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Summary

Objective
Epileptic.spasms (ES) often become dragistantTo reveal the electrophysiological
difference betweeahildren with ES (ES+) and without ES (ESve compared the
occurrencesrate (OR) of high frequency oscillations (B)F&hd the modulation index
(MI) of coupling between slow and fast oscillations.
In ES+,/\we hypothesized that 1) pathological HFOs are more widely distributed and 2)
slow oscillations show stronger coupling with pathological HE@s in ES.
Methods
We rdrospectively reviewed 24 children with drugsistant multilobar onset epilepsy,
who underwent intracranial video EEG prior to multilobar resections. We measured the
OR of HFGs*and determined the electrodes veitiigh rateof HFOs by cluster analysis.
We calculated MI, which reflects the degree of coupling betw#ied (RippleFast
Ripple [ER]).amplitude and five different frequency bands of delta and thetdiesti
(0.5-1Hz; 1-2Hz; 23Hz; 34Hz; 48Hz).

Results
In ES+ (n=10); the ORks), the number oélectrodes with higinate FRs andthe Mlgrse
3-4Hz) IN all electrodeswere significantly higher than in ES- (n=14).
In both ES+7and ES- groups, Mhplesirrs 3-4+z) Was the highesimong the five
frequency bands. Within the good seizure outcome group, thgdahdthe Mlgrse

3-4Hz)IN the resected area in ES+ waignificantly higher than in ESORrrs), p=0.04;

MI (Frs& 3-4Hz), P=0.04).
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Significance

In ES+,thelarge number of highrate FR electrodes indicates more widespread
epileptogenicity tham ES-. High values 0ORgrg and Mlgrseg 3-a17) in ES+ compared
to ES aresassignature of the severity of epileptogeniéhfe. proved thaES+ children
who achieved seizure freedom following multilobar resections exhibited strong

coupling between slow oscillations and FRs.

| ntroduction

1, Epileptic.spasms
Epilepticspasms (ES) are characterized by a lamef sudden flexion, extension or
mixed movementeither syrmetric or asymmetric, lastirfgr 1-2s. ES are the major
subgroup oBeizuretypes in infant$rom 0 to 2 years The underlying mechanism for
the generation of ES is not yet known. International League Against Epilepsy)(
2017classification of seizure typeategorized E$to focal, generalized or combined
onsetseizuretype’. The cessation ofirugresistanESaftermultilobar resection
includingssubtotal hemispherectonmdicateshatone of themechanismmof ES isthe
focal onset seizuref cortical origit”. Barba et alreported 58 patientgith ESwho
underwent unilobar resection and 22 patievita ESwho underwent multilobar
resection. Forfnine out of the 80 patients became seizuré free
Therehave beemoreportscomparing the electrophysiological findingstweerES

(ES+ group) andbcal seizureswvithout ES(ES- group).
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2, High frequency oscillations
High frequency oscillationdHFOs) areclassified intaripples at 80-200Hz anfdst
ripples(FRs)at >200/250Hz HFOs, especially FR, are estimated to epotential
marker for epileptogenicity*3. A metaanalysis of 11 papers by Héller et al. provides
evidencerof-ashigher resection ratiaripples (10studies) and/or FR7 studies)n
seizureftee patients comparerdth nonseizure free patients Kobayashi et alreported
ictal fast oscillations40-15MHz) on the scalwideoelectroencephalogra®VEEG)in
infantile spasm patients to demonstrate the comiggin of ES**> There have been no
reports examininglFOs onintracramal EEGcomparingeS+ andES..

3, Modulation Index
Modulatien‘index (M) is one of the paramet#ratrepresers thestrengthof
phase-amplitude coupling betwettie HFO amplitude antheslow oscillation&’.
Pathological HFOsay bepreferentially coupled with slow oscillatioas3-4Hz more
thanwith'slow oscillationsat 0.5-1Hz, which are more often coupledth physiological
HFOs!./MI (Ripples/FRs & 3-aHz1as been showto dfferentiatethe multilobarepileptogenic
zonesfram the motorared.

4, Hypothesis
We tested the hypotheses thmthildrenwith ES+, as compared to childresith ES, 1)
pathological’HFOsre more widely distributed; 3Jow oscillations show stronger
coupling withtpathological HF® The objective of our study is to elucidate the extent and

the severity of the epileptogenicity tine ES+group vsthe ES group.
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Methods

1, Patients
We retrospetively reviewed 24 children with drugesistant multilobar onset epilepsy
who underwent IVEEG recordindsr presurgical evaluatiobetween June 2009 and
December-2013at the Hospital for Sick ChildrerBefore surgery, all 2dhildren
underwent SVEEG, magnetic resonance imaging (MRI), and magnetoencephalography
(MEG). We assessd 10ES+children and 1£S- children. This study was approved by
theResearch EthgBoard othe Hospital for Sick Children.

