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Abstract

Plaque rupture is a leading mechanism underlying acute myocardial infarc-
tion and has been associated with elevated wall shear stress (WSS) and wall
shear stress gradient (WSSG). This study uses a parametric computational
�uid dynamics (CFD) approach to investigate the e�ects of plaque mor-
phology and vascular curvature on coronary hemodynamics. Idealized coro-
nary artery geometries containing atherosclerotic plaques were modeled using
OpenFOAM. The parameters included percent area stenosis, plaque longi-
tudinal skewness, eccentricity, and vascular curvature. The incompressible
Navier�Stokes equations were solved using a non-Newtonian blood viscosity
model and pulsatile �ow boundary conditions. WSS and WSSG were then
evaluated from the resulting �ow �elds. For concentric plaques, increasing
vascular curvature produced approximately linear increases in both WSS and
WSSG, with symmetric responses at positive and negative curvature angles.
In contrast, eccentric plaques exhibited asymmetric and nonmonotonic re-
sponses to vascular curvature. At an eccentricity of 0.2, the lowest peak
WSS and WSSG occurred at a curvature angle of −15◦. Proximally skewed
eccentric plaques combined with large positive curvature angles produced
the highest WSS and WSSG. These �ndings demonstrate that plaque mor-
phology and vascular geometry interact to strongly in�uence local coronary
hemodynamics, highlighting the importance of accounting for both factors
when assessing hemodynamic conditions associated with plaque vulnerabil-
ity.

Keywords: CFD, atherosclerosis, hemodynamics, vascular curvature,
plaque morphology
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1. Introduction

Cardiovascular disease is a leading cause of death worldwide (Mªynarska
et al., 2022), with plaque rupture underlying approximately 60%�75% of
acute myocardial infarctions (Kaminsky et al., 2024). The progression and
rupture of atherosclerotic plaques are governed by complex interactions among
anatomical, biological, and hemodynamic factors (Veneziano et al., 2026;
Wang et al., 2025). However, hemodynamic quantities within the coronary
vasculature are not typically available to clinicians with su�cient spatial and
temporal resolution for direct assessment.

Over the past two decades, increasing e�orts have focused on establish-
ing and quantifying the relationships between hemodynamic forces and the
progression, remodelling, and rupture of atherosclerotic plaques (Stone et al.,
2007; Dhawan et al., 2010; Bajraktari et al., 2021; Ebrahimi et al., 2022). Ki-
noshita and coworkers (Kinnoshita et al., 2024) reported notable di�erences
in plaque morphology between acute coronary syndromes (ACS) and chronic
coronary syndromes (CCS) lesions using computed tomography angiography
(CTA). Russo et al. (2023) conducted a comprehensive investigation of the
hemodynamic and biological characteristics of unstable (ACS) and stable
(CCS) plaques and suggested that di�erences in wall shear stress (WSS) be-
tween the two groups may be associated with di�erences in their underlying
molecular pro�les.

The relationship between disturbed �ow and plaque development has also
been investigated experimentally and clinically. In-vitro �uid-mechanical
studies of the spatial distribution of atherosclerotic lesions in human coronary
arteries have shown that atherosclerosis was predominantly observed in re-
gions exposed to disturbed �ow, including branch points and curved segments
(Asakura et al., 1990). Studies combining in vivo medical imaging tech-
niques�such as angiography and intravascular ultrasound (IVUS)�with nu-
merical models have demonstrated that plaques progress substantially more
in regions exposed to low endothelial shear stress (ESS) (Stone et al., 2007;
Kok et al., 2015; Wahle, 2006; Chaichana et al., 2011).

Conversely, several studies have reported associations between elevated
WSS and �brous-cap instability. Elevated wall shear stress gradients (WSSG)
have also been associated with endothelial cell misalignment and dysfunc-
tion, potentially promoting endothelial activation and local in�ammation.
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Ebrahimi et al. (2022) used �nite element analysis (FEA) to investigate the
e�ects of di�erent patterns of coronary artery tortuosity (CAT) on plaque
stress concentration and blood-�ow patterns within atherosclerotic arter-
ies. They observed that maximum WSS occurred in the stenotic region and
suggested that elevated WSS may increase plaque susceptibility to rupture.
More recently, Zhao et al. (2024) performed a computational modelling study
using in-vivo tomographic data from patients with ruptured and unruptured
coronary plaques. They reported that the average WSS in ruptured lesions
was 77% higher than that in unruptured lesions.

