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Abstract

The mainstay of treatment for thrombosis, the formation of occlusive platelet aggregates that often lead to heart attack and
stroke, is antiplatelet therapy. Antiplatelet therapy dosing and resistance are poorly understood, leading to potential
incorrect and ineffective dosing. Shear rate is also suspected to play a major role in thrombosis, but instrumentation to
measure its influence has been limited by flow conditions, agonist use, and non-systematic and/or non-quantitative
studies. In this work we measured occlusion times and thrombus detachment for a range of initial shear rates (500, 1500,
4000, and 10000 s~ ') and therapy concentrations (0-2.4 uM for eptifibatide, 0-2 mM for acetyl-salicylic acid (ASA), 3.5-40
Units/L for heparin) using a microfluidic device. We also measured complete blood counts (CBC) and platelet activity using
whole blood impedance aggregometry. Effects of shear rate and dose were analyzed using general linear models, logistic
regressions, and Cox proportional hazards models. Shear rates have significant effects on thrombosis/dose-response curves
for all tested therapies. ASA has little effect on high shear occlusion times, even at very high doses (up to 20 times the
recommended dose). Under ASA therapy, thrombi formed at high shear rates were 4 times more prone to detachment
compared to those formed under control conditions. Eptifibatide reduced occlusion when controlling for shear rate and its
efficacy increased with dose concentration. In contrast, the hazard of occlusion from ASA was several orders of magnitude
higher than that of eptifibatide. Our results show similar dose efficacy to our low shear measurements using whole blood
aggregometry. This quantitative and statistically validated study of the effects of a wide range of shear rate and antiplatelet
therapy doses on occlusive thrombosis contributes to more accurate understanding of thrombosis and to models for
optimizing patient treatment.
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instrumentation [9]. First, flow conditions in antiplatelet therapy
instrumentation should properly reproduce conditions in the
vasculature, including multiple shear rates spanning physiological
to pathological levels. Further, the flow environment should

Introduction

Thrombosis, the formation of occlusive platelet aggregates in
blood, is the primary cause for the pathology of stroke and heart

attack. Thrombosis can be treated with antiplatelet therapies, but
these are not effective for many patients, with an estimated 5-45%
still undergoing adverse cardiovascular events after treatment [1,2]
depending on the therapy used. Incorrect doses of antiplatelet
therapies can have side effects including severe bleeding,
gastrointestinal discomfort, and death in some cases. The majority
of these cases are due to idiopathic “aspirin resistance” [3-6],
while the use of GPIIb/Illa inhibitors, such as eptifibatide/
Integrilin®, have also contributed. The mechanisms for antiplate-
let therapy resistance and guidelines for appropriate doses are
poorly understood [7,8]. Thus, instrumentation for evaluating
thrombosis before and after application of antiplatelet therapy
would provide valuable feedback in clinical studies and person-
alized patient treatment for optimizing therapies and their
respective doses.

The International Society on Thrombosis and Hemostasis
(ISTH) has recommended criteria for the design of such
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feature a pathologically relevant eccentric constriction, or stenosis.
Within this flow environment, instrumentation should enable
continuous monitoring to examine not only fully occlusive
thrombosis, but also the possibility of thrombus detachment,
which can lead to clinical correlates of stroke or embolism.
Instrumentation should be capable of measuring the effects of
multiple therapies in combination, as they are commonly
prescribed. Finally, although antibody or fluorescence labeling
and microscopy are very effective for identifying platelets at the
early stages of platelet adhesion, the high cost and bulk of
assoclated equipment employed in such techniques can limit use,
especially at the point of care [9].

While commercial methods that have been developed have
focused specifically on assaying platelet function before and after
addition of therapy, they have to date shown poor efficacy in
clinical trials [10,11]. A large part of these challenges in
performance has been ascribed the common use of w@-vitro
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anticoagulant-agonist combinations such as citrate and ADP
[9,12] that eliminate important aspects of in-vivo platelet function.
Furthermore, in comparison to ISTH recommendations, these
commercialized methods are often only able to perform testing on
a single sample and/or at a single shear rate under flow
conditions—including high speed bead mixing, forced flow through
a membrane, and cone-and-plate flow—that are not relevant to
biological flow through vasculature and have shown inconclusive
results [1,13].

Research using traditional flow chambers has demonstrated that
at certain shear rate ranges specific sets of proteins and small
molecules govern thrombosis. Specifically, previous work has
described three shear rate regimes: low shear “venous flow” (100—
1000 s~ "), primarily governed by fibrinogen, coagulation factors,
and the GPIIb/IIIa (also known as integrin Biy,013); “arterial flow”
(1000-4000 s~ "), primarily governed by GPIb, GPIIb/Illa, and
soluble agonists such as adenosine diphosphate (ADP) or
cyclooxygenase (COX) enzymes; and “high pathologic flow” (>
4000 s~ 1) commonly found in diseased, constricted, or “stenosed”,
arteries, primarily governed by vWF and GPIb [9,14-16]. In
addition to these aforementioned shear-related binding events,
additional interactions such as the GPVI association to collagen
occur at all shear rates, although these bonds can be significantly
enhanced at higher shear rates by the presence of vWF [16]. Many
of these shear-sensitive binding factors are targets for antiplatelet
therapies. For example, GPIIb/IIla inhibitors (eptifibatide,
abciximab), soluble activation inhibitors (clopidogrel, aspirin),
and anti-coagulants (heparin, citrate) [9]. Thus, changes in shear
rate may affect the efficacy of antiplatelet therapies at mitigating
thrombosis. However, systematic characterization of shear-related
changes in antiplatelet efficacy using flow chamber methods is very
difficult due to their low throughput or large sample volumes.

In contrast to traditional flow chambers, the development of
high throughput, low volume microfluidic methods have proven
well suited for the study of platelet function for recent clinical and
research applications. For example, low sample volumes have
enabled techniques including genetic knockout screenings in
murine models [17] and clinical assays of human blood [18].
Meanwhile, high throughput capabilities have also enabled
systematic characterization of multiple sample parameters, such
as simultaneous measurement of platelet function over a range of
shear flow conditions [12,17,19,20]. Additionally, soft lithography
and micromilling fabrication techniques used have allowed local
protein micropatterning of collagen to simulate focal vascular
injury [20,21] and the construction of complex and customizable
flow environments to study the effects of vessel stenosis morphol-
ogy thrombosis [22], respectively. Using a microfluidic system,
Hosokawa et al. [19] have examined changes in platelet adhesion
due to doses of platelet therapies and low, venous shear rates (240,
600 s~ ") within non-stenotic channel geometries. Similarly, the
Bioflux Live Cell Imaging system, composed of a microfluidic flow
chamber coupled to a well plate and fluorescence microscopy
system to examine adhesion of platelets and endothelial cells
before and after addition of GPIIb/IIla antiplatelet therapy [23].
Such high throughput and reliability require costly microscopy
and cell culture equipment. While both of these groups examined
changes in therapy efficacy due to shear rate and antiplatelet
therapy dose, the shear range and channel geometries used were
not relevant to the intended therapeutic target of higher
pathological shear rates and stenotic vascular geometries.

Inter-subject and intra-subject variations in phenotypic factors
including hematocrit, platelet count, and vVWF can also impact
measurements made from platelet function devices [1]. Recent
work by Neeves ef al. presented the largest investigation to date of
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microfluidic flow assays supplanted with data from subjects’
complete blood counts (CBC), platelet receptor genotyping, and
vWEF titer assays to characterize such variations [12]. This work
showed the importance of vVWF plasma levels and the collagen-
binding GPVI receptor in platelet surface adhesion (surface
coverage <15%) using desirable small volumes (<1 mL), yet it
did not characterize platelet-platelet aggregation and cohesion,
rapid platelet accumulation, high shear rates, and/or thrombus
stability—all factors implicated in the later stages of thrombus
development and associated with a different set of binding events
[9,24,25]. Thus, although microfluidic tools have previously
shown great promise for studies of the combined effects of
multiple shear rates, antiplatelet therapies, and inter-patient
variations, current research has been limited by one or more of
the following parameters: limited monitoring of thrombus
formation from initial adhesion without later stage aggregation
and detachment metrics [12,17,20,23,26], non-stenotic flow
[1,27,28], small range of non-pathologically relevant shear rates
[17,29], non-physiologically relevant anticoagulant-agonist use
[1], low-throughput and/or non-systematic studies [24,30], and
limited characterization of inter-patient CBC variation [12].

