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simulationsin realisticmicrovasculanetworks.In contrastto experimentameasure-
ments,numericalcomputationsoffer the advantagéhat the wholepressureandflow field
isavailabldor analysislt is well establishedhatthe cerebrakortexis organizedn lami-
nar fashionandindeedour resultsreveathattheflow field in the capillarybedshowssig-
nificant layer-specifidifferencesThosedifferencesnustbetakeninto accountin future
numericaland experimentalvorks.Furthermore it seemdikely that multiple regulation
mechanismareplayinghandin handandthattheir impactdiffersoverdepth.

Introduction

Thebrain hasthe ability to locallyadaptcerebrabloodflow to alocallyincreasednergy
demand[1, 2]. Neuronalactivity triggersdilation of vesselgvhich leadgo anincreasedlood
flow andtherewithto an up-regulationof metaboliteand oxygensupply.Additionally, further
small-scaleegulationis likely to takeplace[3+5]. However the detailedvasculamechanisms
andthe signalingpathwaysetweemeuronsandvesselarestill not fully resolvedOneof the
difficultiesin understandingheurovasculacouplingliesin theinteractionof the differentreg-
ulation mechanismgplayingat approximatelythe sametime but on differentspatialscales.
Thecomplextopologyof the vasculatureswell asthe high temporaland spatialresolutions
requiredposefurther challenge#n performingelucidatingmeasurementi largesamples.

Themostfundamentaland moststudiedregulationmechanisnis theincreasen blood
flow which alsois the basidor variousmeasurementechniquesuchasfunctionalmagnetic
resonancémaging(fMRI). It iswellestablishedhat arteriolesdilateduring neuronalactiva-
tion and contributeto the up-regulationof bloodflow [1, 6]. However Hall etal.[3] recently
observedhat capillariesespondto stimulationearlierthan arteriolesandtheyspeculatehat
84%o0f the bloodflow increaseesultsfrom dilation of capillariedy pericytesThus,thereis
anongoingdebateaboutwhich vessetypeis mainly responsibldor theincreasen bloodflow.

To answetthis questionthe pressureistribution in cerebramicrovasculanetworks
(MVNSs) is crucial.Indeed,if pureplasmaflow is assumedliameterchangestthelocationof
thelargestpressuralrop will leadto thelargesichangen flow rate.Yet,in vivoit is extremely
challengingo measurélood pressurén MVNs. Commonlyusedmicropipettemeasurements
arelimited to vesselsloseto the corticalsurfaceandareonly applicablgo vesselsiith a
diameter> 25um [7£9]. Furthermore manymeasurementat differentlocationswould be
neededo computethe pressurarop in differentvessetypeswhichis not feasiblen in vivo
studiesHence humericalsimulationsareneededo obtaindetailedinformation on the pres-
suredistribution in MVNs.

On the smallerscalethe effectof neuronalactivationon individual capillariesvasinvesti-
gatedin multiple studieq4, 5,10+13]which all agreehat red blood cell (RBC)velocityand
flux increasen the capillarybedwith neuronalactivity. Additionally, ahomogenizatiorof
RBCflux in the capillarybedis observedluring activation[4, 5,13,14]. Jesperseand Qster-
gaardshowedhatareducedcapillarytransittime heterogeneityCTH) is beneficiafor the
overalloxygenextractionfraction (OEF)[15]. Nonethelesghe preciseole andimpactof the
observegphenomendn the up-regulationof oxygenin the brainis still debated.

Another challengen performingin vivo flow measurements MVNs isthelimited pene-
tration depthof the availableneasurementechniquesMostin vivo studiesin corticalMVNs
with resolutionon the micrometerscalearelimited to afewhundredsof micrometersof the
cortexandlittle is known aboutthe flow patternsdeepin thegreymatter[3, 4,10,12,13]. This
constitutesamajor problem,becaus¢he neocortexconsistf six corticallayerswith different
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neuronaldensitiesanddifferentmetabolicdemandsStudieson the vasculaturesshowedhat
vasculadensitiesalsovaryovercorticaldepth[16x+19]andhigh-resolutionfMRI studies
revealedhatlaminardifferencegersistin changedn cerebrabloodflow (CBF)andcerebral
bloodvolume(CBV) during activation[20, 21]. Furthermore two studiesvith measurements
of flow propertiesin individual capillariesdownto adepthof 600um observediepth-depen-
dentchange$n RBCvelocity[11,14]. Hence laminar differencesn flow characteristicseem
likely during baselineandactivation,but havenot beeninvestigatedn detail.

We simulatebloodflow in threerealisticmicrovasculanetworksfrom the mouseparietal
cortex[19,22].1n contrastto previousnumericalworksin realisticMVNs, whicharemostly
basedn the empiricalsteadystatemodelderivedby Priesetal. [23], weapplyanumerical
modelwhichdirectlytracksindividual RBCs Additionally, we presentanewapproachor
assigningappropriateandrealistichoundaryconditionsat thein- and outflowsof MVNs.

Thiswork aimsto answerquestionghat arecrucialfor researcton neurovasculacoupling
andwhichareextremelydifficult to beansweredxperimentallyWe analyzeour simulation
resultswith threekeyquestiondgn mind: (1) Wheredoesthe largestpressuralrop takeplace?
(2) Are theredifferencesn flow propertiesoverthe corticaldepthandis it relevantfor up-reg-
ulation of bloodflow?(3) How largeis the CTH andwhatcanbeconcludedrom thetrajecto-
riesof RBCghroughthe capillarybed?

Materials and methods
Microvascular networks

We studiedthreeMVNs from the mouseparietalcerebrakortex.The networkswereacquired
with the useof two-photonlaserscanningmicroscopy[19, 22,24]. For detailson the data
acquisitionandthe validationof the methodsusedconsult[19,22,24] andreferencegherein.
To properlydifferentiatebetweerthe differentvessetypesinformation on the presencef
smoothmusclecellsand pericytesvould beneeded25]. Asthis information is not available,
Blinderetal.[19] classifiedhe vesselbasedn their morphology their diameterandthe
trackingof penetratingreesinto: pial arteriolegPA), descending@rteriolesandarterioleg DA
+A), capillariegC), venulesandascendingenulegV+AV) andpial venulegPV). Thevessel
classifications extendedy a diametercriterion, which requiresthat two consecutiveressels
haveadiameter< 7.0um until the capillarybedstarts Thelabelingis further adjustedsuch
thatthereis no capillarywith adiameter> 9.0um andno arteriole/venulenith a
diameter< 6.0um. In generaMVN 3 hasslightlysmallerdiametergshanMVN 1and2and
hencethe minimum arteriole/venulediameterhadto besetto 4.8um in ordernot to treat
mostDAs aspart of the capillarybed.In the original labelingit is differentiatedneither
betweerDAsandAs nor betweerVsand AVs. Nonethelesdn the courseof thiswork we
commenton theimpactof introducing this additionalclassificatior(S1Table).

