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Blood flow efficiency in response to red blood cell sphericity
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The morphological properties of red blood cells, such as size and shape, play a crucial
role in determining their flow properties. A typical abnormal shape can be found in
several blood disorders, such as spherocytosis, ellipsocytosis, etc., where the cells have
a spherelike or ellipselike appearance, instead of being biconcave. These shape anomalies
can affect the ability of RBCs to deform and squeeze through narrow capillaries, leading to
reduced blood flow and oxygen supply to tissues. This can cause tissue ischemia, which can
lead to organ damage and dysfunction. We conduct numerical simulations in order to study
the flow properties (such as flow rate, cell-free-layer, and RBCs hydrodynamic diffusion)
by varying the shapes of the cells, from a biconcave one (healthy RBCs) to a spherical
one, representing RBCs suffering spherocytosis disease. Our study highlights nontrivial
effects, such as nonmonotonic behaviors of the flow rate as a function of asphericity,
depending on the channel width. For example, for some channel width the usual biconcave
shape is revealed to be optimal with respect to flow rate, whereas for other widths more
inflated shapes are more efficient. This offers an interesting basis for the understanding of
the mechanisms underlying blood flow deficiencies associated with shape anomalies, and
may help evaluating the potential therapeutic strategies that might be used to alleviate the
symptoms. As RBCs also serve as a classical model system for very deformable objects,
our study reveals also some fundamental aspects of the flow of soft suspensions.

DOI: 10.1103/PhysRevFluids.9.053603

I. INTRODUCTION

Blood is a suspension of various components such as red blood cells (RBCs), white blood cells,
and platelets suspended in an aqueous solution that contains proteins, organic molecules, and salts,
called plasma. The RBCs constitute by far the major cellular components, so that the flow properties
of blood (in a healthy situation) is determined by RBCs and plasma [1].

The shape and size of RBCs are important for their function [2]. In a healthy individual, RBCs are
typically biconcave disks, which allows them to efficiently transport oxygen throughout the body.
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However, a number of abnormalities in RBCs morphology have been described [3,4]: spherocytes,
elliptocytosis, schistocytes, stomatocytes, knizocytes, and mushroom-shaped cells.

Spherocytosis is an inherited disorder characterized by the presence of spherocytes in the blood.
Spherocytes are RBCs that have a quasispherical shape. This abnormal shape makes them more
prone to destruction in the spleen, resulting in hemolysis and anemia [5]. Elliptocytosis is another
inherited disorder characterized by an elliptical RBC shape. Similar to spherocytosis, these RBCs
are also more susceptible to destruction in the spleen [6].

Schistocytes correspond to RBCs that have a jagged or irregular shape, and can be caused by
various conditions such as microangiopathic hemolytic anemia, disseminated intravascular coag-
ulation, and thrombotic thrombocytopenic purpura [7]. Stomatocytes are RBCs that have a central
depression or “open mouth” shape and can be caused by inherited conditions such as stomatocytosis
[8]. Knizocytes are RBCs that have a crescent or “sickle” shape caused by sickle cell anemia [9].
Mushroom-shaped cells are RBCs that have a distinctive shape with a broad, flat top and a narrow,
pointed bottom that can be caused by inherited conditions [4].

These RBC morphological anomalies can also be caused by exposure to certain drugs or
chemicals [10]. Morphological changes in RBCs can be a useful diagnostic tool for identifying
certain pathological conditions and understanding the underlying disease mechanisms [11].

