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SUMMARY Objective: The drength of presurgical language mappingsing
electrocorticography (ECoQd3% its outstanding signal fidelity and temporal resolutibat the
weakness includdsanited spatial samplingt an individual patierievel. By averaging naming
related highgamma activity at noepileptic regions across a large number of patients, w
provided the_functionatortical atlasesanimatingthe neural dynamics supportimgual-object
and auditorydescription namingt the whole brain leveM ethods. We studiedr9 patientsvho
underwentextraoperativeECoG ecording as epilepsy presurgical evaluation, and generated
time-frequency plots an@dnimationvidecs delineatingthe dynamics ohamingrelated high
gamma activityat 70110 Hz Resultss Naming task performanceelicited highgamma
augmentationin domainspecific lowerorder sensory areasand inferiorprecentral gyri
immediatelyafter stimulus onseHigh-gamma augmentaticsubsequentlynvolved widespread
neocortical=-networks with left hemispheric dominankteft posterior temporahigh-gamma
augmentationat several hundred millisecondsefore response onseexhibited a double
dissociation;"picture naming elicitéidgh-gammaaugmentation preferentially iregionsmedial

to the inferiortemporal gyrus, whereas auditory namatigited highgamma augmentatianore
lateraly. The left lateraprefrontal regions including Broca’s angidtially exhibitedhigh-gamma
suppression subsequentlfollowed by highgamma augmentation at several hundred
milliseconds=before response onset during both naming tasks. Earbganghasuppression
within Broca’s area was more intense during picture compared to auditory n&ubggquent
lateratprefrontal high-gamma augmentation wasore intenseduring auditorycompared to
picture gnaming. Significance: This study revealed contrasting characteristicsn the
spatbtemporal ‘dynamicof namingrelated neuraimodulations betweetasks The dynamic
atlasesof visual and auditory languagmight be useful for planning of epilepsy surgery.
Differential neural activation well explainsome ofthe previously reported observations of
domainspecific language impairmentfllowing resective epilepsy surgeryideo materials
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might be beneficiafor the education of lay people about htive brainfunctionsdifferentially

during visual and auditonyaming

Key words: Physiological Igh-frequency osciations (HFOs); Four dimension(4D);
Intracranial electroencephalography (EEQkcording Speech Eventrelated highgamma

modulation.

Key Points:
- We provided the cortical atlases animating the neural dynamics supportingasisliatiditory

language funetion at the whole brain level.

- Visual and auitbry naming tasks elicited early higfamma augmentation lawer-ordervisual

and auditory areas, respectively.

- Visual anmd=auditorynaming tasks commonly elicited early higamma augmentation in

inferior-preeentral gyri.

- Visual_and auditory aming tasks elicited domaispecific highgammamodulationsn the left

posterior temporadreas

- Visual naming, task, compared to auditory, elicited smaller-gaghma augmentation in the left

prefrontalareas

INTRODUCTION

You might say ‘Cat, ‘Kitty’ or ‘Kitten’, if you withess one walking in the streéfou
might answer'Bird’ or ‘Plang, if you are verbally askedWhat flies in the sky?Vord finding
abilitiesinwvisual or auditory domaiarecrucial forhumansVisual object naming (referred to as
‘picture naming’below) and auditory description naming (‘auditory naming’) are commonly
usedfor evaluation othe baseline language competence as well as for localizatlangafage

related eloquent areas in patiestheduled taundergo epepsy surgery. Transient language
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impairment elicited by electrical stimulationand taskrelated neural activation on
electrocorticography (ECoG) or functional MRIMRI) are useful biomarkers téocalize
eloquentareasn clinical practicé”. The strength o0ECoG over fMRI-based language mapping
is its outstanding signal fidelity and temporal resoldtidugmentation of iyh-gammaECo0G
activity is an.excellent summary measure of cortical activation, sincdighisy associated with
increasd neuronalfiring rat€’, hemodynamic activatidn glucose metabolistn probability of
stimulatiopinduced language impairménand risk ofpostresectionlanguage impairmetit™:

