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Development of a novel point-of-care device to
monitor arterial thrombosis

Christopher A. Bresette, *a Viviana Claveria b and David N. Ku *b

Arterial thrombosis is a leading cause of heart attacks and strokes, representing a significant global health

challenge. Microfluidic research studies have identified high shear stress, a thrombotic surface, and the

presence of von Willebrand factor (vWF) and platelets as key conditions necessary for formation of arterial

thrombi, termed shear-induced platelet aggregation (SIPA). However, current point-of-care (POC) assays

of platelet function fail to incorporate these conditions, often relying on artificial agonists alone for

stimulation. This study introduces a novel POC device designed to replicate high shear arterial thrombosis

to create large platelet-rich clots reliably with small blood samples. The device was tested with blood from

10 healthy donors, with and without treatment with antiplatelet agents ASA, 2MeSAMPS and eptifibatide.

The POC endpoint was compared with the PFA-100 to demonstrate novelty. A novel POC was successfully

developed that can run with 5 mL of blood, had an intra-patient variability <15% and could distinguish

differences in the healthy subjects tested. The POC was sensitive to antiplatelet agents acetyl-salicylic acid,

2-MeSAMPS and eptifibatide, showing an increase in end volume, a proxy for occlusion time, after

treatment ( p < 0.001). The novel POC device provides a unique endpoint that is uncorrelated with PFA-

100 results. The ability of the novel POC to differentiate individual's thrombotic potential underscores its

utility for clinical applications such as diagnosing platelet dysfunction, quantifying thrombotic risk, and

optimizing antiplatelet therapies. This novel approach bridges the gap between research assays and

practical clinical tools, offering a significant advancement in personalized cardiovascular care.

Introduction
Arterial thrombosis

Major adverse cardiovascular events (MACE) remain the leading
cause of death in developed nations, despite significant
advances in their treatment and prevention.1,2 MACE includes
occlusive clots, such as myocardial infarctions, strokes,
pulmonary embolisms or deep vein thrombosis.3 A large
proportion of these events are categorized as ischemic,
characterized by reduced blood flow to tissues and subsequent
cellular damage.4 If the ischemic event occurs in an artery, the
process of clot formation is called arterial thrombosis. Clots that
form in the high shear environments of the artery are distinct
from those that form through the coagulation cascade. Instead
of being red blood cell and fibrin-rich, arterial thrombi or “white
clots” are lighter in color and platelet rich.5 Virchow's triad
traditionally describes the factors contributing to coagulation;
however, an alternative triad better captures the unique
conditions underpinning arterial thrombosis.6 According to the

alternative triad, arterial thrombi are created by the combination
of platelets and von Willebrand factor, high shear stresses, and
a thrombogenic surface. White clots would therefore be expected
to form in scenarios such as: primary hemostasis where high
shear flow out of an injured vessel passes tissue (thrombogenic
surface), ischemic stroke where a ruptured atherosclerotic
plaque provides both high shear flow and a thrombogenic
surface, or in high shear regions of mechanical pumps. In these
situations, von Willebrand factor (vWF) plays a particularly
important role as a shear stress sensor.7 Under typical
physiological flow conditions, vWF exists in a globular
configuration. However, under shear stresses where the force on
vWF exceeds 21 pN, it unfolds, becomes elongated and platelet
binding domains become exposed and activated.8 Forces greater
than 21 pN may be experienced when shear stress exceeds 720
dyne per cm2 (18000 s−1), such as in a left ventricular assist
device (LVAD) or a stenotic coronary artery.9,10 Recent work also
suggests these three components of white clot formation—
platelets, vWF, and high shear stress—also contribute to
hemostatic clot formation in arterial bleeds, indicating a shared
mechanism between arterial thrombosis and hemostasis.11

Following endothelial damage, extracellular collagen is
exposed providing a thrombogenic surface. Elongated vWF
can bind to the exposed collagen and initiate a process
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known as shear induced platelet aggregation (SIPA).12,13 SIPA
is separated into two phases, distinguished by the rate at
which platelets are captured. During the initial phase, known
as lag time, the platelet capture rate is low.14 Elongated vWF
in the plasma binds to a prothrombotic surface, such as
collagen. Elongated vWF can also start wrapping around
platelets in flow, forming small aggregates which get
captured by immobilized vWF.15 Once captured, platelets
activate and release vWF from their alpha granules creating a
locally high concentration of vWF.16 Platelet activation
initiates the second phase of SIPA called rapid platelet
accumulation (RPA).17 Platelet activation during SIPA can
occur through exposure of platelets to high shear stresses,
and is therefore not dependent on exogenous activation
factors such as ADP or epinephrine.18 vWF release from
platelets kicks off a positive feedback loop where billions of
platelets are captured within a matter of minutes, quickly
forming an occlusive, stable clot.6 A point-of-care assay for
arterial thrombosis should aim to recapitulate these two
phases of SIPA in order to accurately reflect the processes of
thrombosis and hemostasis.

