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Abstract

Platelets are central to thrombosis. However, it is unknown whether platelets slip at vascular or
device surfaces. The presence of platelet slip at a surface would interrupt physical contact
between the platelet and that surface, and therefore diminish adhesion and thrombosis.
Unfortunately, no existing technology can directly measure platelet slip in a biological envir-
onment. The objective of this study was to explore whether microspheres–modeling platelets–
slip at different vascular and device surfaces in an acrylic scaled-up model coronary artery. The
microspheres (3.12 µm diameter) were suspended in a transparent glycerol/water experimental
fluid, which flowed continuously at Reynolds numbers typical of coronary flow (200–400)
through the model artery. We placed a series of axisymmetric acrylic stenoses (cross-
sectional area reduction [CSAr], 20–90%) into the model artery, both without and with
a central cylinder present (modeling a percutaneous interventional guide wire, and with
a scaled-up Doppler catheter mounted upstream). We used laser Doppler velocimetry (LDV)
to measure microsphere velocities within, proximal and distal to each stenosis, and compared
to computer simulations of fluid flow with no-slip. For validation, we replaced the acrylic with
paraffin stenoses (more biologically relevant from a surface roughness perspective) and then
analyzed the signal recorded by the scaled-up Doppler catheter. Using the LDV, we identified
progressive microsphere slip proportional to CSAr inside entrances for stenoses ≥60% and
≥40% without and with cylinder present, respectively. Additionally, microsphere slip occurred
universally along the cylinder surface. Computer simulations indicated increased fluid shear
rates (velocity gradients) at these particular locations, and logistic regression analysis compar-
ing microsphere slip with fluid shear rate resulted in a c-index of 0.989 at a cut-point fluid shear
rate of (10.61 [cm−1]×mean velocity [cm×sec−1]). Moreover, the presence of the cylinder caused
disordering of microsphere shear rates distal to higher grade stenoses, indicating a disturbance
in their flow. Finally, despite lower precision, the signal recorded by the scaled-up Doppler
catheter nonetheless indicated slip at the entry into and at most locations distal to the 90%
stenosis. Our validated model establishes proof of concept for platelet slip, and platelet slip
explains several important basic and clinical observations. If technological advances allow
confirmation in a true biologic environment, then our results will likely influence the develop-
ment of shear-dependent antiplatelet drugs. Also, adding shear rate information, our results
provide a direct experimental fluid dynamic foundation for antiplatelet-focused antithrombotic
therapy during coronary interventions directed towards higher grade atherosclerotic stenoses.
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Introduction

In fluid dynamics, slip at any fluid-solid interface indicates that the
fluid has a non-zero velocity at the surface of the solid (Figure 1, left
panel) [1]. For macroscopic Newtonian fluid flow (e.g. water and
glycerol), there is no appreciable slip at solid surfaces, resulting in
the “no-slip” boundary condition [2]. Thus, there is an infinitesimally

thin layer of fluid at the surface that is not moving. However, mathe-
matical models [3,4] and experimental data involving concentrated
suspensions [5,6] indicate small particles contained within
a Newtonian fluid can slip.

Blood has been modeled as both a Newtonian and a non-
Newtonian fluid [7]. However, it is in fact non-Newtonian and thus
capable of slip [2,8]. Blood is composed of cells and platelets
suspended in plasma. On a microscopic scale, red blood cells and
plasma demonstrate true and apparent slip at solid surfaces, respec-
tively (Figure 1, right panel) [9,10]. Platelets are central to throm-
bosis [11], and they may “roll” along a site of vascular injury [12].
However, it is unknown whether platelets slip [13]. The presence of
platelet slip at a surface would interrupt physical contact between the
platelet and that surface. Thus, platelet slip would diminish adhesion
and therefore thrombosis at that surface [11,14], which would have
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important implications for thrombosis in both normal and diseased
vascular systems, as well as at device surfaces.

There is no technology currently available to directly measure
platelet slip in a biological environment. In this study, we use laser
Doppler velocimetry (LDV) and conventional Doppler ultrasound to
explore whether microspheres–modeling platelets–slip at different
vascular and device surfaces in a scaled-up model coronary artery,
with different flow conditions representing common in vivo situa-
tions. We then apply our results to explain several important basic
and clinical cardiovascular observations involving platelets.

