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Abstract

We propose a new numerical model to describe thrombus formation in cerebral
aneurysms. This model combines CFD simulations with a set of bio-mechanical
processes identified as being the most important to describe the phenomena at a
large space and time scales. The hypotheses of the model are based on in vitro
experiments and clinical observations. We document that we can reproduce
very well the shape and volume of patient specific thrombus segmented in giant
aneurysms.

1. Introduction

Thrombosis is an important physiological process by which the fibrinogen
transported by blood is transformed into a solid and stable mesh of fibrin fil-
aments. Usually, the role of thrombosis is to form a plug on an injured tissue
to prevent blood hemorrhage, and to allow for tissue remodeling. Thrombus
formation may also have detrimental effects, for instance in strokes, when a clot
obstructs a blood vessel without being dissolved by natural thrombolysis. In the
case of cerebral aneurysms (fragile, bubble-like structures that may appear on
cerebral arteries and cause death if ruptured), thrombosis is the healing mech-
anism by which the aneurysm cavity may be occluded, and the parent artery
remodeled.

Spontaneous thrombosis is found more frequently in giant aneurysms than in
smaller ones [23, 20, 6, 13]. A recent approach to treat aneurysms is to insert, in
the damaged parent artery, a specific type of stents, called flow diverters (FD).
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By covering the aneurysm neck, the expected role of FD is to reduce the flow
in the aneurysm sac and to trigger thrombus formation in the cavity. Although
this treatment has a good success rate, it still fails to produces the expected
results in about 20% of the cases.

The great difficulty to understand the mechanisms leading to thrombosis and
predict its occurrence, is the interdependence between the biochemical factors,
the aneurysm morphology and the blood flow patterns. Computational Fluid
Dynamics (CFD) models have been extensively used to provide detailed analysis
of flow structures (pressure, velocity, wall shear stress) in aneurysms (see among
many others [21, 3]). These numerical simulations do not include any biological
processes. However some studies propose an empirical link between flow pattern
and thrombus formation. Based on a study with 3 patients, Rayz et al. [19]
reported that regions of thrombus formation correspond to slow flow locations.
In a second work, the same authors investigated the effect of the flow residence
time (FRT) on thrombus presence. They conclude that aneurysm regions with
high FRT and low velocity can be prone to thrombus formation. Note that
the authors did not consider any molecular processes to justify their claim.
A more bottom-up approach is considered in [17, 5], where the flow model is
augmented with the presence of abstract pro-coagulant molecules. Despite its
simple implementation of the biological response, this model explains very well
why spontaneous thrombosis occurs preferably in large aneurysms.

To go one step further, it is necessary to develop more realistic numeri-
cal models where, in addition to the flow dynamics, the relevant biochemical
molecules involved in the thrombus formation are taken into account, as well as
the interactions between each of them and with the rest of the system, typically
the endothelial cells and extracellular matrix.

Fogelson and Neeves [9] published a detailed review on the complex inter-
actions between blood components and the vascular wall involved in thrombus
formation. The authors highlighted several major points like: (1) The role of
Red Blood Cells (RBCs) in the platelets margination from vessels center to the
vessel wall surface. (2) The function of the GPIb-vWF bonds in the platelet
adhesion at high shear stress. (3) The effect of the hydrodynamic forces on the
extension of vVWF and the modulation of its biological activity. (4) The complex
network of proteins interactions and the polymerization of the fibrin monomers.
(5) The way blood molecules are transported by the flow. (6) The threshold
density of Tissue Factor (TF) to trigger coagulation. (7) The fact that when the
shear stress decreases, the amount of TF needed to generate the same quantity
of fibrin decreases. (8) The role of platelets to limit the clot growth by impeding
access to TF and to immobilize coagulation enzymes complexes.

