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Abstract—Our hemostatic system, when called to action,
depends on the complex arrangement of a tightly regulated
and extensive network of molecules with versatile function-
ality. Experimental methods have demonstrated marked
improvement through enhanced condition-control and mon-
itoring. However, this approach continues to provide limited
explanations of the role of individual elements or of a specific
component within the entire system. To fill this void,
multiscale simulations based on high throughput computing
and comprehensive mathematical models are showing their
strength in not only revealing hidden physiological mecha-
nisms but also predicting pharmacological/phenotypical
outcome in hemostasis reactions based on quantitative
analysis. In this review article, we present up-to-date com-
putational methods that simulate the process of platelet
adhesion and thrombus growth, compare and summarize
their advantages and drawbacks, verify their predictive
power, and project their future directions. We provide an in-
depth summary of one such computational method—Platelet
Adhesive Dynamics (PAD)—and discuss its application in
simulating platelet aggregation and thrombus development.

Keywords—Multiscale simulation, Coagulation, Physical

model, Platelet.

INTRODUCTION

Platelet adhesion and thrombus formation are crit-
ical, self-defensive mechanisms during the hemostatic
response to prevent excessive blood loss during
body injuries. When an unactivated, flowing platelet
encounters an elevated local concentration of soluble
platelet activators (e.g., thrombin or ADP, released at
the site of vessel injury12), or physically contacts an
exposed subendothelial layer through formation of
surface receptor–ligand bonds (e.g., GPIba–vWF–A1
bond36) it initiates translocation on an injured vessel

wall, platelet activation, and subsequently, firm
adherence to the vessel wall. Further development of a
thrombus involves platelet–platelet interaction via
GPIba–fibrinogen/vWF bridging,67 as well as forma-
tion of a fibrin network.39 Defects in hemostasis arising
from genetic mutations or environmental stress can
result in bleeding disorders (failure to stop bleeding) or
thrombosis (undesirable blood clotting), with symp-
toms ranging from mild to life threatening.11 Pathol-
ogies of hemostasis affect more than 2% of the US
population. Computer simulations of hemostasis have
been developed to supplement knowledge gained
through experimental and clinical research. For more
than a decade, simulation studies have evolved to
study platelet aggregation and thrombus formation
under increasingly realistic conditions (e.g., compli-
cated vascular geometry, multiple ligand-binding
kinetics, and comprehensive coagulation cascade sys-
tem79). Though model simplification, assumption, and
approximation remain unavoidable, researchers are
building more accurate models with the aid of enhanced
computing power and an improved understanding of
the underlying biological processes.

Current multiscale computational methods applied
to study these delicate physiological processes utilize
different compositions of several fundamental yet
important modules, such as fluid mechanics, coagula-
tion cascade, cell mechanics and receptor–ligand bind-
ing. Each of these modules focuses on a specific range of
the length/time scales (Fig. 1). More detailed descrip-
tion of eachmodule can be seen inTable 1.A reasonable
platelet aggregation model usually comprises two or
more of these inter-correlated modules to achieve the
multiscale model structure, and such inter-correlation is
usually achieved by variable transmission. For example,
Alber and colleagues have established a 2D thrombus
development model,80 which considers both the hemo-
dynamics and coagulation cascade reactions, but is not
involved in cell mechanics and receptor–ligand binding.
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Pivkin et al.59 have developed a 3D model that incor-
porates fluid mechanics and physical cell particle mod-
ules where a platelet-rich thrombus is growing inside a
cylindrical vessel, but the adhesion model is based on
threshold assumptions that have not been experimen-
tally supported. Fogelson and coworkers17,74 developed
a continuum platelet aggregation model by considering
only the fluid phase, where the effect of platelet adhesion
was simulated by a force distribution generated from
elastic linkage between cells onto the fluid (plasma). The
modelwas latermodified to incorporate the platelet-wall
interaction18 and a partial coagulation cascade.37 Our
group has constructed a 3D platelet aggregation model
(Platelet Adhesive Dynamics, or PAD) with ellipsoid
platelet particle aggregates via receptor–ligand binding

under simple shear flow.50,51 However, this model has
not yet incorporated the coagulation/platelet activation
effect. Validation of these mathematical models is often
done by comparing simulation results with in vivo/
in vitro experimental data. The experimental observa-
tions can cover a wide range of types, including cellular
response to signalmolecules, visualizationof cellmotion
in microfluidic devices and confocal microscopy of in
vivo thrombus development.

