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Chapter 5

Simulating Initial Steps of
Platelet Aggregate Formation in
Cellular Blood Flow

The mechano-chemical process of clot formation is relevant in both hemostasis
and thrombosis. The initial phase of thrombus formation in arterial thrombosis
can be described by the mechanical process of platelet adhesion and aggre-
gation via hemodynamic interactions with von Willebrand factor molecules.
Understanding the formation and composition of this initial blood clot is crucial
to evaluate differentiating factors between hemostasis and thrombosis, as it
has been attempted in the previous chapters. This work is combined into the
current chapter, where a cell-based platelet adhesion and aggregation model is
presented to study the initial steps of aggregate formation. Its implementation
upon the cell-resolved HemoCell framework is explained in detail and the model
is tested in a simple case study of initial aggregate formation under arterial flow
conditions. The model is based on a simplified constraint-dependent platelet
binding process that coarse-grains the most influential processes into a re-

This chapter is based on C.J. Spieker, K. Asteriou, G. Závodszky. (2023). Simulating
Initial Steps of Platelet Aggregate Formation in a Cellular Blood Flow Environment. In:
Mikyška, J., de Mulatier, C., Paszynski, M., Krzhizhanovskaya, V.V., Dongarra, J.J., Sloot,
P.M. (eds) Computational Science – ICCS 2023. ICCS 2023. Lecture Notes in Computer
Science, vol 10475. Springer, Cham.
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duced number of probabilistic thresholds. In contrast to existing computational
platelet binding models, the present method places the focus on the mechanical
environment that enables the formation of the initial aggregate. Recent studies
and the previous chapters have highlighted the importance of elongational
flows on von Willebrand factor-mediated platelet adhesion and aggregation.
The cell-resolved scale used for this model allows to account for important
hemodynamic phenomena such as the formation of a red blood cell free layer
and platelet margination. This work focuses on the implementation details of
the model and presents its characteristic behavior at various coarse-grained
threshold values. Further calibration and validation will be future work.

5.1 Introduction

Clot formation in thrombosis and hemostasis shares similar chemical pathways
during the adherence and aggregation of platelets as well as the formation
of fibrin reinforcements [182, 183]. While the chemical pathways are shared,
under hemostasis and arterial thrombus formation, the latter has a different
mechanical trigger [22, 184]. To improve treatment of thrombosis, in the form
of antithrombotic agents, without inhibiting bleeding cessation functionality of
hemostasis, differentiating factors between the processes have to be evaluated.
Both processes, hemostasis and thrombosis, incorporate mechano-driven and
chemical processes, where the former are mostly based on hemodynamic interac-
tions between platelets and the plasma molecule von Willebrand factor (VWF),
while the chemical processes involve the activation and cleavage of clotting
factors enabling the catalyzation of reactions of the coagulation cascade, which
ultimately leads to the reinforcement of the clot through fibrin depositions.

In hemostasis the balance between mechanical and chemical processes
is mirrored in their onset sequence, from primary to secondary hemostasis,
respectively [16]. In a recent work, Rhee et al. [101] showed that the onset and
balance of these mechanisms significantly impact the structure of the forming
thrombus, where tightly adherent platelets make up the outer most layer of
a wound closing thrombus. In relation to this, work by Yakusheva et al. [99]
proposed that hemostatic environments can be sites of high shear levels, which
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are traditionally associated with arterial thrombosis. Another recent work by
Kim et al. [157] has shown that arterial thrombosis follows the same initial
order of events as the healthy wound healing process in an arterial injury. In
this work, a clot forming in a stenosed vessel geometry is shown to consist
almost exclusively of VWF at the vessel wall, followed by an adjacent high
concentration of platelets.

