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1 Introduction

1.1 Diffusion -weight ed imaging and diffusion tensor imaging

Diffusion tensorimaging (DTI) is commonly used in neurosurgery and neuroscience
because of its capability to reconstruct white mdifber tracts inthebrain.Visualization

of these reconstructed tracts daip guide neurosurgical procedur@sorder topreserve
neurological functions. White mattBberscan be divided into three groupgrojection
fibers associatiofibersand commissurdlbersi based on location and function. These
groups are bund@sof fiber tractstravellingalong different pathwayand connectingo
different regions. Therefore, they can be nfarely divided into smaller bundles that go

in similar directions and serve similar functiombe $udy of specific tracts can leaddo
deepewunderstanding aheir functiors.

In 1827, Robert Brown discovered the motihparticles in liquid or gas, known as
Brownian motion. In 1905 Einstein publishébhvestigations on the Theory dhe

Br owni an K preposedan équation to meashesdiffusivity of molecules
under free conditions. Diffusivity can be affected dnchfactorsas temperaturehe
viscosity ofthemedium and molecular size. Isotropic diffusi@foundin ahomogenous
environment, which means that water molecules nnamdomly and thé& displacement
demonstrate a Gaussian distributionhat a | way s f ol | onatsemaficaln st ei n ¢
description oBrownian motionHowever free diffusion is hindered or restricted under
heterogeneous circumstances, which meaaaswater mdecules no longer moven
random directionsresulting inanisotropic diffusion.

Due to tissue heterogeneitytime brain, such as myelinated axons as a major constraint,
thediffusion of water molecules is unlikely to be isotropic. According to DqDeluek

et al., 1991)thediffusion of water molecules is faster in direc@arallel to white matter
fibers and slower in directions perpendicular to them, and therefore anisotropic.
Diffusion-weighted imaging (DWI) allow$or the measurmentof diffusionand can be

used asnindirect measumentof structural parameters.
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In 1965, pulsed gradients were introduced into the basic spin echo sequence by Stejskal
and Tanner. With the insertion of Stejgkednner formula, an improved system that
correlatedthe diffusion coefficient withthe nuclear magnetic resonance (NMR) signal
was established withmuch highesensitivityto accommodatthediffusion effect. This

was the first timaiffusion-weighted sequences were properly described. DWI svioyk

usng water molecules as a tracer and measuring its diffusiongpaeters in diffusion
directions With the development adcho-planarimaging (EPI) in the 1990s, which is
faster and solveghe problem of motion artifacts, DWI was established for clinical
imaging.

Diffusion is a threalimensional phenomenon and can be influenced by many factors in
amicrostructural environménthus behavinglifferenly whenparallelor perpendicular

to fiber tracts. Thereforethe directiorality and orientation ofiber tracts can béraced,
andthe visualizationquantification of white mattefiber tracts are made possible based

on this principle. 1994, Peter Basser first proposed the use of diffusion tensor imaging
(DTI), whichmade the description @iisotropic diffusion of watemoleculespossible

(Basser et al.,994a)

1.2 Diffusion models based on Gaussian distribution and

limitations

DWI allows the visualization of water diffusionin a particulardirection. Prior to
measuing anisotropic diffusion,determiningthe orientation of axonsvas essential.
Therefore, agnsor formalism that depictéther tract orientatioowasneeded. DTl is the
most commonly used model that alloavdescription of the diffusion parameters based
on a Gaussian distribution. It is a 3x3 covaca matrix. At least six diffusiomeasures
arenecessary to construct the tensor mathematjcatiy the diffusion parametesse
defined asthree eigenvectors andhree eigenvalues. The three eigenvectors are
orthogonal to each otheand eigenvalue representdiffusivity along these three

eigenvectos. With three eigenvectors andhree eigenvalues, ra ellipsoidal modelis
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defined. The ellipsoidepresentgliffusion probability and a theedimensional tensor
model isestimated in which the prin@peigenvectois regardedasbeingalong the axis

of fiber tracts. This tensor illustrates anisotropic diffusion and is often interpreted as the
presence oénaxon along the tensor orientation. Information stored in DTI is usually
represented asmpler scalar maps. The frequently used parameters of Dirbat®nal
anisotropy (FA) and mean diffusivity (MD). MD is a parameter that measures average
diffusion propertiesorin other words, the average of eigenvalues over three orthogonal

directions. FA is calculated based on the equation described by Bassétierpaoli

B \/()\1 —MD)’ + (A — MD)’ + (A — MD)’

(Koay et al., 2006ps follows: - 200+ 2" 4 X%) . As FA and MD are well

establishd diffusiontensorbased metrics known to describe a Gaussian distribution of

water molecules and represent diffusion capability, they are often used to evaluate
asymmetry in microstructus¢Basser et al., 1994b)

Tractography can be performed based on DTI data to achieviareedimensimal
reconstruction ofiber tracts. The princial eigenvector suggests thae fiber tracts are
heading in one particular directioand byfollowing the direction of the princad
eigenvector successively, a long connection between one part of tharmiaanother is
visualized

With its feasibility in probing microstructure, DTI is routinely applied in clinical practice
as well as research. DTI has been implemented in numerous studies for its capability
detect abnormalities in white matter that migbt be visible on conventional magnetic
resonance imaging (MRI). This includes neurological diseases like multiple sclerosis
(Inglese and Bester020), lateralization(Barrick et al., 2007; Sreedharan et al., 2015)
aging anddevelopmen{Falangola et al., 2008psychiatry diseases like autigKkubicki

et al., 2007)and others.

Althoughadeeperprofound understanding of the brain has bagrnevedhanks to DTI

i basedas it ison the premise of Gaussian distributié it is not without limitations
(Chanraud et al., 2010)s Gaussian distribution is assumed in a homogeneous medium

and describes the normative distribution of a given population, it can be problematic in
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such acomplex biological environment as the brain. Heteraity ofthemicrostructural
environment can cause deviation frar@aussian distributiolAssuming there can only
be one singldiber population within one voxel is an unavoidable limitation of DTI. In
fact, about one third of the image voxelghe bran contain multiplefibers (Behrens et
al., 2007) Based on this singlgber assumption, errors occur in voxels with multiple
fiber populatiors, and false connections might be presented.

But the diffusion tensor model is just one possible model to desche diffusion in a
givenvoxel. There are also other models. Le Bihan proposed the concept afoxéla
incoherent motions, in which he illustrated the incapabilithefmonaexponential model
to conclude various types of diffus@mof components irthe human bodysuch as
perfusion and diffusion, and theref@stablished biexponential modé€Le Bihan et al.,
1986) In this model, he took a step forward and fotimat thequality of animage vas
moredeterminedy perfusion whetheb valuewas low, whiletheeffect of true diffusion

of water molecules was more significant whbe b valuewas high(Le Bihan et al.,
1988) Because the components the human body are so complexven the
biexponential moddhiled to meet the requirementonsequently, Yablonskiy proposed
another modelcalled thestretchedexponential(Yablonsky et al., 2003) These three
models are all based on tkamepremise that diffusionn the human bodyfollows
Gaussian diffusionthusthe inability to resolve multiple diffusion directions is inherent

to models based on Gaussian distribution.

1.3 Diffusion Kurtosis and model -independent extensions of

diffusion -weighted imaging
There are other extensions DiVI that try to solve the problem of multidirectional
diffusion.
Diffusion spectrum imaging (DSIbr g-space imagings a modelindependent method
tha attemptgo solve thdiber crossing confoutiment without th@eed to assume a single

diffusion direction(Tuch et al., 2003)With this method, direct measuanentof the three
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dimensional diffusion function within each voxel becomes possible bettadiéusion

signal is converted intadiffusion function by Fourier transforation But it camotavoid

two limitations. One is that Fourier transfationrequires a very short duration time and
high gradient amplitudé for the acquisition ofanaccurate Brownian displaceménof

which many clinical MRI scannerareincapable The other is that a large amount of data

Is neededor DS, therefore considerably increasiagquisition time.

