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OPEN A novel vascular stent and insert

concept to improve hemodynamics
and support vascular health

Bahram Vaziri', Saadat Zirak"!, Mohammad Azadi'*?, Amir Keshmiri®3*“ & Nima Shokri*

Obstruction of vessels is one of the most common health issues in the world and various methods of
treatments have been offered, including medication therapy, stenting, and bypass surgery. However,
recurrence of blockage is a major issue facing patients. The present work assesses the performance of a
new innovative design of stents featuring two spirals, called ‘inserts’, which will create a rotating flow
inside the vessel. Three different cases of artery and bypass configurations were studied and the results
showed that the stent and inserts increased the axial and secondary velocity significantly. At a plane
located 1 mm after anastomosis and at t=0.25 s, the axial velocity was 23% higher for a case with stent
and insert compared to the baseline configuration i.e., without stent/insert. In addition, it was found
that the presence of the insert increases the wall shear stress (WSS). The maximum WSS among the
three cases reached 113 Pa, which was 94% higher than the baseline case. The findings highlight the
potential of the proposed stent/insert design in improving the hemodynamic parameters in the graft,
anastomosis region, and the host artery, which in turn, could enhance the patency and longevity of the
bypass graft.
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Biomaterials are widely used in medical applications, such as treating cardiovascular diseases. These materials,
whether natural or synthetic, are designed in a way that allows them to integrate into living tissues'. One of the
applications of biomaterials is the fabrication of stents and their placement in blood vessels. Stents are small,
hollow tubes that hold open blocked or narrowed passageways, such as blood vessels. They are used to improve
blood flow and alleviate blockages in medical proceduresz. Sometimes blood vessels narrow for various reasons,
such as the deposition of thin plaques’. For the treatment of vascular stenosis, such as coronary artery stenosis,
several treatment options exist, including medical therapy, stent placement, and bypass surgery®. The choice
of treatment depends on various factors, such as the severity and location of the stenosis, the overall health
of patients, and the presence of other medical conditions. Due to the high significance of treating vascular
occlusive diseases, researchers conducted numerous studies on coronary artery bypass grafts (CABG) and stent
placements. Some of these studies were examined in the following paragraphs.

Kabinejadian et al.* conducted a laboratory investigation to measure the velocity and shear stress in a newly
graft-designed model of sequential anastomotic. This study investigated three models, including sequential
anastomoses, conventional end-to-side anastomoses, and side-to-side anastomoses, under pulsatile flow
conditions using particle image velocimetry (PIV) for velocity measurement. Finally, the researchers found that
the new design, which is a combination of end-to-side and side-to-side configurations, outperformed the other
models and showed better results. Kabinejadian et al.> conducted a study to investigate and evaluate the numerical
simulation of new helical/spiral anastomotic configurations for distal graft anastomoses. Finally, the researchers
found that the helical configuration caused the generation of rotational flow, leading to increased wall shear
stress (WSS) and reduced flow stagnation in the anastomotic region and host artery. Ruiz-Soler et al.® utilized
computational fluid dynamics (CFD) to investigate and optimize a spiral-induced bypass graft anastomosis. They
found that the trailing edge orientation was the most crucial parameter in creating a rotational flow. Keshmiri et
al.’” studied a numerical investigation on the impact of the geometry of a new design for bypass surgery. In the
end, the researchers understood that the trailing edge orientation of 270 degrees exhibited better performance
compared to 90 degrees in terms of generating strong rotational flow inside the anastomosis and the host artery.
Liu et al.® investigated a conical helical-inspired anastomosis graft to enhance rotational flow. In the end, the
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results demonstrated that the improved helical flow generated by the conical-helical-inspired graft leads to
significantly high WSS. This action reduces the likelihood of thrombosis formation in the graft and consequently
decreases the risk of graft occlusion. Frauenfelder et al.® investigated the WSS of end-to-side and side-to-side
anastomoses in coronary artery bypass grafting. Finally, they revealed that the greatest and smallest changes in
wall shear stress occurred in the heel and the wall of the anastomosis, respectively. Furthermore, the side-to-side
configuration had the highest level of WSS. Aboul-Hassan et al.!” conducted a study to investigate and compare
the long-term effects of total arterial grafting with multi-arterial plus saphenous vein grafting. At the end of
this study, the researchers found that patients who received multiple arterial grafts in addition to the saphenous
vein graft had comparable long-term survival and freedom from adverse cardiovascular and cerebrovascular
events compared to those who received complete arterial grafts. Stefil et al.!! investigated coronary artery bypass
grafting in patients with diabetes and obesity. Finally, they understood that using a single internal thoracic artery
resulted in fewer complications compared to using bilateral internal thoracic arteries. Tian et al.!? researched the
relationship between Quantitative flow rates (QFR) and coronary artery bypass grafting outcomes. They found
no significant correlation between the low flow rate ratio and the occurrence of vein graft occlusion.

