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ABSTRACT The microvascular networks in the body of vertebrates consist of the smallest vessels such as arterioles, capil-
laries, and venules. The flow of red blood cells (RBCs) through these networks ensures the gas exchange in as well as the trans-
port of nutrients to the tissues. Any alterations in this blood flow may have severe implications on the health state. Because the
vessels in these networks obey dimensions similar to the diameter of RBCs, dynamic effects on the cellular scale play a key role.
The steady progression in the numerical modeling of RBCs, even in complex networks, has led to novel findings in the field of
hemodynamics, especially concerning the impact and the dynamics of lingering events when a cell meets a branch of the
network. However, these results are yet to be matched by a detailed analysis of the lingering experiments in vivo. To quantify
this lingering effect in in vivo experiments, this study analyzes branching vessels in the microvasculature of Syrian golden ham-
sters via intravital microscopy and the use of an implanted dorsal skinfold chamber. It also presents a detailed analysis of these
lingering effects of cells at the apex of bifurcating vessels, affecting the temporal distribution of plasmatic zones of blood flow in
the branches and even causing a partial blockage in severe cases.

SIGNIFICANCE Microvascular networks are major sites of gas exchange and nutrient transport to the tissues of the
body. The vessel dimensions in these networks can be compared to the size of red blood cells (RBCs), and therefore,
individual RBCs may alter the flow dynamics drastically. Because several pathological states are linked to the
perturbations of the blood flow in the microvasculature, a physical understanding of the impact of individual RBC dynamics
is crucial. This study analyzes the lingering phenomenon of RBCs at bifurcating vessels, obeying severe implications on
the distribution of subsequent RBCs up to a partial blockage of entire vessel branches. These effects have been well
described in silico; however, systematic studies in vivo are lacking.

INTRODUCTION microcirculation are in the range of the size of individual
red blood cells (RBCs), which highlights the importance
of the deformation ability of RBCs. Because of the overall
length of the microvasculature and the cross sections of
the vessels present, it is responsible for the largest resis-
tance and hence the largest dissipation of energy in the
blood flow (3-5). Because the microcirculation is
embedded in the tissues and ensures the perfusion of these
and the organs, any alteration in blood flow may have se-
vere consequences on the actual health state. Indeed,
several pathological states such as Alzheimer’s disease
are linked to the disturbance in the microcirculation
(6,7). Angiogenesis and angioadaptation are therefore
prone to fulfill the metabolic needs of the respective or-

The steady transport of nutrients to the tissues of the body,
as well as the delivery of oxygen, is crucial for the health
state of animals and humans. In unicellular living beings,
this task can be achieved by pure diffusion. However,
active transport is necessary to ensure this exchange in
vertebrates. This process is realized by the synergistic ac-
tion of the heart, blood, and vasculature (1). A key setting
is the pressure difference between the aorta and the vena
cava (2). In between, the microvasculature is present, con-
sisting of the smallest vessels such as the arterioles, cap-
illaries, and venules. The diameters of these vessels in the
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known (10,11). Compared with macrovascular blood flow,
effects arising from the particulate nature of blood are
more pronounced in the microcirculation. Considering
the volume fraction of RBCs in whole-blood suspensions,
the so-called hematocrit, a temporal heterogeneity, is
given in the capillary vessels contrasting a temporal ho-
mogeneity ubiquitous in large vessels such as arteries
(see Videos S1 and S2). Similarly, the vessel diameter
in which the blood flows has been found to have an impact
on the local hematocrit (12,13). This so-called Fahraus
effect can be explained by the lateral migration of RBCs
to the vessel centerline, leaving a cell-depleted layer close
to the vessel walls. As a result, RBCs obey a higher speed
on average in the Poiseuille profile than the bulk speed of
the plasma. In the seminal work by Fahreeus and Lindqvist
(14), the former effect could be identified as one of the
major causes of the dependence on the vessel diameter
of apparent viscosity in blood solutions. Apart from these
observations, phase separation in the microvasculature be-
comes apparent, leading to a nonhomogeneous distribu-
tion of RBCs within the vessels. This phase separation
is partially caused by the Fahreus effect, especially in
conjunction with bifurcations, although it is not the only
origin. The entirety of the described effects, highlighting
the significant impact of the biphasic composition of
blood, also shows the necessity of modeling blood in
this way.

Recent advances in the modeling of the microvasculature
in mammals have led to findings of the dynamics of RBCs,
as well as other cellular components, in silico. The
complexity of the networks in these studies ranges from
one symmetrical bifurcation (15,16) to the mimicking of
an anatomically accurate in vivo network consisting of an
interconnected mesh-like structure with various branches,
confluences, and bifurcations (17-20). In (20), such com-
plex networks have been investigated on a scale that both al-
lows for dense suspensions of RBCs as well as yielding
discrete data points of every single RBC, including their in-
dividual shape. As a result, deformation and dynamic char-
acteristics of RBCs in the vicinity of bifurcations have been
studied, leading to the observation of the so-called lingering
events. This phenomenon of RBCs resting at the apex of bi-
furcations is well known in physiology; however, to our
knowledge, no systematic studies have been carried out to
address this phenomenon. Further, the results found in
(20) are still unmatched by any means in vivo. Thus, this
study aims to elucidate the fundamental dynamics of these
lingering events in vivo. By means of intravital fluorescence
microscopy, it can extract position data out of flowing RBCs
in the microcirculatory system of hamsters. Additionally,
we have developed algorithms that allow to separate the ef-
fect of lingering on the flow of subsequent RBCs. Specif-
ically, we use this approach to show the impact of
lingering on the void duration, i.e., cell-deprived zones in
the bloodstream.

Lingering in Microvascular Blood Flow

MATERIALS AND METHODS
Permissions

All the conducted experiments were approved by the local government an-
imal protection committee (permission number: 25/2018) and were per-
formed in accordance with the German legislation on the protection of
animals and the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals.

