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ABSTRACT

In the mammalian microcirculation, circulating cells (CCs) such as white blood cells or cancer cells can be forced to flow alongside the vessel
wall through hydrodynamic interactions with red blood cells (RBCs). This phenomenon, known as margination, plays an important role in
physiology as it precedes the extravasation of a CC from the bloodstream into surrounding tissue. Current knowledge of the fluid mechanics
influencing margination is primarily based on idealized straight tube flow. Microvessels in vivo, however, are often observed to be tortuous,
and the influence of this morphology on CC margination is largely unknown. In the current work, we utilize high-fidelity three-dimensional
(3D) cell-resolved simulations to study the margination behavior of a CC flowing with RBCs through a tortuous microvessel over a range of
conditions typical of the microcirculation. We observe cross-stream lateral CC movement in response to local curvature, which generally aug-
ments the ability of the CC to reach the near-wall region. Once the CC marginates, the presence of RBCs in the central region tends to lock
the CC in the near-wall cell-free layer. The overall impact of tortuosity on the degree of margination, however, is mixed. At low hematocrit,
tortuosity provides a fluid dynamics-derived mechanism to grant CCs access to near-wall locations under conditions where this behavior gen-
erally does not occur in a straight tube. At higher hematocrit where a CC can easily marginate in a straight tube, the varying local curvature
causes intermittent motion away from the wall thus slightly reducing the degree of margination.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0227716

I. INTRODUCTION

The transport of circulating cells (CCs) through the blood micro-
circulation plays a central role in various physiological and pathophys-
iological processes in our bodies.” Common examples of CCs include
leukocytes (white blood cells, or WBCs), which provide the body’s
defense against infection or circulating tumor cells (CTCs) that facili-
tate metastatic spread of cancer.” CCs typically flow in vivo with red
blood cells (RBCs), the primary cellular constitute of blood, and hydro-
dynamic interactions give rise to a phenomenon known as margin-
ation where the CC is induced to flow alongside the vessel wall.”*”
RBCs, being greater in number and more deformable than a CC, tend
to occupy the central vessel region® * and laterally displace the CC to

highlights a potential role played by this morphology therein. To date,
however, computational studies involving CC margination have pri-
marily considered straight tubes and channels.'”'* Effects of vessel
tortuosity on the coupled interaction between RBCs and a CC are thus
largely unknown, and new studies are needed to advance current
understanding of margination as it likely occurs in vivo.

The fluid dynamics of flows in curved vessels have distinct differ-
ences from flows in straight tubes. Notable among these differences is
that at the low Reynolds numbers typical of the microcirculation'’
(Re < 1), the cross-sectional velocity profile is skewed in a curved ves-
sel toward the side with higher curvature.”” >’ The location on the
cross section of minimum local shear rate will thus also be shifted
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the margins of the vessel. The importance and physiological relevance
of margination lies in its potential to provide a pathway for CC adhe-
sion to the endothelium, ultimately leading to extravasation into sur-
rounding tissue (e.g, site of infection for a WBC, or distant organ for a
CTC). Works have reported CC margination and adhesion to be most
pronounced in the venular part of the microcirculation.””'’ While tor-
tuous microvessels have been observed in both the arterial and venular
microcirculation,'' " the prevalence of CC margination in the latter

toward the higher curvature side, which contrasts from a straight tube
where the location of minimum shear is at the vessel center. During
transport through a vessel, a deformable cell will laterally migrate in
the direction of decreasing shear rate,”’ and thus, in a straight tube, a
single deformable cell will tend to flow near the vessel centerline. In a
curved tube, however, recent work has shown how at low Re a deform-
able cell will tend to flow closer to the side of the vessel with higher
curvature,””° demonstrating wall-directed movement in response to
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the altered velocity profile. This behavior unique to a curved tube is
particularly relevant to CC margination because it suggests a causal
role played by vessel morphology. Furthermore, wall-directed CC
movement in a curved vessel in the absence of RBCs marks a notable
departure from straight tube behavior where RBCs are required to
drive a CC toward the wall.

A common modeling paradigm for capturing CC transport
behavior through the microcirculation is to consider a CC as a deform-
able cell that is spherical in shape, with the primary CC material prop-
erty being its deformability.”'”"'**** Many studies focused on CC
margination behavior and dependencies on hemodynamic conditions
have considered WBCs,' ™' *'*”” while others have considered CTCs.’
Works have also used this cell model to study CTC adhesion, including
isolated CTCs without RBCs in tubes”” as well as with RBCs in a vessel
network.”’ Furthermore, this model was demonstrated to yield good
agreement with experiments capturing cell transport through small
passages that could distinguish between cancer cell types.” Such a
model naturally neglects many micro and nano-scale complexities
unique to WBCs or CTCs,”””” but in terms of transport through the
blood microcirculation, the above works have established the ability of
this CC representation to accurately capture the transport behavior in
question. Furthermore, such works have demonstrated that a CC mod-
eled in this manner effectively serves as a proxy for either a WBC or a
CTC when considering microcirculatory transport behavior.

Experimental observations of CC margination in the blood
microcirculation in vivo™'” have been aided by the existence of a near-
wall region devoid of RBCs,”""” often referred to as the cell-free layer
(CFL). For a suspension of deformable RBCs, both lateral lift
forces™””****” and cell-cell interactions’**’ (i.e., shear-induced diffu-
sion) compete, generally resulting in an RBC-rich central core region
and the near-wall CFL as shown by experimental and computational
works spanning decades.””*’*” In a straight tube, the CFL is axisym-
metric but for complex vessel morphologies the CFL is 3D and asym-
metric, as has been quantified recently for vessels in 3D microvascular
networks”” and tortuous microvessels." The CFL is an important
hemodynamic feature related to margination; as a CC migrates toward
the wall, the CFL is where the CC surface first becomes exposed to the
endothelium. A CC surface entering the CFL thus presents a favorable
configuration to permit adhesion to the endothelium. The thickness of
the CFL in vivo is highly heterogenous, due to both vessel geometry as
well as hemodynamic conditions, and has been reported to range any-
where from approximately 0.5 to 5.0 um."”** Microvilli on the CC
surface which facilitate adhesion to the endothelium have also been
reported to range anywhere from 0.2 to 2 um."” "’ Prior works provid-
ing insights into the mechanisms driving margination in straight tubes
have typically considered a fixed distance from the wall when identify-
ing a marginated CC. Yet, this heterogeneity and overlap between CFL
thicknesses and microvilli lengths suggest more detailed consideration
of near-wall CC residence guided by 3D hemodynamics can improve
mechanistic understanding of margination in tortuous microvessels.
Furthermore, the complex 3D shape of the CFL due to vessel complex-
ity and the varying hemodynamic conditions typical of the microcircu-
lation highlight the need for new studies that can capture intricate 3D
details of the cell-resolved fluid dynamics.

