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ABSTRACT – We investigated the relationship between the interictal high-
frequency oscillations (HFOs) and the seizure onset zones (SOZs) defined
by the ictal HFOs or conventional frequency activity (CFA), and evaluated
the usefulness of the interictal HFOs as spatial markers of the SOZs. We anal-
ysed seizures showing discrete HFOs at onset on intracranial EEGs acquired
at ≥1000-Hz sampling rate in a training cohort of 10 patients with tempo-
ral and extratemporal epilepsy. We classified each ictal channel as: HFO+
(HFOs at onset with subsequent evolution), HFO- (HFOs at onset with-
out evolution), CFA (1.6-70-Hz activity at onset with evolution), or non-ictal.
We defined the SOZs as: hSOZ (HFO+ channels only), hfo+&-SOZ (HFO+
and HFO- channels), and cSOZ (CFA channels). Using automated meth-
ods, we detected the interictal HFOs and extracted five features: density,
connectivity, peak frequency, log power, and amplitude. We created logis-
tic regression models using these features, and tested their performance
in a separate replication cohort of three patients. The models containing
the five interictal HFO features reliably differentiated the channels located
inside the SOZ from those outside in the training cohort (p<0.001), reaching
the highest accuracy for the classification of hSOZ. Log power and con-
nectivity had the highest odds ratios, both being higher for the channels
inside the SOZ compared with those outside the SOZ. In the replication
cohort of novel patients, the same models differentiated the HFO+ from
HFO- channels, and predicted the extents of the hSOZ and hfo+&-SOZ
(F1 measure >0.5) but not the cSOZ. Our study shows that the interictal
HFOs are useful in defining the spatial extent of the SOZ, and predicting
whether or not a given channel in a novel patient would be involved in
the seizure. The findings support the existence of an abnormal network of
tightly-linked ictal and interictal HFOs in patients with intractable epilepsy.

Key words: high-frequency oscillations, epilepsy, intracranial EEG, seizure
localization, seizure prediction
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or presurgical localization in epilepsy, the seizure
nset zone (SOZ) is commonly used as an indi-
ect measure of the theoretical epileptogenic zone
EZ), although the correlation between the two may
ot always be accurate (Rosenow and Lüders, 2001).
lthough evidence suggests that the SOZ defined
y the ictal high-frequency oscillations (HFOs) or

nfraslow activity may be superior to that defined by
he conventional frequency activity (CFA) (Modur et
l., 2012), it does not obviate the need for obtain-
ng ictal recordings. While the concept of being able
o determine the EZ based on the interictal epilep-
iform discharges is attractive, its practical utility has
ot materialized. However, recent studies have shown

hat the pathological HFOs are a promising alterna-
ive in defining the EZ. The interictal HFOs (i.e. ripples:
0-200 Hz; and fast ripples: 250-600 Hz) have been
hown to localize the seizure focus, correlate with the
urgical outcome, and serve as markers for epilepto-
enicity and impending seizures (Jirsch et al., 2006;
acobs et al., 2009; Zijlmans et al., 2009; Wu et al., 2010;
kiyama et al., 2011; Zijlmans et al., 2011; Pearce et
l., 2013; Wang et al., 2013). Similarly, the ictal HFOs
ave been shown to localize the SOZ, participate in
eizure genesis and propagation, and correlate with
he surgical outcome (Allen et al., 1992; Fisher et al.,
992; Alarcon et al., 1995; Worrell et al., 2004; Akiyama
t al., 2005; Ochi et al., 2007; Modur and Scherg, 2009;
odur et al., 2011; Fujiwara et al., 2012; Modur et al.,

012; Park et al., 2012). These studies have led to the
FOs being now proposed as a new electrophysiolog-

cal biomarker for epilepsy (Engel and da Silva, 2012;
ijlmans et al., 2012).
lthough the research related to interictal HFOs is
ncouraging, the published literature is limited to the

nvestigation of the variations in the firing rate of rip-
le and fast ripple HFOs with respect to the SOZ
efined by the CFA (1-70 Hz). Based on this, it was
eported that good seizure outcome was associated
ith the resection of tissue corresponding to the inter-

ctal HFOs rather than the extent of the resection itself
r the resection of the tissue corresponding to the
FA-defined SOZ or the conventional interictal spikes

Jacobs et al., 2010; Akiyama et al., 2011; Haegelen et
l., 2013). The clinical applicability of these studies is
ather limited because:

the threshold HFO “firing rate” at which the tissue
s considered epileptogenic is not easily quantifiable
Jacobs et al., 2010);

the “interictal HFO zone” can be widespread,
14

xtending for several centimetres, particularly in neo-
ortical epilepsy (Crépon et al., 2010).
hus, it would be impractical to plan resection based
n the interictal HFOs alone without considering the
xtent of the SOZ. Furthermore, the rationale for rely-

ng on the interictal HFOs rather than the SOZ to

T
a
K
I
p
o

efine the surgical boundary is even more debatable
n the context of our recent study showing that a
rospectively-determined, ictal HFO-defined SOZ can
e much smaller than the CFA-defined SOZ, and that