Zhang et al.!® studied the fluid-solid interaction of stents-graft inside blood vessels. In the end, the researchers
found that increasing the diameter of the blood vessel or reducing the length of the stent increases the von Mises
stress applied to the blood vessel wall. Also determined that there is an inverse relationship between stress
and stent stiffness. Cheng et al.! investigated in-stent restenosis using finite element simulation. The results
revealed that plaque growth and arterial wall behavior over time lead to a more uniform distribution of von
Mises stress. Additionally, it was observed that tissue growth near the inner wall was more significant than
in the outer layer. Antonini et al.!> validated a computational model for coronary stents. Finally, researchers
understood that their free expansion simulation stents were sufficiently useful for validating the coronary stent
model. Lin et al.'® investigated the effects of a self-expandable nitinol stent with a helical design. The results
demonstrated that SmartFlex stents are safe in patients with femoral and popliteal artery disease. Martin et
al.'” used CFD to investigate the impact of coronary stents and changes in vascular geometry. After performing
simulations, the researchers observed significant differences in the distribution of WSS, time-averaged wall
shear stress gradient (TAWSSG), and oscillatory shear index (OSI). Yu et al.'® conducted a study to compare
and analyze the performance of conical and cylindrical stents in coronary arteries. The results demonstrated
that cylindrical and conical stent placements improved hemodynamic parameters such as WSS and blood flow
velocity distribution. Chen et al.'” investigated the commonly used curved stents in coronary arteries using CFD.
Finally, the researchers found that the stent thickness is one of the most influential and critical factors affecting
the WSS. Moreover, it determined that stents with a helical configuration create an additional swirling flow in
the bloodstream. Wang et al.?’ performed local hemodynamic analysis after stent implantation based on the
Euler-Lagrange approach. Finally, the results showed that non-Newtonian blood models provide a more realistic
description of blood flow and are more suitable for more accurate simulations.

Martin and Boyle?! conducted a sequential structural and fluid dynamics analysis of expandable coronary
stents with balloon inflation. Finally, the results showed that the strut thickness is critical in designing coronary
stents. Jayendiran et al.?? investigated stent grafting for endovascular repair of aortic aneurysms using fluid-
solid interaction analysis. The researchers found that the material of the stent and the thickness of the stent
struts significantly influence the mechanical behavior of the structure. Beier et al.?* conducted a study on the
hemodynamics of stented arteries. They found that the distance between narrow struts in the stent can create
larger regions with lower and higher WSS. However, these effects diminish as the size of the struts decreases.
Razavi et al.>* used CFD to investigate the hemodynamics of stents in the main branch of coronary arteries. They
determined that using a one-piece stent is better than a two-piece one. Dottori et al.?® investigated the mechanical
behavior of peripheral stents and the interaction between stents and blood vessels. The researchers obtained
results from their calculations for the self-expanding commercial stent, indicating that the radial force applied
during deployment on the vessel wall may not be sufficient for the required degree of stenosis. Antonini et al.?6
investigated the structural analysis of coronary stent implantation using finite element simulations. This study
reviewed several studies and found that although the studies conducted in fields such as screening, industry,
and employee training are credible, unresolved issues still require further investigation and research. Ibrahim et
al?” conducted a study to investigate the mechanical performance characteristics of ultra-thin coronary stents.
In this study, two stents with a novel design were used, and they found that the first stent requires less bending
force than the second stent. Furthermore, design 1 exhibited higher radial strength, less recoil phenomenon, and
smaller shortening. Akhtar et al.?® investigated the computational fluid dynamics of stent placement within the
artery. Finally, they found high blood pressure generated during stent placement inside the artery. After the stent
placement, the velocity lines and normal pressure were restored.

Based on the literature, bypass surgery is among the last resort doctors perform for patients because this
method requires open surgery. However, since this approach holds significant importance, extensive research
was carried out to increase the lifespan of bypass grafts*~12. Moreover, it was determined that CFD had been used
to perform numerous simulations on various types of stents and bypass grafts. The primary objective of most of
these simulations was to investigate the WSS of the stent placement site>3%17-1923,

The innovation in the current study involves the effect of combining a stent and insert, which consists of two
spiral loops and is placed inside the stent. Unlike previous studies, which typically simulated stents within simple
arteries, this research places a stent within a bypassed artery for the first time. The primary goal of this research
was to assess how combining stents with inserts could enhance stent performance under more complicated
conditions.

In the following sections, the method used in the research will be described and its results will examine the
effects of this combination on the performance of stents and blood flow in bypassed arteries.
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Stent

Inserts

Fig. 1. (a) The location of the stent in the bypass vessel and (b) the design of the new proposed stent and
inserts configuration. This figure was created from four different images. The (a) and (b) were created by the
present authors from a CAD file in SolidWorks 2019 software. first and second images from the left are taken
from [drpavankumar.in] and [valleyhealth.com]. All images were modified and combined using PowerPoint
2021 software.
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Fig. 2. (a) The waveform of the inlet flow rate’, (b) three cases simulated in the present study (Case A: bypass
without stent and inserts; Case B: bypass with stent; and Case C: bypass with stent and inserts).

Methods
In this study, a new innovative configuration is proposed, comprising a stent placed in a bypass vessel, as
demonstrated in Fig. 1(a). The stent with insert is shown in Fig. 1(b). In order to investigate the effect of the insert,
the waveform of the inlet flow rate is shown in Fig. 2(a). Three different configurations were then investigated,
which are shown in Fig. 2(b).

The continuity and momentum equations (Eqs. 1-4) were solved using the Finite Volume Method (FVM)
and the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm?®.
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T is the shear stress in Eqs. (2-4). The Carreau viscosity model was chosen for this study in order to account for
non-Newtonian effects’*-%. The connection for the shear stress of the Carreau viscosity model was represented
by Egs. (5-8)%%%7.

