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Abstract

Intravascular blood clots form in an environment in which hydrodynamic
forces dominate and in which fluid-mediated transport is the primary means
of moving material. The clotting system has evolved to exploit fluid dynamic
mechanisms and to overcome fluid dynamic challenges to ensure that clots
that preserve vascular integrity can form over the wide range of flow con-
ditions found in the circulation. Fluid-mediated interactions between the
many large deformable red blood cells and the few small rigid platelets lead
to high platelet concentrations near vessel walls where platelets contribute
to clotting. Receptor-ligand pairs with diverse kinetic and mechanical char-
acteristics work synergistically to arrest rapidly flowing cells on an injured
vessel. Variations in hydrodynamic stresses switch on and off the function of
key clotting polymers. Protein transport to, from, and within a developing
clot determines whether and how fast it grows. We review ongoing experi-
mental and modeling research to understand these and related phenomena.
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Platelet: a small
discoidal blood cell
that plays a central
role in clot formation

RBC: red blood cell

Endothelial cell
(EC): a cell that lines
blood vessels

Subendothelial (SE):
pertaining to the
extracellular matrix
material and cells
below the endothelial
cell layer

Coagulation:
a tightly regulated
system of enzyme
reactions that produces
the enzyme thrombin

Platelet agonists:
molecules, including
collagen, ADP, and
thrombin, that can
trigger platelet
activation

Fibrin: a protein
produced from
fibrinogen by
thrombin that
polymerizes into a
fibrous gel

Thrombus: a clot in a
blood vessel that is
made of platelets,
fibrin, and varying
numbers of red and
white blood cells from
platelets and fibrin

1. INTRODUCTION

Blood flows under pressure through the human vasculature. The pressure difference across the
vascular wall means that a hole in the vessel wall can lead to rapid and extensive loss of blood.
The hemostatic (blood clotting) system has evolved to seal a vascular injury quickly and mini-
mize hemorrhage. The components of this system, so important to its ability to respond rapidly
and robustly to overt injury, are implicated in the pathological processes of arterial and venous
thrombosis that cause extensive death and morbidity.

Platelets are anuclear blood cells that have a discoid shape when circulating in their unactivated
state. They have a diameter of approximately 2 μm, thickness of 0.5 μm, and a number density of
150,000–400,000 μl−1. They are smaller and less numerous than the red blood cells (RBCs) that
make up approximately 35–50% of the blood’s volume, so individual platelets have a negligible
effect on blood rheology (Turitto & Goldsmith 1996). Blood vessels are lined with endothelial
cells (ECs). As the platelets circulate, they constantly monitor the integrity of the EC layer. If
it is disrupted, then exposure of the blood to the subendothelial (SE) matrix and extravascular
cells initiates the intertwined processes of platelet deposition and coagulation. When a platelet
contacts the SE matrix, it adheres by bonds formed between receptors on the platelet’s surface and
molecules in the SE matrix (Figure 1a). These bonds also trigger a suite of responses known as
platelet activation, which includes the mobilization of additional families of binding receptors on
the platelet’s surface and the release of chemical agonists into the blood plasma. These agonists
induce the activation of other platelets that do not directly contact the SE matrix. By means of
molecular bonds that bridge the gap between newly mobilized binding receptors on two platelets’
surfaces, platelets can cohere to one another. As a result of these processes, platelets deposit on
the injured tissue, forming a platelet plug or aggregate ( Jackson 2007, Ruggeri 2009).

Exposure of the SE matrix also triggers coagulation (Figure 1b), which we view as consisting
of two subprocesses. One involves a network of tightly regulated enzymatic reactions that begins
with reactions on the damaged vessel wall and continues with reactions on the surfaces of activated
platelets (Hoffman & Monroe 2001, Jesty & Nemerson 1995, Mann et al. 1990). The network’s
end product is the enzyme thrombin, which activates platelets and creates fibrin monomers that
polymerize into a fibrous gel that stabilizes the clot. This polymerization process is the second
subprocess of coagulation (Weisel 2005).

Many of these same processes occur when an atherosclerotic plaque ruptures in an artery and
then produces a thrombus that quickly grows to occlude the vessel, thus triggering a heart attack.
In venous thrombosis, thrombi consisting largely of fibrin and trapped RBCs, along with some
platelets, can slowly grow to reach lengths of several centimeters. What initiates venous thrombosis
is unclear but may involve a combination of sluggish flow behind venous valves and hypoxic or
inflammatory stimulus of ECs that triggers coagulation and causes them to eject proteins that
entrap platelets and leukocytes (Mackman 2012).

Platelet deposition and coagulation occur in the presence of moving blood and are strongly
affected by fluid dynamics in ways that are only partially understood. One indication of flow’s
influence is that clots that form in veins, where blood flow is slow, are made mainly of fibrin gel
(and trapped RBCs), whereas clots that form in arteries, where blood flow is fast, are made mainly
of platelets. Elucidating the mechanisms by which fluid dynamics influences clot formation and
stability is the aim of a growing level of experimental activity using, for example, microfluidic
chambers, and of theoretical modeling and simulation using the tools of computational fluid
dynamics. These studies, what has been learned from them, and what remains to be understood
are the subjects of this review.
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Figure 1
Platelet aggregation and coagulation schematics. (a) Platelet adhesion receptors and their ligands. Each platelet’s surface bears
≈25,000 GPIb receptors that bind to surface-bound von Willebrand factor (vWF), ≈50,000 integrin αIIbβ3 receptors that bind to
fibrinogen and vWF, ≈4,000 GPVI receptors and 1,000–4,000 integrin α2β1 receptors that bind to several types of collagen. The
integrins must be activated to form strong long-lived bonds. Collagen is a major constituent of the subendothelial (SE) matrix;
fibrinogen is an abundant plasma protein; and vWF is adsorbed to SE collagen, circulates in plasma, and is secreted by endothelial cells
(ECs). (b) Schematic illustration of coagulation reactions. Most coagulation proteins are named using Roman numerals [e.g., factor IX
(FIX)] and exist in an inactive (FVIII) and active form (FVIIIa). FIIa (also known as thrombin), FVIIa, FIXa, FXa, and FXIa are
enzymes; their inactive precursors are called zymogens. FVa and FVIIIa are cofactors for the enzymes FXa and FIXa, respectively, and
must be activated from their precursors FV and FVIII. Tissue factor (TF) is a cofactor for FVIIa. The coagulation enzyme-cofactor
complexes form on SE and platelet surfaces and have enzymatic efficiencies 105–106-fold those of the enzymes alone. The activation of
a coagulation protein is by proteolysis (i.e., cutting) of the precursor by another enzyme. Thrombomodulin (TM) on ECs is a cofactor
for thrombin in producing the inhibitor activated protein C (APC). Other major inhibitors are antithrombin (AT) and tissue factor
pathway inhibitor (TFPI). Surface-bound enzyme complexes TF:VIIa, VIIIa:IXa, Va:Xa, and TM:IIa and other surface-bound species
are shown in boxes. Also shown are cell or chemical activation ( purple lines), movement in fluid or along a surface (dark blue lines),
enzyme action in a forward direction (solid gray lines), the feedback action of enzymes (dashed gray lines), binding to or unbinding from
surface (light blue double-headed arrows), and chemical inhibitors (red circles).

