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The tumor microenvironment is abnormal and associated with
tumor tissue hypoxia, immunosuppression, and poor response
to treatment. One important abnormality present in tumors is
vessel compression. Vessel decompression has been shown to
increase survival rates in animal models via enhanced and more
homogeneous oxygenation. However, our knowledge of the bio-
physical mechanisms linking tumor decompression to improved
tumor oxygenation is limited. In this study, we propose a com-
putational model to investigate the impact of vessel compres-
sion on red blood cell (RBC) dynamics in tumor vascular net-
works. Our results demonstrate that vessel compression can alter
RBC partitioning at bifurcations in a hematocrit-dependent and
flow rate-independent manner. We identify RBC focusing due to
cross-streamline migration as the mechanism responsible and char-
acterize the spatiotemporal recovery dynamics controlling down-
stream partitioning. Based on this knowledge, we formulate a
reduced-order model that will help future research to elucidate
how these effects propagate at a whole vascular network level.
These findings contribute to the mechanistic understanding of
hemodilution in tumor vascular networks and oxygen homoge-
nization following pharmacological solid tumor decompression.

tumor vasculature | vessel compression | hematocrit dynamics |
oxygen heterogeneity | mathematical modeling

he tumor microenvironment (TME) is abnormal and asso-

ciated with tumor tissue hypoxia (1), which is a known
biomarker for poor prognosis (2). In addition, tumor hypoxia is a
source of immunosuppression (3) and constitutes a barrier to the
success of recent promising immunotherapeutic approaches (3,
4). As such, researchers have proposed normalizing the TME to
improve oxygenation and overcome these limitations (3). One of
the abnormalities of the TME is vessel compression (5, 6), which
is a consequence of the proliferation of cells within a solid tumor
and the growth of the tumor against its surroundings (7). Fang et
al. (8) showed that the presence of compressed microvessels in
tumor tissue is a promising prognosis predictor in non-small-cell
lung cancer patients. Furthermore, Chauhan et al. (9) demon-
strated that normalizing the TME through decompressing solid
tumors leads to increased survival rate in animal models, when
combined with chemotherapy, as well as increased tumor tis-
sue oxygenation and homogeneity. However, our knowledge of
the biophysical mechanisms linking tumor decompression to
increased tumor oxygenation is limited.

Oxygen binds to hemoglobin in red blood cells (RBCs) and is
transported through the vasculature with the RBCs. Early inves-
tigations demonstrated that hematocrit (the volume fraction of
RBC:s in total blood) can vary between child branches of a vas-
cular bifurcation as a function of hemodynamic and geometrical
vessel properties (see ref. 10 for a review). Our recent work has
shown that vascular development works to avoid vessel segments
with rare or transient RBC flow through them (11). However,
the abnormal TME is associated with marked heterogeneity in
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hematocrit (12), including reports of plasma-only channels (13).
We recently identified reduced interbifurcation distance as a
source of hematocrit variation via its impact on RBC partitioning
at bifurcations (14). However, the impact that other tumor vas-
cular phenotypes such as vessel compression have on this process
is not known.

In vitro work has provided some evidence of how RBC suspen-
sions behave in the presence of a compression in single, straight,
channels. At low hematocrits (<5%), the narrowing of a channel
leads to a focusing of the RBCs toward the center of the chan-
nel (15, 16). Fujiwara et al. (17) performed a similar experiment
in an asymmetric geometry at higher hematocrits (<20%) and
similarly saw a focusing of the RBCs toward the channel center.
They observed that this is more pronounced at lower hematocrits
(17). The focusing of RBCs is identified to be due to an increased
shear rate within the compressed section of the channel (15, 17).
However, whether the narrowing in RBC cross-sectional distri-
bution postcompression is permanent or not is unclear, nor is it
clear how the narrowing of the RBCs toward the channel center
has an impact on RBC partitioning at a downstream bifurcation.

Investigating the transport dynamics of oxygen and other
blood-borne solutes in realistic tumor networks is challenging
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due to the limited experimental tools available. Several groups
have proposed the use of mathematical modeling to bridge this
gap (18-21). In this work, we propose a computational model to
study how vessel compression impacts the partitioning of RBCs
at a downstream bifurcation. We report the finding that, below a
critical hematocrit threshold, vessel compression alters the parti-
tioning of RBCs at the downstream bifurcation due to a change
in the cross-sectional distribution of the RBCs induced by the
compression. Furthermore, we show that this is independent of
flow rate and compression asymmetry. In addition, we report
the mechanism and length scale for the cross-sectional distribu-
tions of RBCs to return to their precompression configuration.
Finally, we propose a reduced-order model to calculate RBC
partitioning at a bifurcation downstream of a compression in a
computationally efficient manner. Future investigations can use
this reduced-order model to link vessel compression to tumor
tissue oxygen heterogeneity on a whole vascular network level.
Taken together, our findings suggest that 1) protection against
abnormal partitioning at bifurcations due to naturally occurring
morphological variations in vessel cross-section can be achieved
during development by homogenizing and increasing the average

A B

hematocrit in networks, 2) increased perfusion (in terms of total
flow rate through the network) is not sufficient to reverse the
anomalous RBC partitioning due to vessel compression, and 3)
the link between solid stress and oxygen heterogeneity in tumors,
and its reported reversal via stress alleviation, can be partially
explained via anomalous RBC partitioning at bifurcations due to
compressed vessels.