Animal preparation

We briefly describe the necessary steps in the preparation protocol (for a
more detailed description, see (21)). Syrian golden hamsters (Mesocricetus
auratus) with a bodyweight of 60-80 g are equipped with a dorsal skinfold
chamber consisting of two symmetrical titanium frames with a total weight
of ~4 g. For this purpose, the animals are anesthetized, and from their de-
pilated and disinfected back, one layer of skin and subcutis with the panni-
culus carnosus muscle, as well as the two layers of the retractor muscle, are
completely removed within the area of the observation window of the
chamber. A total of five hamsters were prepared to neglect any interindi-
vidual effects and to observe different phenomena in various geometries.

Experimental setup

For intravital microscopic analyses of the microcirculation, the hamster is
anesthetized by an intraperitoneal injection of 100 mg/kg ketamine and
10 mg/kg xylazine, and 0.1 mL of the blood plasma marker 5% fluores-
cein-isothiocyanate (FITC)-labeled dextran (150 kDa; Sigma-Aldrich,
Taufkirchen, Germany) is injected into the retrobulbar venous plexus for
contrast enhancement. Subsequently, the animal is fixed on a stage, allow-
ing for horizontal positioning of the desired field of view under the objec-
tive of an upright microscope (Zeiss, Oberkochen, Germany), as previously
described for mice (22). Because of the geometry of the observation win-
dow (circular with a diameter of 10 mm) and the attached snap ring of
the chamber, the use of liquid immersion objectives is provided. To maxi-
mize the observation area, one ideally uses narrow objectives because the
objective may collide with the frame by examining an area close to the
boundaries of the observation window.

In this study, two different objectives are used: a water immersion objec-
tive for investigations of capillary blood flow with a magnification of 63 x
and an air objective with a magnification of 50x (both Zeiss). Its high
magnification allows for tracking and analyzing individual RBCs (e.g.,
the cell shape evolution while passing through confluences or bifurcations).
On the contrary, an air objective with increased working distance is used to
record blood flow in vessel geometries of bigger dimensions (enlarged field
of view) or embedded in deeper tissue layers. The recorded image series
consist of up to 6000 images, leading to a time coverage of 4-20 s depend-
ing on the actual frame rate of the camera (ORCA-Flash4.0 V3; Hama-
matsu Photonics K.K., Hamamatsu, Japan).

Image processing

Because of the inherent properties of a dynamical system, the amount of
fluorescent dye in the field of view is highly time dependent. This fact re-
sults in a flickering motion in the original footage. Histogram matching has
been applied for uniform white balance throughout the images and to sup-
press these flickering events. A Gaussian blur was then applied to despeckle
the images before applying a binary mask to disregard the background and
enhance the contrast of the image series. An example of this mask is de-
picted in Fig. 2, in which the original in vivo geometry can be found along
with the corresponding mask, created by averaging all images and tracing
the resulting mean image. Particle tracking has been carried out via a
custom-tailored MATLAB (The MathWorks, Natick, MA) script (see also
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(16,23)). By this technique, we were able to extract the position data of the
moving cells. We stress that because of abundant breathing movements, not
all images of a series can be analyzed, but rather are split into subseries of
images in which no displacements of the vessels are visible. However, alter-
ations in tissue thickness may lead to deficiencies in image quality. The
same holds for the fact that vessels are winding in a three-dimensional to-
pology, and thus, the focal plane will only capture a certain part of the ge-
ometry. Therefore, a complete automatized analysis is complicated and
possible in only some peculiar cases. For most analyses, manual adjust-
ments and evaluations must be carried out. Because the plasma in the ham-
sters is stained with a fluorescent dye, the apparent RBCs obey lower
brightness values than cell-free (plasma-rich) areas. From the correspond-
ing temporal brightness distributions, one can therefore define voids and
the passing RBCs. For uniform characterization of void durations 7, we bi-
narized the signal with respect to the mean value, i.e., all the signals above
the mean will be considered as void. In each branch, the mean passage time
or advection time of RBCs is determined and denoted by Trpc. For a better
comparison within a geometry, we seek to achieve a normalized void dura-
tion. Therefore, we have divided the calculated void durations by Tgpc in
the respective branch to achieve a normalization by the flow rate. These
normalized void durations are then sorted in ascending order to obtain
the empirical cumulative distribution function. We postulate this empirical
cumulative distribution function to be represented by a log-normal distribu-
tion function cdf(7 /Trpc),
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with the error function erf(+) and parameters 1 and . These parameters are
estimated based on our data set of void durations 7; using the maximal like-
lihood approach, yielding

1 & T;
i)

and

~2 1 XN: 1 Ti _AZ )
UﬁN—l. 8 TRBC K’ '

i=1

Probability density distributions of the normalized void durations are
given by differentiation of Eq. 1. The postulation of the log-normal distri-
bution of normalized void durations has been verified a posteriori by a Kol-
mogorov-Smirnov test. For the geometry in Fig. 2, the corresponding
cumulative densities of void durations are depicted in Fig. 3.

RESULTS

We analyze bifurcating vessels in the microvascular system
of hamsters (arterioles, capillaries, and venules) with vary-
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ing diameter and bifurcating angles (details are given in
the Materials and Methods). A typical scenario of a
lingering event is shown in Fig. 1, in which the temporal
evolution of a lingering RBC in an arteriolar bifurcation
has been recorded.

We analyzed a variety of different geometries and ham-
ster models (see Supporting Materials and Methods). Most
of the analyzed geometries exhibit one apex with two
branching vessels; however, we have presented here the
interesting data of the more complex geometry with four
apices and a total of seven branching vessels (see Fig. 2).

Based on the geometry depicted in Fig. 2, we calculate the
integrated brightness signal along a line perpendicular to the
respective centerline of the vessel.

