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Abstract

I have been investigating the cardiovascular system
over micro to macro levels by using conjugated
computational mechanics analyzing fluid, solid and
bio-chemical interactions. In this article, I introduce
our recent researches on a novel hemodynamic index
for the initiation of cerebral aneurysms focusing on
temporal variation of spatial wall shear stress gradient,
malaria-infected red blood cell mechanics using a
particle method and confocal micro-PTV measurement
of blood flow through a stenosed microchannel.

1. Introduction

Human cardiovascular system is always under the
integrated nervous and humoral control of the whole
body, i.e., in homeostasis. Multiple feedback
mechanisms with mutual interactions among systems,
organs, and even tissues provide integrated control of
the entire body. These control mechanisms have
different spatial coverages, from the micro- to
macroscale, and different time constants, from
nanoseconds to decades. I think that these variations in
spatial as well as temporal scales should be taken into
account in discussing phenomena in the cardiovascular
system.

In this background, we have been investigating the
cardiovascular system over micro to macro levels by
using conjugated computational mechanics analyzing
fluid, solid and bio-chemical mechanics. In the present
study, I introduce our recent researches on a novel
hemodynamic index for the initiation of cerebral
aneurysms focusing on temporal variation of spatial
wall shear stress gradient, and malaria-infected red
blood cell mechanics using a particle method. In order
to confirm the reliability of our numerical results, we
developed a confocal micro-PTV system to
experimentally measure the blood flow in a micro-
channel. We will also introduce the experimental
results of blood flow through a stenosed microchannel.

2. A Novel Hemodynamic Index for Initiation
of Cerebral Aneurysms

Cerebral aneurysm is an extremely important disease
on the clinical medicine, since the rupture of the

cerebral aneurysm is the most common cause of
subarachnoid hemorrhage, well known for its very high
mortality. Although how cerebral aneurysms initiate is
still unclear, hemodynamics is believed to play a vital
role. In this study, we try to identify a possible
hemodynamic index for predicting the location of
cerebral aneurysm initiation.

2.1. Methods
2.1.1. Proposed hemodynamic index

Spatial wall shear stress gradient (SWSSG), which
would generate flow-induced tension/compression
forces on the endothelial cells (ECs), was suggested
to have an important role in aneurysm initiation.
Wang et al. [1] experimentally observed significant
disruption of actin cytoskeleton of the ECs by
applying cyclic mechanical stretching. Jamous et al.
[2] reported that disturbed blood flow might
precipitate early morphological change of the EC that
leads to the formation of cerebral aneurysms. Thus,
based on these observations, we propose a novel
index for the initiation of cerebral aneurysms,
focusing on temporal variations in hemodynamic
tension/compression forces (i.e., SWSSG) on the ECs.
This index is named the gradient oscillatory number
(GON) and defined as
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where G is the SWSSG vector and T is one pulse
duration of the pulsatile blood flow.

2.1.2. Geometry of the artery model

A patient-specific geometry of human internal
carotid artery with an aneurysm was employed. This
geometry data was provided by the Virtual Intracranial
Stenting Challenge 2007 [3]. We reconstructed an
arterial model before aneurysm formation by
artificially removing the aneurysm from the original
one and by minimizing the elastic energy of the arterial
wall, as shown in Fig. 1.
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Fig. 1. Construction of the artery model before
aneurysm formation. (a) Original patient-specific
geometry. (b) Removal of the aneurysm. (¢) Smoothing
based on the elastic energy minimization.

Fig. 2. Temporal variations of the spatial wall shear
stress gradient (SWSSQ) vector.

2.1.3. Blood flow simulations

We performed three-dimensional pulsatile blood
flow simulations using an in-house CFD solver to
obtain temporal variations in SWSSG vectors and then
calculate the GON index. Our CFD solver employed
the boundary-fitted coordinate method. The fluid was
assumed to be a Newtonian fluid, and a wall was
assumed to be rigid. The Womersley number and inlet
peak Reynolds number were 2.6 and 300, respectively.

