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radiomic markersof pathologyandinform studiesof connectivityin the brain, andis essential
for neurosurgicabndtreatmentplanningof somebrain tumors[1]. SincedMRI relieson the
measuremendf waterdisplacemenin tissuejt is confoundedby diseas@rocessethat cause
accumulatiorof waterin the extra-cellulasspacesuchasvasogeniedemaijnfiltrative edema
or other parenchymapathology(e.g traumaticbrain injury) which canalterthediffusion of
water.Theseprocessesompromisethe specificityof diffusionindicescharacterizingvhite
matter,suchasfractionalanisotropy(FA) and meandiffusivity (MD), and subsequentlyrac-
tography leadingto interpretationerrorsin clinical studiesjncluding thosetailoredfor surgi-
calandtreatmentplanningof brain tumors.

Thesdssuesanbealleviatedoy anaccuratenon-invasiveestimationand compartmentali-
zationof water(andits restrictionby presencef pathology)in the brain by multi-compart-
mentmodelingof the diffusion data.Suchmodelingcaptureghe healthytissueasa
compartmentandthe contaminantgeffectsof diseaseqsoneor more compartmentsMulti-
compartmentmodelingis ableto alleviatepartial volumeeffectsandallowsfor moreaccurate
diffusionindices,mprovedtractographyand providesnovelcontrastssuchasvolumefrac-
tion that captureunderlyingpathophysiologicgbrocessef]. Althoughtheimportanceof
multi-compartmentmodelinghasheenrecognized3+7], mostof theseusemulti-shell diffu-
sionacquisitionssincethe additionalshellsallowfor morerobustandaccurateestimationof
modelparametersSuchacquisitionshoweveryemainclinically challengingat thistime,
owingto thelengthof scanbeinglimited on apatientandinherentlimitations of clinical scan-
nersandsurgicalplanningsoftware

Single-shelDTI isthe predominanttypeof diffusion MRI acquiredin abusyclinical set-
ting. Additionally, largecancerdatabasesuchasthe Adult Brain Tumor Consortium(ABTC)
(http://www.abtconsortium.orghavesingle-shelDTI dataonly. Theability to interrogatethe
peritumoralmanifestatiorof freewaterin suchlargedatasetsyith their wealthof clinical
data,including pharmacologicahndsurgicatreatmentresponsegjuality of life measures,
andsurvivalrates couldbecrucialin assessingeoplastidnfiltration andedemaandpoten-
tially providenewradiomicfeaturedor oncologicakvaluationThis highlightsthe needfor
freewaterestimationthatis accuratdn the presencef peritumoraledemapsingclinically
realisticacquisitions.

Thefitting of abi-compartmentmodelto single-sheltlatais amathematicallyll-posed
problem[8] with infinitely manysolutions.The earliestattemptsof fitting abi-compartment
modelreliedon multiple shell§9, 10]. Pasternak . [2] extendedhe modelfit to single-
shellacquisitiondy positingthat the problemcouldbeaddressedly an appropriateinitializa-
tion of the modelparameterandby a spatialregularizetthat stabilizeghefit. Thisfreewater
estimationallowedfor a betterreconstructionof healthyfornix tractsandenablediber track-
ing throughedemaTheapplicationof this modelhasledto significantfindingsin various
applicationsincluding depressioril1], Parkinson'diseas¢l2+14]andschizophrenid15].
Theinitialization, howeverjs affectecby scanneiinhomogeneity|16] andit underestimates
thefreewaterin healthytissuewhile producingphysiologicallymplausiblediffusionindices
in the peritumoralregion[17]. It hasalsonot beenextensivelyalidatedn simulatedand
brain tumor data.

Theoverarchinggoalof this paperis to presenta paradigmfor freewatereliminationin
peritumoraltissueusingclinically acquiredsingle-sheltliffusion data.Thisis achievedy fit-
ting abi-compartmen model,extendingthe work in [2] with anovelinterpolatedinitializa-
tion designedo work optimallyin edematousnd healthyregions.Thetwo compartments
describehe underlyingtissueand edemaThis freewaterestimationparadigmwill subse-
guentlybereferredto asFERNET(FreewateEstimatoRusingiNtErpolatediniTialization). In
this paper,FERNETis testedon simulatedDTI datawith varyingfreewaterfractions,
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anisotropylevelsandunderlyingdiffusivities,andclinically acquireddataof healthycontrols
andtumor patientswith edema.

2. Methods
2.1.0verview

We describeanovelinitialization approachaimingto improvefree-watetestimationfrom
clinicallyacquiredsingle-sheltlata.We presenttomprehensivexperimenton both simu-
latedandrealdata,in both healthytissueaswellasin peritumoralregions demonstratinghe
performanceof our methodcomparedo existingonesin both healthyand peritumoraltissue.

2.2.FreewaterEstimatoRusingiNtErpolated iniTialization (FERNET)

Followingthe bi-tensorapproactsuggestegreviously{2, 10], wemodelthe diffusion signal

in eachvoxelwith two compartmentsatensorcompartmentrepresentinghe underlyingtis-
sueandanisotropiccompartmentwith afixed diffusivity equalto the diffusivity of freewater
in biologicaltissuesThisis mathematicallymodeledas

. 1 .1 ¢ LAt

wherethefirst andsecondermsmodelthetissueandfreewatercompartmentyespectively,

is the signalattenuationof the diffusionweightedmageacquiredalongthe  gradient
direction, isthetissuevolumefraction, isthe magnitudeof diffusionweighting, is gra-
dientdirection, representshediffusiontensorusedfor modelingthetissuecompartment,
and isthediffusivity in theisotropiccompartmentwhichis fixedat 3.0x 10 mm?s. Fitting
this modelusingasingle-sheldMRI acquisitionis aproblemwith infinitely manysolutions
[2] Finding asolutionto sucha problemrequiresacombinationof agoodinitialization and
optimization.We useanovelinitialization designedo addres$oth healthyand pathological
tissuefollowedby gradientdescento fit the model.Specificallywe proposethe following ini-
tialization of the tissuevolumefraction:

