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Abstract

Leptomeningeal collaterals (LMCs) connect the main cerebral arteries and provide alterna-

tive pathways for blood flow during ischaemic stroke. This is beneficial for reducing infarct

size and reperfusion success after treatment. However, a better understanding of how

LMCs affect blood flow distribution is indispensable to improve therapeutic strategies. Here,

we present a novel in silico approach that incorporates case-specific in vivo data into a

computational model to simulate blood flow in large semi-realistic microvascular networks

from two different mouse strains, characterised by having many and almost no LMCs

between middle and anterior cerebral artery (MCA, ACA) territories. This framework is

unique because our simulations are directly aligned with in vivo data. Moreover, it allows us

to analyse perfusion characteristics quantitatively across all vessel types and for networks

with no, few and many LMCs. We show that the occlusion of the MCA directly caused a

redistribution of blood that was characterised by increased flow in LMCs. Interestingly, the

improved perfusion of MCA-sided microvessels after dilating LMCs came at the cost of a

reduced blood supply in other brain areas. This effect was enhanced in regions close to the

watershed line and when the number of LMCs was increased. Additional dilations of surface

and penetrating arteries after stroke improved perfusion across the entire vasculature and

partially recovered flow in the obstructed region, especially in networks with many LMCs,

which further underlines the role of LMCs during stroke.

Author summary

Cerebral ischaemic strokes are a leading cause of death and disability worldwide. Among

other factors, the outcome of stroke treatment is determined by the existence and extent

of collateral flow paths, which sustain residual blood supply to the obstructed brain region.

To improve therapeutic strategies and to reduce reperfusion injuries during treatment, an

in-depth understanding of the role of collaterals for maintaining blood supply is indis-

pensable. We performed numerical simulations to quantify how leptomeningeal collater-

als impact blood flow redistribution in response to middle cerebral artery occlusion. Our
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studies have the unique feature that they are consistent with the topology of case-specific

pial arterial networks from mouse brains and aligned with sparse in vivo blood flow mea-

surements. This allows the valuable joint interpretation of numerical studies and in vivo
experiments. We observed that maintaining perfusion to the obstructed region comes at

the cost of reduced blood supply in other areas. Moreover, dilation of arterial vessels

improved perfusion in the entire vasculature. Importantly, flow changes vary significantly

across and even within vessel types, which underlines the benefits of numerical models

with single vessel resolution. Taken together, our framework establishes a strong link

between experimental and numerical studies necessary to advance our understanding of

perfusion changes in response to stroke and after clot removal.

Introduction

Due to the limited energy storage of the brain, maintaining a robust oxygen and nutrient sup-

ply is crucial. During healthy conditions, the interconnected network of microvascular blood

vessels [1–3] sustains blood flow to all brain areas and regulates flow in response to local

changes in neuronal activity [4–6]. However, during ischaemic stroke blood supply to specific

brain regions is reduced drastically by a clot obstructing large arterial vessels. This typically

causes tissue damage, which often results in permanent disability or even death [7].

Leptomeningeal anastomoses or collaterals (LMCs) are blood vessels connecting branches

of major feeding arteries at the cortical surface of the brain [8, 9], e.g. the middle (MCA) and

the anterior (ACA) cerebral arteries. Due to their relatively low flow velocity [10] and small

vessel diameters, LMCs are often described as being “almost dormant” during healthy physio-

logical conditions. However, during stroke LMCs dilate [11–14] and provide alternative routes

for blood to partially maintain perfusion in under-supplied brain regions [7].

Current treatments for stroke include the removal of the clot by either thrombolysis with

recombinant tissue plasminogen activator (rt-PA) or mechanical thrombectomy [7]. Among

other factors, the outcome of stroke treatment is determined by the existence and extent of lep-

tomeningeal collaterals of individual patients [7]. However, even after successful recanalisation

of the occluded vessel, some brain regions may remain unperfused, e.g. due to microvascular

obstructions by neutrophils [15], secondary occlusions caused by fragments of the original clot

[16] or constrictions of downstream vessels [17]. In order to improve therapeutic strategies, an

in-depth understanding of how LMCs redistribute flow during stroke across vessel types is

essential [8, 16].

Studies in mice showed that the diameter and number of LMCs vary for different strains

[11, 12], but also between individual animals [18]. This directly impacts the infarct volume

and therewith the overall outcome after stroke [12, 14, 19–21]. Furthermore, it has been sug-

gested that functional activation of the cortex can offer protection from stroke, possibly by re-

routing flow over collateral flow paths [22, 23]. While experimental studies generally agree that

the presence of many large LMCs reduces the infarct size after stroke [12, 14, 19, 20], relatively

little is known on how LMCs precisely redistribute flow at the level of individual vessels and

across the entire vasculature. Even though scanning speeds for two-photon microscopy (2PM)

line scans are increasing [24, 25], generally 2PM studies are limited to quantifying flow in a

few vessels [13, 26–28]. Moreover, data on perfusion changes in all vessel types, e.g. arteries

and capillaries, and over the entire depth of the cortex is usually not available. Other measure-

ment techniques such as functional magnetic resonance (fMRI) [29, 30] or laser speckle con-

trast imaging (LSI) [15, 31] provide results on a more global scale. However, their resolution is
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either very coarse (fMRI) or the results are difficult to interpret quantitatively (LSI) [31].

More-advanced high-resolution tomographic imaging methods [32–35] have the potential to

quantify flow in large brain regions at single vessel resolution. While these methods are very

promising for the future, they are not yet widely used in the field.

In contrast to in vivo studies, the numerical simulations employed here offer the advantage

that flow values for the entire vasculature are obtained [36–39]. Furthermore, individual vessel

diameters or even the network topology can be adjusted to evaluate the isolated impact of

these changes on overall perfusion characteristics [40–44]. This is challenging in vivo, where

localised vascular modifications may trigger a series of changes within large areas of the brain.

Thus, in silico studies are a convenient tool to provide novel insights on the role of LMCs on

flow redistribution during stroke across all vessel types.

To simulate blood flow, a network representation of the vasculature is required. Generally,

the acquisition, segmentation and vectorisation of large realistic microvascular networks with

thousands of vessels is challenging, especially if complete connectivity and accurate capillary

diameters are required, as it is the case for blood flow simulations [3, 36, 37]. Nonetheless,

recent advances in imaging and data processing allow the ex vivo mapping of the entire mouse

brain vasculature [45–48]. However, these networks have not been used in simulation studies

yet, and a direct comparison to in vivo flow measurements would be difficult. Alternatively,

fully artificial or semi-realistic networks matching realistic characteristics can be used [21, 49,

50].

Here, we present a novel approach that allows us to generate large semi-realistic microvas-

cular networks that are based on case-specific experimental data available from in vivo studies.

More precisely, our framework combines incomplete pial arterial networks obtained from

mice with realistic penetrating trees and an artificial capillary bed to obtain a network that

mimics the realistic vasculature. By applying an inverse model the networks are tuned such

that they are aligned with in vivo two-photon microscopy red blood cell (RBC) velocity mea-

surements [15, 38, 51] from individual subjects and literature. These networks are then used

for in silico experiments studying changes of blood flow distributions during stroke. While

inverse modelling has previously been used to incorporate experimental data into blood flow

simulations [52–58], to the best of our knowledge, our framework is the first that tunes net-

work characteristics in large semi-realistic microvascular networks by incorporating sparse

data from in vivo experiments at arterial level. Importantly, our framework is well-suited to

handle both large parameter spaces and a large number of constraints. This strong connection

between in vivo and in silico allows to reduce uncertainties and opens the door for novel inter-

esting research questions.

In the current study we used our novel simulation framework to compare the flow fields

during (1) baseline (Base), (2) MCA occlusion (MCAo), (3) after subsequent LMC dilation

(MCAo & LMC-dil) and (4) after additionally dilating all arteries (MCAo & LMC/SA/DA-dil)

for vascular networks derived from mice with (C57BL/6) and no LMCs (BALB/c). Addition-

ally, we analysed the flow field in modified test cases by adding or removing LMCs. This

approach allowed us to study the flow and pressure fields in the entire vasculature during

stroke and LMC dilation. Based on that, we provide novel insight on the role of LMCs and

comment on the impact of the number of LMCs for the overall perfusion.

Materials and methods

Ethics statement

All animal experiments were approved by the local veterinary authorities in Zurich and con-

formed to the guidelines of the Swiss Animal Protection Law, Veterinary Office, Canton of
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Zurich (Act of Animal Protection 16 December 2005 and Animal Protection Ordinance 23

April 2008, animal welfare assurance numbers ZH165/19 and ZH224/15).

In vivo experiments in pial arteries

Our study builds on in vivo data from two different mouse strains characterised by either hav-

ing many (C57BL/6) or close to no (BALB/c) LMCs between the MCA and ACA territories

[11, 12, 20]. In vivo two-photon imaging was used to extract the topology and vessel lengths of

four pial or surface artery (SA) networks (2x C57BL/6J (JAX: #000664), 2x BALB/cByJ (JAX:

#001026)) located at the cortical surface in the whisker and hindlimb area of the cortex (cranial

window size 3.5 x 3.5mm2, MCA-M4/M5 territory, S10 Fig). Animal surgery for two-photon

imaging and blood flow measurements were performed as described earlier [15]. Fig 1A shows

a manually traced reconstruction of SAs located at the MCA-ACA watershed line (wsl). The

SAs are fed by either MCA or ACA, and for C57BL/6 networks the downstream MCA and

ACA sided SAs are connected by LMCs (yellow squares). All visible descending artery (DA)

roots, i.e., locations where DAs branch off from the SAs to supply the capillary bed, are marked

by red dots. Diameters and RBC velocities were measured by line-scans and were processed

with a custom-designed image processing tool box for MATLAB (Cellular and Hemodynamic

Image Processing Suite, CHIPS, [59]; R2014b; MathWorks). Vessel diameters at baseline were

determined at full width half maximum from a Gaussian fitted intensity profile drawn perpen-

dicular to the vessel axis for a subset of vessels in all networks. Additionally, baseline RBC

velocities in selected vessels of one C57BL/6 and one BALB/c network were analysed with the

Radon method [60] implemented in CHIPS (see S1 Table for the measurements of the network

C57BL/6I in Fig 1A).