In previous work, we have described the design and application
of a microfluidic system for simultaneous optical measurement of
thrombosis at multiple, well-defined shear rates simultaneously in
whole porcine blood without the addition of antiplatelet therapies,
and presented a proof of concept for applying clinically derived
pathological flow conditions to whole blood samples in a
microscope-free, high throughput, microscale system [31]. We
now apply this system to human blood across a range of shear
rates and antiplatelet therapy concentrations to accurately,
robustly, and statistically quantify metrics of platelet activity for
a population. In this study, thrombosis was quantified using
metrics of occlusion time, thrombus detachment likelihood, and a
Cox hazard analysis to quantify the relationship between shear
rate and antiplatelet therapy dose. These metrics have been
chosen to quantify later-stage development, in contrast to the
majority of prior thrombosis studies which focused on quantifica-
tions of platelet adhesion (most often detected as surface coverage
by fluorophore labeled platelets or by minute increases in flow
pressure [12,20,26,28]). Furthermore, the use of Cox proportional
hazards models and logistic regression allows for the direct
comparative quantification of the effects of shear rate and/or
therapy while controlling for all covariates; similar to methods
used in clinical studies of commercial devices [11].

Methods

Ethics Statement

Blood samples were collected from N =8 healthy adults with
their written consent in accordance with protocol H10090
approved by the Georgia Institute of Technology Institutional
Review Board.

Sample Preparation

Blood was drawn through a 21-gauge needle into syringes pre-
filled with 3.5 Units/L of unfractionated heparin (Elkins-Sinn Inc.,
Cherry Hill, NJ) and used within five hours of collection. In
contrast to citrate, the use of heparin does not require the addition
of non-physiological adenosine ADP or calcium to reactivate
platelets in order to form platelet thrombus [24,31], both of which
have been found by others [32] to interfere with the function of
eptifibatide. In order to ensure that addition of heparin did not
inhibit platelet behavior, we also characterized occlusion times in
doses of 8, 20 or 40 Units/L for subjects as shown in
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Table S1 in File S1 in addition to the platelet therapies listed
previously.

Eptifibatide (Integrilin®, Millennium Pharmaceuticals, South
San Francisco, CA) or ASA (Sigma Chemical, St. Louis, MO) was
added within 20 min of sample collection. Eptifibatide was diluted
in saline to a total volume of 500 pL before addition into 60 mL
blood sample aliquots. Due to the short life of ASA in solution,
aliquots were prepared immediately before addition to the sample
by dissolving 100 mg/mL into dimethyl-sulfoxide (DMSO) (Sigma
Chemical, St. Louis, MO) and then diluted into saline, as per a
standard method [33]. Platelet therapies were added as discrete
doses as follows: eptifibatide (0.24, 0.48, 0.72, 1.2 and 2.4 uM), or
ASA (0.36, 1, 2 mM). Control (“untreated’) samples were infused
with volumes of saline equivalent to those used for platelet
therapies. Added volumes of either saline or antiplatelet therapy
were kept below 2% of the total aliquot volume to prevent large
changes in hematocrit. Therapy concentrations were chosen to
reflect clinical recommendations (eptifibatide 2.4 uM, ASA
0.1 mM) based on bolus/body weight [34-36].

Microfluidic System

The design and fabrication of the microfluidic system have been
described in depth previously [31,37,38]. Briefly, devices shown in
Fig. 1 were designed and validated to simultaneously address
initial shear rates of 500, 1500, 4000, and 10000 s~ ! within each
of the four identical stenoses, with varying shear rates imposed by
resistive tubing at the outlet ports. These shear rates were
validated using finite volume fluid modeling and experimental flow
rate testing. Devices were fabricated in poly-dimethylsiloxane
(PDMS) and bonded to coverglass via surface plasma bonding
(Harrick Plasma) to form enclosed flow channels. In order to
initiate platelet adhesion, the channels were filled with fibrillar
equine collagen (Chronolog Corporation, Havertown, PA) at a
concentration of 100 pg/mL ™" overnight [16]. Before use, each
device was primed with saline solution (0.85% v/v) to prevent non-
specific adsorption and to remove air bubbles.

Thrombosis Testing

Patient samples were flowed into the microfluidic system using
gravity-induced pressure in elevated, open syringes at 1400 Pa.
This pressure was held constant as flow emptied the syringe by
optically sensing fluid height and feedback controlling syringe
position with a linear actuator (Firgelli, Victoria, BC).

For each aliquot, four shear rates were run simultaneously
within a single trial while platelet aggregation to occlusion was
measured by four weighing scales (Ohaus, Parsipanny, NJ) at the
outlet of each channel with concurrent microscopy of the stenosis
regions acquired and processed using Labview (National Instru-
ments, Austin, TX) and Matlab (Mathworks, Natick, MA),
respectively. A trial, T, is defined as a single experiment with
one new microfluidic device comprising four channel runs, each of
a different shear rate. From N subjects, up to S samples were
collected and run in T trials, each with C =4 channel runs. Our
previous studies have shown good agreement on thrombosis
detection between flow rate and microscopy [31]. Occlusion time,
bycetusions Was defined as the time at which a moving average flow
rate (with 10 second integration time) fell below a threshold of
0.1 pL./s. Channel runs were considered “non-occluded” if the
sample was exhausted during the course of the trial (e.g., 40 min)
or if occlusion did not occur in less than one hour. Testing
repeatability measures of intra-subject variation were derived from
T=5 repeated trials from a single subject, and inter-subject
variation were derived from T =1 trials in each of N =7 different
subjects. “Thrombus detachment” was defined by a resumption of
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Figure 1. Schematic images of the microfluidic chip. The
complete device is shown in (A) with detailed view of the stenosis
region (B). From a single inlet, four branching channels subject the
blood flow to a range of shear rates from physiological to pathological
conditions. Dimensions of all four stenoses within the device are
identical, with varying shear rates imposed by resistive tubing at the
outlet ports.

doi:10.1371/journal.pone.0082493.g001

flow above the threshold after the occlusion time. Thrombus
detachment was observed concurrently using microscopy. We
measured occlusion times and thrombus detachment likelihood for
a range of initial shear rates (500, 1500, 4000, and 10000 s~ ') and
therapy concentrations (0-2.4 uM for eptifibatide, 0-2 mM for
ASA, 3.5-40 Units/L for heparin).

Low Shear Impedance Aggregometry. Additional 2 mL
sample aliquots were taken from patients concurrently. Of these,
approximately 0.5 mL was diluted in 0.5 mL saline was used to
measuring platelet activity using a Whole Blood Aggregometer
(WBA) commercial instrument (Chronolog Corporation, Haver-
town, PA) according to manufacturer instructions. Briefly, the
WBA heats and stirs the 1 mL diluted sample with a chemical
agonist to induce platelets to adhere to two electrodes within a
polystyrene cuvette, which causes the impedance between the
electrodes to increase temporally. In these experiments, sample
activity was induced using an agonist of 4 uL of collagen, stirring
rate of 1200 rpm, and 6 min measurement period. As impedance
increases with time, the integral of the impedance function (area
under the curve, or AUC), serves as the primary metric for platelet
activity, according to the manufacturer’s directions.

Complete Blood Count (CBC)

From the remaining volume of the 2 mL sample aliquot,
approximately 0.7 mL was used for complete blood count (CBC)
measurements from a Cell-Dyn Ruby (Abbott Diagnostics, Abbott
Park, IL) according to manufacturer instructions. Parameters
evaluated from these blood counts were: platelet count, mean
platelet volume, white blood cell count, lymphocyte count,
hematocrit, red blood cell count, hemoglobin concentration, and
mean corpuscular volume (the volume of each red blood cell).
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Statistical Modeling

An overview of the statistical methods used is summarized in
this section; a full discussion is in File S1. For inter- and intra-
subject measurements, the coefficient of variation (CV) was
defined as standard deviation/mean and was used as a metric
for evaluating distributions. MANOVAs were run for eptifibatide,
ASA or heparin comparing shear rate (shear) or platelet therapy
doses (dose), controlling for inter-subject variability and analyzing
these variables effect on 1/4,p50.,- Using Tukey’s posttest all
pairwise comparisons between shear or dose were performed. After
pairwise comparisons, Cox proportional hazards (CPH) models
were analyzed for each of the therapies to obtain the relative
hazard of occlusion as a function of dose and shear. These models
were right censored after 3600 sec. For these CPH models dose
and shear were considered continuous variables so that a hazard
ratio of occlusion could be used to predict therapeutic efficacies of
shear reduction versus therapy administration. Next, a CPH
model was constructed in which platelet therapies (drug) were
directly compared to each other for their efficacy in preventing
occlusion. For these estimates antiplatelet therapy efficacy was
measured when controlling for shear rate tested and inter- subject
variability to ensure no confounding of association between f,.usion
and drug. Units of variables, shear and dose, for all models were
chosen based on magnitude of B parameter estimates so that easy
comparisons could be made between covariates, the authors
recognize that these values are not necessarily clinically relevant
but that extrapolation of the estimate can be made across the
range of clinically relevant doses tested. All CPH models list a
hazard ratio for variables that is constant over the range of values
indicated, the cumulative hazard up to any time is then summed to
obtain an instantaneous hazard of occlusion.