Q-ball imaging (QBI) is morefficientthan DSlandwas designed to overcome the time
consuming disadvaage of DSI while still maintaining the capabilityto probe
microstructure without modéhg. Compared to DSI samplingspace on a complete
threedimensionalg-space trajectory, QBI convertsspaceto a spherewith sufficient
diameter, which is termealg-ball. Theseag-balls are models of diffusion density in many
orientations andtheir peaksreinterpretedas the presence bbers This is also true for

fiber crossingswhereg-balls caradequatelyepresent two or more preferential diffusion
orientatons. However, diffusion density models suchgdsalls are inflated relative to
underlying anatomicdibert r act s . The idea is that =every
density is comprised of signals originating from one or nfity@r tract(s) at different
orientatiors and scale Problematically, these inflated models are poor at distinguishing
fiber tracts crossing at close angles. This situation can cause errors when determining
where axons are, for example, estting two separate tracts into asiage bundle. To
improve thisfiber orientation density is measuréastead of diffusion orientation density

as itis less likely to suffer from inflated models.

Due to the complexity of intracellular and extracellular environsiseath as myelin
sheatls and organelles, brain tissue is far from an ige@mple ofhhomogenous liquid
Gaussian distribution is therefore not in accordance with realistic situations, indicating
thata displacement of probability diffusigrcan appeaiand difusion can consequén
deviatefrom a Gaussian forifKarger, 1985)whereas notaussian distributiois more

likely to occur in biological tissu€luch et al., 2003)

Compared withthe above techniques, the concept of diffusion kurtosis imaging (DKI)
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was originally proposed by Jensen in 2005, which quantifies titmvitom Gaussian
behaviorby applying a dimensionless metric called excess kurtdsisen et al., 2005b)
Kurtosis is used to show how peaky this distributigraigl it reflects heterogeneity in

the tissue environmentThe relationship between DTand DKI is shown as

1
In [S(b)] = In [S(0)] = bDyy, + 5 BTy Koy, + O

], whereDapp and Kapp mean apparent diffusion
coefficient and apparent diffusional kurtosis, respectively. It takes one step further based
on the DTI modk it still does an adequate j@venthoughDTI is unable to demonstrate
finer connections. With an additionahodesly increased b value, the excess diffusional
kurtosis can be approximately determined and thus erabigenient knical use
Accordingly, about 2000 s/mfiis needed fothemaximum additioal b value besides the
normally used b values 0 s/mi@nd 1000 s/m#&in DTI. Furthermorethe DKI model is
found to be capable of resolvifiifper crossing by calculating orientation distribution
function (ODF) based on diffusion kurtosis approximatiothefdiffusion signa(Lazar

et al., 2008)

Instead of seeking to estimate the full diffusion dispiment probability diribution
DKI estimates only the kurtosis in addition to other diffusion coeffisidDKI is notas
demanding in scanning time and gradient strength as DSI and QBI, ematies the

application of DKIto theclinical routine.

1.4 Objectives of the study

DTI has been widely used to study the integrity of white matter tracts of healthg brain
as well as various neurological disorde@n the one hand,nermous studies on
intethemispheric asymmetry using DTI have been reportedaih hedthy people
(Buchel et al., 2004; Park et al., 2004; Wilde et al., 2@0@)) patients with neurological
dysfunction(Park et al., 2004; Zhou et al., 2018parious regiondave beerfound to
presentintethemispheric asymmetry under physiological or pathological conditions.
However, image voxels in these regions are likely to contain muliiggesi andDTI is

incapable of resolving crossing kissingfibers within one voxl. As a result, regions
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with dense fiber populatiors previously found to demonstratantethemispheric
asymmetry might niohave actually done s®n the other hand, lesi®nf white matter

in the brain can result in microscopic changes in structure asaseffect surrounding
regions. Water molecules in these regions are inevitably affected by pathological changes.
In order to probe heterogeneous microstructure, a technique with higher sensitivity than
DTI is needed. DKlas an extension of DTtharactaresthe nonGaussian random
motion of water moleculggensen and Helpern, 201@has beemostly used for glioma
gradng. Histograms based on DKI differed significantly between grade |l asdkegil

glioma (Delgado et al., 2017)and DKlalso demonstratefitasibility in differentiating
low-grade(grade I1) from highgrade (grade 11l and I\gliomas(Van Cauter eal., 2012;

Bai et al., 2016; Falk Delgado et al., 2018uch less effort is invested in detectiting

status offiber tracts with important functionsuch ascorticospinal tract @ST) and
arcuate fasciculusAf), whicharecorrelated withp a t i peognioss @ndquality of life.

As DKI has proved its feasibilityegardingglioma, itmayalso beeffectivein detecting
changsin CST and AF on glioma patients.

The gplication of DKIto either healthy volunteers or glioma patients has not been fully
explored. To the best of our knowledge, DKI has not yet h&édized in detecting
intethemispheric asymmetnysing tractbased spatial statistics (TBSS), neither has its
potential predictive valutor outcomes of hemiparesis and aphasia in-gigide glioma
patients been evaluated. With the advantage of increased sensitivity to microstructure as
compared to DTI, DKI could also be implemented in research on the topics of white
matter mentioned above.

In order to explore the advanced application of DKI, oudia divided into two parts,

the application of DKI inntethemispheric asymmetry attieapplication of DKI in high

grade glioma, respectively.

141 Application of DKI in interhemispheric asymmetry

Even though both hemispheres of the brain shamilar apgarance, they are actually
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asymmetrial. But it was not untithe 19" century that the direct evidenoé this was
found by Broca and Wercke after noticing that speech deficits were more likely to occur
with damage to the left hemisphere of the bramthe 1960s, a group of patients
underwenforebrain commissure resectsin order to cure epilepsgnd this opened up
the possibility for researcherto analyze functions of the cerebral hemisphere
independently. More and more functions reldteeither the left or the rightemispherse
were reported in unilateral brain injury cases. Afterwattiissplit-brain operation was
made possiblevith drugs and surgery in order sxhievea deeper understanding of
cerebral asymmetry.

With the development of ¢dnology, evidence for cerebral asymmetry is now more
focused on brain imaging. To date, hemispheric dominance is reported by previous studies
to correlate with various functions. For example, Vissjgatial processing was dominated
by theright hemispherdor most peoplgVogel et al., 2003)and language processing
dominatedby theleft hemispherdBethmann et al., 2007Many regions that revealed
so-called structurainterhemispheric asymmetry aalso been reported, mostheleft
occipital (Chiu and Damasio, 1980)ight frontal (LeMay, 1977) and left planum
temporak regions(Shapleske et al., 1999)his problem was traditionally addressed by
detecting volumes or shapes of specific regithesbraind s g r e Py reveaichers r
(Luders et al., 2004)

By now, reuroanatomical asymmetry has long been reported to be associated with
functional lateralization not only inthe grey matter(Amunts et al., 2000; Toga and
Thompson, 2003put also inthe white matter that connects themisphere¢Beaton,
1997) especiallybased on the detection from D{Buchel et al., 2004; Park et al., 2004;
Takao et al., 2011; Shu et al., 2015; Angstmann et al., 2016; GGastasoro et al.,
2019)

About a decade agdhe correlation between gmmetry of white mattefibers and
behavioralateralizationwasless known, contrary to specific regions of the brain. It was

not until 2007 that Barrickand his colleagues detected two asymmetric white matter
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pathways based on DTI for the first tirfigarrick et al., 2007)Since thenseveraktudies
have invetigated the interaction between handedness and asymmetry in sfieeific
tracts, such awhe corticospinal trac{Westerhausen et al., 2007; Li et al., 2010; Seizeur
et al., 2014and cingulum bundléGong et al., 2005aWhite matter asymmetry was not
only found in healthy human bra(Cao et al., 2003; Glasser and Rilling, 2008; Thiebaut
de Schotten et al., 2011)ut also in braisburdenedoy neurological disordefKubicki

et al., 2002; Wang et al., 2004)