TR R .2t

isalogarithmicinterpolationbetweertwo initialization strategiespnedenotedas - o
andtheotheras
Thefirst strategy, - o, issimilarto thatproposedn [2], basedn scalingthe mean
unweightedmage( o) with respecto representativenweightedsignalsof WM ( ) andCSF
voxely( ):

B T .3t

Theresultingmap - g isfurther constrainedy estimate®f the minimum andmaximum
tissuefraction correspondingo minimum and maximumexpectecigenvalue§.e.,diffusivi-
ties)of atensormodelingthe brain tissue givenby

SO | ) S |

.4t

whereparameters and  aresetto 0.1x10° mm?%s and2.5x10> mm?s, respectively,
and” isthevectorof signalattenuation, . . thevaluesf the diffusion weightedmages
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dividedby . It maybenotedthattheseparametersepresentputativerangeof radialand
axialdiffusivity, respectivelyin WM andweretakenfrom [2].

Therearetwo differencesn our proposedestimationof - o from the previouslyreported
methodfor freewaterelimination. First,wedefine asthe5™ percentileof the unweighted
signalin aregionof WM, andwedefine asthe 95" percentileof unweightedsignalin a
regionof CSF Previouslythesevaluesveredefinedasthe meanunweightedsignalwithin the
two regions.Secondinitial valuesoutsidetherange] , ] aresetto thenearesbf thetwo
valuesPreviouslythe estimated/aluewasreplacedwith thevalue;... tin this
situation.

Thesecondstrategy, ,in equation2is givenby

e .5t

whereMD is the meandiffusivity from the standardtensorfit in avoxelof interest,and

is afixed value(0.60x10° mm?/s[18, 19]) representinghe expectedVD of aWM voxel
thatis not impactedby partialvolumingor pathology.

Finally,thevalueof in Eq2issettothevalueof - o, butconstrainedo therange[0,1]
ratherthantherange] , ]. Thisresultsin aninterpolationof thetwo strategiesvhich
dependn in thevoxelof interest.For examplein aWM voxelwith normal appearingl 2
signalwherethe isclosetothevalue ,thevalueof isnearlylandtheresultofthisinter-
polationis closerto thatusing . In regionsthatappeatike CSHn the T2 contrastthevalue
of isnearly0andtheresultiscloserto - ¢. In voxelswith intermediateT 2 intensity,which
includevasogeniedemathe peritumoralregion,andvoxelswith partialvolumeof CSFthis
interpolationis closerto the geometriomeanof the two approachedn thisway,our initializa-
tion is designedo smoothlymodulateits behaviorbasedn the signalpropertiesof the voxels
without relyingon anysegmentatiortbeyondthe selectiorof representativ€ SFand WM
regions.

Astheproposednethoddependnthe oin eachvoxel,anybiasin thatimageresulting
from inhomogeneousnagnetidield in the scannemill likely leadto abiased (aswellasa
biased - o). Thereforeweproposethe useof bias-field-correctednapsof (for freewater
eliminationproblems.

In summary our interpolatedinitialization method(FERNET differsfrom the approachin
[2], whichwe subsequentlgall2b0initialization®, in threekeyaspects:

- A novelinitialization strategythat aimsto improvethe estimationof the freewatercompart-
mentin both healthyand pathologicatissue.

- Biasfield correctionof beforeinitialization.

- Theinitial fractionvaluesoutsideof the plausiblerangearereplacedvith the nearesplausi-
blevalueratherthanthe meanbeforeoptimization.

2.3.Human datasets

This studywasreviewedandapprovedoy the institutional reviewboardof the University of
PennsylvaniaThefollowing datasetsvill beusedin the differentexperimentsWiritten
informed consentwasobtainedfrom eachof the participantsin the studies.

Datasetl. 30participantswereselectedrom anongoingtumor study,including 21
healthycontrols,and 9 patientswith adiagnosiof glioblastomaAll participantsunderwenta
multi-shelldiffusion acquisitionwith b-valuesf 300(15directions),800(30directions),and
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2000s/mmn (64 directions)and 9 unweightedvolumes Thedatawereacquiredusinga Sie-
mens3T TIM Trio scannemith a32-channeheadcoil andechoplanar(EP)sequencevith
TR=5216ms, TE=100ms,ataspatialresolutionof 2x 2x 2mm. T1,T2,FLAIR,andT1 con-
trast-enhancedT1CE)scansverealsoacquiredfor the 9 brain tumor patients.

Dataset2. Thisdatasetomprised?16healthycontrolsfrom the PhiladelphiaNeurodeve-
lopmentalCohort (PNC)[20]. Theagerangeof theseselectedubjectsvasl8to 23years.
Therewerell8femalesand 98 males.Thedatawereacquiredon a3T Siemend IM Trio scan-
ner,usinga32-channeheadcoil andatwice-refocusedpin-echa TRSE)single-shoEPI
sequencavith TR = 8100msand TE = 82ms, atab-valueof 1000s/mm? for atotal 64
weighteddiffusionimagesand severunweightedmagesThe acquiredspatialresolutionwas
1.875¢1.875x 2mm.

Dataset3. Thisdatasetomprisedl43braintumor patients(89glioblastoma/54netasta-
sis),putativelyrepresentingarangeof levelsof tumor cellinfiltration andextentof edema.
Theagerangeof this datawas19to 87yearsandtherewere77femalesand 66 males Single-
shelldiffusion datawereacquiredon SiemengT Verio scannemwith TR =5000msand
TE = 5000/86ms3 unweightedvolumesand 30diffusion weightedvolumesat a b-valueof
1000s/mmn?. Theacquiredspatialresolutionwasl1.72x 1.72x 3mm. Additionally, T1, T2,
FLAIR,and T1CEwereacquired.

