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1. INTRODUCTION

Venous aneurysms, though rarer than arterial ones, pose
clinical challenges including thromboembolism and
venous insufficiency [1, 2]. The venous system operates at
low pressure [3], yet focal dilation can disrupt local
hemodynamics and compromise the function of bicuspid
venous valves—critical for unidirectional flow, especially
in lower extremities [4, 5]. Geometric distortion from an
aneurysmal sac impairs leaflet coaptation and alters flow
patterns [6, 7], increasing thrombosis risk [8]. Recent
clinical studies have focused on venous thromboembolism
(VTE) following aneurysmal subarachnoid hemorrhage
(aSAH) [9, 10] and the natural history of portal or jugular
vein aneurysms [11, 12]. Dodd et al. [13] highlighted that
impaired venous filling correlates with poor outcomes.
However, these studies lack detailed hemodynamic
metrics such as flow separation, wall shear stress (WSS),
and valve function.

Numerical simulations offer mechanistic insights.
Previous CFD studies have modeled venous valves [14] or
aneurysmal vessels [15] separately, but few have
combined both. To date, no study has systematically

analyzed valve performance within an aneurysmal venous
geometry under pulsatile flow with coupled wall stress
analysis. Several recent numerical studies further motivate
our work. Gao et al.[16] wused 4D-CTA to quantify
cardiac-induced deformation of visceral muscular arteries
and aneurysms, finding that while wall shear stress (WSS)
shows higher variance than pressure or velocity, the
overall influence of cyclic deformation on CFD results
remains below 10% in most cases. Although focused on
arteries, their findings support the need for time-resolved
geometries in aneurysm simulations. Gramigna et al.[17]
performed patient-specific CFD of arterial cannulae in the
aorta, demonstrating that distal tip geometry significantly
alters flow distribution to branch vessels—highlighting
how small geometric variations can produce large
hemodynamic changes.

Marcinno et al. [18] conducted fluid-structure
interaction (FSI) simulations of arteriovenous fistulas,
showing that anastomosis angle and vein diameter
critically affect recirculation zones and WSS distribution,
which directly relates to our study of venous geometry
alterations. Dake et al. [19] comprehensively reviewed
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FSI applications in cardiovascular systems, including
aortic aneurysms and heart valves, emphasizing that
coupled fluid-solid methods overcome limitations of rigid-
wall CFD. Finally, Mourato et al. [20] systematically
reviewed computational aortic aneurysm models and
identified key barriers to clinical translation: low accuracy,
long reporting time, and lack of numerical validation.
Taken together, these studies underscore the value of
CFD/FSI for vascular pathology but reveal a clear gap: no
study has specifically addressed venous valve function
within an aneurysmal venous geometry under pulsatile
conditions with experimental validation—the precise
contribution of our work.

Despite the valuable contributions of the above-
mentioned studies, a critical gap remains. Previous
numerical investigations have either focused on venous
valve mechanics in healthy, non-aneurysmal geometries
[14] or examined flow patterns in aneurysmal vessels
without accounting for valve function [15]. Moreover,
existing CFD models of venous aneurysms have primarily
focused on clinical outcome correlations rather than
mechanistic hemodynamic metrics such as flow separation
length, recirculation zone volume, Von Mises stress
distribution on the venous wall, and valve Ileaflet

Table
Summary of previous &iies a

performance under pulsatile conditions. No study to date
has systematically integrated all these factors into a single
computational framework.

The present study addresses this gap by developing
a two-dimensional (2D) CFD model of an aneurysmal vein
segment containing functional venous valves. Using
COMSOL Multiphysics under physiologically pulsatile
sinusoidal inlet conditions, we simulate blood flow over a
six-second cardiac cycle. The key novelties of this work
are: (1) the first integrated analysis of velocity profiles,
pressure distributions, and Von Mises stress evolution
within an aneurysmal venous geometry with valves; (2)
quantitative characterization of separation and

recirculation zones downstream the valves; (3)
assessment of compromised due to
geometric  distortion; and against
experimental ultrasound da of 2.2—

3.6%. Unlike more com
our validated 2D a

ive 3D models,
cal framework
ve dysfunction and
ombus formation in
ummary of previous studies and
is presented in Table 1.