Margination: the
propensity of certain
cells or particles to
collect near the walls
of a blood vessel under
flow

2. PLATELET MARGINATION IN FLOWING BLOOD

Blood is a dense suspension consisting of RBCs, leukocytes (white blood cells), and platelets
in a protein-rich fluid called plasma. RBCs are biconcave with a long axis of ≈8.5 μm and are
significantly more deformable than are the smaller ellipsoidal platelets and spherical leukocytes
(≈10 μm). The rheology of blood is dominated by RBCs because they are by far the most numerous
blood cells, with a volume fraction (also known as hematocrit) of 0.35–0.5 in humans. The extensive
studies of blood’s rheology are reviewed in Chien (1987) and Popel & Johnson (2005). Here, we
focus on a process called margination by which platelets are concentrated near the vessel wall
in flowing blood. Margination has an important physiological function in that platelets need to
respond quickly to events on the vessel wall (e.g., injury). Leukocytes also marginate, but we discuss
only platelets as they are the primary blood cell involved in clot formation.
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von Willebrand
factor (vWF): a large
multimeric protein
that plays a central
role in platelet
adhesion and
aggregation, especially
under high shear rates

Shear-induced
diffusion (SID):
apparent random
motion of particles in
flowing suspensions
caused by collisions
and other
hydrodynamic
interactions

2.1. Experimental Observations of Platelet Margination

In vivo observations show that flowing blood segregates into an RBC-rich core and an RBC-
depleted near-wall region where platelets are concentrated. Intravital microscopy in the arteri-
oles (d = 15–35 μm) of rabbits shows that platelet-sized spheres and platelets are concentrated
in the RBC-depleted region at approximately twofold higher concentration than at the center
line (Tangelder et al. 1982, 1985). Platelet concentrations near the wall are higher in arterioles
than in venules, suggesting that higher shear rates lead to greater margination (Woldhuis et al.
1992).

Platelet margination enhances platelet accumulation at an injury site. Accumulation on
collagen-rich SE matrix is 57-fold higher in whole blood than in a suspension of platelets alone
and increases with increasing hematocrit (Turitto & Baumgartner 1975b, Turitto & Weiss 1980).
Platelet adhesion to immobilized von Willebrand factor (vWF) also increases with hematocrit
(0.2–0.6) for shear rates 1,000–10,000 s−1 (Chen et al. 2013).

The degree of margination of platelets and platelet-sized particles depends on the hematocrit
and shear rate. Latex beads (2.4 μm) marginate at hematocrits of 0.15–0.45 and wall shear rates
of >430 s−1 in 50- and 100-μm tubes (Tilles & Eckstein 1987). Platelets do not marginate at
hematocrits of <0.10. There is fivefold higher concentration of beads in the 5–8-μm near-wall
region compared to the core. The peak platelet concentration occurs a few micrometers off the
wall (Figure 2a). Platelet margination depends more strongly on the hematocrit than on the
shear rate (Aarts et al. 1988, Zhao et al. 2007). A near-wall excess of platelets exists for steady and
pulsatile flow in 3-mm tubes at a hematocrit of ≈0.5 (Xu & Wootton 2004).

Particles must exceed a certain size to marginate. Submicrometer particles marginate little in
RBC suspensions at physiological shear rates, whereas 2–5-μm particles demonstrate significant
margination (Charoenphol et al. 2010, Eckstein et al. 1988). Elliptical microparticles marginate
more and are more likely to adhere to ECs than are spherical particles with equivalent diameters
(Thompson et al. 2013). The enhanced adhesion of elliptical particles likely results from an
increased contact area and reduced drag force compared to a sphere (Doshi et al. 2012, Watts
et al. 2013).

Blood rheology and platelet margination are functions of RBC deformability. Experiments
with fixed RBCs lead to reduced margination that is shear-rate independent (Eckstein et al. 1988).
Increasing the viscosity of the suspending fluid from 1.2 to 3.9 cP, and thus increasing the stress
on RBCs for a given shear rate, leads to platelet margination at lower shear rates (210 s−1).

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 2
Red blood cell (RBC-)induced platelet margination and motion of platelets near wall-bound thrombi. (a) Plots of platelet lumenal
position versus time during two-dimensional whole blood flow simulation showing margination in a 50-μm-wide channel at 1,100 s−1

and a hematocrit of 0.4. Panel a reproduced with permission from Crowl & Fogelson (2011). (b) Position-dependent mechanisms of
platelet motion in flowing whole blood. Distance is measured from the vessel midline. (c) Snapshots in time of RBC and platelet
positions and corresponding histograms of platelet lumenal location during a three-dimensional simulation of blood flow in a 34-μm
channel at a shear rate of ≈1,000 s−1 and a hematocrit of 0.2. Distance from the bottom wall is measured in units of nominal RBC
radius, 2.3 μm. Panel c adapted with permission from Zhao et al. (2012). (d ) Sequence of snapshots of the movement of a platelet
around a solid thrombus in a three-dimensional simulation of whole blood flow in a 7.5-μm-radius tube at a shear rate of ≈600 s−1 and
a hematocrit of 0.1. Circles show evidence of RBC-induced platelet-thrombus interaction. Panel d adapted with permission from Wang
et al. (2013a). (e) Superimposed snapshots (3 ms apart) of a platelet moving over a porous thrombus from a two-dimensional simulation
of whole blood flow in a 50-μm-wide channel at a shear rate of 1,100 s−1 and a hematocrit of 0.4. (RBCs not shown.) Platelet motions
from three different near-wall starting locations are shown. Panel e modified with permission from Skorczewski et al. (2013).
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2.2. Models of Platelet Transport and Margination

The mechanism of platelet margination is still controversial, but several hydrodynamic forces
are likely at play. The antimargination of RBCs in small vessels (10–500 μm), also called the
Fåhræus-Lindqvist effect, leads to reduced hematocrit and apparent viscosity (Pries et al. 1992).
The thickness of the RBC depletion layer is determined by a lift force that pushes RBCs away from
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the wall, balanced by hydrodynamic collisions that push them toward the wall. A coarse-grained
model of RBC hydrodynamics in a Couette flow suggests that the thickness δ of the depletion
zone scales as δ ∼ HCT−1/2, where HCT is the hematocrit (Narsimhan et al. 2013). The lift
force is caused by disturbances in the local velocity by the deforming, and thus asymmetrical,
RBCs (Smart & Leighton 1991). Counteracting the lift force is shear-induced diffusion (SID),
which describes the random motion of particles in a flowing suspension due to collisions with
other particles (Eckstein et al. 1977, Leighton & Acrivos 1987, Phillips et al. 1992). The term
collisions refers to flow-induced stresses and lubrication forces between particles and not rigid
body collisions. The collisions are caused by gradients in particle density and suspending fluid
viscosity that lead to the motion of particles in the flow direction and perpendicular to it.

Early experiments found that 2-μm tracer particles in RBC suspensions have a random-walk-
like motion at low shear rates (<30 s−1) (Goldsmith 1971). These observations suggest a diffusive
flux model for lateral platelet transport:

J = −Deff∇φ, (1)

where J is the flux; Deff the effective platelet diffusion coefficient; and φ the volume fraction of
cells, which is essentially the hematocrit for whole blood. The diffusion coefficient of a platelet-
sized particle estimated from the Stokes-Einstein equation is O(10−9) cm2/s, whereas the platelet
diffusivity estimated from solute transport models of platelet adhesion is O(10−7) cm2/s (Grabowski
et al. 1972, Turitto et al. 1972). This indicates that Brownian motion can be neglected and that
platelets’ motion in flowing blood results from their interaction with RBCs or the perturbation of
the suspending fluid by RBC motion.

