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The body’s response to vascular injury involves two intertwined processes: platelet aggregation and coag-
ulation. Platelet aggregation is a predominantly physical process, whereby platelets clump together, and
coagulation is a cascade of biochemical enzyme reactions. Thrombin, the major product of coagulation,
directly couples the biochemical system to platelet aggregation by activating platelets and by cleaving fib-
rinogen into fibrin monomers that polymerize to form a mesh that stabilizes platelet aggregates. Together,
the fibrin mesh and the platelet aggregates comprise a thrombus that can grow to occlusive diameters.
Transport of coagulation proteins and platelets to and from an injury is controlled largely by the dynam-
ics of the blood flow. To explore how blood flow affects the growth of thrombi and how the growing
masses, in turn, feed back and affect the flow, we have developed the first spatial-temporal mathematical
model of platelet aggregation and blood coagulation under flow that includes detailed descriptions of
coagulation biochemistry, chemical activation and deposition of blood platelets, as well as the two-way
interaction between the fluid dynamics and the growing platelet mass. We present this model and use it to
explain what underlies the threshold behaviour of the coagulation system’s production of thrombin and to
show how wall shear rate and near-wall enhanced platelet concentrations affect the development of grow-
ing thrombi. By accounting for the porous nature of the thrombus, we also demonstrate how advective and
diffusive transport to and within the thrombus affects its growth at different stages and spatial locations.

Keywords thrombosis; mathematical model.

1. Introduction

In this paper, we present a spatial-temporal mathematical model of the processes that occur when
a blood clot (thrombus) forms inside of a blood vessel. These processes are responsible for normal
‘hemostasis’, which maintains the integrity of the vasculature and are implicated in its pathological

counterpart ‘thrombosis’, which underlies most heart attacks and strokes. The ‘clotting response’ is

comprised of complex and diverse biochemical, biophysical and biomechanical interactions. Because
of its extreme medical importance, the component pieces of this process have been and continue to be
subjects of intense laboratory research. The sheer complexity of the disparate dynamic interactions that
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make up the clotting response as well as the fact that multiple temporal and spatial scales are impor-
tant in the processes make it very difficult, using traditional experimental approaches alone, to piece
together a quantitative picture of how the system as a whole functions. The mathematical modelling
we present is aimed at integrating together the knowledge obtained from laboratory experimentation to
develop a quantitative understanding of how the many pieces of the clotting system function together
and, ultimately, to develop the ability to make accurate quantitative predictions of this behaviour.

Injury to the endothelial cell lining of a blood vessel triggers the intertwined processes of platelet de-
position and coagulation. The former starts with platelet adhesion to the exposed subendothelium, which
causes these should be “platelets” to become activated and to secrete platelet-activating chemicals into
the plasma. These chemicals may activate platelets in the blood (without their contacting the subendothe-
lium directly) making them able to cohere to one another and to the already wall-adherent platelets. The
mass that results is called a platelet thrombus or platelet plug. Coagulation starts with enzyme reactions
on the exposed subendothelium and progresses with other enzyme reactions on the surfaces of activated
platelets. A major product of the coagulation reaction network is the critical enzyme thrombin which
(i) affects earlier reaction steps to speed its own production, (ii) activates platelets and (iii) acts on the
soluble plasma protein fibrinogen to produce insoluble fibrin monomers, which spontaneously polymer-
ize in a process that ultimately leads to a fibrin protein gel within and surrounding the platelet thrombus.

A schematic of these processes is given in Bigand a detailed discussion of the reactions and
interactions can be found Kuharsky & Fogelsorf2001). Excellent reviews can be found ifemker &
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FiG. 1. Schematic of coagulation reactions. Dashed magenta arrows show cellular or chemical activation processes. Blue arrows
indicate chemical transport in the fluid or on a surface. Green segments with two arrowheads depict binding and unbinding from
a surface. Rectangular boxes indicate surface-bound species. Solid black lines with open arrows show enzyme action in a forward
direction, while dashed black lines with open arrows show feedback action of enzymes. Red disks indicate chemical inhibitors.
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Kesselq1991), Jesty & Nemersoi1995 andMannet al. (1990. Here, we outline the salient features

of the coagulation and platelet deposition processes while using the following abbreviations: TF, tissue
factor; APC, activated protein C; TFPI, tissue factor pathway inhibitor; ADP, adenosine diphosphate;
AT, antithrombin-II1.

e Each of the coagulation proteins has an inactive and an active form. The inactive zymogens are
factors VII, 1X, X, and Il (prothrombin) and have corresponding active enzymes factors Vlla, IXa,
Xa, and lla (thrombin), respectively. The inactive/active cofactor pairs are factors V and Va, and
factors VIl and Vllla.

e Three enzyme complexes play major parts in coagulation, the tissue factor complex on the suben-
dothelium (TF:Vlla) and the tenase (Vllla:IXa) and prothrombinase (Va:Xa) complexes on the sur-
face of activated platelets. In these complexes, a cofactor TF, Vllla or Va helps tremendously to
increase the catalytic effectiveness of the corresponding enzyme (Vlla, IXa and Xa, respectively)
compared to that of the same enzyme molecule without its cofactor.

e The reactions are initiated when Vlla binds to TF molecules exposed to the blood by the injury.
The complex TF:Vlla activates zymogens IX and X to enzymes IXa and Xa, respectively. Each of
these enzymes can become part of an enzyme complex on the surface of an activated platelet. For
these complexes to form, there must be activated platelets nearby, the enzymes must make their way
through the fluid from the subendothelial surface to the surface of one of the activated platelets and
the active cofactor molecules, Vllla and Va, must be available and bound to that activated platelet's
surface. Early in the process, platelet-bound Xa activates the cofactors Vllla and Va on the platelet
surface.

e When a tenase (Vllla:IXa) complex is formed on the activated platelet surface, it can activate
platelet-bound X to Xa (this is a second mechanism for Xa activation in addition to its activation
by TF:Vlla on the subendothelium). A Xa molecule can bind with a platelet-bound Va molecule
to form a prothrombinase (Va:Xa) complex on the platelet surface. Prothrombinase can activate
platelet-bound prothrombin to the enzyme thrombin.

e Thrombin released from the activated platelet’s surface activates other platelets. It also activates
cofactor molecules Va and Vllla both in the plasma and on the surface of activated surfaces. It
converts fibrinogen into fibrin monomers that then polymerize into a fibrin gel. (In this paper, we do
not model the conversion of fibrinogen to fibrin monomer or fibrin polymerization.)

e Upon a platelet’s activation, specific binding sites become expressed on its surface for each of the
zymogen/enzyme pairs IX/IXa, X/Xa and prothrombin/thrombinand for each of the inactive/active
cofactor pairs V/Va and VIII/VIlla. The quantity of these binding sites that are available controls
the formation and/or activity of the platelet-bound enzyme complexes.

e Platelets can be activated by contact with the subendothelium (not shown) or by exposure to thrombin
or ADP. A finite quantity of ADP is released by a platelet during a time interval following the
platelet’s activation.

e Several chemical inhibitors (ATIII, TFPI and APC) act on various species in the reaction network.
A platelet adhering to the subendothelium inhibits the activity of the molecules on the portion of
subendothelium it covers (not shown).

o Allfluid-phase chemical species and unactivated platelets move with the fluid and diffuse relative to
it (not shown).
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e Activated platelets can bind to other activated platelets. A cluster of bound platelets generates resis-
tance to the local fluid motion (not shown).

Numerous models of ‘portions’ of the above system have been presentedrfargiet al, 2003
Beltrami & Jesty 2001, Bodnar & Sequeira2008 Ermakovaet al, 2005 Xu et al, 2008 2009
Lobanov & Starozhilova2005 Lobanovaet al., 2004 Zarnitsinaet al, 2001, Jones & Mann1994
Hockin et al, 2002 Fogelson & Guy 2004 2008, but, to our knowledge, the only one that couples
a comprehensive model of coagulation biochemistry to models of platelet deposition and flow is that
introduced byKuharsky & Fogelsor{2001). The ‘Kuharsky and Fogelson (KF) model’ considers the
physical and chemical platelet and coagulation events that occur in a thin layer, called the reaction zone,
just above a small vascular injury. The KF model takes into account plasma-phase, subendothelial-bound
and platelet-bound enzymes and zymogens as well as activated and unactivated platelets. All species in
the reaction zone are assumed to be well mixed; each species is characterized by its concentration that is
tracked in time using an ordinary differential equation. Advective and diffusive transport of fluid-phase
species (chemicals and platelets) into or out of the reaction zone is modelled by a mass-transfer term in
which the mass-transfer coefficient depends on flow and diffusion parameters.

Studies of the KF model revealed a sharp threshold in thrombin production in response to different
densities of TF exposure and showed that the threshold level of TF and the concentration of thrombin
produced were modified only moderately by large changes in the flow shear rate. The model studies
provided kinetic explanations of the reduced thrombin production with hemophilia and thrombocytope-
nia. This work also led to the hypothesis that as platelets adhere to the subendothelium, they cover
and so physically inhibit subendothelial-bound enzymes. This hypothesis was later given experimental
support by studies conducted at the Nemerson litdil{cock & Nemerson2004), and the predicted
threshold and its dependence on shear rate were seen experimentally in the Diam@iatade( al.,

2008. Studies of an extended version of the mod&delson & Tania2005 highlighted the role of
physical factors (fluid flow and platelet deposition) in establishing the TF threshold and indicated that
for small injuries & 10 um in length), flow-mediated dilution is a much more potent inhibitor than the
well-studied chemical inhibitors TFPI and APC.