Literaturedataon capillarydiametersn rodentsis sparseandvariessignificantly. Tablel
summarizesomeof the availableneasurementsf capillarydiametersn rodents. Asthe
meancapillarydiameterfor all MVNs in this studyis < 4.0um the vessetliametersare
upscaledlightly.We appliedahistogram-basedpscalingapproachbasedn abetadistribu-
tion with ameanof 4.0pm andastandarddeviationof 1.0um (Fig 1A). The betadistribution
is definedin thediameterrange[2.5um, 9.0um]. Detailson the histogram-basedpscaling
approacharesummarizedn S1Fig.

In Table2 severatharacteristiparameter®fthe MVNs aresummarizedAll networksare
of cuboidshapewith anearlyquadraticsurfaceareaand a depthsuchthat mostgreymatteris
containedin it.
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Table 1. Overview of literatur e data on capillary diameters in rodents.

Author Year Animal Capillary diameter Comment

Craigie [26] 1938 rat 29 m taken from [27]

Ma et al. [28] 1963 rat 42 m taken from [27]

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

Hudetz et al. [30] 1993 rat 44 “10 m -

Kleinfeld et al. [11] 1998 rat 50-70 m -

Boero et al. [31] 1999 mouse 3.3“04 m or smaller depending on brain region
Drew et al. [32] 2011 mouse 29 “05 m -

Hall et al. [3] 2014 mouse 44 “01 m -

Gutiérrez-Jiménez et al. [14] 2016 mouse 40 “0.1 m -

doi:10.137/journal.pchi005392.t001

Numerical model

Thesimulationprocedureis describedn moredetailin [33] but briefly summarizedelow.
Our resultspresentedn [33] showedhat particularlyfor theflow in the capillarybedit is cru-
cialto considertheimpactof RBCsandhencebloodis treatedasabiphasicfluid. A shortanal-
ysison theimpactof RBCson theflow in realisticmicrovasculanetworksis presentedn S2
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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:10.131/journal.pchl005392.g001
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Table 2. Character istic paramete rs of the analyzed microvascula r networks (MVNS).

MVN Width Depth No. DA No. AV No. vessels
1.08 mm 1.61 mm 8 30 19916

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:10.137/journal.pcbi005392.t002

Fig.In thenumericalrepresentatiothe tortuousvesselsfthe MVN areapproximatedoy
straightpipesbetweertwo bifurcations.Thestraightpipeis assignedhe samdengthand
resistancasits tortuousequivalentTherewith,we only neglecthe effectof diameterchanges
alongindividual vessels.
Theflow in the pipeij betweerthe nodesi and;j is computedby Poiseuille'daw
pi— pj

qij:T7 (1)
ij

whereg; and R}, aretheflow rateandthe effectiveresistancef pipe j, respectivelyp; andp;
denotethe pressurevaluesatthe nodesi andj. Theeffectiveresistance; accountdor the pres-

enceof RBCsby multiplying theresistanc@f acirculartube R; with the relativeapparentvis-
COSity,irro,i Whichis basedbn the empiricalformulation derivedby Priesand Secomid34]:

128
Rfj = Hyitro ij Rij = Hyitroij #Liﬂ (2)
ij
whereu,qsmq IS the plasmaviscosityandd; and L; arethe vessetliameterandlength,respec-
tively. Therelativeapparentviscosityu, . ; is afunction of thetubehematocritht; andthe
diameterof thevessedl;;: . ;; = fht;;, d;;). Thecompleteexpressiormndajustificationfor
thischoiceis givenin S1Text.

RBCsaretrackedindividually (discretesimulation).Accordingto the Fahraeusffectthe
RBCvelocityis on averagdargerthanthe bulk flow velocity[35]. At divergentcapillarybifur-
cationsweassumehatthe RBCdfollow the pathof the largesipressurdorce[36, 37], whichis
equivalento the pathof the largestbulk flow velocity.Anothercommonlyusedbifurcation
rule stateghatthe RBCmovesinto the branchwith the largestflow rate[38, 39]. For 91%of all
capillarydivergentbifurcationsin thethreeMVNSs thetwo bifurcationsrulespredictthe same
behaviounbasedn theresultsof pure plasmasimulations) Hence weareconfidentthatthe
choiceof the bifurcationrule, doesnot greatlyaffectthe overallresultsin arterioledivergent
bifurcationsthe RBCmotion is more complicatedandtheir separatioris describedy the
phase-separatiolawintroducedby Priesetal.[40]. The RBCtrackingisimplementedsuch
thatan overlappingof RBCss not possibleFor exampleat convergenbifurcationsRBCscan
beblockedtemporarilyif thereis not enoughspacen the subsequentesselAs soonasthe
RBCfits into the nextvesseit will proceed.

To reducethe computationtime andin contrastto the modelintroducedin [33] thetime
stepAt is constantandnot afunction of the nextbifurcationevent.Hence pertime stepmulti-
plebifurcationeventdakeplace Thetime stepis chosersuchthat for nearlyall vessels
(> 99.8%Yhefollowing criterion is satisfied:

ijy

Ly
At <2 (3)

Vi
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whereAt isthetime step,L; andv; arethelengthandthe bulk flow velocityof edgejj. For
eachtime steptwo computationstepsareperformed.In thefirst one,whichis basedn the
currentdistribution of RBCsthe pressureandflow field is calculatedConsecutivelythe RBCs
arepropagatecndtheir distribution is updated.

The RBCsaretrackedfor atleastoneturn-overtime, whichistheratio of thetotal vascular
volumeto the sumof all inflows. To minimize theimpactof theinitial conditionsthe simula-
tion isrun for atleastl5turn-overtimesbeforethe RBCpathis recorded.

Boundary conditions

A major challengen simulatingbloodflow in realisticMVNs is the assignmenbf appropriate
boundaryconditions.In Fig 1CanexemplaryMVN with allits in- andoutflow verticessillus-
trated.In mostnumericalstudiesonly thein- and outflow verticesat the pial levelarekeptto
assigmressuréoundaryconditions.All in- and outflow branchesleepeiin the cortexare
eliminatedor no flow boundaryconditionsareprescribed41+43].Theresultsin [42] show
thatthis approachgenerallyunderestimatethe flow.

Hence weintroduceanewapproachwheretherealisticMVN isimplantedinto alargearti-
ficial MVN (compoundnetwork).In the centerof the artificial networkaholeof the sizeof the
realisticnetworkis cut. Therealisticnetworkis positionedin the cut-outandconnectedo the
artificial networkatthe deepin- and outflow verticesBy assuminga constantubehematocrit
the pressurdlistribution for the compoundnetwork canbe computed(steadystatesimulation
without RBCtracking).The pressurevaluesobtainedfrom the steadysimulationareassigned
asboundaryconditionsto the deepin- and outflow verticesof the realisticmicrovasculanet-
work. The simulationwith discreteRBCtrackingis only executedn therealisticnetwork.Fig
1Cillustratesthe stepsof the hierarchicaboundarycondition approach.

