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4
Cell-Resolved Blood Flow

Simulations of Saccular
Aneurysms: Effects of Pulsatility

and Aspect Ratio

In this chapter cell-resolved simulations are performed on previously unreached spatial-
temporal scales by studying the pulse-wave time dependence of cell transport and sub-
sequent residence in cerebral aneurysm like geometries. In order to bring cell-resolved
blood flow to such large scales a validated two dimensional model is therefore em-
ployed. Aneurysms observed with a stable inflow jet from the feeding vessel exhibited
no re-circulation, high resident cell populations, and were identified to not be influ-
enced by pulsatility. Aneurysms with a inflow jet breakdown however exhibited a re-
circulation zone and low resident cell populations, which were increasingly washed
out with the inclusion of puslatile flow.

This chapter is based on: Benjamin Czaja, Gábor Závodszky, Victor Azizi Tarksalooyeh, and Alfons G Hoekstra.
Cell-resolved blood flow simulations of saccular aneurysms: effects of pulsatility and aspect ratio. Journal of
The Royal Society Interface, 15(146):20180485, 2018
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4.1. Introduction

Cerebral aneurysms have been estimated to occur in 1 to 5 % of the general population
[225], and the chance for rupture has been estimated to occur in 6 to 8 per 100000 people
[226]. Thrombosis is one of the bodies natural responses to heal damaged vessel walls
and has been found to reduce the probability of rupture [227] by occluding the aneurysm
sac. Autopsy studies reveal that about 9 to 13 % of intra-cranial aneurysms had a formed
thrombus [228]. However the formation of a thrombus may also have detrimental health
effects i.e. a blood clot breaking off from a formed thrombus to travel down stream to
cause an ischemic stroke. The full mechanism of thrombus formation inside cerebral
aneurysms depends on the size and location of the aneurysms, blood flow patterns in-
side the aneurysm, as well as biochemical factors. Understanding these processes is
crucial for treatment procedures for cerebral aneurysms.

Macroscopic computational fluid dynamic (CFD) simulations, where whole blood is
represented as a continuous fluid, are a powerful tool for studying blood flow in cerebral
aneurysms. They can incorporate patient specific geometries [63, 229–231], study the
flow patterns inside an aneurysm [64, 232], and asses the risk of rupture based on loca-
tion and geometry [233] at a relatively low computational cost. In order to save compu-
tational overhead, blood is usually assumed to be an incompressible Newtonian fluid.
This has been proven as a reasonable approximation for flow in large vessels but may
break down in aneurysms due to low shear regions where the non-Newtonian behaviour
of blood becomes important [234]. Continuous fluid simulations using non-Newtonian
viscosity models have been employed to study hemodynamics in cerebral aneurysms
[235–238].

The lattice Boltzmann method (LBM) [78, 239] can be applied to study continuous
fluid dynamics and historically has been used for computational fluid dynamics. A promi-
nent continuous LBM model for hemodynamics has been proposed by Ouared and Chopard
[240] to model the initiation and growth of a thrombus in a cerebral aneurysm. In this
model below a certain shear rate the probability of adhesion of platelets to an aneurysm
wall is high and here a thrombus is likely to form [241, 242]. In this method platelets are
modelled as point particles tracing flow lines as passive scalars [243], which was able to
reproduce the shape and volume of formed thrombi in patient specific aneurysms [244].
This method also revealed through a cross sectional study of 21 patients an association
between spontaneous thrombosis and aneurysm dome to neck aspect ratio [245].