Direct measurement of coronary blood �ow using an intracoronary Doppler
guidewire provides an important means of characterizing hemodynamic con-
ditions from which WSS and WSSG can be estimated. However, such mea-
surements are invasive and carry inherent procedural risks. Moreover, they
provide limited spatial resolution and are strongly dependent on patient-
speci�c anatomy and physiological conditions. Consequently, CFD simula-
tions have increasingly been employed to investigate coronary hemodynamics
and its relationship to cardiovascular disease. Malota et al. (2018) conducted
a numerical investigation of the e�ects of �ow rate, heart rate, vessel geom-
etry, and degree of stenosis on coronary hemodynamic indices. Their results
demonstrated that vessel geometry strongly in�uences both the magnitude
and spatial distribution of WSS and other hemodynamic parameters. In par-
ticular, bends and bifurcations generated �ow characteristics substantially
di�erent from those observed in straight vessels. Choi et al. (2015) performed
a CFD analysis of 114 coronary lesions from 81 patients using coronary CTA
data and reported that axial plaque stress (APS), and consequently the as-
sociated rupture risk, was higher in lesions dominated by upstream plaque
morphology. Thondapu et al. (2021) investigated 37 patients with acute
coronary syndromes and found that WSS did not di�er signi�cantly between
plaque erosion and plaque rupture, whereas WSSG demonstrated signi�cant
di�erences between the two lesion types. High WSSG was therefore indepen-
dently associated with plaque rupture risk.

Hossain et al. (2024) conducted a parametric CFD study of three-dimensional
plaque morphology and its e�ects on local hemodynamics and plaque stability
using a �nite-element model. Their investigation considered plaque eccen-
tricity and longitudinal skewness and demonstrated that proximally skewed
eccentric plaques exhibited the greatest vulnerability. However, because the
vascular geometries in that study were patient-speci�c, isolating the e�ects
of individual geometric parameters and deriving generalized relationships
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remains challenging. Furthermore, two potentially important parameters�
percent area stenosis (PAS) and vascular curvature�were not considered.

The primary objective of the present study is to extend previous para-
metric investigations by systematically incorporating vascular curvature and
percent area stenosis together with plaque skewness and eccentricity into
a CFD analysis of coronary atherosclerosis. The e�ects of these geometric
parameters on local hemodynamics, particularly WSS and WSSG, are inves-
tigated, with particular emphasis on their individual and combined e�ects.
A generic, non-bifurcated vascular geometry is employed to isolate the e�ects
of individual geometric parameters and facilitate the development of more
generalizable conclusions.

In the longer term, this work aims to contribute to the development of a
comprehensive CFD database spanning a broad range of plaque morphologies
and vascular geometries. Such a database could support the development
of machine-learning models for rapid and cost-e�ective estimation of plaque-
related hemodynamic risk in patient-speci�c applications (Malek et al., 2025),
potentially providing an additional tool for clinical assessment and treatment
planning.

2. Methods

2.1. Geometry Generation

Figure 1 shows the three-dimensional computational model of a repre-
sentative coronary artery connected to a segment of the ascending aorta
(Updegrove et al., 2016). Proximal coronary segments, such as the left main
coronary artery and proximal right coronary artery, typically have diameters
of approximately 3.0�4.0 mm. The mid-to-distal branches, including the left
anterior descending (LAD) and left circum�ex (LCx) arteries, generally ta-
per to diameters of approximately 1.5�2.5 mm. The characteristic lengths
of the major coronary arteries and their branches range from approximately
15 to 100 mm. In the present study, a vessel diameter of 3 mm and a total
vessel length of 35 mm were selected to represent a typical coronary artery
segment containing an atherosclerotic plaque.

The morphology of the coronary plaque and the vascular geometry in
which it develops are characterized by the vessel centerline pro�le, percent
area stenosis, plaque eccentricity, plaque longitudinal skewness, and vascu-
lar curvature. Figure 2a illustrates the minimum lumen area (MLA) cross
section relative to the reference lumen area (RLA). Plaque eccentricity is
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Figure 1: Three-dimensional model of the coronary arteries connected to a segment of
the ascending aorta.

de�ned as the distance between the center of the reference lumen and the
center of the minimum lumen, normalized by the reference vessel diameter
(RVD) 1. An eccentricity of zero corresponds to a concentric plaque con�g-
uration, whereas increasing eccentricity indicates increasing displacement of
the minimum lumen relative to the reference lumen.

