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Abstract

Objective. To'identify abnormathalamocorticatircuitsin the severeepilepsy of Lennox-
GastausyndromgLGS) thatmay explain thesharecklectroclinicalphenotype and provide
potentialtreatmentargets.

Methods: Twenty patientswith a diagnosis of GS (meanage 28.5eard and 26 healthy
controls(meanage 27.6/earg werecomparedusingtaskfree functionalMRI (fMRI). The
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thalamuswvasparcellatedaccordingto functional connectivityvith 10 corticalnetworks
derivedusinggroupievel independent componeanalysis For eachcortical network,we
assesselbetweengroupdifferencedn thalamicfunctionalconnectivitystrength using non-
parametrigpermutatiorbasedests Anatomicallocationswereidentified by quantifying

spatialoverlapwith a histologicallyinformedthalamicMRI atlas.

Results: In'bothigroups, posteriahalamicregions showed functionabnnectivitywith
visual, auditory, and sensorimotor netwonkhjle anterior,medial,and arsalthalamic
regionswereconnectedvith networks ofdistributedassociatiorcortex(includingthe
default-modeanteriorsalience and executive-control netwopk$ourcortical networks(left
andright executivecontrol network; ventral and dorsd¢faultmode network) showed
significantlyenhancedhalamicfunctional connectivitystrengthin patientselativeto
controls Abnormalconnectivitywasmaximalin mediodorsal andentrolaterathalamic

nuclei.

SgnificancexSpecificthalamocorticatircuitsareaffectedin LGS. Functional connectivitis
abnormallyenhancedetweerthe mediodorsaindventrolaterathalamusand the default-
mode angxecutivecontrol networksthalamocorticatircuitsthatnormally support diverse
cognitiveprocessedn contrastthalamicregions connectingith primary andsensory
cortical networks appeap belessaffected.Our previous neuroimaging studissowthat
epilepticactivity in LGS is expressedia thedefaut-mode and executive-control networks.
Resultsof the presenstudysuggesthatthe mediodorsal angentrolaterathalamusnay be
candidatdargetsior modulating abnormal network behavior underhyir@gS, potentiallyvia

emergingthalamicneurostimulationherapies

Keywords. Lennox-Gastausyndrome ThalamusfMRI, Functionalconnectivity,DeepBrain

Stimulation

Key points

e Thalamicfunctionalconnectivitywith tencortical networkswascomparedetween
healthy controls and patientsth LGS usingtaskfreefMRI
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e Patientsshowedabnormallyenhanceaonnectivitybetweerthe mediodosaland
ventrolaterathalamus and thexecutivecontrolanddefault-mode networks

e Posteriothalamicareaswhich displayed connectivityith primary andsensory
networks werenotsignificantlyaffectedin LGS

e Specificthalamocorticatircuitsareinvolvedin LGS. Theseresultsmayinform
emerging thamic neurostimulationtherapiedor patients

Introduction

Lennox-GastausyndromgLGS) is asevereepilepsyassociateavith multiple seizuretypes
(including generalizedonic seizuresjndintellectualimparment.. Oninterictal
electroencephalograpliEG), patientshavecharacteristiepileptiformdischarges

including frequent bursts gfeneralizegaroxysmafastactivity andslow spike-andwaave

While cause®f LGS arediverse (e.g., genetistructural,andacquiredetiologies), the
electroclinicalexpressiorappearso involve sharecheuralsystemé At acorticallevel, our
previousstudiesusing concurrerEEG-fMRI revealedhatepileptiformdischargesn LGS
spatiallyintersectwith distributedfunctional networks thatormally support keycognitive
processedncludingfrontal andpaitietal areasof the default-mode and executive-control
networks 3, Similar regions ofassociatiorcortexshowincreasedloodflow duringtonic
seizuresn LGS’.asmeasuredy ictal single-photoremissioncomputed tomography
(SPECT).

Severalinesof evidence suggestatthethalamusalsoparticipatesn networkdysfunction
underlyingrefractoryepilepsyandcognitiveimpairmentin LGS. EEGfMRI studie§™’and
intracranialfécording® showthalamicinvolvement duringepilepticactivity, and abnormal
thalamicmetabuolisris found on'*luorodeoxyglucose positroemissiontomography(FDG-
PET)®. Thalamicstimulationhasshownsomeefficacyin reducingseizurefrequencyin
patientswith LGS, although theptimalstimulationtargetsremainuncertairt.

This article is protected by copyright. All rights reserved



We previously observed thaatientswith LGS showpersistentlydisruptedcortico-cortical
functionalconnectivity?, asassessedsingtaskfreefMRI by measurindow-frequency
temporalcorrelationsn the blood-oxygenleveldependensignal Specifically,we examined
interactionsamongcortical networks knowro be involvedn the expression adpileptic
activity inlL@S*®, and foundeducedfunctional connectivitwithin the defaultmode
network,andabnormallyenhanceaonnectivitybetweerthe default-mode and executive-
control netw6fk&¥ 1A the healthy brain, the thalamus playsriical role in mediating normal
interactionsamongthesecortical network$®*° This raisesthe possibility that the thalamus

may contributeto abnormakortical functionalorganizationin LGS.

In the present studyye usedtaskfreefMRI to comparefunctionalconnectivitybetweerthe
thalamus and 16ortical networksin healthycontrolsand patientsvith LGS. Givenour
previous neuroimaging studies suggesting tiatiple cause®f LGS converge orspecific

corticalareasnvolvedin the expression apilepticactivity>**

, we hypothesizedhat
patientswith _diverse underlyingtiologiesof LGS would show a&commonpatternof

abnormal funetionatonnectivityinvolving specificthalamocorticatircuits.
Methods
Participants

Twenty-eightpatientswvererecruitedthroughAustin Health(Melbourne Australig and
satisfiedthe followinginclusioncriteria:i) no prior history of neurosurgery, ang an
electroclinicaldiagnosis of.GS consistenwith recentconsensus opinionincluding tonic
seizuresgeneralizedlow (<3 Hz) spike-andwavedischarges oroutineEEG, and
generalizegaroxysmafastactivity onroutineEEG duringsleep.Twenty-sevenhealthy
controlswithrnehistory of neurological opsychiatricillnesswerealsorecruited Before
recruitmentbeganthis studywasapproved byhe Austin HealthHumanResearcltthics

CommitteeWritten informed consenvasgiven byeachsubjector their legal guardian.