Because it describes a well-mixed system, the KF model is limited to describing events near small
injuries. Furthermore, because of its simple treatment of flow, it cannot account for significant growth
of a thrombus and the effect of this on local flow and transport.

2. Model

We present a model that overcomes the significant limitations of the KF model just described. While it
is built largely on the same assumptions about the chemical and physical interactions as the KF model,
the new model incorporates spatial variations (both along the vessel wall and perpendicular to it into
the lumen) and explicitly models the growth of a thrombus and how this is coupled with the local fluid
dynamics. It also explicitly treats the platelet activating agonist ADP. The model we present below is
fully extendable to 3D domains, but, so far, our studies of the model have been conducted in two-
dimensions, so here, we describe the model in the setting of a 2D longitudinal slice of a segment of a
vessel or a similar slice of a parallel plate flow chamber.

We consider a rectangular domain fhax] x [0, Ymax] in which the top and bottom vessel walls
are represented by = 0 andy = ymax respectively, and we assume that blood enters-at0 with
a specified velocity profile and leavesxat xmax. A section of the bottom wakt; < X < xp is taken
to represent subendothelial material exposed by vessel injury. Fluid and blood-borne species (chemicals
and cells) may be present anywhere in the domain. Their concentrations at the upstream boen@ary
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are set to their normal blood concentrations. We track four groups of platelets: mobile and unactivated,
mobile and activated, bound and activated, and subendothelial bound and activated. Mobile platelets
are advected by the fluid and diffuse through it. They may bind to the subendothelium or, if activated,
to already bound and activated platelets of either type. We distinguish between three types of chemical
species: fluid-phase chemicals, which advect with the fluid and diffuse through it; chemicals bound to
the subendothelium, which are immobile as long as they remain bound and chemicals bound to bound
platelets, which also are immobile while they remain bound to the platelets.

Although platelets are described in the model in terms of number densities (number/volume), the size
of a platelet enters into the model in several ways. One is in terms of a maximum number density for
platelets Pmayx, Which we setto 6.6% 107 platelets per mmbased on the assumption that 20 platelets fit
tightly into 300um?3. The total platelet fractiopT (x, t) is the ratio of the sum of the four platelet number
densities ak to this maximum density. The bound platelet fractigft(x, t) is similarly the ratio of the
sum of bound activated and subendothelium-bound activated platelet number densities to the maximum
density. The bound platelet fractigif determines the resistance to flow in the corresponding portion
of a thrombus. The total platelet fractigil in a piece of the thrombus determines how easily, if at all,
platelets may move into that piece of thrombus. Platelets may be excluded from regions into which the
fluid can move i is sufficiently high. Platelet size also enters through a variapkehich determines
a region around the thrombus in which mobile activated platelets are deemed sufficiently close to bound
platelets to bind. Finally, through the parameltggn(x), the size of a platelet determines the region
in which a platelet is sufficiently close to the subendothelium to adhere to it. These manifestations of
platelet size are discussed further below.

2.1 Fluid

We assume that the fluid motion is described by a modified version of the Navier—Stokes equations for
incompressible viscous flow:

p(U+U-Vu)==Vp+pudu — ua@®) u, (2.1)
V.u=0. 2.2)

Here, u(x,t) and p(x, t) are the fluid velocity and pressure, respectively, at locatiat timet; p
is the fluid mass density and the dynamic viscosity. The termu a(4®), called the Brinkman
term, is the modification we make to the standard Navier—Stokes equations. It represents frictional
resistance to the fluid motion past pointiue to bound platelets there and relates to the inverse per-
meability of the growing platelet mass. In this tergf (x, t) is the bound platelet fraction defined
earlier, and the frictional resistance is assumed to increasedffitk, t) according to the function
a(@®) = amax (¢B)%/((#5)? + (#®)?). We setpf = 0.5 to be the bound platelet fraction at which
the frictional resistance reaches half of its maximum value. Weggt sufficiently large that there is
little flow through a thrombus witk8 ~ 1.

To supplement these equations, there are no-slip boundary conditions on the top and bottom (vessel
walls), a prescribed Poiseuille inflow at the left boundary and homogeneous Neumann outflow at the
right boundary.

2.2 Platelets

We denote byP™U, pma pb.a and psea the number densities of four classes of platelets we track
mobile unactivated, mobile activated, platelet-bound activated and subendothelium-bound activated,
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respectively. Each of the these is a functiox@ndt, and their evolution equations are as follows:

opmu
— =—V.-{W(g") (uP™ —DVP™Y)} (2.3)
Transport by advection and ‘diffusion’
— Kadh(X) {Pmax— P*%% P™" — {A;1(e2) + A2([ADP])} P™Y,
Adhesion to subendothelium Activation by thrombin or ADP
opma
e -V | W(¢T)(u P™a_ D VP™2) } — Kagh(X){ Pmax — P83} P™2 (2.4)
+ {A1(e2) + A2([ADP])}P™Y — Keoh G(77) Pmax P™2,
Cohesion to bound platelets
0 Pb’a b
P —Kadh(X) (Pmax — P%%%) P>® +keon g(n) Pmax P™2, (2.5)
opsea b
ot Kadh(X) (Pmax — P%¢%) (PT84 PMU 4 p22), (2.6)

For the mobile unactivated platelets, the teffit! = uP™! — DV P™! s the flux of these platelets due

to advection with the fluid and diffusion. Real platelets have size and may not move as readily as fluid
through a region already occupied in part by thrombus-bound platelets. To account for this in our model,
which tracks only the number density of platelets, not individual platelets of finite size, we multiply the
flux vectorJ™Y by a functionW(¢ "), which is a monotonically decreasing function of the total platelet
fraction with W(0) = 1 andW(1) = 0. We used the specific functioN(¢") = tanh(z (1 —¢")),

which is depicted in Fig2. In using this shape of function, we have assumed that the ability of mobile
platelets to move into a region is only gradually impaired uptilreaches approximately 0.5 and then
drops quickly. This limitation on advective and diffusive motion is imposed on both populations of
mobile platelets.

1 T T T
08| - 081
=06 4 = 08
< £
= =
= o4} o 04
02 _ 02 -
0 1 1 1 1 0
0 0.2 0.4 06 08 1 0
¢T

FIG. 2. Left: Platelet density-dependent mobility limitation function. Right: Binding affinity funcgioy).
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The second term in each of equatio2s3[ and @.4) describes platelet adhesion to the exposed
subendothelial material. The paramédtgin(X) is assumed to be a positive constant for pointgthin
one platelet diameter’s distance of the subendothelium and zero elsewhereRPgirtethe maximum
number density of platelet®nax— P52 indicates the portion of the space just over the injury available
for platelets to bind to the subendothelium. The rate of binding is assumed to be proportional to this
value and to the local density of platelets that are sufficiently close to the subendothelium to be able to
bind to it.

The third group of terms on the right-hand side 8f3 and @.4) account for the activation of
platelets by the chemical agonists thrombin and ADP. The activation rate functipfes) and
A2([ADP]) are each assumed to have the fd&{‘i‘ wherec is the agonist concentration ak&'a
andc* are positive constants.

Equation 2.4) has one additional term that models platelet—platelet cohesion. Mobile activated
platelets are able to bind to bound activated platelets to which they are sufficiently close and should
bind at a rate that depends on the number of nearby bound activated platelets. We use the function
n(x, t) to indicate both proximity to bound platelets and the density of nearby bound platelets. The
functiony is required to satisfy the partial differential equation:

_C
c*+c’

on

—=Dnﬁf7—yf7+y(

Pb,a_|_ psea
~ —) (2.7)

Pmax

The virtual substance is produced by bound platelets at ratedecays at the same rate and diffuses
with diffusion coefficientD,. The value ofy drops substantially over a distan(:B,,/y)l/2 from the
thrombus-bound platelets. We chodsgandy so that this distance is comparable to a platelet diameter.
By using the same rate constanin both the production and the decay terms in the equation,fat
steady state, the level @f should be approximately the concentration of bound platelets in locations
where there are bound platelets. The functjas used in the model solely to indicate for any location

x how many bound platelets are nearby. We assume that the rate at which activated platelets bind is
proportional both to their own concentration and to the value of the ‘binding affinity’ fundian
shown in Fig.2: g(r) = go max0, (7 — n)3/(n2 + (n — m)*)), wheren, is a threshold level below
which there is no bindingy. + #n; indicates the value of for which g(x) changes rapidly ando is
chosen so thag(1) = 1. The terms in the equations f&®-2 and PS82 are similar to those already
described.