Somefactors like aging and gender have also been reportefféot lateralization
(Kansaku et al., 2000; Yu et al., 2014; Agcaoglu et al., 20d8)other studies shode
these findings controversi@bong et al., 2005b; Westerhausen et al., 2007; Takao et al.,
2011)

Based on previous studiethie CST, cingulum bundle (CB), inferior fronb-occipital
fasciculus(IFOF), inferior and superior longitudinal fasciagl(ILF and SLF) corpus
callosum andthe uncinatefasciculus(UF) are the most popular targets for research on
white matter asymmetry. Therefore, all these pathwagreanalyzedn the first part of
this study in order tdetermine th@symmetrionvhite matterregionsin healthy subjects.
The anterior thalamic radiatiofATR), as one of thiargesfiber tracts inthewhite matter,
was alsaanalyzedbecause few studies have looked into asymmetry irfidesbundle.
The aplication of DKIto detectingintethemispheric symmetry was performed using
TBSS on botlDTI- and DKkbasedparametric maps. TBSS analysis allow/§l- and
DKI-basedparametric maps to be directly compared and their performances in detecting
interhemispheric asymmetry to be evaluated. Faclige handdness and gender were

also evaluated for their effegh intethemispheric asymmetry.

1.4.2 Application of DKI in glioma
Gliomas are the most frequent brain malignancies and account foiof7@%alignant
primary braintumorsin adults, of which the annual incidenissix cases per 10000.

Among them,grade IIl and IV gliomas areegardedas high-grade glioma. Median
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survival for patients with grade Il astrocytoma was expected tihiee yearsin one
study(Keles et al.2006)and 24 months in anoth@ong et al., 2016yespectively, wie
that of glioblastoma was reported to be only 15 months witbtombination of
temozolomide and radiotheraftupp et al., 2009Neither of these components of high
grade glioma has shown satisfactory overal/sval. But in other studies, 416 patients
with primary or recurrent glioblastoma were reported to benefit filoenextent of
resection(EOR), and overall survival was extendég 4.2 monthgYong and Lonser,
2011) I n another study, mean survival98% or
was 14 months compared to 9 months with EO88% (Kuhnt et al., 2011)EORwas
found to be correlated with a better outcome in glionteepes(Pope and Brandal, 2018)
The healthrelated quality of lifefor glioma patients can also be improved by surgery
(Dirven et al., 2014)

But EORIn areas involved with functional tracts likke CST and AF remairs a great
challenge to neurosurge®nn the uncertainty of predicting postoperative motor or
language function. Though the useaajadoliniumbased contrast agent in T1 contrast
enhanced imagg greatly assists detectinghe assumed boundaries atumorwith a
compromised blodrainbarrier, it doesotaim at measurinumoractivity specifically.
To make up for the limitationroconventional MRI techniquesuch as T1 contrast
enhanced irmges, more advanced MRI techniques are mekeBor exampleDWI is often
applied as a complementary tool becatisgnges in cellular density duette presence
of atumoror neoplas can also changtne diffusion of water molecules, especially in
patientswith high-grade gliomgDhermain et al., 2010; Pope and Brandal, 20i8)he
microstructural environmeng tumor core with increased cellularity results amore
limited extracellular space thagtresents dower apparent diffusion coefficient (ADC)
consequently, ADC refldgs cellularity indirectly.

To lessen théumorburden as well ago preserve vital functios is the goal of modern
glioma surgery. Even grossly abnorragipearindibersin tumormasgswere found to

retain functiomlity to some extent through intraoperative subcortical map@pgmann
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et al., 1996; Bello et al., 20Q8reoperative visual assessment for predicting function
preservation is far fro reliable,yet a relatively convincing prognosis of motor and
language deficits mustill be made in order to decide the best surgical strategy.

It is not uncommon that both lesion size and lesion location were faunelateto
impairment, and lesits on motorrelated regions such as the primary motor areas, corona
radiag, and internal capsulean affect the possibility of motor functiorecovery.But
lesion load (tra¢tesion overlap volume) on CST was a more direct predictor of motor
deficit in chronic stroke(Zhu et al., 201Q)and in anothestudy,lesion load on CST was
able to predict st r sd threepnanths (Beng et él., 20dkbX o r
Likewise, lesion loadntheleft AF was found to potentially predict language impairment
and recovery outcomsé¢o some exter(fMarchina et al., 2011Dther methoddike motor
evoked potentials (MEPH)Catano et al., 1996and functional magnetic resonance
imaging (fMRI) (Ward et al., 2006)havealsobeen tried. But MEPs showed a lack of
specificity becauséheir absence did not necessarily correlate with poor recq¥enc

et al.,, 1994) and fMRI was impractical because patients had to be able to follow
instructions during scanning, which was not alwi@gsible But combing intraoperative
fMRI and DTI can be of great help in achieving maximum resection while maintaining
the neurological function othe brain according to another stuqiNimsky, 2011) DTI

has been imphaented to predict motor recovery and CST damage at the level of the
posterior limb oftheinternal capsule (PLICAnd hasignificantly predictedinfavorable
motor outcomgPuig et al., 2011)In glioma patientsthe level ofinjury to the CST,
quantified by measuring FA on PLIC bilateralhas been reported to be abdeassess
lesion andumorinfiltration area on CST(Gao et al., 2017)DTI has also been applied

in detetingthe level ofintactness of white matt&ber tracts andiisualizingtheir relative
locationsto brain lesios, especiallyin preoperative assessmemttended to preserve
vital functions offiber tracts(Farsidfar et al., 2014; Caverzasi et al., 2016; Dubey et al.,
2018) because the aped functional regions improwbe quality of life for patients.

Severaktudies have applied DKI in glioma gradifMan Cauter et al 2012; Jiang et al.,
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2015; Delgado et al., 201, 8nd high kurtosis was found to correlate with high cellularity
as well as high eccentricifvzczepankiewicz et al., 201&)thers have also found that
MK could serve as a biomarker for predicting outcemihigh-grade glioma patients in
terms of survivalWang et al., 2019)Analyses of histograra based on DKI hee been
performed to evaluate glioma cases preoperatively, due to its capabitaflect the
complexity and heterogeneity of micrasttures (Qi et al., 2018)But to the best of our
knowledge, studies using DKI to evaluéite integrity of fiber tracts in glioma patiest
are rare, destts feasibility.

A deeper understandiraf the relationkips between lesions on bdthertracts (CST and
AF) and motor and language defiagsrequired. In the second part oétburrentstudy,
templates of CST and Awerecreated based on parametric maps of DKI and DTI data
from healthy volunteers in ordéw visualizeabnormal locationsf the CST and ARN
patients not only in gliomaffected areabut also in regiosthat weredistantfrom the
tumor This method thus revedlse potential prognostic value of DKand DTlderived
parameters in the recovesytcome for patients with highrade glioma in a retrospective

studyandhasexpanded the advanced application of DKI.
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2 Materials and Methods

Part 1: DKI in Interh emispheric Asymmetry

2.1 Subjects

This retrospective project was approved by #tleics committee at the Philipps
University of Marburg in Germany (study 9/13) based onDbkelaration of Helsinki.
Twenty healthy volunteers were recruitddr this study, including 10 males and 10
females (malg 23 32 years, mean age 25 * 2.6 years; fema@#a 26 years, mean age
24+ 1.2yearsN¥ o | u n taedednesmehsurements were obtained using the Edinburgh
handedness scale (Kfanded: 3; righhanded: 17). None of the healthy volunteers
suffered from neurological diseases, psychiatric disercggnificart brain injuries or

other known diseaseandnone of temwerereported tasuffer fromalcohol dependence

or take medication with known effedtsat wouldinterfere withthe study.