Hemodynamic characteristics that have been shown to influence
margination include the tube hematocrit (Hy) or RBC volume frac-
tion' ™" and the flow strength™ >'*"" often quantified in terms of

ARTICLE pubs.aip.org/aip/pof

the effective shear rate (j.). While the means by which Hy and 74
influence margination is complex, works have generally shown Hr levels
in the 20%-30% range to be most favorable in addition to }.; values
generally less than 100s~". At lower Hy conditions, the RBC volume
fraction is generally not sufficient to displace the CC toward the wall,
while at higher Hr, the RBC-CC interactions can effectively pull the CC
away from the wall.””’ Other factors such as RBC aggregation have
been shown to enhance margination™”'"" relative to the above discus-
sion, but works have demonstrated this feature is not necessary for mar-
gination. ' The identification and quantification of these
relationships between margination behavior and hemodynamic condi-
tions have provided important insights to aid in understanding the
mechanisms which influence margination. As mentioned, however, this
current knowledge is based on RBC- and CC-resolved flows in straight
tubes and channels. Work involving an isolated CC in the absence of
RBCs flowing through an idealized curved tube demonstrated how cur-
vature can have a significant influence on CC adhesion.” Yet, the role
played by vessel morphology, and specifically tortuosity, in influencing
in vivo CC transport with RBCs remains unclear.

Toward this end, in the current work, we use 3D cell-resolved simu-
lations in a tortuous microvessel digitally reconstructed from in vivo
images to provide new insights into the mechanisms which influence CC
margination under such conditions. Data are first presented for CC
transport without RBCs, demonstrating cross-stream lateral movement
directly following the local vessel curvature. CC margination behavior
with RBCs is subsequently analyzed and discussed. Hy levels of 10%,
20%, and 30% are considered as well as effective shear rates of 25, 50,
and 100s" in order to cover a range of conditions typical of the micro-
circulation. The high-resolution output data are used to define a margin-
ation plane adapted to local CC position and vessel shape, which
facilitates quantification of and comparison between CC and RBC resi-
dence behavior across all cases. Complex 3D CFL characteristics are used
to quantify CC residence in and across the CFL, providing a comprehen-
sive picture of the near-wall behavior. Finally, behavior in the tortuous
microvessel is compared to that in an equivalent straight tube, directly
quantifying the impact of tortuosity on CC margination. Elucidating
behavioral characteristics is important toward building a more complete
understanding of the margination phenomena as it likely occurs in vivo.

Il. METHODS
A. Cell-resolved simulations in complex geometry

Three-dimensional computational fluid dynamics simulations are
performed using an immersed boundary method (IBM)-based
approach to model biophysical flows in complex geometries. Salient
details relevant to the current work are provided here, while full details
of the method can be found in prior work™ in addition to extensive
validations against both experiments and analytical theory.”””” ™
Reynolds numbers in the microcirculation are typically small'"” (i.e.,
< 1), and thus, we model the unsteady Stokes equations for a constant
density (p), variable viscosity [p(x,t)] fluid along with the conserva-
tion of mass for an incompressible fluid:™

ou

pngVP+V- [u(Vu+vul)] +F, M
v.u:()7 (2)

where the body force term F comprises stresses in the deformable cell
membranes, as discussed later. These governing equations are solved

Phys. Fluids 36, 091907 (2024); doi: 10.1063/5.0227716
Published under an exclusive license by AIP Publishing

36, 091907-2

S¥'8G:G1 GZ0Z IsnBny 6


pubs.aip.org/aip/phf

Physics of Fluids

on a fixed, uniform Eulerian grid using a finite volume/spectral
method with a staggered-grid discretization of the velocity (u) and
pressure (P) fields. Complex vessel boundaries (e.g., tortuous micro-
vessel walls) are incorporated using a sharp-interface IBM, which aug-
ments the discretized governing equations at grid points immediately
adjacent to the vessel walls (i.e., outside the fluid domain) to enforce a
no-slip condition at the interface. The physical location of the interface
as it extends through the computational domain is identified using a
triangular mesh fit to the surface of a digitally reconstructed vessel.

Deformable cells (i.e., CC and RBCs) are modeled within this
approach using a continuous forcing IBM. Each cell surface in its
undeformed state is discretized by a triangular Lagrangian mesh which
both deforms in response to fluid motion and imparts a local force
field to the fluid in response to deformation. This two-way coupling is
achieved by means of a delta function (J), where the velocity at each
Lagrangian mesh node (U) is first interpolated from the Eulerian
velocity field (u) as

U:JM@—MW} 3)
Vv

where x and X correspond to coordinates on the Eulerian and
Lagrangian grids, respectively. U is subsequently integrated to move
each Lagrangian node and deform the cell. The stress generated in
each Lagrangian triangular element is determined using the finite ele-
ment method (FEM), as described below. These elemental forces (f.)
are transferred to Lagrangian nodes using box-spline shape functions,
and the nodal forces (f;,) are spread to the Eulerian grid using the same
delta function as in Eq. (3),

F:Jfﬁu_me @
S

where F is the body force term in Eq. (1). The delta function in Egs. (3)
and (4) is evaluated by means of a cosine function with stencil spanning
four Eulerian grid points in each of the x, y, and z directions.”

Experiments have shown that the hemoglobin comprising the
interior of an RBC generally behaves as an incompressible Newtonian
fluid with viscosity five times greater than the plasma with which
RBCs flow.”” Our model accounts for this variable viscosity field on
the Eulerian grid whereby grid points internal to each RBC have an
elevated viscosity compared to the plasma outside in accordance with
this ratio. Eulerian grid points interior to all deformable cells are
tracked by means of an indicator function I(x, t), which is zero outside
a deformable cell and one inside a deformable cell. This function is
used to define the 3D viscosity field on the Eulerian grid corresponding
to an instantaneous RBC configuration:

/“L(xv t) = l'tp + (:uc - .up)l(xv t)7 (5)

where f, is the plasma dynamic viscosity and i is the viscosity of the
cytoplasmic fluid (i.e., hemoglobin), whose physical values are approxi-
mately 1.2 and 6 cP, respectively.” Spatial derivatives of u(x, t) in Eq.
(1) are evaluated using second-order differencing.

For the current work where we model RBCs and a CC, a separate
indicator function is used for each cell type in order to individually
track CC and RBC residence behavior for postprocessing and analysis.
The indicator function is related to the cell surface normals (n) and
delta function via a Poisson equation as™
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ViI=V- U 5(x — X)n ds} ; (6)
s
which we solve using a spectral approach as described elsewhere.”