After comparing the effects of platelet therapies on preventing
occlusion, an assessment of the thrombus detachment was
performed using a logistic regression. In this logistic model the
effect of drug on detachment of thrombi (detach) (0 = no detachment,
1 = detachment) was measured while controlling for shear rate and
therapy dose. Next, the literature was searched and significant
predictors of occlusion from CBC parameters were found and
used to predict whether eptifibatide had been administered to a
patient using a logistic regression (0 =no eptifibatide, 1 =admin-
istered eptifibatide). Finally, the sensitivity of AUC in predicting
platelet therapy delivery was compared to that which had been
shown in the 1/¢, 50, MANOVA initially done in this analysis.
For all models analyzed in this report an 0<<0.05 was used for
significance. SAS statistical software (SAS Institute Incorporated,
Cary, NC) was used to analyze all statistical models.

CPH allows for multivariate survival analysis and provides a
powerful potential tool for therapy optimization. In order to use
CPH models four assumptions must be made: 1) Covariates have
multiplicative effects on the hazard function; 2) Covariates have
linear effects on the natural logarithm of the hazard function; 3)
Hazard ratio for all subjects is constant over the experiment
period; 4) Events are not collinear or tied to each other. The
covariates measured (shear, dose, antiplatelet therapy, etc.) do not
show additive trends in the data, indicating that occlusion time
does not increase by a constant value when at a given antiplatelet
therapy level, shear, etc. and thus the first criterion was considered
satisfied. A more in-depth discussion of the other assumptions can
be found File S1 of this document.

To the knowledge of the authors, 1/, has not previously
been used as an indicator for occlusion time or efficacy of variables
in predicting occlusion events, but has been beneficial to this work
due to its ability to be used in general linear models (GLM’s) for
the analysis of occlusion time. GLM’s allow for quantitative
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comparisons to be made between models using different variables
and performed in different conditions by using the R? or adjusted
R? metric to quantitatively show the goodness of fit of the model
proposed. Currently, no accepted equivalent for R? exists for CPH
or logistic models and thus researchers using these models to show
efficacy of measured variables or predictive capabilities of
treatments cannot directly compare their study to those of other
studies in any other way than by showing decreased or increased
mortality, number of events, etc. Furthermore, the use of GLMs
allows for controlled pairwise comparisons between multiple
conditions to be able to be performed without increasing the
odds of type 1 error by using such methodologies as Tukey’s post-
test or a Bonferroni correction for multiple comparisons.
Clurrently, no accepted method allows for this in either CPH or
logistic models. This provides further justification for use of 1/
bycetusion 10 the modeling in this work and furthermore provides a
methodology for other researchers in the field to make quantitative
comparisons between models.

Results

Figure 2 shows a typical experimental channel run with the
measured occlusion time and a thrombus detachment event. The
endpoints of total occlusion by cessation of flow and detachment
by sudden increase in flow are matched by images of thrombus in
the test section. Figure 3A,B shows occlusion time (fyepnion) and
Figure 3C,D, shows its inverse along with standard error vs.
therapy. Although the devices were filled completely with collagen
(instead of selectively at the stenosis), we did not observe platelet
clotting upstream or downstream of the stenosis region in image
recordings or post-test physical dissections of devices during any
experiments. We have presented the inverse of occlusion time as
more graphically intuitive in that no occlusion tends to zero
instead of towards infinity for occlusion time, as described in the
statistical methods above. For eptifibatide, occlusion times were
lengthened and no occlusion at high doses above 1.2 uM was seen.
However, the occlusion time was heavily modulated at high shear
rates. Note that occlusion did not occur at any shear rates for the
recommended eptifibatide dose of 2.4 pM.

For ASA, occlusion time did not increase at high shear rates of
4000 and 10,000 s~ ' at both the recommended dose of 0.1 mM
up to 2.0 mM. Instead, effects of ASA at recommended low
concentrations was seen only at the lower shear rates of 100 and
1500 s . Figure 3E,F shows likelihood of thrombus detachment,
represented as the number of channel runs with thrombus
detachment divided by the total number of channel runs for a
range of shear rates. For eptifibatide, detachment was eliminated
at high doses, where little thrombus was present. For ASA,
detachment was more likely at the higher doses, going from about
0.15 to 0.8 as ASA was raised to 2 mM. The statistical significance
of these results is detailed below in Section ““Occlusion Times for ASA
are Significantly Different Between Shear Rates and Therapy Doses™. 'Table 1
lists the continuous variables for occlusion time (£, jusion), INVErse
occlusion time (1/%,5n) and complete CBC metrics including
mean corpuscular volume (MCT), red blood cell count (RBC),
lymphocyte count (LYM), mean platelet volume (MPV), area under
curve (AUC), hemoglobin (HGB), hematocrit packed cell volume
(HCT), white blood cell count (WBC(), and platelet count (PC).
Table S1 in File S1 contains the categorical variables used for the
models subject (donor), dose of antiplatelet therapy divided into
levels (dose_cat), antiplatelet therapy used (drug), and shear rate
divided into levels (shear_cat). Number of measures was defined by
number of channel runs which reached occlusion for t,¢cusion, and
by all channel runs for the other listed measures.
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Figure 2. Formation and measurement of thrombus in a channel run within the microfluidic device measured using both
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1 initial shear rate. Microscopy images (A) show aggregation initiation at the entry of the stenosis,

where brighter areas of the images correspond to more platelet mass. Time stamps for images in seconds are shown at the bottom of each image,
and correspond with the time axis shown below in (B). As platelets aggregate, the flow rate (B) decreases until it reaches occlusion time. The unstable

thrombus detaches, indicated by the sudden increase in flow rate.
doi:10.1371/journal.pone.0082493.9g002

Device Assay was Reproducible Across and Within

Subject

To quantify the reproducibility of our assay, we evaluated the
mean, standard error, and coefficient of variation of 1//ceusion
measurements from T=5 control trials (saline-treated) for the
same N =1 subject (“intra-subject”), and for T =1 trials for N=7
different subjects (“inter-subject”), as shown in Table 2.

Both intra-subject and inter-subject CV values were higher at
physiological low shear rates (0.67 and 0.85 on average,
respectively), and lower at pathological high shear rates (0.17
and 0.41, respectively). Compared to intra-subject variation, inter-
subject variation was higher at all shear rates except 1500 s~ ', and
on average the inter-subject GV was 33% greater than intra-
subject variation. An interpretation of these variances can be seen
in the discussion of this report.

Occlusion Times for Eptifibatide are Significantly
Different Between Shear Rates and Antiplatelet Therapy

Doses

The effects of both shear rates and eptifibatide at multiple doses
were analyzed. Increasing eptifibatide doses produced increases
with 4,50, I our microfluidic assay at high shear rates, and a loss
of occlusion for all shear rates at doses in excess of 1.2 uM, shown
in Figure 3A,C. From the GLM it was found that 1/, was
statistically different for all pairwise comparisons between shear
rates, except between the two physiological shear rates 500 and
1500 s~ . Eptifibatide dose was also significant, with increases in
concentration leading to statistically significant increases in
occlusion time between many dose levels. A summary of the
significant comparisons can be seen in Table 3. Of note, is that no
eptifibatide dose above 0.72 uM was statistically different from
higher doses even when controlling for shear rate and inter-subject
variability. A full table of all comparisons and their significance
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can be seen in the Supporting Information Table S2A and S2B in
File SI.