After participationdatafrom 9 subjectq8 patientsand 1 controlyvereexcludeddueto
excessivéneadmotion'® or MRI artifacts. Thefinal sampleghereforecomprised?0 patients
with LGS (10femalesmeanagezlstandardieviation[SD]=28.5+10.5years)and 26 healthy
controls(10femaks;meanage=27.6+8.§ears).
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Electroclinical characteristics of patients

Detailedelectroclinicalcharacteristicef eachpatientare providedin Table1. The median
age ofseizureonsetwas4.5years,andmediandurdion of epilepsywas23 years.Presumed
etiologiesunderlyingepilepsyincluded genetic or chromosomal abnormali(eepatients),
corticalmalformationg2 patients) andacquiredorain pathologieg4 patients) Etiology was
unknownin 9 patients On anatomicaMRI, ninepatientsshowedpotentidly epileptogenic
lesions (e.gJocal corticaldysplasiaperiventricularnodularheterotopia)while the
remainingll patientshadeithernormalMRI findings orstructuralfeaturesof uncertain
significance(e:g.; atrophy)Severityof cognitiveimpairmentwasvariableacrosgatientsin
nine patientsfor'‘whomformal clinical neuropsychologicalssessmentasavailable mild to
severdntellectualdisability (intelligencequotient[lQ] < 70)wasobservedn six patients,
and borderlinentellectualdisability (IQ=70-80) in three.In theremainingl1 patients,
variablecognitiveprofilesweredescribediy eachpatients treatingneurologistthosewith
anearly age.ofseizureonset(<4 years)wereconsideredo have moderate @everecognitive
impairmengandweredescribedasnonverbal orminimally verbal,while thosewith anolder
age ofseizureonsetexperienceanild to severecognitiveimpairmentand/ordifficulties in

specificcognitivedomains (e.gdeficitsin workingmemoryor verbalmemory).

MRI data acquisition

TaskfreefMRI datawereacquiredaspart of alargermulti-site study ofLGS*>*. All
subjectsverescannedisingT2*-weighted graeknt-recalledechoeplanarimagesequences
(for detailedacquisitionparametergeferto MethodsS1). Thirty-onesubjecty15 patients
and 16 controlsyverescannedising a 3eslaGE SignaLX MRI, aswe have previously
describef=Asfurther 15 subjects (patientsand 10controls)werescannedising a 3esla
SiemensTriesMRI utilizing asimilarimaging protocol. 210 wholbrainfMRI volumeswere
availablein,eachsubject duringwhich theywereinstructedo lie still with eyesclosed.To
minimize potentialbiasintroducedoy the use ofulti-scannefMRI data,we included
scannetypeasa nuisanceovariaten all statisticalcomparisons. A 1-weightedimagealso

wasacquiredor eachsubjectto guidespatialnormalizationof fMRI data.

fMRI data pre-processing and de-noising
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Detaileddescriptionof fMRI preprocessingand de-noisings providedin MethodsS1.
Briefly, eachsubject’'sfMRI dataweretemporallyinterpolatedo yield a uniformslice
acquisition spatiallyrealignedo the middle volumén eachdatasetco-registeredvith each

subject’'sTlyand therwarpedto the Montreal Neurologicdhstitute’s(MNI)-152T1 atlas

De-noisingstepsincludedi) removingvarianceattributableto headmotion and signalsom
white matterandcerebrospinalluid; i) removing theeffect of volumesaffectedby gross
headmotion(“scrubbing”) by including aregressofor eachvolume with framewise
displacemenexceeding).5mm, andalsofor the followingtwo volumes? iii) temporal
frequencyfiltering (0.01-0.1Hz); andiv) deletingscrubbed volume®e-noiseddatawere

spatialy smootledusinga Gaussiarkernelwith full -width-at-half-maximum=4mm.

After de-noisingyesidualheadmotion (i.e.,eachsubject'smeanframewise displacement
afterremoval of scrubbefMRI data)wassignificantly differentbetweerngroups(meanz1
SDin LGS=0:1520.05nm; controls=0.12+0.04nm; two-samplet-testp=0.02).To
minimize potentialbiascausedy thesesubtlemotiondifferencesresidualheadmotionwas

includedasa nuisanceovariaten all statisticalcomparisons.
Cortical networks of interest

Cortical networksweredefinedusinggroupievel independent componeanalysig(ICA).
Twenty-five componentsvereestimatedrom thetemporallyconcatenatede-noisedMRI
data ofall subjectasingthe Infomax algorithnavailablein the GroudCA of fMRI Toolbox
(http://mialab.mrn.org/software/gjftFor eachcomponentsubjectspecificspatid mapswere
derivedusihggrouipinformationguidedICA'". Resultsvereconvertedo z-scoresandthen
averagedcrossall subjectsTenaveragespatialmapswereselectedascortical networks of
interest(FiguredB) by identifying components showing higpatialcorrelation(r>0.3) with
establishedoftical networktemplate®. Finally, non-overlappingortical networkmasks
weredefined'byfirst thresholdingaveragespatialmaps atz>1.5, and then assignimgch
surviving voxelto the componenwith the highesimeanz-scoreat thatvoxel. Anatomical

locationsencompassely eachcorticalnetworkmaskaredescribedn TableS1

Thalamocortical functional connectivity
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A thalamicmaskwasdefined usindhe HarvardOxford subcorticalatlas
(http://tsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases)l o avoidpartial inclusion of neighboring
ventricles,voxelsclassifiedascerebrospinafluid onsubjectsT1 imageswereexcluded.
Functionalconnectivitywasthencalculatedusingthe Fisher’sr-to-z transformedearson
correlationbetweerthetime-seriesof eachthalamicvoxel,andthe principal component
time-seriegacros&ll'voxelswithin eachcorticalnetworkmask*. The principal component
wascalculatedusing Analysis of Functional NeurolmagéAFNI’s) 3dmaskSvD function
(https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskSVD.html).

Winnerstakes-all thalamic parcellation

For LGS and control groupseparatelya winnertakesall approacit wasusedto parcellate
the thalamugasedonterritoriesof ‘dominant’ functionakonnectivityoccupied byach
cortical network.This involved assigningachthalamicvoxelto thecorticalnetworkwith the
strongest meanfunctional connectivityat thatvoxel. To assessonsistencyf thalamic
parcellationswe tiseda bootstrappingtrategy>*° whereby 10,000 random samplingsth
replacementjvereseparatelyperformedwithin eachgroup.For eachresultingsamplea
winnertakesallFmapwasgeneratedrom the correspondinmeanthalamocortical
connectivityvalues.Finally, eachthalamicvoxelwaslabelledaccordingto the mode oall
winnertakesall assignmentacrosghe 10,000 bootstrappsdmplesConsistencyvasthus

evaluateddsthe proportion oissignmentequalto the modé&®
Srength of thalamocortical functional connectivity

Winnertakesall parcellationcanobscurehalamicregions showing significant connectivity
with multipleeortical area'®, andmay underestimatéifferencesn relative connectivity
strengthi®. Fereachcortical network,we thereforeexploredi) thalamicregions showing
significantyspositiveconnectivity computedseparatelyor LGS and control groupsndii)
thalamicregions showingignificantbetweenrgroupdifferencesn connectivitystrergth.

