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Abstract—Rates of coronary restenosis after stent implantation and its subsequent effects on localized fluid dynamics
vary with stent design. Recent evidence suggests that alter-may be risk factors for restenosis. Previous computa-

ations in wall shear stress associated with different stent types.. : . . .
and changes in local vessel geometry after implantation may tional fluid dynamics(CFD) modeling studies have used

account for this disparity. We tested the hypothesis that wall Yascular geometries that approximate the stented region
shear stress is altered in a three-dimensional computationalOf the vessel and focus primarily on the most prominent
fluid dynamics(CFD) model after coronary implantation of a areas of restenosis, that is, the inlet and outlet of the
f1|6 mm dS'Otted'tulbe St(ejr}t during Simu'f‘tfions of regting b'gOd stent®***! These studies provide evidence that localized
ow and maximal vasodilation. Canine left anterior descending . : . :

coronary artery blood flow velocity and interior diameter were vessel g_eo'_“ew is a major factor influencing W.a” shear
used to construct CFD models and evaluate wall shear stressStress distributions and support the well-established ob-
proximal and distal to and within the stented region. Channel- servation that areas of maximal intimal thickening corre-
ing of adjacent blood layers due to stent geometry had a pro- late with regions of low and oscillatory wall shear
found affect on wall shear stress. Stagnation zones were local-greggl®17.20.21.30 oalized alterations in wall shear rate

ized around stent struts. Minimum wall shear stress decreased,, .., . . .
by 77% in stented compared to unstented vessels. Regions OfW|th|n the stented portion of a vessel have been studied

low wall shear stress were extended at the stent outlet andUSiNg @ two-dimensional2D) CFD modef; but three-
localized to regions where adjacent axial strut spacing was dimensional(3D) computational investigations that use a
minimized and the circumferential distance between struts was realistic stent geometry to consider the interaction be-
greatest within the stent. The present results depict alterationsyeen intricacies in stent design and their consequent

in wall shear stress caused by a slotted-tube stent and SUPPOL tions on distributions of wall shear stress have yet to
the hypothesis that stent geometry may be a risk factor for

restenosis by affecting local wall shear stress Pe conducted. We developed a series of three-

distributions. ©2003 Biomedical Engineering Society. dimensional CFD models to test the hypothesis that dis-

[DOI: 10.1114/1.1588654 tributions of wall shear stress during resting coronary
blood flow and maximal coronary vasodilation are al-

Keywords—Shear stress, Coronary hemodynamics, Slotted- tered by the presence of a slotted-tube stent.

tube endovascular stents, Vascular prosthesis, Coronary artery

disease, Numerical modeling, Intimal hyperplasia, Restenosis. METHODS

INTRODUCTION All experimental procedures and protocols used in

this investigation were reviewed and approved by the

Stents are commonly used to restore blood flow in Animal Care and Use Committee of the Medical College
patients with severe coronary artery disease, but restenoof Wisconsin and Marquette University. All conformed to
sis remains a persistent problem in a substantial numberthe Guide for the Care and Use of Laboratory Animals

of patients treated with this modality:* The incidence  of the National Institutes of Healti7th ed. Washington,
and severity of restenosis appears to vary with stent pc: Nat. Acad. Press, 1996

typel013353942Thase data suggest that stent geometry
Experimental Preparation and Protocol

Address correspondence to Paul S. Pagel, MD, PhD, Medical Col- . . . . .
lege of Wisconsin, MEB-M4280, 8701 Watertown Plank Road, Mil- Computational simulations were based @m vivo
waukee, WI53226. Electronic mail: pspagel@mcw.edu measurements of canine left anterior descendlniD)