To take the lingering into account, we further applied a
particle-tracking algorithm yielding trajectories of individ-
ual RBCs. Out of these tracking data, we can extract
detailed knowledge of the RBC speeds. Because a lingering
event is defined by an RBC resting at the apex of a bifurca-
tion, we analyzed the velocity data in a small region around
the apex of the respective bifurcation. If, in this region, the
speed of passing RBCs obeys a severe drop, we call this a
lingering event. The lingering duration is quantized as a
time interval when vggc < 30 um/s (see Video S3). This
value is significantly lower than that of typical cell speeds
in the microvasculature, which are in the range of vgpc =
100 um/s. In general, the tracked center of mass of resting
RBCs is limited to a precision of 200-300 nm because of
illumination changes. Taking into account that each image
captures a time interval of ~10 ms, we thus obtain speed
fluctuations of RBC of vggc = 20-30 um/s for resting
RBCs. We want to stress that the cause of this adaptation
is exclusively due to the experimental nature and does not
contradict a lingering event, as defined in (20).

In general, the combined application of both the analysis
of brightness signals and particle tracking is needed because
it cannot be guaranteed that the trajectories cover the whole
distance that the single RBCs are traveling because of
limited image resolution. On the other hand, the sole evalu-
ation of brightness signals along the vessel centerline will
not be sufficient to detect lingering events because of the
complex dynamics of RBCs at the apex. Thus, we used a
combination of both techniques in the sense that we
analyzed void durations by evaluating brightness signals.
Additionally, we used particle-tracking data to discriminate
lingering RBCs from nonlingering ones. If an RBC is
lingering at the bifurcation apex, then the preceding void

FIGURE 1 Time series of a lingering RBC at an
arterial bifurcation for a time interval of ¢ =
380 ms. The plasma was fluorescently labeled, and
therefore, RBCs appear as dark spots. At t = 0 ms,
an RBC is touching the apex of the bifurcation,
marked by the arrow. The cell starts to deform and

t = 380 ms

linger around this apex, leading to a partial blockage with decreased flow rate, as can be seen in the upper daughter vessel for all subsequent images. Finally,
the cell is detached from the apex at = 380 ms. The scale bar represents 10 um in width. Additional data are provided in Fig. S2.
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FIGURE 2 (a) Results of particle tracking of
RBCs in the given geometry. The flow is coming
from top (mother vessel “M” in b) and exits in all
other branches. The color bar corresponds to the
tracked speeds, and depicted is the superposition
of 500 tracks. (b) Snapshot of the geometry with
flowing RBCs (red) is given. To enhance the contrast
and visibility, false color images are shown. The
daughter branches are labeled in ascending order
from rightmost to leftmost and will be referred to
in the main text. (¢) Distribution of voids within a
branch (1) of a bifurcation is shown. The graph cor-
responds to the measured integrated intensity along
a perpendicular line segment with respect to the
centerline of this branch (red line segment in branch
(1) in b). Values above the mean value (red dash-
dotted line) can be regarded as voids, i.e., an absence
of cells, whereas values below the mean value corre-
spond to passing cells. On average, voids have a
duration of approx. 100 ms; however, because of partial blockage caused by lingering RBCs, void formation can exceed multiple times the average duration,
as can be seen at ¢ = 4.7s, at which a void with a duration of 350 ms is formed. (d) Probability density function of the signal intensities from (c) is shown with
according mean value (red dash-dotted line). Because of the pronounced bimodal distribution of signal intensities, the mean value serves as a robust
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threshold for determining voids from RBCs. The ordinate is identical to the one in (c). To see this figure in color, go online.

downstream will be associated with this lingering event.
Because of experimental restrictions, we have to deal with
not all visible parts of a given vessel being situated in the
focal plane because they are exploiting a three-dimensional
topology. To overcome this drawback, we obtained the pre-
viously described cumulative brightness signal at a vessel
segment that is in focus and thus corrected for the spatiotem-
poral shift of lingering RBCs at the bifurcation apex and the
influence on the flow field thereof at a position further down-
stream. This shift is computed by the average flow speed in
the vessel segment. As a result, the impact of distinct
lingering scenarios can be associated with the formation
of voids at a given position in the daughter branches.

Using the maximal likelihood approach, we estimated the
parameters of our empirical distribution, cf. Materials and
Methods. In Fig. 3, the good agreement between the data
set and the estimated cumulative distribution function is
shown. The corresponding probability density functions of
voids for the geometry in Fig. 2 are given in Figs. 4 and
5, respectively.

In the first case, only void durations associated with non-
lingering events were taken into account, whereas void du-
rations exclusively associated with lingering events were
taken into account in the latter case. By comparing the
graphs for each branch in both the figures, the influence of
lingering on the void durations is obvious. In Fig. 4, the me-
dian values of the empirical probability distribution for all
graphs are narrowly distributed. In contrast with this state,
for voids associated with lingering events (Fig. 5), we find
a shift of medians toward higher void durations. A severe
case of this observation can also be seen in the inset graph
of Fig. 5, in which the median void duration was more
than double in the lingering case with respect to nonlinger-
ing events.

In addition to the probability densities of void durations,
we can also define a so-called lingering frequency as the
fraction of voids not associated with lingering events and
the total number of occurring voids in a branch of the
network. Fig. 6 shows the calculated lingering frequencies
of all the analyzed vessels in relation to the normalized
mean flow rate in the respective vessel. The normalization
factor is given by the mean flow rate of the mother or
feeding vessel, which is equal to the sum of the flow rates
of all draining vessels due to the incompressibility of the
fluid. Even though the size of RBCs is comparable to the
apparent vessel diameters, their speed may serve as a
good approximation of the mean speed of the surrounding
fluid (plug flow); hence, we find

Q = 4V /At = Avpia=A Irsc/Trae, 3)

with the time-averaged flow rate Q, the volume element 4V,
the cross-sectional area A, mean speed of the fluid vg;q, the
length of the major axis of the circumscribing ellipse of
RBCs Irpc, and the average cell passage time Trpc, as intro-
duced in previous paragraphs. Among all the investigated
pairs of bifurcating vessels, we find the lingering frequency
to be higher in the one with lower flow rates with respect to
its counterpart with a higher flow rate.

