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Abstract

Characterization of healthy versus pathological tissue in the peritumoral area is confounded

by the presence of edema, making free water estimation the key concern in modeling tissue

microstructure. Most methods that model tissue microstructure are either based on

advanced acquisition schemes not readily available in the clinic or are not designed to

address the challenge of edema. This underscores the need for a robust free water elimina-

tion (FWE) method that estimates free water in pathological tissue but can be used with clini-

cally prevalent single-shell diffusion tensor imaging data. FWE in single-shell data requires

the fitting of a bi-compartment model, which is an ill-posed problem. Its solution requires

optimization, which relies on an initialization step. We propose a novel initialization approach

for FWE, FERNET, which improves the estimation of free water in edematous and infiltrated

peritumoral regions, using single-shell diffusion MRI data. The method has been extensively

investigated on simulated data and healthy dataset. Additionally, it has been applied to clini-

cally acquired data from brain tumor patients to characterize the peritumoral region and

improve tractography in it.

1. Introduction
Diffusion tensorimaging(DTI), oneof thebasicframeworksof diffusionMRI (dMRI), is fre-
quentlyusedin clinicalstudiesto characterizetissuemicrostructureandprovidesorientation
information for delineationof basicfiber tractsusingtractography.DTI canbeusedto enrich
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radiomicmarkersof pathologyandinform studiesof connectivityin thebrain,andisessential
for neurosurgicalandtreatmentplanningof somebrain tumors[1]. SincedMRI relieson the
measurementof waterdisplacementin tissue,it isconfoundedbydiseaseprocessesthatcause
accumulationof waterin theextra-cellularspace,suchasvasogenicedema,infiltrative edema
or otherparenchymalpathology(e.g.traumaticbrain injury) whichcanalterthediffusionof
water.Theseprocessescompromisethespecificityof diffusion indicescharacterizingwhite
matter,suchasfractionalanisotropy(FA) andmeandiffusivity (MD), andsubsequentlytrac-
tography,leadingto interpretationerrorsin clinicalstudies,including thosetailoredfor surgi-
calandtreatmentplanningof brain tumors.

Theseissuescanbealleviatedbyanaccuratenon-invasiveestimationandcompartmentali-
zationof water(andits restrictionbypresenceof pathology)in thebrain bymulti-compart-
mentmodelingof thediffusiondata.Suchmodelingcapturesthehealthytissueasa
compartment,andthecontaminants(effectsof disease)asoneor morecompartments.Multi-
compartmentmodelingisableto alleviatepartialvolumeeffectsandallowsfor moreaccurate
diffusionindices,improvedtractography,andprovidesnovelcontrastssuchasvolumefrac-
tion thatcaptureunderlyingpathophysiologicalprocesses[2]. Althoughtheimportanceof
multi-compartmentmodelinghasbeenrecognized[3±7],mostof theseusemulti-shelldiffu-
sionacquisitions,sincetheadditionalshellsallowfor morerobustandaccurateestimationof
modelparameters.Suchacquisitions,however,remainclinicallychallengingat this time,
owingto thelengthof scanbeinglimited on apatientandinherentlimitationsof clinicalscan-
nersandsurgicalplanningsoftware

Single-shellDTI is thepredominanttypeof diffusionMRI acquiredin abusyclinicalset-
ting. Additionally, largecancerdatabases,suchastheAdult BrainTumor Consortium(ABTC)
(http://www.abtconsortium.org)havesingle-shellDTI dataonly.Theability to interrogatethe
peritumoralmanifestationof freewaterin suchlargedatasets,with their wealthof clinical
data,includingpharmacologicalandsurgicaltreatmentresponses,qualityof life measures,
andsurvivalrates,couldbecrucialin assessingneoplasticinfiltration andedemaandpoten-
tially providenewradiomicfeaturesfor oncologicalevaluation.Thishighlightstheneedfor
freewaterestimationthat isaccuratein thepresenceof peritumoraledema,usingclinically
realisticacquisitions.

Thefitting of abi-compartmentmodelto single-shelldataisamathematicallyill-posed
problem[8] with infinitely manysolutions.Theearliestattemptsof fitting abi-compartment
modelreliedon multiple shells[9, 10].Pasternak�� ��. [2] extendedthemodelfit to single-
shellacquisitionsbypositingthat theproblemcouldbeaddressedbyanappropriateinitializa-
tion of themodelparametersandbyaspatialregularizerthatstabilizesthefit. This freewater
estimationallowedfor abetterreconstructionof healthyfornix tractsandenabledfiber track-
ing throughedema.Theapplicationof thismodelhasledto significantfindingsin various
applications,includingdepression[11], Parkinson'sdisease[12±14]andschizophrenia[15].
Theinitialization,however,isaffectedbyscannerinhomogeneity[16] andit underestimates
thefreewaterin healthytissuewhileproducingphysiologicallyimplausiblediffusionindices
in theperitumoralregion[17]. It hasalsonot beenextensivelyvalidatedin simulatedand
brain tumor data.

Theoverarchinggoalof thispaperis to presentaparadigmfor freewaterelimination in
peritumoraltissueusingclinicallyacquiredsingle-shelldiffusiondata.This isachievedby fit-
ting abi-compartment model,extendingthework in [2] with anovelinterpolatedinitializa-
tion designedto work optimally in edematousandhealthyregions.Thetwo compartments
describetheunderlyingtissueandedema.This freewaterestimationparadigmwill subse-
quentlybereferredto asFERNET(FreewaterEstimatoRusingiNtErpolatediniTialization). In
thispaper,FERNETis testedon simulatedDTI datawith varyingfreewaterfractions,
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anisotropylevels,andunderlyingdiffusivities,andclinicallyacquireddataof healthycontrols
andtumor patientswith edema.

2. Methods

2.1.Overview
Wedescribeanovelinitialization approach,aimingto improvefree-waterestimationfrom
clinicallyacquiredsingle-shelldata.Wepresentcomprehensiveexperimentson bothsimu-
latedandrealdata,in bothhealthytissueaswellasin peritumoralregions,demonstratingthe
performanceof our methodcomparedto existingonesin bothhealthyandperitumoraltissue.