A constant diffusion coefficient does not yield a net movement of platelets toward the wall
and thus cannot explain their nonuniform distribution. Therefore, either a nonconstant diffusion
coefficient or a bias must be added to explain these observations. Relationships from SID the-
ory give nonconstant diffusion coefficients that are functions of the hematocrit and shear rate:
Deff = γ R2 f (φ), where γ is the shear rate, R is the particle radius, and f (φ) is a function of
the particle volume fraction φ. For a suspension of rigid spheres, Deff scales as φ2 (Leighton &
Acrivos 1987). For suspensions of deformable particles, including RBCs, maximal SID occurs at
φ ∼ 0.55 (Zydney & Colton 1988) and decreases as φ approaches 1 owing to particle crowding.
Alternatively, empirical power-law expressions have been derived for Deff that are functions of the
shear rate and hematocrit (Aarts et al. 1986, Turitto & Baumgartner 1975a).

A drift-diffusion model accounts for bias in platelet motion toward the wall (Eckstein &
Belgacem 1991):

J = −vc − Deff∇c , (2)

where v = (0, 0, vz) is the platelet drift velocity, and c is the platelet concentration. The spatially
varying drift velocity was first estimated from experimental data (Yeh et al. 1994). Arguments
based on the interaction of a platelet with a rotating RBC suggest that

vz(z) = −γRr
d
d z

φ, (3)

where R and r are the effective radii of an RBC and platelet, respectively, and z is the spatial coor-
dinate in the direction perpendicular to the walls (Chen et al. 2013). The derivative of φ represents
the RBC collision gradient, which is highest near the depletion layer. Using this expression in a
stochastic differential form of a biased random walk gave platelet distributions in good agreement
with experiments and direct lattice Boltzmann simulations.
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2.3. Direct Cell Simulations of Platelet Margination

In the past decade, direct simulations of flowing blood cell suspensions have become possible. A
recent review article provides details on simulation methods and challenges (Freund 2013). These
simulations provide insight into the physical mechanisms that drive platelet margination at the
cell scale.

A two-dimensional lattice Boltzmann immersed boundary method examined the contribution
of the antimargination of RBCs, volume exclusion, and the timescales associated with the drift-
diffusion process. Crowl & Fogelson (2011) considered pressure-driven flow in a 50-μm channel
for shear rates of 400 and 1,100 s−1 and hematocrits of 0.2 and 0.4. In a simulation that would be vir-
tually impossible in a laboratory experiment, they found that the timescale of platelet margination
was independent of the initial RBC distribution (uniform versus antimarginated). This suggests
that platelet margination is not caused by the antimargination of RBCs during the development
of the RBC-depletion layer. However, the volume excluded by densely packed RBCs in the core
does contribute to marginating platelets, although it does not give the experimentally measured
dip in platelet concentration between the depletion layer and the vessel core. To estimate diffu-
sion coefficients and the drift velocity, the authors compared results from direct cell simulations
to those from simulations with a stochastic form of the flux in Equation 2. A novel finding was
that a nonconstant diffusion coefficient was necessary to match the platelet fluctuations in the
core. Diffusive motion is fastest at the midline and diminishes sharply as platelets approach the
depletion layer. The drift mechanism is necessary to eject platelets into that layer (Figure 2b)
and to recover the platelet distribution over the timescale observed in direct cell simulations. The
orientation and tank-treading motion of RBCs adjacent to the depletion layer may be the source
of the drift mechanism.

A three-dimensional model of platelet margination using a Stokes flow boundary-integral
method considered simple shear flow and channel flow in a 34-μm channel to investigate platelet
margination (Figure 2c) as a function of the RBC capillary number (Ca) (Zhao et al. 2012),
defined as Ca = μγ R/E, where μ is the plasma viscosity, γ the shear rate, R the RBC radius,
and E the membrane shear modulus. In simple shear flow, platelet diffusion scales linearly with
the shear rate for Ca > 1 (γ > 2,000 s−1), as expected from SID theory. However, at lower Ca,
there is a nonmonotonic dependence on the shear rate owing to increased fluctuations in RBC
shape and orientation compared to the aligned, prolate ellipsoid RBC shape at high Ca. A similar
dependence on Ca is found in channel flow, except there is a gradient in the hematocrit that
yields a nonconstant diffusion coefficient in the core. There is a peak in the lateral platelet motion
near the edge of the RBC depletion layer, in agreement with the findings of Crowl & Fogelson
(2011). The diffusion coefficients estimated from three-dimensional simulations are an order of
magnitude smaller than those from two-dimensional ones, but otherwise there is good agreement
in the motion of platelet and tracer particles.

Another three-dimensional model used a lattice Boltzmann spectrin-link method to examine
the effect of the hematocrit, the ratio between the internal RBC fluid to external fluid viscosity, and
platelet size and shape in a 41-μm tube (Reasor et al. 2012). As in experiments, platelets marginated
faster and to a greater extent with increasing hematocrit (0.2–0.4). Lower viscosity ratios led to
enhanced margination owing to the faster tank-treading motion of the RBC membrane near
the wall, and rigid RBCs gave no margination because they do not tank tread. Because of their
flipping motion and ability to slide between RBCs, ellipsoids or disks marginated slower and to
a lesser extent than did spheres. However, only spheres and ellipsoids interacted with the vessel
wall, whereas disks tended to position themselves adjacent to RBCs at the edge of the depletion
region.
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ADP: adenosine
diphosphate

Differences in deformability between platelets and RBCs also play a role in platelet margination.
Kumar & Graham (2012) developed a model for binary suspensions of equal-sized particles with
different deformabilities. In simulations at volume fractions of ≤0.2, they found that stiff particles
marginate and floppy particles antimarginate if the stiff particles are dilute, as is the case for platelets
in blood. This particle segregation primarily results from heterogeneous collisions between stiff
and floppy particles.

A clot growing in the vessel lumen may alter the size of the depletion layer and the distribution of
platelets within that layer. Modeling the thrombus as a porous structure predicts that the depletion
layer narrows with increasing porosity (Skorczewski et al. 2013), thus squeezing platelets into the
thrombus (Figure 2e) and possibly increasing the likelihood of platelet aggregation. Even without
interstitial fluid flow through a clot, the presence of a stenosis in a vessel (Figure 2d ) may enhance
platelet deposition (Wang et al. 2013a).

3. SHEAR STRESS–DEPENDENT PLATELET ADHESION
AND AGGREGATION

To carry out their role in hemostasis, platelets near the wall must adhere to the SE matrix exposed
by injury. Platelets adhere primarily to collagen (types I, III, and VI) embedded in the SE matrix
or to vWF molecules adsorbed to the collagen. The platelet surface bears numerous receptors
that form bonds with these and other matrix proteins (Figure 1a), and these bonds slow and then
stop the platelet’s motion on the vessel surface (Broos et al. 2011, Jackson 2007, Kasirer-Friede
et al. 2014, Ruggeri 2009).

Platelet adhesion and aggregation occur over the full range of physiological shear rates (20–
1,800 s−1) and at much higher shear rates (up to 20,000 s−1) that occur under pathological situ-
ations. At venous shear rates (<200 s−1), bonds between glycoprotein VI (GPVI) receptors and
collagen form and trigger the activation of integrin receptors (α2β1 and αIIbβ3) sufficiently fast
that the platelet is brought to rest and firmly adheres to the surface. Bonds between GPIb receptors
and adsorbed vWF may play a role at these shear rates but are not essential. GPIb-vWF bonds
become increasingly important at shear rates found in arteries (>500 s−1) and arterioles (1,000–
1,800 s−1). Thus, a repertoire of receptors and surface-bound ligands, acting synergistically, is
required to achieve adhesion over the range of flow conditions in the circulation. To varying but
not fully characterized extents, the different platelet-surface bonds trigger intraplatelet signal-
ing pathways that promote the platelet’s activation response ( Jackson et al. 2003, Savage et al.
1996).