Materials and Methods

Scaled-up Model Coronary Artery

Our scaled-up model coronary artery and flow system have been
described (Figure 2a) [15]. The data collection period for this
project was from July, 1989, through February, 1990. The experi-
mental fluid was a transparent mixture of distilled water and
glycerol, which is commonly used to simulate blood [16]. The
fluid was seeded with 3.12 µm diameter polystyrene microspheres
(Duke Scientific Industries; Palo Alto, CA, USA) at a relatively
dilute concentration of 2.5 × 104 particles×ml−1. Rigid micro-
spheres have been shown to behave fluid dynamically similar to
platelets [17], but with interactions (e.g. van der Waals) confined
to a range of ≤20 nm [18]. Our microspheres therefore modeled
platelets and simultaneously provided a signal for both the LDV
and conventional Doppler ultrasound [15,17], without discernably
promoting slip. The composite fluid was Newtonian (Figure 2a,
inset), and therefore also did not promote slip. The fluid flowed
continuously through an acrylic, cylindrical test section (inside
diameter [D], 25.4 mm), which modeled a coronary artery.
A flowmeter adjusted the Reynolds numbers (RE) to be repre-
sentative of coronary blood flow (range, 200–400 ± 5%) [19].

Axisymmetric stenoses were lathed from acrylic rods (transpar-
ent, but ultrasound-reflective) and paraffin blocks (opaque, but
ultrasound-absorptive) followed by high-frequency polishing. Their
specifications were: outside length, 2D; entrance and exit angles,
45º; cross-sectional area reduction (CSAr) 20%, 40%, 60%, 75% and
90%. A stainless-steel cylinder (outside diameter, 0.20D) was also
placed centrally into the model (Figure 2a), representing a guidewire
used during coronary interventions. It was painted flat black (non-

superhydrophobic) to reduce any reflective interference on LDV
measurements. A scaled-up Doppler catheter wasmounted upstream
on this central cylinder.

Optical microscopy (Olympus BX 60; Olympus America
Incorporated; Center Valley, PA, USA) of the different surfaces in
the model revealed very different appearances (Figure 2b). However,
each acrylic surface and the surface of the central cylinder demon-
strated a contact angle <90º-indicating hydrophilicity-and therefore
not intrinsically promoting slip [2]. Moreover, the paraffin stenosis
surfaces demonstrated a contact angle of 110º-indicating hydropho-
bicity-and therefore potentially promoting slip. Profilometry (Zygo
NewView 5000; Zygo Corporation; Middlefield, CT, USA) showed
that all acrylic surfaces were uniformly smoother compared with
paraffin surfaces (Figure 2b; maximum p < 0.001). Also, for both
acrylic and paraffin stenoses, surface roughness did not statistically
correlate with CSAr (r = −0.065, p = 0.672; r = −0.015, p = 0.889;
respectively). From a contact angle perspective, the acrylic and
paraffin stenoses spanned endothelium [20]. Additionally, the length
scale of the surface roughness of the paraffin stenoses closely
modeled endothelium [21].

Experimental Measurement and Analysis of Microsphere
Velocities: LDV

The LDV (wavelength, 514 nm; sample volume dimensions,
0.320 mm(0.0126D)-radial×0.160 mm(0.0063D)-axial
×0.160 mm(0.0063D)-azimuthal) [15] was positioned transverse
to the axis of flow (Figure 2a). It measured microsphere velocities
from the horizontal middle plane at discrete axial and radial
locations, both before and after central placement of the cylinder
(and scaled-up Doppler catheter). LDV measurements were made
at nine axial locations relative to each acrylic stenosis (three
within, two proximal, four distal). The velocity data were col-
lected starting with the center of the LDV sample volume at
1.00 mm inside each stenosis (or test section) surface, and then
at 1.00 mm radial increments towards the centerline (or central
cylinder surface). However, inside the 75% and 90% stenoses,
data were collected at 0.50 mm and 0.25 mm increments, respec-
tively. No LDV data were acquired with the sample volume center
≤0.160 mm from a surface due to lateral migration of micro-
spheres [17] and potential LDV measurement error [15,22]. As

Figure 1. Velocity profile of fluid flow through
a cylinder. Lower left panel: no-slip boundary
condition. Middle left panel: partial slip. Upper
left panel: perfect slip. True slip (upper right
panel) indicates the slip layer at the boundary is of
molecular dimension, and apparent slip (lower
right panel) indicates the local velocity varies over
a finite, albeit small, mesoscopic distance [4].
Fluid flow is in the z-direction, steady, laminar
and incompressible. R = cylinder inside radius; uR
= fluid velocity at cylinder inside surface (“slip
velocity”); umax = maximum flow velocity.