2.2.FreewaterEstimatoRusingiNtErpolated iniTialization (FERNET)
Followingthebi-tensorapproachsuggestedpreviously[2, 10],wemodelthediffusionsignal
in eachvoxelwith two compartments:atensorcompartmentrepresentingtheunderlyingtis-
sueandanisotropiccompartmentwith afixeddiffusivity equalto thediffusivity of freewater
in biologicaltissues.This ismathematicallymodeledas

� �…�; � †ˆ � � � 	
 �
� �
 � ‡ …1� � †� � 	� …1†

wherethefirst andsecondtermsmodelthetissueandfreewatercompartment,respectively,
� � is thesignalattenuationof thediffusionweightedimageacquiredalongthe��
 gradient
direction,� is thetissuevolumefraction,	 is themagnitudeof diffusionweighting,
 � is ��
 gra-
dientdirection,� representsthediffusiontensorusedfor modelingthetissuecompartment,
and� is thediffusivity in theisotropiccompartment,whichis fixedat3.0x 10�3 mm2/s.Fitting
thismodelusingasingle-shelldMRI acquisitionisaproblemwith infinitely manysolutions
[2] Findingasolutionto suchaproblemrequiresacombinationof agoodinitialization and
optimization.Weuseanovelinitialization designedto addressbothhealthyandpathological
tissuefollowedbygradientdescentto fit themodel.Specifically,weproposethefollowing ini-
tializationof thetissuevolumefraction:

���� � ˆ � 1� a
	ˆ0 � � a

�� …2†

����� isalogarithmicinterpolationbetweentwo initialization strategies,onedenotedas�	 = 0

andtheotheras��� .
Thefirst strategy,�	 = 0, issimilar to thatproposedin [2], basedon scalingthemean

unweightedimage(� 0) with respectto representativeunweightedsignalsof WM (� �) andCSF
voxels(� � ):

�	ˆ0 ˆ 1 �
��� � 0=� �

� �

��� � � =� �

� � …3†

Theresultingmap�	 = 0 is further constrainedbyestimatesof theminimum andmaximum
tissuefractioncorrespondingto minimum andmaximumexpectedeigenvalues(i.e.,diffusivi-
ties)of atensormodelingthebrain tissue,givenby

���� ˆ
���… �̂ †� � � 	�

� � 	l ��� � � � 	�
; ���� ˆ

���… �̂ †� � � 	�

� � 	l ��� � � � 	�
…4†

whereparameters����� and����� aresetto 0.1x10-3 mm2/sand2.5x10-3 mm2/s,respectively,

and�̂ is thevectorof signalattenuation,�.�. thevaluesof thediffusionweightedimages
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dividedby � 0. It maybenotedthat theseparametersrepresentaputativerangeof radialand
axialdiffusivity, respectively,in WM andweretakenfrom [2].

Therearetwo differencesin our proposedestimationof �	 = 0 from thepreviouslyreported
methodfor freewaterelimination.First,wedefine� � asthe5th percentileof theunweighted
signalin aregionof WM, andwedefine� � asthe95th percentileof unweightedsignalin a
regionof CSF.Previously,thesevaluesweredefinedasthemeanunweightedsignalwithin the
two regions.Second,initial valuesoutsidetherange[� ��� , ���� ] aresetto thenearestof thetwo
values.Previously,theestimatedvaluewasreplacedwith thevalue1

2 ���� ‡ ����… †in this
situation.

Thesecondstrategy,��� , in equation2 isgivenby

��� ˆ
� � 	�� � � � 	�

� � 	�� ������ � � � 	�
…5†

whereMD is themeandiffusivity from thestandardtensorfit in avoxelof interest,and�� ����

��� isafixedvalue(0.60x10-3 mm2/s [18,19]) representingtheexpectedMD of aWM voxel
that isnot impactedbypartialvolumingor pathology.

Finally,thevalueof �� in Eq2 issetto thevalueof �	 = 0, but constrainedto therange[0,1]
ratherthantherange[� ��� , ���� ]. Thisresultsin aninterpolationof thetwo strategieswhich
dependson � 0 in thevoxelof interest.Forexample,in aWM voxelwith normalappearingT2
signal,wherethe� 0 iscloseto thevalue� �, thevalueof �� isnearly1andtheresultof this inter-
polationiscloserto thatusing��� . In regionsthatappearlike CSFin theT2 contrast,thevalue
of �� isnearly0 andtheresultiscloserto �	 = 0. In voxelswith intermediateT2 intensity,which
includevasogenicedema,theperitumoralregion,andvoxelswith partialvolumeof CSF,this
interpolationiscloserto thegeometricmeanof thetwo approaches.In thisway,our initializa-
tion isdesignedto smoothlymodulateits behaviorbasedon thesignalpropertiesof thevoxels
without relyingon anysegmentationbeyondtheselectionof representativeCSFandWM
regions.

Astheproposedmethoddependson the� 0 in eachvoxel,anybiasin that imageresulting
from inhomogeneousmagneticfield in thescannerwill likely leadto abiased����� (aswellasa
biased�	 = 0). Therefore,weproposetheuseof bias-field-correctedmapsof � 0 for freewater
eliminationproblems.

In summary,our interpolatedinitialization method(FERNET)differsfrom theapproachin
[2], whichwesubsequentlycallªb0 initializationº, in threekeyaspects:

· A novelinitialization strategythataimsto improvetheestimationof thefreewatercompart-
mentin bothhealthyandpathologicaltissue.

· Biasfield correctionof � 0 beforeinitialization.

· Theinitial fractionvaluesoutsideof theplausiblerangearereplacedwith thenearestplausi-
blevalueratherthanthemeanbeforeoptimization.

2.3.Human datasets
Thisstudywasreviewedandapprovedby theinstitutional reviewboardof theUniversityof
Pennsylvania.Thefollowingdatasetswill beusedin thedifferentexperiments.Written
informedconsentwasobtainedfrom eachof theparticipantsin thestudies.

