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ABSTRACT Blood coagulation is a self-repair process regulated by activated platelet surfaces, clotting factors, and inhibitors.
Antithrombin (AT) is one such inhibitor that impedes coagulation by targeting and inactivating several key coagulation enzymes.
The effect of AT is greatly enhanced in the presence of heparin, a common anticoagulant drug. When heparin binds to AT, it
either bridges with the target enzyme or induces allosteric changes in AT leading to more favorable binding with the target
enzyme. AT inhibition of fluid-phase enzymes caused little suppression of thrombin generation in our previous mathematical
models of blood coagulation under flow. This is because in that model, flow itself was a greater inhibitor of the fluid-phase en-
zymes than AT. From clinical observations, it is clear that AT and heparin should have strong inhibitory effects on thrombin gen-
eration, and thus we hypothesized that AT could be inhibiting enzymes bound to activated platelet surfaces that are not subject
to being washed away by flow. We extended our mathematical model to include the relevant reactions of AT inhibition at the
activated platelet surfaces as well as those for unfractionated heparin and a low molecular weight heparin. Our results show
that AT alone is only an effective inhibitor at low tissue factor densities, but in the presence of heparin, it can greatly alter,
and in some cases shut down, thrombin generation. Additionally, we studied each target enzyme separately and found that inac-
tivation of no single enzyme could substantially suppress thrombin generation.

INTRODUCTION

Antithrombin (AT) is an inhibitor of blood coagulation that
belongs to the serine protease inhibitor (serpin) superfam-
ily (1) and is found in plasma (2,3). It is continually gener-
ated in the liver to maintain a normal level in plasma of
approximately 2.4 mM (4). The anticoagulant activity of
AT involves the irreversible inactivation (5) of four key
serine proteases generated during coagulation: FIXa,
FXa, FXIa, and thrombin. Inactivation of FIXa reduces te-

nase formation (6); inactivation of FXa reduces prothrom-
binase formation (4); inactivation of FXIa weakens its
positive feedback (7); and inactivation of thrombin reduces
positive feedback, platelet activation, and overall clot for-
mation (4). A deficiency in AT can lead to excessive
thrombin generation (8), which is associated with venous
thromboembolism (9).

Although AT is thought to be an important inhibitor by it-
self, the range of its inactivation rates for coagulation en-
zymes is quite large, from 10,000 to 14,000/(M,s), which
covers measurements at both 25!C and 37!C (10,11). Its
anticoagulant activity is significantly enhanced in the pres-
ence of heparin, which is the oldest anticoagulant drug
used in clinical medicine, discovered first by Mclean in
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SIGNIFICANCE We have developed a novel mathematical model of flow-mediated coagulation that is sensitive to
changes in antithrombin levels, especially at low tissue factor densities, and to antithrombin and heparin for all tissue factor
densities examined. The sensitivity of the system is entirely due to inhibition reactions that occur on activated platelet
surfaces. The model we present here can serve as tool to explore other combinations of target enzymes for optimal
inhibition and anticoagulation strategies.
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1916 (12,13). Heparin is a naturally occurring glycosamino-
glycan that exerts its anticoagulant properties by forming a
complex with AT and facilitating an enhanced inhibitory ef-
fect of AT on activated coagulation factors (14). Unfractio-
nated heparin (UFH) is a minimally processed form of the
natural heparin and thus was the first to be used in medicine.
The structure and length of UFH were found to be quite het-
erogeneous, and this led to unwanted and unpredictable side
effects and the need for continuous monitoring during its use
as an anticoagulant drug. Further processing to shorten and
standardize lengths was desirable to achieve more predict-
able outcomes (12). These low molecular weight heparins
(LMWHs) are derived from UFH using different but
controlled manufacturing processes that lead to mean mo-
lecular weights that are less than half that of UFH (15,16).
Compared with UFH, LMWHs have longer circulating
half-lives and higher bioavailability, more predictable out-
comes, and less monitoring and are thus largely favored
for clinical use (17–20).

The anticoagulant activity of heparin is its ability to accel-
erate the inactivation of activated coagulation factors via AT.
This activity and the molecular weight of heparin have an
interesting and complex relationship. It is now understood
that there are two main mechanisms for heparin’s anticoagu-
lant activity. There is allosteric activation of AT by heparin,
which alters the structure of AT and enhances its recognition
by the various coagulation factors (21,22), and there is also
the fact that heparin provides a template to which both AT
and coagulation factors can bind and form a ternary bridging
complex (23,24). It is thought that the longer the heparin, the
more significant the bridging effect can be (11). The allo-
steric activation mechanism works to inactivate FIXa and
FXa but not thrombin or FXIa (21,22). The bridging mecha-
nism can potentially affect all four species, to varying de-
grees, but thrombin inhibition is solely dependent on this
mechanism; thrombin inhibition is significantly enhanced
by UFH when there is sufficient room on it for thrombin to
bind but much less so by LMWHs (23,24). Enhanced inhibi-
tion of FXIa occurs mainly by the bridging mechanism but
with a slight variation: FXIa has two binding sites for hepa-
rin, one noncatalytic site through which the bridging with AT
can occur, and a catalytic site through which heparin can
trigger allosteric modulation of FXIa functional activity (in
contrast to the allosteric effects on AT described above)
(7,25). To summarize, both LMWH and UFH can affect all
four enzymes, but they do so to varying degrees, depending
on their lengths. In this study, we used a mathematical model
of flow-mediated coagulation to explore the effects of
LMWH and UFH on inhibition of each individual enzyme
and all of them together. We chose to use Nadroparin as
the LMWH since there are literature values for its kinetic
rate constants along with rates for UFH within the same
experimental study (11).

In our companion study focused on tissue factor pathway
inhibitor (TFPI), we showed that platelet surfaces played

an important yet indirect role in the inhibitory mechanisms
of TFPI (26). Platelet-surface-bound enzymes are neces-
sary in coagulation since they help localize coagulation
to the site of injury and are many orders of magnitude
more efficient than their fluid-phase analogs. However,
they are limited by the number of activated platelets and
the corresponding binding sites on those platelets’ surfaces.
We hypothesized that direct binding of these platelet-bound
enzymes by fluid-phase inhibitors would have a stronger
overall inhibitory effect on coagulation compared with
their binding of fluid-phase enzymes since the fluid-phase
complexes are subject to being washed away by flow.
Our simulation results confirmed our hypothesis in the
case of TFPI, and this led us to hypothesize that AT
(with and without heparin) may be working in a similar
manner.

To investigate this, we extended the model presented in
our companion paper (26) to include surface-dependent
inactivation by AT. In our previous model, AT could directly
bind and inactivate fluid-phase enzymes only, FIXa, FXa,
and thrombin, but these inhibitory reactions showed little
to no effect on thrombin generation (27) except under the
near-stasis conditions of venous thrombosis (28). Here, we
have included the inactivation of FXa, FIXa, and thrombin
bound to the platelet surface and, additionally, the inactiva-
tion of FXIa in both fluid phase and bound to the platelet
surface. Heparin (UFH and LMWH) was explicitly intro-
duced into the model to examine its effects on anticoagulant
activity via AT. Our results demonstrated that the inclusion
of surface-dependent inactivation magnified the effects of
AT and did so to a greater extent when heparin was present.
AT in the new version of the model altered thrombin gener-
ation at a low, but not high, TF and almost entirely through
its effect on surface-bound enzymes. In the presence of hep-
arin, thrombin generation could be significantly delayed and
reduced, and these behaviors, too, were completely depen-
dent on direct inhibition of the surface-bound enzymes. In
summary, we tested two targets for inhibition of thrombin
generation under flow: fluid phase and platelet-bound en-
zymes. We identified direct binding to platelet-surface-
bound enzymes by fluid-phase inhibitors to be the primary
mechanism for effective overall inhibition of thrombin gen-
eration under flow.

MATERIALS AND METHODS

Mathematical model review

Here, we give a brief review of our previously devel-
oped mathematical model of flow-mediated coagulation
(29–31) and the details of the extensions we have made
to it. More details about this model and its sensitivity to
parameters can be found elsewhere (27). The model sim-
ulates the coagulation reactions occurring in a small reac-
tion zone (RZ) above an injury where TF in the
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subendothelium (SE) is exposed (see model schematic in
Fig. S1). Clotting factors and platelets are transported
into and out of the RZ by a combination of flow and diffu-
sion using a mass transfer coefficient whose value is a
function of vessel and injury size, the flow’s shear rate,
and the species’ diffusivity. Clotting factor concentrations
in the RZ change due to their involvement in the coagula-
tion reactions and by transport in and out of the zone.
Similarly, platelet concentrations change as platelets
adhere to the injured wall and become activated and as
other platelets are transported in and out of the zone. As
platelets build up in the RZ, the height and volume of
the RZ increase, with the volume of plasma and concen-
tration of platelets in it changing accordingly. The concen-
tration of each species in the RZ is tracked with an
ordinary differential equation; this choice relies on the
assumption that each species is uniformly distributed
(well mixed) within the RZ. An additional well-mixed
endothelial zone (EZ) is located adjacent to the RZ in
the direction perpendicular to the flow, with height equal
to that of the RZ and the width dependent on the flow
shear rate and protein diffusion coefficients. The EZ is
where active protein C is produced by a complex formed
by thrombomodulin in that zone and thrombin, which has
diffused to the EZ from the RZ. This active protein C
either diffuses into the RZ or is carried away by the flow.

There are three forms of platelets in the model: unacti-
vated platelets that exist in the plasma phase, activated
platelets that are directly attached to the SE, and activated
platelets in the thrombus that are not directly attached to
the SE. Activation of platelets is achieved by contact with
the SE, by interaction with thrombin, or by exposure to
already activated platelets (this is an indirect way to model
release of agonists from platelet stores). Activated platelets
provide the membrane surface necessary for coagulation
factors to bind and react. Each activated platelet expresses

specified types and numbers of binding sites to which coag-
ulation proteins can selectively bind.

In our companion paper (26), we extended the model to
include novel TFPI-mediated inhibition reactions that allow
TFPI to act directly on activated platelet-surface-bound spe-
cies. These reactions enabled enhanced inhibitory effects
compared with our previous version(s) of the model. Here,
we included an additional extension to incorporate the inac-
tivation of coagulation enzymes by AT and the AT-heparin
complex, specifically on the platelet surface.