This initial adhesion and aggregation of platelets is mediated by VWF,
revealing its A1 domain (VWF-A1) binding sites while unfolding from a globular
to an extended form under shear flow. In the case of platelet adhesion to a
coagulation surface, these platelet to VWF (platelet glycoprotein Ib (GPIb)α
to VWF-A1) bonds can form under low shear flow with VWF adhered to
adhesive glycoproteins such as collagen or fibrin. Platelet aggregation mediated
by plasma suspended VWF requires a high shear environment [22, 110]. An
exception to this are sites of high elongational flow which are caused by shear
gradients and defined by exerting tensile forces. These elongational flow fields,
which can be conceptualized as shear flow without the rotational flow proportion,
are found to unfold plasma VWF at comparatively low shear rates [14, 23, 111].
Additionally, Abidin et al. recently proposed that platelets can mechanosense
the rate of change in elongational flow leading to their activation [185].

The mechanical nature of initial platelet aggregate formation establishes
why the hemodynamic flow conditions as well as cell interactions and distri-
butions are crucial for its understanding. While experimental in vivo and in
vitro analyses are limited in their temporal and spatial scale, computational
models are increasingly employed to complement or even replace their experi-
mental counterparts. To study the cellular effects and accurately evaluate clot
composition in regards to porosity and permeability, platelet binding models
are of special interest. In the past, Xu et al. presented a multi-scale cellular
Potts model covering the continuum scale of thrombosis [186] and Fogelson et
al. proposed to use spring and hinge forces to model platelet binding, while
considering the effects of the coagualation cascade via added advection-diffusion
equations [36]. Other aggregate models have used the dissipative particle
method [187–189], the moving particle semi-implicit method [190, 191] and the
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Monte Carlo method [192]. More recently, Yazdani et al. presented a spectral
element method model, which considers different activation states of platelets
[193]. Liu et al. used a shear-induced platelet aggregation model including
immobilized and unfolded VWF as well as platelets modeled as rigid spheres
[22, 113].

While existing platelet binding models cover a range of scales and blood clot-
ting processes, they oftentimes reduce cellular complexity to save computational
cost, by neglecting the presence of red blood cells or simplifying the ellipsoidal
platelet shape. This in turn reduces the accuracy of the fluid mechanical predic-
tions that are of pivotal importance to investigate mechanosensitive processes.
Several cellular mechanisms contribute to the mechanical environments. The
formation of a red blood cell free layer is associated with the margination of
platelets, which is crucial for their deployment in aggregate formation [67, 81].
Additionally, the effects of elongational flows on binding mechanics are not
considered by previous models.

In this chapter, a simplified platelet binding model is presented with focus
on initial aggregate formation. The implementation is build on the existing cell-
resolved blood flow model HemoCell [64], in the form of constraint-dependent
platelet immobilization. The theoretical concept and early implementation
was previously discussed by van Rooij [112]. In the following sections the
methodology is explained in detail and the model is tested in proof-of-concept
case study simulations. While the case study focuses on initial aggregate growth
in arterial thrombosis, the structure of the model allows for the simulation of
different scenarios, including hemostatic platelet adhesion and aggregation, via
adjustment of the individual constraint parameters. This work focuses on the
implementation details and methodology of the model and its characteristic
behavior is presented at various coarse-grained threshold values.

5.2 Initial platelet aggregate formation model

The cell-based platelet adhesion and aggregation model presented in this work
is built upon the cell-resolved blood flow model HemoCell. Its fundamental
concept, based on previous work by van Rooij [112], and its implementation are
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described in the following paragraphs. While the constraint-dependent nature
of the model allows for the adjustment of threshold parameters to simulate
different environments for aggregate formation, the presented work focuses on
initial clot formation in arterial thrombosis.

5.2.1 Conceptual model considerations

HemoCell

The aggregate formation model is added upon the open-source framework
HemoCell. The cellular blood flow model couples a discrete element method
membrane solver to the lattice Boltzmann method-based fluid solver via the
immersed boundary method. In the current state the model includes membrane
models for platelets and red blood cells, which can be initialized at different
concentrations in a predefined geometry. The single cell and bulk flow behavior
of the model were previously validated by Závodszky et al. [64]. Furthermore,
HemoCell has found a wide field of application such as modelling the flow of
diabetic and healthy human as well as mouse blood in a variety of geometries
and differing in their complexity [31, 67–71, 111]. A more detailed description
of the HemoCell framework can be found in Chapter 1.2.2.