Theartificial network consistof adatabasef realisticpenetratingtreesand an artificial
capillarybed(Fig 1C). Therealisticpenetratingvesselbavebeenobtainedfrom the
somatosensorgortexof therat [45]. To accountfor thedifferencesn sizebetweerrat and
mousebrain, the arterioleandvenuletreeshavebeenscaledy theratio of corticalthick-
nessest : < = 0.66 [46]. Thepenetratingtreesarearrangedasarhombic latticebased
ontheobservationdy Blinderetal.[19]. Theartificial capillarybedis constructedrom a
stackedchexagonahetworkwhichrepresenta simplified meshstructurewhereeverybifur-
cationhasthreeadjacentedgeg47,48].To finish theartificial MVN the endsof the pene-
trating treesareconnectedo the closestapillaryvertex.

Literaturedataon pressuraneasurementi pial vessels verysparsg7+9,44]. Wefitted a
polynomialof degree3 to the availablepressureneasurements pial arterioleFig 1B).The
pressuren pial venulesdlependonly weaklyon the diameter hencewe uniformly setthe pres-
sureto 10mmHg. Thetubehematocritat all inflow edgess setto the physiologicalzalueof 0.3.

In the studiedMVNSs thedeepin- andoutflowswerealreadytrimmed andhencejn their
original configurationit wasnot possiblego implant and connecttherealisticMVNSs to the
artificial one.In orderto createin- andoutflowsoverthe depth,wecut off 12.5%of thetotal
width on all sidesThe averagelepthof the mousecortexis 1.2mm [46]. Hence wetrim the
MVNs analyzeditadepthof 1.2mm to createin- andoutflowsatthe bottom (MVN 3is
trimmed atadepthof 0.95mm).

Validation

Simultaneousneasurementsf flow characteristicen multiple vesselsf networksembedded
in atissuevolumeof > 1 mm?® areverychallengingo performin vivo. Recently| eeetal.[12]
presentedhpromisingapproachwhereopticalcoherencéomographyis usedto measurehe
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Table 3. Validatio n of the simulation results with literature data.

DA: g7 [nl s7'] DA+A: Vgge[mm s7] C: Vagc[mm s™] C: grsc[RBCs 7]
Literature 0.1 1 10.0[50] 2.0 130.0[50] mean: 0.4 i2.0[4, 10, 11, 13, 14, 51, 52] mean: 38.6 i 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

g7, RBC flow rate in the first segments of the DA, vggc: RBC velocity in the DA+A, grsc: RBC flux. The values of the simulation results are given as
mean “standard deviation. For the RBC flux gggc the median “standard deviation are given. DA: descending arteriole, A: arteriole, C: capillary, MVN:
microvascular network.

doi:10.137/journal.pcbi205392.t003

RBCflux in severatapillariesatthe sametime with atemporalresolutionof ~1s.Otherthan
that,mostin vivo measurementenly targetaverysmallsubsebf vesselandaverag@versev-
eralseconds.

We validateour simulationsetupby comparingour resultsto two frequentlymeasured
flow characteristicshe RBCvelocityvzc andthe RBCflow rategrzc (Table3). In our opin-
ion it is essentialo compareflow propertiesfor differentvessetypes.Furthermore especially
in the DAsagoodagreemenis crucial,becaus¢hosevesselaretheinflow vesselsf the
downstreancapillarybed.Literaturevalueshowthatthe flow in the microvasculaturés het-
erogeneouandfluctuatingin time andhencetherangeof measuredraluess large[49]. All
in all, our resultsarein line with thein vivo measurementandweconcludethatthe assigned
boundaryconditionsand our numericalframeworkareappropriate.

Data analysis

Our dataanalysigs basedn trajectoriesof individual RBCgthroughthe MVN. We trackedall
RBCsenteringthe MVN atthepial level RBCsenteringthe networkatthe deepin- and out-
flowscannot beanalyzedecaus¢he history of the RBCpathwayis unknown. Yet,weexpect
thatcomparableharacteristicalongthe pathwayof thoseRBCswould beobserved.

A crucialaspecfor commentingon the pressurealrop in differentpartsof the microvascu-
latureis the correctlabelingof vessetypes As mentioned for afully accuratedistinction of
vesselypesthe presencef smoothmusclecellsand pericytesvould haveto beconsidered
[25]. However our labelingis solelybasedn morphology topologyand diametersandhence
iserror prone.A correctRBCtrajectoryflowsthroughthe differentvessetypesin thefollow-
ing order:PA— DA+A — C — V+AV — PV.To makethe dataanalysigobustwith respect
to labelingerrorsweallowthe RBCgo deviatefrom the correctpath(PA — DA+A — C — V
+AV — PV)for two subsequenbranchesaslongasit afterwardgroceedsn thecorrectman-
ner.In the courseof this work we commenton the sensitivityof our resultswith respecto
labelingerrors(S3Fig).

Only RBCtrajectorieswvhich flow throughthe differentvessetypesin correctorder:PA —
DA+A — C — V+AV — PV areconsideredor dataanalysisFor analysesvhich only address
flow phenomenan the capillarybed,(PA or DA+A) — C — (V+AV or PV)isalsoaccepted
asacorrectRBCtrajectory.

In orderto analyzehe simulationresultswith respecto corticaldepthwedividedthe
MVN into five analysidayerg(AL). We use200um thick slicesandlimit our analysigo the
upper1000um of the cortex.MVN 1 with thefive ALsis illustratedin Fig 2A.

Unlessstatedotherwiseall presentedesultshavebeenaverageaverall threeMVNs
analyzed.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005392 February 14, 2017 7/22
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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 AV's 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)) andin 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:10.131/journal.pckl005392.g002

Results

Our analysiss basedn trajectoriesof individual RBCsOn averagé89RBCs/msnterthe
MVN atthe pial arteries.Yet,only 21%of all trackedRBCsexhibitafull path(PA — DA+A
— C— V+AV — PV). 70%o0f RBCdeavethe networkthroughan arterioleoutlet (mainly at
pial level)and4%througha capillaryoutletand cannot beusedfor analysigurposes.
Flowphenomenan the capillarybedarethe keyfocusof our investigationsThelocation
wherethe RBCmovesfrom anarterioleinto the capillarybedis definedasthe capillarystart
point. Capillaryendpointsarethe equivalentocationson the venuleside e.g.the location
wherethe RBCleavegshe capillarybedandentersavenule Thelayer-specifi@nalysiss based
on the corticaldepthof the capillarystartpoint.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005392 February 14, 2017 8/22
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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:10.131/journal.pchl005392.104

Number of available pathways through the capillary bed varies over
cortical depth

In afirst stepweanalyzedhe RBCpathwayshroughthe capillarybed.Fig 2Billustratesan
exemplanRBCtrajectoryfor eachAL. PerMVN thereareon averag@811uniquepathslead-
ing the RBCsrom DA+A to V+AV. Yet,thedistribution of the pathsfrom DA+A to V+AV
overthefive ALsis not homogeneougTable4). Thelargeshumberof availableathsis found
for AL 2andAL 3,followedby AL 1 andAL 4 whereon averag&80uniquepathsexist
betweerDA+A to V+AV. With approximately200availablainiquepathsAL 5 offerstheleast
possibilitiefor the RBC4go travelthroughthe capillarybed.Thenonhomogeneousdistribu-
tion of pathsthroughthe capillarybedovercorticaldepthis thefirst evidencdor layer-specific
differencesn the vasculaturewhich might aswell affectfunctional properties.

