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Summary

Polymicrogyriais a significant malformationof cortical developmentvith a highincidenceof
epilepsy and cognitive deficits Graph theoretic analysisis a useful approacho studying
network organisationin brain disorders.In this study, we usedtaskfree functional magnetic
resonancelimaginMRI) datafrom four patientswith polymicrogyria andefractoryepilepsy.
Grey matter masks'from structural MRI data were parcellatedinto 1024 network nodes.
Functional”tonnectomesivere obtainedbasedon fMRI time seriesbetweenthe parcellated
network nodes; network analysigas conducted usinglusteringcoefficient, path length, node
degree angbarticipationcoefficient. Thesegraphmetricswere comparedetweennodeswithin
polymicrogyric cortex and normal brain tissuein contralateralhomologouscortical regions.
Polymicrogyric nodes showesignificantly increasedclusteringcoeffident andcharacteristic
path lengthThis is thefirst study using functional connectivignalysisin polymicrogyria -our
resultsindicateashift towardsa regularnetwork topologyn polymicrogyric nodesRegularised
network topolegy=has previousheen demonstratedh patientswith focal epilepsyand during
focal seizures:Ehus,we postulatethat thesenetworkalterationsgpredisposéo seizuresandmay

berelevantto cegnitivedeficitsin patientswith polymicrogyria.
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Background

Polymicrogyriais.a.highly epileptogenimalformationof cortical organisatiorcharacterisedty

increasechumberof small fused cortical gyri * that can resultfrom a variety of genetic and
environmental® instlts during development Seizuresand cognitive deficits are the most
common consequence®f polymicrogyria. Epilepsy dudo polymicrogyria is frequently
refractory to_drug therapy and surgicéleatmentis challenging dueo difficulty localising

epilepticfoci within areasof abnormatortexthatmay befunctionally eloquent.

Focal epilepsyis.increasinglyrecognisedas a diseaseof abnormalbrain network organisation
and functior?, Within this framework,focal seizuresare associatedvith engagement dbrain
networks beyendsthe conventionallgcognisedseizureonset zoneand thereis evidenceof
alteredconnectivity.of brain regions during thénter-ictal period. Graphtheoryis a powerful
tool for analysingbrain networks using amathematicalmodel that divideshe brain into
interconnected regions or nodemd connectionsbetweenthese nodesare representedoy
edges”. Graphtheoreticalanalysis hs beenusedto characterisedynamic change# brain
networks durificfocal seizures’ aswell asalteredinter-ictal network organisatioin patients

with focal epilepsy?whencomparedo normalcontrols.

Characterizingorganisation of functiondrain networksin polymicrogyriccortexis crucial to
understandingts major morbiditiesof epilepsyand cognitivampairment.However analysisof
whole brain networkorganizationn polymicrogyriais challenging dueo statisticaldifficulties
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in comparing brainwith malformationgo normalcontrols.In the presenstudy,we characterise
nodal functionaMRI (fMRI) brain networkorganisatiorby comparing graptheoreticnetwork
properties within polymicrogyric cortex to those within normal tissue in contralateral
homologouscortical regions. To control for possible hemisphericdifferencesin network
organisationyve applied thesameanalysisto regionsin theleft andright hemispheresf healthy
controls.We then postulatehow differencesin network organizationof polymicrogyric nodes

might predisposeo seizuregeneration.

Materials and methods

1. Subject characteristics

Four patients (all' male, mean age 35.5+/- 6.6yrs) with refractory focal epilepsy and

polymicrogyria on eclinical magnetic resonancganscanwere recruitedthrough theAustin

Health comprehensiveepilepsy program between 2012 and 2015.Three subjects had
polymicrogyriaJimited to one hemisphere and ormubject had bilateral but asymmetric
involvement. Detailed information aboutclinical characteristics(age at onset of epilepsy,
seizuretype/s;frequency, electrophysiologgnd neuroimaging) of the patients providedin

supplementaryableno 1. Four healthy control subjec¢tl male, meanage 32.5+/- 9.14yrs)
were also includedfor comparison Ethical approvalwas obtained through théustin Health

HumanResearekEthics Committeeand written consentwas provided byall subjectsprior to

participationin‘the study.

- --Figurel- - -

2. Imaging parameters

All subjectsverescannedn aSiemens3T MRI system(Skyra,SiemensErlangen, Germany).
Blood oxygen leveldependentecho planar images were obtained usingthe following
parameters44 sliceswith 3mm thickness;TR = 3000ms,TE = 30ms,flip angle= 90°, voxel
size of 3x3x3 mm and an acquisitionmatrix of 72x72.T1 weighted MPRAGE anatomical
imageswereobtained using thllowing parametersTR = 1900ms;TE = 2.49msyariableflip

angle, 19%agittalslicesandanacquisitionmatrix of 256x256.