Dataset1. 30participantswereselectedfrom anongoingtumor study,including21
healthycontrols,and9patientswith adiagnosisof glioblastoma.All participantsunderwenta
multi-shelldiffusionacquisitionwith b-valuesof 300(15directions),800(30directions),and
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2000s/mm2 (64directions)and9 unweightedvolumes.ThedatawereacquiredusingaSie-
mens3T TIM Trio scannerwith a32-channelheadcoil andechoplanar(EP)sequencewith
TR= 5216ms,TE= 100ms,ataspatialresolutionof 2x 2x 2mm.T1,T2,FLAIR,andT1 con-
trast-enhanced(T1CE)scanswerealsoacquiredfor the9brain tumor patients.

Dataset2. Thisdatasetcomprised216healthycontrolsfrom thePhiladelphiaNeurodeve-
lopmentalCohort (PNC)[20]. Theagerangeof theseselectedsubjectswas18to 23years.
Therewere118femalesand98males.Thedatawereacquiredon a3T SiemensTIM Trio scan-
ner,usinga32-channelheadcoil andatwice-refocusedspin-echo(TRSE)single-shotEPI
sequencewith TR= 8100msandTE= 82ms,atab-valueof 1000s/mm2 for atotal64
weighteddiffusionimagesandsevenunweightedimages.Theacquiredspatialresolutionwas
1.875x 1.875x 2mm.

Dataset3. Thisdatasetcomprised143brain tumor patients(89glioblastoma/54metasta-
sis),putativelyrepresentingarangeof levelsof tumor cellinfiltration andextentof edema.
Theagerangeof thisdatawas19to 87yearsandtherewere77femalesand66males.Single-
shelldiffusiondatawereacquiredon Siemens3T Verio scannerwith TR= 5000msand
TE= 5000/86ms,3 unweightedvolumes,and30diffusionweightedvolumesatab-valueof
1000s/mm2. Theacquiredspatialresolutionwas1.72x 1.72x 3 mm. Additionally,T1,T2,
FLAIR,andT1CEwereacquired.

Data preprocessing. All datasetswereinvestigatedvisuallyfor qualityassurance(QA).
Thedatasetsweredenoised[21] andcorrectedfor eddycurrent-induceddistortions[22]. In
������� �, voxelswereresampledto 2mmisotropicresolution.Theb0imageswereextracted
andskull-strippedusingFSL'sBETtool [23]. Biascorrectionof theb0imageswasperformed
with N4BiasFieldCorrectionfrom theAdvancedNormalizationTools(ANTs) package.A DTI
modelwasfit within thebrain maskusingaweightedlinearleast-squaresmethod.FA andMD
mapsof healthycontrolsin ������� � and������� � werenon-linearlyregisteredto the
JHU-MNI-ss(ªEveº)atlas[24] usingtheSyNregistrationalgorithmfrom theANTspackage.
Automatictumor andperitumoralregionsegmentationwasobtainedin thepatientsfrom
������� � and������� � usingGLISTR[25], afterco-registeringtheT1,T2,FLAIRandT1CE
imagesusingFSL'sflirt tool.

2.4.Experimentson simulateddata
To addressthelackof groundtruth, especiallyin edematousandinfiltrated regions,wesimu-
lateddatawith varyinggroundtruth meandiffusivities,anisotropies,andfreewatervolume
fractions.Thesesimulateddatasetsfollow abi-compartmentmodelwhereoneof thecompart-
mentsrepresentstissueandtheotheris isotropicwith afixeddiffusivity (3.0x 10�3 mm2/s).
Thesimulationof theweightedimageswasobtainedusingthebi-tensormodelavailablein
Dipy'smulti-tensorsimulator[26]. Forsimulatinganunweighted(b0) image,S0, wecalculated
thetransversemagnetizationof aspin-echoexperimentasalinearsumof thecontribution of
eachcompartmentasproposedin �
�������� [27]:

� 0 ˆ ��� r �� 1 � �
� ��

� 1��

� �
�

� ��
� 2�� ‡ � �! r  �! 1 � �

� ��
� 1 �!

� �
�

� ��
� 2 �! …6†

where��� is thevolumefractionof whitematter,� �! is thevolumefractionof CSF," is the
proton density,andTR/TEarerepetitionandechotimes.Thefirst term of Eq6 representsthe
signalfrom WM, whilethesecondterm representsthesignalfrom CSF.Althoughvaluesof ",
T1 andT2 of thetwo tissuetypesarenot known � #$��$�,theydo not changewhenvolume
fractionisvaried.Thus,wesimulated	 0 for eachvoxelas:

� 0 ˆ �� 0��
‡ …1� � †�0 �!

…7†
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where� is thedesiredvolumefractionof tissue,and� 0��
and� 0 �!

arereferencevaluestaken

from humandata.Thediffusionsignal,� �, for the��
 gradientdirection issimulatedas:

� � ˆ � 0 …�� ��� ��� ‡ …1� � †� ��� �$† …8†

where� ������ and� ����$ representtheattenuationof tissueandwater,respectively.Thus,this
modelcansimulatewhitemattertissuewith groundtruth diffusiontensoreigenvaluesand
anydegreeof additionalfreewater.

Usingthissyntheticdatamodel,wedevisedthreesimulationsbasedon humandiffusion
MRI data:two from theWM of healthycontrolsto representhealthyWM tissue,andone
derivedfrom atumor datasetto representtumor cellinfiltration. Variousvaluesof volume
fractionwerethenaddedto thesesimulationsto representarangeof edema.To obtainrepre-
sentativediffusionMRI measurementsof healthyWM, 21healthycontrolsof ������� � were
registeredto theJHU-MNI-SStemplate,wherethemapsof their threetensoreigenvaluesand
B0imageswereaveraged.Masksof WM andCSFwerecreatedin thetemplatespaceviaseg-
mentationof thetemplateT1 image,anderodedby1 voxeleachto eliminatepartialvoluming
betweentissuetypes.Meanvaluesof B0signalintensityandthethreeeigenvalueswerecalcu-
latedwithin thesemasks,resultingin anFA of 0.5andMD of 7.7x10-4 mm2/s.Thesevalues,
alongwith agroundtruth VF of 0,formedthebasisof thefirst simulationof healthyWM (Fig
1A), to whichsimulatedvolumefractionwasaddedto representedema.In asecondscenario,
healthyWM couldbeconsideredto havesomeunknownlevelof extracellularwater,andthus
themeasuredeigenvalueslikely do not correspondto aVF of exactly0.In orderto modelthis
scenario,asimulationof healthyWM wascreatedwhereweassignedthemeasuredeigenvalues
to anarbitrarynon-zeroVF of 0.15andextrapolatedto aVF of 0 followingEq8.Theresulting
FA was0.6andMD was6.0x10-4 mm2/s,forming thebasisof thesecondsimulationof healthy
WM (Fig1B).Third, to form asyntheticrepresentationof tumor cellinfiltration andextracel-
lular edema,atumor patientfrom ������� � wasselectedandamaskof restricteddiffusion
(dueto increasedcellularityin thetumor) washand-drawnon theMD image(Fig1C).The
measuredaverageFA was0.1andMD was5.5x10-4 mm2/s.In eachsimulatedscenario,we
addedafreewatercompartmentwith tenlevelsof volumefractionfrom 0 to 0.9to represent
edema,andtenlevelsof Riciannoise(signalto noiseratio (SNR)of 10to 100),realizing100
simulationspernoiselevel.In addition,for everysimulatedtensor,werotatedthetensordirec-
tionsrandomly100times.Thus,therewere1,000,000simulatedtensorsandfreewatercom-
partmentsfor eachof thethreesimulations.Freewaterestimationerror wascomputedin each
simulationasthedifferencebetweenground-truth freewaterandestimatedfreewater.The
estimationerrorsof FERNETandb0initialization werecompared.

