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AbstFact--In this study, we analyzed blood flow through a 
model stenosis with Reynolds numbers ranging from 300 to 
3,600 using both experimental and numerical methods. The 
jet produced at the throat was turbulent, leading to an axi- 
symmetric region of slowly recirculating flow. For higher 
Reynolds numbers, this region became more disturbed and 
its length was reduced. The numerical predictions were con- 
firmed by digital particle image velocimetry and used to 
describe the fluid dynamics mechanisms relevant to prior 
measurements of platelet deposition in canine blood flow 
(R. T. Schoephoerster et al., Atheroscleros& and Thromboshr 
12:1806-1813, 1993). Actual deposition onto the wall was 
dependent on the wall shear stress distribution along the 
stenosis, increasing in areas of flow recirculation and reat- 
tachment. Platelet activation potential was analyzed under 
laminar and turbulent flow conditions in terms of the cumula- 
tive effect of the varying shear and elongational stresses, and 
the duration platelets are exposed to them along individual 
platelet paths. The cumulative product of shear rate and 
exposure time along a platelet path reached a value of 500, 
half the value needed for platelet activation under constant 
shear (J. M. Ramstack et al., Journal of  Biomechanics 12: 
113-125, 1979). 

Keywords--Arterial stenosis, Fluid mechanics, Mural 
thrombus, Platelet deposition. 

INTRODUCTION 

Mural thrombosis and embolization are frequently 
associated with arterial coronary stenoses, and play a 
central role in the development of unstable angina, 
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myocardial infarction, and sudden ischemic death (21). 
The process of thrombosis may be affected by a series 
of rheological and fluid dynamic parameters,  including 
high rates of shear, areas of flow stagnation or recircu- 
lation, and turbulence (10,15). Transfer of platelets 
and other clotting factors to the vascular wall is accom- 
plished through diffusive and convective mechanisms. 
The convection of flow aggregates can be locally en- 
hanced or diminished in arterial stenosis through local- 
ized regions of high shear, flow separation, recircula- 
tion, and reattachment. 

Numerous studies have been performed (25) to de- 
termine the flow and pressure characteristics of arterial 
stenosis. Stein and Sabbah (21) have correlated turbu- 
lence with thrombus formation on artificial surfaces. 
Near wall excesses of platelets in tube flow have been 
reported to be dependent,  among other factors, on 
flow conditions (e.g., wall shear rate) and tube diame- 
ter (1,23). Direct correlations of local fluid dynamic 
events with platelet aggregation in vortices and adhe- 
sion onto surfaces were obtained in low Reynolds num- 
ber flow through an abrupt expansion (13,14). Actual 
deposition of platelets onto artificial surfaces tended 
to increase with increasing shear due to increased colli- 
sion frequency and mass transfer (4,17). Eckstein and 
Belgacem (8) modeled the near-wall excesses platelet 
concentration, taking into account drift and diffu- 
sion terms. 

Studies of blood flow through a stenosis using tunica 
media as a model for damaged vessel wall (2,16), or 
collagen-coated shunts, have shown increased platelet 
adhesion on the apex of a stenosis wherein fluid shear 
forces and shear-rate dependent  diffusion are maxi- 
mum. However,  other studies did not show an increase 
in deposition with increased shear for noncollagen- 
coated shunts (9), a decrease in platelet deposition 
onto a Lexan surface in the throat region of the stenosis 
supplemented by an increase in the downstream recir- 
culation region (20), or a decreased deposition of plate- 
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lets with increased flow rate through a hollow fiber 
hemodialyzer with canine and human blood (7). It is 
likely that these contrary findings can be attributed 
mainly to differences in surface-platelet adhesive 
forces at the wall. 

Several works studied the combined effect of shear 
and exposure time on platelet activation. For canine 
blood flow in cylindrical tubes, Ramstack et al. (19) 
showed that platelet stimulation is a nonlinear phe- 
nomenon, wherein a large stress for a short duration 
can cause significant platelet stimulation, whereas the 
same stress for an additional increment of time can 
cause relatively less stimulation. They also analyzed 
results of previous research, and showed that the per- 
centage of platelet trauma as a function of the product 
of bulk shear rate and residence time follows an expo- 
nential growth curve. Phenomenological studies of 
platelet response (11,12) led to a depiction of a locus 
of incipient shear-related platelet serotonin release on 
a shear stress-exposure time plane. Sutera et al. (22) 
showed that pulsed exposure resulted in more platelet 
aggregation than continuous exposure for the same 
total exposure time to stress, indicating shear and ve- 
locity gradients as enhancing platelet activation. The 
previously described studies, however, were conducted 
in devices that produced constant shear stress/shear 
rate levels, with only the exposure time, that was much 
longer than physiological time scales, varying. More 
physiological time scales were used by Colantuoni et al. 
(5), who showed serotonin release for short exposure 
times of 1 to 5 msec at shear stresses >7,000 dyne/ 
cm 2. Little previous work has been reported on the 
effects of elongational stresses on platelet activation; 
yet, when a platelet flows through a stenosis, the con- 
vective acceleration produces such stresses. Purvis and 
Giorgio (18) showed that platelets exposed to elonga- 
tional stresses tend to form large aggregates and may 
induce platelet activation even at low shear levels. 
Thus, application of the platelet activation criteria es- 
tablished by most previous in vitro research efforts to 
more realistic physiological conditions is questionable. 
The devices used to induce the shear stresses (e.g., 
cone and plate viscometers, capillary tube viscometers, 
etc.) were able to produce physiological shear rates. 
However, in most of the cases, constant shear rates 
were applied, and for durations much longer than phys- 
iological. In very few cases, varying shear rates were 
applied, but lagged far behind physiological. 