Note thattheseanalysegxaminedunctionalconnectivitybetweereachthalamicvoxel and
eachcortical network(i.e., the winnertakesall thalamicparcellationbtainedn the

previousstepwerenotusedto calculatethalamocorticafunctional connectivitjhere).

This article is protected by copyright. All rights reserved


http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases�

A onesamplet-testdesignwasusedto assessignificanceof thalamocorticatonnectivity
strengthwithin eachgroup,and awo-samplet-testdesignwasusedto assessignificanceof
differencedn thalamocorticatonnectivitystrengthbetweerngroups Analyseswere
implementedn FMRIB SoftwareLibrary’s (FSL's) randomise functiorf*, a nonparametric
permutatiopbasednferencetool (10,000 permutationsereperformed foreachanalysig.
Thresholdfree clusterenhancemeft wasusedfor statisticalinferencewith significance
assessedta voxelwisethresholdof p<0.05(correctedor family-wiseerror). Eachanalysis

wasadjusted using nuisancevariategor age,sex,scannetype, and residudeadmotion.

Additional‘exploratoryanalysesvereperformed for the subset cbrtical networks showing
significantbetweergroupdifferencedn thalamocorticatonnectivitystrength.To test
whethersimilar patterns of abnormal connectiviterepresenin patientswith and without
presumedcepileptogenic lesions evident anatomicaMRI, we separately}compared the sub-
group of nine patientwith lesions(patient#s 1,6, 8, 9, 10, 11, 13, 14, and 20Tablel1) and
the subgroupof 11 patientswithout lesiongpatient#s 2, 3, 4, 5, 7, 12, 15, 16, 17, 18, and 19
in Tablel) toe.the'group of healthy controle£26). Thesebetweengroupanalysesvere
performed usingSL’s randomise functiorf’, asdescribecabove. Noting themallsample
sizein eachof thepatientsub-groupssignificancewasassessedt an exploratory voxelwise
thresholdof p<0.025(uncorrectedjollowing thresholdiree clusterenhancemefit

Association with age of seizure onset

For eachcartical network,we assessetheeffectof seizureonsetage(in years)on
thalamocorticatonnectivitystrengthin the patientgroup usindinearregressiornn FSL’s
randomise (10,000 permutationS) adjustingfor age,sex,scannetype,andresidual had
motion. Thresholdree clusterenhancemefitwasappliedfor statisticalinferencewith
significanceassessedt a voxelwisethresholdof p<0.05(correctedor family-wiseerror).

Spatial overlap with histologically-informed thalamic MRI atlas

To assistwith identificationof thalamicnucleargroups involvedn our functional
connectivityanalyseswe calculatedspatialoverlapwith a 3-dimensionallRI atlasderived
from humanthalamichistology?. This atlascomprisesinary masksof approximately 40

thalanic structuresat high voxelresolution(0.5mm®) availablein standardvINI spaceFor
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the presenainalysesselectstructuresverecombinednto 9 distinctnuclear groups
accordancevith knownthalamiccytoarchitectur& (for detailsconcerning hovthalamic
structuresverecombinedyeferto TableS2).Binary masksof eachthalamicnucleargroup
weredownsampledo 2 mm?® to matchtheresolutionof ourfMRI analysesOverlapwas
thenquantifiedvia the Dice coefficient,ameasuref spatialsimilarity betweerbinaryimage
pairs(for detaileddescriptionyeferto MethodsS1).

Results

Winner-takes-all thalamic parcellation

In bothLGS and control groupsyinnertakesall thalamicparcellatiorrevealedagenerally
symmetricarepresentationf thalamicareasassignedo bilateralcortical networks(Figure
1A). To facilitate identificationof thalamicterritories,spatialoverlapwith thethalamic
atlag?is quantified usindice coefficiensin TableS3 Overall, high consistencyvas
observedor.thebootstrappeplarcellationsMedianconsistencyf thalamicvoxel
assignmentacrossl 0,000 bootstrappeshmplesvas77%in controlsand70%in LGS
(FigureS3).

In both groups, posteridhalams (including pulvinar, posteriontralaminar,and
ventroposterior nuclei) showed dominant functional connectivitly primary andsensory
networks(visual, sensorimotor, anduditory), while anterior,medial and dorsathalamus
(includinganterior,mediodorsalandmedial pulvinar nucleiveremainly assgnedto

networks ofassociatiorandlimbic coriex (anteriorsaliencedorsaldefault-mode, and
executive-contrgl In both groupsthe anteriorsalienceand sensorimotor networks occupied
thelargestthalamicterritories eachnetworkshowedstrongest connectivityith >20% of all
thalamicvoxels(Figure1C). In contrastthe dorsahttention,posteriorsalience and ventral

default-mode=networks showétll e or no dominarterritory.

Onvisual inspectionl.GS patientsshowedncreasedlominantthalamicterritory for theleft
andright executivecontrol networkgFigures 1A and 1 Specifically,comparedo
controls,agreaterproportion of voxelsncludingleft andright anteriorandventrolateral

nuclei showed strongest connectiwtith theleft andright executivecontrol networks,
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respectivelyjn controlsthesenucleiinsteadshoweddominantconnectivitywith the

anteriorsalienceor dorsaldefaultmode networks.
Thalamocortical functional connectivity strength in each group

In eachgroup,analysisof functional connectivitygtrength(Figure 2)revealednoreextensive
patternsof thalamocorticabonnectivitythanfound by the winnetakesall parcellation For
eachresultgspatial overlapwith thethalamicatlag? is quantified usindDice coefficiensin
TableS4

Severakhalamicregions showedignificantconnectivitystrengthwith multiple cortical
networks.In'bothLGS and control groups, thasual, sensorimotor, and auditory networks
showed overlappingonnectivitywith the pulvinar, ventrgosterior,and posterior
intralaminamuclei. Additionally, cortical networks thoughtio supportrelatedfunctionalroles
displayedsimilar patterns othalamicconnectivity For example dorsaland ventral
components.efithe default-mode netwedchdisplayedvilateralconnectivitywith the
medialregionof the pulvinarwhile theleft andright executivecontrol networks showed
similar connectivitywith theanteriorthalamus.

Onvisual' inspection, networlencompassingrefrontal parietal,andtemporalcortex
displayedmorediffuse patternsof thalamicconnectivityin LGS relativeto controls.
Specifically,patientsshowedmoreextensiveconnectivitybetweerthe mediodorsand
ventrolaterathalamus ang theright andleft executive-control networks, amyl thedorsal

and ventral default-mode netwark
Abnormally enhanced thalamocortical functional connectivity strength in LGS

Four netwerkssshowesignificantlyincreasedhalamocorticatonnectivitystrength(p<0.05,
family-wiseerrorcorrectedlin patientsrelativeto controls(Figure 3).Patientsshowed
enhancedbilateralthalamicconnectivitywith the left andright executivecontrol networks,
and theventraldefaultmode networkSpatialoverlapwith thethalamicatlag? indicatedthat
theseconnectivityincreasesveremaximalin the mediodorsal andentrolaterathalamus.

