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Red blood cell partitioning and segregation through vas-
cular bifurcations in a model of sickle cell disease

Xiaopo Cheng, ¢ Christina Caruso, ” Wilbur A. Lam, ?¢ and Michael D. Graham*®

The impact of cell segregation and margination in blood disorders on microcirculatory hemodynamics
within bifurcated vessels are physiologically significant, yet poorly understood. This study presents a
comprehensive computational investigation of red blood cell (RBC) suspension dynamics, with a focus
on a model of sickle cell disease (SCD) as an example of a disorder associated with subpopulations
of aberrant RBCs. The findings reveal how cell margination influences cellular partitioning and
distributions as well as vessel wall shear stress (WSS) at vascular bifurcations. Normal RBCs, which
migrate toward the channel center, exhibit the Zweifach-Fung effect, preferentially entering high-
flow-rate branches. In contrast, sickle cells, which marginate near the vessel wall, demonstrate an
anti-Zweifach-Fung effect, favoring lower-flow-rate branches due to their position within the cell-free
layer (CFL). The upstream segregation of cells remains downstream through the bifurcation, where
sickle cells accumulate along the outer branch walls. This accumulation of sickle cells increases the
frequency of high WSS events via direct physical interactions, particularly on the outer side of high-
velocity branches, potentially contributing to the vascular damage and endothelial disruption observed
in many disorders that affect RBCs. In geometrically asymmetric bifurcations, cells preferentially enter
branches with larger radii, underscoring the influence of geometric complexity on microcirculatory
blood flow. These findings provide insights into microvascular hemodynamics in SCD and other

blood disorders.

The partitioning of blood plasma and cells near a vascular bi-
furcation is complex. In the microcirculation, when red blood
cells (RBCs) flow through a bifurcating region of a blood vessel,
they tend to preferentially flow into the daughter vessel with the
higher flow rate. This phenomenon, called the Zweifach-Fung
effect? assumes a pivotal role in shaping the distribution of
blood flow within the microvascular network. In blood disorders,
some RBCs exhibit alterations in their physical properties due
to pathological factors, rendering them stiffer and smaller than
healthy RBCs, consequently promoting their margination towards
blood vessel walls. Blood disorders frequently result in damage
to the endothelial cells lining the blood vessel walls, potentially
resulting in conditions such as stroke or atherosclerosis®™®. Thus,
there is a critical need to understand the flow behavior of RBCs
in blood disorders and to understand the interplay between cell
margination and complex geometries such as bifurcations. In this
study, we employ detailed computational modeling to investigate
microcirculatory dynamics and statistical distributions of blood
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cells near vascular bifurcations, with a focus on sickle cell disease
(SCD). The analysis elucidates how cell segregation and margina-
tion influence the flow dynamics of cells through bifurcations,
shaping the wall shear stress (WSS) environment within these
vascular structures.

The spatial distribution of blood components is intricate, in-
fluenced by their physical properties such as shape, size, and
deformability. In the microcirculation, normal RBCs migrate to-
ward the vascular center, creating a cell-free layer (CFL) depleted
of RBCs near the vessel walls. In contrast, white blood cells
and platelets preferentially concentrate within the CFL, a flow-
induced segregation phenomenon known as margination. Sim-
ulations by Kumar et al. 5l revealed that stiffer capsules exhibit
substantial margination, while softer capsules concentrate near
the channel centerline. Similarly, Sinha et al.” investigated segre-
gation in binary suspensions of spherical capsules, observing that
variations in aspect ratio significantly influence their spatial dis-
tribution. These findings have been further corroborated through
direct simulations of model blood cell suspensions®?. Consistent
with the simulation results, a theoretical framework, based on
cell-cell collisions and hydrodynamic migration, predicts
the overall features of RBC suspensions, including the depen-
dence of the CFL thickness on hematocrit and blood vessel size,
and also indicates that in suspensions primarily composed of de-
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formable RBCs, rigid cells will strongly concentrate near the walls
during flow.

Aberrant RBCs arising from blood disorders often exhibit al-
tered physical properties compared to healthy RBCs14, A typi-
cal example is SCD, where abnormal sickle hemoglobin polymer-
izes within RBCs under deoxygenated conditions, forming long
fibers that disrupt cellular architecturel®. This pathological pro-
cess increases membrane stiffness and induces cellular dehydra-
tion, leading to reduced cell volume. Consequently, sickle RBCs
become less deformable than normal cells, with certain subpopu-
lations irreversibly adopting a characteristic sickle-like shape. In
SCD RBC populations, Claveria et al. 19 observed a heterogeneous
distribution, with low-density (less stiff) sickle cells preferentially
remaining closer to the center of microfluidic channels, while the
stiffest cells segregated toward the channel walls.

To investigate the role of cellular interactions in hematological
diseases, Caruso et al.**¥ developed an in vitro microvasculature
model composed of endothelial cells cultured on the inner surface
of a microfluidic system. SCD RBCs were introduced into a sus-
pension of normal RBCs and perfused through this endothelial-
ized microfluidic system. The study revealed that the sickled cells
marginate, and that VCAM-1, a biomarker of endothelial dysfunc-
tion, was upregulated in response to the flow of SCD RBCs com-
pared to normal RBCs. These findings suggest that purely phys-
ical interactions between endothelial cells and SCD RBCs, facili-
tated by margination, are sufficient to trigger endothelial inflam-
mation. Additionally, theoretical and computational studies have
demonstrated that diseased cells marginate toward blood vessel
walls due to their smaller size and increased stiffness, increasing
the frequency of high WSS events#17112 These observations un-
derscore the potential for marginated aberrant cells to contribute
greatly to the vasculopathy observed in various hematological dis-
orders. Similar experimental and computational observations are
found with iron deficiency anemia (IDA)18, and a detailed com-
putational study suggests that enhanced probability of high WSS
events may be found broadly in disorders that generate a popula-
tion of aberrant RBCs12.

