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Abstract 
The success of vascular stents in the restoration of blood flow is limited by restenosis. Recent data generated 
from computational fluid dynamics (CFD) models suggest that stent geometry may cause local alterations in wall 
shear stress (WSS) that have been associated with neointimal hyperplasia and subsequent restenosis. However, 
previous CFD studies have ignored histological evidence of vascular straightening between circumferential stent 
struts. We tested the hypothesis that consideration of stent-induced vascular deformation may more accurately 
predict alterations in indexes of WSS that may subsequently account for histological findings after stenting. We 
further tested the hypothesis that the severity of these alterations in WSS varies with the degree of vascular 
deformation after implantation. Steady-state and time-dependent simulations of three-dimensional CFD arteries 
based on canine coronary artery measurements of diameter and blood flow were conducted, and WSS and WSS 
gradients were calculated. Circumferential straightening introduced areas of high WSS between stent struts that 
were absent in stented vessels of circular cross section. The area of vessel exposed to low WSS was dependent 
on the degree of circumferential vascular deformation and axial location within the stent. Stents with four vs. 
eight struts increased the intrastrut area of low WSS in vessels, regardless of cross-sectional geometry. Elevated 
WSS gradients were also observed between struts in vessels with polygonal cross sections. The results obtained 
using three-dimensional CFD models suggest that changes in vascular geometry after stent implantation are 
important determinants of WSS distributions that may be associated with subsequent neointimal hyperplasia. 

stents restore blood flow through stenotic regions of the arterial vasculature. Unfortunately, restenosis after 
stent deployment remains a persistent problem. The mechanisms responsible for restenosis are not yet fully 
elucidated. Previous studies demonstrated that cell density gradients and neointimal hyperplasia were more 
likely to develop in regions exposed to nonuniform wall shear stress (WSS) (19, 20, 22). We recently reported 
that the geometric properties and deployment ratio of an implanted stent influenced the amount of the vessel 
wall subjected to WSS values that have been implicated in neointimal hyperplasia using a three-dimensional 
(3D) computational fluid dynamics (CFD) model (16). Implicit in this previous investigation and other CFD studies 
is the assumption that the cross-sectional geometry of the artery remains entirely circular after the stent has 
been implanted. However, several previous histological studies from experimental animals and humans 
demonstrated that stent deployment produces circumferential straightening of vascular segments between 
adjacent stent struts in both normal and diseased vessels (Fig. 1) (1, 4, 7, 26). As a result of these in vivo data, 
we used steady-state and time-dependent 3D CFD models to test the hypothesis that circumferential arterial 
deformation after stent implantation imparts distinctive alterations in WSS that are not detected by using a 



standard circular model of vascular cross section. We further tested the hypothesis that the severity of vascular 
deformation within the stented segment increases the area of the computational vessel exposed to distributions 
of WSS implicated in the development of neointimal hyperplasia. 

 
Fig. 1.Theoretical representations of normal arteries demonstrating circular cross section (left) or straightening 
of the artery between adjacent struts (right) after stent implantation. 
 

MATERIALS AND METHODS 
Creation of theoretical stented arteries. 
An automated geometric construction and mesh generation algorithm custom designed by use of MATLAB 
(MathWorks, Natick, MA, www.mathworks.com) was used to create computational arteries containing a slotted-
tube stent embedded in a cylindrical artery, or arteries that conform to the struts of the implanted stent 
(see Fig. 9). CFD models were created from measurements of canine left anterior descending coronary artery 
blood flow and diameter, as described previously (14). Simulations were performed using four computational 
arteries composed of structured hexahedral control volumes arranged in a three-domain butterfly design that 
exploited symmetrical properties to model one-fourth of the vessel. Computational vessels were created using 
the stent-to-artery diameter convention of 1.2 to 1 (7, 31) and consisted of four or eight axial and 
circumferential repeating strut sections that differentially altered axial cross-sectional geometry (Fig. 9). 
Simulation results from computational vessels that conformed to the geometry of the stent were compared with 
those in which a circular cross section was maintained after stent deployment (Table 1). The diameter of the 
native vessel for all simulations was 2.74 mm. The thickness and width of stent struts were 0.096 and 0.197 mm, 
respectively, in all simulations. The length of all computational stents was 16 mm. 