972



Computational Stent Implantation Alters Wall Shear Stress 973
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z 210 FIGURE 1. Ensemble averaged left ante-
5= o rior descending coronary artery (LAD)
%ZE blood flow and external diameter wave-
83 70 w forms obtained under base line condi-
P 0 v tions and during the administration of ad-
enosine (1.0 mg/min) in the absence
35 (—stent) and presence (+stent) of an in-
& _ _— tracoronary stent.
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coronary artery diameter and blood flow velocity before number of struts, strut thickness, and stent length into a
and after placement of a slotted-tube stétitR, Medinol geometric construction and mesh generation algorithm
Ltd., Jerusalem, Israein the absence or presence of a custom designed using Matlab. Computational geom-
20 min infusion of the coronary vasodilator adenosine etries for each intervention were composed of structured
(1.0 mg/m).*® External LAD diameter was determined hexahedral control volumes arranged in a four-domain
by placing a 2.5-3.0 mm ultrasonic segment length butterfly designFig. 2) that exploits symmetric stent and
transducer (lowa Doppler Products, lowa City, A vessel properties to create half of the computational ves-
around the stented region of the coronary artery. The sel. The stent geometry created for this investigation was
LAD coronary artery was assumed to have concentric based on the Palmaz—Schatz slotted-tube design in order
radial properties, negligible taper, and exposure to the for comparison with results from previous studféd:2*3!
same diameter waveform along the axial length of the The axial size of hexahedral elements proximal, distal,
vascular region of interedt. Internal LAD radius (;) and within the stented region was one fourth that of
was determined using the equation.:(rg—V/Lw)l’z, other portions of stented or unstented vessels. All com-
wherer, is the external LAD radiusl. is the length of putational stent geometries contained four circumferen-
the vessel in the region of intereist situ, andV is the tial and axial repeating stent struts and were 16 mm in
ratio of the excised vessel weight to dengi@gsumed to  length. Computational stent struts were approximately
be 1.06 g/mi?* Blood flow was recorded by using a 0.35 mm wide, fully opposed to the vessel wall, and
transit-time flow probegTransonic Systems, Ithaca, NY  protruded 0.1 mm into the flow domatf.

positioned around the proximal LAD coronary artery.

Additionally, left ventricular pressur@VP) was simul- Computational Model Simulations

taneously recorded for use in signal processing. A repre-

sentative time series for LAD blood flow and diameter ~ Unstented and stented computational geometries were
were created using a Matlab program that aligned eachimported into a commercially available software package
variable according to peak LVP, segmented each digi- (CFD-ACE, Computational Fluid Dynamics Research

tized variable waveform into individual cardiac cycles, Corporation, Huntsville, Al for analysis of shear stress

finite volume approach to solve equations satisfying con-
servation of mass and momentum at the center of each
hexahedral control volume. Simulations were conducted
Computational arteries were created by entering by imposing minimum and maximum coronary blood
vivo internal diameter values corresponding to each in- flow velocities (v,,, and wp,, respectively; Fig. 8
tervention (Table ) and stent properties including the from eachin vivo intervention as steady-state parabolic

Construction of Computational Arteries

TABLE 1. Simulation properties.

Base line Adenosine Stent Stent+adenosine

Minimum Maximum Minimum Maximum Minimum Maximum Minimum Maximum

Velocity 3.30 15.8 8.30 58.2 5.30 22.5 3.30 45.9
(cm/s)
Diameter 2.51 2.60 2.59 2.63 2.74 2.74 2.74 2.74

(mm)
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FIGURE 4. Evaluation of mesh independence for axisymme-
tryic stented computational vessels. Axial distributions of
wall shear stress vs. artery length for vessels containing
208,639; 298,557; and 369,834 nodes that were subjected to
the same inlet velocity. Simulations were performed using
the inlet velocity obtained during maximum coronary artery
vasodilation with adenosine.

FIGURE 2. Computational geometry representing a slotted-
tube stent. The computational mesh represents the blood
flow domain through the stented region of the vessel.

profiles calculated from the flow rate and the cross-
sectional area of the vessel. Pressure at the vessel outle$0lver calculates shear rate from the second invariant of
was set to zero, which enabled the flow solver to calcu- the strain-rate tensor. The shear rate is, therefore, calcu-
late the pressure gradient within the flow domain. Al lated in Cartesian coordinates as

computational simulations were conducted assuming a

Newtonian, incompressible fluid with a density of y=[2{(aul9x)?+ (dvlay)?+ (owl9z)%}

1060 kg/ni and viscosity of 3.7 cP. Simulations were

2 2
performed on Silicon Graphics, Gk computers with 1 +(9ul gy + vl 9x)"+ (dul 9z+ owl IX)

Ghyte of RAM and convergence was, typically, obtained + (dvl gz+ owl ay)2]¥2,
after 24—72 h. Simulation results were examined as color
map distributions of wall shear stress. whereu, v, andw are thex, y, andz components of the

velocity vector, respectively. In a simple shear flow,

Determination of Wall Shear Stress reduces to the velocity gradient.