Anti-platelet drugs

The current standard for managing arterial thrombosis
formation is through the administration of anti-platelet drugs,
which prevent platelet activation or inhibit platelet–vWF bonds.
Common anti-platelets include aspirin, clopidogrel and GPIIb/
IIIa inhibitors such as eptifibatide.

Aspirin irreversibly inactivates the enzyme cyclooxygenase
(COX), which prevents the formation of thromboxane A2
(TXA2), a molecule that promotes platelet activation and
aggregation. This reduction in TXA2 slightly inhibits platelet
activation and thrombosis.

Clopidogrel is transformed in the liver into an active
metabolite which irreversibly inhibits the P2Y12 receptor on
platelets. This receptor is part of a signaling pathway linking
increased extracellular ADP concentration to platelet activation.
As a result, platelet activation from ADP is inhibited.
2-Methylthioadenosine 5′-monophosphate triethylammonium
salt hydrate (2MeSAMP), a direct P2Y12 inhibitor, can mimic
the effect of clopidogrel in vitro.

Eptifibatide, a small peptide derived from a protein found in
the venom of the south-eastern pygmy rattlesnake, reversibly
binds to the GPIIb/IIIa receptor on platelets, and prevents it
from forming a bond with vWF. Since these bonds are essential
to forming a strong bond between activated platelets and vWF,
GPIIb/IIIa inhibition has a strong effect on preventing large,
occlusive thrombi.

A POC device for arterial thrombosis should measure platelet
function generally and therefore be able to detect platelet
inhibition from any of the above pathways. The resulting assay
could then be used to measure a patient's sensitivity to a
specific drug and provide guidance on the optimal dose
required to minimize thrombosis risk.

POC devices

Many factors can affect thrombus growth, such as platelet
activation, vWF concentration, antiplatelet therapies, and
blood viscosity.19–21 Instead of testing each factor individually,
a functional test for thrombosis formation would be useful in
diagnosing the risk of ischemic events, bleeding dysfunctions
in trauma patients and tailoring anti-platelet therapies for
individuals. To recreate SIPA, all aspects of the alternative
triad need to be incorporated: platelets/vWF, high shear
stresses, and thrombotic surface. Existing assays are either
missing at least one of these conditions (TEG, ROTEM, GTT),
use chemical agonists to artificially stimulate platelets to
aggregate (LTA, PFA-100, TEG, ROTEM), or fail to create
stable, occlusive clots (T-TAS) (Table 1).

Light transmission aggregometry (LTA) is one of the oldest
methods for measuring platelet function. With this method,
chemical agonists are added to plasma, causing aggregates to
form and settle, increasing the transmittance of the plasma.
Chemical activation of platelets differentiates LTA from SIPA.
Additionally, LTA experiments are performed in the absence
of flow, so these assays fail to have the high shear stresses
required for vWF elongation. One of the more common
platelet function assays, VerifyNow, works in a similar
manner to LTA. In the VerifyNow cartridge, ADP causes
platelets to aggregate around fibrinogen coated beads and
the light transmittance of the solution changes as a result.
VerifyNow runs into the same limitations as LTA; platelet
activation is precipitated by chemical agonists and the test is
performed in static conditions.22

Platelet function analyzer-100 (PFA-100) is a platelet assay
that measures the amount of time required for blood to
occlude a collagen-coated hole in a membrane. The shear
conditions are not precise as the hole in the cellulose
membrane has rough edges. Thus, the high shear conditions
are highly variable as shear is proportional to diameter
cubed. Prior to flow, blood is activated in the PFA-100
cartridges by the addition of either ADP or epinephrine. The
addition of chemical agonists to the blood makes the PFA-
100 a useful biochemical platelet activation assay but limits
its use as a general SIPA assay.23