Hydrodynamics

Hydrodynamics and blood rheology are critical for
maintaining normal hemostatic function. The mar-
gination of platelets, dependent on factors such as

FIGURE 1. The summary of the systematic structure of different methods, modules and models in current studies of multiscale
modeling of platelet aggregation and thrombus development. Here, each module utilizes a group of selected methods (usually
representative governing equations), and one computational model usually contains several organized modules.

TABLE 1. Example applications for each module, with their representative length scale.

Simulation modules Applications

Example

references Scale

Fluid mechanics CFD 1,65,71 Tissue/vessel/cell

SDM 7,28,53 Tissue/vessel/cell

DPD 16,60,82 Tissue/vessel/cell

CDL-BIEM 50,51 Tissue/vessel/cell

Coagulation cascade ODEs/PDEs sets describing space–time

concentration fields of chemicals

37,40 Vessel/cell

Cell mechanics Membrane mechanics combined with

elastic and viscous fluid

61,62,83 Cell

Platelet activation ODEs/PDEs sets describing space–time

concentration fields of different type of cells

56,63,64 Vessel/cell

Receptor–ligand binding Voigt’s model for cell–cell interaction 28 Cell

Monte Carlo method used to determine

the bonding profile

50 Protein/molecule

CFD: Computational Fluid Dynamics, SDM: Stokesian Dynamics Methods, DPD: Dissipative Particle Dynamics, CDL-BIEM: Complete

Double Layer Boundary Integral Equation Method, ODE: Ordinary Differential Equation, PDE: Patial Differential Equation.
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finite platelet size,72 large volume fraction of red blood
cells (RBCs), the relatively high stiffness of platelets
(compared to highly deformable RBCs)55,85 and
physiological shear stress in the blood flow,84 tends to
cause platelets to be concentrated in the peripheral
region near the vessel wall. This enables efficient
attachment of platelets onto the injured vessel wall
which results in reduced bleeding time. The non-
Newtonian nature of blood, primarily resulting from
fibrinogen in the plasma47 and deformable RBCs,57

may also entrap activated platelets in vortices and
recirculation regions to form clots.15 These effects are
all consequences of hydrodynamics.

Hydrodynamic modules directly determine the level
of realism of the physical model. Though most existing
methods utilize the Navier–Stokes Equation as the
governing equation, different model settings greatly
affect the simulation power to recreate the realistic
physiological environment. Commercially available
software packages are usually designed based on
computational fluid dynamics (CFD) methods, which
were introduced in the 1990s1 and are potentially
powerful tools to elucidate some of the hemodynamic
challenges. Nowadays, CFD has evolved to be com-
bined with image-based,71 personalized65 techniques to
study individual symptoms. However, when studying
flow-induced blood clotting, an approach based on a
single-phase continuum assumption such as that
employed by many commercial CFD packages may
inaccurately represent the nature of blood flow during
hemostasis. It may also fail to model the multiscale
nature when characterizing blood constituents (soluble
proteins and cells), which change their properties in
response to biochemical/mechanical signals. Recent
progress on advanced computational methods as well
as high-performance computing has aided researchers
in developing more versatile approaches such as
Stokesian Dynamics Methods (SDM), Dissipative
particle dynamics (DPD) and the Completed Double
Layer Boundary Integral Equation Method (CDL-
BIEM).

The Stokesian Dynamics Method was developed by
Brady et al.7 and is capable of simulating the motion of
a group of highly concentrated, finely shaped (mostly
spheres) solid particles in a low Reynolds number
suspension fluid while accurately accounting for the
hydrodynamic interaction between them. Yamaguchi’s
group developed a thrombus development model
based on SDM and successfully confirmed that the
development of thrombus formation in height requires
not only von Willebrand factor, but also fibrinogen.53

Later, they incorporated the presence of RBCs and
argued that RBCs play a role in hemostasis by pro-
moting horizontal spreading of the growing throm-
bus.54 Another method that is also capable of dealing

with a large number of suspension particles, but not
limited to the Stokes flow condition, is the Lattice
Boltzmann Method (LBM). LBM is related to the
Molecular Dynamics (MD) method and has success-
fully simulated multiphase blood flow with a hemato-
crit value of 40% and platelets28,46,77 though no effort
has been devoted to thrombus formation yet.