Extension in the new model

The new AT/heparin-mediated inactivation reactions
include the inactivation of FXa, FIXa, and thrombin bound
to the platelet surface and inactivation of FXIa both in the
fluid phase and bound to the platelet surface. We previ-
ously assumed that the AT-mediated inactivation occurred
with a pseudo first-order reaction rate due to the high con-
centration of AT in the plasma. To track intermediate spe-
cies more carefully in this study, we have explicitly
introduced both AT and heparin as new species. We allow
the interaction between AT and heparin to include the for-
mation of complexes, which then have an accelerated inac-
tivation rate that depends on the heparin type (UFH or
LMWH). The standard concentration of AT is set to
2.4 mM, and the concentration of heparin depends on the
type of heparin (refer to Section S3). The kinetic rates
we used are based on the experimentally observed data
(11). Additionally, we allow AT to diffuse into the endothe-
lial region and further inhibit the FXa, FIXa, and thrombin
that reside there.

All of the new reactions involving AT and heparin are
sketched in Fig. 1, and the corresponding reactions are listed
in Tables 1 and 2. In Eq. 1, we show the evolution equation
for the concentration of one of the new species as an

FIGURE 1 Newly added reactions involving AT,
FIXa, FXa, thrombin (IIa), and FXIa. Inactivation re-
actions are indicated with T-shaped arrows. FXI/
FXIa exists as a dimer form, and only the exposed
end of FXIa can be inactivated by AT. To see this
figure in color, go online.
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example of the nature of the model’s equations. A full listing
of the model equations and parameter values is given in Sec-
tion S2. Note that the ordinary differential equations labeled
1–104 comprise the model from our companion paper (26),
and the remaining equations represent the new species in
this paper.

The model uses the following notation: Zi and Ei refer to a
specific zymogen or procofactor species and the correspond-
ing enzyme or cofactor species when they are in the plasma,
Zm
i and Em

i refer to the surface-bound versions of these pro-
teins (e.g., Em

7 refers to the TF:VIIa complex on the SE), and
E8 and Em

8 refer to factor VIIIa in the plasma and bound to a
platelet surface, respectively. The concentrations of the pro-
teins are denoted similarly but with lower case z and e. So,
em8 is the concentration of platelet-bound factor VIIIa. The
symbols TF, P2, P5, P8, P9, P10, and P11 are used to denote
TF and the platelet binding sites for prothrombin, FV/FVa,
FVIII/FVIIIa, FIX/FIXa, FX/FXa, and FXI, respectively.
For the platelet binding sites specific to thrombin, factor
IXa, and factor XIa, we use the symbols P"

2, P
"
9, and P"

11.
The concentrations of binding sites are indicated similarly
but with lower case p. We denote the complex of Zi and Ej

by Zi:Ej and its concentration by [Zi:Ej]; so, for example,
AT : Em

9 denotes AT bound to platelet-bound Factor IXa,
and ½AT : Em

9 $ refers to its concentration.

Inhibition of FXa/FIXa/thrombin by AT

In our previous models (29–31), AT inactivated FXa, FIXa,
and thrombin in the fluid phase only. Now, AT can addi-
tionally inactivate all of these enzymes when they are
bound to the platelet surface (reactions 1–4 in Table 1).
We assume the inactivation rates to be the same for both
fluid-phase and platelet-bound enzymes and allow the inac-
tivated AT-enzyme complex to bind/unbind from the
platelet surface with kinetic rates that match those of the
enzyme itself. We also assume that platelet-bound en-
zymes, which are also bound to AT, occupy their corre-
sponding binding site. For example, one AT:FXa complex
on the membrane, AT : Em

10, takes up one FX/FXa binding
site.

Inactivation of FXIa by AT

In our new model, we introduce the inactivation of FXIa by
AT in both fluid- and platelet-bound phases (reactions 5–9 in
Table 1). Since FXI and FXIa are dimers, we have included
inactivation of only the FXIa part of the several dimeric
forms that involve FXI and FXIa: FXI:FXI, FXI:FXIa,
and FXIa:FXIa in the fluid. Each of these can also be bound
to the platelet surface. We assume that when FXIa is bound

TABLE 1 List of reactions added on top of the extension with newly added TFPI-meditaed reactions, and their kinetic rate
constants, with literature references

Reaction list

Reaction no. Reactants Products kþ (M&1s&1) k& (s&1) kþLMWH (M&1s&1) kþUFH (M&1s&1) Note

1 ATþ Em
9 AT: Em

9 4.8 * 102 – – – a

2 ATþ Em"
9 AT: Em"

9 4.8 * 102 – – – b

3 ATþ Em
10 AT: Em

10 3.5 * 103 – – – a

4 ATþ Em
2 AT: Em

2 1.4 * 104 – – – a

5 AT þ E11:Z11 AT:E11:Z11 2.4 * 102 – – – a

6 AT þ E11:E11 AT:E11:E11 2.4 * 102 – – – a

7 AT þ AT:E11:E11 AT:E11:E11:AT 2.4 * 102 – – – a

8 AT þ E11: Z
m
11 AT:E11: Z

m
11 2.4 * 102 – – – a

9 AT þ E11: E
m
11 AT:E11: E

m
11 2.4 * 102 – – – a

10 AT þ Hep ATH 1 2.77 * 107 – – c

11 ATHþ Em
9 ATH: Em

9 – – 5 * 105 6.2 * 106 d

12 ATHþ Em"
9 ATH: Em"

9 – – 5 * 105 6.2 * 106 b

13 ATHþ Em
10 ATH: Em

10 – – 1.3 * 106 6.6 * 106 d

14 ATHþ Em
2 ATH: Em

2 – – 5.3 * 106 4.7 * 107 d

15 ATH þ E11:Z11 ATH:E11:Z11 – – 1 * 104 1.8 * 105 d

16 ATH þ E11:E11 ATH:E11:E11 – – 1 * 104 1.8 * 105 d

17 ATH þ ATH:E11:E11 ATH:E11:E11:AT – – 1 * 104 1.8 * 105 d

18 ATH þ E11: Z
m
11 ATH:E11: Z

m
11 – – 1 * 104 1.8 * 105 d

19 ATH þ E11: E
m
11 ATH:E11: E

m
11 – – 1 * 104 1.8 * 105 d

kþ shows forward reaction rate, and k& shows backward reaction rate. Subscript LMWH and UFH indicates reaction rates when AT is bound to either LWMH
or UFH, respectively.
aFor inhibition of FIXa by AT, kþ ¼ 4.8 * 102. For inhibition of FXa by AT, kþ ¼ 3.5 * 103. For inhibition of thrombin by AT, kþ ¼ 1.4 * 104. And for
inhibition of FXIa by AT, kþ ¼ 2.4 * 102, from Olson et al. (10).
bWe assume the inhibition rate of FIXa and binding rate to platelet on specific binding site are the same as the normal binding site.
cBinding of heparin to antithrombin, KD ¼ 36 nM for LWMH, and KD ¼ 9.7 nM for UFH, from Olson et al. (21).
dAccelerated inhibition of FIXa by AT:UFH complex, kþ ¼ 6.2 * 106, and AT:LMWH complex, kþ ¼ 5 * 105. For FXa by AT:UFH complex, kþ ¼ 6.6 * 106,
and AT:LMWH complex, kþ ¼ 1.3 * 106. For thrombin by AT:UFH complex, kþ ¼ 4.7 * 107, and AT:LMWH complex, kþ ¼ 5.3 * 106. And for FXIa by
AT:UFH complex, kþ ¼ 1.8 * 105, and AT:LMWH complex, kþ ¼ 1 * 104, from Olson et al. (11).
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directly to a platelet binding site, it does not participate in
any reactions and that AT can only inhibit the free FXIa
end of the dimer that is not directly bound. For example,
AT can bind and inhibit FXIa in the FXIa:FXIa complex
in the fluid phase on either or both ends (reaction 6 in
Table 1) but can only inhibit the FXIa that is exposed to
the fluid when the other end is bound to the platelet (reac-
tions 8 and 9 in Table 1, respectively). The detailed FXI/
FXIa complexes and available inhibition sites are also
shown in the reaction schematic in Fig. 1.

Introduction of heparin

Heparin is introduced as a new species with a fixed upstream
concentration set to 253 and 759 nM for UFH and LMWH,
respectively, based on the recommended therapeutic range
0.3–0.7 U/mL (36). The conversion of heparin potency to
molar concentration can be found in Section S3. We also
varied this concentration to understand how this affects hep-
arin’s impact.

Inactivation by AT:Heparin complex

We assume that AT can bind to heparin and form the com-
plex we call ATH (reaction 10 in Table 1). The AT:Heparin
complex inactivates FXa, FIXa, FXIa, and thrombin in

either the fluid- or platelet-bound phase by direct binding
(reactions 11–19 in Table 1). When AT is bound to
LMWH, we simply change the kinetic rate constants to
represent Nadroparin, which greatly accelerates the inacti-
vation of FIXa (by 3 orders of magnitude), accelerates inac-
tivation of FXa and thrombin to a lesser extent (by a factor
of 370), and accelerates FXIa inactivation by a yet smaller
amount (by a factor of 40). When AT is bound to UFH,
we use the reaction kinetic reported from the same experi-
ment, which indicates that it accelerates inactivation of all
of the targeted enzymes (750–13,000 times increase) more
potently than does LMWH. Platelet-bound enzymes that
are inactivated by AT:heparin complexes can also bind/un-
bind from the platelet surface and, while bound, occupy
the corresponding enzyme binding site on the platelet (reac-
tions 20–31 in Table 2).

Example equation

Newly added reactions listed in Table 1 were expressed
mathematically using the law of mass action. For example,
the following equation describes the rate of change of the
platelet-bound concentration of FXa bound to AT. It ac-
counts for the binding and unbinding of the complex
FXa:AT with the platelet surface and the direct binding of
AT from the fluid to platelet-bound FXa:

d
!
Em
10 : AT

"

dt
¼ kon10½E10 : AT$pavail10|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

FXa:AT binding to platelet

& koff10

!
Em
10 : AT

"
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

FXa:AT unbinding from platelet

þ kþem
10
:AT , e

m
10 ,AT|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

:Inactivation of platelet-bound FXa by AT:

(1)

Here, pavail10 is the concentration of FX/FXa binding sites on
activated platelets that are not occupied by an FX- or FXa-
containing species.

RESULTS

TF and shear rate dependence

Here, we examined how the variation in TF density and
shear rate affected thrombin production with the new AT
inhibitory mechanisms at the platelet surface and compared
the outcomes with those without that surface inhibition. For
various TF densities in the range 0–30 fmol/cm2 and for
shear rates 100, 500, and 1,500/s, we performed simulations
with and without surface inhibition (denoted ‘‘SI’’ in the
figure). We looked at two output metrics, the lag time, which
we define as the time point at the thrombin concentration
first reaches 1 nM, and the thrombin concentration at
10 min. Fig. 2 A shows the lag times, and Fig. 2 B shows
the thrombin concentrations at 10 min.