Building a fully detailed numerical model which would include all these com-
ponents, as well as the full coagulation cascade, and could simulate the thrombus
formation over the spatial scale of the aneurysms and over temporal scale corre-
sponding to days or weeks is a formidable task, out of reach of current computer
technology. For instance, numerical models only implementing the transport of
platelets in the presence of the deformable RBCs is already an enormous chal-
lenge [14, 15]. Appropriate multi-scale methods are thus necessary. Statistical
physics teaches us that many microscopic details may be irrelevant when one
considers a process at large scale. The results obtained in [17, 5] clearly show
the importance of the spatio-temporal nature of the process, as also emphasized
in Fogelson and Neeves [9]. The processes of thrombus start, growth and stop
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are the result of the presence of the appropriate molecules, at the right place
and right time, as transported by the fluid flow. This might be more important
than the exact implementation of the coagulation cascade.

In this paper we propose a model to understand the spontaneous formation
of a thrombus in a cerebral aneurysm. In section 2 we identify biochemical
components and interactions that must be taken into account in view of the
time and spatial scales we are interested in. In particular, in-vitro experiments
were performed to determine the coagulant factors produced at the aneurysm
wall under the flow regime that is observed to be favorable to initiate thrombosis.

Then, in section 3 we incorporate these factors on a blood flow model. The
main components we consider are thrombin, anti-thrombin, fibrinogen, and fib-
rin, their mutual interactions, and the response of the aneurysm wall. Other
molecules, like platelets are not modeled explicitly, but their role is included in
the interaction rules.

In section 5 a validation on two patient-specific aneurysms is performed. It
demonstrates the very good predictions obtained from the numerical simulations
and illustrates the sensitivity of the process to the production rate of thrombin.
Finally this work is concluded and perspectives are given in section 6.

2. In-vitro experiments

In this section we present in-vitro experimental results that contribute to
the justification of our thrombosis model. Our central hypothesis is that the
response of the endothelial cells to low wall shear stress (WSS) flow conditions
results into the production of molecules important in the coagulation process,
typically Tissue Factor (TF) and its antagonist, the thrombomodulin.

We first consider the synthetic aneurysm geometry shown in Fig. 1 and we
numerically determine the WSS on the aneurysm dome when typical physiolog-
ical flow conditions are applied at the inlet and outlet of the parent vessel.

These WSS conditions are then applied in vitro to a culture of endothe-
lial cells, and the concentration of TF and thrombomodulin is measured. The
following subsections describe the above procedure in more details.

2.1. Numerical simulation

In order to determine the shear stress to be applied in the in-vitro experi-
ments, a numerical simulation was performed on the simple geometry of Fig. 1.
The parent vessel is a straight tube and the aneurysm is a sphere intersecting
the tube (the diameter of the parent vessel is the same as that of the sphere
and is of 4 mm). The blood is considered as a Newtonian fluid with viscosity
i =4-10"3 Pa-s. At the inlet, the time dependent velocity profile depicted in
Fig. 2 is imposed, and a zero strain rate in the direction of the flow is imposed
as outflow condition.

The wall shear stress was measured on the three positions Yy, Y7 and Y5,
over one period of time, as shown in Fig. 3. These stress signals were then used
as inputs for the experimental device described in the following subsections.
The simulation was performed with the open source library Palabos (http://
www.palabos.org), based on the lattice Boltzmann method which is a validated
computational fluid dynamics tool for blood flow (see Zdvodszky and Padl [24]
for example).
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2.2. Endothelial cells cultures

Human umbilical vein endothelial cells (HUVEC) were isolated from fresh
umbilical cords [10] and cultured in Endothelial Growth Medium-2 (EGM-2,
Lonza) containing 5% of Fetal Calf Serum. HUVEC were plated at a density
of 60,000 [cells - cm~2] on gelatin-coated plasma-treated custom plastic plates.
HUVEC were then cultured for 24 hours, under different shear stress waveforms
(see section. 2.4 for a description of the signals used), or under static (no-flow)
conditions. This time duration of 24 hours was selected to let the development
of a steady-state regime. RNA was then isolated, and the gene expression are
was assessed via polymerase chain reactions (PCR).