So far, the void durations have been analyzed to elucidate
the effect of lingering on the distribution of flowing RBCs
upstream the bifurcation apex. A more intuitive observable
in the context of hemodynamics is the tube hematocrit Hr,
and a mapping between these two observables can be
derived based on Eq. 3 as

__ Vege _ 1
Viec + Vioia 1+
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FIGURE 3 Cumulative distribution functions of void durations 7 for all
branches of the geometry in Fig. 2. The temporal length of the voids is here-
by scaled for each branch by the average time of a RBC to pass, Trpc. The
data points correspond to measured void durations, whereas the solid line
corresponds to the respective log-normal distributions with estimated pa-
rameters 1 and @, as in Eq. 1. To see this figure in color, go online.

with the volume fractions Vggc of RBCs and V, ;4 of voids,
respectively. Besides the intuitive perception of a meso-
scopic hematocrit, we favor a truly microscopic observable
such as the void durations because crucial information of in-
terspatial distance is easily accessible by the void distribu-
tions yet missing in the hematocrit picture.

Apart from lingering at bifurcations, RBCs may also
deform in the vicinity of branches, i.e., bifurcations or con-
fluences. Although lingering implies the strong interaction
of the vessel walls, the sole presence of junctions may
induce shape changes for approaching or distancing
RBCs. The main difference is the reduction of the speed,
which is significant in the case of lingering but adapted to
the flow rates in the respective branch in the latter case,
although slight deviations may occur. To analyze the spatio-
temporal evolution of this deformation, we calculated the
circumscribing ellipse for each individual RBC for all
consecutive images, yielding both the centroid position as
well as the eccentricity of the cell, given as the ratio of
the distance between the two foci and the length of its major
axis. Fig. 7 shows the measured eccentricity values for the
flowing RBCs in the confluence-bifurcation geometry,
both individually as well as the average curve (see Video
S4). The corresponding geometry exhibiting both a bifurca-
tion and a confluence is shown as an inset of Fig. 7. From the
average curve, one can clearly see the transition of cell
shapes RBCs undergo while flowing. At the position of
the confluence apex x., the mean eccentricity exhibits the
global minimum, implying the roundest obtained shape.
Similarly, at the position of the bifurcation apex x, the
mean eccentricity exhibits a local minimum, indicating a
transformation from an elongated to a more spherical shape
when approaching the apex and again elongating when
entering one daughter branch.
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FIGURE 4 Probability density functions of void durations for all
branches as in Fig. 3 in the case of nonlingering events. The temporal length
of the voids is hereby scaled for each branch by the average time of a RBC
to pass, Trpc. Median values obtained from estimated parameters in Eq. 2
are indicated by solid circles in the respective color code. To see this figure
in color, go online.

DISCUSSION

Because we analyzed the void formation downstream in a
bifurcating vessel geometry, the apparent increase in median
void durations originates from two possible scenarios. One
contribution is given by the redistribution of consecutive
RBCs into the adjacent daughter vessel. The second contri-
bution is given by a change in void speed due to an altered
flow rate in the vessel that has an impact on the temporal
void duration. In the latter case, the spatial distance between
the consecutive RBCs would be sustained, outmatching the
observed state. Indeed, by considering the standard devia-
tion of the speeds of passing RBCs in a vessel, variations
of the flow rates are negligible. Thus, temporal void dura-
tions and spatial void lengths are highly correlated, and
this implies a breakup of clusters of RBCs approaching a
bifurcation apex. The term cluster hereby implies the state
of RBCs moving in a chain in which the intercellular dis-
tance is on the order of the cellular size, where hydrody-
namic interactions are abundant (24,25). However, we
emphasize that the increase of the median void durations
in the case of lingering RBCs does not hold for all the
analyzed geometries (see Supporting Materials and
Methods).

Cases not showing the reported median increase of
lingering associated voids can be explained regarding the
heterogeneity of RBCs in the overall blood flow within
the microvasculature. When cellular effects become more
pronounced as the vascular dimensions decrease, the hetero-
geneity of the blood flow increases. One of the effects
associated with this increase in heterogeneity is the Zwei-
fach-Fung effect, leading to a disproportionate partitioning
of cells at a bifurcation (26,27). Subsequently, the distribu-
tion of RBCs, and thus voids, is highly heterogeneous, as the
irregular distributions of RBCs in a feeding vessel are then
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FIGURE 5 Probability density functions of scaled void durations for all
branches if only lingering events are taken into account. We define a
lingering event to occur if the speed of an RBC is lower than vggc < 30
pm/s in the vicinity of a bifurcation apex. The legend is identical to the
one in Fig. 3. The inset graph refers to the geometry depicted in Fig. |
and shows both the probability densities in the case of lingering and non-
lingering, respectively to represent extreme cases of the median shift. Addi-
tional information about this geometry can also be found in Fig. S2. Filled
circles in matching colors denote median values of normalized void dura-
tions, obtained from estimated parameters in Eq. 2. To see this figure in co-
lor, go online.

subdivided into irregular distributions in the daughter ves-
sels. These heterogeneous distributions of cells and voids,
respectively, are mirrored in our data, and this heterogeneity
manifests in the long tails in the probability density func-
tions. Yet, because lingering events are always caused by
the presence of RBCs, the median durations for those
lingering associated voids are then decreased with respect
to the nonlingering associated voids.

Further, we also notice a suppression of very short void
durations, as can be seen from the comparison of Figs. 4
and 5. To quantify this statement, we calculated the proba-
bilities for void durations being less than 0.5 Tgrpc. In the
case of nonlingering, integration of the corresponding prob-
ability densities yields for the probabilities P(Tyoiq < 0.5
Trec) = {0.23, 0.47, 0.38, 0.31, 0.45, 0.27, 0.40}, i € {1,
..., 7}, where i denotes the branch identifier according to
Fig. 2. Similarly, we obtain Pi(Tyoia < 0.5 Trpc) = {0.02,
0.30, 0.00, 0.03, 0.01, 0.46, 0.10}, i € {1, ..., 7}, with the
probabilities P; in the case of lingering. If one compares
these values for each branch, it is obvious that void dura-
tions less than or equal to 0.5 Trpc are suppressed drasti-
cally in all but i = 6.