Results

At 10% Hematocrit, Vessel Compression Alters RBC Partitioning at a
Downstream Bifurcation. We start by investigating whether vessel
compression has an impact on RBC partitioning at a downstream
bifurcation. Simulation results for a long compression at 10%
hematocrit (Fig. 1B) reveal that the RBC split at the bifurcation
is strongly affected by the compression. Fig. 1E shows that, for
a long compression, the child branch with the lower flow rate
is almost depleted of RBCs and has approximately 0.5% hema-
tocrit, whereas the control simulation indicates that the same
branch has ~8% hematocrit in the absence of a compression.
The control simulation is in agreement with the standard plasma
skimming model (S Appendix, Fig. S1).
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Fig. 1. Phase separation in child branches after a bifurcation at Hy = 10%. (A-D) Snapshots of the control (A); long compression, no recovery (B); short
compression, short recovery (C); and short compression, long recovery (D), respectively. (E) The hematocrit in the child branches for these four cases.
Black/gray indicates the higher/lower-flowing child branch, respectively. Solid lines are the control discharge hematocrits. The dotted line illustrates the

discharge hematocrit of the parent branch.
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The short compression, short recovery geometry (Fig. 1C)
shows a smaller impact on the RBC split than the long compres-
sion. With ~ 3.5% hematocrit in the child branch with the lower
flow rate, this is still less than half of the hematocrit in the control
simulation.

To test whether the symmetry of the compression has an effect
on the partitioning of the RBCs at the downstream bifurca-
tion, we investigated an asymmetric compression (SI Appendix,
Fig. S2). The simulation results are similar to those obtained
with a symmetric compression. Thus, we infer that, under the
present conditions, the asymmetry of the compression does
not have an important effect on the downstream partitioning
of RBC:s.

We also investigated the effect of flow rate on RBC partition-
ing. By changing the flow rate, we change the capillary number,
which quantifies the deformation of the RBCs. We performed
two additional simulations at a capillary number of 0.02 and 0.5,
to cover the RBC tumbling and tank-treading regimes and the
range of flow rates typical for the tumor microvasculature (12).
SI Appendix, Fig. S3 shows that the RBC partitioning does not
change with capillary number, which implies that the flow rate
and capillary number are not important parameters for RBC
partitioning in the presence of a compression within the studied
range of flow rates.

Narrowing of Cell Distribution Alters Partitioning of RBCs. Next, we
investigated which mechanism leads to the observed changes
in partitioning and why the different geometries have different
effects.

As blood flows through the compression, the shear rate
increases since 1) the fluid velocity within the compression is
larger due to mass conservation and 2) the width of the chan-
nel along the compression axis is reduced. Our simulations show
that RBCs situated close to the wall prior to the compression
migrate across streamlines toward the channel center. After leav-
ing the compression, RBCs do not immediately migrate back
toward the wall. As a consequence, the RBC distribution down-
stream of the compression is narrower than that upstream of
the compression. This explanation is in line with prior find-
ings from experimentalists (17). Fig. 2 A-D illustrates this
mechanism.

To quantify the narrowing of the RBC distribution, we plot
the root-mean-squared distance (RMSD) of the RBC centers
of mass along the compression axis. Fig. 2 E-G shows that,
for all geometries, there is a narrowing of the distribution of
cells in and after the compression compared to that in the
region before the compression. However, in the short recov-
ery geometries (Fig. 2 F and G), the RBC distribution partially
recovers before the cells reach the bifurcation. This explains
why the RBC partitioning is more affected when there is no
recovery length between compression and bifurcation (Fig. 2E).
Previous studies report an increase of the cell-free layer (CFL)
postcompression compared to the CFL thickness precompres-
sion, here seen as a narrowing of the RBC distribution, which
leads to a partitioning bias of RBCs toward the higher-flowing
branch (22).

To investigate the behavior of the RBC distribution after
the compression, we increased the distance between the com-
pression and the bifurcation from 2D to 25D (Fig. 1D). Fig.
2G shows a gradual recovery of the RBC distribution between
the compression and bifurcation, although 25 channel diame-
ters are not sufficient to reach the same RMSD as before the
compression.