Generation of semi-realistic microvascular networks

To study perfusion characteristics in the entire vasculature, we generated semi-realistic micro-

vascular networks that are based on realistic pial topologies (Fig 1A) but also contain penetrat-

ing trees and capillaries. Within this manuscript we use the term descending artery (DA) and

ascending venule (AV) to refer to all arterial and venule vessels below the cortical surface, i.e.,

this includes arterioles and venules. Detecting all DA roots in the area below the cortical win-

dow is difficult without acquiring complete z-stacks. Therefore, in a first step, we increased the

number of DA roots to match experimental values as observed in high-resolution images of

the vasculature obtained by light sheet microscopy [61] (Table A in S1 Appendix). To attain

this goal we sampled additional tree locations directly into the SA reconstruction (orange dots

in Fig 1B) and connected the novel DA roots to the nearest SAs by introducing new vessels

(orange edges in Fig 1B). See S1 Appendix for more details on the refinement algorithm for

the pial vasculature. Additionally, root points of venous trees at the cortical surface, i.e., the

AV roots, were added such that they are located around DA roots and mimic a rhombic lattice

with a DA:AV ratio of 1:3 [3] (blue dots in Fig 1B). Importantly, the resulting pial network

(Fig 1B) is still characterised by the overall SA topology of the originally acquired network (Fig

1A). However, the density of DA roots is now consistent with mean values observed in high-

resolution experiments. While in the current study a mean DA root density was prescribed for

the entire network, the applied sampling approach would also allow to match a spatially vary-

ing distribution of penetrating trees, given such data is available from experimental studies.

The refined SA topology (Fig 1B) was used to generate large three-dimensional semi-realis-

tic microvascular networks consisting of pial arteries (SAs), descending arteries (DAs),

capillaries (Cs) and ascending veins (AVs) (Fig 1C). When available, in vivo diameter measure-

ments were assigned to the refined SA topology (S1 Table). The remaining vessel diameters
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Fig 1. Stepwise generation of large semi-realistic microvascular networks based on incomplete experimental data. (A) Experimentally acquired

reconstruction of surface artery (SA) network from a mouse with LMCs (network C57BL/6I). The MCA and ACA sided SAs are fed by the respective

main feeding arteries, and are connected by LMCs (yellow squares) across the watershed line (wsl). The numbers refer to diameter and RBC velocity

measurements obtained in individual SAs (S1 Table). Red dots are used to mark the locations of descending artery (DA) root points. For the

reconstructions and measurements of the other three networks, refer to S9 Fig, and S24, S25 and S26 Tables, respectively. (B) Network representing

SAs. The original topology is shown with red lines and the additionally added SAs to connect the sampled DA roots (orange dots) are indicated by

orange lines. Furthermore, ascending vein (AV) roots (blue dots) are distributed around the DAs. (C) Hierarchical structure of the microvascular

network consisting of SAs, DAs, AVs and capillaries (Cs). Additional SAs are added to connect the MCA and ACA sided SAs to a common inflow

vertex, i.e., the circle of Willis (CoW). (D-G) Networks C57BL/6I and C57BL/6II with LMCs (D-E) and BALB/cI and BALB/cII without LMCs (F-G).

The locations of MCA occlusion (MCAo) are indicated with red circles. The networks are located in the MCA-M4/M5 territory and the MCAo is at the

MCA-M2 [61].

https://doi.org/10.1371/journal.pcbi.1011496.g001

PLOS COMPUTATIONAL BIOLOGY The role of leptomeningeal collaterals in redistributing blood flow during stroke

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011496 October 23, 2023 5 / 33

https://doi.org/10.1371/journal.pcbi.1011496.g001
https://doi.org/10.1371/journal.pcbi.1011496


were estimated by interpolating between the available values. Note that the prescribed vessel

diameters are only preliminary and their uncertainties will be reduced in a subsequent step by

using inverse modelling. Additional pial arteries (SAs to CoW) were added to connect the

MCA and ACA inflows to a common inflow vertex, which represents the vessel offspring at

the circle of Willis (CoW). Subsequently, we added realistic penetrating trees (DAs, AVs) and

connect them to the pial network at the DA and AV root points. The penetrating trees were

sampled from a database previously obtained from the somatosensory cortex of the rat [36,

62], and scaled by a factor of 2/3 to account for size differences of cortical thickness between

mouse and rat [37, 63]. Finally, a simplified artificial capillary bed (Cs) consisting of a stacked

hexagonal network with uniform diameters, lengths and tortuosity was added mimicking the

typical highly interconnected and mesh-like topology [2, 3, 48, 64]. The values for capillary

diameters (4 μm [3]), lengths (62 μm) and tortuosity (1.37 [3, 48, 65]) were chosen such that

the overall length and volume densities of the vasculature are within the range observed in vivo
(see S3 Table). By connecting the leaf vertices of the penetrating trees to the respective closest

capillaries, we obtained a full network which represents the typical hierarchical structure of

realistic microvascular networks, where blood sequentially flows through SAs, DAs, Cs and

AVs [64]. As such, our approach enables fast and straightforward generation of large micro-

vascular networks, which are based on realistic pial vascular topologies and represent the over-

all characteristics of the in vivo microvasculature. More details on the validation of our semi-

realistic networks are presented at a later stage.

Blood flow model

As commonly done in previous works by our group [37, 38, 42–44] and others [39, 49, 66–68],

we represented the brain vasculature by a network consisting of edges and vertices, which cor-

respond to individual blood vessels and connections of at least two blood vessels. Poiseuille’s

law was used to compute blood flow rates, RBC velocities and pressures in the entire network.

As our focus is not on local capillary perfusion characteristics [37] but on overall flow changes,

we neglected the effects of phase-separation [69] and assumed a constant haematocrit of 0.3.

The impact of haematocrit and vessel diameter on flow resistance is considered by the formu-

lation of Pries et al. [70]. Please refer to S2 Appendix for a more detailed description of the

blood flow model.

Pressure boundary conditions of 100 and 10 mmHg [37] were assigned to in- and outflow

vertices, respectively, and kept constant for all simulations, i.e., at baseline, MCAo, MCAo &

LMC-dil and MCAo & LMC/SA/DA-dil. The networks were constructed such that only one

inflow vertex exists at the most upstream SA vessels at the circle of Willis (CoW in Fig 1C).

Outflow boundary conditions were assigned to all AV tree root vertices [37].

Tuning of vessel diameters to match experimental data

As described in the previous sections, the three-dimensional semi-realistic microvascular net-

work (Fig 1D) mimics the topology and structure of the real vasculature and is consistent with

case-specific pial networks from in vivo experiments. However, the uncertainties related to

vessel diameters are still large. To reduce these uncertainties, additional data from in vivo mea-

surements and literature were incorporated into the model.

In previous work we presented an inverse modelling approach to estimate diameter

responses necessary to locally upregulate blood flow during functional activation [43]. Here,

we adapted this inverse model and tuned the diameters of the entire network by prescribing

constraints on RBC velocities in selected blood vessels. We used two different types of velocity

constraints: 1) Constraints that prescribe a precise target velocity umeas
ij or 2) a target range with
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a defined minimum umin
ij and maximum umax

ij velocity for edge eij. Precise target velocities were

used in SAs where two-photon line scan RBC velocity measurements from the in vivo experi-

ments were available (Fig 1A, S1 Table). If no velocity measurement was available for a LMC,

the target value was set to the median velocity measured across all other LMCs, i.e.,

umeas
ij ¼ 0:53 mm=s. Additionally, in agreement with in vivo data [27, 71], we prescribed a

range of 2–10 mm/s for the RBC velocities in the most upstream DAs (DA roots) and a range

of 0.4–2 mm/s in the AV vessels at the outflow boundaries (AV roots). A visualisation of all

blood vessels with a prescribed target RBC velocity is given in Fig 2A.

The inverse problem was solved by iteratively minimizing a cost function describing the

previously mentioned velocity constraints. Here, we used a sum of parabolic functions (Fig

2B) with cost function values zero at the precise target values umeas
ij or in the range from umin

ij to

umax
ij , respectively. Similar to our previous publications [43, 72], we searched for a minimum of

the cost function by using a gradient-based approach, where the adjoint method was applied

(see S3 Appendix for more details). The converged solution of the inverse problem is ambigu-

ous since the parameter space is much larger than the number of constraints, i.e., diameters of
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204’116 blood vessels can be adjusted to match 641 constraints in SAs, DAs and AVs of the

network C57BL/6I (Fig 2A). Therefore, an entire manifold of different combinations of vessel

diameters solve the inverse problem, and thus infinite many solutions with the cost function

value of zero exist [43, 72]. The validation of topology and flow field against literature data (see

subsequent section) allows us to be confident that our semi-realistic microvascular networks

are a good approximation of the cortical vasculature. Moreover, while the current cost func-

tion only contains constraints for RBC velocities in a subset of blood vessels, it could easily be

extended by additional terms to further reduce the ambiguity of the solution space [43, 72, 73].

To account for the different levels of uncertainties related to the diameters of the initial net-

work, the maximum diameter change compared to prior values was restricted and varied

depending on vessel categories, i.e., ±5% for SAs with diameter measurements, ±20% for SAs

without diameter measurements and ±50% for all other vessel types (DAs, Cs and AVs).

The comparison of diameter distributions before and after tuning (S11(A)–S11(C) Fig)

shows that applying the inverse model mainly affected SAs. Changes of other vessel types were

also observed, however, they were mainly located close to penetrating trees and in the upper

layers of the networks (S11(D)–S11(F) Fig). Note that with our inverse modelling approach it

is expected that the largest diameter changes are close to the measurements, because the cost

function is minimised by adjusting the parameters with the highest sensitivity (S3 Appendix).

Fig 2C demonstrates that the velocities in SAs after tuning the vessel diameters agree well

with the target values from the measurements. Furthermore, the velocities in DA and AV

roots are now within the prescribed velocity ranges. This demonstrates that using an inverse

model for optimizing the network is an effective tool to improve the overall quality and to

obtain RBC velocity distributions that are consistent with given experimental data. The diame-

ters and RBC velocities after tuning in SAs of C57BL/6I are visualised in Fig 2D and 2E.

Validation of semi-realistic microvascular networks

The final semi-realistic microvascular networks of all four datasets are visualised in Fig 1D–

1G. On average, the networks span an area of 28.75 mm2 and consist of approximately 200’000

edges. A more detailed summary of network characteristics is available in S2 Table. We vali-

dated the networks by comparing different vessel and flow characteristics to literature values.

