


simulationsin realisticmicrovascularnetworks.In contrastto experimentalmeasure-
ments,numericalcomputationsoffer theadvantagethat thewholepressureandflow field
isavailablefor analysis.It iswellestablishedthat thecerebralcortexisorganizedin lami-
nar fashionandindeedour resultsrevealthat theflow field in thecapillarybedshowssig-
nificant layer-specificdifferences.Thosedifferencesmustbetakeninto accountin future
numericalandexperimentalworks.Furthermore,it seemslikely thatmultiple regulation
mechanismsareplayinghandin handandthat their impactdiffersoverdepth.

Introduction
Thebrain hastheability to locallyadaptcerebralbloodflow to alocallyincreasedenergy
demand[1, 2]. Neuronalactivitytriggersdilation of vesselswhich leadsto anincreasedblood
flow andtherewithto anup-regulationof metaboliteandoxygensupply.Additionally, further
small-scaleregulationis likely to takeplace[3±5].However,thedetailedvascularmechanisms
andthesignalingpathwaysbetweenneuronsandvesselsarestill not fully resolved.Oneof the
difficultiesin understandingneurovascularcouplingliesin theinteractionof thedifferentreg-
ulationmechanismsplayingatapproximatelythesametime but on differentspatialscales.
Thecomplextopologyof thevasculatureaswellasthehigh temporalandspatialresolutions
requiredposefurther challengesin performingelucidatingmeasurementsin largesamples.

Themostfundamentalandmoststudiedregulationmechanismis theincreasein blood
flow whichalsois thebasisfor variousmeasurementtechniquessuchasfunctionalmagnetic
resonanceimaging(fMRI). It iswellestablishedthatarteriolesdilateduring neuronalactiva-
tion andcontributeto theup-regulationof bloodflow [1, 6]. However,Hall etal.[3] recently
observedthatcapillariesrespondto stimulationearlierthanarteriolesandtheyspeculatethat
84%of thebloodflow increaseresultsfrom dilation of capillariesbypericytes.Thus,thereis
anongoingdebateaboutwhichvesseltypeismainly responsiblefor theincreasein bloodflow.

To answerthisquestionthepressuredistribution in cerebralmicrovascularnetworks
(MVNs) iscrucial.Indeed,if pureplasmaflow isassumeddiameterchangesat thelocationof
thelargestpressuredrop will leadto thelargestchangein flow rate.Yet,in vivo it isextremely
challengingto measurebloodpressurein MVNs.Commonlyusedmicropipettemeasurements
arelimited to vesselscloseto thecorticalsurfaceandareonly applicableto vesselswith a
diameter> 25μm [7±9].Furthermore,manymeasurementsatdifferentlocationswouldbe
neededto computethepressuredrop in differentvesseltypes,whichisnot feasiblein in vivo
studies.Hence,numericalsimulationsareneededto obtaindetailedinformation on thepres-
suredistribution in MVNs.

On thesmallerscale,theeffectof neuronalactivationon individual capillarieswasinvesti-
gatedin multiple studies[4, 5,10±13]whichall agreethat redbloodcell(RBC)velocityand
flux increasein thecapillarybedwith neuronalactivity.Additionally,ahomogenizationof
RBCflux in thecapillarybedisobservedduring activation[4, 5,13,14].JespersenandØster-
gaardshowedthatareducedcapillarytransit time heterogeneity(CTH) isbeneficialfor the
overalloxygenextractionfraction(OEF)[15]. Nonetheless,thepreciseroleandimpactof the
observedphenomenain theup-regulationof oxygenin thebrain isstill debated.

Anotherchallengein performingin vivo flow measurementsin MVNs is thelimited pene-
tration depthof theavailablemeasurementtechniques.Most in vivostudiesin corticalMVNs
with resolutionon themicrometerscalearelimited to afewhundredsof micrometersof the
cortexandlittle isknownabouttheflow patternsdeepin thegreymatter[3, 4,10,12,13].This
constitutesamajorproblem,becausetheneocortexconsistsof sixcorticallayerswith different
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neuronaldensitiesanddifferentmetabolicdemands.Studieson thevasculatureshowedthat
vasculardensitiesalsovaryovercorticaldepth[16±19]andhigh-resolutionfMRI studies
revealedthat laminardifferencespersistin changesin cerebralbloodflow (CBF)andcerebral
bloodvolume(CBV)during activation[20,21].Furthermore,two studieswith measurements
of flow propertiesin individual capillariesdownto adepthof 600μm observeddepth-depen-
dentchangesin RBCvelocity[11,14].Hence,laminardifferencesin flow characteristicsseem
likely during baselineandactivation,but havenot beeninvestigatedin detail.

Wesimulatebloodflow in threerealisticmicrovascularnetworksfrom themouseparietal
cortex[19,22].In contrastto previousnumericalworksin realisticMVNs, whicharemostly
basedon theempiricalsteadystatemodelderivedbyPriesetal.[23], weapplyanumerical
modelwhichdirectlytracksindividual RBCs.Additionally,wepresentanewapproachfor
assigningappropriateandrealisticboundaryconditionsat thein- andoutflowsof MVNs.

Thiswork aimsto answerquestionsthatarecrucialfor researchon neurovascularcoupling
andwhichareextremelydifficult to beansweredexperimentally.Weanalyzeour simulation
resultswith threekeyquestionsin mind: (1) Wheredoesthelargestpressuredrop takeplace?
(2) Are theredifferencesin flow propertiesoverthecorticaldepthandis it relevantfor up-reg-
ulationof bloodflow?(3) How largeis theCTH andwhatcanbeconcludedfrom thetrajecto-
riesof RBCsthroughthecapillarybed?

Materials and methods

Microvascular networks

WestudiedthreeMVNs from themouseparietalcerebralcortex.Thenetworkswereacquired
with theuseof two-photonlaserscanningmicroscopy[19,22,24].Fordetailson thedata
acquisitionandthevalidationof themethodsusedconsult[19,22,24]andreferencestherein.
To properlydifferentiatebetweenthedifferentvesseltypesinformation on thepresenceof
smoothmusclecellsandpericyteswouldbeneeded[25]. Asthis information isnot available,
Blinderetal.[19] classifiedthevesselsbasedon their morphology,their diameterandthe
trackingof penetratingtreesinto: pial arterioles(PA),descendingarteriolesandarterioles(DA
+A), capillaries(C), venulesandascendingvenules(V+AV) andpial venules(PV).Thevessel
classificationisextendedbyadiametercriterion,whichrequiresthat two consecutivevessels
haveadiameter< 7.0μm until thecapillarybedstarts.Thelabelingis further adjustedsuch
that thereisno capillarywith adiameter> 9.0μm andno arteriole/venulewith a
diameter< 6.0μm. In generalMVN 3 hasslightlysmallerdiametersthanMVN 1and2and
hence,theminimum arteriole/venulediameterhadto besetto 4.8μm in ordernot to treat
mostDAsaspartof thecapillarybed.In theoriginal labelingit isdifferentiatedneither
betweenDAsandAsnor betweenVsandAVs.Nonetheless,in thecourseof thiswork we
commenton theimpactof introducing thisadditionalclassification(S1Table).

Literaturedataon capillarydiametersin rodentsissparseandvariessignificantly.Table1
summarizessomeof theavailablemeasurementsof capillarydiametersin rodents.Asthe
meancapillarydiameterfor all MVNs in thisstudyis< 4.0μm thevesseldiametersare
upscaledslightly.Weappliedahistogram-basedupscalingapproachbasedon abetadistribu-
tion with ameanof 4.0μm andastandarddeviationof 1.0μm (Fig1A).Thebetadistribution
isdefinedin thediameterrange[2.5μm, 9.0μm]. Detailson thehistogram-basedupscaling
approacharesummarizedin S1Fig.

