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ABSTRACT

We investigate the relationship between coronary
angulations and their hemodynamic effect. Six left
coronary models were generated based on the anatomi cal
details of patient specific data. Varying angles at 90°, 75°,
60°, 45°, 30° and 15° between the left anterior descending
and the left circumflex branches are simulated. Numerical
simulation is used to analyse flow velocity, wall pressure
and wal shear stress under norma physiological
conditions of human body in different cardiac cycles. Our
results showed that the wall shear stress was significantly
decreased in models of higher angulations. In contrast,
high wall pressure occurred at coronary bifurcation
regions with those models. Our preliminary study
demonstrates that there is direct relationship between
angulations at the left coronary artery and devel opment of
atherosclerosis.
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1. Introduction

Coronary Artery Disease (CAD) is the main cause of
death in western countries [1, 2]. Early detection and
diagnosis of CAD is important for the reduction of
mortality and subsequent complications [3]. The most
common cause of CAD is aherosclerosis which is
affected by the presence of plaques on the artery wall and
resulting in lumen stenosis. Plagues have been
particularly involved in blood clot and blocks blood
circulation to the myocardium. This occurs when the
coronary plagues suddenly rupture. When aclot cannot be
treated in time, the heart muscle will be impaired due to
ischemic changes, which leads to ischemia or myocardial
infarction or necrosis [3].

Atherosclerosis is the primary cause of CAD and plagues
are widdly distributed along the coronary arteries.
However, the situation of plagues is not equaly
distributed within the coronary artery compared with the
orderly risk factors. Thisis due to the fact that there are
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other loca conditions that induce plaque formation and
progression [4, 5]. Studies have shown that plaques tend
to formin areas of low shear stress or regions of turbulent
flow. According to the coronary anatomy, the plagues
most frequently occur in the left coronary bifurcation [6].
Computational fluid dynamic (CFD) alows for efficient
and accurate computations of the hemodynamic features
of both norma and abnorma conditions in the
cardiovascular system, as well as in vivo simulation of
coronary artery flow [7]. Medical imaging visualisation as
medica imaging techniques such as coronary
angiography or computed tomography angiography
provide anatomic changes of the coronary artery wall due
to presence of plagues, thus assessing the degree of lumen
stenosis. In contrast, CFD enables simulation and
visualisation of the coronary artery flow, even before the
plagues are actually formed in the artery wall. Therefore,
to some extent, CFD alows early detection of coronary
atery disease and improves understanding of the
progression of plaques, which are considered to be of
paramount importance to clinical treatment. This study
aimsto investigate hemodynamic in coronary models with
varying angulations. It is expected that different anglesin
the left coronary bifurcation will provide variable effect
on flow in the coronary artery. Therefore, the proposed
study will serve the purpose of identifying patients that
have the potentia risk of developing CAD.

2. Materialsand M ethods

2.1 Patients data with coronary artery disease

A tota of 20 patients (13 men, 7 women, mean age, 54
years + 8) that are suspected of CAD undergo multislice
CT examinations during the first stage of this study.
Multidice computed tomography scans were performed
with a 64-dlice scanner (GE Medical Systems, Lightspeed
VCT, GE Hedthcare, Milwaukee, WI, USA). Then, 2D
and 3D images were generated to reconstruct the coronary
plagues with respect to the angulation of the left coronary
artery.



2.2 Information about L eft Coronary Artery

A number of coronary models were generated with
different angulations between the left anterior descending
and left circumflex. Figure 1 shows the 3D visualisation
of aleft coronary artery consisting of the main stem, and
its two branches. The angles between the LAD and LCx
are set a 15°, 30° 45° 60°, 75° and 90°, respectively.
Thus, atotal of 6 models are introduced in this study for
andysis. Figure 2 showsthe variable anglesthat were
smulated in theleft coronary artery models.

 Perpendicular

'l = =
Left anteriordescending

Figure 1. LCA branches on 3D CT visudisation image

Table1
The measurements of nature LCA model

. Distance between bifurcation
Diameter of LCA (MM) | 4 i tal/proximal (mm)

LMS 3.0 Proximal LMS 35
LAD 2.0 Distal LAD 25
LCx 15 Distal LCx 20

LMS-left main stem
2.3 Generation of left coronary Models

The surface model was generated based on the anatomic
details of LCA in Section 2.1 and 2.2 with reference to the
LCA anatomy in Figure 1 and the parameters in Table 1.
CATIA V5 R18 (Dassault Systemes, Inc., Suresnes,
France) is used. The surface model is then converted into
the solid model, as shown in Figure 3. According to The
90° moddl, other five models were generated by varying
the degree of the 90° model between LCx and LAD, as
shown in Figure 2 and al of models are saved in STP
mesh format.

2.4 Generation of Mesh Models

The 6 computer aided design (CAD) models of left
coronary were used for mesh generation and CFD
simulation. The CAD models are produced using a tetra-
meshing and three prism layers method. Details of
meshing el ements are shown in Table 2. The mesh models
were generated with the ANSYS ICEM CFD version 12
(ANSYS, Inc., Canonsburg, PA, USA). Findly, the 6
mesh models were saved in GTM format for CFD
computation.