Enhanceaonnectivitywasalsoobservedetweenhe dorsal default-mode network and a
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smallareaof theleft thalamus involving ventroadialand ventralnteriornuclei.No areasof

reducedconnectivitywereobservedn patientgelativeto controls.

To visualizethalamicareasn patientsshowing abnormatonnectivitywith multiple cortical
networkswecomputed summarymapby i) binarizingand then summingll significant
thalamicvoxels £<0.05)from eachbetweengroupcomparison, anil) applying a threshold
of >1. Theresultingsummarymapshowedmaximalparticipationof the mediodorsal and

ventrolaterathalamugFigure 4).

Abnermally enhanced thalamocortical functional connectivity strength in lesional and

non-lesional’LGSsub-groups

FigureS2displaysresultsof the exploratorgnalysesomparingeachof two patientsul>
groups(i.e., patientswith presumedepileptogenic lesions evident anatomicaMRI, and
patientswithout suchlesions)againsthealthycontrols.In both patientsub-groups, abnormal
connectivitywassimilar to thatseenat the whole-groupevel, including enhanced
connectivitybetween) thethalamus and the dorsal anehtraldefault-mode networks; and
i) thethalamusand thdeft andright executivecontrol networkgFigureS2).In both sub-
groups, nareasof reducedconnectivitywereobservedn patientsrelativeto controls.

Association with age of seizure onset

In patients, n@orticalnetworkshoweda significantinear relationshigoetweerseizureonset

age andhalamicfunctional connectivitystrength(all p>0.13,family-wiseerrorcorrected.

Discussion

Specificthalameocorticatircuitsareaffectedin LGS. Functional connectivitys abnormally
enhancedetweenthe mediodorsandventrolaterathalamusand thecorticalexecutive
control and default-mode networks.contrast posteriorthalamicregionswhich show
dominantconnectivitywith primary andsensorycortical networks, appedo belessaffected.
Furthermorepatternsof abnormathalamocorticafunctional connectivityn LGS are
observablen patientsub-groupsvith and withoutpresumeaepileptogenic lesions evident on

anatomicaMRI, adding furtheevidenceo supportthe hypothesighatthe shared
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electroclinicafeaturesof LGSreflecta ‘secondary network epilep$y’ in which abnormal
epilepticbehavioris expressedcrossa sharedhetwork,ratherthanreflectingthespecific

lesionalor non-lesionaletiology.

PreviousfMRI*studiesin healthysubject$** andepilepsypatient§® haveparcellatedhe
thalamus byneasuringsonnectivitywith anatomicallydefinedcorticallobes.Herewe show
that the thalamusanalsobeparcellatecaccordingto functional corticalnetwork
organizatien, addintp prior evidencen healthy subjecté*®and extending thelinical
utility of this.approachGiventhe growing understanding epilepsyasa disorder ofarge
scalefunctionalsystemshatofteninvolve distributedbrainareas?, we suggesthatthe use
of functionalysdefinedcortical network regions-ofnterestis well-suitedto exploreclinically

relevantmarkersof thalamocorticatlysfunction, andnayrevealnewtreatmentargets.

We speculatghat abnormathalamicinteractionswith theexecutivecontrol and default-
mode networksnay contributeto cognitivedeficitstypically observedn LGS. Theaffected
networkscomprisedistributedareasof prefrontal parietal,andtemporalcortexthatnormally
support éreadrange of cognitive functioh$'® Prior fMRI studies show that abnormal
thalamus-default-modeonnectivityis associatedavith impairedintellectin severechildhood
epilepsy*, while'aberranthalamus-executive-control connectiviglinked to deficitsin
working memoryand verbalearning®. We previously found thavidespreadireasof the
executive-control and default-mode netwoaksrecruitedduringtonic seizure$and
epileptiformdischarge®’in LGS. Additionally, LGS patients show abnormal functional
connectivitywithin the defaultmode networkandbetweerthe default-mode and executive-
control networkd™. Considered togethetheseresultsraisethe hypothesis that the
expressiorf epieptic activity in thalamus-executive-control atfthlamusdefaultmode

circuitsdisrupts.normal connectivity, potentially contributtegmpairedcognitionin LGS.

Pathologyef:the‘mediodorsal angentrolaterathalamus has previousheenassociatedavith
severakleetroclinicafeaturesof LGS. Early ischemicinjuriesto the mediodorsal or
ventrolaterathalamuscanleadto epilepticencephalopathyyith patientsdeveloping tonic
and othegeneralizedgeizuresinterictal slow spike-andvave and developmental
regressioff. Ictal SPECTstudiesshowhyper-perfusion of the mediodorsal nucleus during
secondarilygeneralizedonic-clonic convulsion§’ aswell asgelasticseizuresn patientswith

hypothalamichamartom&, an epilepsy thabftenevolvesto a LennoxGastauphenotype.
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Furthermorein rodent models ajeneralizegbsencepilepsy, kainiacidinjectionsto the
mediodorsal nucleuslicit slow spikeandwave®, bilateralremoval of the mediodorsal
nucleusabolishesslow spike-andwave®, andgeneticallypredisposedtrainsdevelop

spontaneouabsenceeizureghatshowearly involvement of the ventrolatertdalamus®.

Our findingsin LGS show notablalifferencedo previous observations othergeneralized
epilepsysyndromesRelativeto healthy controlspatientswith geneticgeneralizeapilepsy
(GGE) showreduced functionalconnectivitybetweenthe mediodorsahalamusand
prefrontal/parietahireasof the default-mode netwotk®® Thesethalamocorticatircuits
spatiallyovedapwith thosefound herdo beaffectedin LGS, however the expression of
abnormalkgctivity:appearso differ (i.e., reduced thalamocorticatonnectivityin GGE;
enhanced thalamocorticatonnectivityin LGS). Consistentvith this observationEEGfMRI
studies okpileptiformdischargesn GGE andLGS show divergenpatternsof fMRI signal
changen brain networks involvedn both syndromes (e.gleactivation of the default-mode
network duringgeneralizedgpikeandwavein GGE**: activation of thedefaultmode
network duringgéneralizegaroxysmafastactivity in LGS™). Thesefunctionaldifferences

may helpto.explain thedistinctelectroclinicalprofiles of theseepilepsysyndromes.