While our data imply that a mechanism exists that leads to the
recovery of the RBC distribution, it is not clear a priori what the
underlying mechanism is. We assume that, given enough chan-
nel length after the compression, the RBC distribution will fully
recover eventually. Katanov et al. (23) demonstrated that, from
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an initially uniform distribution of RBCs in a channel, the for-
mation of a stable CFL is governed by the shear-rate time scale
and takes a length of about 25 vessel diameters to form, inde-
pendently of flow rate, hematocrit, or vessel diameter. Our data
suggest that the opposite effect, the recovery of an initially het-
erogeneous RBC distribution where most of the RBCs are close
to the channel center, cannot be described in the same way since
a length of 25 channel diameters is not sufficient for recovery.
The shear rate is lower and cells move faster near the channel
centerline, which should lead to a weaker shear-induced recovery
of the cell distribution along a distance of 25D. We hypothe-
size that cell-cell interactions are the dominant driver for the
recovery.

Abnormal Partitioning Is Present in a Large Range of Flow Ratios.
We next investigate the effect of the flow ratio on the abnor-
mal partitioning of RBCs downstream of the compression. We
varied the flow ratio from 50:50 to 90:10 in five steps and mea-
sured the difference between the compression geometry and
the control geometry. Fig. 3 reveals that abnormal partition-
ing is present over a wide range of flow ratios, except for the
50:50 case. Since the compression is symmetric (Fig. 2) and both
downstream branches behave identically in the 50:50 case, the
overall symmetry is retained and an equal number of RBCs
enter both branches. Therefore, the 50:50 split does not lead
to abnormal partitioning. The presence of a small difference
between the compression and the control for the 50:50 case
in Fig. 3 is attributable to the finite number of RBCs in the
simulations.

We also observe that the degree of abnormal partitioning is
largest for the 80:20 case and sharply decreases for the 90:10
case. When the flow ratio in a bifurcation increases, the low-
flow branch has a decreasing discharge hematocrit, until the
branch eventually becomes a pure plasma branch (10), even
in uncompressed geometries. Therefore, in the 90:10 case, the
discharge hematocrit in the low-flow branch is already small,
and any change due to abnormal partitioning will also be
small. Eventually, when the flow ratio is sufficiently high, there
will be no difference between the compression and control
geometries.

Increasing Hematocrit Reduces Bias in RBC Partitioning. To test
the hypothesis that cell-cell interactions drive the recovery of
the distorted RBC distribution, we investigate blood flow at an
increased hematocrit of 20%. Fig. 4 shows that the long com-
pression, no recovery geometry still leads to a deviation from
the control simulation. However, the deviation is smaller than
at 10% hematocrit (Fig. 1). This observation can be explained
by Fig. 2 E-G, which reveals that the narrowing of the RBC dis-
tribution is less pronounced at higher hematocrit compared to
lower hematocrit. We conclude that, as the hematocrit increases,
hydrodynamic cell—cell interactions become more relevant, lead-
ing to a smaller narrowing of the cell distribution by the compres-
sion as well as a faster decay of the narrowed RBC distribution
after the compression.

For the short compression, long recovery geometry, the devi-
ation from the control is almost nonexistent at H; =20% (Fig.
4). While the control simulation shows 15.6% hematocrit in the
lower-flowing child branch, the compression merely alters that
value to 13.7%. As can be seen from Fig. 2F, not only is the nar-
rowing of the RBC distribution in the compression smaller, but
also after exiting the compression the RBC distribution is much
closer to its precompression counterpart.

We also investigated the role of the distance between the short
compression and the bifurcation by increasing it from 2D to 25D.
Fig. 2G shows that the RBC distribution with H; = 20% eventu-
ally recovers and goes back to its precompression level, contrary
to the simulation at 10% hematocrit.
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Fig. 2. Narrowing of RBC distribution in compression. (A-D) In red are the streamlines of the underlying fluid. In bright red is an RBC of interest. (A) An
RBC situated prior to the compression near the vessel wall. (B) The same RBC after it has crossed streamlines within the compression. (C) The RBC exits the
compression on a more central streamline than the one on which it entered the compression. (D) The RBC goes to a different branch than the precompression
streamline it was on. (E-G) RBC RMSD along the vessel length, solid line at Hy = 20% and dashed line at Hy = 10%. Blue line is the RMSD, black vertical line
is the point of bifurcation, and shaded gray zone is the compression area. Geometries are (E) long compression, no recovery; (F) short compression, short
recovery; and (G) short compression, long recovery. The child branch flow ratio is 4:1 in all cases.

The decreasing effect of the constriction on the RBC distri-
bution at increasing hematocrit raises the question of whether
there is a critical hematocrit above which the RBC partition-
ing is not modified by the presence of an upstream constric-
tion. To that end, we increased the hematocrit in the par-
ent branch to 30% and revisited the long compression geom-
etry that has no recovery length between compression and
bifurcation. Fig. 5 shows that there is no significant differ-
ence in RBC split when compared to the control without
compression. We conclude that the critical hematocrit value
lies near 30%.

Reduced-Order Model. A challenge in the theoretical study of
RBC transport in networks is computational expense (24-26).
For this reason, several authors have proposed the use of
reduced-order models to quantify the partitioning of RBCs at
bifurcations, which is key for tissue oxygenation modeling due to
the RBC’s role as oxygen carrier. The most common model exist-

40f 10 | PNAS
https://doi.org/10.1073/pnas.2025236118

ing for partitioning of RBCs is that presented by Pries et al. (27,
28), although others exist (29).