Normally, RBCs have a high degree of deformability which plays an important role in blood
flow, in particular in microcirculation [2,12—14]. There has been to date a large body of literature on
the experimental and numerical studies of healthy RBCs shapes [15-36]. There have also been
studies of binary suspensions, which reported that particle size and rigidity impact segregation
in confined shear flow. Smaller particles and stiffer ones tend to localize near walls, while larger
and flexible ones exhibit antimargination effect (localization of particles near the center), driven
by size-dependent migration and rigidity-dependent collisions [37]. However, the effect of cell
shape (e.g., like in spherocytosis and ellipsocytosis) on blood flow rheology remains a largely
unexplored research area. The aim of this paper is to investigate the effect of abnormalities of
RBCs morphologies on flow properties. We will explore several channel widths, and shapes and
analyze systematically the flow properties for different hematocrits. We find a subtle behavior of
the flow rate as a function of asphericity. For example, it is found that for some channel widths, the
biconcave shape ensures a maximum RBCs transport, whereas for other widths, significantly more
inflated cells prevail, or at least provide a similar flow rate as for the usual biconcave shape. We will
analyze in a systematic way these behaviors, and provide some basic key elements to understand
their origin.

II. METHODS

A. Mathematical and numerical models

The mathematical model and simulation method (based on the lattice Boltzmann method) have
been described and validated in prior works [38—42]. The validation also involved a comparison
with the boundary integral method [43]. For the sake of completeness, we present a brief summary
here of the model. Figure 1 depicts RBCs immersed in a straight tube filled with a fluid mimicking
plasma. We employ a 2D model for computational efficiency while maintaining the effectiveness
of our model. Indeed, despite the reductionist nature of the 2D vesicle model, several analyses
utilizing more sophisticated 3D models that incorporate the membrane cytoskeleton suggest that
the simplified 2D vesicle model successfully captures several pivotal erythrocyte shapes and flow
behaviors (like RBCs flow as a function of hematocrit) [44—48].

In Fig. 1, L and W are the channel length and width. The cell membranes are represented by
symbol G, while the fluid domain is separated into €2;, (inside the cells) and 2.« (outside the cells
designating the “plasmic” domain). Cell coordinates are denoted by X(s), where s is the curvilinear
coordinate (in 2D) along the cell membrane, with s € [0, P], where P is the cell perimeter.
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FIG. 1. A schematic representation of the studied configuration, wherein RBC is suspended in a straight
channel filled with plasma. The channel dimensions are denoted by L and W, which correspond to the
length and width, respectively. The fluid domains within and outside the cell are referred to as €2;, and Q,
respectively. The normal vector, denoted by n, is directed outward, and the cell membrane is represented by
the symbol G.

Under flow, the cell resists against deformation due to its membrane rigidity and inextensibility
(in 2D). The corresponding bending energy (known as the Helfrich energy) is given by

H(X(s)) = g/ czds—i-/ ¢ ds, (1)
G G

where « is the bending rigidity modulus, c is the local curvature, and ¢ is a Lagrange multiplier
which enforces local membrane inextensibility. This energy leads to a restoring force (its expression
is given below) of the membrane that is a function of local curvature ¢ and its derivatives. The fluid
inside and outside the cells obey the Navier-Stokes:

p(aa—l; +u- Vu) =-—Vp+V-[(u/2)(Vu+Vul)]+f V.-u=0. )

Here, p is the fluid density, w is the dynamic viscosity, and f is the force applied by the cell to
the fluid. This force is obtained upon a functional derivative of the Helfrich energy and is given by
[49]

92 1 0
f:K(—C+—c3—§c>n+ 94 3)
) as
Here n and t are the normal and tangential unit vectors, respectively, to the membrane, while 1 (x)

is the dynamic viscosity and has two different values within and outside the vesicle:

Min ifx € Qin

P i X € Qe @

w(x) = {

The above model equations are solved using the lattice Boltzmann method (LBM), combined with
the immersed boundary method [39,40,50].

B. Simulation setup, dimensionless numbers, and definition of RBCs flux and effective viscosity

The suspension is subjected to a pressure gradient. This pressure gradient (actually, in LBM we
apply a constant force on each lattice node) results in an undisturbed (i.e., in the absence of RBCs)
Poiseuille flow u(u, v), and is given by

4 2
u:uma,((l—%), v =0, 5)

where un,y is the maximal velocity at the center of the channel at y = 0.
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TABLE I. The simulation’s physical and dimensionless parameters.