Cell-resolved computational models [91, 94, 246, 247], which has been shown in the
previous two chapters have proven to be very useful as they can resolve the mechanics
of individual red blood cells (RBCs) and the resulting non-Newtonian flow properties of
whole blood as a suspension of RBCs. However, these models are computational expen-
sive and as a result are usually restricted to study systems ≤ 150 in size µm and ≤ 1 s
in time. It is important to understand bring how the cell nature of whole blood acts on
larger scales, then what is currently achieved by 3D cell-resolved models. In this chap-
ter we apply a two dimensional cell-resolved blood flow model to study flow in cere-
bral aneurysms on the time and spatial scales achievable by continuous CFD models.
We provide time dependent (systolic) cell-resolved blood flow simulations to study the
transport of deformable RBCs and quasi-rigid platelets into, and emerging flow prop-
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erties of, two dimensional saccular aneurysms. Here we focus on flow proprieties and
cell locations inside the aneurysms, as we can resolve the non-Newtonian behaviour of
whole blood as a result of the suspension of deformable RBCs. We extend upon a pre-
vious work of two dimensional cell-resolved simulations of sidewall aneurysms [204] by
providing pulsatile flow and cell residence times. We also extend the physical simulated
time from 0.2 s to 7.7 s, and the vessel diameter from 100µm to 260 µm and the aneurysm
diameter from 250 µm to 800 µm. To our knowledge this is the first cell-resolved study
to include a full heart pulse, here we simulate 10 heart cycles in total. Residence times
are computed at each time-step for each cell allowing us to locate where and how long
cells spend in the aneurysms.

In section 4.2 we describe the blood flow model used, the geometries, the boundary
conditions, the initializations of RBCs and platelets in the domains, and the computa-
tional resources used. In section 4.3 we show the results of our simulations; the emerging
flow patterns in the aneurysms, the cell populations in the aneurysms under both pul-
satile and steady flow, as well as the locations and age of the cells in the aneurysms. In
section 4.4 we provide conclusions and a discussion of our findings.

4.2. Methods

We use a validated [93] two-dimensional cell-resolved LBM for the blood plasma with
a discrete element method (DEM) for both RBCs and platelets which is connected to
the plasma via the immersed boundary method [99]. The material model for the RBCs
consists of 26 Lagrangian surface points (LSP) where each LSP is connected together
through a force network. The DEM force network is a superposition of a Hookean spring
force connecting neighbouring LSPs, a bending force to add bending resistance to the
springs, an area conservation force to ensure that cells maintain their shape, and a repul-
sion force to mitigate cell-cell interactions which prevents cells membranes from over-
lapping. The resulting equilibrium shape from the DEM model is a biconcave RBC that
is 8 µm in diameter. Semi-rigid platelets consist of eight LSPs that results in a disk shape
with a diameter 2 µm. Lattice Boltzmann fluid nodes have a spatial resolution of d x = 1
µm which sufficiently resolves the proper rheology of the suspension of red blood cells.
Details of the revalidation of this model are shown in the appendix of this thesis A.2.

4.2.1. Domain Geometry

Saccular aneurysms generally appear on the sidewall of a curved vessel or at a bifurca-
tion point [248]. Aneurysms with larger neck sizes have been found to be exposed to
higher shear stresses then those with smaller necks [249]. And aneurysms with a dome-
to-neck aspect ratio greater than 1.6 have been correlated with a greater risk of rupture
[199]. A sidewall aneurysm with no branching vessels is a simple geometry that we can
probe in two dimensions that will allows us to isolate the effects of aspect ratio. Dome-
to-neck aspect ratio is measured as the height of the dome over the width of the neck of
the aneurysm.

AR = h

dh
(4.1)
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(a)
(b)

Figure 4.1: (left panel) The curved vessel with circular aneurysm geometry. Periodic pre-inlet domain shown
in blue, flow domain shown in red, and outlet/outflow region shown in yellow. Dome-to-Neck aspect ratio is
the ratio of dome height dh to neck width h. (right panel) The mean parental velocity over two heart cycles
computed in each of the aspect ratio geometries.

The height of the dome is measured from the aneurysm wall opposite of the neck to the
entrance of the neck, see figure 5.7a. We place sidewall saccular cerebral aneurysms on
the edge of a 90 degree curved vessel and probe varying aneurysm dome to neck aspect
ratios of 1, 2, 3, and 4. Parental vessels are 260 µm in diameter with aneurysms diameters
of approximately 800 µm.

4.2.2. Boundary Conditions

A schematic of the computational domain is shown in figure 5.7a, highlighting the bound-
ary conditions employed. We adopt the inlet-outlet boundary conditions of [210], where
the macroscopic velocity from the periodic “pre-inlet” domain is copied to the first row
of the lattice Boltzmann fluid nodes of the flow domain with the help of the Zou-He [97]
boundary condition. Flow in the periodic domain is driven via a time varying body force
~F (t ) which is directly applied to the lattice Boltzmann fluid cells [239]. This is a valid
approximation because the time-steps are much smaller than the time scale on which
the pulse wave changes.