2.5.Experimentson humandata
2.5.1.Comparisonof single-shellandmulti-shell freewaterestimations. Sinceground

truth valuesof thefreewatervolumefractionin humandataarenot available,weestimated
freewatervolumefractionthroughamulti-shellmethod[28] appliedto all theshellsavailable
in ������� �, to useasareferencestandard.This isbasedon theassumptionthatmulti-shell
acquisitionsprovideabetterestimationof freewater.Thismethodwaschosenbecauseit pro-
ducestwo compartmentsjust like our methodbut usesmulti-shelldatato alleviatetheissues
with single-shell.Weextractedtheb = 800s/mm2 shellto obtainsingle-shelldataon whichthe
two initialization approachesfor freewaterestimationwereapplied.Two analyseswereper-
formed.First,thesingle-shellmethodswerecomparedto thereferencestandardbycalculating
voxel-wisecorrelationcoefficientandmeansquareerror,usingthe21healthycontrolsco-reg-
isteredto thesameatlas.Thesecondanalysiswasperformedin theperitumoralregionsof the
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Fig 1. Freewaterestimation on simulateddata.Theerror in freewaterestimationusingsimulated datawith varying
groundtruth volumefractionispresentedusingviolin plots.A) EigenvaluesaveragedacrossWM voxelsof 21healthy
controlswereusedto generatesyntheticdiffusiondatawith volumefractionof 0.AverageMD was7.7x10-4 and
averageFA was0.5.Syntheticfreewaterrepresentingvasogenicedemawasaddedto thisbaseline.Themasksof WM
(red)andCSF(blue)usedto calculatethesevaluesin 21healthycontrolsareshownto theright. B)HealthyWM in
humandatahassomeunknown, but non-zero,freewaterfraction.Averagevaluesfrom (A) wereassignedto aVF
valueof 0.15andextrapolatedto find newvaluesof MD andFA whichcorrespondto aVF of 0.MD in thisscenario
was6.0x10-4 andFA was0.6.C) Eigenvalueswereaveragedacrossthevoxelsof onetumor patientwithin theregionof
restricteddiffusionin thetumor (shownin redto theright). TheaverageFA was0.1andMD was5.5x10-4. Thesewere
usedto generatesynthetic diffusiondatawith VF of 0,andsyntheticfreewaterwasaddedto thisbaseline.Experiments
A-C haveanSNRof 20,with freewatervaryingfrom 0to 0.9.They-axisrepresentsthedifferencebetweenthefree
waterestimationandthecorresponding groundtruth of freewater(x-axis). Greendottedlinesin eachplot represent
thezeroerror in freewaterestimation. Violin plotsof thetwo methodsarestaggeredfor clarity.Resultsshowthat
FERNETinitialization ismoreaccuratein estimatingfreewaterthantheb0initialization whereFW>0.3,and
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9 tumor patientsto comparetheestimatedfreewaterof thetwo single-shellapproachesagainst
thereferencestandard.

2.5.2.Theeffectof regularization on freewaterestimation.. In orderto demonstrate
thatour proposedinitialization alleviatesthedependenceon regularization,wecomparedthe
histogramof thefreewatervaluesin thewholebrain aswellasin theperitumoralregionwith
andwithout theuseof regularizationfor thetwo initialization approachesin atumor patient
from ������� �. Theregularizationwasimplementedusinganin-houseMATLAB tool.

2.5.3.Theeffectof biasfield correction andconstraintson freewaterestimation. As
shownin Eq3,theinitialization dependson representativeb0signalsin both tissueandfree
watercompartmentsaswellastheb0signalitself.Weappliedabiasfield correction[29] on
theb0image,andcomparedresultsof freewaterestimationwith andwithout theapplication
of biascorrection.Analysiswasperformedusingco-registereddatafrom ������� �. At every
voxel,thepercentageof controlswith artifactualinitial estimatesof thefreewatercorrected
tensor,definedasMD < 0.40x10-3 mm2/s [30], wascalculated.

2.5.4.Freewaterestimation in brain tumor data. Weselectedtwo tumor patientsfrom
������� �: Patient1 with ametastatictumor andPatient2 with glioblastoma.Theserepresent
casestudiesfor investigatingtheresultsof thetwo approaches.Theb0initialization method
wasperformedwith spatialregularization,whileFERNETwasnot. Wevisuallycomparedthe
freewaterandcorrectedFA of theperitumoralregionto healthytissuein thecontralateral
hemisphere.