The temporal and spatial scale covered by HemoCell are visualized in the
scale separation map in Fig. 5.1. The temporal resolution up to the order of
seconds and spatial resolution up to 500 µm are in the necessary ranges to
cover initial platelet aggregate formation in arterial thrombosis.

Model concept

In line with the scale of operation of HemoCell, the presented model focuses
on the initial phase of platelet aggregate formation, excluding the subsequent
mechanisms of platelet activation, the coagulation cascade and fibrin formation.
Furthermore, the adherence of red blood cells can be omitted since in arterial
thrombosis, which typically leads to a platelet-rich thrombus, red blood cells
assume a passive function in aggregate formation [128]. The initial phase of
this aggregate formation can be described as a mechanically driven process,
regulated by hemodynamic thresholds in the flow environment. The process



88
CHAPTER 5. SIMULATING INITIAL STEPS OF PLATELET

AGGREGATE FORMATION IN CELLULAR BLOOD FLOW

Figure 5.1: HemoCell scale separation map. The dashed line represents
the range of operation for HemoCell. Therefore, the processes occurring below
this scale are represented in a coarse-grained fashion. ’PA’ denotes platelet
aggregation. Adapted with permission from van Rooij [112].

consists of platelets binding to a thrombogenic surface, known as platelet
adhesion and to each other, in the form of platelet aggregation. Initial platelet
adhesion and aggregation in the high shear environment of arterial thrombosis
is mediated by bonds between VWF-A1 to the platelet receptor GPIbα of the
GPIb-IX-V complex [86, 94, 194].

In the proposed model, initial aggregate formation relies on the constraint-
dependent immobilization of platelets, coarse-graining the process of VWF-
mediated platelet adhesion and aggregation into a probabilistic threshold de-
pendent on the local fluid mechanics. The model includes three threshold
constraints - shear rate, rate of elongation and distance - which will induce the
immobilization of individual platelets when reached. The numerical implemen-
tation of platelet immobilization is a process denoted as ’solidification’ during
which the location of the immobilized platelet is turned into a solid boundary.
Additional to three constraints, a solidification probability is added as a further
calibration and scaling parameter.
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5.2.2 Model design and implementation

Binding sites

Platelet adhesion to a thrombogenic surface, such as collagen, fibronectin or
laminin is a necessity for subsequent platelet aggregation [86]. In the model,
the thrombogenic surface is defined as a list of boundary nodes of the simulated
domain wall, labeled as BindingSites. For the immobilization of platelets in
the solidification process, the vicinity of each binding site node is searched for
platelets that reach the threshold constraints. The platelets that are solidified
become binding sites for other platelets and their nodes are therefore added to
the BindingSites list (see Fig. 5.2 B and C).

Figure 5.2: Platelet solidification process. (A): Two platelets (in red) with
the inner fluid nodes determined using the even-odd rule (in blue). Adapted
with permission from van Rooij [112]. (B) & (C): Solidification process, with
one and two solidified platelets, respectively. The boundary contours of the
binding site (in yellow) are surrounded by a wireframe view of boundary nodes.

Constraints

The included constraints are shear rate, rate of elongation and distance to the
closest binding site, which are evaluated for platelets in vicinity to binding
sites. The distance at which a platelet solidifies includes the platelet-VWF
bond length, since the mediating VWF molecules are not explicitly modeled.
While the bond length between VWF and GPIbα is around 100 nm, VWF
molecules unfolded under shear flow are shown to extend to a contour length of
up to 250 µm [14, 195]. In this model a distance threshold of 1.5 µm is chosen,
which is sufficiently resolved by the immersed boundary method that couples
the particles with the fluid in HemoCell, since it is three times the length of
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one lattice node. Each platelet that has a ≤ 1.5 µm large distance from at least
one of its membrane nodes to the closest binding site is evaluated for the local
shear rate and rate of elongation.

