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KEY BULLET POINTS

Advances in naltimodal neuroimaging providescreasingsensitivity to identify and profile
localizedanemalies in neocortical and hippocampal subregions

Connectomeanalysesin drugresistant syndromesonsistently showargescale network
anomaliessuggsting that these are nptirelyfocal disordes

Integrating multimodal MRI with macroscale connectomics promises to better understand
both the local and netwoilkvel substratesf drugresistanepilepsies

Integrated approachdbat bridge lesional and connectome scdlage a high potentialto
serve asclinically useful tools, including routines for the prediction of pmsérative

outcomes

This article is protected by copyright. All rights reserved



Tavakolet al | M ultiscale connectomics of drug-resistant epilepsy

SUMMARY

Epilepsy is among the most common chronic neurological disovd#ns30-40% of patients
suffeing. from. seizures despite antiepileptic drug treatm@&hte advent of brain imaging and
network analysedas greatly improvedthe understanding ofthis condition. In particulay
developments“irmagnetic resonance imaging (MRiave provided measuresfor the non
invasive characterization and detectiof lesions causingpilepy. MRI techniquescan probe
structual and functional connectivityand network analyses have shaped our understanding of
whole-brain,anomaliesissociated with focapilepsies This reviewconsidergprogress made by
neuroimaging and connectomics in gtady of drugresistant epilepsiedue tofocal substrate
particularly temporal lobe epilepsy related to mesiotemporal sclerosis and extratemporal lobe
epilepsies_assaciatadith malformations of cortical development. In these disordiesg is
evidence for*widespreadisturbances of structural and functior@@nnectivity Studying the
interplay betweemnacroscale networinomalies and lesiahprofilesis hopedto improve our

understandingffocal epilepsies and assist treatment choices.

KEey worbDs. Epilepsy, MRI, connectivity, biomarker, connectome

INTRODUCTION

Epilepsy iIs achronic neurological disorder affectifg5-1.5% of the world populatiomnd

contributingan estimated). 7 to theglobal disease burdeh More than a thiref patients

continue toexperienceseizures despite argpileptic drug therapy. Individuals with drug-

resistant seizures show markedly elevated risk of motgidifunctional impairment, and

prematurem@rtality compared to those with seizure conftoCrosssectional and longitudinal
studies have“emphasized that uncontrolled epilepsy may cause cognitiveniempaand brain
damagé’. There is a pressing needinaprove our understanding tife epilepsieand todevelop

betterdiagnostic tools, improvestratification and moreeffective therapies
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This reviewhighlightsthe contributions and potential of neuroimagarmg connectome
analysesto understandthe neurobiological substrate ofdrug+esistant epilepsyMRI has
improved ourability to detectlesiors associated with thepileptogenic regignenabing surgery
in patientspreviously considered ‘nelesional’ °. In parallel, there habeen a rapidise in
techniquedo.esimate andquantify structuralconnectivityand functional interactionsetween
distributed\region§. Applications of brain connectivitstudieshave collectively contributed to
the evolving'concept of focal epilepsy as a disordéargescalenetworks Here, wetry to bring
both levels™of" disease description together amtusshow their integration refines our

understandingf drugresistant epilepsy and how tlianaid prognostication and therapies.

I MAGING THE'LESION SPECTRUM

The most commosurgicallyamenablesyndromes are temporal lobe epilepsy (TLE) associated
with mesietemporal sclerosis (MTS) andxtratemporal epilepsies (ETE) related to
malformations.of cortical development, particularly focal cortical dysplasia (FTapether,