Platelet activation consists of a number of diverse responses (Li et al. 2010). (a) The platelet’s
cytoskeleton reorganizes to extend pseudopodial appendages that help it spread out on the sur-
face, become more firmly attached, and provide a lower profile that reduces drag force. (b) The
platelet’s α2β1 and αIIbβ3 receptors become activated and mediate firm adhesion and spreading
on the vascular surface. The αIIbβ3 receptors also enable platelet-platelet binding. (c) The lipid
phosphatidylserine becomes exposed on the platelet surface, allowing it to support coagulation
reactions. (d ) The platelet secretes chemicals into the blood plasma. These chemicals provide a
way to activate a platelet without its having to directly contact the injured vessel wall and allow
the activation process to be propagated away from the wall (Andrews & Berndt 2004, Colman &
Walsh 1987). Platelet activation is not an all-or-nothing process; some activation triggers cause
only some of these responses to occur. There is significant evidence that different stimuli [e.g.,
collagen, adenosine diphosphate (ADP), thrombin] can act synergistically to promote a strong
activation response (Chatterjee et al. 2010).
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3.1. Adhesion at High Shear Stresses

Extensive studies have led to the picture that platelet adhesion at high shear stresses is a two-step
process ( Jackson 2007, Ruggeri 2009). First, transient bonds form between GPIb receptors and
vWF. These bonds form rapidly, but also dissociate rapidly, and mediate a slow translocation
of the platelet over the surface. Although often called rolling, it is unclear whether tumbling or
sliding of the discoidal platelets is the dominant form of platelet motion along the surface. Second,
the greatly retarded velocity of a rolling platelet compared to freely flowing platelets gives slower,
but longer-lasting receptor-ligand bonds an opportunity to form and arrest the platelet’s motion.

The local flow influences both bond formation and longevity and so strongly impacts which
receptor-ligand bonds can mediate adhesion. For a platelet whose center is distance ≈1 μm
from the vascular surface in a flow with shear rate γ , the maximum time τ that a receptor and
ligand of characteristic size ≈10 nm will have to react is τ = O(10−2/γ ) s. In an arteriole with
γ ≈ 1,000 s−1, one obtains τ ≈10−5 s. Only if the intrinsic binding rate kon for a receptor-ligand
pair is sufficiently high does it have a significant chance to bind. The longevity of a bond is
impacted by the local flow as the dissociation rate koff of a platelet-surface bond depends on the
tensile force acting on the bond.

For many types of bonds, koff is an increasing function of the force and thus, indirectly, of the
local shear rate. Such a bond is called a slip bond. A catch bond is one for which koff decreases
when the force rises (Thomas et al. 2008). Yago et al. (2008) presented evidence that the GPIb-
vWF bond has both catch and slip behavior (Figure 3b,c). In force spectroscopy experiments
of individual GPIb-VWF bonds, for applied forces below ≈20 pN, the bond lifetime increases
with the force; for applied forces >20 pN, it decreases with force. The minimum koff = 3 s−1 at
20 pN. In accord with these data, a platelet’s rolling velocity on a vWF-coated surface decreases
and becomes more uniform as shear stress increases up to a certain level and becomes faster and
less stable for higher stress. Multiple studies suggest that GPIb-vWF bonds have fast association
and dissociation rates, consistent with their ability to mediate transient adhesion of platelets under
high-shear conditions (Arya et al. 2002b, Doggett et al. 2002, Yago et al. 2008). There is contro-
versy about whether the GPIb-vWF bond is a catch bond and about its intrinsic kinetics (Kim
et al. 2010, Miura et al. 2000).

The catch-bond behavior of the GPIb-vWF bond has important consequences. It can explain
the observation of a shear threshold for vWF-mediated adhesion, that is, a minimum shear stress
(≈0.73 dyn/cm2) below which platelet attachment does not occur (Doggett et al. 2002). These
studies show platelets adhering by GPIb-vWF bonds at a shear stress of 3.0 dyn/cm2, quickly
dissociating when the shear stress was reduced to 0.3 dyn/cm2 and adhering again when it was
stepped back up to its original value. Furthermore, GPIb-vWF catch bonds between platelets
flowing in the blood would have short lifetimes as the tensile force on such a bond is low. In
contrast, GPIb-vWF catch-bond behavior may prolong platelet adhesion to a surface where larger
forces are required. For a shear rate of 1,000 s−1, Shankaran & Neelamegham (2004) estimated
the force to attach a platelet to the surface to be 97 pN compared to 6 pN on a bond between
flowing platelets. If several bonds share the attachment force, each will bear a low tensile force
and have a high breaking rate. As some of the bonds break, the force on each remaining one will
be higher, and their breaking rate will actually decrease. The data from Yago and others are useful
for simulations of platelet adhesion and cohesion. Unfortunately, reliable information about the
association rate of GPIb-vWF bonds is not available.

3.2. Aggregation in Two Steps

Aggregation refers to groups of platelets cohering to one another. For many years, it was assumed
that platelets must be activated by soluble agonists before they can form cohesive bonds. This
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Figure 3
(a) Schematic illustration of a von Willebrand factor (vWF) multimer. The A1, A3, and C1 domains contain sites for binding to GPIb,
collagen, and αIIbβ3, respectively; the A2 domain contains the cleavage site cut by ADAMTS-13. Panel a modified from Crawley et al.
(2011). (b) Single-molecule-study measurements of the lifetime of a vWF-GPIb bond under force. (c) Velocity of the movement of a
platelet on a vWF-coated surface as a function of shear stress. Panels b and c adapted with permission from Yago et al. (2008).
(d ) Images from a Brownian dynamics simulation of a vWF-like polymer extension and compaction cycle in a shear flow. The dashed
circle denotes a thermally induced protrusion. The protruded part of the polymer is pulled by shear forces leading to nearly complete
extension of the molecule. Subsequent rotation of the polymer results in shear-induced compaction. Panel d adapted with permission
from Alexander-Katz et al. (2006).

mechanism is problematic, especially under fast flow, because it is unlikely that the soluble agonists
would be found in the blood much upstream of a thrombus. Hence, the moving platelets would
have to be activated very quickly by agonists in the immediate vicinity of the thrombus.

There is growing acceptance of the idea that the deposition of additional layers of platelets,
like that of the first layer on the vessel surface, is a two-step process that involves vWF that is
immobilized on the lumenal surface of adherent platelets through bonds with αIIbβ3 ( Jackson
2007, Ruggeri 2009). To begin, unactivated platelets transiently bind to the thrombus using their
GPIb receptors to attach to these immobilized vWF molecules. This slows the platelets and allows
time for soluble agonists or signals triggered by the GPIb-vWF bonds to activate them, enabling
longer-lived and strong αIIbβ3-mediated bonds to form ( Jackson 2007, Ruggeri et al. 1999, Savage
et al. 1998).

A platelet in a thrombus has to support the increasing detachment force on it as platelets
accumulate on top of it, forming a structure that projects well into the vessel. To do this, many
long-lived bonds are required. The bond between αIIbβ3 (in its high-affinity state) and fibrinogen
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has off rates of 0.15–0.25 s−1 for applied forces up to 50 pN and a most-probable breaking force
of 90 pN (Litvinov et al. 2011, 2012). These off rates are much smaller than those for GPIb-vWF,
consistent with the αIIbβ3 fibrinogen bond’s ability to mediate firm platelet adhesion to a surface
and firm cohesion between platelets, even under high-shear forces. The αIIbβ3 receptor can also
bind with vWF, but no binding rate data are available for these bonds.