Wall shear stress was determined as the product of
viscosity and wall shear ratey]. The CFD-ACE flow

RESULTS
—— LAD Blood Flow
55. LAD Internal DiZmEter 584 Refinement of the Computational Mesh
> 451 L1 280 % The number of circumferential nodes along the perim-
9 3 eter and the spacing of axial nodes along the length of
'-D'-g 35 | 2.76A§ unstented vessels were varied systematically until distri-
8§ g;z butions of wall shear stress closely approximated the
o] E 251 2727 g theoretical value determined as=4uQ/xr3, whereQ
a] J§> is the blood flow rater is the radius of the vessel, and
3 15 268 E w is the viscosity. Mesh independence was investigated
Py for stented vessels by comparing distributions of wall
50.0 0.'1 oiz 0i3 0i4 0.'5 264 shear stress in vgssels with _208,639; 298,557, .and
TIME (sec) 369,834 nodgs, Whlch were §ubjected to the peak inlet
velocity obtained during maximum coronary artery va-
FIGURE 3. Ensemble averaged canine LAD blood flow and sodilation with adenosingFig. 4). Simulation results
interior diameter waveforms during base line conditions. were assumed to be independent of the computational
Steady-state minimum  (A) and maximum (B) blood flow val- . . .
mesh when the disparity between meshes of varying den-

ues imposed as inlets to model simulations are indicated by S
the dashed lines intersecting each waveform. sities was less than 6%5.
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Velocity Vector Alterations in Stented Vessels spectively. Wall shear stress for resting and adenosine

simulations duringw,,,,x boundary conditions were 18
and 65 dyn/crf, respectively. A representative wall shear

vector. In contrast, the presence of the stent caused pro-StreSS color map within the stented region of the compu-

found out-of-plane motion of tha andv components of tational vessel is shown in Fi_g. 6 Distributions of wall
the velocity vector. The behavior of near-wall velocity as Shear stress along several axial lines are also plotted as a
blood enters and proceeds through the stented region igfunction of distance through the stented region of the
demonstrated in Fig. 5. Blood encountering the proximal computational vesseFig. 7).

edge of the stent is forced toward the center of the vessel ~Stent geometry had a dramatic effect on distributions
immediately prior to entering the steffEig. 5A)]. The of wall shear stress. The highest wall shear stress values
geometry of the stent causes channeling of blood layersoccurred over the surface of stent struts. Wall shear stress
adjacent to the steiifig. 5B)] while those directly over  values decreased modestly with each subsequent strut.
the strut are forced toward the center of the ve§Ba. Regions of low wall shear stress were observed before
5(C)]. Adjacent blood layers nearest 45° are then al- and after each stent strut. A bimodal distribution of el-
lowed to separate after passing over the proximal stentevated wall shear stress occurred between struts and pro-
edge[Fig. 5D)]. As blood layers nearest 0° and 90° gressively decreased in magnitude downstream. Regions
continue to converge, those closest to 45° begin to di- of high wall shear stress immediately proximal to the
verge as they enter the portion of the stent resembling afirst strut dissipate from the center of the computational
diverging nozzle[Figs. 5E) and 8F)]. Converging and  domain to the junction of adjacent domains, concomitant
diverging blood layers then meet at the first point of ith the elevation of shear stress values over the stent
increased cross-sectional area within the stented portiongtyts that protrude into the flow domain. Areas of low
of the vesse[Fig. §G)]. Blood layers nearest 0° and \ya|| shear stress were noticed at transitions between the