Table 1. Stent properties and indexes of wall shear stress 

Cross-sectional shape Circular Polygonal Circular Polygonal 
Number of struts 4 4 8 8 
Stent-to-artery ratio, % 4.43 4.43 8.83 8.83 
Proximal intrastrut WSS < 5 dyn/cm2, mm2 163.9 170.8 54.5 49.3 
Middle intrastrut WSS < 5 dyn/cm2, mm2 128.9 131.7 37.2 35.1 
Distal intrastrut WSS < 5 dyn/cm2, mm2 126.7 134.7 34.3 33.0 
WSSG > 20 dyn/cm3, mm2 76.8 100 76.4 89.2 
Maximum WSSG, dyn/cm3 221 706 247 248 

WSS, wall shear stress; WSSG, wall shear stress gradient. 

Computational model simulations. 
Simulations were performed using the commercially available software package CFD-ACE (CFDRC, Huntsville, 
AL, www.cfdrc.com). This software uses a finite volume approach to solve the Navier-Stokes equations at the 
center of each hexahedral control volume. A steady-state velocity value corresponding to average blood flow 



velocity during one cardiac cycle in a canine coronary artery under resting conditions (105 mm/s) was imposed 
as plug flow at the vessel inlet (14). Transient simulations were also conducted using a backward Euler temporal 
differencing method to investigate changes in WSS within the stented portion of vessels subjected to this 
coronary artery velocity waveform (Fig. 2). Additional length (AL) was added to all arteries to allow for fully 
developed flow using the equation AL = 0.06·Re·d, where Re is the Reynolds number and d is the vessel inlet 
diameter (6). Computational simulations were conducted assuming incompressible flow of a Newtonian fluid 
with a density of 1,060 kg/m3 and viscosity of 3.7 cP (13). 

 
Fig. 2.Transient blood velocity waveform through the proximal portion of a canine left anterior descending 
coronary artery (14) used for the time-dependent simulations in the present investigation. The average blood 
velocity of 105 mm/s depicted by the dashed line was also used as the inlet boundary condition for the steady-
state (i.e., stationary) simulations. 
 

Determination of wall shear stress indexes. 
Wall shear stress was determined as the product of viscosity and shear rate. The CFD-ACE flow solver calculated 
shear rate using the strain rate tensor. Briefly, the viscous components of the stress tensor T were expressed 
as T = 2μD, where μ is the fluid viscosity and D is the strain rate tensor. D was expressed as D = 1/2[(∇u) + (∇u)T], 
where ∇u is the velocity gradient. During incompressible flow, the CFD-ACE flow solver calculates shear rate 
using the second invariant of the D tensor. Thus shear rate (γ) was determined as γ = (2DijDij)1/2 where DijDij is the 
inner product of the strain rate tensor with itself. Therefore, 
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where u, v, and w are the x, y and z components of velocity vector, u, respectively. 

This definition accounts for pure shear as well as extensional or elongational deformation in the flow domain. 

Spatial wall shear stress gradients (WSSG) were also calculated by a previously described technique (9). WSSG 
was used to quantify the influence of nonuniform hemodynamic forces on adjacent intravascular cells and may 
correlate with the location of neointimal hyperplasia in vivo (2, 29, 30). Briefly, a spatially identical 3D nodal 
shell of each computational vessel wall was produced by a modified version of the geometric construction and 
mesh generation algorithm discussed above. The Cartesian coordinates of the shell were converted into 
cylindrical coordinates, and the distribution of WSS obtained after simulation convergence was mapped onto 
the points of the new coordinate system by using MATLAB. A previous study suggested that spatial changes in 
frictional forces that act predominantly in the axial and circumferential directions were most likely to cause 
expansion of intracellular gaps and disrupt intracellular junctions (18). As a result, WSSG was calculated as 
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where τw,z and τw,θ are WSS in the axial and circumferential directions, respectively. 

Previous studies conducted using an in vitro flow chamber and model of an end-to-side anastomosis have 
demonstrated that localized cellular proliferation may coincide with sudden pronounced changes in WSS during 
the cardiac cycle (3, 27, 32). Therefore, temporal WSSG were calculated as dτw/dt. Time-dependent alterations 
in WSS and temporal WSSG were determined at instrastrut points adjacent to the leading strut edge, at the 
center, and in the corner of strut units in the first proximal, middle, and last distal struts of the stent. 

