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Summary

We previously, observed that adultsith LennoxGastaut syndrome (LGS) show abnormal
functional connectivity among cognitive networks, suggestinghis may contribute to impaired
cognition. Herewesreport networkreorganizatiorfollowing seizureremissionin a child with LGS

who underwent functioal MRI (fMRI) beforeandafterresectionof acorticaldysplasia.

Corcurrent EEG was acquired during pre-surgical fMRI. Pre and postsurgical functional
connectivity were compared using i) graph theoretical analyses of smallworld network
organization and nodeise strength; and ii) seedbasedanalysesof connectivity within and
betweerfive functional networksTo explorethe specificity of these postsurgicalnetworkchanges,

connectivitywasfurthercomparedo nine childrerwith LGS who did not undergo surgery.

The pre-surgicaFEEG-fMRI revealeddiffuse activation of associationcortex during interictal
dischargesFollowing surgery andeizurecontrol, functional connectivity showéakcreasedgsmalt
world organization, stronger connectivity sub-cortical structures,and greaterwithin-network
integration/betweenetwork segregationThese changes suggest network improvement, and

divergedsharplyfrem the comparison group of non-operatéddren

Following surgery, this child with LGS achieved seizure control and showed extensive

reorganizatiorof networksthatunderpin cognitionThis caseillustratesthat theepilepticprocessof
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LGS candirectly contributeto abnormal network organization, and tttas network disruptioomay

bereversible

Keywords: LennoxGastausyndromegpilepticencephalopathy, surgef¥RI, graph theory

Introduction

Lennox-Gastautsyndrome(LGS) is an epileptic encephalopathy of childhoocharacterizedby
multiple seizure types, including tonicseizures and generalizedepileptic activity on EEG".
Frequentepilepticactivity is thoughtto contributeto impaired cognitionin this syndromé More
than 80%of LGS patientshave pharmacoresistargeizuresand intellectual disability'. However,

removal ofan epileptogenicortical lesioncanleadto seizureremissionanddevelopmentagaing”
7

Our recent studies usingEEG with concurrent MRl (EEGfMRI) showed thatinterictal
epileptiform dischargesin LGS engage distributed networks thabrmally support cognitive
processesincluding the default-mode(DMN) and dorsalattention (DAN) network$®. These
findings aressimilar across patientswith’ and withoul cortical lesionsin diverse locations,
suggestinghatl«GS may involve sharednetwork dysfunction thas ‘secondary’to the underlying

causeof epilepsy.

If LGS remainspoorly controlled,epieptic activity likely imprints enduringpatternsof abnormal
network organization Adults with longstandingLGS show abnormafMRI connectivity among
networks involvedn the expression of discinges including reducedwithin-DMN integrationand
impaired DMN/DAN, segregatiotf. fMRI studies using graptheoreticalanalysishaveidentified
several propertiesthat facilitate efficient communicationof brain regions (“nodes”) via their
pairwise functional’covariancé‘edges”}*. In particular,the healthybrain shows asmall-world’
organization that balances competing demanddor local node clustering and global node

integratiort

We hypothesizedhat surgicalcontrol of seizuresn LGS wouldpermitimprovementsn functional
network organizationPre and possurgicalanesthetizedMRI datawere acquiredin a child with
LGS who achievedseizureremissionafter resectionof a cortical dysplasia. ConcurrefrdEG was

acquiredduring the pre-surgicacanto assessorrespondenceith prior EEGfMRI observations
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in older LGS patient$®. Postsurgical network changesvere explored usingseededconnectivity
and graphtheoreticalanalyses.Additionally, we explored thespecificity of the patient’s post
surgical networkchangesby anesthetizedMRI in a comparisongroup of noneperatedchildren
with LGS.