The partitioning of cells in blood flow through vascular bifur-
cations is primarily attributed to the nonuniform cross-sectional
distribution of cells in the inlet vessel2%2l, Doyeux et al.2? quan-
titatively elucidated the Zweifach-Fung effect, demonstrating that
particle enrichment in the high-flow-rate branch arises largely
from the initial inlet distribution, which is determined by par-
ticle deformability and wall depletion effects?3. Manoorkar et
al.24 investigated the flow of rigid particle suspensions through
bifurcating channels, highlighting complex behaviors driven by
uneven distributions caused by particle migration in the inlet
branch. Using particle tracking velocimetry, Li et al.2> analyzed
particle transport and downstream concentrations in a succes-
sively branching vessel network. Similarly, in vitro experiments
by Clavica et al.2% confirmed the tendency of RBCs to preferen-
tially enter the daughter branch with a higher flow rate. Building
on this phenomenon, microfluidic devices have been developed to
effectively separate and enrich blood components. For example,
Yang et al.2Z designed a microfluidic device that efficiently sep-
arates plasma from blood cells by leveraging the Zweifach-Fung
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effect.

The hemodynamics of blood cells near vascular bifurcations
have been extensively studied. Both in vivo experiments and
computational simulations28"33 have documented lingering and
jamming effects on RBC partitioning, highlighting the influence
of cellular membrane deformability, vascular geometry, and flow
conditions. Direct numerical simulations have been instrumen-
tal in uncovering the dynamics of RBC suspensions in vascular
networks. For example, Balogh et al.®4 identified cellular-scale
mechanisms that govern partitioning dynamics in a model mi-
crovasculature, while Zhou et al.=> revealed downstream RBC
concentration heterogeneity upon altering the network’s outflow
rates. WSS around bifurcations has also been a focus of investiga-
tion. Ye et al.“® examined the effects of flow rate and bifurcation
disturbances on the development of the CFL and WSS in branch-
ing vessels. Additionally, Balogh et al.*Z analyzed microvascular
networks, revealing significant heterogeneity in WSS and WSS
gradients, with the highest WSS occurring in precapillary bifurca-
tions and capillaries.

Altered cellular physical properties, such as deformability and
aggregation, significantly influence microvascular hemodynam-
ics near bifurcations. Using a computational model of 3D blood
flow in a capillary network, Ebrahimi et al. 8 demonstrated that
increased RBC stiffness alters RBC trafficking dynamics and ele-
vates local WSS near vascular bifurcations. Rashidi et al.’2
imentally examined the behavior of healthy and artificially stiff-
ened RBCs in a microfluidic T-junction, revealing distinct focusing
profiles in the feeding channel for rigid and healthy RBCs that
dramatically impact the cell distribution in the successive daugh-
ter channels. In a related computational study, Ye et al. 4941l jn.
vestigated the aggregation of multiple RBCs at microvessel bifur-
cations. Their findings showed that RBCs preferentially flow into

exper-

the branch with higher RBC flux as cells are compactly arranged
into rouleaux, which are difficult to break up at high hematocrit
levels.

The margination of cellular components near vascular bifur-
cations has attracted more attention. In in vitro experiments,
Sugihara-Seki et al.#? investigated margination in microvessel
blood flow using a Y-shaped microchannel, and explored the con-
centration profile of the marginated particles in the daughter
channels. Similarly, Bacher et al.42 explored microparticle and
platelet behavior at vessel confluences and bifurcations, identify-
ing a demargination effect following confluences but not at bi-
furcations, which influenced platelet concentrations. Sun et al.“4%
examined RBC-WBC interactions in 2D vascular networks digi-
tized from normal and tumor tissues. Their findings revealed that
aggregated RBCs interact more strongly with rolling WBCs, trans-
mitting greater forces to the vessel wall through the WBC and
amplifying stress fluctuations at bifurcation sites. These insights
into WBC margination at bifurcations have inspired the design of
microfluidic devices featuring bifurcations to efficiently separate
cellular components4546]

The study of cellular dynamics near vascular bifurcations is crit-
ically important for advancing knowledge of blood disorders. En-
jalbert et al.4Z investigated the effects of tumor vessel compres-
sion on tissue oxygenation, uncovering abnormal RBC partition-
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ing at bifurcations that contributes to tissue oxygen heterogeneity.
In the context of tumor metastasis, the margination and adhesion
of tumor cells play a critical role in determining the sites of ex-
travasation. Wang et al.#8 simulated tumor cell behavior in a
microvascular network, finding that tumor cells are more likely
to extravasate at bifurcations in regions with slow blood flow and
moderate hematocrit levels. Similarly, Li et al.4? computationally
studied the motion of RBC suspensions in a Y-shaped microfluidic
channel, comparing healthy and malaria-infected RBCs. Their
findings revealed that the increased stiffness of malaria-infected
RBCs causes them to preferentially enter the low-flow-rate daugh-
ter branch, a behavior attributed to their distinct initial distribu-
tion in the parent channel.

While numerous experiments and simulations have been con-
ducted to investigate cell flow dynamics in the vicinity of bifur-
cations, there is a scarcity of studies specifically addressing the
impact of margination on cell distribution, segregation, and wall
shear stress at vascular bifurcations. In this study, we employ
detailed computational modeling to investigate the dynamics of
RBC suspensions in a simple model of sickle cell disease during
flow through vascular bifurcations. Our focus encompasses the in-
fluence of cell margination on the distribution and partitioning of
various cellular components, thereby affecting the stress exerted
on the vessel surface. The phenomenon of margination gives rise
to a distinct spatial distribution of cells across blood vessels, con-
sequently leading to variations in the partitioning behavior and
statistical distribution of different cellular components near bi-
furcations, and thus to alterations of the Zweifach-Fung effect in
the microcirculation.