The proximity of the inlet and outlet boundary conditions can perturb the flow present
in the aneurysm geometry [235, 250, 251]. Since we use a periodic pre-inlet domain, the
inlet boundary condition can be seen as significantly far away from the aneurysm en-
trance and therefore does not introduce potentially perturbing flow into the aneurysm
geometry. The outlet is located 460 µm after the aneurysm neck. We prescribe a con-
stant density at the outlet and observe that there is no significant change in the velocity
profile near the outlet. This is in agreement with a previous study finding that the out-
flow condition only has a localized effect on the flow pattern [251]. We estimate that the
outlet implementation has a significant effect on the flow profile up to 30 µm from the
outlet. Additionally, the Reynolds numbers in this study range from 33 at systole and 8 at
diastole which are relatively low and therefore flow within the parental vessel is laminar.

Fluid structure interaction simulations have shown that including the elasticity of
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the arterial walls does effect the flow dynamics, especially in larger arteries like the aorta
[61, 252, 253]. Vessel deformability is out of the scope of this study therefore we assume
that vessel walls in our simulations are rigid. Vessels of the sizes considered in this study
are much less compliant than in larger arteries [254, 255], and therefore we believe this
a reasonable modeling choice. We prescribe a bounce-back boundary condition at the
vessel wall.

The simulations presented in this paper run for approximately 8 seconds in real time,
which is O(107) lattice Boltzmann time steps. With such long run times we rely on these
inlet-outlet boundary conditions since the cell distributions of the parental vessel will
change if only using periodic boundary conditions. With this method cells are copied
from the periodic domain to the flow domain as they wrap around the periodic domain,
and are deleted at the outlet of the flow domain. This allows us to properly populate the
flow domain with an endless supply of cells from the periodic domain.

4.2.3. Pulse Wave

We tested the accuracy of these boundary conditions by driving the periodic domain
with a sinusoidal time varying body force and compared the resulting flow profile recov-
ered from the flow domain to the theoretical flow profile predicted by Womersley [71].
In this test the fluid is continuous (without cells) with a dynamic plasma viscosity of
µ= 1.29 mPa and is driven in a straight pipe so we can isolate the effect of the boundary
conditions to compare to the Womersley solution. The Reynolds number of such a flow
is Re = 15.38 with a heart rate of 1 beat per second which results in a Womersley number
of α= 0.4. We find a relative error between theory and computed flow profiles of ≤ 0.1%
over 5 heart cycles. This is in good agreement with a previous study of pulsatile flow in
2D using the lattice Boltzmann method which reports a relative error of 0.85% , using pe-
riodic boundary conditions [256]. We anticipate that our error is smaller since we drive
the flow with a lower Reynolds and Womersley numbers.

Systolic flow in the aneurysm geometries is driven by a time dependent body force,
applied to the pre-inlet domain, resulting from a synthetic pulse wave signal [231] that
has similar properties as a cardiac pulse wave found in real cerebral aneurysms. The
computed mean parental vessel velocity was set to match the mean flow velocities mea-
sured in cerebral perforating arteries of similar sizes [257]. The computed mean parental
vessel velocity, resulting from the synthetic pulse wave, in each of the geometries has an
average over all heart beats of 7.81±0.06 cm/s, with an average peak of 15.7±0.2 cm/s
at systole, and an average minimum of 4.67±0.09 cm/s at diastole. The mean parental
velocity is computed by averaging all velocities within a cross section across the width
the parental vessel. Shown in figure 4.1b is the computed mean velocity of the parental
vessel over two heart cycles for all aspect ratios. The system reaches an equilibrium ve-
locity state within the first pulse. The initial transients of the system vanish within the
first pulse.