In contrast,“itremains lesgertain if taskrelated attenuation adlphabeta activites is linearly
correlated to the underlying cortical activafiolf. Though ECoG can samplenly selected
regionsfor.eachpatient, aeraging of taskelatedhigh-gammaactivityzo.110 4, at nonepileptic
regionsacrossa‘large number gbatientshaseffectively yieldeda movie animatingthe dynamics
of auditory namingelated neuramodulationat the wholebrain level? In this study ¢ 79
patients with focal epilepsffable 1), we evaluatedhe spattemporal dynamics gbicture and
auditory namingrelated high-gamma activity at7,348 electrodesites across66 regions of
interest (ROIs)We believe the resultindynamicatlasesf visual and auditory language would
be useful forsplanning of epilepsy surgePrevious behavioral studies of patients undergoing
epilepsy surgery indicated thaichl resectiorof a regionoutside thdower-order sensory areas
(i.e.: primary visualduditory areas the present stuglynayimpair naming function of aertain
domain but preserve othétsTherefore,we hypothesized that domaspecific namingrelated
high-gamma modulation would be evident not onlythe primary visual/auditory areasit also
in associationtarea¥Ve expected that this study wouwldrify thetiming of given namingrelated
neural modulatiors including activation and suppressiorat an order of tens of m#leconds,
whereasour previous studiesf smaller samplefocused omeural activatioraloneat limited
numbers of ROfS*® Evaluation oftaskrelatedneural suppressiois important as well, based
on the theory of antagonissuggestinghat effective task completion is facilitated Inansient

suppression.of indesiratdertical functionat given momentsf performanc&’,

METHODS

Patients

The inclusion criteria consisted of: (i) extraoperative ECoG recordinghdtirén’s
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Hospital of Michigan or Harper University Hospital in Detroit between January 2008uly
2016, (ii) age of four yearand above, and (iiilprain mapping with measurement of naming
relatedhigh-gamma activityin visual and auditory domain&igure 1). The exclusion criteria
consisted_of: (i) brain malformatiorsonfoundingthe anatomical landanks for the central,
calcarine, orlateral sulcui) severe cognitive dysfation (anticipation of inability tacomplete
naming tasks or verbal IQ<70 when availaj{gi) inability to complete either naming task, (iv)
primary“spokenlanguage other than Englisfv) previous epilepsy surgeryyi) visual field
deficit on eonfrontation, anflzii) right-hemispheric language dominance as suggestesitHhgr
Wada test or lefhandedness associated with -leémispheric congenital neocortical lesitns
We determined. handedness based on the observation of preferred hand for writinjdasks.
formal testingof handedness (e.g. Edinburgh handedness inventory) was performed in this study.
The presenstudy was approved by the Institutional Review Board at Wayne State &ityiver

and written Informed consent was obtained from the patients or guardians ofspatient

Acquisitionmef~ECoG and 3D surface MR images

The" detailedmethodswere previously describéd*®. Chronicallyimplanted subdural
electrodes«(10 mmenterto-centerdistanceyecordced ECoG signalsat a sampling frequency of
1,000 HzsPreoperative 3T MR, including fluidttenuated inversion recovery (FLAIR) images,
was visually assessed by an experienced pediadticoradiologist who was blinded to scalp
videoEEG dataElectrodesites classified as seizure onset z(8@Z) or those affected byng
structural lesionvere excluded from further analysis. Those showing interictal spikartifacts
during eitherstask were also excluded from analysis. In general, we doeabtstrarply
contoured waves as interictal epileptiform discharges, if they occur amly dumg the entire
recording ;or they can be attributed to some forms of physiological waves suatkground
fluctuations,lambda waves, mu rhythm, and sleep spitidfeghus, a total of 7,348lectrode
sites were.available for further analysis.

Using preoperative volumetric MR image, a 3D surface image was created with the
location of‘electrodes defined on the surtAc€he spatial normalization aflectrodesites was

performed using FreeSurfer scriptgtp://surfer.nmr.mgh.harvard.edwll electrodesites were

registered on the averaged FreeSuderface image. Eachecordingsite wasassigned an

anatomical label based on thesikanKilliany atlas™* (Figure 2). The number o€lectrodesites
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eligible for analysidgs indicatedin Table 2. The statistical power to determine the significance in
the degree of higgamma modulation was dependent on the number of electrode sites at each
ROI. For example, the number of electrode sites was 345 and 39 |eftthderior precentral

and posterior cingulate regions, respectively; thus, the former ROI had 3.0 dneaer
statistical pewer than the latter. Lack of significant higtimma modulation should be
interpreted, asfailure to demonstrate significant modulation at ROIs where small numbers of

electrode sites'were available.

Picture and auditory naming tasks

Durihg"the picture naming taSk patients were instructed to overtly name an object
presentecbn an LCD monito(Experiment Center®. SensoMotoric Instruments, Boston,.MA)
Stimuli consisted of commogray-scaleline-drawnobjects (p to 60 objectssuch as ‘cat’ and
‘chair')?>. The«timings of stimulus presentations, patient behaviors, and ECoG signals we
synchronized-using a photosensor and micropfiof#oG traces were aligned ‘stimulus
onset’ andresponse onsegtFigure 1A). Trials not accompanied kyvert correctanswers were
excluded from analysid-or example, when patients were shown a picture of skunk, incorrect
answers would include:l ‘dont know, ‘What B this?, or a bad smell gestur€onversely,
correct answers would includ8kunk ‘ Squirrel, and so on. Ayray-scalepicture of skunk could
be perceived as a squirrel for some individuals. Nouns relevant based on eacls patemd’
were treated.as, correct answers.