Formulation

We simulate a suspension of RBCs, modeled as deformable fluid-
filled elastic capsules, flowing through bifurcated vascular ge-
ometries. We employ the computational model developed in
our previous work; further details are available in'?. The vas-
cular system under consideration exhibits a radius ranging from
10 to 16um, with the bifurcating branches geometries conform-
ing to physiological characteristics®%>L. The RBC suspensions in
our simulations are binary mixtures containing both normal and
aberrant RBCs in SCD. The binary composition assumes a num-
ber fraction of 0.9 for normal RBCs and 0.1 for aberrant RBCs.
Real blood cell populations in SCD exhibit a diverse distribution
of cellular physical properties. Byun et al.*2 performed opti-
cal measurements of individual sickle RBCs, and classified them
into echinocytes, discocytes, and the typical crescent-shaped ir-
reversibly sickled cells (ISCs) based on their morphological fea-
tures, similar to the observations in a prior study by Kaul et al.23.
Here ISCs refer to cells afflicted with irreversible membrane dam-
age after repeated intracellular sickling-unsickling cycles, which
have permanently lost membrane elasticity and remain sickle-
shaped even when exposed to extensive oxygenation2422
SCD patients, ISCs make up a small percentage ( 1 —10% ) of
RBCs®. In the present work, we take the aberrant population to
be solely comprised of ISCs, a substantial simplification given the
complexity just described. A suspension of only normal RBCs,
denoted as a healthy RBC suspension, is considered as a control.

In
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The overall volume fraction near the inlet (tube hematocrit) is
around 20%, consistent with the physiological value in the micro-
circulation 2687,

We assume the distribution of cells, including the cell-free layer
and margination of sickle cells, in the region upstream of the bi-
furcation to be fully developed. This is a significant simplification,
as the entrance length required for a fully developed RBC concen-
tration profile may exceed the typical distance between bifurca-
tions in microvascular networks. Nevertheless, we believe it is a
reasonable approximation, especially in arterioles, because bifur-
cations do not completely disrupt the cell distribution. In partic-
ular, as we see below, cells that are marginated upstream remain
marginated after the bifurcation, though with a nonaxisymmet-
ric distribution. Through shear-induced diffusion, this will relax
back to an axisymmetric distribution further downstream from
the bifurcation.

To enforce the fully-developed condition at the inlet, and more
generally to implement the numerical method for a nonperiodic
domain, we adapt a methodology developed in Ref.28, The
approach, detailed in the Supplementary Information, involves
defining single-phase flow zones at both the inlet and outlet re-
gions. Dirichlet velocity boundary conditions are enforced at the
inlet and outlet to establish a Poiseuille flow profile and regu-
late the relative flow rates in each daughter branch. Downstream
of the inlet single-phase zone, a particle introduction zone is es-
tablished, while upstream of the outlet single-phase zone, a par-
ticle removal zone is introduced. Within the particle introduc-
tion zone, cells undergo periodic flow. Upon exiting the introduc-
tion zone, cells transition into the primary flow domain, at which
point an identical cell is introduced at the entrance of the par-
ticle introduction zone. Similarly, cells nearing the outlet of the
removal zone are continuously removed. This approach ensures
that the total number of cells in the simulation is dynamic, even-
tually converging to a steady range. In addition, the sizes of the
single-phase zones and the particle introduction/removal zones
are designed to be large enough to facilitate fully developed flow
conditions without affecting the flow condition near bifurcations.

The suspending fluid, blood plasma, is considered incompress-
ible and Newtonian with a viscosity of about n = 1.10— 1.35mPas.
In this study, we assume a viscosity ratio of 1 between the inter-
cellular matrix and plasma. While normal RBCs typically exhibit
viscosity ratios of up to 1522, aberrant RBCs associated with vari-
ous blood disorders can display even higher values. However, pre-
vious studies have demonstrated that the dynamics of individual
cells®Y and cell suspensions®®! remain qualitatively robust across
a broad range of viscosity ratios. The discoid radius a for human
RBC is about 4um. The RBC membrane in-plane shear elasticity
modulus G ~ 2.5 —6uN/m. In this study, a normal RBC is mod-
eled as a flexible capsule with a spontaneous biconcave discoidal
shape representing shear elasticity and an oblate spheroidal shape
for bending elasticity©263, In the context of SCD, abnormal sickle
hemoglobin polymerizes within RBCs upon deoxygenation, form-
ing elongated fibers that disrupt the cellular architecture®. This
pathological process increases membrane stiffness and induces
cellular dehydration, thereby reducing the overall cell volume.
Consequently, sickle RBCs exhibit significantly reduced deforma-
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bility compared to normal cells, with certain subpopulations irre-
versibly adopting a sickle-like shape. In this study, a sickle cell is
modeled as a stiff capsule with a curved prolate spheroidal rest
shape, with a volume approximately 20% that of the normal RBC
model.Further information about the shape parametrization can
be found in the Supplementary Information. The deformability of
a capsule in the pressure-driven flow is measured by the dimen-
sionless capillary number Ca = n},a/G. This is set to be 1.0 for
normal RBCs, which, for the ranges of 11 and G given above, cor-
responds to J, ~ 1000 s~!. For all the results reported here, time
t is nondimensionalized with 7,, and thus correponds to strain
units at the wall. Shear stress is nondimensionalized with 1}, so
7, = 1 corresponds to ~ 10 dyne/cm?.