In some of the graphs showing the probability densities of
the void durations, rather long-tailed distributions are pre-
sent. We stress that these tails arise inherently because of
the heterogeneous distribution of RBCs in the microvascular
networks, leading to cell-depleted sequences in branches
and thus long void durations in absence of lingering cells.

One crucial question is the dependence of the lingering
frequency on the flow properties. Fig. 6 indicates a
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FIGURE 6 Lingering frequencies of the detected voids in relation to the
normalized mean flow rate in a distinct vessel. The lingering frequency is
hereby defined as the fraction of the void count associated with a lingering
event and the total void count in the vessel. Further, we define the normal-
ized mean flow rate as a fraction of the flow rate in a daughter vessel Q; and
the mother vessel Qy. Identical color codes belong to pairs of vessels
branching from the same apex; the dashed lines connect the data points
of vessels. The unique identifiers for the data points of the lingering fre-
quency are blue for branches (1) and (2), green for branches (4) and (5),
and pink for branches (6) and (7), respectively. To see this figure in color,
go online.

decreased frequency for the branch with the higher flow
rate with respect to the adjacent vessel.

This correlation is coincident with predictions from the
Zweifach-Fung effect (26), stating that of adjacent bifur-
cating vessels, the one with the higher flow rate is entered
by relatively more RBCs than its counterpart. The latter
vessel thus obeys a decreased hematocrit. The underlying
principle of this phenomenon, however, is based on the sta-
tistical partitioning involving a skewed force balance of par-
ticles at the apex. Yet, an intricate interaction of the RBC
when attached to the apex is not considered. The “classical”
RBC partitioning is therefore underestimating the dispro-
portionate hematocrit partitioning. We rather assume that
because of the increased void durations for lingering associ-
ated voids, in conjunction with the increased lingering fre-
quency, the hematocrit in the branch obeying the lower
flow rate is even further decreased because of the lingering
effect. Qualitatively, these findings match the underpredic-
tion of the classical cell partitioning in silico (28), in which
the finite sizes of RBCs and interactions with both the endo-
thelium and other RBCs are identified as a main cause for
this result. Recent investigations on bifurcating blood flow
in vitro indicate a strong dependence of the RBC partition-
ing on cell deformability and hematocrit (29,30). Currently,
in vitro experiments on a scale <10 um addressing network
effects are rare because of the complexity of the fabrication
procedure. Nonetheless, there has been significant progress
in mimicking realistic microvascular networks in vitro and
addressing partitioning of RBCs in subsequent bifurcations
(31) and dilating vessels (32,33). Albeit most results from
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these in vitro experiments show a good to very good agree-
ment with the corresponding outcome in silico, the lingering
of cells at bifurcations remain rare events in vitro, and there-
fore, no systematic studies exist with a focus on this topic.
We attribute this scarcity of lingering phenomena in vitro
to the fact that bifurcation apices are typically less smooth
in artificial networks than in their counterparts in vivo and
to the complex interaction of cellular compounds with the
endothelial walls of the vessels (34).

So far, we have focused on the impacts of lingering RBCs
on the microvascular blood flow in vivo. However, the phys-
ical prerequisites to obey lingering have not been discussed
yet. RBCs obey an inner network of spectrin fibers, as they
are responsible for their biconcave shape at rest. Because of
the flexibility of this spectrin network, RBCs can pass
through constrictions much smaller than their size at rest
(35,36). Yet not only do constrictions alter the shape of
RBCs, but so does the complex structure of the vascular
network itself, exhibiting merging and bifurcating vessels.
The shape of RBCs undergoes a characteristic deformation
when approaching the apex of a bifurcation or a confluence,
respectively (cf. Fig. 7). Recently, this behavior was repro-
duced in silico for a varying number of passing cells (15).
Whereas this alteration of the shape is due to increasing or
decreasing confinements depending on the geometry, it is
responsible for the observed lingering behavior. Particles
such as hard spheres obey a less severe coupling with the
fluid, and we assume the deformation and the strong fluid-
cell interaction of RBCs is the major cause of lingering (37).

CONCLUSIONS

We used cutting-edge intravital microscopy in conjunction
with a combined sophisticated signal processing algorithm
and particle tracking to obtain detailed information of flow-
ing RBCs in living hamster models. Based on these data, we
define and detect so-called lingering events, i.e., RBCs
resting at a bifurcation apex of branching vessels. We
show that these lingering events particularly cause a redistri-
bution of subsequent RBCs in the adjacent daughter vessels
and lead to a breakup of trains of RBCs. We further analyze
the ratio of lingering cells and all traversing RBCs, the so-
called lingering frequency, which is found to be higher in
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FIGURE 7 Eccentricity ¢ of RBCs as a function
of the centroid position within the geometry shown
as the inset. The eccentricity is hereby calculated
as the ratio of the distance between the two foci
and the length of its major axis of an ellipse with
identical second moments for each individual RBC
for all consecutive images. The thick red solid line
represents the average of all individual graphs
(thin lines). For the analysis, only single RBCs are
considered, whereas trains of flowing RBCs are ne-
glected. The offset of the centroid position is chosen
in a way that the bifurcation apex x; is at position
zero. To see this figure in color, go online.