374 S. J. Denardo et al. Platelets, 2020; 31(3): 373–382



a consequence of this restriction and with the geometry of our
model, the distance from the final LDV sample volume center to
the central cylinder surface was 0.161 mm for LDV measure-
ments immediately adjacent to the central cylinder surface prox-
imal and distal to all stenoses (30/45 = 67% of all LDV
measurements adjacent to the cylinder). Within stenoses (remain-
ing 15/45 = 33% of LDV measurements adjacent to cylinder), the
median distance from the LDV sample volume center to the
central cylinder surface was 0.310 mm [(25th, 75th percentiles):
(0.297, 0.492 mm)].

LDV data were compared with computer simulations of fluid
flow with no-slip. Slip velocities and shear rates (velocity

gradients) of microspheres at each surface were interpolated
from the final two LDV data points adjacent to the surface [16].

Experimental Measurement and Analysis of Microsphere
Velocities: Conventional Doppler Ultrasound

To acquire an independent experimental measurement of micro-
sphere velocities using an alternate measurement technique in
a somewhat more biologically relevant model (from a surface rough-
ness perspective), we recorded mean velocity data at the nine pre-
specified axial locations using conventional Doppler ultrasound
produced by the scaled-up Doppler catheter (OD, 0.50D; frequency,

Figure 2. (a) Schematic diagram of scaled-up
model coronary artery and flow system. The
stenoses were placed individually into the
cylindrical test section 55D downstream from
the honeycomb screen to ensure delivery of
fully developed, non-swirling laminar flow.
A scaled-up Doppler catheter-with dimensions
similar to a stent delivery system-was mounted
upstream on the central cylinder. Inset: The
linear relationship between strain rate vs. vis-
cous stress of the experimental fluid indicates
Newtonian behavior, both without and with
polystyrene microspheres present. D = test sec-
tion inside diameter (25.4 mm). (b) Optical
micrographs, contact angles (Θ) and surface
roughness (R; root mean square–rms) of the
different surfaces in the model. The direction of
fluid flow is from left-to-right. Θ ≤ 90º indi-
cates hydrophilic surface; Θ > 90º indicates
hydrophobic surface [2]. For comparison, rabbit
aorta endothelium Θ = 86º; rabbit aorta suben-
dothelium Θ = 20º [20]; and porcine coronary
artery endothelium R = 0.90–1.27 µm (distal-to-
proximal) [21]. Data are presented as mean±SD,
and for stenoses represent aggregate data over
all 5 CSAr. SD = standard deviation; CSAr =
cross-sectional area reduction.
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5.0MHz) (Figure 2a) [15], and we replaced the acrylic stenoses with
the paraffin stenoses. Notably, the diameter and profile of the scaled-
up Doppler catheter also modeled a typical stent delivery system.
The range gate distance for the scaled-up Doppler catheter was set at
≥3.0D, and therefore ≥1.6D beyond the flow disturbance created by
the step-down at its distal end [23]. The sample volume axial length
was 3.93 mm (0.155D)-modeling a contemporary Doppler catheter
for human use-and a stack of paraffin discs (OD, 0.89D) was placed
on the distal cylinder to prevent multiple sample volumes [15]. As
a consequence of the axial length of the scaled-up Doppler catheter
sample volume compared with the axial length of the LDV sample
volume (0.155D/0.0063D = 24.6), the precision of the scaled-up
Doppler catheter was much less compared with LDV.

The electronic signal recorded by the scaled-up Doppler cathe-
ter was processed using a fast Fourier transform, and produced
a mean velocity with standard deviation (SD). However, the
distribution of beam power produced by the catheter was not
homogeneous [15]. Thus, the mean velocity reported by the
catheter was the summed spatial average of local fluid velocity
weighted by local beam power within the sample volume [15].
Consequently, to predict the mean velocity produced by the
scaled-up Doppler catheter, the microsphere velocities recorded
by LDV were weighted by the beam power distribution.
Following this correction for inhomogeneous beam power distri-
bution and accounting for amplified beam expansion distal to the
higher grade stenoses [15,24], we compared the mean velocity
predicted by the LDV microsphere velocities with the mean
velocity recorded by the scaled-up Doppler catheter. Finally, we
compared the mean velocity using computer simulations (with
imposed no-slip condition) after correction for the inhomoge-
neous beam power distribution with the same mean velocity
recorded by the scaled-up Doppler catheter.