Physical parameters

Cell radius Ry (wm) 2.7
Bending modulus « (J) 3.107"
Density p (Kg/m?) 10°
Plasma viscosity ex (Pa.s) 1073

Dimensionless parameters

Reynolds number Re 0.1
Capillary number Ca 18, 10,0.2
Viscosity contrast A 1,6
Reduced area 7 From 0.45 to 0.99

Several dimensionless numbers can be defined to characterize this system:
(1) The capillary number, which is defined as the ratio of shear force to bending force

Ca— MexYw R(3)7 (6)
where yy, = 0uy/dyly__y, is the shear rate at the wall, y = —W/2, and R is a characteristic
radius of RBC (see below).

(i) The degree of confinement
c 2Ry )
n=—.
w
(iii) The viscosity contrast is the ratio between the viscosities of the internal and external fluids
5= Mint ‘ (8)
Mext
(iv) The reduced area (in 2D) corresponding to the degree of cell inflation (or asphericity)
4T A
T= ?’ 9

where P is the perimeter and A is the enclosed area of the cell. A healthy RBC has a reduced volume
lying in the range 0.6 to 0.64. A RBC with a reduced volume of one corresponds to a sphere, close
to a spherocyte. We will consider various reduced areas representative of several abnormal shapes
such as those found, for example, in spherocytosis and elliptocytosis. In order to achieve a desired
reduced area, we will modify the perimeter and fix the same area for all cells. Note that the reduced
area of all cells remains constant. Later we will fix the perimeter and modify the area in order to
explore the same range of reduced area. We will see that the overall picture remains unchanged
whether the area or perimeter is fixed.

All typical values of physical parameters used in this study and the values of dimensionless
parameters are given in Table 1.

The LBM introduces naturally an inertial effect. However, the value of Reynolds number is
typically 10~ (see typical velocity in microcirculation in Table II), corresponding to a Stokes
regime. This value is numerically too prohibitive (due to excessive computational time). Fortunately,
several benchmarks have been established in the literature to identify a maximum value of Re
below which the lattice-Boltzmann approach reproduces the Stokes regime with high precision.
For the Stokes regime, there is general agreement that a value Re = 0.1 is a suitable balance
between numerical efficiency and precision [38,39,51-53]. As a result, the Reynolds number in
our simulation is set at a maximum of 0.1. A typical speed in microcirculation is in the range of
mm/s, corresponding to a capillary number in the range 10-20. We will fix Ca = 18 in the main
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TABLE II. Maximum flow velocity in the absence of cells in the channel center for different widths for
Ca = 18 and its corresponding confinement.

Width W = 10um W =20 um W =40 um
Maximum velocity (mm/s) 0.68 1.37 2.74
Cn 0.54 0.27 0.14

text and present the results corresponding to other values (10 and 0.2) in the Supplemental Material
[54]. In the current study, we will explore values from 0.45 to 0.99 for the reduced area; the latter
range corresponds to that found for red blood cells suffering spherocytosis. We explored different
channel widths from 10 um to 40 um. We use periodic boundary conditions along the flow direction.
The length of the channel is taken to be large enough in order to avoid numerical artifacts due to
periodic boundary conditions [55].

In this study we will analyze the cell flux across the flow direction as a function of (i) hematocrit,
(ii) channel width, and (iii) reduced area. From the full suspension flux (flux of cells and the fluid)
we can also extract the effective viscosity. It is defined as

HexQ
stp '
where Qg is the average flux of cell suspension, and Q is the flux of the pure plasma (with viscosity

Uex) When subjected to the same pressure gradient.
More precisely, the blood volumetric flow rate ratio Q is calculated directly from the velocity:

Meft = (10)

o) = / (w, m)dy, (11)
r

where I is a segment having length W and is perpendicular to the flow direction.
The flow rate in the absence of cells is calculated as

2
Qo = gwumax' (12)
The RBCs flow is calculated using the following equation:
N
Q0. = —7°A, (13)

where Ngpc is the number of RBCs that cross the chosen section and T is the total time of the
simulation.