Data preprocessing. All datasetsvereinvestigatedrisuallyfor quality assuranc€QA).
Thedatasetsveredenoised21] andcorrectedfor eddycurrent-induceddistortions[22]. In

, voxelswereresampledo 2mm isotropicresolution.ThebOimageswvereextracted
andskull-strippedusingFSL'sBETtool [23]. Biascorrectionof the bOimagesvasperformed
with N4BiasFieldCorrectiofrom the AdvancedNormalizationTools(ANTS) packageA DTI
modelwasfit within the brain maskusingaweightedinearleast-squaresethod.FA andMD
mapsof healthycontrolsin and werenon-linearlyregisteredo the
JHU-MNI-ss(3Eve®)atlag[24] usingthe SyNregistrationalgorithmfrom the ANTs package.
Automatictumor and peritumoralregionsegmentationwvasobtainedin the patientsfrom

and usingGLISTR[25], afterco-registeringhe T1, T2, FLAIRandT1CE
imagesausingFSL'lirt tool.

2.4.Experimentson simulateddata

To addresghelackof groundtruth, especialljn edematousindinfiltrated regionswesimu-
lateddatawith varyinggroundtruth meandiffusivities,anisotropiesandfreewatervolume
fractions.Thesesimulateddataset$ollow a bi-compartmentmodelwhereoneof the compart-
mentsrepresentsissueandthe otherisisotropicwith afixed diffusivity (3.0x 10° mm?s).
Thesimulationof the weightedmagesvasobtainedusingthe bi-tensormodelavailablen
Dipy's multi-tensorsimulator[26]. For simulatingan unweightedb0) image S, wecalculated
thetransversenagnetizatiorof a spin-echoexperimentasalinear sumof the contribution of
eachcompartmentasproposedn [27]:

o r 1 T T f r, 1 T T .61

where isthevolumefraction of white matter, , isthevolumefractionof CSF," isthe
proton density,and TR/TE arerepetitionand echotimes.Thefirst term of Eq 6 representshe
signalfrom WM, while the seconderm representshe signalfrom CSF Althoughvaluesof ",
T1andT2 of thetwo tissuetypesarenot known #$ $ ,theydo not changenvhenvolume
fractionis varied.Thus,wesimulated g for eachvoxelas:

S S Y LTt
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where isthedesiredvolumefractionoftissueand , and , arereferencesaluesaken
from humandata.Thediffusionsignal, ,forthe gradientdirectionis simulatedas:

SR T N .8t

where and g representheattenuationof tissueandwater,respectivelyThus,this
modelcansimulatewhite mattertissuewith groundtruth diffusiontensoreigenvalueand
anydegreeof additionalfreewater.

Usingthis syntheticdatamodel,wedevisedhreesimulationsbasedn humandiffusion
MRI data:two from the WM of healthycontrolsto represenhealthyWM tissueandone
derivedfrom atumor dataseto representumor cellinfiltration. Variousvaluesof volume
fraction werethenaddedto thesesimulationsto representarangeof edemaTo obtainrepre-
sentativadiffusion MRI measurementsf healthyWM, 21 healthycontrolsof were
registeredo the JHU-MNI-SStemplate wherethe mapsof their threetensoreigenvalueand
BOimageswvereaveragedVlasksof WM and CSFwerecreatedn thetemplatespacevia seg-
mentationof thetemplateT1 image anderodedby 1 voxeleachto eliminatepartial voluming
betweertissuetypes Meanvaluef BOsignalintensityandthe threeeigenvaluewerecalcu-
latedwithin thesemasksresultingin anFA of 0.5andMD of 7.7x10* mm?%s. Thesevalues,
alongwith agroundtruth VF of 0, formedthe basisof thefirst simulationof healthyWM (Fig
1A), to which simulatedvolumefraction wasaddedto represenedemaln asecondscenario,
healthyWM couldbeconsideredo havesomeunknown levelof extracellulamwater,andthus
themeasurectigenvaluebkely do not correspondo a VF of exactly0. In orderto modelthis
scenarioasimulationof healthyWM wascreatedvhereweassignedhe measurecigenvalues
to anarbitrary non-zeroVF of 0.15and extrapolatedo a VF of O following Eq 8. Theresulting
FAwas0.6andMD was6.0x10" mm?/s, forming the basisof the secondsimulationof healthy
WM (Fig 1B).Third, to form asyntheticrepresentatiorof tumor cellinfiltration andextracel-
lular edemaatumor patientfrom wasselecte@ndamaskof restricteddiffusion
(dueto increasectellularityin thetumor) washand-drawnon the MD image(Fig 1C).The
measurediveragdA was0.1andMD was5.5x10* mm?s. In eachsimulatedscenarioye
addedafreewatercompartmentwith tenlevelsof volumefraction from 0to 0.9to represent
edemaandtenlevelsof Riciannoise(signalto noiseratio (SNR)of 10to 100),realizing100
simulationsper noiselevel.In addition, for everysimulatedtensor,werotatedthetensordirec-
tionsrandomly 100times.Thus,therewere1,000,008imulatedtensorsand freewatercom-
partmentsfor eachof the threesimulations Freewaterestimationerror wascomputedin each
simulationasthe differencebetweerground-truth freewaterand estimatedreewater.The
estimationerrorsof FERNETandbOQinitialization werecompared.