As with morphology, there is substantial polydispersity in the
stiffness of RBCs in a sample drawn from a sickle cell patient.
Histograms of cell stiffness obtained from optical tweezer mea-
surements, reported in Ref. 64 show a substantial peak at about
five times the mean elasticity of healthy cells, so we take the in-
terfacial shear modulus G of the aberrant RBCs to be five times
that of normal RBCs, which leads to Ca for aberrant RBCs being at
most 0.2 times that of Ca for normal RBCs. For sickle cells, dehy-
dration causes a loss of cell volume, leading to a further reduction
in their actual Ca. I.e. while sickle cells are stiffer than normal
RBCs, their smaller size amplifies this effect. The normal RBCs,
referred to as the “primary” component, are denoted by “p”, while
the sickle RBCs, termed the “trace” component, are denoted by
“t”. The nondimensional bending modulus of a capsule is defined
as kg = Kp/(a*G), typically ranging from O(10~* —1072) under
physiological conditions©2/€®. In this study, we set &z = 0.04 for
both normal and sickle RBCs, a value that also prevents mem-
brane buckling instabilities. All results are for simulations that
have been run to a statistically stationary state.

Table 1 Dimensionless numbers used in the simulation

Dimensionless number Variable Value
Particle Reynolds number Re, = pywa*/n 0.1
Capillary number for normal RBC Ca, =Nha/Gp 1.0
Capillary number for sickle RBC Ca; = Nhea/Gy 0.2
Bending stiffness K = Kp/ a’G 0.04

In our simulation, we maintain a particle Reynolds number, de-
noted as Re, = pywa®/n, at a fixed value of 0.1. Although this
value of Reynolds number Re,, may be considered relatively high
for microcirculation , it represents a compromise between com-
putational accuracy and efficiency. To ensure the robustness of
our findings, we performed verification using Re = 0.05 and ob-
served no changes in our conclusions. The fluid is assumed to
be incompressible and Newtonian, satisfying the Navier-Stokes
equations. Employing a projection method facilitates the tempo-
ral advancement of the velocity field u. The Chorin projection
method is utilized to advance the velocity field u. This method
involves solving an advection-diffusion equation to determine the
intermediate velocity field u*, followed by solving a Poisson equa-
tion for pressure P to enforce the divergence-free condition. The
bifurcated vessel is situated within a cuboidal computational do-
main of 30a x 10a x 284, and an Eulerian grid with dimensions
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of 300 x 100 x 280 is employed. Fluid-structure interaction is ad-
dressed using the immersed boundary method (IBM). Specifically,
our model incorporates two types of immersed boundaries: de-
formable moving cellular membranes and rigid nonmoving vas-
cular walls. The capsule membrane is discretized into N, piece-
wise flat triangular elements; Ny, = 1280 for normal RBC, while
Ny, = 682 for sickle RBC. Differing values of N, are selected to
ensure comparable sizes of triangular elements with character-
istic size ~ 0.4um on both capsules. The bifurcated vessel sur-
face was discretized into 24,178 triangular elements, containing
12,192 vertices. We employ the “continuous forcing” IBM and
“direct forcing” IBM methods for the RBC membranes and tube
wall, respectively. The numerical methodology follows the ap-
proach delineated in previous works12:67/68/

Results

Validation: Zweifach-Fung effect

We begin the description of results with a comparison between
our model and experimental data on the Zweifach-Fung effect
that is available in the literature®?. Detailed validation results
have been reported elsewherell?. To closely align with physio-
logical parameters employed in experiments, we set the radius
of the inlet vessel to 10um, as depicted in Fig. [I(A). To quantify
fluid partition within the bifurcation, we introduce the parameter
No = Qleft/ (Qlefr + Cright)» representing the ratio of the volumet-
ric flow rate at one daughter branch to that at the parent ves-
sel, where Qyef; and Qyign, denote the volumetric flow rates in the
left and right daughter branches, respectively. A higher value of
Mg signifies a preference for a greater fluid flow through the left
branch. Similarly, the partition ratio for cell number flow rate,
denoted as 1y = Meft/(Mef + Nright) is defined. As ny increases,
there is a discernible bias in cell flow toward the left branch as
opposed to the right branch within the bifurcation.

1

- - Homogeneous partition
o Experiments, Pries et al (1989)
0.8 - ——Simulations

0 0.2 0.4 0.6 0.8 1
I]Q

Fig. 1 (A) Simulation snapshots of healthy RBCs partition flowing via a
geometrically symmetric bifurcation. The radius of the inlet vessel is set
to be 10um, while the outlet vessel radius is 8um. The angle between
the two daughter branches is 75°. Cells flow from the bottom inlet to
the top outlet branch. (B) Comparison of the Zweifach-Fung effect in
our simulations with experimental results®®. Error bars are standard
deviation; the standard error is smaller by a factor of 4.4.

Fig.[1{shows ny vs. 1¢ from the simulations, along with exper-
imental results from Pries et al.®2. Here and below, initial condi-
tions are run until the results are statistically stationary, then 600
further strain units are run with sampling every 30 strain units,
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so the samples are statistically independent. The simulation re-
sults exhibit good agreement with the experimental observations.
Specifically, a consistent pattern emerges wherein, when the left
branch experiences a larger outlet volumetric flow rate than the
right branch (19 > 0.5), the cell number partition ratio ny ex-
ceeds the fluid partition ratio 1y, and conversely when the right
branch dominates in outlet flow, ny is lower than 7.