Preferred pathways through the capillary bed

Percapillarystartpoint thereareon averagé possibleend pointsand 8 possiblgathsto
reachthe V+AV. To commenton the frequencya specificpathwayis chosenthe preferred
endpoint andthe preferredpathareintroduced.If acapillarystartpoint hasn,, endpoints
therelativeendpoint frequencyf,, is computedby dividing the numberof RBCsreachingthat
endpoint by the total numberof RBCspassinghe capillarystartpoint underinvestigation A
capillarystartpoint hasa preferredendpoint if the largestendpoint frequencyis > 50%and
thesecondargesibneis < 30%.The equivalendefinition is appliedto defineapreferred
path.60.7%of all capillarystartpointshavea preferredendpoint andfor 53.1%of all capillary
startpointsthereis a preferredpaththroughthe capillarybed.Soevenif the capillarybedis
highly interconnectedand offersamultitude of pathwayghroughthe capillarybed,thefre-
guencyatwhich different pathsarechoserdifferssignificantly.We assumehat the nonhomo-
geneougperfusionin the baselinecaseenableshe vasculaturéo more effectivelyalter
perfusionduring activation,e.g.by increasinghe RBCflux through previouslylessgperfused
paths.

We nextinvestigatedvhetherthe existencef the preferredend pointsemergedrom topo-
logicalcharacteristicef the MVN. We analyzéf therelativefrequencie®f the availableend
pointscorrelatewith five differenttrajectorycharacteristics:

1. theEuclideandistancego the startpoint,
2. theaverageathlengthsfrom the startto the endpoint,

3. theaveragsumof vessefesistanceg; alongthe pathsleadingfrom the startto theend
point,

4. theaveragédlow ratealongthe pathsand

5. theaverag&kBCvelocityalongthe paths.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005392 February 14, 2017 9/22
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Table 5. Pearson's correlat ion coeffici ent for the relative end point frequenci es and five trajectory
characte ristics averaged over 3 MVNSs.

T'distance n path length TI'resistance Ifiow n Vesc

i0.01 i0.12 i0.23 0.44 0.50

Correlation coefficients for: euclidean distance: ryisiance, Path length: roam engim, SUM of vessel resistances:
I'esistance: flOW rate: ryo,, and RBC velocity: 1, _ .

doi:10.131/journal.pchl005392.t05

Forthetrajectorycharacteristic§2)-(5) it hasto bekeptin mind that severapathsmight be
leadingfrom onestartto oneendpoint andhenceaveragingverall the availablgpathsis nec-
essaryo obtainasinglemeasuregerendpoint. Thetrajectorycharacteristichavebeennor-
malizedwith the maximumvaluefor eachstartpoint:

tc

tcom — ep 4
‘o max(TC,)’ )

wheretc,, is atrajectorycharacteristiof onepathand TC,, containsthe trajectorieccharacter-
isticsfor all endpointsof onestartpoint. We computePearson'sorrelationcoefficientsor
therelativeendpoint frequenciesndthe five normalizedtrajectorycharacteristic§Table5).

TheEuclideardistancds a puretopologicaimeasureanddoesnot correlatewith therela-
tive endpoint frequenciesAll further characteristicarebasedn the pathof theRBCs
throughthe capillarybedandhencenot puretopologicalcharacteristicbut influencedby the
flow field. Theaverag@athlengthaswell asthe averagsumof resistancealongthe path
showaveryweaknegativecorrelationwith theendpoint frequenciestHHowever with acorrela-
tion coefficient> 0.4therelativeendpoint frequenciesorrelatemore stronglywith the aver-
ageflow rateand RBCvelocity. Thisis plausible pecaus¢he averagdlow rateaswell asthe
averagdrRBCvelocityhaveadirectimpacton the distribution of the RBCsMore importantly,
this resultunderlinestheimportanceof acombinedanalysif flow field andtopology.A
purelytopologicalanalysismight leadto wrong conclusionbecausé neglectsrucialeffects
suchasthe RBCdynamicsandtheimpactof the bifurcationrule.

In-plane movement of RBCs in the capillary bed

In the nextstepwestudythe corticaldepthcd of the capillarystartpoints cdc ., andthe corti-
caldepthof their capillaryendpoints cdc ... The Pearson'sorrelationcoefficientof r = 0.86
confirmsthat cdc ., andthe corticaldepthof its capillaryend pointsarestronglycorrelated.
Thelinearfit for cdc g4, aNdcdc g readsas(redline in Fig 2C):

C,start

cdg g = 1.08 ¢dy — 0.08. (5)

They-interceptof —0.08mm showshat the capillaryend point is positionedcloserto the cor-
tical surfacghanits capillarystartpoint. It isimportantto realizethatthe RBCsendto move
in-planeandno significantmovementin thedirection of the corticaldepthtakesplace.

Thein-planemovementof RBCsin the capillarybedis animportant resultbecausé
impliesthat atthe capillarylevelthereis no significantflow betweerthe differentALsand
henceit justifiesthe approachto analyzdlow characteristicsvith respecto differentALs.
Thisis not only relevantfor our simulations put for all layer-specifi@analysisincluding fMRI
or bolustrackingmeasurements.
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One main feeding DA per AV

A further crucialaspects therobustnes®f oxygensupplyin the brain andthe feedingregions
of individual DAs. Thistopic hasalreadybeenaddressedh multiple numericalaswellas
experimentaktudieqd42, 54,55]. Although our samplesizeof availableDAs and AVsis small
weareableto makesomeobservationgboutthe feedinganddraining regionsof DAs and
AVs,respectively.

In our studyone DA feedson average.8differentAVs andoneAV isfedon averagdy
2.8differentDAs. Yet,oneAV receive®n averaged 2%of all its RBCsrom oneDA. This
impliesthateveryAV hasaprimary DA by whichit isfed.Hence thetissuearoundoneAV
might beveryvulnerableto ischemian caseof occlusionof the primary feedingDA, unless
significantbloodflow reorganizatiortakesplace Thisisin accordancevith the observations
of Nishimuraetal.[56], which statethatthe 2penetratingarteriolesareabottleneckin
perfusion®.