2.2 MRI data acquisition

Image acquisition was performed using a 3 Tesla &mwmsnMRI scanner (Trio, Siemens,
Erlangen, Germany) using a-b&ultichannel receiverheadcdl.ar t i ci pant s 6
of the supine positiowas requiregand their heads were fixed with soft foam rubber pads
to minimizehead bulk motion.

Diffusion-weighted images were acquired by applying sirgi@techoeplanar imaging
sequencgwith thefollowing settings: slice thickness 2 mfigld of view (FoV) 256x256

mm2Z matrix 128x128, 60 axial slices without slice gap, repetition time (TR) 8500 ms,
echo time (TE) 101 ms, phase encoding direction anterior >> posteviaiyds 0, 1000,
and2000 s/mmz respectively, 30 naollinear diffusionencoding directions, bandwidth
1502 Hz,andphase partial Fourier 6/8. All image sets were visually inspected for severe

artifacts and wreexcluded from the study &nyoccurred. No severe artifacts were seen.
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2.3 Post-processing of MRI data

DWI data was prcessed using FSL 6.01 (FMRIB Software Library, Oxford, United
Kingdom, http://www.fmrib.ox.ac.jk/fs), in which DWI images were corrected for head
motion and eddy current§Smith et al., 2004; Woolrich et al., 200®ging the
Geddy_openm@ t Rrainlextraction was achieved usingh8 ET G t oo |l

After correction and brain extraction, DWI data were loaded as single 4D NifTI anage
with the gradient samplinfiles into the inhouse software package Diffusion Kurtosis
Estimator http://nitrc.org/projects/dRe applying the standard protocflabesh et al.,
2011) During this process, both DTI processing and DKI processiaee selectedvith
Advanced Functiodito enablethe DTI modelfitting methodand DKI modelfitting
method. Maps of diffusiotensorbased parameters (DTI_FA, DTI_MD) and maps of
diffusion-kurtosisbased parameters (DKI_FA, DKI_MD, DKI_MK) were estimated,

alowing for DTI and DKI analysis.

2.4 Tract-based spatial statistics (TBSS) analysis

2.4.1 TBSS forinterhemispheric asymmetry on parametric maps

Derived parametric maps (DTI_FA, DTI_MD, DKI_FA, DKI_MD, DKI_MK) were
processed using TBSS in FSL (FMRIB Software Lipréu0, Oxford, United Kingdom,
https://fsl.fmrib.ox.ac.uk/fsl/fslwiky (Smith et al., 2006)

First, all DTI_FA data were aligned with FMRIB58_FA into tharstard 1x1x1 msh
MNI152 space using nelmear registration. Second, mean DTI_FA data was created and
skeletonizedising a threshold of FA > 0.2 for the mean DTI_FA skeleton image. Finally,
based on this original mean DTI_FA skeleton, a symmetric meanAATdkeleton was
derived usingibss _sym In this step, the praligned DTI_FA datasets were lfight
flipped (DTI_FA_flipped), and the flipped DTI_FA data was subtracted from the original
nonflipped DTI_FA images. After subtractiotheresulting imagevas divided into left

and the right hakes separatedhlong the midsagittal plane. In order to test leftward
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asymmetry (left > right), generalizedinear model (GLM) was setp usingthe ¢~SL
Randomizétool. To test for rightward asymmetry (right > et GLM waslikewise set

up.

DKI_FA data was processed using the same protocol. Other maps such as DTI_MD,
DKI_MD, and DKI_MK were projected onto the corresponding FA skeleton.

To test forintethemispheric differences in relation to handedness and gehedeslLM

was adapted accordingly usitige &SL Randomizétool (Nichols and Holmes, 2002;
Winkler et al., 2014)The number of permutations was set 08, and thresholdree
cluster enhancement was used forrection. The threshold for statistical significance

was set to p < 0.05.

Symmetrised
Aligned DTI_FA data Mean DTI_FA skeleton mean DTI_FA skeleton

—

Result Left half of subtracted maps

|

Right half of subtracted maps

Figure 1. Workflow of dataet preparation fomterhemispheric asymmetries

2.4.2 Comparison betweerDTI - and DKI-basedparameters

2.4.2.1 Comparison between DTI_FA and XI_FA

Both maps of DTI_FA ah DKI_FA were loaded into FSL. Firstoth datasets were
aligned with FMRIB58_FA into the standard 1x1x1 &iiNI152 space using nelmear
registration. Second, mean FA data was createdlaidtonizedvith a threshold of FA >

0.2. Finally, all images from both groups were pradainto the mean FA skeleton.
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Voxelwise analysis wathencarried out. The number of permutatomas set to D00,
and a thresholdfree cluster enhancement was used for correction. The threshold for

statistical significance was set to p < 0.05.

2.4.2.2 Comparison between DTI_MD and DKI_MD

In order to performa comparison between DTI_MD and DKI_MD, maps of DTI_FA,
DTI_MD, DKI_FAand DKI_MD were loaded into FSL. First, DTI_FA and DKI_FAwere
aligned with FMRIB58 FA into the standard 1x1x1 nimNI152 space using nelmear
registration. Second, mean FA data was createdlaidtonizedvith a threshold of FA >
0.2. In this stepthe mean FA skeleton was created. Theoth DTI_MD and DKI_MD
were projected onto theean FA skeleton. Finally, voxelise analysis was carried out.
The number of permutatiemas set to ®00 and thresholéree cluster enhancement was

used for correction. The threshold for statistical significance was set to p < 0.05.

2.5 Asymmetry of fiber tracts and laterality

In order tovisualizeasymmetry othefiber tracts, statistically significant clusters from
TBSS analysis were lalbed on nine majorfiber bundles (CST, Fmi, Fma, IFOF, ILF,
SLF, CB, UF and ATR) by using the JokrHopkins Universiy (JHU) white matter
tractographyatlas (Wakana et al., 2007; Hua et al., 20G8)d thickened for better
visualizationusingdbss_fillbin FSL.

Laterality index (LI) was calculated to test whether all nine nféyer tracts in all right
handed volunteemnsereleftward dominant, as well as performa direct comparison of
significant clustes 8ize of fiber tracts on both hemispheres that may contribute to
lateralization LI was calculatedising(AL-Ar)/( AL+ARr) (Binder etal., 1996) where A
represents all statistically significant clusters of TBSS analysis in the left hemisphere and
Ar in the right hemisphere. A positive value obtained from this equation indicates

leftwarddominancewhile anegative value suggests riglarddominance
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Part 2: DKI in Glioma Patients

2.6 Subjects

This retrospective project was approved by #tleics committee at the Philipps
University of Marburg in Germany (study 9/13), based onDkelaration of Helsinki.
Data of healthy volunteers was @bset of the data from Part 1, in which only the right
handed volunteers were inclugdzecause 95% ahe ight-handers and 85% of left
handers showed leftward langudageralizationPujol et al., 1999; Lurito ahDzemidzic,

2001) Patient datavas obtainediuringtheclinical routine.

2.6.1 Healthy volunteers

The current study includeti7 healthyright-handed volunteers nine males anceight
females (malg 22 32 years, mean age 25 * 2.8 years; fema@®g 26 yearsmean age

24 + 1.4 years). None of the healthy volunteers suffered from neurological disease,
psychiatric disorder, significant braimjury, or other known diseaseNone of the
volunteers was reported suffer from alcohol dependence or take medicatiothw

known effectghat would interferavith our study.