Total-thrombosis assessment system (T-TAS) is a newer
thrombosis assay resembling a straight channel microfluidic
device used in thrombosis research. In the T-TAS, high shear
stress causes platelet-rich thrombi to form on a collagen
surface. Thrombi occlude multiple parallel channels in the
microfluidic device, leading to an increase in fluidic
resistance measured as an increase in upstream pressure.
The two limitations of T-TAS as a SIPA assay are that 1) a
constant flow system drives the blood, so pressures on the
clot can reach unphysiologically high values (60 kPa or ∼450
mmHg) and cause the thrombus to cycle between breaking
and reforming,24 and 2) the test section dimensions are small
enough that surface-adhesion of platelets rivals platelet–
platelet growth.25 Additionally, in a system with parallel
channels, a constant flow condition can lead to extremely
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high shear rates in some channels, while others may have
close to stagnant conditions as flow is diverted from
occluded channel. This means the flows through each of the
test channels are not independent and occlusion of one
channel can hinder the formation of a stable SIPA clot in a
channel that remains patent. The most common T-TAS
endpoints are the time to reach a pressure of 10 or 60 kPa
and the area under the pressure vs. time curve, neither of
which are directly analogous to clinical pathology.

Other clotting assays currently in use are
thromboelastography (TEG) and rotational thromboelastometry
(ROTEM). TEG/ROTEM works by measuring the force
transmitted to a sensor from a rotating cup through a blood
sample to identify coagulopathies without the creation of
platelet thrombi.22 Coagulation is initiated chemically, and
these assays lack the high shear stresses or thrombotic surface
required for a SIPA assay.

Other platelet function tests exist, such as the global
thrombosis test (GTT). With the GTT a correlation with predicting
secondary MACE after a primary event has been demonstrated,
but the device forms clots through an unclear mechanism.26 The
GTT uses flow over ceramic beads and has been promoted
primarily for fibrinolysis measurement.27,28

The goal is to create a functional test for platelet aggregation
by incorporating the three critical parameters for SIPA: whole
blood, thrombotic surface, and high shear flow.6 The assay had
additional design inputs discussed below to ensure that the
final product can be used practically. These include geometrical
constraints that ensure the formation of occlusive thrombi that
are representative of bulk thrombus growth, do not require
more than a set maximum amount of blood, and minimize clot
embolization to reduce the noise of the assay. By developing a
POC test with these features, the aim to create a unique assay of
arterial thrombosis that can be used in a variety of clinical
situations, such as tailoring antiplatelet therapies to individual
patients, stratifying patients into different risk levels for
ischemic events, or identifying trauma patients with platelet
dysfunctions (Fig. 1).

Design rationale

The type of thrombus that forms in an assay is strongly
governed by the device geometry and pump parameters. For

platelet aggregation, shear stress must be high enough to
create the conditions for vWF to elongate and gather billions
of platelets. Shear rate is derived from the velocity profile at
the wall and can vary over three orders of magnitude, so is
the critical variable. Most historical literature on platelets use
shear rate, so we follow this convention. Shear stress is the
physically relevant parameter as it relates to the force/unit
area on vWF and platelets. Shear stress can be calculated by
multiplying the shear rate (s−1) times 0.04 (dyn s cm−2) to get

Table 1 Comparison of existing platelet function assays and the novel POC device for arterial thrombosis. The novel POC device is the only assay that
incorporates all aspects of the arterial thrombosis triad and forms stable clots without the use of chemical agonists. Crosses indicate presence of the
assay feature and blanks indicate a lack of that feature

Assay

Assay feature

High shear Thrombogenic surface Platelets/vWF No chemical agonists Clots are stable, occlusive

VerifyNow +
PFA-100 + + + +
T-TAS + + + +
TEG/ROTEM + +
GTT + + +
Novel POC device + + + + +

Fig. 1 SIPA mechanism and novel POC assay. A: Overview of shear
induced platelet aggregation. A damage to an atherosclerotic plaque
creates a region of high shear with exposed collagen (purple). vWF
(yellow) can bind to platelets (white) and adhere to the exposed
collagen, forming occlusive thrombi. B: Components of the novel
thrombosis assay left: the entire assay with a cartridge inserted and an
extra 5 mL vacutainer for scale. Middle: POC cartridge next to glass
test section for scale right: glass capillary tube used as test section for
thrombus formation.
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shear stress (dyn cm−2), assuming the viscosity of blood is
relatively constant at ∼4 cP. It has been demonstrated that
that platelets primarily bind to vWF above 1300 s−1 shear
rate.29 The geometric cross-sectional area, flow rate or
differential pressure through the test section define the
initial shear rate and are therefore critical design inputs.

