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ABSTRACT:

Coronary artery stenosis alters vascular geometry and can alter
local hemodynamics, in terms of pressure loss, wall shear
stress and flow velocity significantly. Quantitative modeling is
a constructive tool to examine such effects under controlled
conditions, especially when one would like to isolate the
contribution of stenosis severity. The present work develops a
reduced-order mathematical model of hemodynamic flow in a
coronary artery with localized stenosis and evaluates how
stenosis severity influences pressure gradient, pressure drop,
wall shear stress, and velocity distribution. The artery is
represented as a straight axisymmetric vessel with a Gaussian-
shaped constriction, and blood flow is modeled as steady,
incompressible, laminar, and Newtonian in a rigid domain. A
Poiseuille-type formulation with spatially varying radius is
used to compute hemodynamic quantities, and the domain is
discretized along Simulations are
performed for stenosis severities of 0.2, 0.4, 0.6, and 0.8. The
results show that increasing stenosis severity produces strongly
nonlinear hemodynamic responses. The minimum radius
decreases from 2.4 mm to 0.6001 mm, while pressure drop
increases from 20.0570 Pa to 541.3338 Pa. Peak wall shear
stress rises from 0.4835 Pa to 30.9375 Pa, and peak velocity at
the stenosis throat increases from 0.1658 m/s to 2.6521 m/s,
whereas upstream velocity remains largely unchanged. These
findings indicate that localized geometric constriction
significantly amplifies flow resistance and concentrates
mechanical stress within the stenosed region. The proposed
framework provides a computationally efficient basis for
parametric analysis and may support further extensions toward

the axial direction.
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more physiologically detailed coronary flow models.

Keywords: coronary artery stenosis, hemodynamic modeling, wall

shear stress, pressure drop, velocity profile

Introduction

One of the leading causes of morbidity and
mortality in the world is coronary artery disease
(CAD), which is primarily brought about by the
constriction of coronary arteries by the
development of atherosclerotic plaque (Malakar et
al., 2019). This restrictive or stenosis at the local
level causes the effective lumen to be small and
changes the physiological blood flow to the heart
muscle. The outcome of the stenosis on the
clinical outcome directly depends on the
disruption of the coronary perfusion, which can
eventually result in ischemia and cardiac events
(Shao et al., 2020). Geometric obstruction is not
the main factor that contributes to the extent of
the severity and functional significance of arterial
constriction, but is grossly influenced by the
hemodynamic environment that ensues. Changes
in the pressure gradients, flow velocity, and wall
shear stress (WSS) have been reported to take the
center stage in the development as well as
destabilization of the vascular lesions. It has
become evident that clinical and interventional
studies provide crucial data on hemodynamic
measurements to identify the level of stenosis and
guide the decision-making process in therapeutics
(Ahmad et al,, 2018). The interaction of coronary
artery disease with other cardiovascular diseases,
such as aortic stenosis, is also not an easy task in
terms of the behavior of the flow and needs a
deeper  understanding of the underlying
hemodynamic processes (Androshchuk et al,
2023). Regarding fluid mechanics, any decrease in
the radius of the vessel brings about great
alterations in resistance to the flow, which in most
cases results in nonlinear variations in pressure
drop and acceleration. Such effects are especially
strong in areas of extreme constriction, where the
interactions of viscous forces and geometric
constraints control the overall flow dynamics.
Consequently, the experimental investigation of

the hemodynamic responses in the stenotic state

Mathematical and computational modeling has
become an effective way to study the blood flow
in coronary arteries, providing a non-invasive
model that can be used to investigate various
complex hemodynamic processes. Extensive
literature has shown that the Navier-Stokes
equation-based models are capable of effectively
representing the main characteristics of coronary
flow behavior, such as velocity distribution and
pressure variation (Carvalho et al., 2021). These
models are based on high-fidelity computational
fluid dynamics (CFD) simulations and simple
analytical expressions, each having its merits and
demerits. Recent research has applied CFD to the
study of blood flow through stenosed arteries,
which has detailed information about the spatial
distribution of velocity and shear stress. As an
example, shear flow computations of symmetric
stenotic geometries revealed that the acceleration
of flow and pressure drop were highly dependent
on the extent of constriction, which is in line with
the fundamental principles of fluid mechanics
(Akhtar et al, 2023). In the same manner,
experiments on the structures of coronary arteries
have shown that stenosis and arterial widening
can significantly modify the hemodynamic
parameters, such as flow separation and
distribution of shear stress (Sandeep & Shine,

2021).