Next, the hazard ratio and magnitude of importance of shear
and eptifibatide dose on occlusion time was determined. The Cox
proportional hazards model showed that the hazard of occlusion
increased with increasing shear rates and decreased with
increasing eptifibatide dose. With each increase in shear of
1000 s~ the hazard of occlusion increased by 1.65 times; while
increasing eptifibatide by 0.1 uM decreased the hazard of
occlusion by 0.66 times. These hazards were uncovered even
when controlling for inter-subject variability. Thus, the effect of
shear on creation of occlusive thrombus is shown to be strong and
should be considered when selecting the amount of eptifibatide for
preventing thrombosis. For example, percutaneous angioplasty or
stenting may reduce the local shear rate from 10000 s™' to
4000 s~ ', which provides a similar reduction in hazard ratio as
treatment with 0.72 uM eptifibatide alone (hazard ratio = 0.096
for stenting versus 0.087 for eptifibatide). A table of hazard ratios
by variable, confidence intervals, and significance can be seen in

the Table S3 in File S1.

Occlusion Times for ASA are Significantly Different

Between Shear Rates and Therapy Doses

The effects of the range of shear rates and ASA antiplatelet
therapy were analyzed next in an identical manner to that of
eptifibatide. Unlike eptifibatide, all tested doses of ASA were
unable to fully prevent occlusive thrombosis at high shear rates
4000 and 10000 s~ ', even at maximum doses of twenty times
(2 mM) the recommended daily oral dose of 100 mg bolus
(0.1 mM). In contrast, ASA prevented nearly all occlusive
thrombosis at low shear rates 500 and 1500 s~ ', at even the
lowest tested doses as shown in Figure 3B,D. Thus, the ASA may
not be effective in preventing arterial thrombosis at high shear
rates.
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Figure 3. Effects of antiplatelet therapy on occlusion time and thrombus detachment. Occlusion time (t,cusion) @and standard error vs.
antiplatelet therapy concentration at a range of initial shear rates for (A) eptifibatide and (B) ASA for N subjects shown. Subjects not shown did not
occlude. (C) and (D) represent the inverse of occlusion time and standard error vs. therapy concentration for a range of initial shear rates,
corresponding to (A) and (B), respectively. The inverse (1/toccusion) includes non-occluded channel runs by assigning them a zero value, thus each
point represents pooled data from N =5 subjects. The likelihood of thrombus detachment, represented as the number of channel runs with thrombus
detachment divided by the total number of channel runs is shown vs. therapy concentration for a range of initial shear rates is shown in (E), (F).

doi:10.1371/journal.pone.0082493.g003

When we examined 1/¢,,.,, data using a general linear model,
we found that ASA was statistically different for all pairwise
comparisons between shear rates except when comparing 500 and
1500 s~ ' (Table 4). Additionally, ANOVA analysis found that
ASA dose increased occlusion time over the parameter space
studied. Tukey’s post-test identified an effective dose of ASA as
any dose of 0.36 uM or higher which were statistically different
from lower doses even when controlling for shear rate and inter-
subject variability, indicating a saturation of the effect of ASA at
this point. A summary of the significant comparisons can be seen

PLOS ONE | www.plosone.org

in Table 4. A full table of all comparisons and their significance
can be seen in the Supporting Information Table S4 in File SI.
Next, the hazard ratio and magnitude of importance of shear
and ASA dose on occlusion time was determined. The Cox
proportional hazards model showed that the hazard of occlusion
increased with increasing shear rates and decreased with
increasing ASA dose. With each increase in shear of 1000 s~
the hazard of occlusion increased by 1.68 times; while increasing
ASA by 1.0 mM decreased the hazard of occlusion by 0.43 times.
Notably, the maximum effect of ASA even at twenty times its
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normal i-vivo dose was only able to reduce the hazard of occlusion
by 0.17 times compared to an untreated subject. All reductions in
pathologic high shear lead to larger decreases in the hazard ratio
of occlusion by at least an order of magnitude, except for those
from relatively normal shears of 1500 s~ ' to 500 s~'. A full table
of all variables hazard ratios, confidence intervals, and significance
can be seen in the Supporting Information Table S5 in File SI.

Finally, an identical analysis was done for heparin therapy for
doses of 8, 20 or 40 Units/L and results showed identical trends
between that of ASA and heparin. Specifically, in Table S6A and
S6B in File S1 it was found that there was no statistical difference
between any heparin dose above 8 Units/L, indicating a
saturation of the effect of heparin after this point. Additionally,
all shear rates tested were statistically different except between 500
and 1500 s~'. The CPH model showed that the hazard of
occlusion of samples treated with heparin increased by 1.68 times
per 1000 s~' and decreased by 0.322 times for each unit of
heparin delivered.

Table 2. Intra-subject and inter-subject assay variation.

Shear rate (s ') Witocctusion #1072 s7") €V

500 Intra-subject 51%1.2 0.53
Inter-subject 48+1.2 0.99
1500 Intra-subject 4114 0.81
Inter-subject 4.0*1 0.7
4000 Intra-subject 16+0.1 0.13
Inter-subject 16+2.5 0.45
10000 Intra-subject 24*2 0.21
Inter-subject 26+3.2 037
Mean Intra-subject 0.42+0.2
Inter-subject 0.63+0.1

Data for intra-subject metrics is shown for T=5 (N=1) trials while inter-subject
metrics is shown for N=7 (T=1) subjects. Mean 1/t,cciusion are shown plus/
minus standard error and coefficient of variation (CV) values. Mean CV values
are shown plus/minus standard error.

doi:10.1371/journal.pone.0082493.t002
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Table 1. Continues variables measured and their relevant statistics.

Variable No. of Measures Mean St. Dev. Range Skewness Kurtosis
tocclusion*(sec) 139 895.95 606.43 215-2856 132 0.94
Vtocctusion (s€€ ") 270 8.2:107* 1.0.107* 0-4.65+10> 0.98 —0.01
MCV (fL/cell) 262 83.98 4.22 74-90.5 —0.80 0.65

RBC (Count) 262 5.04 0.49 4.32-6.21 0.66 —0.12
LYM (Count) 262 1.63 0.39 1.13-2.99 1.92 4.28
MPV (fL) 262 7.26 1.16 5.22-10.8 1.52 3.07
AUC 214 47.59 29.27 2.15-108 0.15 —1.28
HGB (g/dL) 262 14.62 0.79 13.3-16.5 0.32 —0.41
HCT (%) 262 42.18 2.38 39-46.6 0.30 —-1.15
WBC (Count) 262 5.15 1.00 3.43-7.45 0.46 —0.29
PC (Count) 262 243.32 25.43 179-293 —0.11 —0.09
*Indicates that for occlusion time calculations all channel runs that did not occlude were excluded from this analysis, thus the number of measures for 1/t,ccusion IS
greater than toccusion-

doi:10.1371/journal.pone.0082493.t001

Comparisons Between Antiplatelet Therapies Show
Significant Differences in Occlusion Time and Thrombus
Detachment

In order to directly compare the effects at multiple shear rates of
different platelet therapies, and to determine the optimal
antiplatelet therapy for specific shear regimes, an additional Cox
proportional hazards model was constructed. We found that,

Table 3. Significance of shear and dose for eptifibatide as
judged by MANOVA with Tukey’s Posttest.
Significance
Variable  Level Mean 1/t,ysion (410 % s7") Grouping
500 2.1 A
A
1500 2.2 A
shear (s ")
4000 86 B
10000 17.0 C
/] 13.0
0.24 9.1 E
0.48 6.7 E F
F
dose (uM) 0.72 40 G F
G
0.96 1.6 G
G
1.2 G
G
24 G
Means with the same letter for each level of variable are not significantly
different as shown in the Significance Grouping Columns.
doi:10.1371/journal.pone.0082493.t003
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Table 4. Significance of shear and dose for ASA as judged by
MANOVA with Tukey’s Posttest.
Significance
Variable Level  Mean 1/t,ccusion (410 4 s™ M) Grouping
500 2.5 A
A
1500 2.7 A
Shear (s ")
4000 15.0 B
10000 220
0 13.0
0.36 9.8 E
Dose (uM) E
1.0 12.0 E
E
20 8.8 E
Means with the same letter for each level of variable are not significantly
different as shown in the Significance Grouping Columns.
doi:10.1371/journal.pone.0082493.t004

occlusion rates were statistically different between the three tested
platelet therapies (eptifibatide, ASA and heparin), when control-
ling for shear rate, dosage and inter-subject variability. When
comparing the hazard ratios of ASA and heparin to that of
eptifibatide, the analysis found that samples had four times the
hazard ratio of occlusion with ASA and nine times with heparin.
Furthermore, a sample with no antiplatelet therapy was found to
have fourteen times the hazard ratio of occlusion than those
treated with eptifibatide. A summary of the comparisons can be
seen in Table 5. A full table of detailed statistical measures for this
model can be seen in Table S7 in File S1.