We have demonstrated that vessel compression indeed has an
impact on the partitioning of RBCs at a downstream bifurcation
and that this is not captured by a state-of-the-art reduced-
order model. To investigate how this effect propagates on a
network level, we propose a reduced-order model that cap-
tures this phenomenon. We make four main assumptions for the
reduced-order model:

1) An RBC’s center of mass will go to the same child branch as
its underlying streamline. This assumption relies on the low
Reynolds number of the system, which is true for the micro-
circulation, where the Reynolds number is «1 (10). Similar
to reports of RBCs crossing the separatrix prior to a bifur-
cation (22, 30, 31), in our simulations we observed <5% of
RBCs near the separatrix crossing streamlines. Due to this
small fraction, we deem the assumption appropriate.
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Fig. 3. Effect of flow ratio on phase separation of blood downstream of

a compression at Hy = 10%. The difference between the control geometry
(Fig. 1A) and the compression geometry (Fig. 1B) is an absolute hematocrit
value. A positive value denotes a hematocrit enrichment compared to the
control geometry, and a negative value denotes a hematocrit reduction
compared to the control geometry. Note that the flow ratios X:Y and Y:X
would give the same results due to the symmetry of the geometry.

2) A curved separatrix independent of the diameter ratio
between the child and parent branch and independent of
Reynolds number is used, whereas the curvature of the sepa-
ratrix generally depends on both parameters (31, 32). Since
blood flow in the microvasculature is in the low-Reynolds
regime, a small change in Reynolds number has a negligible
effect on the separatrix. The diameter ratio has been shown
to have a more significant impact, even at a Reynolds number
of 0 (32). However, the impact on the curvature of the sepa-
ratrix is higher toward the vessel walls, where there are fewer
or no RBCs due to the existence of the CFL. Considering the
difficulty of parameterizing a curved separatrix as a function
of diameter ratios, a curved separatrix for a diameter ratio of
1 is used at the expense of a small but acceptable modeling
error.

3) The cross-sectional distribution of RBC centers of mass can
be approximated by a step function, whereas the distribution
profile of RBCs tends to quickly, but not instantaneously,
reduce at the edge of the RBC distribution as is often
reported (33, 34) and indeed observed in our simulations. The
step function, however, is a good fit and simplifies the model
considerably. We assume the step function to take the shape
of an ellipse on any given cross-section of the channel (Fig. 6
A-C). The fraction of RBCs ending up in the top and the bot-
tom child branch is A/(A+ B) and B/(A + B), respectively,
defined by the areas A and B above and below the separa-
trix. Since the separatrix is a consequence of the geometry
and flow ratio to each child branch, our model is applicable to
all cases for which the separatrix is known.

4) The cross-section that determines which child branch an RBC
enters is located about 2D /3 upstream of the bifurcation. Our
simulations show that this is the upstream perturbation length
after which the streamlines start to curve to enter the child
branches. The length 2D /3 is similar to that found in other
studies (31). Therefore, the reduced-order model needs to be
able to predict the cross-sectional distribution of the RBCs up
to a point 2D /3 upstream of the bifurcation.

The step function that approximates the RBC distribution in a
channel cross-section has the form of an ellipse. Therefore, the
major and minor semiaxes of this ellipse, a and b, need to be
defined. We found that the best results are obtained when

1) the aspect ratio of the ellipse is determined by the ratio of
the RMSD along the width and height directions (where the
height direction is the axis of the compression) and

2) the ellipse encloses 90% of the RBCs’ centers of mass.
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Next, we propose a function that describes the development
of the radius m, along the compression axis, of the step function
along the channel length [ between the end of the compression
(defined as [ =0) and the point 2D /3 upstream of the bifurca-
tion. The area of the ellipse is given by A =mab, where a and
b are the major and the minor semiaxis of the ellipse for the
step function. Once the minor axis b, which is m(l), and the
aspect ratio €(!) = a(l)/b(l) are known, the model can predict
the number of RBCs entering either child branch.

Our simulations show that there are three key mechanisms
governing the lateral RBC distribution when entering and leav-
ing the compression. The first one is that the RBC distribution
is suddenly narrowed by the compression. Second, upon exit-
ing the compression, the RBC distribution sees a quick but
only partial lateral recovery due to the expansion of the stream-
lines. Finally, cell-cell interactions lead to a slow recovery of the
RBC distribution to its precompression distribution via cross-
streamline migration if given sufficient length. We model the
flow expansion of the RBC distribution with a logistic term and
the cross-streamline recovery with an exponential decay:

m(l) = me + ——2L 4y (1—6—1/“). []