The DPD method, on the other hand, simulates
both plasma and platelets as virtual discretized parti-
cles that move according to Newton’s Law, thus
sharing similarities with MD as well. Though discret-
ization of the continuum Navier–Stokes equation is
used, the DPD method has been shown to compare
well with Navier–Stokes solutions.82 Tsuda and col-
leagues applied the DPD method to construct the
thrombosis development process through platelet
accumulation onto the vessel wall.16 Pivkin et al.60 also
utilized DPD to study the enhanced diffusivity of
platelets caused by RBCs on platelet aggregation.

The Completed Double Layer Boundary Integral
Equation Method is a boundary integral method that
is used to solve an integral form of Stokes equation
under low Reynolds number flow. Kim and Karilla
discuss the theory detailing the development of this
technique in their text32 and the derivation of this
solution method as applied to particulate flow in a half
space is fully described by Phan-Thien et al.58 As a
boundary integral method, CDL-BIEM is specialized
to solve the mobility problem for arbitrarily shaped
solid particles represented by mesh-grid structures, for
instance, when an ellipsoid platelet is flowing close to
the vessel wall. As a result, CDL-BIEM is able to explore
the shape factor of a platelet during thrombosis.48

Further, Mody et al.51 conclude that the platelet–
platelet hydrodynamic collision patterns are signifi-
cantly different when implementing platelets in their
natural ellipsoid shape rather than a spherical shape.

Coagulation Cascade

The blood coagulation cascade is an essential com-
ponent of hemostasis reactions. It has two initially
independent pathways, namely the contact activation
pathway (intrinsic pathway) and the tissue factor path-
way (extrinsic pathway).22,41,45 These two pathways
merge at the point of activating procoagulant protein
factor X into factor Xa, which forms the tenase complex
and mediates thrombin generation. Thrombin in turn
acts as a serine protease that converts soluble fibrinogen
into insoluble strands of fibrin leading to formation of
fibrin network. Fibrin, together with platelets, support
the mechanical structure of a thrombus.73

Over the past two decades, the systems biology
approach has thrived and become a common tool
for studying blood coagulation and thrombosis.
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Ataullakhanov and Panteleev3 classified coagulation
models into two sub-categories: (1) the reaction sub-
model and (2) the physical sub-model. The reaction
sub-model is composed of independent reactions
(represented by a list of ODEs and PDEs) that when
combined, encompass the coagulation cascade, while
the physical sub-model contains the spatial properties
that take the mass transport under flow dynamic into
consideration. The reaction sub-model has been widely
studied by computational biologists.13 For example,
tissue factor initiated blood coagulation was explored,42

and the kinetics of thrombin generation was revealed
and compared with high throughput experimental
results.8 The systems biology approach is also capable of
identifying potential ‘‘fragile points’’ inside the cascade
which serve as good targets for therapeutic strategies44

despite the remaining parametric and structural uncer-
tainty of the model.43,44 In order to study thrombus
development, both sub-models should be incorporated
into the coagulation module. Though most researchers
using the systems biology approach to study the coag-
ulation cascade don’t consider the physical existence of
the developing thrombus, andmost researchers studying
platelet aggregation/thrombus formation do not take
into detailed consideration either thrombin-mediated
platelet activation or the fibrin network, there are some
groups that attempt to couple those two complex sys-
tems together.

