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Effect of vessel compression on blood flow in
microvascular networks and its implications for
tumour tissue hypoxia
Romain Enjalbert 1, Timm Krüger2,4✉ & Miguel O. Bernabeu 1,3,4✉

The tumour microenvironment is abnormal and one of its consequences is that blood vessels

are compressed. Vessel compression correlates with reduced survival rates, while decom-

pression of vessels improves tissue oxygenation as well as increases survival rates. Vessel

compression contributes, at a single vascular bifurcation, to the increase of heterogeneity of

red blood cell (RBC) transport. However, the effect that vessel compression has at a network

level is unknown. This work numerically investigates the effect of vessel compression on RBC

transport in microvascular networks. The key findings are that vessel compression both

reduces the average haematocrit, and increases haematocrit heterogeneity, in vessels in the

network. The mechanisms for these changes in haematocrit distribution are unravelled, and a

parameter sweep shows that networks with lower inlet haematocrits are more susceptible to

haemodilution from vessel compression over a wide range of compressed fraction of a

network. These findings provide a theoretical underpinning for the link between vessel

compression and tumour tissue hypoxia.
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Solid tumours have an abnormal microenvironment, leading
to tumour tissue hypoxia1. Hypoxia is an undesirable trait
as it is associated with reduced patient survival rates

through two separate mechanisms: increased tumour aggres-
siveness and resistance to tumour treatment2,3.

More recent therapeutic avenues have not translated to
expected patient benefit, and the presence of hypoxia is one of the
causes for that4–6. Blood vessel compression is one specific
tumour microenvironment abnormality7–9. Previous work cor-
relates the degree of vessel compression with reduced survival
rates8 and shows that pharmacologically decompressing vessels
improves survival rates10. Furthermore, vessel compression is
associated with tissue hypoxia as well as increased oxygen het-
erogeneity in the tissue10.

The cause for increased hypoxia and increased oxygen het-
erogeneity due to vessel compression has not been fully
elucidated10. At microvascular bifurcations, red blood cells
(RBCs) heterogeneously partition to the child branches due to the
finite size of RBCs11,12. Our previous work has shown that
another structural abnormality, reduced interbifucation distance,
changes the partitioning of the RBCs to the child branches at
individual bifurcations, leading to increased tissue oxygen at a
network level13. We previously showed that, at a single vascular
bifurcation, vessel compression leads to a more heterogeneous
partitioning of RBCs in the child branches of a bifurcation14.
Given RBCs’ role in the transport of oxygen in blood15, it follows
that oxygen transport is altered too. Previous work suggests that
increased resistance to blood flow due to vessel compression leads
to reduced perfusion to the blood vessels16,17. However, how
vessel compression affects haematocrit in blood vessels at a net-
work level is unknown, nor has it been elucidated whether it
drives tissue hypoxia.

In the current study, we find that vessel compression both
reduces the average haematocrit, and increases haematocrit het-
erogeneity, in vessels in the network. We further show that net-
works with lower inlet haematocrits are more susceptible to
haemodilution from vessel compression. These findings provide a
theoretical underpinning for the link between vessel compression
and tumour tissue hypoxia.

Results
Adapting the reduced-order model for compressed vessels. To
model the partitioning of RBCs in compressed vessels at a net-
work level, we adapt an existing reduced-order model, developed
by Pries et al.18,19, to account for vessel compression. Figure 1a
shows a flow chart illustrating the method we used to update the
reduced-order model. We choose to adapt Pries’ model due to its
robustness and ubiquity in the literature18.

We initially demonstrate that the term that needs adapting in
the model is X0 (see Supplementary Note 1 for details on X0). We
run a series of resolved RBC simulations (see Fig. 1b and c),
varying the flow ratio in a bifurcation geometry with 33 μm
branches with compression before the bifurcation (the parent
branch is compressed into an elliptical vessel whose cross-section
has an aspect ratio of 4.26, while preserving the vessel perimeter
of the circular cross-section, as per ref. 14) and an inlet
haematocrit of 20%. We plot the results as a plasma skimming
curve, Fig. 1d, and show that by adapting X0 we obtain a close fit
to the data generated in compressed vessels.