90° then begin diverging while those nearest 45° are \eqqe| and stent and were most pronounced where the
channeled togethdfFigs. §H), 5(1), and §J)]. Converg- strut orientation was orthogonal to the direction of blood

ing _and dive_rging t?'°°d Iayer_s once ggain meet while flow. In addition, an extended region of low wall shear
exiting the f|rst axial _stent diamongFigs. 5K) and stress was noted at the outlet of the stent.
5(L)], and this pattern is repeated along the length of the Maximum wall shear stressr(.,) within the stented

stented vessel. : . .
region was localized along the axial line where angled
stent struts meet in the center of the flow domain for all
input velocity simulations, with the exception of the high
Wall shear stress for unstented vessels correspondingwall shear stress observed directly over the struts. In
to wn,i, boundary conditions were constant at 3.8 and contrast, minimum wall shear stress,{,) within the
9.5 dyn/cnt for base line and adenosine simulations, re- local vicinity of the stent occurred along the axial line

FIGURE 5. Directional alterations in near-
wall velocity in response to the presence

of a slotted-tube stent. The trajectory of
adjacent blood layers is denoted by ar-
rows superimposed on cross-sectional
distributions of wall shear stress immedi-
ately proximal to the stent (panel A) and
proceeding through the first 4 mm of the
computational vessel (panels B—L ).

Blood flow through unstented computational vessels
was comprised only of thev component of the velocity

Distributions of Wall Shear Stress
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FIGURE 6. Wall shear stress contour plot illustrating the assignment of axial lines within the stented region of the computational
artery. Axial line numbering begins in the center of the first converging nozzle (A) and proceeds toward the junction of adjacent
perimeter domains (D).

denoted by axial line D in Fig. 8, independent of input stenoses. However, the impact of stent geometry on local
velocity. fluid dynamics and wall shear stress within the stented
Minimum wall shear stress at the outlet of the stent region remains largely unknown. Several studies have
was reduced fow,,, and w., during conditions of examined the time course and physiological conse-
resting blood flow as compared to unstented interven- quences of restenosis after stent placerfiéht® but the
tions (18% and 51%, respectively This change was influence of alterations in local wall shear stress distri-
more pronounced for inputs corresponding to elevated butions after implantation on the probability of restenosis
blood flow (77% for both). Similarly, 7, decreased by  has not been investigated thoroughly. The vascular en-
53% and 74% for minimum and maximum boundary dothelium elicits compensatory mechanisms to maintain
conditions during elevated blood flow proximal to the normal wall shear stress within 15—20 dynfctfi None-
stent and by 66% and 82% within the stent. Resting theless, it is well documented that regions of high shear
boundary conditions fomw,, and wpg, simulations in stress(greater than 12 dyn/cih protect against intimal
stented computational vessels caused a 3% increase anflyperplasia while a strong correlation between regions of
a 12% decrease in proximaj,, respectively, compared  maximal intimal thickening and areas of lofless than
to unstented vessels. Resting boundary conditions for 4 dyn/cn?) and oscillatory wall shear stress has been
Win @Nd Wnay caused a 30% increase and 13% decreasepreviously described2%?! vascular responses resulting
in 7mip Within the stented region, respectively, compared from stent implantation may persist for up to three
to unstented computational vessels. months after deploymenf. Recent evidence suggests
DISCUSSION that local shear stress distributions imposed on the vessel
after vascular injury may influence the response of sur-
Endovascular stents improve resting coronary blood rounding smooth muscle cells, an important component
flow and increase flow reserve in the presence of of intimal hyperplasi&:*° Intimal hyperplasia has been
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stent geometry in influencing distributions of wall shear
stress. Convergence and divergence of adjacent blood

132 1A — Adenosine winax layers occurs to satisfy continuity as the vessel area
78 | changes from the presence of the stent along each axial
gg | NN Y/ v disk that collectively constitute the computational vessel
P T N A S A (Fig. 5. Low wall shear stress was observed near the

130 - center of each axial diamond where the cross-sectional
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) 1%’ relative spacing of adjacent axial struts were arranged in
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W 52 ( . . close proximity(axial line D, Fig. 3. Interestingly, pre-

- \ Bl hl . . .