One of the first models that incorporated the coagu-
lation cascade (especially the extrinsic pathway in the
following cases) and platelet deposition was introduced
by Kuharsky et al.37 in 2001. The model contains both
plasma-phase and membrane-phase reactions, and
accounts for chemical and cellular transport by flow and
diffusion.37 It predicts the threshold manner of change
of thrombin production due to the increasing number of
tissue factor binding sites. It also argues that the inhi-
bition of the activity of TF:VIIa enzyme complex is
dominant by physical blockage of platelets onto the
subendothelium, rather than chemical inhibitors.37 By
using a similar approach, Fogelson et al.21 studied the
influence of flow-mediated transport on the initiation
and inhibition of coagulation. Later, Leiderman and
Fogelson established a spatial–temporal model to study
platelet activation and blood coagulation under flow40

and they discovered the dependence of FXI dependent
thrombin generation on platelet count.19 The above
models treat the different status of platelets (activated,
non-activated, subendothelium bound, etc.) as ‘‘chemi-
cal-like,’’ which describes the physical existence of
platelets by their spatial concentration profile.

On the other hand, Xu et al. implemented the tissue
factor pathway described in Jones and Mann30 for the
generation of thrombin involving the activation of
factors IX, X, V, VIII, VIIIa–IXa, and factors Va–Xa

(prothrombinase) into their thrombosis model.78 In
2010, Xu et al.80 extended their coagulation model into
both solution-phase and membrane-phase reactions,
the total number of factors being considered in the
model also increased by several-fold. Their model
considers the coagulation process as a source of cell
status change78 but no detailed mechanical properties
of the fibrin network were considered.

Though all the existing coagulation modules remain
within 2D space, they are to be extended into 3D.
Further, they will be more commonly applied to future
simulation studies of thrombosis, as the importance of
the mechanical structure of the fibrin network to the
mature thrombus function is being revealed and
receiving more attention.20,75

Receptor–Ligand Binding

The initiation of thrombus development starts with
tethering of circulating platelets onto the exposed
subendothelial layer at the site of a blood vessel injury
via bonding between the a subunit of GPIb receptors
on the platelet surface and the A1 domain of suben-
dothelial collagen-bound multimeric plasma glyco-
protein von Willebrand Factor (vWF).66,67 Such
GPIba–vWF–A1 tethering leads to platelet transloca-
tion on the subendothelial surface, which prolongs the
duration of the platelet-vessel contact, helping platelets
gain a sufficient number of biological/biochemical
signals to trigger platelet activation.12,36 This leads to
the formation of other receptor–ligand bonds such as
integrin a2b1 with subendothelial collagen to support
firm adhesion of the platelet31 or aIIbb3 to another
aIIbb3 molecule on the surface of other platelets via
fibrinogen or vWF to promote platelet aggregation.6

Most existing thrombus development models have
oversimplified this critical module either using ‘‘gues-
sed’’ values for non-experimentally measured quanti-
tative parameters, or defining threshold judgments for
qualitative status changes (e.g., platelet activation,
etc.). For example, Pivkin et al.59 treated platelets as
having three possible biological states: passive and
non-adhesive, triggered, and activated and adhesive.
However, as mentioned above, non-activated platelets
also interact with injured vessel walls and translocation
cannot be recovered in this model.

Mori et al.53 applied Voigt’s model to calculate the
binding force between platelets, where the aggregation
of platelets is mediated by both vWF and fibrinogen.
In their model, the association of GPIIb/IIIa–fibrino-
gen–GPIIb/IIIa and GPIba–vWF–GPIba between two
platelets is determined by judging the difference in the
platelets’ velocities. The binding force is unbiased for
the possible receptor configurations on the cell mem-
brane between two platelets.
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On the other hand, Monte Carlo simulation of
receptor–ligand binding between surfaces (known as
adhesive dynamics, or AD)25 treats individual recep-
tors on the cell membrane as separate units and the
rate of formation/breakage of each receptor–ligand
bond is determined by the Bell Model.5 The Bell Model
calculates the probability of the dissociation event
occurring over a specific timespan based on the stret-
ched distance between the roots of the target receptor
and the ligand, which is deviated from the relaxed
form. As a result, AD can recover complex cell–cell
interaction behavior, including translocation, tempo-
rary tethering and adhesion. In 1992, AD succeeded in
simulating the rolling and adhesion of neutrophils
mediated by CD62/LECAM-1.25 AD was later applied
to reveal the hydrodynamic interaction between stably
rolling cells, and between rolling and flowing cells as
well.34,35 AD was first applied to platelets in 2007,
where Mody and King49 assessed the influence of
Brownian motion on platelet transport and single-
bond adhesion behavior near wall. AD also success-
fully recovered the shear-induced platelet aggregation
mediated by GPIba–vWF bridging.50