Supported by this evidence, we set out to find a new functional
form for X0 for cases when vessels are compressed. We fully
resolve a set of 20 bifurcations with HemeLB simulations (see
Supplementary Note 2 and Supplementary Table 1). The flow
ratios, haematocrit values, and diameters in Supplementary
Table 1 were taken from the diverging bifurcations in the

network that will be used (see Fig. 2a) to be representative of the
bifurcations that the updated phase separation model will resolve.
The haematocrit and flow ratio in these bifurcations were
obtained by solving the Poiseuille flow through the entire
network using the standard phase separation model for RBC
partitioning18,19.

Next, we need to find the values of X0 for the results of these
simulations that match the child branch haematocrit values from
the fully resolved simulations. We analytically invert the main
equation of the Pries model to make X0 the subject of the
equation

X0 ¼
FQB þ FQBe

α � eα

1� eα
ð1Þ

where FQB is the fraction of blood flowing to a child branch and α
is defined as

α ¼ logit ðFQEÞ � A
B

ð2Þ

where FQE is the fraction of RBC flowrate flowing to a child
branch and A and B are terms defined in the original empirical
model18,19.

We calculate the updated value of X0 for compressed vessels,
Xc
0, from Eq. (1) and FQE values from Supplementary Table 1.

Figure 1e and f show that Xc
0 is inversely proportional to D and

decreases linearly with H. Therefore, we keep the original
functional form, and update the pre-factor:

Xc
0 ¼ C

1�HD

DP
ð3Þ

where HD is the discharge haematocrit in the parent branch, DP is
the diameter of the parent branch, and C is the pre-factor to be
determined for the new functional form for Xc

0. We use a non-
linear least-squares method to fit C and obtain a value of 4.16,
yielding

Xc
0 ¼ 4:16

1� HD

DP
: ð4Þ

We now verify that the updated form of Xc
0 accurately captures

the RBC partitioning from the fully resolved simulations.
Figure 1g shows that Eq. (4) does not perfectly capture the
analytically calculated value of Xc

0. However, Fig. 1h shows that
the haematocrit in the child branches, the desired output of the
model, is well predicted by the updated term Xc

0 with an R2 value
of 0.96, and fits the data much better than the original model,
with an R2 value of 0.81.

Vessel compression reduces haematocrit and increases hae-
matocrit heterogeneity. We start by investigating how the
compressed vessels alter the distribution of RBCs, and therefore
haematocrit, at a network level. We run the network model for
blood flow in an artificially generated network, shown in Fig. 2a
where we treat the vessels in red as being compressed according
to the description in Table 1, which for the control case implies all
the vessels in the network are treated as uncompressed.

Figure 2 b shows that, when the vessels are treated with the
fully compressed model (IR+AP model), there is a reduction in
the average haematocrit of the compressed vessels (red distribu-
tion in the Figure) compared to the control from 19.2% to 8.8%.
Figure 2b also shows that the distribution of haematocrit within
the compressed vessels is wider, and has an interquartile range of
[17.4%, 21.1%] in the control changing to an interquartile range
of [0.9%, 13.1%] in the fully compressed case, which also becomes
bimodal (HDS p-value < 0.05). The frequency of vessels with 0%
haematocrit is increased from 1 vessel in the control case to 11
vessels in the fully compressed case.
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Next, we separately investigate the effects of increased
resistance and abnormal partitioning. When comparing the cases
with increased resistance and the control cases, one initially sees
that the compressed vessel (red in the Figure) distribution
remains unimodal (HDS p-value > 0.05) with a longer tail, Fig. 2b.
Contrarily, the distribution of the case with abnormal partitioning

is bimodal (HDS p-value < 0.05). This bimodal distribution
indicates that the increased heterogeneity of compressed vessel
haematocrit results from abnormal partitioning of RBCs, rather
than from increased resistance.