The current picture of platelet aggregation under flow is that both fibrinogen and vWF play
a role at all physiological shear rates (Neeves et al. 2013, Ruggeri et al. 1999, Savage et al. 1998),
with vWF becoming essential at higher shear rates. In experiments at high shear rates (1,500–
1,800 s−1) without fibrinogen, aggregates form rapidly but are unstable, and by shedding individual
platelets or small groups of them, the aggregates disintegrate, leaving only a monolayer of adherent
platelets. In contrast, with both vWF and fibrinogen, the aggregates grow more slowly, but they
are stable and remain intact for extended periods of time. Matsui et al. (2002) tracked the spatial
and temporal distributions of fluorescently labeled vWF and fibrinogen within aggregates growing
on a collagen-coated surface at a shear rate of 1,500 s−1. They found that vWF was always required
to attach platelets to parts of the aggregate exposed to fast flow. In the interior of the aggregate, in
which the flow was presumably much slower, fibrinogen gradually replaced vWF as the molecule
mediating interplatelet cohesion. These experiments show that the interactions and participation
of different components of the system are orchestrated both in time and in space, at least partly
in response to differences in the local flow environment.

Almost all aggregation experiments have been done with anticoagulated blood, so that no
thrombin or fibrin would be produced, in order to isolate platelet-surface and platelet-platelet
interactions. But thrombin and fibrin produced during coagulation can influence platelet accumu-
lation by activating additional platelets and stabilizing platelet thrombi, so one cannot extrapolate
the results of these experiments directly to situations in which coagulation is also occurring, such as
in vivo. Recently, some experimental work looking at platelet aggregation and coagulation under
flow has been reported (Colace et al. 2012, Okorie et al. 2008, Onasoga-Jarvis et al. 2014), and it
has provided extremely valuable data to validate and inform mathematical modeling of the type
described in Section 5.

3.3. Aggregation Modeling

Mathematical modeling and computer simulation of clotting are essential in our efforts to under-
stand how the clotting system as a whole, or even major pieces of it, functions as an integrated
dynamical system. Yet modeling of platelet adhesion and aggregation, coagulation, and fibrin
polymerization presents enormous challenges both in formulating models and in studying them
computationally. To look at thrombus development beyond initial adhesion, one must account
for the disturbance to the flow that the growing thrombus engenders. Hence, models of throm-
bus growth involve, at a minimum, a coupled problem of fluid dynamics, transport of cells and
chemicals, platelet activation, adhesion and cohesion mechanics, and growth of a fluid-perturbing
platelet mass. These processes involve spatial scales ranging from millimeters to nanometers and
timescales from minutes to milliseconds. The interactions themselves are diverse, making clotting
a prime example of a multiphysics problem.

The first models that accounted for the mutual interaction of fluid dynamics and platelet
aggregation were Fogelson’s discrete aggregation models (Fogelson 1984, Fogelson & Guy 2008,
Fogelson et al. 2003) and continuum aggregation models (Fogelson 1992, 1993; Fogelson & Guy
2004; Wang & Fogelson 1999) aimed at events in small arterioles and larger arteries, respectively.
In the past decade, there has been an upsurge in efforts to model important aspects of the clotting
system that involve fluid dynamics, aided by increases in computing power, the development of
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new computational methods for fluid-structure interaction problems, a wealth of new data about
bond dynamics and mechanics, and greatly improved capacity to do in vitro experiments of clotting
under flow (Colace et al. 2012, Mizuno et al. 2008, Okorie et al. 2008, Onasoga-Jarvis et al. 2013)
and to observe it in vivo (Furie & Furie 2005, Welsh et al. 2012). Most models track the motion
and interactions of discrete elements representing the platelets and so describe events in small
vessels or microfluidic devices. The platelet-fluid interaction problem has been tackled using a
range of approaches, including the immersed boundary method (Fogelson & Guy 2008), the force-
coupling method (Pivkin et al. 2006), a variety of particle methods (Filipovic et al. 2008; Kamada
et al. 2010, 2013; Mori et al. 2008; Pivkin et al. 2009; Tosenberger et al. 2013), the cellular Potts
model (Xu et al. 2008, 2009, 2010), and a hybrid lattice kinetic Monte Carlo–lattice Boltzmann
method (Flamm et al. 2011). Related research has looked in detail at interactions between pairs
of platelets using boundary-integral methods (Mody & King 2008a,b; Wang et al. 2013b). These
models all treat cell-cell binding, whether by using attractive potentials between particles (e.g.,
Pivkin et al. 2006), prescribing rules for cell binding and unbinding (Flamm et al. 2011), using
coarse-grained elastic links between platelets to represent ensembles of bond types (Skorczewski
et al. 2014), or incorporating detailed Monte Carlo treatments of formation and breaking of
individual vWF-GPIb bonds (Mody & King 2008b, Wang et al. 2013b). The work in Xu et al.
(2010) and Flamm et al. (2011) includes treatments of the coagulation reactions and intraplatelet
signaling, respectively.

Continuum models treat platelets in terms of their number densities. Those in Fogelson (1992)
and Fogelson & Guy (2004, 2008) treat macroscale platelet thrombosis in atherosclerotic arteries
and track the stresses developed by interplatelet bonds using an Oldroyd-B-like evolution equation.
Those in Leiderman & Fogelson (2011, 2013) look at interactions among platelets and coagulation
biochemistry, treating the growing thrombus as a porous medium whose porosity depends on the
number density of bound platelets. Figure 4 shows results from several of the aggregation models;
the platelet-coagulation models are discussed further below. Three recent reviews provide more
details of these models (Flamm & Diamond 2012, Wang & King 2012, Xu et al. 2011).

4. FORCE-DEPENDENT FUNCTION AND REGULATION OF VON
WILLEBRAND FACTOR

vWF is a soluble protein that is at the center of the story of platelet adhesion and aggregation
because of its unique ability to initiate these processes under high-shear conditions. Here, we focus
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Figure 4
Simulations of platelet aggregation. (a) Sequence of temporal snapshots from a three-dimensional immersed boundary simulation of
platelet aggregation onto a collagen-coated surface. Balls are platelets (their colors have no meaning), light blue line segments represent
platelet-wall and platelet-platelet bonds, and the wavy red surface is the adenosine diphosphate (ADP) threshold concentration
isosurface. Panel a reproduced with permission from Fogelson & Guy (2008), originally adapted from Fogelson et al. (2003).
(b) Snapshots from simulations of thrombosis following a stenotic plaque rupture using the platelet aggregation continuum model. (Left
column) Rupture at an upstream high-shear region. (Top) Aggregate bond density (red ) and an above-threshold activation chemical ( gray)
showing the embolization of platelet masses in response to a large strain. (Bottom) Strain in aggregates is high (dark red ) where the shear
stress is high and is low ( green) where the shear stress is low. (Right column) Rupture at a downstream low-shear region. (Top) Aggregate
growing slowly and stably, largely sheltered by the plaque. (Bottom) High strain is limited to the top edge of the aggregate where local
shape remodeling but not embolization occurs. Panel b adapted with permission from Fogelson & Guy (2008), based on the model in
Fogelson & Guy (2004). (c) Snapshot in time of lattice kinetic Monte Carlo simulation of platelet aggregation showing flow streamlines,
ADP concentration field (orange for high and blue for low), and platelets in different activation states (black circles are unactivated, and
white circles are fully activated). Note the localized pockets of high ADP concentration. Panel c reproduced with permission from Flamm
et al. (2012). (d ) Snapshot in time from platelet thrombosis simulation using the cellular Potts model. Colors show cells in different
states of activation. Flow is left to right in each simulation. Panel d reproduced with permission from Xu et al. (2008).
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on vWF because fluid dynamic forces are of fundamental importance to its function and regulation.
Circulating vWF multimers are linear chains with varying numbers of identical dimeric subunits.
Thrombotic pathologies arise if the circulating multimers are too long, and bleeding occurs if they
are too short (Zhou et al. 2010). Clearly, the proper function of the hemostatic system requires
plasma vWF multimers to fall within a range of lengths. This prompts two questions: What is it
about the length of the vWF multimer that makes it important that it fall within a certain range?
How does the body normally keep the lengths within this range? It is now clear that the answers to
both questions depend on the behavior of the multimers under different flow and hydrodynamic
force regimes. To explain this, we need some background about vWF and about the enzyme
ADAMTS-13, which can cut a long multimer into shorter ones.