2.3. Total RNA and Tagman® low density assay (TLDA) analysis

Following isolation, RNA was reverse transcribed using SuperScript II Re-
verse Transcriptase (Invitrogen) according to the manufacturer instructions.
TLDA analysis was performed with ABi_Prism 7000 sequence detection sys-
tem (Applied Biosystems, Warrington, UK) and data was subjected to relative
quantification using 18S (18 S subunit ribosomal protein) as endogenous refer-
ence for normalization. The dCt method was applied to each sample in order to
calculate the relative fold induction. We focused our attention on Tissue Factor
and Thrombomodulin, two important molecules in the coagulation process.

2.4. Applying Shear Stress Waveforms to Cultured Human EC

The waveforms prototypical of 3 loci (Yp, Y7, Y3) of intracranial aneurysm
cavities (see Fig. 1) were replicated using a custom-made dynamic flow system
described in [7, 18, 10]. For the experiments, the flow device was programmed
to simulate the waveform corresponding to the particular region of the aneurys-
mal sac of aspect ratio AR = 3 (defined as the height of the aneurysmal sac
over the width of the neck, AR = H/W, see Fig. 1). HUVEC were exposed
independently to each of the waveforms for 24h..

Inlet Y]-
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Figure 1: Synthetic aneurysm geometry with the position of the measurement points Yp, Y1
and Ya. The left panel shows a 2D cut of the geometry, in the mid plane along the parent
vessel axis.

2.5. Results

The pro-coagulant status of endothelial cells was estimated by the expression
(mRNA levels) of Tissue factor (TF), Thrombomodulin (THBD) and the ratio
TF/THBD. In Fig. 4 we can observe that the pro-coagulant status significantly
increases from Ya to Yp: the ratio TF/THBD is roughly tripled at Yy compared
to its value at Y7 and Y. This result seems to indicate that the low wall shear
stress (WSS) regions on the aneurysm dome are more prone to exhibit a pro-
coagulant behavior. Low WSS is one of the key components of our thrombosis
model, as described in the next section.
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Figure 2: Average velocity profile over one heartbeat imposed at the inlet of the synthetic
aneurysm geometry.
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Figure 3: Shear stress over one heartbeat at positions Yp, Y7, and Ya.
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Figure 4: HUVEC mRNA relative production of a) Tissue Factor (pro-coagulant), b) Throm-
bomodulin (anticoagulant) molecules and c) the ratio between them, detected by PCR, after
a 24 hours exposition to corresponding hemodynamic conditions to the ones calculated for Yy,
Y1 and Y2, respectively.
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3. Theoretical thrombosis model

In this section we present the model that we propose to describe thrombosis
in cerebral aneurysm. Our goal is to identify a minimal set of components,
necessary and sufficient to explain the clinical observations, and in agreement
with our current knowledge of the bio-mechanical processes that take place.
Simple models are important to improve our understanding by identifying the
essential mechanisms. They are also important in order to provide efficient
numerical implementations, leading to the possibility of prediction on real cases.

Our model consist in a fluid (the plasma) transporting molecules that can
react together, or with the vessel wall, so as to produce or not a thrombus. The
molecules considered are: (1) fibrinogen (F), (2) thrombin (T), (3) fibrin (Fi),
and (4) anti-thrombin (AT).

Fibrinogen and anti-thrombin are naturally present in blood whereas throm-
bin and fibrin are created under specific conditions. We assume that thrombin is
created by endothelial cells exposed to a low wall shear stress. This assumption
reflects the in-vitro observations described in section 2 (the low wall shear stress
and residence time hypotheses can also be found in various papers, for example
in Chopard et al. [5] and Affeld et al. [1]).

The thrombin released by the endothelial cells can be transported by the
fluid, according to an advection-diffusion process. When a thrombin meets
an anti-thrombin, both molecules are neutralized. When a thrombin meets a
fibrinogen, it produces a fibrin plus a thrombin.

The fibrin is also transported by the fluid but it can stick to another fibrin
molecule, or to a vessel wall. By this mechanism, the clot can grow from the
aneurysm wall and progress towards the center of the cavity.