theseaccountfor 60-8(% of presurgicapatients inertiary epilepsy centers

In_ TLE, the epileptogenicircuitry generallyencompasses mesial temporal structures
and these struetures also show marked histofzagital changes. Neuronal loasd gliosis is
indeed Seenacrosshippocampal subfield$, amygdala®, and parahippocampasubregions’.
Classically, these changes were visualized usuamdumetic techniques,with atrophy
predominantiylecalizedipsilateralto the focus'® ** involving predominantly the hippocampus
andentorhinal cortexGiven its sensitivity taeactive asbgliosis sometimeghe only detectable
pathologyin_patientswith subtleneuronal losg? T2-weightedMRI and T2 relaxometrpffer
complementary information foMTS detection'®. Furthermore, increaseaccess tcigh-field
scannergrovides contragtch datawith submillimetric resolutionn feasible acquisition times,
sufficient to reselvehippocampal subfield§" *° andtheir internalstructure®®. In TLE, subfield
assessmentiave shownimproved detecton of subtle MTS* and combinations ofsubfield
imagingand surfaceshape modelinganincreaseanalysis resolution” *2 allowing continuous
parameter analysedongthe long axis Surfacebased integration of different contrastach as
local volume T2 intensity, and diffusionparameters caassistin lateralization otthe focus and

predictMTS pathologicabradesn vivo[FIGURE 1, left *9.

This article is protected by copyright. All rights reserved



Tavakolet al | M ultiscale connectomics of drug-resistant epilepsy

FCD Typell is highly epileptogenicand histologically characterizedy dyslamination
andcytologicalanomalies, includingysmorphic neuronsometimesn conjunctionwith balloon
cells ?°. Ectopic neurons and hypertrophic astrocytes milag be present in thevhite matter
immediately below the cortical bounda@n T1-weighted MRI or FLAIR,Type-ll lesionsoften
show increasd. cortical thicknessand blurring, together withgrey and white mattesignal
changes'. Lesions vary in size, ranging frofiling a gyrusto a few voxelssmalllesions seem
to preféerentially occur at the bottom of suféi There are severautomatedidentification
algorithms'émploying different imaging techniques including voxel based morphometry

intensity and textureanalygs >

and analyses dfurfacefeatures such asortical thickness,
blurring, and felding FIGURE 1, right %' %9. Detectionratesmay reach60-70%in cohorts with
histologicallytverified FCDIl . Selection bias is a major factor to be considered, as is the need
to balance sensitivity and specificity when applying the method to individual sibbpesbme
series relatively low false positiveratesin healthyindividuals make them clinically appealing
but there remaina need to evaluate algorithrasross different imaging sités determne how

robust,generalizableandaccessibl¢hey are

[FIGURE 1 HERE]

Up to 50% of individuals referred to tertiary centers are MBdative?’. These patients often
undergo intracranial electrophysiological investigations and chancesizofesédreedom are
reduced compared tcases in whom a lesion was found on MRIRetrospective histological
seriesin patients with unremarkable MRidicate high proportions of subtle FCD Typeand

Typel 2

a"malformation of cortical organization characterized only by lamanaritectural
disturbanced®, and reinspection of the MRI often confirms subtle anomalies that were initially

missed™,

Ultra-high field MRI at 7T and beyond offers theoretical possibilities to inerspatial
resolution ta:35®00 um, a scale at which corticalumns and layers may be visualizedivo.
Paralleling increases in resolution, the use of quantitative MR contrasts may better separate
intracortical myelin from ironcompared to “weighted” contrasts, and thus add specificity to

identify typical and atypical cortical laminar architecture. Preliminary assessmentssisugg
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benefits for localization®. In TLE, a recent quantitative intracortical analysiseven at
conventional 3T MRI- identified intracortical anomalies suggestive of myelin alterations in
hippocampal allocortices and other templmabic areas, suggesting coupled microstructural
perturbations in mesiotemporal and adjacent paralimbic networks

