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ABSTRACT

OBJECTIVE: We hypothesizedhat the modulation index (MI), a summary measure of the strength of
phaseamplitude coupling between hidlequency activityiso v, and the phase ofslow wave.4 v, would
serve as a usefulterictalbiomarkerfor epilepsypresurgicakvaluation. METHODS: We investigated.23
patients who underwent focebrtical resectioriollowing extraoperative electrocorticography recording and
had at least ongearof postopertive follow-up. We examined whether cseerationof MI would improve

the prediction opostoperativeseizure outcomeMl was measured at each intracranial electrode site during
interictal slow-wavessieepWe compared the accuracy of predictionpatients achieving ILAEClassl
outcome betweenthesfull multivariate logistic regression modelincorporating MI in addition to
conventional clinical, ‘seizutenset zone (SOZ), and neuroimaging variables #@wedreducedlogistic
regression model incorporating all variables other thanRESULTS:Ninety patientshadClass1 outcome

at the time of most recefdllow-up (mean followup: 5.7years). Thdull model had a noteworthy outcome
predidive ability, sas=reflected by regression model fft & 0.409 and area under the cur¢AUC) of
receiver operatingseharacterisptot of 0.838. ‘Incomplée resection ofSOZ (<0.001)’, farge number of
AEDs at the time'of surgery (©007)’, and‘larger Ml in non+esectedissuesrelative to that irresected
tissue(p=0.020)'wereindependenthassociated witlareduced probability o€lass1 outcome. Te reduced
model had dower'predictive ability as reflected by’Rf 0.266 and AUC of 0.76 Anatomical variability in

MI existed among norepileptic electrode sites, defined as those unaffected by MRI lesion, SOZ, or
interictal spike dischargedvith MI adjusted foranatomicablvariability, the full modelyieldedthe outcome
predictive ability'ofR” of 0.422 AUC of 0.844, andensitivity/specificity 000.860.76. SIGNIFICANCE

MI during interictal recordingnay provide useful information for prediction of postoperative seizure

outcome.

KEY POINTS

Logistic regression model considering clinical, seizameet zone, and imaging variables alone predicted

postoperative seizure outcome.

The full model considering interictal modulation index in addition to the aforeomeativariables better

predicted seizure outcome.
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Anatomical variability of interictal modulation index was suggested td exi®ss nowepileptic electrode

sites.

Adjustment of interictal modulation index for anatomical variability minignathproved the outcome

predictive ability ofthe.full model.

The full modelineerporatinguch adjusteanodulation index had setisity/specificity of 0.86/0.76for

predicting seizure euteome.

INTRODUCTION The epileptogenic zon€EZ) is conceptually defined as the regiotme
resectionof which'is nécessary and sufficient to achieve seizure freéddany investigatoreemphasize

the value of ictal recording® andsuggest thathe seizure onset zone (SOZ), defined as the region initiating
ictal dischargesluring habitual seizures, iskiely to comprisethe EZ.>"® As the sampling rate of digital
recording systemsave recently improved, investigators have described thaue of interictal high
frequencyactivity at >80 Hz (HFA.s 1z for localizing the EZ. Specifically, resection ofrecording sites
showing frequengpisodes oHFA during invasivemonitoring has beeassociated witlexcellentseizure
outcome>*® Howevers=whethepreresectioninterictal HFA caninform postresection clinical outcome
independently of the effects of resection size, SOZ on ictal recording, and neuroimdgjrrgrdains an
open question?

To evaluate whether interictal coupling between HFA and slow waoedsd be used as a
preoperativeelectrographidiomarker we examined whether a modulation indbX) was associated with
postoperativesuccessates in 123 patients with drugsistant focal epilepsyMI (Hra & siow wave)iS @ SUMMary
measure of the strength of coupling between HFR#plitudeand slow wavephase-"* Within the SOZ of
drug+esistantfocal epilepsy, it is typical for-8 Hz slow waves to immediately follow interictal spike
discharges associated with increased KA Our recent electrocorticography (ECoG) study demonstrated
that Ml150 Hz & 3azpW@S positively correlated to the occurrence rate of HfAy; at a given recording site
during interictal slowwave sleep, and that the SOZ was predicted yi8dh; & 34 Hz) €qually with Mlsgo 1z
& 3-4 Hz)and Mls25047@%4 Ho) - Taken togethemeasurement of Mihiso 1z & 34 1z Was expected to effectively
quantify the irritative.zoné,by delineating the severity and spatial gradient of interictal smiklwvave
discharges which are characterized by increased-Hi-A amplitude stereotypicgl coupled with a phase
of slow wave4 .. The goal of the present study was to test the hypothesis that the full mukilagiatic
model also incorporating Niso 1z & 34 Hz) WOUld more accurately predict patients achieving surgical success
compare to the reduced model only incorporating the conventional clinical, SOZ, and neuroimagin
variables.
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As an additionaknalysis, we determined whether anatomical variability igMl4; & 34 Hz) during
slow-wave sleep wouldexist among norepileptic éectrode sitesdefined as those unaffected by MRI
lesion, SOZ, or interictal spike dischargéSWe believed thisanalysis wasecessaryor validating the
applicationof Ml =150 1z & 34 Hz) IN presurgical evaluatiomecausereviousstudiesof non-epilepticeloquent
cortexreported that the degree of phaseplitude coupling between HFA and thatphdbetaactivity were
modulatedby sensorimotor ocognitive tasksluring wakefulness™? If our analysis suggested thatin-
epileptic MI »150 Hz&.3-4 Hz) Varies acossregions of interestROIls) during slowwave sleepour subsequent
analysis determined=wheth#te outcome predictiowith the full multivariate logistic regression model
would be furtherzimproved byncorporatingMI =150 1z & 34 Hz) adjustedfor such anatomicaVvariability.
Finally, we determined the effect of sleep staging onMihg150 1z & 34 Hz) @t SOZ,to confirm the validity of

usage of slowwvave sleefzCoGdata inpresurgical evaluation.