Quantification of simulation results. 
The threshold for comparing distributions of low WSS between time-dependent simulations was established at 5 
dyn/cm2. Vascular regions subjected to WSS below this value have been shown to strongly correlate with sites of 
intimal thickening (10, 11). Additionally, near-wall velocity vectors were visualized at spatial locations in the 
proximal, middle, and distal portions of the stent to observe the behavior of blood flow in these regions. 

Spatial WSSG correlate with sites of atherogenesis and have been used as an index of endothelial permeability 
that may represent an important initiating factor for the development of atherosclerosis (18). WSSG have also 
been used to examine the hypothesis that normally confluent cells react to nonuniform distributions of WSS in a 
way that promotes neointimal hyperplasia (5, 27, 29). The percentage of the vessel wall subjected to WSSG 
values >20 dyn/cm3 was quantified and compared between stationary simulations in the present investigation. 
The value of 20 dyn/cm3 was chosen because WSSG of this order of magnitude were generated in areas of 
neointimal hyperplasia within the toe region of an end-to-side arterial anastomosis in previous studies 
(12, 17, 27). WSSG observed overlying stent struts were excluded from the analysis because these areas would 
not contain biologically active tissue immediately after implantation in vivo. 

RESULTS 
Mesh independence. 
Steady-state simulations were performed on Silicon Graphics O2 5k workstations with 1 Gb of RAM that allowed 
for convergence within 72 h. Twelve simulations were performed to optimize the stent parameters and 
investigate spatial mesh independence. Results were considered spatially independent of the computational 
mesh when differences in the distributions of WSS were <6% between successive mesh densities (13, 25). Time-
dependent simulations were performed on a Dell Optiplex GX270 2.4-GHz workstation with 2 Gb of RAM that 
enabled convergence of simulations at a rate of ∼25 time steps/day. Time step independence was investigated 
for the temporal simulations by subjecting computational vessels to the coronary artery blood flow velocity 
waveform illustrated in Fig. 2. Three permutations of this time-dependent coronary artery blood velocity 
waveform were obtained by interpolating from the measured waveform to contain 50, 68, or 100 time points, 
resulting in time step increments of 10.9, 8.0, or 5.4 ms. Three consecutive cardiac cycles were allowed to reach 
simulation convergence, and time step independence was then investigated by comparing distributions of WSS 
at equivalent points during each cardiac cycle and between waveform permutations. Figure 3 illustrates 
distributions of WSS along the luminal surface during peak diastole for each cardiac cycle. This figure 
demonstrates that a single cardiac cycle was sufficient to allow for the evolution of the time-varying initial 
conditions necessary for time step independence and an oscillatory steady-state solution. Similarly, Fig. 
4 demonstrates how increasing the number of time steps beyond 68 points does not substantially alter temporal 
distributions of WSS within the stented region. 



 
Fig. 3.Centerline distributions of wall shear stress (WSS) within a computational artery, demonstrating time step 
independence after 3 successive cardiac cycles. 
 

 
Fig. 4.Time-dependent alterations in the localized distribution of WSS at a point within the stented region for 
the transient coronary artery blood velocity waveform shown in Fig. 3, containing 50, 68, or 100 time points, 
resulting in time step increments of 10.9, 8.0, or 5.4 ms. The time scale has been normalized to a single cardiac 
cycle. Pronounced undersampling of the local WSS waveform occurring around time 0.65 using a time step 
increment of 10.9 ms was sufficiently resolved by decreasing the time step size to 8.0 ms. 
 

Steady-state simulations. 
Distributions of WSS for each CFD simulation are illustrated in Fig. 5. Lower WSS was observed within the 
stented region of all simulations, and stagnation zones occurred around stent struts. Circumferential 
straightening of the vessel wall between adjacent struts produced regions of high WSS within each repeating 
axial diamond of the stent that were not observed in the corresponding simulations conducted in vessels with 
circular cross sections. 



 
Fig. 5.Distributions of WSS throughout one-fourth of computational fluid dynamics (CFD) arteries with 4 
(A and B) or 8 (C and D) struts in the presence of circular (A and C) or polygonal (B and D) cross sections. 
Although low WSS was observed in the localized stented region of all simulations, circumferential straightening 
of the vessel wall between adjacent struts produced regions of high WSS in simulations with polygonal cross 
sections that were not observed in the corresponding simulations conducted in vessels with circular cross 
sections. 
 