III. RESULTS AND DISCUSSION

We explore different channel widths, where Table II shows the maximum flow velocity, in the
absence of cells, for different channel widths, i.e., different confinement Cn. We will consider
homogeneous suspensions, where each cell has the same given reduced area.

Below we will fix Ca = 18, and in the Supplemental Material we have included some results for
different capillary numbers (Ca = 10 and Ca = 0.2) [54], as well as a different viscosity contrast
of six, to ensure that we observe consistent behavior across the range of parameters (Ca and A).

A. Red blood cells with fixed area

The change in area or volume of RBCs, due to diseases discussed above, will impact the reduced
volume (in 3D) or reduced area (in 2D). Since our simulations concern 2D, we will explore different
reduced areas, by first modifying the perimeter and fixing the enclosed area, and exploring the
reverse situation in Sec. III B.
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FIG. 2. Flux versus hematocrit for different reduced areas in a 10 um (Cr = 0.54) channel width (RBCs
with fixed area): A graphical representation of the relationship between flux and hematocrit for five distinct
reduced areas (0.45-0.99). The total volume fraction ranges from 0 to 0.55, with a constant Ca = 18.

1. RBC:s flux for different channel widths and different reduced area

In this section, our primary objective is to examine the impact of reduced area (by exploring
different channel widths and hematocrits) on the flow properties of RBCs. We will first focus on the
flux of RBCs.

Our findings, as illustrated in Figs. 2-5, show the intricate interplay between channel width and
reduced area on blood flux optimization. Notably, those figures reveal that the attainment of the
maximum blood flux is dependent on both the width of the channel and the specific reduced area
value of the RBCs. For instance, our simulation data indicates that the highest blood flux is achieved
at a reduced area of 0.82 when the channel width is maintained at 10 um as shown in Fig. 2. A
reduced area of 0.64 is associated with optimal blood flux in a channel with a width of 20 um as

W=20 pm
03 |—F—7=045
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0 0.1 0.2 0.3 04 046 0.55

Hematocrit

FIG. 3. Flux versus hematocrit for different reduced areas in a 20 um (Cn = 0.27) channel width (RBCs
with fixed area): A graphical representation of the relationship between flux and hematocrit for five distinct
reduced areas (0.45, 0.64, 0.7, 0.82, and 0.99). The total volume fraction ranges from 0 to 0.55, with a constant
Ca=18.
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FIG. 4. Flux versus hematocrit for different reduced areas in a 40 um (Cn = 0.14) channel width (RBCs
with fixed area): A graphical representation of the relationship between flux and hematocrit for five distinct
reduced areas (0.45, 0.6, 0.64, 0.82, and 0.99). The total volume fraction ranges from 0 to 0.55, with a constant
Ca=18.

shown in Fig. 3, while a reduced area of 0.45 is found to be optimal in a channel with a width of
40 um as shown in Fig. 4. These observations highlight the nuanced relationship between channel
dimensions and RBC morphology.

Some remarks are in order. As shown, for example, in Fig. 2, while the reduced area 0.82 seems
to provide a higher flux than other reduced area, the differences in fluxes for reduced area 0.82,
0.64, and 0.6 are relatively small. We have repeated the simulation several times in order to rule
out numerical errors, but the flux for reduced area 0.82 was always larger. Our results clearly show
that in the case of spherocytosis (reduce area close to one; light blue line in Figs. 2—4) there is an
important collapse of RBCs flux: the RBC flux is reduced by 25% up to about 50% in comparison
to the flux in healthy conditions. When the reduced area is very high, indicating that RBCs are
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FIG. 5. Optimal reduced area of RBCs for maximum flow rate versus channel width: This figure illustrates
the optimal reduced area of red blood cells (RBCs) where the highest flow rate is achieved (see corresponding
figures of flux, Figs. 2—4) a function of the channel width (RBCs with fixed area).
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FIG. 6. Cell configurations for different selected channel widths and for different reduced areas.