It is interesting to note that, though computational
models are constantly being improved, experimental
results that assignmeasured values tomodel parameters
are sometimes prone to revision as well. For instance,
the dissociation kinetics of the platelet GPIba–vWF
bond was first determined to rely on the Bell Model,
which posits a ‘‘slip-bond.’’14 The unstressed dissocia-
tion constant was also determined by a cell-tethering
assay.14 Later, optical tweezer techniques were applied
to single-molecule experiments to obtain a more precise
measurement of the dissociation constant.2 In 2008,
researchers discovered that the dissociation of GPIba–
vWF demonstrates a ‘‘catch-bond’’ regime, similar to
that of selectins.10,81 To reflect the ‘‘catch-bond’’ prop-
erties, the governing kinetic equations were modified
from the original Bell Model.4 In 2010, a novel experi-
mental technique called ReaLiSMwas described, which
allows repeated measurements of the binding and
unbinding of a receptor and ligand in a single molecule.
ReaLiSM revealed that, instead of ‘‘slip-bond’’ and
‘‘catch-bond’’ transition, GPIba–vWF has two ‘‘slip-
bond’’ regimes, termed a ‘‘flex-bond.’’33 Though it is still
a controversial topic, it is important to be aware of
possible changes in the currently accepted experimental
data, which serves as the most convincing method of
validation for simulation studies.

Platelet Activation

Platelet activation is also an essential process during
hemostasis. Numerous studies have demonstrated that
when a resting platelet encounters agonists such as

collagen, thrombin, thromboxane, or ADP, it
undergoes a change in shape (from ellipsoid to spher-
oid), degranulation and becomes fully adherent.86

Munnix et al.56 summarized current evidence of the
heterogeneity of platelet response to various environ-
mental factors and intrinsic differences (e.g., protein
expression level, platelet aging) during thrombus for-
mation. They classified deposited platelets inside a
thrombus into three subpopulations, namely ‘‘aggre-
gating platelets with reversible integrin activation,’’
‘‘procoagulant (coated) platelets exposing phosphati-
dylserine and binding coagulation factors,’’ and
‘‘contracting platelets with cell–cell contacts,’’ with
each subpopulation possessing unique morphology,
surface characteristics and functionality.56 Heteroge-
neity is also exhibited by suspended platelets in the
plasma as well.56 Purvis et al.63,64 developed a molec-
ularly detailed, bottom-up ordinary differential equa-
tion (ODE) model that simulates ADP-mediated
activation. Sorensen et al.69,70 utilized a coupled set of
convection–diffusion-reaction equations to describe
thrombin-induced platelet activation and deposition.
These platelet activation models have not yet been
combined with models, but there is growing expecta-
tion that they should be included in thrombus growth
simulations because of the significant behavioral dif-
ferences between non-activated and activated platelets.

Cell Mechanics

In different computational models, the mechanical
properties of platelets are usually approximated in one
way or another: platelets are treated either as pos-
sessing a spherical shape, solid texture, uniform size
distribution, or any combination of these. The size of a
platelet, commonly represented by the variable mean
platelet volume, was found to be associated with a
higher risk of thrombosis, stenosis, and cardiovascular
disease.9 The shape factor of platelets has also been
shown to be associated with normal platelet function,
and the resulting transient tethering due to simple-
shear flow has been explored.51,52 While it is relatively
easy to adjust the size and shape of a platelet in sim-
ulations, it is somewhat more challenging to incorpo-
rate realistic deformability of these cells into the
model. Since the stiffness of blood cells greatly influ-
ences a cell’s ability to marginate76 and the mechanical
properties of the encompassing thrombus, it is
important to not only consider the other blood con-
stituents with relatively large volume fractions (e.g.,
RBCs), but also to treat them as deformable particles.
Pozrikidis developed the membrane constitutive
equations for deformable RBCs.62 Membrane in-plane
tension, transverse shear tension, and membrane
bending moments are added to the cell membrane
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force and torque balance to conserve the deformable
biconcave shape of RBCs61 and the cell volume. Based
on Pozrikidis’s membrane mechanics, Zhao et al.83

established a spectral boundary integral method that is
able to simulate deformable RBCs flowing inside ves-
sels. An similar approach can also be applied to sim-
ulate a deformable thrombus or an individual platelet.