Next, a logistic regression was created to directly compare the
occurrence of thrombus detachment between ASA and eptifiba-
tide. It was found that both ASA and eptifibatide were significant
in predicting thrombus detachment. However, an inverse trend
was seen for these therapies. The odds ratio between eptifibatide
and no therapy treatment was found to be 0.72, indicating lower
odds of thrombus detachment if eptifibatide was used than if no
therapy was administered. In contrast, ASA had an odds ratio of
4.48, showing that the odds of detachment were almost five times
higher when a sample was treated with ASA than if a sample had

Microfluidic Thrombosis under Shear and Doses

no therapy administered. Thus, eptifibatide lowered the risk of
thrombus detachment while ASA raised it.

Also of note is that the 95% Wald confidence interval for the
odds of detachment for eptifibatide versus no therapy encom-
passed 1 and thus the “true” odds of detachment may not be
decreased over that of no therapy treatment. A full table of detailed
statistical measures for this model can be seen in S8 in File S1.

Complete Blood Count Factors and Shear Produce
Models that are Predictive of Occlusive Thrombosis and
Eptifibatide Administration

In order to determine whether our device had similar utility as
compared to the Whole Blood Analyzer’s AUC metric the odds of
eptifibatide treatment was modeled using the significant factors
found for prediction of occlusion formation from the studies
discussed in the discussion of this report. The logistic regression
was found to be capable of predicting antiplatelet therapy as
assessed by pseudo R?=0.68 and HLGF chi-square = 2.8. More
interestingly, AUC was the only significant factor from the model
and that removing it from the model drastically reduced both the
pseudo R? and HLGF chi-square probability (data not shown).
Table 6 shows the results for this logistic regression.

To further validate our device against the commercially
available WBA low shear aggregometer, the sensitivity of our
device to therapy dose was qualitatively compared to that of AUC
measurements made by WBAs as a function of dose. It was found
that WBA showed significant changes in AUC after addition of up
to 0.72 ug/mkL of eptifibatide (Figure 4A) and up to 0.36 mM for
ASA Figure 4B). Notably, this range of sensitivity is identical to
that shown by our device using 1/%,,.si,, metrics shown in Table 3
and Table 4. Table SI1A and S11B in File S1 shows the full
ANOVA tables for the AUC comparisons made by WBA.

Discussion

The purpose of this study was to provide a systematic, statistical
analysis of the simultaneous effects of a wide range of shear rates
and doses of aspirin and a GPIIb/IIla inhibitor (eptifibatide) on
occlusive thrombosis and thrombus stability in a microfluidic
assay. We examined CBC parameters in our samples prior to
testing, measured occlusion times and thrombus detachment, and
analyzed our results using statistical models. Additionally, we
compared our new method against a commercial WBA platelet
analyzer.

Our results showed that shear rate was one of the strongest
determinants of occlusion time in any channel run with or without
antiplatelet agents. Furthermore, high shear rates had greater
effects on increasing hazard ratios than ASA. Direct comparison of
the efficacy of ASA vs. eptifibatide showed that the latter was
nearly four times more effective at preventing occlusion than the

Table 5. Hazard ratio estimates for three therapies compared to each other.

Parameter Chi-Square P-Value Hazard Ratio 95% Hazard Ratio Confidence Limits
shear (per 1000 s ') 177.467 <.0001 1.476 1.394 - 1.563
No therapy vs. eptifibatide 84.3223 <.0001 14.1010 8.016 - 24.806
ASA vs. eptifibatide 17.6775 <.0001 4.3090 2.181 - 8514
heparin vs. eptifibatide 8.5027 0.0035 9.0600 2.060 - 39.856
dose (per uM) 1.9039 0.1676 1.000 1.000 - 1.000
donor (1-7) <123 >0.0005 <7.29 0.318 - 221
doi:10.1371/journal.pone.0082493.t005
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Table 6. Parameter estimates for the prediction of antiplatelet
formation study.

Microfluidic Thrombosis under Shear and Doses

therapy delivery by significant variables from the occlusion

95% Wald Confidence

Parameter p Estimate Standard Error Wald Chi-Square P-Value Odds Ratio Limits

intercept 56.5092 39.5604 2.0404 0.1532

shear (per 1000 s~ ') 0.2081 0.1536 1.8359 0.1754 1.231 0911 - 1.664
AUC —0.1856 0.0454 16.6895 <.0001 0.831 0.760 - 0.908
wBC 0.575 0.7443 0.5969 0.4398 1.777 0413 - 7.643
mcv 0.4703 0.348 1.8264 0.1766 1.6 0.809 - 3.165

doi:10.1371/journal.pone.0082493.t006

former in our studies. This result was supported by prior clinical
findings that eptifibatide provides more potent platelet inhibition
in comparison to aspirin and clopidogrel. This is to be expected
since eptifibatide directly inhibits the GPIIb/IIla at high and low
shear rates, in contrast to aspirin and clopidogrel which affect
GPIIb/IIIa indirectly through the soluble factors and the ADP
pathway at lower shear rates [14,39,40].

Reproducibility of our assay as measured by the coefficient of
variation (C'V) was similar to values measured at similar shear rates
from other microfluidic studies (intra-subject GV =0.09£0.3 to
0.55+0.3, inter-subject GV =0.45+0.2 at 1500 s~ ' [12] or ~0.61
at 1200 5" [41] or ~0.25 at 1300 s~' [17] or ~0.61 at 420~
32000 s~ [42] or ~0.17 at 600 s~ ' [19]). Larger CV’s in this
study (CV=0.63%£0.1) can also be attributed to increased
observation times (here up to 60 min vs. 5 min in [12]) and the
measurement of much larger masses of platelets (vs. adhered
platelets covering 3-22% of a surface in [12]).

Antiplatelet Therapy Efficacy in the Prevention of
Occlusion Formation

Our results that doses of eptifibatide exceeding 1.2 pM reduces
occlusive thrombosis for a range of shear rates support findings by
previous groups [17,43-45]. However, new to this report was that
hazard ratios from the modeling of occlusion time showed that
higher concentrations of eptifibatide are necessary to abrogate the
hazard induced by shear increase. Clinically, this has implications
for patients with existing cardiovascular pathologies that elevate
local shear rates, by indicating that a higher dose of eptifibatide
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may be needed to counteract the hazard induced by increased
shear, although such increased doses should be approached with
caution due to potential increased risks for impairment of primary
hemostasis and bleeding. Furthermore, that shear rate was
significant in all therapies tested indicates that an estimate of this
factor for patients will lead to improved prediction of occlusion
formation. Thus, the system shows the potential for creating more
precise eptifibatide doses, which may reduce the serious bleeding
complications associated with GPIIb/IIla platelet therapies and
add a new indication for clinicians to consider when prescribing
eptifibatide dose [46,47].

While statistical analysis showed that general trends in time to
occlusion formation were similar between eptifibatide, heparin
and ASA across shear and dose, 20 x the clinically recommended
dose of ASA only reduced the hazard by 0.17 times while
0.72 uM, a third of clinical dose, of eptifibatide reduced the
hazard by 0.087 times, almost twice as much. Additionally, lower
magnitudes of hazard reduction were found for heparin as
compared to ASA. To further support these results the model
directly comparing platelet therapies showed that the hazard of
occlusion was three times higher for ASA and nine times higher for
heparin than with eptifibatide when controlling for dosing of each
therapy. Such information could provide guidelines to aid
clinicians in the selection of antiplatelet therapy dose—for titrating
doses of aspirin to effective concentrations for in some subjects,
and/or for the prevention of eptifibatide overdose to reduce
bleeding risk. Although it is possible that the combined use of ASA
with low concentrations of heparin may mask some of the fibrin-
inhibiting effects of the former alone on preventing thrombus
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Figure 4. Dose-response measurement using a low shear impedance aggregometer. Plots show results from its Area Under the
(Impedance) Curve (AUC) aggregometer metric after the addition of platelet therapies eptifibatide (A) and ASA (B).

doi:10.1371/journal.pone.0082493.9g004
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formation at arterial shear rates, the formation of stable thrombi at
arterial shear rates in both ASA and eptifibatide treated samples
implies that these effects do not heavily impact this study.