B. Deformable cell models and physical characteristics

In the current work, we model a CC as a deformable cell that is
spherical in shape and stiffer than an RBC. This representation follows
experimental observations of CCs during transport through the micro-
circulation™”'" and, as previously mentioned, has been extensively
employed across modeling studies on CC margination and other trans-
port behavior in the microcirculation. The same underlying cell model
is employed for both the CC and RBCs, with the primary differences
being their initial undeformed shapes and degree of deformability.
Each RBC is modeled as an infinitesimally thin elastic membrane
enclosing hemoglobin. The undeformed shape is a biconcave discocyte
with a major axis of 7.8 um, surface area of 134.1 um?, and volume of
94.1 um” following experimental observations.”” We consider a CC
that is initially spherical in shape with a diameter of 10 um, which is a
representative size of such cells observed in the microcirculation.””"”
CCs are typically 2-10 times stiffer than RBCs,”*" and to account for
this difference, we consider the CC to have a capillary number
(Ca = ”g:‘“) five times lower than each RBC. Here, p is the plasma
dynamic viscosity, Uy, is a characteristic velocity scale, and G; is the
membrane shear elastic modulus. For each RBC, we consider G; =5
x 107° N/m following that reported for healthy RBCs,”* and for all
simulations, we consider Cagpgc = 1 and Cacc = 0.2. Similar to the
RBCs, the interior of the CC is also modeled as a Newtonian fluid. For
the CC, we consider an interior viscosity equal to that of the plasma
with which it is conveyed, and thus the resistance to deformation is
solely due to the membrane properties. Discussion on the justification
for and implications of this modeling approach is provided in Sec. I'V.

The membrane of each cell surface is discretized by a Lagrangian
mesh of 5120 triangular elements, and each cell is modeled as resisting
shear, area dilation, and bending. The membrane stress response to
deformation is calculated using a Loop subdivision-based finite
element method,””°* where the force density at each surface element is
determined by evaluating the surface gradient of the Cauchy tension
tensor (T""), membrane stress (¢""), and bending stress (1) as

fe — vs(Tmn + O_mn + an). (7)

T™" is calculated based on an energy function (W;) developed for
RBCS(aS

2 0W, IW,
mn __ = Omn S amn
=L A2 ol AT (8)
where®”
GS 2 2
W, = (7 +2I, — 21,) + CL3], 9)

and I; and I, are the strain invariants, A is the metric tensor, G; is the
membrane shear elastic modulus previously mentioned, and C is a
constant related to the area dilation modulus which we take to be
100.”* The parameter C is purely a numerical parameter used to facili-
tate the constraint of constant surface area. Generally speaking,
increasing the value of C decreases the degree to which the surface
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area varies as the cell deforms, but at the expense of numerical stability.
We use a value of 100 because we observe this to result in surface area
changes <0.1% and stable simulations. Regarding conserving cell vol-
ume, we note that no extra force is utilized. Through monitoring of the
volume change of each deformable cell, the maximum was calculated
to be less than 0.2% on average for the current simulations, and thus,
no extra force was used. ¢ and v are calculated from the Helfrich
bending energy as”*

k
o = 5” (4K2A™ — 8KcB™), (10)
k
ym— ?" (4rcA™), (11)

where k;, is the bending modulus, « is the mean curvature, and B is the
curvature tensor.

In order to prevent the deformable cell membranes from overlap-
ping the vessel walls, a short-range repulsive force (i.e., lubrication-
type force) is utilized at the Lagrangian nodes for each cell with
magnitude varying as the inverse distance cubed. Regarding potential
overlap between deformable cell membranes, no additional measures
are utilized; the force at each Lagrangian node is spread onto the
Eulerian grid a small finite distance around each node, and we observe
this to act like a lubrication layer preventing overlap. Such conditions
have been rigorously tested in the development and validation of the
method””° as well as subsequent studies,"”””°” which monitor for
overlap during all simulations.

C. Description of simulations and cases considered

An overview of the CC transport simulations is provided in
Fig. 1. A simulation snapshot for a representative case is shown in
Fig. 1(a), depicting the CC flowing with RBCs along with a zoomed-
in view of the CC during transport [Fig. 1(c)]. The in vivo image of the
rat mesentery from which the microvessel was digitally reconstructed
is shown in Fig. 1(b). The undeformed RBC and CC shapes are given
in Fig. 1(d). RBC-resolved simulations in this tortuous microvessel
were described in our recent work'® which focused on elucidating
hemodynamic characteristics (e.g., CFL, wall shear stress) and thus did
not consider CC transport. In the current work, we build off this previ-
ous work to provide new and novel insights into CC margination.

ARTICLE pubs.aip.org/aip/pof

The tortuous microvessel (venule) shown in Fig. 1(b) was digitally
rendered in 3D using PTC Creo,” and a triangular mesh was fitted to
the vessel surface using Gmsh.”” Mesh coordinates are used within the
simulation approach to model the 3D complex vessel wall boundaries
as previously described. The total vessel length is approximately 1 mm,
and the vessel diameter is approximately 20 um. Discussion on the rea-
soning behind this approach and limitations is provided later. CC
transport is modeled over a range of hemodynamic conditions typical
of the microcirculation, considering Hr levels of 10%, 20%, and 30%,
and effective shear rates (j .4 = %) of 25, 50, and 100s ™", Vi is the
mean velocity of the bulk blood flow and D is the vessel diameter. For
each case, the volumetric flow rate is fixed at the vessel inlet to achieve
the specified j 4. The Hr level through the tortuous microvessel is ini-
tially set using an automated routine to place the desired number of
RBCs, which range from 313 (10% Hry) to 942 (30% Hry). Over the
course of each simulation, the overall Hy level is maintained by re-
injecting RBCs at the vessel inlet when they exit the domain at the ves-
sel outlet.

For each case, the CC is initially placed near the vessel inlet. In
reality, under in vivo conditions, a CC could enter the vessel at any
location on the cross section. From the perspective of margination, the
worst-case scenario is a CC entering at the vessel centerline and we
consider this position as one option for initial placement. In order to
bound the CC margination analysis, we also consider the other extre-
mum of initial position where the CC enters the vessel already in a
marginated position. Prior to placing the CC, the simulation is run
with RBCs for a duration corresponding to a single RBC traversing the
entire length of the vessel. Furthermore, for each case considered, we
also simulate five different initial RBC placements so as to ensure any
conclusions on CC margination behavior are not unique to the way in
which the RBCs were initially configured.

lll. RESULTS AND DISCUSSION

A. Margination-like behavior occurs in the absence of
RBCs due to vessel tortuosity

To establish context for CC margination behavior with RBCs,
simulation data for a CC flowing without RBCs are first presented.
Figure 2 provides a depiction from a representative simulation, show-
ing how, even in the absence of RBCs, the CC will flow closer to the

FIG. 1. Overview of CC transport simulations in a tortuous microvessel. (a) Simulation snapshot for a representative case at 20% Hr, showing the CC (blue) flowing with the
RBCs (red), (b) in vivo image of the tortuous microvessel, (c) zoomed-in view of a marginated CC near the high curvature side of the vessel, and (d) undeformed RBC and CC

shapes.
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FIG. 2. Cross-stream CC migration due to vessel curvature in the absence of RBCs. (a) Overview of representative simulation of CC transport without RBCs, (b) schematic
illustrating the definition of lateral displacement (d,) of the CC centroid from the vessel centerline, and (c) J, (red curve) and vessel centerline curvature (i, black dashed curve)
vs axial displacement along the vessel length, demonstrating how lateral CC migration follows the local curvature as the cell traverses the vessel.

side of the vessel with the larger local curvature. This lateral migration
behavior is quantified in Fig. 2(c), where the red curve shows the CC
lateral displacement (6,) vs vessel length, and the dashed curve is the
vessel’s centerline curvature (x). It can be seen that there is transverse
migration which closely follows the local curvature. The direction of
this migration is purely in the plane of the curvature, or the plane of
the vessel centerline.