TABLE 2 List of platelet-binding reactions added on top of the
extension with newly added TFPI-mediated reactions, and their
kinetic rate constants, with literature references

Reaction list

Reaction
no. Reactants Products

kon

(M&1s&1) koff (s&1) Note

20 AT:E9þP9 AT: Em
9 1 * 107 2.5 * 10&2 a

21 AT:E9þ P"9 AT: Em"
9 1 * 107 2.5 * 10&2 b

22 AT:E10 þ P10 AT: Em
10 1 * 107 2.5 * 10&2 c

23 AT:E2þ P"2 AT: Em
2 1 * 107 5.9 d

24 AT:E11:Z11 þ P11 AT:E11: Z
m
11 1 * 107 0.1 e

25 AT:E11:E11þ P"11 AT:E11: E
m
11 1 * 107 0.017 f

26 ATH:E9þP9 ATH: Em
9 1 * 107 2.5 * 10&2 a

27 ATH:E9þ P"9 ATH: Em"
9 1 * 107 2.5 * 10&2 b

28 ATH:E10 þ P10 ATH: Em
10 1 * 107 2.5 * 10&2 c

29 ATH:E2þ P"2 ATH: Em
2 1 * 107 5.9 d

30 ATH:E11:Z11 þ P11 ATH:E11: Z
m
11 1 * 107 0.1 e

31 ATH:E11:E11þ P"11 ATH:E11: E
m
11 1 * 107 0.017 f

kon shows binding rate and koff shows unbinding reactions rate.
aBinding of FIXa to platelet surface, KD ¼ 2.5 * 10&9, from Ahmad
et al. (32).
bWe assume the inhibition rate of FIXa and binding rate to platelet on spe-
cific binding site are the same as the normal binding site.
cBinding of FXa to platelet surface, KD¼ 2.5 * 10&9, fromWalsh et al. (33).
dBinding of thrombin to platelet surface, KD ¼ 5.9 * 10&7, from Mann
et al. (31).
eBinding of FIX to platelet surface, KD ¼ 1 * 10&7, from Greengard
et al. (34).
fBinding of FIXa to platelet surface, KD ¼ 1.7 * 10&7, from Miller
et al. (35).
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With and without the surface inhibition, the lag time
decreased as the TF density increased and/or the shear
rate decreased. These behaviors occur because a higher
TF density provides a larger initial stimulus and decreasing
the shear rate slows the loss of essential enzymes from the
RZ. Also, the thrombin concentrations at 10 min increased
with the TF density, sharply at low TF densities and more
gradually at high ones. In fact, the results indicated a
threshold dependence on TF density in all cases examined.
(We refer to curves of thrombin at 10 min versus TF den-
sity as threshold curves.) The thrombin concentration at
10 min, however, was only very slightly affected by
the shear rate (Fig. 2 B). In summary, the effects of TF den-
sity and shear rate remain qualitatively the same in the
presence of the new AT reactions without heparin-mediated
acceleration.

Influence of AT level on thrombin generation

Next, we compared how thrombin generation was affected
by various AT levels at low versus high TF density. We var-
ied the AT level from 0% to 200% of its physiological con-
centration (2.4 mM) and used 4 and 15 fmol/cm2 for the low
and high TF densities, respectively. Fig. 3 shows plots of
thrombin generation with (Fig. 3, C and D) and without
(Fig. 3, A and B) surface inhibition by AT for low TF
(Fig. 3, A and C) and high TF (Fig. 3, B and D). In the
absence of the surface AT reactions, there is no to little
change in the thrombin generation for all levels of AT
(Fig. 3, A versus B). When the AT surface reactions are pre-
sent, thrombin generation is significantly delayed at the low,
but not the high, TF density (Fig. 3, C and D). Another
observation is that the concentration of thrombin after
20 min of activity remains almost the same in all cases;
similar to our TFPI study, the AT affects mainly the timing
of the thrombin burst. In summary, surface-dependent inac-
tivation by AT affects thrombin generation, but this is more
prominent at a low TF density. Since measurements of
plasma levels of thrombin-AT (TAT) are used clinically,

we calculated the instantaneous rates of generation of TAT
complexes (in the plasma and on the platelet surfaces) and
their removal by flow for various levels of AT. We found
that more TAT was generated than carried away by flow,
with the majority staying bound to platelet surfaces, as
shown in Fig. S8.

Influence of heparin level on thrombin generation

The effect of different heparin concentrations was also
examined. The thrombin time courses shown in Fig. 4
were generated for different heparin concentrations (0.1%,
10%, 50%, and 100%) for both LWMH (where 100% ¼
253 nM) and UFH (for which 100% ¼ 759 nM). The values
for 100% were based on recommended dosages, and the
conversions and references are in the supporting material.
As the level of heparin was increased, the delay in thrombin
generation was increased, and at the therapeutic concentra-
tion, both types of heparins prevented the thrombin concen-
tration from reaching 1 nM. As expected, UFH had a higher
overall inhibitory effect. Our new model exhibits the distinct
and clinically observed effects on anticoagulant activity of
LMWH and UFH.

Effects of surface-dependent AT inactivation on
thrombin, FIXa, FXa, and FXIa

To study the individual enzymes and the effect of inactiva-
tion on their concentrations, we tracked the time courses
of thrombin, FXa, FIXa, and FXIa. Fig. 5 shows plots of
the sum of both the fluid-phase and platelet-bound species.
We examined these concentrations in the absence and pres-
ence of the surface-dependent inactivation by AT, and under
the condition of no heparin, with LWMH or with UFH at
25% of their therapeutic concentrations. For all species,
the cases without surface-dependent inactivation by AT or
ATH (antithrombin bound to heparin) showed almost indis-
tinguishable curves, meaning that AT and ATH were not
effective at reducing enzyme concentrations when
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inactivating fluid-phase enzymes only. In the presence of
surface-dependent inactivation by AT, but in the absence
of heparin, the concentrations of all species look similar
to the case with no surface-dependent inactivation. With sur-
face-dependent inactivation, both the LMWH and UFH sub-
stantially reduced the concentrations of all enzymes, with
the strongest effects from UFH. These results collectively
show that the surface-dependent inhibition reactions are

critical and necessary to induce observable effects of hepa-
rin on its target enzymes.

Examination of the major inactivation reactions

To understand the effects of inactivating each enzyme alone,
we separately kept individual inactivation reactions ‘‘turned
on’’ while ‘‘turning off’’ the remaining reactions; turning off
a reaction here means that we set the corresponding associ-
ation rates to zero. For example, to focus on the effects of
inactivating FIXa alone, we keep AT inactivation of FIXa
turned on while setting AT association rates for FXa,
FXIa, and thrombin to zero. For these studies, we used a
TF density of 15 fmol/cm2 and a shear rate of 100/s.
Fig. 6 shows the resulting thrombin time courses under
the influence of either LMWH (Fig. 6 A) or UFH (Fig. 6
B). Simulations with LMWH and UFH showed similar
trends. In both cases, inactivating FXIa had a negligible ef-
fect. Inactivating either FIXa, FXa, or thrombin increased
the lag time; with LMWH, the lag times were increased
by about 200 s, and with UFH, they were increased by about
400 s for FIXa and thrombin inactivation and by about 800 s
for FXa inactivation. The thrombin concentrations after
20 min were about the same for individual inactivation of
FIXa, FXa, and FXIa, around 150 nM. For inactivation of
thrombin, the thrombin concentration after 20 min is
reduced to about 100 nM with LMWH and about 20 nM
with UFH; this is due to a reduction in both positive feed-
back and the direct inactivation itself. When LMWH and
UFH are working to their full potential, i.e., they are inacti-
vating all four enzymes to their respective degrees, the
thrombin generation is essentially shut off, with concentra-
tions that never even reach 1 pM. In summary, our model
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shows that inactivation of any of the single target enzymes
alone is not enough to prevent robust thrombin generation;
inhibiting multiple targets together enables accumulative in-
hibition to completely extinguish thrombin generation.

DISCUSSION

In our previous mathematical models of flow-mediated
coagulation (29–31), AT inactivated FIXa, FXa, and
thrombin in the fluid phase only, and this had little effect
on thrombin production since the fluid-phase species,
whether inactivated or not, were subject to flow and could
easily be washed away. Our extended model, which includes
direct binding of fluid-phase AT to platelet-bound species,
shows a new sensitivity of the model coagulation system
to AT. In particular, we find that AT can dramatically in-
crease the lag time of thrombin generation at low TF density
through this surface-dependent inhibition mechanism. How-

ever, at high TF, even when ATwas increased to 200% of its
normal concentration, the changes in thrombin generation
are slight. Addition of these new reactions does not signifi-
cantly alter the TF density threshold or shear rate depen-
dence. We found only small increases in the lag time and
slight changes in thrombin concentration after 10 min of
clotting activity, when compared with simulations run in
the absence of the AT-mediated inactivation reactions,
over a wide range of TF densities. As observed in our previ-
ous studies (29–31), increasing the flow shear rate increases
the lag time and reduces the thrombin concentration after
10 min of clotting activity.

The presence of heparin greatly magnifies the sensitivity
of the system to AT, and this sensitivity is due entirely to the
direct binding of platelet-bound species by fluid-phase ATH.
When the AT-mediated inactivation of platelet-surface-
bound enzymes is turned off, neither type of heparin has
any noticeable effect on the system. This highlights the
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critical role that the platelet surface plays in this process. We
find that UFH at 10% of a therapeutic level or LMWH at
100% of a therapeutic level can completely shut down
thrombin generation, even at high TF densities. These re-
sults are generally in line with observed responses to heparin
therapies in the sense that UFH is a stronger inhibitor than
LMWH; this is because UFH affects the inactivation of
FIXa, FXa, FXIa, and thrombin, whereas LMWH affects
mainly the inactivation of FIXa and FXa and has less influ-
ence on the inactivation of thrombin and FXIa.

In our model we do not include direct effects of heparin
on the rate of platelet deposition in the reactions. The only
way that platelet deposition can be affected by heparin in
this model is indirectly through its effect on thrombin gen-
eration and thrombin’s activation of platelets. In particular,
less thrombin from the heparin will reduce positive feed-
back and will also reduce the number of platelets activated
by thrombin. Some plots of the platelet dynamics with vary-
ing types and concentrations of heparin are shown in the
Fig. S6; heparin indeed reduces the platelet deposition.