2.6.2 Patients with high-grade glioma

Thirteenright-handed higkgrade glioma patients, 12 males amgfemale (4170 years,
mean age 55 * 10.7 yeamdipgnosed with anaplastic astrocytoma WHO 1l (n = 3),
anaplastic oligodendroglioma WHO llI (n = 2), anaplastic gliabiorWHO Il (n = 1),
glioblastoma WHO IV (n = 3), recurrent glioblastoma WHO IV (n wéJe recruitedor
this study. Clinical symptoms (hemiparesis and aphasia) of patients preoperatimea(in
0i 1 day) and postoperative (interval: 19540 days, mean 657 + 487 days) were

observed and recorded.
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2.7 MRI data acquisition

Image acquisition was performed using a 3 Tesla Siemens MRI scanner (Trio, Siemens,
Erlangen, Germanyyith a 12multichanrel receiver head coiRatients were required to
assume the supine positicemd their heads were fixed with soft foam rubber pads to
minimize head bulk motion.

Diffusion-weighted images were acquired by applying sksyletecheplanar imaging
sequence Wi thefollowing settings: slice thickness 2 mm, FoV 256x256 mmfatrix
128x128, 60 axial slices without slice gap, TR 8500 ms, TE 101 ms, phase encoding
direction anterior >> posterior-bal ues 0, 1000, 2000 s/ mm]
collinear diffusionencoding directions, bandwidth 1502 ldmdphase partial Fourier 6/8.
T1-weighted images were acquired bpgplying a rapid gradient echo sequence with
following settings: slice thickness 1 mm, FoV 256x256 mm?2, matrix128, 176 slices,

TR 1900 ms, TR.26 msandbandwidth 199 Hz.

T2 weighted images were acquired by applying shspletecheplanar sequence with
following settings: slice thickness 1 mm, FoV 256x256 mm?, matrix 128x128, 176 slices,
TR 3200 ms, TE 402 mgndbandwidth 751 Hz.

All image sets were visually inspected for severe artifacts ek excludedif any

occurred. No severe artifacts were seen.

2.8 Post-processing of MRI data

DWI data was processed using FSL 6.01 (FMRIB Software Library, Oxford, United
Kingdom, http://www.fmrib.ox.ac.jk/fs) in which DWI images were corrected for head
motion and eddy current§Smith et al., 2004; Woolrich et al., 2009ing the
Geddy openmd t Rrainletraction was achieved using t@ET6 t o o |

After correction andrain extraction, DWI data wdseaded as single 4D NifTl image
with the gradient sampling filelwadedinto the in-house software package Diffusion
Kurtosis Estimator Http://nitrc.org/projects/dReapplying standard protocéTabesh et

al., 2011)n order to estimate the diffusion kurtosis and to calculate ltdsled parametric
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maps.
In the meantimePW!I data wasloaded as single 4D NifTl imagend fedinto the
diffusion spectrum imaging studio (DSI studio; http:/stsidio.labsolver.org) including

b vectors and b values. After image loading, a brain mask was set up automatically to
filter outthebackground region and guarantee efficésse Figure 2 Images loaded in

DSI studio vereautomaticallynormalizedin MNI space by the -gpace diffeomorphic
reconstruction (QSDR)Yeh and Tseng, 2011DTI_FA and DTI_MD maps were derived
based otheDTI fitting method. Tiweighted imageand DKI_MK maps were registered

to thederived DTI_FA map usinggid-body registration.

Figure 2. Brain mask for loaded image

2.9 Fiber tractography of the CST and AF

For fiber tractography othe CST and AF, the precentral gyruthe cerebrapeduncle,

Br o c a §Bodmannaras44 andd5),and We r n i(Brddmahsarea2?) veeee
assigned as regions of interest (ROI) basedtl@sesin DSI studio. ROIs were then
adjusted manually and modified to suit anatomical positions iwdigjhtedimages for

both healthy volunteers and patients. The input tract count was set to 10,000 to guarantee
adequate targetingf tracts for analysis. Reconstructed tracts were then automatically
recognizedand clustered using h ecognizingand clustering unttion Every derived
trajectory was carefully inspectedompaed with anatomical positianon the T1-

weighted imagg, and edited manually to achieaenore precise reconstruction.
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2.10 Template creation

DTI_FA, DTI_MD, and DKI_MK maps from both healthy vaiteers and patients were
projected onto the reconstructed CST and AF. As the reconstructed CST and AF
trajectories were series othreedimensionalcoordinates, projected data of DTI_FA,
DTI_MD and DKI_MK mapedonto theCST and AF of both healthy volwedss and
patientswas averaged alonghe X, y, and z axesusing kernel density estimator, with
bandwidth avoxelsizedscales.

Statistics of CST and Afer every healthy volunteer were accumulated and averaged in
MATLAB. Mean values and standard deviaso(SD) of DTI_FA, DTI_MD, and
DKI_MK of both CST and AF were calculated alotige X, y, and zaxes In this way,
templates of CST and AF on both hemisphdyased on datasets from healthy volunteers
were created for | atertscomparison with pati
Both templ at e awere platted ia MATLAB fal eiduaizaten
comparisonbetweenp at i e nt sadd telhrgplatesBadientsdatawithin the space
betweertheupper threshold (mean + SD) and lower threshold (me&aD) of templates
wereconsidered normaPatientdata thakexceeded the upper thresholdalt belowthe

lower threshold of templates wetensideredncreased or decreased, respectisbe

Figure 3).

Figure 3. lllustration of AF template based @KI_MK along y direction

(Black arrow: valueof this part of the curve is below zemelated to theportion ofthe
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temphte where most variance occed, red arrow: fiber tract begins at this point, with
a sudden change from zero aonon-zero value blue arrow: abnormal portion ofAF

because it is lower than mearsD).

2.11 Detection of the relationship between brain lesion and

change on CST and AF

2.11.1  Segmentation oftumor and peritumoral edema

TheT2 weighted images from patitsrwere fed into 3D Slicer 4 Bfor segmentation of
thelesiors (Kikinis and Pieper, 2011 he premierange of abnormadppearing regic
was roughly delineated arntd h @rowdCutEffecbéwas used to filthe abnormal region.
The outlined region was then erasedtbg dChangelLabelEffeét and the region for
segmentation was prepared. In this wilg differentiation of normalappearing brain
tissue from possibly abnormal regfowas enabled, and abnormal regions with high
signal density that indicatedimor tissue and pemmorl edemawere selected and
segmented according to standard proto@€kinis and Pieper, 2011)This semi
automatic segmentation tifose regions of the brapossibly affected or infiltrated by
glioma was performed in order to revehkir spatial information for analyzingits

influence onthereconstructed CST and ABee Figure ¥

Load T2WI Paintand outline GrowCutEffect

ChangelabelEffect
and o=
Segmentation

Figure 4. Segmentation procedure
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2.11.2  Visualization of changeon CST and AF in relation to brain lesion

By comparingheh e al t hy @S¥khnd ARempmate®nicorresponding slicethe
coordinates ofthange were recorded and exported from MATLAB. In DSI studio,
reconstructed trajectories were cut accaydio recorded coordinate® achieve
visualizationof changson CST and AF. The absolute volumesbangegFAV, MDYV,
MKV) on CST and AFand their percentage$the whole tract (FAV%, MD %, MKV %)
basedon DTI_FA, DTI_MD and DKI_MK were also recorded.

Segmented brain lesisrirom 3D slicer vereloaded into DSktudia In this way,the

spatial relationshipbetween brain lesi@and CST and AF changesreinspected.

2.12 Pattern for indication and prediction of motor and language

deficits

Potential combinans of changeseen in DTI_FA, DTI_MD and DKI_MK were
inspectedor all patients.

As changeon CST and AF can lead to motor and language dysfunction, combinations of
changes of CST or AF were carefulpnalyzedor possible correlation with preoperative
and postoperative persigj or emerginghemiparesis and aphasia. A pattern that matche
best might be found bgummarizingpossiblechangs on DTI_FA, DTI_MDQ and
DKI_MK in patients presemg with hemiparesis or aphasia.

In order todeterminethe predidlve capability of the pattern, sensitivity and specificity

were calculated for the pattern.