Eccentricity =
∆y

R
(1)

Figure 2b shows the variation of lumen area along the axial direction
of the artery, while Figure 2c illustrates the corresponding vessel centerline
pro�le. They are both generated by �tting the control points with c-splines.
The longitudinal skewness of the plaque is characterized by the dimensionless
skewness factor,de�ned as

x =
l1
l
− 0.5, (2)
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where l1 is the axial distance from the proximal edge of the plaque to the
location of the MLA, and l is the total axial length of the plaque. A value
of x = 0 represents a symmetric plaque pro�le along the axial direction,
whereas negative and positive values indicate proximal or distal skewness,
respectively. The vascular curvature angle, θ, is de�ned as the acute angle
between the vessel centerlines upstream and downstream of the plaque. A
positive value of θ denotes counterclockwise curvature of the artery viewed
from the angle shown in Fig. 2c, whereas a negative value denotes clockwise
curvature.

(a) Modelled MLA with eccentric stenosis (b) Percent area stenosis

(c) Vascular centerline pro�le with inlet on the
left side (d) 3D Model of vessel with stenosis

Figure 2: De�nition of plaque pro�le and vascular geometry

A list of CFD cases with the values of their key parameters de�ning the
plaque morphology and vascular curvature is given in Table 1. Case 4, a
longitudinally symmetric, concentric plaque with zero curvature and 80 PAS
is used as a baseline case.
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2.2. Governing Equation and Boundary Conditions

The hemodynamic �ow is governed by the incompressible Navier-Stoke's
equations. The continuity and momentum equations from the Navier-Stoke's
equations can be written as:

∇ · u = 0 (3)

∂u

∂t
+ (u · ∇)u = −

1

ρ
∇p+ ν∇2

u+ f (4)

The pulsatile in�ow waveform reported for the left anterior descending
(LAD) coronary artery by Seligman et al. (2022) was adopted as the velocity
boundary condition at the inlet. Figure 3 shows the inlet velocity pro�le for
a single cardiac cycle.

Figure 3: In�ow velocity pro�le

For the outlet pressure boundary condition, a three-element Windkessel
model (Tricarico et al., 2023), also known as the RCR model, was employed.
The Windkessel model represents the downstream vascular resistance and
compliance using three lumped parameters that are analogous to the com-
ponents of an electrical RC circuit.

dP (t) = (Rp +Rc)Q(t) +RpRdC
dQ(t)

dt
−RdC

dP

dt
(5)

Here, Rp is proximal resistance, which represents the resistance to blood �ow
in the vessels immediately downstream of the modelled coronary segment; Rc

7



is the distal resistance, which represents the resistance of the smaller down-
stream vessels, particularly the arterioles and microcirculation; C is vascular
compliance, which represents the ability of the downstream vascular system
to store blood volume as pressure changes. It re�ects the elastic storage ca-
pacity of the arterial and microvascular system. Q(t) is the volumetric �ow
rate.

The key parameters used in the Windkessel model and their values are
listed in Table 2. These values are close to the range reported by Jiang et al.
(2022) for coronary artery simulations.

2.3. Hemodynamic Viscosity

Blood is a non-Newtonian �uid, whose viscosity changes with the strain
rate of the �ow �eld. In the current study, the The Bird-Carreau model
(Carreau, 1972) was used to capture the strain-rate-dependant hemodynamic
viscosity.

ν(γ̇) = ν∞ + (ν0 − ν∞)[1 + (λγ̇)2]
n−1

2 (6)

where γ̇ is the shear strain rate in 1/s; ν∞ and ν0 are the limiting viscosity
at high and zero strain rate respectively; λ is the relaxation time constant
and n is the power-law index. Table 3 lists the values used in the current
study. These values align with those reported by Perktold and Rappitsch
(1995).

