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Abstract

Cardiovascular Diseases (CVDs) are among the most common causes of death worldwide. One of the treatment
methods is grafting a vessel from the upstream area to the aortocoronary artery and from the downstream area
to the region beyond the coronary artery blockage, performed during bypass surgery. In the present study, the
effect of geometric parameters (graft angles and distances) on velocity and Wall Shear Stress (WSS) applied to
the coronary artery is investigated. The maximum velocity occurs at the center of the stenosis in the main vessel,
decreasing toward the wall. An increase in velocity gradient leads to increased shear stress, which may damage
the vessel wall. The maximum velocity and minimum shear stress occur at a 5-degree angle. The optimal condition
for surgery at 95% stenosis is a graft angle of 15 degrees and a distance of 10 mm from the stenosis location,

because the shear stress value is minimized.
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1| Introduction

Cardiovascular Diseases (CVDs) remain the leading cause of death globally, accounting for approximately
17.9 million deaths annually according to the World Health Organization. Among all CVDs, Coronary Artery
Disease (CAD) is particularly prevalent, characterized by the buildup of atherosclerotic plaques within the
coronary arteries, leading to stenosis or complete occlusion [1], [2]. This condition restricts blood flow to the
myocardium, resulting in angina, myocardial infarction, and heart failure. Treatment options for CAD include
pharmacotherapy, Percutaneous Coronary Intervention (PCI), and Coronary Artery Bypass Grafting (CABG)
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CABG is considered the gold standard for patients with multivessel or left main CAD. In this surgical
procedure, a healthy vessel (autograft) harvested from the leg (saphenous vein), chest (internal thoracic artery),
or arm (radial artery) is anastomosed to create an alternative pathway upstream and downstream of the
stenotic region [5]. Despite its clinical success, long-term patency of bypass grafts remains a major concern,
with up to 50% of saphenous vein grafts failing within 10 years due to intimal hyperplasia and accelerated
atherosclerosis.

Hemodynamic factors, particularly Wall Shear Stress (WSS), play a crucial role in graft failure. WSS is the
frictional force exerted by flowing blood on the endothelial lining of the vessel wall. Low WSS (0.4 Pa)
promotes endothelial dysfunction, inflammation, and intimal hyperplasia, while high WSS (=4 Pa) can cause
endothelial damage and platelet activation [0], [7]. Oscillatory shear stress, characterized by a high Oscillatory
Shear Index (OSI), is also associated with atherogenic phenotypes [8], [9].

Geometric parameters of the bypass graft, including anastomotic angle and distance from the stenosis,
significantly influence local hemodynamics. The graft angle affects flow separation, vortex formation, and
WSS distribution at the toe and heel of the anastomosis. Numerous Computational Fluid Dynamics (CFD)
studies have investigated optimal graft angles. For example, Recent advances in patient-specific modeling
have further enhanced the clinical relevance of CFD simulations [10]. Several studies have successfully

employed CEFD to optimize bypass graft configurations [11].

Ogiso et al. [12] applied CED to assess portal vein stenosis after liver transplantation, demonstrating that WSS
analysis can predict and manage postoperative complications. Heidarinejad et al. [13] numerically investigated
hemodynamic parameters of Y-bypass grafts under rest and exercise conditions, revealing significant WSS

variations with flow rate.

Despite these contributions, most previous studies have examined either graft angle or distance separately,
without considering their simultaneous effects. Moreover, few studies have focused on severe (95%) coronary
stenosis, which represents a critical clinical scenario requiring urgent revascularization. Therefore, this article
aims to simultaneously investigate the effects of graft angle (5°-15°) and distance from stenosis (1-10 mm)
on velocity and WSS in a 95% stenosed coronary artery model. Both steady and pulsatile flow conditions are

examined to provide comprehensive guidance for optimal graft positioning in aortocoronary bypass surgery.
2| Materials and Methods

In this research, blood flow is simulated using the Navier-Stokes equations in ANSYS Fluent software [14].
Velocity and WSS variations are investigated. Density and viscosity are 1.06 g/cm? and 0.004 Pa-s, respectively
[15]. The Finite Volume Method (FVM) solves the continuity and Navier-Stokes equations. Graft and host
arteries are circular conduits with a 2 mm diameter. Blood flow moves within a bifurcation with a 5-15 degree
angle. Vessel geometry is a cylindrical tube with a circular cross-section. All walls are rigid with a no-slip
condition. Inlet velocity is constant and time-independent.

Table 1. Range of parameter variations.