4.1. von Willebrand Factor Conformation Under Stress

vWF monomers join head-to-head to form a dimer; dimers join tail-to-tail to form a multimer
(Figure 3a). Each monomer has a sequence of protein domains; the most important for us are
the consecutive A1-A2-A3 domains and the nearby C1 domain. The A1, C1, and A3 domains
contain binding sites for the GPIb and activated αIIbβ3 receptors and collagen, respectively. The
A2 domain contains the site that can be cut by ADAMTS-13 (Crawley et al. 2011). Each subunit
has a length of approximately 70 nm, and the multimers that normally circulate have fully extended
lengths of 1–2 μm; hence they consist of 15–30 subunits.

vWF is produced by ECs and is also stored in the α-granules of platelets. Platelet vWF consists
of long multimers that are secreted by an activated platelet. ECs secrete vWF continually at a basal
level, mostly as individual moderate-length multimers; lumenally into the blood; and ablumenally
into the SE matrix (Dong 2005). The bulk of EC vWF is packaged as long chains in a structure
called a Weibel-Palade body. When an EC is activated by coagulation proteins, inflammatory
signals, or shear stress, vWF is expelled from its Weibel-Palade bodies into the blood (Galbusera
et al. 1997, Turner et al. 2009). It rapidly unfurls into ultralarge vWF (UL-vWF) multimers that
can anchor to ECs and extend downstream along the vascular wall. UL-vWF can reach lengths of
hundreds of micrometers, implying that it may have thousands of subunits. UL-vWF is hyperactive
in terms of its binding to platelets and collagen (Moake et al. 1986, Turner et al. 2012) because
it has many A1 and A3 binding sites and because the individual bonds between GPIb receptors
and UL-vWF A1 domains are stronger than those for the moderate-length multimers normally
found in the plasma (Arya et al. 2002a). Unlike normal plasma multimers, UL-vWF multimers
can spontaneously bind to GPIb receptors at shear stresses encountered in a healthy circulation.
Although UL-vWF multimers are helpful at the site of a vascular injury, they cannot circulate
without causing severe problems. An example is the fatal condition thrombotic thrombocytopenic
purpura in which platelet thrombi form throughout the microvasculature as a result of serious
deficiency of the ADAMTS-13 enzyme, which regulates vWF size (Zhou et al. 2010).

vWF circulates in a compact globular conformation, but to interact with platelets, it must be
in an extended conformation. To study this issue, Schneider et al. (2007) performed microfluidic
studies under controlled shear and directly observed the dynamics of a vWF molecule free in
solution. They found that below a critical shear stress, the multimer had a collapsed globular
conformation with a diameter of approximately 2 μm. When the shear stress was increased to ≈50
dyn/cm2, the multimer suddenly elongated to approximately 15 μm and then displayed cycles of
extension and compaction between the globular and elongated conformations. It returned quickly
to its globular conformation when flow was stopped. Performing additional studies in the presence
of a collagen-coated surface, the authors saw little vWF deposition until, at a critical shear stress
with a magnitude similar to that for extension, deposition suddenly increased substantially. They
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attributed this increase in deposition to the exposure of many vWF A3 domains on the extended
molecules, which in turn allowed the simultaneous binding of each multimer to collagen at multiple
locations.

vWF’s sudden elongation at high shear is very different from the gradual elongation of other
polymers (e.g., DNA) at much lower shear stresses. Brownian dynamics simulations show that,
to reproduce the sudden elongation at high shear rates, simulations had to include hydrodynamic
effects, the monomers had to be large (≈50–100 nm; as they are for vWF), and nonspecific
attractive forces between monomers had to be sufficiently strong but not too strong (e.g., 1–2kB T )
(Alexander-Katz & Netz 2008, Alexander-Katz et al. 2006, Schneider et al. 2007). The simulations
suggest a mechanism initiated when thermal motion causes polymer segments to protrude from
the globular surface. If the drag force on the protrusion exceeds the restoring force from the
attraction between monomers, then the protrusion nucleates an elongation cycle (Figure 3d ).
Because the polymer tumbles in the shear flow, it later is subject to compressive fluid forces and
returns to its globular shape until another elongation cycle begins. Scaling arguments show that
the critical shear stress for elongation depends strongly on the monomer size and less strongly on
the overall polymer length. The authors argue that the large size of the vWF monomer is essential
for plasma vWF to generally be in a globular conformation in which it does not cause spontaneous
platelet aggregation. Additional simulations of elongational flows (Sing & Alexander-Katz 2010,
2011) showed an even-sharper transition in the polymer’s length at a critical elongation rate. This
may come into play in elongational flows accompanying vessel transection or in a damaged vessel
undergoing vasoconstriction.

4.2. Regulation of von Willebrand Factor Multimer Size

For a healthy person, circulating vWF multimers are of moderate, but varying size. Because the
enzyme ADAMTS-13 is constitutively active and has no known inhibitors in plasma, the question
arises as to why plasma vWF multimers are not reduced to a uniform minimum size. The answer
seems to be that ADAMTS-13’s access to the cleavage sites on vWF is mechanically regulated by
fluid stresses.

In its globular conformation, vWF’s A1 and A2 domains are hidden inside the folded molecule,
but at least some of its A3 domains are exposed (Crawley et al. 2011). Globular vWF cannot bind
to platelets or be cleaved by ADAMTS-13, but it can bind to SE collagen if it becomes exposed to
the blood. When vWF is in an extended conformation, many of its A1, A2, and A3 domains are
accessible, and they provide a periodic string of reactive sites for binding to platelets and collagen
and cleavage sites for ADAMTS-13. This dynamic is interesting because when platelets bind to
the elongated vWF, increased tensile forces occur that further stretch the multimer, unfold more
of its A2 domains, and potentially lead to a reduction in the multimer’s size.

Single-molecule studies of A2 domain unfolding, using isolated A2 domains (Zhang et al.
2009), A1-A2-A3 tridomain constructs (Wu et al. 2010), or actual vWF multimers (Ying et al.
2010), indicate that the A2 domain must unfold prior to its cleavage by ADAMTS-13. The forces
required to unfold the A2 domain are larger when it is flanked by the A1 and A3 domains than
when it is isolated. Theoretical estimates suggest that tensile forces of the requisite size may arise
in the centers of extended large multimers, but not for smaller multimers (Zhang et al. 2009). This
provides a mechanism for preventing cleavage of multimers of less than a certain length.