Durifig the auditory naming task patients were instructed to overtly verbalize an answer
for a series‘of ‘auditory sentence questions (sutWlat flies in the sky?. Up to 100 questions
were presented with the Presentation® (Neurobehavioral Systems, AlbanyECdG% traces
were then _aligned to ‘stimulus onset’, ‘stimulus offset’, and ‘response omsgtiré 1B).

Likewise, trialsgnot accompanied by overt, correct, manswers were excluded from analysis.

Time-freguency ECoG analysis

We determined thepatbtemporaldynamics ofnamingrelatedhigh-gamma modulation
using the method identical to that previously repdfteECoG time-voltage signalswere
transformedinto the timefrequency domainin steps of 10 ms and 5 Hasing a complex

demodulatiortime-frequency transformatiéh®* At each10-ms epoctat eactrecordingsite, we

This article is protected by copyright. All rights reserved



Nakai et al. 7

measured the percent changehigh-gammagi10 1, amplitude(a measure proportional to the
square root of powerglative to the mean amplitude duriagesting period between 600 to 200
ms prior to stimulus ons¢Figure 1). Time-frequency analysias repeated with a tirdeck to
‘stimulus onset’ and ‘response onset’ for picture namivitgreas ‘stimulus onset’, ‘stimulus
offset’, and_‘response onset’ for auditory naming. We plotted the meastandiard errorSE) of
high-gammaamplitude change across all available channels at each ROI agiarfwidime.
We determined the timing of statisticallignificant augmentatiorfor suppressionpf high
gamma activity' at each ROI in each hemisphere during each naming task, usimgjzgdde
bootstrap| statistics followed by correction for multiple cangpns across time windo¥s
Specifically, ifshighgamma amplitude was beyond or below the 99.99% confidence interval (i.e.:
mean = 3:89 x standard error) of that during the resting period, the change -igahigia
amplitude was treated as significantaagiven ROl commonly in picture and auditory naming
tasks. The aforementioned procedures effectively determined at what ROIs common and
differential.highgamma modulations were noted during picture and auditory naming tasks.
should besnoted that there was no statistical difference between ‘the mean across all electrode
sites withinreach ROI’ and ‘the gramdean across individual means within each ROI’, as shown
in Supplementary Figure S1; therefore, the risk of a single patt’s data severely deviating the
calculated=mean from the true mean was small in the present study. This analytic approach
benefited from a maintained statistical power.

High-gamma amplitude measuregre spatially presented with a Gaussian-hédith at
half maximamyof 7.5 mm, and sequentially animated on the average FreeSurfer fpied sur
image as asfunction of time. Graagleraging of all available patients’ ddimally yielded the
mays showing the dynamics of picture and auditogmingrelatedhigh-gammamodulations at
the wholebrain level(Supplementary Videos S1 and S2).

RESULIS

Behavioral results
We studied 79 patientsho satisfied both inclusion and exclusion critéfiiable 1). The

meannumber of included trials was 55.3 per patient (&B: duringthepicture naming tasknd
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83.2 per patient (SE: 2.3) during the auditory naming task. Thus;frageency analysis of
high-gamma activity during the auditory naming task benefited from an approximately 1.2 times
greater signalo-noise ratio, compared to that during picture naming, because the number of
trials was larger durinthe auditory naming taskThe mearresponse time wak481ms SE: 63

ms) during_pieturenamingand 1,407ms (SE: 65ms) during auditory namingYounger age was
associated.with a longer respotisee somewhain picture naming (p=0.0@n linear regression
analysis' regression coefficient-15 [95%CI: -31 to +1) and auditory naming (=02
regression coefficient19 [95%CI. -35 to -3}

High-gammamodulation during picture naming

Supplementary Video Sl best vsualizes the dynamics of namingelated highgamma
modulationsin both visual and auditory domains and at the whole brain IEigires 3 and 4
present the _snapshots of picture and auditory naneliaged highgamma modulations.
Sustainingylgh-gamma augmentatiotook placein the bilateral occipital lobesvithin 100 ms
afterstimulusensefFigures 5A and 5B). High-gamma augmentatissubsequently involved the
bilateral ventral occipi@-temporal pathwayg-igures 5E and 5F) as well asnferior-precentral
regions Figure 5D) at 106300 ms after stimulus onset. Conversely, higlmmasuppression
took place”in the left inferiefrontal gyrus including pars orbitalis, triangularis, and opercularis
at 300600 ms after stimulus onsg@igures 5H-5J). At 600 ms prior to response onset and after,
high-gamma augmentation involved the pars operculariseofeft inferiorfrontal gyrus(Figure
5H). Priorgto and duringhe respons@hase high-gamma augmentation involved the bilateral
posterior superiefrontal region as wellas pre and postentral gyri(Figures 3D and 5D).
High-gamma augmentation of theft superiortemporal gyrus was minimal prior to response

onset and.evident only at response base after(Figure 5C).