Thethalamocerticatircuitsaffectedin LGS includebrainareaswith knownvulnerabilityto
maturatiorl dysregulationFor examplethalamicfunctionalconnectivitywith prefrontal
areasf the default-mode arekecutivecontrol networksis significantlyrefinedthroughout
childhoodandadolescencd? increasinghesusceptibilityof thesecircuitsto
developméntal insults Similarly, in immaturerodents/ithium-pilocapine-inducedstatus
epilepticuspreferentiallydamageshe mediodorsal thalanitis® andanearlierageat seizure
onsetis associateavith moreseveremediodorsainjury®, greatercognitiveimpairmentin
laterlife®’, landenhancedikelihood of epileptogenesté Giventhat thepatientsin our study
developedseizuresn parallelwith thesecritical neurodevelopmental periods, gressibility
is thatLGSinducesanalteredtrajectoryof thabmocorticaimaturation.This would be
consistentwith prior studiesshowing thatntractablechildhoodepilepsyinterfereswith

functionalconnectivitydevelopment of ththalamusand default-modaetwork 3

Furthermorethalamocorticatircuitsthatappearo beless affectedin LGS includebrain
areasvith severaldevelopmentahdvantagethatmay protectagainstearlylife insults We

found thatlLGS patientsandcontrolsshowedsimilar connectivitybetwea posterioithalamic
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regions (including ventroposteriandpulvinarnuclei) andthe visual, auditory, and
sensoimotor networks.Theseprimary andsensorysystemsareamong thdirst
thalamocorticatircuitsto emergeduring prenatalfunctional connectivity developmént
andtheir maturationoccursearlierthanhigher-order networks @fssociatiorcortex,suchas
the default=mode aneecutivecontrol network§%® We speculatehatthis earlier
developmental windownay redice thevulnerability of primary and sensorgystemgo
potentialimpactsof LGS onthalamocorticamaturation Consistentvith this hypothesis,
somepatientswith LGS show arelativepreservation of motor functiom®mparedo patients
with otherepilepticencephalopathié$ Additionally, abnormametabolismon FDG-PET
typically sparegrimary cortexin LGS, while ictal SPECT andinterictal EEG-fMRI3®

studiesshowreducednvolvement ofprimary corticalareasduringepilepticactivity.

Identificationof thalamocorticatircuits maximally affectedin LGS may haveimplications
for emergingneurostimulatiortreatmentsAlthoughtherapeutianechanismsemainunclear,
efficacy of thalamicstimulationfor epilepsyis likely maximizedwhenstimulationis tailored
to thespecificthalamocorticatircuits underlyingseizuresFor example stimulationof the
anterior nueleus of thihalamuswhich projectsstronglyto temporalcortexand thdimbic
system showssffectivenessn temporallobeepilepsy?, but benefitarelessapparentor
seizuref extratemporal origi’. In LGS, interestin thalamicstimulationhaslargely
focusedon the centromedian nucleus, a sliNdsion of the posteriointralaminarcomplex
thatis thoughtto modulatediffuse cortical activity via widespreadnonspecificinteractions
with superficialcorticallayers®™. In the present studye showthatLGS affectsspecific
functionalinteractiondbetweernthe mediodorsandventrolaterathalamusand thecortical
executive-control and default-mode networks, a findiragalignswith previousSPECT,
EEGIMRI®® andFDG-PET* studies showinthatepilepticactivity in LGSis expressed
via thesecircuits. Takentogetherpur resultssuggesthat networktailoredstimulation
potentiallytargetingthe mediodorsal orentrolaterathalamusmay be a candidate

therapeuticstrategyto explorefurtherin LGS.

Limitatiens and future directions

Theclinical utility of thesefindings requires additional investigation. Althouge show that
abnormalkonnectivityin LGS affectsspecificthalamocorticatircuitsthatnormally support

key cognitive functions®, further studiesreneededo determineamoredetailed
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associatiorbetweenalteredconnectivity and neuropsychological outcormekGS. Potential
effectsof anti-epilepticmedicatiors on ourresultscannot be excludedlvhile it is possible
our resultswereinfluencedby patientsin-scanneepileptiformdischargeswe previously
observedhatabnormal functionatonnectivityin LGS persiss duringfMRI periods without
scalpEEGrecordeddischarge¥, suggestinghatenhanceaonnectivitymayreflectamore
pervasivegonfiguration ofaffectedcircuits Finally, we notethatasmallnumberof patients
includedin“our studyhadaseizureonsetage considedlesstypicalfor LGS (>9 years;Table
1). However,acrossour patientgroupwe did notfind a significaniassociatiorbetween
thalamocorticafunctionalconnectivityandageof seizureonset,suggestinghattheshared
electroclinicalphenotypemay betterexplainour observed pgernsof abnormatonnectivity

Conclusions

Ourfindingsidentify specificthalamocorticatircuitsaffectedin LennoxGastausyndrome
(LGS). Despiteheterogeneoustiologies functional connectivitys abnormallyenhanced
betweenthe.mediodorsal aneentrolaterathalamusand thecorticaldefaultmode and
executive-contral networké$n contrastposteriorthalamicareaswhich showdominant
connectivitywith primary andsensorycortical networks arelessaffectedin LGS. Givenour
previous tudiesshowing thaepilepticactivity in LGS disrupts thelefaultmode and
executive-control networf8*2 we hypothesizeéhatthe mediodorsal angentrolateral
thalamusmay be candidatéargetsfor modulating abnormal network behavior underlying

LGS, potentiallyvia emerginghalamicneurostimulatiortherapies.

Acknowl edgements

We thankthe patientsandtheir familiesfor participatingin this researchWe alsothank
Shawna Farquhars@mdtheFloreyradiographyteamfor MRI scanningPr NeelanPillay
for contributiengto patientrecruitmentandProfessorSamBerkovicfor manuscripadvice.
This studywassupported by thBlationalHealthandMedicalResearciCouncil ofAustralia,
projectgrant628725JohnS. ArcherandDavid F. Abbott), andpractitionerfellowship
1060312(GraemeD. Jackson)AaronE.L. Warrenis supported bynAustralian
GovernmenResearciTrainingProgramScholarship, antellowship fundingfrom the
Lennox-GastausyndromeFoundationLGS Foundation)David F. Abbottis supported by

fellowship fundingfrom the NationallmagingFacility. We acknowledgehefacilities and the

This article is protected by copyright. All rights reserved



scientificandtechnicalassistancef theNationallmagingFacility at the Florey node, and the
support oftheVictorian Government througthe OperationallnfrastructureSupportGrant.

Disclosure of conflicts of interest

None of the authorsasany conflict ofinterestrelevantto this researclactivity to disclose.
We confirm thatwe havereadthe Journal’s position orssuesnvolvedin ethicalpublishing

andaffirm thatthis reportis consistentvith thoseguidelines.

References

1. ArzimanoglouA, Frenchld, BlumeWT, etal. Lennox{Gastausyndrome: &onsensus
approach on diagnosiassessmenimanagement, artdal methodologyLancetNeurol
2009; 8: 82-93.