Pressure drop along RBC trajectories

A goodunderstandingof the pressuralistribution in MVNSs is crucialto interprettheresults
of in vivo measurementandto derivemechanism&xplainingthe vasculature'ability to up-
regulatebloodflow. Fig 2D and 2E depictthe pressuralongthe path of two exemplaryRBCs
in MVN 1.Thediameteralongthe RBCpathisillustratedin line with the pressurebecause
theresistancef avesseR; hasastrongimpacton the pressuredrop andR;; o dt.]’,'l. In both

exampleshe pressuredrop becomesignificantassoonasthe vessetliameterfalls
below~ 15um. After aninitial shoulderthe slopeof the pressurecurveremainsrelatively
constantuntil the RBCreacheshe V+AV. Thepressuraldrop tendsto increasef the diameter
of thevessetlecreaseslowever the diameteris not the only parameteinfluencingthe pres-
suredrop. Furtherveryimportant quantitiesarethe topologyand connectivityof the vascular
networkaswell asthe numberof RBCsn eachvessel.

Thepressuralongthe pathof anRBChasbeenextractedor all RBCswith acorrectpath-
way(PA — DA+A — C — V+AV — PV).To averagehe pressureurvesthe normalized
pathlengthisintroduced:

ghorm — -, (6)

wheres" is the total lengthof the RBCpaththroughthe MVN. The RBCsaregroupedbased
on the corticaldepthof their capillarystartpoint. An averagegressurecurveis computedfor
everyAL (Fig3A).In orderto illustratethetotal pathlengthfor the different ALs,the normal-
izedpathlengthis multiplied with the averageotal pathlengthfor eachAL.

Forall ALsthe pressurestartsto drop significantlyafters ~ 0.5mm. Asthe capillarybed
startson averagats ~ 1.3mm (dependingon the AL), the pressurealreadystartsto dropin
thearteriolesThe shapeof theaveragegressureurvesfor AL 1+3(cd < 0.6mm) is verysim-
ilar. All threecurveshavean S-shapevith aconstantslopein the middle of the pathandaflat-
ter slopefor thefirst andthelast0.5mm alongthe path.Evenfor AL 4+5(cd > 0.6mm) the
shape®f the curvesarecomparabldo theoneof AL 1+3.However the slopeflattensshortly
beforethe startof the capillarybed(s ~ 1.2mm). Thisis not seerfor the pressureurvesof
AL 1+3.Thedifferencebetweerthetotal pathlengthin AL 1andAL 5is1.25mm.

It might seemsurprisingthatthe pressuredropscontinuouslyandno steepepressuralrop
in the capillariess observedeventhoughthatis wherethe smallesvessetliametersarefound.
We assumehatthis canpartly beattributedto averagingver> 1 million RBCpathways,
which leadso asmoothingof the originally bumpycurves(Fig 2D and 2Efor comparison).
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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 vggc 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 pointin 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
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Theaveragedliameteralongthe pathof the RBCsshowsa continuousdrop in diameteruntil
the capillarybedis reached S4Fig). It is smallesatthe beginningof the capillarybedand
startsto increasdor downstreamvesselfor all ALs. Surprisingly the pressurelropscontinu-
ouslyalongthe wholepatheventhoughthe averageliameterexhibitsstrongvariationsover
the path(S4Fig). This confirmsthatthe pressuralrop is not only affectedoy the diameter but
asaforementionedy the connectivityof the MVN andthe distribution of RBCsn the MVN.

Layer-specific location of largest pressure drop

Thelocationof the largestpressuradrop is theidealregionfor regulatinghemodynamic$3].
Hence to commentin moredetailon the contribution of differentvessetypesto thetotal
pressuralrop the pressuradrop pervessetypeis computed(Fig 3D+3F) We averagehe
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pressurettheinlet verticesof thefive differentvessetypes(PA, DA+A, C, V+AV, PV). Addi-
tionally, the averageghathlengthis computedfor eachvessetype.Asfor the previousstudies,
wecalculateaveragefor everyAL basedn the corticaldepthof the capillarystartpoint. As
the samplesizeof PAsand PVsis verysmall,the pressuredropsareonly illustratedfor com-
pletenessindarenot analyzedurther.

ThedifferencedetweerthethreeALsillustratedarestriking. Whereasn AL 1 (cd =0-0.2
mm) the pressuralrop in the capillariess dominant(37%),in AL 3 (cd = 0.4— 0.6mm) and
AL 5 (cd = 0.8- 1.0mm) thelargestpressurarop is found in the DA+A (AL 3:51%andAL 5:
61%).Thisrevealghatthe contribution of the differentvessetypesto the total pressuredrop
is highly dependenbn the corticaldepthof the capillarystartpoint. Furthermore our results
showthat total pressuredrop in the DA+A correlatesith the pathlengthtraveledin the DA
+A. Thetotal pathlengthincreaseshe deepeithe RBCflowsinto the MVN (Fig 3D+3F).

To addresghe sensitivityto labelingerrorswe comparethe resultsof the standardabeling
to two modifiedlabelingqS3Fig).For deepALstheresultis veryrobust(S3D+S3Fig). A
largersensitivityis found for the labelingof capillariesandarteriolesn AL 1 (S3A+S3&ig).
For allinvestigatedcenarioshe capillariegplaya significantrole for the pressuredrop in AL
1.Howeverf S3Aand S3BFigarecomparedijt become®videntthat on averag&1%of the
total pressuradrop in the capillarybedtakesplacein thefirst capillarybranch.Hence for AL 1
wherethe pressurggradientsareverysteepacorrectlabelingis crucial.

Many studiesrelatedto neurovasculacouplingdifferentiatebetweerthe main branchof
the DA andthe A branchingoff (sometimesalledprecapillaryarterioles)57,58]. Our results
showthatfor AL 2+5the pressuralrop mainly takesplacein the DAs andis verysmallin the
As(S1Table).For AL 1thepressuraropin theDAsandAsis comparableBasedn the origi-
nallabeling16%of all RBCslow directly from the DAs into the capillarybed.We conclude
thatalreadyin the main branchof the DAsthe pressurestartsto drop significantly.

All in all, our resultsshowthatit isindispensabléo accountfor the pressuralropin the
DAs+As.Generalizationsn the locationof thelargesipressuralrop in thevasculature@renot
valid becausé needdo bedifferedbasedn the corticaldepthof the capillarystartpoint. For
AL 1+2thelocationof thelargesipressuradrop is the capillarybedandto bemore precise
mainly thefirst branchef the capillarybed.For AL 3+5the pressurelropsthe mostin the
DAs+As.Thepressurarop in the Csdecreasewith increasingcorticaldepth.

Layer-specific flow characteristics affecting oxygen discharge

Oxygendischargdrom the vasculaturéo tissueis adiffusion driven processvhich basedn
commonnotion mainly takesplacein the capillarybed.However this viewhasbeenrecently
challengedy Sakadiz etal.[58] who statethat 50%of the oxygenis extractedrom arterioles
in the baselinecaseNonethelesgheimpactof the heterogeneouffow propertiesin the capil-
lary bedarecrucialto fully understandhe oxygensupplyof the brain. For exampleRasmussen
etal.[59] showedhatareducedCTH leadsto anincreasan OEF.

Additionally, our presentedesultsshowthat significantdifferencebetweerthe ALs persist
andhencethe questionarisedf thesedifferenceslsoaffectflow phenomenabservedn the
capillarybed.We presentresultsfor capillarytransittime ¢t., capillarytransitpathlengthtsc
andthecapillaryRBCvelocityvzpc cin differentALs (Fig 3B).All threequantitieshavean
impacton theamountof oxygenwhich canbedischargedrom individual RBCs.