7 =uD (5)
D= % grad V — (grad V)7 ©)

v =2 (D?) @

o=t + (o — o) (14 (T )T ®)

In Eq. (8), 1 ¢ is zero shear rate with amount of 0.022 ( %) and p o, isinfinite shear rate with amount of 0.0022
( %). Inaddition, I" show the time constant and # indicates power-law index. For blood, the density, the time
constant, and power-low index are 1050 ( %), 0.11 (s), and 0.392, respectively'®. The maximum Reynolds and
Womersley numbers, based on the standard Newtonian blood viscosity value of 0.0035 (Pa.s), are determined to
beRe_ . = 1776 and a=4.34, respectively, and the peak flow rate is Q = 27.9 (mjl)S

The Carreau viscosity model was chosen for this study in order to account for non-Newtonian effects. At
the graft inlet, a fully developed pulsatile flow was applied, and at the artery outlet, the traction-free outflow
boundary condition was used. All walls were subject to a no-slip boundary constraint, and a rigid wall model
was presumed.

This study used an idealized straight-cylinder model of the bypass graft to investigate the impact of the insert
design on local hemodynamics. In stent/hemodynamics research, straight-tube models are a well-established
first step that allows the unambiguous attribution of observed flow variations to device characteristics rather
than anatomical variability. Moreover, this assumption enables systematic comparison and mesh-independence
testing, but it always excludes curvature-induced secondary flows and the corresponding distortion of velocity
profiles. LaDisa et al.® demonstrated that when a naturally curved coronary artery was straightened, the time-
averaged WSS distributions changed by 15-25% compared to the curved shape. Moreover, The Left Anterior
Descending (LAD) artery is one of the primary vessels prone to occlusion, and owing to its relatively uniform
geometry and gentle curvature, it can be approximated as a straight conduit in simulations without significantly
affecting the accuracy of hemodynamic predictions.

The present stent-insert geometry is a new one and it is considered a constant diameter artery. The real
coronary arteries taper from proximal to distal and other researches shows a reasonable assumption to consider
a constant diameter model. Liu et al.** compared branch coronary vessels and curved coronary in equal-diameter
and conical expansions. They found that peak WSS differed by only 3.8% in branch vessels (75.21 Pa vs. 72.45 Pa)
and 7.2% in curved vessels (39.43 Pa vs. 36.56 Pa) using a conical rather than uniform diameter assumption.
These findings demonstrate that hemodynamic trends can be captured by straight-tube approximations with an
error of less than 8%. Fogell et al.** demonstrated that incorporating arterial elasticity via FSI reduced median
time-averaged wall shear stress (TAWSS) by 5.7% compared to rigid-wall CFD. Accordingly, the rigid-wall
model provides a conservative way to investigate the hemodynamic effects of the intraluminal insert design.

Ansys Fluent (Version 2020 R2) was used for these simulations. A SIMPLE scheme was used for simulations.
Moreover, the spatial discretization for gradient, pressure, and momentum was least squares-based, second-
order, and second-order upwind, respectively. Second-order implicit was used for the transient formulation.
To maintain numerical stability in an unstable CFD simulations, the fluid must not traverse more than one cell
length in a single time step, a requirement known as the Courant-Friedrichs-Lewy (CFL) condition. The CFL
number is shown by Eq. (9).

ax

uAT
AX

CFL = 9)

where, u is the local flow velocity, A T is the time step, and A X is the smallest grid spacing.
The Oscillatory Shear Index (OSI) is hemodynamic parameter used in this investigation, were computed
using Eq. (10)*42,
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Fig. 3. (a) The schematic image of the chosen mesh around the stent and insert, and (b) The mesh
independency diagram for the parameter of WSS on host artery.

n o [Pa s] kg
AN 905SH solutions ° Moo [Pas]| X [s]|pn o [m]

1.25% 52.51 0.064 18.93 0.27 | 1000

Table 1. The characteristics of the Carreau model for 20 °C PAAm AN905SH solutions used in the study by Fu

etal.®,
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Figure 3(a) shows the mesh utilized in this simulation. Additionally, Fig. 3(b) depicts the mesh independence
study, demonstrating that based on the WSS difference, the mesh with 1.6 m cell (size of each element was
0.2 mm) has sufficient resolution and is taken forward for all subsequent simulations.

Validation

A microchannel was examined to ensure accuracy and correct operation in the simulation. The cross-section
of this microchannel was 0.6 x0.6 mm and its length was 7.2 mm. Reynolds number was considered 0.04. The
simulated flow was PAAm 1.25% AN905SH solution and the parameters of the Carreau model are presented
in Table 1. Finally, Fig. 4 shows the results of the present simulation compared against experimental tests and
simulations of other researchers at the middle of the microchannel®’. It was found that the simulation performed
in this study was accurate.

Results and discussion

The time step in the present simulations was set base on CFL<0.5 (corresponds to 0.05 s). The time step in
the present simulations was set to 0.001 s to avoid numerical wiggles and data were recorded every 0.01 s. The
simulations were carried out four times to eliminate the transient flow start-up effects, and the outcomes of the
fourth period are displayed. Figures 5, 6 and 7 show the contours of axial velocity and secondary velocity in three
cross-sections located at 1 mm, 50 mm from the anastomosis and normal to the graft at the anastomosis (i.e.,
‘Plane 1), ‘Plane 2} and ‘Plane 3’ respectively) at 0.25 s (at systole).

Figure 5 shows the contours of the axial velocity and the secondary velocity at a distance of 1 mm from the
bypass in all three cases of the studied geometry and at t=0.25 s. As shown in this figure, the axial velocity in
Case A was more uniform and had fewer sudden changes. Furthermore, the regions with low or high velocities
were separated. In Case B, more changes in velocity distribution were observed, especially in the central areas
where the speed decreased. However, most of the changes occurred in Case C, and it was evident that the
insert increased the flow inhomogeneity and created high local velocities. In addition, according to the study
of Kabinejadian et al.’, the presence of the spiral flow increased the axial velocity in parts of the artery and, as
a result, increased the WSS, which is consistent with the results obtained in this study. Comparing Cases B and
C showed that the addition of a protrusion (insert) caused changes in velocity and reduced low-velocity areas,
which is consistent with the results of®*4.