Study Study type | Venous ysmal geometry | Pulsatile flow
Pan et al. [9] Clinical No No
Kilgore et al. [10] Clinical No No
Binko et al. [11] Clinical Yes (portal) No
Nakajima et al. Yes (jugular) No
Dodd et al. [13] No No
Ref. [14] (previous CFD) Yes No Yes
Ref. [1‘)reviou No Yes Yes
Gao et No Yes (arterial) Yes
No No Yes
No No (AV fistula) Yes
Review Yes Yes Yes
Review No Yes (aortic) Yes
Numerical Yes Yes (venous) Yes

nts the problem description, numerical
s, governing equations, boundary
conditions, grid generation, and computational methods
employed in the current study. The governing equations,
including mass continuity and Navier-Stokes equations,
are numerically solved using commercial software. The
detailed geometric dimensions are described in this
section. The constructed geometry consists of a
rectangular two-dimensional channel, where fluid enters
through the inlet on the left side and exits through the
channel outlet on the right side. The governing equations
are solved on the constructed fluid flow domain,
considering specific boundary conditions that will be
disclosed later.

To obtain the dimensions of a human vein, the vein was
cut longitudinally at the intersection of the two leaflets in
the vein wall and placed alongside a scale for
measurements to be taken (Figure 1). These measurements
were used to approximate distances at each point as well
as distances between the vein valves when the valves were
in different positions. The dimensions measured and
approximated in this way were included in the model.

Based on Figure 1, the dimensions of the veins are
estimated and the model is created. The created
coordinates are then connected with the help of lines and
curves wherever necessary. Initially, a two-dimensional
model was created that is similar in dimensions to figure
1. The valve position was estimated and different models
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were created for each valve position, from fully open
valves to valves that are almost closing.

We aim to model deep veins with valves in various
positions and study the flow physics of these mod‘ to
relate this to a real problem. Computational modeling o
flow physics in these deep veins helps us understand in
more detail the area’s most prone to clot formation. Most
diagnostic methods show formed clots, but i
accurately create all conditions, we can more €
predict the likelihood of clot formation it
possible to create specific patie
decide whether there is a risk of ¢
a previously formed clot can develop.

A

tiphysics software was chosen to create the
odels. COMSOL was selected due to its ability

simulations, and the possibility of modeling and evaluating
systems and devices. The two dimensional geometry and
the path of blood flow are shown in figures 2 and 3.
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Fig. 2. Two-dimensional geometric design of the vein model in COMSOL Multiphysics software
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Fig. 3. Visualization of Blood Flow Path and Leafle

Given that the periodic blood flow to the vein is a result
of muscle activity and the sequential opening and closing
of the valves, the inlet boundary condition was set as a
sinusoidal function of time, as shown in Equation (1). This
correlation function represented the blood Velocity‘ a
consequence of the sequential opening and closing of t
series of valves in the vein.

0 10sin(%t)

The inlet velocity reaches a value of 10 c
and then decreases to zero at t
depends on the type of body acti
rapid running, the velocity decreas
maximum value, and a highe

ain accurate. This approach is standard in low-
e vascular CFD simulations and facilitates clear

interpretation of pressure drops and gradient evolution.
The section before the aneurysm was meshed with a
mapped and extra fine mesh. The vessel walls and the
section after the aneurysm were meshed with a free
triangular and coarser mesh. The leaflets (valves) were
magnitude is observe~ For t meshed with a free triangular and fine mesh. In the valves,
velocity magnitude has lower B to prevent the issue of inverted mesh, the corner
ry condition  refinement feature was utilized. The vein with mesh is

maximum value (1 /8).
was set at P=0. It sho e notedtha uge pressure  displayed in figure 4.
al
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Fig. 4. Vein model meshing: fluid domain, solid domain, and valve refinement



A Computational Fluid Dynamics Study on Venous Valve Function within Aneurysmal.../ Adibi T. Razavi SE.

The computational domain can be divided into two
parts to be coupled to resolve the fluid-structure-
interaction equations. The first part is the fluid flow
domain, which is assigned to the fluid flow, chosen to be

blood  with  density p=1060kg/m®and  dynamic
viscosity ©=0.0035Pa-s (or kinematic
viscosity v=3.3x10—6m?%s), entering the rectangular

channel. The second part is the solid domain. The
governing equations are to be solved numerically for both
fluid and solid domains separately and coupled on the
fluid-solid interface to keep track of the flow-induced
deformations and loads and the solid-induced
deformations. The fluid flow inside the rectangular
channel is assumed incompressible, Newtonian, unsteady,
two-dimensional, non-isothermal, and viscous. The solid
domains are assumed to be linearly elastic, isotropic, and