Further to the case of coronary arteries, analogous
investigations have been conducted in carotid and
bifurcated vessels demonstrating the sensitivity of
the wall shear stress and velocity field to the
geometry. Radial velocity distributions of stenosed
carotid arteries have shown that there are
significant improvements in peak velocity and
local shear stress at the constriction site (Song et
al,, 2022). Bifurcated
demonstrated that various stenotic geometries

arterial studies have

may result in strongly heterogeneous flow fields,
further indicating the importance of geometry in

has become a fundamental aspect of - .

) ) o determining hemodynamic responses
cardiovascular investigations.
www.internationalsped.com 1154


http://www.internationalsped.com/

2026, 41(19s), 1153-1162

(Kanokjaruvijit et al., 2017). In addition to
localized flow, hemodynamic measurements have
also been applied to clinical situations to assess
the functional importance of arterial stenosis. The
use of pressure-based indices to establish the need
of intervention has been emphasized in systematic
reviews, and the connection between wvascular
constriction and flow resistance (van Brussel et al.,
2017). Later modeling studies have generalized
these models to include coupled physiological
mechanisms, such as cardiac motion and
electromechanical interactions, and show that
more sophisticated models of the cardiovascular
system exist in the modern age (Delestri et al.,
2025). The

methodologies has also solved uncertainties that

development of computational
are posed by CFD modeling to enhance the
accuracy of predictions made in the simulation
(Jewell et al., 2025).

Although there is a significant advancement in
computational modeling, most of the current
research involves either a high-fidelity model that
is computationally costly or patient-specific data
that can be restrictive to generalization. Although
these methods are very informative, they tend to
obscure the undetlying connection between the
arterial geometry and hemodynamic response.
The low order analytically derived models, which
can isolate the effect of the severity of stenosis
and can be systematically studied in terms of
parameters, are still needed. These models play a
critical role in comprehending the effect of
variations in lumen constriction on pressure drop,
wall shear stress and flow velocity alone, without
the complicating influence of complex boundary

conditions or anatomical variation.

This study aims to establish a mathematical model
of hemodynamic flow in a coronary artery with
stenosis locally and the effect of the severity of
stenosis on the main flow parameters.
Quantification of pressure gradients, pressure
drop, wall shear stress and velocity profiles in a
reduced-order model that takes into account a
spatially varying arterial radius is of interest in the
analysis. The aim of the study is to explain how
the change in geometrical constriction affects the
hemodynamic behavior in the conditions of the

model.
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2. Methodology
2.1 Research Design

In this research, the modeling framework used is
deterministic and based on physics to investigate
the effect of localized stenosis of arteries on the
coronary hemodynamics. The analysis is carried
out by means of a reduced-order model of
incompressible viscous flow rather than based on
empirical data, and it permits the study of the
geometric effects on the flow behavior to be
controlled.

The study design will be established as a
parametric study, the severity of stenosis will be
manipulated systematically, and other physical and
geometrical parameters will be held unchanged.
This approach isolates the influence of lumen
constriction, and allows the influence of lumen
constriction on pressure fields, wall shear stress
and velocity fields to be explicitly evaluated in a
standardized mathematical setting.

2.2 Geometric Model

The coronary artery is modeled as a straight
axisymmetric conduit that has a constriction. The
radius is defined as a smooth function of the axial
coordinate:

R(x) = Ro(1—8e /%)

where Rgdenotes the reference radius of the
healthy vessel, 0is the dimensionless stenosis
severity, and Lcontrols the axial extent of the
constriction. The geometry of the formulation is
made continuous and differentiable and does not
contain discontinuities that would introduce

nonphysical gradients.