High-gamma:modulation during auditory naming

Sustaired high-gamma augmentation took place in the bilateral suptgioporal gyri
within 100 ‘ms, after stimulus onseFigure 5C). Highhgamma augmentation subsequently
involved the ierior-precentral regions at 1#D0 ms after stimulus onsefFiQure 5D).
Conversely, higlgamma suppression took place in the pars orbitalis of the left infesitual
gyrus at 306600 ms after stimulus onsétigures 5H-5J). Between stimulus offset and response
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onset, highgamma augmentation involved widespread regionh@fleft hemisphere, whereas
high-gamma suppression involved portions of the right lateral prefrontal redtoms ¢s 4B
and 4C). Prior to and duringhe responsephase highgamma augmentation involved the
bilateral posterior superidrontal regiors aswell as, pre and posicentral gyri Figures 4D and
5D). Highr-gamma augmentation of theft superiortemporal gyrus was minimal within 300 ms

prior to response onset and evident at response onset andrigiiee 6C).

Spatial-temporal characteristics of domain-specific high-gamma modulation

Domainspecific highhgamma augmentation wasnost evident in the primary
visual/auditoryhareas. Specificallyjcpure and auditory naming tasks elicited hgdmma
augmentation ithe bilateralboccipital andsuperioftemporalregionswithin 100 ms respectively
(Figures 5A-5C). The posterior temporaassociation neocorteshowed domanspecific high
gamma augmentation. Picture naming task resulted medialto-lateral gradient in the
magnitudeef_highhgamma augmentation aD@800 ms prior to response onset, which was
greater ingthe“posteridusiform and smaller in the posterior middémporal regionFigures
5E-5G). Converselythe auditory naming task resulted inlateral-to-medial gradientin the
magnitude=ef higlgamma augmentation at the same time window

Pieture naming, compared to auditory namim@s associated with a smaller high
gamma activity in the left lateral prefrontal regionsluding the inferioifrontal gyrus(Figures
5H-5K). The degree of igh-gammasuppressiorat 328 electrodesites withinthe left inferior
frontal gyrusat'306600 ms following stimulus onset was 2.2 tinmesre intense during picture
compared torauditory naming=0.01 on studentized bootstrapping tedt029 |.e.: -2.9%)]
during picture namings -0.013 [1.3%] during auditory namingFigure 5H-5J). Conversely,
the degree ohigh-gammasuppressiorat 304right inferiorfrontal electrodesitesat the same
time windew=was not different between tasks@.97 -1.0% during picture naming vs0.%
during auditery’naming

During both naming tasks, latenatefrontalregions showedhigh-gamma augmentation
with left dominanceat 200800 ms prior to response ong8upplementary Video S1). Such
left-hemispheric dominarttigh-gamma augmentation wasore intense in amplitude amadore
extensivein space and timeluring auditory compared to picture naming. Auditory naming

showedeft hemispherespecific highgamma augmentatiatturing this time windovwat 12 ROIs
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involving many in the left lateral prefrontal regions as wellirdsrior-parietal and posterior
middletemporal regions Figures 5F-5K; Supplementary Video S2). Conversely, picture
naming showedeft-hemispherespecific high-gamma augmentation ithe pars opercularis of
inferior-frontal gyrusalone.The degree of higgamma augmentation 328 left inferior-frontal

electrodesitesduring this time window wasmuchmore intensén auditorycompared to picture
naming (p<0.001+10.6% duing auditorynaming vs+0.8% during pictur@aming).The degree
of highhgammasuppressiomat 304 right inferior-frontal electrodesitesduring this time window
was not different between tasfs=0.28 -0.2% duringauditory naming vs0.8%during auditory

naming).

Spatial-temporal characteristics of domain-common high-gamma modulation

Commonly during picture and auditory naming tasks, the infpriecentral regions
showed highgamma augmentation initiated at 1€8D0 ms following stimulus onset, and
sustained_this until the overt responség(re 5D). Likewise, the inferioipostcentral regions
showed highgamma augmentation initiated at 5800 ms prior to response onset
(Supplementary Video S2), and the posterior superitemporal gyri showed higgamma

augmentatioen immediately following response onsajure 5C).