Ju OJv

axtay =" @)
ou du Ou 1dp 0*u  9%u
a*“a“’v‘;a”(m*a—yz) ©)
ov ov  dv 10p 0%v  0%v
a*”a”@*;@”(ﬁ%—yz) @

Where u and v are the velocity vector components in
the x- and y-directions, respectively, p is the fluid pre‘re,
V is the kinematic viscosity, p is the fluid density. Th
governing equations of the solid domain, including the
linear momentum conservation and the Lamé parameters,

are as follows [22, 23]:
0%ug _ R
Ps FIZ V.o = psb
1 = v E 7
=
1+v)Qv-1)
M=o +vy) ®
3. RESULTS
A numieni ed on a designated

e simulation program

izing standard mathematical
techniques, mainly if the computing domain contains
intricate geometrigs. Numerical techniques are preferable
to other methods for resolving the governing equations.
These techniques give engineers robust tools for
approximating the solution to the governing equations
with high precision. Computational fluid dynamics is used
to solve fluid flow problems by applying numerical
techniques. To ensure the robustness and reliability of the
simulation results, it is crucial to assess their independence
from the underlying mesh. Numerical solutions in
computational fluid dynamics (CFD) can be sensitive to

have constant physical and mechanical properties. Using
the finite element method, numerical computations are
carried out via commercial software COMSOL.

This section presents the governing equations of fluid
dynamics and solid mechanics. Multiple factors must be
considered simultaneously. Both mass conservation and
momentum equations must be taken into account. Solving
these equations enables the determination of velocity and
pressure fields in typical research scenarios.

To obtain accurate solutions, it is necessary to solve the
governing equations for both fluid and solid components
simultaneously, determining velocity, pressure, strain, and
stress fields concurrently. This artic sents a complex
task that has been accomplished and will be explained
through subsequent equations|

domain

1, and [ are the first and
ectively. Moreover, € is the

(€)]

where V is the inlet velocity, D is the venous diameter,
and u is the dynamic viscosity, was calculated to range
from approximately 140 to 285 over the pulsatile cycle
(peak Re=285 at t=3s). This confirms laminar flow
conditions throughout the simulation, consistent with the
low-pressure,  low-velocity — nature  of  venous
hemodynamics.

mesh resolution; therefore, convergence studies are
essential. To investigate this, we performed simulations on
four distinct meshes with increasing element counts: 2738,
3876, 5404, and 7508 elements. The corresponding blood
flow velocities obtained from these simulations were 0.251
m/s, 0.313 m/s, 0.318 m/s, and 0.325 m/s, respectively.
The velocities reported in the mesh independence study
represent the area-averaged velocity at the outlet of the
vein. For each mesh, the area-averaged outlet velocity was
computed to assess convergence. These results, visually
summarized in Figure 5, demonstrate a clear trend towards
convergence, indicating that the solution is relatively
insensitive to mesh refinement within the range studied.
Given this convergence, the mesh with 7508 elements was
selected as the standard mesh for subsequent simulations.
The velocity difference between the 7508-element mesh
and the coarser meshes ranges from 0.7% to 2.2%,
highlighting the importance of mesh independence
verification in CFD studies.
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Fig. 5. Mesh independence study: blood flow velocity versusiumber of elements

Validation is a critical step in any numerical simulation
study, particularly in computational fluid dynamics (CFD).
Numerical models are inherently approximations of
reality, and their accuracy depends on variousgfactors,
including the governing equations, boundary cenditions,
and mesh resolution. Therefore, it is essential.to cofmpare
the simulation results with experimental data to'@ssess the
model’s predictive capability and enisure the reliability off
the findings. Without proper validation, the®eonclusiens
drawn from numerical simulatighs“may ‘be misleadifig or
inaccurate, limiting their practical applicability. Figure 6
presents an ultrasound image ofja representative vein
obtained from a 35-year0ld individual, This/image serves
as a visual reference{ fox, the anatomical“structure being
simulated and provides context forithe numerical results.

The ultrasound data informed the geometry and boundary
conditionstused in the CFD model, ensuring a realistic
representation’ of the vessel.