2.13 Statistical analysis

Statistical analysis was conducted using SPSS 22.0. Spearman correlation analysis was
used for evaluating thelegionship between FAV and MKWIDV and MKV, FAV% and

MKV%, andMDV% and MKV%, respectively. Pearson correlation analysis was used for
calculatingthecorrelation between FAV and MD¥ndFAY % and MD/ %, respectively.

The level of significance was set to p < 0.05.
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3 Results

Part 1: DKI in inter hemispheric asymmetry

3.1 Interh emispheric asymmetry

Voxel-wise comparison was performed thie entirebrain white matter skeleton in order
to acquire intethemispheric asymmetry. Results of both leftward and twigtd
asymmetriesvere masked in nine majbber tracts (CST, Fmi, Fma, IFOF, ILF, SLF, CB,
UF, and ATR)asshown in Table 1

Tablel. Voxelwise statistical analysis afiterhemispheric asymmetry

MAX t -Value

DTIL.FA DTIL.MD DKL FA DKIMD DKI_MK
CST L>R 0.981 0.353 0.954 0.054 0
R>L  0.976 0.875 0.965 0.161 0.853
Fmi L>R 0.974 0.470 0.958 0.115 0.134
R>L  0.948 0.786 0.920 0.993 0.464
Fma L>R 0.982 0.000 0.966 0.000 0.001
R>L  0.978 0.860 0.929 0.000 0.000
ILF  L>R 0.979 0.591 0.933 0.384 0.414
R>L 0.978 0.980 0.959 0.555 0.652
IFOF L>R 0.978 0.952 0.920 0.000 0.638
R>L  0.978 0.956 0.952 0.105 0.942
SLF  L>R 0.992 0.948 0.933 0.491 0.638
R>L  0.991 0.799 0.946 0.167 0.842
UF  L>R 0.978 0.948 0.920 0.043 0.638
R>L  0.957 0.888 0.9%6 0.000 0.009
CB L>R 0.982 0.580 0.997 0.993 0.334
R>L  0.965 0.857 0.929 0.009 0.116
ATR L>R 0.999 0.905 0.992 0.095 0.977
R>L 0.998 0.997 0.933 0.006 0.355
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In DTI_FA, bothleftward and rightward asymmetriegere detected in CST (L> R: p <
0.019;R>L:p<0.024), Fma(L>R:p<0.018;R>L:p<0.022), ILF (L>R: p<0.021;
R>L: p<0.022), IFOF (L>R: p<0.022; R>L: p<0.022), SLF (L>R: p < 0.009; R >
L: p<0.009), UF (L>R: p<0.022; R>L:p<0.043),CB(L>R:p<CG®S8L:p<
0.035) and ATR (L > R: p < 0.001; R > L: p < 0.008xcept for Fmi, onl leftward
asymmetry was foun(L > R: p < 0.026)seeFigure 5.

Figure 5. Distribution of statistically significant asymmetric regiqisr|_FA)
(green:meanFA skeletorof healthyvolunteersred: leftward asymmetrnplue rightward

asymmetry)

In DTI_MD, leftward and rightward asymmetriegre found in IFOF (L > R: p < 0.048;
R > L: p < 0.044), rightward asymmetry was found in ILF (R > L: @320) and ATR
(R >L: p<0.003)see Figure p

In DKI_FA, leftward and rightward asymmetriegere found in CST (L > R: p < 0.046;
R > L: p <0.035). Leftward asymmetry was found in Fmi (L > R: p < 0.042), Fma (L >
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R:p<0.034),CB (L>R: p<0.00and ATR (L > R: p < 0.008). Rightward asymmetry
was found in ILF (R > L: p < 0.041) and IFOF (R > L: p < 0.048e Figure )t

Figure 6. Distribution of statistically significant asymmetric regiqisT|_MD)
(green: measFA sleletonof healthy volunteers, red: leftward asymmetry, bhightward

asymmetry)

Figure 7. Distribution of statistically significant asymmetric regiqiXI_FA)
(green: measFA skeletorof healthy volunteers, red: leftward asyratry, bluerightward

asymmetry)

In DKI_MD, only rightward asymmetry was found in Fmi (R > L: p < 0.0G#)d
leftward asymmetry was found in CB (L > R: p < 0.0(58e Figure B
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Figure 8. Distribution of statistically signifant asymmetric region®KI_MD)
(green: measFA skeletorof healthy volunteers, red: leftward asymmetry, bhightward

asymmetry)

In DKI_MK, only leftward asymmetry was found ATR (L > R: p < 0.023)see Figure
9).

Figure 9. Distribution of statistically significant asymmetric regiqiXl_MK)

(green: mearfFA skeletorof healthy volunteers, red: leftward asymmggtry

3.2 Effects of gender and handedness

No significant effect was found for gender and handedness in @ib0lDKI-derived

parameterg¢see Table P
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Table2. Voxelwise statistical analysis for gender and handedness effects

Note: LH: lefthanded; RH: righthanded; L: left hemisphere; R: right hemisphere.

MAX t -Value

DTI_FA DTI_MD DKI_FA DKI_MD DKI_MK

gender L>R 0.335 0.890 0.605 0.152 0.560

R>L 0.153 0.946 0.428 0.101 0.923

handedness LH>RH 0.607 0.071 0.852 0.101 0.497

RH>LH 0.065 0.811 0.122 0.797 0.136

3.3 Laterality of fiber tracts on DTl -and DTI-based parameters

A LI wascalculated for nine major fiber tracts in the DKI_FA and DTI_FA maps of the
subgroup of all 17 righhanded volunteers (see Table 3).IAabove zero was considered
representative of leftward dominance, which was found in Fmi, Fma, CB, and ATR in
DKI_FA; butin DTI_FA, leftward dominance was found in CST, SLF, and CB. However,
rightward dominance was found in CST, ILF, IFOF in DKI_FA, and Fmi, Fma, ILF, IFOF,
UF, and ATR in DTI_FA. No dominance was found in SLF or UF in DKI_FA. Only
dominance in ILF, IFORand CB was concurrent in DKI_FA and DTI_FA. Dominance in
CST, Fmi, Fma and ATR of DKI_FA contradicted with that in DTI_FA.

In DTI_MD, bothleftward and rightward asymmetrigsind on IFOF were withacluster

size ofl voxel and no dominance was found &-OF. Rightward dominance w&sund

on ILF (3 voxels) and ATR (80 voxels). In DKI_MD, rightward dominance was found on
Fmi with acluster size ol voxel and leftward dominance was found on CB veittiuster

size of4 voxek. In DKI_MK, leftward dominancevas found on ATR witla cluster size

of 3 voxels.

37



Table3. Size of significant clusters and laterality index of fiber tracts based on DKI_FA

and DTI_FA
DKI_FA (#Voxels) LI DTI_FA (#Voxels) LI
Leftward Rightward Leftward Rightward
CST 5 7 10.17 42 5 0.79
Fmi 3 0 1.00 0 74 11.00
Fma 6 0 1.00 22 55 10.43
ILF 0 4 11.00 26 81 10.51
IFOF 0 1 11.00 18 55 10.51
SLF 0 0 0.00 196 18 0.83
UF 0 0 0.00 15 22 10.19
CB 9 0 1.00 70 27 0.44
ATR 10 0 1.00 98 112 10.07

3.4 Comparison between DTI - and DKI-based parametric maps

Significant differences were found in 79.06% of the skekf{pn< 0.0002)comparing
DTI_FA and DKI_FA Fractional anisotropy was significantly higher in DKI_FA than
the corresponding DTI_FA. No significant clest was found in whichfractional

anisotropy inDTI_FA was higher tham the corresponding DKI_FA (p < 0.33X}ee

Figure 10.

38



Figure 10. Distribution of significant differences according to DTI_FA and DKI_FA,

shown in every 18lices along the-axis (p < 0.05, FWEcorrected).