Methods

Patients

This reportdescribesa surgicalpatient(casesubject)and a group of nine non-operatpdtients
(comparison ‘grouplall of whom had LGS' defined byi) tonic seizuresji) slow spike-andwvave
(SSW) and generalizedparoxysmalfast activity (GPFA) on interictal EEG, andiii) intellectual
disability. The casesubjectunderwent presurgical scanningat age 2.7 years(two months before
surgery) and posturgicalscanningat age 5.6/ears(2.7 yearsaftersurgery. The nine children 6ix
female$ who did_not undergsurgerywere scannedat a meanageof 10.5years(range: 4.3-15
years. Clinicakinformationfor thecasesubjectis describedelow, andor thecomparisorgroupin
Supplementaryfable 1. Patients were recruited through the Royal Children’s Hospita(RCH),
Melbourne. fMRIwwas addedto each patient’s clinically-requestedMRI sessionafter written
informed consentwas given by their legal guardian.Before recruitmentbegan,this study was

approved by th&CH humanresearclethicscommittee.
Surgical case subject

The casesubjectwasa boywith LGS secondaryo aleft temporallobe dysplasia ftpe 1) involving
theleft parahippocampaftusiform, and hippocampal gyrFH{gure 1. Seizureonsetoccuredat age
1.2 yearsandwas associatedvith developmentategressionincludingloss of previouslyacquired
singleword utterancesVideo-EEG monitoringrevealedgeneralizedonic seizuresinterictal EEG
showedleft temporalsharpslow dischargeslateralizedandgeneralizedsSW, andGPFA He was
prescribedametrigine,sodiumvalproate clobazam)evetiracetamvigabatrin andopiramate prior
to undergoing“aleft anteriormedial temporal lobectomyat age 2.9 yars After surgery, he
experiencedeizureremissionandscalpEEG normalization(Figure 1a)Anti-epilepticmedications
werediscontinuedht age3.9years.Presurgicaladaptive functioningt age2.7 yearswasratedat a
7-12 month oldlevel, with no languagePostsurgically, at age 8.5years,he hasan intellectual

disability but has developedomelanguagevith two-word utterances.
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MRI acquisition under general anesthesia

fMRI datawere acquiredin a 3teslaSiemensTrio MRI scanner(TR=3,200ms; TE=40 ms; 3.4
mm® voxels). 30minutes of datavere acquiredfor eachpatient,with the exceptionof the ca®
subject’'spostsurgicalscan,for which 15 minuteswere acquired For the presurgicalEEGfMRI

analysis,we usedthe casesubject'scompletedata;for otheranalyseswe usedonly thefirst 15
minutes ofeachpatient’'sscan A T1 imagewasacquiredfor eachpatient.Due to their young age
and intellectual disability, all patientswere scannedunder generahnesthesiaDuring thecase
subject’'spre- ‘and post-surgicadcans anesthesiavas maintainedwith low-doseinhaledisoflurane
(endtidal coneentration=0%) and intravenousemifentanil (range=0.05-0.1 mcg/kg/mink the
comparison greupanesthesiavas maintainedusing identical agents (isofluranmange 0.2-0.8%;
remifentani] range: 0.02-0.1 mcg/kg/minAt these dosages,soflurane and remifentanil have
minimal influence onpatients’intrinsic EEG pattern*'*. We usethis anesthetiaegimenduring
epilepsy surgery at'our center as the appearance ahterictal epileptiform dischargesduring

electrocorticographis similar to thatsea duringsleep.
Pre-surgical:EEG-fMRI

All patientshad concurrent 64-channetalp EEG (CompumedicaNeuroscan)acquired during
fMRI. Only the.easesubject’s presurgical EEGfMRI analysisis reportedhere Analysis was
performedin the subject’s native brain spaceusing Statistical ParametricMapping (SPMB), as
previously describe@®. For each discharge typeidentified on the in-scanner EEG, event
onsetsdurationswere convolvedwith SPM8's hemodynamic response functiddignificantfMRI

changesvereassessedsingtwo-tailed onesamplet-tests(clusterlevel p<0.05falsediscoveryrate