e A A A A vious results indicate that greater amounts of dye became
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= 138 entrapped between adjacent computational struts when

the spacing between stent struts was minimized.
Regions of low wall shear stress were localized

gg AR YA Al around stent struts. This observation is likely due to a

—~J =S - L=t W e - P ;

0 mmmm Loy PSR I s combination of stagnation flow and boundary layer sepa-
0 5 10 1 20 ration immediately upstream and downstream of the

5
ARTERY DISTANCE (mm) struts, respectively, as described by classic problems of a

stationary block placed on a w#if® and is consistent
with the local accumulation of dye during flow visual-
ization through Palmaz—Schatz stehig/all shear stress
decreased with each subsequent axial strut due to the
existence of the stenfFig. 8 and suggests that stents
designed with a minimum number of axial struts may
limit the extent of adverse flow disturbances within the
stented region of the vessel. The present results are sup-
ported by the observation that reducing the number of
strut intersections limits the amount of subsequent inti-

FIGURE 7. Shear stress plotted vs. axial distance along axial
lines A, B, C, and D for the minimum and maximum resting
and coronary vasodilation input velocity simulations. Wall

shear stress distributions were symmetric about the center

node of each domain.

noted at the proximal and distal ends of implanted
stentst! a finding that suggests that altered distributions
of wall shear stress may contribute to restenosis in these
areas. Collectively, these data support the contention that
stent geometry and the effects of stents on the distribu- . : o7 o
tion of wall shear stress may represent risk factors for M@ _thlcyenmg and thrombus formation in rabbit iliac
intimal hyperplasia and may also partially explain the arteries’’ The effect of angled stent struts in the present

disparity observed between the rates of restenosis arnongcomputational simulations also suggests that stent struts
different stent designs. aligned in the axial direction of blood flow may be ad-

The three-dimensional results of the present investiga- vantageous for limiting the flow disturbances within the
tion indicate that the presence of a computational slotted- stent. This conclusion is supported by a previous study
tube stent causes profound alterations in near-wall veloc-comparing flow dye visualization wash-out times be-
ity and wall shear stress patterns when compared to antween the Palmaz—-Schatz stent and a prototype stent
unstented vessel. The major findings of the investigation with four longitudinal struts aligned parallel to the direc-
are summarized in Fig. 8 and illustrate the importance of tion of blood flow?

INLET
OUTLET

FIGURE 8. Summarized alterations in wall shear stress induced by the presence of a slotted-tube stent. (1) Angled struts act as
converging and diverging nozzles to adjacent blood layers. (2) Low wall shear stress (7,) is localized around stent struts. 3)
Lowest 7, located in the corners of each strut. (4) Transient increases in 7, proximal and distal to low 7, regions. (5) 7,
decreases with each subsequent axial strut. (6) Reduced outlet 7, lengthens as a function of inlet velocity. (7) Areas of low wall
shear stress were noticed at transitions between the vessel and stent and were most pronounced where the strut orientation

was orthogonal to the direction of blood flow. (8) Marked decrease in 7, at the outlet of the stent as compared to the inlet.
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The present results also indicate that regions of lower illustrating alterations in distributions of wall shear stress
wall shear stress are more pronounced toward the outletafter stent implantation have not yet been reported. Pre-
of the stent. Inlet velocity is a major determinant of the vious studies indicate that a rigid wall assumption is
distance required for shear stress to approach a constanvalid within a stented vascular sectibfi,but it may
value at the stent outlet as regions of low wall shear introduce error in the unstented portion of the ved&el.
stress were extended in this area for maximum inlet Blood was assumed to be a Newtonian fluid in the
velocities, particularly during elevated flow conditions. present investigation. It is possible that incorporation of
This finding is consistent with those noted in previous non-Newtonian conditions, in which viscosity is a func-
studies where simulations of increased blood flow mim- tion of the shear rate, may result in distributions of shear
icking exercise were applied as boundary conditionmto  stress slightly different than those presented here. Future
vitro and computational studiés:?® studies will be necessary to examine the influence of