2.5.Experimentson human data

2.5.1.Comparisonof single-shelland multi-shell free water estimations. Sinceground
truth valueof the freewatervolumefractionin humandataarenot availableweestimated
freewatervolumefractionthroughamulti-shellmethod[28] appliedto all the shellsavailable
in , to useasareferencestandardThisis basedn the assumptiorthat multi-shell
acquisitiongorovidea betterestimationof freewater.This methodwaschoserbecausé pro-
duceswo compartmentgust like our methodbut usesamulti-shelldatato alleviatetheissues
with single-shellWe extractecthe b = 800s/mm? shellto obtainsingle-sheltiataon which the
two initialization approachefor freewaterestimationwereapplied. Two analysesvereper-
formed.First, the single-shelmethodswerecomparedo the referencestandardby calculating
voxel-wisecorrelationcoefficientand meansquareerror, usingthe 21 healthycontrolsco-reg-
isteredto the sameatlas.The secondanalysisvasperformedin the peritumoralregionsof the
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Fig 1. Freewater estimation on simulateddata. Theerror in freewaterestimationusingsimulatel datawith varying
groundtruth volumefractionis presemed usingviolin plots.A) Eigenvalusaverage@cros3VM voxelsof 21healthy
controlswereusedto generatesyntheticdiffusion datawith volumefraction of 0. AverageMD was7.7x10* and
averagé-Awas0.5.Synthetidreewaterrepresentig vasogeniedemavasaddedto this baselineThemasksof WM
(red) and CSHblue)usedto calculatehesevaluesn 21 healthycontrolsareshownto theright. B) HealthyWM in
humandatahassomeunknown, but non-zero freewaterfraction. Averagevaluesrom (A) wereassignedo aVF
valueof 0.15andextrapolatedo find newvaluesof MD andFA which correspondo aVF of 0. MD in this scenario
was6.0x10* and FA was0.6.C) Eigenvaluswereaveragea@crosghe voxelsof onetumor patientwithin the regionof
restricteddiffusionin thetumor (shownin redto theright). TheaveragéA was0.1andMD was5.5x10". Thesavere
usedto generatesynthett diffusiondatawith VF of 0, and syntheticfreewaterwasaddedto this baselineExperiments
A-C havean SNRof 20,with freewatervaryingfrom 0to 0.9.They-axisrepresentshe differencebetweerthe free
waterestimationandthe corresponéhg groundtruth of freewater(x-axis) Greendottedlinesin eachplot represent
thezeroerror in freewaterestimation Violin plotsof thetwo methodsarestaggerefor clarity. Resultshowthat
FERNETinitialization ismoreaccuratén estimatingfreewaterthanthe bOinitialization whereFW>0.3,and
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FERNETinitialization doesnot havedisconthnuitiesin predictedfreewatervolumefraction. D)showsthe effectof
SNRon theerrorin freewater,whereSNRvariesfrom 10to 100.Theplottedresultsarefrom the simulateddataused
in (A) with VF = 0.4.SNRhasan effecton the varianceof error in freewater,aswellasasmalleffecton the meanerror
in freewater.

https://abi.org/10.1371durnal.por.0233645.90L

9tumor patientsto comparethe estimatedreewaterof thetwo single-shelapproacheagainst
thereferencestandard.

2.5.2.The effectof regularization on free water estimation.. In orderto demonstrate
that our proposednitialization alleviateshe dependencen regularizationwe comparedhe
histogramof the freewatervaluesn thewholebrain aswell asin the peritumoralregionwith
andwithout the useof regularizatiorfor the two initialization approacheg atumor patient
from . Theregularizatiorwasimplementedusinganin-houseMATLAB tool.

2.5.3.The effectof biasfield correction and constraintson free water estimation. As
shownin Eq 3, theinitialization dependn representativé0signaldn both tissueandfree
watercompartmentsaswellasthe b0 signalitself. We appliedabiasfield correction[29] on
theb0Oimage andcomparedesultsof freewaterestimationwith andwithout the application
of biascorrection.Analysiswasperformedusingco-registerediatafrom . At every
voxel,the percentagef controlswith artifactualinitial estimate®f the freewatercorrected
tensor,definedasMD < 0.40x1G° mm?%s[30], wascalculated.

2.5.4.Freewaterestimationin brain tumor data. We selectedwo tumor patientsfrom

. Patientl with ametastatidumor and Patient2 with glioblastomaTheseepresent

casestudiesfor investigatinghe resultsof thetwo approacheslhebQinitialization method
wasperformedwith spatialregularizationwhile FERNETwasnot. We visuallycomparedhe
freewaterandcorrectedrA of the peritumoralregionto healthytissuein the contralateral
hemisphere.

2.5.5.Tractography. Tractographywasperformedon (143braintumor
patients)usingDiffusion Toolkit [31], on tensorimagesalculatedvith andwithout FERNET
freewaterelimination. Tensorscalculatedvithout freewaterelimination arereferredto asthe
astandard®ensorfit. The secondorder Runge-Kuttaalgorithmwasusedfor tracking,with an
anglethresholdof 45 , astepsizeof 1 mm, andan FA thresholdof 0.2.Fivebundlesof interest
(corticospinattract,inferior longitudinal,inferior fronto-occipital,uncinateand arcuatefascic
uli) in eachhemispheravereextractedrom eachtractogram usingthe RecoBundlealgo-
rithm [32], with apruning parameteiof 7 mm. Finally,the2edemacoverage¥lefinedasthe
percentag®f voxelsin the peritumoraledemaegioncontainingoneor more streamlines
belongingto anyof theten bundlesof interest wascomputedfor everypatientwith andwith-
out freewaterelimination. A percentagelifferencewascalculatedelativeto the edemacover-
ageof thetractographywithout freewaterelimination.