In Table2severalcharacteristicparametersof theMVNs aresummarized.All networksare
of cuboidshapewith anearlyquadraticsurfaceareaandadepthsuchthatmostgreymatteris
containedin it.
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Numerical model

Thesimulationprocedureisdescribedin moredetailin [33] but briefly summarizedbelow.
Our resultspresentedin [33] showedthatparticularlyfor theflow in thecapillarybedit iscru-
cial to considertheimpactof RBCsandhencebloodis treatedasabiphasicfluid. A shortanal-
ysison theimpactof RBCson theflow in realisticmicrovascularnetworksispresentedin S2

Table 1. Overview of literatur e data on capillary diamete rs in rodents.

Author Year Animal Capillary diameter Comm ent

Craigie [26] 1938 rat 2.9 ��m taken from [27]

Ma et al. [28] 1963 rat 4.2 ��m taken from [27]

Lierse [29] 1974 rat 7.0 ��m taken from [27]

Hudetz et al. [30] 1993 rat 4.4 �“ 1.0 ��m -

Kleinfeld et al. [11] 1998 rat 5.0 – 7.0 ��m -

Boero et al. [31] 1999 mouse 3.3 �“ 0.4 ��m or smaller depending on brain region

Drew et al. [32] 2011 mouse 2.9 �“ 0.5 ��m -

Hall et al. [3] 2014 mouse 4.4 �“ 0.1 ��m -

Gutiérrez-Jiménez et al. [14] 2016 mouse 4.0 �“ 0.1 ��m -

doi:10.1371/journal.pcbi.1005392.t001
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Fig 1. Pre-process ing of the microvasc ular netwo rks and the approach to assign boundary conditions. (A) Histogram-based upscaling approach for

microvascular network 1. The grey and the black histogram show the original and the final diameter distribution, respectively. The mean, the standard

deviation (std), the maximum value (max) and the minimum value (min) of all capillary diameters are stated in grey and black for the original and the final

capillary diameter distribution, respectively. The red curve is the goal beta distribution. (B) Summary of the pressure measurements in the pial vasculature

available in literature and the fit we used to assign the pressure boundary conditions at the pial arterioles. At the pial venules we uniformly prescribed a

pressure of 10 mmHg. Data from: Harper [7], Werber [8], Hudetz [44], Shapiro [9]. (C) Schematic illustration of the steps of the hierarchical boundary

condition approach. On the left the three different components of the full compound network are shown. The red and green spheres in the realistic implant

represent the pial and capillary in- and outflows, respectively.

doi:10.1371/journal.pcbi.1005392.g001
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Fig.In thenumericalrepresentationthetortuousvesselsof theMVN areapproximatedby
straightpipesbetweentwo bifurcations.Thestraightpipeisassignedthesamelengthand
resistanceasits tortuousequivalent.Therewith,weonly neglecttheeffectof diameterchanges
alongindividual vessels.

Theflow in thepipeij betweenthenodesi andj is computedbyPoiseuille'slaw

qij ¼
pi � pj

Re
ij

; ð1Þ

whereqij andRe
ij aretheflow rateandtheeffectiveresistanceof pipeij, respectively,pi andpj

denotethepressurevaluesat thenodesi andj. TheeffectiveresistanceRe
ij accountsfor thepres-

enceof RBCsbymultiplying theresistanceof acirculartubeRij with therelativeapparentvis-
cosityμvitro,ij, whichisbasedon theempiricalformulationderivedbyPriesandSecomb[34]:

Re
ij ¼ mvitro;ij Rij ¼ mvitro;ij

128 mplasma

p d4
ij

Lij; ð2Þ

whereμplasma is theplasmaviscosityanddij andLij arethevesseldiameterandlength,respec-
tively.Therelativeapparentviscosityμvitro,ij isafunction of thetubehematocrithtij andthe
diameterof thevesseldij: μvitro,ij = f(htij, dij). Thecompleteexpressionandajustificationfor
thischoiceisgivenin S1Text.

RBCsaretrackedindividually (discretesimulation).Accordingto theFåhraeuseffectthe
RBCvelocityison averagelargerthanthebulk flow velocity[35]. At divergentcapillarybifur-
cationsweassumethat theRBCsfollow thepathof thelargestpressureforce[36,37],which is
equivalentto thepathof thelargestbulk flow velocity.Anothercommonlyusedbifurcation
rulestatesthat theRBCmovesinto thebranchwith thelargestflow rate[38,39].For91%of all
capillarydivergentbifurcationsin thethreeMVNs thetwo bifurcationsrulespredictthesame
behaviour(basedon theresultsof pureplasmasimulations).Hence,weareconfidentthat the
choiceof thebifurcationrule,doesnot greatlyaffecttheoverallresults.In arterioledivergent
bifurcationstheRBCmotion ismorecomplicatedandtheir separationisdescribedby the
phase-separationlawintroducedbyPriesetal.[40]. TheRBCtrackingis implementedsuch
thatanoverlappingof RBCsisnot possible.Forexample,atconvergentbifurcationsRBCscan
beblockedtemporarilyif thereisnot enoughspacein thesubsequentvessel.Assoonasthe
RBCfits into thenextvesselit will proceed.

To reducethecomputationtime andin contrastto themodelintroducedin [33] thetime
stepΔt isconstantandnot afunction of thenextbifurcationevent.Hence,pertime stepmulti-
plebifurcationeventstakeplace.Thetime stepischosensuchthat for nearlyall vessels
(> 99.8%)thefollowingcriterion issatisfied:

Dt �
Lij

vij
; ð3Þ

Table 2. Character istic paramete rs of the analyzed microvascula r networks (MVNs).

MVN Width Depth No. DA No. AV No. vessels

1 1.08 mm 1.61 mm 8 30 19 916

2 1.28 mm 1.77 mm 13 40 36 257

3 1.03 mm 1.07 mm 10 21 14 315

DA: descending arteriole, AV: ascending venule.

doi:10.1371/journal.pcbi.1005392.t002
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whereΔt is thetime step,Lij andvij arethelengthandthebulk flow velocityof edgeij. For
eachtime steptwo computationstepsareperformed.In thefirst one,which isbasedon the
currentdistribution of RBCs,thepressureandflow field iscalculated.Consecutively,theRBCs
arepropagatedandtheir distribution isupdated.

TheRBCsaretrackedfor at leastoneturn-over time,which is theratio of thetotal vascular
volumeto thesumof all inflows.To minimize theimpactof theinitial conditionsthesimula-
tion is run for at least15turn-over timesbeforetheRBCpathis recorded.

Boundary conditions

A majorchallengein simulatingbloodflow in realisticMVNs is theassignmentof appropriate
boundaryconditions.In Fig1CanexemplaryMVN with all its in- andoutflowverticesis illus-
trated.In mostnumericalstudiesonly thein- andoutflowverticesat thepial levelarekeptto
assignpressureboundaryconditions.All in- andoutflowbranchesdeeperin thecortexare
eliminatedor no flow boundaryconditionsareprescribed[41±43].Theresultsin [42] show
that thisapproachgenerallyunderestimatestheflow.

Hence,weintroduceanewapproachwheretherealisticMVN is implantedinto alargearti-
ficial MVN (compoundnetwork).In thecenterof theartificial networkaholeof thesizeof the
realisticnetworkiscut.Therealisticnetworkispositionedin thecut-outandconnectedto the
artificial networkat thedeepin- andoutflowvertices.Byassumingaconstanttubehematocrit
thepressuredistribution for thecompoundnetworkcanbecomputed(steadystatesimulation
without RBCtracking).Thepressurevaluesobtainedfrom thesteadysimulationareassigned
asboundaryconditionsto thedeepin- andoutflowverticesof therealisticmicrovascularnet-
work.Thesimulationwith discreteRBCtrackingisonly executedin therealisticnetwork.Fig
1Cillustratesthestepsof thehierarchicalboundarycondition approach.