Overall, the length and volume densities, as well as the mean diameters of SAs, DAs, Cs and

AVs, are within physiological range in all four networks (S3 Table). The flow field in the vascu-

lature is highly heterogeneous [37, 64, 74], which results in order of magnitude differences of

RBC velocities in individual vessels. Generally, both the magnitudes (S4 and S28 Tables) and

heterogeneity (S12 and S13 Figs) of velocities and RBC flow rates are captured well by our sim-

ulations and agree with experimental data from literature. Furthermore, our networks agree

with reported values for cerebral blood flow (S27 Table) and wall shear stresses in different ves-

sel types (S29 Table).

Adjustment of vessel diameters to represent the effects of MCA occlusion,

LMC dilation and artery dilation

To mimic a stroke at the level of the MCA (MCAo) we constricted an edge segment with a

length of 50 μm upstream to the pial network to 10% of its baseline diameter (MCAo in Fig

1D–1G). This occlusion is at the MCA-M2 bifurcation [61] and induces at significant pressure

drop. The semi-realistic microvascular networks described above are located further down-

stream in the M4/M5 area and of course are affected tremendously by the MCAo. The precise

response of vessels in the M4/M5 area (both on the MCA and the neighboring ACA side) is

still not fully understood and likely a mix of dilations and constrictions [17, 27, 28]. Further
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confounding factors are the precise time point after stroke and potential effects of anesthesia

[75]. In any case, the alterations in diameter are likely a result of a multitude of response mech-

anisms, including some form of autoregulation, passive changes due to vessel elasticity and

potentially additional pathological adaptations.

As our focus is on flow redistribution immediately after stroke and the effect of LMCs, we

decided to limit vascular adaptations to three clearly defined states: 1) no diameter adaptations

except MCAo, 2) MCAo and LMC dilation (MCAo & LMC-dil) and 3) MCAo & LMC-dil and

SAs and DAs dilation (MCAo & LMC/SA/DA-dil). While state 1) & 2) represent the situation

immediately after stroke, state 3) is intended to mimic simplified forms of either autoregula-

tion or therapeutic intervention causing arteriole dilation by vasodilators [76, 77] or stimula-

tion [22, 23].

The diameters of LMCs for the state MCAo & LMC-dil were derived from the in vivo exper-

iments, when such data was available (C57BL/6I in Fig 1A and S1 Table). For all other scenar-

ios, a uniform dilation factor of 1.7 was assumed, which corresponds to the median dilation

factor of the C57BL/6I network. For the state MCAo & LMC/SA/DA-dil, SAs and DAs were

dilated by 10%, which is the average peak dilation observed in vivo for pial vessels during func-

tional hyperaemia [64]. Note that models for autoregulation are available [78, 79]. However, as

autoregulation is likely impaired during stroke [80] we decided to work with a more general

state that allows us to analyze how SA & DA dilations could counteract the flow and pressure

reductions caused by the MCAo.

For all states we accounted for the elasticity of blood vessels by using a pressure-area rela-

tionship based on linear elastic theory [21, 79, 81] to estimate passive diameter changes due to

pressure alterations in response to MCAo. Such pressure alterations are observed across large

parts of the vasculature (S6(A) and S6(C) Fig). Interestingly, despite the large changes in pres-

sure, the calculated constrictions due to vessel elasticity were generally below 10% (S4 Fig) and

the elasticity of vessels only slightly affected the results compared to when all vessels were

assumed rigid (see S21 Table, S22 and S23 Tables). For more details on the vessel elasticity

model, please refer to S4 Appendix.

It is important to note that the defined post-stroke states are a strong simplification in com-

parison to the complex situation in vivo. However, at the same time, these clearly defined states

offer the advantage that simulation results can be compared rigorously and that it is possible to

comment on the isolated effects of specific alterations, e.g. LMC-dilation. This would be chal-

lenging for states including all post-stroke vasodynamics at once.

Variation of LMC densities

One of our key goals was to quantify the impact of the number of LMCs on flow redistribution

after MCAo, MCAo & LMC-dil and MCAo & LMC/SA/DA-dil. As the overall network struc-

ture differs between individual data sets, it is difficult to directly compare networks with and

without LMCs. Consequently, we exploited the benefits of in silico investigations and modified

the network characteristics by removing selected or all LMCs from C57BL/6 networks, and

analogously adding any desired number of LMCs to BALB/c networks. This allows us to create

additional scenarios with varying LMC densities for all four networks. Subsequently, we ana-

lysed how the presence of many (100% LMC), few (50% LMC) or no (0% LMC) LMCs affects

the overall perfusion changes in an isolated manner, i.e., without any other differences between

the networks. For the C57BL/6 networks, the 50% LMC and 0% LMC scenarios were defined

by randomly removing half or all existing LMCs, respectively (S5(A) Fig). Accordingly, LMCs

were added to the BALB/c networks based on the LMC characteristics derived from the two

C57BL/6 datasets (see S5 Fig for details).
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Results

With our simulations we studied how the occlusion of the MCA (MCAo), the subsequent dila-

tion of LMCs (MCAo & LMC-dil) and the additional dilation of all arteries (MCAo & LMC-

dil/SA/DA-dil) affect the distribution of blood flow compared to baseline (Base). We first

focus on results obtained for networks characterised by many LMCs (C57BL/6I and C57BL/

6II) and analysed the changes in blood flow rates in SAs, DAs and Cs. The results are then com-

pared to networks with fewer or no LMCs, which provides further insights on the role of

LMCs during stroke. To facilitate comparison, the results for MCAo & LMC/SA/DA-dil are

depicted together with the other states. However, to focus on the impact of arterial dilations,

the description of this state is addressed in a separate section, i.e., after describing perfusion

changes at the level of SAs, DAs and Cs in response to MCAo and LMC-dil.

An occlusion of the MCA passively increases the flow rates in LMCs and

ACA sided SAs

In Fig 3A the relative changes of blood flow rates after MCAo compared to baseline are visual-

ised for the network C57BL/6I (see S1(A) Fig for C57BL/6II). As expected, the flow in MCA

sided SAs was reduced drastically due to the upstream stroke. The opposite trend was observed

in ACA sided SAs, where the flow rate mostly increased. This was most apparent in vessels on

a direct flow path from the ACA to the LMCs (doted arrows) and consequently, the flow in all

LMCs also increased substantially. Interestingly, this happened without dilating any vessels

and follows directly from the changed pressure field due to the MCAo. More precisely, the

pressures at baseline were approximately similar in MCA and ACA sided SAs, which leads to

low residual flow rates in the LMCs (Figs 2E and 3E left). In contrast, the overall pressure in all

MCA sided SAs was reduced drastically due to the MCAo (change of mean pressure

DpBase!MCAo
rel ¼ � 60:0% for C57BL/6I) (see S5 Table and S6 Fig). However, while the pressure

also dropped in all ACA sided SAs, the corresponding mean pressure reduction was less pro-

nounced (DpBase!MCAo
rel ¼ � 6:9% for C57BL/6I). The resulting pressure difference between

MCA and ACA induced a flow in ACA SAs towards the LMCs. Additionally, the altered pres-

sure field caused flow direction changes in all LMCs and several other SAs on both MCA and

ACA side (S2 Fig). This resulted in a unidirectional flow over the LMCs from ACA to MCA

side after MCAo and in a shift of the watershed line towards the MCA territory.

To further analyse the results of both C57BL/6 networks quantitatively we classified the

MCA and ACA sided SAs into different categories (Fig 3C), i.e., into vessels located on a

shortest path from the inflow (CoW) to the LMCs (MCA/ACA SAs on paths to LMCs) and

into other vessels (Other MCA/ACA SAs). Fig 3E shows the flow rates for the networks with

LMCs (C57BL/6I, C57BL/6II) for the four simulated scenarios (baseline, MCAo and MCAo

& LMC-dil, MCAo & LMC/SA/DA-dil). The MCAo caused a drastic flow reduction in the

majority (C57BL/6I: nrel = 99.4%, C57BL/6II: nrel = 100%) of MCA SAs, independently of

whether they are located on a shortest path to LMCs or not. For example, in C57BL/6I the

relative changes of mean flow rate in MCA SAs on paths to LMCs and in Other MCA SAs
were DqBase!MCAo

rel ¼ � 95:5% and DqBase!MCAo
rel ¼ � 94:0%, respectively. Interestingly, different

trends were observed for ACA sided SAs, where the mean flow rate in vessels located on

paths to LMCs increased after MCAo (DqBase!MCAo
rel ¼ þ15:0% for C57BL/6I) and slightly

decreased in others (DqBase!MCAo
rel ¼ � 2:7%). Even though the average flow rate decreased in

ACA SAs not on a path to LMCs, there are a few vessels where we also saw an increase in

flow (C57BL/6I: nrel = 11.0% of Other ACA SAs, C57BL/6II: nrel = 28.6%). S5 and S6 Tables

provide a detailed summary of results in C57BL/6I and C57BL/6II.
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Fig 3. Flow rate changes in SAs in response to MCAo and subsequent LMC-dil and SA/DA-dil. (A-B) Relative changes of blood flow rates in

individual SAs of the network C57BL/6I after MCAo compared to baseline (A) and after LMC-dil in comparison to MCAo only (B). (C)

Classification of SAs and DAs into MCA and ACA sided vessels. Additionally, the SAs are classified into vessels located on a shortest path to LMCs
(solid lines) and others (dashed lines). The grey shaded patches group DAs into different categories according to their planar distances to LMCs

(spacing between differently coloured patches is 250 μm). The wsl describes the interface between MCA and ACA territory, which was extracted
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In LMCs, the relative increase in mean flow rate due to MCAo was tremendous

(DqBase!MCAo
rel ¼ þ758:5% for C57BL/6I) (Fig 3E left and S6 Table). However, these large values

were not only caused by the substantial increase in absolute flow rates, but also by the small

baseline values in LMCs. Nevertheless, the results clearly demonstrate that a passive redistribu-

tion of flow at pial level occurs after MCAo without additional diameter adaptations.