The full set of chemical equations that comprise the model are given in the Appendix, as are values
of the rate constants and the sources of these values. In the next few sections, we illustrate the types
of chemical equations that appear in the full model. In this discussion, we use the following notation:
for zymogeni and enzyme, Z; and E;, Z%¢ and E’® and Z™ and E" refer to these proteins in the
fluid, bound to the subendothelium or bound to the membrane of activated platelets, respectively. For
example,E3° refers to the TF:Vlla complex on the subendothelium &gtirefers to factor Va bound
to the platelet surface. Concentrations are denoted in a similar way but with lowereaske. A
complex ofZj andE; is denoted byZ;:E; and its concentration by7j :Ej]. Special symbols are used
for the platelet-bound ‘tenase’ Vllla:IXa and ‘prothrombinase’ Va:Xa complexes, TEN = Vllla:IXa and
PRO= Va:Xa and [TEN] and [PRO] denote their respective concentrations. The inhibitors are denoted
as APC and TFPI and their concentrations are denoted as [APC] and [TFPI]. We denote the complex
of TFPI and Xa by TFPla, because this is the ‘active’ form of the inhibitor, and its concentration by
[TFPIa].
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2.3 Platelet-bound chemical species

We now illustrate the different types of terms that appear in the model's equations for chemical species
bound to activated platelets. To do this, we consider the equation for the platelet-bound e&2yme
(thrombin).

a m
& _ kgzn & (NS pba ste psea _ Zgntot _ %mtot) _ kngf %m (2.8)

Binding with receptors on platelet surface
+ (Kpp + C%t o) [Z5-ES] — Zm%ﬂ 5 e

Activation of Va by thrombin

+( Z_fsnefzn cat m) [28 ES’]] Zm %1 28

Activation of Vllla by thrombin

+ Kf'pro[25:PRO]

Activation by prothrombinase

The termk" e; (NP PP+ N5epsea_ zot_ gl gives the rate at which the fluid-phase enzyme throm-

bin binds to the specific binding sites for prothrombin and thrombin on the surfaces of activated platelets,
while kg2 is the rate at which thrombin dissociates from the binding sites. The qualmglaeste

denote the total number of binding sites per platelet specific for thrombin and prothrombin for each type
of bound platelet, so tha«gJ Pb-agnd N3¢ PS¢2are the volume concentrations of binding sites for those
chemicals on the platelet-bound and subendothelium-bound platelets, respectively. The concentration
of occupied binding sitegl™" + €' is subtracted from this quantity to give the concentration of
available binding sites. The concentrations of occupied binding sites account for platelet-bound pro-

thrombin and thrombin as well as with their platelet-bound complex?éOt = z3' + [Z}:PRQ]
ande)™ = & + [ZMED] + [ZJ:E}]. The terms(kz_.sng g%t%n) [ZD:ED andk pertain

to the association and dissociation£ff' with EJ' on the platelet surface and the enzymatic activation
of ZI' to EX". The terms(kz_gn:%m gﬁt@) [Z]:ED] — k;E"iéz“ z]' € play a similar role, but foZ".
Platelet-bound chemicals are considered only in locations WR&Peor PS&2is nonzero.

2.4 Subendothelium-bound chemical species

We use the equation for the concentratiejf, of the enzyme complex TF:Vlla to illustrate the terms
that appear in equations for chemical species bound to the subendothelium:

oes®
L=k e (TF — % — %) — k' ese (2.9)

Binding with TF

+ ke, [27°: Ead] + K3, [27°: B2

Activation by Xa or thrombin
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+ (kz_lo:ege + kcat.ege) [Zlo : E?E] - k;;o:e%e Zlo e;e

Z10-

Activation of X to Xa

_ t )
+ (kzg:e;e + k;gae%e) [Zg . E%e_l — kZ)Zeie Z9 e;e

Activation of IX to IXa
— . +
+ ktfpia:e%e [TFPla: E;e] ~ “tfpiaes® [TFPIa] es;e

Binding with TFPI:Xa

— Kadh(X) (PS82 4 PSeU 4 pba) gse

Coverage by Platelet Deposition

As indicated by the labels under the terms, the first five groups of terms describe the binding of fluid-
phase factor Vlla molecules to available TF molecules or the unbinding of Vila from TF; the activation

of TF:VIl to TF:Vlla by factor Xa or thrombin; the binding of factor X to TF:Vlla and its unbinding from

or activation by this complex; the binding of factor IX to TF:Vlla an its unbinding from or activation

by the complex; and the interaction of the inhibitor complex TFPIla (i.e. TFPI:Xa) with TF:Vlla. The
only new type of term is the last one that describes the decrease of accessible TF:Vlla molecules at a
rate proportional to the rate at which platelets become subendothelium-bound and thus cover a portion
of the subendothelium. A similar platelet deposition term appears in each of the subendothelium-bound
chemical equations

2.5 Fluid-phase chemical species

Each of the fluid-phase chemicals advects with the fluid and diffuses through it. Some fluid-phase

chemicals bind to bound platelets and some bind to the subendothelium. We use fluid-phase factor
Xa to illustrate the types of terms that appear in the differential equations and boundary conditions for

fluid-phase chemicals:

de1p

= U Vew+ V- (DVew) (2.10)

Transport by advection and diffusion

+ (Kzepp + k;f‘:glo)[& P E1q] — k;relo Z7 €10

Activation of VII
i - +
— kel €10 + Kifpiey, [TFPIR] — Ko [TFPI] €10

Inhibition by ATIII or by binding to TFPI

on b pb,a sepsea ptot ptot off m
— kgiy €10 (N[P™® + NGPS8% — 210™ — ey + ke €lp

Binding to platelet receptor for X and Xa

The first group of terms on the right-hand side of this equation represent advection and diffusion.
The next group of terms concerns activation of fluid-phase factor VII by fluid-phase factor Xa. The
third group has a term- kg e1o representing inhibition of factor Xa by the fluid-phase inhibitor
ATIII, and a set of terms describing the interaction of factor Xa with the fluid-phase inhibitor TFPI. The
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last group of terms represents binding and unbinding of Xa with the platelet surface receptors shared
by factors X and Xa. Similarly to the discussion of platelet-bound thrombin am{)@?b’a + N3§
psea — 27 — &) + k3 et is the total concentration of platelet binding sites for X/Xg, P2 +
NSePse?, |ess the concentration of those already occupied by either X aras+ el

For a fluid-phase chemical that can be produced on the subendothelium and that can bind to
molecules on the subendothelium, these interactions are incorporated in the boundary condition for
that chemical’s concentration. Feip, the boundary condition at each point of the injured portion of the
vessel wall is

deio

__cat .ES — cat se. + se
—Da—y == kZlO:ege [Zlo. E7e_| + (kzge:elo + kzge:elo) [27 .Elo] - kz§e:elo Z7 e]_O (211)
Activation by TF:Vlla Binding to and activation of TF:VII

while on the remaining portions of the vessel walls, the boundary condition is

0
_pd&o _q (2.12)

oy

As indicated earlier, the concentration of a fluid-phase chemical such as factor Xa is set to its nor-
mal plasma concentration at the upstream end of the domain and is assumed to satisfy the condition
oeip/0x = 0 at the downstream boundary.

2.5.1 ADP. An unactivated platelet contains quantities of the activating chemical ADP stored within

its dense granules. Upon activation, the dense granules fuse with the platelet's membrane and release
their contents into the surrounding fluid. To represent this, we assume that ADP is released over a period
of 1-5 s after platelet activation. Once released, ADP molecules move through the fluid and can activate
nearby platelets. Embodying these assumptions, the ADP concentration, [ADP], satisfies the equation

which says that ADP moves by advection and diffusion. The sourcedgiiggsedescribes the release
of ADP from bound activated platelets.
We define the source term from ADP release as

GreleasdX, 1) = /0 AR() = (PP 4 P9 (x,t = 0)dr, (2.14)

whereA is the total quantity of ADP released by an activated plateletRd is the rate of release at
an ‘elapsed timet since the platelet was activated, normalized soﬁ%ﬂR(r)dr = 1. To understand

(2.14), note that%(Pb’a + PS83)(x,t — r)dr is the number of platelets newly activated and bound at

locationx in the time interval{ — 7, t — = + dr] and thatAR(r) is the rate of release of ADP by these
plateletsr time units later, i.e. at timé. We chooseR(z) to have value 0 up to 1 s after activation, to
be a positive bell-shaped function for times<lz < 5 s and to have a peak at 3 s, consistent with
observations reported in the literatuiReedet al., 2000. Since R(z) is nonzero only in the interval

0 < 7 < 55, formula 2.14) actually involves an integral over that finite time interval.
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5

Nondimensional Platelet Concentration

0 0.2 0.4 0.6 0.8 1
Nondimensional Vessel Diameter

Fic. 3. Platelet inlet concentration profiles. Peak-to-centre ratios are set to approximately 1, 5, 7.5 and 10 for platelet profiles
Po, P1, P> and P3, respectively.

2.6 Near-wall excess of platelets

Observationén vivo (Tangeldeet al., 1985 found that the near-wall platelet concentration in arterioles

can be two to three times higher than that in the centre of the vesséh aitth experiments demon-
strated with platelet-sized beads that the near-wall concentration can be three to eight times that in the
central region, depending on wall shear rate and hematarksteinet al, 1988. Based on his ob-
servations, EcksteirECkstein & Belgaceml991) presented a concentration profile function that is the
basis for the inlet profile we prescribe for mobile unactivated platelets. FRjst®ows the four inlet
platelet concentration profiles that result from our synthesis of daizlksteinet al. (1988, Tilles &
Eckstein(1987 andYeh et al. (1994 and that we used in our simulations.

2.7 Numerical methods

We solve the model equations in a rectangular spatial regioa [0, Xmax] x [0, Ymax. For all the
variables, including the fluid, we use a uniform mesh placed &miith equal mesh spacing in both
thex andy directions. For each differential equation, we use a finite-difference approximation defined
at points on this mesh. During each time step of the computation, we perform the following series of
updates for the unknowns:

1. The discretized Navier—Stokes equations with Brinkman term are solved using a second-order
projection method, details of which can be foundLisidermanet al. (2008, to give new fluid
velocitiesu, » and pressure.

2. Platelets activated within the previous time step are counted and the ADP release fungig,
is updated.

3. Mobile platelets and fluid-phase chemicals are updated to account for advection using LeVeque’s
high-resolution advection algorithrhéVeque 1996.