Although previous numerical studies have provided 
useful information, in many cases important limita- 
tions and restrictions were applied (e.g., the use of 
Reynolds numbers that are much lower than those 
found in pathological conditions in the cardiovascular 
system, the violation of boundary conditions due to 

the use of a too short computational domain, and other 
restrictions that stem from past computational capabil- 
ities). Whereas many of these works studied the wall 
shear stresses, almost none have tried to estimate the 
shear stresses within the flow domain, wherein most 
of the platelet activation process takes place. Although 
turbulence was shown to be a crucial agent in thrombus 
formation and turbulent flow patterns usually arise 
under stenotic conditions, turbulent numerical stimu- 
lations are scarce. When considering a platelet activa- 
tion process, the platelet is exposed to varying levels 
of shear stress as it passes through various flow regions. 
From the point of view of an observer that moves with 
the platelet (Lagrangian point of view), these stresses 
will change in time and space even under steady-flow 
conditions. This indicates that fluid-induced platelet 
activation should be analyzed in terms of the combined 
effect of the varying shear stress levels and the duration 
the platelet is exposed to them. A platelet might not 
be activated by an instantaneous shear stress level, but 
eventually it might be activated if it is exposed to this 
stress level for a longer duration. Thus, time histories 
of individual platelets should be tracked down within 
the flow domain to locate the regions where activated 
platelets might be found and subsequently adhere to 
the wall. 

Experiments in which platelet deposition onto the 
wall at a stenosis and the associated flow dynamics 
were measured were not found in the literature. The 
purpose of the present study was to obtain qualitative 
and quantitative relations of fluid dynamic parameters 
under pathological flow conditions, with platelet depo- 
sition onto artificial surfaces. Those were obtained in 
a axisymmetric geometry that models pathologies in 
the natural human circulation, yet produces well-con- 
trolled fluid flow phenomena (i.e., well-defined recircu- 
lation zone, etc.). Flow patterns--like areas of flow 
separation, recirculation, and reattachment--were 
qualitatively correlated to the platelet deposition. 
Fluid flow parameters that were quantitatively corre- 
lated with platelet deposition included turbulent and 
wall shear stresses, shear and elongational stresses, 
and residence times along individual platelets paths 
within the flow domain. Those were then used to esti- 
mate the activation potential of the platelets. 

METHODS 

Both experimental and numerical methods were 
used to study steady in vitro flow patterns under lami- 
nar and turbulent flow conditions through a stream- 
lined axisymmetric stenosis model geometry (Fig. 1) 
used by other researchers (6,26). Contraction and 
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FIGURE 1. Geometry of the streamlined axisymmetric steno- 
sis model used for the numerical simulations as well as the 
earlier platelet deposition experiments. The contraction and 
expansion in the flow geometry follow a sinusoidal function, 
which results in an area reduction of 84%. The DPIV measure- 
ments were carried out in a larger scale (10:1) model. 

expansion in the flow geometry follow a sinusoidal 
function of the form: 

r(z)  = 0.47 - 0.14 [1 + cos (Trz/1.9)], (2) 

where r (z )  is the local radius of the tube, and z is 
measured in centimeters in the axial direction from 
the throat of the stenosis. This results in a reduction in 
area (or %stenosis) of 84%. Axisymmetry was assumed 
around the longitudinal axis of the model geometry 
for numerical simulation. The time-averaged Navier- 
Stokes equations governing turbulent flow through the 
stenosis were solved using the FIDAP (Fluid Dynam- 
ics International, Evanston, IL, USA) CFD package. 
The FIDAP program uses a finite elements procedure, 
using the Galerkin form of the method of weighted 
residuals to solve the equations. In our model [steady 
incompressible turbulent flow in cylindrical coordi- 
nates z, r, and 0, assuming axisymmetry (i.e., Vo = 
0/00 = 0)], the equations are: 

1 0__ (rvT) + 0~ = 0 (2) 
r Or Oz 

(VOV-z ~O~z~ Op ( 1 0  ( r O ~  '] 02~' I 
P \ ' ar  + z - ~ - z ] = - ~ z + / X  r~rr \  Or / + --~z2z 2 ] 

{v.  aTzz ~ aVrr] 
p r-fir+ Z TZ / 

- -  P ~ Z  V~2 - -  - - - -  p 0 , , r Or rvzv, (3) 

(olt  r )O2 r  = - 0P+/x  (r~z) + 
Or Or r Oz 2 ] 

p O rv---7- 0 
r Or P-O-zz v;v~, (4) 

where vr = Vr -{- V[ and vz = ~z + v; according to the 
Reynolds decomposition. The pressure is eliminated 
from the momentum equations (Eqs. 3 and 4) and 
solved from the continuity equation (Eq. 2) by replac- 
ing the zero on the right-hand side with a very small 
penalty parameter. Simulation of turbulent flow condi- 

tions was applied by using the segregated solver 
method and the standard two equations k - e turbu- 
lence model, wherein the turbulent kinetic energy k 
and the viscous dissipation rate of turbulent kinetic 
energy e are defined as follows: 

k = -v~v;; e = v \ Or + Oz / (5) 