The sign convention for « in Fig. 2(c) is such that positive values
reflect the vessel bending to the right and negative values reflect the
vessel bending to the left. This designation is from the perspective of
standing on the vessel centerline and looking downstream in the flow
direction. Figure 2 thus demonstrates for the modeled vessel that the
vessel bending to the right causes the CC to migrate laterally to the
right side of the vessel and vice versa. This margination-like behavior
in the absence of RBCs is expected based on recent work which dem-
onstrated how vessel curvature causes a lateral migration of deform-
able cells at low Reynolds number””** toward the side of the vessel
with higher curvature. Under such conditions, the fluid velocity profile
is skewed toward the higher curvature side of the vessel, and thus, the
location of minimum shear rate over the cross section will be shifted to
this same side. Deformable cells tend to migrate laterally in the direc-
tion of decreasing shear rate, which explains the behavior observed in
Fig. 2(c) as the local centerline curvature oscillates along the length of
the vessel.

While the data in Fig. 2 demonstrate how tortuosity can cause
wall-directed CC movement in the absence of RBCs, it importantly
also shows how the curvature variations inherent to a tortuous vessel
cause CC movement both toward and away from a particular side of
the vessel. Thus, the observation that tortuosity causes margination-
like behavior is not a straightforward indicator as to whether tortuosity
will enhance or diminish CC margination when flowing with RBCs in

a microvessel with this morphology. Yet, isolating the impact of vessel
shape alone on cross-stream CC movement is important prior to
including interactions with RBCs in order to enable a more compre-
hensive understanding of the mechanisms underlying margination in
an in vivo environment.

B. Establishing a margination plane for complex
vessels

In the presence of RBCs, lateral CC migration can be in or out of
the plane of the vessel curvature due to interactions with the RBCs. To
consistently quantify and analyze margination behavior for all of the
simulations given the complex geometry, we introduce a margination
plane local to the instantaneous CC position. This plane is defined in
such a way that it intersects both the CC centroid and the centerline of
the vessel closest to the instantaneous CC centroid, and is oriented tan-
gent to the local mean flow direction. To achieve this configuration,
there are two rotations as described in Fig. 3: one to orient this plane
in the flow direction while remaining in the plane of the vessel center-
line [angle ¢ in Fig. 3(a)], and another to rotate out of the centerline
plane [angle 0 in Fig. 3(b)]. The resulting coordinate system is centered
on the vessel centerline and is the plane in which the local cross-
stream movement occurs. For reference, if 0 = 0, the lateral movement
is entirely in the curvature plane, and if 0 = 7, the lateral movement is
normal to the curvature plane. This margination plane provides a
means of comparing behavior among all cases and facilitates quantify-
ing time-averaged behavior accounting for the CC moving past regions
of varying degrees of vessel curvature.

With the margination plane defined, CC residence time at loca-
tions on the vessel cross section can be determined to elucidate mar-
gination behavior for all cases considered. Figure 4 provides a
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Vessel Margination Plane

Cross-Section

FIG. 3. Defining the margination plane for a representative CC location. (a) Region around CC at a time point in the global reference plane. ¢ is the angle between the line nor-
mal to the centerline intersecting the CC centroid and the vertical line through the CC centroid, and the red arrow gives the flow direction. (b) Rotation by ¢ in the plane of the
vessel centerline (top) and depiction of the vessel cross section showing the out-of-plane location of the CC defined by angle 6 (bottom), and (c) subsequent rotation by angle

0 to the margination plane.

depiction of representative behavior for the case Hy=20% and
e =258 ' In Fig. 4(a), an overview of the simulation at an instant
in time is given, showing both the RBCs (red) and the CC (blue). The
red arrow gives the flow direction. In Fig. 4(b), the instantaneous CC
and RBC positions are shown, rotated to the margination plane. The
indicator function, which takes a value of 1.0 at Eulerian grid points
inside a cell and 0.0 at Eulerian grid points outside the cell, is shown in
Fig. 4(c) in the margination plane and corresponding to the cell posi-
tions in Fig. 4(b). It is noted that in Fig. 4(c), this is a 2D plane inter-
secting the CC centroid, and so some RBCs, which appear in Fig. 4(b)
(which is a 3D perspective), may not appear in Fig. 4(c). Finally, in
Fig. 4(d) contours of the indicator function time-averaged over the
entire simulation are provided, which encapsulates the CC traversing
the full length of the tortuous vessel. We note that for tracking and
analysis, there are two different indicator functions used in the simula-
tions, one for the RBCs and another for the CC. For ease of illustration,
however no distinction is made between these separate indicator func-
tions in Figs. 4(c) and 4(d), and the distinct shape differences between

ination Plane

the CC and RBCs can be used to visually identify the respective regions
occupied by each.

The time-averaged indicator function shown in Fig. 4(d)
quantifies the fraction of time a particular location is occupied by a
cell. For the CC, this shows how it tends to spend most of its time
near the wall in a marginated position, while RBCs tend to occupy
the center of the vessel. While the CC will move laterally in a com-
plex trajectory as it traverses the tortuous vessel, use of the margin-
ation plane as defined here facilitates quantifying this lateral
motion in a manner directly related to the margination behavior.
Furthermore, this plane provides a consistent means of comparing
average margination behavior between cases, and to this end, the
coordinate y* in Fig. 4(d) is used to quantify profiles across the
margination plane in Sec. ITI C. It is also noted that viewing the CC
location qualitatively in the frame of reference as shown in
Fig. 4(a) can, in some cases, obscure the qualitative identification
of a marginated CC for situations where this occurs more out of
the plane of curvature.

S¥'8G:G1 GZ0Z IsnBny 6

FIG. 4. Indicator function on the margination plane. (a) Snapshot of RBCs and the CC at an instant in time, for Hy = 20%, 7. =25s ", (b) Local region around CC rotated to
the margination plane, (c) instantaneous indicator function field on the plane through the CC centroid in (b), and (d) time-averaged indicator function in the margination plane,
where coordinate y* defines the relative location across the margination plane in Fig. 5.