4. Mobile platelets, fluid-phase chemicals andre updated to account for diffusion using a Crank—
Nicolson time discretization and the usual spatial-difference approximation to the Laplacian.

5. All species are updated to account for reactions using a second-order Runge—Kutta solver.
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6. The platelet fractions of bound plateleg and¢', are calculated and(¢8) andW(¢") are
updated.

7. Repeated until desired time.

The simulations described below were carried out on & 328 grid and with a variable time step
set to three-fourths of the Courant number. For simulations carried out orxa264 grid, the bound
platelet and thrombin concentrations after 600 s were very similar to those shown.

3. Results

Figure4 shows 12 snapshots from a simulation of 10 min of clotting activity. Blood flows from left

to right with a prescribed parabolic inflow velocity profile. Platelets and fluid-phase clotting chemicals
have prescribed concentrations at the inlet and move downstream with the flow. The channel has height
60 um, length 24Qum and there is an injury of length 90n centred at the midpoint of the bottom wall.

(This is the setup for all the simulations reported in this paper.) The initial TF density in the injury is
set to 15 fmol cm2. After 50 s, platelets partially cover the injury site, but there is little effect as yet

on the overall flow. As the thrombus grows beyond the initial subendothelial-bound platelets, it begins
to noticeably perturb the flow. By 600 s, the thrombus has grown substantially and, as indicated by the
uneven distribution of dark red patches, the platelet distribution in the thrombus has significant spatial
heterogeneity. The flow has been largely diverted around the thrombus accelerating as it passes over the
thrombus and then slowing when the vessel lumen widens downstream of the thrombus. The velocity
within the thrombus is much less than that in the bulk flow but has a significant impact on thrombus
growth as discussed below.

3.1 Thrombin production dependence on TF density

Figure5 shows that the concentration of thrombin that is obtained after 10 min of clotting activity has
a sharp threshold dependence on the density of TF initially exposed to the blood. This prediction is
in agreement with results from the well-mixed KF modélfarsky & Fogelson2001;, Fogelson &

Tanig 2005. The threshold behaviour can also be seen in the thrombin concentration distribution and
in the accumulation of bound platelets for different initial TF exposures as also shown i Figr. a

TF density of 1 fmol crm2, thrombin production is insignificant, while for a slightly larger TF density

FiG. 4. Time sequence of growing thrombus at times 50, 100, 150, ..., 600 s (from left to right, top to bottom) for initial TF
density of 15 fmol criT2, shear rate of 1500 and platelet profile oP3. The arrows show the fluid velocity and have a uniform
scaling throughout the sequence. Bound platelet concentrations vary from 0 (dark g)t@ark red).
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FIG. 5. The top-left plot shows the spatial maximum and mean thrombin concentrations within the thrombus 10 min after TF
exposure as a function of the density of exposed TF. The bottom-left plot shows the relative simultaneous availapititydof

eg‘ as a function of time for TF densities (bottom to top) 1, 3, 6, 9, 12, 15 and 30 fmofcihe plots in columns 2 and 3 are the
spatial concentrations of fluid-phase thromisg)(in nanomolar and bound plateleﬁt{*a-i— PS&8) that vary from 0 (dark blue)

to Pmax (dark red). From top to bottom, the density of TF exposed is 1, 3, 15 and 30 fmd.dPor all cases, the wall shear rate

is 500 1 and the platelet profile i;.

of 3 fmol cn™2, the thrombin concentration reaches levels of 10-50 nM. Once the TF exposure is
sufficiently high, there is little change in the amount of thrombin produced or in the size of the thrombus
that develops. This can be seen in the results for TF densities of 15 and 30 fmblstmown in the
bottom two panels in the centre and right of Fig.

Using an extension of the KF modé&lpgelson & Tanig2005 showed that an insignificant amount
of thrombin was produced if there was only a short ‘overlap time’ during which substantial amounts of
fluid-phase IXa and platelet-bound Vllla both existed. Both these concentrations depend on the level
of TF exposure, factor IXa because it is produced by the TF:Vlla complex and platelet-bound Vllla
because the dominant activator of this cofactor during the first 60 s of clotting activity is factor Xa
also produced by the TF:Vila complex. Since the current model gives spatial information, we quanti-
fied the overlap time by summing, over all spatial points, the product of the fluid-phase IXa and the
platelet-bound Vllla concentrations. (We normalized this quantity by its maximum over all times and
TF densities considered.) The curves in the bottom-left panel of3pow this measure of overlap
as a function of time for different TF densities (increasing from bottom to top) and we see that for all
above threshold cases (curves 3 and higher), there is a period in which the overlap measure increases
sharply. This sharp increase is followed quickly by successive sharp increases in tenase, prothrombinase
and thrombin (not shown).

As the TF density increases from 15 to 30 fmolcinthere is little change¥2.5%) in the maximum
concentration of thrombin achieved. Since this level is substantially below the plasma concentration
(1.4 uM) of the thrombin precursor, prothrombin, substrate availability is not the limiting factor that
prevents greater thrombin production. The left panel of Bighows how the maximum tenase and
prothrombinase concentrations change with TF density. We see that the tenase concentration continues
to increase significantly even at high TF densities, but the prothrombinase concentration plateaus. The
increase in tenase implies an increased ‘potential’ to generate platelet-bound factor Xa, the enzyme part



60 K. LEIDERMAN AND A. L. FOGELSON

______
-
-

Maximum Concentration {(nlM)

mE u
S = N W
o o 9
o o o

——Prothrombinase | }
= = =Tenase

’
1
]
]
]
5[ T
1
]
¥
I

5 10 15 20 25 30
Tissue Factor Density (fmollcmz)

FIG. 6. Left: Maximum prothrombinase and tenase concentrations at any point within the entire domain 10 min after TF exposure
to plasma as a function of the density of TF exposed. Wall shear rate of the flow was 50Right: Spatial concentration
(nanomolar) of tenase, prothrombinase and available binding sites for factor X/Xa. The TF density is 15 frhainzhthe wall

shear rate is 506 1.

of prothrombinase, and yet, there is little change in prothrombinase levels. The explanation for this is
that tenase is unable to produce platelet-bound factor Xa at its potential. The right panelSciieiy,

for a TF density of 15 fmol cm?, the spatial distribution (at 10 min) of the tenase and prothrombinase
complexes and the unoccupied platelet binding sites for X and Xa. Where the tenase concentration is
high, there are few unoccupied binding sites to which X can bind. Since tenase activates only platelet-
bound X to Xa, tenase activity is therefore severely limited. The bulk of the occupied X/Xa binding
sites are bound to Xa molecules that have been incorporated in prothrombinase complexes. Many X/Xa
binding sites are available on newly activated platelets at the upstream end of the thrombus, but there
is essentially no tenase in that region. The spatial distribution of tenase, empty X/Xa binding sites and
prothrombinase for a TF density of 30 fmol ch(not shown) are similar, but the tenase levels are about

six-fold higher.

3.2 Thrombus growth dependence on wall shear rate and near-wall excess of platelets

Turitto et al. (1987 report an increase in thrombus growth with wall shear rate. They attributed this
increase to an enhancement of the local arrival rate of platelets and hypothesized that a possible mecha-
nism for such an enhancement would be a near-wall excess of platelets of the type illustrate@®.in Fig.
Motivated by these experiments, we carried out simulations at three shear rates 500, 1000 and 1500 s
and with the four platelet concentration profileg P1, P, and Ps illustrated in Fig.3. Results of these
simulations are shown in Figsand8. One set of experiments, the ‘uniform profile’ set, looked at the
effect of varying shear rate with the fixed and uniform inflow platelet concentration pRfilEor the
‘fixed nonuniform profile’ set, the inflow platelet profile was kept fixed at the nonuniform prBiile
with a peak-to-centre ratio of 5 as the shear rate was varied. In the ‘varying nonuniform profile’ experi-
ments, the different spatially nonuniform inflow profilBs, P, and Ps, with peak-to-centre ratios of 5,
7.5 and 10, were used for shear rates 500, 1000 and 150@espectively.

From the spatial plots (at 600 s) in Fig. we see (i) no apparent difference in the bound platelet
concentration as shear rate is varied with the spatially uniform platelet profile, (ii) an increased extent
of high-density regions (dark red) but no apparent difference in overall thrombus size as shear rate is
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FiG. 7. Close-up of approximately 188m long by 38um high region around thrombus. Bound platelet concentrations after
10 min vary from O (dark blue) t®max (dark red). Columns 1, 2 and 3 represent wall shear rates of 500, 1000 and1500 s
respectively. The experiments in rows 1 and 2 use platelet prdfjemnd Py, respectively. The experiments across the bottom
row use the platelet profile;, P, and P3.
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FiG. 8. Clot ‘area’ for each set of experiments: uniform platelet profiles (top row, a—c), fixed nonuniform platelet profiles (middle
row, d—f) and varying nonuniform profiles (bottom row, g—i). In all cases, the dotted line, dash-dot line and solid line represent
wall shear rates of 500, 1000 and 1500 srespectively.
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increased in the fixed nonuniform simulations and (iii) an increase in both overall thrombus size and
in high-density regions as shear rate increased in the varying nonuniform simulations. Comparing plots
within each column, we see that for a fixed shear rate, thrombus size increased with increasing peak-to-
centre ratios in platelet concentration.