DI SCUSSION

Significance.of domain-specific high-gamma modulation

Qursnevel ECoGbased dynamic atlasegevealed contrasting characteristics in the
spatbtemporal profils of namingrelated neural modulations betwaaskdomainsat the whole
brain level (Supplementary Videos S1 and S2). Picture naming elicited early higlamma
augmentation_in theoccipital lobes whereasauditory naming elicited early higiamma
augmentation in the superitemporalgyrus over both hemispherebligh-gamma augmentation
in these regions likely reflects, at least in pntyer-order perceptugbrocessingn the visuaf®
or auditory domaih®. Previous behavioral studissggestedhat stroke in the left occipital lobe
cancause difficulty in reading words or sentences partly because of the veddaldficitwith
letter naming abilitybeing reasonablyvell maintained’. The left posterior superidemporal
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gyrus has been suggested to iowolved in both lowenrder acoustic processing as well as
critical phonologicalprocessingultimately necessary for reproduction of speech scin@sir
previous study demonstratedhtistimulation athe left superictemporal gyrus resulted in either
auditory hallucination or naming erfér

The_left posterior temporal lobeeocortexshowed a differential spatial gradient in the
degree ofhigh-gamma augmentatiobetween task domain@-igures 5E-5G). More medial
structurs ‘including the fusiform gyrus showed highmma augmentatiorelatively greater
during picture“naming.Conversely, more lateral structarencluding the posterior middie
temporal gyrus showed higfamma augmentation relativetyeaterduring auditory naming.
These obseryationsare consistent withprevious electrical stimulation, fMRI, and ECoG
studied®?*%% The observed spatial gradigmovidesa potential explanation for postoperative
decline in visualmore thanauditory naming skillsas reported in a systematic review of 21
behavioral_studies of patients undergoing left anteriedial temporal lobe resecti@n It is
plausible to_sprmulate thatextensve resection of the mediagiemporal lobe structuresas
commonlysperférmed ieft anteriormedial temporal lobe resectitnmaybe associated with
collateral damage of the neural pathwpsaferentiallysupporting picture naming function.

Contrasting spatiemporal characteristics of nhaminglated highgamma augmentation
notedin_the”left posterior temporal neocortbetween tasksupport the notion thahe exact
boundary ofWernicke'sregion may be difficult to define universlly using the anatomical
landmarks.alon@nd that the definition hdargely varied acrossnvestigator®. While theleft
posterior superior-temporal gyrus, among perisylvian structwasnost commonlyreated as a
part of Wernicke's region in previous report$® picture namingelated highgamma
augmentation in the left superior-temporal gyrus was minimal prior to resposst but became
significantduring response. Commonly during picture and auditory naming tasksgduigima
augmentationnvolved the left posterior infericlemporal gyrus prior to response ondgag(re
5F). Thus, ourECoG study supports the previod8IRl and lesiordeficit studiesreporting that
the left posterior inferistemporal gyrus supportsemantic processingh both visual and
auditory domain®3“.

The left inferior-frontal gyrus showed early higlgamma suppression subsequently
followed by highgamma augmentation prior tbe response phasguring both naming tasks.

Early highgammasuppressionwas more intensdpicture: -2.9% vs auditory: -1.3%)and
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subsequent augmentation less inte(@@8% vs +10.6%)n picture namingas compared to
auditory namingOur studyis consistent with previous studies reporting that hemodynanuc
neuralactivationin the left frontal lobe was greater during auditory naming compared to during
picture namind*. Collective evidencéndicates that picture naming task can be completed with
less activation,of the left lateral prefrontal regions including the left inféwotal gyrus known
to includeBroca’s area. Less extensive activatiorthaleft inferior-frontal gyrus during picture
namng can“be"in part attributed to the experimental paradigms employed. Picture nangng doe
not require“syntactic processimg required by auditory namingndthe left inferiorfrontal
gyrus is suggested to suppsyntactic functiof™*°. Recent ECoG studies showed thrderior-
frontal high-gamma augmentation was fairly symmetric dureng auditory verbal working
memory task swhich requise neither syntactic nor semantic processitig but highly left
hemispheric dominant ianauditorydesciptive naming task such as the one employed herein
Other cognitive processes might also account for a greater extent gjdmgha augmentation
in the left lateral prefrontal regiomkiring auditory naming. A previous ECoG studportedthat
high-gamnasaugmentation within thieft lateral prefrontal regions including th&erior-frontal
gyruswasmore intense duringaming of ambiguous images compared to that of unambiguous
common-ebjectd. The former naming task additionally reqsirestimation’ and ‘selection’
whereas. the'latter naminask can beapidly completed in an automatic manfier