Figure 4a shows the calculated dynamic viscosity as a function of strain
rate. The viscosity decreases exponentially with increasing strain rate, con-
sistent with the shear-thinning behaviour of the non-Newtonian blood model
employed in the present study. Figure 4b presents a snapshot of the viscosity
�eld for a case with zero-degree vascular curvature. The reduction in viscos-
ity in regions of high strain rate, particularly near the vessel wall, is clearly
evident.
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(a) Hemodynamic viscosity as a function of
strain rate

(b) Hemodynamic viscosity at peak systolic
velocity (PSV)

Figure 4: Hemodynamic viscosity from Bird-Carreau model

2.4. Solver Setup

The CFD simulations were performed using OpenFOAM (Weller et al.,
1998) v10.1, an open-source CFD framework widely used in academic re-
search and industrial applications. For each case, three consecutive cardiac
cycles were simulated to ensure that the �ow �eld approached a periodic
state. The results from the third and �nal cardiac cycle were used for post-
processing and subsequent analysis. Figure 5 shows the temporal variations
of WSS and WSSG over the three consecutive cardiac cycles, demonstrating
the cycle-to-cycle convergence of the hemodynamic quantities.
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Figure 5: Example of WSS and WSSG over three consecutive cardiac cycles

A hybrid solver Weller et al. (1998), which combines the Pressure-Implicit
with Splitting of Operators (PISO) solver (Issa, 1986) and Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) (Patankar and Spalding,
1972) algorithms, was used to solve the governing partial di�erential equa-
tions. A second-order Gauss linear scheme was employed for spatial dis-
cretization, while a �rst-order Euler scheme was used for temporal discretiza-
tion.

2.5. WSS and WSSG Calculation

The wall shear stress (WSS) is de�ned as

τw = µ
∂u

∂y

∣

∣

∣

∣

y = 0, (7)

where µ is the dynamic viscosity and y denotes the direction normal to the
vessel wall. The wall shear stress gradient (WSSG) is de�ned as the spatial
gradient of WSS along the vessel wall:

WSSG =
∂τw
∂s

, (8)
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where s denotes the tangential direction along the vessel wall. The tangen-
tial component of the gradient of the wall shear stress can be obtained by
projecting its spatial gradient onto the wall surface:

∇sτw = ∇τw − (∇τw · n)n, (9)

where ∇s denotes the surface (tangential) gradient and n is the unit normal
vector to the vessel wall. Finally,

WSSGsigned = ∥∇sτw∥ sgn (τw · ∇sτw) . (10)

Note that the positive sign of WSSG is de�ned as the direction in which the
magnitude of WSS increases. In this study, the maximum WSSG refers to
the maximum positive value of WSSG.

3. Results and Discussion

3.1. Sensitivity of WSS and WSSG with respect to plaque morphology

Figure 6 shows a snapshot of the �ow �eld at peak systolic velocity (PSV)
for a vessel with a positive 15◦ curvature and 80% area stenosis. The �ow
inlet is located on the left side of the domain. The highest �ow velocity and
WSS occur near the minimum lumen area (MLA). The WSSG exhibits a
characteristic positive-to-negative variation across the stenotic region, with
the maximum positive WSSG occurring slightly upstream of the location of
maximum WSS and the maximum negative WSSG occurring slightly down-
stream. Thus, the maximum positive WSSG is located on the proximal side
of the stenotic throat, whereas the maximum negative WSSG occurs on the
distal side.
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Figure 6: Representative velocity, WSS, and WSSG �elds at peak systolic velocity for a
vessel with 15◦ curvature and 80% area stenosis.

Figure 7 shows the sensitivity of maximum wall shear stress (WSS) and
wall shear stress gradient (WSSG) to the degree of stenosis over a cardiac
cycle. The results correspond to simulation cases 1�5 in Table 1, which
represent concentric and longitudinally symmetric plaques in a vessel with
zero curvature. As shown in Figs.7a and 7b, when the inlet velocity pro-
�le is held constant, both WSS and WSSG exhibit nonlinear relationships
with percent area stenosis (PAS), which results from both increased velocity
and reduced lumen dimensions simultaneously. Furthermore, Fig.7c shows
that the relationship between maximum WSS and maximum WSSG remains
approximately linear across the range of PAS investigated.
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(a) PAS Vs. maximum WSS (b) PAS Vs. maximum WSSG

(c) Maximum WSS Vs. maximum WSSG

Figure 7: Sensitivity of Maximum WSS and WSSG with respect to PAS

Figure 8 shows the sensitivity of the maximumWSS and WSSG to plaque
eccentricity for cases 6�9 in Table 1. These cases correspond to longitudinally
symmetric plaques with a PAS of 0.8 in a straight vessel. Unlike the non-
linear, approximately �rst- to second-order relationship observed between
WSS/WSSG and PAS, the relationships between WSS/WSSG and eccen-
tricity are approximately linear. Both maximum WSS and WSSG increase
moderately with increasing eccentricity. Consequently, as shown in Fig. 8c,
the relationship between maximum WSS and maximum WSSG remains ap-
proximately linear across the range of eccentricities investigated.
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(a) Eccentricity vs. maximum WSS (b) Eccentricity vs. maximum WSSG

(c) Maximum WSS vs. maximum WSSG

Figure 8: Sensitivity of maximum WSS and WSSG to plaque eccentricity.