2, IVEEGrecording
We seleced theregionto implantthe subdural grid electrodeaded orthe seizure
semology, ictal/interictaldataon SVEEG, MRIlesions, and MEG spike dipoléd/e
performed IVEEGwith subdural grid electrodes aseveraktrip andbr depthelectrodes.
We implanted the intracranial electrodeshe same way agported previousf*® We
usedsubdural grid electrodes (diameter: 4mm; exposure: 2.3mm; effective surface area:
4.2mnf; spacing: 9-13mmand depth electrodes (effective surface area: 83mm
spacing: 7mmjAd-Tech Medical Instrument, Racine, W,S.A.).We recordedVEEG
by usingHARMONY 5.4 (Stellate, Montreal, PQ, Canada) at a sampling rafelkdiz
(n=6) or 2 kHz(n=18).0ur IVEEG datawereacquired usig 72121 (mnean £ SD]106+
13) electrods for 4698 hours (mean 78 hour3.

3, Determination of resection margin
Wedetermined the resection margin basethervisual and spectral analyses of interictal

epileptiform discharges on IVEEG, ictal findings on IVEE@Guivalent current dipoles
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for the interictal epileptiform discharges on MEG, and the location of elogueas®.
Thedatain this study wereetrospectivelyanalyzedthusthe results of this study did not
affect thesreatime surgical decisiomaking.

4, EEG sdlection for analysis
We selectedive epochs ob-minuteinterictal IVEEGduring slowwave sleep’. The five
epochs'weresremofeom each other and from seizures by at least four. Interictal
HFOs can be observeahost frequently during non-rapid eye movem&REM)
sleep®®

5, Seizure'outcome
Postsurgical seizure outcome was evaluated accomlithg\E classificatiod”. We
defined theehildren with class | to Il 8 “good seizure outcome group” and the
children withselass 111 to VI athe “poor seizure outcome group”.

6, Occurrence Rate (OR) of HFOs
We detected.interictal ripples (8200 Hz) and~Rs (>200 Hz) duringlow wavesleep
using bipolar montage with pairs of two adjacelectrodesn successive numbers
connectéd, excluding theference electrodemdthose with significant artifatt We
visuallysinspeected each EEG epoch to ensure that they were not contaminated by
significant artifacts, such as environmental or muscle artifd#¢sacquired the ORf
ripples OR®&ipples) andthe OR of FB (ORrs)) using the automated detection of HFOs
by MATLABR2011b, The MathWorks, Natick, MA, U.S.&)Figure S1)We
generated topographic maps demonstratingligteébution ofORripplesiFrs)(Figure 1).

We acquied 5values ofORrippies/Frs)fOr €ach electrode by the analysis of 5 interictal
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EEGepochsWe calculated the meaof the5 ORripplesirrs)P€r €ach electrode to
demonstratéhe ORRgipples/Frs)
We categorigdthe electrodes into three clustengghrateripples/FRs, mediumrate
ripples/FRs and lowrateripples/FRs, according téthe ORgipples/Frs)DY Ward’s method,
which is;asfrequently used hierarchical clustering methedescribed in @revious
report®. We subsequently calculated the number of electrodes withraighipples/FRs
(Figure 2).
Between the ES+ and E§roups, we compared 1) tteal number ofelectrodes; 2) the
ORripplesiFrsyin all electrodesind 3) the numdr of electrodes with highrateripples/FF.
We also investigated the influence of agewgery orORrippiesiFrs)iN all electrodes
Within the geod seizure outcome grows compared 1) the number of electroutethe
resected/unresected areasl 2) the ORipples/Frs)iN the resected/unresected areas
between the ES+ and E§roups.

7, Modulation I ndex
MI was calculated in an automattshion at each electrode using EEGLAB Toolbox
PACTV.0:17as described in a previous repoft
We measurethe MI betweentwo HFGs (RipplesFRs) andfive different frequency
bands ofelta'and thetactivities(0.51Hz; 1-2Hz; 23Hz; 34Hz; 48Hz). The M| was
analyzed.in'Tgll electrodesn all 24 children and 2) the resected/unresected area in the
18 children with good seizure outcomes.
Subsequenglwe compared th®l ripplesiFrs. 3-4H2) DEIWeEeEn the ES+ and E§roups in 1)

all electrodesn all 24 children and Zhe resected/unresected area in the 18 children with
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good seizure outcomes.
We also investigated the influence of age at surgery QRpMs/Frs. 3-4H2) in all
electrodes
We analyzdthe correlation betweeW| rippiess 3-az) aNAMI (grs & 3-a17 iN the resected
areafor each-case the good seizure outcome grdopdemonstrate the difference of
fager HEO coupling with 3-4Hz oscillations between Eft+ and ESgroups.