Over time, platelets can be attached to the clot and compact the network
of fibrin filaments, reducing its porosity. Platelets can possibly cover the entire
surface of the clot exposed to the fluid. Once this happen, endothelial cells can
regrow [12]. This process explains the layer structure observed in the histology
of some clot [16].

A re-endothelialized clot is a stable structure that will reduce the volume
of the aneurysm. But if the wall shear stress is still low on this new surface,
thrombin will be produced again, and new layers of clot will be formed.

The clotting process stops when the WSS is large enough to prevent further
creation of thrombin and when thrombin has been annihilated by the anti-
thrombin. Therefore, the start, growth and stop of the clotting mechanism is
deeply related to the flow dynamics, and the interplay between the transport
and the reaction processes.

Note that, for the sake of simplification, we do not model explicitly the
tissue factor and thrombomodulin. We simply assume that they result in the
creation of more or less thrombin. Similarly, the role of platelets is abstracted
as a process reducing the porosity of the fibrin mesh and as a factor enabling
its re-endothelialization.

4. Numerical implementation

4.1. General concepts

In order to implement the processes described in section 3, we need to specify
many aspects in more details and make several modeling choices. Different
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implementations are possible but we discuss only one. In our approach, we
chose to discretize the simulation domain (parent vessel plus aneurysm) as a 3D
regular Cartesian mesh. The time is also discretized in time steps dt.

This mesh allows us to implement a flow solver. Here we consider a Lattice
Boltzmann (LB) method, coupled with the transport of Lagrangian particles
(see below for more details). The blood is assumed to be Newtonian and in-
compressible. However a Carreau-Yasuda non-Newtonian rheology can be easily
implemented.

The Cartesian mesh defines cubical regions of volume §23, called spatial cells
in what follows. Blood molecules sitting in the same cell at the same time can
react according to the processes described in section 3, or can be transported by
the plasma across the cells, according to the local flow velocity and a prescribed
diffusion coefficient.

The spatial cells give a convenient way to implement the interaction between
the blood molecules and the wall, or between the plasma in the wall. The cells
of the mesh corresponding to the location of the wall are boundary conditions
for the fluid, where a zero velocity is imposed. The growth of the thrombus is
modeled by creating new wall cells in the system.

The property of the vessel wall is described as follows. We consider two
possible states of a wall cell: the “normal” wall (W) and “thrombosed” wall
(TW). We also define the cells close to the walls (CTW) as the fluid (or blood)
cells next to a vessel wall (whether W or WT). Flow is possible on a CTW.

The W cells are those covered with endothelium and able to produce throm-
bin. The TW are the cells next to a W cell which contain fibrin molecules. In
a TW cell, no flow is possible and the fibrin forms a solid structure.

Thrombus growth in cerebral aneurysm is assumed to be a very slow process
with respect to the time scale of the flow. Thus, the time needed for a cell
adjacent to a TW cell to solidify is large. During that time, platelets will have
covered the TW cell and enable its re-endothelialization. In other words, a
TW cell ends up turning into a W cell, which can produce thrombin and keep
the clotting process alive. This is this movement of the wall inside simulation
domain that represents the growth of the thrombus.

At each time step 0t of the model, two main actions are performed succes-
sively. First the fluid flow is computed and the particles are transported. Then
the reactions are realized, possibly changing the boundary conditions for the
fluid.

4.2. Particle-particle interactions

The inter-particle coupling correspond to biochemical reactions discussed
above. We implement them as a transformation rule, which is applied at each
time step of the simulation, with a probability p, provided that the correspond-
ing particles are present in the same cell.

The first interaction we consider is the creation of fibrin. It is obtained by the
combination of fibrinogen (transported by blood) and thrombin (produced by
endothelial cells). This reaction produces fibrin and thrombin with a probability

PF—Fi
F+T — Fi+T. (1)

PF—Fi
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The second reaction of the model is the following: the thrombin and anti-
thrombin annihilate each other with probability 1 when they meet

T+ AT — 0. (2)

All the other particles do not interact between each others.