Computer Simulation

To simulate fluid flow, we used the COMSOL Multiphysics
software (COMSOL, Inc.; Palo Alto, CA, USA). This software
generates discrete velocity profiles and at default applies conven-
tional fluid dynamic theory with no-slip at surfaces. The simula-
tion environment was two dimensional, axisymmetric, and the
reference was the radial center of the scaled-up model. The
fluid parameters were laminar flow, Newtonian and incompressi-
ble. All surfaces were designated impermeable. Meshing within
COMSOL was set to be normal (approximately 15 discrete ele-
ments across at the narrowest point) as more fine resolutions
yielded no appreciable change for any experimental conditions.

The COMSOL stationary solver–which determines the nature
of all parameters once a steady state has been achieved-was used
to extract solutions for direct comparison with LDV measure-
ments. At each pre-specified axial location, velocity profiles
were recorded and exported from the COMSOL software package
as a spreadsheet. The data were then graphed for comparison with
LDV measurements.

Statistical Analysis

LDV data are presented using the mean and SD, normalized to mean
velocity. Because of the discrete velocity profile generated by
COMSOL, LDV microsphere velocities were considered signifi-
cantly different only if their mean values differed by ≥2SD from
COMSOL. A univariable logistic regression model for microsphere
slip was applied to each variable of shear rate, surface roughness,
CSAr and central cylinder presence, followed by a multivariable
analysis. The final model was then used to determine the threshold at
which fluid shear rate predicts slip by maximizing the area (c-index)
under the receiver operating characteristics curve (ROC). Results are

presented as odds ratio (OR) with 95% confidence interval (CI).
A two-sample t-test was used to compare coefficients of variation
(CV = SD/mean) in microsphere velocity at various locations of slip
and no-slip, while correlation between surface roughness and CSAr
was determined using the Spearman correlation coefficient.
A c-index ≥0.80 indicates strong model performance, while
a p-value <0.05 is considered statistically significant. Statistical
analyses were done using SAS version 9.4 (SAS, Inc., Cary, NC).
For data that were the result of a product of variables (e.g. the
product of LDV-measured microsphere velocity and beam power
distribution), standard propagation of error analysis was performed.

Data Availability Statement

All data generated or analyzed in this study are presented in this
published article with the exception of the scaled-up Doppler cathe-
ter beam power distribution data, which can be viewed as beam
power distribution plots in the supplementary information file.

Results

LDV Measurements: Central Cylinder Absent

LDV-derived microsphere velocity profiles inside stenoses
demonstrated anticipated blunting [16] that was most pronounced
within the entrance (axial location −0.475D), and the blunting
was proportional to CSAr (Figure 3a, upper row). Importantly, for
stenoses with CSAr ≥60% and comparing with COMSOL, LDV
demonstrated slip of microspheres at the stenosis surface that was
most pronounced within each entrance and then dissipated
through the exit. The blunting of velocity profiles and observed
slip were consistent over the study RE range (Figure 3b).
Additionally, the magnitude of slip and its propagation down-
stream through each stenosis exit, quantified by slip velocity,
were proportional to CSAr (Figure 4, upper left). As a result of
slip, all microsphere shear rates within the stenosis entrances
remained relatively low (Figure 4, upper right). However, micro-
spheres were still subjected to the COMSOL-documented
increased shear rate of the local fluid flow (Figure 3a, upper
row). Towards the axial center of the stenoses, as microsphere
slip velocities decreased, their shear rates increased proportional
to CSAr, and then in general decreased back towards baseline at
the stenosis exits (excepting the 90% stenosis). At all stenosis
exits and further distal, the shear rate of microspheres was similar
to the shear rate of the local fluid flow.

LDV Measurements: Central Cylinder Present

Similar to central cylinder absent, velocity profiles inside stenoses
with the cylinder present demonstrated progressive blunting pro-
portional to CSAr (Figure 3a, lower row). Also, for stenoses with
CSAr ≥40%, LDV showed slip at the stenosis surface that was
most pronounced within each entrance. The slip was consistent
over the study RE (Figure 3b), and the magnitude of slip was
proportional to CSAr (Figure 4, middle left). However, in contrast
to cylinder absent (solely excepting the 90% stenosis), slip had
significantly dissipated by the axial center of each stenosis.
Microsphere shear rates within the stenosis entrances remained
relatively low (Figure 4, middle right), then increased to peak
values distal within each stenosis (towards the exit) and finally
returned to baseline just beyond the exit of each stenosis, similar
to the shear rate of the local fluid flow.