8, Statistical analysis
All statistical analyses were performed with SPSS Statistics 22 (IBM Corp, Chicago, IL,
USA). WeperformedannWhitney U tesbetween two groups ar@teelDwasstest for
intergroup comparisonSimple linear regression analysis vpesformed to evaluate the
correlation between age at surgery andi@fs/rrsy Ml Ripples/Frs 3-aHz). A level of p <

0.05 was aceepted as statistically significant.

Results

1, Clinical-Profiles
Table 1'summarizes the clinical profiles of 24 chihd(20 females, 42%). The ES+
group consisted of 10 (42%) children. The ES- group consisted of 14 (58%) children.
The ageefiseizure onset ranged from 0.2 to 6 years (mean 2.7 years) in the ES+ group,
and from 0.3 to 14.3 years (5.4 years) in the ES- group. The age of seizure onset in the
ES+ group wa sgnificantly younger than that the ES group (p=0.04).
The age at surgery ranged from 2.8 to 17 years (7.6 years) in the ES+ group, &nh@ from
to 17.7 years (12.2 years) in the ES- group. The age at surgery in the ES+ ggsoup wa

significantly younger than that the ES group (p=0.01).
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Two children (20%, #2, #9) ithe ES+ group and two children (14%, #6,)4i theES
group had a history of infantile spasniere were siX60%) childrenm the ES+ group
and 13 (93%). childreim the ES- groupwith lesiors detected on MRIMEG showed
cluster of MEG spike dipoles imne (90%) childrenin theESt+ group and 13 (98)
childreniintheES- group.

2, Resective surgery and pathology
Five (50%) childrenin the ESt group and eight (38) children in theES- group
underwentresectivesurgeryin the left hemisphere.
Nine (90%)childrenin the ESt+ group and fivé36%) children in theeS group
underwent subtotal hemispherectomy consisting of fronto-tenmmametal resection
skippingthemotor area
In the ES+ group, Istopathologial examinations demonstratéatal cortical dysplasia
(FCD) type I in four (400) children Il in one(10%), astrodiosisin four (40%), and
oligodendrogliosis imne(10%). There was no FCD type Il in tHES+ group.
In theES- group, histopathological examinations demonstrated FCD type | in &)e (7
child, Il in'three (21%), Il in one (P4), astrogliosis ine (7%), oligodendrogliosis in
three(21%), tuberous sclerosis complek§C) in three(21%), and dioneuronal tumor
and normal pathology in one%a.

3, Seizureoutcome
The follow-upuperiods ranged from 14 to 56 monthegn33 months)ILAE seizure
outcomeclasslawas achieveth 18 (7%6) childrenconsisting of seve(Y0%) inthe ES+

group and 11 (/) intheES group.
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4, The number of electr odes compar ed between the good and poor seizure
outcome groups
There weremno significant differences in the number of electroddkalectrode®r
resected areas between the good and poor seizure outcome groups in total (good, 18; poor,
6), in ES#sgreup (good, 7, poor, 3) and in ES- group (good, 11; poor, 3) §&ble

5, Comparison between the ES+ and ES- groupsin all electrodes

5-1 The number of electrodes
The total number of electrodes ranged from 85 to 121 (106.3 £ 12.6) in the ES+ group
and from72to 120 (105.2 £ 13.1) in the ES- group. (Table 2).

5-2 The OR gipplesiry)
The ORrry in‘all electrodeg0.6 to 31.2 (8.7 = 10.4)] in the ES+ groupne
significantly*higher thathose [0.4 to 10.2 (3.0 + 2.7)] in the ES- group (p=0.04) (Table
2). The ORRippies) in all electrodesanged from 0.2 to 43.2 (12.0 £ 12.9) in the ES+
group and.from 0.9 to 12.7 (5.2 + 3.8) in the ES- group.

5-3 The number of electrodeswith high-rate HFOs
The number oélectrodes with highateFRs [4 to 39 (21.2 + 12.8)] in the ES+ group
was significantly higher than that [2 to 40 (10.0 = 10.5)] in thedf®dp (p=0.01)
(Table 2). The number @lectrodes with higinate ripples ranged from 4 to 46 (21.3 £
12.6) in therES+ group and from 2 to 40 (16.2 + 11.3) in the ES- group.