4.3. Particle-wall interactions

The thrombin is created in CTW cells with probability py —r provided that
the adjacent W cells experience a wall shear stress w below a critical value w,
for a time larger than a critical residence time .. These thrombin particles are
generated at a random position in the volume §2% of CTW cell.

The fibrin can adhere to a blood vessel wall (W or TW) with probability
pri_sTw provided it is on a CTW cell. This adhesion will transform the CTW
cell into a “thrombosed” wall. This TW will in turn be transformed into a W
cell, after a characteristic time ¢; and with probability prw_w. The TW cells
cannot emit any new thrombin particles before being transformed into a W cell.

Finally when a blood cell (B cell) is surrounded by at least four W or WT
cells, it can spontaneously clot with a probability pg_,rw. Such B cells are
called SBW (Surrounded B cell by Wall) in Fig. 6 and in section 4.4.

Wall

ox

CTW

Blood

Grid point Interaction volume

Creation volume

Figure 5: Illustration the interaction range between particles and the different kind of cells.
Dark gray cells are the normal wall cells (W), light gray ones are the thrombosed wall cells
(TW). The white cells (B) are the cells occupied by blood. The range of interaction is the
volume dz3 around each grid point. The particles represented here as a circle and a square can
only interact when located within the same interaction volume. Similarly the “star” particle
can only be created in the creation volume.

4.4. Summary of the biomechanical reactions

To summarize, the following creation/destruction/reactions are considered
in our model

0. F and AT are naturally streamed by blood.

1.
CTW, w<w,, t>t,.
B

B+T.

Pw—T

B+F+T —SsB+Fi+T.

PF—Fi
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Wall

VeSS el Spontaneous thrombosis

Figure 6: Illustration of the spontaneous thrombosis. When a fluid cell B is surrounded by
enough wall cells (thrombosed or normal walls) it can spontaneously be transformed into a
thrombosed wall.

3.
B+T+ AT —s B.

4.

B+ Fi <™ 1w

PFi—TW
5.
B SBY . rw
PB—-TW

6.

The conditions necessary for a reaction to happen are summarized over the
arrows. FEach of these reactions occur with certain probabilities (which are
indicated under the arrows). For simplicity and in order to accelerate our com-
putations, we took all of them to be equal to one, except for py 7 which will
be varied as shown later.

All these reactions are irreversible and no lysis of the thrombus is included
in this version of the model.

4.5. Particle-fluid interactions

The fluid is simulated using the lattice Boltzmann method (see Succi [22],
Aidun and Clausen [2], Chopard and Droz [4] for more information about the
method) and the open source Palabos library. The Palabos library allows the
handling of complex geometries and contains a module for particle transport
which is used for the simulation of the thrombosis model.

The molecules are viewed as Lagrangian point particles that do not interact
directly with the fluid, but are rather modifying the geometry in which the flow
occurs. They are transported using a first order Euler scheme. A particle located
at a position x at time ¢ will be transported at position x(t + dt) according to

2(t+ 6t) = @(t) + u(w, )5t + %a(w, 152, ()
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where a is an acceleration described later, and where
u(z,t) = us(e,t) + u'(e,t) (4)

with uy(x,t) the velocity of the fluid at position « and time ¢. This velocity is
obtained by a spatial tri-linear interpolation of the velocity field of the fluid on
the neighboring grid points. The velocity u’ is a random velocity which is used
to add diffusion into the model. Defining

u =upt, ||ull=1, (5)

ug = /6D /6t and 4 the random direction of the velocity, one can fix D, the
diffusion coefficient of our particles. Here we assume an isotropic diffusion pro-
cess. For all the simulations made in this paper the value of the diffusivity is
chosen as D = 10~® m?/s in order to create some fluctuations. We did not
observe a strong sensitivity to this value.

In order to represent the interaction between the particles and the blood-
vessel walls a repulsive force acting on the particles was added. By defining d
the distance between a particle and the wall, and 72 the unitary vector normal to
the wall, pointing outwards the computational domain. The force is represented
by an acceleration defined as

a=——n. (6)

where « is a parameter of the model. We chose here a = 0.01.