To quantify these observations further, we computed for each clot, the ‘area’ in which the bound
platelet concentration exceeded 10, 50 and 90%gfy, respectively. We regard the first as giving a
measure of overall thrombus size, and the latter two as providing information about the bound platelet
density distribution with the thrombus. (These areas were computed by counting the computational grid
cells in which the various platelet density levels were exceeded.) The results are showr8in Fig.

A noteworthy feature of all the plots is the appearance of a temporary plateau at an area of 100
grid cells. This is the area of the region in which the adhesion rate funkiig(x) is nonzero. Recall
that to adhere directly to the subendothelium does not require prior activation, so the time to reach this
plateau is affected little by chemistry but can be affected by the rate of delivery of platelets to this region.
This is clearly seen in Fig. 8(f and i), which shows how the time it takes for subendothelial platelets to
reach 90% of their maximum concentration is affected by shear rate (Fig. 8f) or shear rate and platelet
concentration profile together (Fig. 8i). The end of the plateaus in the left panels indicates the beginning
of thrombus growth beyond direct subendothelial adhesion.

Each panel in the top two rows of Fi§.shows the effect of varying shear rate for a fixed inflow
platelet concentration profile. The plots for 10 and 50% density show that the effect of shear rate alone on
thrombus area is minimal. The 90% density plots demonstrate that shear rate affects thrombus density;
platelet density in the thrombus increases with shear rate. Referring t@,Fig see that the density
increase occurs in a spatially heterogeneous manner. When the platelet peak-to-centre ratio and the
shear rate are both increased (R{g—i)), there is a moderate increase in thrombus area and a large
increase in thrombus density compared both to the change in area in this set of experiments and to the
density changes when shear rate only is varied @jgAt the highest shear rate, large density regions
developed in the upstream third and near the downstream end of the thrombus.

3.3 Platelet activation by chemical agonists

In the model, platelets can be activated by two fluid-phase chemical agonists, ADP and thrombin. To
explore the importance of each activating mechanism at different times and locations, we tracked the
following two quantities:

t
P2(X, t) = / Ar(ex(x, t') P™Y(x, t')dt’ (3.1)
t—10
and

t
PAPP(x, 1) = / Ax(JADP](x, t')) P™Y(x, t')dt’. (3.2)
t—10

Here, P2(x, t) and PARP(x, 1) (shown in Fig.9 for t = 10, 120, 360, 480 and 600 s) are the number

per unit volume of platelets activated at locatiwmuring the time intervat — 10 tot by thrombin

and ADP, respectively. Activation by ADP dominates during early thrombus formation (up to about
150 s) before substantial thrombin is produced. Its effectiveness peaks during this period at about 20 s
and then decreases. As the effect of ADP declines, that of thrombin grows because of increases in the
thrombin concentration. Thrombin remains the dominant activator during the remainder of thrombus
development, but the increased rate of platelet activation increases the rate of ADP release, which, in
turn, causes a resurgence in ADP-induced activation, particularly at the upstream end of the thrombus.
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FiG. 9. Activation of platelets by ADP (left) and thrombin (right) in the previous 10-s interval. The rows from top to bottom are
for times 10, 60, 150, 240, 480 and 600 s. The shear rateis 5hare platelet profile i$°; and the TF density is 15 fmol ct.
Platelet activation is shown in densities that range from 0 (dark blue) to 4 (dark red) tithetaldlets per mrfor ADP and 0

(dark blue) to 4 (dark red) times 3@latelets per mrfor thrombin.

3.4 Transport in the thrombus

As the thrombus grows, it offers more resistance to the flow and the bulk of the flow is diverted around
the thrombus. But, because the thrombus is porous, fluid motion within the thrombus persists albeit
at a velocity much less than that outside of the thrombus. As the first platelets adhere to the suben-
dothelium, the velocity within the early thrombus becomes very small. As the thrombus grows and
occludes more of the vessel, pressure builds up at the front edge of the thrombus and thus, the ve-
locity of the fluid within the thrombus increases (see Hif), reaching a magnitude on the order of
1-3um st (depending on shear rate). This is the velocity at which fluid-phase chemicals inside the
thrombus advect. However, recalling the platelet-density-dependent limitation on platelet advection,
platelets move at reduced velocities (see Eib, in particular, where the density of bound platelets is
high.

Although fluid velocities inside a partially developed thrombus are small relative to those in the bulk
flow around the thrombus, they are large enough to potentially carry fluid-phase chemicals the entire
length of the injury within 30-90 s (see Fig. 11). However, fluid-phase species may also be transported
by diffusion. To explore the relative influence of advective and diffusive transport, we use the nondimen-
sional Peclet number, Re uL/D. We define a Peclet number at each paiirt the thrombus using the
magnitude of the velocity at that point, the species’ diffusion coeffidieand the length. = 90 um of
the injury. The last column of Figl1 shows spatial plots of/Pe(x, t) and demonstrates that diffusion
is more effective than flow at moving chemical species at certain times during the simulation. These
plots do not give information about the ‘direction’ of movement, but, as we explain shortly, some of this
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FiG. 10. Flow speed (cm&) inside the thrombus approximatelyun from the vessel wall. The curves left, middle and right
correspond to locations about®n from the upstream end, at the middle and from the downstream end of the injury, respectively.
The wall shear rate is 50073, the platelet profile i€, and the TF density is 15 fmol cn?.

FIG. 11. Close-up of near thrombus region at times 200, 400 and 600 s (top to bottom). The left column shows platelet velocities
and the middle column shows fluid velocities along with bound platelet concentrations. All velocity vectors are scaled relative to
the 2um s~ vector shown in the upper-right corner of the plots. The velocity vectors only appear in regions where the bound
platelet concentration exceeds 107 platelets mnT3 and the nondimensional concentration of the virtual substapn@xceeds

0.27. The right column shows the spatial distribution (&. Bound platelet concentrations vary from 0 (dark bluéhtax (dark

red), and 1Pe varies from near 0 (dark blue) to 2 (dark red).

movement is indeed upstream against the direction of the flow. The velocities within the thrombus in-
crease starting at about time 150 s (see E@)y. and the value of /Pe and, with it, the relative influence
of diffusion to advection decrease after that time.

The time at which 1Pe is highest (i.e. when the intrathrombus velocity is lowest) is crucial for the
formation and spread upstream of the important platelet-bound enzyme complexes.1Righm@vs
spatial concentrations (hanomolar) of eight different platelet-bound chemical species that are vital to
thrombin formation and, thus, thrombus growth. The columns in Exjare for times 140, 180 and
250 s, respectively. At 140 s, there are substantial amounts of the platelet-bound zyntjBeA§),
and Z}, present everywhere within the thrombus. A small quantity of platelet-bound throfa8in (
can be seen in the downstream portion of the thrombus in the region where prothrombinase (PRO) is
present. The enzymig', which only appears when the activated fluid-phase enziggn@Xa) binds
weakly to platelets, is also found in the downstream region. The small amount of thrombin is apparently
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FIG. 12. Close-up of 12@um long by 15um high region around thrombus at times 140, 180 and 250 s in left, middle and
right columns, respectively. In each column are shown (top to bottom) spatial concentrations (nanomolar) of platelet-bound
chemical species thrombiel)', zJ', €' and TEN (tenase) andl', Z},, e, and PRO (prothrombinase) as well as the bound

platelet concentration (fraction cﬁmax) and intrathrombus velocny (velocity scale vectopth s~1). The wall shear rate is 500
1 the platelet profile ig?; and the TF density is 15 fmol ¢

sufficient to activateZg' to Eg', which rapidly binds toEg' to form the tenase (TEN) complex. This
happens only at the downstream end of the thrombus because that is where throntEfharedound.

Since the platelet-bound zymog@#j, is also abundant there, the tenase complexes produce substantial
platelet-bound XaKJp) in the downstream portion of the thrombus. In addition to activafifigo Eg',

the thrombin in this portion of the thrombus activai#8 to E{", which together with th& [ produced

by the tenase complexes, forms new prothrombinase complexes, which, in turn, produce more thrombin.
Up to this time, factor Xa made at the subendothelial surface by TF:Vlla has been largely responsible
for thrombin production; it has been the dominant activator of platelet-b&fhdand it has combined

with the EZ' molecules to form prothrombinase. With the formation of substantial numbers of tenase
complexes in the downstream portions of the thrombus, another powerful solEgeaimes into play,

while thrombin takes over as the dominant activatoEg¥.

By 180 s, both Xa and thrombin have diffused a small distance upstream, binding and unbinding
from the bound platelet surfaces as they move. The thrombin activates almost all the platelet-bound
zymogensZ{' andZ{' on the platelets it reaches, and the Xa binds to the platelets and forms prothrom-
binase complexes with the newly activate. Thus, the availability of prothrombinase moves upstream
through the thrombus as a consequence of upstream diffusion of thrombin and Xa from their downstream
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sources against the weak flow then present in the thrombus. By time 250 s, the effect of diffusion is even
more apparent. Tenase is still found predominantly at the downstream end of the thrombus, but both
platelet-bound Xa and prothrombinase are found in the upstream portions of the thrombus.

4. Discussion

We have developed the first spatial-temporal model of platelet aggregation and blood coagulation under
flow that includes detailed descriptions of coagulation biochemistry, chemical activation and deposition
of blood platelets as well as the two-way interaction between the fluid dynamics and the growing platelet
mass. Using this model, we were able to confirm prediction of a TF threshold made using a simpler
model byKuharsky & Fogelsoif2001). We were able to understand the origin of this behaviour as well

as explain why thrombin production plateaus at high levels of TF exposure. By looking at thrombus
growth for different wall shear rates and platelet concentration profiles, we gained insight into how near-
wall flow velocities and near-wall platelet concentrations contribute to the thrombus size and density
in distinct ways. Two different chemical agonists are able to activate platelets in our model and we
learned how each affects thrombus development during various stages of growth and spatial location.
By accounting for the porosity of a developing thrombus, we explored how advective and diffusive
transport within the thrombus affect growth of the thrombus in different ways, again with these affects
varying with time and spatial location.