Phys. Fluids 36, 091907 (2024); doi: 10.1063/5.0227716
Published under an exclusive license by AIP Publishing

36, 091907-6


pubs.aip.org/aip/phf

Physics of Fluids

C. Time-averaged behavior across the margination
plane

The time-averaged indicator function, as shown for the represen-
tative example in Fig. 4(d), facilitates quantifying the separate regions
occupied by the RBCs and CC as the CC traverses the vessel. As men-
tioned, the simulations consider two different indicator functions, one
for the CC and another for the RBCs. Each of these indicator functions
time-averaged over each simulation is plotted in Fig. 5, and the profiles
are provided as a function of distance across the margination plane.
Here, the indicator function values that comprise the trends are each
taken as the average at the y* location across the boxed region [see
Fig. 4(d)]. To distinguish between the CC and the RBCs in Fig. 5, the
indicator function for the CC is denoted with blue curves, while that
for the RBCs is denoted with red curves. The plots shown in Fig. 5(a)
are for simulations in which the CC is initially placed at the center of
the vessel, while those in Fig. 5(b) are for the CC starting near the wall
(i.e., already marginated). The sub-figures across Figs. 5(a) and 5(b)
correspond to Hy = 10%, 20%, and 30%, respectively, as noted in the
figure. Additionally, the different line types (i.e., solid, dashed, dotted)
correspond to J.4 =25, 50, and 100s™ ', respectively. The vertical
dashed lines in the figures denote the location at which a “near-wall”
region begins. As mentioned, works have reported that microvilli
lengths, which facilitate cell adhesion to the vessel walls can range
from 0.2 to 2 um with a mean value of approximately 0.5 um."*"
While the current work focuses on the fluid dynamics leading to and
causing margination and thus does not consider cell adhesion, the
physiological relevance of studying margination and the degree to
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which it occurs is rooted in its potential to provide an adhesion path-
way. Thus, for the current work, we consider a near-wall region that is
0.5 um from the wall.

The data in Fig. 5 provide the fraction of time a CC or the RBCs
occupy a particular location across the margination plane. As evident,
the CC profiles are generally shifted to the right side of each plot (i.e.,
closer to the wall), while the RBC profiles occupy the inverse spatial
region. The CC curves tend to reach their peak at y* locations ranging
from approximately 0.7 to 0.75, with peak values slightly less than 1.0.
The RBC curves reach their peak values at y* locations of approxi-
mately 0.25 with peak magnitudes generally increasing in direct pro-
portion to the Hy level. It is noted that the CC diameter is half of the
vessel diameter, which leads to these y* locations on which each set of
curves is approximately centered. The information provided by these
data depicts a comprehensive residence time history over the vessel
cross section associated with the respective margination behavior for
each case.

A quantity of interest which emerges from Fig. 5 is the value of
the time-averaged indicator function at the intersection of the vertical
dashed line and the curve for each CC profile. This value is denoted
here as I;,,; and quantifies the fractional near-wall residence time. First,
considering cases where the CC is initially placed on the centerline of
the vessel [Fig. 5(a)], L, is generally observed to increase with Hy and
decrease with 7 4. At 10% Hr, the smallest range of I, is observed,
where the values are approximately 0.17, 0.12, and 0.11 for 4 =25,
50, and 100s ™", respectively. Increasing to 20% Hy enhances both the
magnitude of I;,, and the variation across j., where values of 0.35,
0.24, and 0.17 are observed for j 4 = 25, 50, and 1005~ ", respectively.
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FIG. 5. Indicator function profiles across the margination plane for RBCs and the CC. (a) Cases where the CC is initially placed on the centerline of the vessel and (b) cases
where the CC is initially placed near the wall. The red and blue curves provide the time-averaged indicator function for the RBCs and the CC, respectively. Profiles are plotted
as a function of relative distance across the margination plane (y*) as defined in Fig. 4(d), and the different line types (solid, dashed, dotted) correspond to the noted 7 cases.
The separate figures within (a) and (b) correspond to 10%, 20%, and 30% Hr cases, and the vertical black dashed line denotes the near-wall location.
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Furthermore, I;,,; values at 30% HT are 0.52, 0.36, and 0.32 for the
same respective J . values.

The data in Fig. 5(a) show how the CC tends to spend more time
near the wall with increasing Hy and decreasing 7. Increasing I,
with Hy can be partially attributed to the increased occupation by
RBCs in the more central vessel region, as evident from the RBC indi-
cator function trends in Fig. 5(a) and described above. This behavior is
expected because it occurs in a straight tube as well. Mechanisms
deriving from the vessel tortuosity, however, also contribute to the
behavior. First, the increased presence of RBCs inherent to increasing
Hy dampens the lateral CC movement in response to tortuosity.
Namely, once the CC reaches the wall, it stays there with increasing
tendency in direct proportion to Hy. Second, increasing j . increases
the slope of the cross-sectional velocity profile resulting in sharper
changes to the local shear rate profile over the vessel cross section. As
mentioned, deformable cells laterally migrate in the direction of
decreasing local shear rate, and with increasing flow strength (i.e.,
increasing 7. ), there will be increased rate of lateral movement of the
CC. For the tortuous microvessel, this behavior with increasing }.¢
manifests as enhanced movement following the local vessel curvature,
which causes the CC to increasingly move in and out of the near-wall
region. Considering these tortuosity-derived mechanisms together
results in the observed behavior. That is, at 10% Hy the RBC dampen-
ing effect is lowest permitting more lateral CC movement out of the
near-wall region following the local curvature. This behavior results in
comparatively lower I, magnitudes overall for the 10% Hr cases,
while within this Hr level I, increases as 7 drops due to less motion
out of the near-wall region. For 20% and 30% Hry, the RBC dampening
effect progressively increases resulting in greater I;,, magnitudes, and
within each Hr level, the tortuosity-driven CC movement out of the
near-wall region increases with 7} .. Furthermore, evidence and quan-
tification of tortuosity-derived mechanisms are provided in Sec. IT1 D.
Altogether, the behavior observed in Fig. 5(a) where the CC starts on
the centerline of the vessel shows how once the CC is able to move
into a near-wall region, it has an increasing tendency to stay there with
increasing RBC volume fraction. For each Hr level, increasing }.¢
tends to pull the CC out of the near-wall region more easily in
response to tortuosity.

When considering actual in vivo behavior, a CC can enter a vessel
at any location on the vessel cross section. From the perspective of
margination, the worst-case scenario is then a CC entering at the vessel
centerline and hence the simulations represented by the data in
Fig. 5(a). These data include behavior both prior to and after the CC
first reaches the near-wall location, and importantly shows how, at a
bare minimum, the CC will reach the wall during transport. Yet, once
a CC reaches the wall of a tortuous microvessel to what degree will it
remain marginated? In order to answer this question and bound the
CC margination analysis, we also consider the other extremum of ini-
tial position where the CC enters the vessel at a near-wall location. The
time-averaged indicator function for these cases is presented in
Fig. 5(b). In general, the behavior is qualitatively similar to that of
Fig. 5(a), with the major differences being the I;,, magnitudes are
higher between equivalent cases in 5B vs 5A, and the I, variation
across . for a particular Hr level is reduced. The minor differences
in the blue curves for each sub-figure indicates that 7.4 has a small
influence on sustained margination. Overall, as Hy increases from 10%
to 30%, the fraction of time spent in the near-wall region increases
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from 0.3 to 0.7. These data support our observation above for the cases
involving the CC initially placed at the centerline, where once a CC
enters the near-wall region its tendency to remain there generally
increases with increasing Hr.