METHODS

Patients

The nclusion criteriawasfocal resective surgery following extoperative ECoG recordingith a
sampling rate .of 1,000 Hat Children’s Hospital of Michigan or Harper University Hospital in Detroit
between January 2007 and October 20Rétients were excludefrom the study if:(i) the EZ was
determinedto bé present independently in both hemispheres on the basis rafrtiresasive evaluatiof’
(i) they needed hemispherotomy or hemispherectony, €ktensive brain malformationsprevented
analysis ofconsistent-analysis of major anatomical landm&atKs/) postoperative followup was shorter
than1 year, {) prior résective epilepsy surgesnd(vi) age<4 years’® We studied a consecutive series of
123 patients(Table")»who satisfied the@forementionedrderia. This study protocol wasapproved by the
Institutional Review Board at Wayne State University, and written infdrooesent was oained fromeach

patientor guardian oeachpediatricpatients.

ECoG

The principalsmethods dECoG data acquisitiorare identical to those previoustiescribed>?
Platinum subduraldisk electrodes (10 mm centar-center distance) were placed on thpileptic
hemisphere. Electrode placement wagded by semiology, scalp vidé&tEG, and neuroimaging data.
Before dural closure, intraoperative photographs of the brain and subdural elestoel¢sken. Following
closure, srface electromyographyEMG) electrodes were placed on the deltoid muétlesnd

electrooculograph{EOG) electrodes were placed 2.5 cm below and 2.5 cm latetfa uter canttfi’
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Extraoperative ECoG signals were recordéth a bandpass of 0.016 to 300 Hz for 3 to 7 days
The averaged voltage &CoGsignals from the fifth and sixth intracranial electrodes of the amplifier was
used as the original reference, and signals weengontaged to a common average refereAcgiepileptic
drugs(AEDs) were discontinugdand resumed onc®0OZ wasdeterminedThe SOZis defined as electrode
sites initially showing sustainedrhythmic ECoG changes prior to the onset of habitliaical seizure
symptoms not explained by state changes, and clearly distinguished from interictal &diivitypatterns
of epilepticspasms are characterized by fastve bursts quickly propagated to multiple loBeshereas
those of focal: seizures are characterized by repetitive -apilerave discharges or focal fastive
discharges followedsby:gradual propagation to the surroundiigns® Electrode sites affected by artifacts
were excluded from further analysia.total of 12,%4 electrodes (mean: 1@belectrodes per a patient;

range: 32 to 152 per a patient) were included timomultivariate logistic regression analyses

MRI

PreoperativeMRI was reviewed by an experiencpddiatricneuroradiologistvho wasblinded to
scalp videeEEG dat#*A threedimensional surface image was created with the locatibalectrodeso-
registeredon it>**The“spatial normalization of electrode sites was performsidg FreeSurfer scripts

(http://surfer.nmrimgh.harvard.eduAll electrode sites on each subject’s FreeSurfer brain surface were

plotted on the avaged FreeSurfer surface im&gé° Parcellation of corticaROls was performed taboth

individual and spatiallyzormalized brain surfacébigure 1).

Surgical decision making
Surgical resection was guided theclinical factors semiology, visuahssessment of extraoperative

ECoG extent of lesion, and eloquent ar@ade intended to completely remove SOZ, siésrequent
interictal spike nonattributable to propagation from SOZ, and lesisasoundingSOZ (if present) When
the SOZ was not/idatified, we planned to removsites showing frequent interictal spik@ve discharges
and the associated lesiddimultaneously, we intended to preserve g¢leguent areaandtheir associated
vascular structures alorgulcal boundariesin case whereeloquent cortexoverlapped withthe regions
presumed to be epileptogenibhe exactesection margin was determined, on an individuallzasls, after

intense discussion withsthe family of a given patient.

Measurement of the size of resection

Intraoperative photographwere obtained prior to dural closure to confitine extent ofresection.
We determined whetheatl electrode sites marked as SOZ weoenpletely removedn cases wher&0Z
sites vere located atthe top of a sulcus and resection was completed up to that stieulSOZ was

considered to beompletely removed. The extent of resectitlowf much percentage of the affected
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hemisphere) wasguantified usingFreeSurfer scripts byd.M. while being blinded to the postoperative

seizure outcome.

Modulation index (Ml)
As this is a retrospéive observational studythe nterictal Ml (150 Hz & 34 Hz) did not affect our
surgical decisiomaking.Measurement of the MI waserformed using EEGLAB Toolbox WHACTV.2.0

(https://scen.ucsd.edu/eeglabl/index. pl 150 1z & 34 Hz) during slow-wave sleep was calculated at each

electrode site usingsthe algoritticenticalto that previously reportet:'® Tenearliest available30second
least artifactuakpoehs.of slowvave sleef were selected frorthe first (or the second ifeededl evening
of extraoperative/EC0G recording blyM., while being blinded to the seizure outcorA#.selected epochs
were >2 hours apart from seizure events, amdh-yass filteredat 150 Hz All ECoG data pointsvere
Hilbert transformed and used for computingVl 150 1z & 34 Hz), the strength of coupling betwedhe
amplitudeof HFAsssegz@andthe instantaneous phase of local sleawe; 4 11,. Each electrode sit@as finally
assignel 150 Hzasamz) Value averaged across téd-second epochs.