1 + 6_(l_lg)/ls

For [ =0, at the downstream end of the compression, the equa-
tion returns the ellipse radius inside the compression, which is
within 5% of m., due to the second term becoming very small
when [ =0, but not vanishing. m, is the change in RBC distri-
bution due to the flow expansion, which occurs over a length
scale 2[,. The length [; determines the steepness of the slope.
mq is the change in RBC distribution due to cell-cell inter-
action, which occurs over a longer length scale /. > l;,. For
long distances, [ — oo, we have m(l) = m. + ms + maq, which
is the width of the fully recovered RBC distribution and the
width of the unperturbed RBC distribution before the com-
pression. If [ is not sufficiently large, the RBC distribution is
still affected by the compression, and the RBC split in the
bifurcation tends to be biased accordingly. Although it may be
possible to construct a reduced-order model with fewer param-
eters, the advantage of Eq. 1 is that all parameters have a
physical meaning and can potentially be predicted by separate
models.

We obtained the numerical values of the parameters in the
reduced-order model by fitting m (/) to the simulation data for
10 and 20% hematocrit, respectively. The parameters are listed
in Table 1, and Fig. 1D shows an excellent agreement between
m(1) and the simulation data at H; = 20%. In particular, we find
that I/, ~0.66D, independently of the chosen hematocrit. This

Red blood cell partitioning at bifurcation
—————— Parent branch haematocrit
I Higher flowing branch
—— Higher flowing branch control
25 B Lower flowing branch
Lower flowing branch control

Control Long compression Short compression Short compression
No recovery Short recovery Long recovery

Branch haematocrit (%)

Fig. 4. Phase separation in child branches after a bifurcation at Hy =
20%. Black/gray indicates the hematocrit in the higher/lower-flowing child
branch, respectively. Solid lines are the control discharge hematocrits. The
dotted line illustrates the discharge hematocrit of the parent branch. The
child branch flow ratio is 4:1 in all cases.
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Fig. 5. Phase separation in child branches after a long bifurcation at Hy =30%. (A) The snapshot of the simulation in the long compression. The child
branch flow ratio is 4:1. (B) The hematocrit of the child branches. Black/gray indicates the higher/lower-flowing child branch, respectively. Solid lines are the
control discharge hematocrits. The dotted line illustrates the discharge hematocrit of the parent branch.

value corresponds to the characteristic length that describes the  with literature reporting that shear-induced diffusion is directly
streamline recovery after a distortion. We find that the cross-  proportional to the particle concentration (35).

streamline recovery length [, reduces by a factor of about 2 With the reduced-order model being calibrated, we can now
when the hematocrit is increased from 10 to 20%. This is in line  predict the RBC partitioning at the downstream bifurcation and

A _— — D
/ g Reduced Order Model of RBC
- \ distribution after a compression

=
N

=
o

C

/ \ —— Simulation result

/
{

( Arean ‘ ---- Reduced order model

\  mes 0 5 10 15 20 25
\ Non dimensional distance from end of compression

Fig. 6. Reduced-order model. (A) The RBCs’ centers of mass are shown on a cross-section. (B) An ellipse is used to represent the distribution of the RBCs. (C)
The curved separatrix is added. Any RBC above the separatrix is assumed to go to the top branch and any RBC below it to go to the bottom branch. (D) m(/)
from the reduced-order model in Eq. 1 with parameters from Table 1 for 20% hematocrit compared to simulation data.

m(l) after a compression [um]
(0]
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Table 1. Parameter values for Eq. 1 obtained by fitting the
reduced-order model to simulation data

Hematocrit, % m¢, um mgy, pm  mg, pm I lg Ir
10 1.62 6.40 2.19 0.17D 0.69D 13.8D
20 2.75 7.41 1.79 0.16D 0.67D 5.1D

compare these results with actual RBC simulation data. We
apply the separatrix model to the cross-sectional RBC distribu-
tion predicted by the reduced-order model at the length [ that
marks the distance between the compression and the point of
bifurcation.

Table 2 compares the absolute difference in discharge hema-
tocrit obtained from the HemeLB simulations and the reduced-
order model. We find that the reduced-order model accurately
predicts the impact of the compression on the RBC partitioning
at the downstream bifurcation within 1% on average. Notwith-
standing the assumptions underlying the reduced-order model,
the relative error is low. Our approach, therefore, provides a
means of modeling the disturbance caused by a compressed ves-
sel in network simulations, which has not been possible using
established empirical models (27, 29). Despite this success, fur-
ther simulations are necessary to extend the applicability of the
reduced-order model to a larger parameter space.

At 10% Hematocrit, a Converged Suspension of RBCs Requires a
Long Development Length. We observed that, at 20% hematocrit,
the RMSD of the RBCs after 25D downstream of the com-
pression has recovered to 98% of its original value prior to
the compression (Fig. 74). However, at 10% hematocrit in the
same geometry, the RMSD recovery is incomplete after 25D. In
fact, the reduced-order model predicts a partial recovery of the
RMSD at 50D to only 91% of its precompression value (Fig. 7B).