2.2. Results and discussion

Figure 2 shows temporal variations of the spatial
wall shear stress gradient (SWSSG) vector at the
location of aneurysm formation, and the GON index
calculated from a set of time-varying SWSSG vectors
is shown in Fig. 3. We see that the SWSSG vector

(b) Back view

Fig. 3. Distribution of the GON. (The arrow indicates
the location of the aneurysm in the original geometry.)



rotates very strongly over the flow cycle at the location
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Eq. (1) became nearly equal to zero where strong
temporal variations of the SWSSG occurred, the value
of GON at the location approached its maximum
value (=1).

The SWSSG would generate tension/compression
forces (flow-induced forces) on endothelial cells
(ECs). Thus, these results indicate that before
aneurysm formation strongly disturbed forces were
imposed on the ECs there. Recently, Jamous et al.
[2] reported that such disturbed blood flow might
precipitate early morphological change of the EC
that leads to the formation of cerebral aneurysm,
while we have also demonstrated that disturbed
blood flow, i.e. high GON index has a significant
correlation with the location of aneurysm formation.
Our results support Jamous ef al.’s findings and
suggest that the proposed novel index, GON, may be
useful as a hemodynamic index for the initiation of
cerebral aneurysms.

of aneurysm formation. Since the term, , in

3. Confocal Micro-PTV Measurement of Blood
Flow through Stenosed Microchannel

In a small channel, say 100 pum in diameter, the
blood is no longer assumed to be a homogeneous
fluid because the size of the blood cells cannot be
neglected compared to the generated flow field (the
diameter of a RBC is about 8 um). In such a case, we
must treat the blood as a multiphase fluid, and
investigate the motion of individual cells in
discussing the flow field. Blood can be modeled as a
suspension of RBCs in plasma because about 99% of
the volume fraction of blood cells consists of RBCs.
The interaction of RBCs generates microscale mixing
in the blood flow, which has a significant effect on
the diffusion of platelets and large molecules.
However, numerical simulation of interacting many
RBCs is very hard to calculate. Thus, we need to
experimental results for checking the reliability of our
numerical results.

To measure blood flow experimentally, various
methods have been employed. However, observing
RBC behavior in the high hematocrit (Hct) blood flow
is difficult, since the optical transparency of RBCs can
be very low, even if the flow rate is low. To overcome
this problem, we developped a confocal micro-PTV
(Particle Tracking Velocimetry) system [4]. This
system enabled us to visualize the individual RBCs
even at high Hct blood (over 10%) by exciting the
labeled RBCs with the laser in the system.

In this study, we investigated the motion of RBCs in
a microchannel with stenosis using the confocal micro-
PTV system. We measured individual trajectories of
RBCs around the stenosis under high Hct conditions
(up to 20%), when the interactions between RBCs
become significant.

3.1. Materials and methods
3.1.1. Confocal micro-PTV system

The confocal micro-PTV system used in this study is
shown in Fig. 4. Briefly, it consisted of an inverted
microscope (IX71; Olympus, Tokyo, Japan), a confocal
scanning system (CSU22; Yokogawa, Tokyo, Japan), a
high-speed camera (Phantom v7.1; Vision Research,
Wayne, NJ, USA), a DPSS laser (Laser Quantum,
Cheshire, UK), a syringe pump (KD Scientific,
Holliston, MA, USA) for making constant flow, a
thermo plate (Tokai Hit, Shizuoka, Japan) for
controlling the temperature, and an objective lens
(magnification: 20x; N.A.: 0.75; W.D.: 0.17 mm;
Olympus). The estimated thickness of the measurement
plane (optical slice thickness) was 4.97 um. By
exposing the laser to the labeled RBCs, the system
enabled us to track individual RBCs inside the blood
flow of up to 20% Hct with high resolution and low
optical thickness. The recorded images were evaluated
in Image J (NIH, Bethesda, MD, USA) using the
manual tracking Mtrack]J plug-in.

Fig. 4. Experimental set-up

3.1.2. Materials

The microchannel was made of polydimethyl-
siloxane (PDMS) using a soft lithographic technique.
The microchannel had a square cross section with a
side length of 50 um, and the stenosis was 35 um high
and 30 um wide, as shown in Fig. 5. The stenosis was
50 um in depth, so the cross section of the channel in
the x—y plane did not vary in the z-direction. This
stenosis geometry was employed so we could clearly
observe the effect of stenosis on the blood flow, and
the confocal micro-PTV system could accurately
measure the motion of RBCs in the center plane.