For the shear rate, a threshold of 1000 s-1 is defined, which is in line with
values where immobilized VWF begins to unfold [95, 97]. Although, shear-
induced platelet aggregation, mediated via plasma suspended VWF, occurs
at much higher shear rates around 5000 s-1, the lower value is chosen, since
platelet adhesion to a thrombogenic surface is the initial step of aggregate
formation and the model does not differentiate between binding sites of the
initial thrombogenic surface and binding sites of solidified platelets for now
[13]. Additionally, the rate of elongation threshold is set to 300 s-1, which
corresponds to the critical value for VWF unfolding, determined by Sing et
al. [23]. The shear rate threshold is evaluated based on the strain rate of the
fluid nodes overlapping with the respective platelets. The largest difference in
principal strain rates, calculated as the eigenvalues of the strain rate tensor,
is used as the shear rate of the specific node and is compared to the defined
threshold. The rate of elongation is calculated as the magnitude of the diagonal
elements of the rate of strain tensor (see Chapters 2.2.3 and 3.2.1) of the inner
platelet nodes. If the platelet in close distance to a binding site experiences
shear rates ≥ 1000 s-1 or elongational flows ≥ 300 s-1 it becomes a candidate
for solidification. The constraint parameters are summarized in Table 5.1.

Table 5.1: Solidification constraints. The comparison operator preceding
the threshold value refers to the comparison from actual to threshold value. In
order to mark a platelet for solidification the distance threshold comparison and
at least one of the flow threshold comparisons, shear rate or rate of elongation,
have to be true.

Constraint Threshold value Reference(s)
Distance ≤ 1.5 µm [14, 195]
Shear rate ≥ 1000 s-1 [95, 97]
Rate of elongation ≥ 300 s-1 [23, 111]
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Solidification probability

The candidate platelets that reach the threshold constraints are tagged for
solidification with a predefined probability, labeled solidificationProbability,
between 0 and 1. This parameter serves as a calibration and scaling parameter
and represents the binding affinity of the modeled platelet adhesion and aggre-
gation process [196]. To implement this binding affinity in HemoCell, platelets
that reach the thresholds of the set constraints (see Table 5.1) are only tagged
for solidification if a generated (pseudo-)random number is below the defined
solidificationProbability value of the range of generated numbers (between 0
and rand_max ). Otherwise, the respective platelet is not considered for solidi-
fication in the current iteration. The plot in Fig. 5.3 visualizes the effect of the
solidificationProbability value on the time of solidification. For a probability of
1 the solidification delay ∆t is 0 s, since a platelet eligible for solidification will
be tagged and subsequently solidified immediately. With decreasing probability,
the mean delay and its standard deviation increase steeply. The resolution of
the solidification delay is limited by the time step of 1-7 s defined in HemoCell.
For initial assessment of the model, the solidificationProbability parameter is
set to 0.5.

Solidification

Platelet solidification is the numerical implementation of platelet immobilization
as a consequence of binding during adhesion and aggregation. The platelets
tagged for solidification are converted to solid wall boundary nodes and added to
the bindingSites list in the subsequent iteration. This ’conversion’ is performed
by establishing which fluid nodes the platelet intersects with and changing
them to solid boundary nodes. These nodes at the position of the platelet to
be solidified (see Fig. 5.2 A) are determined via ray casting by applying the
even-odd rule. This method was previously used by De Haan et al. to identify
the internal fluid nodes of a red blood cell in order to change their viscosity
to match the increased viscosity of hemoglobin [9]. The intersections between
a ray and a polygon, in this case a triangle on the surface of a platelet, is
determined by the Möller-Trumbore ray-triangle intersection algorithm [197].



92
CHAPTER 5. SIMULATING INITIAL STEPS OF PLATELET

AGGREGATE FORMATION IN CELLULAR BLOOD FLOW

Figure 5.3: Solidification probability vs. solidification delay ∆t. The
plot is based on single-platelet simulations. To isolate the effects of the solidifi-
cationProbability, the platelet reaches the thresholds of the set constraints (see
Table 5.1) at every iteration. Each measured value is based on 20 simulations.
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The ray is cast from an arbitrary distant point outside the respective shape, in
this case the cell, towards the point to be tested for being within the shape or
outside. To improve performance of this operation, the ray casting is fixed in its
direction and an octree data structure is used to create a spatial subdivision of
the triangle vertices [198]. The sum of intersections are counted for each node.
An even sum places the point outside the platelet and if the number is odd; it
is located inside the platelet. The identified internal nodes are converted to
boundary nodes and added to the bindingSites list, as displayed in Fig. 5.2 B
and C. From the subsequent iteration they are considered as binding sites
themselves and their surface is made available for further platelets to bind to.