The structural properties and contractile force of a
clot have been known for decades.29 Recently, single
platelet mechanics and contraction dynamics were
experimentally determined by atomic force micros-
copy, which can provide insights into the clot stiffening
process.38 Experimentally determined mechanical
parameters of platelets and thrombus provide solid
background for simulation studies.

Platelet Adhesive Dynamics

Platelet Adhesive Dynamics, defined by Mody and
King,50,51 combines a Monte Carlo simulation of
receptor–ligand binding (i.e., Adhesive Dynamics, or
AD) and hydrodynamic calculations with CDL-BIEM.
This model has been applied to the scenario where
ellipsoid platelets are flowing/tethering close to the
vessel wall. The study of platelet aggregation under
high shear via GPIba–vWF–GPIba bridging contained
details such as the physical structure of large multi-
meric protein vWF (Fig. 2a). The PAD model suc-
cessfully explained the mechanisms of Type 2 von
Willibrand Disease (vWD), where the subgroups of
either large or small vWF multimers are absent. Mody
and King discussed that an increase in vWF ligand size
in plasma strongly influences the equilibrium binding
kinetics and correspondingly increases platelet–platelet
binding efficiency. PAD was also able to explore the
complex and nonlinear force loading curve for each
individual GPIba–vWF–GPIba bond during two-
platelet aggregation. Recently, PAD demonstrated
the periodic translocating motion of a platelet on an
injured vessel surface, where a fast flipping period and
a slow tilting period were shown for an ellipsoid-
shaped platelet (Figs. 2b, 2c). By combining with other
type of receptor–ligand binding pairs such as integrin
a2b1–collagen, and aIIbb3–fibrinogen, PAD will be able
to recover the transition from translocation on the sub-
endothelial surface to firm adhesion, as well as platelet
aggregation after activation. Thus, PAD has the
potential to reveal the complete biophysical role of
platelets during hemostasis/thrombosis.

Future Directions

While increasing knowledge of biochemical/
biophysical mechanisms of hemostasis and thrombosis
has been revealed, computational models are being

built towards more comprehensive settings to simulate
more realistic physiological processes. However, such
model improvement often prohibitively increases the
consumption of computer processing power. For
instance, the simulation of two platelets aggregating in
3D, which is provided by PAD, can run for days in
order to obtain a few seconds of real-time behavior.
Even with the rapid evolution of new generations of
CPUs, as well as the development of parallel
computing algorithms applied on computer arrays,
simulations are usually time consuming and compu-
tationally expensive. The coarse-grained approach
simplifies the computing methods while preserving the
fidelity of the model. Coarse-grained methods are also
very understandable and easily transferrable, and thus
enable more broad collaboration. Though they may be
subject to accuracy concerns, it is expected that they
will be an important approach and will be incorpo-
rated into a variety of models.

While most multiscale simulation models are still
prone to verify an identified physiological mechanism
(by which they validate themselves at the same time),
researchers’ original motivation for developing simu-
lations is their potential predictive power. Mody and
King50 applied simulations and predicted that the 2-D
cross-linking rate of the GPIba–vWF bond appears to
be consistent with a piecewise linear model dependent
on the imposed fluid shear rate, with a weak depen-
dence on shear rate followed by a stronger dependence
on shear rate. Later, Singh et al.68 experimentally
presented a similar piecewise kinetics dependence for
vWF-bisANS binding, proposing the unfolding
mechanism of vWF under shear flow. Another exam-
ple of model prediction is the systems biology
approach of S. Diamond and colleagues comprised of
a complete bottom-up simulation of platelet metabo-
lism based on a Monte Carlo algorithm which is
reaching a point where patient-specific prediction of
coagulation kinetics may be possible.13

Multiscale simulations reinforce the significance of
in vitro studies by filling the gaps between in vitro
experiments to in vivo human thrombus formation.
While it is difficult to recover the full spectrum of in
vivo conditions in vitro, ideally conditioned in vitro
experiments provide accurate measurement of chemi-
cal/physical parameters. Those parameters can be
incorporated into models to better recreate realistic
and complex in vivo conditions. On the other hand, the
quality of simulations is heavily dependent on the
quality of in vitro data, as the accuracy of the model
parameter measurements is critical to support the
fidelity of simulation models.