The secondary velocity in Case A was symmetrical, as seen in Fig. 5. The flow pattern was between 0.26
and 0.65 m/s and weak vortices were observed. In Case B, the secondary velocity changed significantly and
a high-velocity region was created in the center, indicating the effect of the stent. In Case C, the flow pattern
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Fig. 4. Normalized velocity profiles in the middle plane of the 600 umx600 pm microchannel.

became more complex, the low-velocity regions were reduced, and the stent with the insert increased the size
and intensity of the vortices, which moved closer to the wall and increased the WSS. Overall, the insert increased
the secondary velocity and intensity of the vortices and reduced stagnation areas> 4%,

The axial and secondary velocity at distance of 50 mm from bypass and at time of 0.25 s were shown in Fig. 6.
In this figure unlike Case C where the peak axial velocity was closer to the wall, in Cases A and B, the axial
velocity patterns were symmetrical at the center of the plate and had the same value of 1.47 m/s.

In Fig. 6 the secondary and streamlines in Cases A and B show the flow was relatively symmetrical, and there
were two dominant vortices at the center of the artery, but the intensity of the vortices in these cases were lower,
and the streamlines were more uniform and distinct. Moreover, the maximum secondary velocity was about
0.22 m/s, and the concentration of velocity was higher in the center and near the vortices, but the secondary
velocity around the walls was low in both cases, which can reduce the WSS and thus increased risk of stenosis;
this behavior was also observed in the study of Kabinejadian et al.> and Keshmiri et al.”.

In Case C, the presence of the insert changed the flow pattern, and unlike Cases A and B, the flow becomes
completely asymmetrical. Similarly, the secondary velocity pattern changes completely, replacing the two-vortex
pattern with an asymmetrical single dominant vortex, highlighting the effectiveness of the insert in creating
a spiral flow in the artery. According to some of the previous studies, the proximately of the secondary flow
streamlines to the side wall, tends to improve the hemodynamic parameters®74.

The axial and secondary velocities at the normal to bypass and at t=0.25 s (at systole) were shown in Fig. 7.
In Cases A and B, the axial velocity contour shows symmetrical pattern but the maximum velocity in Case B
was 13% higher than in Case A, which was due to the presence of the stent and the smaller cross-sectional area
of the passageway. This was visible in Case C, which also had a stent insert and the creation of a rotating flow,
increasing axial velocity by 25% and 11% compared to Cases A and B, respectively, which was consistent with
the results o744,

The secondary velocity and streamlines in Fig. 7 show that, in Cases A and B, the secondary flow was
symmetrical and relatively uniform; two large and regular vortices were observed that were symmetrically
located on both sides of the center of the contour. Streamlines were relative smooth without any abrupt changes,
consistent with the observations of>”. In Case C, however, the high-velocity region was expanded compared to
the previous two cases, creating a strong asymmetrical pattern. Moreover, the low-velocity regions were reduced
in size, which could be an important factor in delaying artery occlusion® 4.

The results at t=0.41 s in the above three monitoring planes are presented in the appendix (see Supplementary
Figure S1 to S3 online). In these figures, one could see that adding the insert leads to strong vortices forming
closer to the vessel wall, increasing the velocity near the walls, which in turn would increase the WSS, with
potential benefits on the hemodynamics in the artery.
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Fig. 5. The comparison of the axial and secondary velocity at t=0.25 s and at a distance of 1 mm from the
bypass for all three cases.

Tables 2 and 3 were shown Comparison of axial velocity and secondary velocity at t=0.25 s. Based on Table 2
at 1 mm after anastomosis, Case C exhibits the highest peak axial velocity at 1.84 m/s, in contrast to 1.56 m/s for
Case B and 1.50 m/s for Case A. Moreover, at 50 mm after anastomosis, all cases converge toward the baseline.
However, Case C has a higher maximum still (1.47 m/s compared to 1.46 m/s for Case A) that reflects continued
augmentation of forward flow, and at a plane normal to bypass, Case C has the peak value of 1.90 m/s, which
reflects most momentum gain by the host vessel. Furthermore, the mean axial velocity remains approximately
constant (1.01 m/s) across all scenarios and planes, proving the total flow rate retention.

Table 3 shows the secondary velocity at t=0.25 s, at 1 mm after anastomosis. Case C yields a strong peak
secondary flow (1.15 m/s), only slightly below Case B (1.30 m/s) but above Case A (1.05 m/s), reflecting robust
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Fig. 6. The comparison of the axial and secondary velocity at t=0.25 s and at a distance of 50 mm from the
bypass for all three cases.

local mixing. In the 50 mm position after anastomosis, Case C secondary peaks of 0.22 m/s are consistent
with those of Cases A and B, showing that the heightened perturbation dissipates over time without creating
downstream oscillations. At a plane normal to bypass, Case C has the most significant secondary peak value
(1.74 m/s) and the most considerable average value (1.03 m/s) and is thus able to drive cross-stream mixing into
the host artery better than either Case A or Case B.

Overall, Case C produces the highest peak systolic axial acceleration and cross-flow mixing at each point
measured, without compromising mean flow rate or creating undue downstream perturbations. These quantitative
results highlight Case C as the new design for promoting local hemodynamics at physiologic (systolic) flow rates.
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Fig. 7. The comparison of the axial and secondary velocity at t=0.25 s and at normal to bypass for all three
cases.