Test section geometry

An important design consideration when developing an
occluding test section is the size of the region where clots
grow. This parameter will affect many other variables,
including the composition of the clot, amount of blood
required to form an occlusive clot, the pressures required to
achieve sufficient flow, and the test run time. Choosing an
appropriate test section size is fundamental to building a
point-of-care device for arterial thrombosis. This study
focused on circular cross-sections because of the availability
of glass tubes in a wide range of sizes.

To determine the lower limit for test section radii, work
previously published on the geometric design of microfluidic
chambers was used.25 Platelets interactions within a
thrombus are divided into two categories: platelet–surface
interactions that adhere a thrombus to the thrombotic
surface and platelet–platelet interactions that form the bulk
of a thrombus. One design constraint was that the occlusive
thrombi should formed to be primarily composed of platelet–
platelet interactions to be representative of large thrombi.
The percentage of platelets, Pc, involved in platelet–platelet
interactions for a circular cross section is given by eqn (1)
assuming that platelets are spherical.25

Pc ¼ 1 − 4v
apD

(1)

where v is the volume of an individual platelet, a is the
surface area occupied by a single adherent platelet and p is
volume fraction of platelets in a thrombus and D is the
diameter of the test section. Given values of 6.5 fL for v, 4.21
μm2 for a and 0.8 for p, this simplifies to:

D ¼ 7:718
1 − Pc

(2)

where D is the diameter of the test section in um. Setting Pc
to ≥0.9 ensures a significant majority of platelet interactions
are platelet–platelet.25

An upper limit for the test section radius is defined by the
maximum volume of blood that can be processed by the POC
device. A standard venipuncture technique easily allows the
collection of 5 mL of blood. Setting a limit of 1 mL per test
section enables up to four tests to be conducted in parallel
using a single 5 mL vacutainer. Using a computational model
of thrombus growth rates, the total volume required to
occlude a circular tube of diameter D was calculated.14 For
these simulations, it was assumed that flow is driven by a
constant pressure head such that the initial shear rate is
10 000 s−1. Blood volume necessary for occlusion can be
calculated by using the thrombus growth model to compute

the change in radius base on the shear stress in the test
section, then updating the geometry and iterating.

Driving flow

In addition to test section size, the other main parameter
which affects shear rate is the flow rate. One of the main
goals in creating a POC device that mimics arterial
thrombosis is to generate high shear stresses in the blood
similar to those present in an arterial stenosis.6 While shear
stress is the force that causes vWF to elongate, shear rate is
widely used with the assumption of an average blood
viscosity of 3.5 cP for all modeling, appropriate for simple
geometries, like with circular cross section.30 Shear rates
around an atherosclerotic plaque can span multiple orders of
magnitude from ∼1000 s−1 to ∼100 000 s−1. However, clot
growth occurs fastest in the range of 10 000 to 30 000 s−1, so
the shear rate through the entire test section was designed to
stay within this range.31 Unlike the microfluidic device
previously used by the lab, the POC test section does not have
a constriction to limit growth to a certain location. Our prior
work in a variety of microfluidic dimensions found the
primacy of shear rate magnitude over shear rate gradients.32

With the current design, flow is driven using a constant
pressure system. This was chosen based on a review of
current platelet function tests and research microfluidics. In
these systems, devices that drive flow using a constant flow
system have a difficult time forming large occlusive, stable
clots. As a clot forms, pressures on the clot can increase to
unphysiologically high levels and cause the clot to blow out.
The embolization is a stochastic, noisy process and impedes
the formation of an occlusive clot. In contrast, with a
constant pressure system as the clot forms and resistance
increases in the POC device, the flow rate decreases. To
ensure consistent pressures, a vacuum pump was used and
pressure measurements were taken during tests where water
and blood were drawn through the test section of the device.

When forming clots in the 200 μm diameter glass tube, it
was observed that while platelet aggregation occurs
throughout the length of the tube, the occlusive clot is
typically in the first 1 mm section at the entrance of the tube.
The system can therefore be simplified into a model with two
fluid resistors in series where one is variable (representing
the occlusive portion of the test section) and the other is
fixed (representing the remainder of the test section). As the
resistance of the variable resistor increases, the total
resistance of the system also increases, though at a slower
rate. This results in a rise in shear rate within the variable
resistance section. The magnitude of this increase depends
on the ratio of the variable resistance to the fixed resistance.
To investigate this behavior, a previously described
computational model of arterial thrombosis was adapted to
simulate a constant pressure system with two resistors in
series.14 The model numerically calculates thrombus
evolution assuming uniform growth. Briefly, the model
calculates the shear through a circular test section, estimates
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the thrombus growth rate from an equation fit to empirical
data, and updates the geometry at each 0.1 ms time step. At
each time step the model can provide the current wall shear
rate, flow rate and thrombus height.