Our MI algorithm does not differentiate HFA deriviedm oscillations and that from nayscillatory
spike discharge$=2We"believe our analytic approach is justified in this clinical study, since oscillatory and
non-oscillatory HFAS are both reported to be useful to localize $@&dme reported that ieictal HFA. 200
Hz on clinical electrodes is mostly derived from rusillatory spike dischargé8.Others reported that
HFA-2s50 1. disentangled from noenscillatory spikes had insufficient sensitivity to localize the S0z,
Figure 2 helpseaders in comprehending the relationship between representative ECoG traces and resul
MI 150 Hz & 34 Hz) Values. Noroscillatory spikes are certainly expected to contribute to increasedidFA
as well as increased Miso Hz & 34 HZ).35 Supplementary Figure S1 presents the distribution Ml 150 1z & 3
aHz)in (1) 'SOZ', (2)*spiking sites’ (nofSOZ but affected by interictal spike discharges), and (3)-‘non

epileptic sites’.

Seizure outcome

After a minimum of oneyear, postoperative seizure outcome was classified according to the ILAE
classification®® Medicalicharts and phone calls were ubgdnvestigatos unaware of the results of MI
analysis.Classl outcome was treated as success, @heérsas failure.Requirement of r@perationwas
treatedas failure, even if patients achieved Classutcome following the second surgery.

Outcome prediction using multivariate logistic regression models
The statistical analysis was performed ussiRfSS Statistic85 (IBM Corp., Chicago, IL, USA)The
significance was set atyalue at 0.05We initially determined how wepatients achievingurgical success

would be predicted by multivariatelogistic regression model incorporating clinical, SOZ, neuroimaging
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variables but notanMI variable(referred to as ‘reduced modellhe outcome measureas ‘achievement
of ILAE Classl outcome’.The predictor variableglable 2) included: ‘age’, ‘gender’,gresence of daily
seizures, ‘number of oralAEDs taken immediately prior to irdcranial electrode placeméntaffected
hemisphere’, cortical lesioron MR, ‘*habitual clinical seizureevents captured during extraoperative ECoG
recording, ‘incomplete resection of SOZ ‘necessity ofextratemporal lobe resection and ‘size of
resection This analysisyielded a model fit R (ranging from 0 to 1)indicating how muchthe seizure
outcomecan be explained by the variance of collectragiables incorporated in themodel. Each patient
was given a predicted=probability ofurgical succesbased on her/his clinical, SOZ, and neuroimaging
profiles Receiverioperating characteristic (ROC) anay51&" employed to the predicted probatis
assignedo all 128 patientsdetermined theccuracy of the reduced model in gicting surgical success
The area under the curve (AUC) of a given ROC geigure 3) indicates the overall power of outcome
prediction(0.5: random/ predictiort;.0: perfect prediction

We subsequently determined whethanaltivariatelogistic regression modehcorporating an Ml
variablein additionstestheaforementionedlinical, SOZ, and neuroimagingariables(referred to as ‘full
model’) would improvethe outcome predictive abilityfthe addedVl predictorvariablewas ‘subtraction
MI’, defined as ‘subtraction of Mhso 1 ¢ 34 Hz) @veraged across all preserved sites fidig150 1z & 34 Hz)
averaged across| all resected sitéspatient would be assigned ardersubtraction M| if areas showing
larger Ml =150 Hz & 34 Hz) WeETe resectedndthose showingelatively smallerMl 150 1z ¢ 34 Hz) WeEre preserved.
Assessmendf R* ahdAUC on ROC ploteffectively allowed us to estimate how much more accurately the
full model, compared to the reduced modetedictedsurgical succesComparison of 122 ‘sensitivity x
specificity’ values consisting ofeach ROC plotletermined whethethe size of AUC differed between two
models (studentized bootstrap statistics).

Variability in M| acress‘anatomical regions and sleep stages

We determinedhe spatial characteristics Ml 150 1z & 34 Hz) @t NOREpIleptic electrodesitesduring
slowwave sleep as well abe effect of sleep staging on togerall Ml 150 1, & 34 Hz) Profiles. These
additional analyses wemmployed to 47 patients (age range: 4 to 19 years) in whom ECoG signals wer
sampled from all four lobes, sleep spindiesre visualized at neapileptic frontal regions, and posterior
dominant alpha activityvas noted atnon-epileptic occipital regionsluring wakefulnessSuch widespread
electrode coveragéogether withEOG/EMG allowedaccurate sleep staging and measuremehtl gfiso 1,
& 3-4 Hz) during wakefulness, sleep stage 1, sleep stage 2, and REM%leep

To determine whether interictal Miso 1 & 34 Hz) Within an ROI differed from that within the rest of
regions, the mixed model analy€isvas employedo 2,477 norepilepticelectrode sitesf the 47 patients
The dependent variable walll 150 1z &34 Hz) during slowwave sleep The following covariates were

treated as fixed effectsiage, ‘gender’, ‘presence of daily seizuresnumber of AEDs, ‘affected
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hemisphere’,lesion on MR], ‘ habitual clinicalseizure eventduring extraoperative ECoGand ‘one of the
28 ROIs listed inFigure 1. ‘Intercept’ and ‘patient’ were treated as random effects. Bonferroni correction
was employed for multiple comparisons across 28 ROIs.