Li et al.*> showed that even moderate elevations in laminar wall shear stress promote endothelial quiescence,
inhibit smooth-muscle proliferation, and reduce neointimal hyperplasia. These promising simulation results will
guide the laying of the groundwork for eventual clinical application.

The velocity contours at the middle of three cases at t=0.25 s (at systole) are shown in Figs. 8.

In Fig. 8, the impact of adding the stent and the insert on the velocity magnitude in the bypass graft,
anastomosis and the host artery is evident, with Case C displaying significant changes in the flow pattern. In Case
C, at t=0.25 s, the high-velocity region was centrally located, but at diastole (at t=0.41 s - see Supplementary
Figure S4 online), the location of high- and low-velocity regions look very different, as one would expect.

The velocity streamlines at the around the anastomosis are shown in Figs. 9 for all three cases at systole.
Cases A and B display streamlines that are uniform and not showing any significant separation, while in Case C,
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Min Max Average

Plans Axial Velocity (m/s) | Axial Velocity (m/s) | Axial Velocity (m/s)
Case A | -0.47 1.50 1.01

1 mm after anastomosis | Case B | -0.47 1.56 1.01
Case C | -0.19 1.84 1.01
Case A |0 1.46 1.01

50 mm after anastomosis | Case B | 0 1.47 1.01
CaseC |0 1.47 1.01
Case A |0 1.43 1.01

Normal to bypass CaseB |0 1.53 1.04
CaseC |0 1.90 1.07

Table 2. Comparison of axial velocity in different modes at t=0.25s.

Min Max Average

Position Secondary Velocity (m/s) | Secondary Velocity (m/s) | Secondary Velocity (m/s)
Case A |0 1.05 0.48

1 mm after anastomosis | Case B | 0 1.30 0.53
CaseC |0 1.15 0.50
Case A |0 0.21 0.05

50 mm after anastomosis | Case B | 0 0.22 0.06
CaseC |0 0.22 0.07
Case A |0 1.23 0.88

Normal to bypass CaseB |0 1.32 0.90
CaseC |0 1.74 1.03

Table 3. Comparison of secondary velocity in different modes at t=0.25 s.

the insert leads to severe disturbances in the flow. In fact, the impact of the insert is even more pronounced at
diastole (see Supplementary Figure S5 online).

The contours of the WSS in the three cases are shown in Fig. 10. WSS in Case A was stable and rather
uniform, while adding the stent in Case B, led to the expansion of the high-WSS region, particularly around
the stent and the anastomosis. In Case C, the elevated-WSS region near the anastomosis was extended even
further compared to Case B, indicating the impact of the spiral flow on the local hemodynamics. Consistent
with the observations from Figs. 8 and 9, under diastole (see Supplementary Figure S6 online), the difference
between Case C and B is even more significant. in Fig. 10, it was also found that the WSS in the area where the
stent struts were located was higher compared to the gaps in-between the struts. However, adding an insert
further increases the WSS in the space between the stent struts, which is something deemed positive in terms of
delaying any potential re-occlusion*®*’. To prevent thrombus formation and neointimal hyperplasia, the insert
design reduces low and oscillatory shear areas and increases near-wall WSS and continuous swirling flow. Chen
et al.®® numerically demonstrated that a similar swirling flow increases mean WSS by 20%. Moreover, Chen et
al.* showed that monocytes (U-937 cells) adhered to a silicone tube that had circular-ring stents inserted. The
induced swirling flow considerably reduced the adhesion density of U-937 cells to the surface in the disturbed
flow zones to a level equivalent to that achieved when no stents were inserted into the tube. These results indicate
that the hemodynamic modifications of the insert will likely reduce acute and chronic thrombotic risk.

Figure 11 shows the average WSS over one full cardiac cycle on host vessel.

According to Fig. 11, the average WSS in Case C was higher than in Cases A and B. Moreover, at the critical
average WSS (WSS <0.5 Pa) was at t=0.9s in Cases A and B, but in Case C, WSS at t=0.9s was improved (0.7 Pa).
Since risk for thrombus formation is highest when flow is lowest during diastole, elevated WSS throughout the
cardiac cycle is necessary. The complete-cycle WSS profiles (Fig. 11) indicate that the insert (Case C) maintains
shear above thrombosis-preventing thresholds even in diastole. Such persistent prevention of the low-shear
states indicates that the insert can provide long-lasting anti-thrombogenic advantages in vivo. Furthermore,
in case C, the mean WSS at t=0.28 s increased by 12.67% compared to case A and 4.87% compared to case
B, representing the most significant shear increase of the three designs. Importantly, mechanistic studies have
shown that even slight elevations in the relaxed WSS can significantly inhibit endothelial cell proliferation and
reocclusion®.

Figure 12 compares the OSI distribution for all three cases, showing that the anastomosis region towards
the host artery had the highest OSI. Once again, Cases A and B exhibit similar patterns for OSI rate, while Case
C shows a completely different OSI pattern, particularly in proximity of the anastomosis region, due to the
spiral flow generated by the insert. In addition, distinct areas of high OSI in the occluded part of the host artery
were generally associated with secondary flow fluctuations. This pattern indicates the secondary flow fluctuation

caused by the rotation of the bulk flow at the anastomosis®.
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Fig. 8. The velocity contour in the middle of the vessel at t=0.25 s.