It has been shown that the addition of heparin can also
accelerate the inhibitory effect of TFPI, as shown in pro-
thrombinase activity assays initiated with FXa, FV, pro-
thrombin, and lipids, but such an effect was greatly
diminished when FXa was preincubated with partially acti-
vated FV (37). These data are in line with several observa-
tions showing procoagulant effects of heparin when AT is
not present in the system (37,38). Wood et al. further
explored these ideas and showed that the negatively charged
heparin molecule can block the interaction between TFPIa
and partially activated FV (FV-h) (39). Therefore, addition
of heparin can reduce the inhibitory effect of TFPIa toward
prothrombinase that is made with FV-h but has no effect on
prothrombinase made with fully activated FVa. Our model
does not reflect the reduced binding interaction between
TFPIa and FV-h by heparin treatment, but our model and re-
sults can still give some insight about what might happen
under these conditions. The results in our companion
TFPI study (26) showed that the coagulation response in
the absence of binding between TFPIa and FV-h was
enhanced. That scenario resembles the situation where hep-
arin would block the binding of TFPIa to FV-h. We note that
AT-mediated inactivation in that version of the model had no
effect because it only acted on fluid-phase enzymes, thus we
can consider it to be a case in which there is essentially no
AT, isolating the procoagulant effects of heparin to be
through TFPIa/FV-h interactions. Nevertheless, further
exploration of procoagulant effects of heparin and the exten-
sion of heparin-TFPIa would be an interesting topic for
future work.

The model allowed us to do simulations in which we
could isolate the effect of inhibiting one coagulation enzyme
at a time by setting the rate constants for other enzymes to
zero. In doing this systematically, we found that no one sin-
gle enzyme inactivation was enough to prevent substantial

thrombin generation under flow for the TF densities exam-
ined. Inactivating FXIa alone had almost no effect. Inactiva-
tion of each FIXa, FXa, or thrombin individually by either
LMWH or UFH led to increased lag time. The lag times
were increased more for UFH than LMWH. Substantial
thrombin was still produced by 20 min in these cases. The
strength of heparin inhibition seems to be the simultaneous
enzyme targets at multiple steps in the coagulation system.

There are other types of LMWH heparins and derivatives
of UFH that have been developed for use as anticoagulant
drugs (11,12,15) that we did not study in this work. There
is a large body of clinical research to understand which hep-
arins and their derivatives work best for various indications,
for example treatment of deep vein thrombosis versus
thromboprophylaxis after surgery. Complete details are
beyond the scope of this work, but we point interested
readers to a few published reviews (40,41). Researchers
are still trying to identify individual risk factors associated
with bleeding when using heparin as an anticoagulant treat-
ment (42,43). Even though newer types of anticoagulants
are being developed, advanced, and frequently used in place
of heparins (44), both LMWH and UFH were effective in
managing clotting complications of COVID-19 (45,46).

CONCLUSION

In this study, we explored the effects of surface-dependent
inactivation by AT in a model coagulation system under
flow. As we concluded in our companion (26) TFPI study,
targeting the enzymes bound to activated platelet surfaces
was required for efficient inhibition of thrombin generation.
We showed that AT alone can delay thrombin generation
when TF density is low but not when TF density is high.
This inhibition was completely dependent on the platelet sur-
face reactions. Our results show that AT in the presence of
heparin can drastically inhibit thrombin generation. We
developed a new version of our mathematical model that is
sensitive to AT and heparin in ways that have been observed
clinically, i.e., the magnitude of the effects of LMWH versus
UFH. We found that inactivating single enzymes only was
ineffective at suppressing thrombin generation. Combina-
tions of two or three targets could be examined to aid in
the design of new anticoagulant drugs. The model we devel-
oped in this study and in our companion TFPI study (26) will
serve as a powerful tool for such use in future studies.
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S1 MODEL SCHEMATIC

Figure S1: Schematic of the model reaction zone (main figure) and endothelial zone (inset).
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S2 MODEL EQUATIONS

Below we have listed the full model equations for all species. The model detailed here includes extensions of our previous work
(1–3). In total, the model consists of 130 species (and their corresponding ordinary di�erential equations) and 239 parameters
including kinetic rates and initial/upstream concentrations. The solution of the model equations was carried out with our
in-house fortran code that uses DLSODE for the numerical solution of the di�erential equations; each run of the model that
simulates 40 minutes of clotting activity takes less than 10 seconds on a linux-based laptop. Simulations of this model (in the
absence of heparin) can be performed with our online coagulation simulator: ClotSims. Below, blue text indicates the additional
terms we added for the TFPI-mediated reactions, and purple text indicates the additional terms we added for the AT-mediated
reactions. Strikeouts shows the terms we have removed from our previous version of the model.
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+: 5 ;>F ( [⇢9 : �)]D? � [⇢9 : �)])
�:>=9 ?

0E08;

91 [⇢9 : �)] + :> 5 59 [⇢<⇤
9 : �)]

3

3C

[⇢<9 : �)] = +:�)
4
<
9
4
<

9 [�)] (106)

�:> 5 59 [⇢<9 : �)] + :>=9 ?
0E08;

9 [⇢9 : �)]
3

3C

[⇢<⇤
9 : �)] = +:�)

4
<
9
4
<⇤
9 [�)] (107)

�:> 5 59 [⇢<⇤
9 : �)] + :>=9 ?

0E08;

91 [⇢9 : �)]
3

3C

[⇢10 : �)] = +:�)
410
410 [�)] (108)

+: 5 ;>F ( [⇢10 : �)]D? � [⇢10 : �)])
+:> 5 510 [⇢<10 : �)] � :>=10 ?

0E08;

10 [⇢10 : �)]
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3

3C

[⇢<10 : �)] = +:�)
4
<
10
4
<

10 [�)] (109)

�:> 5 510 [⇢<10 : �)] + :>=10 ?
0E08;

10 [⇢10 : �)]
3

3C

[⇢2 : �)] = +:> 5 5
42 [⇢<2 : �)] � :>=

42
?
0E08;

2 [⇢2 : �)] (110)

+:�)
42
42 + : 5 ;>F ( [⇢2 : �)]D? � [⇢2 : �)])

3

3C

[⇢<2 : �)] = +:�)
4
<
2
4
<

2 [�)] (111)

�:> 5 5
42 [⇢<2 : �)] + :>=

42
?
0E08;

2 [⇢2 : �)]
3

3C

[⇢11 : �)] = +:�)
411
411 [�)] (112)

�:�)
411

[⇢11 : �)] [�)]
+:> 5 511 [⇢<⇤

11 : �)] � :>=11 ?
0E08;

111 [⇢11 : �)]
+:�)�

411
411 [�) : �4?] � :�)�

411
[⇢11 : �)�] [�) : �4?]

+: 5 ;>F ( [⇢11 : �)�]D? � [⇢11 : �)�])
�:>=

411
?
0E08;

111 [⇢11 : �)�] + :> 5 5
411 [⇢<⇤

11 : �)�]
3

3C

[�) : ⇢11 : �)] = +:�)
411

[⇢11 : �)] [�)] (113)

3

3C

[⇢<⇤
11 : �)] = +:�)

411
4
<⇤
11 [�)] (114)

�:> 5 511 [⇢<⇤
11 : �)] + :>=11 ?

0E08;

111 [⇢11 : �)]
3

3C

[⇢⌘11 : �)] = +:�)
411
4
⌘

11 [�)] (115)

+:> 5 511 [⇢⌘<11 : �)] � :>=11 ?
0E08;

11 [⇢⌘11 : �)]
3

3C

[⇢⌘<11 : �)] = +:�)
411
4
⌘<

11 [�)] (116)

�:> 5 511 [⇢⌘<11 : �)] + :>=11 ?
0E08;

11 [⇢⌘11 : �)]
3

3C

[�)] = �:�)
49
49 [�)] � :�)

4
<
9
4
<

9 [�)] (117)

+:�)
4
<
9
4
<⇤
9 [�)]

�:�)
410
410 [�)] + :4<10

�)

4
<

10 [�)]
�:�)

42
42 [�)] � :�)

4
<
2
4
<

2 [�)]

�:�)
411
411 [�)] � :�)411

[⇢11 : �)] [�)]
�:�)

411
4
<⇤
11 [�)] � :�)

411
4
⌘

11 [�)]
�:�)

411
4
⌘

11 [�)]
+: 5 ;>F ( [�)]D? � [�)])
�:+[�):�4?] [�4?] [�)] + :�[�):�4?] [�) : �4?]

3

3C

[�4?] = �:+[�):�4?] [�4?] [�)] + :�[�):�4?] [�) : �4?] (118)
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3

3C

[�) : �4?] = +:+[�):�4?] [�4?] [�)] � :�[�):�4?] [�) : �4?] (119)

�:�)�
410

410 [�) : �4?] � :�)�
4
<
10

4
<

10 [�) : �4?]

�:�)�
42

42 [�) : �4?] � :�)�
4
<
2

4
<

2 [�) : �4?]

�:�)�
49

49 [�) : �4?] � :�)�
4
<
9

4
<

9 [�) : �4?]

�:�)�
4
<
9

4
<⇤
9 [�) : �4?]

�:�)�
411

411 [�) : �4?] � :�)�
411

[⇢11 : �)�] [�) : �4?]
�:�)�

411
4
<⇤
11 [�) : �4?] � :�)�

411
4
⌘

11 [�) : �4?]
�:�)�

411
4
⌘<

11 [�) : �4?]
3

3C

[⇢10 : �)�] = +:�)�
410

410 [�) : �4?] + : 5 ;>F ( [⇢10 : �)�]D? � [⇢10 : �)�]) (120)

�:>=10 ?
0E08;

10 [⇢10 : �)�] + :> 5 510 [⇢<10 : �)�]
3

3C

[⇢<10 : �)�] = +:�)�
4
<
10

4
<

10 [�) : �4?] (121)

+:>=10 ?
0E08;

10 [⇢10 : �)�] � :> 5 510 [⇢<10 : �)�]
3

3C

[⇢2 : �)�] = +:�)�
42

42 [�) : �4?] + : 5 ;>F ( [⇢2 : �)�]D? � [⇢2 : �)�]) (122)

�:>=
42
?
0E08;

2 [⇢2 : �)�] + :> 5 5
42 [⇢<2 : �)�]

3

3C

[⇢<2 : �)�] = +:�)�
4
<
2

4
<

2 [�) : �4?] (123)

+:>=2 ?
0E08;

2 [⇢2 : �)�] � :> 5 5
42 [⇢<2 : �)�]

3

3C

[⇢9 : �)�] = +:�)�
49

49 [�) : �4?] + : 5 ;>F ( [⇢9 : �)�]D? � [⇢9 : �)�]) (124)

�:>=
49
?
0E08;

9 [⇢9 : �)�] + :> 5 5
49 [⇢<9 : �)�]

�:>=
49
?
0E08;

91 [⇢9 : �)�] + :> 5 59 [⇢<⇤
9 : �)�]

3

3C

[⇢<⇤
9 : �)�] = +:�)�

4
<
9

4
<

9 [�) : �4?] (125)

+:>=
49
?
0E08;

9 [⇢9 : �)�] � :> 5 5
49 [⇢<9 : �)�]

3

3C

[⇢<⇤
9 : �)�] = +:4<9 :�)�4

<⇤
9 [�) : �4?] (126)

+:>=
49
?
0E08;

91 [⇢9 : �)�] � :> 5 5
49 [⇢<⇤

9 : �)�]
3

3C

[�)� : ⇢11 : �)�] = +:�)�
411

[�) : �4?] [⇢11 : �)�] (127)

+: 5 ;>F ( [�)� : ⇢11 : �)�]D? � [�)� : ⇢11 : �)�])
3

3C

[⇢<⇤
11 : �)�] = +:�)�

411
4
<⇤
11 [�) : �4?]+:>=

411
?
0E08;

111 [⇢11 : �)�] (128)

�:> 5 5
411 [⇢<⇤

11 : �)�]
3

3C

[⇢⌘11 : �)�] = +:�)�
411

4
⌘

11 [�) : �4?] (129)

+: 5 ;>F ( [⇢⌘11 : �)�]D? � [⇢⌘11 : �)�])
+:> 5 5

411 [⇢⌘<11 : �)�] � :>=
411
?
0E08;

111 [⇢⌘11 : �)�]
3

3C

[⇢⌘<11 : �)�] = +:�)�
411

4
⌘<

11 [�) : �4?] (130)

�:> 5 511 [⇢⌘<11 : �)�]
+:>=11 ?