correctionfollowing a voxelwisefeatureselectionthresholdof p<0.001 uncorrected

fMRI pre-processing for connectivity analyses

fMRI preproeessings detailedin Supplementary InformatiorBriefly, each patient'sfMRI data
weretemporallyinterpolatedto yield a uniformslice acquisition,spatially realignedto the middle
volume,co-registeredvith eachpatient’sT1, andwarpedto a customtemplateconstructedisinga
databaseof healthy pediatric T1 images”. De-noising steps included i) removing variance
attributableto head motion and white matter/CSF;ii) removing each volume with framewise

displacement0.5mm, aswell asthe following two volumes; and i) temporalfrequencyfiltering
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(0.01-0.1Hz). Spoatial smoothingwas performed using &aussiarkernel with full-width-at-half-

maximum=56 mm.

Weighted graph construction and analysis

An analysismask(Figure 2c) was createl by segmenting gregnatterfrom the custontemplate.
Themaskwasrestrictedo theright hemispheré ensurecommoncoverage by avoidindistortions
on thecasesubject’sleft brain side causedby theresectionand a possurgical CSF collection
(Figure 1a).The mask was randomly partitioned into 1,024 nodeS. A weighted graphwas
constructedorseachpatientwith edgesdefined using positiv@earsorcorrelationsbetweenmean
nodetimecoursesGraphswerethresholdedo include onlythe strongest 23% afdgesthis wasthe
minimum density at which all nodes ineach graph compriseda single connected component.
Weighted graph metrics were computed using the Brain Connectivity Toolbox
(https://sites.google.com/site/bctret/

Network analysis. Smallworld organizationwas assessedsing the metrics of characteristigath
length andneanclusteringcoefficient’. Metricswerenormdized with referenceo random(‘null’)
modelswith anequivalent numbeof nodes/edges amteservediegree distributioll. Smallworld
organizationvascalculatedastheratio of meanclusteringcoefficientto characteristigpath length.

Node analysis: Nodelevel connectivity changesvere assessedy comparingstrengtfi* of each
nodein the casesubject'spre- and postsurgical graphs.Differenceswere consideredclinically
significantif theyexceededneSD of themeanchangein strengthacrossall nodes(i.e., Z>1 and
Z<-1).

Seeded functional connectivity

Functional cennectivitywas assessedising spherical seeds(radius=6 mm) placed within five
networks ofinterest(Supplementary Figure showsseedlocationg. Connectivitywas determined
using thePearsercorrelationbetweermeanfMRI timecoursesvithin eachseedpair.

Results

Pre-surgical EEG-fMRI
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106 GPFA events(cumulative duration=92.5secs)were identified during thecasesubject’'s pre-
surgical EEGfMRI (Figure 1h. Prominentbilateral activationwas observedn frontal, tempora)
parieta] and cingulate cortex and the caudate ventral striatum, thalamus, and ponBilateral
deactivationwas observedin primary motor, visual, andauditory cortex and the hippocamguy
parrahippocampalortex andcerebelluminterestingly the patient’slesiondid not show significant
activation. 145 generalizedpolyspikewave events (cumulative duration=43gecs)were also

identified which showedMRI changesimilarto the GPFAanalysigSupplementaryigure 3.

Post-stirgical increase in network integration and segregation

Seededconneetivity matrices are displayedin Figure 2a.On visual inspection, theaverage
connectivitypatternin the comparison grougrasmorelike the casesubject’spre-surgicalscanthan
the postsurgical scan: both the comparison groigpmatrix and thecasesubject’s presurgical
matrix showed weakly positive within-network connectivity, andpositive betweennetwork
connectivity.n. contrast,the casesubject’'s possurgicalmatrix showed strongepositive within-

networkconnectivity,andamoreextensivepatternof negativebetweennetworkconnectivity.