Theartificial networkconsistsof adatabaseof realisticpenetratingtreesandanartificial
capillarybed(Fig1C).Therealisticpenetratingvesselshavebeenobtainedfrom the
somatosensorycortexof therat [45]. To accountfor thedifferencesin sizebetweenrat and
mousebrain, thearterioleandvenuletreeshavebeenscaledby theratio of corticalthick-
nessesct : ctmouse

ctrat ¼ 0:66 [46]. Thepenetratingtreesarearrangedasarhombic latticebased
on theobservationsby Blinderetal. [19]. Theartificial capillarybedis constructedfrom a
stackedhexagonalnetworkwhichrepresentsasimplifiedmeshstructurewhereeverybifur-
cationhasthreeadjacentedges[47,48].To finish theartificial MVN theendsof thepene-
trating treesareconnectedto theclosestcapillaryvertex.

Literaturedataon pressuremeasurementsin pial vesselsisverysparse[7±9,44].Wefitted a
polynomialof degree3 to theavailablepressuremeasurementsin pialarterioles(Fig1B).The
pressurein pial venulesdependsonly weaklyon thediameter,henceweuniformly setthepres-
sureto 10mmHg.Thetubehematocritatall inflow edgesissetto thephysiologicalvalueof 0.3.

In thestudiedMVNs thedeepin- andoutflowswerealreadytrimmed andhence,in their
original configurationit wasnot possibleto implant andconnecttherealisticMVNs to the
artificial one.In orderto createin- andoutflowsoverthedepth,wecut off 12.5%of thetotal
width on all sides.Theaveragedepthof themousecortexis1.2mm [46]. Hence,wetrim the
MVNs analyzedatadepthof 1.2mm to createin- andoutflowsat thebottom(MVN 3 is
trimmed atadepthof 0.95mm).

Validation

Simultaneousmeasurementsof flow characteristicsin multiple vesselsof networksembedded
in atissuevolumeof> 1mm3 areverychallengingto performin vivo.Recently,Leeetal.[12]
presentedapromisingapproachwhereopticalcoherencetomographyisusedto measurethe
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RBCflux in severalcapillariesat thesametime with atemporalresolutionof *1 s.Otherthan
that,mostin vivomeasurementsonly targetaverysmallsubsetof vesselsandaverageoversev-
eralseconds.

Wevalidateour simulationsetupbycomparingour resultsto two frequentlymeasured
flow characteristics:theRBCvelocityvRBC andtheRBCflow rateqRBC (Table3). In our opin-
ion it isessentialto compareflow propertiesfor differentvesseltypes.Furthermore,especially
in theDAsagoodagreementiscrucial,becausethosevesselsaretheinflow vesselsof the
downstreamcapillarybed.Literaturevaluesshowthat theflow in themicrovasculatureishet-
erogeneousandfluctuatingin time andhence,therangeof measuredvaluesis large[49]. All
in all,our resultsarein line with thein vivomeasurementsandweconcludethat theassigned
boundaryconditionsandour numericalframeworkareappropriate.

Data analysis

Our dataanalysisisbasedon trajectoriesof individual RBCsthroughtheMVN. Wetrackedall
RBCsenteringtheMVN at thepial level.RBCsenteringthenetworkat thedeepin- andout-
flowscannot beanalyzedbecausethehistoryof theRBCpathwayisunknown.Yet,weexpect
thatcomparablecharacteristicsalongthepathwayof thoseRBCswouldbeobserved.

A crucialaspectfor commentingon thepressuredrop in differentpartsof themicrovascu-
latureis thecorrectlabelingof vesseltypes.Asmentioned,for afully accuratedistinctionof
vesseltypesthepresenceof smoothmusclecellsandpericyteswouldhaveto beconsidered
[25]. However,our labelingissolelybasedon morphology,topologyanddiametersandhence
iserror prone.A correctRBCtrajectoryflowsthroughthedifferentvesseltypesin thefollow-
ing order:PA! DA+A! C! V+AV! PV.To makethedataanalysisrobustwith respect
to labelingerrorsweallowtheRBCsto deviatefrom thecorrectpath(PA! DA+A! C! V
+AV! PV) for two subsequentbranches,aslongasit afterwardsproceedsin thecorrectman-
ner.In thecourseof thiswork wecommenton thesensitivityof our resultswith respectto
labelingerrors(S3Fig).

Only RBCtrajectorieswhichflow throughthedifferentvesseltypesin correctorder:PA!
DA+A! C! V+AV! PV areconsideredfor dataanalysis.Foranalyseswhichonly address
flow phenomenain thecapillarybed,(PA or DA+A)! C! (V+AV or PV) isalsoaccepted
asacorrectRBCtrajectory.

In orderto analyzethesimulationresultswith respectto corticaldepthwedividedthe
MVN into fiveanalysislayers(AL). Weuse200μm thick slicesandlimit our analysisto the
upper1000μm of thecortex.MVN 1 with thefiveALsis illustratedin Fig2A.

Unlessstatedotherwise,all presentedresultshavebeenaveragedoverall threeMVNs
analyzed.

Table 3. Validatio n of the simulation results with literature data.

DA: qinRBC [nl s
� 1] DA+A: vRBC [mm s−1] C: vRBC [mm s−1] C: qRBC [RBCs s−1]

Literature 0.1 �í 10.0 [50] 2.0 �í 30.0 [50] mean: 0.4 �í 2.0 [4, 10, 11, 13, 14, 51, 52] mean: 38.6 �í 62.0 [13, 14, 53]

MVN 1 0.88 �“ 0.87 2.44 �“ 4.56 0.82 �“ 1.31 59.1 �“ 237.6

MVN 2 5.15 �“ 8.57 5.28 �“ 7.61 1.38 �“ 1.96 88.4 �“ 574.0

MVN 3 0.96 �“ 1.00 2.73 �“ 4.97 0.59 �“ 0.93 29.8 �“ 219.0

qinRBC: RBC flow rate in the first segments of the DA, vRBC: RBC velocity in the DA+A, qRBC: RBC flux. The values of the simulation results are given as

mean �“ standard deviation. For the RBC flux qRBC the median �“ standard deviation are given. DA: descending arteriole, A: arteriole, C: capillary, MVN:

microvascular network.

doi:10.1371/journal.pcbi.1005392.t003
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Results
Our analysisisbasedon trajectoriesof individual RBCs.On average689RBCs/msenterthe
MVN at thepial arteries.Yet,only 21%of all trackedRBCsexhibitafull path(PA! DA+A
! C! V+AV ! PV).70%of RBCsleavethenetworkthroughanarterioleoutlet(mainlyat
pial level)and4%throughacapillaryoutletandcannot beusedfor analysispurposes.

Flowphenomenain thecapillarybedarethekeyfocusof our investigations.Thelocation
wheretheRBCmovesfrom anarterioleinto thecapillarybedisdefinedasthecapillarystart
point. Capillaryendpointsaretheequivalentlocationson thevenuleside,e.g.thelocation
wheretheRBCleavesthecapillarybedandentersavenule.Thelayer-specificanalysisisbased
on thecorticaldepthof thecapillarystartpoint.

Fig 2. Pathway characte ristics of red blood cells (RBCs) throug h cortical microvascula r networks (MVNs). (A) MVN 1 with five 200 ��m thick analysis

layers (ALs). (B) Five exemplary RBC paths through MVN 1. The five paths enter the capillary bed in the 5 different ALs (yellow: AL 1, light green: AL 2, dark

green: AL 3, light blue: AL 4, dark blue: AL 5). The spheres illustrate the start and the end points of the capillary bed along the underlying path. The flow

direction in the DAs and the AVs are shown by the adjacent arrows. (C) Cortical depth of the capillary start point over the cortical depth of the capillary end

point. The scatter plot shows all available end points for every start point. The color code represents the relative frequency of occurrence of the end point.