Finally, one sees that both the cases with increased resistance
and abnormal partitioning reduce the compressed vessel average

Fig. 1 Updating the reduced-order model for compression. a Flow chart of the process to calculate the values for Xc
0 for RBC partitioning in compressed

vessels. b Snapshot of a fully resolved cellular blood flow simulation. c Rotated snapshot of the same simulation to show compression has an elliptical
cross-section. d Plasma skimming curve. Green points are from varying the flow ratio in a bifurcation geometry of 33 μm with a compression before the
bifurcation and an inlet haematocrit of 20%. Compares how well the original phase separation empirical model works (blue line) and how changing solely
X0 improves the fit (green line). X0 for the green line is obtained through a fit to the data using the non-linear least-squares method. e Xc

0 calculated from
fully resolved simulations with Eq. (1) against the parent branch diameter prior to deformation. f Xc

0 calculated from fully resolved simulations with Eq. (1)
against the parent branch haematocrit prior to deformation. g Predicted Xc

0 from Eq. (4) against actual Xc
0 as calculated from fully resolved simulations.

h Predicted haematocrit (using updated Xc
0 in blue and original X0 in orange) against the fully resolved haematocrit. The diagonal line in g and h is a visual

aid to see how close the predicted values are to the values obtained from fully resolved simulations.
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haematocrit in the compressed region down to 12.1% and 17.7%,
respectively, compared to 19.2% in the control. The interquartile
range is also wider in the abnormal partitioning case, with a range
of [10.9%, 21.2%], compared to the increased resistance case,
[9.4%, 14.3%]. This finding suggests that there are two separate
mechanisms that contribute to the reduction of average
haematocrit in the compressed region of the network. We will
investigate those mechanisms in the next sections.

Mechanism that reduces haematocrit due to increased resis-
tance. Next, we explain the mechanism through which increased
flow resistance of the compressed vessels reduces the haematocrit
within the compressed region. We hypothesise that this effect
results from diverting flow away from the compressed vessels due
to their higher resistance to flow, according to Poiseuille’s law.
Therefore, as the phase separation effect disproportionally
favours RBC flow into the higher-flowing child branch11, RBC

Fig. 2 Microvascular network and effect of compression on vessel haematocrit distribution. a Depiction of the network in which the blood flow
simulations are performed. The blue vessels are treated as normal (uncompressed) blood vessels, the red vessels are treated as compressed vessels, also
called compressed regions. The inlet is at the bottom left, and the outlet is at the top right. b Violin plots of haematocrit distribution within the vessel
network. Blue and red lines correspond to blue and red vessels in a, respectively. The `control' case treats all vessels as normal vessels. The 'abnormal
partitioning and resistance' case treats compressed vessels as having an increased resistance and abnormal partitioning. The 'abnormal partitioning̀ case
treats compressed vessels as having just abnormal partitioning. The `resistance' case treats compressed vessels as having just increased resistance. See
Table 1 for further details about the four cases. The violin plots contain the individual data points in the distribution, displayed as black lines.
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flow into the compressed region should be disproportionally
reduced, thus decreasing the haematocrit in the compressed
region.

To test our hypothesis, we define and identify 11 critical
bifurcations in the network (see Methods and Supplementary
Note 3 for details). As critical bifurcations are the bifurcations
separating the flow going through the compression from the flow
that can also go outside the compression, they allow us to test this
hypothesis. We compare the flow ratio at these critical
bifurcations between the control case and the case with increased
resistance. Figure 3a shows that the flow ratio in the case with
increased resistance is always reduced in the child branch which
necessarily goes through the compressed region. This observation
confirms that flow is diverted away from the compressed region.