nearly spherical, they may not deform adequately to navigate narrow channels efficiently (in Fig. 2
we see the same trend for reduced areas 0.95, 0.97, and 0.99). This results in increased resistance
and a decrease in blood flux. We provide in the next two subsections some basic reasons that lie
behind the collapse of flux in spherocytosis by illustrating the reduction of the cell-free layer and
the significantly higher dispersion of spherical cells (hydrodynamics diffusion). These factors
contribute to heightened resistance in the blood flow, consequently leading to a lower cellular flux.

The interplay between reduced area (t) and channel width (see Fig. 5) can be seen as follows.
RBCs traversing channels of varying widths have different abilities to deform. For example, for a
channel width of 10 um, even if a RBC with reduced area 0.64 (or smaller) can deform more amply
than a more inflated cell, its parachute (or slipper) shape confers to it a large enough transverse
section as compared to that of a RBC with reduced area 0.82, so that its resistance to flow is
significant (see top three panels in Fig. 6). This makes the cell with a large enough reduced area
slightly more efficient (Fig. 2). Conversely, for a larger width (say W = 40 um), cells with a small
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FIG. 7. Spatial distribution of red blood cells in a 20 um channel (RBCs with fixed area): The influence of
reduced area. (a) The probability density function of RBCs for various reduced areas (0.45-0.99) in a 20 um
channel, with a fixed hematocrit of 0.4 and Ca = 18. (b) A zoomed-in view showcasing the PDF of RBCs for
different reduced areas.

reduced area can elongate along the flow, thus reducing the flow resistance (see three bottom panels
in Fig. 6). This is why a cell with a small enough reduced area becomes favorable (see Fig. 4).

2. Cell-free layer (CFL)

The cell-free layer, often referred to as the “plasma layer” or “cell-depleted layer,” is a crucial
component in microcirculation. This narrow, clear zone that lines the interior of blood vessels,
particularly in capillaries and arterioles, is devoid of blood cells and primarily consists of plasma.
The presence of this cell-free layer is a result of the hydrodynamic interactions between flowing
blood cells and the hydrodynamic lift due to vessel wall. It plays a pivotal role in maintaining
efficient blood flow by reducing frictional forces between the blood and the vessel wall [56,57].

In Fig. 7, we present the probability density function (PDF) depicting the spatial distribution of
RBC:s for varying reduced area values (we calculate the spatial distribution of RBCs based on their
entire cell body, rather than focusing solely on the cell center to be more accurate). Let us, as a way
of example, consider the case W = 20 um for which the maximum flux is obtained for 7 = 0.64 (see
Fig. 3). Our observations reveal a noteworthy trend: as the reduced area decreases, starting from a
quasicircular shape, the size of CFL expands, leading to enhanced blood flux. In larger CFLs, RBCs
experience less hindrance and are afforded greater freedom to migrate closer to the channel’s center.
We present, in the Supplemental Material [54], the velocity profile in the presence of cells, revealing
a flattened shape due to accumulation of cells in the channel center.