The red line is a linear fit to the data points (underlying equation given in Eq (5)). The Pearson’s correlation coefficient is r = 0.86. (D) & (E) Pressure and

diameter over the path length for two exemplary trajectories of two RBCs from MVN 1 with their capillary start point lying in AL 2 (light green RBC trajectory

in (B)) and in AL 4 (light blue RBC trajectory in (B)), respectively. PA: pial artery, DA: descending arteriole, A: arteriole, C: capillary, V: venule, AV: ascending

venule, PV: pial vein

doi:10.1371/journal.pcbi.1005392.g002
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Number of available pathways through the capillary bed varies over

cortical depth

In afirst stepweanalyzedtheRBCpathwaysthroughthecapillarybed.Fig2Billustratesan
exemplaryRBCtrajectoryfor eachAL. PerMVN thereareon average2811uniquepathslead-
ing theRBCsfrom DA+A to V+AV. Yet,thedistribution of thepathsfrom DA+A to V+AV
overthefiveALsisnot homogeneous(Table4).Thelargestnumberof availablepathsis found
for AL 2andAL 3,followedbyAL 1 andAL 4 whereon average580uniquepathsexist
betweenDA+A to V+AV. With approximately200availableuniquepathsAL 5 offerstheleast
possibilitiesfor theRBCsto travelthroughthecapillarybed.Thenonhomogeneousdistribu-
tion of pathsthroughthecapillarybedovercorticaldepthis thefirst evidencefor layer-specific
differencesin thevasculature,whichmight aswellaffectfunctionalproperties.

Preferred pathways through the capillary bed

Percapillarystartpoint thereareon average5possibleendpointsand8 possiblepathsto
reachtheV+AV. To commenton thefrequencyaspecificpathwayischosen,thepreferred
endpoint andthepreferredpathareintroduced.If acapillarystartpoint hasnep endpoints
therelativeendpoint frequencyfep is computedbydividing thenumberof RBCsreachingthat
endpoint by thetotalnumberof RBCspassingthecapillarystartpoint underinvestigation.A
capillarystartpoint hasapreferredendpoint if thelargestendpoint frequencyis> 50%and
thesecondlargestoneis< 30%.Theequivalentdefinition isappliedto defineapreferred
path.60.7%of all capillarystartpointshaveapreferredendpoint andfor 53.1%of all capillary
startpointsthereisapreferredpaththroughthecapillarybed.Soevenif thecapillarybedis
highly interconnectedandoffersamultitudeof pathwaysthroughthecapillarybed,thefre-
quencyatwhichdifferentpathsarechosendifferssignificantly.Weassumethat thenonhomo-
geneousperfusionin thebaselinecaseenablesthevasculatureto moreeffectivelyalter
perfusionduring activation,e.g.by increasingtheRBCflux throughpreviouslylessperfused
paths.

Wenextinvestigatedwhethertheexistenceof thepreferredendpointsemergesfrom topo-
logicalcharacteristicsof theMVN. Weanalyzeif therelativefrequenciesof theavailableend
pointscorrelatewith fivedifferenttrajectorycharacteristics:

1. theEuclideandistancesto thestartpoint,

2. theaveragepathlengthsfrom thestartto theendpoint,

3. theaveragesumof vesselresistancesRij alongthepathsleadingfrom thestartto theend
point,

4. theaverageflow ratealongthepathsand

5. theaverageRBCvelocityalongthepaths.

Table 4. Number of available unique paths from DA+A to V+AV for the five ALs averaged over the RBC
trajectori es from 3 MVNs.

AL 1 AL 2 AL 3 AL 4 AL 5

558 862 862 601 201

The RBC trajectories are assigned to the different ALs based on the location of the capillary start point. DA:

descending arteriole, A: arteriole, V: venule, AV: ascending venule, MVN: microvascular network, RBC: red

blood cell, AL: analysis layer.

doi:10.1371/journal.pcbi.1005392.t004
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For thetrajectorycharacteristics(2)-(5) it hasto bekeptin mind thatseveralpathsmight be
leadingfrom onestartto oneendpoint andhenceaveragingoverall theavailablepathsisnec-
essaryto obtainasinglemeasureperendpoint. Thetrajectorycharacteristicshavebeennor-
malizedwith themaximumvaluefor eachstartpoint:

tcnorm
ep ¼

tcep

maxðTCepÞ
; ð4Þ

wheretcep isatrajectorycharacteristicof onepathandTCep containsthetrajectoriescharacter-
isticsfor all endpointsof onestartpoint. WecomputePearson'scorrelationcoefficientsfor
therelativeendpoint frequenciesandthefivenormalizedtrajectorycharacteristics(Table5).

TheEuclideandistanceisapuretopologicalmeasureanddoesnot correlatewith therela-
tiveendpoint frequencies.All further characteristicsarebasedon thepathof theRBCs
throughthecapillarybedandhencenot puretopologicalcharacteristicsbut influencedby the
flow field.Theaveragepathlengthaswellastheaveragesumof resistancesalongthepath
showaveryweaknegativecorrelationwith theendpoint frequencies.However,with acorrela-
tion coefficient> 0.4therelativeendpoint frequenciescorrelatemorestronglywith theaver-
ageflow rateandRBCvelocity.This isplausible,becausetheaverageflow rateaswellasthe
averageRBCvelocityhaveadirect impacton thedistribution of theRBCs.More importantly,
this resultunderlinestheimportanceof acombinedanalysisof flow field andtopology.A
purelytopologicalanalysismight leadto wrongconclusionbecauseit neglectscrucialeffects
suchastheRBCdynamicsandtheimpactof thebifurcationrule.

In-plane movement of RBCs in the capillary bed

In thenextstepwestudythecorticaldepthcd of thecapillarystartpointscdC,start andthecorti-
caldepthof their capillaryendpointscdC,end. ThePearson'scorrelationcoefficientof r = 0.86
confirmsthat cdC,start andthecorticaldepthof its capillaryendpointsarestronglycorrelated.
Thelinearfit for cdC,start andcdC,end readsas(red line in Fig2C):

cdC;end ¼ 1:08 cdC;start � 0:08: ð5Þ

They-interceptof −0.08mm showsthat thecapillaryendpoint ispositionedcloserto thecor-
ticalsurfacethanits capillarystartpoint. It is important to realizethat theRBCstendto move
in-planeandno significantmovementin thedirectionof thecorticaldepthtakesplace.

Thein-planemovementof RBCsin thecapillarybedisanimportant resultbecauseit
impliesthatat thecapillarylevelthereisno significantflow betweenthedifferentALsand
henceit justifiestheapproachto analyzeflow characteristicswith respectto differentALs.
This isnot only relevantfor our simulations,but for all layer-specificanalysis,including fMRI
or bolustrackingmeasurements.

Table 5. Pearson's correlat ion coeffici ent for the relative end point frequenci es and five trajectory
characte ristics averaged over 3 MVNs.

rdistance rpath length rresistance rflow rvRBC

�í0.01 �í0.12 �í0.23 0.44 0.50

Correlation coefficients for: euclidean distance: rdistance, path length: rpath length, sum of vessel resistances:

rresistance, flow rate: rflow and RBC velocity: rvRBC
.

doi:10.1371/journal.pcbi.1005392.t005
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One main feeding DA per AV

A further crucialaspectis therobustnessof oxygensupplyin thebrain andthefeedingregions
of individual DAs.Thistopichasalreadybeenaddressedin multiple numericalaswellas
experimentalstudies[42,54,55].Althoughour samplesizeof availableDAsandAVs issmall
weareableto makesomeobservationsaboutthefeedinganddrainingregionsof DAsand
AVs,respectively.

In our studyoneDA feedson average3.8differentAVsandoneAV is fedon averageby
2.8differentDAs.Yet,oneAV receiveson average72%of all its RBCsfrom oneDA. This
impliesthateveryAV hasaprimary DA bywhichit is fed.Hence,thetissuearoundoneAV
might beveryvulnerableto ischemiain caseof occlusionof theprimary feedingDA, unless
significantbloodflow reorganizationtakesplace.This is in accordancewith theobservations
of Nishimuraetal.[56], whichstatethat theªpenetratingarteriolesareabottleneckin
perfusionº.