Choosing an assay end point

The research assay that forms the basis of the novel POC
device has an intra-assay variability of ∼10%. To improve
intra-assay variability, outcomes from multiple test sections
can be averaged. To determine how many test sections to
include in a single cartridge, a variability analysis was run.
Accordingly, a Monte-Carlo simulation was performed to
estimate the impact of the number of test sections on
cartridge variability.

Choice of endpoint plays a large role in intra-assay
variability. In the microfluidic assay, mass flow rates through
the stenotic sections were determined using mass balances.
This mass measurement is a noisy endpoint and impractical
for the flow rates used in the novel POC cartridge. Instead, a
new endpoint was developed, called end volume (EV). EV is
defined as the total amount of blood which passes through
the test section prior to occlusion. Unlike mass flow rates,
measuring EV does not require constant monitoring; a test
can be started and then read any time after flow has ceased.
Additionally, by providing markings on the transparent
cartridge, EV can be simply read off by the user. To validate
that EV is a good proxy for occlusion time, data from the
microfluidic assay was used to calculate the fit between the
two.33

Experimental methods
Device construction

The device was constructed from four test sections (straight
glass capillary tubes (Accu-Glass), collagen coated (Chrono-
log)), a 3D printed cartridge that collects the blood passed
through the test sections and connects the test sections to
the vacuum pump (Elegoo Mars, Clear Elegoo Resin), and a
custom-built, reusable vacuum pump. Test sections were
assessed both individually and as part of a final cartridge.

Capillary diameter measurements

Diameter of glass capillary tubes was measured using a
dissecting microscope (Zeiss STEMI 2000-C), a microscope
stage micrometer and ImageJ. After taking images down the
lumen of 25 capillary tubes, ImageJ was used to determine
the diameter of a circle which best approximated the
dimensions of the capillary tube lumen.

Device vacuum measurements

Vacuum strength of the point of care device was measured
using a built-in pressure sensor (BMP180). After turning the
POC device on, pressure measurements were recorded as the
desired vacuum was created. The test cartridge was kept out
of the solution for roughly 30 seconds to determine vacuum

stability in air, then it was placed in either blood or a 40%
glycerol solution for at least 90 seconds.

Blood draw and handling

Blood was drawn from healthy adult volunteers using
standard venipuncture techniques under a Georgia Institute
of Technology Institutional Review Board (IRB) approved
protocol (H17315). All experiments were performed in
accordance with the guidelines of the Georgia Institute of
Technology IRB and experiments were approved by the IRB at
Georgia Institute of Technology. Informed consent was
obtained from all human participants of this study. Using a
¾″ 21G needle (BD), blood was slowly drawn into a 50 mL
syringe containing 3.5 IU mL−1 sodium heparin (Fisher
Bioreagents).32 Additional blood was collected into a separate
2 mL vacutainer containing EDTA (BD) for running the
complete blood count (CBC). All experiments were performed
within 4 h of the blood draw.

Antiplatelet effects

Up to 16 individual test sections were tested simultaneously
using tubing to connect the test sections to a single vacuum
pump. Four test sections were placed in a single 15 mL conical
vial containing 10 mL of blood. Five conditions were tested to
measure the spread of endpoints in the healthy population and
determine the assay's sensitivity to antiplatelet therapies known
to reduce MACE. For each of 10 individuals, 12 test sections
were run on untreated whole blood. For antiplatelet treatments,
acetyl-salicylic acid (ASA) and 2-methylthioadenosine 5′-
monophosphate triethylammonium salt hydrate (2MeSAMP)
were used to model aspirin and clopidogrel, while eptifibatide
was used as a positive control. All antiplatelet drugs were
sourced from Fisher Scientific. Antiplatelet drugs were added
through the addition of 0.1 mL of concentrated solution to 9.9
mL of whole blood to achieve a final concentration of 0.02 mg
mL−1 ASA, 50 μM 2MeSAMP or 2 μM eptifibatide. 2MeSAMP
and eptifibatide concentrations were chosen based on previous
literature and the ASA concentration was chosen to mimic a
realistic clinical dose.34,35 All antiplatelet treatments were
allowed to incubate in the blood for 40 minutes, a time based
on the reaction half-life of ASA in blood. Additionally, to
account for any effects of dilution or the time from the blood
draw to testing, a 10 mL sample of whole blood diluted with 0.1
mL PBS was run at the same time as all antiplatelet treatments.
The total volume of blood drawn through the test section prior
to occlusion was defined as the End Volume. Test sections that
did not occlude with >1.6 mL of blood were stopped.