the branching vessel with the higher flow rate compared to
the adjacent vessel. This frequency imbalance can be ex-
plained intuitively from the disproportionate partitioning
of RBCs at bifurcations, the Zweifach-Fung effect. Together
with the median increase of lingering associated void dura-
tions, we consequently find a decreased hematocrit in the
daughter vessel exhibiting a lower flow rate. All the pre-
sented results of our study show a good qualitative agree-
ment with the in silico results in (20), although, in
contrast to the well-defined boundary conditions in silico,
the major experimental drawback is the limited insight
into the whole model system. These limitations are given
by a limited field of view and the sheer complexity of the
living hamster model and all its parameters. We therefore
had to focus on those structures for which both the image
quality and the physical properties are suited to be analyzed.
Nevertheless, we can assess the impact of lingering RBCs
on the flow behavior of subsequent cells in vivo. We can pro-
vide evidence to show that these lingering events cause a
breakup of trains of RBCs as well as redistribution in the
branching vessels. Even though these effects seem to be
rather fine grained, the impact on the whole organism may
be severe, given the importance of blood flow to the health
state.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2020.12.012.
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This supplementary material is structured as follows: In section S1, an overview of all
geometries found in investigated hamster models and the binarized mask of the bifurcating
vessel system is shown as well as the probability densities of the corresponding void durations.
We emphasize that, although the total recorded dataset comprises more geometries, the shown
ones are the only scenarios suitable for application of a single particle tracking due to the image
quality. Section S2 is the caption of the corresponding movie being provided as a separate video
file. Section S3 is the movie caption of a video illustrating the integrated intensity signal over
time. In section S4 the movie caption is given for the video file that illustrates the lingering
algorithm for two tracked RBCs in the microvasculature. Section S5 shows the deformation
behavior of RBCs approaching an apex. All datasets and algorithms are provided upon request
upon the author.

S1 Additional lingering geometries

S1.1 Geometry 1

The presented geometry in Fig. 1 consists of one feeding vessel (M) and two daughter vessels,
with vessel (1) being the only one in the focal plane and thus the developed particle tracking
algorithm is applicable. As the lingering frequency, njinger, we define the fraction of voids
associated with a lingering event and the total number of voids detected in the respective
branch. For the given geometry, we find n jinger = 0.13. Similarly to the technique in the main
article we find for the probabilities of void durations less or equal than half the mean passage
time of RBCs, P; (7yoiq < 0.5 7rpc) = 0.44. By only considering such voids associated with
lingering scenarios, we find for the corresponding probabilities Py (Tyoig < 0.57rpc) = 0.02. This
reflects the observations from the geometry in the main article, where suppression of short void
durations due to lingering takes place as well. However, in the case of non-lingering events,
larger voids are detected as can be deducted from the tails of the probability density functions.
One contribution to these long void durations is the heterogeneous distribution of RBCs in
the microvascular system, leading to highly irregular spaced distances between RBCs. The
diameter of the vessel is measured as d; = 2.9 um at the position of intensity measurements.
Due to experimental restrictions, neither the flowrate in the mother vessel can be obtained nor
the flowrate in the second draining vessel, and thus, we cannot provide a normalized flowrate
of vessel (1).
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Figure 1: (left) Binary mask (evaluated manually), according to the geometry in vivo. The flow
is coming from the mother vessel (M) and exits in the two daughter branches. (right)
Normalized void durations associated with non-lingering events in vessel (1) (dashed
line) and for lingering events (solid line). In both cases, the normalization has been
obtained by the mean of all passing RBCs in the respective branch. This normalization
corresponds to normalization by the flowrate. Respective median values are marked
by filled circles.

S$1.2 Geometry 2

Analogously to the analysis conducted in the previous geometry we obtain a lingering frequency
of 11 linger = 0.83 whereas the second daughter vessel again is not suitable for analysis in Fig. 2.
The calculated probabilities yield P; (Tyeig < 0.5 7rpc) = 0.33 and Py (Tyoid < 0.57rpc) = 0.00,
resp. One can see out of the given void durations for both the lingering and the non-lingering
case that short void durations are suppressed in the case of lingering due to redistribution of
consecutive RBCs and a spatial distancing between consecutive RBCs. The measured diameter
of the vessel is d; = 2.8 um, evaluated at the position of intensity measurements. As in the
previous case, due to experimental restrictions flowrates are not provided.
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Figure 2: (left) Binary mask (evaluated manually), according to the geometry in vivo. The flow
is coming from mother vessel (M) and exits in the two daughter branches. (right)
Probability densities of normalized void durations associated to non-lingering events
in vessel (1) (dashed line) and for lingering events (solid line). In both cases, the
normalization has been obtained by the mean of all passing RBCs in the respective
branch. This normalization corresponds to a normalization by the flowrate. We stress
that, in the second daughter vessel, RBCs do not travel in a file but rather in a very
dense suspension, not allowing for any further analysis on lingering. Respective
median values are marked by filled circles.

S$1.3 Geometry 3

For the geometry depicted in Fig.3 we calculate the lingering frequencies as n;jinger =
{0.07,0.20}, with i € {1, 2} referring to the vessel identifier. The calculated probabilities yield
Pi (Tyoid < 0.57rpc) = {0.51,0.22} and P; (1yeiq < 0.5 7rec) = {0.06,0.03}, resp. Also, the me-
dian void duration is increased in the case of lingering events. The vessel diameters yield
d; = {4.1,3.5} um, with corresponding normalized flowrates ¢; = Q;/Qwm = {0.73,0.27}. This

“_r

geometry is linked to the unique identifier “»” in Figure 6 of the manuscript.
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Figure 3: (left) Binary mask (evaluated manually), mimicking the geometry in vivo. The flow
is coming from the lower left corner (M) and exits in the two daughter branches
as denoted in the sketch. (right) Probability densities of normalized void durations
associated to non-lingering events in vessels (1) and (2) (dashed lines) and for lingering
events (solid line). In both cases, the normalization has been obtained by the mean of
all passing RBCs in the respective branch. Respective median values are marked by

filled circles.