3. Results
3.1.Freewater estimation on simulated data

Fig 1 presentgheresultsof comparingfreewaterestimationon threesimulationsdetailedin
Section2.4:healthyWM, with addedlevelsof freewater(representingedema)Fig 1A), an
extrapolatedscenarioof healthyWM containingsomefreewater(Fig 1B),and aregionof
restricteddiffusionwith varyingdegreesf edemarom onetumor patient(Fig 1C).Our find-
ingsshowthatin the presencef simulatededemaFW>0.3), FERNETimprovedthe estima-
tion of thefreewateracrosshethreescenariogFig 1). The FERNETestimationhadasimilar
varianceto the bOinitialization atlow valuesof groundtruth VF, but did not displaythe
heavilyskewedlistribution of errorsof the bOinitialization method,asshownby the spreadn
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theviolin plots,especiallat highervaluesof groundtruth VF. The FERNETestimationdid
not showsignsof abimodaldistribution in errors. Theseexperimentsvereperformedata
simulatedSNRof 20.Fig 1D showghe distribution of errorsfor the simulatedhealthyWM at
agroundtruth VF of 0.4asSNRwasvariedfrom 10to 100.The meanbiasof both estimates
changedslightlyfrom SNR= 10to SNR= 30,afterwhichthevariancen error diminished
with increasingSNR.Theb0initialization methoddemonstrated skewedlistribution of
errorsateverynoiselevel.

3.2.Freewater estimation on human data

Fig 2 showshe resultsof comparingthe freewaterestimationusingFERNE Tand the bQini-
tializationwith the freewaterestimationobtainedfrom the multi-shellmethodusedasarefer-
encestandardn theabsencef groundtruth, asdetailedin Section?2.5.Voxel-wisemapsof
correlationcoefficientand meansquareerror (MSE)of the freewaterfraction betweersingle-
shellmethodsandthe multi-shellmethod(Fig 2A for the bOinitialization, Fig 2Bfor theinter-
polatedinitialization of FERNET)showedaweakercorrelationbetweerthe freewatermaps,
especiallyn WM regionsandarelativelyhigherMSEin the bOinitialization whencompared
to FERNET Thesecorrelationfindingswereconsistenwith Fig 2C,wherethe freewaterval-
uesin WM of 21 healthycontrolsusingFERNE Tweremore alignedwith theidentity line
whencomparedo the multi-shellreferencestandard The correlationbetweerbQinitializa-
tion andmulti-shellestimationwas0.59,andthe correlationbetweer-ERNETand multi-shell
estimationwas0.81.Thecorrelationof freewatervaluesn the peritumoralregionsof 9
patients(Fig 2D) betweerthe bOinitialization andthe referencestandardwvas0.60,and
betweerFERNETandthereferencestandardvas0.75.

3.3.The effectof regularization on free water estimation

Fig 3 showsthe behaviorof the freewaterestimationapproache$o regularizationin two brain
tumor patients.Theeffectof regularizations assessedathe differencemapsof the freewater
volumefraction obtainedwith andwithout regularizationjn the peritumoralareaandthe
wholebrain. Thehistogramsof the freewaterestimationin the wholebrain andin the peritu-
moralregionshowa closelymatchedfreewaterestimationfor regularizedandnon-regular-
izedapproachesvhenusingFERNET.

3.4.Effectof biasfield correction

Fig 4 showsheresultsof investigatinghe useof biasfield correctionin freewaterelimination.
It showsthe percentagef participantsthatyieldedan artifactualfit (MD<0.40x10° mm?/s)

in theinitial correctedtensor(beforethe optimizationphase gt eachvoxelin the brain, with-
out (Fig4A) andwith (Fig 4B)biasfield correction.Without biasfield correction,the cor-
rectedtissuetensoris initialized with indicesthat arephysiologicallymplausible Such
diffusivity valuesareestimatedn alargepercentagef controlsin the peripheralregionsof the
cortexandcerebellumareasvhich aremostimpactedby bias.

3.5.Freewater elimination in brain tumor data

Fig 5 showshe freewatervolumefractionandthe corrected=A mapsusingthe two freewater
estimationmethodson two brain tumor patientsPatientl with metastatidumor and Patient
2 with glioblastomaFERNETreewatermapshadspatiallysmoothercontrastthanthose
from thebOinitialization, and FA valuesn the WM ipsilateralto the tumor matchedthe FA of
the contralateraWM better,especiallyn Patientl.
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Fig 2. Freewaterestimationin humandatacomparedo the multi-shel referene standardcorrelationcoefficiern and
meansquareerror (MSE)aremeasuredt everyvoxelfor 21 healthycontrolsto assesthe contrastanddifference
betweerthefreewater(FW) mapderivedfrom A) bOinitialization and B) interpolatedinitialization (FERNET)
comparedo the FW mapderivedfrom multi-shel. Correlatiors aredisplayedwvith ablue-gren-redcolormapwhere
blueis-1, greenis 0 andredis 1. More red voxelsndicateastrongeragreenentwith thereferencestandard MSEare
displayedvith acolormapfrom whiteto darkred. Lightervoxelsndicatea strongeragreementvith thereference
standardC) showsthe scatterplas of freewaterfraction valueswithin the WM of 21 controls,demonstratng thatthe
proposednterpolaedinitialization is more alignedwith thereferencestandardn WM. D) showsthe scatterpbts of
freewaterfractionin the peritumoralregionsof 9 brain tumor patients demonstratng that neitherof the single-$ell
methodsobtainedan estimationin the peritumoral regionthatis perfectlyconsistentvith referene standard.
However correlatimsarehigherwith FERNET(r = 0.75)thanwith bOinitialization (r = 0.60).