The left inferior precentral gyrusommonlyshowed highgamma augmentatiowithin
100-300ms_following stimulus onsetarliestamong allfrontal lobe ROIs(Figure 5). At the
same timeswindow, higgamma activity was rather suppressed in the left inféromtal gyrus
during picturesand auditory naming taskbese observatiordo not support the classi@nguage
mode| asfillustrated in # previous researth®® that internal word image generatiedthe left
temporoparietalneocortex is transferraditially and solely to the left inferiefrontal gyrus and
subsequently. to thkeft inferior precentral gyrus in a rostil-caudal direction. Based on the
theory of antagonistfi'’, one can hypothesize that early suppression of the unnecessary function
in the left_inferiorfrontal gyrusmay facilitate effective completion ahe namingtask or that
energy resources may be optimally distributed to the regions actively gngcesmuli. Our
recent ECoG studytilizing an auditory verbal working memory task suggested that the left
inferior-precentral gyrus suppaerinitial maintenanceof a mental representation of memory

items whereas the left inferidrontal gyruscontributedo later scanning functiomo determine a
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match among previously encountered it&trStudies tilizing cortico-cortical evoked potentials
and diffusion tensor tchography demonstrated that the left infepoecentral gyrus is
effectively connectedtructurally and functionallyo both superictemporal and inferiefrontal

40,41

ayri

Methodol ogical€onsiderations

We“cannot rule out the possibility that the epileptogenic zone may have affected the
spatotemporal’dynamics of naminglated highgamma activity. Indeed, wareviously reported
that SOZ, compared to ne®0Z, has a smaller chance to genesgmificant namingelated
high-gamma augmentatiéh Thus, we have excludeubth SOZ and sites affected bysauctural
lesion from“further analysis. Our observation a@fhhgamma augmentation spatially different
across auditory and visual domains cannot be explained by the effect of SOZ tioceliza
because EC0oG _signals between tasks were compared within the same patient cohort.
Furthermore interictal spike discharggser seare accompanied by pathological increase in
high-gammagpowé?r*®. Thus, the present studyso excludeatlectrode siteshowing interictal
epileptiform dischargesluring the taskas it is a common practice in ECd@sedcognitive
neuroscience researckour previous ECoG study of four patients with left frontal lobe epilepsy
reported.that slow waves immediately following interictal spikes may transiently inhibit nraming
related cortical activity. However, this appeared to be restricted tmnegivolved in spikand
wave discharge and did not appeaatftect sites not involved in spikandwave dischargés
Further angfsis, of a large number of patients at the whole brain level is necessary to better
determine“thertransient effects of focal spékelwave discharges on the language network,
taking intg account that interictal focal spike discharges are suggested to have an impact on
widespread networks beyond the regions from which spikes are gefrerated

Subdural disk electrodes used in the present study do not effectively sample ECoG
signals from.the cortex facing a sulcus. Further studies using depth electrodeswaayabeed
to determinerif higlgamma augmentation in the supettimporal gyri is attributed to activation
of the immediately underlying cortex or that in the planum temporale.

Our patient cohort included those of age ranging from 5 to 44 years. Thus, great care
needs to be taken in interpreting the results of -fireguency analysisThe spatiaktemporal

dynamics of averaged naminglated highgamma activity, as presented Supplementary
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Video S1, likely reflect the neural dynamics exerted commonly by patients across a wide range
of ages.In other words, neural dynamics exerted by a specific age group alone may have been
underestimated. Development of the language systempéxtex to be incomplete in younger
childrer®. Our previous ECoG studies of auditory namiatpted neural dynamics reported that
older age was, associated with a greater degree of infegoentral higlkgamma augmentation
during stimulus listening as weds a greater degree of left rostral miditntal highgamma
augmentation“immediately following stimulus off$éf. In the present study, younger patients

had a longer‘response time compared to older drtes.effect of variance in response time
acros age is expected to be more prominent at the time windows long after stimulus onset as
well as long before response onset. In order to distinguishdaigima modulations related to
perceptual¥and motor processing, we have provided theftggeency plotstime-locked to
stimulus onset and response onset, respectively.

We employed anultivariate linear regression analysis to determine whether the response
accuracywas independentlyassociated witlany of the age, age of epilepsy onset, history of
generalizedstoniclonic seizurefGTCs) or each of the eight lobes affected by seizure onset
zone (i.e.:leftifrontal, left temporal, left parietal, left occipital, right frontal, right tempagat, r
parietal, ‘and_right occipital lolse Table 1). This post-hocanalysis failed to demonstratee
association"between the response accuaacl any of the aforementioned 11 variaklesing

either naming task (uncorrected p>0.05).