The domain is defined over a finite interval X €
[—0.05,0.05]m, with the stenosis centered at X =
0. Four levels of severity (§ = 0.2,0.4,0.6,0.8) are
considered to capture the transition from mild to
severe narrowing. The localized geometric
perturbation is highlighted in this representation,

which is in line with observed stenotic lesions.
2.3 Governing Flow Model

The simplification of the equations of motion of
the blood flow is done using the following
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standard assumptions: steady flow, incompressible
flow, laminar flow, axisymmetric flow, and in a
rigid vessel. Here, the axial momentum balance is
a Poiseuille-type equation with the radius being
spatially varying:

dp 81Q

dx  mR(x)*

This phrase is used to describe the dominating
viscous forces on the opposition to flow in small
to medium calibre arteries. The low shear rate
(velocity) behavior of blood is non-Newtonian,
but in this case, the Newtonian approximation is
used to maintain the analytical tractability and to
isolate geometrical effects.

The corresponding axial velocity profile is given

by:

1
u(r,x) = 4_u( —%) (R(x)? — r2)

which gives a local parabolic distribution that is
consistent with full developed laminar flow. The
shear stress at the wall is determined by the radial
velocity gradient at the vessel boundary:

4pQ

Tw(X) = TR

Together, these relations define a closed system
linking geometry to hemodynamic response.

2.4 Numerical Procedure

A one-dimensional discretization of the governing
expressions is done with respect to the axial
coordinate. The domain is divided into 1000
evenly distributed grid points, which provide a
sufficient resolution of the steep gradients in the
vicinity of the stenosis throat. The local radius is
calculated at every grid point, and then the
pressure gradient and wall shear stress are
evaluated. Numerical integration of the pressure
gradient across the domain gives the total pressure
drop across the domain, using the trapezoidal
rule, which gives a stable and consistent estimate
on smooth integrands. Velocity profiles are
calculated at a representative axial location, one of
them being an upstream location and the stenosis
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throat. The radial coordinate is discretized at each
point into 300 points, which can be used to
recreate the velocity field throughout the lumen.
This method does not fully simulate on a
multidimensional basis, but has enough detail to
describe the redistribution of flows.

2.5 Parameterization

Model parameters are chosen to model typical
physiological conditions, but are general. The
baseline radius is set to Ry = 3 X 1073m, and the
stenosis length scale is fixed at L =1 X 107%m,
Blood viscosity is taken as p = 3.5 X 107 3Pa-s,
with density p = 1060kg/m3. A constant
volumetric flow rate Q = 1.5 X 107°m3/s is

imposed.

Parameters are kept constant throughout
simulations, and the only control variable is
stenosis severity 8. This will be necessary so that
apparent changes in hemodynamic quantities are
due to geometric changes and not due to

parameter coupling.
2.6 Quantification of Hemodynamic Metrics

The analysis is directed towards the extraction of
the scalar and spatially distributed quantities,
which determine the behavior of the flows under
stenosis. These are the minimum and average
vessel radius, axial pressure gradient, overall
pressure drops, distribution of wall shear stress
and maximum centetline velocity. Also, derived
measures like velocity amplification and peak-to-
mean shear ratios are assessed to measure the
extent of perturbation on flow. Such a
combination of measures will provide a point of
comparison, which is the same across cases and
the discovery of nonlinear tendencies as the

stenosis severity rises.

3. Results
3.1 Geometric Characterization of Stenosis

Figure 1 shows the spatial change in the radius of
the arteries at the various levels of stenosis. The
smooth and symmetric constriction generated by

the Gaussian formulation is at the mid-point of
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the artery (x = 0). With the increase in stenosis

severity, the extent of constriction progtessively

INTERNATIONAL JOURNAL of SPECIAL EDUCATION

becomes more severe, although there is little

effect on the upstream and downstream regions.
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Figure 1. Coronary artery radius profile under varying stenosis severities

Table 1 summarizes the quantitative geometric changes and related pressure-based measures. The

minimum radius decreases substantially with increasing stenosis severity, from 2.4 mm at & = 0.2to

approximately 0.6 mm at § = 0.8, whereas the mean radius exhibits only a modest reduction. This

validates the fact that the constriction is very localized and not evenly distributed along the vessel.