The effect of dilating the LMCs in addition to MCAo is visualised in Fig 3B for C57BL/6I

(see S1(B) Fig for C57BL/6II). As expected, the dilation further increased the flow in all LMCs

compared to MCAo only (DqMCAo!MCAo&LMC� dil
rel ¼ þ91:0% for C57BL/6I). This resulted in par-

tial flow recovery in the majority of MCA sided SAs (DqMCAo!MCAo&LMC� dil
rel ¼ þ22:3% for

C57BL/6I). However, please note that also after LMC-dil the flow rates were still substantially

lower than at baseline (DqBase!MCAo&LMC� dil
rel ¼ � 93:9%). The vessels close to the LMCs benefited

predominantly from the redistribution of flow from ACA to MCA sided SAs. Moreover,

LMC-dil generally improved the perfusion of both MCA SAs on paths to LMCs and Other
MCA SAs (Fig 3E). This was because dilating the LMCs increased the pressure level in MCA

sided SAs compared to MCAo (DpMCAo!MCAo&LMC� dil
rel ¼ þ3:5% in C57BL/6I, see S5 Table and

S6 Fig). The resulting larger pressure difference from MCA sided SAs towards the capillary

bed was the driving factor for the observed increase in flow in MCA SAs that did not benefit

from a flow redistribution over the LMCs.

Dilating the LMCs subsequently to MCAo also increased the mean flow rates in ACA SAs
on paths to LMCs (Fig 3E left). This is consistent with the improved perfusion of LMCs, which

after stroke were exclusively supplied by ACA sided vessels. In Other ACA SAs not on a path to

LMCs, the dilation of LMCs caused a reduction in flow (Fig 3E right), originating from the

lower pressure level in ACA SAs (S5 Table and S6 Fig) and the resulting smaller pressure dif-

ference towards the capillary bed. Relative changes for C57BL/6II are available in S5 and S6

Tables.

While the overall trends were comparable for both networks with LMCs (S6 Table), the pre-

cise value of the relative changes is affected by the network topology. Key factors for the result-

ing relative flow changes in response to MCAo and LMC-dil are the number of LMCs (S2

Table), the vessel connectivity and the size of the MCA and ACA region used in the in silico
study (S2 Table).

LMC dilation after MCAo improves flow in MCA DAs and Cs, but causes a

further reduction in ACA DAs and Cs

The results above illustrate how flow was redistributed in SAs after stroke. However, the redis-

tribution at the pial level is not directly equivalent to perfusion changes in penetrating vessels

and the capillary bed, which are the key locations for oxygen and nutrient supply to the tissue.

Consequently, we will now focus on the effects of MCAo and LMC-dil in DAs and Cs. Fig 4A

visualises the relative change in flow in DA trees after MCAo compared to baseline for the net-

work C57BL/6I (results for C57BL/6II in S3 Fig). Since the blood flow through the DA roots is

conserved and eventually reaches the Cs, Fig 4A also provides an estimate of local perfusion

changes in the capillary bed. The results show a reduced blood flow in almost all DAs after

MCAo. However, the level of reduction is different on the two sides of the watershed line.

While the integral flow rate through all MCA DAs was reduced by DQBase!MCAo
rel ¼ � 92:6%

based on the Voronoi tessellation around all DA roots (Fig A panel B in S1 Appendix). (D) Relative changes of blood flow rates in individual SAs of

the network C57BL/6I after dilating all arteries (MCAo & LMC/SA/DA-dil compared to MCAo & LMC-dil only). (E) Flow rates in individual SAs

(grey lines) at baseline, MCAo, MCAo & LMC-dil and MCAo & LMC/SA/DA-dil for both C57BL/6 networks, according to their classification from

panel (C) (SAs on paths to LMCs in left panel, others in right panel). Boxplots and mean values (�-symbol) are shown for each category.

https://doi.org/10.1371/journal.pcbi.1011496.g003
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(C57BL/6I), the reduction in ACA DAs was only DQBase!MCAo
rel ¼ � 5:7%. Importantly, the

observed passive flow increase in ACA sided SAs close to LMCs (Fig 3A) did not translate to a

flow increase in the underlying DAs. In contrast, the flow generally decreased in most DAs

except in a few trees close to the watershed line. This is a first example, where the changes at

Fig 4. Flow rate changes in DAs and Cs in response to MCAo and subsequent LMC-dil and SA/DA-dil. (A-B) Relative perfusion changes in DA trees of the

network C57BL/6I after MCAo compared to baseline (A) and after MCAo & LMC-dil in comparison to MCAo only (B). The feeding area of each DA tree is

approximated by the Voronoi polygons given by the tessellation around all DA roots (consistent with Fig A panel B in S1 Appendix). Each polygon is colour-

coded based on the flow rate changes through the corresponding DA roots. Refer to S8(A) Fig for results after SA/DA-dil. (C) Top: Scatter plot with flow rate

ratios “MCAo to baseline” (�, dark colours) and “MCAo & LMC-dil to baseline” (4/5, light colours) for the DAs of both C57BL/6 networks.4 and5

symbols are used to indicate whether the flow rate is increased or reduced after dilating the LMCs in comparison to MCAo only. The grey shading indicates the

bins used to categorise the data points with respect to their distances to the LMCs according to Fig 3C. Bottom: Boxplots and mean values (�-symbol)

summarising the flow rate ratios for the different distance categories. Note that the flow rate ratios “MCAo & LMC/SA/DA-dil to baseline” are also shown here.

(D) Flow rate ratios “MCAo to baseline”, “MCAo & LMC-dil to baseline” and “MCAo & LMC/SA/DA-dil to baseline” for Cs of both C57BL/6 networks.

https://doi.org/10.1371/journal.pcbi.1011496.g004
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the level of SAs differ from what is observed in DAs and therewith underlines the necessity to

analyse perfusion changes for different vessel types separately.

The effect of additionally dilating the LMCs after MCAo is visualised in Fig 4B. In line with

the results for MCA sided SAs (Fig 3B), a partial recovery of flow was observed in MCA DAs

due to the improved flow redistribution over the LMCs and the changed pressure characteris-

tics after the dilation (S5 Table and S6 Fig). This resulted in an increase in integral flow in

MCA sided DAs by DQMCAo!MCAo&LMC� dil
rel ¼ þ38:9% (C57BL/6I), which however was still sub-

stantially lower than at baseline. In contrast, in ACA sided DAs the dilation caused a further

overall flow reduction of DQMCAo!MCAo&LMC� dil
rel ¼ � 5:0% (C57BL/6I). Refer to S7 Table for a

summary of integral results in DAs of both C57BL/6I and C57BL/6II.

To better analyse how flow rates change locally, the flow rate ratios “MCAo to baseline” and

“MCAo & LMC-dil to baseline” are shown in Fig 4C for individual DAs of both C57BL/6 net-

works as a function of distance to the LMCs. Generally, the reduction in flow in MCA sided

DAs was more pronounced further away from LMCs and LMC-dil had a larger impact on the

recovery of flow in MCA sided DAs close to LMCs. Therewith, the integral flow increase com-

pared to MCAo was DQMCAo!MCAo&LMC� dil
rel ¼ þ63:9% (C57BL/6I) if only vessels within a maxi-

mum distance of 250 μm to the LMCs were considered. The opposite trend was observed for

ACA sided DAs close to LMCs, where the flow reduction due to LMC-dil is more severe within

250 μm to LMCs (DQMCAo!MCAo&LMC� dil
rel ¼ � 33:4%). In addition to differences between vessel

types, these results clearly show that even within one vessel type perfusion changes vary in

function of the exact topological location of the DA.

The overall trends for capillaries (Fig 4D and S8 Table) were generally comparable to the

results in DAs. Nonetheless, the integral flow reduction after MCAo was slightly less pro-

nounced in MCA sided Cs and slightly larger in ACA Cs in comparison to MCA and ACA

sided DAs, respectively. This resulted in a smoother transition between the integral perfusion

drops in MCA and ACA sided Cs close to LMCs, which is plausible because capillaries in the

watershed area can be fed simultaneously by MCA and ACA DAs. Importantly, the response

at the level of individual capillaries is very heterogeneous and flow increases, decreases and

also reversals have been observed. This provides evidence for a significant redistribution of

blood flow within the capillary bed. Moreover, the reduced drop in integral perfusion for

MCA sided Cs close to the wsl showed that the high interconnectivity of the capillary bed

offers some robustness during MCAo, which would be difficult to capture if flow changes were

only analysed in DAs or individual Cs.

In summary, the partial recovery of flow in MCA sided DAs and Cs can be augmented by

dilating LMCs. However, this comes at the cost of a reduced perfusion of ACA sided DAs and

Cs, which likely however is not so severe that under-perfusion is to be expected for ACA sided

vessels.

Dilation of arteries after stroke improves the perfusion of MCA and ACA

sided vessels

The dilation of all arteries subsequent to MCAo & LMC-dil improved the perfusion of the

majority of MCA and ACA sided SAs (Fig 3D and S7(A) Fig). More precisely, while only dilat-

ing LMCs after MCAo resulted in an increase in flow by DqMCAo!MCAo&LMC� dil
rel ¼ þ22:3% in all

MCA SAs and DqMCAo!MCAo&LMC� dil
rel ¼ þ1:2% in all ACA SAs of the network C57BL/6I (S6

Table), the dilation of SAs and DAs further augmented the flow recovery to

DqMCAo!MCAo&LMC=SA=DA� dil
rel ¼ þ46:2% (MCA SAs) and DqMCAo!MCAo&LMC=SA=DA� dil

rel ¼ þ16:8%

(ACA SAs), respectively (S14 Table). Moreover, an increase in mean flow rates after SA/DA-

dil was consistently observed in MCA/ACA SAs on paths to LMCs, Other MCA/ACA SAs and
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LMCs (Fig 3E). This goes hand in hand with a higher pressure in SAs close to LMCs (S7(B)

and S7(C) Fig and S13 Table).

The higher flow rates in SAs after SA/DA-dil directly translated into higher integral flow

rates through DAs and Cs in both MCA and ACA territory (Fig 4C and 4D and S15 and S16

Tables). However, the local variability was high and flow increases as well as decreases were

observed throughout the network (S8 Fig), which can be explained by local pressure changes

in SAs and Cs (S7(B) and S7(C) Fig). This resulted in a partial compensation of the flow rate

reductions in ACA sided vessels, which we observed after only dilating LMCs (Fig 4B). Thus,

while LMC-dil reduced the overall flow rate in ACA Cs by DQMCAo!MCAo&LMC� dil
rel ¼ � 5:2%

compared to MCAo (S8 Table), additionally dilating SAs and DAs increased the mean perfu-

sion by DQMCAo!MCAo&LMC=SA=DA� dil
rel ¼ þ2:8% (S16 Table).

Taken together, dilating arteries subsequent to stroke improved the perfusion of all vessel

types and across the entire vasculature. This can be expected since larger vessel diameters auto-

matically reduce the flow resistance, and thus affect pressures and flow rates throughout the

network.