Finally, we show how, as the critical bifurcations divert flow
away from the compressed region, there is a reduction in
haematocrit in the compressed region. We take the geometrical
properties of the critical bifurcations and consider the haemato-
crit of the parent branch as obtained from the network
simulations using the case with increased resistance. We then
solve for the haematocrit distributions in the child branches of the
critical bifurcations using the original phase separation model
which contains the plasma skimming effect11. We prescribe the
flow ratios in the child branches with and without the increased
resistance and compare the resulting haematocrit distributions.
Figure 3b shows that the haematocrit of the vessel going into the
compressed region is smaller for the case with increased

resistance as compared to the control for all critical bifurcations,
which confirms our hypothesis.

Mechanism that reduces haematocrit due to abnormal RBC
partitioning. As a next step, we investigate the effect that the
abnormal partitioning has on haematocrit within the network. To
this end, we use the model for abnormal partitioning which
increases haematocrit heterogeneity in the child branches. We
hypothesise that the reduced average haematocrit in the com-
pressed region caused by abnormal partitioning alone is due to an
enhanced network Fåhraeus effect. The network Fåhraeus effect
contributes to the reduction of average haematocrit at each suc-
cessive bifurcation as the average haematocrit of the two child
branches at a bifurcation is lower than the haematocrit of the
parent branch20.

To investigate the hypothesis, we establish that, at a vascular
bifurcation where the higher flowing child branch is dispropor-
tionately enriched in haematocrit, the average haematocrit of the
child branches is equal to or lower than that of the parent branch
(branch 0):

Hchild ≤H0: ð5Þ

Supplementary Note 4 shows how to obtain this relation. We
further define ΔH1 and ΔH2 as the differences in haematocrit
between the parent branch and the two child branches (branches

Table 1 Summary of simulation cases.

Name Description Flow Solver Phase separation model

Control case Vessels are treated as non-compressed for control Supplementary Eq. (1),
Poiseuille circular

Supplementary
Eqs. (7)–(9)

Increased resistance and abnormal
partitioning case (IR+AP), fully
compressed model

Vessels are treated as having an increased
resistance due to reduced cross-section, and
abnormal partitioning at bifurcations

Supplementary Eq. (2),
Poiseuille elliptical

Updated as part of
results

Increased resistance case (IR) Vessels are just treated as having an increased
resistance due to reduced cross-section

Supplementary Eq. (2),
Poiseuille elliptical

Supplementary Eqs.
(7)–(9)

Abnormal partitioning case (AP) Vessels are just treated as having abnormal
partitioning at bifurcations

Supplementary Eq. (1),
Poiseuille circular

Updated as part of
results

Four possible scenarios for how vessels are treated in network simulations, which determine how the compressed vessels, in red in Supplementary Fig. 3, are treated.

Fig. 3 Mechanism for the effect of increased resistance on haematocrit in networks. Effect of increased resistance at all 11 critical bifurcations in the
vascular network (see Fig. 2 for network map). a Comparison of the flow ratio into the compressed region between the control case and the case with
increased resistance, showing a reduced flow ratio into the compressed region when compressed vessels have increased resistance. b Comparison of the
haematocrit of the child branch going into the compressed region between the control case and the case with increased resistance, showing a reduced
haematocrit in the branch flowing into the compressed region when there is increased resistance. The diagonal line in a and b is a visual aid to see how
close the values in the case of increased resistance are to the control case.
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1 and 2, where branch 1 is enriched):

ΔH1 ¼ H1 �H0 ≥ 0; ΔH2 ¼ H0 � H2 ≥ 0: ð6Þ
Figure 4 shows the data from diverging bifurcations in the
compressed portion of the network for the control case and the
case with abnormal partitioning. It can be seen that ΔH1 and ΔH2

are larger in the case with abnormal partitioning compared to the
control case. Further, the mean reduction in haematocrit,
H0 �Hchild, is increased in the case with abnormal partitioning
compared to the control case. Thus, a stronger network Fåhraeus
effect occurs in the case of abnormal partitioning. Additionally,
the enhanced heterogeneity in haematocrit due to the abnormal
partitioning suffices to explain the wider and bimodal distribution
of haematocrit within the compressed portion of the network
observed in Fig. 2.

