations and flow velocity results increased greatly in the presence of plaques. Peak
velocity ranged from 28.32-30.50 mm/s, at the plaque locations. Recirculating regions were found at post-
plaque locations in the LMS, LAD and LCx (Figure 4). In contrast, Figure 3 displayed that the smooth
velocity flow pattern which was observed in the left coronary model without plaques and high velocity
ranged from 21.79-23.96 mm/s (peak systolic) and 28.32-30.50 mm/s (mid diastolic, not shown) at the
bifurcation location.

3. DISCUSSION

This study shows that the coronary plaques in the left coronary artery result in blood flow variations when
compared with the left coronary model without presence of plaques. This is clinically significant as these
blood flow changes may induce further atherosclerotic changes in the coronary artery side branches, thus
leading to potential damage to the coronary wall.
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Figure 3.. Flow velocity observed in left coronary Figure 4. Flow velocity observed in left coronary
model without presence of plaque during systolic model with presence of plaque during systolic peak
peak of 0.4 s. This presents the normal condition of of 0.4 s. Arrows reveal the locations of low flow
flow field at left coronary bifurcation. velocity which occurred at post-plaque positions

Plaques are commonly formed in the coronary bifurcation due to coronary angulations, resulting in local low
wall shear stress, as proved by our and other studies (Askura and Karino 1990; Chaichana et al., 2011; Fuser,
1994; Gziut et al., 2006; Han et al., 2010; Sun et al., 2011). Medical image visualisation simply provides
morphological changes in the coronary artery. These techniques have been used to identify and detect
location of coronary plaques and degree of lumen stenosis (Gijsen et al., 2007; Grayburn et al., 1992; Sun et
al., 2010). In contrast, CFD offers hemodynamic analysis caused by the presence of plaques at the left
coronary bifurcation (Chaichana et al., 2011; Sun and Chaichana, 2010; Sun and Chaichana 2009).
Therefore, the influence of plaques in the left coronary artery could be well understood with regard to
hemodynamic changes, and it is beyond the imaging analysis of coronary stenosis or occlusion.

It is well known that the velocity is a standard factor related to the WSS alterations, as low WSS regions
represent the locations where the flow velocity is low (Askura and Karino 1990; Chaichana et al., 2011;
Fuser, 1994). Our CFD analysis of the left coronary model with and without plaques demonstrated that there
is direct relationship between bifurcation plaques and blood flow changes, as flow velocity was low at post-
plaques locations and this could be lead to low WSS at the same positions (Figure 4). In contrast, the normal
flow condition is shown in Figure 3 and the high velocity appeared at bifurcation at the above position of
merging between LAD and LCx.

There are some limitations in this study that should be addressed. Firstly, the different positions of realistic
coronary plaques may affect the flow field changes. Secondly, realistic left coronary models with and without
plaques were assumed to have a rigid wall rather than an elastic wall. Thirdly, the blood viscosity was
assumed to be Newtonian. This assumption is acceptable as confirmed by a previous study (Johnston et al.,
2004). Further studies will use coronary artery models with a more realistic idealized geometry expanded to
estimate the different plaque positions.
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4. CONCLUSION

In this study, we investigated the influence of plaques in realistic left coronary artery models, on blood flow
variations at coronary bifurcation with use of left coronary models, with and without the presence of plaques.
The direct correlation on blood flow changes was found in the location where the plaques were present and
the low flow velocity regions were found at after the plaques location. This indicates that plaques tend to
form in the low velocity areas. Our results enhance the understanding of coronary artery disease with the
presence of plaques. Future studies will focus on the various plaque positions in the left coronary artery, and
characterize the hemodynamic parameters required to verify our results.
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