0E08;

111 [⇢⌘11 : �)�]
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S1 Table. INITIAL PLASMA LEVELS. Descriptions, notation and labels for each parameter associated with initial plasma
levels are listed. The value of each parameter is found in the corresponding table listed above.

Description Notation Label Table
Prothrombin I2 Z2 S8
Factor V I5 Z5 S8
Factor VII I7 Z7 S8
Factor VIII I8 Z8 S8
Factor IX I9 Z9 S8
Factor X I10 Z10 S8
Factor XI I11 Z11 S8
TFPI [TFPI] TFPI S8
AT [AT] AT S8
Hep [Hep] Hep S8

S2 Table. PLATELET CHARACTERISTICS. Descriptions, notation and labels for each parameter associated with platelet
characteristics are listed. The value of each parameter is found in the corresponding table listed above.

Description Notation Label Table
Platelet count PLD? PLup S8
Binding site number for II #2 N2 S8
Binding site number for IIa #

⇤
2 N2* S8

Binding site number for V/Vh/Va #5 N5 S8
Binding site number for VIII/VIIIa #8 N8 S8
Binding site number for IX #9 N9 S8
Binding site number for IXa #

⇤
9 N9* S8

Binding site number for X/Xa #10 N10 S8
Binding site number for XI #11 N11 S8
Binding site number for XIa #

⇤
11 N11* S8

Rate of unactivated platelets adhering to SE :
+
03⌘ kadh S14

Rate of activated platelets adhering to SE :
+,⇤
03⌘ kadh1 S14

Rate of platelet activation by platelet in solution :
02C
?;C kact?;C S14

Rate of platelet activation on SE :
02C ,⇤
?;C kact*?;C S14

Rate of platelet activation by thrombin :
02C
42

kact42 S14

Manuscript submitted to Biophysical Journal S19



S3 Table. KINETIC RATE CONSTANTS. Descriptions, notation and labels for each parameter associated with kinetic rate
constants are listed. The value of each parameter is found in the corresponding table listed above.

Description Notation Label Table
Rates of activation of TF:VII by fX  " KZ7mE10M S9

:
20C
I<7 :410

KZ7mE10CAT S9

:
�
I<7 :410

KZ7mE10MI S9

Rates of activation of fX by TF:VIIa  " KZ10E7mM S9
:
20C
I10:4<7

KZ10E7mCAT S9

:
�
I10:4<7

KZ10E7mMI S9

Rates of activation of fIX by TF:VIIa  " KZ9E7mM S9
:
20C
I9:4<7

KZ9E7mCAT S9

:
�
I9:4<7

KZ9E7mMI S9

Rates of binding of fVII/fVIIa to TF :
>=
7 K7ON S9
:
> 5 5
7 K7OFF S10

Rates of activation of TF:VII by fXa  " KZ7E10M S10
:
20C
I7:4<10

KZ7E10CAT S10

:
�
I7:4<10

KZ7E10MI S10

Rates of activation of TF:VII by fIIa  " KZ7E2M S10
:
20C
I7:42

KZ7E2CAT S10
:
�
I7:42

KZ7E2MI S10
Rates of activation of TF:VII by fIXa  " KZ7E9M S10

:
20C
I7:49

KZ7E9CAT S10
:
�
I7:49

KZ7E9MI S10
Rates of activation of fV by fIIa  " KZ5E2M S10

:
20C
I5:42

KZ5E2CAT S10
:
�
I5:42

KZ5E2MI S10
Rates of activation of fVIII by fIIa  " KZ8E2M S10

:
20C
I8:42

KZ8E2CAT S10
:
�
I8:42

KZ8E2MI S10
Rates of activation of fIX by fXIa-fXIa :

+
I9:411

KZ9E11P S10
:
20C
I9:411

KZ9E11CAT S10
:
�
I9:411

KZ9E11MI S10
Rates of activation of fIX by fXIa-fXI :

+
I9:4⌘11

KZ9E11P S10

:
20C
I9:4⌘11

KZ9E11CAT S10

:
�
I9:4⌘11

KZ9E11MI S10

Rates of activation of fXI by fIIa :
+
I11:42

KZ11E2P S10
:
20C
I11:42

KZ11E2CAT S10
:
�
I11:42

KZ11E2MI S11
Rates of binding of fX/fXa to plt. surface :

>=
10 K10ON S11

:
> 5 5
10 K10OFF S11

Rates of binding of fV/fVa to plt. surface :
>=
5 K5ON S11

:
> 5 5
5 K5OFF S1

Rates of binding of fVIII/fVIIIa to plt. surface :
>=
8 K8ON S1

:
> 5 5
8 K8OFF S1

Rates of binding of fIX/fIXa to plt. surface :
>=
9 K9ON S1

:
> 5 5
9 K9OFF S11

Rates of binding of fII/fIIa to plt. surface :
>=
2 , :>=,⇤

2 K2ON, K2SON S1

:
> 5 5
2 , :> 5 5 ,⇤

2 K2OFF, K2SOFF S11
Rates of binding of fXI/fXIa to plt. surface :

>=
11 , :>=,⇤

11 K11ON, K11SON S11

:
> 5 5
11 , :> 5 5 ,⇤

11 K11OFF, K11SOFF S12
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S4 Table. KINETIC RATE CONSTANTS. Descriptions, notation and labels for each parameter associated with kinetic rate
constants are listed. The value of each parameter is found in the corresponding table listed above.

Description Notation Label Table
Rates of activation of fV by fXa on plt. surface  " KZ5mE10mM S12

:
20C
I<5 :4<10

KZ5mE10mCAT S12

:
�
I<5 :4<10

KZ5mE10mMI S12

Rates of activation of fV by fIIa on plt. surface  " KZ5mE2mM S12
:
20C
I5:4<2

KZ5mE2mCAT S12

:
�
I5:4<2

KZ5mE2mMI S12

Rates of activation of fVIII by fXa on plt. surface  " KZ8ME10MM S12
:
20C
I8:4<10

KZ8ME10MCAT S12

:
�
I8:4<10

KZ8ME10MMI S12

Rates of activation of fVIII by fIIa on plt. surface  " KZ8ME2MM S12
:
20C
I8:4<2

KZ8mE2mCAT S12

:
�
I8:4<2

KZ8mE2mMI S12

Rates of activation of fX by TEN on plt. surface  " KZ10mTENM S12
:
20C
I<10:)⇢#

KZ10mTENCAT S12

Rates of activation of fII by PRO on plt. surface  " KZ2mPROM S12
:
20C
I<2 :%'$

KZ2mPROCAT S12

Rates of activation of fXI by fIIa on plt. surfaces :
+
I<11:4<2

KZ11mE2mP S12

:
20C
I<11:4<2

KZ11mE2mCAT S12

:
�
I<11:4<2

KZ11mE2mMI S12

Rates of activation of fIX by fXIa-fXIa on plt. surface  " KZ9mE11mP S12
:
20C
I<9 :4<11

KZ9mE11mCAT S12

:
�
I<9 :4<2

KZ9mE11mMI S12

Rates of formation of TEN on plt. surface :
+
4<8 :4<9

KE8mE9mP S12

:
�
4<8 :4<9

KE8mE9mMI S12

Rates of formation of PRO on plt. surface :
+
4<5 :4<10

KE5mE10mP S12

:
�
4<5 :4<10

KE5mE10mMI S12

Rates of inhibition of fXa by TFPI :
+
C 5 ?80:410

KTFPI_E10_P S13
:
�
C 5 ?80:410

KTFPI_E10_M S13
Rates of inhibition of TF:VIIa by TFPIa :

+
C 5 ?80:4<7

KTFPIa_E7m_P S13

:
�
C 5 ?80:4<7

KTFPIa_E7m_M S13

Rates of inhibition of fVa by APC on plt. surface  " KE5mAPCM S13
:
20C
4<5 :�%⇠

KE5mAPCCAT S13

:
�
4<5 :�%⇠

KE5mAPCMI S13

Rates of inhibition of fVIIIa by APC on plt. surface  " KE8mAPCM S13
:
20C
4<8 :�%⇠

KE8mAPCCAT S13

:
�
4<8 :�%⇠

KE8mAPCMI S13

Rates of inhibition of fIIa by TM on plt. surface :
>=
)" KTMP S13
:
> 5 5
)" KTMM S14
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S5 Table. NEW KINETIC RATE CONSTANTS ADDED IN TFPI EXTENSION. Descriptions, notation and labels for each
parameter associated with kinetic rate constants are listed. The value of each parameter is found in the corresponding table
listed above.