In sumpadvarces in MR acquisition and processingffer a window into tissue
microstructureand=morphology These approachescrease sensitivity for thelentification of
lesions giving rise tepilepsy and lendn vivo signatures of specific pathological anomalies that
may inform_patient prognosis and therapy. Given the association between postopssetive
freedomand identification of a lesion on MRI, thaseaneedto take advantage tiestpractice
threedimensional, and wholbrain imagingtechniques. mprovements in MRI can provide a
wealth a new information. These new approaches need to be validated through largentaulti
studies regarding their diagnostic accuracy, sensitivity and spsacifiefore they can be fully
integratedginte=clinical practice. Nonetheless, tlpegmise aquantifiable improvemento a
diagnostic-precess that, for the most part, remains reliant on visual inspé&sgporationsof
network changes iepilepsyshould be anchodeon optimal structural imagings abaselinefor
lesion detection, in order to understand tbke of lesiors in the pathological networknd to

derive networks from the most meaningful representations of participant anatomy

TOWARDSA NETWORK LEVEL CONCEPTUALIZATION OF FOCAL EPILEPSY

In addition_to increasingly detailedin vivo characterization of epileptogenic lesions,
neuroimaging+has been instrumentalinveiling netvork pathology in focaépilepsiesin TLE,
diffusion MRlkanalyseof white matter tractbaveoutlined widespread architectural alterations,

33, 34 and

generally [characterized by reducedisotropy andincreaseddiffusivity of deep
superficialfibers *. Although findings are not limited to a specific lobecircuit, theyappear
more marked.in ipkteral tempordimbic tracts. Tractbased profiling of diffusion parameters
revealsseyeremicrostructural anomaliesloseto the temporal lobé&° while effects taper off
towards other‘regions, suggestmgstprominentanomalies in the vicinity of the rm@temporal
disease epicentrénterestingly, the topography efhole-braindiffusion changesppears to be
different from wholebraingrey matter morphometric findings TLE. Indeed, in contrast to the
pattern of diffusion MRI changes that may be widespread but generally evest # ipsilateral

temporolimbic regions, MRibased analysesf grey matter morphology and cortical thickness
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have shown aatherconsistent association betweEhE and bilateral neocortical atrophy, which
affects prefrontal, lateral temporal, frontocentral, and parietal re§foBsRE 2, top left; "

also involvingsubcorticalstructuressuch as the thalamd$ In a previous report, diffusion MRI
anomalies of the superficial white matter regions were furthermore foundathiee stable even
after local _cortical thickness variations were statistically corrected>forCollectively, these
findings suggest that diffusion and morphological markers tap into different saluatamalies

as well"asalso potentially different disease processes. In fact, difudRI changes likely
reflect downstream effects of hippocampal pathology on white matter connectivity, also
supported by tractographic findings showing more marked white matter aesnralcohorts

with hippoecampal anomalies compared to those withbu®n the other hand, corticai¢kness
changes seem'to be somewhat independent from the overall degree of hippocampalsanomalie
irrespective of the side of the seizure fotus

In EFE=related to FCD morphometric analys hae found widespread structural
anomalieswhiceh differ acrosshistological subtypes.Analyzing frontal lobe epilepsy patients
with FCD 'and ll, widespread cortical thinning was showiiype Iwhile patients with Type Il
presentedwith “scattered tickening FIGURE 2, top right; *4. In light of findings showing
aberrant synaptogenssof dysmorphic neurons, failure ofigodendrogliadifferentiation, and
perturbatioh.of axonal processes in FCI¥|tthe primary lesion and mutually connected cortices
may show delayed pruningiltimately manifesting as gray matt excessn regions participating
in the samesmaturationtophic networkas the lesionConversely, widespread cortical thinning
in FCD Type | may reflectthe postmigratorymalformation**, andwhich may compromisthe
efficacy of focal resections Although structural connectivity anomalies dysplasiarelated
epilepsyhas been less stwdithancortical morphologythere are findings ddlterations of intra
hemispheric._fibes as well as theorpus callosunt®>, Recent datan ETE relatecto FCD found
anomaliesin=thalamic tracts®®, indicating subcortical network reconfiguratiomsth these