2.5.5.Tractography. Tractographywasperformedon ������� � (143brain tumor
patients)usingDiffusion Toolkit [31], on tensorimagescalculatedwith andwithout FERNET
freewaterelimination.Tensorscalculatedwithout freewatereliminationarereferredto asthe
ªstandardºtensorfit. ThesecondorderRunge-Kuttaalgorithmwasusedfor tracking,with an
anglethresholdof 45� , astepsizeof 1 mm, andanFA thresholdof 0.2.Fivebundlesof interest
(corticospinaltract,inferior longitudinal,inferior fronto-occipital,uncinateandarcuatefascic-
uli) in eachhemispherewereextractedfrom eachtractogram,usingtheRecoBundlesalgo-
rithm [32], with apruning parameterof 7mm. Finally,theªedemacoverageº,definedasthe
percentageof voxelsin theperitumoraledemaregioncontainingoneor morestreamlines
belongingto anyof thetenbundlesof interest,wascomputedfor everypatientwith andwith-
out freewaterelimination.A percentagedifferencewascalculatedrelativeto theedemacover-
ageof thetractographywithout freewaterelimination.

3. Results

3.1.Freewaterestimation on simulateddata
Fig1 presentstheresultsof comparingfreewaterestimationon threesimulationsdetailedin
Section2.4:healthyWM, with addedlevelsof freewater(representingedema)(Fig1A),an
extrapolatedscenarioof healthyWM containingsomefreewater(Fig1B),andaregionof
restricteddiffusionwith varyingdegreesof edemafrom onetumor patient(Fig1C).Our find-
ingsshowthat in thepresenceof simulatededema(FW>0.3),FERNETimprovedtheestima-
tion of thefreewateracrossthethreescenarios(Fig1).TheFERNETestimationhadasimilar
varianceto theb0initialization at low valuesof groundtruth VF,but did not displaythe
heavilyskeweddistribution of errorsof theb0initialization method,asshownby thespreadin

FERNETinitialization doesnot havediscontinuitiesin predictedfreewatervolumefraction.D)showstheeffectof
SNRon theerror in freewater,whereSNRvariesfrom 10to 100.Theplottedresultsarefrom thesimulateddataused
in (A) with VF = 0.4.SNRhasaneffecton thevarianceof error in freewater,aswellasasmalleffecton themeanerror
in freewater.

https://doi.org/10.1371/journal.pone.0233645.g001
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theviolin plots,especiallyathighervaluesof groundtruth VF.TheFERNETestimationdid
not showsignsof abimodaldistribution in errors.Theseexperimentswereperformedata
simulatedSNRof 20.Fig1D showsthedistribution of errorsfor thesimulatedhealthyWM at
agroundtruth VF of 0.4asSNRwasvariedfrom 10to 100.Themeanbiasof bothestimates
changedslightlyfrom SNR= 10to SNR= 30,afterwhichthevariancein error diminished
with increasingSNR.Theb0initialization methoddemonstratedaskeweddistribution of
errorsateverynoiselevel.

3.2.Freewaterestimation on humandata
Fig2 showstheresultsof comparingthefreewaterestimationusingFERNETandtheb0ini-
tializationwith thefreewaterestimationobtainedfrom themulti-shellmethodusedasarefer-
encestandardin theabsenceof groundtruth, asdetailedin Section2.5.Voxel-wisemapsof
correlationcoefficientandmeansquareerror (MSE)of thefreewaterfractionbetweensingle-
shellmethodsandthemulti-shellmethod(Fig2A for theb0initialization,Fig2Bfor theinter-
polatedinitialization of FERNET)showedaweakercorrelationbetweenthefreewatermaps,
especiallyin WM regions,andarelativelyhigherMSEin theb0initialization whencompared
to FERNET.Thesecorrelationfindingswereconsistentwith Fig2C,wherethefreewaterval-
uesin WM of 21healthycontrolsusingFERNETweremorealignedwith theidentity line
whencomparedto themulti-shellreferencestandard.Thecorrelationbetweenb0initializa-
tion andmulti-shellestimationwas0.59,andthecorrelationbetweenFERNETandmulti-shell
estimationwas0.81.Thecorrelationof freewatervaluesin theperitumoralregionsof 9
patients(Fig2D) betweentheb0initialization andthereferencestandardwas0.60,and
betweenFERNETandthereferencestandardwas0.75.

3.3.Theeffectof regularization on freewaterestimation
Fig3 showsthebehaviorof thefreewaterestimationapproachesto regularizationin two brain
tumor patients.Theeffectof regularizationisassessedviathedifferencemapsof thefreewater
volumefractionobtainedwith andwithout regularization,in theperitumoralareaandthe
wholebrain.Thehistogramsof thefreewaterestimationin thewholebrain andin theperitu-
moral regionshowacloselymatchedfreewaterestimationfor regularizedandnon-regular-
izedapproacheswhenusingFERNET.

3.4.Effectof biasfield correction
Fig4 showstheresultsof investigatingtheuseof biasfield correctionin freewaterelimination.
It showsthepercentageof participantsthatyieldedanartifactualfit (MD<0.40x10-3 mm2/s)
in theinitial correctedtensor(beforetheoptimizationphase)ateachvoxelin thebrain,with-
out (Fig4A) andwith (Fig4B)biasfield correction.Without biasfield correction,thecor-
rectedtissuetensoris initializedwith indicesthatarephysiologicallyimplausible.Such
diffusivity valuesareestimatedin alargepercentageof controlsin theperipheralregionsof the
cortexandcerebellum,areaswhicharemostimpactedbybias.

3.5.Freewaterelimination in brain tumor data
Fig5 showsthefreewatervolumefractionandthecorrectedFA mapsusingthetwo freewater
estimationmethodson two brain tumor patients:Patient1 with metastatictumor andPatient
2with glioblastoma.FERNETfreewatermapshadspatiallysmoothercontrastthanthose
from theb0initialization,andFA valuesin theWM ipsilateralto thetumor matchedtheFA of
thecontralateralWM better,especiallyin Patient1.
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Fig 2. Freewaterestimationin humandatacomparedto themulti-shell referencestandardcorrelationcoefficient and
meansquareerror (MSE)aremeasuredateveryvoxelfor 21healthycontrolsto assessthecontrastanddifference
betweenthefreewater(FW) mapderivedfrom A) b0initialization andB) interpolatedinitialization (FERNET)
comparedto theFW mapderivedfrom multi-shell. Correlationsaredisplayedwith ablue-green-redcolormapwhere
blueis -1,greenis0andredis1.More redvoxelsindicateastrongeragreementwith thereferencestandard.MSEare
displayedwith acolormapfrom whiteto darkred.Lightervoxelsindicateastrongeragreementwith thereference
standard.C) showsthescatterplotsof freewaterfractionvalueswithin theWM of 21controls,demonstrating that the
proposedinterpolatedinitialization ismorealignedwith thereferencestandardin WM. D) showsthescatterplotsof
freewaterfractionin theperitumoralregionsof 9brain tumor patients,demonstrating thatneitherof thesingle-shell
methodsobtainedanestimationin theperitumoral regionthat isperfectlyconsistentwith referencestandard.
However,correlationsarehigherwith FERNET(r = 0.75)thanwith b0initialization (r = 0.60).