Partitioning of Healthy and Aberrant Cells at a Geometrically
Symmetric Bifurcation

We now characterize the Zweifach-Fung effect in the context of
SCD, by considering a mixture suspension of normal RBCs with
sickle RBCs flowing through a symmetric bifurcation. The radius
of the parent and daughter vessels are set to be 16um and 12.7um
respectively, and the angle between the two daughter branches
is 75°, as suggested by Murray’s law=" for bifurcating radii and
Zamir’s law=Y for bifurcation angles in the circulation. As illus-
trated in Fig. A), the fluid partition ratio, 7y, is set to 0.9. The
snapshot depicts the spatial distribution of normal and sickle cells
in the vicinity of the bifurcation. Interestingly, a higher concen-
tration of sickle cells is observed in the right branch, which cor-
responds to the lower volumetric flow rate—a behavior that de-
viates from the classical Zweifach-Fung effect. Some early stud-
ies also documented deviations from the classical Zweifach-Fung
effect under specific conditions. For example, Shen et al.ZY ob-
served an inversion of the Zweifach-Fung effect in suspensions of
less deformable RBCs at very low hematocrit, where the hemat-
ocrit in the lower flow-rate daughter branch exceeded that of the
parent vessel.

To illustrate this more quantitatively, the variation of ny rel-
ative to 7y is depicted in Fig. B) for normal and sickle cells,
respectively. For normal cells in the mixture suspension, the
Zweifach-Fung effect is again observed, in which normal RBCs
tend to enter the higher flow rate branch preferentially. However,
sickle cells do not conform to a similar partitioning behavior as
observed in the Zweifach-Fung effect. Notably, at ny > 0.5, ny
for sickle cells is observed to be smaller than ng, and conversely
at 1p < 0.5. This indicates an inverse tendency in cell partition
for sickle RBCs in comparison to normal RBCs; specifically, sickle
RBCs demonstrate a preference for entering the branch with the
lower flow rate as opposed to the higher flow rate branch; this is
an anti-Zweifach-Fung effect. Notably, when 7y is close to the
equal partition of ng = 0.5, the partition curve for sickle cells
closely follows the uniform partition line. However, as 1y de-
viates further from 0.5, the statistical differences become more
pronounced, reinforcing our conclusions. Specifically, when the
branch flow rate is asymmetric, sickle RBCs preferentially flow
into branches with lower flow rates, exhibiting an anti-Zweifach-
Fung effect.

To illustrate how the healthy and aberrant cells distribute at
the bifurcation, Fig.[2J(C) shows histograms of local hematocrit at
a cross-sectional position well upstream of the bifurcation along
with “separatrices" indicating which cells partition to the left and
right branches for 7y = 0.5,0.7,0.9. The separatrix is defined as
the boundary line that determines the eventual flow trajectory of
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cells: cells located to the left of the separatrix are highly likely to
flow into the left branch, while those on the right side are directed
into the right branch. Separatrices are calculated and identified
using polynomial logistic regression. The precision of the classifi-
cation, measured as the number of cells correctly predicted to go
to the left branch relative to the total number predicted to go to
that branch, is 0.97. A detailed statistical analysis based on the
confusion matrix is provided in Tables S1 and S2 of the Supple-
mentary Information. The cross-sectional position data of both
normal and sickle cells is used to calculate the separatrices. This
decision is based on the spatial distribution of sickle cells. Due
to margination, sickle cells predominantly accumulate near the
vessel walls, resulting in very sparse data for these cells in the
central region of the channel. Constructing a separatrix based on
this limited dataset would not accurately represent the true cell
partitioning behavior. The implicit assumption in this choice is
that trajectories for normal and sickle cells at a given upstream
radial position are very similar; examination of sample trajecto-
ries indicates that this is a good assumption.

Testing revealed that the separatrices accurately describe the
partitioning of both normal and sickle cells, indicating that cell
partitioning near the bifurcation is predominantly determined by
their position. In this figure we clearly see that the healthy cells
exhibit a cell-free layer and a hematocrit profile that exhibits a
ring of high hematocrit at the edge of the CFL and then another
maximum at the centerline; this is consistent with past observa-
tions of cell or deformable capsule distributions>101319 By con-
trast, the aberrant cells are strongly marginated, residing in the
cell-free layer. Under conditions of even partition (1y = 0.5), the
separatrix is a straight line through the channel center, dividing
the cross-sectional area into two equal segments. As 7 increases,
the separatrix gradually shifts and bows towards the right side.
This shift plays a crucial role in how the position of the separatrix
interacts with the uneven distribution of RBCs, giving rise to the
Zweifach-Fung effect. In the conventional Zweifach-Fung effect,
the shifts and bending of the separatrix toward the right results
in the right region encompassing a much larger fraction of the
CFL compared to the left. Consequently, a greater proportion of
the cell-free plasma is directed into the right branch, reducing
the normal cell number partition ratio, ny, relative to ny. In con-
trast, the opposite trend is observed for marginated sickle cells
primarily located within the CFL. Consequently, these sickle cells
are preferentially directed toward the right branch with a lower
flow rate.

Cell Distribution and Segregation Downstream of Bifurcation

To characterize the distribution of cells after the flow bifurcation,
Fig. [3| shows the cross-sectional distributions of number density
downstream of the bifurcation, averaged over the “regions of in-
terest" (ROI) indicated in the figure. In our analysis, we choose
the downstream distance to be very close to the bifurcation, ap-
proximately 1-2 cell lengths. The reason for this choice is that
we are primarily interested in understanding how the bifurcation
geometry influences the immediate downstream cell distribution.
Our results indicate that sickle cells tend to migrate toward the
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Fig. 2 (A) Simulation snapshot of cell partition near a vascular bifurcation in sickle cell disease. Red particles are normal RBCs, while blue are sickle
RBCs. Cells flow from bottom to top. The bifurcation exhibits geometric symmetry, characterized by a parent vessel radius of 16 um and daughter
vessel radii of 12.7um. The angle between the two daughter branches is 75°. Despite this geometric symmetry, the fluid flow is asymmetric, with a
fluid partition ratio of g =0.9. (B) Cell number partition ratio 1y as a function of volumetric flow partition ratio 1y for normal and sickle RBCs in
a suspension of SCD flowing through the geometrically symmetric bifurcation. Error bars are standard deviation; the standard error is smaller by a
factor of 4.4. (C) Cross-sectional cell number distribution for normal (red) and sickle cells (blue) before the bifurcation and the separatrix at various
fluid partition ratios g =0.5,0.7,0.9. The color scale represents the cell number density of normal and sickle cells. In an ideal scenario where the cells
are evenly distributed throughout the blood vessels, the cell density would uniformly equal 1 everywhere.
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Fig. 3 (A) Schematic showing the region of interest (ROI) near the bifurcation; Cross-sectional cell number distribution profile for normal (red)