To determine the effect of sleep stages o=l v, & 34 Hz), anothermixed model analysisvas
subsequently employed h996sites 2,477 norepileptic sites, 440 SOZ sites, and 2,8p&ing but non
SOZ site} of the same,cohort of 47 patientBhe dependent variable wadl (150 Hz & 34 Hz). The following
covariates wee treated as fixed effect@ge’, ‘gender’, presence of daily seizufgesnumber of AEDS,
‘affected hemispheketlesion on MR], ‘habitual clinical seizure events captured during extraoperative
ECoG, ‘SOz, ‘presence of interictal spike dischargesleepor wakefulness ‘non-REM sleep, and

‘slow-wave sleep

Full multivariate logistic regression model incorporating MI adjusted for anatomical locations

In case thesaferementionesixed modelanalysis on 47 patients revealgt Ml>150 Hz & 34 Hz) at
non-epileptic electrode’sitesithin an ROI differed from that within the rest &0ls we modifiedthe full
multivariate logistic regression modbly incorporatingMI 150 1z & 34 Hz) adjustedfor the anatomical

location |.e.: aMI {150 1z & 34Hz)]. Specifically, Ms150 1z & 34 Hz) Was adjusted by its mixed model estimate,

if a givenelectrodesite was within one of the ROIs showing a significant differelising collectivedata
from all 123 patients, & finally determined whether the outcome predictive ability would be further

improved by the fullumodeincorporatingsubtraction aM] defined as ‘subtraction of aMiso 1z & 34 Hz)

averaged across-all preserved sites fedvh >150 12 & 34 Hz) @v€raged across all resected sites’.

RESULTS

Outcome prediction

ILAE Class'1,2, 3, 4, 5, and 6 outcome was noted in 90, 3, 13, 9, 8, and 0 patients, respective
(mean followup period: 5.7 years; range: 1.0 to 10.8 years). The reduced model had a signiticame
predictiveability (R? of 0:266 p<0.001). ‘Incomplet&0OZresection (odds ratio [OR].099; p<0.00}, and
‘larger number ofAEDs (OR: 0.4®; p=0.014)" wereindependently associated wighsmaller chance of
succesgTable 2).. The accuracy of outcome predictiated by ROC analysis was AUC of 677(p<0.00L
Whenthe sensitivity was set to G8the specificity was @8 (Figure 3).

The full model, which incorporateslibtraction M) improved the outcome predictiability (R® of
0.409 p<0.001). ‘Incomplet&0OZresection (OR0.039 p<0.00)’ and ‘larger number AEDs (OR: 0.396
p=0.007)" wereassociated witha smaller chance o$uccess‘L arger subtraction M1 was independently

associated wit a greater chancef succesgTable 2), and ach increase of 0.01 point increased the odds of
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surgical success 8% (p=0.02Q. The accuracy of outcome prediction rated by ROC analysis was AUC of
0.838and sensitivity/specificity of 080.73 (p<0.001Figure 3). Studentized bootstrap statistmsggested
that the full model had a larger AUC compared the reduced med4lg26, p<0.001).

Anatomical variahility in,MI

The mixed_medel analyssmployed to nomepileptic electrode sitedemonstrated the existence of
anatomical variability 4h Mbiso vz & 34 Hz) during slowwave sleep The following six ROIs showed
difference in Mi-1somz@34 Hz) COMpared to the rest of ROIs (p<0.0Qlipgud (estimate =+0.019, cuneus
(estimate =+0.018s.lateratoccipital estimate =+0.016, and fusiformregions éstimate =+0.009 had
larger Mls1s0 Hz & 34 Hz) (Figure 4). Superiortemporal gstimate =-0.009 and supericfrontal regions

(estimate =-0.009 hadsmaller Ml>150 vz & 34 Hz).

Outcome predictionswith-M| adjusted for anatomical variation

Since the anatemicalvariability in Mls150 Hz & 34 Hz) WaS suggested to exist amongn-epileptic
electrode siteswe decided todeermine the outcome predictive abilitgf the full model incorporating
aMI 150 1z & 34 Hz). At '@ Tateraloccipital site, for example@MI >150 1z & 34 Hz) WaS smaller by 0.016 thahe
originalunadjusteVll 150 Hz & 34 Hz). ConverselyaMIl 150 Hz & 24 Hz) Wastreated to be identical to Miso 1,
& 3.4 Hz) In regions other than the aforementioned six R@te modified full model had aR?® of 0.422
(p<0.001). IncompleteSOZ resection (OR0.034 p<0.00)’ and ‘larger number oAEDs (OR: 0.3®;
p=0.007" were associated wita smaller chance ofuccess‘Largersubtraction 81’ was independently
associated wita greater chance sluccesgTable 2); thereby, each increase of 0.01 point increased the odds
of surgical success 59.9%6 (p=0.019; theaccuracy of outcome prediction of the modified full modab
rated aAUC of 0.844"andsensitivityspecificity 0f0.86/0.76 (p<0.00IFigure 3).

Effect of sleep stages on Ml

The spatial characteristics Bl >150 1z & 34 Hz) Auring each sleep stage is presenteldigure 4. The
mixed model analysis demonstrated that SOZdradter M}s150 1 & 34 Hz) COMpared to nowOZ (estimate
= +0.045 t = +25.966 p<0.007), and noRREM sleep had greater Miso 1z & 34 Hz) COMpared to the other
stages (i.e.: wakefulness or REM sleggstimate =+0.004 t = +3.149 p=0.002).No significant difference

in Ml =150 Hz & 341z, Was found between slowave sleep and other states.

DISCUSSION

Value of theirritative zone
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This study provided evidence that Mko n; & 34 Hz) May be a useful adjunct féwcalization ofthe

EZ. Incorporation of MI, regardless of the usageéndiicesadjusted or unadjusted fanatomicalariability,
improvedseizure outcome prediction. Specifically, thecome predictive abilityated by AUC of the ROC
plot was improvedrom 0.767to 0.88 [whenunadjustedVll wasused] orto 0.844 wvhenadjusted Miwas
used] One of the strengths of our studyitsssample size allowingssessment difie independent effects of
multiple covariatesincluding clinical, ictal ECoG and neuroimagingariables Our results supporthe
theoreticalnotionthat theEZ is optimally delineated by consideririge spatial extestof SOZ and irritative
zone’? Based onstheireffect size$able 2), we speculatehat ictal recedings,compared to the interictal

MI, provide more-direet information to delineate the regions responsible for genafatiabitual seizures.