4.1 Thrombin production dependence on TF density

The level of exposure of TF is a critical determinant of the response of the coagulation system. About
1% of circulating factor VIl is the active form factor Vlla. On its own, factor Vlla is a weak enzyme,

but when bound to a subendothelial TF molecule, it becomes a powerful activator of factors 1X and X.
Presumably, small amounts of TF are routinely exposed to the blood by small injury or other means.
Because of the threshold nature of the system’s response to the level of TF exposure, these small amounts
of TF do not trigger a substantial production of thrombin. Yet, if a more sizeable trauma causes a
sufficiently high exposure of TF, the response of the system is rapid and strong.

Based on our simulations, we believe that the essential condition that has to achieved to trigger a
substantial response is the ‘simultaneous’ availability of platelet-bound factor Vllla and fluid-phase or
platelet-bound factor 1Xa. These are the cofactor and enzyme components of the tenase complex that
can form on the surface of activated platelets. Factor 1Xa is produced only by subendothelial TF:Vlla
(in the model) and thus, its production depends on the density of TF:VIla on the subenothelium and thus
on the density of TF exposed. Because the progressing deposition of platelets on the subendothelium
reduces and eventually eliminates the accessibility of TF:Vlla to its substrates, production of factor IXa
is limited largely to the first 2 min following injury, and much of the 1Xa produced is carried away by
flow or inhibited by the fluid-phase inhibitor ATIIl. Removal by flow or inhibition by ATIII are also the
fate of most of the factor Xa activated by TF:Vlla. Since this is the dominant activator of platelet-bound
Vllla during the first 60 s following injury, the density of TF:Vlla exposed also, indirectly, strongly
influences the availability of factor Vllla during the early stages of coagulation. Although we have not
yet studied hemophilia with our new model, we note that hemophilias A and B are deficiencies in the
plasma levels of factors VIII and IX, respectively. Without the activated forms of these factors (activated
directly or indirectly by TF:Vlla as just described), the initial stimulus for coagulation is not successfully
transferred to the surfaces of the depositing platelets.



PLATELET DEPOSITION AND BLOOD COAGULATION UNDER FLOW 67

Our model currently does not include factor Xl and its activated form factor Xla. There is increas-
ing experimental support for a possible role of Xl in the coagulation process; it has been shown that
thrombin can activate Xl to Xla and that Xla can activate factor IX to 1Xa. This second pathway to fac-
tor IXa production is believed by some to be important in determining the ultimate levels of thrombin
produced late in the coagulation process. Recent simulations based on an extension of the KF model
(unpublished data) suggest that it is only at very low shear rates (10=1p¢ehat this pathway signif-
icantly augments thrombin production. Yet, it will be interesting to extend the spatial-temporal model
we present here to look at this as well.

The availability of surface-bound cofactor molecules (such as TF) and binding sites for cofactors,
enzymes and substrates on the surfaces of activated platelets strongly influence coagulation events.
Without these sites, the powerful enzyme complexes critical in coagulation would not form. The enzyme
molecules generally compete for these sites with their zymogen precursors, and because the zymogen
concentrations are typically larger than the corresponding enzyme concentrations, most binding sites
are occupied by zymogen. For example, more than 90% of the platelet binding sites shared by factors
IX and IXa is occupied by the zymogen. This is not the case, however, for the shared binding sites for
factors X and Xa under conditions of high TF exposure. For a TF exposure of 15 fmélanhigher,
formation of prothrombinase is limited because the great majority of these sites become occupied by Xa
molecules that are part of the existing prothrombinase complexes. This implies that there are few or no
empty binding sites for the precursor zymogen factor X, the substrate for tenase and consequently, the
six-fold higher tenase concentration that forms for [E=0 fmol cn2 than at 15 fmol cm? does not
lead to increased prothrombinase formation or thrombin production.

4.2 Thrombus growth dependence on wall shear rate and near-wall excess of platelets

In our simulations, if the platelet concentration is uniformly 250,000 plateletst, a typical plasma
value, we see little thrombus growth beyond direct adhesion to the subendothelium. A three-fold in-
crease in shear rate (from 500 to 1500)sand therefore in the rate at which platelets are brought to
the vicinity of the injury does not lead to appreciable increases in platelet deposition at least for
the value of the cohesion parameleg, used in these simulations (see below). By contrast, for nonuni-
form platelet concentration profiles similar to those measured experimentally, substantial thrombus
growth occurs under the same conditions, which lead to little thrombus growth for the uniform
profile.

Experimental data about the near-wall platelet excess are not clear about whether or to what extent
the peak-to-centre concentration ratio increases with shear rate in the range 500-15@nse, we
looked at the effect of shear rate on thrombus growth both for a nonuniform profile that was the same
for all shear rates and for a sequence of nonuniform profiles in which the peak-to-centre concentration
itself increased with shear rate. The results for a fixed profile and increasing shear raté §Raf3)
show that changing the shear rate alone is not a factor in determining the overall size of the thrombus but
that it does impact the size and distribution of high-density regions within the thrombus. Fig. 8f shows
an increase in area of high densityq0%) and the images in the second row of Figghow that new
high-density regions develop in the more central portions of the thrombus as the shear rate increases.
A possible explanation for this relies on the fact that, with increases in shear rate, both the delivery of
platelets to the upstream end of the thrombus and their advection within the thrombus are higher. Thus,
more platelets may enter the upstream end of the thrombus and be carried to its central portions before
the density of bound platelets at the upstream end increases sufficiently to block further platelet transport
through this portion of the thrombus.
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As the near-wall platelet excess concentration becomes more pronounced, either because of changes
of shear rate (FigZ, bottom row) or not (Fig7, right column), both the density of bound platelets within
the thrombus and the overall size (area) of the thrombus increase. In both these sets of experiments, the
advective flux of platelets to the injury increases. There is not, however, a simple relationship between
the advective flux of platelets to the injury and the growth of the thrombus. This flux is the product
of the local concentration of platelets and the local velocity of the fluid, so that the same flux results
from different combinations of concentration and velocity that vary in inverse proportion to one another.
Equal platelet fluxes do not necessarily imply equal thrombus growth. This is illustrated if(frigd
h). The ratio of the (initial) platelet flux in the simulation depicted in Fifjto that depicted in Fig7h
is about 6/5 (velocity ratio 3/2 and concentration ratio about 4/5); yet, the overall size of the thrombus
and the size of the high-density region are greater in Fig.

The development and maintenance of an enhanced near-wall platelet concentration are the result of
motion of red blood cells. Since we do not explicitly include red blood cells in our model, we instead
prescribe the concentration profile for incoming platelets. For simulations in very long segments of a
vessel, platelet diffusion would eventually cause the platelet profile to become close to uniform. This is
not a serious issue in our simulations because the diffusion distance for the time it takes near-wall fluid
to traverse the 24(m long domain is only about tm and so the profiles remain sharp throughout the
domain.

4.3 Platelet activation by chemical agonists

Mobile unactivated platelets become activated by ADP or thrombin at rates that depend on the con-
centrations of these agonists. Once activated, mobile platelets can bind to platelets already part of the
thrombus. It is on binding to the thrombus (or subendothelium) that a platelet becomes procoagulant
(i.e. supports coagulation reactions on its surface) and its ADP secretion begins. While this may be a
limitation in the model, it is not a serious one because activated platelets that remain unbound are rapidly
carried downstream by the flow.

Prothrombinase, the enzyme complex that activates prothrombin to thrombin, is a platelet-bound
complex. Therefore, thrombin production depends on the concentration of bound activated platelets.
Since prothrombin is abundant in the plasma, thrombin production continues provided there are pro-
thrombinase complexes available for prothrombin to bind.

ADP, by contrast, is nonrenewable in the sense that each platelet carries a finite amount of ADP that
it can secrete into the plasma. Since fluid-phase ADP is rapidly removed by the flow, the concentration
of ADP at a specific location depends largely on the ‘rate’ that platelets bind to the thrombus, not on the
accumulated number of platelets already in the thrombus. Platelets rapidly adhere to the subendothelium
during early thrombus development, so large amounts of ADP are secreted there and ADP-induced
platelet activation is important during this period. The rate at which ADP-activated platelets bind to
the thrombus peaks between 50 and 70=%(10)* platelets mm3 s~1), and this binding contributes
to the early growth of the thrombus into the lumen. The initial burst of platelet activation by ADP is
short lived because of ADP’s removal by flow and the slowing of platelet adhesion as coverage of the
subendothelium progresses. The next burst of platelet activation, this time due to thrombin, between 150
and 240 s (see Fi@) leads to another round of ADP secretion and ADP-induced activation. Together,
these lead to substantial growth of the thrombus. However, platelet activation by ADP and the binding
of ADP-activated platelets to the thrombus have a relatively small affect on the overall thrombus size.
This may be due in part to the relatively large activation threshold response)@f platelets to ADP
used in the model simulations.
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The spatial distribution of the agonist-induced platelet activation is also interesting. Initial deposition
of platelets and hence ADP secretion and platelet activation are relatively uniform along the injury.
Platelets activated near the downstream end of the injury have less opportunity to bind to the thrombus
than those activated upstream because a substantial fraction of them is carried downstreamdgee Fig.
Later in the simulation, most of the chemical activation (by ADP and thrombin) occurs at the upstream
end of the thrombus. A platelet activated there may bind there contributing to upstream growth or it
may be carried into or over the thrombus binding downstream and contributing to upward growth of the
thrombus or increased thrombus density.