The impact of having many, few or no LMCs

The results presented above (Figs 3 and 4) focused on blood flow distributions after stroke in

networks with LMCs. In the following, we wanted to understand the influence of LMCs on

flow redistribution, and how flow characteristics changed in networks with few or without

LMCs. To attain this goal, we vary the amount of LMCs in each of the four datasets to obtain

three networks per dataset that are characterised by many, few or no LMCs (see Fig 5A for

C57BL/6I and S5(A)–S5(C) Fig for C57BL/6II, BALB/cI and BALB/cII). Since the number of

LMCs is the only difference between the three networks of each dataset, the comparison of

results provides direct insights on the role of LMCs during stroke.

Pial arteries. The impact of the number of LMCs on mean flow rate changes during

stroke in MCA/ACA SAs on paths to LMCs and Other MCA/ACA SAs is shown in Fig 5B. For

MCA SAs on paths to LMCs (Fig 5B top) the differences for the average reduction in flow after

MCAo were small for the tested scenarios (S9 Table). However, more LMCs lead to a larger

average flow increase after LMC-dil, i.e., hDqMCAo!MCAo&LMC� dil
rel i ¼ þ78:8% for 100% LMC and

hDqMCAo!MCAo&LMC� dil
rel i ¼ þ51:9% for 50% LMC compared to MCAo (average values computed

over all datasets). The same trends were also observed after SA/DA-dil, where the average flow

rate increased by hDqMCAo!MCAo&LMC=SA=DA� dil
rel i ¼ þ105:1% for 100% LMC and

hDqMCAo!MCAo&LMC=SA=DA� dil
rel i ¼ þ77:0% for 50% LMC compared to MCAo (S18 Table). Larger

differences were observed for ACA SAs on paths to LMCs, where the increase in flow after

MCAo was more pronounced in networks with many LMCs (hDqBase!MCAo
rel i ¼ þ8:2% for

100% LMC, +6.5% with 50% LMC and +2.4% with 0% LMC). In line with these results, LMC-

dil and SA/DA-dil led to a higher flow rate increase in networks with more LMCs (S9 and S18

Tables). This is because both more LMCs and dilating vessels reduce the overall resistance of

parallel arranged vessels, which directly translates into higher flow rates. Interestingly, we also

observed a small flow increase after MCAo in ACA SAs on paths to LMCs in networks with no

LMCs (0% LMC). This can be explained by the reduced pressure in ACA sided Cs close to the

wsl.

The pressure changes in SAs after MCAo, and the resulting pressure differences towards

the capillaries, explain the impact of LMCs on Other MCA/ACA SAs (Fig 5B bottom): The

average reduction in mean pressure in MCA SAs due to MCAo was more severe with fewer

LMCs (S10 Table). This resulted in lower flow rates in Other MCA SAs for approximately simi-

lar pressures in the capillary bed (S9 Table). The opposite trend was observed for Other ACA
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Fig 5. Impact of the number of LMCs on the overall flow rate changes in different vessel types. (A) Top: Map of the network C57BL/6I and visualisation of

the three scenarios with many, few and no LMCs. For the 50% scenario, only the pink-coloured LMCs are kept. The grey shaded area highlights the region

within 250 μm to LMCs. Bottom: Colour map for the results displayed in panels B-F. (B) Relative changes of mean flow rates in MCA and ACA SAs of

individual networks (markers) and averaged over all datasets (bars). The SAs are classified into vessels on a shortest path to LMCs (top) and others (bottom) (see

Fig 3C). (C-D) Relative changes of integral flow rates computed over all MCA and ACA sided DAs (C) and for DAs located within 250 μm of LMCs only (D).

The integral flow rate is defined as the sum of flow rates over all vessels of the respective vessel category (S7 Table). (E-F) Relative changes of integral flow rates

in Cs in the entire network (E) and within 250 μm of LMCs (F).

https://doi.org/10.1371/journal.pcbi.1011496.g005

PLOS COMPUTATIONAL BIOLOGY The role of leptomeningeal collaterals in redistributing blood flow during stroke

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011496 October 23, 2023 16 / 33

https://doi.org/10.1371/journal.pcbi.1011496.g005
https://doi.org/10.1371/journal.pcbi.1011496


SAs after MCAo, where pressures (S10 Table) and flow rates (S9 Table) decreased more in net-

works with many LMCs. These pressure changes were amplified by dilating LMCs, which

translated to larger flow changes in Other ACA SAs after MCAo & LMC-dil compared to

MCAo. After dilating DAs and SAs, the pressure level slightly increased for most scenarios

(S17 Table) compared to MCAo & LMC-dil (S10 Table). This generally improved the mean

flow rates in both MCA and ACA sided SAs. While this trend is consistent for all numbers of

LMCs (S18 Table), larger differences were observed for the cases with more LMCs.

In summary, a higher number of LMCs increased flow redistribution from the ACA to the

MCA side. This is most apparent from the increased flow rates in ACA SAs on paths to LMCs

and the flow reductions in other ACA SAs. These trends are comparable across the four data-

sets, even though the variability with respect to mean flow rate changes is relatively large. As

previously stated, this is caused by topological differences across the four datasets, e.g. the

number of MCA and ACA sided SAs, the number of LMCs and the DA tree density.

Descending arteries and capillaries. Fig 5C shows the relative change of integral blood

flow rates through all MCA and ACA sided DAs (see S11 and S19 Tables for a summary of

averaged results). The differences between networks with different number of LMCs were

qualitatively consistent with the results for Other MCA/ACA SAs. This is expected, since down-

stream of SAs blood eventually flows into DA trees and capillaries. A closer look at DAs within

a planar distance of 250 μm to LMCs (Fig 5D) revealed that flow was reduced less in MCA

DAs close to LMCs, especially in networks with 100% LMC or 50% LMC. The opposite behav-

iour was observed in ACA DAs, where flow dropped more close to LMCs and for a higher

number of LMCs. This further confirms that LMCs redistribute blood from ACA DAs towards

MCA DAs.

In line with the results in ACA sided SAs, we observed an increase in integral flow in ACA

DAs close to LMCs for all four networks with 0% LMC (Fig 5D). As previously mentioned,

this is caused by the reduced pressure in ACA sided Cs close to the wsl. Occasionally, this was

also observed in networks with LMCs, predominantly in ACA DAs close to the watershed line

connected to SAs that do not lead to LMCs (Fig 4A and S3(A) Fig).

Interestingly, we observed that dilating LMCs after MCAo has a larger effect on recovering

flow in MCA sided DAs than dilating all arteries by 10%. For example, with 100% LMC, the

observed flow rate increase of hDQMCAo!MCAo&LMC� dil
rel i ¼ þ82:9% (S11 Table) through all MCA

sided DAs after LMC-dil was only increased by an additional 22.7% when also SAs and DAs

where dilated, i.e., to hDQMCAo!MCAo&LMC=SA=DA� dil
rel i ¼ þ105:6% (S19 Table). More strikingly, the

flow reductions in MCA DAs of networks with LMCs and only MCAo (no additional dila-

tions, S11 Table), were less severe than for the case with 0% LMC but with SA/DA-dil (S19

Table). Furthermore, SA/DA-dil generally had a larger effect on recovering flow in the MCA

territory as function of the number of LMCs. In contrast, in ACA sided DAs flow rates

increased more in networks without LMCs after SA/DA-dil, because here no blood could be

rerouted over collateral paths.

The results for DAs can be directly translated to Cs, as seen in Fig 5E for the entire network

and in Fig 5F for vessels within 250 μm of LMCs (see S12 and S20 Tables for averaged results).

One major difference to DAs is that the integral flow rates in Cs decreased after MCAo for all

networks and for all numbers of LMCs. This was the case for both MCA and ACA sided Cs,

independently of whether all (Fig 5E) or only vessels close to the watershed line (Fig 5F) were

analysed. Thus, importantly, the flow increase in some DAs close to the watershed line did not

translate to an overall higher integral capillary perfusion, but likely only affected the capillaries

proximal to the respective DAs. Even though the MCAo had a much larger effect on the flow

reduction in MCA Cs compared to ACA Cs, the differences were smaller than in DAs. This is

PLOS COMPUTATIONAL BIOLOGY The role of leptomeningeal collaterals in redistributing blood flow during stroke

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011496 October 23, 2023 17 / 33

https://doi.org/10.1371/journal.pcbi.1011496


because the entire capillary bed is highly interconnected and there is no sharp boundary

between capillaries that are only fed by MCA or ACA, respectively. Consequently, individual

capillaries may receive flow from multiple DAs, located at the MCA, ACA or both sides. This

leads to a smoother transition between observations for MCA and ACA Cs, if compared to DAs.

As for SAs, the precise level of flow rate change in DAs and Cs varied across datasets due to

differences in topology. Nonetheless, we consistently observed that more LMCs and LMC dila-

tion reduce the drop in perfusion in MCA DAs and Cs during stroke. For MCA sided capillar-

ies the integral perfusion increased by +57.2% in C57BL/6I, +32.5% in C57BL/6II, +63.5% in

BALB/cI and +88.0% in BALB/cII, if we compare the setup with 100% LMC and dilated LMCs

to the case without LMCs. This goes hand in hand with a larger reduction in flow in ACA DAs

and Cs for the case with many dilated LMCs (-10.9% in C57BL/6I, -7.9% in C57BL/6II, -15.5%

in BALB/cI and -9.6% in BALB/cII). Furthermore, dilating all arteries by 10% improved the

perfusion of MCA sided DAs and Cs, and partially compensated the flow reductions in ACA

sided vessels observed after LMC-dil. Taken together our results suggest that more LMCs and

the dilation of LMCs is beneficial to maintain some perfusion during MCAo, especially close

to the watershed line. While this redistribution of flow comes at the cost of a reduced perfusion

on the ACA side, this drop is relatively small and likely does not cause any immediate tissue

damage. Additional dilations of SAs and DAs help to further improve perfusion but relie on

LMCs to distribute blood flow to the MCA side.

Discussion

By performing blood flow simulations in large semi-realistic microvascular networks, we gen-

erate novel insights into the redistribution of blood flow in response to stroke. In networks

with LMCs, we observed a pronounced increase in blood flow in all LMCs and a directed flow

from ACA towards MCA sided SAs. It is noteworthy that these responses occurred without

dilating any LMCs and directly resulted from the changed pressured field due to the occlusion

of the MCA. Interestingly, the observed increase in flow in all LMCs and some ACA sided SAs

after MCAo did not translate into a rise in integral perfusion of DAs and Cs, but to a redistri-

bution of flow from ACA sided DAs to MCA sided DAs. This effect was most pronounced in

networks with a large number of LMCs and was further enhanced by LMC dilation. It is also

consistent with the experimentally [12] and numerically [21] observed smaller infarct volumes

in networks with LMCs.