Themeantransit pathin the capillarybedis shortesfor AL 1 (~0.17mm). For all other
ALsit is approximatelyconstantts. ~ 0.3mm. This agreesvell with the observation®f
Sakadliz etal.[58] whichfind anaverageathlengthof 0.34mm for measurementantil a
depthof 0.45mm. To the bestof our knowledgeKleinfeldetal.[11] and Guti&rez-Jimnez
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etal.[14] performedthe only measurementsf RBCvelocityup to adepthof 600um [11, 14].
In bothworksaslightlydecrease@&BCvelocityoverthe corticaldepthis observedThisagrees
wellwith our resultsillustratedin Fig 3B.Thechangesn capillaryRBCvelocityoverdepth
probablyresultfrom the high pressuregradientbetweerDA+A andV+AV closeto the sur-
facewhich decreasewith corticaldepth.For AL 1 weobtainanaveragé&kBCvelocitywhichis
largerthanthevelocityrangestatedn literature(0.4— 1.0mm s[4, 10,11,13,51]). The
capillariesvith thelargeRBCvelocitiesarelocatedverycloseto the corticalsurface

(cdc stare < 75pm) and connectDAs with nearbyAVs, hencethe capillarytransit pathlengthis
comparablyshort.

Themeancapillarytransittime on the otherhandincreasesvith corticaldepth,whichisin
accordancevith the highercapillaryRBCvelocityvrpc  Closeto the corticalsurfaceFor AL 1
themeancapillarytransittime is equalto 0.07+ 0.14sandrisesto 0.52+ 0.51sfor AL 5. Liter-
aturevaluedor capillarytransittime aresparseThe mostrecentand suitablemeasurements
havebeendoneby Guti&rez-Jimiezetal.[14] which obtainameantransittime of
0.66+ 0.20sfrom arteriolego venules.

The smallcapillarytransittimescloseto the corticalsurfacesuggesthat the RBCshaveless
time to dischargeoxygenand hencethe OEFper RBCis smalleratthe cortical surfacethan
deepin the cortex.Asthe averageransitpathlengthts. is nearlyconstantoverdepth,the
increasedransittime tt- with depthis alsoreflectedn adecreasé RBCvelocityvyzc with
depth(Fig 3B). The RBCvelocityis proportionalto the RBCflow rate,whichis confirmedby
Fig3C.All in all, our resultssuggesthatthe oxygenlevelin thetissues largestcloseto the cor-
tical surface.

Dueto thelargeRBCfeedingflow in AL 1 andthelargeRBCvelocitiesjt seemdikely that
RBCdravelingcloseto the corticalsurfacearestill highly saturatedvith oxygenastheyreach
thevenulesAsthefeedingflow ratedecreasefor deeperALs (Fig 3C) andthetransittime
increasesyeexpecthe RBCdeavingthe capillarybedat adeepeircorticallevelto belesssatu-
ratedwith oxygenthanthe RBCscloseto the corticalsurface.

Thescattemplotin Fig 3Bconfirmsthe presencef alargeCTH in cerebraMVNs. While
for the capillarytransitpaththe standarddeviationremainsconstantovercorticaldepth, it
increase$or the capillarytransittime. Consequentlydeepeiin the cortexthe reductionof
CTH might beamore effectivemeanto increasehe OEFthan closeto the corticalsurface.
Furthermore the standarddeviationof the capillarytransittime andthe RBCvelocityshow
opposingtrendsovercorticaldepth.Thosedifferencedaveto bekeptin mind for estimations
of CTH basedn the RBCvelocity.

In Fig 3Cthetotal numberof feedingbranchedor thefive ALs,the sumof the blood flow
rateandthe sumof the RBCflow ratethroughthosebranchess illustrated.While the blood
flow andthe RBCflow rateshowsimilar trends,namelyalowerfeedingflow ratefor deeper
ALs,the numberof feedingbranchesncreasesintil AL 3 andthendropssignificantly.The
numberof feedingbranchess atopologicallybasedjuantity,while the feedingflow ratesare
flow relatedquantities Bothresultsunderlineoncemorethe complexflow phenomenan
MVNs andthe necessityo considerthe flow field andthe vasculatopologyasoneentity.

Discussion

We simulatedbloodflow in threerealisticMVNs from the mouseparietalcerebrakortex.To
our knowledgehisis thefirst numericalwork in realisticMVNs whereRBCsaretrackedindi-
viduallyandtheresultsaredirectlybasedn RBCtrajectoriesAsthe RBCsarethe brain'soxy-
gensourcetheyarethe mostfundamentakentity of bloodfor the up-regulationof oxygenand
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henceshouldbeatthe basisof afunctionalanalysisThe focusof our investigationgieson the
pressurdield in the MVN andon depthspecificflow characteristics.

Our resultsshowthat the locationof the maximalpressuredrop dependssignificantlyon
the corticaldepthof the capillarystartpoint. While closeto the corticalsurfacethe pressure
dropin the capillarybedis dominant,the deepemwediveinto the cortexthelargerthe pressure
dropin the DAs+As.Thisis plausiblebecauséasedn the vasculatopologythe distancea
RBCtravelsin the DAsincrease$or deepetlayersandhencealargerpressuredrop in DAs
+Asisto beexpected.

In Guibertetal.'s[60] numericalwork the pressuralrop in differentvessefjenerationss
studiedin the primatecortex.Theyshowthat the pressuraropsrapidly overthefirst vessel
generationandthenreachesfairly constantevel.Unfortunately,no detaileddifferentiation
betweervessetypesis presentedainddifferenceoverdepthareneglectedsuchthat aquanti-
tativecomparisonwith our resultsis difficult. Qualitativelyour resultsagreevellwith the
steepressurarop earlyalongthe path of the RBC.However wedo not observehe pressure
plateaun the capillarybedasstatedby Guibertetal.[60] but acontinuousdrop in pressure
until theVs+AVsarereachedFig 3A). We supposehat the differenceresultsfrom grouping
thecapillariegnto generationsnsteadof analyzinghe pressuralrop overthe RBCpath.Fur-
thermore aspecieslifferencebetweerthe primateandrodentcannotberuled out, which
makesadirectcomparisonevenmoredifficult.

Blinderetal.[19] computedthe averageesistancef the microvasculaturén corticallayer
IV aswell asthe averageesistancéor DAs and AVs from the surfaceto corticallayerlV.
Theyobtainedan averageesistancef 0.1,0.4and0.2Pum? for the DAs, the capillarybedand
the AVs, respectivelyif pure plasmaflow is assumedthe largestpressuredrop would take
placein the capillarybed[3]. This disagreesvith our observationgor AL 3 (£ corticallayer
IV), wherethe pressuralrop is largestfor the DAs+As(51%)(Fig 3E).We assuméhatthose
discrepanciegesultfrom the fully topologicalanalysisn [19]. For computingthe average
resistancef the capillarybed1000randomlychoserpairsof verticesvereused We suggest
thatit ismoreappropriateto basehe choiceof verticeson actualRBCpaths becauséopologi-
callyconnectecdut not functionallyconnectedrertexpairsmight artificially increasehe aver-
ageresistancef the capillarybed.