Value-weighted near-wall velocity vectors in the first proximal, middle, and last distal repeating stent unit are 
demonstrated for each vessel in Fig. 6. Reductions in the size of the vectors in the proximal compared with the 
middle region are caused by the sudden increase in luminal diameter within the stented region and account for 
the pronounced low WSS found in the proximal portion of the stent. The figure also demonstrates how adjacent 
blood layers converge before entering each repeating stent unit and diverge after entering each axial diamond. 
This divergence accounts for reductions in WSS adjacent to stent struts. Prolapse of the vessel into the flow 
domain also causes the flow imposed on the vessel wall to increase, resulting in higher WSS at the center of 
each repeating stent unit of the polygonal simulations. 



 
Fig. 6.Value-weighted near-wall velocity vectors caused by localized increases or decreases in luminal diameter 
in the first proximal, middle, and most distal repeating stent unit of each computational vessel. 
 

Plots of WSS vs. axial distance within the stented region and along the vessel centerline demonstrate that large 
wall deformations observed in the four-strut polygonal simulation produced increases in the amount of the 
vessel subjected to elevated WSS compared with the respective circular cross-sectional simulation, consistent 
with greater protrusion into the flow domain (Fig. 7). These large elevations in intrastrut WSS were attenuated 
when polygonal and circular simulations with eight stent struts were compared. 



 
Fig. 7.Axial plots demonstrating the influence of stent-induced vascular prolapse on distributions of WSS. A: 4 
struts; B: 8 struts. Vascular protrusion into the flow domain in simulations with polygonal cross sections 
produced increases in the amount of the vessel subjected to elevated WSS compared with the respective 
circular cross-sectional simulations. 
 

Elevated spatial WSSG were noted at the stent inlet and outlet for each simulation (Fig. 8). A larger area of the 
computational vessel was subjected to WSSG >20 dyn/cm3 in polygonal compared with circular simulations, 
independent of the number of struts (e.g., 100 vs. 76.8 for four-strut polygonal vs. circular stents, 
respectively; Table 1). In addition, the maximum WSSG observed in the four-strut polygonal simulated stent was 
markedly greater than that observed in the analogous circular stent (706 compared with 221 dyn/cm3, 
respectively). This stent geometry-induced difference in maximum WSSG did not occur in eight-strut stents. 
Analysis of the individual circumferential and axial components of WSSG indicated that the majority of WSSG 
elevations were caused by alterations in WSS in the axial (i.e., flow) direction (data not shown). 



 
Fig. 8.Spatial wall shear stress gradients (WSSG) imparted on one-fourth of the computational vessel surface 
with 4 (A and B) or 8 (C and D) struts and circular (A and C) or polygonal (B and D) cross sections. Elevated spatial 
WSSG were noted at the stent inlet and outlet and adjacent to stent struts. Additionally, a greater amount of the 
computational vessel was subjected to elevated WSSG in polygonal compared with circular simulations. 
 

Time-dependent simulations. 
Time-dependent alterations in velocity profiles caused by flow acceleration and deceleration within each 
computational artery are illustrated in Fig. 9. Temporal deviations in the spatial distributions of WSS throughout 
the cardiac cycle resulting from modest differences in these velocity profiles are illustrated in Fig. 10. 
Pronounced stagnation regions developed just before flow deceleration at the local and global maxima of the 
flow waveform (rows 2, 4, and 6) in vessels with polygonal compared with circular cross sections. These 
stagnation regions persisted for the duration of systole in polygonal vessels as a result of vessel prolapse into 
flow domain that maintains higher values of WSS within the center of each repeating strut unit. 

 
Fig. 9.Time-dependent alterations in velocity profiles caused by flow acceleration and deceleration within each 
computational artery. The velocity profiles are illustrated at several locations (Z/D) with respect to the distal 
edge of the stent, where Z is the axial location of the velocity profile and D is the diameter of the native vessel in 
the unstented region. The scaling and labels for the x- and y-axes (velocity and radius, respectively) have been 
enlarged for clarity on the bottom and left of the figure. 