Additional dilation of all arteries after stroke increased flow rates in the entire vasculature,

which is consistent with experimental studies showing that functional stimulation can protect

the cortex after MCAo, likely by more efficiently re-routing flow via collateral vessels [22, 23].

We also observed that the effect of artery dilation on recovering flow in MCA sided vessels is

more pronounced in networks with many LMCs. Even more strikingly, our simulations sug-

gest that the sole existence of LMCs has a larger effect on reducing the perfusion drop in MCA

sided vessels than dilating arteries. This suggests that therapeutic vasodilations have potential

to further increase perfusion after stroke, but therapeutic success likely strongly depends on

the extent of LMCs. This aspect is also a probable explanation why clinical studies have been

reporting different results [76, 77].

Within our current set-up it is challenging to precisely asses to which extent LMC-dil and

SA/DA-dil offer protection for the neural tissue in the stroke area. Even for MCAo & LMC/

SA/DA-dil, perfusion in the capillary bed on the MCA side drops on average by -83.7%. While

this is less than for MCAo in networks without LMCs (-90.9%), it still might lead to an ener-

getic undersupply of neurons in the MCA area. A key factor to reduce tissue damage is cer-

tainly the time point at which perfusion can be re-established within the infarct area. In this
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regard, maintaining minimal perfusion to the infarct area might have the advantage that it

could help to reduce secondary pathological alterations, such as capillary constrictions [82–84]

or capillary stalls by neutrophils [15]. However, further in vivo and in silico studies will be nec-

essary to quantify the protective capacity of LMCs and arterial dilations.

Another interesting observation is that the perfusion change in individual vessels in

response to MCA occlusion, LMC dilation and artery dilation was highly heterogeneous. Dif-

ferences were not only observed with respect to vessels types, but also with respect to the pre-

cise location of the vessel, e.g. if the SA is on a path to the LMCs or not. More precisely, at pial

level an increase in perfusion predominantly occurred in ACA sided SAs located on a direct

flow path from the ACA towards the LMCs. The flow rates in other ACA sided SAs remained

approximately constant or decreased substantially in MCA sided SAs. At the level of MCA

sided DAs and Cs we observed that vessels close to LMCs were generally affected less by the

drop in perfusion than vessels further away. This is also interesting considering that recent

work of our group revealed that reperfusion dynamics vary for the MCA-M3 and the

MCA-M4/M5 territory [61]. While the precise origins of these differences are not yet fully

understood, our current work already shows (on a even more local scale) that analysing flow

changes at the level of SAs or in single DAs and Cs is not sufficient to obtain a complete picture

of the perfusion change in the entire vasculature. This also highlights the necessity to account

for the precise location of the vessel while interpreting both in vivo and in silico results and for

the comparison of both. In this context, in silico approaches offer the advantage that flow

changes can be analysed across all vessels and are not limited to a subset of vessels, as for exam-

ple in two-photon microscopy.

Generally our observations are in agreement with experimental studies analysing perfusion

changes during stroke in single LMCs [10, 13, 22, 28, 85, 86] and in SAs, where flow reduc-

tions, reversals or even increases have been observed [26, 27]. Also at the level of DAs [27, 28,

87] and Cs [87] a reduction in blood flow after stroke has been reported in in vivo experiments.

Nonetheless, two important aspects have to be kept in mind if comparing our in silico data to

in vivo experiments.

First, in the current study we only modelled how vessel diameters change passively after

stroke, and additionally considered scenarios where LMCs and arteries were dilated to speci-

fied values. While this is an advantage to study the isolated effect of MCAo and LMCs and

gives an impression on how perfusion changes immediately after stroke, it is also a strong sim-

plification, because in vivo both active and passive constrictions and dilations are observed

across SAs and DAs in response to stroke [15, 26–28]. Furthermore, at the level of capillaries,

constrictions [17, 82–84] and blockages by neutrophils have been reported [15]. While it is evi-

dent that such alterations play a significant role for the resulting flow rate changes, their precise

impact cannot be quantified until an in-depth description of all vasodynamics in response to

stroke becomes available. For example, numerical models for autoregulation are available in

literature. However, as autoregulation is impaired during stroke [80], it is currently unknown

how these models would need to be adjusted in a post-stroke state. Nonetheless, incorporating

such data into the presented in silico model is generally possible and would allow more refined

studies on the redistribution of flow.

A second aspect that should be mentioned is that we focused on the analysis of relative flow

rate changes. In in vivo experiments the measured quantity commonly is RBC velocity. For

constant vessel diameters, the change in flow rate is identical to the change in velocity. How-

ever, if the vessel diameter is not constant the relative flow rate and RBC velocity change may

differ. For example, in a dilated vessel the flow rate might increase, while the RBC velocities

decreases. This has to be considered if comparing RBC velocity measurements against flow

rate changes.
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In the current study only few RBC velocity measurements and literature data were used.

However, generally the inverse modelling approach allows to incorporate large numbers of in
vivo measurements, e.g. from high-resolution tomographic imaging methods [32–35]. More-

over, the tuning of networks is not limited to velocity measurements, and other flow character-

istics such as blood pressures, wall shear stresses or average flow rates measured on a coarser

scale [43] could be added for tuning. This would further strengthen the link between in vivo
experiment and in silico setup, and solidify the joint interpretation of results.

The presented simulation framework is not only versatile with respect to the type of incor-

porated measurements, but could also be employed to reduce uncertainties in fully realistic

microvascular networks. For example, our inverse modelling approach could be used to

improve diameter estimates in whole brain vascular reconstructions [45–48] based on reported

structural and functional characteristics of the microvasculature, e.g. to make the networks

consistent with observed flow rate distributions or vascular densities. In this context it is

important to note, that inferring diameters of large networks based on limited experimental

data inevitably results in ambiguous solutions, since multiple values of vessel diameters can

match the prescribed data [43, 72, 73]. In the current study, we used a maximum allowable

diameter change to reduce the ambiguity and validated the resulting networks with literature

data. Alternatively, regularisation constraints could be applied to further reduce the space of

possible solutions [72].

Besides addressing static scenarios, our approach could be extended to model reperfusion

dynamics after clot removal. Possible applications would be to improve therapeutic interven-

tions or strategies for clot removal and for avoiding reperfusion injuries [7, 16]. In addition to

the aforementioned in-depth characterisation of the vasodynamics after MCAo, such studies

would require a model to describe the dissolution of the clot. Based on our current observa-

tions the dilation of LMCs, and possibly also other SAs, has the potential to increase perfusion

in the territory affected by MCA occlusion. Thus, vasodilations at the level of SAs could be a

therapeutic target point to reduce the size of the under-perfused territory. Nonetheless, it has

to be kept in mind that the area of impact is likely limited to regions close to the watershed line

and that the flow increase on the MCA side paritally comes at the cost of reduced blood supply

on the ACA side. This also raises the interesting question if for an increasing number of LMCs

we would observe a saturation effect regarding the flow redistribution or if the overall stroke

outcome due to local reductions in blood supply would worsen.

Taken together, to the best of our knowledge, we present the first simulation study in large

semi-realistic microvascular networks derived from case-specific pial networks and consistent

with in vivo velocity measurements. This strong link between in silico and in vivo data is a key

benefit of our novel simulation framework that certainly will also be beneficial for other study

designs. Moreover, our in silico approach offers the advantage that networks can be altered sys-

tematically and resulting perfusion characteristics can be analysed quantitatively. This is cru-

cial considering that the variability of the vascular topology is large across different mouse

strains and even in individual animals [11, 12, 18]. As such, our in silico approach allows more

robust conclusions on the role of specific microvascular characteristics, as for example the

number of LMCs. Because of the strong connection to case-specific in vivo data it is ideally

suited to be employed hand-in-hand with in vivo experiments and to amplify the amount of

conclusion to be drawn.

Supporting information

S1 Fig. Relative changes of blood flow rates in SAs. Relative changes of blood flow rates in

individual SAs of the network C57BL/6II from Base to MCAo (A) and MCAo to MCAo &
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LMC-dil (B). The yellow squares indicate the locations of the LMCs. Supplement to Fig 3A

and 3B. Refer to S7(A) Fig for results after LMC/SA/DA-dil.

(PDF)

S2 Fig. Direction changes in response to MCAo. Edges with direction changes (dark blue) in

response to MCAo for the networks C57BL/6I (A) and C57BL/6II (B). The yellow squares indi-

cate the locations of the LMCs. Supplement to Fig 3.

(PDF)

S3 Fig. Relative changes of blood flow rates in DAs. Relative changes of blood flow rates in

DAs of the network C57BL/6II from Base to MCAo (A) and MCAo to MCAo & LMC-dil (B).

Supplement to Fig 4A and 4B. Refer to S8 Fig for results after LMC/SA/DA-dil.

(PDF)

S4 Fig. Relative changes of SA diameters in response to MCAo. Relative changes of SA

diameters in response to MCAo in the networks C57BL/6I (A) and C57BL/6II (B).

(PDF)

S5 Fig. Maps of pial networks and visualisation of the three scenarios with many, few and

no LMCs. Maps of the pial networks C57BL/6II (A), BALB/cI (B) and BALB/cII (C), and visual-

isation of the three scenarios with many, few and no LMCs. Supplement to Fig 5A. To define

the number of added LMCs for the 100% LMC scenarios of the BALB/c datasets, the LMC

density along the watershed line was computed from the two C57BL/6 datasets. The goal was

then to obtain the same overall LMC density along the watershed line for the BALB/c net-

works. This was done with a sequential procedure by randomly selecting MCA DA vertices at

the watershed line and connecting them to the closest DA vertices in the ACA territory (D).

The sampled LMCs were then accepted or rejected based on two criteria derived from the

C57BL/6 datasets: 1) The distance to already existing LMCs Δc was larger than 310 μm and 2)

the maximum LMC length lc was 1000 μm (E). As for the C57BL/6 networks, the 50% LMC

scenario for BALB/c networks was defined by randomly removing LMCs.