Four kinds of working fluids were used in this study:
pure water with 1% fluorescent particles, 1 pm
diameter; dextran 40 (DEX40) with 10% or 20%
human RBCs, where 10% of the RBCs were labeled
with a fluorescent dye (C-7000; Molecular Probes,
Carlsbad, CA, USA); and DEX40 with 10% RBCs that
were hardened by a glutaraldehyde treatment [5].



The RBCs were taken from a 23-year-old male
volunteer. All procedures were carried out in
compliance with the Ethics Committee on Clinical
Investigation of Tohoku University.

Fig. 6. Trajectories of tracer particles in pure water
with 1% fluorescent particles The large arrow in the
figure indicates the flow direction

Fig. 7. Trajectories of labeled red blood cells in blood
with 10% Hct. The large arrow in the figure indicates
the flow direction.

Fig. 8. Trajectories of labeled red blood cells in blood
with 20% Hct. The large arrow in the figure indicates
the flow direction

3.1.3. Experimental conditions

Throughout this study, the average velocity was
maintained at about 0.45 mm/s. The Reynolds number,
based on the average velocity and the side length of the

square cross section, was about 0.02, which was
slightly lower than the value of in vivo conditions for
small arteries with 50 pm diameter (cf. Popel and
Johnson, 2005). Due to the limitation of the PTV
system, we could not increase the Reynolds number
above 0.02. The microchannel was surrounded by
adiabatic walls, and the temperature of the channel was
maintained at 37°C by the thermo plate. The frame rate
for the high-speed camera was 300 frames per second.
Throughout this study, we observed the motion of
RBCs in the center plane, i.e. 25 pm from the bottom.

3.2. Results
3.2.1. Flow of pure water

First, we investigated the flow field of pure water.
Fluorescent particles were added to the pure water and
visualized by the confocal micro-PTV system. The
trajectories of tracer particles were measured by
continuously tracking individual particles, as shown in Fig.
6. We observed that the trajectories were almost
symmetric between the upstream and the downstream of
the stenosis. This result is consistent with the Stokes flow
condition, where the streamlines become symmetric if the
stenosis shape is symmetric to the y-axis.

3.2.2. Flow of 10% Hct blood with healthy RBCs

Next, we investigated the blood flow. Labeled RBCs in
the blood flow with 10% Hct were visualized at the center
plane (i.e. 25 um depth in the z-direction). We observed
that the labeled RBCs were visualized clearly. The
trajectories of individual RBCs were measured by
continuous tracking, and the results are shown in Fig. 7.
The trajectories of RBCs were no longer symmetric.
RBCs located initially near the lower wall tended to move
away from the wall beyond the stenosis. Such a change in
position in the y-direction was induced by the interaction
between the RBC and the stenosis wall. RBCs located
initially near the upper wall, however, again tended to
move away from the wall beyond the stenosis. This
change in position in the y-direction was induced by the
interaction between the RBC and the upper wall. The y
position of RBCs changed considerably in the blood flow
through the stenosed microchannel.

The asymmetry of the trajectories was induced by the
deformation of RBCs. RBCs are deformed by the traction
forces generated by the inner- and outer-fluid of the
membrane, which depends on the history of deformation
along the trajectories. Thus, the deformation of a RBC
becomes asymmetric before and after the stenosis, even
though the flow field is governed by the Stokes equation.
This is the reason why trajectories of RBCs show
asymmetry before and after the stenosis.