S$1.4 Geometry 4

The obtained probabilities of void durations 7 to be 7,4 < 0.57gpc is given by
P; (Tyoid < 0.5rpc) = {0.45,0.59} in the case of non-lingering events and P; (Tyoid < 0.5 7rpc) =
{0.37,0.34} in the case of lingering events, with i € {1, 2} referring to the vessel identifier as
depicted in Fig. 4. For the lingering frequencies we find n; jinger = {0.69, 0.42}, with the corre-
sponding measured vessel diameters d; = {3.1, 3.6} um at the position of the signal evaluation.
Corresponding average flowrates are determined as ¢; = Q;/Qm = {0.39,0.61}. This geometry
is linked to the unique identifier “¢” in Figure 6 of the manuscript.
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Figure 4: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the upper right corner (M) and exits in the two daughter
branches (1) and (2), resp. as denoted in the scheme. Respective median values are

marked by filled circles.



S$1.5 Geometry 5

The obtained probabilities of void durations 7 to be 7,,q < 0.57rec is given by
P; (Tyoid < 0.57rpc) = {0.08,0.01} in the case of non-lingering events and P; (Tyoid < 0.5 TrpC) =
{0.00, 0.00} in the case of lingering events, with i € {1, 2} referring to the vessel identifier as
depicted in Fig. 5. For the lingering frequencies we find n; jinger = {0.18,0.06}, with the corre-
sponding measured vessel diameters d; = {3.9,4.2} um at the position of the signal evaluation.
The mean flowrates yield ¢; = Q;/Qm = {0.31,0.69}. This geometry is linked to the unique
identifier

“" 7o

in Figure 6 of the manuscript.
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Figure 5: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the upper right vessel (M) and exits in the two daughter
branches (1) and (2), resp. as denoted in the scheme. Respective median values are
marked by filled circles.

S$1.6 Geometry 6

For the geometry depicted in Fig.6 we calculate the lingering frequencies as n; jinger =
{0.39,0.22}, with i € {1,2} referring to the vessel identifier. The calculated probabilities
yield P; (Tvoid < 0.5 TRBC) = {0.21,0.41} and ]5Z (Tvoid < 0.5 TRgc) = {0.09,0.18}, resp. Also,
the median void duration is increased in the case of lingering events. Vessel diameters yield
d; ={2.9,3.3} pm and we find for the normalized mean flowrates ¢; = Q;/Qm = {0.31,0.69}.

“”_r7

This geometry is linked to the unique identifier “¢” in Figure 6 of the manuscript.
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Figure 6: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the lower left corner (M) and exits in the two daughter
branches (1) and (2), resp. as denoted in the scheme. Respective median values are
marked by filled circles.

$1.7 Geometry 7

For the geometry depicted in Fig.7 we calculate the lingering frequencies as n;jinger =
{0.28,0.36}, with i € {1, 2} referring to the vessel identifier. The calculated probabilities yield
P; (Tyoid < 0.57rpc) = {0.55,0.55} and P; (Tyeig < 0.57rpc) = {0.32,0.49}, resp. to find void
durations less than half the mean passage time of RBCs. Also, the median void duration is
increased in the case of lingering events. We again find the vessel with the smaller diameter
obeying a higher lingering frequency compared to the bigger vessel, since the vessel diameters
yield d; = {3.1,2.9} ym, with average normalized flowrates ¢; = Q;/@Qm = {0.59,0.41}. This

£“ 7

geometry is linked to the unique identifier “+” in Figure 6 of the manuscript.
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Figure 7: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the lower left corner (M) and exits in the two daughter
branches (1) and (2), resp. as denoted in the scheme. Respective median values are
marked by filled circles.

S$1.8 Geometry 8

For the geometry depicted in Fig.8 we calculate the lingering frequencies as n;jinger =
{0.74,0.72}, with i € {1, 2} referring to the vessel identifier. The calculated probabilities yield



P (Tyoid < 0.57rpc) = {0.34,0.34} and P; (Tyoiq < 0.57rpc) = {0.46,0.37}, resp. to find void
durations less than half the mean passage time of RBCs. Although vessel (2) shows similar
behavior to the previous results of various geometries, vessel (1) shows opposite behavior. There,
the median of void durations not associated to lingering events is increased compared to the
lingering case. By further inspection, RBCs travel highly heterogeneous in vessel (1), leading to
long RBC depleted zones and thus causing long tails in the probability density distribution of
voids. Diameters of both vessels have been determined to d; = {3.3,2.9} um and mean flowrates
are determined as ¢; = Q;/Qm = {0.43,0.57}. This geometry is linked to the unique identifier
“#” in Figure 6 of the manuscript.
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Figure 8: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the upper right corner (M) and exits in the two daughter
branches (1) and (2), resp. as denoted in the scheme. Respective median values are
marked by filled circles.

$1.9 Geometry 9

Of all analyzed geometries, the one depicted in 9 is the only one where no lingering events occur
(we recall that a lingering event takes place according to the main article, if the velocities of
RBCs yield vgpc < 30 um/s in a circular region around the bifurcation apex. Thus, n; jinger =
{0.00,0.00}, i € {1, 2} referring to the vessel identifier. The diameters of the vessels are d; =
{2.2,2.9} ym at the position of the brightness signal evaluation.



08 T T T T

- = = = branch 1, non-lingering
branch 2, non-lingering
0.6 + 1
S 04
Q : , -~ < -
’ So
4 h
/4 TS
02+ , .. 8
] S~~o
L R
25 S
O ° 1 1 1 I
0 1 2 3 4 5

Figure 9: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the lower left corner (M) and exits in the two daughter
branches (1) and (2), resp. as denoted in the scheme. Respective median values are
marked by filled circles.