https://doi.org/10.1371/journal.pone.0233645.g002
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3.6.Tractography
Fig6 showstheeffecton tractographyasaresultof freewaterelimination in alargedatasetof
143brain tumor patients(������� �%.Fig6A isanexamplecase,showingacomparisonof the
arcuatefasciculusbetweenstandardtensor-basedtrackingandFERNET-basedtracking.In
extendingthis tractographyto all thepatients,wefound that thetractographybasedon

Fig 3. Effectof regularization in the optimi zation phaseafter FERNETandb0 initializatio n in a tumor patient. A
andBshowthedifferenceimagesof freewatervolumefraction betweenregularizedandnon-regularizedfits of theb0
initialization methodandFERNET,respectively.Histogramsof freewatervolumefraction in thewholebrainwith and
without regularization usingb0initialization differ greatly(C),whilethehistogramsof freewaterusingFERNET
closelymatch(D). Histogramsin EandFdemonstrateasimilareffectwhenlimited to theperitumoral region.

https://doi.org/10.1371/journal.pone.0233645.g003
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FERNETcoveredmoreof theperitumoralregionthantractographyusingthestandardtensor
fit. This isdepictedin Fig6Bbyahistogramof percentdifferencein coverageof theedematous
regionby tracts.In amajority of patients,thepercentdifferencein edemacoveragewasposi-
tive,indicatingthat tractographyon free-water-correctedtensormapstraveledthrougha
largerportion of theperitumoralregion.

4. Discussion
Wehaveintroducedanovelinitialization strategy,FERNET,for freewaterestimationin sin-
gle-shellclinicallyfeasiblediffusionMRI, aimedat improving thecharacterizationof peritu-
moraledema.Theefficacyandwideapplicabilityof our methodin estimatingfreewater
volumefractionhasbeendemonstratedcomprehensivelybothon simulateddatarepresenting
varyinglevelsof edemaandunderlyingtissuewith andwithout infiltration, aswellasdatasets
of healthycontrolsandpatientswith diversetypesof brain tumors.Weshowthat thenovel
strategyimprovestheaccuracyof freewaterestimationfor peritumoralregions.Wedemon-
strateits applicabilityto differentacquisitions,especiallyclinicallyfeasibleDTI data,underlin-
ing thewidespreadgeneralizabilityof our methodascomparedto othermulticompartment
modelingmethods,someof whichrequirespecificacquisitionsinfeasiblein theclinic.

Most freewatereliminationmethodsto datehavebeendesignedfor healthytissue.Devel-
opingamethodfor apathology,like brain tumors,ischallengingdueto theabsenceof ground
truth. Weaddressedthisproblembygeneratingsimulateddatarepresentingedemausing

Fig 4. Effectof biasfield correction on corrected diffusion indicesandfreewatervolumefraction. Evaluationof
interpolatedinitialization on alargedataset(Dataset2) of healthycontrolsshowedthatA) datawithout biasfield
correction producedmorephysiologicallyimplausiblevoxels(definedascorrectedMD < 0.4x10-3 mm2/s) thandata
with biasfield correction (B),especiallyin GM regionsandin thecerebellum, whicharetheareasimpactedmostby
bias.Thecolorbarrepresentsthepercentageof controlswith physiologicallyimplausible fits.Voxelswith 0%of
implausible fits arenot plottedwith color,sothat theunderlay templateT1 imagecanbeseen.

https://doi.org/10.1371/journal.pone.0233645.g004
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differentgroundtruth diffusivities,anisotropies,andfreewatervolumefractions,andtested
our proposedinterpolatedinitialization againsttheexistingb0initialization method.Fig1
highlightsthesignificantimpactof theinitialization strategyon thefreewaterestimation
usingthreesimulatedclinicallyrelevantscenarios.Thefindingsshowthat theproposedini-
tializationstrategyyieldsimprovedfreewaterestimation,both in healthytissueaswellas
tumor tissuewith restricteddiffusivity, thatwereaffectedbysimulatedªedemaº.Also,we
showedthatFERNET'sinterpolationapproachprovidesarobustestimationthat is lesssuscep-
tible to noise.Although,asexpected,thefreewaterestimationbecameincreasinglyrobustas
SNRincreased,theeffectof SNRon themeanof freewaterestimationwasnegligiblebeyond
anSNRof 20.

Thesuccessof FERNETin simulatedscenariosmotivatedits applicationto humandata
(Fig2).However,groundtruth in humandatais impossibleto ascertain�� &�&�,especially
whentissueiscontaminatedwith edema.While thereareseveralestimationparadigms,we
usedthefreewaterestimatedbyHoy etal.[28] asareferencestandard.Theestimationin this
methodrelieson multi-shelldataandclaimsto haveaclosedform solutionto aproblemthat
is ill-posedwhenattemptedusingsingle-shelldata.Thevoxel-wisecorrelationandMSEmaps
showthatFERNETbasedfreewatermapsaremoresimilar in signalcontrastto thereference
standard,andcorrelatebetterwith thefreewaterestimationof thisadvancedmethodcom-
paredto b0initialization.This increasedagreementof FERNET,suggestsits superiorityin the
peritumoralregionandalsoin healthytissue.Thereareothermulti-shellmodelingmethods
availablewhichcanestimatefractionof variouscompartments,suchasNODDI [33]. NODDI
isacomplexmulti-compartmentmodelwhich includesanisotropicfreewatercompartment,