3.2.3. Flow of 20% Hct blood with healthy RBCs

We increased the Hct to 20% and measured the
trajectories of labeled RBCs in a blood flow. The



results are shown in Fig. 8. We observed that the
trajectories were not as asymmetric as those at 10%
Hct. To examine this tendency quantitatively, we
measured the RBC displacement in the y-direction
induced by the flow through stenosis. We define AY
equal to Ydownslream - Yupstream, where Yupslream and
Y downstream @€ the y position of a labeled RBC 60 pm
upstream and downstream of the stenosis, respectively
(see Fig. 9). The results at 10% and 20% Hct with
various Y pspeam are shown in Fig. 10. The error bars
indicate standard deviations. In the case of 10% Hct,
RBCs near the lower wall (i.e. Y psueam Of about 0-10)
showed a significant displacement away from the wall.
RBCs near the upper wall (i.e. Yypstream O about 40-50)
also showed displacement away from the wall (this
time, the sign of AY was negative). These results
indicate that the RBCs tend to flow in the core region
of the bulk flow after flowing through the stenosis,
although RBCs initially located in the core region do
not move significantly in the y-direction. In the case of
20% Hct, however, the absolute value of AY was much
smaller. When Hct was high, the interactions between
RBCs increased considerably. Thus, the RBCs cannot
concentrate in the core region, but are pushed away
from the highly concentrated region due to their
interactions. As a result, the displacement of RBCs
near the walls may be suppressed more in the case of
20% Hct. Of course, the dispersion of RBCs due to
interaction increased as Hct increased, as discussed by
Lima et al. [4]. However, the dispersion is isotropic
and does not help RBCs to move in one direction.
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Fig. 10. Effect of Hct and Y pspeam On AY. The error
bars indicate standard deviations.

3.2.4. Flow of 10% Hct blood with hardened
RBCs

Next, we investigated the blood flow with hardened
RBCs to clarify the effect of cell deformability on the
blood flow. The RBCs were hardened by a
glutaraldehyde treatment. Since the hardened RBCs
were not labeled with fluorescent dye, we could not
track them under the 10% Hct condition. Instead, we
measured the cell-free layer on the upper and lower
walls, downstream of the stenosis. The RBCs near the
wall could be visualized using a normal halogen light
because the concentration of RBCs was low near the
wall and the images of RBCs did not overlap very
often. Thus, we could measure the distance between
the upper or lower wall and the nearest RBC from the
wall at 60 um downstream of the stenosis. By taking
the average distance over about 60 RBCs per wall, we
calculated the thickness of the cell-free layer. The
results are shown in Fig. 11, with error bars indicating
the standard deviations. Note that the cell-free layer
thickness of healthy and hardened RBCs is about 2—-3
pm in the upstream side of the stenosis. We found that
the healthy RBCs showed a considerably thicker cell-
free layer compared to the hardened RBCs. If RBCs
are hardened, the asymmetry in trajectories is no longer
enhanced by the deformation of RBCs. Thus, hardened
RBCs initially flowing near the wall can stay near the
wall, even after flowing through the stenosis. Therefore,
we concluded that the deformability of RBCs plays an
important role in the blood flow through the stenosis.

3.3. Discussion

If one uses a continuum model to analyze the blood
flow through a stenosed microchannel, the asymmetry
in the flow field in the Stokes flow regime is difficult
to express. The Casson model is often used for a
constitutive equation of blood, which shows the
plasticity and the shear-thinning property of blood.
However, the flow field obtained using the Casson
model becomes symmetric between upstream and
downstream of the stenosis. Although the asymmetry
in the flow field can be expressed by employing a
constitutive equation for a viscoelastic fluid, the
asymmetry in the cell-free layer cannot be expressed.
This is because standard constitutive equations assume
that the blood is a homogeneous fluid. Therefore, to
analyze a blood flow in a small channel (i.e. 50 pm in
diameter), one must solve the motion of individual
RBCs in the blood.

Faivre et al. [6] investigated blood flow through a
microchannel with narrowing to develop a microfluidic
device for separating RBCs and plasma. In their
experiment, they observed that the thickness of cell-
free layer increased as Hct increased. This tendency is
the opposite from our observations. We believe that the
difference may have been caused by the difference in
hematocrit levels used in the two studies; Faivre et al.



used dilute blood (3% Hct), whereas we used more
concentrated blood (10% or 20% Hct). In a high Hct
blood, the hydrodynamic interactions between RBCs
are important, and the behavior of individual RBCs
becomes different from that in a low Hct blood. RBCs
tend to be pushed away from the concentrated core
region when Hct is high, reducing the thickness of the
cell-free layer. Another possibility is the difference in
stenosis length between the two studies. The stenosis
length in this study was 30 um, or 60% of the channel
width. The stenosis length used by Faivre et al. was up
to 300 pwm, which was three times their channel width.
These comparisons indicate that the motion of RBCs
may be affected strongly by the Hct and the channel
shape.
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Fig. 11. Effect of the deformability of RBCs on the
cell-free layer near the upper and lower wall
downstream of the stenosis (Hct = 10%). The error bars
indicate standard deviations.