D. CC margination to the cell-free layer vs near-wall
and connection to tortuosity

As a CC migrates laterally toward the vessel walls, the cell surface
first enters the CFL and subsequently moves closer to the wall. While
the CFL is inherently a near-wall region, its thickness in the microcir-
culation typically can range from approximately 0.5 to 5um as has
been observed in vivo'" " as well as in high-fidelity 3D simula-
tions.””** Considering the range of microvilli lengths previously men-
tioned and the overlap with this range of CFL thickness values, we
quantify CC margination behavior in terms of both margination to the
CEFL as well as the near-wall region previously defined in order to pro-
vide a more comprehensive analysis.

Figure 6 provides a representative CC trajectory for Hr =20% and
I =505 " to illustrate observed margination behavior unique to the
tortuous microvessel, considering both the CFL and the near-wall
region. The solid black line gives the radial displacement of the CC cen-
troid vs axial displacement, and the orange shading represents the trajec-
tory differences among the different initial RBCs configurations. As
shown, we generally observe negligible differences in lateral migration
behavior based on the initial configuration of RBCs placed throughout
the vessel. The shape of the CFL is complex, asymmetric, and 3D, and
the high-fidelity simulations enable calculation of the detailed geometri-
cal characteristics for each Hy and } 4 case. These data were reported in
a recent work focused on studying the hemodynamic characteristics
unique to a tortuous microvessel ® and are utilized here to aid in the CC
margination analysis. In Fig. 6, the time-averaged RBC core boundary is
provided which marks the beginning of the CFL and provides a means
of visually depicting the boundary relative to the local CC lateral posi-
tion. Also shown in the figure are the near-wall region 0.5 um from the
wall and the local vessel curvature «. Since CC lateral movement from
the vessel centerline into the near-wall region was observed across all
cases [Fig. 5(a) and associated discussion], Fig. 6 considers a CC initially
placed near the vessel wall in order to focus on lateral movement behav-
ior once the CC reaches the CFL.

The data in Fig. 6 depict behavior we generally observe for all
cases, albeit to varying degrees. Namely, once the cell surface enters the
near-wall region, the cell will tend to move in and out of this region
following the local vessel curvature. This tendency is evident by quali-
tatively comparing the CC radial displacement (black curve) with the
vessel curvature (dashed black curve); local increases in trajectory (i.e.,
motion toward the wall) correspond to local increases in curvature
(i.e., high curvature on the vessel side nearest the local cell location)
and vice versa. This behavior is quantified by computing the correla-
tion coefficient between the radial displacement during transport (')
and the corresponding local curvature value (i):

Cry = Z:‘:l (ri=7") (K — &)
VL G- o

where the subscript i denotes the quantity corresponding to an individ-
ual CC location along the length, n gives the total number of points

; (12)
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FIG. 6. Margination behavior and influence of tortuosity. (a) CC margination to the CFL and near-wall zone vs axial displacement along the vessel, for Hr =20% and
7 =505, s is the axial displacement along the vessel of length L and 1 is the lateral displacement from the centerline. The black curve gives the lateral displacement of
the CC centroid, and the orange shading represents trajectory differences for different initial RBC configurations around the CC. Furthermore, the red line provides the RBC
core boundary, and the black dotted line gives the local vessel curvature (x). (b) Correlation coefficient between r' and «; for all cases as a function of .

along the length at which local data were measured (on the order of
1000), and the overbar denotes the average among all measurements
over the length. As a point of reference, C,/_ . is approximately 0.35 for
the 7 and x curves in Fig. 6(a).

C,— values for all cases are presented in Fig. 6(b), which eluci-
dates the connection between marginated CC lateral migration behav-
ior and tortuosity across varying hemodynamics conditions typical of
the microcirculation. Recent work showed how, in the absence of
RBCs, increasing J.¢ will effectively increase the rate of lateral migra-
tion due to vessel curvature.”® In the presence of RBCs, the connection
between lateral migration in response to x becomes more complex.
The data in Fig. 6(b) reflect an observed interplay between } .4 (and
resulting shear rate profile over the cross section), axial distance
between regions in which the curvature changes, and RBC volume
fraction. At 10% Hr, the CC is able to laterally move most freely, and
thus, the largest C._, values are observed. C._, is largest (0.71) at
255~ " and decreases to 0.6 at 1005~ . At the lower } ¢, the axial veloc-
ity is also smallest, and thus, the CC transit time from one bend to the
next enables the CC to more closely follow the curvature before it
changes again at the next bend. With increasing j.; and increasing
axial velocity, the CC transport time between bends increases resulting
in the slightly diminished C,._,.. With Hy increasing to 20%, the RBC
dampening becomes more pronounced, thus reducing C, _,. compared
to 10% Hr. C . values similarly decrease with } ¢, from 0.5 at 25 st
to 0.35 at 100s™". At 30% Hry, C,_, is further reduced, except now
Cy_, interestingly increases with j.. These data indicate an Hr
threshold exists, whereby once the RBC volume fraction becomes
sufficiently high the RBCs tightly lock the CC near the wall. Lateral
movement under such conditions then increases in response to the
near-wall RBC presence, which is directly related to the CFL thickness.
The CFL thickness increases with j.¢,"” which results in the observed
CC lateral migration behavior reflected in Fig. 6(b) for 30% Hr.

In terms of CC residence in the CFL, the trajectory in Fig. 6(a)
reveals how the CC surface remains in the CFL for the entirety of its
transport through the vessel. This behavior is important to note

because it indicates that the CC surface remains exposed to the endo-
thelium over the entire length of the vessel. Given the heterogeneity of
possible receptor lengths noted above, this finding has important
implications for understanding why CCs may adhere and extravasate
in microvascular regions with tortuous morphologies. Furthermore,
the boundary of the RBC core in Fig. 6(a) can be seen to qualitatively
follow the local vessel curvature. Compared to the CC lateral migration
behavior without RBCs shown in Fig. 3 where the CC moves back and
forth between sides of the vessel, Fig. 6(a) demonstrates how (i) the
RBCs also shift laterally due to the tortuosity and (ii) the collective
movement with the CC creates the above-noted mechanism to effec-
tively lock the CC in the CFL.

To quantify and compare CFL vs near-wall residence time among
all cases, we define the parameter o, which gives the fraction of time
spent in the CFL (ocpr,) or near-wall region (onw) as the CC traverses
the vessel. It is noted that oy is identical to the near-wall time frac-
tion (I;,,,) discussed in Sec. I11 C and is provided here for context when
considering CFL residence. Figure 7(a) provides o values for cases
where the CC is initially placed on the vessel centerline, and Fig. 7(b)
provides values for cases where the CC is initially placed near the wall.
The data point for each case represents the average of 5 separate simu-
lations with identical hemodynamic conditions (Hy and 7.) but dif-
ferent initial RBC configurations.