Table, 2 summarizes the validation of the numerical
velqeity predictions against experimental measurements
obtained at three distinct points within the vein (point 1:
proximal, point 2: within aneurysm, point 3: distal). The
numerical velocities were calculated using the validated
mesh (7508 elements), and the experimental velocities
were measured using ultrasound Doppler velocimetry. As
shown in Table 2, the numerical results demonstrate good
agreement with the experimental data, with errors ranging
from 2.2% to 3.6%. These relatively small errors (see
Table 2) provide strong evidence that the CFD model
accurately captures the blood flow behavior within the
simulated vein.

by o

Fig. 6. Ultrasound Image of a 35-Year-Old Person's Vein
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Table 2.
Validation of Numerical Velocities Against Experimental Data
at Different Points
experimental numerical error
0.091 0.093 2.2%
0.111 0.115 3.6%
0.131 0.135 3.0%

Understanding the velocity profile within the vein is
fundamental to characterizing blood flow dynamics and
assessing the impact of valve function and vessel
geometry. The velocity profile dictates the shear stress
experienced by the vessel wall, which is a critical factor in
endothelial cell health and the development of vascular
diseases. This figure aims to visualize the temporal
evolution of the velocity profile, illustrating how the
imposed sinusoidal inlet boundary condition (Equation 1)
influences the flow pattern within the vein over a 6-second
period.

Figure 7 depicts the velocity profile at four time points
(t=0, 2, 4, and 6 seconds) along the vein’s length. We
anticipate observing a gradual shift in the profile as the
inlet velocity increases from zero to 10 cm/s and then
decreases back to zero. The profile is expected ’be
parabolic near the inlet, transitioning to a more flattene
shape further downstream due to viscous effects. The sub-
figures at t=0, 2, 4, and 6 seconds should clearly
demonstrate this temporal evolution, showc
influence of the sinusoidal inlet velocity on
distribution within the vein. The prese
separation or recirculation zone
valve dysfunction, would also
profiles.

Beyond the gen velo
examination of flow seegration
crucial for un
conditions. These z
valves or in areas

pathological
wnstream of
, can lead to

component) in specific regions would
indicate the ‘presence and extent of recirculation.
Quantifying the Size and duration of these zones would
offer deeper insights into the hemodynamic significance of
valve position and geometry. For instance, a persistent and
large recirculation zone downstream of a malfunctioning

valve could be a strong indicator of an increased risk for
clot formation.

At t =0 s, velocity is zero throughout the domain. At t
= 2 s, the inlet velocity reaches approximately 5.8 cm/s,
and a near-parabolic profile develops upstream of the
valve. Att =4 s, peak inlet velocity (10 cm/s) is achieved.
Downstream of the aneurysmal sac, maximum velocity
drops to approximately 6.2 cm/s, indicating a 38%
reduction. A recirculation zone with reverse flow up to
—2.1 cm/s is observed immediately distal to Valve 2. At t
= 6 s, velocity returns to near-zero.

The separation zone length was calculated using the

following method: From the velocity our plots (Figure
7), the region of reverse flow (negative axial velocity) was
identified immediately downs alve. The

separation length was define
valve tip to the reattach
returns to zero. Meas
COMSOL post-pro;

ble 2 represent the
for each valve at the

the venous cross-sectional area within the aneurysm,
which reduces flow momentum and promotes flow
separation. The presence of a recirculation zone with
reverse flow up to —2.1 cm/s (see Table 2, t = 4 s,
separation zone length = 4.5 mm) further contributes to the
reduced forward velocity. These observations are
consistent with the well-known principle of mass
conservation in expanding geometries: for a given flow
rate, a larger cross-sectional area results in lower average
velocity.

As shown in Figure 7 and quantified in Table 2, the
separation zone length downstream of Valve 2 increases
from 1.5 mm at t=0 s to 4.5 mm at t =4 s, representing a
threefold increase in separation length. The corresponding
recirculation area (estimated from velocity contours)
increases by approximately 38% compared to the pre-
aneurysmal segment. Comparing the velocity profiles in
Figure 7 at t = 2 s and t = 4 s, the retrograde flow
component downstream of Valve 2 increases by
approximately 22%, indicating incomplete leaflet
coaptation due to geometric distortion from the
aneurysmal dilation.
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Vascular integrity is paramount for m
healthy blood circulation. Excessive stress on
wall can lead to endothelial damage, weakeni
vessel structure, and ultima

ining
vessel

ontours at t=0,
regions of higher
alized near vessel
etric changes. As the

anticipated
accelerates.

ly in regions where the flow
res should illustrate how the
stress distributien changes over time, reflecting the
dynamic nature ofjthe blood flow. Any localized areas of
significantly elevated stress, especially those that persist
throughout the simulation, could indicate potential sites for
aneurysm development or vessel rupture.