and sickle cells (blue) in the left and right branches downstream the bifurcation at various fluid partition ratios (B) np =0.5, (C) ng =0.7, and (D)
No =0.9. The color scale represents the normalized cell number density of normal and sickle cells. The normalization is performed such that, if
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the cells are evenly distributed within the vessel, the cell density value remains 1 everywhere. This normalization approach helps to better illustrate
the inhomogeneity of cell distribution and facilitates the comparison between the distribution patterns of normal and sickle cells downstream of the
bifurcation.

outer edge of the daughter branch near the bifurcation. How-
ever, if we were to analyze a region further downstream, inter-
cellular collisions and shear-induced diffusion would lead to a
more even redistribution of sickle cells within the cell-free layer.
By focusing on this short downstream length scale, we aim to
capture the direct impact of the bifurcation before these redis-
tribution effects dominate. This study examines the influence of
bifurcation geometry on downstream cell distribution and seg-
regation. Under uniform partitioning conditions (1o = 0.5), the
cross-sectional cell number density in the left and right daugh-
ter branches reveals persistent segregation between normal and
sickle cells: normal cells predominantly occupy the center of the
branches, while sickle cells accumulate near the vessel walls. No-
tably, downstream of the bifurcation, sickle cells are concentrated
along the walls, with a higher density observed on the outer side
(away from the bifurcation center) and an absence on the inner
side (closer to the bifurcation center). When partitioning be-
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comes biased (1 > 0.5), increasing 7 leads to higher flow veloc-
ities in the left branch and reduced velocities in the right branch.
At 119 = 0.7, the distribution of normal RBCs remains largely un-
affected, while sickle cells in the left branch exhibit greater con-
centration near the outer wall, and their distribution in the right
branch becomes less concentrated. At 1y = 0.9, this trend be-
comes more pronounced, with normal RBCs in the right branch
being biased towards the inner side wall. The cell-free layer on
the outside of the right branch also becomes thicker. Simultane-
ously, the distribution of sickle cells in the right branch becomes
less concentrated, due to fewer normal cells on the outside of the
right branch.

Wall Shear Stress on Bifurcated Vessel

We have seen that the stiffer aberrant cells exhibit a pronounced
tendency to marginate, resulting in close approaches between
these RBCs and the blood vessel walls (endothelium). Experimen-
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tal observations indicate that such interactions induce local fluc-
tuations in wall shear stress, consequently triggering endothelial
damage and inflammation''?. To gain a comprehensive under-
standing of the hydrodynamic ramifications associated with cell
margination and segregation at the vascular surface, we conduct
an evaluation of the WSS near the bifurcation. As depicted in
Fig. 4] (A), illustrating the transient distribution of WSS on the
bifurcated vessel surface, distinct positive local WSS fluctuations
are observed on the lateral side of the daughter branch, which
is attributed to the proximity of sickle cells to the vessel wall, as
evident in the corresponding transparent image.

For a detailed characterization of stress evolution over time
at different locations on the vessel surface, we strategically se-
lected specific fixed points (a — f) on the blood vessel surface of
the bifurcated geometry, as illustrated in Fig. [(B). The temporal
evolution of WSS at these designated points was analyzed and
compared between two suspensions: one containing only healthy
RBCs and the other containing SCD RBCs. In Fig. [(B), point a is
situated at the center of the bifurcation, while points b, c, e, and f
correspond to the inner and outer sides of the left and right sub-
branches, respectively. In addition, point d represents a location
distal to the bifurcation, closer to the inlet. A comparative anal-
ysis in Fig. [4(C) between the healthy and SCD RBC suspensions
reveals large differences. The SCD suspension exhibits markedly
larger WSS fluctuations, particularly at points ¢ and d. Frequent
and pronounced peaks are observed in the WSS temporal signal
for the SCD suspension, whereas these peaks are absent in the
healthy suspension. This disparity arises from the propensity of
stiff, sickled cells to marginate and approach the vascular wall, in-
ducing substantial local WSS fluctuations, as shown in Fig. [4[(A).

To enhance statistical insight, Fig. (D) illustrates the proba-
bility density distribution (pdf) of WSS under even flow partition
(ng = 0.5) in regions centered at the selected points, for both
healthy and SCD RBC suspensions. To generate the pdfs, WSS
was sampled every 0.5 time units over a 600-time unit simulation
for the 500 wall elements closest to each labeled point, corre-
sponding to a region of roughly one RBC radius. The distri-
bution at point a is the broadest, aligning with the largest WSS
fluctuations observed at this location. This is primarily due to
the persistent presence of cells in proximity to the bifurcation.
Despite these fluctuations, the average WSS at point a remains
close to zero, owing to the geometric symmetry of the bifurcation.
The presence of sickled cells notably increases the probability of
encountering high WSS, particularly at points ¢ and d, due to
the tendency of stiff sickle cells to marginate toward the cell-free
layer near the vessel wall and concentrate along the outer sides
of daughter branches. This effect is less pronounced at point c,
as fewer sickled cells are found on the inner side of the branch.
Extending this analysis, Figs. [4(E, F) present WSS distributions
under uneven flow partition (1 > 0.5), focusing on five points
(a, b, c, e, f) on the bifurcation surface. The average WSS at
points b and ¢ exceeded that at ¢ and f, reflecting the higher flow
velocity in the left branch. Notably, the SCD RBC suspension ex-
hibited a higher probability of elevated WSS, particularly at point
¢, located along the high-velocity branch, attributed to the ac-
cumulation of stiff sickled cells near the outer vessel wall. The
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WSS of the low-velocity branch is less sensitive to the presence
of sickle cells, which is perhaps related to the observed reduced
segregation. Overall, the margination and flow conditions within
the bifurcation geometry influence the downstream distribution
of sickle cells, leading to more large wall stress events on the
outer side of the branch, where marginated sickle cells are more
concentrated.