In arecentnumericalstudyby Gould etal. [43] the pressuralrop wasanalyzedilong
possiblgpathsthroughthe corticalmicrovasculatureWhile thefocuswason predicting
oxygenlevelsn thebrain,oneof their main claimis thatthe2capillarybedoffersthelargest
hemodynamiaesistancéo the corticalblood supply®.Thisis partly in contrastto our
observationsgspeciallyor deeperALs.Gould etal. appliedno flow boundaryconditions
for the deepin- andoutflowsthat, basedn [42], canleadto an underestimatiorof flow and
thuscanimpacttheresultingpressurdield. A more quantitativecomparisonis howevemif-
ficult, because@aluedor the pressuradrop pervessetypearenot provided.Furthermore,
whereagwo of the analysedetworkssupporttheir conclusionijt islessobviousfor the
remainingtwo. We believethat analyzingthe pressurelrop overthe pathlengthof discrete
RBCtrajectorieds morerobustandthatalayerspecificanalysigrovidesfurther important
information.

Consequentiywvechallengghe hypothesighatthe dilation of individual capillariedeadsto
aflow increasenf 84%andtherewithwould betheideallocationfor vasculachangesluring
activation[3]. Basedn our resultsin AL 3+5the DA+A isthelocationwith thelargestpres-
suredrop and hencethe mostcrucialfor up-regulatingflow. For AL 1+2the situationis
slightlydifferentandvasculachangesn the capillarybedandthe DA+A couldboth beeffec-
tive meando increasehe flow rate.However the numberof capillariess significantlylarger
thanthe numberof arteriolesandhenceawell coordinatedresponsef multiple capillaries
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couldcompensatéor the smallerpressuralrop. Theimpactof the possibleregulationscenar-
ioshasto beanalyzedn future numericalstudies.

We postulatehat differentregulationmechanismsreplayingat differentcorticaldepths
andwith differentobjectivesThedilation of DAs+Asseemgo bethe mostrelevantmecha-
nismsto increasehe flow rateon alargescaleywhereagapillarydilation might playamore
crucialrole for smallscaleandverylocalizedregulationssuchasredistribution of RBCsor
flow homogenization.

Onthelargerscalezhaoetal.[21] and Goenseetal. [20] showedhat layer-specificegula-
tion mechanisméaveto existin orderto explainthe laminardifferencesn CBV andCBF
changeduring activation.Guti&rez-Jiminezetal.[14] addressethis topic morelocallyby
measuringRBCvelocityandflux in capillariequntil acorticaldepthof 450um during baseline
andelectricaforepawstimulation. Theyshowthat the RBCvelocityand RBCflux do not
changehomogeneouslpverdepthduring activation.This agreesvell with our hypothesighat
differentregulationmechanismsreplayingat differentdepthsandthat the microvasculature
playsasignificantrole in neurovasculacoupling.

The questionariseavhetherthe layer-specifidifferencesn the pressuradrop canbe
explainedby topologicalcharacteristicdVe addresghis issueby analyzingdifferencesn RBC
pathwaysin capillarytransittime andtransit pathlengthsandin the feedingof the different
layers.

Our resultsshowthatfor AL 2+3the RBCshavethe mostoptionsto travelthroughthe cap-
illary bed.TheseALs (200- 600pm) which overlapwith the granularlayerlV in themouse
somatosensorgortexalsoshowthe largesinumberof feedingbranchegFig 3C).Further-
more,our findingsarein accordancevith resultsobtainedin the macaquerisualcortex[16],
wherethe corticallayerlV (andin particularlVcB) showshe highestvasculadensity A more
interconnectednicrovasculaturén AL 2+3would bebeneficiato up-regulatehe oxygensup-
ply with ahigh spatialprecision.lt seemlausiblethat the brain hasanimprovedability to
locallyup-regulateoxygenin layerlV in the granularcortex,which hasthe highestnheuronal
densityand metabolicdemand.

Dueto the high neuronaldensityin corticallayerlV onemight assumehatthefeeding
flow ratein this areais largestYet,weobserveadecreasé feedingbloodand RBCflow over
corticaldepth.While closeto the surfacehe RBCflow is verylargeandthe RBCsaswell asthe
tissuearemostlikely highly saturatedvith oxygendeepeiin the cortexamore efficientextrac-
tion seemdo becrucialto avoidhypoxictissueregions.Thisimpliesthat deepercorticallayers
might bemorevulnerableo disruptionsin feedingflow, becaus¢he safetymarginin RBC
flow seemdo besignificantlylowerthan closeto the corticalsurface.

Variousstudiesneasuredhetissueand plasmaoxygenatiorovercorticaldepth.However,
resultsdiffer significantly.While Lyonsetal.[61] observeanincreasen tissueoxygenpartial
pressurdPO,) until corticallayerlV, Sakadiz etal.[58] andDevoretal.[58,61,62] report
thehighestPO, in corticallayerl. Thereasorfor thediscrepanciearenot yetresolvedbut
Lyonsetal.suggesit might resultfrom anesthesiaffectsA further topologicalexplanation
for theresultsobtainedin [61] couldbeaverycoarsecapillarygrid in AL 1 whichimpedeghe
diffusion of oxygen.

Basedn our simulationresultswith alargefeedingflow ratein AL 1 andcomparablyshort
transittimes,ahightissuePO, in AL 1 seemsnoreplausible Howeverour hypothesiss
solelybasedn theresultsof blood flow simulations which do not accountfor oxygendis-
chargefrom capillariesFurthermeasurementand simulationswith oxygendischargdrom
capillariesarenecessario properlyansweithis question.

We postulatehat RBCdeavingthe capillarybeddeepin the cortexwill belesssaturated
with oxygenthan RBCscloseto the surfaceThisisin line with the observationsn [58].
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Furthermore thelargefeedingflow ratesfor the ALs closeto the corticalsurfacesuggest
thatup-regulationof flow might belesscritical closeto the corticalsurfacepecaus¢éhelevelof
highly-oxygenatetlood suppliedis verylargeandthe neuronalenergydemandis comparably
low andconstantWe hypothesizéhat up-regulationof flow is mainly relevantfor deeperALs
to matchthe metabolicdemandof the correspondingneuronallayer.This seemdo bein line
with thework of Tian etal.[6] who observeshatthedelayin vascularesponseo stimulation
is smallesfor deepercorticallayers.

As previouslymentioned,in the sensorycortexAL 2+3overlapwith corticallayerlV which
hasa high neuronaldensityand a higherand more fluctuatingenergydemand.One might
speculat¢hatthe vasculaturés designedo primarily supporthemodynamiaegulationatthat
depth.