2. ArcherJS,WarrenAEL, JacksorGD, etal. Conceptualising LennofsastautSyndrome
asasecondarnnetwork epilepsyFrontNeurol 2014; 5: 1-11.

3. Pillay N, ArcherJS,BadawyRA, etal. Networksunderlying paroxysmdastactivity and
slow spikeandwavein LennoxGastausyndromeNeurology 2013; 81: 665-673.

4. ArcherdS;WarrenAEL, StagnittiMR, etal. LennoxGastautSyndrome and Phenotype:
secondarnetworkepilepsiesEpilepsia2014;55: 1245-1254.

5. WarrenAEL, HarveyAS, AbbottDF, etal. Cognitivenetworkreorganizatiorfollowing
surgicalcontrol of seizuresn LennoxGastausyndrome. Epilepsi@n press2017).

6. Intusomal, AbbottDF, MastertonRA, etal. Tonic seizuref LennoxGastaut
syndrome periictal singlephotonemissioncomputed tomography suggests a

corticopontine network. Epile@s2013; 54: 2151-2157.

This article is protected by copyright. All rights reserved



7. SiniatchkinM, Coropceani, Moeller F, etal. EEGfMRI revealsactivationof
brainstemand thalamus patientswith LennoxGastausyndromeEpilepsia2011; 52:
766-774.

8. VelascoM, VelascoF, AlcalaH, etal. Epileptiform EEG actiity of the centromedian
thalamicnucleiin childrenwith intractablegeneralizedeizuref the LennoxGastaut
syndromeEpilepsial991; 32: 310-321.

9. FerrieC, MarsdenP, MaiseyM, etal. Corticalandsubcortical glucosmetabolismin
childhoodepilepticencephalopathies.Neurol Neurosurg Psychiatry 1997; 63: 181-187.

10.VelasceAL »VelascoF, JiméneZ, etal. Neuromodulation of theentromediarthalamic
nucleiinithetreatmenof generalizegeizuresand the improvement of the qualityldé
in patientawith Lennox-GastausyndromeEpilepsia2006; 47: 1203-1212.

11.FisherRS,UematsuS, KraussGL, etal. Placebecontrolled pilot studyf centromedian
thalamicstimulationin treatmenbf intractableseizuresEpilepsial992;33: 841-851.

12. WarrenAELyAbbott DF, VaugharDN, etal. Abnormal cognitivenetworkinteractionsn
LennoxGastausyndromea potentiamechanisnof epilepticencephalopathy. Epilepsia
2016; 57:812822.

13. AlcauterS, in W, SmithJK, etal. Development othalamocorticatonnectivityduring
infancysandts cognitivecorrelationsJNeurosci2014; 34: 9067-9075.

14. ToulminH, BeckmannCF, O'Muircheartaighl, etal. Specializatiorandintegrationof
functionalthalamocorticatonnectivityin thehumaninfant. ProcNatl AcadSciU S A
2015; 112: 6485-6490.

15.YuanR, Di.X, Taylor PA, etal. Functional topography of thbalamocorticabystemn
humanBrain' StructFunct2016; 221: 1971-1984.

16. PowerJDyBarnesKA, SnyderAZ, etal. Spurious busystematicorrelationsn
functienalecennectivityMRI networksarisefrom subjectmotion. Neuroimage 2012; 59:
2142=2154:

17.DuY, FanY.\Group information guidetCA for fMRI dataanalysisNeuroimage 2013;
69: 157-197.

18.Yeo BT, KrienenFM, Sepulcrel, etal. The organization othe humancerebralkortex
estimatedyintrinsic functionalconnectivity.J Neurophysiol 2011; 106: 1125-1165.

19.ZhangD, SnyderAZ, Fox MD, etal. Intrinsic functionalrelationsbetweerhuman
cerebrakortexandthalamus.J Neurophysiol 2008; 100: 1740-1748.

This article is protected by copyright. All rights reserved



20.He X, DoucetGE, SperlingM, etal. Reducedhalamocorticafunctionalconnectivityin
temporallobe epilepsy Epilepsia2015; 56: 1571-1579.

21.Winkler AM, RidgwayGR, WebsteMA, etal. Permutatiorinferencefor thegeneral
linearmodel. Neuroimage 2014; 92: 381-397.

22.Krauth AyBlancR, Poveda&, etal. A meanthreedimensionahtlasof the human
thalamusygeneratiorirom multiple histologicaldata.Neuroimage 2010; 49: 2053-2062.

23.Fair DA, BathulaD, Mills KL, etal. Maturingthalamocorticafunctional connectivity
acrossdevelopmenttront SystNeurosci2010;4: 10.

24.IbrahimGM,; MorganBR, SmithML, etal. Thalamocorticatonnectivityis enhanced
following_functional hemispherotontpr intractableateralizedepilepsy. Epilepsiehav
2015; 51:281:285.

25.WoodwardND, HeckersS. Mappingthalamocorticafunctional connectivityn chronic
andearly stagesf psychotic disorder®iol Psychiatry 2016; 79: 1016-1025.

26. GuzzettaF, BattagliaD, VerediceC, etal. Early thalamicinjury associateavith epilepsy
and continuous spikeraveduringslow sleep.Epilepsia2005; 46: 889-900.

27.BlumenfeldH; Vargheses, PurcaroM, etal. Corticalandsubcorticalnetworksin human
secondarilygeneralizedonic-clonic seizuresBrain 2009; 132: 999-1012.

28. Kameyameés, MasudaH, MurakamiH. Ictogenesiand symptoratogenesisf gelastic
seizuresn.hypothalamichamartomasanictal SPECTstudy.Epilepsia2010; 51: 2270-
2279.

29.KatoK, Urino T, Hori T, etal. Experimentapetit maklike seizureinduced by
microinjectionof kainicacidinto theunilateralmediodorsahucleusof thethalamus.
NeurolMed Chir (Tokyo) 2008; 48: 285-291.

30.BanerjeePK, SneadOC. Thalamicmediodorsaandintralaminamuclearlesions disrupt
the generation aéxperimentallyinducedgeneralizedbsencdike seizuresn rats.
EpilepsyRes1994; 17: 193-205.

31.VergnesMi;"MarescauxC, DepaulisA. Mapping of spontaneous spigadwave
dischargesn‘Wistarratswith geneticgeneralizedchon-convulsive epilepsyrain Res
1990;.52387-91.

32.WangZ, ZhangZ, JiaoQ, etal. Impairmentsof thalamicnucleiin idiopathicgeneralized
epilepsyrevealedby a study combining morphological and functioo@hnectivityMRI.
PLoSOne2012; 7: e39701.

33.Kim JB, SuhSl, SeoWK, etal. Alteredthalamocorticafunctionalconnectivityin

idiopathicgeneralizecepilepsy Epilepsa 2014; 55: 592-600.