 

 
Fig. 10.Time-dependent alterations in spatial WSS throughout the cardiac cycle in the absence or presence of 
stent-induced vascular deformation caused by stents containing 4 or 8 struts. 
 

The intrastrut area of low WSS was greatest within the region bounded by the first repeating proximal strut unit 
and progressively decreased in the middle and distal portions of the stent as flow attempted to reestablish after 
entering the stented portion of the vessel (Fig. 11). The vessel wall within the proximal, middle, and distal 
portions of the stent was subjected to low WSS for a greater percentage of the cardiac cycle in vessels 
containing four rather than eight stent struts. Additionally, the total intrastrut area of the vessel subjected to 
distributions of WSS < 5 dyn/cm2 during a single cardiac cycle was greater in four- vs. eight-strut vessels, 
regardless of axial location (Table 1). 



 
Fig. 11.Time-dependent alterations in the area of the vessel wall subjected to distributions of WSS < 5 
dyn/cm2 within the first proximal, middle, and last distal repeating stent unit during a single cardiac cycle. The 
intrastrut area exposed to low WSS during times of increased blood flow (time 0.05–0.5) is greater in the 
proximal portion of the vessel, regardless of cross-sectional geometry, but is similar in the vascular sections of 
each vessel during periods of decreased blood flow. 
 

No appreciable differences in temporal WSSG were observed adjacent to or in the corner of struts in the first 
proximal, middle, or last distal repeating strut unit, regardless of the number of struts or cross-sectional 
geometry (Fig. 12). Conversely, the luminal surface at the center of the struts in vessels with polygonal cross 
sections was subjected to temporal WSSG between 300 and 500 dyn·cm−2·s−1 shortly after the onset of systole 
and diastole. 



 
Fig. 12.Time-dependent alterations in WSS (dashed lines) and temporal WSSG (solid lines) observed adjacent to, 
in the corner, or at the center of struts (see inset in upper left corner) in the first proximal, middle, or last distal 
stent strut unit. Alterations in these indexes are illustrated in computational arteries with circular or polygonal 
vascular cross sections caused by stents containing 4 or 8 struts. The scaling and labels for the x- and y-axes have 
been enlarged for clarity on the bottom, left, and right of the figure. Temporal WSSG observed adjacent to or in 
the corner of struts in the first proximal, middle, or last distal repeating strut unit were similar, regardless of the 
number of struts or cross-sectional geometry, but the luminal surfaces at the center of the struts in vessels with 
polygonal cross sections were subjected to potentially deleterious temporal WSSG between 300 and 500 
dyn·cm−2·s−1 during portions of the cardiac cycle. 
 

Time-dependent simulations were also used to investigate the potential error resulting from the assumption of 
imposing a steady-state velocity at the inlet of a vessel. Figure 13 illustrates distributions of WSS obtained from 
a steady-state inlet boundary condition of 105 mm/s and the distributions of WSS resulting from the equivalent 
velocity value during flow acceleration toward peak diastole and flow deceleration. This analysis was performed 
using the computational vessel with four repeating strut units and polygonal vascular cross sections because this 
vessel results in the greatest amount of flow disturbances. The axial distributions of WSS reveal that the steady-
state simulation underestimates distributions of WSS predicted during flow acceleration. Conversely, the steady-
state solution overestimates distributions of shear stress along the vessel wall during flow deceleration. 



 
Fig. 13.Distributions of WSS corresponding to an inlet blood velocity of 105 mm/s during a steady-state 
simulation or flow acceleration and deceleration in a time-dependent simulation. Steady-state simulations offer 
a reasonable approximation of the average distribution of WSS during the cardiac cycle at a fraction of the 
computational time, but time-dependent simulations that include the temporal term in the generalized 
transport equation provide more accurate distributions of WSS throughout the cardiac cycle. 
 