Comparison with PFA-100

For comparison with the PFA-100 (Siemens Healthcare),
control novel POC test sections were run on the setup
described above. The collagen/ADP and collagen/epinephrine
PFA-100 assays (Siemens Healthcare) were performed per
manufacturer instructions. Each assay was repeated until 2
measurements were taken for each type of assay. The
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comparison study was run using a sample of 6 human
subjects.

Statistics

Statistical analyses were performed to assess differences in
end volume (EV) measurements, evaluate correlations
between the novel POC device and PFA-100, and analyze the
impact of antiplatelet agents. The control population's EV
distribution was assessed for skewness using the Fisher–
Pearson coefficient to evaluate deviations from normality.
Because of the skewed distribution of the control population,
comparisons of mean EV values between the control and
antiplatelet conditions were conducted using a non-
parametric Wilcoxon test, with a Bonferroni correction. When
comparing untreated controls and antiplatelet agents,
normalized EV values were also used to account for inter-
individual variability.

Linear correlation analysis was used to evaluate the
relationship between EV measurements obtained from the
novel POC device and PFA-100 assays, with r2 values
reported.

Statistical significance was set at p < 0.0125 for all
analyses, and variability between assays was expressed as
coefficients of variation.

Design results
Test section geometry

To ensure that 90% of platelet interactions within the formed
thrombus are platelet–platelet interactions (Pc of 0.9), the test
section diameter should be at least 78 μm (Fig. 2A). From
computational modeling it was determined that a test section
with a diameter of 228 μm is expected to require 1.0 mL of
blood to form an occlusive clot. The combination of these
two limits provides a relatively narrow window of ideal
diameters for a test section forming large, occlusive, stable
thrombi: from 78–228 μm (Fig. 2A).

Capillary tubes with a diameter of 200 μm were chosen to
be used in the POC test section. The capillary tubes were
made of glass, known to absorb collagen and create a surface
that promotes vWF attachment and arterial thrombosis.36,37

The diameters of the capillary tubes was verified to be within
199.5 and 202.5 μm using optical measurements with an
average of 200.90 ± 0.61 μm (Fig. 2B).

Pressure system

The vacuum device was observed to reach and maintain a
vacuum pressure of ∼−70 hPa (−52 mmHg) within 10 seconds
and maintain vacuum pressure when either air, glycerol or
blood was drawn through the test section (Fig. 3A).

Test section length

In a 2.0 cm long test section where the occlusive clot forms
in the first 1 mm, shear rates in the clotting section can
reach 5× their initial value, outside of the ideal range of

10 000 to 30 000 s−1. Previous work suggests a minimum test
length of 100 μm is necessary for SIPA.15 Using the clot
growth model described above, the peak in shear rates
observed in a constant pressure system are reduced when the
total length of the glass test section is shortened (Fig. 3B).
Therefore, tubes were cut to a length of 0.7 cm to keep shear
rates between 10 000–30 000 s−1.

Assay endpoint

From a Monte-Carlo simulation, a significant decrease in
intra-assay variability is seen by incorporating 4 test sections,
but there are diminishing improvements in intra-assay
variability after adding more than 4 sections (Fig. 4A). Since
blood volume scales linearly with the number of test sections,
the cartridge was designed to incorporate 4 test sections.

When graphing occlusion time (OT) vs. end volume (EV),
the r2 value for the correlation is 88.3%, indicated a strong
correlation between EV and OT (Fig. 4B). This justifies
moving forward with using End Volume as an endpoint for
arterial thrombosis.

Fig. 2 Geometric constraints for cylindrical occluding test sections. A:
Creation of bulk thrombi (>90% platelet–platelet interactions, solid
line) with <1 mL of blood (total blood used, dashed line) constrains the
potential diameters of the test section to a narrow window, 78–228
μm. B: Manufactured glass capillary tubes have a tight range of inner
diameters which fits within the defined window of acceptable
diameters.
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Experimental results
Control population

Normal values for individual test section end volumes (EV)
ranged from 0 to 1.8 mL (N = 120) with a median value of
0.54 mL and an IQR of 0.29 mL. The distribution skewed
towards higher values with a Fisher–Pearson coefficient of
skewness of 1.399. Because of these high values, the
population could be modelled as a mix of two binomial
distributions, one with a mean of 0.48 mL, a standard
deviation of 0.12 mL and a probability of 0.62 and another
with a mean of 0.92, a standard deviation of 0.39 and a
probability of 0.38 (Fig. 5). Despite the wide range of normal
values, none of the individuals tested reported having known
bleeding or clotting problems.