Conclusions

Three cases of bypass grafts were modeled in the present study to assess the impact of a novel insert concept.
Three cases simulated here consisted of: Case A was the geometry of the host vessel and bypass without any stent,
Case B was the host vessel and bypass with a stent placed in the bypass, and Case C included the host vessel
and the bypass with a stent and insert placed in the bypass. The blood was considered as a non-Newtonian fluid
with the Carreau model, and the flow through it was pulsatile. Furthermore, all the results extracted from this
study were taken from the 4th cycle of the simulations to ensure accuracy and robustness. The following main
conclusions can be drawn from the present study:

« At the distance of 1 mm after anastomosis and a time of 0.25 s (at systole), there was symmetry in Cases A
and B, while in Case C, the symmetry was lost and the axial velocity were increased 18% and 23% compare to
Case B and A respectively. Moreover, the strength of the vortices increased compared to Cases A and B, and
they were closer to the wall. This process was repeated in diastole at 0.41 s.

o Att=0.25 s (systole) and 50 mm after the anastomosis, the axial velocity was symmetric in Cases A and B
with little fluctuation. Case C broke the symmetry with the maximum velocity shifted from the central to the
corner position. The same type of pattern was observed in the secondary velocity field.
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Fig. 9. The streamlines velocity in the bypass area at t=0.25 s.

o At the location of the stent and t=0.25 s (systole), velocity in Case C was 25% and 11% higher than in Cases
A and B, respectively. Secondary velocity and vortices’ strength were higher and low-velocity zones near the
wall were lower. The same was observed at diastole (t=0.41 s).

o Att=0.25 s (systole), the WSS in Case C was much higher than the other two cases, and its maximum value
reached 113 Pa at host vessel, which was 94% and 59% higher than Cases A and B, respectively.

« In OS], the anastomosis had the most changes. Moreover, in Case C, around the host vessel, there are the most
OSI changes compared to Cases A and B.

As a future study, machine learning-based optimization algorithms such as Physics-Informed Neural Networks
(PINN))>%-52 can also be used to simulate numerous scenarios in a short space of time to obtain optimum
configurations to improve hemodynamics for bypass surgeries and other similar clinical interventions. In
addition, to assess the deliverability, safety, and long-term patency of the proposed spiral-inducing stent, future
work should focus on in vitro testing of the prototype and later on clinical trials.
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Fig. 9. (continued)
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Fig. 10. The WSS contours at t=0.25s.
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Fig. 12. The OSI for the host vessel.
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Received: 11 April 2025; Accepted: 30 June 2025
Published online: 08 July 2025

Scientific Reports |

(2025) 15:24487 | https://doi.org/10.1038/s41598-025-09613-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Blake, Y. Biocompatible materials for cardiovascular stents. Trinity college Dublin (Trinity college Dublin).10.5281/zenod0.4321792
(2020).

Aibibu, D., Hild, M. & Cherif, C. An overview of Braiding structure in medical textile: fiber-based implants and tissue engineering.
An Adv. Braid. Technology 171-190 (2016).

Ghista, D. N. & Kabinejadian, F. Coronary artery bypass grafting hemodynamics and anastomosis design: A biomedical engineering
review. Biomed. Eng. Online. 12, 1-28 (2013).

. Kabinejadian, F et al. In vitro measurements of velocity and wall shear stress in a novel sequential anastomotic graft design model

under pulsatile flow conditions. Med. Eng. Phys. 36, 1233-1245 (2014).

. Kabinejadian, F. et al. Numerical assessment of novel helical/spiral grafts with improved hemodynamics for distal graft anastomoses.

PLoS ONE 11, (2016).

. Ruiz-Soler, A., Kabinejadian, E, Slevin, M. A., Bartolo, P. J. & Keshmiri, A. Optimisation of a novel spiral-inducing bypass graft

using computational fluid dynamics. Sci. Rep. 7, 1-14 (2017).

. Keshmiri, A., Ruiz-Soler, A., McElroy, M. & Kabinejadian, F. Numerical investigation on the geometrical effects of novel graft

designs for peripheral artery bypass surgery. Procedia CIRP. 49, 147-152 (2016).

. Liu, X. et al. Bioinspired helical graft with taper to enhance helical flow. J. Biomech. 49, 3643-3650 (2016).
. Frauenfelder, T. et al. Flow and wall shear stress in end-to-side and side-to-side anastomosis of venous coronary artery bypass

grafts. Biomed. Eng. Online. 6, 1-13 (2007).

Aboul-Hassan, S. S. et al. Coronary artery bypass surgery: comparing the Long-Term impact of total arterial grafting with
multiarterial plus saphenous vein grafting. J. Surg. Res. 290, 276-284 (2023).

Stefil, M. et al. Coronary artery bypass grafting using bilateral internal thoracic arteries in patients with diabetes and obesity: a
systematic review and meta-analysis. Int. J. Cardiol. Heart Vasculature. 47, 101235. https://doi.org/10.1016/j.ijcha.2023.101235
(2023).

Tian, M. et al. Quantitative flow ratio and graft outcomes of coronary artery bypass grafting surgery: A retrospective study. J.
Thorac. Cardiovasc. Surg. 168, 121-132e10 (2023).

Zhang, X., Zheng, L., Luo, M., Shu, C. & Wang, E. Evaluation of stent-graft implantations for intramural hematoma based on fluid-
solid interaction analysis. International J. Mech. Sciences 180, (2020).

Cheng, J., Zhang, L. T. & Finite Element simulation of In-Stent restenosis with tissue growth model. J. Biomed. Sci. Eng. 14, 33-47
(2021).