In the standard two equation k - e turbulence model, 
typical eddy velocity and length scales (denoted by u, 
and l,) may be characterized as ~/k and kl5/e, respec- 
tively. An extension of this dimensional reasoning also 
leads to an expression for turbulent viscosity /zt in 
terms of these characteristic scales of the turbulent 
eddies (viz. t*, oc p ut It oc p k2/e). Thus/z, is directly 
related to the turbulent quantities k and e. Two trans- 
port equations for k and e can then be obtained from 
the Navier-Stokes equations by a sequence of algebraic 
manipulations. In the vicinity of solid boundaries, the 
flow is dominated by viscosity, and the use of the k - 
e model may lead to inferior predictions. FIDAP uses 
specialized elements for near-wall modeling, in which 
the variation of the turbulent momentum diffusivity is 
modeled using van Driest's mixing length approach. 

In the FIDAP program, the Galerkin finite element 
procedure is used to solve the Navier-Stokes equa- 
tions. In general, a system of nonlinear algebraic equa- 
tions that can be represented by the general matrix 
form K ( U )  x U = F can be solved, wherein K is a 
global system of matrices, U is the global vector of 
the unknowns [velocities, pressures, turbulent kinetic 
energy (k), and the viscous dissipation rate of turbulent 
kinetic energy (e)], and F is the vector containing the 
boundary conditions, body forces, etc. The structure 
of the matrices depends on the nature of the specific 
problem being solved. Within each element, the de- 
pendent variables ui and p are interpolated by func- 
tions of compatible order, in terms of values to be 
determined at a set of nodal points. In such element, 
the velocity and pressure fields are approximated by 
ui = thrUi, p = ~orP, k = ~brK, e = rifE, wherein Ui, 
P, K, and E are column vectors of element nodal point 
unknowns, and ~b and ~ are column vectors of the 
interpolation functions. Substitution of these approxi- 
mations into the field equations and application of 
the boundary conditions yield a set of equations, [e.g., 
momentum: fl(~b, 0, Ui, P, K, and E) = R1, etc.], where 
Ri are the residuals (errors) resulting from the use of 
the approximations. The Galerkin form of the method 
of weighted residuals seeks to reduce these errors to 
zero, in a weighted sense, by making the residuals 
orthogonal to the interpolation functions of each ele- 
ment (i.e., d~ and ~). 
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FIGURE 2. Detail of the computational mesh in the area of the 
stenosis, The progressive density of the mesh in the radial 
direction shows the carefully modelled near wall region. A 
progressive mesh density in the axial direction was also ap- 
plied to the inlet region, so that a plug flow velocity profile 
that evolved into a fully turbulent velocity profile could be 
applied as the inlet condition. 

The progressive density of the finite elements mesh 
in the radial direction (Fig. 2; the stenosis area) shows 
the carefully modeled near-wall region. A progressive 
mesh density in the axial direction was also applied to 
the inlet region, so that a plug flow velocity profile that 
evolved into a fully turbulent velocity profile (where 
turbulence prevailed) could be applied as the inlet 
condition. A zero stress and zero pressure condition 
was applied at the outlet, and a no-slip condition was 
applied at the wall. The entrance length was conserva- 
tively chosen as 5 diameters so that the velocity profiles 
could be fully established proximal to the stenosis. To 
find the exit tube length, we examined wall stresses 
on the stenosis and the axial velocity profile in the 
center of the model. Results were independent of exit 
length for total model length >10 diameters. We con- 
servatively selected a model length of 16.8 diameters 
(5 diameters entry length, 3.8 diameters stenosis sec- 
tion, and 8 diameters exit length). After establishing 
the numerical results to be independent of mesh den- 
sity, the mesh consisted of 4,600 nine-node quadrilat- 
eral elements. In each element, biquadratic interpola- 
tion functions were used to approximate the velocities. 
The blood was assumed to be Newtonian, with real 
blood properties: p = 1.056 g/cm 3, /x = 3.5 cP, and 
v -- 0.035 cm2/sec, so that accurate correlations may be 
made between the fluid simulations and actual blood 
platelet deposition determined from in vitro experi- 
ments. 

Shear rate, % was computed from the velocity gradi- 
ent in the axial and radial directions, and elongational 
rate, ~, was computed from the velocity gradient in 
the axial direction (in axisymmetric cylindrical coordi- 
nates, r, z) as follows: 

OV z _~ OVr 
shear rate: 7 = 0--~- Oz 

elongational rate: ~ - OVz. 
Oz 

(6) 

The shear stress in the fluid 0-) was computed from 

OVz OVr~ V'V' 
" '  (7) 

where p is the fluid density, and v~ and v; are the 
turbulent velocity fluctuations in the axial and radial 
directions, correspondingly, wherever turbulence pre- 
vailed. 