Future directions

Whilesthe presergtudy demonstrated that auditory naming, compared to picture naming,
elicited mare extensivéigh-gamma augmentationhich involvedthe left lateral prefrontal and
posterior cingulate regions, we still do not know whether auditory naming is more tinsef
picture naming.for localization dhe critical language areasr prediction of language outcome
following cortical resection Correlation between naminglated highgamma activity and
postoperative'neuropsychological assessment in large populations will be ultimately necessary to
address this questiorA recent systematic review infers that the extent of cortex showing
auditory or picture namingelated highgamma augmentation was moretemsive than the
critical language area defined by electrical stimulation mapping in pediatric populations

Conversely, resection of namhnglated highgamma sites can result in postoperative language
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impairmenteventhough stimulatiordefined critical Anguage areas were preseiet]

The strength of ECo®ased language mapping includesnitsre robustignal fidelity
againstovert speecinelated artifacts andits capability to determinghe detailed temporal
dynamics of taskelated neural modulations. Thus, inclusion of larger numbers of patients with a
wide range.of. agen future collaborative works are expected to determine the effect of age on
namingrelated/highgamma modulations at given timandows at the whole brain levéelve
plan totestour‘hypothesis that efficient naming supported by selective elaboration of new
network connectivity throughout developmemile are willing to share oudataset with
investigators who express an interest in studying the neurobiology of langudye adinical

utility of namingrelated highgamma activity.
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FIGURE LEGENDS

Figure 1. Picture and auditory naming tasks.
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(A) Picture naming task: Patients were asked to look at and overtly name each object during
extraoperative ECoG recording. At the end of each overt response, the examineat fresse
button to present the next stimulus following a cross in the center of the screengaése2 or

2.5 secondsWe_then measured the percent change of-gaghma activity compared to that
duringthe baseline period. The response time was defined as the period betmedrs sinset

and responseonset. (B) Auditory naming task: Patients were asked to listereriesaof
guestions“and“to overtly verbalize a relevant answer for each question. The mediam durati
across eachquestion was 1,800 ms. At the end of each overt response, the examiner pressed the
button to jpresent the next stimulus following a silence of 2 or 2.5 seconds. The eetpens

was defined as,the period between stimulus offset and response onset.

Figure 2. Regions of interest (ROIs) and distribution of subdural electrodes included in the

analysis.

(A) aCG = anterior cingulate gyrus; aFG = anterior fusiform gyrus; alTG = antafeior
temporal gyrus; aMTG = anterior midgdlemporal gyrus; aSFG = anterior superior frontal gyrus;
aSTG = anterior superior temporal gyrus; cMFG = caudal middle froptas,gEnt = entorhinal
gyrus; FP”= frontal pole; IPL = inferior parietal lobule; iPoCG = riofepostcentral gyrus;
iPreCG = nferior precentral gyrus; LG = lingual gyrus; LOrb = lateral orbitofrontal gyr@GL

= lateral occipital gyrus; MOG = medial occipital gyrus; MOrb = medial orbitofrontal gyrus;
pCG = pasterior cingulate gyrus; PCL = paracentral lobule; PCun = precgpeiss pFG =
posterior fusiformgyrus; PHG = parahippocampal gyrus; pITG = posterior inferior temporal
gyrus; pMTG = poterior middle temporal gyrus; RIPTr/POr = pars opercularis/pars
triangularis/pars orbitalis within the inferior frontal gyrus. pSFG st@aor superior frontal
gyrus; pSTGe=sposterior superior temporal gyrus; rMFG = rostral midoitealr gyrus; SMG =
supramarginalgyrus; SPL = superior parietal lobule; sPoCG superior pratggmnis; sPreCG

= superiorsprecentral gyrus; TP = temporal pole. (B) The numbers of patients whoGedata

at a given siteseontributed to further analysis are presented.

Figure 3. Snapshots of picture naming-related high-gamma activity.
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Eventrelated amplitude augmentation is reflected by red, whereas supprégsblue. ‘+0.4’
indicates that the amplitude was augmented by 40% compared to the mean durisgjrthe re
period between-600 and-200 ms relative to stimulus onset. (A) 100 ms after stimulus onset.
(B) 300 ms after stimulus onset. (C) 400 ms prior to response onset. (D) Response onset.

Figure 4: Snapshots of auditory naming-related high-gamma activity.

(A) 300 ms after stimulus onset. (B) Stimulus offset. (C) 400 ms prior to resporete (@)s

Response onset.