5.3 Initial case study

Simulation setup

To assess the functionality and evaluation process of the presented model, a first
’case study’ simulation is set up. The simulated domain, shown in Fig. 5.4, is
based on the parallel plate flow chamber design commonly used in microfluidics
to study shear-dependent platelet adhesion and aggregation [199, 200]. The
setup consists of a 100 µm long channel with a width and height of 50 and 62.5
µm, respectively. In order to mimic the center of a parallel plate flow chamber,
the domain utilizes periodic boundary conditions along the width (Y-axis). The
central 90 µm of the top channel wall are initialized as binding sites (see yellow
section of channel wall in Fig. 5.4). Additionally, a 25 x 50 x 62.5 µm3 large
periodic pre-inlet supplies the inlet of the domain with a constant in-flow of
cells, preventing a decrease in platelet concentration due to solidification of
platelets in aggregate formation [92, 111]. Furthermore, with regular periodic
boundary conditions in the flow direction, a growing aggregate could affect the
surrounding cellular flow conditions and therefore possibly distort the aggregate
formation results.

The pre-inlet is initialized with 162 red blood cells and 157 platelets,
corresponding to a discharge hematocrit of 25%. In order to study the effects
of shear rate magnitude on the initial aggregate formation, two cases with
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Figure 5.4: Case study setup. Simulation domain with periodic pre-inlet
and binding site location (in yellow). Defined flow direction is the positive
X-direction. The red blood cells and platelets displayed in the channel domain
are visualized at 30% opacity.

differing flow velocities are defined. The simulated flow is set up to yield a
Reynolds number of 0.75 and 0.6, leading to initial wall shear rates of around
1350 and 1000 s-1, respectively. The final simulations are executed on 2 nodes
(consisting of 128 cores each) on the Snellius supercomputer (SURF, Amsterdam,
Netherlands) with an average performance of 0.049 ± 0.001 s/iteration. Before
simulating cellular flow and platelet binding in the entire domain, flow is
simulated in the pre-inlet exclusively, to converge from the random initial cell
packing towards a marginated state. The shortened domain for this ’warm-up’
simulation excludes the binding sites and has the added benefit of reduced
computational cost.

Simulation results

Figure 5.5 displays the boundary contours of the solidified platelets for the
two simulated cases. The difference in flow conditions causes different initial
aggregate formations. The Re = 0.75 simulation creates a 35% longer (in
X-direction) and 35% higher (in Z-direction) aggregate, than the Re = 0.6
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simulation. While the aggregate in the Re = 0.75 simulation formed close
to the domain inlet, the Re = 0.6 simulation aggregate formed at the center
of the channel. As the color scale in Fig. 5.5 showcases, this difference also
affects the shear rate applied to the surface of the aggregates. The Re = 0.75
simulation aggregate experiences higher shear rates on a larger area, due to
protruding deeper into the channel. Both cases exhibit aggregate formations
that extend towards the oncoming flow direction. Furthermore, both aggregates
are connected to only a single platelet that solidified upon close enough contact
to the initial binding site area and all additional solidifications of the aggregates
occurred within binding distance to previously solidified platelets. In addition
to the aggregates shown in Fig. 5.5, the Re = 0.6 simulation exhibits one
additional solidified platelet close to the channel outlet.

Figure 5.5: Case study evaluation. (A) & (B): Boundary contour of solidified
platelets, for the Re = 0.75 and Re = 0.6 simulations, respectively. The color
scale represents the shear rate applied to the surface of the aggregates. Both
results are captured after 0.15 s of simulated flow. The arrows point towards
the area of connection (in white) of the first solidified platelet to the initial
binding site area (in yellow).