For a CC initially placed on the vessel centerline, Fig. 7(a) shows
how oy, is greater than axw for all cases. This behavior is expected
because the CC must laterally migrate through the CFL to reach the
near-wall region. The data for axw reiterates the quantifications and
discussion in Sec. IIT C, where oy generally increases with increasing
Hr and decreasing j.s. In contrast, ocp, generally falls within the
range of 0.6-0.7 without any clear dependence on Hry and . This is
likely caused by the fact that the CFL thickness varies with Hy and } .,
whereas the demarcation of the near-wall region is constant.
Additionally, within each individual Hy-j.¢ case, the CFL is highly
heterogenous and asymmetric along the vessel. Taking these consider-
ations together, the computation of CC time fraction within a region
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FIG. 7. CC time fractions (alpha) in the CFL vs near-wall regions during CC traversal of the tortuous microvessel. (a) CC is initially placed on the vessel centerline, and (b) CC
is initially placed near the wall. For (a) and (b), anw gives the fraction of time spent in the near-wall region and o gives the fraction of time spent in the CFL. The x-axis is
the effective shear rate (}) for the case, and the individual curves represent the noted Hr value.

whose boundary is also influenced by hemodynamic conditions likely
mitigates dependence on those hemodynamic conditions and leads to
the observed behavior for ocpy.

The data in Fig. 7(b) for a CC initially placed near the wall show
a similar relationship between ocp. and onw as that of Fig. 7(a),
whereby ocpy, is greater than anw for all cases as expected. The data,
however, also importantly provide quantitative evidence that once the
CC reaches the wall, the RBCs effectively lock the CC in the CFL as
previously noted. This behavior is as evident from the red data points
in Fig. 7(b), which are all very close to 1.0. Thus, the representative
behavior depicted in Fig. 6(a) for CFL residence holds across the range
of hemodynamic conditions considered.

E. Differences in margination behavior between a
tortuous microvessel and straight tube

The findings presented in previous sections, which quantify how
margination is observed in the tortuous microvessel for all Hy and } ¢
values considered, are different from what occurs in a straight tube.

(A) ° - (B) ™
10% Ht L He

4 8 |
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2 4
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B 2 |
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Notably, simulations we have performed for CC margination in a
straight tube (see supplementary material), which agree with those
reported elsewhere,'” do not predict CC margination for regions of the
parameter space we have explored, particularly at the 10% Hry level. To
directly quantify differences in margination behavior between the tor-
tuous in microvessel and an idealized straight tube, we define the
parameter f3 as

atortuous

ﬁ - gstraight (13)

where the superscript for each o value denotes the vessel type associ-
ated with the respective time fraction. Following the analysis in Sec.
111 D, we consider both iy, and fop; in order to best elucidate differ-
ences in margination behavior to the near-wall vs CFL.

In Fig. 8, f values for all cases are provided, where [y,
[Fig. 8(a)] and f gy [Fig. 8(b)] are plotted vs 74 and each curve corre-
sponds to the noted Hy value. In each figure, the yellow highlighted
region represents f§ values greater than 1.0, which indicates margin-
ation is enhanced relative to the equivalent straight tube case. For the

Vet (sec)

glortuous

FIG. 8. Comparing CC residence time between the tortuous microvessel and that observed in a straight tube. Here, § = g5, where (a) is for the near-wall region (/) and
(b) is for the CFL (Bcp). The yellow shaded areas represent parameter combinations where residence time is enhanced by tortuosity.
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near-wall behavior shown in Fig. 8(a), the near-wall CC residence time
is greater for all 10% Hr cases, as well as for 20% Hr, .4 = 100s~ " It
is noted that the 10% Hr, 7.4 = 1005 ! case is marked with an asterisk
because this parameter combination resulted in near-zero margination
for the straight tube, and a f =5 value was used for visualization pur-
poses in the figure. For the other cases at 20% Hry and all 30% Hr
cases, the near-wall residence time was reduced compared to the
straight tube. In contrast, when considering CC residence time in the
CFL Fig. 8(b) indicates that for all Hy and 7 4 values, the CC residence
time is increased compared to behavior in a straight tube.

In terms of near-wall CC residence time and behavior, the data in
Fig. 8(a) show how tortuosity can have a mixed impact in terms of
either enhancing or diminishing margination relative to a straight
tube. On the one hand, we observe that tortuosity provides a mecha-
nism that can enable cells to marginate for cases in which they would
not marginate in a straight vessel. On the other hand, for cases in
which a cell can already easily marginate in a straight tube, as the CC
traverses a tortuous vessel and enters and exits regions of high curva-
ture, the changing local geometry can temporarily pull the CC away
from the wall which would not happen in a straight tube. In terms of
CC residence time in the CFL, the data in Fig. 8(b) show how for all
cases the residence time is enhanced by tortuosity. This is most notable
at 10% Hr, and to a lesser degree at 20% and 30% Hr. So, while the
local vessel curvature can pull the CC in and out of the near-wall
region, these data on CFL residence time compared to a straight tube
provide an additional perspective extending the observations accompa-
nying Fig. 7(b). Namely, not only does a CC tend to stay in the CFL
once it gets there, but importantly this is fundamentally different from
what occurs in a straight tube.

To date, simulations in idealized straight tubes have provided
important mechanistic insight into the margination phenomena. Yet,
the straight tube geometry is significantly different than commonly
observed in vivo vessel morphologies such as the tortuous microvessel
that has been studied here. Elucidating differences between the current
findings and that predicted for straight tubes helps to build a more
complete understanding of the phenomena as it likely occurs in vivo.

IV. ADDITIONAL DISCUSSION AND LIMITATIONS

The underlying goal of the current work is to provide new mech-
anistic insights into the role played by tortuosity in influencing CC
margination behavior. While different approaches could be taken
toward addressing this goal such as considering an idealized geometry
with a single bend and periodic boundary conditions, here we opted to
model a tortuous microvessel based on in vivo images over a relatively
long length. In this context, thus the question was posed: if a CC was
in this actual vessel, what would happen with regard to margination
behavior? To aid in answering this question and account for heteroge-
neity of hemodynamic conditions typical of the microcirculation, ini-
tial CC positions both on the vessel centerline and near the vessel wall
were considered in order to bound the analysis, along with different
physiological ). and Hr levels. The current work thus represents a
combination of parametric analysis sweeping a range of influencing
parameters and a fixed vessel geometry. Effects of vessel diameter or
specific vessel curvature values are not considered. Interestingly, the
results in Sec. 11T A suggest that in vessels with smaller diameters than
that considered here, the curvature alone may be sufficient to cause
pronounced near-wall behavior leading to adhesion even without
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RBCs. Additional studies are needed however to address such
possibilities.