Significance of anatomical variability in Ml

We observed raatomical variability in non-epileptic Ml during slow-wave sleep Specifically,
occipital and fusifermsregions showed relatively grediér Relative increase of Mh nonepilepticvisual
pathways is likelystesb@artly attributed to physiologi¢daugmentation of HFAaking placepreferentiallyat
a rate of 0.5 to £ "Hz during slewave sleep® Such augmentation of HFAreferentially locked to the
trough of slow wavgs1 1, during slow wave sleeffFigure 2D), likely reflects increased cellulasynaptic
activity (also known as uptatesthatmay play a rolén low-order visual memory consolidatié*® In turn,
each attenuation taking place between Hki#gmentations likely reflecteyperpolarization anaellular
silerce (also knownmas dowstates) Superiortemporal and superidrontal sites showed relatively smaller
non-epilepticMlgzbut the magnitude of difference ihese regions was much smaller compared to that in the
occipital regions

Becausethe_existence ofanatomicalvariability in non-epileptic Ml has beensuggested we
examinedhow wellradjustment ofMI for regionalvariability would further improve the performance of
outcome predictiomvithithe full model This additionaknalysis demonstratétatincorporation ofadjusted
MI only resulted ina minimal improvement afutcome predictie ability (AUC: 0.838 — 0.844
sensitivity/specificity: 0.8/0.73— 0.86/0.76).It is possiblethat the ROIs used itis studymay have been
too large for optimal adjustmerdnd that Mladjusted using smaller ROigould havemore effectively

improvedthe accuracy of outcome predictiohthe full model.

Methodological'considerations

The sample sizedata availability by the time of surgery, and collinearity problems among the
predictor variablemieedto betaken into account, for selection of predictor variables to be incorporated in
the full multivariate logistic regression modeéRresence/absence of cortical lesions on MRI’ was selected
because MRIesional epilepsy, compared to nl@sional, has been reported to have a better postoperative

seizure prognosis:*°‘Necessity of extraemporal lobe resection’ was also selected because such surgery i
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generallyassociated with a $s favorable prognosis compared to resection confined to the tempordl lobe.
Neither pathological diagnosis nor postoperative MRI was incorporated imadgls, since such data are
available only after resective surgery. Individual 3D surface imagésntraoperative photograpakowed

us tomeasurehe size of resection prioo completion ofthe resective surgeryhe duration of epilepsy was
not incorporated in our regression models, because diigheollinearity between patient age and epilepsy
duration. A larger_number of oral AEDs was found toassociated with amaller chane of successAn
interpretation for'this abservation is that patients required to take a larger number of oral AEDsvenay
had more severesforms of focal epilefsy.

We are willingste shareur ECoG dataset with investigators whexpress arinterest intesing the
performance of Mbr othermeasures of their interest (e.g.: occurrence rate of interictal HFu)study
wasnot designed to determine whetherd\Ho 1z ¢ 34 Hz) IS more useful thantherinterictal HFA measures
Someinvestigators suggested that characterization of the angle of slow wave phase preferentially coup
with HFA was usefulsin localization of SOZ** For measurement of the amplitude of HFA, the present
study employed ashigpass filter of 150 Hz; thus, the amplitude of HEfAo v, may have only modestly
contributed to computation of Mkso 1z & 34 Hz). HFAso-150 Hz and HFA.150 1z are also known as ripples and
fast ripples, respectivef*® Several studies demonstrated that KAy, HFA>150 vz and HFA.s0 1 largely
share similar spatidemporal profiles®® Previous ECoGstudiesreported that regions showing interictal
spike discharges associated with increased Jstf# amplitude or HFAg 1, coupled with slow wavey y,
often turned out&involve the SOZ*?3%% whereas higlamplitude, sharphgontoured transients at
alpha/beta frequeficy range carobserved in non-epileptic regioffs*®

We speculate that Mluring slowwave sleep and stagesleep wouldyield a similar clinical utility
in epilepsy presurgical evaluatiofhese sleegtages share a similar spatial pattern of(Mgure 4). The
mixed model analysissxdemonstrated that the contrast dieliNeen SOZ and ne®OZ was about 10 times
greater than thatdtween nofREM sleep and the other stages (estimate of SOZ: +0.045 vs estimate of nor
REM sleep: +0.004).

This study is a retrospective observational study, which should be considered irethestation of
our results Our results by no means indicate tltatrtical areashowing increased MI should be blindly
removed to optimize the postoperative outcome. Epilepsy surgery teams should etamekéent of
epileptogenic zone by.taking into account the clinical contextgiwen patientA multi-center prospective
study is warranted to determine how universally us#fal Ml variable is in presurgical evaluatioit
remains unknown how the utility &l is altered by different electrode typgsg.: diskvs depth electrodes)
different montage (e.g.. common average reference vs bipolar mojtameesthesia conditions, and
intracranial electrode placement approaches (e.g.: large vs limited cové&agépspective study of 54
patients repded that the occurrence of HEAo 1, on intraoperative ECoG immediately following cortical

resection was associated with a ¢eeaisk of seizure recurrenc® One logical next step would b&o
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determine whetheqguantitative measurement &l during intraoperative ECoG recording will provide

useful information to localize thHeZ.

ACKNOWLEDGEMENT

This work was.supported by NIH grants NS047550 (to EMRS064033 (to E.A, andNS089659
(to J.W.J.).We are _gratefl to Harry T. Chugani, MD, Aashit Shah, MD, Sandeep Mittal, MD, and Deniz
Altinok, MD at=Children’s Hospital of MichigarDetroit Medical CentedVayne State University for the

collaboration and-assistancegarforming the studies described above.