In contrast to eptifibatide, ASA uses a different mechanism of
action by directly inhibiting the enzymes cyclooxygenase-1 and -2
(COX-1, COX-2) from acting on arachidonic acid to produce the
soluble factor TXA?2 from platelets which enhances aggregation
[48]. Thus, one common definition of “aspirin resistance” for
commercial tests is the measurement of platelet activity after the
addition of arachidonic acid, with “resistant” patients retaining the
ability to aggregate platelets [13]. However, the relationship
between the initial conversion of arachidonic acid through a
number of subsequent downstream events whose activity may be
closely linked to fluid transport and ultimate clinical outcomes (e.g.
mortality, myocardial or cerebral infarction) is unclear [49]. Such
testing procedures often rely on saturating initial concentrations of
arachidonic acid within enclosed, stirred volumes instead of single-
pass dynamic flow systems, which further reduces physiological
relevance [1]. To test whether our ASA protocol was effective at
eliminating COX activity, we conducted parallel tests with the
whole blood analyzer using arachidonic acid instead of collagen as
our agonist, and found that thrombosis was subsequently inhibited
(data not shown). Thus, although our ASA testing procedure was
successfully able to effectively eliminate COX-1 activity, it was still
unable to eliminate thrombosis at all shear rates even at 20X
recommended doses.

Our study showed little change in occlusion times, but large
increases in thrombus detachment after addition of ASA. One
potential reason for these results may be ASA’s reduced efficacy
when added #-vitro as opposed to m-vivo, a topic which has been
explored by recent studies [50]. Despite such potential alterations,
results of this study are supported by previous ex-vivo and m-vivo
clinical studies. For example, one ex-vivo study of blood samples
from patients who had orally ingested and metabolized ASA
reported that thrombosis is unaffected by ASA in eccentric
stenoses with shear rates of 10500 s~' [51], while at the lower
shear rate of 2600 s~ ' the size of formed thrombus and fibrin
deposition were significantly reduced [52]. In contrast, at low
shear rates of 2600 s™', platelet binding has been found to be
more dependent on shape change, fibrin deposition, and
fibrinogen bonds—factors known to be affected by soluble agonists
such as ASA [40]. This may be a result of multiple factors. First,
ASA loses efficacy when shear enhances transport of soluble
factors such as TXA2 and COX-1 (primary targets of ASA) away
from the growing thrombus. Additionally, platelet shape changes
induced by soluble factors is not necessary for the formation of
thrombi at high shear rates [53]. Enhanced thrombus detachment
after ASA treatment noted in this study has also been recorded by
previous authors at physiological shear rates of 1500 s~ ' [54]. Our
results are also supported by in-viwo clinical trials which have
reported “no antithrombotic benefit...in patients with severe
atherosclerosis and stenoses...however anti-thrombotic protectio-
n...in patients with less severe lesions is reported” and that high
dose ASA therapy was ineffective at preventing re-occlusion in
high shear stenoses (>90%) [40,55]. Previous groups have also
used microfluidic flow systems to show similarly low efficacy of
ASA at arterial shear rates (1500 s ') in comparison to other
GPIIb/IIIa inhibitors such as abciximab [26] or PoY 1, inhibitors
such as MeSAMPs [56]. Thus, our results show good agreement
with a variety of other wm-viwo and ex-viwo studies on the effects of
ASA on thrombus detachment and on the relative magnitude of
ASA in comparison to alternative therapies including GPIIb/IIla
inhibitors.
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Modeling of CBC Data with Shear Implicates its
Importance for Prediction of Occlusion Formation

Factors that were analyzed in our model were AUC, WBC and
MCV. MCV was chosen because increased cell number and size
leads to occlusion due to platelet margination [57]. Additionally,
increased numbers of WBC’s and inflammation have been
associated with increased myocardial infarct events [58]. Finally,
AUC was chosen because the goal of the model was to determine
whether our device had similar utility as compared to the Whole
Blood Analyzer’s AUC metric in prediction of therapy adminis-
tration. Using our device and modeling the AUC with several
other factors obtained from CBC counts it was found that our
device was able to recapitulate the predicative ability of the AUC
metric.

Comparison with the WBA shows a range of sensitivity for
addition of eptifibatide identical to that shown by our device using
1/tyeetusion metrics. Notably, the WBA has previously been
successfully used for the detection of clinically effective doses of
eptifibatide from venous blood samples nearly 72 hours after its
Injection into subjects undergoing coronary stenting [59]. Thus,
our system should be able to achieve similar levels of clinical utility
when testing samples at physiological shear rates while adding
clinically relevant additional high shear rate information and
thrombus detachment metrics, all factors which this work has
shown may inform improved patient dosing.

Conclusions

This paper presents a microfluidic study of the effects of a
spectrum of whole blood shear rates and antiplatelet therapies on
occlusive thrombosis and thrombus detachment. We have shown
that antiplatelet efficacy has significant effects at high pathological
shear rates compared to normal physiologic shear rates. The
effectiveness of ASA against high shear thrombosis was several
orders of magnitude lower than that of eptifibatide, even at doses
20 times clinically recommended concentrations. Notably, high
shear thrombi formed with ASA were found to be more likely to
detach than those formed without ASA, or with eptifibatide.
Eptifibatide reduced the occurrence of occlusion when controlling
for shear rate, and its efficacy increased at all shear rates with dose
concentration.

There are two potential clinical implications of these findings.
First, ASA is widely prescribed to reduce the risk of myocardial
infarct and stroke, although resistance to such treatment is
common and its effectiveness has been found to vary over time.
Our finding that high shear thrombi are not uniformly prevented
by ASA may explain the phenomenon of “aspirin resistance’ as a
local flow mechanics factor independent of platelet activation.
Second, ASA may contribute to unstable thrombi detachment
with the shedding of larger emboli as a different mechanism for
clinical failure with ASA. For both thrombus formation and
detachment, local high shear rates are important. Thus, future
clinical tests characterizing causes for aspirin resistance may need
to include high shear rates from angiographic images as indicators
of arterial thrombus in addition to genetic testing and platelet
reactivity data.

While this microfluidic device affords low blood volumes and
high throughput, its reproduction of in-vivo conditions is limited.
The steady flow through rectangular channels do not produce
pulsatile secondary flow patterns in arteries [60]. The assay
requires more sample volume than others, and is thus not
currently suitable for point-of-care applications. Clinical studies
should be performed to relate occlusive thrombus accumulation in
the device to long-term clinical outcomes. This work represents a

January 2014 | Volume 9 | Issue 1 | 82493



quantitative comparison of the effects of high shear rate and
antiplatelet therapy dose on thrombosis.

Effects of shear rate and dose parameters were analyzed using
general linear models, logistic regressions, and Cox proportional
hazards models—techniques often used in multi-parameter clinical
studies. We showed the system’s ability to evaluate antiplatelet
therapy with sensitivity comparable to whole blood aggregometry.
By providing quantitative dose-response curves of the effects of
antiplatelet therapy under a wide range of shear rates, this study
furthers understanding of thrombosis and antiplatelet therapy
resistance, which is expected to be utilized in the construction of
more accurate models for optimizing treatment.

Supporting Information

File S1 'This file contains extended descriptions, equations, and
results for the statistical modeling methods employed in this work.
Additionally this file contains Tables SI-S11.

(DOC)

References

1. Hofer CK, Zollinger A, Ganter MT (2010) Perioperative assessment of platelet
function in patients under antiplatelet therapy. Expert Rev Med Devices 7: 625
637. doi:10.1586/erd.10.29.

2. Roger VL, Go AS, Lloyd-Jones DM, Adams R], Berry JD, et al. (n.d.) Heart
Disease and Stroke Statistics—2011 Update: A Report From the American Heart
Association — Roger et al. 123 (4): el8 — Circulation. Available: http://circ.
ahajournals.org/cgi/content/full/123/4/e18. Accessed 2011 Mar 30.

3. Wang TH, Bhatt DL, Topol EJ (2006) Aspirin and clopidogrel resistance: an
emerging clinical entity. Eur Heart J 27: 647-654. doi:10.1093/eurheartj/
¢hi684.

4. Eikelboom JW, Hirsh J, Spencer FA, Baglin TP, Weitz JI (2012) Antiplatelet
Drugs: Antithrombotic Therapy and Prevention of Thrombosis, 9th ed:
American College of Chest Physicians Evidence-Based Clinical Practice
Guidelines. Chest 141: e89S-e119S. doi:10.1378/chest.11-2293.

5. Gasparyan AY, Watson T, Lip GYH (2008) The Role of Aspirin in
Cardiovascular Prevention: Implications of Aspirin Resistance. J Am Coll
Cardiol 51: 1829-1843. doi:10.1016/j jacc.2007.11.080.