Pressure drop along RBC trajectories

A goodunderstandingof thepressuredistribution in MVNs iscrucialto interpret theresults
of in vivomeasurementsandto derivemechanismsexplainingthevasculature'sability to up-
regulatebloodflow.Fig2D and2Edepictthepressurealongthepathof two exemplaryRBCs
in MVN 1.ThediameteralongtheRBCpathis illustratedin line with thepressure,because
theresistanceof avesselRij hasastrongimpacton thepressuredrop andRij / d� 4

ij . In both

examplesthepressuredrop becomessignificantassoonasthevesseldiameterfalls
below* 15μm. After aninitial shouldertheslopeof thepressurecurveremainsrelatively
constantuntil theRBCreachestheV+AV. Thepressuredrop tendsto increaseif thediameter
of thevesseldecreases.However,thediameterisnot theonly parameterinfluencingthepres-
suredrop.Furtherveryimportant quantitiesarethetopologyandconnectivityof thevascular
networkaswellasthenumberof RBCsin eachvessel.

Thepressurealongthepathof anRBChasbeenextractedfor all RBCswith acorrectpath-
way(PA! DA+A! C! V+AV ! PV).To averagethepressurecurvesthenormalized
pathlengthis introduced:

snorm ¼
s

stot
; ð6Þ

wherestot is thetotal lengthof theRBCpaththroughtheMVN. TheRBCsaregroupedbased
on thecorticaldepthof their capillarystartpoint. An averagedpressurecurveiscomputedfor
everyAL (Fig3A). In orderto illustratethetotalpathlengthfor thedifferentALs,thenormal-
izedpathlengthismultiplied with theaveragetotalpathlengthfor eachAL.

Forall ALsthepressurestartsto drop significantlyafters * 0.5mm. Asthecapillarybed
startson averageat s * 1.3mm (dependingon theAL), thepressurealreadystartsto drop in
thearterioles.Theshapeof theaveragedpressurecurvesfor AL 1±3(cd < 0.6mm) isverysim-
ilar. All threecurveshaveanS-shapewith aconstantslopein themiddleof thepathandaflat-
ter slopefor thefirst andthelast0.5mm alongthepath.Evenfor AL 4±5(cd� 0.6mm) the
shapesof thecurvesarecomparableto theoneof AL 1±3.However,theslopeflattensshortly
beforethestartof thecapillarybed(s * 1.2mm). This isnot seenfor thepressurecurvesof
AL 1±3.Thedifferencebetweenthetotalpathlengthin AL 1 andAL 5 is1.25mm.

It might seemsurprisingthat thepressuredropscontinuouslyandno steeperpressuredrop
in thecapillariesisobserved,eventhoughthat iswherethesmallestvesseldiametersarefound.
Weassumethat thiscanpartlybeattributedto averagingover> 1million RBCpathways,
whichleadsto asmoothingof theoriginallybumpycurves(Fig2D and2Efor comparison).

Depth dependent flow and pressure characteristics

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005392 February 14, 2017 11 / 22



Theaverageddiameteralongthepathof theRBCsshowsacontinuousdrop in diameteruntil
thecapillarybedis reached(S4Fig).It is smallestat thebeginningof thecapillarybedand
startsto increasefor downstreamvesselsfor all ALs.Surprisingly,thepressuredropscontinu-
ouslyalongthewholepatheventhoughtheaveragediameterexhibitsstrongvariationsover
thepath(S4Fig).Thisconfirmsthat thepressuredrop isnot only affectedby thediameter,but
asaforementionedby theconnectivityof theMVN andthedistribution of RBCsin theMVN.

Layer-specific location of largest pressure drop

Thelocationof thelargestpressuredrop is theidealregionfor regulatinghemodynamics[3].
Hence,to commentin moredetailon thecontribution of differentvesseltypesto thetotal
pressuredrop thepressuredrop pervesseltypeiscomputed(Fig3D±3F).Weaveragethe

Fig 3. Pressure drop along the pathway of red blood cells (RBCs) and layer-spe cific flow characte ristics. (A) Averaged pressure curves for the five

analysis layers (ALs) (thick lines). The average locations of the capillaries are marked by green circles for each AL. The thin curves in the background

represent the raw data and the thin green shading highlights the location of the capillaries for the raw data. (B) Capillary transit time ttC, transit path length

tsC and RBC velocity vRBC for the five ALs (green symbols and error-bars, mean �“ standard deviation). The scatter plot in the background shows the raw

data for all MVNs studied. (C) Feeding properties for the five ALs. From top to bottom: (i) Number of feeding branches for the capillary bed, (ii) sum of blood

flow rate through the feeding branches and (iii) sum of RBC flow rate through the feeding branches. (D),(E) & (F) Averaged pressure drop and averaged

path length for different vessel types. The color coding facilitates the differentiation between arterioles (red), capillaries (green) and venules (blue). The

standard deviation for the averaged pressure at the start of the different vessel types is given by the vertical error bars. The horizontal error bars represent

the standard deviation for the averaged path length for the different vessel types. Fig (D),(E) and (F) show the averaged results for all RBCs with a capillary

start point in AL 1, AL 3 and AL 5, respectively. PA: pial atery, DA: descending arteriole, A: arteriole, C: capillary, V: venule, AV: ascending venule, PV: pial

vein

doi:10.1371/journal.pcbi.1005392.g003
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pressureat theinlet verticesof thefivedifferentvesseltypes(PA,DA+A, C,V+AV, PV).Addi-
tionally,theaveragedpathlengthiscomputedfor eachvesseltype.Asfor thepreviousstudies,
wecalculateaveragesfor everyAL basedon thecorticaldepthof thecapillarystartpoint. As
thesamplesizeof PAsandPVsisverysmall,thepressuredropsareonly illustratedfor com-
pletenessandarenot analyzedfurther.

ThedifferencesbetweenthethreeALsillustratedarestriking.Whereasin AL 1 (cd = 0− 0.2
mm) thepressuredrop in thecapillariesisdominant(37%),in AL 3 (cd = 0.4− 0.6mm) and
AL 5 (cd = 0.8− 1.0mm) thelargestpressuredrop is found in theDA+A (AL 3:51%andAL 5:
61%).Thisrevealsthat thecontribution of thedifferentvesseltypesto thetotalpressuredrop
ishighlydependenton thecorticaldepthof thecapillarystartpoint. Furthermore,our results
showthat totalpressuredrop in theDA+A correlateswith thepathlengthtraveledin theDA
+A. ThetotalpathlengthincreasesthedeepertheRBCflowsinto theMVN (Fig3D±3F).

To addressthesensitivityto labelingerrorswecomparetheresultsof thestandardlabeling
to two modifiedlabelings(S3Fig).FordeepALstheresultisveryrobust(S3D±S3FFig).A
largersensitivityis found for thelabelingof capillariesandarteriolesin AL 1 (S3A±S3CFig).
Forall investigatedscenariosthecapillariesplayasignificantrole for thepressuredrop in AL
1.However,if S3AandS3BFigarecompared,it becomesevidentthaton average31%of the
totalpressuredrop in thecapillarybedtakesplacein thefirst capillarybranch.Hence,for AL 1
wherethepressuregradientsareverysteepacorrectlabelingiscrucial.

Manystudiesrelatedto neurovascularcouplingdifferentiatebetweenthemainbranchof
theDA andtheA branchingoff (sometimescalledprecapillaryarterioles)[57,58].Our results
showthat for AL 2±5thepressuredrop mainly takesplacein theDAsandisverysmallin the
As(S1Table).ForAL 1 thepressuredrop in theDAsandAsiscomparable.Basedon theorigi-
nal labeling16%of all RBCsflow directlyfrom theDAs into thecapillarybed.Weconclude
thatalreadyin themainbranchof theDAsthepressurestartsto drop significantly.