Table 1. Geometric and pressure-based hemodynamic metrics for different stenosis sevetities

Stenosis Minimum Mean Radius | Pressure Pressure Peak Pressure

Severity Radius (mm) | (mm) Drop (Pa) Drop Gradient
(mmHg) (Pa/m)

0.2 2.4000 2.8938 20.0570 0.1504 402.9430

0.4 1.8000 2.7875 29.5679 0.2218 1273.4456

0.6 1.2000 2.6813 69.5445 0.5216 6446.2799

0.8 0.6001 2.5750 541.3338 4.0603 103114.6475

3.2 Pressure Gradient and Flow Resistance

The axial pressure gradient is highly spatially
localized, and there is a sharp peak of the axial
pressure gradient at the stenosis throat. The size
of this peak rises sharply with the degree of
stenosis and is indicative of the increasing
resistance to flow in the constricted area. The
resulting total pressure drops along the artery, as

reported in Table 1, show a definite nonlinear
trend. The increment is moderate between mild
and intermediate stenosis, but there is a high
increment in the more severe levels. In particular,
the pressure drop rises by 69.54 Pa to 541.33 Pa
with the increase of lumen, and it indicates that
the relationship between the pressure drop and
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lumen reduction is highly sensitive. This agrees
with  the
dependence

theoretical inverse fourth-power

of hydraulic
resistance, which suggests a disproportionate

on vessel radius

effect on hemodynamics of relatively small

geometrical changes.

3.3 Wall Shear Stress Distribution

INTERNATIONAL JOURNAL of SPECIAL EDUCATION

The distribution of wall shear stress (WSS) along
the artery is shown in Figure 2. WSS in all
instances shows a steep gradient at the stenosis
throat, with the vessel radius being minimized.
This peak is significantly increased with the
severity of stenosis, which implies that mechanical
stress is highly localized.
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Figure 2. Wall shear stress distribution along the coronary artery

Table 2 provides the quantitative characteristics of WSS. While the mean WSS increases gradually across

cases, the peak WSS shows a pronounced nonlinear rise, increasing from 0.48 Pa at 6 = 0.2to 30.94 Pa at

6 = 0.8. The ratio of peak to mean WSS also rises markedly, indicating that the shear stress progressively

becomes localized in a small area as the stenosis severity rises.

Table 2. Wall shear stress characteristics under progressive coronary stenosis

Stenosis Severity Mean Wall Shear | Peak  Wall Shear | Peak-to-Mean WSS
Stress (Pa) Stress (Pa) Ratio

0.2 0.2840 0.4835 1.7023

0.4 0.3626 1.1401 3.1605

0.6 0.5992 3.8679 6.4548

0.8 2.1278 30.9375 14.5398

3.4 Velocity Profiles and Flow Acceleration

Figure 3 shows the velocity profiles at the stenosis throat. The profiles all maintain the parabolic form of

laminar flow, but the maximum velocity gets much higher with the severity of stenosis. This is a

conservation of volumetric flow with cross-sectional areas that are decreasing in size.
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Figure 3. Velocity profiles at the stenosis throat for varying stenosis severities

The corresponding peak centerline velocities and amplification factors are reported in Table 3. Velocity of

the healthy upstream part is almost the same in all cases but velocity at the stenosis throat escalates

drastically. For the most severe case (8§ = 0.8), the peak velocity exceeds 2.6 m/s, representing a

significant amplification relative to the upstream flow.