3. Data preprocessing
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10 minutes otaskfree functionalMRI (200 volumesjvereobtainedor all subjectsMATLAB

R2013a (MathWorks IncNatick, Massachusettdnited States)implementedtools, SPM8’
andDPARSF® wereusedfor pre-proessingof thedata.Acquiredimageswereslicetimed and
realignedusing 24 motionparameters. The datawas further co-registeredto structural T1
images,and segmentedn to grey matter, white matter and cerebrospinafluid using afast
diffeomorphicimage registrationalgorithm'°. In the nextstep, the datawas normalisedinto
MNI spacewith isomorphic voxelsize of 3x3x3 mm. The signal from white matter and
cerebrospinafluid_was removedfrom the data. All imageswith head movement(calculated
with a framewisedisplacemenglgorithm) above 0.5mnwere alsoremoved. MoreoverfMRI

datawasbandpasé§itered betweernfrequencie®f 0.01 and 0.081z.

4. Brain graph - functional connectome
We used an in-house etwork analysis pipelinebasedon Matlab codesfrom the Brain

Connectivity Toolbox' (https:/sites.google.com/site/bctnet/HommiE) reliably constructbrain

graphsin thegpatientswith widespreadstructural abnormalities(Figure 1A) we used the
individualised-sgreymatter maslks obtainedfrom the fast diffeomorphic image registration
algorithm segmentation(Figure 1B). The individualised grey matter masls were further
segregatednto'1024 randomlyparcellatedbrain nodes,all equalin size (Figure 1C). These
segregatednodes denotédhe modelled brain regionsin our network. Pearsoncorrelation
coefficient scoreswere calculatedbetweenall brain nodes -thesecorrelationsrepresenthe
‘connections’or ‘edges’in our network (Figure 1D). Top 10% ofall connectionsvereretained
in the network beforall connectionavere binarised.This networkdensitythreshold hadeen
hypothesised torepresent ‘optimal network functioning’ in medium sized functional

connectomef

5. Graph measures
For analysis,we“chose fouseparategraphmeasureghat interrogatedistinct and informative
aspectsof nodalbrain network activity (Figure 1E); Node degree calculatesthe number of

connectiondrom a nodeto restof the network, givingan estimateof connectedness of a node
(overall networkconnectivity. Clustering coefficient is calculatedas the fraction of a nodés
neighbourghat are also neighbours okachother.In turn, clusteringcoefficientrepresentshe
local ‘cliquiness or functionalsegregatiorof the network. The path length is characteriseds

number ofsteps(links) that separateany two nodes. Ashorteraverage path lengtindicates

more efficient global integration between nodes. Participation coefficient measure the
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connectednessf a(within-module) nodédo a diversesetof segregatethrainrwide modules.The
participation coefficient therefore denotes thebetweeamodular diversity of a node.See

Rubinov and Sporns (201®)r full descriptionand equations afll measuresisedin this study.

6. Region of Interest (ROI) selection

To test network differencesin polymicrogyric versus normal corteareasof polymicrogyria
wereidentified by an experiencedeuroradiologistn all patients.Using visual inspectionnine
pairsof ROlswereselectedusingthe following criteria 1) abnormally thickenedorticalribbon
with an irregular cortico-subcorticalinterface,and 2) a recognisable and norncahtralateral
homologousaerticalregion.Pairsof ROl masksweregenerateglacing equal number of voxels
along thecorticalribbon in polymicrogyric and the contralateralnormal region (Figure 1F -
white dots). To/test whether potentialresults among polymicrogyriapatients representa
hemisphericeffect, the sameanalysisin four healthy controlswas conducted bypairing right
and left hemispher€ROI masksfor the abovedentified regions. Average nodal graphetric
scoresfor nodedegree,clustering codficient, path length and participation coefficient were
calculatedwithinstheseROI masks(i.e., normal versus abnormedrtex for patients, andeft
versus rightor controls).

7. Statistical"analysis

A two-sampletstest was usedto determine overaltlifferencesbetweennormal and abnormal
cortexfor eachof thefour graphmetricsused. (FigurdG) To counteractype-1 errors,p-values
were Bonferranicorrectedfor number of comparisons (4} a p-value of 0.05,resultingin an
adjustedp-valueof 0.0125.For control subjects, theameanalysiswasdone comparing thieft

andright hemisphere.

Results

Polymicrogyria vs normal nodes

Clusteringcoefficientandaveragepathlengthwasincreasedor all polymicrogyric nodesvhen
comparedtosnormal cortex (Figure 2A andB). When combiningall nodesacrossall four
subjectsthis resultwasstatisticallysignificant (Bonferronicorrected)or clusteringcoefficient,
p=0.009, and patHength, p=0.00069 (Figure 2A-B). Degree centrality and participation
coefficient were not significantly different betweenthe polymicrogyric andnormal nodes

(Figure 2C-D). To further validatethesefindings andtestthe robustness of ouesults,we re-
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analysedhe data anthe aboveresultswereconsistenbver othemetworkdensity thresholdé

and 15% top connections).

Validation analysis —left vs. right nodes in healthy controls

As a comparisonin the healthy control group, none tife graph metrics were significantly

differentbetweerthe hemisphergseesupplementaryable?2).