4.2.4. Initial Conditions

We populated the flow domains with either an initial state filled with both RBCs and
platelets or empty with only LBM fluid nodes. In the filled case the entire domain, pre-
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Figure 4.2: Average of the velocity magnitude inside the aneurysms over the last nine heart cycles as a function
of aspect ratio. Black dots are the overall mean velocity, purple squares are the average maximum (systole)
velocity, and orange boxes are the average minimum (diastole) velocity from the final nine heart cycles. Error
bars show the standard error of the mean for each averaged value. Filled markers denote the filled initialization
and empty denotes empty flow domain initializations.

inlet and flow domain, is populated uniformly random with cells. In the empty case only
the pre-inlet domain is populated uniformly with cells which are then washed into the
flow domain as the simulation progresses. Each geometry was populated to an initial
tube hematocrit of 42%, which represents normal adult male physiological values [1].
Following the empirical relationship between the tube diameter and tube hematocrit
this corresponds to a discharge or tank hematocrit of 43%. The higher hematocrit of
an adult male was chosen as we can simulate higher hematocrits in two dimensions
efficiently. We initialise with a platelet to RBC count ratio of 1

10 [3] which results in a
platelet volume fraction of Cpl t = 0.0021 in the parental vessel. We define the platelet
volume fraction Cpl t as the volume fraction of platelets measured at a specific location
C̃pl t normalized to the arithmetic mean of the parental vessel platelet volume fraction
C̄pl t , i.e. Cpl t = C̃pl t /C̄pl t The two initializations of the flow domain present different
aneurysm velocities, see figure 4.2, and aneurysm cell volume fractions, see figure 4.3.
Further details of the initializations are discussed in section 4.3.

4.3. Results

4.3.1. Empty Initialisation

In figure 4.3, we observe in aspect ratio 1 (AR1) that the system is filled within the first
heart beat and reaches an quasi-equilibrium hematocrit state of 0.34±0.003. Heat maps
of the cell volume fractions are shown over the last heart beat in the left column of figure
4.4. As aspect ratio increases (AR 2, 3, 4) we observe a shear driven regime where flow
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Figure 4.3: Time evolution of the cell volume fractions in the aneurysms over all aspect ratios and initializa-
tions. RBCs in the left panel and platelets in the right panel, each cell volume fraction is normalized to the
parental vessel value. AR1 is shown in green (x’s for empty and doted solid line for filled initial conditions
(I.C.s)), AR2 is red (plus for empty and dot-dash line for filled I.C.s), AR3 is purple (left triangle for empty and
dashed line for filled I.C.s), and AR4 is blue (right triangle for empty and dotted line for filled I.C.s). Parental
cell volume fractions of each cell type shown as solid grey line in both panels.

in the aneurysm is sheared at the neck which creates a circular flow inside aneurysm.
Hematocrits of these geometries do not reach an equilibrium value during the simu-
lation time. Final hematocrits, reported in table 4.1, are significantly lower than the
parental vessel hematocrit. Flow of cells into these geometries are qualitatively similar to
observations made in in vitro experiments of spherical sidewall aneurysms [258]. Cells in
this regime that are washed into the aneurysm at the neck fill up the aneurysm along the
walls, and they circle inside as they transit towards the centre of the aneurysm, see the
right 3 columns of figure 4.4. Average aneurysm velocity magnitudes in the empty ini-
tialization are 0.085 cm/s in AR1, 0.045 cm/s in AR2, 0.027 cm/s in AR3, and 0.018 cm/s
in AR4. These velocities are averaged over the final nine heart cycles, and are shown in
figure 4.2.

4.3.2. Filled Initialisation

In the filled initialization we observe similar flow regimes as in the empty initialization.
AR1 is momentum driven an reaches an equilibrium hematocrit of 0.35±0.03 within the
first pulse. While in the AR 2, 3, and 4 geometries are shear driven and do not seem
to reach an equilibrium hematocrit after 10 pulses. This is highlighted in the time se-
ries of the aneurysm hematocrits, shown in the left panel of figure 4.3, of AR2 (red dot
dashed line), AR3 (purple dashed line), and AR4 (blue dotted line). Hematocrits in all
aspect ratios are less than the parental vessel hematocrit. We observe a high hematocrit
old cell population that increases along the aneurysm wall as aspect ratio increases, see
figure 4.4. Velocities in the aneurysms of the filled initialization exhibit lower velocities
compared to the empty case, shown in figure 4.2, which are averaged over the final nine
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Figure 4.4: Aneurysm volume fractions for both filled and empty initial conditions along all aspect ratios
(AR1,2,3,4). The top two rows are the hematocrit (coloured yellow-brown), the first row is the empty initial-
ization and the second row is the filled initialization. The bottom two rows are the platelet volume fractions
(coloured blue-green), the third row is the empty initialization and the fourth row is the filled initialization.
Values are averaged over the final heartbeat and normalized to each cell type’s parental vessel volume fraction.
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Hematocrit Hematocrit Cpl t Cpl t