We have also analyzed the CFL for the other channel widths. Figure 8 shows that the optimal
reduced area value associated with the highest flux (see Figs. 2—4) aligns with a thicker cell-free
layer. Note that the trend may appear small in some cases (for example, for W = 10 um, the
difference between reduced areas of 0.82 and 0.64 is about 0.3 um) has been checked with the
highest resolution we could achieve. Note also that 0.3 wm corresponds to a relative difference of
about 15-20 %, since the CFL width is about 1.5 um. This observation sheds light on the correlation
between channel width and the reduced area of RBCs: a maximal CFL is correlated with a maximal
RBCs flux.
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FIG. 8. Cell-free layer (CFL) versus reduced area in a 10 um, 20 um, and 40 um channel widths (RBCs
with fixed area): This figure demonstrates the relationship between the CFL and reduced area in different
channel widths, with a constant Ca = 18, The vertical lines indicate the maximum CFL for corresponding
values of 7, 0.45 for W = 40 um, 0.64 for W = 20 um, and 0.82 for W = 10 um (Hematoctit corresponds to
the highest flux: 41% for W = 10 um, 40% for W = 20 um and 30% for W = 40 um).

3. RBC:s diffusion

To quantify the spatial dispersion of a particle over time, we calculated the variance of the
displacements as a measure of the distribution of individual cell displacements from the mean.
The variance at time ¢ was computed as Var(t) = ((d(t) — (d(t)))?), where d(t) is displacement of
a particle after time 7, and (d(¢)) is the mean displacement at time ¢. The average in the variance is
a sum over all particles.

Subsequently, we calculated the diffusion coefficient (D), a measure that characterizes the rate
at which the cells spread from their initial positions over time. Assuming a one-dimensional (in the
y direction; this is legitimate since over a long time the flow becomes quasitranslationally invariant
along the flow direction) random walk, the diffusion coefficient for a given time lag was calculated
using the formula D(lag) = Var(lag)/(lag x dt), where lag dt is the elapsed time between two
consecutive time intervals (lag) for which the measurement is performed. Each time frame interval
is large in comparison to the computational step time, but small in comparison to the full simulation
time. Typically, the time frame interval choice is motivated by the fact the cell configuration has
changed by about a few percent during that time.

A large diffusion coefficient signifies an elevated degree of cellular dispersion, indicative of
increased cellular mobility within the microfluidic channel. This phenomenon results in the forma-
tion of a narrower cell-free layer (refer to Fig. 8), an essential characteristic impacting blood flow
dynamics, as discussed above. Conversely, a small diffusion coefficient implies restricted cellular
movement in the y direction, constraining the cells closer to the central region of the channel and
consequently leading to a wider CFL.

Our study reveals a clear relationship between the diffusion coefficient and blood flow, as
elucidated in Fig. 9. Specifically, lower values of D are intimately associated with heightened blood
flow rates. This association coincides with a thicker CFL, as demonstrated in Fig. 8, and is especially
pronounced when the reduced area of red blood cells approaches the optimal value (see Fig. 5),
signifying a decreased cellular dispersion within the channel. High D values yield a thinner CFL,
often correlated with a reduced area value of 0.99, resulting in a markedly reduced blood flow rate.
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FIG. 9. Diffusion coefficient versus the reduced areas: The lower diffusion corresponds to the higher flux
value (RBCs with fixed area): In a 10 um (Cn = 0.54) channel, for a hematocrit of 0.4, where we have the
higher flux; in a 20 um (Cn = 0.27) Channel, for a hematocrit of 0.4, where we have the higher flux; and in a
40 um (Cn = 0.14) channel, for a hematocrit of 0.3, where we have the higher flux.

Notably, the lower D values consistently yield maximum blood flux across the range of channel
widths studied.

4. Optimal flux values

In this section, we present optimal values derived from our numerical investigation. Figure 10
presents the maximal flux as a function of the reduced area, discerning various studied channel
widths. Notably, our analysis reveals that within a channel width of 40 um, the maximum of blood
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FIG. 10. Maximum flux for studied reduced areas in different channel widths: This figure displays the
corresponding maximum flux for each of the reduced areas studied (Hematoctit of 41% for W = 10 um, 40%
for W = 20 um, and 30% for W = 40 um), in channels with widths of 10 um, 20 um, and 40 um (RBCs with
fixed area).
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FIG. 11. Optimal flux versus Channel width for different reduced areas: This figure shows the relationship

between the optimal flux and channel width for various reduced areas of 0.45, 0.64, 0.82, and 0.99 (RBCs with
fixed area).

flux is achieved at a reduced area value of about 0.45. Conversely, when the channel width is
reduced to 10 um, the blood flux is optimal for a reduced area of about 0.82.