5-4 Comparison of the M1 between two HFOs (Ripples/FRs) and five different
frequency bands of delta and theta activities, in all electrodes

In both the ES+ and ES- groups, MipiesiFrs 3-2H7) Was the highestimong the five

This article is protected by copyright. All rights reserved



limuraY etal. 12

frequency bands (Figure 3). In the ES+ grddpripples/Frs. 3-aHz) Wassignificantly
higher than Mripples/Frs 0.5-1Hz) (P=0.04). In the ES- group, there was no significant
differencesof\M|rippiesirrsy@mong the five frequency bands.
5-5 The M1 (RipplesFrs & 3-4H2)
The Ml ersgmsmatz) in all electroded0.1 to 3.4 (1.1+ 1.0) ] in the ES+ group was
significantly higher than that [0.1 to 1.1 (0.4 £ 0.3)] in the &®up (p=0.03) (Table 2).
The MlRipples & 34+7) iN all electrodesanged from 1.0 to 27.0 (7.8 * 8.6) in the ES+
group and from 0.7 to 7.3 (3.2 £ 1.9) in the ES- group.
5-6 Correlation between age at surgery and OR (ripplesrrs) / M| (RipplesFRs & 3-4+2)
In the ES+ group, there was no significant correlation between age at surgery and
ORRripplesEry(r=0.25, p=0.49/ r=0.22, p=0.54). In t&& group, there was no
significant correlation between age at surgery angkeiRsrry (r=0.19, p=0.51/ r=0.36,
p=0.21) (Figure S2).
In the ES+ _group, there was no significant correlation between age at surgery and
MI RipplesiFrs 3taHz) (r=0.29, p=0.42/ r=0.21, p=0.56). In the ES- group, there was no
significant correlation between age at surgery angiMbsirrs. 3-aHz) (r=0.30, p=0.30/
r=0.03, p=0.91).

6, 18 children with good seizur e outcomes; Comparison between the ES+ and ES
groups in.theresected/unresected areas

6-1 The number of electrodesin the resected/unresected areas
The number of electrodes in the resected area [44 to 94 (68.4 £ 15.6)] in the ES+ group

was significantly higher than that [26 to 61 (46.3 + 12.1)] in the ES- group (p<0.01)
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(Table 3).

The number of electrodes in the unresected area [16 to 61 (35.4 = 14.0)] in the ES+
group wasssignificantly lower than that [14 to 87 (60.0 + 18.9enES group

(p<0.01).

6-2 The ORwipplesrrs) IN the resected/unresected areas

The ORegs) in'the resected are@.p to 37.9 (14.7 £ 13.2)] in the ES+ group were
significantly higher thathose [0.4 to 8.8 (4.6 + 4.3)] in tl&S- group (p=0.04) (Table

3). The ORRrippies) in the resected area ranged from 4.0 to 54.4 (19.0 £ 17.2) in the ES+
group and+from 1.0 to 28.6 (10.0 = 8.6)the ES group.

The ORegs) In the unresected area randgseam 0.3 to 17.0 (6.3 + 6.9) ithe ES+ group

and from"0.4:to 15.8 (2.8 + 4.4) ine ES- group. The ORipples)in the unresected area
ranged from:0.8 to 32.0 (10.8 + 11.3) in the ES+ group and from 0.6 to 23.8 (4.5 £ 6.8)
in the ES- group.

6-3 Comparison of the M1 between two HFOs (Ripples/FRs) and five different
frequency bandsin the good seizur e outcome group

Of all values of M|ripples/FRs. 5 frequency bands)ONlY Ml(erse 3-a17) IN the resected area was
significantly higher in the ES+ group than in the ES- group (p=0.04) (Figure S3) .

In the esected area, Miipples/rr & 3-4H2) Was the highest in both the ES+ and ES- groups.
In the unresected area, (s« 3-aH7 Was the highest in both ES+ and ES- groups,

MI (ripples & 3-aHzWas the highest in the ES+ group andd\dies & 12Hz) Was the highest

in the ES- group. In both ES+ and ES- groups, there was no significant difference of