4. Malaria

Malaria is one of the most serious infectious diseases
on earth. There are 500 million patients with 2 million
deaths arising from malaria infection. When a parasite
invades and matures inside a red blood cell (RBC), the

infected RBC (IRBC) becomes stiffer and cytoadherent.

These changes are postulated to link to microvascular
blockage [7]. Several researchers have investigated
cell mechanics of IRBCs using recent experimental
techniques. Methods to quantify the stiffness of the
IRBCs include the micropipette aspiration [8-10] and
the optical tweezers [11]. Suresh et al. [11] used the
optical tweezers to investigate the change of
mechanical response of IRBCs at different
development stages. They clarified that the shear
modules can increase by ten-fold in the final schizont
stage. Microfluidics has also been used to investigate
the pathology of malaria.  Shelby et al. [15]
investigated the effect of IRBCs on the capillary
obstruction and demonstrated that IRBCs in the late
stages of the infection cannot pass through micro
channels that have diameters smaller than those of the
IRBCs. These studies are reviewed in [12-14].

These experimental studies are still limited to the effect
of the single infected cell. However, microvascular
blockage may be a hemodynamics problem, involving the
interactions between IRBCs, healthy RBCs and
endothelial cells. This is due to the limitation of the
current experimental techniques. First, it is still difficult
to observe the RBC behavior interacting with many other
cells even with the recent confocal microscope. Second,
the three-dimensional information on flow field is hardly
obtained. Third, capillaries in human body are circular
channels with complex geometry, but such complex
channels cannot be created in micro scale. Instead,
numerical modeling can be a strong tool for further
understanding the pathology of malaria. Finite element
modeling was performed for the stretching of an IRBC by
optical tweezers [11]. Dupin et al. [16] also modeled the
stretching of the IRBC using lattice Boltzmann method.
We have also developed a hemodynamic model involving
adhesive interactions [17]. In this section, we present our
methodology and preliminary numerical results.

4.1. Method
4.1.1. Particle method

Blood is a suspension of RBCs, white blood cells,
and platelets in plasma. An RBC consists of cytoplasm
enclosed by a thin membrane. Assuming that plasma
and cytoplasm are incompressible and Newtonian fluid,
the governing equations are described as

bp_y, 2)
Dt
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Dt

where the notation ¢ refers to the time, p is the density,
u is the velocity vector, p is the pressure, v is the
dynamic viscosity, f is the external force per unit mass,
and D/Dt is the Lagrangian derivative.

Our model is based on a particle method. All the

components of blood are represented by of particles (Fig.

12). Note that each particle is not a real fluid particles
but a discrete point for computation. Fluid variables are
calculated at the computational point and it is moved by
the calculated advection velocity every time step. In
conventional mesh methods, each computational point
requires the connection to neighboring points for the
discretization of Eqs. (2) and (3) and thus the
computational meshes are generated. When a red blood
cell approaches to other cell, however, the computational
meshes can be distorted and destroyed easily. In
contrast to mesh methods, the particle method does not
require such computational meshes and the computation
is stable even when many cells interacting with each
other. Another advantage of the particle method is the
coupling with the front-tracking. The particle method
tracks the front of membrane using the membrane
particles and the no-slip condition on the membrane is
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directly imposed to Eq. (3) by using the position and
velocity of membrane particles. We use moving particle
semi-implicit (MPS) method [18] for solving Egs. (2)
and (3). In the MPS method, differential operators in the
governing equations are approximated using the weight
function, for example,
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where ¢ is a fluid variable, d is the space dimension
number, »° is the reference particle number density, A
is the constant, r is the position of particle, r; = r; - r;,
and w is the weight function.
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@ Membrane of IRBC
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Fig. 12. Schematic of free mesh particle model of
blood. All the components of blood are represented by
finite number of particles (computational points).
Velocity and pressure are calculated at the position of
each particle and it is moved by the calculated
advection velocity every time step.