cortical lesions

Alteratiors in morphology andstructural wiring may perturb functional network
organization,as probed using a@skfree (‘restingstaté) functional MRI (rs-fMRI). rs-fMRI
offers a window to resolve dynamiinteractions betweedistributed regionsts-fMRI network
descriptors are consistent and replicable across subpagesting that thegnay serve as

patientspecific biomarkeré’. In TLE, rs-fMRI studieshaveshownmainly decrease functional
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connectivity within ipsilateral mesiotemporal circuit€, between ipsilateral and contralateral
mesiotemporal region®’, and between mesi and lateral temporal region¥. Connectivity
reductions sometimes together with scattered increasekave also been reported between
mesiotemporal reghs andnodesof the defaultmode networkDMN), notablyprefrontal and
midline parietal cortice$® ®2 In healthy populations)ippocampahnd parahippocampabrtices
closely interact'with the default network and form an important subcomptbraeist relevant for
memory*°#Interestingly the sevety of hippocampal structural pathology TLE directly relats

to reductionsTints functional connectivity, with patientdisplayingmarked sclerosis generally
showinglower connectivityto DMN hubs than those wittsolated gliosigFIGURE 2, bottom
left; ). Similanfindings have also been shown for diffusion derived connectomes, with patients
with MTS“being more severely affected than those with only subtle cell*fosReduced
connectivity between hippocampal abIN hubsmay contributeto more severempairments

in memory processes those with marked hippocampal damage

In ETE;taskbased® and rsfMRI studies®® have also suggested functional reorganization
beyond the' primary lesion. Studying an ETE patient, specific reductions in whote brai
functional connectivity have been shown to closely overlap with the area that needed to be
surgically removedsuggesting potential benefits of c@ttomics features for presurgical lesion

localization Figur e 2; bottom right;>.

A recent study of FCD identified diverging patterns of
hyper as well as hyp@onnectivity to different areas of cortex across thsole spectrum,
suggestingwdistributed alterations in functional connectivity profifesThe analysis also
highlighted differences in wholbrain functional anomalies based on the specific connectivity
embedding of the lesion. In fact, patients that had overall ygerected lesions had more
marked wholébrain network reorganization, while connectome signatures werdest in

patients with generally disconnected lesiths

[FIGURE 2 HERE]

In sum, a growing number of studideve shown alterations inlargescale morphology
structuralconnectivity,and functionbconnectivity in “focal” epilepsiedn TLE, diffusion MRI

datasuggest a more tempelimbic distribution closely associated with hippocampal pathology,
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while grey matter changes seem to affect widespread and bilateral networks, possibly also related
to progressive effect€. Functional anomalies in TLE are rather broad, although terdjsobic

and DMN reorganizationis among the more consistent findindg®eorganizatiorof functional
networksappears closelselatedto the severity of hippocampal patholdgdyin dysplasiarelated

ETE, distributed patterns of cordt morphological changes mirror the lesional substraii

thinning in,FCBI and thickening in FCBI, potentially suggesting a developmental pathology
affectingthe*formation andanaturaton of a distributedcand more extensive network. As in TLE,
diffusion and*functional findingsm FCD-related ETEsuggest more widespread anomalies.

It is Important to consider that abnormal neuroplasticity may play a role in epilepsy. Over
time, the frecruitment of recurremixcitation pathways can lead to reinforcement of seizure
generation and seizure propagation networks. Therefore, network abnesmnality not only
provide important information about the location of seizure onsetnhyialsoilluminate how
the diseaselmanges dynamically in relationship with epilepsy severity. Network analyses may
provide impertant information about the pathophysiology of the disease, and help phenotype
individuals with,seemingly similar classification, for example, in distinguishing individuals with
TLE regarding their epileptogenic potential and likelihood of success withcateai or
surgery.