All in all,our resultsshowthat it is indispensableto accountfor thepressuredrop in the
DAs+As.Generalizationson thelocationof thelargestpressuredrop in thevasculaturearenot
validbecauseit needsto bedifferedbasedon thecorticaldepthof thecapillarystartpoint. For
AL 1±2thelocationof thelargestpressuredrop is thecapillarybedandto bemoreprecise
mainly thefirst branchesof thecapillarybed.ForAL 3±5thepressuredropsthemostin the
DAs+As.Thepressuredrop in theCsdecreaseswith increasingcorticaldepth.

Layer-specific flow characteristics affecting oxygen discharge

Oxygendischargefrom thevasculatureto tissueisadiffusiondrivenprocesswhichbasedon
commonnotion mainly takesplacein thecapillarybed.However,thisviewhasbeenrecently
challengedbySakadzÏ ić etal.[58] whostatethat50%of theoxygenisextractedfrom arterioles
in thebaselinecase.Nonetheless,theimpactof theheterogeneousflow propertiesin thecapil-
larybedarecrucialto fully understandtheoxygensupplyof thebrain.ForexampleRasmussen
etal.[59] showedthatareducedCTH leadsto anincreasein OEF.

Additionally,our presentedresultsshowthatsignificantdifferencesbetweentheALspersist
andhence,thequestionarisesif thesedifferencesalsoaffectflow phenomenaobservedin the
capillarybed.Wepresentresultsfor capillarytransit time ttC, capillarytransitpathlengthtsC

andthecapillaryRBCvelocityvRBC,C in differentALs(Fig3B).All threequantitieshavean
impacton theamountof oxygenwhichcanbedischargedfrom individual RBCs.

Themeantransitpathin thecapillarybedisshortestfor AL 1 (*0.17mm). Forall other
ALsit isapproximatelyconstanttsc� 0.3mm. Thisagreeswellwith theobservationsof
SakadzÏ ić etal.[58] whichfind anaveragepathlengthof 0.34mm for measurementsuntil a
depthof 0.45mm. To thebestof our knowledgeKleinfeldetal.[11] andGutieÂrrez-JimeÂnez
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etal.[14] performedtheonly measurementsof RBCvelocityup to adepthof 600μm [11,14].
In bothworksaslightlydecreasedRBCvelocityoverthecorticaldepthisobserved.Thisagrees
wellwith our resultsillustratedin Fig3B.Thechangesin capillaryRBCvelocityoverdepth
probablyresultfrom thehighpressuregradientbetweenDA+A andV+AV closeto thesur-
face,whichdecreaseswith corticaldepth.ForAL 1 weobtainanaverageRBCvelocitywhichis
largerthanthevelocityrangestatedin literature(0.4− 1.0mm s−1 [4, 10,11,13,51]).The
capillarieswith thelargeRBCvelocitiesarelocatedverycloseto thecorticalsurface
(cdC,start< 75μm) andconnectDAswith nearbyAVs,hencethecapillarytransitpathlengthis
comparablyshort.

Themeancapillarytransit time on theotherhandincreaseswith corticaldepth,whichis in
accordancewith thehighercapillaryRBCvelocityvRBC,C closeto thecorticalsurface.ForAL 1
themeancapillarytransit time isequalto 0.07± 0.14sandrisesto 0.52± 0.51sfor AL 5.Liter-
aturevaluesfor capillarytransit time aresparse.Themostrecentandsuitablemeasurements
havebeendonebyGutieÂrrez-JimeÂnezetal.[14] whichobtainameantransit time of
0.66± 0.20sfrom arteriolesto venules.

Thesmallcapillarytransit timescloseto thecorticalsurfacesuggestthat theRBCshaveless
time to dischargeoxygenandhencetheOEFperRBCissmallerat thecorticalsurfacethan
deepin thecortex.AstheaveragetransitpathlengthtsC isnearlyconstantoverdepth,the
increasedtransit time ttC with depthisalsoreflectedin adecreasein RBCvelocityvRBC with
depth(Fig3B).TheRBCvelocityisproportionalto theRBCflow rate,whichisconfirmedby
Fig3C.All in all,our resultssuggestthat theoxygenlevelin thetissueis largestcloseto thecor-
ticalsurface.

Dueto thelargeRBCfeedingflow in AL 1 andthelargeRBCvelocities,it seemslikely that
RBCstravelingcloseto thecorticalsurfacearestill highlysaturatedwith oxygenastheyreach
thevenules.Asthefeedingflow ratedecreasesfor deeperALs(Fig3C)andthetransit time
increases,weexpecttheRBCsleavingthecapillarybedatadeepercorticallevelto belesssatu-
ratedwith oxygenthantheRBCscloseto thecorticalsurface.

Thescatterplot in Fig3Bconfirmsthepresenceof alargeCTH in cerebralMVNs. While
for thecapillarytransitpaththestandarddeviationremainsconstantovercorticaldepth,it
increasesfor thecapillarytransit time.Consequently,deeperin thecortexthereductionof
CTH might beamoreeffectivemeanto increasetheOEFthancloseto thecorticalsurface.
Furthermore,thestandarddeviationof thecapillarytransit time andtheRBCvelocityshow
opposingtrendsovercorticaldepth.Thosedifferenceshaveto bekeptin mind for estimations
of CTH basedon theRBCvelocity.

In Fig3Cthetotalnumberof feedingbranchesfor thefiveALs,thesumof thebloodflow
rateandthesumof theRBCflow ratethroughthosebranchesis illustrated.While theblood
flow andtheRBCflow rateshowsimilar trends,namelyalowerfeedingflow ratefor deeper
ALs,thenumberof feedingbranchesincreasesuntil AL 3 andthendropssignificantly.The
numberof feedingbranchesisatopologicallybasedquantity,while thefeedingflow ratesare
flow relatedquantities.Bothresultsunderlineoncemorethecomplexflow phenomenain
MVNs andthenecessityto considertheflow field andthevasculartopologyasoneentity.

Discussion
Wesimulatedbloodflow in threerealisticMVNs from themouseparietalcerebralcortex.To
our knowledgethis is thefirst numericalwork in realisticMVNs whereRBCsaretrackedindi-
viduallyandtheresultsaredirectlybasedon RBCtrajectories.AstheRBCsarethebrain'soxy-
gensourcetheyarethemostfundamentalentity of bloodfor theup-regulationof oxygenand
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henceshouldbeat thebasisof afunctionalanalysis.Thefocusof our investigationslieson the
pressurefield in theMVN andon depthspecificflow characteristics.

Our resultsshowthat thelocationof themaximalpressuredrop dependssignificantlyon
thecorticaldepthof thecapillarystartpoint. While closeto thecorticalsurfacethepressure
drop in thecapillarybedisdominant,thedeeperwediveinto thecortexthelargerthepressure
drop in theDAs+As.This isplausiblebecausebasedon thevasculartopologythedistancea
RBCtravelsin theDAs increasesfor deeperlayersandhencealargerpressuredrop in DAs
+Asis to beexpected.

In Guibertetal.'s[60] numericalwork thepressuredrop in differentvesselgenerationsis
studiedin theprimatecortex.Theyshowthat thepressuredropsrapidlyoverthefirst vessel
generationsandthenreachesafairly constantlevel.Unfortunately,no detaileddifferentiation
betweenvesseltypesispresentedanddifferencesoverdepthareneglected,suchthataquanti-
tativecomparisonwith our resultsisdifficult. Qualitativelyour resultsagreewellwith the
steeppressuredrop earlyalongthepathof theRBC.However,wedo not observethepressure
plateauin thecapillarybedasstatedbyGuibertetal.[60] but acontinuousdrop in pressure
until theVs+AVsarereached(Fig3A).Wesupposethat thedifferenceresultsfrom grouping
thecapillariesinto generationsinsteadof analyzingthepressuredrop overtheRBCpath.Fur-
thermore,aspeciesdifferencebetweentheprimateandrodentcannotberuledout,which
makesadirectcomparisonevenmoredifficult.