A platelet is exposed to varying levels of shear stress 
for varying durations as it passes through various flow 
regions; exceedingly high shear stresses at the contrac- 
tion and throat regions of the stenosis for short expo- 
sure times, and a relatively high level of shear stress 
for a longer exposure time, when an individual platelet 
moves along the shear layer at the interface between 
the recirculation and core regions. Quantitative exami- 
nation of the cumulative effect of these elevated shear 
histories would indicate whether platelets approaching 
the recirculation zone have a high incidence of activa- 
tion. Therefore, time histories of individual platelets 
should be tracked down within the flow domain. Previ- 
ous work (19) provided a crude estimation of the acti- 
vation potential by computing the product of a bulk 
shear rate (7) and bulk average residence time assum- 
ing a Poiseuille flow in a tube. Hellums (11) depicted 
a platelet activation locus on a shear stress-exposure 
time domain, but results represent the action of con- 
stant shear stress levels with only the exposure time 
varying. No previous works known to these authors 
defined a platelet activation parameter that takes into 
account the cumulative effect of varying shear stresses 
and the time platelets exposed to them, let alone under 
turbulent flow conditions. With the detailed informa- 
tion that could be derived from our numerical simula- 
tions, the cumulative effect of shear stress and expo- 
sure time could be estimated by summing up the 
products of their instantaneous values along a stream- 
line. Summation began at the inlet, At was the resi- 
dence time of a platelet between two successive nodal 
points along a streamline, and ~ was the average shear 
stress value in that segment. This parameter was 
termed level of activation: 

x At. (8) 

It must be cautioned that the cumulative effect of shear 
stress and exposure time on platelet trauma is probably 
nonlinear, so that the level of activation parameters 
can be regarded as an initial assessment of the process 
that may be refined by future studies. 

To validate the numerical simulation, quantitative 
flow visualization was conducted using a digital particle 
image velocimetry (DPIV) system (Dantec FLOW- 
GRABBER,  Dantec Measurement Technology, N J, 
USA). The DPIV system is capable of providing a 
quantitative two-dimensional picture of displacement 
of particles and the velocity vector field of the flow. 
The fluid is seeded with particles and single exposure 
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images of the particles illuminated by a laser light sheet 
are recorded using a videocamera and a high-speed 
electronic shutter. Displacements of the particles are 
obtained by locally cross-correlating sequential im- 
ages, and the velocity vector fields are computed from 
the known shutter speed. The cross-correlation func- 
tion of the two samples is calculated using fast Fourier 
transform techniques. The displacement of the cross- 
correlation peak gives the average spatial shift of the 
particles in each subsample pair. To enhance the DPIV 
resolution, measurements were conducted in a steady 
flow loop with a large-scale stenosis model (10:1), fol- 
lowing the previously described geometry. The model 
was manufactured from glass and had the following 
dimensions: inlet diameter, 9.9 cm; stenosis throat di- 
ameter, 3.96 cm; entry length of 25 diameters; and 
distal length of 16 diameters. The working fluid was 
water, seeded with reflective latex beads of 25 /~m 
average diameter (Optimage Ltd., Edinburgh, UK) to 
obtain the velocity vector fields. Dynamic similarity 
was kept to run the DPIV measurements in the respec- 
tive Re numbers (based on the upstream diameter) of 
the numerical simulations. 

Previously measured platelet deposition results (20) 
were obtained by radioactive labeling of canine blood 
platelets with In-111, and quantified by measuring the 
percentage of radioactivity bound to platelets along 
successive segments of a model stenosis manufactured 
from transparent Lexan that was installed in a recircu- 
lating flow loop. The stenosis model had the same 
dimensions as the numerical model previously de- 
scribed. A steady flow peristaltic pump (Masterflex 
Model 7592) recirculated the blood through the flow 
loop, and a water bath (Buchi, Model 4061) maintained 
the blood temperature at 37~ Platelets were labeled 
with In-111 tropolone using procedures described in 
detail by Dewanjee et aL (7) that routinely achieves a 
90% platelet labeling efficiency. Results are given in 
terms of normalized platelet deposition (NPD), 
wherein the local number of platelets per unit area is 
normalized by the average platelet density along the 
entire test chamber. 

RESULTS 

Numerical Results 

Flow results were obtained at four different Reyn- 
olds numbers: Re = 300, 900, 1,800, and 3,600 (based 
on the proximal diameter and the average velocity at 
the inlet computed from the corresponding flow rates 
of 0.5, 1.5, 3, and 6 1/min). All results were character- 
ized by a core jet flow pattern passing through the 
stenosis, surrounded by symmetrical recirculating vor- 

tices in the expansion region (Fig. 3a-d). When flow 
conditions upstream were laminar (Re = 300, 900, and 
1,800), the maximum core flow velocity through the 
stenosis was - 5  times larger than that of the tube 
inlet (Fig. 4a), indicating the strong acceleration of the 
central flow through the stenosis. Therefore, the main 
hemodynamic mechanism for platelet activation 
through the stenosis was the high shear stresses associ- 
ated with the steep velocity gradient near the wall 
characteristic of jet flow, and the corresponding shear 
layer created between this jet and the slowly recirculat- 
ing vortices distal the stenosis throat. The latter, char- 
acterized by low-wall shear stresses and long residence 
time of the trapped platelets, created the favorable 
conditions for the activated platelets to be deposited 
on the wall. 