(PDF)

S6 Fig. Relative changes of pressures in SAs in response to MCAo and LMC-dil. Relative

changes of pressures in SAs of the network C57BL/6I from Base to MCAo (A) and MCAo to

MCAo & LMC-dil (B). The results for the network C57BL/6II are shown in panels (C) and (D),

respectively. Refer to S7(B) and S7(C) Fig for results after LMC/SA/DA-dil.

(PDF)

S7 Fig. Relative changes of flow rates and pressures in SAs in response to LMC/SA/DA-dil.

(A) Relative changes of flow rates in SAs of the network C57BL/6II from MCAo & LMC-dil to

MCAo & LMC/SA/DA-dil. (B-C) The corresponding pressure changes are shown in panels

(B) and (C) for both networks C57BL/6I and C57BL/6II, respectively.

(PDF)

S8 Fig. Relative changes of blood flow rates in DAs after LMC/SA/DA-dil. Relative changes

of blood flow rates in DAs from MCAo & LMC-dil to MCAo & LMC/SA/DA-dil in the net-

works C57BL/6I (A) and C57BL/6II (B).

(PDF)

S9 Fig. Reconstructions of surface artery networks. Experimentally acquired reconstructions

of the surface artery (SA) networks BALB/cI (A), BALB/cII (B) and C57BL/6II (C). The num-

bers refer to diameter and RBC velocity measurements obtained in individual SAs (S24, S25
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and S26 Tables).

(PDF)

S10 Fig. In vivo two-photon images of the four datasets used in the current study. In vivo
two-photon images (top) and reconstructions of surface arteries (bottom) of the networks

C57BL/6I (A), C57BL/6II (B), BALB/cI (C) and BALB/cII (D).

(PDF)

S11 Fig. Vessel diameters before and after tuning. (A-B) Histograms of vessel diameters d
[μm] before (A) and after (B) applying the inverse model to tune the networks. The histograms

include the combined data from all four networks and blood vessels are classified into SAs

(red), DAs (pink), Cs (grey) and AVs (blue). (C) Histograms of relative changes of diameters

after tuning, i.e.,

Rel:difference ¼
dPost � dPre

dPre
: (1)

(D-F) Visualisations of relative diameter changes in response to applying the inverse model to

the network C57BL/6I. Arrows indicate the direction of view for panels E and F. Note that

capillaries appear grey because of the perspective overlay of many transparent vessels.

(PDF)

S12 Fig. RBC velocity distributions. Histograms of RBC velocities urbc [mm/s] in the net-

works C57BL/6I (A), C57BL/6II (B), BALB/cI (C) and BALB/cII (D), classified into the vessel

types SAs (red), DAs (pink), Cs (grey) and AVs (blue). The corresponding mean and median

values are shown with dashed and dashed-dotted lines, respectively. Capillaries at the border

of the networks, i.e., with a distance >200 μm to any DA edge, were excluded from the analy-

sis. However, in contrast to S4 Table, velocity values for all DA and AV edge segments were

included into the analysis here. Exemplary RBC velocity distributions from in vivo measure-

ments are for example available in the following references: [17, 71] (DAs, AVs) and [17, 71,

74, 88–91] (Cs).

(PDF)

S13 Fig. RBC flow rate distributions. Histograms of RBC flow rates qrbc [fl/s] in the networks

C57BL/6I (A), C57BL/6II (B), BALB/cI (C) and BALB/cII (D), classified into the vessel types

SAs (red), DAs (pink), Cs (grey) and AVs (blue). The corresponding mean and median values

are shown with dashed and dashed-dotted lines, respectively. Capillaries at the border of the

networks, i.e., with a distance >200 μm to any DA edge, were excluded from the analysis.

However, in contrast to S28 Table, flow rate values for all DA and AV edge segments were

included into the analysis here. Exemplary RBC flux distributions from in vivo measurements

are for example available in the following references: [17, 71] (DAs, AVs) and [17, 71, 74, 88,

89, 91] (Cs).

(PDF)

S1 Appendix. Refinement of surface artery network. References of S1 Appendix: [3, 18, 61,

92–94].

(PDF)

S2 Appendix. Blood flow model details. References of S2 Appendix: [37, 39, 70, 95].

(PDF)

S3 Appendix. Inverse model details. References of S3 Appendix: [43, 70].

(PDF)
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S4 Appendix. Vessel elasticity model details. References of S4 Appendix: [21, 79, 81, 96, 97].

(PDF)

S1 Table. In vivo two-photon microscopy diameter and RBC velocity measurements in sur-

face arteries of network C57BL/6I (Fig 1A) at baseline. For LMCs, diameter measurements

are additionally given for the state after MCAo & LMC-dil. “x” is used if no velocity or diame-

ter measurement was obtained in the vessel. The measurements are grouped into MCA and

ACA sided SAs, and LMCs. Refer to S24, S25 and S26 Tables for measurements in other data-

sets.

(PDF)

S2 Table. Characteristic parameters of the four networks (2x C57BL/6, 2x BALB/c) used in

the present study.

(PDF)

S3 Table. Validation of characteristic vascular parameters with literature data.

Mean ± standard deviation of diameters after tuning were calculated by considering all edge

segments of the respective vessel type. Furthermore, the ranges of reported mean literature val-

ues are given in the last row. References for literature values: ALength density [3, 65, 98, 99];
BVolume density [3, 45–48, 99, 100]; CSAs [17, 28, 101]; DDAs [3, 17, 28, 84, 88, 101–103]; ECs

[3, 17, 46–48, 84, 88, 99, 101–103]; FAVs [3, 17, 88].

(PDF)

S4 Table. Validation of characteristic velocities in different vessel types of all four net-

works. Mean ± standard deviation are given. Capillaries at the border of the networks, i.e.,

with a distance >200 μm to any DA edge, were excluded from the analysis. The average values

for DAs and AVs refer to the segments of the penetrating trees closest to the cortical surface,

i.e., the DA and AV root edges. The ranges of reported mean literature values are given in the

last row. References for literature values: ASAs [17, 26, 27, 101]; BDAs [17, 37, 92, 101, 102,

104, 105]; CCs [17, 37, 74, 88–91, 101–103]; DAVs [17, 71].

(PDF)

S5 Table. Relative changes of mean pressure in response to MCAo and LMC-dil in MCA

and ACA sided SAs of the datasets C57BL/6I and C57BL/6II. The relative change of mean

pressures after MCAo in comparison to baseline was defined as

DpBase!MCAo
rel ¼

meanðpMCAoÞ � meanðpBaseÞ

meanðpBaseÞ
; (2)

where pBase and pMCAo are the pressure values at baseline and after MCAo, respectively. Analo-

gously, the superscript MCAo!MCAo & LMC-dil denotes the relative change from MCAo

to MCAo & LMC-dil. Refer to S13 Table for results after LMC/SA/DA-dil.

(PDF)

S6 Table. Relative changes of mean flow rate in response to MCAo and LMC-dil in SAs of

the datasets C57BL/6I and C57BL/6II. The relative change of mean flow rate after MCAo in

comparison to baseline was defined as

DqBase!MCAo
rel ¼

meanðqMCAoÞ � meanðqBaseÞ
meanðqBaseÞ

; (3)

where qBase and qMCAo are the flow rates at baseline and after MCAo. Analogously, the super-

scripts MCAo!MCAo & LMC-dil and Base!MCAo & LMC-dil denote relative changes
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from MCAo to MCAo & LMC-dil and from baseline to MCAo & LMC-dil, respectively. Refer

to S14 Table for results after LMC/SA/DA-dil.

(PDF)

S7 Table. Relative changes of integral flow rate after MCAo and LMC-dil in DAs of the

datasets C57BL/6I and C57BL/6II. The relative change of integral flow rate after MCAo in

comparison to baseline was defined as

DQBase!MCAo
rel ¼

sumðqMCAoÞ � sumðqBaseÞ
sumðqBaseÞ

; (4)

where qBase and qMCAo are the flow rates at baseline and after MCAo. Analogously, the super-

scripts MCAo!MCAo & LMC-dil and Base!MCAo & LMC-dil denote relative changes

from MCAo to MCAo & LMC-dil and from baseline to MCAo & LMC-dil, respectively. Refer

to S15 Table for results after LMC/SA/DA-dil.

(PDF)

S8 Table. Relative changes of integral flow rate after MCAo and LMC-dil in Cs of the data-

sets C57BL/6I and C57BL/6II. Refer to the caption of S7 Table for the definitions of

DQBase!MCAo
rel , DQMCAo!MCAo&LMC� dil

rel and DQBase!MCAo&LMC� dil
rel . Refer to S16 Table for results after

LMC/SA/DA-dil.

(PDF)

S9 Table. Relative changes of mean flow rate in SAs (definition in S6 Table) in response to

MCAo and MCAo & LMC-dil for different number of LMCs. h. . .i is used to refer to average

values of all four datasets. The results are consistent with the bars in Fig 5B. Refer to S18 Table

for results after LMC/SA/DA-dil.

(PDF)

S10 Table. Relative changes of mean pressure in SAs (definition in S5 Table) in response to

MCAo and MCAo & LMC-dil for different number of LMCs. h. . .i is used to refer to average

values of all four datasets. Refer to S17 Table for results after LMC/SA/DA-dil.

(PDF)

S11 Table. Relative changes of integral flow rate in DAs (definition in S7 Table) in

response to MCAo and MCA & LMC-dil for different number of LMCs. h. . .i is used to

refer to average values computed over all four datasets. The results are consistent with the bars

in Fig 5C and 5D. Refer to S19 Table for results after LMC/SA/DA-dil.

(PDF)

S12 Table. Relative changes of integral flow rate in Cs (definition in S8 Table) in response

to MCAo and MCAo & LMC-dil for different number of LMCs. h. . .i is used to refer to aver-

age values computed over all four datasets. The results are consistent with the bars in Fig 5E

and 5F. Refer to S20 Table for results after LMC/SA/DA-dil.

(PDF)

S13 Table. Relative changes of mean pressure (definition in S5 Table) in response to

MCAo & LMC/SA/DA-dil in MCA and ACA sided SAs of the datasets C57BL/6I and

C57BL/6II.

(PDF)

S14 Table. Relative changes of mean flow rate (definition in S6 Table) in response to

MCAo & LMC/SA/DA-dil in SAs of the datasets C57BL/6I and C57BL/6II in comparison to
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S15 Table. Relative changes of integral flow rate (definition in S7 Table) after MCAo &

LMC/SA/DA-dil in DAs of the datasets C57BL/6I and C57BL/6II in comparison to Base

and MCAo.
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S16 Table. Relative changes of integral flow rate (definition in S7 Table) after MCAo &

LMC/SA/DA-dil in Cs of the datasets C57BL/6I and C57BL/6II in comparison to Base and

MCAo.