It is hoped that the employment of multiscale sim-
ulations of hemostasis and thrombosis will be focused
towards clinical predictions, such as diagnosis of a
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stenosis configuration, estimation of its progression
rate and prognosis after surgery. Simulations may also
facilitate personalized medicine. An example of this
might be a patient with a femoral artery stenosis being
implanted with a stent whose geometry is specifically
designed to reduce the possibility of turbulent and high-
shear flow,whichwill help prevent further thrombosis in
the narrowing vessel region. Such stent design can be
supported by recovery of the 3D structure of the
patient’s femoral artery through non-invasive imaging,

followed by CFD calculation of the associated fluid
mechanics. Another example which focuses on the
microscopic level is specifically designed small soluble
protein molecules introduced into the blood circulation
system, where the molecule is capable of restoring
normal vWF function in type 1 vonWillebrand Disease
patients. Such protein design may be based on patient-
specific genome sequencing, vWF structure recovery
and MD simulation with thousands of small molecule
candidate compounds. Simulation might also predict

FIGURE 2. (a) Schematic diagram of the platelet–platelet bridging that depicts two platelets transiently aggregating in linear
shear flow via GPIba–vWF–GPIba bonds. (b) Diagram showing translocation of a platelet under linear shear flow via repeated bond
dissociation from the upstream side and bond formation at the downstream side. (c) The linear velocity of the center of the platelet
at a shear rate of 1250 s21. The components of the depicted diagram are not drawn to scale.
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the physiological effects where the pharmacodynamics
of a drug can be individually determined for each patient
beforehand.

Future simulations of the hemostasis process may
also involve other physiological processes. Platelets,
for example, were long thought to associate with can-
cer metastasis since the early 1990s.26 More recently, it
has been well studied that platelet activation and blood
coagulation have a crucial role in the progression of
cancer.24 Platelets also physically promote tumor
metastasis by protecting tumor cells from immune
elimination and enhancing their arrest on the endo-
thelium.24 By introducing cancer cells into hemostasis
models, researchers will be able to simulate platelet-
mediated tumor metastasis. Platelets also play other
pathological roles in inflammation and atherogene-
sis.23 In summary, multiscale simulations of hemostasis
will be more versatile in the future, being applied in
different biological fields.

Code Sharing

Computer simulation of biological processes has
expanded tremendously over the past two decades.
Storage databases, such as those used for genomic data
in computational genetics, have been widely shared.
However, databases of methods (i.e., algorithms or
modules) have not seen the same pooling of resources.
While commercially available packages are costly and
inflexible toward adjustment, highly compatible plat-
forms have been established for better communication,
wider application and more powerful combined mod-
ules. Those platforms have a list of compatible com-
ponents from markup languages and simulation tools
to model databases and discussion forums. System
Biology Markup Language (SBML) and one of its
derivatives, CellML, are examples of common tools for
multiple-scale analysis and simulation of biological
systems, with the latter placing a special emphasis on
cellular phenomena. SBML and CellML are powerful
for simulating the coagulation cascade and platelet
activation, but are not optimal for physical models,
such as cell motion or deformation under flow. Closer
collaboration will be required in order to develop
comprehensive and more realistic models. Working
groups have been formed in order to better serve the
networking purposes of computational biologists;
these also facilitate the sharing of codes that are not
readily transferrable to common platforms. The Mul-
tiscale System Biology Working Group is such an
example.27 The group establishes a website platform
with up-to-date information on available tools, novel
concepts, and major, relevant review papers in the
field. The goal is to identify and articulate current

challenges and opportunities in the field, as well as to
foster scientific collaboration.
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