- --Figure2- - -

Discussion

Our resultshighlight differencesin network organisationbetweenpolymicrogyric and normal
cortex. Netwarks nadeswithin polymicrogyric cortex show higher averagepath length and
clusteringcoefficientindicatingincreasedetwork segregation andreducecdhetwork integration.
Polymicrogyric nodesre thereforemore locally ‘isolated, and globally disintegrated than
normal homolegous nodés

Such a netwerkpattern resemblesa more ‘regular’ topology in polymicrogyria, which has
previouslybeennotedin patientswith focal epilepsyusing functionalscalpEEG, intracranial
EEG, MEG an@fMRI) andstructuraldata®*'? (seevan Diessenet al ** for metaanalysis).
ElectrophysialogicastudiesusingintracranialEEG dataalso show atransientchangelo a more
regular network topology durinfgcal seizures, and amoreregular network topology hdmeen
shownto correspondo epileptogenicityin anexperimentamodels of hippocampaiclerosis™.
Taken together, a regularisetd network topology appearsto be associatedwith focal
epileptogenicity.

The obseved changesn network topologyin polymicrogyric nodesnay have a number of
biological explanationsAltered cortical folding patternschangesn neuralarchitectureand a
reductionin functional neuralunits likely contributesto altered connectivity. Presenceof
epileptogenic networks, aan adaptive response of thremaining brain networksare other

possible reasonfor the observed changehe impact of epileptic transientson functional
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connectivitymeasuresannot beestedin our study. ConcurreriMRI and EEG data could be
collected in future studies. While there is no previous functional connectivity daia
polymicrogyria,alteredstructural connectivityhasbeenreported.Using diffusion imaging, and
individual gyral topologybasednodesan analysis ofwhite mattertractsfound reduction of both
short andlong range Ufibre connectionscomparedto normal controlsNetwork analysis of
white matter'‘connectivity revealedlower clustering, higher modularity and disrupted hub
architecturen polymicrogyricareas®. Thesefindingsarenot comparablavith the currensetof
resultsdue to major differencesin imaging modality and network arwgsis, but highlightthat
alterednetwork topologymay be a keyfeatureof polymicrogyria.

After seizuresypdevelopmentaldelay and intellectual disabilities are the most common
comorbidityin patientswith polymicrogyria,with the extentof the cortical malformationbeing
a major determinant ofntellectual outcome®®. Although the patients includedn the current
study had naenajor neurologic orcognitivedeficits, theyall displayed subtle neuropsychological
deficits. Previgusly;:“global networlkfficiency’ (inverselyrelatedwith path lengthusedin this
study) hasheenshewnto correlateto intellectual performanceusing structuraland functional
connectivity sttidliés’. As anincreasen path lengthin polymicrogyric nodesausesnetwork
“inefficiency’ ‘we“cannot excludehat the observed network changemy contributeto the

subtle cognitivaleficitsin our patients.

Although the observed changda network metrics are statistically significant and consistent
acrossthe nine brain regionstestedin this study,this is amodestsamplesize andfuture studies
in larger cohorts,of patientsith polymicrogyriaare needed. Elucidation of theffectsof anti
epileptic drugs_onrestingstatebrain networks, and advancés dataanalysis techniquemay
also allow futuresstudiesto compare wholdrain network organization of polymicrogyrand

normal brains.

In summary, when,comparedto normal homologous cortex, polymicrogyric nodes display
increasedclustering coefficient and characteristicpath length.This is a shift to a more
regularisednetwork topology.This effect of nodal networkregularity is not attributedto any
hemisphericdifferencesin our study, as measuredn healthy controlsThesechangeshave
alreadybeendescribedn patientswith focal epilepsy™ and during focal seizuresthe network
also hasmore regularcharacteristicthanin nonseizureperiods®. Thus,if regularity of the
network is a corelate of the hyper-synchronisatiocharacteristicof epileptic seizures,then

polymicrogyriccortexhasinherent network propertigsatmay promoteseizures.
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Network analysis - polymicrogyria vs. normal nodes

A) Clustering
Coefficient

0.5

0.4

0.3

0.2

Individual-level Group-level
p =0.000 %
0.4
0.3
0.2
0.1
Q
S1-F0 (SLHGT S1-Pl  52-STS  $3-POS  S3-TPO S4-DLPFC S4-FO  54-PSTG
p =0.0007 ¥
1

51-FO " \S1-HG 51-PI 52-5T5  S$3-POS  S3-TPO S4-DLPFC  54-FO  54-PSTG

150

100

50

51-FO SI-HG S1-PI 52-5TS 53-PO5  S3-TPO 54-DLPFC  S4-FO  54-PSTG

D) Participation
Coefficient

0.5

0.4

0.3

0.2

0.1

p=0.604"
1
0.4
0.3
0.2
0.1
0

51-FO 51-HG 51-PI 52-8TS  53-PO5  S3-TPO 54-DLPFC  S4-FO  54-PSTG

B Polymicrogyric nodes [l Normal nodes

epi_13304_f2.tiff
This article is protected by copyright. All rights reserved