Blinderetal.[19] computedtheaverageresistanceof themicrovasculaturein corticallayer
IV aswellastheaverageresistancefor DAsandAVs from thesurfaceto corticallayerIV.
Theyobtainedanaverageresistanceof 0.1,0.4and0.2Pμm3 for theDAs,thecapillarybedand
theAVs,respectively.If pureplasmaflow isassumed,thelargestpressuredrop would take
placein thecapillarybed[3]. Thisdisagreeswith our observationsfor AL 3 (≙ corticallayer
IV), wherethepressuredrop is largestfor theDAs+As(51%)(Fig3E).Weassumethat those
discrepanciesresultfrom thefully topologicalanalysisin [19]. Forcomputingtheaverage
resistanceof thecapillarybed1000randomlychosenpairsof verticeswereused.Wesuggest
that it ismoreappropriateto basethechoiceof verticeson actualRBCpaths,becausetopologi-
callyconnectedbut not functionallyconnectedvertexpairsmight artificially increasetheaver-
ageresistanceof thecapillarybed.

In arecentnumericalstudyby Gouldetal.[43] thepressuredrop wasanalyzedalong
possiblepathsthroughthecorticalmicrovasculature.While thefocuswason predicting
oxygenlevelsin thebrain,oneof their main claimis that theªcapillarybedoffersthelargest
hemodynamicresistanceto thecorticalbloodsupplyº.This is partly in contrastto our
observations,especiallyfor deeperALs.Gouldetal.appliedno flow boundaryconditions
for thedeepin- andoutflowsthat,basedon [42], canleadto anunderestimationof flow and
thuscanimpacttheresultingpressurefield.A morequantitativecomparisonis howeverdif-
ficult, becausevaluesfor thepressuredrop pervesseltypearenot provided.Furthermore,
whereastwo of theanalysednetworkssupporttheir conclusion,it is lessobviousfor the
remainingtwo.Webelievethatanalyzingthepressuredrop overthepathlengthof discrete
RBCtrajectoriesis morerobustandthata layerspecificanalysisprovidesfurther important
information.

Consequently,wechallengethehypothesisthat thedilation of individual capillariesleadsto
aflow increaseof 84%andtherewithwouldbetheideallocationfor vascularchangesduring
activation[3]. Basedon our resultsin AL 3±5theDA+A is thelocationwith thelargestpres-
suredrop andhencethemostcrucialfor up-regulatingflow.ForAL 1±2thesituationis
slightlydifferentandvascularchangesin thecapillarybedandtheDA+A couldbothbeeffec-
tivemeansto increasetheflow rate.However,thenumberof capillariesissignificantlylarger
thanthenumberof arteriolesandhenceawellcoordinatedresponseof multiple capillaries
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couldcompensatefor thesmallerpressuredrop.Theimpactof thepossibleregulationscenar-
ioshasto beanalyzedin futurenumericalstudies.

Wepostulatethatdifferentregulationmechanismsareplayingatdifferentcorticaldepths
andwith differentobjectives.Thedilation of DAs+Asseemsto bethemostrelevantmecha-
nismsto increasetheflow rateon alargescale,whereascapillarydilation might playamore
crucialrole for smallscaleandverylocalizedregulationssuchasredistributionof RBCsor
flow homogenization.

On thelargerscaleZhaoetal.[21] andGoenseetal.[20] showedthat layer-specificregula-
tion mechanismshaveto existin orderto explainthelaminardifferencesin CBVandCBF
changeduring activation.GutieÂrrez-JimeÂnezetal.[14] addressedthis topicmorelocallyby
measuringRBCvelocityandflux in capillariesuntil acorticaldepthof 450μm during baseline
andelectricalforepawstimulation.Theyshowthat theRBCvelocityandRBCflux do not
changehomogeneouslyoverdepthduring activation.Thisagreeswellwith our hypothesisthat
differentregulationmechanismsareplayingatdifferentdepthsandthat themicrovasculature
playsasignificantrole in neurovascularcoupling.

Thequestionariseswhetherthelayer-specificdifferencesin thepressuredrop canbe
explainedby topologicalcharacteristics.Weaddressthis issuebyanalyzingdifferencesin RBC
pathways,in capillarytransit time andtransitpathlengthsandin thefeedingof thedifferent
layers.

Our resultsshowthat for AL 2±3theRBCshavethemostoptionsto travelthroughthecap-
illary bed.TheseALs(200− 600μm) whichoverlapwith thegranularlayerIV in themouse
somatosensorycortexalsoshowthelargestnumberof feedingbranches(Fig3C).Further-
more,our findingsarein accordancewith resultsobtainedin themacaquevisualcortex[16],
wherethecorticallayerIV (andin particularIVcB) showsthehighestvasculardensity.A more
interconnectedmicrovasculaturein AL 2±3wouldbebeneficialto up-regulatetheoxygensup-
ply with ahighspatialprecision.It seemsplausiblethat thebrain hasanimprovedability to
locallyup-regulateoxygenin layerIV in thegranularcortex,whichhasthehighestneuronal
densityandmetabolicdemand.

Dueto thehighneuronaldensityin corticallayerIV onemight assumethat thefeeding
flow ratein thisareais largest.Yet,weobserveadecreasein feedingbloodandRBCflow over
corticaldepth.While closeto thesurfacetheRBCflow isverylargeandtheRBCsaswellasthe
tissuearemostlikely highlysaturatedwith oxygen,deeperin thecortexamoreefficientextrac-
tion seemsto becrucialto avoidhypoxictissueregions.This impliesthatdeepercorticallayers
might bemorevulnerableto disruptionsin feedingflow,becausethesafetymarginin RBC
flow seemsto besignificantlylowerthancloseto thecorticalsurface.

Variousstudiesmeasuredthetissueandplasmaoxygenationovercorticaldepth.However,
resultsdiffer significantly.While Lyonsetal.[61] observeanincreasein tissueoxygenpartial
pressure(PO2) until corticallayerIV, SakadzÏ ić etal.[58] andDevoretal.[58,61,62] report
thehighestPO2 in corticallayerI. Thereasonfor thediscrepanciesarenot yetresolved,but
Lyonsetal.suggestit might resultfrom anesthesiaeffects.A further topologicalexplanation
for theresultsobtainedin [61] couldbeaverycoarsecapillarygrid in AL 1 which impedesthe
diffusionof oxygen.

Basedon our simulationresultswith alargefeedingflow ratein AL 1 andcomparablyshort
transit times,ahigh tissuePO2 in AL 1 seemsmoreplausible.However,our hypothesisis
solelybasedon theresultsof bloodflow simulations,whichdo not accountfor oxygendis-
chargefrom capillaries.Furthermeasurementsandsimulationswith oxygendischargefrom
capillariesarenecessaryto properlyanswerthisquestion.

WepostulatethatRBCsleavingthecapillarybeddeepin thecortexwill belesssaturated
with oxygenthanRBCscloseto thesurface.This is in line with theobservationsin [58].
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Furthermore,thelargefeedingflow ratesfor theALscloseto thecorticalsurfacesuggest
thatup-regulationof flow might belesscritical closeto thecorticalsurface,becausethelevelof
highly-oxygenatedbloodsuppliedisverylargeandtheneuronalenergydemandiscomparably
low andconstant.Wehypothesizethatup-regulationof flow ismainly relevantfor deeperALs
to matchthemetabolicdemandof thecorrespondingneuronallayer.Thisseemsto bein line
with thework of Tian etal.[6] whoobservesthat thedelayin vascularresponseto stimulation
issmallestfor deepercorticallayers.

Aspreviouslymentioned,in thesensorycortexAL 2±3overlapwith corticallayerIV which
hasahighneuronaldensityandahigherandmorefluctuatingenergydemand.Onemight
speculatethat thevasculatureisdesignedto primarily supporthemodynamicregulationat that
depth.