DISCLOSURE
None of the/authors has any conflict of interest to disclose. We confirm that we daal/¢he
Journal’s positionsensissues involved in ethical publication and affirm that this report is consistent with tho:

guidelines.

REFERENCE

1. Rosenow Fkiiders H. Presurgical evaluation of epilepsy. Brain 2001;124:1683-700.

2. Jehi L. The Epileptogenic Zone: Concept and Definition. Epilepsy Curr 2018;18:12-

3. Bartolomei F, Chauvel P, Wendling F. Epileptogenicity of brain structures in humaornobe
epilepsy: a quantified study from intracerebral EEG. Brain 2008;131:1818-30.

4. Fujiwara Hy"Greiner HM, Lee KHet al Resection of ictal higfrequency oscillations leads to
favorable surgical outcome in pediatric epilepsy. Epilepsia 201583:17

5. Korzenievgka A, Cervenka MC, Jouny C@t al Ictal propagation of high frequency activity is
recapitulated ininterictal recordings: effective connectivity of epileptogenic netwoksieecwith
intracranial EEG. Neuroimage 2014;101:96-113.

6. Weiss SA, Lemesiou AConnors R, et al. Seizure localization using ictal ptasieed high gamma:
A retrospective.surgical outcome study. Neurology 2015;84:2320-8.

7. Kahane P, Landré E, Minotti L, et al. The Bancaud and Talairach view on the epileptogssia
working hypothesis. Epileptic Disord 2006;8(Suppl 2):16-26.

8. Asano E, Juhasz C, Shah A, et al. Role of subdural electrocorticography in prediction-tefrfong
seizure outcome in epilepsy surgery. Brain 2009;132: U738-

9. Jacobs J, Zijlmans M, Zelmann R, et al. Higlguency electroencephalographic oscillations

correlate with outcome of epilepsy surgery. Ann Neurol 2010;67:209-20.

This article is protected by copyright. All rights reserved



Motoi et al. 13

10.Akiyama T, McCoy B, Go CY, et al. Focal resection of fast ripples on extraoperative intrhcrania
EEG improves seizure outcome in pediatric gqsile Epilepsia 2011;52:180%.

11.Usui N, Terada K, Baba K, et al. Significance of Vetigh-Frequency Oscillations (Over 1,000Hz)
in Epilepsy. Ann Neurol 2015;78:295-302.

12.Brazdil M, Pail M, Haldmek J, et al. Very higlequency oscillations: Novel biomarkers of the
epileptogenie.zone. Ann Neurol 2017;82:299-310.

13.Fedele T, Burnos S, Boran E, et al. Resection of high frequency oscillations predices setcome
in the individual-patient. Sci Rep 2017;7:13836.

14.Hussain SAms=Mathern GW, Hung P, et al. Intraoperative fast ripples independendligt pre
postsurgical epilepsy outcome: Comparison with other electrocorticographmorpéea. Epilepsy
Res 2017;135:79-86.

15.van't Klooster MA, van Klink NEC, Zweiphenning WJEM, et al. Tailoring epilepsy surgihyfast
ripples in thesintraoperative electrocorticogram. Ann Neurol 2017;81:664-676.

16.Hdller Y, Kutil«/R, Klaffenbtck L, et al Highfrequency oscillations in epilepsy and surgical
outcome. A'metanalysis. Front Hum Neurosci 2015;9:574.

17.Canolty RT, Edward&, Dalal SS, et al. High gamma power is pHas&ed to theta oscillations in
human neocortex. Science 2006;313:1626-8.

18.Miyakoshi M, Delorme A, Mullen T, et al. Automated detection of cfosguency coupling in the
electrocorticegram for clinical inspeoti. Conf Proc IEEE Eng Med Biol Soc 2013;2013:3282-5.

19.Nonoda«Y,"Miyakoshi M, Ojeda A, et al. Interictal hiffequency oscillations generated by seizure
onset and eloquent areas may be differentially coupled with different slow waineleGrophysiol
2016;127:2489-99.

20.limura Y, Jones,K, Hattori K, et al. Epileptogenic highquency oscillations skip the motor area in
children with,multilobar drugesistant epilepsy. Clin Neurophysiol 2017;128:1197-1205.

21.limura Y, Jones K, Takada L, et al. Strong couphbetween slow oscillations and wide fast ripples in
children"with epileptic spasms: Investigation of modulation index and occurrence rat@siapile
2018;59:544-554.

22.Frauscher B, wvon Ellenrieder N, Zelmann R, et al. Atlas of the normal intrakcrani
electrencephalegram: neurophysiological awake activity in different cortical .arBasin
2018;141:1130-1144.

23.Miller KJ, Hermes D, Honey CJ, et al. Dynamic modulation of local population gchyirhythm
phase in human occipital cortex during a visual seask Front Hum Neurosci 2010;4:197.

24.Asano E, Chugani DC, Juhdsz C, et al. Surgical treatment of West syndrome. Brxain De
2001;23:668-76.

25.Nakai Y, Jeong JW, Brown EC, et al. Threead fourdimensional mapping of speech and language

This article is protected by copyright. All rights reserved



Motoi et al. 14

in patients with epilegy. Brain 2017;140:1351370.

26.Ghosh SS, Kakunoori S, Augustinack J, et al. Evaluating the validity of vdased and surface
based brain image registration for developmental cognitive neuroscience stucléddren 4 to 11
years of age. Neuroimage 2010;53:85-93.

27.Kambara T, Sood S, Algatan Z, et al. Presurgical language mapping usingetaea highgamma
activity: The Detroit procedure. Clin Neurophysiol 2018;129:145-154.

28.Nariai H, Nagasawa T, Juhéasz C, et al. Statistical mapping of ictalfrieigiency oscillations in
epileptiesspasms. Epilepsia 2011;52:63-74.