The streamline contour plots (Fig. 3a-d) show that, 
as the Reynolds number increased, the reattachment 
length decreased, thus reaching a minimum at Re = 
1,800 and increasing slightly for Re = 3,600. This 
agrees with results by Young (25) in a flow through a 
sudden expansion. Young showed that the reattach- 
ment length in such flows increase with increasing 
Reynolds number for laminar flow conditions, peaks 
around Re = 300, and decreases with increasing Reyn- 
olds number, eventually reaching a limiting value at 
high Reynolds numbers. This behavior stems from the 
fact that the local Reynolds number at the throat is 
much higher than that of the upstream because of the 
strong convective acceleration. At Re = 300 (up- 
stream), the local Reynolds number at the throat 
reaches a critical value in which the shear layer created 
between the jet and the surrounding fluid becomes 
unstable (26), thus affecting the size of the recircula- 
tion zone. 

Experimental Validation o f  the Numerical Results 
with DPIV  

Validation of the numerical simulation results was 
accomplished by comparing the numerical results to 
DPIV measurements conducted in a stenosis model 
with the same geometry in a steady flow loop. The 
numerical velocity profiles for Re -- 300 (laminar case) 
were superimposed on a vector plot of the DPIV mea- 
surements (Fig. 4a). The superimposed dividing 
streamline of the recirculation zone according to the 
numerical simulation is in very good agreement with 
the DPIV results. Characteristic velocity profiles in the 
inlet, the stenosis throat, and the recirculation zone 
tightly overlap, with the measured DPIV velocity pro- 
files somewhat lacking the finer resolution in the lower 
velocity range (the recirculation zone). For the turbu- 
lent case (Re = 3,600, Fig. 4b), a good agreement was 
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FIGURE 3. Streamlines and normalized platelet deposition (NPD) results for (a) Re = 300, (b) Re = 900, (c) Re = 1800, and (d) Re 
= 3 6 0 0 ,  Platelet deposition was measured previously using In-111 labeled platelets, and are shown here normalized by the average 
density of deposited platelets along the entire test chamber. Two distinct regions of increased platelet deposition were apparent, 
one proximal to and one distal to the stenosis throat. These areas of increased convective transport where locally curved streamlines 
contain velocity components perpendicular to the vessel wall. The size of the recirculation zone decreased in length at Re = 900 
compared wi th  Re = 300, wi th  the center of the distal region of maximum NPD near the reattachment point in each case. For 
the higher Reynolds numbers, the highly disturbed turbulent jet strongly interacts w i th  the separating f low, causing a distal 
increase in NPD nearer to the separation point. 
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FIGURE 5. Wall shear stress distribution 
along the length of the stenosis model for 
the various simulations. While providing 
the opportunity for shear-induced plate- 
let activation (see Fig. 7), the high shear 
stresses in the throat region also serve 
to wash away any potentially adherent 
platelets from the throat wall (see Fig. 3). 
The low shear stress along the wall in 
the recirculation region allow prolonged 
contact with the wall and thus a more 
suitable location for adhesion. 

achieved between the numerical and DPIV results in 
predicting a characteristic fully turbulent velocity pro- 
file at the inlet, the stenosis throat, and in the recircula- 
tion zone. The prediction of the separation and reat- 
tachment points of the k - e turbulent model is in very 
good agreement with the DPIV results. This indicates 
that, although our numerical simulation of turbulent 
flow conditions was conducted at the low Re range, 
the combination of the k - e turbulent model with 
specialized elements for near-wall modeling, in which 
the variation of the turbulent momentum diffusivity 
is modeled using van Driest's mixing length approach, 
yielded a good prediction of the size of the recircula- 
tion zone and the turbulent mean velocities of the flow 
through the stenosis. 

Shear Stresses and Exposure Time 

Wall shear stress results are shown in Fig. 5. The 
wall shear stress rose sharply in the contraction region 
of the stenosis and peaked at the throat. The value of 
the wall shear stress peak was strongly dependent on 
the Reynolds number, indicating that transition to tur- 
bulence at the throat increases the wall shear stress by 
an order of magnitude. The wall shear stress declined 
rapidly to zero at the separation point (z/d "~ -0.5) 
and maintained a near-zero value (negative, because 
of the flow reversal in the recirculation zone) along 
the expansion region. As the separatory streamline 
leading to the point of reattachment (z/d ~ 2.5-3.5, 
depending on the Re number) defines the interface 
between the core flow and the recirculating flow, the 
shear layer created in this interface gradually increased 
the shear stress in the downstream direction until it 
approached the upstream value around z/d = 4.5. 

The overall behavior of the shear rate within the 
flow domain is depicted in the three-dimensional sur- 
face plot (Fig. 6). The shear rate rises dramatically in 
the contraction region and peaks at the throat. Al- 
though shear rate drops sharply to near-zero negative 

values inside the recirculation zone, a relatively high 
shear rate region, gradually decreasing in the down- 
stream direction, is maintained in the shear layer be- 
tween the core flow and the recirculation zone. The 
shear rate surface plot depicts this gradual decrease 
of this high shear region in a hillside fashion, descend- 
ing into a valley-like region of negative shear in the 
recirculation zone. 