Anothermeansto improvetheoxygenationof thetissueisanincreasedOEF.Asmentioned
abovehomogenizationin RBCflow isbeneficialfor theoxygenextraction[59]. However,dur-
ing baselineit iswellknown that theflow in themicrovasculatureisveryheterogeneous[4,
10±13],which isconfirmedbyour results.Wepostulatethat flow homogenizationismorerel-
evantatdeepercorticallevels,wherethefeedingflow rateis lowerandtheCTH is larger.This
agreeswith thedecreasedcoefficientof variationof capillarytransit timesobservedfor
cd> 200μm dueto activation[14]. Consequently,our resultssupportthehypothesisthat flow
homogenizationcouldbeaneffectivemeanto up-regulatetheoxygensupply.Evenif experi-
mentalstudieson flow homogenizationarecurrentlymainlyexecutedfor theupperpartof the
cortex,wepostulatethat flow homogenizationmight beevenmoreeffectiveatdeepercortical
levels,wheretheoverallsaturationof RBCsisexpectedto belower,andhenceaveryeffective
dischargeof oxygenis required.

Basedon our resultsseveralconclusionscanbedrawn:(1) Thelocationof thelargestpres-
suredrop isafunction of corticaldepthandhenceits impacton CBFincreaseisalsodepth
dependent.(2) Laminardifferencesexistfor all relevantflow characteristics,suchascapillary
transit time, feedingflow andRBCvelocity.(3) In orderto improvetheunderstandingof the
flow in MVNs it iscrucialto considerthevasculartopologyandtheflow andpressuredistribu-
tion asoneentity.Purelytopologicalanalysismight resultin spuriousinterpretationsand
henceshouldbeavoided.

Furtherexperimentalandnumericalstudieswill beneededto further investigatelayer-spe-
cific effectson hemodynamicregulation,becauseaveragingoverthewholenetworkmight
washout layer-specificeffectswhicharecrucialto properlyunderstandneurovascular
coupling.

Supporting information
S1 Text. Empirical relation for the computation of the relative apparent viscosity as stated

in Pries et al. [34]. All availablein vivo formulationsfor thecomputationof therelativeappar-
entviscosityarebasedon networksfrom themesenteryandhavebeenoptimizedfor adiame-
ter rangeof 4− 40μm. However,thetopologyof thecerebralmicrovasculatureiscompletely
differentand33%of thevesseldiametersin thethreeMVNs analyzedare< 4.0μm. For that
reasonweconsiderthein vitro formulationasthemostsuitablechoiceto accountfor thepres-
enceof RBCs.
Foranimprovedreadabilitytheedgeindicesij arenot shownin thefollowingequations.

mvitro ¼ 1þ ðm0:45 � 1Þ
ð1 � hdÞC � 1

ð1 � 0:45Þ
C
� 1

ð7Þ
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with

m0:45 ¼ 220 e� 1:3 d þ 3:2 � 2:44 e� 0:06 d0:645

ð8Þ

and

C ¼ ð0:8þ e� 0:075 dÞ � � 1þ
1

1þ 10� 11 d12

� �

þ
1

1þ 10� 11 d12
ð9Þ

Thedischargehematocrithd is computedfrom thetubehematocritht ([23]):

ht
hd
¼ hd þ ð1 � hdÞ ð1þ 1:7 e� 0:415 d � 0:6 e� 0:011 dÞ ð10Þ

(PDF)

S1 Fig. Histogram-based upscaling approach of capillary vessel diameters based on a beta

distribution. Theschematicaldrawingillustrateskeystepsandvariablesof thehistrogram-
basedupscalingapproachfor onebin i. It is implementedasfollows:
(1) Thediameterrangeof thebetadistribution [2.5μm, 9.0μm] isdividedinto 500bins(bin
width = 0.013μm). Thelowerandupperboundof bin i aredenoteddmini anddmaxi (panelA).
(2) Theupscalingapproachstartswith bin i = 0 containingthesmallestvesseldiametersand
stepbystepproceedsto largervesseldiameters.

(3) Thedesirednumberof vesselsin bin i (Ngoal;bi ) iscomputedbasedon thebetadistribution
(panelA).
(4) Basedon thecurrentdiameterboundthenumberof vesselsin bin iNcurrenti iscomputed
(panelA).

(4.1)If Ngoal;bi � Ncurrenti weproceedto thenextbin.

(4.2)If Ncurrenti > Ngoal;bi thediametersneedto beupscaled.Therefor,all vesselsin Ncurrenti are

sortedby their diameter(panelB).dgoal;cuti is thediameterfor whichweobtainNcurrenti ¼ Ngoal;bi

(panelB).All vesselswith adiameter> dgoal;cuti areupscaledbyaddingtheconstantDdupscalei .
Ddupscalei is thedifferencebetweendmaxi anddgoal;cuti . WeobtainNgoal;bi ¼ Ncurrenti andproceedto
bin i + 1.
(EPS)

S2 Fig. Impact of RBCs on the flow rate in capillaries and non-capillaries in MVN 1. We
comparedtheflow in networkswith thesameboundaryconditionsbut for pureplasmaflow
without RBCs.To measuretheimpactof RBCstheflow ratio for everyvesseliscomputed.The

flow ratio γij isdefinedasgij ¼
qplasma
ij

mvitro;ij qbloodij
. If thepresenceof RBCswouldnot interactwith the

distribution of flow ratesandwouldonly leadto ahomogeneouslyincreasedresistancethe
flow ratio wouldbeequalto 1 in everyvessel.PanelA depictsthedistribution of theflow ratio
in capillaries,PanelBshowsthesamefor non-capillaries.In bothpanels,thedarkershaded
barsrepresentsvesselswhereqplasmaij andmvitro;ij q

blood
ij differ lessthan5%.Wefind only 17.8%of

thecapillariesand29.0%for thelargervesselswherethis is thecase.Themedianfor therela-
tivedifferencebetweenqplasmaij andmvitro;ij q

blood
ij is15.0%in capillariesand9.4%in non-capillar-

ies.Theseresultsconfirm asignificanteffectof RBCson theflow.Thiseffectismore
prominent in capillariesthanin largervessels.
(EPS)
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S3 Fig. Sensitivity analysis for the labeling of the vessel types based on the layer-specific

average pressure drop per vessel type. Theresultsof thestandardlabeling(A andD) are
comparedto two modifiedlabelingapproaches(B andE,C andF).Asthelargestpressure
drop takesplaceeitherin theDAs+Asor theCswearemainly interestedin acorrectdifferen-
tiation betweenDA+A andC.Hence,our sensitivityanalysisfocuseson theregionwherethe
vesseltypechangesfrom DA+A to C. In thefirst modifiedlabelingthefirst C alongtheRBC
pathsisconsideredasaDA+A (B andE).For thesecondmodifiedlabelingthelastDA+A
branchisassignedto theC (C andF).Wecomparetheresultsfor theanalysislayer(AL) at the
corticalsurfaceandtheAL deepestin thecortex(AL 1 andAL 5).PA:pial atery,DA: descend-
ing arteriole,A: arteriole,C:capillary,V: venule,AV: ascendingvenule,PV:pial vein
(EPS)

S4 Fig. Averaged vessel diameter over the red blood cell paths for the five analysis layers

(ALs). Averageddiametercurvesfor thefiveALs.Theaveragelocationsof thecapillariesare
markedbygreencirclesfor eachAL. Theaveragingprocedureissimilar to thatdescribedfor
Fig3A.
(EPS)

S1 Table. Pressure drop in descending arterioles (DAs) and arterioles (As) for the five

analysis layers (ALs). WedifferentiatebetweenDA andA bytrackingtheDA from its starting
point andapplyingananglecriterion.Assoonastheanglebetweentwo subsequentbranches
issmallerthan125Êall followingvesselsareconsideredasA. Thepressuredrop wasaveraged
similar to theresultspresentedin Fig3D±3F.
(PDF)
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