https://abi.org/10.1371durnal.por.0233645.902
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Fig 3. Effectof regularization in the optimi zation phaseafter FERNETand b0 initializatio n in atumor patient. A
andB showthe differencémagef freewatervolumefraction betweerregularizedand non-reguhbrizedfits of the b0
initialization methodand FERNET respectivelyHistograns of freewatervolumefraction in thewholebrain with and
without regularizatbn usingbOinitialization differ greatly(C), while the histograns of freewaterusingFERNET
closelymatch(D). Histogramsin E andF demonstrag a similar effectwhenlimited to the peritumoral region.

https://abi.org/10.1371durnal.por.0233645.908

3.6.Tractography

Fig 6 showsthe effecton tractographyasaresultof freewatereliminationin alargedatasebf
143braintumor patients( %Fig 6A is anexamplecaseshowinga comparisonof the
arcuatefasciculudbetweerstandardensor-basettrackingand FERNET-basettacking.In
extendingthis tractographyto all the patientswefound that thetractographybasedn
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Fig 4. Effectof biasfield correction on corrected diffusion indicesand free watervolumefraction. Evaluationof
interpolatedinitialization on alargedatase{Datase®) of healthycontrolsshowedhat A) datawithout biasfield
correction producedmore physiobgicallyimplausitie voxelg(definedascorrectedVD < 0.4x10° mm?/s) thandata
with biasfield correctia (B), especiallyn GM regionsandin the cerebellm, which aretheareasmpactedmostby
bias.Thecolor barrepresentshe percentagef controlswith physiobgicallyimplausibe fits. Voxelswith 0%of
implausibe fits arenot plottedwith color,sothatthe underlay templateT 1 imagecanbeseen.

https://abi.org/10.1371durnal.por.0233645.g04

FERNETcoveredmore of the peritumoralregionthan tractographyusingthe standardtensor
fit. Thisis depictedin Fig 6Bby ahistogramof percentdifferencen coverag®f the edematous
regionby tracts.In amajority of patientsthe percentdifferencein edemacoveragevasposi-
tive,indicatingthattractographyon free-water-correctetensormapstraveledthrougha
largerportion of the peritumoralregion.

4. Discussion

We haveintroducedanovelinitialization strategyFERNET for freewaterestimationin sin-
gle-sheltlinically feasibladiffusion MRI, aimedatimproving the characterizatiorof peritu-
moral edemaTheefficacyandwide applicabilityof our methodin estimatingfreewater
volumefraction hasbeendemonstratedcomprehensivelipoth on simulateddatarepresenting
varyinglevelsof edemaandunderlyingtissuewith andwithout infiltration, aswellasdatasets
of healthycontrolsand patientswith diversetypesof brain tumors.We showthat the novel
strategyimprovesthe accuracyf freewaterestimationfor peritumoralregions We demon-
strateits applicabilityto differentacquisitionsgspeciallglinicallyfeasibleDTI data,underlin-
ing thewidespreadyjeneralizabilityof our methodascomparedo other multicompartment
modelingmethods someof which requirespecificacquisitiondgnfeasiblen theclinic.

Most freewaterelimination methodsto datehavebeendesignedor healthytissue Devel-
opingamethodfor apathologylike brain tumors,is challengingdueto the absencef ground
truth. We addressethis problemby generatingsimulateddatarepresentingedemausing
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Fig 5. Comparisan of free water estimation and correctedFA mapsbetweenthe two initializ ation methodsin two brain
tumor patients. Patientl is ametastatidrain tumor patientand Patient2 is aglioblasbmapatient.CorrectedA mapsobtained
with FERNET(B, E) showbetteragreemenbetweerthe peritumoral regionandthe contralateal WM comparedo b0
initialization (A, D). Freewatervolumefraction mapsobtainedwith FERNETarespatiallysmootherin the peritumord region.
Thisis likely dueto the changén heuristicsvhentheinitial mapis outsideof therangeof [ min, mad- Freewatervolumefraction
mapsof FERNETmore closelyresemblehe hyperinenseregionof the FLAIR maps(C, F) in the samepatierts atapproximately
thesamdocation.

https:/Hoi.org/10.137/ournal.pon®233645.g005

differentgroundtruth diffusivities,anisotropiesandfreewatervolumefractions,andtested
our proposednterpolatedinitialization againsthe existingbOinitialization method.Fig 1
highlightsthe significantimpactof the initialization strategyon the freewaterestimation
usingthreesimulatedclinically relevantscenariosThefindings showthatthe proposedni-
tialization strategyyieldsimprovedfreewaterestimation bothin healthytissueaswell as
tumor tissuewith restricteddiffusivity, that wereaffectedoy simulatecedemacAlso,we
showedhat FERNET 'dnterpolationapproachprovidesarobustestimationthatis lesssuscep-
tible to noise Although,asexpectedthe freewaterestimationbecamencreasinglyrobustas
SNRincreasedthe effectof SNRon the meanof freewaterestimationwasnegligiblebeyond
an SNRof 20.