6. Maree AO, Fitzgerald DJ (2007) Variable Platelet Response to Aspirin and
Clopidogrel in Atherothrombotic Disease. Circulation 115: 2196-2207.
doi:10.1161/CIRCULATIONAHA.106.675991.

7. Gum PA, Kottke-Marchant K, Welsh PA, White J, Topol EJ (2003) A
prospective, blinded determination of the natural history of aspirin resistance
among stable patients with cardiovascular disease. J] Am Coll Cardiol 41: 961~
965. doi:10.1016/50735-1097(02)03014-0.

8. Grosser T, Fries S, Lawson JA, Kapoor SC, Grant GR, et al. (2012) Drug
Resistance and Pseudoresistance: An Unintended Consequence of Enteric
Coating Aspirin. Circulation. Available: http://circ.ahajournals.org/content/
early/2012/12/04/CIRCULATIONAHA.112.117283. Accessed 18 April
2013.

9. Zwaginga JJ, Sakariassen KS, Nash G, King KR, Heemskerk JWM, et al. (2006)
Flow-based assays for global assessment of hemostasis. Part 2: current methods
and considerations for the future. J Thromb Haemost 4: 2716-2717.
doi:10.1111/§.1538-7836.2006.02178 x.

10. Breet NJ, van Werkum JW, Bouman HJ, Kelder JC, Ruven HJT, et al. (2010)
Comparison of Platelet Function Tests in Predicting Clinical Outcome in
Patients Undergoing Coronary Stent Implantation. JAMA 303: 754-762.
doi:10.1001/jama.2010.181.

11. Price MJ, Berger PB, Teirstein PS, Tanguay J-F, Angiolillo DJ, et al. (2011)
Standard- vs High-Dose Clopidogrel Based on Platelet Function Testing After
Percutancous Coronary Intervention. JAMA J Am Med Assoc 305: 1097-1105.
doi:10.1001/jama.2011.290.

12. Neeves KB, Onasoga AA, Hansen RR, Lilly JJ, Venckunaite D, et al. (2013)
Sources of Variability in Platelet Accumulation on Type 1 Fibrillar Collagen in
Microfluidic Flow Assays. PLoS ONE 8. Available: http://www.ncbi.nlm.nih.
gov/pmc/articles/PMC3552855/. Accessed 22 April 2013.

13. Michelson AD (2004) Platelet Function Testing in Cardiovascular Discases.
Circulation 110: e489-e493. doi:10.1161/01.CIR.0000147228.29325.F9.

14. Jackson SP (2007) The growing complexity of platelet aggregation. Blood 109:
5087-5095. doi:Review.

15. Savage B, Sixma ]JJ, Ruggeri ZM (2002) Functional self-association of von
Willebrand factor during platelet adhesion under flow. Proc Natl Acad Sci U S A
99: 425-430.

16. Bernardo A, Bergeron AL, Sun CW, Guchhait P, Cruz MA, et al. (2004) Von
Willebrand factor present in fibrillar collagen enhances platelet adhesion to
collagen and collagen-induced platelet aggregation. J Thromb Haemost 2: 660
669. doi:10.1111/§.1538-7836.2004.00661 ..

PLOS ONE | www.plosone.org

Microfluidic Thrombosis under Shear and Doses

Acknowledgments

The authors thank Lauren Casa, Kevin So, John Glisson, Andrea Para,
and Marmar Mehrabi for technical assistance and protocol development;
blood donors for providing experimental samples; the Georgia Institute of
Technology’s Student Health Center Laboratory for assistance with blood
draws and protocol development; the Invention Studio at the George W.
Woodruff School of Mechanical Engineering at the Georgia Institute of
Technology for general fabrication resources; the Georgia Institute of
Technology Institutional Review Board for procedural guidance; Prof.
Evan Zamir for use of laboratory space; and Profs. Wilbur Lam and Dr.
Jeremy Ackerman for advice on experimental design.

Author Contributions

Conceived and designed the experiments: ML NAH DNK CRF.
Performed the experiments: ML NAH. Analyzed the data: ML NAH.

Contributed reagents/materials/analysis tools: CRF. Wrote the paper: ML
NAH DNK CREF.

17. Gutierrez E, Petrich BG, Shattil SJ, Ginsberg MH, Groisman A, et al. (2008)
Microfluidic devices for studies of shear-dependent platelet adhesion. Lab Chip
8: 1486. doi:10.1039/b804795b.

18. Dimov IK, Basabe-Desmonts L, Garcia-Cordero JL, Ross BM, Ricco AJ, et al.
(2011) Stand-alone self-powered integrated microfluidic blood analysis system
(SIMBAS). Lab Chip 11: 845-850. doi:10.1039/COLC00403K.

19. Hosokawa K, Ohnishi T, Kondo T, Fukasawa M, Koide T, et al. (2011) A novel
automated microchip flow-chamber system to quantitatively evaluate thrombus
formation and antithrombotic agents under blood flow conditions. J Thromb
Haemost 9: 2029-2037. doi:10.1111/j.1538-7836.2011.04464.x.

20. Neeves KB, Maloney SF, Fong KP, Schmaier AA, Kahn ML, et al. (2008)
Microfluidic focal thrombosis model for measuring murine platelet deposition
and stability: PAR4 signaling enhances shear-resistance of platelet aggregates.
J Thromb Haemost 6: 2193-2201. doi:10.1111/§.1538-7836.2008.03188.x.

21. Kita A, Sakurai Y, Myers DR, Rounsevell R, Huang JN, et al. (2011)
Microenvironmental Geometry Guides Platelet Adhesion and Spreading: A
Quantitative Analysis at the Single Cell Level. PLoS ONE 6: ¢26437.
doi:10.1371/journal.pone.0026437.

22. Tovar-Lopez FJ, Rosengarten G, Westein E, Khoshmanesh K, Jackson SP, et al.
(2010) A microfluidics device to monitor platelet aggregation dynamics in
response to strain rate micro-gradients in flowing blood. Lab Chip 10: 291.
doi:10.1039/b916757a.

23. Conant CG, Schwartz MA, Nevill T, ITonescu-Zanetti C (2009) Platelet
Adhesion and Aggregation Under Flow using Microfluidic Flow Cells. J Vis
Exp JoVE. doi:10.3791/1644.

24. Para A, Bark D, Lin A, Ku D (2011) Rapid Platelet Accumulation Leading to
Thrombotic Occlusion. Ann Biomed Eng 39: 1961-1971. doi:10.1007/5s10439-
011-0296-3.

25. Jackson SP, Nesbitt WS, Kulkarni S (n.d.) Signaling events underlying thrombus
formation. J Thromb Haemost 1: 1602-1612. doi:10.1046/j.1538-
7836.2003.00267 x.

26. Hosokawa K, Ohnishi T, Fukasawa M, Kondo T, Sameshima H, et al. (2012) A
microchip flow-chamber system for quantitative assessment of the platelet
thrombus formation process. Microvasc Res 83: 154-161. doi:10.1016/
j-mvr.2011.11.007.

27. Kottke-Marchant K, Powers JB, Brooks L, Kundu S, Christic DJ (1999) The
effect of antiplatelet drugs, heparin, and preanalytical variables on platelet
function detected by the platelet function analyzer (PFA-100). Clin Appl
Thromb Off J Int Acad Clin Appl Thromb 5: 122-130.

28. Nesbitt WS, Westein E, Tovar-Lopez FJ, Tolouei E, Mitchell A, et al. (2009) A
shear gradient-dependent platelet aggregation mechanism drives thrombus
formation. Nat Med 15: 665-673. doi:10.1038/nm.1955.

29. Colace TV, Muthard RW, Diamond SL (2012) Thrombus Growth and
Embolism on Tissue Factor-Bearing Collagen Surfaces Under Flow Role of
Thrombin With and Without Fibrin. Arterioscler Thromb Vasc Biol 32: 1466
1476. doi:10.1161/ATVBAHA.112.249789.

30. Turner NA, Moake JL, Kamat SG, Schafer Al, Kleiman NS, et al. (1995)
Comparative real-time effects on platelet adhesion and aggregation under
flowing conditions of in vivo aspirin, heparin, and monoclonal antibody
fragment against glycoprotein IIb-IIIa. Circulation 91: 1354-1362. doi:10.1161/
01.CIR.91.5.1354.

31. Li M, Ku DN, Forest CR (2012) Microfluidic system for simultaneous optical
measurement of platelet aggregation at multiple shear rates in whole blood. Lab
Chip 12: 1355-1362. doi:10.1039/C2LC21145A.