4.4 Transport in the thrombus

To our knowledge, we have developed the first model of thrombus formation that considers the ‘porous’
nature of a growing platelet mass. Because a thrombus is porous, unactivated platelets and zymogens
may be transported by flow into the thrombus and activated platelets and enzymes may be removed from
its interior. The porosity of the thrombus is a model outcome; it evolves in space and time as a result
of processes whose dynamics, themselves, depend on the porosity. Streamlines of the flow show that
not all the fluid is diverted around the thrombus, but in fact flows directly through the interior. Platelets
transported into the thrombus in this way may not be activated until they reach a chemical agonist far
within the interior. As activated platelets are incorporated into parts of the thrombus, those parts become
more dense and their permeability and the flow within them decrease, therefore restricting more flow
or platelets from entering. This is apparent in the first 60 s when, because of platelet adhesion to the
subendothelium, the near-wall velocity above the injury decreases from hundreds to less than one mi-
cron per second. By 2 min, the flow speed at the centre of the injury is at its minimum (s&€)f-and
interestingly, this is precisely the time when thrombin begins to make a major appearance. The reduction
in velocity aids in the sharp increase in thrombin production by allowing the enzy#gés particular,

to remain within the thrombus for extended periods after their production. Moreover, our Peclet number
studies revealed that diffusional transport was extremely important in upstream prothrombinase forma-
tion and thus thrombin production and further thrombus growth. The combined effects of increased
contact times due to the reduction in velocity and diffusional transport of species upstream together
cause substantial enhancement in the development of the thrombus.

4.5 Flow boundary conditions

In the simulations reported in this paper, we specify the velocity profile (hence the volumetric flow rate)

at the inlet to the computational domain. In many laboratory experiments, a pump is used to impose
a constant volumetric flux, so our simulations can be compared directly with such experiments. How-
ever, it is unclear whether these are the most appropriate flow boundary conditions for simulations of
in vivo thrombus formation. It is inappropriate to drive the flow through the short vessel segment we
simulate by imposing a constant pressure drop over that length that remains constant for the duration of
the simulation. The reason is that as the thrombus grows, flow in the longer vessel, of which the compu-
tational domain is regarded to be a piece, slows and the pressure drop over the shorter segment actually
increases. An alternative procedure is as follows: let the computational domain represent a small portion
of alonger vessel over which the pressure drop is constant. In this case, we would indeed drive the flow
with a pressure drop, but use a relationship (derived and useédgalson & Guy 2004 between the

flux and the pressure drop across just the computational domain while holding the pressure drop across
the longer vessel fixed. We tried this method by running our simulation with a wall shear rate 0f’500 s
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a TF density of 15 fmol cm? and the platelet profild®;. We used boundary conditions derived from
this pressure—flow relationship and found that the results differed by less than 1% with the case of fixed
inflow and Neumann outflow.

4.6 Limitations and extensions

Most of the model parameters have been previously estimated from the experimental liténabamrsky

& Fogelson 2001). Two new parameters about whose values we are less certain are the cohesion rate,
keon, @and the maximum resistance to flow within the thrombtgx. The parameter.qn represents the

rate of binding between two platelets already in relative positions that allow them to bind. We know
of no comparable measurements in the literature. A fixed value of this parameter was used for all the
simulations reported in this paper. In a limited set of simulations that used a 10-fold or 100-fold higher
value ofkgon, there was surprisingly little change in thrombus area compared to what we describe here,
but there was some change in the spatial structure of the platelet density distribution within the thrombus.
The effects of using different values fkgon warrants further study. It is also of interest to explore the
model’s behaviour ikon is made to depend on the local shear rate. In particular, this may change the
linear rate of thrombus growth seen in F&jd—i).

In reference taxmax, Which is the reciprocal of permeability, there are few measurements of throm-
bus permeability in the literature and none of these pertains to the permeability of a thrombus during
its early stages of development. At times beyond those of interest in our simulations, the active process
of ‘clot retraction’ pulls platelets into close proximity and squeezes out much of the fluid between the
platelets. Hence, we expect ‘old’ thrombi to be much less porous than newly forming ones. One value
for thrombus permeability we found in the literature is for thrombi extracted from abdominal aortic
aneurysms. These develop over months and are therefore representative of old thrombi. The perme-
ability reported for these thrombi is 0.9% 0.54 mnf N—1 s~1 (Adolph et al,, 1997); our minimum
permeability is about six-fold larger than this, reflecting our belief that the early thrombus is much more
porous than an old thrombus. We will explore further the effect of different levels of thrombus perme-
ability in future simulations. It would be of immense help to have experimental measurements of the
permeability of representative thrombi fixed at different relatively short times (e.g. 3, 5, 7 min) during
their development.

We note that the current simulations do not include the effect of the inhibitor APC. APC is produced
on the surfaces of endothelial cells by a complex of thrombin and endothelial-bound thrombomodulin.
When we add endothelial reactions to the model (on surfaces upstream and downstream of the injury),
APC production and its action of factors Va and Vllla will be incorporated into the model. We do not
expect this addition to profoundly change the results we report here because our earlier Bogdis®(

& Tania, 2005 with an extended KF model suggest that under flow situations, APC has little effect on
events within the thrombus.

In this paper, we do not distinguish between the activation state of platelets activated in different
ways. In reality, ADP, thrombin and subendothelial collagen elicit different subsets of the full range of
platelet activation response¥finings2009. For example, ADP-activated platelets are not procoagu-
lant without further stimulus, and there is some evidence that platelets activated by both collagen and
thrombin are more procoagulant than platelets activated by either collagen or thrombinNtoed
& Hoffman, 2006. Assuming the latter is true, this would be another cause for spatial heterogeneity
within a thrombus, as only platelets close to the injured wall could be activated by collagen. There is
also increasing indication that unactivated platelets may be able to bind, if only transiently, to a growing
thrombus Jackson2007 Ruggeri & Mendolicchig2007). By increasing the time that a platelet is in
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the vicinity of a developing thrombus, such binding would increase the platelet’s time of exposure to

chemical agonists and this would possibly lead to more activation and faster thrombus growth. All these
features can be readily incorporated into extensions of our model and we will report on their conse-
guences in future publications.
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Appendix
A.1 Notation

Zi andE; refer to zymogem and enzymé in solution. Superscripts indicate membrane-bound versions
of these proteins (e.gg5%efers to the TF:Vlla complex ariy refers to Factor Va bound to the platelet
surface). Concentrations are denoted in a similar way but with lowerzasde. Concentrations of
binding sites on bound platelets for prothrombin/thrombin, factors V/Va, X/Xa, VIII/Vllla, and IX/IXa
are denotedNP PP-2+NSPSe2, whereND, N2, NP, NP, andNg refer to the number of binding sites for
the zymogen-enzyme pairs expressed on the surface of a bound platelet (similar ndtatiescribes
these quantities for a platelet bound directly to the subendothelium). A compEpenid E; is denoted
Zi:Ej and its concentration is denoted [Ej]. Special symbols are used for the platelet-bound ‘tenase’
Vllla:IXa and ‘prothrombinase’ Va:Xa complexe§ E N = Vllla:IXa and PRO = Va:Xa, and [TEN]

and [PRO] denote their respective concentrations. The special symbol TFPIla is used for the fluid-phase
complex TFPI:Xa, and [TFPIa] denotes its concentration. The inhibitors are deAét€dandT FP |

and their concentrations are denoted [APC] and [TFPI].

TABLE Al Diffusion coefficients for platelets and mobile chemagdcies

Platelets 2.5%10° 7 cmé/s Turitto & Leonard(1972
ADP 5x1076 cné/s Grabowskiet al. (1978
All other chemical species 6107 cré/s Younget al. (1980

TABLE A2 Normal concentrations and surface binding site

numbes

Prothrombin 1.4M Mannet al. (1990
Factor V 0.01uM Mannet al. (1991)
Factor VII 0.01puM Mannet al. (1990
Factor Vlla 0.1nM Morrissey(1995
Factor VIII 1.0nM Mannet al. (1990
Factor IX 0.09uM Mannet al. (1990
Factor X 0.17uM Mannet al. (1990
TFPI 2.5nM Novotnyet al. (1997
Platelets Py 2.5 (10f mm=3 Weiss(1975
ND, N5© 2000 Brasset al. (1994
N%, e 3000 Walsh(1994)
N%, Ng3*© 450 Nesheimet al. (1988
N%, Ng°® 500 Ahmadet al. (1989
N7 NI§ 2700 Mannet al. (1992
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TABLE A7 Inhibition reactions

Reaction Reactants  Product 1 st Note
Inactivation (of-, by-)
(IXa, ATIII) Eg Eg' k' =0.1 a
(Xa, ATIII) Eio E1o'" kit = 0.1 a
(lla, ATIIN) E, Epin KI'= 0.2 a

Binding (-, with-)

(TFPI, Xa) TFPLE0  TFPIa K piae,

=16x 10" Kipige,=33x10" b

(TFPla, TE:Vila)  TFPIAE7® TRPIAES kijipee =10x 10" kippee=11x10"° b

a, We estimate these parameters based on the half-lives of factors 1Xa, Xa and lla in itaserberg & Bauei994).

b, Jestyet al. (1994. APC is not included in these simulations.