Furthermore, Fig. 11 shows the multifaceted dependency of maximum blood flux on both the
reduced area and channel width. For instance, a reduced area of 0.99 yields a maximum blood flux
(dimensionalized by Qg) of approximately 0.36, whereas a channel width of 20 um corresponds to
areduced blood flux of approximately 0.19.

Figure 12 supplements our analysis by shedding light on the optimal hematocrit levels that
correlate with the highest attainable blood flux. In the context of a 40 um channel width, our findings
indicate that the optimal hematocrit concentration, which results in maximum blood flux, is about
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FIG. 12. Optimal volume fraction for maximum RBCs flux versus reduced area in different channel widths
[10 um (Cn = 0.54), 20 um (Cn = 0.27), and 40 um (Cn = 0.14)]: This figure illustrates the optimal volume
fraction where the highest RBCs flux is achieved, as a function of the reduced area for three distinct channel
widths of 10 um, 20 um, and 40 um (RBCs with fixed area).
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FIG. 13. Maximum flux for studied reduced areas in different channel widths (RBCs with fixed perimeter).

0.3 for all explored reduced area values, except for spherical cells where it decreases to about 0.2.
In the case of a 20 wm channel width, the optimal hematocrit level is approximately 0.4, with the
exception of spherical cells, which plateau at 0.3.

B. Red blood cells with fixed perimeter

Abnormal shapes (like spherocytosis and ellipsocytosis) have different volumes and/or different
areas as compared to healthy shapes [6,11,58,59]. In the previous section, we have assumed that the
analog of volume (enclosed area in 2D) is fixed and the perimeter is varied. Here we will fix the
cell’s perimeter, and vary the cell’s area, in order to achieve a desired reduced area. Our primary
objective is to investigate whether alterations in either the cell’s area or perimeter within the same
confinement would yield distinct outcomes.

The main results are presented in Fig. 13. When we compare these results with those obtained
from our previous simulation in the previous section, where the cell’s area was kept constant
(Fig. 10), a notable consistency emerges. It becomes evident that the optimal reduced area remains
quasiinvariant across different channel widths, suggesting a consistent relation.

From our findings, it can be inferred that the RBC’s shape and deformability are central to
its interaction with the surrounding environment and, consequently, its ability to navigate through
narrow channels. The consistency of optimal reduced areas across various channel widths implies
that the cell’s morphology and deformability might play a more critical role than its specific
geometric parameters (area or perimeter) in influencing blood flow behavior.

IV. CONCLUSIONS

In summary, our investigation has yielded some insights into the intricate relationship between
channel dimensions and the optimal reduced area regarding the RBCs flux. Additionally, our
investigation led to the fact that the cell-free layer (CFL) and the diffusion coefficient are correlated
with optimal flow.

These findings offer a deeper understanding of the hemodynamic implications of RBC mor-
phological anomalies. We have shown, in particular, that a reduced area close to one (the case
of spherocytosis) leads to a collapse of RBCs flux, attaining up to 50%. This should severely
compromise oxygen and other metabolites transport in microcirculation.

Several questions deserve future consideration. First, our study has a limitation since it is focused
on a 2D situation. While several studies (including ours) [44—47] had reported on similarities of
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behaviors in 2D and 3D, a systematic analysis of 3D flow is necessary. Second, we have found
that the optimal reduced area depends on channel width. Since in real vascular networks, different
vessels have different diameters, it is not yet clear how our findings can be translated to real
microvasculatures. A systematic study of blood flow in complex geometry is necessary in order
to build a clear conclusion about the impact of shape abnormalities on blood flow transport. It is
hoped to investigate these questions in future work.
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