The modeling of the blood molecule could have been performed using a den-
sity field instead of explicit point-like particles. The transport would have been
obtained by solving a continuous advection-diffusion. Although this approach
would have been less expensive in terms of computation power, it was abandoned
because of the very small value of the diffusivity constant (D = 1078 m?/s). A
diffusivity so close to zero implies the existence of a very thin boundary layer
close to the wall surfaces. This boundary layer is therefore very difficult to fully
resolve and implies numerical stability issues.

5. Validation on two patient specific cases

The validation of the above thrombosis model is a crucial but difficult task.
For a proper validation on patient specific cases, many properties of blood,
blood-vessels walls, circulation, etc should be known. All these data will have
an influence either on the blood flow, on the interparticle reaction rates, on the
wall-particles interaction rates, etc. This information is rarely available.

Therefore we will only focus on the ability of our model to reproduce the
final thrombus observed in patient specific giant aneurysms. We will first adjust
the unknown parameters to obtain the best fit between simulation and clinical
observations. Then in order to explore the robustness of the model, some of the
parameters will be varied and the effect analyzed.

Note also that segmenting the thrombus from a medical image is a difficult
problem. Fortunately, a few cases were produced within the European project
THROMBUS (http://www.thrombus-vph.eu).

Our model has been tested on two patient aneurysms which have thrombosed
spontaneously (see Fig. 7). For simplicity theses aneurysms will be referred to
as Patient 1 and Patient 2 , respectively.

10
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Outlets

Figure 7: Representation of the giant aneurysms of Patient I (left) and Patient 2 (right).

For both patients blood flow parameters were based on standard physiolog-
ical flow conditions, by lack of a better knowledge. The kinematic viscosity is
given by v = 3.7037 - 107% m?/s, the mean flow rate is Q = 4 - 1076 m3/s, and
the density p = 1080 kg/m?.

The fluid flow at the inlet is given in Fig. 8 and has a period of one second.
The critical wall shear stress is given by w. = 0.0054Pa, which corresponds to
a wall shear rate of 1.35s7!, well in the range proposed in [8].

0.065

0.06

0.055

0.5
t[s]

Figure 8: Flow profile imposed at inlet for Patient 1 and Patient 2 .

The fibrinogen and anti-thrombin being naturally present in blood, they are
injected at the inlets of our simulations, at the rates Qa7 and Qg given in
Table 1. Furthermore the following probabilities, introduced in section. 4.2, are
chosen to be 1

PF—Fi = PFi—»TW = PB>TW = PTW—-W = 1. (7)

The only probability that is not set to 1 is the emission of thrombin from the
blood-vessel walls, py 7. All the parameters used for the simulations can be
found in Table 1. The probabilities p used in this paper can also be expressed
as reaction/emission/injection rates @ by the following formula

p
Q= m (8)

The emission rate of thrombine through the walls of Patient I and Patient 2 cor-
respond to Qw7 = 1 mm™3s.
The validation is done by comparing the lumen obtained by the simulation

with the lumen observed in each patient after natural thrombosis has occurred.
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oz [m] ot [s] PW T te[s] [t [s] | Qar | QF
Pat. 1 1 840-107%1]3.87-107% ] 2.29.107¢ 1 5 1200 | 2400
Pat. 2 | 6.77-107% | 2.26-107% | 6.99-107° 1 5 1200 | 2400

Table 1: The values of the different parameters used for the Patient 1 and the Patient 2 sim-
ulations. The space and time steps dz and dt, the probability of emission of thrombin from
the wall cells, pyw _ 7, the critical time ¢., and ¢; the re-endothelialization time. The injection
rate of anti-thrombin and fibrinogen, Q o7, Q@ have units of [mm~3s].