Figure 2. Diagrams showing variable angles of LCA,
90° (A), 75° (B), 60° (C), 45° (D), 30° (E) and 15° (F)

Table2
The details of meshing elements

The 6 LCA modds

Models | Angles Tetra-mesh 3 Prismlayers
A 90° 354827 97677
B 75° 357502 99153
C 60° 366925 103941
D 45° 364552 104106
E 30° 358038 98988
F 15° 330427 92517
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Figure 3. The 90° model based on patient specific
anatomic details

2.5 CFD simulation in left coronary artery
2.5.1 Application of physiological parameters

In order to ensure that our analysis reflects the realistic
simulation of in vivo conditions, application of the
physiological parameters should be considered for three-
dimensional numerical analysis. The transient simulation
is performed, and accurate hemodynamic rheologica and
materia properties are used in this study, as referred to in
previous studies [8]. According to Bertolotti et al [9], we
have reconstructed the flow rate graph a LCA by
devel oping agorithm for creation of Fourier series graph
as shown in Figure 4. The boundary conditions were
determined by pulsatile velocity at left main stem (inlet)
and opening pressure with left anterior descending (outlet)
and left circumflex (outlet). Accurate physiological
parameters were applied with a blood density of 1060
kg/m®, and a blood viscosity of 0.0027 Pas. The blood
flow is assumed to be laminar with no-slip conditions,
Newtonian [10, 11] and incompressible[12].

2.5.2 Perfor mance of CFD computation

To ensure that our results are valid, we perform numerical
simulation using ANSY S CFX version 12 (ANSYS, Inc.)
based on a4 MB RAM and a dud core 2.4 GHz CPU.
The left coronary artery in normal flow situation is
governed by Navier-Stokes equations. The CFD solution
was fully converged using 32 time steps, with each 0.05
step within 1.6 second of the pulsatile velocity flow. The
computed time consumption for each LCA model was
approximately one and half hour. This computation was
performed similar to an in vivo condition by referring to
previous experiments [13, 14, 15]. The flow pattern, flow
velocity, wall pressure, and wall shear stress were
calculated and measured in this study.
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Figure 4. Pulsatile velocity at |eft coronary artery

3. Results

Of the 19 patients with left anterior descending (LAD)
disease, 74% had a bifurcation angle >80", and 88% of the
patients with diseased left circumflex (LCx) had a
bifurcation angle >80°, whereas 88% of the patients with
both left anterior descending and circumflex disease had a
bifurcation angle >90°. This indicates a strong correlation
between wider angulation and formation of coronary

plagues.

CFD simulation is performed for six coronary models
under redlistic physiologica condition during systolic and
diastolic phases. Our results showed a direct relationship
between CFD analysis and the simulated angulations in
these models. Pesk velocity reached the highest during
systolic a 0.4 sec (Figure 4). A laminar flow was noticed
a small angled models, and it became turbulent at wide
angled models, as shown in Figure 5.

The wall shear stress (WSS) is found to decrease in wide
angled models when compared to narrowed models. This
is especialy obvious in the systolic phase as shown in
Figure 6. Low WSS occurs at the bifurcation location
where the | eft coronary main stem branches into LAD and
LCx.

The wall pressure aso changes with the variation of
angulations in different models. Wall pressure decreased
from widely angled models to narrowly angled models, as
shown in Figure 7. This is especidly apparent in the
model with a15° angulation as the results showed that the
wall pressure reduced significantly when the blood flows
through from the left main stem to the LAD and LCx
braches.
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Figure 5. Ve ocity showing variable angles of LCA,
A-F: measured at systolic peak 0.4 sec
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Figure 6. Wall shear stress with variable angles at 90°
(A), 75° (B), 60° (C), 45° (D), 30° (E) and 15° (F)

Figure 7. Wall pressure with variable angles at 90° (A),
75° (B), 60° (C), 45° (D), 30° (E) and 15° (F)

4. Discussion and Conclusion

We have simulated the hemodynamic features in a
number of coronary models with different angles at the
left bifurcation, and correated the CFD analysis with
patient specific data. Our results showed that the wall
shear stress decreased significantly with wide angulations
in the left coronary bifurcation, and this leads to the
formetion of atherosclerosis.

Curvatures and bifurcation of large and medium sized
arteries are severely affected by atherosclerosis such as
abdomina aorta and carotid artery disease. Numerous
studies point out that there is a relationship between the
genesis and the progression of the disease with the locally
irregular low field occurrence in these zones. This aso
applies to smaller sized arteries such as coronary artery.
Thisis consistent with previous studies [16-18].

Obvioudly, the blood flow velocity was noticed to be
laminar at modes with smaler angles whereas the flow
velocity became turbulent at widely angled models
(Figure 5). Flow patterns in the arterial tree are changed
considerably by aterations of pulsatility. Although we did
not take into consderation of the pulsatility of the artery
wall, our results are valid and could be used for further
studies to improve understanding of the atherosclerosis at
the coronary artery.



The limitation of this study is its lack of redistic
modeling, and thus in the future study, we will perform
computation fluid dynamic anaysis in the coronary
models from patient specific data (based on coronary
remodelling based on CT scan data), and with different
degree of coronary stenosis and locations of coronary

plagues (19).

In conclusion, we have performed CFD anaysis to
examine the hemodynamics of coronary models with
different angles at the left bifurcation. Our preliminary
study shows a direct relaionship between arteria
angulations and low shear stress, leading to formation of
atherosclerosis.
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