Description Notation Label Table
Rates of binding of fV-h by fXa on plt. surface :

+
45⌘<410< KE5HME10MP S10
:
�
4<5 :4<10

KE5HME10MMI S12

Rates of activation of II by PROh on plt. surface  " KZ2MPROHM S10
:
20C
I<2 :%'$⌘ KZ2MPROHCAT S12

:
�
I<2 :%'$⌘ KZ2MPROHMI S12

Rates of activation of fV-h by IIa on plt. surface  " KE5HME2MM S10
:
20C
4⌘<5 :4<2

KE5HME2MCAT S12

:
�
4⌘<5 :4<2

KE5HME2MMI S12

Rates of activation of fV-h by IIa in fluid  " KE5HE2M S10
:
20C
4⌘5 :42

KE5HE2CAT S12

:
�
4⌘5 :42

KE5HE2MI S12

Rates of binding of fV-h by TFPI on plt. surface :
+
)�%�:4⌘<5

KTFPIE5HMP S10

:
�
)�%�:4⌘<5

KTFPIE5HMMI S13

Rates of binding of fV-h by TFPI in fluid :
+
)�%�:4⌘5

KTFPIE5HP S10

:
�
)�%�:4⌘5

KTFPIE5HMI S13

Rates of binding of fXa by TFPI on plt. surface :
+
)�%�:4<10

KTFPI_E10M_P S10

:
�
)�%�:4<10

KTFPI_E10M_MI S13

Rates of binding of PROh by TFPI on plt. surface by binding fXa :
+
)�%�:%'$⌘ :E10

KTFPIPROHV10P S10

:
�
)�%�:%'$⌘ :E10

KTFPIPROHV10MI S13

Rates of binding of PROh by TFPI on plt. surface by binding fV-h :
+
)�%�:%'$⌘ :E5

KTFPIPROHV5P S10

:
�
)�%�:%'$⌘ :E5

KTFPIPROHV5MI S13

Rates of inactivation of fV-h by APC on plt. surface  " KE5HMAPCM S10
:
20C
4⌘<5

KE5HMAPCCAT S13

:
�
4⌘<5 :�%⇠

KE5HMAPCMI S13

Rates of inactivation of fV-h by APC in fluid  " KE5HAPCM S10
:
20C
4⌘5

KE5HAPCCAT S13

:
�
4⌘5 :�%⇠

KE5HAPCMI S13
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S6 Table. NEW KINETIC RATE CONSTANTS ADDED IN AT EXTENSION. Descriptions, notation and labels for each
parameter associated with kinetic rate constants are listed. The value of each parameter is found in the corresponding table
listed above.

Description Notation Label Table
Rates of inactivation of fIXa by AT on plt. surface :

�)
4<9

KE9MATIII S13

Rates of inactivation of fXa by AT on plt. surface :
�)
4<10

KE10MATIII S13

Rates of inactivation of IIa by AT on plt. surface :
�)
4<2

KE2MATIII S13

Rates of inactivation of fXIa by AT on plt. surface :
�)
4<11

KE11MATIII S13

Rates of inactivation of fIXa by AT in fluid :
�)
49

KE9ATIII S13
Rates of inactivation of fXa by AT in fluid :

�)
410

KE10ATIII S13
Rates of inactivation of IIa by AT in fluid :42

�) KE2ATIII S13

Rates of inactivation of fXIa by AT in fluid :
�)
411

KE11ATIII S13
Rates of binding of AT by Heparin on plt. surface :

+
�):�4? KATBHEPMI S13
:
�
�):�4? KATBHEPMI S13

Rates of inactivation of fIXa by ATH on plt. surface :
�)�
4<9

KE9MATH S13

Rates of inactivation of fXa by ATH on plt. surface :
�)�
4<10

KE10MATH S13

Rates of inactivation of IIa by ATH on plt. surface :
�)�
4<2

KE2MATH S13

Rates of inactivation of fXIa by AT on plt. surface :
�)�
4<11

KE11MATH S13

Rates of inactivation of fIXa by ATH in fluid :
�)�
49

KE9ATH S13
Rates of inactivation of fXa by ATH in fluid :

�)�
410

KE10ATH S13
Rates of inactivation of IIa by ATH in fluid :

�)�
42

KE2ATH S13
Rates of inactivation of fXIa by AT in fluid :

�)�
411

KE11ATH S13
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Kinetic and Physical Parameter Values:

S7 Table. DIFFUSION COEFFICIENTS FOR PLATELETS AND FLUID-PHASE CHEMICAL SPECIES (a) From (4). (b) From
(5).

Platelets 2.5⇥10�7 cm2/s a
Proteins 5⇥10�7 cm2/s b

S8 Table. NORMAL CONCENTRATIONS AND SURFACE BINDING SITE NUMBERS (a) From (6). (b) From (7). (c) (8)
suggests that normal plasma concentration of fVIIa is about 1% of the normal fVII concentration. (d) From (9). (e) (f) From
(10). (g) Estimated as described in the text of the Supplementary Information. (h) From (11). (i) From (12). (j) From (13). (k)
From (14). (l) From (15, 16). (m) Number of fV molecules released per activated platelet (17). (n) Maximum concentration of
platelets in a 2 `m high reaction zone assuming that 20 platelets can cover a 10`m-by-10`m injured surface (18). (o) From
(19). (p) Refer to heparin dosage calculation in later section of supplemental material.

Prothrombin 1.4 `M a
Factor V 0.01 `M b
Factor VII 0.01 `M a
Factor VIIa 0.1 nM c
Factor VIII 1.0 nM a
Factor IX 0.09 `M a
Factor X 0.17 `M a
Factor XI 30.0 nM a
TFPI 0.5 nM d
Protein C 65 nM e
Platelet count 2.5(10)5/`l f
#2 1000/plt g
#

⇤
2 1000/plt g
#5 3000/plt h
#8 450/plt i
#9 250/plt j
#

⇤
9 250/plt j
#10 2700/plt k
#11 1500/plt l
#

⇤
11 250/plt l

=5 3000/plt m
?%!�( 0.167 nM n
�) 2.4 nM o
!",� 253 nM p
*�� 759 nM p
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S9 Table. REACTIONS ON SUBENDOTHELIUM (a) :cat
I
<
7 :410

= 5.0 sec�1 and  " = 1.2 · 10�6 M (20). (b) :cat
I
<
7 :42

= 6.1 · 10�2

sec�1 and  " = 2.7 · 10�6 M (20). (d) :cat
I10:4<7

= 1.15 sec�1 and  " = 4.5 · 10�7 M (6). (d) :cat
I9:4<7

= 1.15 sec�1 and

 " = 2.4 · 10�7 M (21). (e)  3 = 1.0 · 10�10 M (22).

Activation
(of -, by -)

(TF:VII,fXa) ⇢10, /<
7 /

<
7 : ⇢10 ⇢

<
7 :

+
I<7 :410

=5.0 · 106
:
�
I<7 :410

=1.0 :
cat
I<7 :410

=5.0 a

(TF:VII, fIIa) ⇢2, /<
7 /

<
7 : ⇢2 ⇢

<
7 :

+
I<7 :42

=3.92 · 105
:
�
I<7 :42

=1.0 :
cat
I<7 :42

=6.1 · 10�2 b

(fX, TF:VIIa) ⇢
<
7 , /10 /10 : ⇢<

7 ⇢10 :
+
I10:4<7

=5.0 · 106
:
�
I10:4<7

=1.0 :
cat
I10:4<7

=1.15 c

(fIX, TF:VIIa) ⇢
<
7 , /9 /9 : ⇢<

7 ⇢9 :
+
I9:4<7

=9.4 · 106
:
�
I9:4<7

=1.0 :
cat
I9:4<7

=1.15 d

Binding
(of -, with -)

(fVII, TF) /7, )� /
<
7 :

on
7 =5.0 · 107

:
o�
7 =5.0 · 10�3 e

(fVIIa, TF) ⇢7, )� ⇢
<
7 :

on
7 =5.0 · 107

:
o�
7 =5.0 · 10�3 e
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S10 Table. REACTIONS IN THE PLASMA (a) :cat
I7:410

= 5.0 sec�1 and  " = 1.2 ·10�6 M (20). (b) :cat
I7:42

= 6.1 ·10�2 sec�1 and
 " = 2.7 · 10�6 M (20) (c) :cat

I5:42
= 0.23 sec�1 and  " = 7.17 · 10�8 M (23). (d) :cat

I8:42
= 0.9 sec�1 (24) and  " = 2 · 10�7 M

(25). (e) :cat
I11:42

= 1.3 · 10�4,  " = 50nM (26). Rate constants apply also for thrombin-activation of XIa-XI. (f) :cat
I9:4⌘11

= 0.21,

 " = 0.2`M (27, 28). Rate constants apply also for activation of IX by XIa-XIa.

Reaction Reactants Complex Product M�1sec�1 sec�1 sec�1 Note

Activation
(of -, by -)

(fVII, fXa) /7, ⇢10 /7 : ⇢10 ⇢7 :
+
I7:410

=5 · 106
:
�
I7:410

=1.0 :
cat
I7:410

=5.0 a
(fVII, fIIa) /7, ⇢2 /7 : ⇢2 ⇢7 :

+
I7:42

=3.92 · 105
:
�
I7:42

=1.0 :
cat
I7:42

=6.1 · 10�2 b
(fV, fIIa) /5, ⇢2 /5 : ⇢2 ⇢5 :

+
I5:42

= 1.73 · 107
:
�
I5:42

=1.0 :
cat
I5:42

=0.23 c
(fVIII, fIIa) /8, ⇢2 /8 : ⇢2 ⇢8 :

+
I8:42

=2.64 · 107
:
�
I8:42

=1.0 :
cat
I8:42

=0.9 d
(fXI-fXI, fIIa) /11, ⇢2 /11 : ⇢2 ⇢

⌘
11 :

+
I11:42

= 2.0 · 107
:
�
I11:42

= 1.0 :
cat
I11:42

= 1.3 · 10�4 e
(fIX, fXIa) /9, ⇢⌘

11 /9 : ⇢⌘
11 ⇢9 :

+
I9:4⌘11

= 0.6 · (10)7
:
�
I9:4⌘11

= 1.0 :
cat
I9:4⌘11

= 0.21 f

S26 Manuscript submitted to Biophysical Journal



S11 Table. BINDING TO PLATELET SURFACES (a) For fIX binding to platelets,  3 = 2.5 · 10�9 M (13), and for fX binding
to platelets,  3 has approximately the same value (11). For fX binding to PCPS vesicles, the on-rate is about 107 M�1sec�1 and
the o�-rate is about 1.0 sec�1 (29) giving a dissociation constant of about 10�7 M. To estimate on- and o�-rates for the
higher-a�nity binding of fX to platelets, we keep the on-rate the same as for vesicles and adjust the o�-rate to give the correct
dissociation constant. The rates for fIX binding with platelets are taken to be the same as for fX binding. (b) We assume binding
constants for fIXa binding to the specific fIXa binding sites are the same as for shared sites. (c) fV binds with high-a�nity to
phospholipids (PCPS) (29) and we use the same rate constants reported there to describe fV binding to platelets. (d) The  3 for
fVIII binding with platelets is taken from (12). We set the o�-rate :o�

8 for fVIII binding to platelets equal to that for fV binding
to platelets, and calculate the on-rate :on

8 . (e) For prothrombin interactions with platelets,  3 is reported to be 5.9 · 10�7 M (30).
We choose :o�

2 and set :on
2 = :o�

2 / 3 . (f) Estimated as described in the text of the Supplementary Information. (g)  3 = 10 nM
(31). (h)  3 = 1.7 nM (16).