Several investigators have postulated that spatial wall non-Newtonian properties on distributions of wall shear
shear stress gradients are associated with intimalstress in stented vascular segments. The native epicardial
thickening®3®3* These wall shear stress gradients can coronary arteries follow the curvature of the indwelling
cause conflicting forces on adjacent, normally confluent, myocardium. Wentzeét al. reported that implantation of
cells, thus leading to increased cell division after wall a Schneider wall stent caused straightening of an epicar-
shear stress perturbatidihen spatial wall shear stress dial coronary artenyin vivo.*! Thus, the present results
gradients were calculated from the magnitude of differ- obtained using a computational assumption of straight
entiated wall shear stress distributions in the present in- stent geometry may represent a physiological approxima-
vestigation, the maximum value of the wall shear stress tion despite neglecting the curvature of the LAD coro-
gradient corresponding to resting blood flow was nary artery. Nonetheless, the assumption of straightness
22 dyn/cn? per mm and occurred in the region near the applied to stented simulations may underestimate alter-
proximal stent edge. Wall shear stress gradients of this ations in wall shear stress due to centrifugal force and
magnitude have previously been associated with in- subsequent skewing of the velocity profile away from the
creased cellular proliferation and migratiém vitro.>* midline of the vessel in regions immediately proximal

The present results should be interpreted within the and distal to the stent.
constraints of several potential limitations. The accuracy  The present results were intended to illustrate changes
of CFD modeling of wall shear stress distributions is in acute wall shear stress induced by stent implantation.
dependent upon the density of the computational mesh,It is highly likely that progressive endothelialization and
and hence, the time to simulation convergence. All smooth muscle cell proliferation around a chronically
stented vessels contained a minimum of 369,834 nodes,implanted stent would affect the distribution of wall
and simulation results differed by 6% from the simula- shear stresén vivo. Nonetheless, initial smooth muscle
tions using a coarser computational mesh. The majority cell migration and proliferation have been shown to
of cells added to computational vessels were included inreach a maximum at seven days after stent
local areas of interest near stent struts and at the inletimplantation®!®2° Thus, an understanding of immediate
and outlet of the stent. This level of error was deemed and short-term contributions of wall shear stress alter-
acceptable in a previous study examining mesh resolu- ations to this process remains an important goal of future
tion in three-dimensional CFD models of the right coro- research.
nary artery® and allowed for simulation convergence In summary, the present investigation describes alter-
within 72 h. Additionally, the distributions of wall shear ations in wall shear stress caused by slotted-tube stent
stress obtained in the present study are consistent withdesign in a three-dimensional CFD model of an epicar-
previousin vivo and computational studiéé**” Thus, dial coronary artery usingn vivo data as boundary con-
it is unlikely that a greater number of circumferential and ditions. The present results were consistent with previous
axial nodes would have resulted in different conclusions flow visualization findings and provide additional indi-
regarding the behavior of blood flow and patterns of wall rect support to the hypothesis that wall shear stress dis-
shear stress in the stented computational models. Theturbances produced by stents may play a role in subse-
present investigation was conducted by applying steady-quent intimal hyperplasia and restenosis. The relative
state boundary conditions to rigid straight computational size of stent struts from one stent type to another does
arteries. These boundary conditions were employed to not vary greatly® and likely results in only small dis-
address the hypothesis of the investigation and elucidateparities in distributions of wall shear stress. However,
areas of interest for future studies. Blood flow is un- restenosis varies distinctively with stent type suggesting
doubtedly pulsatile in the human body. Therefore, these that small wall shear stress disparities like those pre-
simulation conditions represent a limitation of the sented in the present investigation may contribute to the
present investigation as the results may differ for pulsa- potential for restenosis following stent implantation.
tile flow. Nevertheless, three-dimensional CFD studies Mechanotransduction of shear forces responsible for
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gene expression and protein synthesis may also be dif- Christoforidis, H. Khabiri, and S. Jung. Stent-induced intimal

ferentially influenced by these small differences in shear
stress. Additional research will be required to define
whether wall shear stress alterations produced by differ-
ent stent geometries may preferentially contribute to in-
timal thickening and predispose the coronary artery to
restenosidgn vivo.
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