5.4 Discussion

The work presented in this chapter explains the methodology of a cellular
platelet adhesion and aggregation model. The model is built upon the pre-
existing cell-resolved blood flow framework HemoCell and focuses on simulating
the mechanical process of initial platelet aggregate formation, realized via
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constraint-dependent platelet immobilization. The model considers red blood
cells and their effect on platelet distribution, as well as the role of elongational
flows in VWF-mediated platelet adhesion and aggregation, distinguishing it
from previous models.

The initial case study simulations act as a proof-of-concept of the model and
its implemented functionalities. Furthermore, the simulations show that flow
conditions impact the aggregate shape in the model. The implementation in
HemoCell allows for extensive evaluation of cellular distributions, flow conditions
and aggregate properties, such as forces acting on the solidified platelets,
aggregate volume, aggregate growth over time, porosity and permeability,
among others. Additionally, the parameters of the model allow adjustments
in wide enough ranges to fit for scenarios of various clotting environments,
including sites of arterial thrombosis, like a stenosed vessel section, as well as
hemostatic environments, such as an injured vessel (see Chapter 3).

The larger aggregate size observed in the higher flow velocity case study
simulation (see Fig. 5.5 A) can be explained by an increased likelihood of
platelets reaching the shear threshold as well as more platelets passing by the
binding sites, as both arguments are dependent on flow velocity. Though in
order to verify these results and apply the model to investigate initial platelet
aggregate formation in different clotting environments, further calibration and
validation is required. Complete validation is a currently ongoing effort that
is performed by comparing simulated results of the model to experimental
aggregate formations. Additionally, the initial binding sites and the aggregate
have the same adhesive properties in the current model, which is unrealistic.
Defining separate adhesive affinities should further improve accuracy. Platelet
solidifications occurring in the vicinity of the initial binding sites represent
platelet adhesion, whereas platelets solidifying close to previously solidified
platelets depict platelet aggregation. While both processes can be mediated
by VWF, they require different flow environments [86]. By decoupling their
coarse-grained representation in the model, the mechanical thresholds for
VWF elongation, namely distance, shear rate and rate of elongation, could
be defined separately. The current simplified implementation could explain
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why the aggregates of both case study simulations are structured upon a single
platelet - thrombogenic surface bond and their subsequent shape extends into
the oncoming flow direction. An additional simplification of the model is the
solid and permanent modeling of a platelet bond. In reality, platelet aggregates
are are slightly deformable and active structures that exhibit contraction over
time. Furthermore, depending on the strength of the bond, platelets can detach
from an aggregate, individually or in bulk [201]. Explicitly modeling the platelet
bonds, for example with a bead-spring model, could further increase accuracy of
the model. An overview of an improved model, that is currently in development,
is given in Appendix D.

The original model concept idea by van Rooij included the usage of so called
CEPAC (Combined Effect of Pro- and Anticoagulants) fields [112]. Implemented
as advection-diffusion fields to reduce the amount of free parameters in the
model, the CEPAC fields are set to model the secretion of agonists by activated
platelets (CEPAC1), as well as pro- and anticoagulants of the coagulation
cascade (CEPAC2). Combined with different activation states of platelets,
these additions to the model could widen its focus from an initial aggregate
model to a more complete thrombosis and hemostasis model. To cover the
large temporal scale from initial platelet adhesion to coagulation and fibrin
formation (see Fig. 5.1), increasing the reaction rates and the total platelet
count could accelerate aggregate growth. Ultimately, scale bridging techniques,
such as time splitting or amplification could be applied in a multiscale model
framework [37].

5.5 Conclusion

The cellular platelet adhesion and aggregation model introduced in this chap-
ter offers a novel approach to investigate initial platelet aggregate formation
in individually defined aggregation environments. Its constraint-dependent
structure is an adjustable and modular addition to the cellular blood flow
framework HemoCell. While the presented case study simulations showcase
the functionality of the model and already hint towards the importance of
hemodynamic flow conditions in initial aggregate formation, further calibration
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and validation of the model is required before significant conclusions can be
made.