The wall shear stresses reported here differ slightly from those
in our previous study of straight tubes!?. In the earlier work,
we subtracted the mean wall shear stress by %,, = 7,, — 7,, to fo-
cus on fluctuations relative to the baseline, while here we report
the original wall shear stress values 7,,. This choice was made
because, in straight tubes, the mean wall shear stress 7,, is uni-
form, whereas in bifurcated vessels, the mean wall shear stress 7,
varies substantially across different locations due to the complex
geometry. Another important difference lies in the flow boundary
conditions. In our previous straight tube simulations, a constant
pressure difference was applied, and simulation time was nondi-
mensionalized by the wall shear rate 7, setting the mean wall
shear stress 7,, to 1. However, for the bifurcated geometry stud-
ied here, we adopted a fixed velocity Dirichlet boundary condition
to better match experimental microfluidic setups® that maintain
a constant volumetric flow rate Q. After introducing the RBC
suspension, the non-Newtonian rheological behavior of blood re-
quires a larger pressure drop to sustain this constant fluid flow
rate Q, leading to an elevated mean wall shear stress 7, at bi-
furcated vessel straight sections (e.g., approximately 1.5 at point
d). For consistency, we selected the inlet flow rate Q in bifur-
cated vessels such that the wall shear rate ¥ near the entrance of
the straight section (without cells) would match the value of 1
(about 1000s~! in dimensional variables). Consequently, the ob-
served differences in both baseline and fluctuation magnitudes of
WSS between straight and bifurcated vessels reflect not only geo-
metric effects but also differences in methods for imposing flow.

Compared to our previous findings in straight tubes®, the mean
WSS in bifurcated vessels increases by approximately 50%, and
the tails of the WSS distribution are more extended, particularly
at locations such as point ¢, near the outer branch. For example,
the probability of observing high WSS t,, = 3 at point ¢ is approx-
imately 102, whereas in the straight tube case'l, this probability
is closer to 1072, To further compare the excess WSS in bifur-
cated geometries, we analyzed WSS at two key points, ¢ and d. ¢
represents the outer side of the branch, where marginated sickle
cells accumulate, while d represents a straight tube section at the
entrance, away from the bifurcation. By comparing Fig. [@(D-F),
we observe that the WSS fluctuation at ¢ is greater than at d, par-
ticularly when the branch has a high flow rate. This suggests that
the accumulation of marginated sickle cells amplifies WSS varia-
tions in the outer side of the bifurcation branch more substantially
than in the straight section.

Geometrically Asymmetric Bifurcation

We now present results for an asymmetrical geometry, which is
more representative of physiological conditions than the symmet-
ric case considered above. To explore the impact of geometric
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Fig. 4 (A) Transient wall shear stress 7,, on (top) the bifurcation vascular surface and (bottom) corresponding transparent image. An area where
a sickle cell close to the wall directly provokes WSS fluctuation in the daughter branch is indicated with a circle. (B) Schematic diagram of several
sampling areas (a— f) on the surface of bifurcated blood vessels. (C) Temporal evolution of wall shear stress 7,, at selected fix points (c,d) on the
bifurcation vascular surface with g = 0.5. (D-F) Probability density profile of WSS 1, in regions around selected fixed points on the bifurcation

vascular surface with (D) 19 =0.5 (E) ng =0.7, and (F) ng =0.9.

asymmetry on cellular blood flow, we analyze the behavior of nor-
mal and sickle cells within an asymmetric bifurcation. As shown
in Fig. A), with 19 set to 0.9 for the left branch (larger radius),
a greater accumulation of sickle cells and a thicker cell-free layer
are observed in the right branch, which has a smaller radius and
a lower volumetric flow rate. Note that the definition of parti-
tion ratio 1 in this figure is slightly different from the previous
ones because of the introduction of geometric asymmetry. Nmajor
and Mpinor are defined for the major and minor branches, respec-
tively. For instance, g, minor = @minor/ (@major + Cminor)- Fig. B)
depicts the relationship between ny and ng for both cell types
in the left (major) and right (minor) branches, revealing devi-
ations from partitioning patterns observed in symmetric geome-
tries. Even at 1g = 0.5, cells exhibit a preference for the major
branch, with ny > 0.5 for the larger-radius branch. This find-
ing emphasizes the critical role of geometric asymmetry in cell
distribution, favoring flow into the branch with a larger radius.
Moreover, sickle cells again demonstrate the anti-Zweifach-Fung
effect, exhibiting a tendency to flow preferentially into branches
with lower volumetric flow rates.

To further investigate the impact of bifurcation asymmetry on
cell partitioning behavior, Fig. [B|(C) illustrates the separatrix at
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the entrance of the bifurcation. Under asymmetric conditions,
even when the volumetric flow rates in the major and minor
branches are equal (1 = 0.5), the separatrix is notably concave
rather than straight. This curvature arises due to the larger radius
of the left branch, resulting in ny > 0.5 when ny = 0.5, which
highlights a preferential flow of cells into the branch with the
larger radius. The influence of geometric asymmetry on sickle
cells is similar to that on normal cells; however, due to the prox-
imity of marginated sickle cells to the vessel wall and their ten-
dency to stay within the cell-free layer, sickle cells continue to ex-
hibit the anti-Zweifach-Fung effect. Overall, the geometric asym-
metry of the bifurcation increases the curvature of the separa-
trix, further amplifying the uneven distribution of cells within the
plasma.