EPILEPSY. CONNECTOMICS

Theincreasingabilities to maplarge scalenetworkswith neuroimagings paralleledoy arisein
analytics capturing principles of systemlevel organization.One of the mostwidely used
frameworksis graphtheory, theanalysisof topological properties of networksadeup of nodes
(region$)andedges(connections)ln TLE, structuralMRI covariance® %, diffusionMRI %, rs-
fMRI connectivity®’, andinterictal EEG coherencanalyse$® haveemployedgraphtheoretical
analyses(FIGURE 3), and showed amassociationbetweenTLE and increasedn path length,
sometimegogetherwith increasesn local clustering.Increasesn clusteringand path length
reflectoverallnetworkregularization(i.e., amorelattice-like configuration of thdorain network,
related to increasd local but reducedglobal efficiency). A metaanalysisacrosstwelve studies
also confirmedincreasd clusteringand pathlength®, but roted methodologicaheterogeneity

acrossstudiesandlimitationsin samplesize More regularizednetwork topologyhasalsobeen
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reportedat the time of seizureonsetin intra-cerebralEEG analysis®®, possiblyrepresering a
mechanismto containseizurerelatedactivity, or reflectingthe process oeizureinitiation .
Seizuretermination on the other handaften relates to anincreasingrandomizationof network
configurations .e., ashift towards a globalljntegrateccommunicatiorf®.

[FIGURE 3 HERE]

As in TLEgdiffusion and r¥MRI network analyses in ETE have suggested a more regularized
network topelégy®’. Analyzing taskfree fMRI data in patients with polymicrogyria, a
malformation of cortical development associated with atypical cortical folding, a rdoegt s
showed increased clustering and path length in the lesion compared to coatralsas®,
suggestingythat lesional anomalies may disproportiomalhtribute to widespread changes. An
association between lesional and network phenotypes was also demonstrated in ETE associated
to several cortical malformation¥. Although patients overall presented with more regular
structural netwarks compared to controls, network rearrangement was mere iselatestage
malformations..(FCH, polymicrogyria) while patients with FGD showed only modest
disruptions, suggesting an interaction between the timing of the malformatieesprand
network ‘anomalies. Later gestational stages are characterizexktbysive corticaortical
network formation, and disruptions in these periods may result in a potentiabywidwspread
cortico-cortical network perturbation than anomalies affecting early proliferative stages of
development that are characterized eynoglial proliferation and radial migration to a more

confined cortical territory.

In"sum;“previous studies suggest increases in path length often (but not alwayertoget
with increases in network clustering in patients with ehegjstant epilepsy. #\for localized
network changes, whole brain network phenotypes seem to be additionally modulated by the
specific lesional substrate and histopathological subtype, which may suggesnon
developmental and disease related processes affecting the lesion and macroscale network
organization. A series of recent studies utilized network diffusion models, a ferm#iliat
simulates signal spread following a local perturbatiBrnto develop spatial predictors of

structural alterations in TLE. Similarly, hippocampal covariance netwonks bhaen leveraged
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as spatial predictors of changes in intrdical FLAIR intensity, potentially suggesting that
network models can delineate pathways of preferential susceptibility to epilepsy rekited br

anomalied?.

CLINICAL.GONNECTOMICS
In focal epilepSy;. anncreasing bodyof work has begun to examine the utility aktwork

analytical measures as markerglafical and cognitivestate in patients

Network, features have beesedto identify surgical target complementing statef-the-
art neuroimaging, particularly in cases whanemalies are subtle or ambiguodnctionaland
structural netwark informatiohave showmpotential to be usefub lateralize the seizure focus
TLE 2 In a.previouss-fMRI connectivity studyf temporal and extratemporepilepsy seizure
onset zonas_ defined by intracranial EEG aldsplayedintrinsic local connectivity anomalies
3 warranting further investigations on the specificity of thésehniques.Co-egistering
intracranial " EEGnformation with diffusion MRI derivedstructural connectomdataacross a
cohort of patients with temporal and exteanporal foci, a recent studyggested a divergence
of connectivity patterns in epileptogenic compared to -eiteptogenic areaswith
epileptogenic networks displaying more inthttal connectivity while whole brain connectivity

strengthi’'seemed to be reduéédrhe biological implications of tfse data are not yet clear.