Significant differences were found in 79.06% of the skekef{pn< 0.0002)compamg
DTI_MD and DKI_MD. Mean diffusivity was significantly higher in DKI_MD than
thecorresponding DTI_MD. No significartuster was found in whicimean diffusivity

in DTI_MD was higher thathe corresponding DKI_MD (p < 0.331¥ee Figure 1).

63 £ 0 @
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Figure 11. Distribution of significant differences according to DTI_MD and DKI_MK,
shown in every 18 sles along the-axis (p < 0.05, FWEcorrected).
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Part 2: DKI in Glioma Patients

3.5 0 A O E Alinié&Oriormfation

Pat i dimcal smfrmation was obtainednd islisted in Table 4and 5Two patients
showed hemiparesis preoperatively. One of them was diadnath grade Ill anaplastic
oligodendroglioma (patient #1), and the other with grade IV primary glioblastoma
(patient#12).

In follow-up records, hemiparesis in patient #1 persisted until the end of observation, and
patients #3 and #6 diagnosed with gide Il anaplastic astrocytoniapresented with
emerging hemiparesis in the follewp. Hemiparesis in patients #12 was also persistent;
patients #9 and #I'ldiagnosed with grade IV primary glioblastoinand patients #7and

#8 1 diagnosed with grade IV rehial glioblastomai presented with emerging
hemiparesis in the followp.

Six patients showed aphasia preoperativelge of them was diagnosed with grade IlI
anaplastic oligodendroglioma (patient #1), one of them was diagnosed with grade llI
anaplastic asocytoma (patients #4) and one with grade Il anaplastic glial tumor (patient
#2), two of them (patients #7 and #8) were diagnosed with grade IV residual glioblastoma,
and one with grade IV primary glioblastoma (patient #9).

In follow-up recordsaphasigersisted in patient #1, but gradually alleviated and finally
vanished in the two patients with grade Il anaplastic astrocytoma (patients #4 and #6)
and one with grade Ill anaplastic glial tumor (patient #2), while aphasia persisted in three
patients diagosed with grade IV glioblastoma, either residual or primary (patients #7, #8,
and #9). Another patient diagnosed with grade IV residual glioblastoma presented with
emerging aphasia (patient #13) in the foHaop.

The nterval of observation ranged from 88ys to 1540 daysthe averagenterval of
observation waghus 657 days. In followups, three changes in clinical symptoms
(hemiparesis or aphasia) were found. Hemiparesis or aphasia could be worsened or

alleviatedand vanishedand previous neexisting symptoms could emerge in the
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follow-up.

Table4. Clinical characteristics of patients

(R: right, L: left, LT: left temporal, LF: left frontal, RC/L: right central/lateral, LTB: left
temporatbasal, RT: right temporal, RP: rigiparietal, RPO: right parietabccipital, AO:
anaplastic oligodendroglioma, AGT anaplastic glial tumor, AA: anaplastic astrocytoma,

RG: recurrent glioblastoma, G: glioblastona.

Patient Gender Age (years) Handedness Location Histopathology

Grade 111

1 M 61 R LT AO, WHO Il
2 M 65 R LT AGT, WHO 11l
3 M 70 R LT AA, WHO I
4 F 53 R LT AA, WHO I
5 M 38 R LF AO, WHO Il
6 M 45 R RC/L AA, WHO i
Grade IV

7 M 41 R LT RG, WHO IV
8 M 41 R LTB RG, WHO IV
9 M 54 R LT G, WHO IV
10 M 62 R RT RG, WHO IV
11 M 62 R RP G, WHO IV
12 M 66 R RT G, WHO IV
13 M 57 R RPO RG, WHO IV
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Table5. Neurological characteristics of patients

(6+6: persisting positive symptom until obs
observation stopped, 6Nb: symptom once apfr
vani shed at the end of obserp)ati on, Ointeryv
Patient Hemiparesis Aphasia Interval
Preop Follow-up Preop Follow-up (days)
Grade Il
1 + + + + 1540
2 T T + * 1273
3 1 + T 1 532
4 T T + * 470
5 1 1 1 1 1503
6 T + T + 763
Grade IV
7 1 + + + 240
8 1 + + + 93
9 T + + + 486
10 1 1 1 T 139
11 1 + T T 442
12 + + T T 385
13 T T T + 674
3.6 Detection of changel 1T DAOE A&nOLS # 34

The CST andheAF are most commonly investigated in studies of tractography because
CST is correlated with voluntary motéunction and AF is responsible for langge

function. Detection oEhangso n  p a t | ssandtAB @was gesfdrmed by comparing
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their datasets to corresponding templates of healthy volunteerstladongy, andz axes
Templates of CST and AF alorige X, y, andz axesbased orDTI_FA, DTI_MD and
DKI_MK were shown in Figure 2 Every template consistedf two curvesthat
represented uppandlower thresholdin corresponding positiaalongthe CST or AF.
Templates of ST and AFRweredifferent betweenheleft and right.

By ¢ omp ar idatgsetpta corresporidimgdtemplates, coordinates were recorded
andchangewasvisualizedon tracts as shown in Figur8.1A largeportion of the dataset
of left AF from patient #7was under the lower threshold of the left AF template.
Coordinate®f chargewere reflected on left AF, arideabnormal portion of left AF was
confirmed. Using this methoadthangeson bilateral CST and AF wereonfirmed on
DTI_FA, DTI_MD, and DKI_MK for all 13 patients.

Patient #1: Fotheleft CST, an increased DTI_MDanddeaeased DTI_FAndDKI_MK
were foungl for the right CST,an increased DTI_MD was foun#or the left AF, an
increased DTI_MDanddecrease® Tl FA andDKI_MK were found

Patient #2: Fotheleft CST,increasedTIl_FA and DKI_MK were found for the right
CST, anincreased DTI_MDanda decreaseDTI_FA were found

Patient #3: Fothe left CST, an increasedTl_MD was found for the right CST,an
increasedDTl_MD was found For the left AF, an increase®TI_MD, anddecreased
DTI_FA and DKI_MKwere found

Patient #4: Fortheleft CST,increasedTl_MD and DKI_MK were found for theright
CST,an increase®TIl_FA wasfound

Patient #5: Fotheright CST,increasedTI_FA, DTI_MD, and DKI_MK were found
Fortheleft AF, an increase®TIl_MD was found for theright AF, an increase®TI|_FA
was found

Patient #6: Fothe right CST,an increasedKIl_MK was found For the left AF, an
increasedTIl_MD was found for theright AF, an increase®TI_MD was found
Patient #7: Forthe left CST, changes (increase and decreasePTl MD, and an
increasedKI_MK werefound for theright CST,increased DTI_FAndDKI_MK, and
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a decreasedTl_MD were found Fortheleft AF, an increase®TIl_MD, anddecreased
DTI_FA andDKI_MK were found for theright AF, increasedDTI_MD and DKI_MK
were found

Patient #8: Fotheleft CST,an increase®TIl_MD, andchanges (increase and decrease)
in DTI_FA and DKI_MKwere foundfor theright CST,increased DTI_FAndDKI_MK,
and a decrease®TI_MD were found For the left AF, an increasedTI_MD, and
decreasedTI_FA and DKI_MK were found for the right AF, an increase®KI_MK,
and a decreasddlTl_MD were found

Patient #9: Fotheleft CST,increasedTI_MD and DKI_MK were found for theright
CST,a decreaseDTI_MD was found Fortheleft AF, adecrease®Tl_MD was found
Patient #10: Fotheleft CST,an increase®TIl_FAwas foundfor theright CST,changes
(increase and decrease)DKI_MK, anda decrease®TI_MD were found Forthe left
AF, an increasedTl_MD was found for the right AF, an increasedDTI_MD, and
decrease®TIl_FA andDKI_MK were found