Figure5. Region of interest analysis of naming-related high-gamma activity.

(A) Mediakoceipital region. (B) Laterabccipital region. (C) Posterieguperior temporal region.
(D) Inferiorprecentral regionSupplementary Video S2 shows the timdrequency plots of
namingrelated highgamma activity at the whole brain level. (E) Posterior fusiform region. (F)
Posterior inferiotemporal region. (G) Posterior midelemporal region. (H) Pars opercularis.

() Pars triangularis. (J) Pars orbitalis of the infefiontal gyrus. (K) Caudal middi&ontal
gyrus.

Table 1. Patient profile.

Mean age (year old) 15.2
Median age(year‘old) 14
Range of age (year old) 5-44
Range ofrage ofiepilepsy onset (year old) 0-34.8
Proportion of patients with history of GTCs (%) 57.0
Proportion of maley(%) 53.2
Proportion of left handedness (%) 10.1
Proportionsof'sampled hemisphere (%)

Left 33 (41.8)

Right 28 (35.4)

Both 18 (22.8)

Seizure onset zoneNumber of patients (%)
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Left frontal 11 (13.9)
Left temporal 26 (32.9)
Left parietal 8 (10.1)
Left lateral occipital 1(1.3)
Right frontal 11 (13.9)
Right temporal 19 (24.1)
Right parietal 14 (17.7)
Right lateral occipital 4 (5.1)
Mean numberefantiepileptic drugs 1.9
Median number of antiepileptic drugs 2
Range oihumber of antiepileptic drugs 1-4
Antiepileptic drugs . Number of patients (%)
Carbamazepine 6 (7.6)
Oxcarbazepine 33 (41.8)
Lacosamide 26 (32.9)
Zonisamide 5(6.3)
Phenytoin 6 (7.6)
Lamotrigine 20 (25.3)
Levetiracetam 32 (40.5)
Valproate 10 (12.7)
Clobazam 7(8.9)
Topiramate 4(5.1)
Etiology. Numberof patients (%)
Tumor 16 (20.3)
Dysplasia 22 (27.8)
Hippocampal sclerosis 8 (10.1)
Dysplasia + Hippocampal sclerosis 1(1.3)
No definitive lesion other than gliosis 31 (39.2)
Arteriovenous malformation 1(1.3)
Mean response accuracy (%) 91.3

Eighty-four percent of patients were 19 years old or younger.

" Sixteen patientBad seizure onset zone involving at least two lobes.

™ Fifty five patients took at least two antiepileptic drugs.

Response accuracy was defined as the number of correct trials dividechiyniber

of all trials.
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Table 2. The number of eectrode sites at regions of interest

(ROIs).
ROIs Left Right
aSFG: anterior superidrontal gyrus. 80 118
pSFG: posterior superior-frontal gyrus. 69 95
rMFG: rostral middlefrontal gyrus. 249 302
cMFG: caudal middidrontal gyrus. 200 175
POr: Parslorbitalis of the inferidrontal gyrus. 90 77
PTr: Pars triangularis of the inferifnontal gyrus. 100 137
POp: Parswopercularis of the inferfoontal gyrus. 138 90
FP: frontal pole. 1 8
MOrb: medial orbitofrontal gyrus. 21 26
LOrb: lateral orbitofrontal gyrus. 120 92
PCL: paracentral gyrus. 29 44
sPreCG: superior precentral gyrus. 52 64
IPreCG: inferiopprecentral gyrus. 345 296
sPoCG: superior postcentral gyrus. 73 44
iPoCGrinferiorpostcentral gyrus. 270 242
PCun: Precuneus. 50 49
SPL: superior‘parietal lobule. 46 22
SMG: supramarginal gyrus. 291 226
IPL: inferiorparietal lobule. 84 116
aSTG: anterior superisemporal gyrus. 149 134
pSTG: posterior superior-temporal gyrus. 190 135
aMTG: anteriomiddle-temporal gyrus. 111 86
pPMTG: pasterior middle-temporal gyrus. 183 87
alTG: anterior inferiotemporal gyrus. 103 91
pITG: posteriorinferiotemporal gyrus. 114 58
aFG: anteriorfusiform gyrus. 85 102
pFG: posterior fusiform gyrus. 139 75
TP: temporal pole. 39 50
Ent: entorhinal gyrus. 43 64
PHG: parahippocampal gyrus. 22 20
LOG: lateral occipital gyrus. 207 153
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MOG: Medial occipital gyrus. 127
aCG: anterior cingulate gyrus. 14
pCG: posterior cingulate gyrus. 39

137
19
41
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