This article is protected by copyright. All rights reserved



34.CarneyPW, MastertonRA, HarveyAS, etal. The core networkn absencepilepsy.
Differencesn corticalandthalamicBOLD responseNeurology 2010; 75: 904-911.

35.KubovaH, DrugaR, LukasiukK, etal. Statusepilepticuscausesecroticdamagen the
mediodorsal nucleus diie thalamusn immaturerats.J Neurosci2001;21: 3593-3599.

36.KubovaH;DrugaR, Haugvicova Retal. Dynamic changes atatusepilepticusinduced
neuronal degeneration the mediodorsal nucleus of the thalamus during postnatal
development of theat. Epilepsia2002; 43: 5460.

37.KubovaH, MaresP, Suchomelové, etal. Statusepilepticusn immatureratsleadsto
behaviouraland cognitivienpairmentandepileptogenesi€ur J Neurosci 2004; 19:
3255-3265.

38.IbrahimGM, MorganBR, LeeW, etal. Impaireddevelopment ointrinsic connectivity
networksin childrenwith medicallyintractablelocalizationrelatedepilepsy Hum Brain
Mapp2014; 35: 5686-5700.

39.DoriaV, BeckmanrCF, Arichi T, etal. Emergencef restingstatenetworksin the
pretermhumanbrain.ProcNatl AcadSciU S A 2010; 107: 20015-20020.

40. AljaafarsDpFasandA, Nascimentd-A, etal. Adult motor phenotypdifferentiates
Dravetsyndromegrom LennoxGastausyndrome and linkSCNZ1Ato early onset
parkinsoniarfeatures Epilepsia2017; 58: e44-e48.

41.FisherR, Salanova/, Witt T, etal. Electricalstimulationof theanteriornucleus of

thalamudor treatmenbf refractoryepilepsy Epilepsia2010; 51: 899-908.

This article is protected by copyright. All rights reserved



Figure legends

Figure 1 : Winner-takes-all thalamic parcellation using 10 cortical networks of interest

A) In LGS and control groupseparatelyeachthalamicvoxelwasassignedo thecortical
networkrepresentinghe mostfrequent assignmeacrossl0,000 bootstrappesamplegfor
eachsample gachthalamicvoxelwasassignedo the cortical networkwith the strongest
meanfunctional connectivityat thatvoxel). Thalamicvoxel colorsmatchthecortical network
masksshownin FigurelB. Resultsaredisplayed on th&INI-152T1 braintemplateThez
coordinateon eachthalamicimageindicatesthe axial positionin MNI spaceTo facilitate
identificationof thalamicregionsparticipatingin eachresult,spatialoverlapwith a
histologicallyinformedthalamicMRI atlag? is quantified(Dice coefficients)in TableS3.

B) Binary masksof 10 cortical networks derivedrom thetemporallyconcatenatetMRI data
of all subjectghealthycontrols and.GS patientdogetherjusinggroupievel independent
component analysi@CA). Anatomicallocationsencompasseby eachcortical networkare
listedin TableS1.Corticalnetwork abbreviationd/1 S=visual;SM=sensorimotor;
AUD=auditory; DAN=dorsatattentionnetwork; pSN=posteriosaliencenetwork;
aSN=anterioisaliencenetwork;RECN=rightexecutive-control network;ECN=left
executive-contral networldDMN=dorsaldefaultmode networkyDMN=ventraldefault-
mode network.

C) Foreachgroup, thespatialextent ofeachcortical network’sdominantthalamicterritory
(i.e., the proportion afhalamicvoxelsassignedo eachcortical networkin the winnertakes
all parcellationseenin FigurelA). Cortical network abbreviationareasper FigurelB.

Figure 2 : Within-group analysis of thalamocortical functional connectivity strength
Thalamicregions showingignificantly positive functionatonnectivitystrength(p<0.05,
10,000 permutationsorrectedor family-wise errorfollowing thresholdfree cluster
enhancemef) with eachcortical network.Resultsaredisplayedseparatelyor healthy
control and_GS groups.The color of eachcortical networkmatchests areaof significant

thalamicconnectivity.Resultsaredisplayedon theMNI-152T1 braintemplate Thez
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coordnatedisplayedoneachthalamicimageindicatestheaxial positionin MNI space.
Corticalnetwork abbreviationareasper FigurelB. To facilitate identificationof thalamic
regionsparticipatingin eachresult,spatialoverlapwith ahistologicallyinformedthalamic
MRI atlag? is quantified(Dice coefficients)in TableS4.

Figure 3 : Sgnificantly enhanced thalamocortical functional connectivity strength in LGS

L eft: Cortical networks andhalamicregions showingignificantly enhanced functional
connectivitystrengthin paientsrelativeto healthycontrols(p<0.05, 10,000 permutations,
correctedor.family-wise errorfollowing thresholdfree clusterenhancemefit). Resultsare
coloredusingp values wherehotter(moreyellow) areasgndicatemoresignificant voxels
(i.e., valueglaserto zero) Resultsaredisplayedon theMNI-152T1 braintemplate Thez
andx coordinates othalamicimagesndicateaxial andsagittalpositionsin MNI space,
respectivelyCortical network abbreviationareasper FigurelB.

Right: Quantification(Dice coefficients)of spatialoverlap(O=zerooverlap;l=perfect
overlap)betweerthe grouplevel significantthalamicclusterdisplayed on th&eft, andeach
of 9 thalamicnuelear groups derivefidom a histologicallyinformedMRI atlas? (for detailed
descriptiongeferto MethodsS1andTableS2). Thalamicnuclear group abbreviations:
Ant=anterior;Md=mediodorsalalL=anteriorintralaminar;plL=posteriorintralaminar;
Pul=pulvinar,VA=ventral anterior;VM=ventromedial,VL=ventrolateral;

VVP=ventroposterior.

Figure 4 : Thalamic regionsin LGS showing abnormally enhanced functional connectivity
strength with multiple cortical networks

Upper: Summaryimagerepresentinghalamicregions showingignificantlyenhanced
connectivitystrength(LGS greaterthancontrols,p<0.05, 10,000 permutationsprrectedor
family-wiséerrorfollowing thresholdfree clusterenhancemeft) with multiple cortical
networks. Themumberof cortical networksis given by eachthalamicvoxels color (red=
enhanceaonnectivityinvolving 2 networksprange=Xetworks; yellow=4 networks).
Resultsaredisplayedon theMNI-152T1 braintemplate Thez andx coordinates othalamic
imagesindicatethe axial andsagittalpositionsin MNI spacerespectively.

L ower: Quantification(Dice coefficients)of spatialoverlap(O=zerooverlap;1=perfect
overlap)betweerthe grouplevel thalamicclusterin the uppeimage,andeachof 9thalamic
nuclear groups derivefidom ahistologicallyinformedMRI atlag?(for detaileddescription,

referto MethodsS1andTableS2) Thalamicnuclear group abbreviatioaseasper Figure 3.
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Supporting information captions

Methods S1: Supplementary methods.