Given the results in Fig. 7B, we hypothesize that, at 10% hema-
tocrit, details of the RBC initialization in the simulation play
a role. An inconsistent RBC distribution upstream of the com-
pression might affect the overall outcome of the simulation. To
confirm this, we increased the length of the periodic tube that is
used to generate the RBC distribution fed into the compression
geometry from 25D (Fig. 7B) to 100D (Fig. 7C). We observed
that the longer tube leads to a narrowing in the precompression
distribution of the RBCs (Fig. 7C). At 10% hematocrit, when the
initialization length is 100D, we can assume that the RBC distri-
bution has reached a steady state. In fact, Fig. 7C shows that after
50D the RMSD of the RBCs has recovered to 98% of its pre-
compression value. Despite the sensitivity of the precompression
distribution on the cell initialization strategy at H; = 10%, we
found that the RBC dynamics after the compression are quan-
titatively and qualitatively similar for both RBC initialization
lengths used.

Discussion

The tumor microvasculature is abnormal and linked to tumor
tissue hypoxia (1), which is a known biomarker for poor prog-

nosis (2) and a barrier to recent promising immunotherapeutic
approaches (3). One such abnormality is vessel compression (5).
Previous studies have shown that decompressing tumor vessels
leads to increased survival rates (8) via increased perfusion (1, 8)
and oxygen homogenization (9). However, the mechanism link-
ing tumor decompression to increased oxygen homogeneity is
unclear. Oxygen binds to hemoglobin in RBCs and is transported
through the vasculature with the RBCs. We recently identified
the reduced interbifurcation distance associated with the proan-
giogenic tumor environment as a source of oxygen heterogeneity
via its impact on RBC splitting at bifurcations (14). However,
the impact that other tumor vascular phenotypes, such as vessel
compression, has on this process is not known.

Motivated by the limitations on experimental methods avail-
able to query this process, we propose a computational model
to elucidate the link between vessel compression and abnor-
mal RBC partitioning at bifurcations. Our numerical simulations
show that a vessel compression enhances the disproportional
partitioning of RBCs at a downstream bifurcation in favor
of the higher flow-rate child branch, occurring over a wide
range of flow ratios. This is a consequence of the previously
identified narrowing of the RBC distribution within the vessel
cross-section (17).

Similar to previous studies (15, 17), we identify the mechanism
leading to this narrowing as RBC cross-streamline migration
toward the vessel center due to an increased shear rate within
the compression. Once the RBCs leave the compression, their
cross-sectional distribution gradually goes back to their precom-
pression configuration in a hematocrit-dependent manner. This
process is significantly slower at 10% hematocrit, where the
dynamics occur over a length of ~50 vessel diameters. However,
at 20% hematocrit, there is an almost instantaneous recov-
ery, and after 2 vessel diameters in length, the difference in
RBC partitioning compared to a control simulation is negligible.
Furthermore, we show that at 30% hematocrit, the difference
between the compressed and control simulations is negligible.
This suggests the presence of a critical hematocrit above which
vessel compression no longer alters the partitioning of RBCs
at a bifurcation. We hypothesize that the different dynamics at
10, 20, and 30% hematocrit are caused by cell-cell interaction,
which increases with hematocrit. We also show that an asym-
metric compression does not lead to a measurable difference
in the partitioning of RBCs compared to a symmetric com-
pression. Likewise, a reduction and increase in flow rate by a
factor of 5, respectively, do not significantly change the RBC
partitioning.

Our study focuses on a single vessel diameter of 33 pm. As the
abnormal partitioning of RBCs is attributed to a narrowing of the
cross-sectional distribution of RBCs in the vessel, it follows that
for single-file RBC flow in the microvasculature, the abnormal
partitioning will be reduced or negligible. Therefore, we expect
the abnormal distribution to be of significance in channels with
diameter larger than around 8 um, the diameter of an RBC.

We propose a reduced-order model to approximate the parti-
tioning of RBCs at a bifurcation downstream of a compression,

Table 2. Absolute differences of the discharge hematocrit in both child branches between the
results of the HemelLB simulations and the predictions of the reduced-order model

Long compression,

Short compression, Short compression,

Hematocrit, % Control, % no recovery, % short recovery, % long recovery, %
10 -0.02 0.22 0.00 0.29
2.02 0.42 0.84 -0.25
0.29 0.96

0.89 Z0.62
20 ~2.70 A

—0.61 —2.54

In each cell, the top left is the difference for the higher-flowing child branch, whereas the bottom right is
the difference for the lower-flowing child branch. See Fig. 1 A-D for the respective geometries.
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Fig. 7. Recovery of RBC distribution after short compression. (A) Simulation at Hy; = 20%. (B and C) Simulations at Hy = 10%. A and B are simulations with
the cells inserted after 25D of initialization length. C is a simulation with cells inserted after an initialization length of 100D. The blue line is the simulation
data, the black dashed line is the prediction of the reduced-order model, and the green line is the mean value of the RMSD prior to the compression.

which we show has an error of 1% compared to our fully resolved
numerical simulations, in the range of parameters studied. This
model has the potential to overcome the computational tractabil-
ity limitations associated with simulating RBC flow in large
computational domains. The reduced-order model will help to
understand the network effects arising from the abnormal parti-
tioning of RBCs, such as hematocrit heterogeneity at a network
level and compensatory mechanisms due to changes in vessel
resistance with hematocrit. This will contribute to unraveling the
dynamics of oxygen transport in large vascular tumor networks.