AR (Empty) (Filled) (Empty) (Filled)

1 0.34 0.35 0.0082 0.0069
2 0.21 0.32 0.0093 0.0094
3 0.18 0.33 0.0079 0.0096
4 0.16 0.32 0.0079 0.0096

Table 4.1: Final aneurysm RBC and platelet volume fractions of both empty and filled initializations.

pulses. Aneurysms velocity values with the filled initialization are 0.085 cm/s in AR1,
0.035 cm/s in AR2, 0.019 cm/s in AR3, and 0.012 cm/s in AR4. We attribute the decrease
in velocity to an increase of the suspension viscosity in the aneurysms due to a larger
population of cells in the filled initialization. The effect is present in the peak, mean and
minimum of each pulse, which is displayed in figure 4.2.

In both initializations aneurysm hematocrits are depleted and platelet volume frac-
tions are enriched compared to their parental vessel populations. This is evident across
all aspect ratios. This is interestingly also evident in the recirculation zone of AR1, where
the recirculation zone is depleted of red blood cells and enriched with platelets. We ex-
tended the AR2 empty simulation to 16.5 second, to investigate if the system would reach
an equilibrium aneurysm hematocrit. We observe that the total hematocrit follows an
inverse exponential growth ∝ exp−2.17 and reaches a hematocrit of 0.25 at 16.5 second
(approximately 21 heart cycles). This slow growth of hematocrit can be attributed to the
diffusive nature of RBCs towards the centre. This diffusion of RBCs slows down closer
towards the centre as shear rates decrease from the aneurysm wall to the centre of the
aneurysm sac.

4.3.3. Effect of Aspect Ratio

We observe that the average aneurysm velocity decreases as aspect ratio increases, as
shown in figure 4.2. This effect is apparent across all aspect ratios and initializations.
There is also a two orders of magnitude velocity decrease inside the aneurysm compared
to the parental vessel. As an example in AR 1, we observe a mean flow velocity over an
entire heart cycle of 7.8 cm/s, compared to an average velocity of 0.068 cm/s inside the
aneurysm.

We find a flow regime change from momentum driven in AR1 to a shear driven regime
in AR 2, 3, and 4. Flow stream lines over one heart cycle are shown in figure 4.5, for
both momentum (AR1) and shear driven (AR3) regimes. In the AR1 case we see a re-
circulation zone that is sustained over an entire heart cycle, see the second row of figure
4.5. The location of the vortex varies through one heart cycle, and in some instances sub-
vorticies also develop along the recirculation zone. We also find regions of flow reversal
along the wall, but it should be noted the the magnitude of these velocities are very small
and occur in high hematocrit regions. In the shear driven regime we do not observe any
recirculation zone or sub-vorticies. There exists one constant vortex throughout the en-
tire heart cycle, that keeps a constant position.

Over all aspect ratios we observe that the aneurysms are red blood cell poor and
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Figure 4.5: Time series of last heart cycle of the momentum driven regime (AR1) and the shear driven regime
(AR3). The top row highlights the computed mean velocity of the parental vessel at five time points along the
heart cycle. The AR1 aneurysm is shown in rows two to four, with velocity stream lines in row two (coloured by
magnitude), RBC residence times in row three (coloured yellow to purple), and platelet times (denoted PLT) in
row four (coloured yellow to dark green). The AR3 aneurysm follows the same format and is shown in rows five
to seven.
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Figure 4.6: Ratio of high resident cells (residence times ≥ 7 seconds) in each of the aneurysms (denoted
Nol d

N )
for both initializations as a function of aspect ratio. RBCs are in the left panel and platelets are in the right
panel. The filled initialization is shown as the main result in both panels, with the empty initialization is shown
in each panel as an inset.