The level of activation parameter (E~ • t) of an 
individual platelet along a streamline is presented for 
Re = 3,600 (Fig. 7). A representative streamline that 
passes through regions of high shear stresses was cho- 
sen. The streamline passes near the wall in the up- 
stream and the stenosis throat regions, and within the 
shear layer at the interface between the stenotic jet 
and the recirculation zone (Fig. 7). It is expected that 
most of the platelet activation due to elevated shear 
stresses will occur along these regions. The cumulative 
effect is shown in Fig. 7, compared with the shear 
history in a straight tube as extrapolated from events 
proximal to the stenosis. The comparison shows a step 
jump increase (-35%) in the level of activation param- 
eter in the throat region. The elevated effect lasts 
throughout the recirculation zone until z /D ~ 3.5, and 
beyond, generally shifting the activation curve upward. 
As expected, platelets exposed to elevated shear 
stresses can be found in the vicinity of the recircula- 
tion zone. 

Elongation stresses produced by the convective ac- 
celeration at the contraction zone toward the stenosis 
throat may also induce platelet activation. Elongation 
strain computed along the previously described 
streamline reached values of up to 600 sec -1 at Re = 
3,600 (Fig. 8). Distal to the throat platelets experienced 
strong convective deceleration that produced negative 
elongation rates of -1,000 sec -1, indicating that the 
platelets experienced compression stresses immedi- 
ately after their stretching. Adjacent to the recircula- 
tion zone (z /D = 1-3), the elongation rate alternated 
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J 
stenosis 
throat 

FIGURE 6. Perspective three dimensional 
view of the shear rate distribution within 
the flow domain. The high shear region 
near the wall at the throat extends down- 
stream along the shear layer between the 
core flow and the recirculation zone, with 
a gradual decrease in the direction of 
flow. This provides favorable conditions 
for shear-induced platelet activation be- 
fore subsequent entrapment in the recir- 
culation zone. 

Z 

between mild positive and negative values, finally sta- 
bilizing at mild positive elongation rates in the vicinity 
of the reattachment point (z/D = 3). 

Correlation of  Numerical Results with Blood Platelet 
Deposition Measurements 

Results from the numerical simulations were corre- 
lated to previously published results (20) of experi- 
ments with canine blood flow (Fig. 3a-d). Platelet de- 
position was measured as a function of the axial 
position using In-i l l - labeled platelets and was nor- 
malized with respect to the average platelet deposition 
over the entire flow chamber. Increased platelet depo- 
sition was observed in areas of flow recirculation and 

reattachment, with decreases in locations of high shear 
and separation. Two distinct regions of increased plate- 
let deposition were apparent: one proximal to and one 
distal to the stenosis throat. At the lower Reynolds 
number (Re = 300, Fig. 3a), the recirculation zone 
extended to -3.5 diameters downstream from the ste- 
nosis throat. The NPD curve peaked around the reat- 
tachment point and extended to - 7  diameters from 
the throat. At Re = 900 (Fig. 3b), the velocity profile 
at the throat indicated that the jet was becoming turbu- 
lent, thus inducing flow disturbances at the recircula- 
tion zone that was confined to -2.8 diameters down- 
stream. The distal region of increased NPD was 
likewise reduced in length, whereas the proximal NPD 
gained weight, coinciding with the increased contrac- 
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FIGURE 7. The value of the level of activation parameter (Eq. 
8) for an individual platelet following a s ing le streamline for the 
Re = 3600 s imu la t ion .  The representative streamline chosen 
passes through regions of high shear near the wall and along 
the shear layer at the interface between the core jet and the 
recirculation zone. The cumulative effect of shear stress and 
exposure time displays the largest deviation from that of a 
straight tube under similar flow conditions in the region j us t  
past the stenosis throat. In this region the shear stresses are 
decreasing bu t  st i l l  re la t ive ly  h igh,  and the flow is decelerating, 
allowing increased exposure time. 

tion of the streamlines and the more vigorous accelera- 
tion. This trend continued for Re = 1,800 (Fig. 3c), 
with the NPD reaching a maximal value at the distal 
side of the stenosis. For Re = 3,600, the NPD peak at 
the proximal side of the stenosis was higher relative 
to that of the distal side. The upstream velocity profiles 
for Re = 3,600 (Fig. 3d) indicated that, for this Reyn- 
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FIGURE 8. Elongation rate distribution along the identical 
streamline described in Fig. 7 for Re = 3600. Platelets traveling 
along this streamline experience stretching (positive elonga- 
tion) just proximal to the stenosis throat and compression 
(negative elongation) just distal to the stenosis throat. These 
combinations of elongation stresses may also contribute to 
platelet activation prior to deposition in the downstream recir- 
culation zone. 

olds number, the upstream velocity was already fully 
turbulent. 

D I S C U S S I O N  

In this model, local increases in shear stress and 
elongational stresses in the throat region were shown 
to increase the activation potential of the platelets. 
Immediately downstream of the stenosis, flow separat- 
ing off the throat created a region of slowly recirculat- 
ing flow conducive to aggregation of platelets and 
platelet-activating factors, creating a region of primary 
adhesion and subsequent aggregation of the activated 
platelets. Adhesion of platelets to a surface is greatly 
enhanced by prior activation. Platelet activation leads 
to loss of the disk shape of the resting platelet and the 
extrusion of pseudopods. Having undergone a shape 
change, the platelets continuously rotate in flow, cov- 
ering with their pseudopods a hydrodynamically effec- 
tive volume up to 8 times larger than in the inactivated 
state, which in turn increases the platelet-platelet colli- 
sion frequency and with boundary (24). The contrac- 
tion of the streamlines in the recirculation zone (Fig. 
3a-3d) brings the platelets closer together, increasing 
the platelet-platelet collision frequency and with the 
boundary. The recirculation zone also enhances con- 
vective transport of platelets and blood cells to the 
vessel wall along locally curved streamlines (14,20). 