4.1.2. IRBC model

The membrane of IRBCs is represented by the two-
dimensional network consisting of the finite number of
particles (Fig. 13). Particle j is connected to particle 7
by linear spring, giving a force,

i, )L , (6)

i
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where k; is the spring constant and /, is the equilibrium
distance. A bending force is also considered in our
model:
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where £, is the spring constant, 6 is the angle between
the triangles A;; and Ay, and ny; is the normal vector to
the triangle A;;. The external force per mass is given as

s b
L=LVF” (10)
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where V, is the reference volume V, = ry’, 1, is the
averaged particle distance at initial time step. Note that
the spring constants k; and 4, should be model
parameters to control the deformation of IRBCs. As
described in the next section, we adjust these model
parameters through numerical experiments.

A malaria parasite inside IRBCs is modeled by a
rigid object constructed by some particles. The
treatment of the rigid object in the MPS method was
proposed by Koshizuka et al [19].

Fig. 13. Spring network model of IRBC membrane.
(A) Each membrane particle is connected to negboring
membrane particles by a spring with linear elasticity.
(B) To express deformation of thin membrane, bending
force is also introduced.

4.1.3. Time integration

The time step size of time integration is limited by
several factors. Most famous one in computational
fluid dynamics is the Courant number limitation for the
time integration of advection term. In the micro
circulation, the diffusion number can be the most
serious parameter because of small Reynolds number.
Also, the behavior of RBC membrane may limit to the
time step size. To avoid the use of small time step size,
we employ a fractional time step method with sub time
steps. The fractional time step method is written by
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where the superscripts # is the time step, u” and u”" are
the intermediate velocity. However, the time step size
At in Egs. (11) and (12) may be not small enough for
the stable computation. Thus we introduce the sub
time step, for example,

M-1
u=u"+ ZVVZU"’MATv (14)

m=0

un,m+l _ un,m + VVzu"’"’AT , (15)

where the superscript m is the sub time step, and
At = At/ M is the sub time step size. The sub time step
size is determined by the diffusion number limitation.

4.2. Results
4.2.1. Stretching of IRBCs

Suresh et al. [11] performed stretching of IRBCs by
optical tweezers to quantify the mechanical response of
IRBCs. They measured the axial and transverse
diameters of IRBCs at different development stages
with several stretching forces. We examine this
stretching test numerically to validate our model. In
the three-dimensional computational domain, we put an
IRBC at initial time step. Then we stretch the IRBC

horizontally with a stretching force as shown in Fig. 14.

The governing equations are time-integrated until the
axial and transverse diameters are well converged. If
the obtained results do not follow the experimental
results, the values of model parameters &, and %, are
changed and the computation is carried out again.
Finally we can get the appropriate values of the model
parameters. Final results of IRBCs in the schizont stage
are presented in Fig. 15. The numerical results agree
well with the experimental results by Suresh et al [11].

Fig. 14. Stretching of IRBCs. An IRBC is replaced at
the center of the computational domain at initial time
step. The IRBC is stretched horizontally by a constant
force. Governing equations are time integrated until
the steady state solution is obtained.

T
Axial (Numerical) i

RN
(o]
—T

[ ] Axial (Experiment)
Transverse (Numerical)
[ Transverse (Experiment)

-_—
~
——
1

Normalized diameter [-]
s

o
™

L L L L 1 L L L L 1 L L L L 1
0.0 50.0 100.0 150.0
Stretching force [pN]

Fig. 15. Comparison between numerical results and
experimental results [11] for stretching of IRBCs in
schizont stage. Symbols indicate the experimental
results and lines are the numerical results. Red is the
results for axial diameter and blue is that for transverse

diameter. The numerical results agree well with the
experimental ones.