Table SL: Anatemicallocationsencompassely cortical networks ofinterest.

Table S2: Histologically-informedthalamicatlasmasksusedto assistwith identifying

thalamicareasoef functional connectivity.

Figure S1: Consistencyof thalamicparcellationsacrossbootstrappedamples.

Table S3: Dice coefficientsquantifyingspatialoverlapbetweerthe winnertakesall thalamic

parcellationgwithin eachgroup) and théhalamicatlas.

Table $A: Dice coefficientsquantifyingspatialoverlapbetweerregions ofsignificantly
positivethalamicconnectivitystrength(within eachgroup)andthethalamicatlas.

Figure ..Abnormalthalamocorticafunctional connectivitygtrengthin lesionaland non-

lesionalLGS'sub-groups.
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Ageat study Anti-epileptic Seizuretypes Routineinterictal EEG Anatomical MRI Presumed etiology Neuropsychological features
(ageat seizure medications at features features (*=confirmed (Cl=cognitiveimpair ment)
onset), years time of study neur opathology)
25(0.5) CBZ,LEV, TPM, Tonic, AA, Backgroundslowing, Tuberoussclerosis, Tuberoussclerosis SevereCl
VPA GTCS SSW, GPFA multiple lesions complex Non-verbal
Requires assistance with activitiefs
daily living
24(0.5) LEV, TPM Tonic, AA, Backgroundslowing, Normal Unknown SevereCl
GTCS SSW, GPFAbi-frontal Full-scale 1Q40
discharges Lives insupportecaccommodation
4] (1) CBZ,LTG, MDZ, Tonic, AA, Backgroundslowing, Diffuse atrophy Unknown SevereCl
VPA myoclonic, SSW, GPFA Non-verbal
GTCS Lives insupportecaccommodation
25(2.5) LTG, VPA Tonic, AA, Backgroundslowing, Normal Chromosomeq37 Moderately sever€l
myoclonic, GPFA,SSW,multi-focal deletion Full-scale 1Q=40
GTCS discharges Lives insupportecaccommodation
35(2.5) CLB, LTG, TPM, Tonic, AA, Backgroundslowing, Normal Unknown Moderately sever€l
VPA GTCS SSW, GPFA Minimally verbal
Requires assistance with activitiefs
daily living
42(3) LEV, LTG, MDZ Tonic, AA, Backgroundslowing, L frontal and L Traumatic brain injury at| Moderatéy severeCl
GTCS SSW, GPFADi-frontal temporalpole gliosis age 2years Minimally verbal
discharges Lives insupportecaccommodation
14 (4) CBZ,LTG Tonic, SSW, GPFA Normal Unknown Mild impairmentin executive
myoclonic, function
GTCS
37(4) CBZ,LEV, LTG, Tonic, AA, Backgroundslowing, Bilateral parietal LISl c.484G>A ModerateCl
VPA FIAS, GTCS SSW, GPFAbi-frontal doublecortex (p.Glyl62Sergene Full-scale 1Q=60
discharges mutation
37(4) CBZ,LEV, TGB Tonic, AA, SSW, GPFA, R R temporal cortical Peri-natal infarction Mild impairmentin verbalmemory
FIAS temporal/parietal loss and gliosis (*gliosis)
discharges
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10 44(4) CBZ,CLB, LTG, Tonic, AA, Backgroundslowing, L frontal polegliosis Unknown ModerateCl
TPM, VPA GTCS SSW, GPFA, R frontal Lives insupportecaccommodation
discharges
11 26 (5) LCM, LTG, PHB, Tonic, AA, SSW, GPFA, L posterior Bilateralperi Complex malformation ModerateCl
VPA, ZSM FIAS, GTCS discharges ventricularnodular of corticaldevelopment Full-scale 1Q=6063
heterotopia and
polymicrogyria,L
posterior
schizencephaly
12 11(7) CLB, ESX, TPM Tonic, AA, Backgroundslowing, UnusualL temporal Unknown Moderately sever€l
spasmsGTCS SSW, GPFAmulti-focal sulcation (incidental) Minimally verbal
discharges Full-scale 1Q=42
13 38(8) LEV, LTG, TPM, Tonic, FIAS, SSW, GPFA, L frontal L frontal focal cortical | Focal cortical dysplasia Mild impairments inworking
VPA GTCS discharges dysplasia (*palloon cells) memory,verbal fluencypsychomotor
speed
14 20(8.5) CBZ, PHT, VPA Tonic, GTCS Backgroundslowing, Diffuse atrophy, De novo chromosome SevereCl
SSW, GPFA bilateralperi 1g313g4linterstitial Non-verbal
ventricularnodular duplication
heterotopia
15 16(9) CLB, LEV, STH Tonic, AA, SSW, GPFA, Rronto- Normal Unknown Mild CI
GTCS temporal discharges Full-scale IQ=700range
16 38(10) LEV, LTG, OXZ Tonic, AA, Backgroundslowing, Normal Unknown Mild impairments in verbal recall,
GTCS SSW, GPFA, R visuospatial processing
temporal/bi-frontal
discharges
17 21(12) ESX,LTG, PHT Tonic, AA, SSW, GPFA Normal Unknown Unremarkable cognitive profile with
GTCS schooling difficulties following
seizureonset
18 19(13) LTG, OXZ, PHT, Tonic, AA, Backgroundslowing, Normal Chromosomé 5q11.2 ModerateCl
VPA GTCS SSW, GPFADi-frontal gl3.1linversion- Verbal 1Q=73
discharges duplication Performance 1Q=50
19 18(16) CBZ,ESX,LEV Tonic, FIAS SSW, GPFAmulti-focal Normal Acute lymphoblastic Mild ClI
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discharges leukemia treated with Full-scale IQ=7583range

systemicchemotherapy

20 39(25) F CBZ,LTG, PHT, Tonic, FIAS, SSW, GPFA, L frontal L fronto-temporal Traumatic brain injury Mild ClI
VPA GTCS discharges cortical loss and age 9 Full-scale 1Q=77
gliosis

Table 1: Electroclinicalcharacteristicef patientswith LGS.

Abbreviations: F=female;M=male; CBZ=carbamazepind;EV=Ilevetiracetam]PM=topiramate VPA=valproate,CLB=clobazam;
LTG=lamotrigine;OXZ=oxcarbazepineESX=ethosuximideSTH=sulthiameMDZ=midazolam; TGB=tiagabineL CM=lacosamide;
PHB=phenobarbiton&SM=zonisamidePHT=phenytoinAA=atypicalabsencezTCS=generalizetbnic-clonicseizure;FIAS=focalimpaired
awarenesseizure SSW=slav spike-andwave; GPFA=generalizeparoxysmafastactivity; L=left; R=Right 1Q=intelligencequotient.
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