When UL-vWF is released from an EC, anchors to the cell, and stretches downstream, its
A2 domains are unfolded, and again the stretching is enhanced when platelets are bound to the
multimer. ADAMTS-13 is known to bind to some of the exposed A2 domains and cleave them.
Several studies have shown that the sizes of multimers released from the EC surface after cleavage
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by ADAMTS-13 are still much longer than typical plasma vWF multimers (De Ceunynck et al.
2011, Jin et al. 2009), suggesting that further size regulation occurs elsewhere. In vitro studies of
vWF cleavage show that vWF bound to multiple platelets in shear flow (and thus subject to much
higher tensile force than are free vWF molecules) is a preferred substrate for ADAMTS-13 (Shim
et al. 2008). The extent that ADAMTS-13 regulates thrombus growth by cleaving vWF within a
growing thrombus is a subject of current research (Chauhan et al. 2006).

4.3. von Willebrand Factor and Aggregation Under Pathological Shear

vWF plays an essential role in shear-induced platelet aggregation (SIPA). In in vitro experiments,
platelets, subject to pathologically high shear rates (>5,000 s−1) for ≈1 min, aggregate without
contact with surfaces or application of exogenous activators (Moake et al. 1986). SIPA is associated
with cardiovascular disease. For example, SIPA and platelet binding to vWF are enhanced in
plasma from patients with recent heart attacks compared to normal plasma, and the level of vWF
in these patients indicates their likelihood of future heart attacks (Spiel et al. 2008). Larger vWF
multimers normally found in the plasma contribute to this process, and both platelet GPIb and
αIIbβ3 receptors are involved (Goto et al. 1995, Moake et al. 1986, Peterson et al. 1987). SIPA also
involves the platelet release of ADP (Moake et al. 1988), probably to reinforce the activation of the
releasing platelet itself or of its immediate neighbors, as ADP would be rapidly dispersed in high-
shear flows. It is presumed that SIPA involves the stress-mediated extension of vWF multimers
and that high tensile forces on the GPIb-vWF bonds trigger this initial platelet activation, but
this has not been directly established. vWF self-association may also contribute. This involves the
transient binding under high shear of multimers into long strings or thick fibers. It occurs with
plasma vWF becoming associated with collagen-bound vWF (Colace & Diamond 2013, Savage
et al. 2002), on platelet GPIb receptors (Dayananda et al. 2010), and in the plasma (Shankaran
et al. 2003). By increasing the effective size of the molecule bound to GPIb, the tensile force on
the receptor and the possibility of mechanically triggered platelet activation increase.

Experiments at even higher shear rates (10,000–30,000 s−1) reveal other vWF-dependent ag-
gregation processes in which platelets do not have to be activated in order to cluster in large
groups for extended periods of time (Ruggeri et al. 2006) and in some of which rapid changes
in geometric features and shear stresses seem to be involved ( Jackson et al. 2009, Maxwell et al.
2007, Westein et al. 2013).

5. MASS TRANSFER LIMITATIONS OF CLOT GROWTH

The coagulation reactions are initiated when injury exposes the cell-bound protein tissue factor
(TF) to the blood (Figure 1b). The first coagulation enzymes are produced on the SE matrix and
are released into the flowing blood. Some of these enzyme molecules bind to activated platelets
adhered to the SE matrix and participate in the formation of a sequence of enzyme complexes
that propagate the pathway to thrombin production. Thrombin produced on the platelet surface
feeds back on the enzyme network to accelerate its own production, activates additional platelets,
and converts soluble fibrinogen molecules in the plasma into insoluble fibrin monomers. The
fibrin monomers polymerize into protofibrils, and these laterally aggregate into thicker fibers.
A branching network of fibers grows between and around the platelets in a wall-bound platelet
aggregate. Coagulation is kinetically limited by anticoagulation pathways but is also regulated
by mass transfer limitations connected with the transport of the zymogens to and enzymes away
from the injury site. Experimental and computational studies have shown that these mass transfer
limitations are biophysical mechanisms that regulate clot growth.
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5.1. Mass Transfer Regulation of Surface Coagulation Reactions
and Fibrin Polymerization

Three enzyme complexes assemble on the subendothelium and activated platelet surfaces and
are regulated in part by mass transfer limitations. SE-bound TF:FVIIa initiates coagulation
by converting zymogens FX and FIX to FXa and FIXa. FIXa binds to FVIIIa on the surface
of an activated platelet to form the FIXa:FVIIIa (tenase) complex, which produces more FXa.
Similarly, platelet-bound FXa and FVa bind together to form the FXa:FVa complex (also known
as prothrombinase) that catalyzes the conversion of prothrombin to thrombin. Blood flow can
either promote or inhibit these surface reactions, depending on the shear rate. FXa production
by TF:FVIIa is transport limited at shear rates of <600 s−1 (i.e., the FXa flux increases with
increasing shear rate) (Gemmell et al. 1990). In contrast, FXa production is reaction limited
(its flux is constant) for shear rates of >600 s−1. When both TF:FVIIa and FVIIIa:FIXa are
present, their combined FXa production is transport limited from 57 s−1 to 1,130 s−1 (Repke et al.
1990). Thus, blood flow enhances the initiation of coagulation for all physiological shear rates,
provided that normal concentrations of FVIII, FIX, and FX are present. Thrombin production
by prothrombinase in a phospholipid bilayer is reaction limited for shear rates of 100–1,000 s−1

(Haynes et al. 2011). Flow acts as an inhibitor by diluting thrombin and thus localizing high
thrombin concentrations to the immediate vicinity of a clot.

Regardless of the shear rate, a threshold TF surface density is necessary to initiate coagulation.
This threshold behavior was first predicted by simulations of clot formation on immobilized TF
(Kuharsky & Fogelson 2001) and was confirmed by in vitro blood flow assays over 175-μm spots
containing TF and collagen (Okorie et al. 2008). The threshold TF density required to initiate
coagulation under flow increases threefold as the shear rate increases from 100 to 1,000 s−1.
A certain injury size is also necessary to initiate coagulation both statically and under flow on
immobilized TF in lipid bilayers (Kastrup et al. 2007, Shen et al. 2008). Presumably vessel walls
are always subject to some degree of disruption and thus TF exposure. The thresholds likely
ensure that coagulation is initiated only on injuries that are sufficiently large or deep to expose
high densities of TF.

Fibrin polymerization can be either transport or reaction limited, depending on the thrombin
wall flux and shear rate (Neeves et al. 2010). A kinetic model of fibrin gel formation predicts two
regimes of growth depending on the shear rate and gel permeability (Guy et al. 2007). At low
shear rates, growth is limited by the transport of thrombin from the procoagulant surface to the
surface of the gel. The rate of thrombin transport is determined by the hydraulic permeability,
which varies over three orders of magnitude for fiber volume fractions of 0.02–0.54 (Wufsus et al.
2013). At high shear rates, growth is limited by the dilution of fibrin polymers before they can
reach a gelation concentration. This agrees with experiments in purified systems that show little
or no fibrin gelation at a wall shear rate of 100 s−1 on flat substrates, even at high thrombin
concentrations (1 μM) (Neeves et al. 2010). Surfaces with a micrometer-scale roughness provide
some protection of polymerization products from dilution by flow. For example, 800-nm TF-
coated beads support the initiation of fibrin formation at 1,000 s−1 (Figure 5a) at a sufficiently
high TF surface density (Onasoga-Jarvis et al. 2014), but the gel’s ultimate growth into a channel is
limited to 10–15 μm at 100 s−1, which is similar to predicted gel heights in computational models
(Guy et al. 2007).