29.Nagasawa rmduhdsz C, Rothermel R, et al. Spontaneous and visually driveéredughcy
oscillations in the occipital cortex: intracranial recording in epileptic patients. Hum Btapp
2012;33:569-83

30.Bagshaw AP, Jacobs J, LeVan P, et al. Effect of sleep stage on interictéielggéncy oscillations
recorded from:depth macroelectrodes in patients with focal epilepsy. Epik)39;50:617-28.

31.Bénar CGsChauviere L, Bartolomei F, et al. &i#f of highpass filtering for detecting epileptic
oscillations: a technical note on "false" ripples. Clin Neurophysiol 2010;121:301-10.

32.Shamas M, Benquet P, Merlet I, et al. On the origin of epileptic High Frequencyasts
observed on clinical elaodes. Clin Neurophysiol 2018;129:829-841.

33.Burnos S, Frauscher B, Zelmann R, et al. The morphology of high frequency oscillationsd@#sO
not improve“delineating the epileptogenic zone. Clin Neurophysiol 2016;127:2140-8.

34.Roehri Ni"Pizzo F, Lagarde S, et al. Higaquency oscillations are not better biomarkers of
epileptogenic tissues than spikes. Ann Neurol 2018;83784-

35.Jacobs J, Kobayashi K, Gotman J. Higdguency changes during interictal spikes detected by time
frequency analysis. Clin Neurophysiol 2011;122:32-42.

36.Wieser HGy,Blume WT, Fish D, et al; Commission on Neurosurgery of the Interrdtieague
Against Epilepsy (ILAE). ILAE Commission Report. Proposal for a new classification of oettcom
with respect to epileptic seizures following epdg surgery. Epilepsia 2001;42:282-6.

37.Nakai Y, Nagashima A, Hayakawa A, et al. Fdimensional map of the human early visual system.
Clin Neurophysiol 2018;129:188-197.

38.Steriade M, Timofeev |. Neuronal plasticity in thalamocortical networkghgwsleep and waking
oscillations. Neuron 2003;37:56%.

39.TéllezZenteno JF, Hernandez Ronquillo L, Moiafshari F, et al. Surgical outcomes in lesional and
non4esional epilepsy: a systematic review and ragtalysis. Epilepsy Res 2010;89:310-8.

40.Englot DJ, Breshears JD, Sun PP, et al. Seizure outcomes after resective surgery-tempgrina
lobe epilepsy in pediatric patients. J Neurosurg Pediatr 2013;12:126-33.

41.Kwan P, Brodie MJ. Neuropsychological effects of epilepsy and antiepileptic . dragset

This article is protected by copyright. All rights reserved



Motoi et al. 15

2001;357:216-22.

42.Frauscher B, von Ellenrieder N, Ferearinho T, et al. Facilitation of epileptic activity during
sleep is mediated by high amplitude slow waves. Brain 2015;13841629-

43.von Ellenrieder N, Frauscher B, Dubeau F, et al. Intemnaatith slow waves during sleep improves
discrimination of physiologic and pathologic hifflequency oscillations (8600 Hz). Epilepsia
2016;57:869-78.

44.Song |, Oresz 1/,Chervoneva |, et al. Bimodal coupling of ripples and slower oscilldtiong sleep
in patientsswith=-focal epilepsy. Epilepsia 2017;58:1972-1984.

45.0gren JA-Wilsen CL, Bragin A, et al. Threeamensional surface maps link local atrophy and fast
ripples in human epileptic hippocampus. Ann Neurol 2009;66:783-91.

46.Wang S, So NK, Jin B, et al.thrictal ripples nested in epileptiform discharge help to identify the
epileptogenic zane in neocortical epilepsy. Clin Neurophysiol 2017;128:945-951.

47.Mizrahi EM==Avoiding the pitfalls of EEG interpretation in childhood epilepsy. [ppike
1996;37(Supplip4151.

48.Sperling MR. Intracranial Electroencephalography. In: Ebersole JS, Pedlegdiidrs. Current
practice of clinical electroencephalography. New York: Lippincott Williamd Wilkins; 2003. pp.
639-80.

FIGURE LEGEND

Figure 1. Regionsof interest (ROIs) and spatial distribution of intracranial electrode cover age.

(A) The locations=0f«28 ROIs are indicated. aCC: anterior cingolatiex cMFG: caudal middle frontal
gyrus. Cun: cuneus,gyrus. Ent: entorhinal gyrus. fé&form gyrus. FP: frontal pole. IPL: inferior parietal
lobule. ITG: inferier'temporal gyrus. LG: lingual gyrus. LOF: lateral orbitofrontal gyrus. LOG: lateral
occipital gyrus. MOF. medial orbitofrontal gyrus. MTG: middle temporal gyp@C: posterior ingulate
cortex PCL: paracentral lobule. PCun: precuneus gyrus. PHG: parahippocampal gyrus. PoGtrpbstc
gyrus. Pop/PTr/POr: pars opercularis/pars triangularis/pars orbitalis within the inferior frontal gy@(: Pre
precentral gyrus. rMFG: rostraliddle frontal gyrus. SFG: superior frontal gyrus. SMG: supramarginal
gyrus. SPL: superior parietal lobule. STG: superior temporal gyrus. TP: temporal pole. (B) The spati
distribution of electrode coverage is indica{@d3 patientsi2,964electrode sites).
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Figure 2. Relationship between electrocorticography (ECoG) trace and modulation index in a 7-year-
old boy with frontal lobe epilepsy.

Representativd=CoG waveforms are presented with their corresponding locatiomsfrequency plots,
and Mls1s50 1z & 34 Hz) Values.(A) and (B) classified as seizure onset zone (SOX)e spectral features seen
on timefrequency _plots are consistent with the notion that observed 54 was mostly derived from
non-oscillatory spikes>*** (C): classified asa site showingnterictal spike dischargegD) and (E):

classified asionepilepticsites.TC: time constant.