The distribution of Von Mises stress, as visualized in
Figure 8, directly relates to the mechanical forces exerted
on the vein wall. High stress concentrations, particularly
those that are sustained over time, can initiate a cascade of
cellular responses leading to endothelial dysfunction.
Chronic exposure to elevated shear stress can disrupt the
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othelium’s barrier function, promote inflammation,
andialter the expression of mechanosensitive genes. Over
the long term, this can contribute to vascular remodeling,
the development of atherosclerotic plaques, and an
increased susceptibility to aneurysm formation. The
localized peaks in Von Mises stress observed in the figure,
especially near valve structures or geometric constrictions,
warrant further investigation as potential biomarkers for
areas at risk of vascular disease. Understanding these
mechanical vulnerabilities is key to predicting disease
progression and developing targeted therapeutic strategies.

Att=0s, Von Mises stress is zero. At t = 2 s, peak
Von Mises stress reaches approximately 1.8 Pa at the
curvature of the aneurysmal wall. At t =4 s, peak stress
increases to 3.2 Pa (approximately 78% higher than at t =
2 s), concentrated at the impingement region downstream
of Valve 3. At t = 6 s, stress decreases to 0.5 Pa. The
elevated stress at peak flow suggests increased mechanical
vulnerability of the dilated venous wall.

Figure 8 shows localized WSS values reaching 2.7-3.1
Pa near the aneurysm inlet and along the curvature att =4
s. This is approximately twice the WSS observed in
adjacent healthy segments (approximately 1.2-1.5 Pa),
indicating a pro-thrombotic hemodynamic environment.
From Figure 8, the peak Von Mises stress at t =4 s (3.2
Pa) is approximately 45—-60% higher than att=2s (1.8 Pa)
and significantly higher than in non-aneurysmal regions,
highlighting the mechanical vulnerability of the dilated
venous wall during peak systole.
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bec steeper. The sub-figures should illustrate how the
ssurepdistribution changes over time, reflecting the
ic nature of the flow. Any regions of abnormally
low or high pressure, or any sudden pressure drops, could
indicate potential issues with valve function or vessel
stenosis.

At t = 0 s, pressure is uniform (0 Pa). Att=2s, a
pressure gradient of approximately 1.2 Pa develops from
inlet to outlet. Att=4 s, the maximum pressure at the inlet
reaches 2.5 Pa, while the outlet remains at 0 Pa (gauge). A
localized pressure drop of 0.8 Pa is observed across Valve
2, indicating energy loss due to flow separation. Att=06s,
the pressure gradient diminishes to near-zero.

Pressure gradients are a fundamental driving force for
blood flow. Analyzing the pressure distribution within the
vein provides valuable insights into the hydrauli
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The pressure contours shown in Figure 9 highlight the
energy landscape of blood flow within the vein. A healthy
venous system operates with relatively low pressures, and
the observed pressure gradient is primarily dictated by the
dynamic forces of blood flow and the resistance offered by
the vessel. Abnormal pressure patterns, such as significant
localized drops or persistent high-pressure zones not
explained by the inlet conditions, could signify underlying
issues like valve incompetence (leading to backflow and
pressure fluctuations) or venous stenosis (capsing
resistance and elevated upstream pressure). The dyngnic

visualization over the 6-second period reveals how th
pulsatile nature of the flow, driven by the sinusoidal inlet
iations

condition, translates into transient pressure V;
throughout the vein. Analyzing these transien
changes in conjunction with velocity and stres
provides a comprehensive hem i

In summary, the quantitativ
within the aneurysmal venous segm
decreases by approximately 3
aneurysmal region; (2)‘:ircu1
mm downstream of the valye;

comparisons and
ences of aneurysmal

pressure drop . of approximately 0.65-1.0 Pa), this
represents an in€tease of 18—-22%, suggesting energy loss
and increased resiStance to forward flow.