MI ripplesirrsy@@mong the five frequency bands.
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6-4 The M1 (ripplesFrs & 3-at7) 1N the resected/unresected areas
The Mlerse 3-a1z) IN the resected area [0.14 (1.6 + 1.5)] in the ES+ group was
significantly=higher than that [0.2 to 1.9 (0.5 £ 0.3)] in the &%up (p=0.04) (Table 3).
The Mlripples & 34Hz) IN the resected area ranged from 2.7 to 33.3 (11.7 + 11.5) in the
ES+ group-and from 1.1 to 15.8 (5.2 £ 4.4) in the ES- group.
The Mlgrse 34t17) IN the unresected area ranged from 0.2 to 2.3 (1.3 £ 0.9) in the ES+
group and/from 0.1 to 3.3 (0.5 £ 0.9) in the ES- group. ThRilWids & 3412 in the
unresected area ranged from 1.4 to 20.8 (9.4 £ 7.9) in the ES+ group and from 0.4 to
11.7 (3.0%8:2) in the ES- group.
6-5 The correlation of M| ripples 3-az) @aNd M1 (grse 3-417) iN the resected area
In the ES+'group, there was a significant correlation betweegg,M4 ¢ 3412 and
MI (Frs & 3-4129%(F=0.96) in each child (p<0.01frigure S4)MI (ripples & 34Hz) anNd Mlgrse
3-arz) (r=0.88) in each child (p<0.01). No overlapping of the 95% confidence interval
betweenthe ES+ and E§oups was found. These findings revealed that FRs coupled
more stongly with 3-4Hz oscillationghan ripples did in the ES+ group, in comparison
to the ES- group.

Discussion

1, Summary of findings
In the ES# group (n=10), the @Rs), the number of electrodes with highteFRs and
the Mlerse 3-aH2) in all electrodes were significantly higher than those in the ES- group
(n=14).

Within the good seizure outcome group (n=18), thesRRandthe Mlggs ¢ 3417 in the
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resected area in the ES+ group (n=7) was significantly higher than thbseg8 group
(n=11).
2, Widespread epileptogenesisin ES
The number of total electrodes with higite FRs in the ES+ group was significantly
higher thansthat in the ES- group.
Chugani.et al. reportesD of 65 patientsvith ESwho underwent hemispherectomy,
subtotalhemispherectomgr multilobar resectiobased on PE$tudiesat Children's
Hospitalof Michiganbetween 1993 and 2071 & hirty-seven(74%) of these patients
achievedrseizure freedomm. another study, 15 of §datients withES secondary t6CD
on MRI undenwent the multilobar resectinsTwelve (80%)of these patients became
seizure freelt‘has been demonstrated that a subset of children withrdsiggant ES,
who underwent more widespread resect@msmore likely tachieve seizure freedom
than those who undergimited resectionssuch as lesionectomyintracraniaEEG in
11 children. with drugesistant ES confirmed thftical seizures associated with spasms
might ofiginate from multiple cortical are&sThe analysis adhterictal HFG using
IVEEG stiggestedhat the seizure onset zone was laigeESthanfocal seizure¥.
Resection of the areaemonstratingctal HFGs, especially FR, on IVEEGcorrelated
with a good surgical outconie children with ES’.
In our cohertelectrodes witthigh-rate FR inthe ES+ group were widely distributed
over multipledlobedn the unilateral hemisphermdicating widespread epileptogenicity.
3, Severity of epileptogenesisin ES

In theES+ group, ORtrs and Mlers & 3-412)IN theresectedirea were significantly higher
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thanin theES- group. FB weremore prominent in both OR and MI than rippleshe
ES+ group.
FRs havesbeen proposed as a biomarker of the epileptogeniZdie interictal
high—raté FR® are a possible surrogate marker of the epileptogeni¢’zBesection of
brain regiens:containing HFQOsspecially FR, correlated with good seizure outcome
using extraoperative electrocorticography in adult pafi@ate intraoperative
electrocorticographyni pediatricpatients®. Our data suggested tlAR Ry IN the ES+
group were significantly higher than thaseheES- group.High values 0fORgs) could
be a markerof the severity of epileptogenesis in ES.
MI demonstrates the degree of coupling betweenarhaitude of HF@and the phase of
slow waves*%Nonoda et areported thatgileptogenic HF@may be more preferentially
coupled withsslow waves of 3-HZ". We reported that ORros) and Mkros & 3-4ri2)
could be valuable biomarkers to identify epileggnic extranotor areas We analyzed
the correlations between Mipies & 34+7) and Mlgrs s 3-4H2) at each electrode. In the ES+
group, FR coupled more strongly with-8Hz oscillations than ripples did, in comparison
to the ES-"group. The high valueSORrrs and Mlgrse 3-4+7) represent severe
epileptogenicityin drugfesistant ES

4, Mechanism of ES
EScan be,categorized &scal, generalized or of combined onset in the ILgdtzure

type classificatioh Based on our results and previous studi&4*>2

we may speculate
the two neurophysiological mechanisms of ES in which multilobar resections edhiev

seizure freedom; 1) ES originates from multifocal cortices, 2) ES originates from
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combined cortex and subcortical regions.