Fig 5. Comparison of freewaterestimation andcorrectedFA mapsbetweenthe two initializ ation methodsin two brain
tumor patients.Patient1 isametastaticbrain tumor patientandPatient2 isaglioblastomapatient.CorrectedFA mapsobtained
with FERNET(B,E)showbetteragreementbetweentheperitumoral regionandthecontralateral WM comparedto b0
initialization (A, D). Freewatervolumefractionmapsobtainedwith FERNETarespatiallysmootherin theperitumoral region.
Thisis likely dueto thechangein heuristicswhentheinitial mapisoutsideof therangeof [�min, �max]. Freewatervolumefraction
mapsof FERNETmorecloselyresemblethehyperintenseregionof theFLAIRmaps(C,F) in thesamepatientsatapproximately
thesamelocation.

https://doi.org/10.1371/journal.pone.0233645.g005
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anextracellularhindereddiffusioncompartment,andanintracellularcompartmentwith a
fixeddiffusivity.Thismodelrelieson anumberof � #$��$�fixedparametersbasedon healthy
dataandaspecificdiffusionsequence.Hence,wedeterminedthat it wouldnot beanideal
methodto compareagainst,opting insteadfor theHoy etal [28] method,whichmodelsthe
sametwo compartmentsasFERNETwith multi-shelldata.

Asfreewatereliminationusingsingle-shellDTI isanill-posedproblem,severalimplemen-
tation choicesareneededwith everyfreewatereliminationapproach.Previousapproaches
(Pasternaketal.2009)haveemphasizedtheimportanceof regularization.FERNETinitializa-
tion hasbeenshown(Fig3) to belesssensitiveto regularization,implying thatFERNETyields
asolutionthatvariessmoothlyacrossneighboringvoxels.On theotherhand,theestimation
usingb0initialization appearsto bemoreinfluencedby regularization,with mostimpacted
regionsin healthy-appearingGM andtheboundariesof theperitumoralregion.Thiseffectis
further highlightedby thehistogramsof freewaterfractionwith andwithout regularization.
This is likely drivenby theheuristicchoiceto replaceinitial estimatesoutsidetherange[� ��� ,

Fig 6. Fiber tractographywith andwithout freewaterelimination usingFERNETandRecoBundlestract
clustering. A) Tractographyof thearcuatefasciculusin oneexamplebrain tumor patientdemonstratesthe
improvement in trackinginsidetheperitumoral regionusingfreewaterelimination.Usingstandardtensorfit based
tracking,streamlinesappearto stopprematurelywhentheyreachvoxelsaffectedby theaccumulation of freewaterin
theperitumoral region.Theoverlapof bothapproachesisshown,highlighting theimprovementobservedwith
FERNET.B)Tractographyandreconstruction of tenmajor tractsusingRecoBundlesin 143tumor patientsshowedan
increasein thevolumeof theperitumoral regiontraversed bystreamlines,asshownin ahistogramof percent
difference(relativeto standardtensor-basedtractography) in edemacoverage.Thefindingsdemonstratethatmost
patientsexhibitanincreasein theextentof theperitumoral regioncoveredbyrecognizable trackswhenfreewater
elimination isemployed.

https://doi.org/10.1371/journal.pone.0233645.g006
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���� ] with themeanof thosetwo values.Suchachoiceimposesadrasticdifferencebetweena
voxeljustwithin that rangeandaneighboringvoxelwhichfallsout of that range.

Theimportanceof suchimplementationchoicesisemphasizedin theFERNETparadigm,
firstly, byour choiceto performbiasfield correctionof thedata.Thisreducedtheprevalence
of implausiblediffusivity valuesin alargesetof healthycontrols,whichweredefinedashaving
MD lessthan0.4x10-3 mm2/s,avaluethat iswellbelowmostestimatesof theMD of healthy
brain tissue.This finding suggeststhat,in thepresenceof magneticfield inhomogeneityin the
scanner,thepreprocessingof diffusiondatamayplayasignificantrole in modelingthediffu-
sionsignalwith thisbi-compartmentmodel,andit mustbeapproachedcarefully.Thesecond
crucialimplementationdecisionwasto constraintheinitial volumefractionestimateto the
boundaries([� ��� , ���� ]) andscalingtheb0imageby the5th and95th percentileof the
unweightedsignalsof WM andCSF.Thisresultedin FERNETproducingacontrastin thevol-
umefractionmapthatwasmoreconsistentwith thatobtainedfrom FLAIRimages,ascom-
paredto thatproducedby theb0initialization.FLAIRis theclinicalmodalityof choiceto
drawinferencesabouttheperitumoralregion,becausein FLAIRimagestheinversiontime is
carefullychosento null thesignalfrom theCSFwhile increasingthesignalintensityin edema
andareasof inflammationwith increasedpartialvolumingof fluid. Thissuggeststhat thefree
watermapsobtainedwith FERNETmayhaveclinicalrelevancein locatingandcharacterizing
lesionsandareasof inflammationsuchasin thetumor microenvironment,inflammatorypla-
quesof multiple sclerosis,or inflammationassociatedwith traumaticbrain injury. Somesubtle
yetimportant characteristicsof FERNET-basedcharacterizationarethat it canbeapplieda
datasetwithout needingregistrationto atemplate,or anytumor or edemasegmentation.

Theclinicalsignificanceof FERNETisunderscoredbyexaminingthefreewatervolume
fractionmapsin differenttypesof brain tumorsthatmayhavevaryingdegreesof edema.The
findingsin theperitumoralregionof two brain tumor patients(Fig5),onewith ametastatic
tumor andonewith adiagnosisof glioblastoma,showedthat theinterpolatedinitialization
allowedfor reconstructingFA in theregionof WM ipsilateralto thetumor, despitethepres-
enceof edema.Theb0initialization basedfreewaterestimationstruggledsignificantly,espe-
ciallyin thecaseof metastaticbrain tumor. Thus,FERNETisgeneralizableto peritumoral
regionswith differenttumor types.