The implications of our findings are multiple. First, our results
show that the effect of vessel compression on the downstream
partitioning of RBCs is apparent only when discharge hematocrit
and the distance between the compression and the bifurcation
are sufficiently low. Another study by our group showed that
two consecutive bifurcations within a short distance can also
alter the partitioning of RBCs at the downstream bifurcation
(14). Furthermore, we showed that interbifurcation distances are
much reduced in the tumor microenvironment, and Kamoun
et al. (12) showed that hemodiluted vessels are more com-
mon and are present across a larger range of diameters in
tumor networks than in controls. Taken together, this suggests
that healthy vascular networks are structurally adapted to pro-
tect themselves from mechanisms leading to RBC transport
heterogeneity and that this may be compromised in diseased
networks.

Second, previous studies have shown that decompressing
tumor vessels leads to increased survival rates (8, 9). This effect
has been attributed to 1) increased tumor perfusion due to
reduced vessel resistance (1, 8) and 2) reduced hypoxia fraction
and increased oxygen homogeneity (9). Our results of anoma-
lous RBC partitioning being unaffected by increases in flow rate
support the view that increasing total perfusion through the net-
work may not be sufficient to homogenize oxygenation if it is not
accompanied by vessel decompression (or other forms of struc-
tural remodeling normalizing RBC partitioning). This finding is
further supported by recent work demonstrating that hematocrit
plays a more important role in the delivery of oxygen to tissue
than the speed of the RBCs (36), indicating that hematocrit nor-
malization can play a more critical role than increased perfusion
for improved tissue oxygenation.

Third, Kamoun et al. (12) found that up to 29% of tumor
vessels in an animal model of glioma experience hemodilution
(defined as having hematocrits below 5%) and proposed a mech-
anism whereby extravasated plasma from leaky vessels would be
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reabsorbed by other vessels and lead to hemodilution. Along sim-
ilar lines, recent studies have reported findings of tissue hypoxia
near perfused vessels (2). Our results demonstrate that, in the
presence of vessel compression and uneven flow split at bifurca-
tions, hematocrit can decrease from 20% to nearly 0% following
two consecutive bifurcations without contributions from intersti-
tial fluid. Our present findings, therefore, provide an alternative
explanation of the occurrence of hemodilution in tumor net-
works. Future work should elucidate the relative importance of
these two mechanisms.

Finally, we identified that, in the semidilute regime of 10%
hematocrit, achieving convergence in an RBC suspension that
has been disturbed requires longer distances than previously
thought. Katanov et al. (23) reported that it takes a length
of 25 diameters for the CFL of a randomly initialized sus-
pension in a straight channel to converge. However, our data
suggest that up to 100D of length is required for an initially
compacted RBC distribution to expand and reach a steady dis-
tribution when the hematocrit is 10%. This finding supports
the view that the cross-sectional distribution of RBCs at low
in vivo hematocrits may be away from equilibrium not only in
diseased vascular networks, as we previously showed in tumors
(14), but also under physiological conditions where interb-
ifurcation lengths average fewer than 100D. Further research
into the network-level dynamics arising from our results is
warranted.

As a final comment, our results should be considered for in
vitro experiments that need to carefully consider the design of
microfluidic devices if full convergence of RBC suspensions is
required in the semidilute regime. It is also an additional chal-
lenge for in silico studies with open boundary conditions, where
not only the insertion of cells needs to be considered (37), but
also their cross-sectional distribution.

In this work we have demonstrated that vessel compres-
sion can alter RBC partitioning at a downstream bifurcation.
Interestingly, this happens in a hematocrit-dependent and flow
rate—independent manner. We argue that these findings con-
tribute to the mechanistic understanding of hemodilution in
tumor vascular networks and oxygen homogenization following
pharmacological solid tumor decompression. Furthermore, we
have formulated a reduced-order model that will help future
research elucidate how these effects propagate at a whole net-
work level. Unraveling the causal relationship between tumor
vascular structure and tissue oxygenation will pave the way for
the development of improved therapeutic strategies.
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Table 3. Dimensions of the geometry (D is channel diameter)

Distance between

Compression compression

Geometry name length and bifurcation
Control N/A N/A

Long compression, no recovery 4D 0

Short compression, short recovery D 2D

Short compression, long recovery D 25D

N/A, not applicable.
Materials and Methods

Physical Model. We model blood flow as a suspension of deformable RBC
particles in a continuous plasma phase. The plasma is treated, to leading-
order effect within the range of shear rates considered (38), as a continuous
Newtonian fluid, with the non-Newtonian properties of blood arising
from the presence of the deformable RBCs. The model for the RBC mem-
brane is hyperelastic, isotropic, and homogeneous. We characterize the RBC
deformability with the capillary number

Ca= M, 2]

Ks

where y is the fluid dynamic viscosity, ~ is a characteristic shear rate, r is a
characteristic length (the RBC radius), and s is the strain modulus of the
RBCs. The capillary number is set to 0.1, unless stated otherwise.