Figures 9a shows the sensitivity of maximum WSS to the longitudinal
skewness of the plaque pro�le for cases 10�16 in Table 1. In general, the
e�ect of plaque skewness on WSS and WSSG is more pronounced than that
of eccentricity. Maximum WSS decreases with increasing x in the range
−0.2 < x < 0.2, indicating that proximally skewed plaques tend to produce
higher WSS. This �nding is consistent with the results reported by Hossain
et al. (2024). Interestingly, maximum WSS levels o� for x < −0.2 and
x > 0.2, suggesting that the e�ect of further increasing the degree of proximal
or distal skewness becomes relatively limited beyond these ranges.

A similar trend is observed for maximumWSSG (Fig.9b), which increases
with increasing proximal skewness and exhibits a relatively weaker depen-
dence on x for x < −0.2 and x > 0.2. Figure 9c shows that the WSS�WSSG
relationship becomes nonlinear in the regions of x < −0.2 and x > 0.2.
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(a) Skewness Vs. maximum WSS (b) Skewness Vs. maximum WSSG

(c) Maximum WSS Vs. maximum WSSG

Figure 9: Maximum WSS Vs. maximum WSSG with respect to longitudinal skewness
(zero skewness at x=0)

Figure 10 compares the WSS and WSSG pro�les at three di�erent levels
of plaque skewness. The maximum WSS decreases as the plaque morphology
transitions from proximal skewness (x = −0.2) to distal skewness (x = 0.2).
The maximum positive WSSG occurs upstream of the stenotic throat, with
proximally skewed plaques producing higher positive WSSG values. In con-
trast, distal skewness promotes more negative WSSG values, with the min-
imum WSSG occurring downstream of the MLA following �ow separation
and the associated development of a re-circulation region.
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(a) WSS pro�le

(b) WSSG pro�le

Figure 10: WSS and WSSG pro�les at di�erent levels of plaque skewness.

3.2. E�ect of Vascular Curvature on WSS and WSSG

In the present study, the vascular curvature angle θ was varied from −45◦

to +45◦. Figure 11 shows the variation of maximum WSS and WSSG with
curvature angle for a longitudinally symmetric, concentric plaque. The sim-
ulations correspond to cases 17�20 in Table 1. Both maximum WSS and
WSSG increase with increasing curvature magnitude. For the concentric
plaque con�guration, the maximumWSS and WSSG decrease approximately
linearly as the magnitude of the curvature angle decreases. Furthermore,
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positive and negative curvature angles of equal magnitude produce nearly
identical results, owing to the geometric symmetry of the concentric plaque
con�guration. As shown in Fig. 11c, maximum WSSG also exhibits an ap-
proximately linear relationship with maximum WSS across the range of cur-
vature angles investigated.

(a) Vascular curvature vs. maximum WSS (b) Vascular curvature vs. maximum WSSG

(c) Maximum WSS vs. maximum WSSG

Figure 11: Variation of maximum WSS and WSSG with vascular curvature.

Figure 12 compares the WSS and WSSG �elds at PSV for cases 17 and
20, corresponding to curvature angles of −45◦ and 0◦, respectively. For the
case with a large curvature angle of θ = −45◦, substantial �ow separation
develops downstream of the MLA, causing the streamlines to be displaced
toward the lower portion of the �ow domain. Meanwhile, the location of
maximum velocity near the MLA is shifted toward the upper wall. This
asymmetric velocity distribution results from the secondary �ow induced by
the strong curvature and the associated centrifugal e�ects.