While network markeramay ultimatelyimprove surgical target localization, or guide
neuromodulatory treatmentshey may also serve agredictors of post-sirgical outcome
(FIGurE 4A). Diffusion connectomdeatures have been assessaukt frequently, given their
ability to probe networks in singlpatients, in TLE™. A recent studycombinedstructural
connectome-features with deep learning, providimgp positive and negative predictive values
for postoperative outcomgrognosis’®. Data fromrs-fMRI analysishasfurthermoreshown an
association between increased thalamic hubness and seizure recurrence, and these features
allowed for individualized prediction withmoderateaccuracy’’. Preselection of relevant
featuresamay improve accuraciemnd a previous fBVIRI study has achievé up to 100%
accuracy in outcome prediction based on connectivity patterns in tetimpbio and DMN
areas ' As for the lesion detection paradigmbpwever, surgical outcome prediction

experiments have so far begenerally based on small, singliée datasets, motivating additional

This article is protected by copyright. All rights reserved



Tavakolet al | M ultiscale connectomics of drug-resistant epilepsy

efforts to share and pool resources. Furthermmrefitsof networkbased outcome predictors
in TLE, when advancedMRI phenotypingis applied (which also yields >90% accuracy in
selectedseries ™) still need to be establishedspecially given data suggestingnarked
interactions betweermippocampaldamage andstructural and functional netwakin ETE
related to FECD, network features may also be useful for outcome prediEtiGuRE 4B).
Specifically, classifying lesions based on the degree of functional conibetietween lesional
tissue and“its“overarching network community may improve predicfiavutcome in single

patients whenrtising supervised learning algoritPfins

[FIGURE 4 HERE]

A third field,of ‘application of connectome tools has been the identification of struetudal
functionalfsubstrates afognitive variables. In mixedpilepsycohorts, network markersave
been used to predict verbabmpetences® and episodic memory®. Network featves have
furthermore been used to identiinguage network organization and efficiefiEyGURE 5A; 1.
As a surgically.amenable disorder, the study of epilepsy aififgionalopportunities to assess
functional network reorganizat post-op.Severalstudies combinegre- and postoperative
imagind to=track network rearrangement isurgical candidates with TLEFIGURE 5B; ¥,
improving understaridg andthe predidon of memory®® and languageutcomes™. Based on
diffusion MRI tractographic mapping, there has been work obge@massociation between

fiber tract/resection arfiinctionaldeficits®

[FIGURE 5 HERE]

In short,conneetomics is increasingly utilized in an attempt to better inform clinical care in drug
resistant epilepsyThis promisingapproachcan lead to a more precise detectiorthaf seizure
onset zonga key node in the epileptogenic network, and targribute tobetter possurgical
outcomeand quality of lifein patients Combinations oftonnectomicsvith machine learning
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haveachievedencouraging result® predict seizure recurrena@e TLE. Network markershave

also been used to predict cognitive functioningepilepsy, and longitudinal data particular

can be used to studyow network reorganizatiomelates tofunctionalchangespre- and post-
surgery. Thushy trackingstructural and functional substrates of important factors for better
quality of life,in patientsnetworkievel phenotypingmay ultimatelyimprove diagnosis and
clinical care_in‘drugesistant epilepsyAs with any new methodology, epilepsy connectomics
requires' carefulvalidation to be sstematically included in routine clinical practiceor a
meaningful“biomarker assessment, this requires a careful evaluativalidify, reliability,
sensitivity, spegificity, and applicability/. Notably, the literature is so far largely devoid of
studies that systematically compare tleéability and diagnostiaitility of connectone-based
measures wagainst simpler imaging and connectiwigtrics including volumetric MRI
techniquesjractwise measures of diffusivifyor seeebased functional connectivity measures
Connectomedevel analyses are also not ‘turnkey’ yet, and often rely on relatively complex
imaging processing and multimodal integration pipelines. As for other imaging techniques,
high-quality=data is key to rule out confounds and inferential faillMes.etheless, connectomic
techniques® have profound theoretiqadtental to improve the diagnosis and treatment of
epilepsy,=by_moving from a visual lesion inspection paradigm tysdemlevel approach