DISCUSSION 
Recent evidence indicates that alterations in WSS distributions after stent implantation may represent an 
important contributing factor in the process of restenosis. In particular, low WSS has been shown to influence 
the development of neointimal hyperplasia (11, 23). Nonuniform WSS within an arterial segment also affects the 
establishment of cell density gradients, gene expression, migration, and proliferation after vascular injury (19–
22). We have previously demonstrated that stents alter coronary artery WSS during maximum vasodilation in 
vivo (14). We have also shown that changes in WSS produced by stent implantation may be effectively modeled 
by 3D CFD and that design properties unique to the geometry of an implanted stent differentially influence the 
area of computational arteries subjected to indexes of WSS associated with vascular susceptibility to neointimal 
hyperplasia (13, 16). The present results using a 3D CFD model confirm and extend our previous findings and 
indicate that alterations in cross-sectional geometry after stent implantation exert an important impact on WSS 
distributions and WSSG. The results further indicate that polygonal computational vessels containing four struts 
are subjected to greater areas of low WSS and elevated WSSG than those with circular geometry and suggest 
that such an alteration in vascular shape may predispose the segment to subsequent neointimal hyperplasia. In 
contrast, these potentially deleterious alterations in low WSS distributions and high WSSG observed in four-strut 
polygonal vessels simulations did not occur in eight-strut polygonal models. It appears highly likely that this 
difference between four- and eight-strut polygonal simulations resulted because the eight-strut computational 
polygonal stent maintained a more circular profile and caused less disruption of the flow domain than the 
analogous four-strut simulation. 

In contrast to the present findings, another study suggested that deviations from circular cross-sectional 
geometry after stenting may not necessarily be deleterious (26). These results indicated that implantation of a 
stent with six struts aligned to optimize axial flow exhibited relatively minor neointimal hyperplasia in the region 
between stent struts. Thus axial uniformity appears to be a critical factor in determining patency after stent 
implantation because alterations in the cross-sectional geometry along the length of the stented portion of the 
vessel introduce flow disturbances and minimize the overall area of the flow domain. This contention is 
supported by the present results demonstrating an increase in intrastrut area exposed to low WSS in vessels 



containing four vs. eight struts and those of a previous study demonstrating a greater amount of neointimal area 
in four compared with six strut stents 28 days after implantation in rabbit iliac arteries in vivo (7). Interestingly, 
the percentage of the intrastrut area subjected to low WSS in the present investigation was consistently greater 
for computational arteries containing eight vs. four struts when this area of low WSS was normalized by the 
luminal surface area bounded by this region. This finding demonstrates that increasing the stent-to-artery ratio 
may protect the luminal surface from potentially deleterious indexes of WSS. The present results with time-
dependent simulations further suggest that the vessel wall within the proximal portion of the stent is subjected 
to low WSS for a greater duration of the cardiac cycle than that near the middle or distal portions of stents. This 
suggests that neointimal hyperplasia may be greater at the entrance of the stent and is consistent with our 
preliminary histological findings in an experimental model of stent implantation in normal arteries in vivo (15). 

The present results suggest that previously conducted CFD studies that assumed purely circular vascular 
geometry between struts may have important limitations because the amount of the vessel exposed to low WSS 
may be underestimated. The present results further suggest that such an assumption of circular geometry also 
underestimates the relative area of the segment subjected to elevated WSSG between struts. Importantly, our 
findings indicate that errors in WSS associated with the assumption of circumferential vascular cross sections 
after stent implantation may be substantial and depend on the geometry and number of struts contained in the 
stent that is implanted and modeled by CFD. 

Profoundly elevated values of WSSG were observed within the center of each axial diamond of the stented 
segment in simulations with four struts. These values of WSSG were much greater than those previously 
reported within vascular segments after luminal intervention (17). Nevertheless, a previous study demonstrated 
that neointimal hyperplasia appeared to be greatest at the center of each axial diamond using a similar stent 
geometry in vivo (7). However, the present results demonstrate that these regions were also exposed to high 
WSS that should theoretically protect the vessel from neointimal hyperplasia. The results also suggest that 
markedly elevated WSSG in this region may provide a more pronounced stimulus to cellular proliferation that 
may counterbalance the relative protective effect of high WSS. Alternatively, localized temporal WSSG, as 
demonstrated in the present investigation, or endothelial and smooth muscle cell damage to the vessel wall 
during stent deployment, resulting from angioplasty balloon penetration through the stent struts, may also 
account for previously described neointimal hyperplasia in this region. 