Reaction Reactants Products M�1sec�1 sec�1 Note

Factor IX /9, %9 /
<
9 :

on
9 =1.0 · 107

:
o�
9 =2.5 · 10�2 a

Factor IXa ⇢9, %9 ⇢
<
9 :

on
9 =1.0 · 107

:
o�
9 =2.5 · 10�2 a

Factor IXa ⇢9, %⇤
9 ⇢

<,⇤
9 :

on
9 =1.0 · 107

:
o�
9 =2.5 · 10�2 b

Factor X /10, %10 /
<
10 :

on
10=1.0 · 107

:
o�
10 =2.5 · 10�2 a

Factor Xa ⇢10, %10 ⇢
<
10 :

on
10=1.0 · 107

:
o�
10 =2.5 · 10�2 a

Factor V /5, %5 /
<
5 :

on
5 =5.7 · 107

:
o�
5 =0.17 c

Factor Vh ⇢
⌘
5 , %5 ⇢

⌘<
5 :

on
5 =5.7 · 107

:
o�
5 =0.17 c

Factor Va ⇢5, %5 ⇢
<
5 :

on
5 = 5.7 · 107

:
o�
5 =0.17 c

Factor VIII /8, %8 /
<
8 :

on
8 = 5.0 · 107

:
o�
8 =0.17 d

Factor VIIIa ⇢8, %8 ⇢
<
8 :

on
8 = 5.0 · 107

:
o�
8 =0.17 d

Factor II /2, %2 /
<
2 :

on
2 = 1.0 · 107

:
o�
2 =5.9 e

Factor IIa ⇢2, %2 ⇢
<
2 :

⇤,on
2 = 1.0 · 107

:
⇤,o�
2 = 0.2 f

Factor XI /11, %11 /
<
11 :

on
I11

= 1.0 · 107
:

o�
I11

=0.1 g
Factor XIa ⇢11, %⇤

11 ⇢
<
11 :

on
411

= 1.0 · 107
:

o�
411

=0.017 h
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S12 Table. REACTIONS ON PLATELET SURFACES (a) :cat
I
<
5 :4<10

= 0.046 sec�1 and  " = 10.4 · 10�9 M (32). (b) The rate

constants for thrombin activation of fV on platelets are assumed to be the same as in plasma. (c) :cat
I
<
8 :4<10

= 0.023 sec�1 and

 " = 2.0 · 10�8 M (25). (d) The rate constants for thrombin activation of fVIII on platelets are assumed to be the same as in
plasma. (e) The formation of the tenase and prothrombinase complexes is assumed to be very fast with  3 = 1.0 · 10�10 M (33).
(f) :cat

I
<
10:C4= = 20 sec�1 and  " = 1.6 · 10�7 M (34). (g) :cat

I
<
2 :?A> = 30 sec�1 and  " = 3.0 · 10�7 M (35). (h) :cat

I
<
11:4<2

= 1.3 · 10�4,

 " = 50 nM (26). Rate constants apply also for thrombin-activation of Plt-XIa-XI. (i) :cat
I
<
9 :4⌘,<

11

= 0.21,  " = 0.2`M (27, 28).

Rate constants apply also for activation of platelet-bound IX by Plt-XIa-XIa.

Reaction Reactants Complex Product M�1sec�1 sec�1 sec�1 Note

Activation
(of -, by -)

(V, Xa) /
<
5 , ⇢<

10 /
<
5 : ⇢<

10 ⇢
⌘<
5 :

+
I<5 :4<10

=1.0 · 108
:
�
I<5 :4<10

=1.0 :
cat
I<5 :4<10

=4.6 · 10�2 a

(V, IIa) /
<
5 , ⇢<

2 /
<
5 : ⇢<

2 ⇢
<
5 :

+
I<5 :4<2

=1.73 · 107
:
�
I<5 :4<2

=1.0 :
cat
I<5 :4<2

= 0.23 b

(Vh, IIa) ⇢
⌘<
5 , ⇢<

2 ⇢
⌘<
5 : ⇢<

2 ⇢
<
5 :

+
I<5 :4<2

=1.73 · 107
:
�
I<5 :4<2

=1.0 :
cat
I<5 :4<2

= 0.23 b

(VIII, Xa) /
<
8 , ⇢<

10 /
<
8 : ⇢<

10 ⇢
<
8 :

+
I<8 :4<10

=5.1 · 107
:
�
I<8 :4<10

=1.0 :
cat
I<8 :4<10

=2.3 · 10�2 c

(VIII, IIa) /
<
8 , ⇢<

2 /
<
8 : ⇢<

2 ⇢
<
8 :

+
I<8 :4<2

=2.64 · 107
:
�
I<8 :4<2

=1.0 :
cat
I<8 :4<2

= 0.9 d

(X, VIIIa:IXa) /
<
10 , )⇢# /

<
10 : )⇢# ⇢

<
10 :

+
I<10:C4=

=1.31 · 108
:
�
I<10:C4=

=1.0 :
cat
I<10:C4=

=20.0 f

(X, VIIIa:IXa⇤) /
<
10 , )⇢# ⇤

/
<
10 : )⇢# ⇤

⇢
<
10 :

+
I<10:C4=

=1.31 · 108
:
�
I<10:C4=

=1.0 :
cat
I<10:C4=

=20.0 f

(II, Vh:Xa) /
<
2 , %'$⌘ /

<
2 : %'$⌘ ⇢

<
2 :

+
I<2 :?A>

= 1.03 · 108
:
�
I<2 :?A>

=1.0 :
cat
I<2 :?A>

=30.0 g

(II, Va:Xa) /
<
2 , %'$ /

<
2 : %'$ ⇢

<
2 :

+
I<2 :?A>

= 1.03 · 108
:
�
I<2 :?A>

=1.0 :
cat
I<2 :?A>

=30.0 g

(XI-XI, IIa) /
<
11 , ⇢<

2 /
<
11 : ⇢<

2 ⇢
⌘<
11 :

+
I<11:4<2

= 2.0 · 107
:
�
I<11:4<2

= 1.0 :
cat
I<11:4<2

= 1.3 · 10�4 h

(IX, XIa) /
<
9 , ⇢⌘<

11 /
<
9 : ⇢⌘<

11 ⇢9 :
+
I<9 :4<11

= 0.6 · 107
:
�
I<9 :4<11

= 1.0 :
cat
I<9 :4<11

= 0.21 i

Binding
(of -, with -)

(VIIIa, IXa) ⇢
<
8 , ⇢<

9 )⇢# :
+
ten=1.0 · 108

:
�
ten=0.01 e

(VIIIa, IXa⇤) ⇢
<
8 , ⇢<,⇤

9 )⇢#
⇤

:
+
ten=1.0 · 108

:
�
ten=0.01 e

(Vh, Xa) ⇢
⌘<
5 , ⇢<

10 %'$⌘ :
+
pro=1.0 · 108

:
�
pro=0.01 e

(Va, Xa) ⇢
<
5 , ⇢<

10 %'$ :
+
pro=1.0 · 108

:
�
pro=0.01 e

S13 Table. INHIBITION REACTIONS (a) From (19). (b) From (36). (c) For inhibition of fVa by APC, :cat
4
<
5 :�%⇠ = 0.5 sec�1 and

 " = 12.5 · 10�9 (37). We assume the same reaction rates for the inhibition of fVIIIa by APC. (d) From (38). (e)From (39). (f)
From (40). (g)  3 = 0.5 nM and [%⇠] = 65 nM (41). (h)From (42). (i) :%⇠:)":4422

= 0.167 sec�1 ,  " = 0.7 · 10�6 M (43).
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Reaction Reactants Product M�1sec�1 sec�1 sec�1 Note

Inactivation
(of -, by -)

(IXa, AT-III) ⇢9, AT ⇢9 : �) :
�)
49

=4.8 · 102 a

(Xa, AT-III) ⇢10, AT ⇢10 : �) :
�)
410

=3.5 · 103 a

(IIa, AT-III) ⇢2, AT ⇢2 : �) :
�)
42

=1.4 · 104 a
(XIa, AT-III) ⇢11, AT ⇢11 : �) :

�)
411

=2.4 · 102 a
(XIa:AT, AT-III) ⇢11 : �) , AT �) : ⇢11 : �) :

�)
411

=2.4 · 102 a

(IXa, ATH) ⇢9, ATH ⇢9 : �)� :
�)
49

=5 · 105 b

(Xa, ATH) ⇢10, ATH ⇢10 : �)� :
�)
410

=1.3 · 106 b

(IIa, ATH) ⇢2, ATH ⇢2 : �)� :
�)
42

=5.3 · 106 b
(XIa, ATH) ⇢11, ATH ⇢11 : �)� :

�)
411

=1 · 104 b
(XIa:AT, ATH) ⇢11 : �) , ATH �)� : ⇢11 : �)� :

8=
�):411

=1 · 104 b

(APC, Va) �%⇠, ⇢<
5 none :

+
4<5 :�%⇠

= 1.2 · 108
:
�
4<5 :�%⇠

= 1.0 :
cat
4<5 :�%⇠

= 0.5 c

(APC, VIIIa) �%⇠, ⇢<
8 none :

+
4<8 :�%⇠

= 1.2 · 108
:
�
4<8 :�%⇠

= 1.0 :
cat
4<8 :�%⇠

= 0.5 c

Binding
(of -, with -)

(TFPI, Xa) )�%� ,⇢10 )�%�0 :
+
C 5 ?80:410

=1.6 · 107
:
�
C 5 ?80:410

=3.3 · 10�4 d

(TFPI, Vh) )�%� , ⇢⌘
5 )�%� : ⇢⌘

5 :
+
C 5 ?8:45⌘ = 0.05 · 109

:
�
C 5 ?8:45⌘ = 0.0045 e

(TFPI:Xa, Vh) )�%�0, ⇢⌘
5 ⇢

⌘
5 : )�%� : ⇢10 :

+
C 5 ?8:45⌘ = 0.05 · 109

:
�
C 5 ?8:45⌘ = 0.0045 e

(TFPI:Vh, Xa) )�%� : ⇢⌘
5 , ⇢10 ⇢

⌘
5 : )�%� : ⇢10 :

+
C 5 ?80:410

=1.6 · 107
:
�
C 5 ?80:410

=3.3 · 10�4 d

(Xa:Vh, TFPI) ⇢10 : ⇢⌘
5 , )�%�0 ⇢10 : ⇢⌘

5 : )�%� :
+
C 5 ?81?A>⌘E5 = 0.05 · 109

:
�
C 5 ?81?A>⌘E5 = 0.0045 e

(Xa:Vh, TFPI) ⇢10 : ⇢⌘
5 , )�%�0 )�%� : ⇢10 : ⇢⌘

5 :
+
C 5 ?81?A>⌘E10 = 1.6 · 107

:
�
C 5 ?81?A>⌘E10 = 3.3 · 10�4 d

(TFPIa, TF:VIIa) )�%�0,⇢<
7 )�%�0 : ⇢<

7 :
+
C 5 ?80:410

=1.6 · 107
:
�
C 5 ?80:410

=3.3 · 10�4 f

(TM, Thrombin) )", ⇢42
2 )" : ⇢42

2 :
on
)" = 1.0 · 108

:
o�
)" = 5.0 · 10�2 g

(AT-III, Heparin) �) ,�4? �)� :
+
�)� = 1.0 :

�
�)� = 2.77 · 107 h

Activation
(of -, by -)

(PC, TM:E42
2 ) )" : ⇢42

2 �%⇠ :
+
%⇠:)":4422

= 1.7 · 106
:
�
%⇠:)":4422

= 1.0 :
cat
%⇠:)":4422

= 0.16 i
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S14 Table. PLATELET TRANSITIONS (a) Estimated from data in (44, 45) as described in (46). (b) Estimated from data in
(47) as described in (46). SE=subendothelium.