Patient #11: Fotheleft CST,increasedTIl_MD and DKI_MK were found for theright
CST,an increase®KI_MK was found Fortheleft AF, an increase®TI_FA was found
for theright AF, an inceasedTI_MD and a decreasdaKl MK were found

Patient #12: Fatheleft CST,increasedTI_MD and DKI_MK were found for theright
CST,an increase®TI|_MD, anddecrease®T|_FA and DKI_MK were found Forthe
left AF, an increase®TIl_MD was found for theright AF, an increase®TlI_MD and a
decrease®KI_MK were found

Patient #13: Fothe right CST,an increase®TI_MD and a decreasddKl MK were
found Fortheleft AF, an increase®Tl_MD, anddecrease®TIl_FA andDKI_MK were
found for theright AF, an increasedTIl_MD, anddecreasedTI_FA and DKI_MK

were found
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3.7 Combinations of change in DTI_FA, DTI_MD, and DKI_MK in

relation to hemiparesis or aphasia

Compared to templates derived from healthy volunteers, there were four polsaites
(1) nochangg, (2) anincreasedvalue compared tahe corresponding template, (8)
decreased/alue compared tahe corresponding template, and ¢hHanges with both
increased and decreased vatoenpared tdhe corresponding template. By combining

DTI_FA, DTI_MD, andDKI_MK, all 64 possiblechangesould be analyzed for CST

and AF.
DTI_FA DTI_MD DKI_MK DTI_FA DTI_MD DKI_MK
X X
Y Y
z z
Left CST Right CST
DTI_FA DTI_MD DKI_MK DTI_FA DTI_MD DKI_MK
X X
Y Y
4 z
Left AF Right AF
Figure 12. Template of bilateral CST and AF
(red: upper threshold (mean + SD), bl ue:
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Figure 13. Changesf left AF based on DKI_MK from patient #7

(Datasetsshown along X, yand z axes (Figures A, B, and C, respectively) andheir
corresporling datasetsextracted fronfiberscompared to templates of healthy volunteers.
Data extracted from patient #7 is shown in blue, part of whittighlighted in redThe

red portion of the curvevas undethe lower threshold dhetemplatesand coordinges
were recorde@ccordingly On the left, part of the purpfiber tracts were covered in pink,
indicating regions ofa decreased DKI_MKbased on coordinates derived from the

templates.

After comparison with templateshangesvere found in CST and A&s listed in Table
6. A total of 13 groups ofchangesvere found in the tracts relation to hemiparesis or
aphasiaThesewere9 groups othangesn CST, and 5 in AF. Some groupgrecommon
to both tracts1) decrease®TIl_FA and DKI_MK,andan increasdDTIl_MD were found
2) increasedTI_FA and DKI_MK were found 3) an increase®TI_MD was found 4)
increasedDTI_MD and DKI_MK were found 5) nochangewas found in parametric

maps projected diiber tracts,andpatient®datasets were withinthe templ@ s 6 tshr es h ol
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6) an increase®KI_MK was found 7) changes (increase and decreas&TI|_MD, and
an increase®KI_MK were found 8) changes (increase and decreasd)Tl_FA and
DKI_MK, andan increase®Tl_MD were found 9) a decreaseBTI_MD, andchanges
(increase and decreas®) DKI_MK were found 10) an increasedTI_MD and a
decrease®KIl_MK were found 11) a decrease®KIl_MK was found 12) an increased

DTI_FAwas found 13) a decreased DTI_MD and an increased DKI_MK were found.

Table6. Combinations oEhangedor CST and AF
CST AF

Grou DTI_LF DTI_LM DKI_M Grou DTI_F DTILM DKI_M

p A D K p D
1 z ¥ Z 1 Z Y z
2 y - y 2 - - -
3 - % - 3 - % -
4 - v v 4 - z -
5 - - - 5 ¥ - -
6 ] : ¥ 6 - % y
7 - g+ 7 Y 7 - z ¥
8 g+ 7Z % g+ 27 8 - % Z
9 - Z g+ 7

10 - % Z

As shown in Table7 and 8a decreaseDTI_FA was always found concurrent widim
increasedTI_MD andadecrease®KI_MK. Whenchanges (increase decreaseyere
found in DTI_FA,changes (increasar decreae)were also foundn DKI_MK. There
wasa strong correlation between tRaV and MKV (r = 0.815, p = 0.004). Correlation
between FX% and MKV% wasalso significant (r = 0.794, p = 0.006). No significant

correlation was found between th&V of a decreaseDTI_FA andMDV of an increased
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DTI_MD (r = 0.619, p = 0.102), but correlation betweelV#\of a decreased DTI_FA
and MDV% of an increased DTI_MDvas found to be significant (r = 0.854, p = 0.007).

Therewas a strongcorrelation betweemMDV of an increasedTl_MD and MKV of

changes (increas® decrease) in DKI_MKr = 0.808, p = 0.001). Correlation between

MDV% of an increased DTI_MDand MKV% of changes (increaser decrease) in

DKI_MK was also significant (r = 0.824, p = 0.001).

Table7. Volume and percentage diangeon CSTs in relation to hemiparesis

(6HO: hi gher
6LO6: | ower val
nochangewas f ound

v al

ue

(i

ue t han
t han t
. e. wit hi

t he
he

n

upper
ower thr-@shol

t he

range

t hreshol

H L H L H L H L H L H L
1 5392 53.2 4920 48.5 - 3056 30.1
2 624 10.1 - 432 - 70 -

3 - 24 0.3 - - -

4 - 16 0.2 48 - 05 -

5 - - - - -

6 ] ; 32 - 03 -

7 - 392 160 50 2.0 352 45

8 2376 16 253 0.2 2632 28.1 408 456 4.4 48
9 - 144 1.6 480 - 5.4

10 - - 608 59 264 984 2.6 95
11 - - 72 - 06 -

12 424 56 2512 33.0 - 976 12.8
13 440 5.0 - 512 5.8
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Table8. Volume and percentage dfiangeon left AFs in relation to aphasia
(6HOG: hi gher val ue t ha nrsintthe eorrasgompdeg poditibnf e s h o | «
oL6: | ower value than the | ower thr-@shold o

nochangewas found (i .e. within the range of t hi

1 - 4824 - 49.7 5656 - 583 - - 3992 41.2
2 - - - - - - - -

3 - 1896 - 10.4 11072 - 609 - - 2744 15.1
4 - - - - - - - - - - -
5 - - - 1240 - 117 - - - - -
6 - - - 32 - 02 - - - - ;
7 - 9176 - 59.7 11152 - 726 - - 9200 59.9
8 - 7704 - 851 8296 - 916 6656 73.5
9 - - - - - 248 1.8 - - - -
10 - - - - 4239 278 - - - - -
11 80 - 05 - - - - - - - -
12 - - - - 1576 8.0 - - - - -
13 - 16 01 - 4352 382 - 72 - 06 -

3.8 Relationship between brain lesion and change of fiber tracts

The gatial relationship betweenbrain lesios (tumorand periumoral edema andthe
changeof fiber tracts(shown in Figure 13 and 14 can be divided intéhreegroups:1)
thefiber tract completely or partiallyoveredy lesion 2) thefiber tract partially&kissingd
lesion and3) changen fiber tracts distant from lesion. Ftreleft CST, patierd #1, # 3,
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#4, #7,and#8 belongedto group 1 andpatiens #9 and #11 beloregito group 3. Fothe
right CST, patient #12 beloadto group 1 patient # 13 beloregito group 2 andpatiens
#6 and #10 beloreglto group 3 Fortheleft AF, patiens #1, #4, #7, #8and #9 lelonged
to group 1 patient #2 belongdto group 2 andpatiens #6 and #13 beloregito group 3.
For theright AF, patiet #13 belongdto group 1 patient #6 belongdto group 2 and
patiens#1, #2, #4, #7, #8&nd #9 belongdto group 3.

Figure 14. Spatial relationships between brain lesion and AF in patients #2 and #4
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