COMSOL showed the change in fluid velocity profile caused by
the central cylinder surface with no-slip (Figure 3a,b). This change
resulted in a significant fluid shear rate at the surface of the cylinder.
For example, at axial location−1.500D–where even the higher grade
stenoses had only a very limited effect on the velocity profile at that
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Figure 3. (a)Microsphere velocities determined by LDV (blue rings) compared with COMSOL computer simulated fluid velocity profiles (black solid lines) for
RE 300. All velocities are normalized to the mean velocity calculated from direct volumetric measurement. Computer simulations apply the no-slip boundary
condition at each surface. Upper row: central cylinder absent; Lower row: central cylinder present. The velocity scale shown for the velocity profile at axial
location−1.500D for each stenosis in the upper panel applies to all remaining velocity profiles for that stenosis with cylinder absent and present. Each individual
microsphere velocity data point is the average of 1024 samples. Standard deviations for microsphere velocity data are shown as vertical lines through the center of
the ring only if greater than the radius of that ring, and are equal to one-half the length of the line. The LDVdata points suggesting negativemicrosphere shear rate
at the entrances to the 90% stenosis surface (without cylinder) and 75% stenosis surface (with cylinder) differ by <1SD, and are thus considered not significantly
different. LDV = laser Doppler velocimetry; RE = Reynolds number; D = test section inside diameter; SD = standard deviation. (b) Superimposed LDV
microsphere velocity profiles for 75% and 90% CSAr stenosis at RE 200, 300 and 400, with normalization to RE 100. Left-hand panel: 75% stenosis, cylinder
absent; Middle panel: 75% stenosis, cylinder present; Right-hand panel, 90% stenosis, cylinder present, focused on axial locations +1.500D and +2.000D. The
only significant differences (>2SD) in normalized velocity occurred for the 75% stenosis with the cylinder present, betweenRE 200 and 400 and at axial locations
0 and +2.500D (see arrows). The greatest absolute differences in normalized velocities for the 90% stenosis occurred adjacent to the cylinder surface but were
<2SD. Standard deviations for velocity data are shownonly for these data, and are equal to one-half the length of the line. In general, SD are otherwise less than the
largest dimension of each symbol. LDV = laser Doppler velocimetry; CSAr = cross-sectional area reduction; RE = Reynolds number; D = test section inside
diameter; SD = standard deviation.
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proximal location [25]-the fluid shear rate was similar to the shear
rate at the surface of the entrance (axial location −0.475D) into the
60% stenosis without cylinder (Figure 3a). Moreover, LDV showed
microsphere slip universally along the cylinder surface (Figure 3a,b,
4-lower left). The normalized slip velocity at axial location−1.500D
was on average [0.80 ± 0.21]×[mean velocity]. The slip velocity
generally increased upon entry into each stenosis, and the increase
was proportional to CSAr (Figure 4, lower left). Despite slip, micro-
sphere shear rates also progressively increased at the cylinder sur-
face down the length of each stenosis (Figure 4, lower right). Distal
to each stenosis, the magnitude of slip decreased in general mono-
tonically back towards the baseline value (at axial location
−1.500D). However, in contrast to the fluid flow (Figure 3a), shear
rates of microspheres became disordered distal to the higher CSAr
stenoses (≥75%; Figure 4, lower right), indicating a disturbance in
microsphere flow due to slip at the cylinder surface.

Additional Detailed Analysis of LDV Measurements and
COMSOL Simulations

Additional detailed analysis comparing the LDV microsphere slip
with COMSOL shear rates of fluid flow at all surfaces, normalized
to mean velocity (in cm×sec−1), showed that microsphere slip
occurred at a critical normalized threshold fluid shear rate of
10.61 cm−1 (Figure 5). All slip occurred at-or-above this threshold,
while a vast majority of no-slip occurred below. Logistic regression

analysis using the critical threshold fluid shear rate as the cut-point
maximized the area under the ROC curve (c-index = 0.989), with
a sensitivity (Sn) and specificity (Sp) of 100% and 94%, respectively.
Moreover, the univariable logistic regression models consisting of
shear rate (OR = 1.54; 95%CI: 1.28–1.85; p < 0.001), surface
roughness-per 0.10 increase (OR = 1.23; 95%CI: 1.12–1.35; p <
0.001), CSAr-per 10 increase (OR = 1.16; 95%CI: 1.01–1.34; p =
0.036) and central cylinder presence (OR = 6.0; 95%CI: 2.6–14.0;
p < 0.001) also showed each was significantly predictive of slip
(c-indexes = 0.989, 0.967, 0.601 and 0.679, respectively). However,
only shear rate remained in the multivariable model.