This mechanism offers an explanation for the NPD 
distribution along the recirculation zone; platelets that 
are already activated by the high shear stresses at the 
throat and along the shear layer between the jet and 
the slowly recirculating vortices are brought into con- 
tact by the contracting streamlines on the slower side 
of this shear layer. Once trapped in the recirculation 
zone, the motion of the platelets along the curved 
streamlines with components perpendicular to the wall 
bring them into contact with the wall along the reat- 
tachment point and the slowly recirculating flow adja- 
cent to the wall. For lower Reynolds numbers (Re = 
300 and Re = 900), this mechanism causes the NPD 
distribution to reach a maximum around the reattach- 
ment point. The almost symmetric NPD distribution 
around it corresponds to streamlines leading platelets 
away from the wall in the counterclockwise direction 
(the proximal side of the recirculation zone) and the 
curved streamlines with velocity components perpen- 
dicular to the vessel wall beyond the point of reattach- 
ment (distal to the edge of the recirculation zone) that 
lead to a gradual decrease in the number of platelets 
deposited. The NPD peak at the proximal side of the 
stenosis is a result of the convective acceleration of 
the flow that is characterized by the contraction of 
the streamlines that increases the collision frequency 
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between the platelets. Although acting as a platelet 
activation agent, the high shear stress at the wall of 
the throat itself washes away the platelets, preventing 
their adhesion to the wall. 

At Re = 900, the velocity profiles indicate that the 
jet produced by the stenosis is turbulent and continues 
to be so in the expansion region. At Re = 1,800, this 
trend is exacerbated. The NPD curve peaks in the 
vicinity of the separation point, indicating that the 
highly disturbed jet strongly interacts with the separat- 
ing flow, increasing the platelet collision rate and adhe- 
sion to the wall at this location. As turbulence intensi- 
fies, activating more platelets and increasing even more 
the collision rate, a pronounced NPD peak is produced 
at the distal side of the stenosis. At Re = 3,600, the 
upstream velocity profiles indicate that the flow is al- 
ready fully turbulent. The increased collision rate char- 
acteristic of fully turbulent flow conditions, coupled 
with the contracting streamlines toward the throat, 
increases the platelet deposition at the proximal side 
of the throat relative to the decreasing number of 
platelets in the distal region, thus producing a higher 
NPD peak at the proximal side of the stenosis. 

The wall shear stress distribution along the stenosis 
offers further insight to the NPD curves behavior. Al- 
though high wall shear stresses activate the platelets 
at the contraction region, the high wall shear stress at 
the throat tends to wash away platelets from the throat. 
This explains the minimum NPD value at the throat, 
characteristic of the NPD curves for all Reynolds num- 
bers. The activated platelets that are then trapped in 
the recirculation zone experience very low wall shear 
stresses, allowing prolonged contact with the wall. This 
phenomenon confirms theoretical predictions by Bas- 
madjian (3) and others that increased platelet deposi- 
tion on an artificial surface depends on the ability of 
the local geometry to enhance transport of platelets 
to the vessel wall, as well as a diminished capacity to 
embolize these deposits through decreased wall shear 
stresses. With intensifying turbulence, turbulent wall 
shear stresses are around one order of magnitude 
larger than for the laminar cases. Even at relatively 
low Reynolds numbers, wherein the upstream flow 
conditions are laminar, our numerical simulations 
clearly show that parts of the flow field, namely the 
stenotic jet, can become turbulent. Thus, it is important 
to conduct numerical simulations using turbulence 
modeling at subcritical Reynolds numbers of the corre- 
sponding pipe flow conditions. 

Platelets are exposed to high shear stresses at the 
contraction and throat regions of the stenosis for rela- 
tively short exposure time due to the flow acceleration 
in these regions. After that, an individual platelet that 
flows along the shear layer at the interface between 

the recirculation and core regions is still exposed to a 
relatively high level of shear stress, for a longer expo- 
sure time, due to the slowing velocities at the expansion 
region. When one examines the cumulative effect of 
these elevated shear histories, there is a clear indica- 
tion that platelets approaching the recirculation zone 
have high incidence of activation. The level of activa- 
tion parameter (Fig. 7) shows this effect as a steep 
increase in the level of activation parameter at the 
throat region that lasts throughout the recirculation 
zone, shifting the activation curve upward. Although 
after the recirculation zone, the activation curve re- 
turns to a value only slightly higher than that of a 
straight tube, the higher incidence of activation lasts 
throughout the recirculation zone, wherein most of the 
platelets are deposited according to the NPD curves 
(Fig. 3a-d). 

Despite the relatively high values of the activation 
parameter, these values were below those required 
for platelet activation under steady flow conditions. 
Ramstack et al. (19) measured platelet activation in- 
duced by short-time exposure to high shear stress in 
small tubes. They found that under constant shear rate, 
procoagulant platelet factor 3 (FP3) is released above 
{y - shear rate} x {t - exposure time} = 103. In our 
analysis of the platelet activation factor, for Re = 3,600 
at the recirculation zone, ~u x t ~ 17 (dyne • sec/ 
cmZ). Multiplying the parameter of Ramstack et  al. by 
tZblood = 0.035 g/cm-sec to obtain the parameter in our 
platelet activation factor units, we get EV X t = 35 
(dyne • sec/cm2), twice the value of our parameter. 
Given the evidence that unsteady shear enhances 
platelet activation, compared with constant shear (22), 
and the effect of the additional turbulent stresses in our 
experiment (compared with Ramstack et  aL ' s  laminar 
flow conditions), it may be speculated that platelet 
activation is already reached at ~u • t ~ 17, so that 
activation might occur even during a single passage of 
the platelet through the stenosis at these flow condi- 
tions (Re -- 3,600). 