Comparison with PFA-100

To verify that the novel point-of-care device provides a unique
measurement compared to existing platelet function tests,
results of PFA-100 cartridges were compared to results of the
novel assay. For 6 donors, 12× novel POC test sections, 2×
PFA-100 collagen/ADP cartridge (Col/ADP) and 2× PFA-100
collagen/epinephrine (Col/Epi) tests were performed. Average
and standard deviations of the tests are then compared. For
both Col/ADP and Col/Epi, r2 values were less than 0.15,
indicating that there is no strong correlation between the
PFA-100 values and the novel POC device (Fig. 6). The average
PFA-100 variability was 11% and 15% for the Col/ADP
(Fig. 6A) and Col/Epi cartridges respectively (Fig. 6B),
whereas, the novel POC variability was 13%.

Fig. 3 Achieving proper shear rate. A: Pressure dynamics during vacuum creation, with region A showing the time required to achieve a −70 hPa
vacuum, region B showing pressure variability when the test section is in air, and region C displaying pressure measurements when the test
section is filled with liquid. Measurements with blood (blue trace) and a 40% glycerol solution (orange trace) confirm acceptable levels of pressure
variability. B Using computational modelling to predict shear rate evolution in a glass tube with a 1 mm section where the occlusive clot forms. By
shortening test sections, the peak in shear rates (and associated shear stresses) on the forming clot is reduced because the increase in resistance
from clotting has a higher effect on the total resistance of the system. The legend represents the total length of the circular test section.
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Antiplatelet effects

The point-of-care device can detect changes in high-shear
platelet aggregation. Changes in end volume (EV) after dosing
the blood with ASA, 2MeSAMP and eptifibatide were measured.
ASA and 2MeSAMP were chosen to mimic the effects of
common antiplatelet drugs aspirin and clopidigrel, respectively.
Following treatment with ASA, average end volumes increased
36% from 0.651 mL to 0.888 mL (p < 0.0001). With 2MeSAMP
the average end volume was 52% higher than the control at
0.987 mL (Fig. 7A, p < 0.0001). The majority of tests run with
eptifibatide did not occlude during the experiment, using the
entire 8 mL of blood (p < 0.0001). To separate out the effect of
antiplatelets on each patient, EVs for ASA and 2MeSAMP for
each patient were normalized by their control average EV. ASA
led to a 57% increase in end volume and 2MeSAMP led to a
65% increase in EV (Fig. 7B, p < 0.0001).

Discussion

A new point-of-care assay for occlusive thrombosis was
designed to recreate the arterial thrombosis triad of a high
shear condition, a thrombotic surface, and presence of
platelets and vWF. A test section with a radius between 78–
228 μm and a length between 100 μm and 1 cm formed large,
stable clots on fibrillar collagen without the need for
biological agonists. The constant pressure system provided
well-defined initial shear rates ranging from 10 000–30 000
s−1 and the novel endpoint of end volume (EV) was shown to
be intuitive and robust. The assay was shown to detect
variations in a healthy population, as indicated by the
bimodal distribution, and may correspond to sub-
pathological populations. This separation of populations may
allow clinicians to identify high-risk individuals prior to a
primary event. Additionally, significant increases in EV with

Fig. 4 Generating a consistent end point. A: Given the initial assessment of 10% variability within individual test sections, including 4 test sections
significantly reduces inter-assay variability. B: Using data from the research microfluidic chip, a high correlation between occlusion time and end
volume measurements is observed (y = 379.6x + 12, r2 = 0.883, n = 83).
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ASA and 2MeSAMP and the inability of clots to form with
eptifibatide shows that the assay was sensitive to antiplatelet
use. The clinical information provided by the POC is different
from the PFA-100, with a lack of correlation between PFA-100
and EV measurements (r2 < 0.15).

Potential clinical uses

Since thrombosis plays a critical role in thrombosis and
bleeding, multiple populations are expected to benefit from
the novel POC test. One potential use case is in determining
an individual's response to antiplatelet therapy. As in the
experiment above, a patient's blood could be dosed with
antiplatelets such as aspirin and 2MeSAMP to determine the
appropriate dose for each patient. This could identify
patients who respond to ASA or Plavix. Non-responders could
then avoid these treatments and not expose themselves to
the risks of major bleeding. The novel POC device could be
used to predict the risk of secondary MACE after a primary
event. The assay could stratify patients into different risk

levels and identify a subpopulation that require additional
antiplatelet/anti-vWF therapies to reduce the risk of MACE.
Other patients with increased risk of thrombosis, such as
patients with peripheral arterial disease or AV fistulas may
benefit from similar testing.