Figure 3. Receiver operating characteristic (ROC) plots.

ROC plots indicate the model performance to predict surgical suctefgsed asachievement of ILAE
Classl outcome.Blue line: the reducedogistic regressionmodel only incorporating clinical, SOZ
neuroimaging variables alon@edline: the full modéalsoincorporatingsubtraction MI(MI unadjusted for
anatomicalvariability)«Greenline: the full modelalso incorporatingsubtraction a1 (Ml adjustedfor

anatomicabariability).

Figure 4. Modulation index during different sleep stages.

The spatialcharacteristics of Mliso ;& 34 Hz) during different sleep stagesre presented. (A to E) present
MI (150 Hz & 34 Hz) At 440, ®izure onset zone (SOZ)ectrode siteF to J) presenMl 150 Hz & 34 Hz) at 2477
non-epileptic electrode sites defined as thosaunaffected by MRI lesion, SOZ, or interictal spike

discharge$d? (K) The spatial distribution of electrode coveraijel7 patients used fonis analysis

Table 1. Patient profiles.

Total rumber of patients 123
Mean of age 13.4years old
Range of age 4 to 44years old

Female patients 48.8%
Patients with daily seizures 35.0%
1°AED 30.1%

2 AEDs 43.9%

3 AEDs 25.2%

4 AEDs 0.0%

5 AEDs 0.8%
Left-hemispheric focus 54.5%
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Cortical lesion on MRI * 58.0%
Habitual ®izure events captured
. _ 89.4%
duringextraoperativeeCoG
Incompleteresection of SOZ 13.80%
Extratemporal lobe resection 60.2%
Mean of reseetion size 15.30%
Range of reseetion size 0.6 t0 91.6%
73.20%
ClassItoutcome .
(90 patients)
26.80%
Class? to -6eutcome** _
(33 patients)

AEDs: antiepileptic drugs. ECoG: electrocorticography. SOZ: seizure onset zoB&. pfatients showed
brain malformations*(including focal cortical dysplasia, cortical tuaedulegyria)on MRI; 25 tumor; 5
mediattemporal sclerosjs4 diotic changes assoced with atrophy 1 arteriovenous malformation. **:

includingthreepatients achieving Claslsoutcome following the second surgery dheepaients faling to

achieve Clas4 outcame following the initial and second surgeries.

Table 2. Results of multivariate logistic regression analysis.

Odds ratio
(95%Cl);
p-value
Full model incorporating | Full model incorporating
Predictor variable Reduced model MI unadjusted for MI adjusted for anatomica
anatomical variability variability
1.021 1.03% 1.04
Age (years) (0.947 to 1100); (0.9 to 1.1T7); (0.964 to 1.124);
p=0.594 p=0.374 p=0.303
Gender 1.190 1.282 1.351
] (0.471to 3.006; (0.470to 3.499; (0.489t0 3.734;
(1 if male; 0 female)
p=0.712 p=0.628 p=0.562
Daily seizures 1453 1528 1488
(1 if present; (0.498t0 4.245; (0.45510 5.125; (0.4371t0 5.067;
0 otherwise) p=0.494 p=0.493 p=0.525
0.466 0.3% 0.38
Number of AEDs (0.223to 0.8%); (0.203to 0.74); (0.1%t0 0.767);
p=0.014 p=0.007 p=0.00/

This article is protected by copyright. All rights reserved



Motoi et al. 18
. 0.860 0.721 0.721
Affected hemisphere
] o (0.339t0 2.183; (0.260to0 1998); (0.259t0 2.010;
(1 if left; Oif right)
p=0.750 p=0.530 p=0.532
MRI lesion 0.96 1.205 1.206
(1 if present; (0.370to 2.523; (0.427 to 3.85); (0.423t0 3442);
0 otherwise) p=0.944 p=0.725 p=0.726
Habitual clinicalseizures 1.160 3.202 3439
during ECoG (0.244t0 5.520); (0.669t0 15.324; (0.708t0 16.7095;
(1 if present; 0 otherwise p=0.852 p=0.145 p=0.126
IncompleteSOZ resection 0.099 0.0® 0.0
(1 if incomplete (0.027t0 0.363; (0.007to 0.2®); (0.006to 0.192;
0 otherwisg p<0.001 p<0.001 p<0.001
Extratemporal lobe
) 1.353 1.090 1.109
resection
N (0.462to 3.962; (0.358t0 3320); (0.362t0 3400);
(1 if involved;
] p=0.582 p=0.879 p=0.857
0 otherwise)
] ) 0.991 0.979 0.980
Size of resection
%) (0.968 t01.014); (0.947 to 1.012); (0.948 to 1.014);
0
p=0.440 p=0.25 p=0.243
1.063¢10" 2.351x107
Subtraction Ml not incorporated (429.615t0 2.631x10*Y); | (11233.48%0 4.922¢10°);
p=0.0D * p=0.04 **

AEDs: antiepileptic drugs. ECoG: electrocorticograpB@Z: seizure onset zonkll: modulation index.
Subtraction Mlis defined assubtraction of Mlaveraged across all preserved sites fidimaveraged across

all resected sites 95%CIl: 95% confidence intervaDnly five of the 17 patients whose SOZ was
incompletely removed achieved Clags®utcome, wherea5 of the remainingl06 patients achieved such
surgical succesg:_In _other words, each increase of 0.01 point increaseddtls of surgical success by
48.0% (95%CI: 6.3% to 205.2%; p=0.0d). **: Each increase of 0.01 point increased the odds of surgical
success by® %6 (95%Cl: 9.86 to 22.8% p=0.014.
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