Reactants Reactants Products M�1sec�1 sec�1 Note

Unactivated platelet adhering to SE %!, SE %!
B
0 :

+
adh=2 · 1010

:
�
adh=0 a

Activated platelet adhering to SE %!
E
0 , SE %!

E
0 :

+
adh=2 · 1010

:
�
adh=0 a

Platelet activation by platelet in solution %!, %!E
0 2%!E

0 :
act
?;C = 3 · 108 b

Platelet activation on SE %!, %!B
0 %!

E
0 , %!B

0 :
act
?;C = 3 · 108 b

Platelet activation by thrombin %!, ⇢2 %!
E
0 :

act
42

=0.50 b
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S3 CONVERSION OF HEPARIN POTENCY TO MOLAR CONCENTRATION
Based on the recommended dosage of heparin treatment (0.3-0.7 U/ml) (48), we use the value of 0.5 U/ml. Based on the
information from second international standard for heparin by WHO, the conversion factor will be 130 U/mg (49). By using the
mean molecular weight of heparin as 15kDa (50), we can get:
0.5 U/ml * 1/130 mg/U = 0.0038 mg/ml
0.00386/! ⇤ 1/15000<>;/6 = 2.53 ⇤ 10�7" = 253="
For the LMWH, since the molecular weight of LMWH varies based on di�erent product (51), we use 5kDa as its molecular
weight. Therefore, the concentration of heparin at 100% is determined by:
0.00386/! ⇤ 1/5000<>;/6 = 2.53 ⇤ 10�7" = 759="
Both concentrations were set as 100% baseline dosage concentration. For example, when we use 50% concentration of UFH
and LMWH, we are using 126.5 nM and 379.5 nM respectively.
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S4 LOCAL SENSITIVITY ANALYSIS - METHOD
As in our previous work (52), we again focus on the sensitivity of three special thrombin metrics:

1. Lag time: A measure of how fast the system is turned on, defined as the amount of time required for thrombin to reach 1
nM.

2. Maximum relative rate: A measure of how fast thrombin is produced once the system is turned on, defined as

max
C>C1="

( 3 [thrombin]
3C

/[thrombin]).

3. Final concentration: The thrombin concentration after 20 minutes of clotting activity.

We examine the sensitivity of these metrics to two types of parameter variations: (i) the plasma levels of seven zymogens
and two inhibitors, and (ii) the values of 24 new kinetic parameters that are related to TFPI reactions. We used a derivative-based
approach to quantify the sensitivity of each metric with respect to centered di�erence in the parameters in a range of values
(50%, 75%, 100%, 125% and 150% for the plasma level parameters, and 90%, 95%, 100%, 105% and 110% for kinetic
parameters). The standard values for each plasma level parameters were set to the initial conditions. Similar to our previous SA
results (52), we found that each of the metrics behaved monotonically with respect to varying each plasma level from 50% to
150% of the standard values, as shown in Fig. (S2A-C) and the kinetic parameters from 90% to 110% as shown in Fig. (S3A-C).
The min/max values of these monotonic curves shows the change in the thrombin metric due to the factor change. Clotting
factor variations had a significant e�ect on all three thrombin metrics but the largest change in the thrombin metrics due to
variations in the kinetic parameters was less than 0.2% and therefore, we did not characterize the sensitivity of these parameters
further. For the clotting factors and inhibitors, we quantified their sensitivity by the absolute di�erence they produced in each
metric when considering their extremal values (i.e., 50% and 150%). For each metric, we ranked the parameters by considering
their relative absolute di�erence. We define G = (G1, G2, ..., G?) to be the standard model parameter values and <8 (G 9,H%) to be
the values of the 8-th metric when parameter 9 is chosen to be H% of its standard value and all other parameters are chosen to be
at their standard value. The local sensitivity of the 8-th metric to the 9-th parameter is then:

!(
8

9
=

|<8 (G 9,150% � <8 (G 9,50%)) |
max: ( |<8 (G:,150% � <8 (G:,50%)) |)

Each sensitivity score, LS, is then a number between 0 and 1 and we use these values to rank the input sensitivities. In our
results, we denote LS scores higher than 0.75 with solid black triangles, LS scores from 0.25 to 0.75 as gray triangles, and
for LS scores lower than 0.25 we use open triangles. In addition, because the response of the system outputs was monotonic
throughout the entire range, we show separately the change in each metric for the 50% increase with the triangle upward and a
50% decrease with a triangle facing downward. Then the H-value of the triangle corresponds to its result on the output.

The local SA results in Fig. (S2D-I) reveal the most influential clotting factors and inhibitors, when perturbed one at a time
for each of the three thrombin metrics. Fig. (S2D) shows that FVIII and FX have the greatest e�ect on the lag time, where an
increase in either FVIII or FX levels by 50% leads to an approximately 10% decrease in the lag time from baseline. This is
seen with the solid black (LS scores above 0.75), upward-facing (increase in factor level) triangles, with H-value near -10%
showing the decrease in lag time. Comparing with sesitivity results from our old model((52)), we see an increased sensitivity to
TFPI, where a decrease/increase by 50% leads to about a 8% decrease/5% increase in the lag time from baseline, respectively,
although the TFPI LS score still does not reach 0.75. Fig. (S2E) shows that variations in FVIII, FIX, and FX have the largest
e�ect on the maximum relative rate of thrombin generation, and this metric still has low sensitivity to TFPI. These findings are
the same as in our previous results and make sense since these factors influence the rate of formation of the tenase complex on
platelets, which a�ects the amplification stage of coagulation, and the inhibitory e�ect by TFPI does not alter such amplification
process. It also indicates that new TFPI inhibitory reactions does not have significant influence towards the rate at which
thrombin is being made. Fig. (S2F) shows that the final concentration metric is sensitive only to prothrombin (FII) as was found
previously((52)). The corresponding LS scores are shown in Fig. (S2H-I).

Fig.(S3) demonstrates the local SA results for each of kinetic parameters that are related to TFPI reactions. Forward and
reverse rate for each of the reaction are varied by 10% and change in lag time, maximum relative rate and final concentrations
were observed. The results indicate that slight perturbation in reaction kinetics has minimal e�ect towards these three thrombin
metrics, where none of the kinetic parameter caused more than 1% change from baseline in each cases. Such insensitiveness
of the kinetic parameters, however, indicates the tolerance of the model towards the possible error in the kinetic parameters
retrieved from experimental design.
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Figure S2: Local sensitivity analysis of clotting factor levels on thrombin metrics. The initial conditions of clotting factor and
inhibitor levels were varied between 50% and 150% of their baseline values. Shown are (A,B,C) the amplitude change in lag
time, maximum relative rate, and final thrombin concentration, (D,E,F) the percentage change in each of the metrics, and
(G,H,I) the LS scores for each metric and for each species. Solid black triangles represent the species with LS score higher than
0.75, gray triangles for LS scores from 0.25 to 0.75, and open triangles for LS lower than 0.25. The arrow direction indicates if
the variable was increased or decreased.
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Figure S3: Local sensitivity analysis of TFPI-related kinetic rates on thrombin metrics. The new kinetic parameters were
varied between 90% and 110% of their baseline values. Shown are (A,B,C) the amplitude of the changes in the lag time,
maximum relative rate and final thrombin concentration due to the kinetic parameter variations. The plus/minus sign indicates
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Figure S4: Thrombin generation time courses under di�erent TFPI levels (0 nM and 0.5 nM) plotted in linear scale. TF level is
varied by 2.5 fmol/cm2 (A) and 10 fmol/cm2 (B). Shear rate is fixed at 100/s.
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Figure S5: FXa concentration in the presence of LMWH (A) or UFH (B), FIXa concentration in the presence of LMWH (C) or
UFH (D), FX:TF:VIIa concentration in the presence of LMWH (E) or UFH (F), and FX:tenase concentration in the presence of
LMWH (G) or UFH (H). The time course is obtained from simulations in which we turn o� all the AT-mediated inactivation
reactions and then allow inhibition of FXa, FIXa, FXIa and thrombin, individually and one by one. Each curve thus shows
thrombin/tenase generation when there is either no or only one inactivation reaction that exists in the system. TF density was set
to 15 fmol/cm2 and shear rate was set to 100/s. Heparin concentration is fixed to 100% of the standard therapeutic concentration.
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Figure S6: Subendothelium-attacehed platelet count (PLAS) and paltelet-attached-activated platelet count (PLAV) time course
with varied LMWH treatmemnt (A-C) or UFH treatment (D-F). TF level is fixed to 6 5 <>;/2<2. We examined how heparin
in the system might a�ect platelet deposition. We specifically looked at two types of platelets: those that are activated and
bound to subendothelium (PLAS), and those that are activated and bound to deposited platelets (PLAV), and their sum. The
platelets accumulate on the subendothelium (SE) and PLAV eventually plateaus due to the limited space at the SE, whereas
platelets above the injury site will continue to grow. Increasing the heparin concentrations led to decreases in both platelet
species through time.This is because by increasing amount of heparin, it can greatly reduce the thrombin in the reaction zone,
which leads to reduced amount of platelet to be activated by thrombin. Such a reduction can cause a shift from platelet-bound
platelet to subendothelium-bound platelet. The increase in subendothelium-bound platelet will physically cover up the surface,
which can negatively influence the initiation phase of coagulation.
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Figure S7: Concentration time course of platelet surface bound FXa, FV-h, and their complexes with TFPI. TF level is varied by
2.5 fmolcm% (A,C,E,G) and 10 fmol/cm2 (B,D,F,H). Under each TF level, TFPI level is varied by 0.5 nM and 2.5 nM, and
shear rate is varied by 100/s, 500/s and 1500/s.
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Figure S8: Instantaneous generation and removal of TAT (A,B), and accumulative concentration of TAT in plasma (C) and on
the platelet membrane (D). TF level is fixed to 5 fmol/cm2, and shear rate is fixed to 100/s.
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