1) The cortex

The @rebrakcortex has been reported to be the generatof"6f % Intracranial EEG
showed thBES Griginate from multiple cortical aré28 Scalp EEG demonstrated ictal
fast oscillations indicative of the cortical origin of 8- Our data suggestetiat
extersive resected area showihigh values 0DRry and Mlgrse 3-412) achieved
seizure'feedom in children with drugesistant ES.

2) The cortexand the subcortical region

Our study-revealed significantly highaalue ofMI between FRand slow oscillations in
children with ES compared to children without ES.reflects the degree of stability of
phase—amplitude coupling between HFOs and slow oscilldlidrevious studies
presensowrescillations as an important feature of ictal and interictal EEG i‘#4
We speculate that the slow oscillation component may associate with the difference
between ES+ and ESn patients with ES, who underwent corpus callosotomy, there
were na significant changes in the bilateral distrifutor any parameters of the slow
waves®fThe'slow waves in ES did not originate from the corticocortical pathway via
the corpus callosum, but rather from the cortico-subcodmrteal pathwayVigevano

et al. proposed that corticaitbcortical interaabin is essential for the generation of
infantile spashs High valuesf Ml in our data may indicate that slow oscillations
originating from the subcortical regions play an important role in the generati@ of E
Sakuma et al. reported that children with ES had a higher number of

oligodendroglialike cells (OLCs) in the subcortical region including the gndyte
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matter junction and whitmatter than those without ESThey speculated that
increasd populations of OLCs in the subcortical region could actually be a subset of
responsiblesfeatures for the ES. We speculate that the interaction betweerekeand

the subcortical regions provoke ES.

5, Limitations
A smallinumber of children were enrolled in our study because we selected children
who underwent multilobar resection. A subset of ES children underwent unilobar
resectionrtorcontrol ESThe epileptogenic characteristics of Hit@tween multilobar
and unilobar resection for ES should be evaluated. We are currently identifying more
childrenwitheES+ and ESto differentiate the electrophysagical specifics of ES from
thoseof focahkseizures.
Since adults were not included in our study, we could not compare OR and MI between
children'and. adults. Instead, we have analyzed the correlatioR/dfl@nd the age of
the children {:8-17.7 years) when they underwent surgery.
We categorized the electrodes into three clusters:taiggiipples/FRs, mediumrate
ripples/ERs and lowrateripples/FRs, according to the QRppliesirrs)Py Ward’s method,
asit is a commonly used hierarchical clustering procedifesimply demonstrated the
distributionsof electrodes according to the occurrence rate of HFOs. We do watendi
that the higkrate HFO cluster is epileptogenic in this stutliye issue of threskaing to
determine the epileptogenic HFOs is still under discusSitirwould be of interest to

compare various thresholding techniques to determine which has the highest validity.

This article is protected by copyright. All rights reserved



limuraY etal. 19

Stereotactic EEG in the future has the potential to delineate subcortical
electrophysiological activity in ES. Analysis of corticortical evoked potential

(CCEP) hassdemonstrated epileptic netwdri&n patients with focal epilepsy. There

are no reports investigating ES using CCEP. CCEP may reveal the widespread
epileptogenieity of drugesistant ES.

A recent study, utilizing preferred phase angles of coupling, delineates the epileptic
network activitied’. Further studies considering preferred phase angles of coupling may
explain the electrophysiological features and tagited epileptic network activity of

ES.

Key Point Box
® Children'with epileptic spasms (ES+) present a significantly larger number of
electrodes witthighrate fast ripple
®  MI (RipplesiErs 5 frequency bandsyvere highein ES+than in ES-
® ES+ and/ESchildren are distinguished by higher values ofiRand Mlgrse

3-avz) IN the resected area that correspond trighseverity of epileptogenicity
e Strongcoupling of slow oscillations aRdRs in ES+ suggests thatultilobar

resection may be required in a subset of ES children
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Figurelegends

Fig. 1. Topographic maps of occurrence rate (OR: /min) of high frequency
oscillationsand the resection area

Thetopographic maps show the occurrence rates (OR) of ripples (A), and fast ripples
(FRs) (B)inscase #7 in the ES+ group. 109 electrodes are implanted in total, ngnsisti
of 93 subdural grids over the left fronparietoatemporal region, two 4entact strip
electrodes'placed over the left frontal pole (strip A) and the left superior frontal gyrus
(strip B), andtwo 4ontact depth electrodes (depth C and D) placed in the MRI lesion.
The yellowdot lines indicate the resection margin (frontal lobectomy and
temporo-parietal corticectomy). 74 electrodes out of W@fe resectedrhe red closed
circles represent the 46 electrodes with figte ripples (A), and the 32 electrodes with
highrate FR«(B). The white open circles virtually show the electrodes condsatbd

dura on strip A, and the electrodes on depths C and D.