To assess whether microsphere slip was a transient process or
if the LDV failed to detect a developing local high microsphere
velocity gradient at sites of reported slip due to insufficient
measurement resolution, we compared the CV for velocities at
the various locations of observed slip (e.g. adjacent to the surface
at the entrance into and within intermediate-to-high grade ste-
noses, and along the surface of the central cylinder) with the CV
for velocities at locations of no-slip and no other flow disturbance
(specifically, adjacent to the test section surface at axial location
−1.500). If microsphere slip was a transient process or if the LDV
measurements failed to detect local high microsphere velocity
gradients, then the CV would increase at sites of observed slip
[15,26]. However, we found that the CV at locations of observed
slip was less compared with locations of no-slip and no other flow
disturbance (Table I). Thus, it appears that our observed

Figure 4. Microsphere slip velocity (left) and shear rate (right) normalized to mean velocity as a function of axial location and CSAr for RE 300. Top
row: central cylinder absent. Middle and bottom rows: central cylinder present. The shear rates for the entrances to the 90% stenosis surface (without
cylinder) and 75% stenosis surface (with cylinder) were set to zero, as the adjacent LDV data points contributing to the calculation differed by <1SD.
The average normalized microsphere slip velocity at the central cylinder surface for axial location −1.500D (arrow, lower left panel) was 0.80 ± 0.21.
Also, there was a disordering of shear rates of microspheres distal to the higher grade CSAr stenoses (horizontal bracket, lower right panel). CSAr =
cross-sectional area reduction; RE = Reynolds number; LDV = laser Doppler velocimetry; SD = standard deviation; D = test section inside diameter.
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microsphere slip was not a transient process and there were no
local high microsphere velocity gradients that went undetected by
the LDV.

Conventional Doppler Ultrasound Measurements Using
Scaled-up Doppler Catheter

The mean velocity predicted by combining LDV-measured micro-
sphere velocities and beam power distribution data was very close
(on average [2.0 ± 6.9]% greater) to the mean velocity recorded
by the scaled-up Doppler catheter (Figure 6). Additionally, at the
entry into and at most locations distal to the 90% stenosis,
combining LDV-measured microsphere velocities and beam
power distribution data resulted in a more accurate predicted
mean velocity compared with combining computer simulations
(with their imposed no-slip condition) with the beam power dis-
tribution data (Figure 6).

Discussion

In this study, we used LDV and conventional Doppler ultrasound
to experimentally demonstrate slip of microspheres at different
vascular and device surfaces in a scaled-up model coronary
artery, with different flow conditions representing common
in vivo situations. The microspheres modeled platelets, and their
slip was demonstrated by LDV most prominently at the surface of
the entrance into intermediate-to-high grade stenoses and univer-
sally along the central cylinder surface. Importantly, the fluid was
Newtonian and, considering the no-slip-promoting properties of
all surfaces involving LDV measurements, the model did not
intrinsically promote slip. To our knowledge, the experimental
finding of slip of dilute particles in a macroscopic Newtonian
fluid within a model promoting no-slip has never been recognized
and formally reported. Moreover, this finding may be amplified
for a denser suspension, such as platelets in vivo [5,6].

The scaled-up Doppler catheter analysis with the paraffin
stenoses indicate microspheres slip in that more biologically
relevant model (and consequently validated the LDV measure-
ments). For example, within the entrance to the 90% stenosis, the
LDV-measured microsphere velocities more accurately predicted
the mean velocity recorded by the scaled-up Doppler catheter
compared with COMSOL simulations (and imposed no-slip).
The absence of this finding further downstream in this stenosis
and the complete absence of this finding for the ≤75% stenoses
was likely the result of the axial imprecision of the scaled-up
Doppler catheter compared with LDV.

The scaled-up Doppler catheter recordings distal to the 90%
stenosis were acoustically focused by that stenosis to the region
immediately adjacent to the central cylinder, at least for axial
locations in closer proximity to the stenosis exit [15,24]. Those
recordings, similar to within the entrance to the 90% stenoses,
were more accurately predicted using the LDV-measured micro-
sphere velocities compared with computer simulations imposing
no-slip, thus indicating slip.