Antonini, L., Mandelli, L., Berti, E, Pennati, G. & Petrini, L. Validation of the computational model of a coronary stent: a fundamental
step towards in Silico trials. J. Mech. Behav. Biomed. Mater. 122, 104644. https://doi.org/10.1016/j.jmbbm.2021.104644 (2021).
Lin, Y. et al. Efficacy and safety of a novel helical Self-Expanding nitinol stent for femoropopliteal artery obliterans disease. Ann.
Vasc. Surg. 72, 237-243 (2021).

Martin, D. M., Murphy, E. A. & Boyle, E. J. Computational fluid dynamics analysis of balloon-expandable coronary stents: influence
of stent and vessel deformation. Med. Eng. Phys. 36, 1047-1056 (2014).

Yu, Y. et al. The conical stent in coronary artery improves hemodynamics compared with the traditional cylindrical stent. Int. J.
Cardiol. 227, 166-171 (2017).

Chen, W. X. et al. Computational fluid dynamics study of common stent models inside idealised curved coronary arteries. Comput.
Methods Biomech. BioMed. Eng. 20, 671-681 (2017).

Wang, Y., Zhan, J., Bian, W, Tang, X. & Zeng, M. Local hemodynamic analysis after coronary stent implantation based on Euler-
Lagrange method. J. Biol. Phys. 47, 143-170 (2021).

Martin, D. & Boyle, E. Sequential structural and fluid dynamics analysis of Balloon-Expandable coronary stents: A multivariable
statistical analysis. Cardiovasc. Eng. Technol. 6, 314-328 (2015).

Jayendiran, R., Nour, B. & Ruimi, A. Fluid-structure interaction (FSI) analysis of stent-graft for aortic endovascular aneurysm
repair (EVAR): material and structural considerations. J. Mech. Behav. Biomed. Mater. 87, 95-110 (2018).

Beier, S. et al. Hemodynamics in idealized stented coronary arteries: important stent design considerations. Ann. Biomed. Eng. 44,
315-329 (2016).

Razavi, S. E., Farhangmehr, V. & Babaie, Z. Numerical investigation of hemodynamic performance of a stent in the main branch of
a coronary artery bifurcation. BioImpacts 9, 97-103 (2019).

Dottori, S., Flamini, V. & Vairo, G. Mechanical behaviour of peripheral stents and stent-vessel interaction: A computational study.
Int. J. Comput. Methods Eng. Sci. Mech. 17, 196-210 (2016).

Antonini, L., Poletti, G., Pennati, G. & Petrini, L. A review on the use of finite element simulations for structural analyses of
coronary stenting: what can we do nowadays and what do we need to move forward? Eur. J. Mech. A/Solids. 101, 105071 (2023).
Ibrahim, M. S. et al. Comprehensive mechanical performance characteristics of newly developed ultra-thin coronary stents.
Biomedical Eng. Adv. 6, 100097 (2023).

Akhtar, S., Hussain, Z., Khan, Z. A., Nadeem, S. & Alzabut, J. Endoscopic balloon dilation of a stenosed artery stenting via Cfd tool
open-foam: physiology of angioplasty and stent placement. Chin. J. Phys. 6, 143-167 (2023).

Vaziri, B., Zirak, S., Azadi, M., Keshmiri, A. & Shokri, N. Effect of stent struts angle on body vessel shear stress at different heat
fluxes. Journal of Thermal Analysis and Calorimetry (10.1007/s10973-024-13961-4 (2025).

Li, Y. et al. Numerical simulation of thermal behavior of cerebral blood vessels using computational hemodynamic method. Ain
Shams Eng. J. 14, 102535 (2023).

Sedeh, S. N. & Toghraie, D. Computational hemodynamics investigation of the heat transfer of blood flow in different geometries
of the patient’s body on different scales. J. Therm. Anal. Calorim. 147, 5761-5769 (2022).

Liu, Y. & Liu, W. Blood flow analysis in tapered stenosed arteries with the influence of heat and mass transfer. . Appl. Math.
Comput. 63, 523-541 (2020).

Foong, L. K., Shirani, N., Toghraie, D., Zarringhalam, M. & Afrand, M. Numerical simulation of blood flow inside an artery
under applying constant heat flux using newtonian and non-Newtonian approaches for biomedical engineering. Comput. Methods
Programs Biomed. 190, 105375, https://doi.org/10.1016/j.cmpb.2020.105375 (2020).

Shah, S. R. & Kumar, R. Mathematical modeling of blood flow with the suspension of nanoparticles through a tapered artery with
a blood clot. Front. Nanatechnol. 2, 596475. https://doi.org/10.3389/fnano.2020.596475 (2020).

Haowei, M. A. et al. Employing Sisko non-Newtonian model to investigate the thermal behavior of blood flow in a stenosis artery:
effects of heat flux, different severities of stenosis, and different radii of the artery. Alexandria Eng. J. 68, 291-300 (2023).

Pandey, A. K., Rajput, S., Bhattacharyya, K., Chamkha, A. ]. & Yadav, D. Potential impacts of Cattaneo-Christov model of heat flux
on the flow of Carreau-Yasuda fluid with mixed convection over a vertical stationary flat plate. Forces Mech. 11, 100179. https://d
o0i.org/10.1016/j.finmec.2023.100179 (2023).

Shah, S. Z. H. et al. An efficient numerical scheme for solving the melting transportation of energy with time dependent Carreau
nanofluid. S. Afr. J. Chem. Eng. 47, 345-356 (2024).