Thesuccessf FERNETIn simulatedscenariosnotivatedits applicationto humandata
(Fig 2). However groundtruth in humandatais impossiblego ascertain & & ,especially
whentissueis contaminatedwvith edemaWhile thereareseveraéstimationparadigmsyve
usedthe freewaterestimatedy Hoy etal.[28] asareferencestandard.The estimationin this
methodrelieson multi-shelldataand claimsto haveaclosedorm solutionto aproblemthat
isill-posedwhenattemptedusingsingle-sheltlata. The voxel-wisecorrelationand MSEmaps
showthat FERNEThasedreewatermapsaremore similarin signalcontrastto the reference
standardandcorrelatebetterwith the freewaterestimationof this advancednethodcom-
paredto bOinitialization. Thisincreasedigreemendf FERNET suggestis superiorityin the
peritumoralregionandalsoin healthytissue Thereareothermulti-shellmodelingmethods
availablevhich canestimatefraction of variouscompartmentssuchasNODDI [33]. NODDI
isacomplexmulti-compartmentmodelwhichincludesanisotropicfreewatercompartment,
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Fig 6. Fiber tractographywith and without freewater elimination using FERNETand RecoBurllestract
clustering. A) Tractographyof the arcuae fasciculusn oneexamplebrain tumor patientdemonstréesthe
improvementin trackinginsidethe peritumoral regionusingfreewaterelimination. Usingstandardensorfit based
tracking,streamliresappearo stopprematurelywhentheyreachvoxelsaffectedy the accumdation of freewaterin
the peritumoral region.The overlapof both approachess shown,highlighting theimprovenmentobservedvith
FERNET B) Tractographyandreconstrut¢ion of tenmajor tractsusingRecoBuntesin 143tumor patientsshowedan
increasen the volumeof the peritumoral regiontraverse by streamlinesasshownin ahistogramof percent
difference(relativeto standardensor-basetractography in edemacoverageThefindingsdemonstrag that most
patientsexhibitanincreasen the extentof the peritumoral regioncoveredy recognizake trackswhenfreewater
elimination isemployel.

https://abi.org/10.1371durnal.por.0233645.906

anextracellulahindereddiffusion compartmentandanintracellularcompartmentwith a
fixed diffusivity. Thismodelrelieson anumberof #$ $ fixed parameterdasedn healthy
dataandaspecificdiffusion sequence-dence wedeterminedthatit would not beanideal
methodto compareagainstppting insteadfor the Hoy etal [28] method,which modelsthe
samewo compartmentasFERNETwith multi-shelldata.
Asfreewatereliminationusingsingle-shelDTI is anill-posedproblem,severaimplemen-
tation choicesareneededvith everyfreewaterelimination approachPreviousapproaches
(Pasternaletal.2009)haveemphasizethe importanceof regularization FERNETinitializa-
tion hasbeenshown(Fig 3) to belesssensitiveto regularizationjmplying that FERNETyields
asolutionthat variessmoothlyacrosseighboringvoxels On the otherhand,the estimation
usingbOinitialization appeardo bemoreinfluencedby regularizationwith mostimpacted
regionsin healthy-appearin@GM andthe boundarief the peritumoralregion.This effectis
further highlightedby the histogramsof freewaterfractionwith andwithout regularization.
Thisislikely driven by the heuristicchoiceto replacdnitial estimatesutsidetherange[
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] with the meanof thosetwo valuesSucha choiceimposesadrasticdifferencebetweera
voxeljustwithin thatrangeandaneighboringvoxelwhichfallsout of thatrange.

Theimportanceof suchimplementationchoicess emphasizeih the FERNETparadigm,
firstly, by our choiceto perform biasfield correctionof the data.Thisreducedhe prevalence
of implausiblediffusivity valuedn alargesetof healthycontrols,which weredefinedashaving
MD lessthan 0.4x10° mm?/s, avaluethatis well belowmostestimate®f the MD of healthy
braintissue Thisfinding suggestthat, in the presencef magnetidfield inhomogeneityin the
scannerthe preprocessingf diffusion datamay playasignificantrolein modelingthe diffu-
sionsignalwith this bi-compartmentmodel,andit mustbeapproacheaarefully.The second
crucialimplementationdecisionwasto constraintheinitial volumefraction estimateto the
boundarie§] , ]) andscalingthebOimagebythe5™ and95" percentileof the
unweightedsignalsof WM and CSF.Thisresultedn FERNETproducingacontrastin thevol-
umefraction mapthat wasmore consistentwvith that obtainedfrom FLAIR imagesascom-
paredto that producedby the bOinitialization. FLAIR is the clinical modality of choiceto
drawinferencesboutthe peritumoralregion,becausén FLAIR imagegheinversiontimeis
carefullychoserto null the signalfrom the CSFwhile increasinghe signalintensityin edema
andarea®f inflammationwith increasegartial volumingof fluid. This suggestthatthefree
watermapsobtainedwith FERNETmayhaveclinical relevancen locatingand characterizing
lesionsand areaof inflammation suchasin thetumor microenvironment,inflammatorypla-
quesof multiple sclerosispr inflammationassociateaith traumaticbrain injury. Somesubtle
yetimportant characteristicef FERNET-basedharacterizatiorarethatit canbeapplieda
datasetvithout needingregistrationto atemplate or anytumor or edemasegmentation.

Theclinical significanceof FERNETis underscoredy examiningthe freewatervolume
fraction mapsin differenttypesof brain tumorsthat mayhavevaryingdegree®f edemaThe
findingsin the peritumoralregionof two brain tumor patients(Fig 5), onewith ametastatic
tumor andonewith adiagnosiof glioblastomashowedhat theinterpolatedinitialization
allowedfor reconstructing=A in theregionof WM ipsilateralto thetumor, despitethe pres-
enceof edemaThebOinitialization basedreewaterestimationstruggledsignificantly ,espe-
ciallyin the caseof metastatidrain tumor. Thus,FERNETis generalizabléo peritumoral
regionswith differenttumor types.

Finally,tractographyto delineatesloquentfiber tractshasimportant clinicalimplications
for the surgicaltreatmentof malignantbrain tumors[34]. Although no currentfiber tractogra-
phy methodis completelydevoidof limitations, their tract delineationcapabilitiesnakethem
avaluablaool for neurosurgeon§3s, 36]. However the standardensorfit doesnot account
for anyfreewater,andthe presenc®f edemdeadso erroneousestimationof diffusionindi-
cesmostnotablyFA. This maycausesometrackingalgorithmsto stopprematurely(Fig 6) in
edematousegionseadingto spuriouslydistortedand/or interruptedtracts[37]. Although
thisis more pronouncedn the presencef edemait isimportant to notethatevenin the
absencef pathology cerebrospinalluid partial volumingaffectshe reconstructionof WM
tractssuchasthefornix, potentiallyresultingin misleadingnferencesboutbrain
connectivity.