$1.10 Geometry 10

For the geometry depicted in Fig.10 we calculate the lingering frequencies as n; jinger =
{0.79,0.80}, with i € {1, 2} referring to the vessel identifier. The calculated probabilities yield
F; (Tvoid < 0.5 TRBC) = {0.29,0.00} and ]5@ (Tvoid < 0.5 TRBC) = {0.44, 0.44}, resp. to find void
durations less than half the mean passage time of RBCs. For vessel (1), the peak of the proba-
bility density is shifted towards longer void durations in the case of lingering with respect to
non-lingering events. However, vessel (2) shows opposite behavior, which we conjecture to be a
result of highly heterogeneous RBC distributions entering this branch. We measure equal linger-
ing frequencies, as well as similar mean flowrates in both branches, ¢; = Q;/Qwm = {0.55,0.45}.
The vessel diameters yield d; = {4.6, 3.4} ym. This geometry is linked to the unique identifier
“w” in Figure 6 of the manuscript.
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Figure 10: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the upper right corner (M) and exits in the two daughter
branches (1) and (2), resp. as denoted in the scheme. Respective median values are
marked by filled circles.



S1.11 Geometry 11

For the geometry depicted in Fig.11 we calculate the lingering frequencies as 7 jinger =
{0.44,0.37}, with i € {1, 2} referring to the vessel identifier. The calculated probabilities yield
P; (Tyoid < 0.57rpc) = {0.21,0.44} and P; (1yoig < 0.57rpc) = {0.03,0.19}, resp. to find void
durations less than half the mean passage time of RBCs. Also, the median void duration is in-
creased in the case of lingering events with respect to non-lingering events. The vessel diameters
yield d; = {3.6,2.8} um.
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Figure 11: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the upper right corner (M) and exits in the three daughter
branches. However, due to image quality, only vessels (1) and (2), resp. are suited for
analysis. Respective median values are marked by filled circles.

$1.12 Geometry 12

For the geometry depicted in Fig.12 we calculate the lingering frequencies as 7 jinger =
{0.11,0.11}, with ¢ € {1, 2} referring to the vessel identifier. The calculated probabilities yield
P; (Tyoid < 0.57rpc) = {0.17,0.14} and P; (1yeiq < 0.57rpc) = {0.04,0.02}, resp. to find void
durations less than half the mean passage time of RBCs. Also, the median void duration is in-
creased in the case of lingering events with respect to non-lingering events. The mean flowrates
in both branches are fairly similar, ¢; = Q;/Qm = {0.55,0.45}, and again we measure equal
lingering frequencies. Vessel diameters are measured as d; = {2.9,2.3} um. This geometry is
linked to the unique identifier “v” in Figure 6 of the manuscript.
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Figure 12: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the lower left corner (M) and exits in the two daughter
branches (1) and (2), resp. as denoted in the scheme. Respective median values are

marked by filled circles.

$1.13 Geometry 13

For the geometry depicted in Fig. 13 we calculate the lingering frequency as n; jinger = {0.04}.
The calculated probabilities yield P; (Tyeig < 0.5 7rpc) = 0.35 and Py (Tyoid < 0.57rpc) = 0.01,
resp. to find void durations less than half the mean passage time of RBCs. Also, the median
void duration is increased in the case of lingering events with respect to non-lingering events.
Due to experimantal restrictions, only vessel (1) can be analyzed properly. The diameter of this
vessel is measured to be d; = 2.7 um.
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Figure 13: (left) Binary mask (evaluated manually), according to the geometry in vivo. The flow
is coming from mother vessel (M) and exits in the two daughter branches. However,
due to the focal plane, only vessel (1) is suitable for detecting RBCs. (right) Normal-
ized void durations associated to non-lingering events in vessel (1) (dashed line) and
for lingering events (solid line). In both cases, the normalization has been obtained
by the mean of all passing RBCs in the respective branch, yielding a normalization by
the flowrate. Respective median values are marked by filled circles.
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S$1.14 Geometry 14

Of all RBCs observed flowing in the case of the geometry depicted in Fig. 14, only 2 showed
lingering behavior. Thus the fraction of lingering cells is within the given accuracy vanishing,
N1 linger = 10.00}, and we also do not show the probability density distribution of two single
voids. However, for the sake of completeness we provide the probability densities of voids
caused by all non-lingering events. P; (7yig < 0.5 7rpc) = 0.04 and the vessel diameter is given
as d; = 3.4 um.
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Figure 14: (left) Binary mask (evaluated manually), created according to the geometry in vivo.
The flow is coming from the lower left corner (M) and exits in the two daughter
branches. Due to image quality, only vessel (1) is suited for analysis. Respective
median values are marked by filled circles.

S2 Movie caption

Temporal evolution of microhematocrit evaluated in the red rectangle. The underlying geometry
is identical to the one in Fig. 2 in the main manuscript. The highly heterogeneous behavior of
the hematocrit value is contrasting the constant hematocrit value found in big vessels, such as
e.g. arteries and originates from the particulate nature of blood and resulting heterogeneous
distributions of RBCs within the microvascular system.

S3 Movie caption

Intensity signal for the geometry discussed in the main manuscript (cf. Fig. 2 therein). The graph
corresponds to the measured cumulative intensity along a perpendicular line segment with
respect to the centerline of this branch, indicated by the red line segment in the top part. Values
above the mean value can be regarded as voids, i.e. an absence of cells, whereas values below
the mean value correspond to passing cells.

S4 Movie caption

Two tracked RBCs with marked centroid positions and circumscribing ellipses. Whereas the
RBC marked in red does not exhibit velocities below vgrpc < 30pum/s at any time and therefore is
not considered to show lingering behavior, the cell marked in green does obey velocities below
the lingering velocity. Further, the circular region around the bifurcation apex is marked by a red
dashed line, in which the velocity has to be less than vgpc for being associated with a lingering
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event. The red dashed line in the graph denotes the value of vgpc. For the sake of visibility, we
only analyze two RBCs.

S5 Movie caption

According to the geometry depicted in Fig.7 in the main manuscript we provide a video
sequence showing the dynamics of RBCs approaching a bifurcation apex and distancing a
confluence apex, resp. Centroid positions of individually flowing RBCs are tracked and marked
with dots. In addition, the circumscribing ellipse is shown and the respective eccentricities as a
function of centroid position. The playback speed of the video is set to be (x 0.1) real-time.
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