Post-surgical increase in small-world organization

Presurgically, the'Casesubject’scharacteristigpath length andaneanclusteringcoefficient were
within oneSD of the meanvaluesfor the comparisongroup (Figure 2o Postsurgically, a strong
increasean clusteringwas observed>2 SD above thecomparisongroupmear), while pathlength
remainedrelatively stable(within 1 SD of the comparison groumear). This wasassociatedavith a
strong post-surgicaincreasein smallworld organization(>2 SD above the comparisogroup

meau).

Post-surgiceal changes in node-level connectivity strength
Postsurgically;deereasedstrengthwas most prominentin associationcortex (including frontal,
temporal,andparietalregion3, andwasalso observedn the caudateand ventral striatum(Figure
2¢). Increasedtrengthwasmaximalsub<ortically (including cerebellumhippocampushrainstem,

andthalamus)andwasalsoseenn the middle frontal gyrus, lingual gyrus, atheus.

Discussion
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In the casesubject, removal of the dysplasias associatedvith seizureremissionand extensive
functionalreorganizatiorof the noneperatechemisphereOn visual inspection, ig-surgicalseeded
connectivity showed broadimilarity to the averagepatternin the comparison group of non-
operatedLGS children as well as our prior observationsin nonanesthetized.GS adults®,
including: positive connectivitybetweenmnetworksthat are normally anti-correlated(e.g., theDMN
and DAN)***"andweakly positive connectivitypetweendistantnodeswithin networks thatre
normally strohgly @rrelated(e.g., anterior and posteriareasof the DMN)**Y. Postsurgically,
there was greater betwe@-network negativeconnectivity and strongemithin-network positive
connectivity, ‘apattern that more closely resemblesnetwork behaviottypically seenin healthy
childrert” andadults®.

Presurgical EEGIMRI revealedsignificant dischargerelated activation in distributed areasof
associatiorcortex that normally support key cognitiverocessegincluding frontal, temporal,and
parietalcortex) while the patient’slesiondid not show significant activationlhis patternis similar
to our prior EEGfMRI observationsin nonanesthetizedadults with longstanding LGS,
illustrating thatnetworkexpressiorof epilepticactivity canbeidentifiable at an early stagein the
syndrome’s evolution, andan be studied under owrnesthetiaegimen which did not suppress

discharges.

Following surgery, astrongincreasein meanclusteringcoefficient occurred,while characteristic
path length remained stable indicating a departurérom a randomto smallworld network
topology**% This shift divergedsharplyfrom the comparison group of naperatecchildrenwith

LGS of variousages implying the possurgical improvementwas not merely agerelated.At a
regionallevel; postsurgicaldecreases in connectivitystrengthwere mostprominentin association
cortical areasthatsshowed prsurgical dischargeelatedEEGfMRI activation In contrast,post-
surgical inereasessin connectivity strengthwere maximal sub<ortically, suggeshg that seizure

controlmaypermitamoreoptimalbalancebetweercorticaland subeortical connectivityload™.

Limitations and future directions

A largersurgicalcehortis requiredto determinegeneralizabilityof this observatiorto other LGS
patients. Results may have been influenced byvariation to the case subject’'s antepileptic
medicationswhich were discontinued following surgeryHowever, prior fMRI studies show that
abnormalconnectivity persistsin drugnaive children with generalizedepilepsy®, implying that

medication discontinuationis unlikely to be solely responsiblefor the case subject’s network
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changes. Although scanningccurred under general anesthesia which may affect fMRI
connectivity, all studiesutilized identical anestheticagents, and thuthis factor alone doesot
accountfor the postsurgical network changes.Comparisonto healthy control subjectswas not
possiblegiven the needfor anesthesian thesepatients However,we did compare theasesubject
to a groupof non-operategbatientswho were matchedwith respecto their diagnosis oL.GS and
anestheticagentsusedduring scanning Resultsfrom this non-operatedcomparisongroup (which
included children ofimilar ageto, as well as older than, the casesubject’s post-surgicalscan)
suggestthat the casesubject’'snetwork changesfollowing surgeryare unlikely to be only age-
related. However future studiesexploring the influence of age on netwanganizatiorin LGS will
be importantg”Additionally while postsurgical network changeswere associatedwith seizure
control, therelevanceof improved network organizaticlw neuropsychological ocbmes requires

furtherstudies.