Discussion

Our study first addresses the flow of cell suspensions through
geometrically symmetric bifurcations, replicating the Zweifach-
Fung effect, where cells preferentially flow into high-flow-rate
branches. When analyzing a binary mixture modling SCD blood,
contrasting behaviors are found: while normal RBCs exhibit
the expected Zweifach-Fung effect, stiff sickle cells demonstrate
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Fig. 5 (A) A simulation snapshot of cell partition near a geometrically asymmetric vascular bifurcation in sickle cell diseases with g major = 0.9. Cells
flow from the bottom inlet to the top outlet branch. In this asymmetric bifurcation geometry, the vessel radius at the entrance is 16 um, the left major
branch has a radius of 14 um, and the right minor branch has a smaller radius of 11 um. Due to the asymmetry, the angle between the main branch
axis and the inlet vessel axis is 27.5°, while the angle between the secondary branch axis and the inlet vessel axis is 47.8°. (B) the cell number partition
ratio My as a function of the volumetric flow partition ratio 1y for normal RBCs (red) and sickle RBCs (blue). Error bars are standard deviation; the
standard error is smaller by a factor of 4.4. (C) Cross-sectional cell number distribution for normal (red) and sickle cells (blue) before the asymmetric
bifurcation and the separatrix at various fluid partition ratios 19, major = 0.1,0.3,0.5,0.7,0.9.

an anti-Zweifach-Fung effect, favoring lower-flow-rate branches.
This arises because upstream of the bifurcation, normal RBCs are
concentrated in the channel center, while marginated sickle cells
predominantly reside in the CFL near the vessel wall. Under sym-
metric geometric and flow partition conditions (19 = 0.5), the
separatrix dividing upstream regions where healthy RBCs go to
the left or right forms a straight line through the channel center
but shifts and curves as ng increases. This curvature leads to un-
even plasma and cell partitioning, with relatively more cell-free
plasma entering the branch with a lower volumetric flow rate.
Thus, marginated sickle cells, localized mainly within the CFL, ex-
hibit an opposite trend to the Zweifach-Fung effect, underscoring
the distinct partitioning behaviors of normal and aberrant cells in
blood disorders.

This study also examines the influence of bifurcation geome-
try on downstream cell distribution. When a suspension of SCD
cells flows through a bifurcated vessel, the segregation between
cells observed upstream is preserved and remains downstream.
Across a range of 7 values, normal cells predominantly occupy
the central region of the branch, while sickle cells accumulate
in the cell-free layer near the vessel wall, particularly along the
outer side of the branch. Furthermore, this study investigates
the impact of SCD RBC suspensions on WSS in vascular bifurca-
tions. Simulations reveal that marginated stiff sickle cells exhibit
increased physical interactions with the vessel wall, leading to
pronounced local WSS fluctuations. Statistical analysis of WSS
across key regions of the bifurcated vessel surface demonstrates
that SCD suspensions greatly increase the probability of high WSS
events compared to healthy cell suspensions, particularly near the
outer branch wall where sickle cells preferentially accumulate
downstream. This effect is further exacerbated in high-velocity
branches under uneven flow conditions (ny > 0.5). These find-
ings underscore the influence of cell segregation and flow envi-
ronment in amplifying wall stress fluctuations, which potentially
contribute to vascular and endothelial damage associated with
sickle cell disease and other types of blood disorders. While in
the present work, we have not studied the effect of ISC concen-

tration on the WSS in the bifurcating geometry, in prior work®
we did study this effect in a straight tube, finding that the prob-
ability of high-WSS fluctuations increases monotonically with the
ISC fraction.

Finally, the study explores the impact of geometric asymme-
try in vessel bifurcations on cellular blood flow. In asymmetric
geometries, where one branch has a larger radius, cells preferen-
tially flow into the larger-radius branch, resulting in ny > 0.5 even
under equal volumetric flow conditions (ny = 0.5). Stiff sickle
cells still display the anti-Zweifach-Fung effect, favoring branches
with lower flow rates due to their margination and position in
the cell-free layer. Under asymmetric conditions, the separatrix
becomes more curved, highlighting the critical role of vascular
geometry complexity in shaping blood flow dynamics in the mi-
crocirculation.

Conclusions and future directions

The present work focuses on the interplay between margination
of aberrant RBCs and geometric complexity of blood vessels in
determining the WSS environment experienced by the endothe-
lial cells lining the vessels. Experiments in endothelialized mi-
crofluidics are consistent with the present results in indicating
increased endothelial inflammation after perfusion of blood sus-
pensions containing ISCs%. Future experiments with spatial reso-
lution sufficient to observe the differences in WSS between differ-
ent regions of the bifurcation predicted here would be desirable.
Besides the simple bifurcations studied here, many other com-
plex geometries arise in blood flow, including junctions, stenoses,
aneurysms and highly tortuous vessels. It is important to under-
stand the role of marginated aberrant cells in altering the WSS
environment in these other settings. Furthermore, in disorders
such as COVID-19 and sepsis, abnormally high levels of RBC ag-
gregation are observed, and lead to endothelial cell damageZ.
These disorders also exhibit aberrant RBCs, and the combination
of abberant RBCs, high aggregation, and geometric complexity of
blood vessels is a very important topic for future work, especially
in the context of COVID-19, where endothelial inflammation is
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implicated in the multiorgan complications of the diseaseZ2,
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