Network conditions for haemodilution. Finally, we investigate
under what conditions networks are susceptible to haemodilution
when vessel compression is present. We perform a parameter
sweep over a wide range of inlet haematocrits to the network,
from 2.5% to 30% in steps of 2.5%, and over the entire range of
fraction of compressed vessels, using the fully compressed model
(increased resistance and abnormal partitioning). As described in
the “Methods” section and in Supplementary Fig. 3, we consider
two models for the fraction of compressed vessels in a network,
one where the more central vessels are compressed (radial
model), and the other where random vessels are compressed
(random model).

Figure 5a shows the fraction of haemodiluted vessels in the
radial model. The results show that haemodilution generally
increases with the fraction of compressed vessels and with a
decreasing inlet haematocrit. Figure 5a also indicates that,
although haemodilution is experienced over the entire parameter
range, it is most pronounced when the inlet haematocrit to the
network is relatively small, below 15%. In addition, this
haemodilution effect is observed over a wide range of fractions
of compressed vessels, suggesting that a low fraction of
compressed vessels is sufficient for the network to experience
haemodilution. The random model shows, Fig. 5b, that the
overall haemodilution trend is not very different compared to the

radial model of compressed vessels, although the haemodilution
is less pronounced. Finally, we highlight that while Fig. 5 shows
the fraction of haemodiluted vessels, there are also some vessels
that are enriched in haematocrit due to the redistribution of red
blood cells in the networks.

We also observe from Fig. 5 that the highest fraction of
haemodiluted vessels is not when the fraction of compressed
vessels is highest. Indeed, beyond a fraction of compressed vessels
of around 80%, haemodilution decreases again. We attribute this
behaviour to the mechanism for haematocrit reduction in the
networks. We previously identified that increased vessel resis-
tance has the most pronounced effect on haematocrit reduction
and that it depends on flow redirection. However, when a high
fraction of the network is compressed, the opportunity for flow
redirection is reduced, leading to a decrease in the effect of flow
resistance within the network, thus reducing the effect of
compression on haemodilution.

Discussion
Vessel compression in solid tumours is associated with both tumour
tissue hypoxia and reduced survival rates in patients. Conversely,
pharmacological decompression of vessels has been shown to lead to
an improvement in survival rates10. However, a complete descrip-
tion of the biophysical processes underpinning these associations,
particularly in relation to oxygen transport, remains elusive. Gaining
a mechanistic understanding of them may uncover novel ther-
apeutic strategies21. In this study, we numerically investigate RBC
distribution in partially compressed vascular networks, as a model of
tumour blood flow. We start by deriving a reduced-order model for
RBC partitioning at bifurcations in the presence of vessel com-
pression. We next demonstrate that vessel compression both
reduces average haematocrit and increases haematocrit hetero-
geneity throughout the network. We identify two mechanisms that
synergise non-linearly leading to this effect. The first is increased
vessel resistance, and therefore flow and haematocrit diversion, in
the portion of the network undergoing compression; the second is
abnormal RBC partitioning in the compressed bifurcations, which
underpins haematocrit heterogeneity at a network level. Finally, we
show that haematocrit reduction due to compressed vessels
increases with reducing inlet haematocrit to the network and with
an increased fraction of compressed vessels, with a maximum of
around 80% of compressed vessels.

There are several implications of the research in this work.
Firstly, it provides a theoretical underpinning to explain reports
from the literature, where animal models are shown to have
higher tissue hypoxia and tissue oxygen heterogeneity when
vessels are compressed10, as well as the presence of plasma
channels in tumour vessels22. We highlight the role of RBC
transport at the network level in the emergence of these phe-
nomena. The results support the hypothesis from our previous
work14 stating that, in a few successive bifurcations, vessels can be
depleted of RBCs as a consequence of vessel compression14,
leading to plasma channels22.