centered.on'the analysis of personalizedswpberrant connectivity.

SUMMARY AND FUTURE AVENUES

Neuroimagingand network neuroscience have brought forward tdolgrofile local lesions,
whole-brain-anemaliesandlarge scale networksThesecan capturéhe impact of theliseaseon
micro- and maeroscalstructual and functioml organizationDrug-resistant focal epilepsies can
be generally“characterized by a continuum between a focal lesiondition anda network
disorder.An understanding of netwoilevel perturbatioa needsto consideithe putative lesion
as beinga pivotalnode in the pa&nt-specific network. Converselgyven the most detailed lesion
modelsimay: suffer fromesidual limitations in surgical target definition and firedicion of

treatment outcomeandwill likely benefit from the incorporation of network data.

As it is a surgicallyamenable disorder, the study of dmegistant epilepsy offers

important opportunitieso validate norinvasive imaging and network modeRecently, MR
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imaging was co-registered taquantitative histopathologicapecimens, allowing for regionally
specificin vivalex vivocorrelation analysi&®. Moreover, diffusion parameters have been related
to microstructural measures of the fimbfanix pathway?’ suggesting a link between diffusion
anisotropy and markers of membrane integrity, findings that are relevantfardative tothe

epilepsy angheuroimaging communésat large.

Connhectomenformed computational modets both healthy and diseased brafisnay
lend features to enrich neuroimaging and network neuroscience markers and tomékesi
basedpredictions®. In epilepsy, computational models have proven useful for target definition
and possurgical outcome predictiorl’, and recent work sl computational simulations

operating @n/connectomes to delineate pathways of seizure propdgation

The.interplay between network and lesiophkenotypes points tooupled pathological
mechanisms..affecting different elements the brain simultaneously Several epilepsy
syndromeS show a progressive coucdgracterized by cumulative brain chasgeareasclose
to the primary lesion and in remote cortical tardetsongitudinal studies will be of value as
they can belused to assess causality between lesional and network level changes, and address
clinical, psychoesocialand medication related factor8s the necessity for treatment in drug
resistant cohorts precludes the study of wibdétient change over extended time frames,
structured-and-accelerated designs that systematically enroll patients at differgpoititaen
their disease course, from n@nset to chronic longtanding, areecommended.Specifically,
prospective analysis of nesnset patients may help to better disentangle medication related
effects fom those related to seizures. Additiomatlusion of healthy individuals, scanned at
comparable.intervalwill helpto differentiate epilepsy disease progression from structural and

functional ehanges seen in healthy ading

Recent effortshave alsobegun to explorepre-existing genetic underpinnings of
anomalies in brain structure, function, and connectigitposscommonepilepsy syndromes

These include-patiersibling studiesn both generalized and focal syndronfes.,*),

aiming at
dissociating disease effects that are only observable in patients from emolgpbe that are

shared by patients and their nepHeptic siblings.