platelet rich with respect to each cells vessel volume fraction. This is shown as a time
series in figure 4.3 and in the heat maps in figure 4.4, with the specific end state values
reported in table 4.1. We attribute the richness of platelets in the aneurysms to platelet
margination observed in our simulations, shown in figure 1c. Margination of platelets
has been observed in multiple in-vitro studies [259, 260] and in other 2D simulations of
cell-resolved blood flow [204, 210, 261]. Platelets are already at higher volume fraction at
the vessel wall before they encounter the entrance of the aneurysm, so they preferentially
enter the sac. The depletion of RBCs in the aneurysm we attribute to the existence of a
cell free layer, shown in figure 1b, in the parental vessel. The cell free layer restrains RBCs
from being washed into the aneurysm since there is a lacking of RBCs along the vessel
wall before the entrance of the aneurysm.

We observe an increase of high resident cells as aspect ratio increases, with a large
step increase going from the momentum to the shear driven regime. This effect is high-
lighted in figure 4.6 where we show the ratio of high residence cells (residence times ≥ 7
s denoted Nol d ) to the total number of cells present (denoted N ) in the aneurysms over
all aspect ratios and initializations. The percentage of cells with residence times ≥ 7 s is
2.3% in AR1, 61.5% in AR2, 74.8% in AR3, and 83.4% in AR4. We attribute the large step
increase from AR1 to AR2 to a change in flow regime present in the aneurysms. In AR1,
we observe a momentum driven regime which washes out high resident cells with each
pulse where as the shear driven regimes of AR 2, 3, and 4 show no significant washing
out of high resident cells. This effect is independent of initialization, highlighted by the
inset bar plot in figure 4.6, and is evident for both RBCs and platelets.

The AR1 case exhibits a layering of high and low residence cells of both RBCs and
platelets within the recirculation zone, shown in the third and fourth rows of figure 4.5.
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Figure 4.7: Comparison of the ratio of high residence cells (residence times ≥ 7 seconds denoted
Nol d

N ) in
pulsatile flow vs. steady flow as a function of aspect ratio. RBCs are in the left panel and platelets are in the
right panel. Pulsatile flow is shown by the clear bars (blue for RBCS and green for platelets). Steady flow is
shown by the hashed bars (red for RBCs and yellow for platelets).

We observe with each heart cycle a layer of new cells that is injected into the recirculation
zone and a population of high residence cells that are washed out. In the shear driven
case cells with large residence times are well mixed in the aneurysm with no clear layer-
ing, with a tendency of moving towards the centre of the sac as they age. An example is
shown from AR3 in the bottom two rows of figure 4.5.

4.3.4. Effect of Pulsatility

We compared pulsatile flow to steady flow by rerunning all experiments with a steady
Poiseuille flow profile with a mean parental velocity of 7.8 cm/s. This matches the mean
parental velocity that is averaged over all heart cycles during the pulsatile simulations. In
the steady flow cases we observe all of the same results as we did with the pulsatile case.
The same flow regimes in all aspect ratios, the same increasing trend of high resident
cells with increasing aspect ratio. However, we do see that steady flow yields a larger
high resident population in the the AR1 geometry compared to pulsatile flow, see figure
4.7. This is true for both RBCs and platelets. This effect is not significant for the shear
driven regime, i.e. AR 2, 3, and 4. The variation of velocity through a heart cycle inside
the aneurysm of the pulsatile case may be leading to more washing out of high resident
cells from the aneurysm and therefore producing smaller trapped cell populations. We
do not see multiple vertices develop in the shear driven steady flow case, and do not see
clear influence of pulsatile flow.
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4.4. Discussion

In this study we examined the effect of pulsatility and aspect ratio on the transport of red
blood cells and platelets into simple two dimensional sidewall saccular aneurysms. We
find that both RBCs and platelets become increasingly trapped as aspect ratio increases.
With a large jump of trapped cells going from the aspect ratio 1 to 2. We attribute this
large jump do to a flow regime change from momentum driven with a inflow jet break-
down inside the aneurysm geometry to a shear regime where there is continuous inflow
jet. This jump in trapped cells over aspect ratio is similar to the findings of a percentage
of clotted aneurysm volume from [245]. In this study the jump is later in aspect ratio,
approximately from 2 to 4, where we observe the jump from 1 to 2. We think that this
difference is highly dependent on the particular geometry. Also as aspect ratio increases
average aneurysm velocity decreases. Together with a higher old cell population we can
infer that aneurysms with higher aspect ratios are likely to be more thrombogenic.