The numerical algorithm is implemented in the software HemelB
(https://github.com/hemelb-codes/hemelb) (39), and the simulations have
been run on the ARCHER supercomputer. The results of the simulations are
available online (40). Further information on the model and the numerical
implementation is available in S/ Appendix.

Geometry. We produced four geometries representing a vessel with diam-
eter D and a downstream bifurcation. The first geometry is a control (no
compression, Fig. 14), while the remaining three geometries feature a sin-
gle compression upstream of the bifurcation. The first compression model
(Fig. 1B) contains a long compression without a recovery length between
compression and bifurcation. In the second compression model (Fig. 1C),
the compression is short, and there is a short recovery length between
compression and bifurcation. The last geometry (Fig. 1D) features a short
compression followed by a long recovery segment. The relevant geometrical
parameters of all four geometries are summarized in Table 3.

We set the channel diameter to D =33 um, a typical value for the tumor
microvasculature (12). We assume the cross-section of the channel to be cir-
cular, except for the section that is compressed, where it takes an elliptical
form. We assume the perimeter of the cross-section to be constant along
the channel, setting the ellipse perimeter to the same value as the uncom-
pressed circular cross-section. The segment with elliptical cross-section has
an aspect ratio of 4.26 (8). The assumption of an elliptical cross-section
within the compression is in line with observations from tumor histologi-
cal slices where vessel compression is commonly reported as the aspect ratio
of the elliptical shape of the vessel cross-sections (8, 41-43).

Our aim is to focus on the effect of the compression. Therefore, we
remove any effect from the slope leading to the compression by having a
steep transition to and from the compression. We also remove the effect of a
bifurcation asymmetry by having both child branches at the same diameter
and angle from the parent branch.

Inlet and Outlet Boundary Conditions. We set the outflow boundary condi-
tions at the child branches as a Poiseuille velocity profile with an imposed
maximum velocity and control the ratio of these velocities such that one
child branch receives 80% of the flow and the other child branch 20%.
Unless specified otherwise, the inlet branch has an average velocity of 600
nm/s, a typical value for the tumor microvasculature (12).
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The inlet boundary condition is an arbitrary pressure value that has no
impact on the simulation result. To reduce any memory effects and establish
a quasi-steady-state distribution of RBCs, the cells flow through a straight
tube with a length of 25 tube diameters before entering the compression
(23); we call this length the initialization length.

We vary the value of hematocrit within our system from 10 to 30%,
covering a wide range that is physiologically present within the tumor
microvasculature (12).

The physical Reynolds number of the system is 0.04. Therefore, viscous
forces dominate and the system is in the Stokes flow regime. For computa-
tional tractability we set the numerical Reynolds number to 1, where inertial
forces still do not play a significant role.

Processing Results. All hematocrits reported are discharge hematocrits. We
calculate the discharge hematocrit, Hy, by calculating the fraction of RBC
flow to total blood flow at any channel cross-section normal to the direction
of flow,

_ Qrsc

Hqy [31

Qblood
where Qgpc is the volumetric flow rate of RBCs and Qpjp0q is the volumetric
flow rate of blood, i.e., plasma and RBCs. The flow rate of RBCs is calculated
by counting the RBCs crossing a plane normal to the direction of flow over a
given period, At. Knowing the volume of an RBC, Vggc = 100 pm3, one can
calculate the RBC flow rate,

NVgac

At ' 4l

Qrac =

where N is the number of cells that have crossed the plane.
To quantify the distribution of the RBCs in a cross-section, we measure
the RMSD of the RBC centers of mass with respect to the channel centerline,

[51

where X; is the ith RBC position, and Xp is the channel center, both taken
on a cross-section normal to the direction of flow at points of interest. S/
Appendix, Fig. S4 illustrates how we obtain the positions X; in practice.

We nondimensionalize length by the vessel diameter D, unless stated oth-
erwise. By definition, we set the downstream end of the compression as the
reference point with an axial position of 0. Axial positions are positive in the
downstream direction (/ > 0) and negative in the upstream direction (/ < 0).

The separatrix is an imaginary surface separating fluid particles going
to one child branch from those going to the other child branch. It is an
important tool for the investigation of RBC partitioning at a bifurcation
(31). We determine the separatrix by completing a simulation without RBCs
to obtain streamlines unperturbed by RBCs (see SI Appendix, Fig. S5 for
details).

Data Availability. HemelLB vessel compression simulation data have been
deposited in Edinburgh DataShare (https://doi.org/10.7488/ds/3035) (40).
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