LaDisa, J. E et al. Alterations in regional vascular geometry produced by theoretical stent implantation influence distributions of
wall shear stress: analysis of a curved coronary artery using 3D computational fluid dynamics modeling. Biomed. Eng. Online. 5,
1-11 (2006).

Liu, X., Zhang, W., Ye, P, Luo, Q. & Chang, Z. Mechanical and hydrodynamic effects of stent expansion in tapered coronary vessels.
Biomech. Model. Mechanobiol. 21, 1549-1560 (2022).

Scientific Reports |

(2025) 15:24487 | https://doi.org/10.1038/s41598-025-09613-8 nature portfolio


https://doi.org/10.1016/j.ijcha.2023.101235
https://doi.org/10.1016/j.jmbbm.2021.104644
https://doi.org/10.1016/j.cmpb.2020.105375
https://doi.org/10.3389/fnano.2020.596475
https://doi.org/10.1016/j.finmec.2023.100179
https://doi.org/10.1016/j.finmec.2023.100179
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

40. Fogell, N. A. T. et al. Considering the influence of coronary motion on Artery-Specific biomechanics using Fluid-Structure
interaction simulation. Ann. Biomed. Eng. 51, 1950-1964 (2023).

41. Buchanan, J. R,, Kleinstreuer, C., Hyun, S. & Truskey, G. A. Hemodynamics simulation and identification of susceptible sites of
atherosclerotic lesion formation in a model abdominal aorta. J. Biomech. 36, 1185-1196 (2003).

42. He, X. & Ku, D. N. Pulsatile flow in the human left coronary artery bifurcation: average conditions. J. Biomech. Eng. 118, 74-82
(1996).

43. Fu, T, Carrier, O., Funfschilling, D., Ma, Y. & Li, H. Z. Newtonian and Non-Newtonian flows in microchannels: inline rheological
characterization. Chem. Eng. Technol. 39, 987-992 (2016).

44. Xenakis, A., Ruiz-Soler, A. & Keshmiri, A. Multi-Objective optimisation of a novel bypass graft with a spiral ridge. Bioengineering
10, 1-19 (2023).

45. Li, Y. S. J., Haga, J. H. & Chien, S. Molecular basis of the effects of shear stress on vascular endothelial cells. J. Biomech. 38, 1949-
1971 (2005).

46. Ahadi, F, Azadi, M., Biglari, M. & Bodaghi, M. Topology optimization of coronary artery stent considering structural and
hemodynamic parameters. Heliyon 10, €39452. https://doi.org/10.1016/j.heliyon.2024.e39452 (2024).

47. Ahadi, E, Biglari, M., Azadi, M. & Bodaghi, M. Computational fluid dynamics of coronary arteries with implanted stents: effects
of newtonian and non-Newtonian blood flows. Eng. Rep. 6, €12779. https://doi.org/10.1016/j.heliyon.2024.e39452 (2024).

48. Chen, Z., Fan, Y,, Deng, X. & Xu, Z. Swirling flow can suppress flow disturbances in endovascular stents: A numerical study. ASAIO
J. 55, 543-549 (2009).

49. Chen, Z., Zhang, X. & Deng, X. Swirling flow can suppress monocyte adhesion in the flow disturbance zones of the endovascular
stent. Biorheology 49, 341-352 (2012).

50. Man, A, Jadidi, M., Keshmiri, A., Yin, H. & Mahmoudi, Y. Non-unique machine learning mapping in data-driven Reynolds-
averaged turbulence models. Phys. Fluids. 36, 095101. https://doi.org/10.1063/5.0175116 (2024).

51. Jalili, D. et al. Transfer learning through physics-informed neural networks for bubble growth in superheated liquid domains. Int.
J. Heat Mass Transf. 232, 125940. https://doi.org/10.1016/j.ijheatmasstransfer.2024.125940 (2024).

52. Jalili, D. et al. Physics-informed neural networks for heat transfer prediction in two-phase flows. Int. J. Heat Mass Transf. 221,
125089. https://doi.org/10.1016/j.ijjheatmasstransfer.2023.125089 (2023).

Acknowledgements
The underpinning research in this work has also been supported by the UKRI Engineering and Physical Sciences
Research Council (EPSRC), under the grant EP/M015599/.

Author contributions

Bahram Vaziri: Data curation; Formal analysis; Software; Investigation; Writing — original draft Saadat Zirak:
Funding acquisition; Supervision; Validation; Investigation; Writing — review & editingMohammad Azadi: Con-
ceptualization; Funding acquisition; Validation; Supervision; Investigation; Writing — review & editing Amir
Keshmiri: Conceptualization; Funding acquisition; Supervision; Investigation; Writing — review & editingNima
Shokri: Supervision; Investigation; Writing - review & editing.

Declarations

Competing interests
The authors declare no competing interests.

Conflict of interest
The authors have no conflicts to disclose.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-09613-8.

Correspondence and requests for materials should be addressed to S.Z., M.A. or A.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:24487 | https://doi.org/10.1038/541598-025-09613-8 nature portfolio


https://doi.org/10.1016/j.heliyon.2024.e39452
https://doi.org/10.1016/j.heliyon.2024.e39452
https://doi.org/10.1063/5.0175116
https://doi.org/10.1016/j.ijheatmasstransfer.2024.125940
https://doi.org/10.1016/j.ijheatmasstransfer.2023.125089
https://doi.org/10.1038/s41598-025-09613-8
https://doi.org/10.1038/s41598-025-09613-8
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿A novel vascular stent and insert concept to improve hemodynamics and support vascular health
	﻿Methods
	﻿Validation
	﻿Results and discussion
	﻿Conclusions
	﻿References