Residence times of massless tracer particles are typically used in continuous CFD
simulations to infer the locations where particle depositions may take place to form a
thrombus [262, 263]. These methods are limited as they only follow the flow lines and
do not properly model the cellular nature and transport properties of whole blood. In
this study we are able to see a layering of old and new RBCs and platelets inside the
recirculation zone of AR1. Aneurysms in our study are red blood cell poor and platelet
rich compared to their parental vessel populations.

We observe that pulsatile flow will effect the population of high residence cells de-
pending on the flow regime present in the aneurysm. In the momentum driven regime
of aspect ratio 1 we observe a lower population of high residence cells compared to the
steady flow case. In the shear driven regime of aspect ratios 2, 3, and 4 we see no signifi-
cant effect of pulsatility.

We initialised each simulation both uniformly filled with cells and empty of cells.
Both initializations of AR1 reach the same hematocrit state within the first heart cycle,
this is due to the momentum driven regime present in this geometry where cells are
immediately washed into and fill up the aneurysms with each pulse. The shear driven
geometries (AR 2,3,4) exhibit an inverse exponential growth in hematocrit if initialised
empty or an inverse exponential decay in hematocrit if initialised filled. This slow change
in aneurysm hematocrit state can be attributed to slowing down of diffusion of RBCs
from the wall to the centre of the aneurysms as shear rates decrease from the aneurysm
wall to the centre of the aneurysm sac. The two initializations differ in final hematocrit
states of the shear driven regimes. However we believe the trends shown in this paper
will not change if we extend each simulation to or beyond 22 seconds. The trapped cell
populations, figures 4.6 and 4.7, the flow regimes, figure 4.5, and the velocity decrease as
aspect ratio increases, figure 4.2 will continue to have the same trends if the simulations
are extended.

These 2D simulations are useful as they provide a systematic sweep, at a reasonable
computational cost, over aspect ratio and can help narrow the cases to study with full
3D cell-resolved models. In 2D, however, we are limited to resolve only the major in-
plane inflow properties of the aneurysms like the continuous inflow jet and the inflow
jet breakdown observed in this study. Vorticity dynamics presented in this study can be
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different to a 3D case, patient specific or otherwise. In 2D, we observed diffusive trans-
port of RBCs and platelets into the aneurysms of AR 2,3 and 4, while in 3D the diffusive
transport may be much faster due to out of plane flow fields. We anticipate that this can
affect the high residence populations as a function of aspect ratio presented in this study.

This study presents the transport of RBCs and platelets into aneurysms geometries
which can add a better resolution to residence times since the methods used in this pa-
per can resolved the fluid interaction with the suspended cells. Typically this is left out
with the use of massless tracer particles which only follow stream lines and do not in-
teract with the fluid. Wall shear stress is an important property that cell-resolved simu-
lations can help to recover more accurately for simulation studies for aneurysms. With
cell-resolved simulations the viscosity is not constant and in reality depends on both the
local hematocrit and local shear. With the methods presented in this paper one can re-
solve a variation of viscosity near the arterial due to the development of a cell free layer.
This will lead to a more accurate calculation of the wall shear stress used in flow studies
in aneurysms.

4.5. Computational Resources

The simulation code used in this project, HemoCell2D, has been parallelized using MPI
allowing to efficiently run simulations using hundreds of compute cores. Linear scaling
of the total runtime with the inverse number of processors has been shown up to 256
processors. The computational resources used for each simulation, time series shown in
figure 4.3, was 160 compute cores over a wall time of approximately 5 days and 12 hours.
This includes the integration of 853218 LBM fluid nodes, 21628 RBCs, and 3008 platelets
(values reported from the last time point of the AR1 filled simulation) in both pre-inlet
and flow domains. For further details on the performance of the code please refer to the
website https://www.hemocell.eu/hemocell2d/.