The levels of shear stresses used in our study, their 
variation, and their duration approximate that found 
in the human cardiovascular system. Most previous 
work was conducted in steady flow devices that pro- 
duced constant shear stresses, in most cases for dura- 
tions that were orders of magnitude longer than physi- 
ological. In our closed experimental loop for platelet 
deposition measurement, platelets experienced re- 
peated passages through the stenosis. The loop con- 
sisted of a tube -2.5 ft long, resulting in the platelet 
passing through the stenosis approximately every 1 to 
2 sec. Moreover, in our experiment, other factors (i.e., 
pump action, radioactive labeling procedure, contact 
with foreign surfaces, and use of whole blood in which 
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red blood cells may potentiate platelet activation via 
adenosine diphosphate release once a certain degree of 
shear stress is reached) may induced further activation. 
Thus, it may be realistic to assume that, in our flow 
loop, once activated, platelets remained that way 
throughout the experiment. 

When an individual platelet flows through the con- 
traction and the expansion of the stenosis, it also expe- 
riences elongational stresses. Our computations show 
that the platelets first experience a considerable 
amount of stretching through the contraction, followed 
by a strong compression stress through the expansion 
of the stenosis (Fig. 8). There is experimental evidence 
to support the postulate that stretching of platelet 
membranes enhances platelet activation through in- 
creased ion permeability and increased receptivity to 
ligand binding (18). The combined effect of stretching 
followed by compression and alternation between the 
two, as found by our analysis, has not been studied 
yet in terms of platelet activation. The elongational 
stresses occur at locations that partially overlap the 
elevated shear stresses regions; therefore, it seems 
plausible that these stresses contribute to platelet acti- 
vation and may correspond to activation at lower levels 
of shear stresses found in our model, compared with 
that found in constant shear devices, such as cone and 
plate viscometers. Such experimental evidence would 
be instrumental in formulating a more prudent activa- 
tion parameter that incorporates all pertaining stresses 
experienced by a platelet. 

CONCLUSIONS 

In this study, direct qualitative and quantitative cor- 
relations of fluid dynamic parameters with platelet de- 
position onto artificial surfaces were obtained. The 
stenosis geometry produced localized regions of high 
and low shear, flow separation, recirculation, and reat- 
tachment, thus enhancing transport of platelets and 
clotting factors to the vessel wall along contracted and 
locally curved streamlines with velocity components 
perpendicular to the vessel wall. Activation potential 
of platelets was enhanced in regions where the plate- 
lets were exposed to high shear stresses. As the Reyn- 
olds number increased, the shear layer between the 
stenotic jet and the recirculation zone became unsta- 
ble, intensifying turbulence and consequently increas- 
ing the shear stresses within the flow domain, as well 
as the wall shear stresses. The cumulative effect of 
these stresses and the time the platelets were exposed 
to them was obtained (the level of activation parame- 
ter), indicating that platelets approaching the recircu- 
lation zone had a high incidence of activation. It was 
also shown that, whereas the platelets flow through 

the regions of elevated shear stresses, they experience 
elongational stresses of stretching and compression 
that may contribute to their level of activation. Once 
activated, actual platelet deposition onto the wall was 
dependent on the wall shear stress level. Although 
embolization forces were high at the throat, where 
the wall shear stress peaked, the decreased wall shear 
stress in the recirculation zone diminished the capacity 
of the geometry to embolize the deposits and at the 
same time allowed prolonged contact with the wall. 
Whereas our numerical simulations clearly indicate 
that the stenosis geometry enhanced the platelet acti- 
vation potential, due to our closed loop experimental 
arrangement the platelets experienced repeated fre- 
quent passages through the stenosis that possibly acti- 
vated them prior to an individual passage through the 
stenosis. This may explain the increased platelet depo- 
sition evident in our NPD curves, even though the 
level of activation parameter, when compared with 
other researchers' results, did not indicate that activa- 
tion was actually reached. Nevertheless, it is clear that 
studying the cumulative effects of the various stresses 
that platelets experience along their path lends to a 
more realistic depiction of the platelet activation pro- 
cess under physiological conditions. 

The current study was conducted under steady flow 
conditions. However, under physiological conditions, 
platelets not only experience varying shear stresses 
for varying durations when flowing through a stenotic 
artery, but also the effects of flow pulsatility. Transient 
effects of the flow pulsatility must be studied as well. 
Also, more studies of the biochemical cascade leading 
to platelet activation under more realistic conditions 
are needed, so that data are available to correlate 
with results of fluid dynamic studies through stenosed 
vessels like the current one. These studies should in- 
clude the cumulative effects of platelet activation his- 
tory in terms of varying shear stresses that correspond 
to physiological time scales and the effects of elonga- 
tional stresses (stretching and compression) on the ac- 
tivation process. 
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