Conclusions

Our report providesone exampleof a casewhereinterruptionof the epileptic processn LGS by
early surgicalvintervention led to functional reorganizationof brain networks underpinning
cognition.Given themarkeddivergence othesenetworkchangedrom noneperatedchildrenand
adults® with=LGS, we hypothesize thaearly seizurecontrol may restorenetwork maturational
trajectories perhapscontributingto the modest developmental gains repoltedome operated

patient§™®.
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Figure legends

Figure 1:

a) The casesubject'spre- and postsurgical T1-weightedMRI and routineclinical scalp EEG
findings. Left: PresurgicalMRI revealeda type 1 left temporal lobe dysplasigreenbox).
Routine awake/asleefEEG revealed both focal (including left temporal) and generalized

interictal epileptiformdischargesharacteristiof LGS. Right: Following aleft anteriormedial
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temporal lobectomy, theasesubjectexperiencedseizureremissionand areturn of normal
awake/asleegEGarchitecture.

b) The case subjects pre-surgical anesthetizedEEGfMRI revealed dischargerelated signal
changessimilar to previously observegatternsin nonanesthetize@dultswith LGS®. L eft:
fMRI activation (redyellow) and deactivation(bluelight blue) associatedwith generalized
paroxysmalfast activity (GPFA). Resultsare displayedon the subject’sT1 imageast-scores
thresholdedat p<0.05 ¢lustercorrectedusing the falsediscoveryrate two-tailed). The green
arrows indicate the subjects left medial temporaldysplasia.Right: In-scannerEEG sample
showingGRFA

Figure 2:

a) Seededfunctional connectivity matrices,displayedseparatelyfor i) meanconnectivityin the
comparison group of non-operated childmeith LGS (far left), ii) the casesubject’s pre-
surgicalconnectivity(middle), andiii) the casesubject’'spostsurgicalconnectivity(far right).
Eachmatrix.squarerepresertd thePearsorcorrelation(Fisher’s r-to-z transformedpetweerthe
timecoursesof._each seed pair displayedalong x and y axes (red=positive connectivity
blue=negative'connectivitySeedsaregrouped accordintp five functional networks ointerest
(PC=primary xcortical; ASN=anteriorsalience network; DMN=defaultmode network;
DAN=dorsalattentionnetwork; ECN=executivecontrol network) SeeSupplementary Figure 1
for anatomicakeedocations.

b) Weighted graphtheoreticalanalysisof normalized networkevel metrics (mean clustering
coefficient, characteristicpath length,smallworld organization) displayedeparatelyfor the
casesubject’spresurgical(red bars)and posturgical(greenbars)scansalongwith the mean
values ¢1 standarddeviation)for the comparison groupf non-ogeratedchildrenwith LGS
(greybars)sFhedottedhorizontalline representshe equivalent values echmetricin random
(null) networkmodels.

c) Differencesinsnodelevel connectivitystrengthbetweenthe casesubject’spre- andoostsurgical
scangred-yellow=post-surgicaincreasesn strength; bludight blue=postsurgicaldecreasem
strength),displayedas z-scoresreflecting the distancdin units of standard deviatiofijom the
meanchangen strengthacrossall nodes. Analysisvasrestrictedto greymatterontheright (i.e.,
non-operatedprain side,as shown by themaskin purple.Resultsare thresholdedat z<-1 and
z>1 to show nodeswith the greatestpostsurgical changein strength, andare displayedon a
custom pediatric brain template constructedirom a databaseof age-appropriatdealthy T1

images®.
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