TABLE A8 Platelet transitions

Transition Initial state  Final state Mst st Note
Unactivated platelet ~P™U psea Kagh = 2 x 1010 a
adhering to SE

Bound platelet pba psead  kogh=2 x 100 a
adhering to SE

Activated platelet pmu psea  kgp=2 x 100 a
adhering to SE

Activated platelet pm.a pb.a Keoh X Pmax= 1 x 10*

cohering

to bound platelet

Platelet activation ~ P™U pma Kb = 0.34 b
by ADP

Platelet activation pm.u pma kB2 = 0,50 b
by thrombin

a, Estimated from data ifuritto & Baumgartne1979 andTuritto et al. (1980 as described iKKuharsky & Fogelsorf2001).

SE means subendothelium.

b, Estimated from data iGear(1994 as described in text.
A.2 Model equations for chemicals
A.2.1 Subendothelium bound

e

ot

075
il A k9n27([TF] _ e§etot_ detot) _ k?ﬂ de_ kte:elozgeelo

+ Kseq, [Z7%E10] — K, 77%2 + Kise.o Kse [Z5%E2]

5%
— Kadh()ZE(P™2 4 PMU 4 pba),

Se.
7

+ K& [Z52E,] + (Kpgese + kg2 eso)[Z10:E7]

e

ot

(A1)

b e
e% — kgne7([-|—|:] _ e;etot_ deto5 _ k(7)ffe§e+ kcatem[zge: ElO]
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- k;rloie§ezloe§e+ (kz_g:eée + kcatese)[z9 EZT - e;dge;e

Ctpiavesel TFPIRJEE + Ky i e TFPIRES

— Kadh(X)€S(P™3 4 pMU 4 pba)
AZLE] ., . t
T = k 7918227 € — (kz§e:e2 ;sae )[ZSE EZ]
— Kadh()[Z$&E2] (P™3 4+ P™U 4 PP),

0[Z3%E1q
[ 7at ] ste Z7eelo (kzse e + k(zz.get )[Z;ei E10]

— Kadh()[ZS%Eo] (P™2 4 P™U 4 pb2)

8[292E§ﬂ N at
— = K e;e2967 (- roese + k e)[Zg ESY
— Kadh(¥)[Zg:EST (P™2 4 P™U 4 pb:a)
6[210: E;ﬂ N t
T kZlO e;ezloe7 (= 21065 + kgfo e?e)[zlo Ese.l

— Kadh(®)[Z10: E;ﬂ(Pm’a+ pmu pb,a),

OITFPIAES] _

ot ~Krpiaese TFPIAES] + K esel TFPIRJES®

— kadh)[TFPIRESY (P™2 4 pMU 4 pbay,

o[TF]

o = kaahQ[TF](P™2+ P+ P22,

A.2.2 Platelet bound

m
a_tZ — kgnZZ(NSPb’a—i— Nésepsea _ Zrzntot _ erzmot) _ kgffzgq
= K. 502 IPRO]+ Ko, [ 257:PROJ

Z':pro pro

aerzn on bpb,a sepsea __ mtot mtot
p =k3"e2(N; P2 4+ NS°P 0 =6
— kMel + k&&! | [Z3:PRO]

Z:pro

+(k°at + Koo [ 2 ES] — Zm nZ0el

Zg

+ (kcat m m)[zm Em] zm P?m ez
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m
at5 — kgn25(Nng’a+ Ngepsea _ Zg’ttot _ egntot) _ kgﬁzgn

+ - .
- k2’5“:e’l‘“OZSmelmo + kz?:eTO[Z?' Eino]
kZm m25e2 + kz_g‘:g‘[Zg]:Eg]]’

0
5;? — kgn%(Nng’a—l— Ngepsea _ Zgﬂot _ egntot) _ kgﬁegn

+ kcatem [Zm mO] + kcsﬁfezm[ZéniEEn] + kr;ro[PRo]

— kihoelell — [APCIe]' + Ky, qn[APCIES,

ap(:e5m apc

ozl
ot

- k:g“:eflnozg]erlno + kz_g‘:e’lno[Z?:ETO]
- kquz@zg‘egq + kz—gn:@[zg‘:Eg“],
aeg] on, bpb,a sepsea mtot __ mtot off
W=k898(N8P’+N8Pe—28 —k3"eg!
+ Ko [ 25 ETG] + Kitan[ 25 EZ'] + ki TEN]

— kienef'el — K can[APCIE + K o n[APC:EY

m
a_ztg _ konZg(N Pb 8y Nsepsea gntot eéntot) _ kgffzén,

0
a;etg — kgneg(Nng’a—l— Ngsepsea _ Zgntot _ esr)ntot) _ kgffegw

+ kien[ TEN] — kifnef'eg,

D NP+ NP - i 2% —
+ kz_rfo:ten[z% TEN] — zm tenZ10[ TEN]
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0D — g P+ NEGP - oI - 1% — el
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- t . +
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+ Koro[PRO] — p,oeg"efln0+k°at_ [ZI:TEN]

ZM:ten

+ K on ZT TEN',

Zl:ten
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Jd[PRO] _
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o[Z5:PRO] .
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o[z EN _
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AZEED i ) — (kg + KB (ZEERY,
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o[zMEM
% kzm em 28 elO (k28 em + kcatem)[zm mo]
6[2 ‘TEN] cat
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AZRHTENT _

ot Zlten

ZI[TEN*] — +kcat NZTEN]. (A.31)

zm ‘ten biten

A.2.3Fluid phase

0z
a_t2 =~V - (uzz — DV2zp) — kS"zp(NDPP-2 4 N5epsea _ Ztot _ ghtoty 4 offzm (A 32)
0
a_iz ——_V. (uez _ Dvez) _ kgnez(Nng,a_i_ stepsea_ Zgltot_ e;ntot) + kgf‘fegn
+ (kgsatez + kz_s:ez)[ZS:EZ] - kz_s:e225e2 + (kz_7:e2 + kg7a:tez)[z7:E2] 27 e227e2
+ (K2 + Kyp.0))[Z8:Eo] — ki, 7862 — Ki'ey, (A.33)
0z
a_t5 —_V. (UZ5 _ DVZ5) k0n25(N Pba+ Nsepsea mtot mtot) + kgffzgn
P Pb,a+ psea
— k;_S e225e2 + kz_s:ez[Z5:E2] + N5%, (A34)
0
a_?_’ —_V. (ue5 _ DV%) _ kgnes(Né)Pb,a_l_ Ngepsea _ ersntot _ er5ntot) + kgffeg\
+ kel [Z5:E), (A.35)
627 + — . — .
T =V - (uz7 = DVz7) — K .o, Z7€10 + K0, [ Z7:E10] + K7,-,[Z7:E2]
- k;; 0, 27€2, (A.36)
% _ V. (ue; — DVey) + ke [Z7:E1q] + KL [Z7:Eo)
ot Z7:€10 7-E10. 7.6 7-E21,
0
a_z'[8 —_V. (u28 _ DVZg) k0n28(N8 Pba+ Nsepsea mtot mtot) + kgffzgn
— ke, 2862 4 K5y 6, [ Z8: E2], (A.37)
0
a_ets ——_V. (Ueg _ DVeg) _ kgnQS(ngb’a'i‘ NSSePsea_ ZgltOt— egltot) + kgf‘feg1
+ k§2%,[Zs:E2], (A.38)
0Zg

o=V (uzg—DVz5) - kS"zg (NG PP-2 4 N§epsea — zqtot _ glety 4 offzm (A 39)
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069
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0z

0 V. (uzio- DVz0)
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ﬁ —
+ k0 €lb — Kt piaceso[TFPI1€10 + Kif pigee, [TFP1E]

+ (Kzpreyg + Koy [ 27:E 0] — ke 27€10 — Kfpeno, (A.42)
0[Zs:E7] _ _
= ==V - (U[ZsiEg] — DV[ZsiEa)) + ko, 2562
— (Kgee, + K52 [Z5:E2], (A.43)
o[Z7:E) _ _
Y - =V - (u[Z7:E2] — DV[Z7:E2]) + K7..¢,Z7€2
— (Kgee, + K525 )[Z7:E2), (A.44)
o[Z7:E
% =~V - (u[Z7:E10] — DV[Z7:E1q]) + K3..¢,,27€10
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0[Zg:E] _ _
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— (Kgee, + K525 [ Z8: E2], (A.46)
o[APC] N
—— ==V (UAPC] - DV[APC)) — ki [APCIE]

+ (Kpcan + k;%‘cesm)[APC:Eg“] —Kipe ar[APCleg

+ (Kgpeen + Kgocen) [APCIERT, (A.47)
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6[T8Ftp'] = —V . (u[TFPI] — DV[TFPI])
tt piaero TFPI1€10 + Kit piace, [TFPIL
a[%tp'a] ~V - (U[TFPIa] - DV[TFPIa) + K pia:er [TFPIIeL0
— K e TP
5['2?P] =—u- V[ADP] 4+ V - (D[VADP]) + orelease

A.2.4. Subendothelium boundary conditions

— D—= = —Kfe o 7% + (Ko, + K&, [ Z32E2).
oy
0zZ7 _ Lon setot se,tot off _s
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08y _ oat

D— ay z ese[Z9 Esﬂ

_D(’}_y = zlo e;e210e7 + k e;e[Zlo E7ﬂ
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D [ |
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