Parameter Symbol Range Unit
Graft angle o 5-15 Degtee
Distance from stenosis X 1-10 mm
Stenosis percentage R 95 %o

3| Governing Equations

Blood is a non-Newtonian fluid due to blood cells and plasma [1]. Shear stress results from forces parallel to
the vessel wall [2]. Red blood cell shape and number affect shear stress [3]. Mass transfer at the vessel wall is
strongly influenced by mechanical shear [4]. Shear stress is obtained from:
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where —is the velocity gradient perpendicular to the flow, and . is viscosity [5]. WSS is defined as:
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where 1 is the distance to the wall, w is the velocity vector parallel to the wall [6]. The OSI quantifies the

WSS:T,, 2

oscillatory nature of WSS [7]:
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OSI ranges from 0 (no oscillation) to 0.5 (completely unstable) [7]. To solve the Navier-Stokes equations,
appropriate boundary conditions must be specified:

I. Inlet boundary condition (velocity inlet)
II. Outlet boundary condition (pressure outlet)

III. Wall boundary condition (no-slip condition): This condition is valid because blood is viscous and adheres to
the vessel wall.

IV. Symmetry (if applicable): In some simplified models, symmetry planes can be used to reduce computational
cost

3.6 | Numerical Solution Method (Computational Fluid Dynamics Setup)

The governing equations are solved using the FVM in ANSYS Fluent 2023 R1 software. FVM discretizes the
computational domain into a finite number of control volumes (cells) and converts the partial differential
equations into algebraic equations that can be solved iteratively.

4| Results and Discussion

Based on equations in Section 3 and simulation in Fluent, velocity and shear stress variations are investigated.
The wall satisfies no-slip, and flow is three-dimensional, time-independent, incompressible, Newtonian, and

homogeneous [8]. Fig. 7 shows a schematic of the geometry.

graft velocity
host
WSS

Fig. 1. Schematic of the geometry under investigation.

Fig. 2 shows the velocity contours for 95% stenosis at distances of 1, 5, and 10 mm from the stenosis and
graft angles of 5°, 10°, and 15°. The maximum velocity occurs at the center of the stenosis, decreasing toward
the walls due to the no-slip condition. At the anastomosis, a vortex forms due to flow impingement from the
graft and host artery, creating a localized high-velocity region. When the anastomosis is placed at X = 1 mm,
the stenotic jet reaches the junction before dissipating, producing a larger and more intense vortex. At X =
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10 mm, the jet has expanded, resulting in a smaller vortex and lower peak velocity. Increasing the graft angle
from 5° to 15° directs the flow more sharply against the opposite wall, enlarging the recirculation zone.

WSS; flow direction and geometry are equally important. The optimal configuration among the tested cases
is X = 10 mm and o = 15°, which minimizes both velocity and WSS.
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Fig. 2. Velocity contours at 95% stenosis.

Fig. 3 presents quantitative velocity variations along the coronary artery. The maximum recorded velocity is
1.4251 m/s at X = 1 mm and « = 15°, while the minimum is 1.33 m/s at X = 10 mm and « = 5°. Across all
distances, the highest velocity occurs at @ = 15° and the lowest at o = 5°, because a larger angle provides a
more direct flow path. At X = 1 mm, the stenotic jet reaches the junction at full intensity. At X = 5 mm,
partial expansion occurs, and a recirculation zone appears at the heel of the anastomosis. At X = 10 mm, the
jet is fully expanded, yielding the most uniform velocity profile. The steepest velocity gradients occur at the
toe of the anastomosis, directly correlating with WSS.

Fig. 4 depicts WSS distribution along the vessel wall. The maximum WSS is 40.72 Pa at X = 1 mm and « =
5°, while the minimum is 29.39 Pa at X = 10 mm and o = 15°, representing a 27.8% reduction. At X =1
mm, WSS is dangerously high regardless of angle. At X = 5 mm, the highest WSS occurs at o = 5° due to
direct flow impingement. At X = 10 mm, WSS is minimized at o = 15°, indicating that a larger angle combined
with greater distance provides the most protective hemodynamic profile. Velocity magnitude alone does not
determine.
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Fig. 3. Velocity variations at 95% stenosis at distances;
a. 1 mm, b. 5 mm, c. 10 mm.
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Fig. 4. Shear stress variations at 95% stenosis at
distances; a. 1 mm, b. 5 mm, c. 10 mm.

5| Conclusion

In this study, the impact of anastomotic angle (5°-15°) and distance from stenosis (1-10 mm) on velocity
and WSS in a 95% stenosed coronary artery bypass model using CFD was investigated. The results indicate
that both parameters have a significant impact on hemodynamics. The maximum velocity (1.4251 m/s) was
found at X = 1 mm and « = 15°, and the minimum (1.33 m/s) at X = 10 mm and « = 5°. The maximum
WSS (40.72 Pa) at X = 1 mm and o« = 5° was well above the physiological value. The minimum WSS (29.39
Pa) at X = 10 mm and o = 15° was 27.8% lower than the maximum. Placing the anastomosis too close to the
stenosis is unfavorable for both angles. A too small angle (5°) at an intermediate distance (5 mm) creates a
very dangerous impingement zone. The best situation is X = 10 mm and « = 15°, which minimizes both
velocity and WSS. Increasing the distance from the stenosis is more effective in reducing the WSS than
increasing the angle alone. From a clinical point of view, surgeons should consider placing the distal
anastomosis at least 10 mm downstream of a severe stenosis and preferably with an angle of 15°, in order to
maximize the long-term patency.
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