Table 3. Peak centetline velocity and velocity amplification at healthy and stenosed sections

Stenosis Severity Peak Velocity | Peak Velocity | Velocity Amplification
(Healthy Section) | (Throat) (m/s) Factor
(m/s)

0.2 0.1061 0.1658 1.5625

0.4 0.1061 0.2947 2.7777

0.6 0.1061 0.6631 6.2495

0.8 0.1061 2.6521 24.9950

In all simulations, the severity of stenosis results
in a uniform and highly nonlinear change in
hemodynamic behavior. Localized narrowing of
the vessel radius leads to a high pressure gradient,
high resistance to flow and the tremendous
amplification of the wall shear stress and flow
velocity at the stenosis throat. The results point to
the sensitivity of coronary hemodynamics to
geometric constriction and give us a coherent
picture to wunderstand the consequences of
stenosis in the premises of the current model.

4. Discussion

The fundamentals of coronary stenosis are that it
changes the balance of the vascular geometry and
the viscous flow resistance, and the current
findings indicate that such a relationship is clear
and internally consistent. The more severe the

stenosis, the greater the pressure gradients across
the modeled artery, the more pressure was lost
through the wall, the greater the wall shear stress
and the more pronounced acceleration of axial
velocity at the stenosis throat. There was no
linearity in these changes through the simulated
cases. Rather, the hemodynamic response was
amplified more as the constriction increased with
the most severe stenosis. This is a trend that
coincides with the fact that resistance is extremely
dependent on lumen radius in a reduced order
laminar flow model. Informative are the pressure
results in particular. Where mild narrowing only
resulted in small changes in the total pressure
drop, severe narrowing resulted in a large change,
demonstrating that the system is more sensitive to

narrowing, as the vessel approaches the critical
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narrowing. The nonlinear behavior was also
observed in the distribution of shear stress of the
wall. There was a slow increase in mean shear
values and a rapid increase in peak wall shear
stress, which was highly localized at the stenosis
throat. This difference between average and peak
performance is significant in that it indicates that
geometric narrowing does not simply move the
whole hemodynamic field to a higher plane; it
concentrates mechanical load into a small area.
This can be reinforced by the velocity profiles.
The main differences were in the upstream flow,
which was almost the same, and in the throat area,
the amplification of the centerline velocity was
significant, thus the main disturbance was not

global along the vessel segment but local.

The measured increase of localized wall shear
stress with the severity of stenosis is in agreement
with previous hemodynamic measurements of
constricted arteries. Strong elevation of wall shear
stress and oscillatory flow conditions in the region
of constricted area have been linked to increasing
stenosis in carotid models, which reinforces the
general conclusion that geometric constriction
increases mechanical loading on the vessel wall in
the area (Basavaraja et al., 2017). Similarly, some
numerical studies based on coronary parameters
have demonstrated that the severity of stenosis,
along with geometric configuration, has a material
impact on clinically significant hemodynamic
indices, which is in line with the tendencies found
here with pressure drop and flow acceleration
(Malota et al., 2018). The current findings also
concur  with lower-order mathematical
investigations where the severity of stenosis is a
major control parameter of pressure and velocity
tields. Nonlinear change of flow disturbance has
been reported to increase with the severity of the
narrowing of stenosed arteries in parametric
studies, a trend that has been consistent with the
sudden increase in the pressure loss and throat
velocity achieved in the present model (Ali et al.,
2021).
highlighted by theoretical work demonstrating

Geometric  sensitivity has also been
that the shape and extent of stenosis have a
material impact on the resultant flow structure,
especially in how they impact local gradients and

near-wall stresses (Asha & Srivastava, 2021).
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Formulations based on Navier-Stokes have also
shown that constriction of the vessel generates
considerable spatial variations in the pressure and
velocity fields, although at a significantly higher
computational cost than reduced-order methods
(Gafurjonovich & Ergash o‘gli, 2025). The results
are also consistent, qualitatively, with more
specific artery models, which incorporate more
geometric or physical effects. The incorporation
of post-stenotic dilatation in studies has
demonstrated that the downstream flow fields can
be further altered by non-simple constricted
geometry, and therefore, the current findings can
be considered a baseline against which more
complex anatomical states can be analyzed
(Dhange et al, 2022). Equally, non-Newtonian
models incorporating thrombosis or catheter
effects have shown that rheology and intraluminal
devices can change the values and distributions of
hemodynamic  variables, implying that the
simplified assumptions made in this case probably
underestimate some facets of clinical complexity,
rather than exaggerate them (Wajihah et al., 2022).
Similar modeling studies with combined stenotic
and  aneurysmal  geometries  have  also