Secondly, this work forms part of a larger corpus in the lit-
erature studying how tumour vascular abnormalities affect blood
transport in tumour microvascular networks13,14,23–26. Pre-
viously, inter-bifurcation distance and increased vessel diameter
have been studied in isolation13,14,23–26, and this work studies
vessel compression. However, future work is necessary to identify
the relative effect on blood flow, and tissue oxygenation, of the
different structural abnormalities as well as their relevance in
vivo. Identifying the most relevant structural abnormalities in
tumour microvascular networks could open novel avenues for
diagnosis and patient treatment planning27. Prognosis could be
improved through phenotyping tumour vascular networks based

Fig. 4 Mechanism for the effect of abnormal partitioning on haematocrit
in networks. ΔH1 and ΔH2: enrichment and impoverishment of the
compressed vessels, for the control case and the case with abnormal
partitioning (AP). H0 � Hchild: reduction in average haematocrit between
the parent branch and the average of the child branches, at a diverging
bifurcation in the compressed region for the control case and the AP case.
The box plot shows the range from the lower to the upper quartile, and the
individual plotted points are outliers.
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on their structural abnormalities, as these correlate with survival
rates8. Treatment planning could be improved through optimis-
ing treatment based on the present structural abnormalities, to
improve treatment delivery or efficacy28,29.

Thirdly, the results support the notion, hypothesised in our
previous work14, that healthy vascular networks are protected
against the effects of naturally occurring structural abnormalities
for as long as their average haematocrit remains high. Diseased
networks, however, are susceptible to a positive feedback loop
whereby they are at a higher risk of haemodilution as they have
lower average haematocrit than healthy networks22.

Methods
Blood is modelled in two different ways. The first method is more
accurate at a high computational cost, whereas the other method
is based on a more efficient reduced-order model. The former,
more highly resolved simulations serve to inform the latter
reduced-order model.

Particulate blood flow. With the first method, we treat blood as a
suspension of deformable RBCs in a continuous plasma phase.
The plasma is assumed to be a continuous Newtonian fluid, and
the viscoelastic properties of plasma are not a leading-order effect
in the regime investigated30. The non-Newtonian behaviour of
blood arises from the presence of the deformable RBCs which are
modelled as hyperelastic membranes.

The physics of the particulate blood flow is characterised by the
Reynolds number and the capillary number. The Reynolds
number quantifies the ratio of inertial to viscous forces in fluid
flow. The capillary number quantifies the deformability of the
particles, where higher capillary numbers correspond to softer
particles. The Reynolds and capillary numbers are defined as31

Re ¼ ρumaxD
μ

; Ca ¼ μγrRBC
κs

ð7Þ

where ρ is the fluid density, umax is the maximum velocity in the
channel, D is the channel diameter, μ is the dynamic viscosity of
the suspending fluid, γ is a typical shear rate in the system, rRBC is
the rest radius of the RBC, and κs is the elastic modulus of the
RBC. In our simulations, the Reynolds and capillary numbers are
set to 0.5 and 0.1, respectively14.

The algorithm for solving for particulate blood flow is
implemented in the open-source software HemeLB (https://
github.com/hemelb-codes/hemelb)32. Additional information on

the model and the numerical scheme can be found in
Supplementary Note 5 and the references therein.

Network blood flow. With the second method, blood flow is
treated in a one-dimensional network model imposing Poiseuille’s
law on each vessel segment, with additional components to the
model accounting for the Fåhraeus effect, the Fåhraeus–Lindqvist
effect, and partitioning of RBCs at bifurcations19. Additional infor-
mation on the model and numerical scheme can be found in Sup-
plementary Note 1 and the references therein.

Artificial network generation. The networks are generated using
the open-source software Tumorcode33–35. It uses an algorithm to
randomly generate vessel networks on a mesh. The algorithm is
based on Murray’s law and geometrical properties for capillaries,
arterioles, and venules. Tumorcode also has the ability to repro-
duce the evolution of a tumour vessel network in the in silico-
generated vascular network. However, for the purpose of the
research here only the healthy networks are used, to isolate the
network from other structural abnormalities. An example of a
generated network is depicted in Fig. 2a. We use the two-
dimensional default network generator, with a single inlet and a
single outlet. The single inlet and outlet facilitate the choice of
boundary conditions, with the inlet set as a flowrate and the outlet
as a pressure of zero. As there is a single inlet and outlet, the
absolute value of the flowrate does not have an effect on the
haematocrit output of the simulations. Unless stated otherwise,
the inlet haematocrit is 20% The two-dimensional networks are
generated within a square surface of 5000 μm by 5000 μm.