Fig. 2. Histogram of electrodes by occurrencerate (OR: /min) of fast ripples (FRS)
in ES+ and ES-
The histograms show the distribution of electrodes ranked according to the oceurrenc

rate(OR) of fast ripples (FB.
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Figure 2(A) demonstrates case #7 in the ES+ group and figure 2(B) demonstmtes cas
#13 in the ES- group. The red and yellow lines divide the electrodes into three groups;
highrate,F; mediumrate FRs and lowrate FR (defined by Ward’s method). The
high-rate FR group consists of 32 electrodes out of 109 in case #7 of the ES+ group (A),

and 7 eleetredes out of 92 in case #13 of the ES- group (B).

Fig. 3. Modulation Index (M) of five frequency bandsin all electrodesin ES+ and

ES

MI (rrs e gfarzyWas significantly higher in the ES+ group than in the ES- group (p=0.03)
(B). In both ES+ and ES- groups, MbplesiFrs 3-aHz) Was highest (A, B).

In the ES#+ 'group, Mkipples/Frs 3-aHz) Was significantly higher than NHipples/Frs 0.5-1Hz)
(p=0.04)(A"B). In the ES- group, there was no significant difference q&iplks/rrs)

among the five frequency bands (A, B).

Supporting Information Figure S1. Automated detection of high frequency
oscillations

Unfilteredinterictal EEG of case #7 (ES+ group) in bipolar montage displayed at 5
s/page (A). Automated detection of ripples (B) and fast ripples)(&F. The detected
high frequency oscillations are highlighted in p(gk C).

Supporting I'nformation Figure S2. I nfluence of age on occurrencerate (OR: /min)
and Modulation Index (M1) in all electrodes

In both ES+ and ES- groups, there were no significant correlations between age at
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surgery and ORipplesiFrs OF Ml RipplesiFrs 3-4H2).

Supporting Information Figure S3. Modulation Index (M) in the

resected/unresected areasin ES+ and ES-

MI (ers & 3-aH7) IN the resected area was significantly higher in the ES+ group than in the
ES group«(p=0.04)In both ES+ and ES- groups, there was no significant difference of
MI ripplesiersy@mong the five frequency bands.

Supporting I nformation Figure $S4. Correlation of M| ripples 3-a1z and M rrse

3.4Hz) IN theresected areain ES+ and ES-

In the ES#group, there was a significant correlaietween Mirippies & 34Hz) and

MI (Frs & 3-4t2) (F=0.96) in each child (p<0.0IMI (ripples & 34Hz) aNA MlErs g 3-4t2)

(r=0.88)in each child (p<0.01). No overlapping of the 95% confidence interval between

the ES+ andsESyroups was found.