demonstrated ~ that  interacting  structural
irregularities can re-pattern pressure and velocity
fields not predicted by single-lesion models
(Damno et al.,, 2021). Computational studies of
coronary abnormalities have reinforced the
perception that a change in normal vessel
all that is

quantifiable changes in flow organization, which is

geometry is required to cause
not inconsistent with the current focus on
localized constriction as a key hemodynamic

determinant (Hoque et al., 2018).

These findings have a number of implications for
biomathematical and cardiovascular modeling.
First, they demonstrate that even an analytically
simplified model is able to restore the key
nonlinear dependence of coronary hemodynamics
on the severity of stenosis. Second, the difference
in small variations in mean quantities and a strong
increase in local peak values implies that the
severity should not be evaluated using bulk
measures of flow only. Third, the model offers a
systematic framework to perform parametric

exploration and is applicable to the sensitivity
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analysis, benchmarking of methods, and
hypothesis testing prior to switching to more

realistic simulations.

These findings are to be interpreted within the
assumptions of the model. The assumptions made
wete that blood was a Newtonian fluid, the wall
of the arteries was rigid, the vessel was straight
and axisymmetric, and the flow was steady and
laminar. These selections were suitable in isolating
the effect of the degree of stenosis, but fail to
pulsatility,

curvature, branching, and individual anatomy.

reflect compliance of the walls,
Morteover, downstream recirculation, turbulence
transition, and biological remodeling processes,
which could arise in severe disease, are not

included in the model.

The current structure can be expanded in a
number of ways in the future. It would be a
logical extension to include pulsatile inflow and
non-Newtonian rheology in order to evaluate the
effects of time dependence and shear-dependent
viscosity in altering the observed trends. Imaging-
based geometries of the patients could be adopted
to increase anatomical realism as well. Another
possible extension is to combine reduced-order
flow models with uncertainty quantification or
multiscale models to increase robustness and
preserve computational efficiency. This would aid
in filling the
analyzable coronary hemodynamics and clinically

gap between mathematically

applicable ones.
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as the severity of stenosis increased, the pressure
gradients, overall pressure drop, wall shear stress,
and the significant acceleration of flow in the
stenosis throat increased. These were highly
nonlinear effects, such that severe constriction
had disproportionately large effects compared to
mild and moderate ones. The reduced-order
model employed here gives a straightforward and
computationally efficient approach to investigate
the arterial geometry-hemodynamic response
relationship. Despite the simplifying assumptions
that underlie the model, it reflects the prevailing
trends that are related to progressive lumen
narrowing and provides a convenient starting
point for a parametric study. The findings confirm
the perception that the severity of stenosis is a key
factor in the coronary flow disruption under the
model assumptions. The framework can be
extended to future applications with pulsatile
flow, non-Newtonian rheology, vessel
compliance, and geometries that are patient-
specific, and thereby enhance the physiological
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  R ( x ) =  R 0  ( 1 −  δ  e  −  x 2 /  L 2 )


   R 0


  δ


  L


  x ∈ [ − 0 . 05 , 0 . 05 ]


  x = 0


  δ = 0 . 2 , 0 . 4 , 0 . 6 , 0 . 8


   dP dx = −   8 μ Q  π R ( x  ) 4


  u ( r , x ) =  1  4 μ  (   −   dP dx )  ( R ( x  ) 2 −  r 2 )


   τ w ( x ) =   4 μ Q  π R ( x  ) 3


   R 0 = 3 ×  10  − 3


  L = 1 ×  10  − 2


  μ = 3 . 5 ×  10  − 3


  ρ = 1060


   m 3


  Q = 1 . 5 ×  10  − 6  m 3


  δ = 0 . 2


  δ = 0 . 8


  δ = 0 . 2


  δ = 0 . 8


  δ = 0 . 8