The large burst of thrombin that follows the initiation of coagulation results in platelet activa-
tion and the aggregation and polymerization of fibrin. It is important that these events be localized
to the injured region so as not to cause systemic clotting. There are endogenous biochemical path-
ways that inhibit coagulation, including antithrombin and the activated protein C (APC) pathway.
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Antithrombin is distributed throughout the plasma, but APC is produced on ECs by a complex
formed when thrombin binds to EC-bound thrombomodulin. Because the EC surface on which
this occurs is likely downstream of the injury, it is questionable whether the APC can affect the
local clot growth (Fogelson & Tania 2005). It more likely functions to scavenge active coagulation
molecules that flow has carried away from the clot.
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5.2. Physical Inhibition of Tissue Factor by Platelets

Most coagulation experiments are performed with purified protein solutions or plasma, ignoring
the contribution of platelets to regulating coagulation. Platelets support coagulation by providing a
surface for the assembly of tenase and prothrombinase, as well as binding sites for other coagulation
proteins. Platelets inhibit coagulation by physically impeding access to TF:FVIIa. This mechanism
was first hypothesized from simulations of hemophilia A and B (FVIII and FIX deficiency) that did
not show a reduction in thrombin generation in the absence of some sort of physical inhibition of
TF:FVIIa (Kuharsky & Fogelson 2001). It is supported by experiments under static conditions that
show that FXa flux through a platelet plug is on the order of 103-fold less than FXa flux through
fibrin (Hathcock & Nemerson 2004). Experiments performed under flow show that, at high TF
concentrations, severe FVIII deficiencies (<1% normal levels) do not affect fibrin polymerization
in plasma but lead to significant reductions in whole blood (Onasoga-Jarvis et al. 2013, 2014).

The tension between the platelets’ pro- and anticoagulant roles underlies the TF threshold for
initiating coagulation (Fogelson & Tania 2005) and the ability to make near-normal amounts of
thrombin with 10% normal platelet concentrations in simulations (Kuharsky & Fogelson 2001).
Experiments with blood perfused over the subendothelium at shear rates of 50–2,600 s−1 show that
fibrin surface coverage and fibrinopeptide A generation (a marker for fibrin monomer production)
decreased with increasing shear rate (Weiss et al. 1986). Fibrin deposition was independent of
platelet adhesion below 100 s−1 but was positively correlated with platelet count in patients with
low platelet counts (thrombocytopenia) at 650 s−1. In contrast, fibrinopeptide A levels were not
correlated to platelet count. This suggests that thrombin was being produced, but fibrin monomers
and oligomers were not able to form fibers before being washed away by the flow.

5.3. Hindered Transport Through the Interstitial Spaces of Clots

Recent evidence suggests that, even beyond the role of SE-adherent platelets in blocking access
to TF, the formation of platelet aggregates and fibrin gel inhibits solute transport in the clot, and
this contributes to the regulation of clot growth. The clot takes on the character of a spatially
heterogeneous porous medium, and fluid and solute transport through it are reduced compared
to their transport to and from the vessel wall during clot initiation.

Computational models, in which transport coefficients decrease with increased bound platelet
density, predict that hindered transport of coagulation zymogens and enzymes results in smaller,

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 5
Effects of transport. (a) Epifluorescent and scanning electron microscopy images of fibrin deposition on surface spots coated with tissue
factor–bearing silica beads. The fibrin gel height and fiber thickness decrease with increasing shear rate. Fibers become progressively
more aligned with the flow direction as the shear rate increases. Panel a reproduced with permission from Onasoga-Jarvis et al. (2014).
(b) Simulations of thrombus growth in a model of platelet deposition and coagulation chemistry under flow. The thrombus is modeled
as a porous medium with a permeability to the fluid flow decreasing as the density of bound platelets approaches the maximum packing
density. For hindered transport simulations, the diffusion and advection of proteins were further hindered to reflect their
macromolecular size. (Left column) Hindered protein transport produced smaller thrombi (bottom) with a uniformly highly dense core of
platelets compared to the unhindered case. Colors indicate platelet count (number per unit volume) from normal plasma count (dark
blue) to maximum platelet count within the thrombus (dark red ). (Right column) Hindering protein transport severely limits the ability of
fluid-phase prothrombin to penetrate the thrombus to reach platelet-bound prothrombinase (bottom) and so greatly reduces thrombin
production. Colors indicate concentration from zero (dark blue) to maximum at the current time (dark red ). Data for panel b obtained
with the model described in Leiderman & Fogelson (2011, 2013). (c, left) Thrombus formation in the laser injury model in an arteriole
of a mouse, showing the intensity of fluorescent albumin infused 25 min postinjury. Bright portions of the thrombus are more porous.
(Right) Pseudocolor rendition of albumin fluorescent intensity in the thrombus. Relatively little albumin penetrates the thrombus core
(black outline) consisting of tightly packed, strongly activated platelets. Panel c reproduced with permission from Stalker et al. (2013).
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more dense clots (Leiderman & Fogelson 2013). Hindered transport confines activating com-
plexes to a dense platelet core and reduces the supply of substrates to them. For example, in late
stages of clot growth, the prothrombinase complex is concentrated on platelets near the vessel
wall. For prothrombin to reach this prothrombinase, it must be transported through a shell of
aggregated platelets that do not contain prothrombinase. As a result, prothrombin penetrates only
deeply enough to reach prothrombinase in a thin strip several micrometers from the edge of the
clot (Figure 5b), and only there does thrombin production continue. Consequently, thrombin
production decreases as the clot grows, limiting further clot growth.

These computational models agree qualitatively with the core-shell structure of clots formed
in the laser-injury animal model of vascular injury (Stalker et al. 2013). The core consists of
densely packed, highly activated platelets surrounded by a more porous shell of less activated
platelets (Figure 5c). Movement of solutes into and out of the core is limited (Welsh et al. 2012).
Computational studies suggest another possible mechanism of hindered transport that involves a
fibrin cap formed on the lumenal surface of a clot that prevents platelets from interacting with
regions of high thrombin concentration in the clot core (Kim et al. 2013).

SUMMARY POINTS

1. Platelet margination is caused by platelet interactions with RBCs in flowing blood. Their
motion in the RBC-rich vessel core scales similar to SID. An additional bias, or drift
velocity, is necessary to eject platelets into the near-wall RBC depletion layer.

2. Platelet adhesion to the subendothelium at high shear stresses requires transient rolling
mediated by weak, short-lived GPIb-vWF bonds followed by firm adhesion by strong,
long-lived bonds mediated by activated integrins.

3. Platelet aggregation, or cohesion, at high shear stresses requires a two-step process ini-
tiated by GPIb-vWF bonds followed by activation by platelet-derived soluble agonists
and firm attachment mediated by αIIbβ3.

4. vWF function and size are regulated by hydrodynamic forces in shear and extensional
flows. Threshold forces are required to expose the domains responsible for its interactions
with the platelet GPIb receptor and the enzyme ADAMTS-13 that regulates multimer
size. This force threshold ensures that platelets only aggregate where shear forces are
high (e.g., a vessel wall) and not while circulating.

5. Coagulation consists of two subprocesses: a tightly regulated network of biochemical
reactions and the polymerization of the biopolymer fibrin. Under reaction-limited con-
ditions, blood flow provides a continual source of reactants for these reactions. Under
transport-limited conditions, blood flow dilutes coagulation products so that they do not
accumulate near the injury site.

6. An above-threshold surface density of TF is necessary to initiate coagulation. The thresh-
old ensures that the clotting process occurs only at injuries that are sufficiently large or
deep.

7. Platelets serve a procoagulant role by supporting the assembly of coagulation enzyme
complexes and serve an anticoagulation role by physically impeding access to TF.
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8. Hindered solute transport in the interstitial spaces between platelets regulates clot growth
by impeding access to immobilized coagulation enzyme complexes and limiting the escape
of platelet agonists and coagulation products into the wider circulation.
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