Table 1. Clinical profiles

PET . Saizura
* R i ful
Caael Gender D4 AONSGE AgoaLSUMSTY | ol emipsresia MRIlesion | MEG oluster hypo osaction Patholagy | Fostsurgleal  Follow.up outcome.
(yaars} {years) et ——————— hemiparasis  (menths) WAE)
Hemisphera Lobas
1 Mals @3 238 ES, Focal Ne Yos Yes Yas L FTR Subpial gliosis Yas. 18 5
2 Female [ 33 ES, Focal Ne Yos Yer NA R FTP Gliosie Ne a8 ]
3 Malc 39 4.8 ES. Focal Ne Yes No Yos L FTFP FCOmA Ne 15 1
4 Male a8 58 £8, Focal No [ Yes Mo L FTP FeD LA/ Yes 3 1
Gliosis.
5 Female e 53 Es Ne Yes e nA R L) FEDLAIC Ne 6 1
ES+ © Male 4.2 G.6 ES. Focal No No Yos Yos R FTP Glicsis No 36 5
£S, Focal, 26,
7 Wale 51 7.4 oo No Ne Yos Yes L FTP  Subplal gllosls No 15 1
E Female [:5:] 103 ES, Focal Yes Mo Yes Yes R FTP FCOTA Yes 38 1
8 Famale 15 138 ES, Foeal No Yos Yes Yas R FTPO m'g"::l‘;dmg" Ner 13 1
ES, Fe 1, 26,
10 Wale [ 17 ok No Yes Yos NA L FTa FED I A No * 1
1 Famala L2 18 Foeal No Mo Yes MNa R TP FoD LA No 38 1
2 Female a3 53 Focal, 26 Yes Yes Yos NA [ ™ Nermal Ne ] 1
2 Wale 18 69 Facal, 25, GC Ne Yes Yes [ L ) T5C Ne 52 4
+ Female 3 13 Focal No Yas Yes NA L FTP ““q“:::"“g" No I 1
5 Wals w 1z Focal e Yas Yes No [ TFO FOD 1A Ne i 4
] Male a3 123 Foual, 26 No Yes Yoz [ L FTP FenTE Ne a 1
7 Female LX) 128 Foeal No Yes Yes Yes L FTP T5C No. 34 4
ES- 8 Wals s 138 Focal. 26 No You No Yas L tpp | Oligadendragli No 1 1
osls
s Male 87 147 Fecal Ne Yes Yes A L FTP FCDIB Ne 4 1
10 Female 1 154 Facal, 26, GG No Yes Yes Yas R FTP 0”‘3“:;1"’““" No an 1
FCDTRY!
1 Wals 72 153 Foeal. 26 Ne Yes Yes NA R FT BRET Ne a7 1
I Wale [ 155 Focal, GG e Yes Yos NA [ O TSC Ne 3z 1
2 Wale 142 163 Focsl Ne Yaz Yes Yes L FT Subpial gliosis Ne 18 1
Gllal 1]
14 Female 3 177 Focal No Yes Yes NA L To " No 22 1
ES, Epllaptic spasme: 26, ization; G, T seizure; R, Right; L, LeH, F, Frontal; T, Tamporal; P, Paraital; G, Dccipital; FCD. Focal contical dysplasia; T5C, Tuberous sclerasis complax; DNET,
¥ yap tumar: ILAE, leagug agalnst epllepsy; NA, Mot avallable.; *p<t.05
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Table 2. Comparison between ES+ and ES- in all 24 children
ES+ (n=10) ES- (n=14) p-value

Total number of electrodes 1063+ 126 105.2 £13.1 042
Occurrence Rate (OR: /min) in all electrodes

Ripples 120129 52138 0.08

FRs 8T7+104 3027 0.04*
Number of electrodes with high-rate HFOs

Ripples 213126 162113 017

FRs 21.2+128 100+ 105 0.01*
Modulation Index (Ml).in all electrodes

Ripples & 3-4Hz 78186 32+19 0.06

FRs & 3-4Hz 1.1£1.0 0403 0.03*

ES, epileptic spasmsiFRS)fast ripples; HFOs, high frequency oscillations; *p<0.05

Table 3. Comparison between ES+ and ES- in the good seizur e outcome group

ES+ (n=7) ES- (n=11) p-value

Number of lobesrincluding the resected area 311204 25405 <0.01*
Number of electrodes in the resected area 684+ 156 463 +£121 <0.01*
Number of electrodes in the unresected area 354 +140 60.0+18.9 <0.01*
Occurrence Rate (OR: /min) in the resected area

Ripples 19.0+17.2 10086 011

FRs 1474132 46+43 0.04*
Occurrence Rate (OR: /min) in the unresected area

Ripples 108+11.3 45168 0.11

FRs 63168 2844 013
Modulation,Index.(Mi) in the resected area

Ripples & 3-4Hz 11.7+11.5 5244 0.08

FRs & 3—4.Hz 16+1.5 05+03 0.04*
Modulation index:(Ml) in the unresected area

Ripples & 3-4Hz 94179 3.0+32 0.06

FRs&3-4Hz 13+09 05+089 0.05

ES, epileptic spasms; FRs, fast ripples: *p<0.05
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Topographic maps of occurrence rate (OR: fmin) of high frequency oscillations and the
resection area
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Histogram of electrodes by occurrence rate {OR: /min) of fast ripples
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MIRipples)

Modulation Index {MI) of five frequency bands
in all electrodes in E5+ and ES-

(A)Ripples
9 oo 1.2
8 B
7 1
5] .08
5 =
4 mES: 5 06
3 WES- 0.4
)
1 0.2
)

051 A1-2 2-3 34 4-8
Frequency bands [Hz)

epi_13995_f3.tiff

{B)Fast ripples {FRs)

p=0.04" p=0.03"

W ES+
WES-
2-3 34 4-8

0.5-1 1-2
Frequency bands {Hz)

This article is protected by copyright. All rights reserved