Figure 5. COMSOL-determined shear rate of fluid flow (normalized to mean velocity, u0) at all surfaces as a function of microsphere no-slip vs. slip.
Ordinate is in log10 scale. Data points in blue represent absolute values of normalized shear rates where the velocity of fluid flow was negative (i.e.:
recirculation zones, downstream from stenoses). Microsphere slip occurred at a critical normalized threshold fluid shear rate of 10.61 cm−1. The shear
rates for the 4 no-slip data points in red were above the critical normalized threshold shear rate (range, 10.83–27.38 cm−1), resulting in the only
exceptions to mutual exclusivity. Importantly, 3/4 exceptions involved a decreasing shear rate as a function of axial location. Thus, on a more precise
scale, slip may depend on higher order derivatives of shear rate as a function of location.

Table I. Average CV in microsphere velocity at locations of slip com-
pared with the location of no-slip and no other flow disturbance (i.e.:
axial location-1.500D, at test section surface).

CV=coefficient of variation (microsphere veloctiy SD/mean);
SD=standard deviation; D=test section diameter.

*Compared to reference group (no slip at test section surface).
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The detailed analysis of LDV measurements and COMSOL
simulations, when held in the context of the no-slip nature of all
surfaces and the fluid used in our model for the LDV measure-
ments, indicate that the principle cause of the microsphere slip
involved increased fluid shear rates. The physical point of actual
microsphere slip caused by increased shear was likely at the inter-
face of the microsphere surface and an ultra-thin (0.1–10 µm)
boundary layer of experimental fluid, due to microsphere lateral
migration and depletion [17,27]. Relative to adjacent model sur-
faces, this would translate into an “effective” slip. Multiple inter-
active fluid dynamic factors including inertia, lift forces and local
flow separation [3–6, 17,27,28] may have influenced migration,
depletion and slip. Although we did not investigate the relative
contributions of each factor in our model, together they may
account for the increased slip velocity we observed at the central
cylinder surface proximal to stenoses ([0.80 ± 0.21]×[mean velo-
city]) compared with experimental results involving concentrated
suspensions ([0.1–0.4]×[mean velocity]) [5,6]. Also, our observed
slip is similar to the deviation in microsphere velocity profile
described by Uijttewaal, et al. [17], whose microsphere diameter
and concentration were similar to ours.

The detailed analysis also showed that the critical threshold
fluid shear rate for the development of microsphere slip was
10.61 cm−1 (normalized to mean velocity [in cm×sec−1]). This
critical normalized threshold is only 3.38×the normalized shear
rate at locations of no-slip and no other flow disturbance (speci-
fically, adjacent to the test section surface at axial location
−1.500; where normalized shear rate = 3.14 cm−1). Thus, if the
mean velocity of coronary blood flow down a proximal left
anterior descending coronary artery was 30 cm×sec−1, then the
critical threshold fluid shear rate would be only 318.3 sec−1.
However, in the absence of disease or inhibitory drugs, the

adhesive macromolecules which mediate interactions between
platelets and different surfaces in the development of thrombus
in-vivo [14,29] likely limit the interruption in physical contact
between the platelet and surfaces caused by their slip, and there-
fore likely drive up the critical normalized threshold fluid shear
rate for platelet slip in-vivo. Additionally, although geometric
surface roughness and hydrophilicity did not appreciably affect
LDV-measured slip in our model, they may affect platelet slip in-
vivo [30]. Finally, despite the fluid dynamic similarity between
rigid microspheres and platelets [17], the unique discoid shape of
platelets may affect their margination, collision and adhesion
dynamics [31,32], and therefore may also contribute to an
increase in the in-vivo critical normalized fluid shear rate.

The presence of platelet slip in the in-vivo setting, subtracting
any effect of adhesive macromolecules, endothelial surface rough-
ness and platelet discoid shape, would nonetheless diminish adhe-
sion and thrombosis. This diminishment explains several
important basic and clinical cardiovascular observations. For
example, Sakariassen, et al. [33] studied platelet adhesion to
subendothelium in an annular perfusion chamber–a geometry
similar to our model with the central cylinder present–at RE
47–124. They found platelet adhesion at the central surface initi-
ally increased with increasing RE. However, the authors observed,
“at the two highest flow rates tested (RE 98–124), the difference
in platelet adhesion between the flow systems was slightly less.”
This observation would be consistent with the onset of platelet
slip in the range RE 98–124.