As the curvature increases, the �ow experiences a stronger radial pressure
gradient required to maintain the curved �ow path. The resulting redistri-
bution of momentum across the vessel cross section shifts the high-velocity
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region toward the outer wall and modi�es the local velocity gradient near the
vessel wall. In the present geometry, this produces a thinner near-wall bound-
ary layer and a larger velocity gradient near the upper wall. Consequently,
the local WSS and WSSG increase with increasing vascular curvature.
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(a) θ = 0◦

(b) θ = −45◦

Figure 12: Comparison of streamlines, WSS, and WSSG at peak systolic velocity for
θ = 0◦ and θ = −45◦.

Figure 13 compares the velocity pro�les near the minimum lumen area
(MLA) for curvature angles of −45◦ and 0◦. The near-wall boundary layer
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along the upper wall is thinner for the −45◦ case than for the straight-vessel
case, indicating a larger local velocity gradient near the wall.

Figure 13: Velocity pro�les near the minimum lumen area for curvature angles of −45◦

(upper) and 0◦ (lower).

As the curvature angle increases, the location of maximum velocity shifts
toward the opposing wall, resulting in an increased velocity gradient near the
wall. Because WSS is directly related to the near-wall velocity gradient, this
redistribution of the velocity pro�le leads to an increase in WSS, as shown
in Fig. 14. The resulting increase in WSS is consistent with the observations
of Foutrakis et al. (1999), who reported that curvature-induced centrifugal
e�ects can redistribute high-velocity blood toward the outer wall, increas-
ing local impact pressure and maximum WSS. Such elevated hemodynamic
loading may contribute to plaque instability and increase the potential risk
of rupture when atherosclerotic plaques are located along the outer wall of a
curved vessel.
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Figure 14: Comparison of cross-sectional velocity pro�le between 0 and 45 degree
vascular curvatures

Figure 15 shows the relationship between the vascular curvature angle θ
and maximum WSS and WSSG for eccentric plaques with di�erent levels of
longitudinal skewness (cases 24�37 in Table 1. All plaques have a PAS of
80%. The three cases exhibit similar trends with respect to θ. Interestingly,
the minimum values of both WSS and WSSG occur at a curvature angle of
approximately −15◦ rather than at θ = 0◦. Furthermore, positive curvature
angles produce higher WSS and WSSG than negative curvature angles of the
same magnitude, indicating an asymmetric response to vascular curvature in
the presence of plaque eccentricity. Among the three levels of skewness, the
proximally skewed plaque exhibits the highest WSS and WSSG, whereas the
distally skewed plaque produces the lowest values.
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(a) θ vs. maximum WSS (b) θ vs. maximum WSSG

(c) Maximum WSS vs. maximum WSSG

Figure 15: E�ect of vascular curvature angle on maximum WSS and WSSG for eccentric
plaques with di�erent levels of longitudinal skewness.

The low WSS and WSSG observed at θ = −15◦ for the eccentric plaque
demonstrates the interaction between the plaque morphology and vascular
curvature. Figure. 16 shows the velocity, WSS, and WSSG distributions
within the �ow domain at PSV. In this con�guration, the plaque is located
along the inner bend of the artery. The curvature-induced redistribution of
the �ow causes the high-velocity region to be directed towards the opposing
wall around the bend, reducing the e�ect of rising topology at the inner bend
due to the plaque. Consequently, the �ow approaches the stenotic region with
a smaller change in �ow direction than in the corresponding straight-vessel
con�guration. This reduced directional change appears to mitigate the local
velocity gradients near the stenosis, resulting in lower WSS and WSSG.
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Figure 16: Velocity, WSS, and WSSG �elds for an eccentric plaque at PSV with a
curvature angle of θ = −15◦.

The WSS and WSSG �elds for an eccentric, proximally skewed plaque
under strong positive and negative vascular curvature are shown in Fig. 17.
The plaque has a skewness factor of x = −0.2 and an eccentricity of 0.2. For
the negative-curvature case, the curvature-induced redistribution of the �ow
produces a relatively smooth transition toward the MLA. In contrast, the
positive-curvature con�guration produces a sharper contraction of the �ow
passage, owing to the nearly perpendicular orientation between the incoming
�ow direction and the proximal plaque surface. This geometric con�guration
results in a more abrupt change in the �ow direction and a more concentrated
local hemodynamic response. These observations highlight the complex in-
teraction between plaque morphology, including eccentricity and longitudinal
skewness, and vascular geometry, particularly curvature.
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(a) θ = −45◦, x = −0.2, eccentricity = 0.2 (b) θ = 45◦, x = −0.2, eccentricity = 0.2

Figure 17: Velocity, WSS and WSSG surface �elds for a proximally skewed eccentric
plaque at curvature angles of ±45◦.