Another population that could benefit from screening with
the novel device is trauma patients. Arterial bleeding involves
high shear rates and untreated hemostatic clots likely form
through a hemodynamic process similar to arterial
thrombosis.11 Trauma patients often have platelet dysfunctions
leading to bleeding pathologies.38 Using the assay to determine
whether a platelet dysfunction exists and in coordination with
coagulation assays, may help guide physicians on which blood
products (platelets, cryoprecipitate) to give patients. This
population may also have significantly altered blood due to
resuscitation fluids and testing the sensitivity of the novel assay
to blood dilution would be important for a future study.

The novel assay is different from other commercially
available platelet assays. It has previously been shown that
platelet-rich thrombi aggregate by elongated vWF under high
shear conditions at a very high rate of growth that correlates
with clinical thrombosis.39 As noted above, this study's results
do not correlate with the PFA-100 and this is likely due to both
differing geometries and the absence of chemical agonists in
the novel POC. The assay was designed to avoid issues with
previous platelet function assays by avoiding chemical
activation, ensuring high shear conditions, and designing test
section geometry to model large, stable, occlusive clots.

Limitations

This initial study in a control population highlights that a
healthy population can include people with a wide range of
thrombotic tendencies, likely due to variations in vWF. While
a small sample from a healthy population is appropriate for
a proof-of-concept study, future studies are necessary to
investigate typical EV values for diverse and pathological
populations. The normal population naturally exhibits a wide
spread of values for collagen LTA and vWF:Ag, both with a
population coefficient of variation (CV) of ∼40%.40,41 The
large population CV measured with the novel assay may lead
to a large overlap between healthy and pathological ranges,

Fig. 5 Control end volume distribution. Distribution of the control
endpoints is bimodal, with the bulk of individuals having an average EV
of 0.48 mL. Some individuals presented with higher end volumes,
roughly twice as high with an average of 0.92 mL.

Fig. 6 Comparison with PFA-100. A: Col/ADP measurements and novel POC EV measurements are not correlated, r2 = 0.06. B: Col/EPI
measurements and novel POC EV measurements are not correlated, r2 = 0.14.
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and make defining a “good” cutoff value for the endpoint of EV
difficult. This would decrease the sensitive and specificity of
the assay. However, large effects on thrombus formation are
still distinguishable. For example, one could interpret that
trauma patients with EV values below 1.2 mL maintain
functioning platelets that can protect against traumatic
hemorrhage while large high EV would suggest that
uncontrolled bleeding despite normal PT and PTT values, may
be from poor platelet aggregation. Another use may be to titrate
anti-platelet therapies to an EV level of >2 mL. Patients with
naturally occurring EV values greater than 1.2 mL may not
benefit from additional anti-platelet therapy given the
attendant risk of major bleeding. Additionally, when measuring
the effect of antiplatelet drugs, normalizing to an untreated
control from the same patient could address the variability in
normal population endpoints. Clinical trials for each of these
populations are the next steps towards proving the usefulness
of the novel POC. Future studies may also incorporate
additional clinical characteristics such as vWF:Ag levels, history
of thrombotic events, and age into a combined thrombosis
score to stratify patients and improve cutoff thresholds. Finally,
we note that the comparator used in this study, the PFA-100, is
not used at the point-of-care. Thus, in the future, it will be
useful to compare the performance of the technique
introduced here with commercially available tools that are used
at the POC, like VerifyNow or TEG.

Conclusion

This paper documents the transformation of a complex
research laboratory microfluidic test into a simple POC assay
that could be used in a clinical setting. The test section,
method of driving flow, and the measured endpoint were all
redesigned to become a scalable POC test. By basing the
novel assay on the triad for SIPA formation, arterial thrombi
were formed without the need for exogenous chemical
activation. Choosing a properly-sized test section ensured
that the resulting clot is representative of larger clots while
minimizing blood volume requirements. A constant pressure

system and a short test section reduced end point variation.
The resulting assay provides a new measurement of SIPA
thrombosis potential from whole blood in minutes. This
system was validated by characterizing thrombogenicity in a
healthy population, without and with antiplatelet treatment.
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