Internationalinitiatives such as ENIGI-epilepsy®® have shown that its possibleto

aggregate multimodal neuroimaging metrics and clinical informaaassdifferent sites and
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to coordinate analytical strategies. Such lasgale open, and concerted effortsvill be

instrumentafor therobust validation of novelpproacheand biomarkers.
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FIGURE LEGENDS

FIGURE 1{ Left: Neuroimaging of hippocampal sclerosis (HS, cell loss and gliosis in the
hippocampal formation). Upper panels show histological specimens and correspomiing hi
resolution T2 and T2weighted images in two TLE patients with variable degrees of HS. Lower
panels illustrate preoperative imaging findings in two cohorts with TLE relative to controls, with
the one on théeft presenting with isolated gliosis but only little cell loss while patients on the
right showed marked HS. For details, $e&LE-HS shows decreased volume together with T2
weighted intensity increases compared to controls. -gli&sis only showed focal increases in
T2-weighted'intensity but no reductions in columnar volun@4: Cornu Ammonis Subfield,
DG — Dentate"Gyrus- Sub — SubiculunRight: Neuroimaging profiles of FCD subtypes (i.e.,
FCD TypellAyred, and IIB, black). Features include T-land FLAIRintensity, vertical, and
horizontal gradients. Features were analyzed at different intracortical depti 0.
Compared to controls, abnormalities in FCD Type 1IB were saesrss most intracortical layers,
whereas alterations remained closer to the gray matter/white matter boundary in llA. The
innermost marker indicates significant differences between an FCDpsudntg healthy controls,
while the gutermost marker indicatggnificant differences between both FCD subtypes i.e., lIA
and IIB*FDR< 0.05; » Uncorrected p < 0.05). For details4ee

FIGURE 2. Structural and functional connectivity anomalies in TLE and HIdp. |eft: Top left:
Widespread_eortical thinning in temporal and freoémtral neocortices in (MRlefined)
subgroups,, 0f patients with hippampal atrophy (TLEHA) and patients with normal
hippocampal volume (TLHEV) compared to controls, based on a sample of TLE patients and
healthy individuals scanned at 1.87 Top right: In dysplasiarelated ETE, a study has shown
that the direction of overall morphometric anomalieay be different as a function of the
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specific histological subtype of the primary lesfén Bottom left: Disruptions in hippocampal
functional connectivity are selectively seen in TLE subgroups, who had postoperative
histological assessment of hippocampal pathology, compared to healthy cdatradsional
connectivity anomalies were seen in patients Wiipocampal sclerosis (TLBS) but not in the
subgroup of TLE patients that showed isolated astrogliosis-3),Esuggesting an association
between hippocampal structural integrity and its functional network embedding.t&its, e

19 Please"noterthat results in fhep LeftandBottomLeft were obtained from two independent
TLE cohorts;"scanned at different MRI platforms, with different procedir@assess the degree

of hippocampal structural alterationBottom right: Functional connectivity anomalies in a

patient with ETE cdocalizing with the surgical target. The patient has been sefreeepostop
57

FIGURE 3.Connectomdevel findings in focal epilepsyiop left: Structural covariance
anomalies.in_TLE, showing increased path length and clusteringfinand right TLE
(LTLE/RTEE)=patients compared to controls, suggesting netieél regularizatior®. Top
right: Covariance network analyses in exeanporal epilepsy also suggest an increased
clustering=and path length across all subtypes, with however more marked ifflde sige
cortical malformations (PMG- polymicrogyrias) compared to those thought to occur mainly in
early (FCD Typdl) and intermediary stages (HEF heterotopia) of corticogenesBottom

left: Functional connectivitgnomalies in TLE relative to controldsa showing increased path
length®®. Bettom right: Functional network anomalies in a cohort of ETE showing an increase in
local efficleney and higher clustering coefficient compared to healthy asntsuggesting

increased(local network segregatién

FIGURE 4..Connectome models of postsurgical seizure outcome in TéfE and dysplasia
related ETEight). For details, please s&&’®

FIGURE 5. LeftaDynamic functional connectome markers of language networks in TLE, which
can be used to predict impairments in verbal fluéficRight: Pre to postoperative changes in
diffusion-derived macroscale conrieity, with differ between seizure free and neeizure free

patients®?,
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