While a tortuous vessel based on in vivo images was the basis for
the presented analysis, simplifications and assumptions were made in
order to aid in identifying the specific role of tortuosity. For example,
close inspection of the in vivo image in Fig. 1(b) shows that the vessel
diameter is not perfectly constant along the length. Similarly, while not
evident from the 2D image, the cross-sectional shape may not be per-
fectly circular. Furthermore, local endothelial cell shapes forming the
interior surface of the vessel are not accounted for. Inclusion of such
geometrical features may slightly alter local CC behavior and affect the
specific near-wall CC distances observed. Yet, the main conclusions of
this work on the role of tortuosity itself would not change.

The physical mechanisms which drive differences between the
tortuous microvessel and straight tube in large part derive from the dif-
ference between the undisturbed velocity profile in a curved tube vs a
straight tube. In a straight tube, the velocity profile over the cross sec-
tion follows that for Poiseuille flow; the profile is symmetric about the
centerline where both the maximum velocity and location of mini-
mum local shear rate occur at the vessel center. In a curved tube, the
velocity profile is not symmetric about the centerline but rather at low
Re is shifted toward the side of the vessel with the higher curvature,
meaning the location of minimum local shear rate is closer to the side
of the vessel with the higher curvature.”” > This location of mini-
mum shear is important because a deformable cell will tend to laterally
migrate toward this location.” In the context of CC margination con-
sidered here, the curvature-based mechanism will affect both the RBCs
and the CC.

In a tortuous microvessel which bends back and forth, the local
curvature oscillates along the length of the vessel. For a single CC with-
out RBCs, the corresponding shift of the location of minimum shear
on the cross section will cause the CC to laterally migrate back and
forth to the vessel side with higher local curvature [Fig. 2(c)]. A sus-
pension of highly deformable RBCs will also laterally migrate following
the local curvature, and the cumulative effects of this behavior and the
cell-cell interactions result in locally varying and asymmetric CFL
shapes with CFL thickness being smaller on the side of the vessel with
higher curvature."® The CC margination observed for the tortuous
microvessel essentially results from a superposition of these two sce-
narios. Isolating behavioral differences compared to a straight tube can
be conceptualized by first considering an underlying mechanism pre-
sent in both morphologies. Namely, for CC flowing with a suspension
of highly deformable RBCs, regardless of the vessel shape the RBCs
will tend to displace the CC toward the margins of the vessel. If vessel
curvature is subsequently considered, the additional curvature-derived
mechanism driving lateral migration will be present. The observations
in the current work elucidate a complex integration of these contribu-
tors and over a range of conditions.

RBC aggregation is not considered in the current work. While
this phenomenon has been shown to enhance CC margin-
ation,””">17°%°! a5 mentioned works have shown this phenomenon is
not necessary for a CC to marginate and the current findings confirm
this observation for the tortuous microvessel considered. The means
by which RBC aggregation affects margination in a tortuous microves-
sel, however, represents an important physiological question. Owing to
the computational cost of the 3D cell-resolved simulations and the
parameter space increase needed to include aggregation, here we have
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focused purely on the hydrodynamic mechanisms. Future work is war-
ranted to quantify the role played by aggregation. In a similar spirit, we
also do not consider CC adhesion. Such omission is in part due to
computational cost, but also importantly in order to elucidate margin-
ation behavior solely due to fluid mechanics-derived cell-scale behavior
and interactions. Such findings provoke future studies modeling CC
adhesion in RBC-resolved tortuous in vivo microvessels to address
important physiological questions related to probable CC attachment
sites, associated cell-scale dynamics, and connections to specific micro-
vessel morphologies.

The model employed for the CC neglects viscoelasticity. While
incorporating viscoelasticity could improve the fidelity of the model,
we do not feel the scale of this improvement would change any of the
main conclusions of this work. Recent works that have demonstrated
viscoelastic behavior have considered, for example, squeezing through
microfluidic devices,””" atomic force microscopy (AFM) probing
in vitro,” or cell motility in tissue,””* which are more related to the
relatively slow migration of cells through highly confined environ-
ments. Under these circumstances, the CC undergoes relatively large
deformations and over different timescales compared to the current
work where our focus is on CC transport behavior with a suspension
of RBCs flowing through a microvessel. Under the conditions that we
consider in the current work, our CC model is sufficient to predict the
margination phenomena and our straight tube results agree with that
of others.'” We also note that, when considering CC transport behav-
ior, recent work’" has shown how this type of CC model can recreate
transport behavior of specific cancer cell lines without requiring visco-
elasticity, further justifying the reasonable use of this model in the cur-
rent work.

V. SUMMARY AND CONCLUSIONS

This work has presented quantification and analysis of CC mar-
gination in a tortuous microvessel digitally reconstructed based on
in vivo images. To our knowledge, this is the first study to elucidate
margination behavior under such conditions based on 3D RBC- and
CC-resolved simulations. First, in the absence of RBCs, we show how a
CC laterally migrates in response to local vessel curvature. While such
behavior is expected based on recent work,”*”” the degree to which it
occurs for the tortuous microvessel studied here importantly suggests
that in smaller diameter microvessels, tortuosity can provide a means
for a CC surface to reach the endothelium even without RBCs. Next,
considering a range of physiological conditions typical of the microcir-
culation, detailed analysis shows how the CC is able to marginate for
all Hy and § ¢ cases considered. Through defining a local margination
plane unique to the complex vessel shape, we have quantified where
on the vessel cross section the CC tends to reside with respect to mar-
gination. Such data are used to elucidate how the hemodynamic condi-
tions coupled with the tortuosity cause the degree of CC margination
to generally increase with Hy (10%-30%) and decrease with }.¢ (25-
1005 "). Moreover, detailed calculation of the 3D CFL shape enabled
characterizing CC margination in terms of both entering the CFL vs
flowing immediately adjacent to the wall. Importantly, we observe that
once the CC surface reaches the CFL it will tend to remain there across
all conditions tested. Such characterization is physiologically important
with respect to elucidating potential for CC adhesion. Finally, the data
notably show how compared to margination behavior in a straight
tube, the presence of vessel tortuosity can have something of a balanc-
ing effect. On the one hand, at low Hr (10%), vessel tortuosity provides
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a mechanism enabling CCs to reach the wall. This extra wall-directed
movement either enhances the degree of CC margination compared to
a straight tube or, under some conditions, enables margination to
occur where it would not occur in a straight tube. On the other hand,
at higher Hy levels (20-30%) where margination can already easily
occur in a straight tube, tortuosity can slightly reduce the degree of
margination by temporarily pulling the CC away from the wall in
regions of high local curvature. Altogether, this work provides a new
characterization of the margination phenomenon by considering
microvessel tortuosity. The findings importantly establish a foundation
for future work investigating the causal roles played by microvascular
geometry, and further toward enabling prediction of CC transport and
attachment in the vascular tree.

SUPPLEMENTARY MATERIALS

See the supplementary material for provided which includes sim-
ulations of CC margination in a straight tube and validation.
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