4. Conclusion

A parametric CFD study using OpenFOAM was conducted to systemat-
ically investigate the e�ects of vascular curvature and plaque morphology on
wall shear stress (WSS) and wall shear stress gradient (WSSG) in idealized
coronary arteries with atherosclerotic plaques. The parameters investigated
included percent area stenosis (PAS), plaque longitudinal skewness, eccen-
tricity, and vascular curvature.

The results demonstrate that increasing the degree of stenosis substan-
tially increases both WSS and WSSG. The relationship with PAS exhibits
nonlinear behaviour, re�ecting the combined e�ects of increased �ow veloc-
ity and reduced lumen dimensions within the stenotic region. Plaque skew-
ness also has a pronounced e�ect on the local hemodynamics. Proximally
skewed plaques produce substantially higher WSS and WSSG, whereas dis-
tally skewed plaques produce lower values. The e�ect of skewness levels o�
for x above 0.2 or below -0.2. In comparison, plaque eccentricity has a more
moderate and approximately linear in�uence on both WSS and WSSG.

For concentric plaques, vascular curvature exhibits an approximately lin-
ear relationship with both WSS and WSSG, with greater curvature mag-
nitude producing higher values. For eccentric plaques, however, the e�ect
of curvature is asymmetric and non-monotonic, depending on the relative
orientation of the vascular curvature and plaque eccentricity. For a plaque
with an eccentricity of 0.2, the lowest peak WSS and WSSG were observed
at a curvature angle of −15◦, whereas positive curvature angles produced
substantially higher values. These �ndings demonstrate that plaque mor-
phology and vascular geometry can interact to produce markedly di�erent
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local hemodynamic environments.
Overall, the �ndings highlight the importance of incorporating detailed

plaque morphology and vascular geometry when evaluating hemodynamic
conditions associated with coronary plaque vulnerability. The systematic
parametric framework developed in this study provides a foundation for fur-
ther investigation of the interactions among plaque morphology, vascular
geometry, and hemodynamic risk factors. In the longer term, this frame-
work may support the development of comprehensive CFD databases and
data-driven models for rapid estimation of plaque-related hemodynamic risk
in patient-speci�c coronary arteries, potentially providing an additional tool
for clinical risk assessment and treatment planning.
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Table 1: CFD Cases and Parameter Values

Case No. skewness(x) Curvature(θ) eccentricity stenosis Remarks

1 0 0 0 0.5
2 0 0 0 0.6
3 0 0 0 0.7
4 0 0 0 0.8 Baseline
5 0 0 0 0.9

6 0 0 0.05 0.8
7 0 0 0.1 0.8
8 0 0 0.15 0.8
9 0 0 0.2 0.8

10 -0.3 0 0 0.8
11 -0.2 0 0 0.8
12 -0.1 0 0 0.8
13 0 0 0 0.8
14 0.1 0 0 0.8
15 0.2 0 0 0.8
16 0.3 0 0 0.8

17 0 -45 0 0.8
18 0 -30 0 0.8
19 0 -15 0 0.8
20 0 0 0 0.8
21 0 15 0 0.8
22 0 30 0 0.8
23 0 45 0 0.8

24 0 -45 0.2 0.8
25 0 -30 0.2 0.8
26 0 -15 0.2 0.8
27 0 0 0.2 0.8
28 0 15 0.2 0.8
29 0 30 0.2 0.8
30 0 45 0.2 0.8

31 -0.2 -45 0.2 0.8
32 -0.2 -30 0.2 0.8
33 -0.2 -15 0.2 0.8
34 -0.2 0 0.2 0.8
35 -0.2 15 0.2 0.8
36 -0.2 30 0.2 0.8
37 -0.2 45 0.2 0.8
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Table 2: Windkessel model parameters for pressure outlet boundary condition

Parameter Value Unit

Rp 5e8 Pa.s/m2

Rd 5e9 Pa.s/m2

C 3e-10 m3/s

Table 3: Coe�cients for Bird-Carreau viscosity model

Parameter Value Unit

ν0 5.6e-5 m2/s
ν∞ 3.5e-6 m2/s
λ 3.313
n 0.357
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