As one can see from Fig. 9 the result for Patient 1 are in very good agreement.
The lumen of the simulation and the results obtained from the clinical data are
very similar. We only see a slight underestimation of the size of the thrombus
near the neck of the aneurysm. In the case of Patient 2 the agreement between

Figure 9: Lumen of Patient 1 for the real life (middle) and simulation (right) as well as a
comparison between the two (left), where in dark gray is the real lumen and in light gray the
simulated one.

simulation and clinical observations is less good (see Fig. 10). While the shape
of the lumen inside the aneurysm is similar and the clotted volume is equivalent,
the position of the lumen is slightly shifted downwards in the simulation with
respect to the actual case. At this stage, only a visual comparison is possible
as the segmented medical images do not contain enough spatial information to
quantify the difference with enough accuracy.

The above images correspond to the final stage of the thrombus formation.
It is naturally reached in our model as a result of the total annihilation of throm-
bin by anti-thrombin. As an illustration of the importance of the competition
between thrombin production and its interaction with anti-thrombin, we simu-
lated the thrombus formation for three different thrombin emission rates at the
walls, respectively 0.01, 0.1, and 1 mm~3s.

The results for the two patient geometries are depicted in Fig. 11 and 12.
For the emission rates 0.1 and 1, the lumen shape does not change much. As
expected, the thrombus progressed only a little bit further for the case of an
emission rate of 1 (the light gray region is larger). In the case of an emission
rate of 0.01, the effect is more dramatic. Only half of the aneurysm cavity is
occluded. The thrombus is stopped much earlier because of the fast depletion
of thrombin by the anti-thrombin brought by fresh blood. For Patient 2 the
effect is roughly the same. The size of the thrombus decreases with the increase
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Figure 10: Lumen of Patient 2 for the real life (middle) and simulation (right) as well as a
comparison between them (left). The actual lumen is shown in dark gray and the simulated
one in light gray.

Figure 11: Different lumen shapes (dark gray) for thrombine injection rates of 0.01 (left), 0.1
(middle), and 1 (right) for Patient I . In light gray is the geometry of the aneurysm before
the thrombosis.
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of thrombin production. However the important change in the volume already
occurs between the emission rates 0.01 and 0.1. At an emission rate of 0.01
there is almost no thrombus formation.

Figure 12: Different lumen shapes (dark gray) for thrombine injection rates of 0.01 (left), 0.1
(middle), and 1 (right) for Patient 2 . In light gray is the geometry of the aneurysm before
the thrombosis.

6. Conclusion

In this paper we presented a novel model for thrombosis in cerebral aneurysms,
over large spatial and temporal scales. We have proposed a set of biomechanical
components that allows us to build a bottom-up numerical approach. The start,
growth and stop of the clot in the cavity is an emergent property of the basic
interactions present in the system. The main triggering mechanism that we
propose is the production of thrombin by the endothelial cells exposed to a low
wall shear stress. This hypothesis is confirmed by our in-vitro experiments, and
clinical observation [8]. Note that the placement of a flow diverter, whose goal
is precisely to cause embolization of the aneurysm cavity by a flow reduction,
is also compatible with the hypothesis of a low WSS switch.

The capability of our model to reproduce real thrombi was also corroborated
by considering the cases of two patients who underwent a spontaneous throm-
bosis. We showed that the simulated and actual thrombus have quantitatively
the same shape and same volume.

Due to the multi-scale nature of the problem, some strategies have been
used to speedup the computation. For instance, amplification [11] is a method
by which the reaction rates and the effective size of the particles are increased.
By using lower concentrations and by speeding up the reaction processes, we
obtained computationally feasible simulations. In particular, the clots shown
above were obtained with a few thousands of heart beats, instead of several
days or weeks. A drawback of this multi-scale approach is however that the
time evolution of the thrombus cannot be captured quantitatively. Only the
final stage is significant.

Our results show that the rate of thrombin production at the wall is an
important parameters to predict the thrombosed volume. This observation jus-
tifies a fortiori the importance of the quantitative measurement proposed in
section 2.

Although the results of our simulation are very promising, more work is still
needed to better calibrate the model. More patient specific data are also needed,
together with in vitro measurements to augment the capability of the model.
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Finally, the effect of the drug therapy used during a flow diverter treatment is
expected to modify the bio-chemical reaction proposed in our model. We are
currently investigating all these questions.
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