Finally,tractographyto delineateeloquentfiber tractshasimportant clinical implications
for thesurgicaltreatmentof malignantbrain tumors[34]. Althoughno currentfiber tractogra-
phymethodiscompletelydevoidof limitations,their tractdelineationcapabilitiesmakethem
avaluabletool for neurosurgeons[35,36].However,thestandardtensorfit doesnot account
for anyfreewater,andthepresenceof edemaleadsto erroneousestimationsof diffusionindi-
ces,mostnotablyFA.Thismaycausesometrackingalgorithmsto stopprematurely(Fig6) in
edematousregions,leadingto spuriouslydistortedand/or interruptedtracts[37]. Although
this ismorepronouncedin thepresenceof edema,it is important to notethatevenin the
absenceof pathology,cerebrospinalfluid partialvolumingaffectsthereconstructionof WM
tractssuchasthefornix, potentiallyresultingin misleadinginferencesaboutbrain
connectivity.

Theimprovedfreewaterestimationthatour initialization providesleadsto abettermodel-
ing of brain tissue.Hence,theeliminationof theconfoundingfreewaterin thediffusionsig-
nal,whetherit isdueto partialvolumingor pathology,resultsin bettertractographythanthe
standardsingletensormodelcanprovide.This impacton tractographywasevidentin theperi-
tumoral regionsof brain tumor patientswith gliomasandmetastases.Irrespectiveof thetype
of edema,tractographyusingtensorsobtainedfrom FERNET-basedfreewaterestimationwas
muchimproved,ascomparedto astandardtensorfit, in termsof theincreasein edemacover-
ageby thetractsafterfreewaterelimination.
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Thereisagrowingevidencethat theobjectiveof ªmaximalsaferesectionº[38,39] isbest
achievedwith detailedmappingof thebrain tumor andsurroundingwhitemattertracts.This
emphasizestheimportanceof freewatereliminationfor tractography,pavingthewayfor
robustsurgicalplanning,andsuperiortrackingintraoperatively[40]. FERNETprovidesa
methodthatcanpossiblyenhanceclinicaloutcomes,dueto theimprovementin tractography,
whichisexpectedto havealargeimpacton abroadspectrumof applicationsthatusedMRI,
includingneurosurgicalplanning[41,42],assessingconnectivitychangesin pathologiestrau-
maticbrain injury [43], andstroke[44].

Limitations
Dueto theabsenceof thegroundtruth valuesin humandata,thisstudyreliesin parton simu-
lationsderivedfrom humandiffusiondata,which lackagroundtruth. Simulateddatarepre-
sentinghealthywhitematterwascreatedfrom averagevaluesof healthycontrolsin WM. The
groundtruth freewaterVF of thesevoxels,asmeasured,isnot known.Thus,two simulations
of healthyWM wereperformed,representingarangeof possiblevalues.Similarly,using
tumor datafrom onepatientmaynot berepresentativeof thevastheterogeneityof tumors.
However,in theabsenceof biopsiesin healthyandperitumoraltissue,theseconstituteexem-
plarscenariosoveraspectrumof healthyto diseasedto demonstrateFERNET'sapplicability.
Thesingletensorfit of FERNETcannotdistinguishbetweenisotropicandanisotropicdiffu-
sionwith highorientationdispersion,whichmayoccurin thecontextof cancer,for whicha
multi-shellacquisitionandadvancedmodelingwouldberequired.Also,sinceit isatensor-
basedmodel,tractographyis inherentlylimited in thecrossingfiber regions.Weuseddeter-
ministic tractographyfor evaluation,asthat isusedin surgicalplanningsoftware,andprobabi-
listic tractographydoesnot performwellon tensors.However,theobservedimprovementin
tractographyin theperitumoralregion,evenwith clinicallyacquireddatawherehigherorder
diffusionmodelscannotbefitted,highlightstheutility of FERNET.Finally,wesincetheini-
tializationof our methodperformsbetterwith biascorrectionof theB0image,it relieson the
biascorrectiontoolsto correctissueswith diffusiondata,suchassusceptibilityartifactsin the
fronto-orbital region,or signaldrop-out issuescausedby imagedistortion.Wehaveusedthe
tool that is thestateof theart,however,alternateapproachesmayalsobeused.

5. Conclusion & future work
Wehavedesignedafreewaterestimationparadigmbasedon anovelinitialization approach,
FERNET,thatcanbeappliedto single-shelldiffusionacquisitions,readilyavailablein the
clinic. Theinitialization approach,which interpolatesdiffusivity andT2 information (b0),
improvesfreewaterestimationin edematousperitumoraltissue,aswellashealthytissue,com-
paredto traditionalapproaches.This isasignificantcontribution becauseit canbeappliedto
prospectiveandretrospectiveclinicalstudies.

FERNETinitialization for freewaterestimationhasamyriadof potentialapplicationsin
thefield of diffusionMRI, especiallyin pathologiesthatprovokeanincreasedfreewater,like
tumorsandtraumaticbrain injury. Asit isdesignedto work with clinicallyfeasiblesingle-shell
diffusiondata,it canbeusedto improvetractographyin retrospectivestudiesusingarchival
data,asshownby theimprovementin tractographyin acohortof brain tumor patients.A
comprehensiveinvestigationof differenttractographyalgorithms,bothdeterministicand
probabilistic,andon morecomplexdiffusionmodelsin single-shellandmulti-shelldata,is
beyondthescopeof thismanuscriptandwill beinvestigatedin thefuture.Thefreewatervol-
umefractionmapdeliversvaluableinformation aboutthefreewatercontentof brain tissuein
thepresenceof pathology.Thismaybeusedin thefuture to helpdistinguishdifferenttypesof
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brain tumorsandtheir geneticunderpinningsbasedon thenatureof theperitumoraltissue,
pavingthewayfor betterradiomicmarkersof cancer.

Theapplicabilityof FERNETin clinicallyfeasibleacquisitionsisexpectedto facilitateinves-
tigationsof largetumor datasetslike ABTC(http://www.abtconsortium.org) thathavesingle
shellacquisitions.Thetractographytestedherewasbasedon singlefiber estimation,and
approacheswith morecomplicatedfiber modelsmayassistin simultaneouslyresolvingpartial
volumeandcomplexfiber architecturein thecontextof peritumoralregions.Finally,aninter-
estingapplicationof thismethodcanbein improvedestimationof structuralconnectomesin
thepresenceof edema,astheestimationof structuralconnectionsin thebrain isexpectedto
improvewith abetterestimationof theunderlyingtissuecompartmentaftermitigatingthe
effectsof partialvolumingand/orpathology.Theseavenueswill beexploredin futurestudies.
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