Within the network, we treat some vessels differently, detailed
in Table 1, which we call the compressed vessels or compressed
regions. Initially, the compressed vessels are in the centre of the
network and are vessels that have both ends within a 1000 μm
radius of the centre of the vessel network. We also vary the
fraction of compressed vessels, using a radial model and a
random model, see Supplementary Note 6. The radial model is a
model for tumours where the solid stress is higher in the centre,
thereby compressing vessels more in the centre of the tumour36.
In the radial model, the compressed vessels are the vessels closest
to the centre of the network (see Supplementary Fig. 3a–f). The
random model is an alternative model where compressed vessels
are not deterministically situated. In the random model, a
random selection of vessels is compressed to reach the desired
fraction of total vessels (see Supplementary Fig. 3g–l).

Fig. 5 Heat maps for vessel haemodilution conditions in compressed network. Heat map showing the fraction of haemodiluted vessels in the network for
varying inlet haematocrit and fraction of compressed vessels in the network. Haemodiluted vessels are defined as vessels with a haematocrit of less than
half of the haematocrit of the same vessel in the control case. a Radial model for the network, b random model for the network. See Supplementary Fig. 3
for an illustration of the radial and random models.

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01510-8 ARTICLE

COMMUNICATIONS PHYSICS |            (2024) 7:49 | https://doi.org/10.1038/s42005-023-01510-8 | www.nature.com/commsphys 7

https://github.com/hemelb-codes/hemelb
https://github.com/hemelb-codes/hemelb
www.nature.com/commsphys
www.nature.com/commsphys


Processing results. The average haematocrit values reported are
calculated as follows:

H ¼ 1
n
∑
n

i¼1
Hi; ð8Þ

where H is the average discharge haematocrit, n is the number of
vessels, and Hi is the discharge haematocrit of the ith vessel.

Hartigan’s dip statistic (HDS) is used to test for the
unimodality of a distribution37. The null hypothesis of the test
is that the distribution is unimodal. If the null hypothesis is
rejected, that is the p-value from the test is below 0.05, the
distribution is multimodal, and we determine how many modes
there are based on the number of peaks in the distribution.

To process the results, we also define a set of critical
bifurcations, see Supplementary Note 3. A critical bifurcation is
defined as a diverging bifurcation where

1. one of the child branches has every possible path emanating
from it going through the compressed region and

2. the other child branch has at least one path emanating from
it not going through the compressed region.

The critical bifurcations are therefore the bifurcations in the
network that separate flow going through the compressed region
from the flow that can go outwith the compressed region.
Supplementary Fig. 1 illustrates one of these critical bifurcations,
and the remaining 10 are available from the downloadable
supplementary material.

In addition, to quantify the effect that vessel compression has
on the reduction of haematocrit in the networks, we define a
metric which is a proxy to quantify haematocrit reduction in a
network. The metric uses the basic form

Fhdil ¼
Nhdil

N tot
; ð9Þ

where Fhdil is the fraction of haemodiluted vessels in the network,
Nhdil is the number of haemodiluted vessels in the network, and
Ntot is the total number of vessels in the network. The condition
for haemodilution is that the haematocrit in a given vessel has a
relative value of 50% or less of the haematocrit of the same vessel
in the control case.

Data availability
The result of the simulation showing the critical bifurcations and flow path has been
deposited in Edinburgh DataShare (https://doi.org/10.7488/ds/7544).

Code availability
The code used for the simulations and data analysis is available from the corresponding
authors upon reasonable request.
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