(PDF)

S17 Table. Relative changes of mean pressure in SAs (definition in S5 Table) in response to

MCAo & LMC/SA/DA-dil for different number of LMCs. h. . .i is used to refer to average

values computed over all four datasets.
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S18 Table. Relative changes of mean flow rate in SAs (definition in S6 Table) in response

to MCAo & LMC/SA/DA-dil for different number of LMCs in comparison to Base and

MCAo. h. . .i is used to refer to average values computed over all four datasets.

(PDF)

S19 Table. Relative changes of integral flow rate in DAs (definition in S7 Table) in

response to MCAo & LMC/SA/DA-dil for different number of LMCs. h. . .i is used to refer

to average values computed over all four datasets.

(PDF)

S20 Table. Relative changes of integral flow rate in Cs (definition in S7 Table) in response

to MCAo & LMC/SA/DA-dil for different number of LMCs. h. . .i is used to refer to average

values computed over all four datasets.
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S21 Table. Comparison of relative changes of mean flow rates (definition in S6 Table) in

SAs after MCAo with and without taking the elasticity of blood vessels into account.
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S22 Table. Comparison of relative changes of integral flow rates (definition in S7 Table) in

DAs after MCAo with and without taking the elasticity of blood vessels into account.

(PDF)

S23 Table. Comparison of relative changes of integral flow rates (definition in S7

Table) in Cs after MCAo with and without taking the elasticity of blood vessels into

account.
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S24 Table. In vivo two-photon microscopy diameter and RBC velocity measurements in

pial arteries of network BALB/cI (S9(A) Fig) at baseline. “x” is used if no velocity or diame-

ter measurement was obtained in the vessel. The measurements are grouped into MCA and

ACA sided SAs.

(PDF)

S25 Table. In vivo two-photon microscopy diameter measurements in pial arteries of net-

work C57BL/6II (S9(C) Fig) at baseline. The measurements are grouped into MCA and ACA
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sided SAs.
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S26 Table. In vivo two-photon microscopy diameter measurements in pial arteries of net-

work BALB/cII (S9(B) Fig) at baseline. The measurements are grouped into MCA and ACA

sided SAs.

(PDF)

S27 Table. Comparison of simulated cerebral blood flow. The average blood flow per surface

area and tissue volume were determined based on the total blood flow that enters the network

and the estimated surface area of the network, which was calculated from the Voronoi poly-

gons shown in Fig A panel B in S1 Appendix. Based on the average blood flow per tissue vol-

ume, cerebral blood flow per mass was computed assuming a tissue density of 1046 kg m2

[106]. References for CBF literature values: ACBF [107–111].

(PDF)

S28 Table. Validation of characteristic RBC flow rates in different vessel types of all four

networks. Mean ± standard deviation are given. Capillaries at the border of the networks, i.e.,

with a distance >200 μm to any DA edge, were excluded from the analysis. The average values

for DAs and AVs refer to the segments of the penetrating trees closest to the cortical surface,

i.e., the DA and AV root edges. The ranges of reported mean literature values are given in the

last row. References for literature values: ADAs [17, 37, 71, 92]; BCs [17, 37, 71, 88, 89, 91];
CAVs [17, 71].

(PDF)

S29 Table. Validation of wall shear stress (WSS) in different vessel types of all four net-

works. The wall shear stress in each vessel was estimated based on the flow rate qij, the diame-

ter dij and the effective viscosity μeff,ij = μp μrel, ij (please refer to S2 Appendix for the

nomenclature) by assuming a parabolic velocity profile, i.e.,

WSSij ¼
32 qij meff ;ij

pd3
ij

: (5)

Mean ± standard deviation are given for all vessel types. Capillaries at the border of the net-

works, i.e., with a distance >200 μm to any DA edge, were excluded from the analysis. The

average values for DAs and AVs refer to the segments of the penetrating trees closest to the

cortical surface, i.e., the DA and AV root edges. The ranges of reported mean literature values

obtained for the mesentery [112–114] and from a simulation study [115] are given in the last

row. References for literature values: ASAs & DAs [112–115]; BCs [112, 114, 115]; CAVs [112–

115].

(PDF)
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4. Mosso A. Über den Kreislauf des Blutes im menschlichen Gehirn. Leipzig: Veit; 1881.

5. Roy CS, Sherrington CS. On the regulation of the blood-supply of the brain. The Journal of physiology.

1890; 11(1-2):85–158. https://doi.org/10.1113/jphysiol.1890.sp000321 PMID: 16991945

6. Hillman EM. Coupling mechanism and significance of the BOLD signal: a status report. Annual review

of neuroscience. 2014; 37:161–181. https://doi.org/10.1146/annurev-neuro-071013-014111

7. Campbell BC, De Silva DA, Macleod MR, Coutts SB, Schwamm LH, Davis SM, et al. Ischaemic stroke.

Nature Reviews Disease Primers. 2019; 5(1):1–22. https://doi.org/10.1038/s41572-019-0118-8

8. Brozici M, Van Der Zwan A, Hillen B. Anatomy and functionality of leptomeningeal anastomoses: a

review. Stroke. 2003; 34(11):2750–2762. https://doi.org/10.1161/01.STR.0000095791.85737.65

PMID: 14576375

9. Mchedlishvili G, Kuridze N. The modular organization of the pial arterial system in phylogeny. Journal

of Cerebral Blood Flow & Metabolism. 1984; 4(3):391–396. https://doi.org/10.1038/jcbfm.1984.57

PMID: 6332116

10. Chalothorn D, Faber JE. Formation and maturation of the native cerebral collateral circulation. Journal

of molecular and cellular cardiology. 2010; 49(2):251–259. https://doi.org/10.1016/j.yjmcc.2010.03.

014 PMID: 20346953

11. Chalothorn D, Clayton JA, Zhang H, Pomp D, Faber JE. Collateral density, remodeling, and VEGF-A

expression differ widely between mouse strains. Physiological genomics. 2007; 30(2):179–191.

https://doi.org/10.1152/physiolgenomics.00047.2007 PMID: 17426116

PLOS COMPUTATIONAL BIOLOGY The role of leptomeningeal collaterals in redistributing blood flow during stroke

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011496 October 23, 2023 27 / 33

https://doi.org/10.1093/cercor/bhm259
https://doi.org/10.1093/cercor/bhm259
http://www.ncbi.nlm.nih.gov/pubmed/18222935
https://doi.org/10.1038/jcbfm.2012.39
https://doi.org/10.1038/jcbfm.2012.39
http://www.ncbi.nlm.nih.gov/pubmed/22472613
https://doi.org/10.1038/nn.3426
http://www.ncbi.nlm.nih.gov/pubmed/23749145
https://doi.org/10.1113/jphysiol.1890.sp000321
http://www.ncbi.nlm.nih.gov/pubmed/16991945
https://doi.org/10.1146/annurev-neuro-071013-014111
https://doi.org/10.1038/s41572-019-0118-8
https://doi.org/10.1161/01.STR.0000095791.85737.65
http://www.ncbi.nlm.nih.gov/pubmed/14576375
https://doi.org/10.1038/jcbfm.1984.57
http://www.ncbi.nlm.nih.gov/pubmed/6332116
https://doi.org/10.1016/j.yjmcc.2010.03.014
https://doi.org/10.1016/j.yjmcc.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20346953
https://doi.org/10.1152/physiolgenomics.00047.2007
http://www.ncbi.nlm.nih.gov/pubmed/17426116
https://doi.org/10.1371/journal.pcbi.1011496


12. Zhang H, Prabhakar P, Sealock R, Faber JE. Wide genetic variation in the native pial collateral circula-

tion is a major determinant of variation in severity of stroke. Journal of Cerebral Blood Flow & Metabo-

lism. 2010; 30(5):923–934. https://doi.org/10.1038/jcbfm.2010.10

13. Beard DJ, McLeod DD, Logan CL, Murtha LA, Imtiaz MS, Van Helden DF, et al. Intracranial pressure

elevation reduces flow through collateral vessels and the penetrating arterioles they supply. A possible

explanation for ‘collateral failure’and infarct expansion after ischemic stroke. Journal of Cerebral Blood

Flow & Metabolism. 2015; 35(5):861–872. https://doi.org/10.1038/jcbfm.2015.2

14. Zhang H, Rzechorzek W, Aghajanian A, Faber JE. Hypoxia induces de novo formation of cerebral col-

laterals and lessens the severity of ischemic stroke. Journal of Cerebral Blood Flow & Metabolism.

2020; 40(9):1806–1822. https://doi.org/10.1177/0271678X20924107 PMID: 32423327

15. El Amki M, Glück C, Binder N, Middleham W, Wyss MT, Weiss T, et al. Neutrophils obstructing brain

capillaries are a major cause of no-reflow in ischemic stroke. Cell reports. 2020; 33(2):108260. https://

doi.org/10.1016/j.celrep.2020.108260 PMID: 33053341

16. El Amki M, Wegener S. Improving cerebral blood flow after arterial recanalization: a novel therapeutic

strategy in stroke. International journal of molecular sciences. 2017; 18(12):2669. https://doi.org/10.

3390/ijms18122669 PMID: 29232823

17. Qiu B, Zhao Z, Wang N, Feng Z, Chen Xj, Chen W, et al. A systematic observation of vasodynamics

from different segments along the cerebral vasculature in the penumbra zone of awake mice following

cerebral ischemia and recanalization. Journal of Cerebral Blood Flow & Metabolism. 2023; 43(5):665–

679. https://doi.org/10.1177/0271678X221146128 PMID: 36524693

18. Adams MD, Winder AT, Blinder P, Drew PJ. The pial vasculature of the mouse develops according to

a sensory-independent program. Scientific reports. 2018; 8(1):1–12. https://doi.org/10.1038/s41598-

018-27910-3 PMID: 29959346

19. Zhang H, Jin B, Faber JE. Mouse models of Alzheimer’s disease cause rarefaction of pial collaterals

and increased severity of ischemic stroke. Angiogenesis. 2019; 22(2):263–279. https://doi.org/10.

1007/s10456-018-9655-0 PMID: 30519973

20. Zhang H, Faber JE. Transient versus permanent MCA occlusion in mice genetically modified to have

good versus poor collaterals. Med one. 2019; 4. https://doi.org/10.20900/mo.20190024 PMID:

31840083
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