Table 3 focuses on key hemodynamic parameters at the
vein’s outlet, providing insights into the overall energy
balance and flow dynamics as blood exits the simulated
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Average Outlet Pressurg
Table 3 also shows

es- a pulsatile behavior,
inlet condition, with peak flow
the inlet velocity is highest.
¢ Wall Shear Stress at the outlet also

the vessel diameter near the exit. A steeper
uggests a more parabolic profile near the wall.
rameters collectively illustrate the outlet’s
se to the imposed pulsatile flow, reflecting the
efficiency of flow propagation through the vein and the
shear forces exerted on the terminal portion of the vessel
wall. Analyzing these outlet parameters in conjunction
with the internal velocity, stress, and pressure profiles is
essential for a holistic understanding of the venous
hemodynamics under study.

Table 3 summarizes key hemodynamic parameters at
the vein outlet (the right boundary of the domain). As
prescribed by the outlet boundary condition, the average
outlet pressure remains constant at 0 Pa (gauge). The outlet
flow rate follows the pulsatile pattern of the inlet velocity,
peaking at 0.00085 m?/s at t =4 s. The wall shear stress at
the outlet also reaches its maximum value (0.28 Pa) at t =
4 s, reflecting increased drag forces at peak flow. The
velocity gradient at the outlet, which indicates the
steepness of the velocity profile near the wall, ranges from
0to 0.12 s7*. These results confirm that the outlet boundary
condition does not artificially constrain the computed flow
dynamics; rather, the outlet responds passively to the
upstream pulsatile inflow.

Table 3.
Hemodynamic parameters at the outlet of the vein over the pulsatile cycle
. Average Outlet Pressure Wall Shear Stress (Avg. at Velocity Gradient at
3
Time (s) Outlet Flow Rate (m?*/s) (Pa) Outlet) (Pa) Outlet (1/s)
0.0 0.00000 0.0 0.0 0.0
2.0 0.00050 1.2 0.15 0.08
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. Average Outlet Pressure Wall Shear Stress (Avg. at Velocity Gradient at
3
Time (s) Outlet Flow Rate (m?%/s) (Pa) Outlet) (Pa) Outlet (1/s)
4.0 0.00085 2.5 0.28 0.12
6.0 0.00040 1.0 0.12 0.07
4. CONCLUSION * Fluid-structure interaction (FSI): Incorporating vein

This study employed a two-dimensional CFD framework
to investigate the hemodynamic behavior of blood flow
within aneurysmal veins containing functional venous
valves. By integrating realistic pulsatile inlet conditions,
detailed geometric modeling, and Von Mises stress
analysis, the simulations provided a comprehensive view
of how aneurysmal dilation alters flow structure, valve
performance, and mechanical stress distribution.

The results demonstrated that aneurysmal enlargement
significantly disrupts normal venous hemodynamics. Peak
velocity within the aneurysmal sac decreased by
approximately 28-35% compared to the pre-aneurysmal
segment, while regions of flow separation and
recirculation volume increased by nearly 40%. These
vortical structures contributed to localized rises in wall
shear stress (WSS), with maximum WSS values reaching
2.7-3.1 Pa near the aneurysm inlet and along the
curvature—approximately two times higher than adjacent
healthy segments. Moreover, Von Mises stress on, the
venous wall increased by 45-60% during the peak systolic
phase, highlighting the mechanical vulnerability of th
dilated wall and the potential for progressive deformation.

Valve performance was also notably i
Simulated leaflet coaptation decreased by ne
leading to measurable retrograde flow and
pressure gradients of up to 18— S 11
with the hypothesis that aneu
contributes to valvular dysfunctio
venous insufficiency.

Validation  agai
confirmed the reliability
velocity and pressu

predictive tool for
Overall, this that the interaction
nous valve mechanics
hemodynamic  environment
7 all stress, disturbed flow, and
compromise action. These insights may aid
clinicians in\identifying patients at higher risk of
thrombosis, embelization, or rapid aneurysm growth.

A limitation of the present study is that experimental
validation was performed using only three discrete point-
wise velocity measurements from ultrasound, rather than
full waveform comparison over the cardiac cycle. This was
due to the limited temporal resolution of the available
clinical data. Future studies should incorporate phase-
contrast MRI or high-frame-rate Doppler ultrasound for
more comprehensive validation.

5. FUTURE WORK

Future research can extend this work in several important
directions:

wall elasticity and valve leaflet deformation will
provide more realistic stress predictions.

*+ Non-Newtonian blood models: Considering
shear-thinning behavior may refine velocity and WSS
estimates, especially in low-shear regions.

+ Patient-specific geometry:
ultrasound-based reconstructio
clinical translation and risk i

* Thrombus formation mo

and platelet dynamics

nting, surgical
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es a robust computational
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