Moreover, Strony, et al. [34] showed that, in a model of non-
ruptured coronary artery stenosis (mean CSAr, 82 ± 8%), aggre-
gation of platelets with the development of platelet-rich thrombi
occurred ~0.4 vessel diameter distal to their stenosis entrance.
This was attributed to shear-induced platelet activation at the

Figure 6. Ratio of mean velocity predicted by combining LDV-derived microsphere velocities with beam power distribution data to mean velocity recorded
by scaled-up Doppler catheter (uLDV/uDC - open rings) vs. ratio ofmean velocity predicted by combining COMSOL simulations with beam power distribution
data to mean velocity recorded by scaled-up Doppler catheter (uCOMSOL/uDC - closed rings). COMSOL simulation imposed no-slip condition at all surfaces.
The beam power within the body of each stenosis was set to zero (in accordance with paraffin absorbing ultrasound), and beam expansionwas included distal
to each stenosis [24]. Error bars represent 1SD from the mean value and are shown where data differ by >2SD. LDV = laser Doppler velocimetry; DC =
scaled-up Doppler catheter; SD = standard deviation; CSAr = cross-sectional area reduction; D = test section inside diameter.
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stenosis entrance [35] followed by adhesion and aggregation
within the interior of the stenosis, “under the influence of
a developing parabolic flow profile.” [34] Our data suggest that,
more precisely, the shear-induced activated platelets slipped at the
stenosis entrance but that the slip progressively diminished dis-
tally to below a threshold where adhesive macromolecules domi-
nated, thus accounting for adhesion and aggregation at the more
distal site.

From a more clinical application perspective, thrombus forma-
tion on devices such as guide wires and catheters appears to be
initiated by the coagulation system [36,37]. Moreover, the adhe-
sion of flowing platelets at lower shear rates is mediated by
fibrinogen and at higher shear rates somewhat more effectively
by von Willebrand factor [38]. However, a comparison of differ-
ent semi-quantitative studies of thrombus formation on devices
shows that the quantity of thrombus formed paradoxically
diminishes with increasing blood flow [36,39]. Our results sug-
gest that the interaction of platelets with these device surfaces is
diminished by slip while blood flows at RE typical of coronary
flow. Therefore, any thrombotic consequence of activity of the
coagulation system on these surfaces is diminished. Moreover,
platelets may nonetheless become activated within and distal to
stenoses and along these device surfaces due to plasma shear rate
effects (via activated plasma von Willebrand factor and the plate-
let shear receptors, glycoproteins Ib/V/IX [40]). Also, any dis-
ordering of platelet shear rates distal to stenoses, indicating
a disturbance in their flow, may independently cause their activa-
tion (via multiple mechanisms independent of von Willebrand
factor-glycoproteins Ib/V/IX interactions [41]). From these per-
spectives, antiplatelet therapy would prove critical in limiting
consequent thrombosis. Our results therefore provide a direct
experimental fluid dynamic foundation for antiplatelet-focused
antithrombotic therapy-without scheduled anticoagulation-during
catheter-based coronary interventions directed towards higher
grade atherosclerotic stenoses [42,43].

Limitations

Our model has several limitations: (1) platelets are biologic and
geometrically biconvex discoid (in their inactive state) rather than
inert and spherical; (2) it represents an idealized flow and geo-
metric scenario; (3) no surface contained the macromolecules
found in biologic systems; (4) the effect of microsphere rotation,
although likely minor [44], was not addressed; and (5) interpola-
tion of LDV data may have introduced small errors [16].

Conclusions

Our validated model establishes proof of concept for platelet slip.
Additionally, platelet slip explains several important basic and
clinical cardiovascular observations, and underscores that the
topic deserves further exploration. If future technological
advances allow confirmation of platelet slip in a true biologic
environment-including surface proteins and receptors, and per-
haps using lyophilized platelets-then our model will likely influ-
ence the development of shear-dependent antiplatelet (and other)
drugs. Moreover, adding shear rate information, our model pro-
vides a direct experimental fluid dynamic foundation for antipla-
telet-focused antithrombotic therapy during coronary
interventions directed towards higher grade atherosclerotic ste-
noses. Finally, although the most immediate and important appli-
cation of our model is to the platelet, the results may also apply
and prove useful in other domains (e.g. cardiovascular, fluid
dynamic, biomedical and mechanical engineering).
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