Previous studies have demonstrated that pronounced increases or decreases in temporal WSSG are localized to 
regions of neointimal hyperplasia along the bed of an arterial anastomosis (27). Temporal WSSG of 300 
dyn·cm−2·s−1 have also been shown to cause endothelial cell proliferation in the absence of spatial WSSG by use 
of a parallel-plate flow chamber (32). Temporal WSSG results from the present investigation suggest that the 
shape of the vascular scaffolding created by the stent may subject localized intrastrut regions to temporal WSSG 
that may be associated with cellular proliferation. Moreover, low temporal WSSG adjacent to and in the corners 
of each repeating strut unit suggest that low WSS, not temporal WSSG, may predominate and be responsible for 
neointimal hyperplasia forming in these regions. 

To the authors' knowledge, the present investigation represents the first time-dependent 3D CFD model 
describing alterations in localized WSS within a theoretical stented artery. Previous studies have discussed the 
disparity obtained between steady-state and time-dependent simulation results obtained in other vascular beds 
(25). The present results indicate that conclusions regarding distributions of WSS in stented arteries depend on 
the point of the cardiac cycle that is modeled by a steady-state inlet boundary condition. Figure 
11 demonstrates that the intrastrut area exposed to low WSS during times of increased blood flow (time 0.05–
0.5) is greater in the proximal portion of the vessel, regardless of cross-sectional geometry, but is similar in the 
vascular sections of each vessel during periods of decreased blood flow. Therefore, steady-state simulations 
using a mean or maximum blood flow velocity value may be more likely to elucidate potentially deleterious 



alterations in indexes of WSS, resulting from the geometry of the stent that is computationally modeled. Blood 
flow patterns and trends were similar between the distributions of WSS obtained from a steady-state inlet 
boundary condition corresponding to the average blood velocity throughout the cardiac cycle and those 
resulting from the equivalent time point during the time-dependent simulations (Figs. 5 and 10, respectively). 
The present results demonstrate that steady-state simulations can provide a reasonable estimate of the average 
distribution of shear stress imparted on the wall of stented vessels during a single cardiac cycle at approximately 
one-tenth of the computational time (Fig. 13). However, the present results also emphasize the importance of 
including the transient term in the generalized transport equation utilized by the flow solver. Full-scale time-
dependent simulations offer the benefit of visualizing temporal alterations in indexes of WSS resulting from flow 
acceleration or deceleration that are not expressed in quasi-steady or steady-state results. 

The present results should be interpreted within the constraints of several potential limitations. The present 
simulation results were obtained by comparing normal arteries with circular or polygonal cross sections, but the 
geometry of atherosclerotic lesions after stent implantation may vary based on lesion composition and may also 
limit vascular concentricity (8, 24, 28). A previous investigation demonstrated that implantation of 16-mm 
slotted-tube stents into canine epicardial coronary arteries reduced compliance to zero in the region of the stent 
(14). However, localized intrastrut compliance may not be eliminated after implantation. To model this 
phenomenon would require simulations using fluid-structure interactions that are not yet ubiquitous in blood 
flow modeling applications. Compliance of the vascular wall in response increases in blood flow throughout the 
cardiac cycle may result in distributions of WSS that differ from those predicted by the present model in the 
proximal and distal stent-to-artery transitions regions. The disparity between distributions of WSS resulting from 
a compliant computational model and that predicted in the present investigation would likely be less 
pronounced in localized intrastrut regions as a result of the rigidity created by the implanted stent. 

In summary, the present results using 3D CFD modeling indicate that polygonal cross-sectional vascular 
geometry after stent implantation may be associated with increases in the area of the vessel subjected to low 
WSS and high WSSG, factors that have been correlated with subsequent neointimal hyperplasia in vivo. 
Increasing the number of strut intersections produces a more circular geometry and reduces the amount of the 
simulated artery exposed to elevated spatial and temporal WSSG and the intrastrut area of potentially adverse 
distributions of WSS. Blood flow patterns were similar between distributions of WSS obtained from a steady-
state inlet boundary condition corresponding to the average blood velocity during a cardiac cycle and those 
resulting from the equivalent time point in time-dependent simulations. However, time-dependent simulations 
accounted for flow acceleration and deceleration and suggested that steady-state simulations using a mean or 
maximum blood flow velocity value are more likely to elucidate potentially deleterious alterations in indexes of 
WSS resulting from the geometry of an implanted stent. The results also indicate that circumferential 
deformation used in this polygonal model of artery geometry appears to more accurately reflect acute changes 
in vascular conformation and WSS after stent implantation in vivo. 
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