Another meango improvethe oxygenatiorof thetissueis anincreasedEF.As mentioned
abovehomogenizatiorin RBCflow is beneficiafor the oxygenextraction[59]. However dur-
ing baselinet iswellknown that the flow in the microvasculaturés veryheterogeneoug!,
10+13]whichis confirmedby our results We postulatethat flow homogenizatioris morerel-
evantatdeepercorticallevelswherethe feedingflow rateis lowerandthe CTH is larger.This
agreewvith the decreasedoefficientof variation of capillarytransittimesobservedor
cd > 200um dueto activation[14]. Consequentlypur resultssupportthe hypothesighat flow
homogenizatiorcould bean effectivemeanto up-regulatehe oxygensupply.Evenif experi-
mentalstudieson flow homogenizatiorarecurrently mainly executedor the upperpart of the
cortex,wepostulatehatflow homogenizatiomight beevenmore effectiveat deepeircortical
levelswherethe overallsaturationof RBCds expectedo belower,and henceaveryeffective
dischargeof oxygenis required.

Basedn our resultsseveratonclusioncanbedrawn: (1) Thelocationof the largestpres-
suredrop is afunction of corticaldepthand henceits impacton CBFincreases alsodepth
dependent(2) Laminardifference®xistfor all relevantflow characteristicssuchascapillary
transittime, feedingflow and RBCvelocity.(3) In orderto improvethe understandingpf the
flow in MVNs it is crucialto considerthe vasculatopologyandthe flow and pressuraistribu-
tion asoneentity. Purelytopologicalanalysisnight resultin spuriousinterpretationsand
henceshouldbeavoided.

Furtherexperimentabnd numericalstudieswill beneededo further investigatdayer-spe-
cific effectson hemodynamiaegulation becausaveragingverthe wholenetworkmight
washout layer-specifieffectsvhich arecrucialto properlyunderstandneurovascular
coupling.

Supporting information

S1 Text. Empirical relation for the computation of the relative apparent viscosity as stated
in Pries et al. [34]. All availablen vivo formulationsfor the computationof therelativeappar-
entviscosityarebasedn networksfrom the mesenteryand havebeenoptimizedfor adiame-
ter rangeof 4 — 40um. However the topologyof the cerebraimicrovasculaturés completely
differentand 33%of the vessetliametersn thethreeMVNs analyzedire < 4.0pm. For that
reasonweconsiderthein vitro formulation asthe mostsuitablechoiceto accountfor the pres-
enceof RBCs.

Foranimprovedreadabilitythe edgeindicesij arenot shownin the following equations.

(1—hd)" -1

(1-0.45)°—1 @
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with
s = 22013 4 3.2 — 2,44 000 (8)
and
C=(08+e™m). (14 TR (9)
' 1+107"d2)  1410"d»
Thedischargéhematocrithd is computedirom thetubehematocritht ([23]):
ht —0.415d —0.0114d
o =hd+(1—hd)(1+17e —06e ) (10)

(PDF)

S1 Fig. Histogram-based upscaling approach of capillary vessel diameters based on a beta
distribution. The schematicatirawingillustrateskeystepsandvariablef the histrogram-
basedupscalingapproachfor onebin i. It isimplementedasfollows:

(1) Thediameterrangeof the betadistribution [2.5um, 9.0um] is dividedinto 500bins (bin
width = 0.013um). Thelowerandupperboundof bin i aredenotedd™” andd™ (panelA).
(2) Theupscalingapproachstartswith bin i = 0 containingthe smallestessetliametersand
stepby stepproceeddo largervessetliameters.

(3) Thedesiredhumberof vessel bin i (N9°*) is computedbasedn the betadistribution
(panelA).

(4) Basedn the currentdiameterboundthe numberof vessel bin i N°“"*" is computed
(panelA).

(4.2)If N9 > Nevrent we proceedo the nextbin.

(4.2)1f Nevrent > N9 the diametersieedto beupscaledTherefor,all vessels Ne“™ are
sortedby their diameter(panelB). d?** " is the diameterfor which weobtain Nev™ = N9/
(panelB). All vesselwith adiameter> d%*°“ areupscaledy addingthe constantAd**"*.
AdP*?* isthe differencebetweerd™ andd? . We obtainN%°*# = Neu=nt and proceedo
bini+ 1.

(EPS)

S2 Fig. Impact of RBCs on the flow rate in capillaries and non-capillaries in MVN 1. We
comparedhe flow in networkswith the sameboundaryconditionsbut for pure plasmaflow
without RBCsTo measurgheimpactof RBCstheflow ratio for everyvesseis computed.The

lasma

w5 If the presencef RBCswvould not interactwith the
;

i
Myitro jj 9
distribution of flow ratesandwould only leadto ahomogeneouslincreasedesistancd¢he
flow ratio would beequalto 1 in everyvesselPanelA depictsthedistribution of the flow ratio
in capillariesPanelB showsthe samefor non-capillariesin both panelsthe darkershaded
barsrepresentsesselshereq;*™ and u,,,, ;2 differ lessthan5%.We find only 17.8%of
thecapillariesand 29.0%or the largervesselsvherethis is the caseThe medianfor therela-
tive differencebetweeng*™ and Myt G7°°% 18 15.0%n capillariesand9.4%in non-capillar-
ies.Theseaesultsconfirm asignificanteffectof RBCson the flow. This effectis more
prominentin capillarieghanin largervessels.
(EPS)

flow ratio y; is definedasy; =
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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 the standardabeling(A andD) are
comparedo two modifiedlabelingapproache¢B andE, C andF). Asthelargesipressure
drop takesplaceeitherin the DAs+Asor the Cswearemainly interestedn acorrectdifferen-
tiation betweerDA+A andC. Hence our sensitivityanalysigocuse®n theregionwherethe
vesselypechangedrom DA+A to C. In thefirst modified labelingthefirst C alongthe RBC
pathsis considerecasaDA+A (B andE). Forthe secondnodifiedlabelingthe lastDA+A
branchis assignedo the C (C andF). We comparethe resultsfor the analysidayer(AL) atthe
corticalsurfaceandthe AL deepesin the cortex(AL 1 andAL 5). PA:pial atery,DA: descend-
ing arteriole,A: arteriole,C: capillary,V: venule AV: ascendingenule PV:pial vein

(EPS)

S4 Fig. Averaged vessel diameter over the red blood cell paths for the five analysis layers
(ALs). Averageddiametercurvesfor thefive ALs. Theaveragdocationsof the capillariesare
markedby greencirclesfor eachAL. Theaveragingrocedureis similarto that describedor
Fig 3A.

(EPS)

S1 Table. Pressure drop in descending arterioles (DAs) and arterioles (As) for the five
analysis layers (ALs). We differentiatebetweerDA and A by trackingthe DA from its starting
point andapplyingan anglecriterion. As soonasthe anglebetweertwo subsequenbranches
is smallerthan 125Eall following vesselareconsideredasA. Thepressurelrop wasaveraged
similarto theresultspresentedn Fig 3D+3F.

(PDF)
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