4.2.2. Flow in narrow channels

We also simulate the flow into narrow channels
using our numerical model. We consider the flow of
healthy RBCs (HRBCs) and schizont IRBCs in a 6-
pm-square channel and a 4-pm-square channel. The
flow is driven by the pressure difference between the
inlet and outlet. Figure 16 shows snapshots of the
numerical simulation for 6-um-square channels. As
observed in experimental studies, the HRBC passes
through the narrow channel with large deformation.
The schizont IRBC also deforms and enters the narrow
channel. In the case of 4-um-square channel, the
HRBC again largely deforms and passes through the
narrow channel. In contrast to the HRBC, the schizont
IRBC approaches to the entrance of the narrow channel
with small deformation, but cannot flow into the
narrow channel.

4.3. Discussion

We have proposed a numerical model of three-
dimensional hemodynamics arising from malaria
infection. A particle based spatial discretization and
sub time step time integration method are employed to
stably simulate many cell interactions in micro scale
blood flow.

To validate our model, we examined stretching of
IRBCs. When we used appropriate values for the
spring coefficients k; and k, the numerical results
agreed well with the experimental results. Small
differences can be found in the axial diameter for high
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stretching force. It may be improved using a non-
linear spring model for membrane. However,
compared with previously presented numerical models,
such as a finite element model [11] and a Lattice
Boltzmann model [16], our model has similar accuracy
for the stretching of IRBCs.

Our model also successfully simulated flow into
narrow channels, mimicking microcirculation in
human body. We tested two sizes of narrow
channels: a 6-um-square channel and a 4-um-square
channel. Both HRBCs and IRBCs in the schizont
stage passed through a 6-um-square channel. While
HRBCs also flowed into the 4-pm-square channel,
schizont IRBCs occluded the flow. These results
follow the experimental observation by Shelby et al
[15], where they revealed that IRBCs in the late
trophozoite and schizont stages occluded flow into the
channel with 4um width. The depth of their channels
was fixed to 2pum and thus the effect of such a small
depth was not clarified. In contrast to their
experiments, our results clearly demonstrated that the
IRBCs can occlude the flow even in the 4-um-square
channels.

Fig. 16. Snapshots of flow into a 6-pum-square channel.
(A) HRBC flows into narrow channel with large
deformation. (B) IRBC in the schizont stage also
passes through the 6-pum-square channel.

Fig. 17. Snapshots of flow into a 4-um-square channel.
(A) HRBC passes through the narrow channel. (B)
IRBC in the schizont stage occludes blood flow.

5. Conclusion

In this article, I introduce our recent researches on a
novel hemodynamic index for the initiation of cerebral
aneurysms focusing on temporal variation of spatial
wall shear stress gradient, confocal micro-PTV
measurement of blood flow through a stenosed
microchannel, and malaria-infected red blood cell
mechanics using a particle method.

In section 2, we have proposed a novel
hemodynamic index for the initiation of cerebral
aneurysms. The result showed that the proposed index
had a strong correlation with the location of aneurysm
formation. This suggests that the proposed index, GON,
may be useful as a hemodynamic index for the
initiation of cerebral aneurysms. The reliability of the
GON requires examination in other clinical cases as
well. This is now under investigation and will be
reported elsewhere.

In section 3, individual trajectories of RBCs around
the stenosis up to 20% Hct were measured successully.
The results revealed that the trajectories of healthy
RBCs became asymmetric before and after the stenosis,
although the trajectories of tracer particles in pure
water were almost symmetric. The asymmetry was



greater in the case of 10% Hct than in 20% Hct. We
also investigated the effect of the deformability of
RBCs on the cell-free layer by hardening RBCs using a
glutaraldehyde treatment. These results indicated that
deformability has a considerable effect on the
asymmetry of the cell-free layer thickness. Therefore,
the motions of RBCs are influenced strongly by the Hct,
the deformability, and the channel geometry.

In section 4, we have proposed a numerical model of
three-dimensional hemodynamics arising from malaria
infection. Particle based spatial discretization and the
sub time step time integration can provide us stable
computations for the micro scale blood flow involving
the interaction with many cells. We performed the
stretching of IRBCs and the numerical results agreed
well with experimental results. Our model successfully
simulated flow of IRBCs into narrow channels. Here,
we have not considered the adhesion property of
IRBCs. We have already developed an adhesion model
[17] and this adhesion model can be applied easily to
the current hemodynamic model.
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