Theimprovedfreewaterestimationthat our initialization providesleadso abettermodel-
ing of brain tissue Hence the elimination of the confoundingfreewaterin the diffusion sig-
nal,whetherit is dueto partialvolumingor pathologyresultsin bettertractographythanthe
standardsingletensormodelcanprovide.Thisimpacton tractographywasevidentin the peri-
tumoral regionsof brain tumor patientswith gliomasand metastasesrrespectiveof thetype
of edemafractographyusingtensorsobtainedfrom FERNET-basefteewaterestimationwas
muchimproved,ascomparedo astandardensorfit, in termsof theincreasdn edemacover-
ageby thetractsafterfreewaterelimination.
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Thereis agrowingevidencehatthe objectiveof @maximalsaferesectiond38, 39]is best
achievedvith detailedmappingof the brain tumor and surroundingwhite mattertracts.This
emphasizetheimportanceof freewatereliminationfor tractographypavingthe wayfor
robustsurgicalplanning,andsuperiortrackingintraoperativel\({40]. FERNETprovidesa
methodthat canpossiblyenhanceelinical outcomesgdueto theimprovementin tractography,
whichis expectedo havealargeimpacton abroadspectrumof applicationghat usedMRI,
including neurosurgicaplanning[41,42],assessingonnectivitychangedn pathologiegrau-
matic braininjury [43], and stroke[44].

Limitations

Dueto theabsencef the groundtruth valuesn humandata,this studyreliesin parton simu-
lationsderivedfrom humandiffusion data,which lackagroundtruth. Simulateddatarepre-
sentinghealthywhite matterwascreatedrom averagealuesof healthycontrolsin WM. The
groundtruth freewaterVF of thesevoxelsasmeasuredis not known. Thus,two simulations
of healthyWM wereperformed representingrangeof possiblevaluesSimilarly,using
tumor datafrom onepatientmaynot berepresentativef the vastheterogeneityf tumors.
However in the absencef biopsiesn healthyand peritumoraltissue theseconstituteexem-
plar scenario®veraspectrumof healthyto diseasedo demonstratde=ERNET'saapplicability.
Thesingletensorfit of FERNETcannotdistinguishbetweerisotropicandanisotropicdiffu-
sionwith high orientationdispersionwhich mayoccurin the contextof cancerfor whicha
multi-shellacquisitionandadvancednodelingwould berequired.Also,sinceit is atensor-
basednodel,tractographyisinherentlylimited in the crossindfiber regions We useddeter-
ministic tractographyfor evaluationasthatis usedin surgicalplanningsoftwareand probabi-
listic tractographydoesnot performwell on tensorsHowever the observedmprovementin
tractographyin the peritumoralregion,evenwith clinically acquireddatawherehigherorder
diffusion modelscannotbefitted, highlightsthe utility of FERNET Finally,wesincetheini-
tializationof our methodperformsbetterwith biascorrectionof the BOimage,t relieson the
biascorrectiontoolsto correctissuewith diffusion data,suchassusceptibilityartifactsin the
fronto-orbital region,or signaldrop-outissuesausedy imagedistortion. We haveusedthe
tool thatis the stateof the art, however alternateapproachesayalsobeused.

5. Conclusion & future work

We havedesigned freewaterestimationparadigmbasedn anovelinitialization approach,
FERNET that canbeappliedto single-sheldiffusion acquisitionsreadilyavailablén the
clinic. Theinitialization approachwhich interpolatediffusivity and T2 information (b0),
improvesfreewaterestimationin edematouperitumoraltissue aswell ashealthytissue com-
paredto traditional approachesThisis asignificantcontribution becausé canbeappliedto
prospectiveandretrospectiveslinical studies.

FERNETinitialization for freewaterestimationhasamyriad of potentialapplicationsn
thefield of diffusion MRI, especiallyn pathologieghat provokeanincreasedreewater,like
tumorsandtraumaticbrain injury. Asit is designedo work with clinicallyfeasiblesingle-shell
diffusiondata,it canbeusedto improvetractographyin retrospectivestudiesusingarchival
data,asshownby theimprovementin tractographyin acohortof braintumor patients A
comprehensivinvestigationof differenttractographyalgorithms both deterministicand
probabilistic,andon more complexdiffusion modelsin single-sheland multi-shelldata,is
beyondthe scopeof this manuscriptandwill beinvestigatedn thefuture. Thefreewatervol-
umefractionmapdeliversvaluablanformation aboutthe freewatercontentof brain tissuein
the presencef pathology This maybeusedin the future to helpdistinguishdifferenttypesof
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brain tumorsandtheir geneticunderpinningsbasedn the natureof the peritumoraltissue,
pavingthewayfor betterradiomic markersof cancer.

Theapplicabilityof FERNETIin clinicallyfeasibleacquisitionds expectedo facilitateinves-
tigationsof largetumor datasettike ABTC (http://www.abtconsortiunorg) that havesingle
shellacquisitionsThetractographytestecherewasbasedn singlefiber estimation,and
approachesvith more complicatediber modelsmayassistn simultaneouslyesolvingpartial
volumeandcomplexfiber architecturein the contextof peritumoralregions Finally,aninter-
estingapplicationof this methodcanbein improvedestimationof structuralconnectomedn
the presencef edemaasthe estimationof structuralconnectionsn the brain is expectedo
improvewith abetterestimationof the underlyingtissuecompartmentaftermitigating the
effectof partial volumingand/or pathology Theseavenuesvill beexploredin future studies.
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