32. Storey RF, Wilcox RG, Heptinstall S (1998) Differential effects of glycoprotein
1Ib/1la antagonists on platelet microaggregate and macroaggregate formation

January 2014 | Volume 9 | Issue 1 | 82493



33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

and effect of anticoagulant on antagonist potency implications for assay
methodology and comparison of different antagonists. Circulation 98: 1616—
1621. doi:10.1161/01.CIR.98.16.1616.

Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, et al. (2009) Platelet
depletion and aspirin treatment protect mice in a two-event model of
transfusion-related acute lung injury. J Clin Invest. Available: http://www jci.
org/articles/view/38432. Accessed 29 November 2012.

Millenium Pharmaceuticals, Inc., Merck and Co., Inc. (2011) Integrilin
(eptifibatide) injection for intravenous admninistration. Whitehouse Station,

NJ 08889, USA:

. Mueller MR, Salat A, Stangl P, Murabito M, Pulaki S, et al. (1997) Variable

platelet response to low-dose ASA and the risk of limb deterioration in patients
submitted to peripheral arterial angioplasty. Thromb Haemost 78: 1003-1007.
Eikelboom JW, Hankey GJ (2003) Aspirin resistance:a new independent
predictor of vascular events?®. ] Am Coll Cardiol 41: 966-968. doi:10.1016/
80735-1097(02)03013-9.

Sodemann A, Li M, Mayor R, Forest CR (2009) Micromilling of molds for
microfluidic blood diagnostic devices. Proc Annu Meet Am Soc Precis Eng: 4-9.
Li M, Ackerman J, Forest C (2011) Microfluidic System for Multichannel
Optical Measurement of Shear Induced Platelet Thrombosis in Unfractionated
Blood. Proc 15th Int Conf Miniaturized Chem Biochem Anal Syst: 541-543.
Dalby M, Montalescot G, Sollier CB dit, Vicaut E, Soulat T, et al. (2004)
Eptifibatide provides additional platelet inhibition in Non-ST-Elevation
myocardial infarction patients already treated with aspirin and clopidogrel:
Results of the platelet activity extinction in Non-Q-Wave myocardial infarction
with aspirin, clopidogrel, and eptifibatide (PEACE) study. ] Am Coll Cardiol 43:
162-168. doi:10.1016/j.jacc.2003.08.033.

Hanson SR, Sakariassen KS (1998) Blood flow and antithrombotic drug effects.
Am Heart J 135: S132-S145. doi:http://dx.doi.org/10.1016/50002-
8703(98)70241-8.

Neeves KB, Diamond SL (2008) A membrane-based microfluidic device for
controlling the flux of platelet agonists into flowing blood. Lab Chip 8: 701-709.
doi:10.1039/b717824g.

Barstad R, Roald H, Cui Y, Turitto V, Sakariassen K (1994) A perfusion
chamber developed to investigate thrombus formation and shear profiles in
flowing native human blood at the apex of well- defined stenoses. Arterioscler
Thromb Vasc Biol 14: 1984-1991. doi:10.1161/01.ATV.14.12.1984.
Magallon J, Chen J, Rabbani L, Dangas G, Yang ], et al. (2011) Humanized
Mouse Model of Thrombosis Is Predictive of the Clinical Efficacy of Antiplatelet
Agents. Circulation 123: 319-326. doi:10.1161/CIRCULATIO-
NAHA.110.951970.

Tsai M, Kita A, Leach J, Rounsevell R, Huang JN, et al. (2012) In vitro
modeling of the microvascular occlusion and thrombosis that occur in
hematologic diseases using microfluidic technology. J Clin Invest 122: 408—
418. doi:10.1172/JCI58753.

. Goto S, Tamura N, Li M, Handa M, Ikeda Y, et al. (2003) Different effects of

various anti-GPIIb-ITIa agents on shear-induced platelet activation and
expression of procoagulant activity. J Thromb Haemost 1: 2022-2030.
doi:10.1046/7.1538-7836.2003.00349.x.

PLOS ONE | www.plosone.org

12

46.

47.

48.

49.

50.

51.

53.

54.

56.

57.

58.

59.

Microfluidic Thrombosis under Shear and Doses

Giugliano RP, White JA, Bode C, Armstrong PW, Montalescot G, et al. (2009)
Early versus Delayed, Provisional Eptifibatide in Acute Coronary Syndromes.
N Engl ] Med 360: 2176-2190. doi:10.1056/NEJMo0a0901316.

Topol EJ (1998) Inhibition of Platelet Glycoprotein IIb/IIIa with Eptifibatide in
Patients with Acute Coronary Syndromes. N Engl ] Med 339: 436-443.
doi:10.1056/NEJM199808133390704.

Vane JR, Botting RM (2003) The mechanism of action of aspirin. Thromb Res
110: 255-258. doi:http://dx.doi.org/10.1016/S0049-3848(03)00379-7.
Lordkipanidz¢ M, Pharand C, Schampaert E, Turgeon J, Palisaitis DA, et al.
(2007) A comparison of six major platelet function tests to determine the
prevalence of aspirin resistance in patients with stable coronary artery disease.
Eur Heart J 28: 1702-1708. doi:10.1093/eurheartj/ehm226.

LiR, Fries S, Li X, Grosser T, Diamond SL (2013) Microfluidic Assay of Platelet
Deposition on Collagen by Perfusion of Whole Blood from Healthy Individuals
Taking Aspirin. Clin Chem 59: 1195-1204. doi:10.1373/clin-
chem.2012.198101.

Barstad R, Orvim U, Hamers M, Tjonnfjord G, Brosstad F, et al. (1996)
Reduced effect of aspirin on thrombus formation at high shear and disturbed
laminar blood flow. Thromb Haemost 75: 827-832.

. Roald HE, Orvim U, Bakken IJ, Barstad RM, Kierulf P, et al. (1994)

Modulation of thrombotic responses in moderately stenosed arteries by cigarette
smoking and aspirin ingestion. Arterioscler Thromb Vasc Biol 14: 617-621.
doi:10.1161/01.ATV.14.4.617.

Jackson SP, Nesbitt WS, Westein E (2009) Dynamics of platelet thrombus
formation. J Thromb Haemost 7: 17-20. doi:10.1111/j.1538-
7836.2009.03401 x.

Mendolicchio GL, Zavalloni D, Bacci M, Corrada E, Marconi M, et al. (2011)
Variable effect of P2Y12 inhibition on platelet thrombus volume in flowing
blood. J Thromb Haemost 9: 373-382. doi:10.1111/7.1538-7836.2010.04144 x.

. Veen G, Meyer A, Verheugt FWA, Werter CJP], de Swart H, et al. (1993)

Chulprit lesion morphology and stenosis severity in the prediction of reocclusion
after coronary thrombolysis: Angiographic results of the APRICOT study. J Am
Coll Cardiol 22: 1755-1762. doi:10.1016/0735-1097(93)90754-O.

Lucitt MB, O’Brien S, Cowman J, Meade G, Basabe-Desmonts L, et al. (2013)
Assaying the efficacy of dual-antiplatelet therapy: use of a controlled-shear-rate
microfluidic device with a well-defined collagen surface to track dynamic platelet
adhesion. Anal Bioanal Chem 405: 4823-4834. doi:10.1007/500216-013-6897-

y.
Zhao R, Kameneva MV, Antaki JF (2007) Investigation of platelet margination
phenomena at elevated shear stress. Biorheology 44: 161-177.

Barron HV, Cannon CP, Murphy SA, Braunwald E, Gibson CM (2000)
Association Between White Blood Cell Count, Epicardial Blood Flow,
Myocardial Perfusion, and Clinical Outcomes in the Setting of Acute
Myocardial Infarction A Thrombolysis In Myocardial Infarction 10 Substudy.
Circulation 102: 2329-2334. doi:10.1161/01.CIR.102.19.2329.

Neumann F-J, Hochholzer W, Pogatsa-Murray G, Schémig A, Gawaz M (2001)
Antiplatelet effects of abciximab, tirofiban and eptifibatide in patients
undergoing coronary stenting. J Am Coll Cardiol 37: 1323-1328.
doi:10.1016/50735-1097(01)01165-2.

. Wootton DM, Ku DN (1999) Fluid mechanics of vascular systems, diseases, and

thrombosis. Annu Rev Biomed Eng 1: 299-329.

January 2014 | Volume 9 | Issue 1 | 82493