ts resection can also lead to a favourable seizure out-
ome (Modur et al., 2011). These results prompted us to
ypothesize the existence of an HFO-based epileptic
etwork in which the interictal HFOs are more closely

inked spatially to the HFO-defined SOZ rather than
he CFA-defined SOZ.
n the current study, we aimed:

to test the above hypothesis by investigating the
elationship between the interictal HFOs and the two
OZs;
to examine the usefulness of the interictal HFO as

patial markers of the SOZ.
sing automated HFO detection and feature extrac-

ion methods, we developed the logistic regression
odels in a training cohort of patients, and tested

he performance of the models in predicting the
xtent of the SOZ in a separate replication cohort of
ovel test patients. Our study draws attention to the
ner differentiation between the high frequency and
onventional SOZs with potentially important clinical
mplications for surgical epilepsy therapies.

aterials and methods

atient population

wo cohorts of patients were recruited for the study:
training cohort for developing the logistic regres-

ion models and a replication cohort for testing the
odels. All patients were evaluated according to a

tandard presurgical protocol to determine the need,
ype of electrodes, and extent of coverage for intracra-
ial monitoring. The inclusion criteria were:
intracranial recordings acquired with a 1000-Hz sam-

ling rate or higher;
well-defined electrical seizure onset preceding the

linical seizure onset;
at least one seizure showing discrete HFOs at onset

>70-Hz activity, ≥400-ms duration).
e excluded patients for whom adequate interic-

al data were not archived. Informed consent was
btained from all patients.

ntracranial recordings
Epileptic Disord, Vol. 17, No. 4, December 2015

he EEGs for the training and replication cohorts were
cquired on the 128-channel Nihon-Kohden (Nihon-
ohden, Foothill Ranch, CA) and Stellate (Natus

nc., San Carlos, CA) systems, respectively. The sam-
ling rate of 1000 Hz allowed reliable visualization
f activity up to 333 Hz. The implanted electrodes
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onsisted of subdural grids and strips (contact
iameter: 2.3 mm; intercontact distance: 10 mm),

ntracerebral depth electrodes (4-8 contacts per elec-
rode; contact diameter: 1.1 mm; intercontact distance:
0 mm), or both, obtained from the same manufacturer
Ad-Tech Medical, Racine, WI).

efinition of SOZs

he method of determining the SOZ is described
n detail elsewhere (Modur et al., 2011). Briefly, the
linical seizure onset was first marked by the ear-
iest observable behavioural change on the video.
econd, the occurrence of clear rhythmic activity
pileptic Disord, Vol. 17, No. 4, December 2015

n the CFA range was marked using bipolar mon-
ages, 1.6-70-Hz bandpass with 60-Hz notch filtre, and
0-s/page window; conventional electrographic onset
as then defined by tracing backwards to identify the

iming of the earliest occurrence of discrete ≤70-Hz
hythmic activity. Third, the ictal HFO-based SOZ was
efined by identifying all the channels that showed

H
H
c
v
i
T
t

500uV
1sec

igure 1. Visual identification of the interictal high-frequency oscillat
nd 10 seconds per page, the highlighted segment shows a clear spik
ith the same filtre settings shows rhythmic oscillations suggestive o

nd 2 seconds per page window, the presence of discrete HFOs is con
xpanded in the middle and right panels.

HFO seizure onset

igure 2. Determination of the seizure onset zone (SOZ) based on the
etting of 50-300 Hz, rhythmic HFOs are seen at seizure onset in the top
hannel (“HFO seizure onset” arrow). Initially, the ictal HFOs evolve i
FO-) which becomes involved a few seconds later (short arrow). At
nset” arrow), the top and middle channels remain involved in the se

requency activity (CFA). In this example, the top channel would be cl
nd the bottom channel as non-ictal.
Interictal high-frequency oscillations

iscrete HFOs within a 2-s window around the time
f conventional seizure onset using bipolar mon-

ages, 53-300-Hz bandpass with 60-Hz notch filtre, and
-s/page window (figure 1). The HFO channels were
hen classified as HFO+ (channels that showed sub-
equent evolution of activity) or HFO- (channels that
id not show evolution). In other words, a channel
as classified as HFO+ when clear-cut HFO activity

>70 Hz) was seen at seizure onset, followed by conti-
uation of the HFO activity or its evolution into the
FA (≤70 Hz) in the same channel until the appear-
nce of the first behavioural change (figure 2). Multiple
eizures were analysed for each patient, and if a given
hannel was classified as HFO+ for one seizure but
415

FO- for another seizure, its final designation was
FO+. HFO+ channels from all the seizures were

ombined to determine the definitive SOZ. Thus, by
isual inspection, we classified each channel dur-
ng the seizure as: HFO+, HFO-, CFA, or non-ictal.
he ictal vs. non-ictal and HFO+ vs. HFO- classifica-
ions were mutually exclusive, however, an HFO+ or

250uV
100ms

500uV

100ms

ions (HFOs). Left panel: at the conventional setting of 1.6-70 Hz
e. Middle panel: changing the time base to 2 seconds per page
f HFOs. Right panel: at the high frequency setting of 50-300 Hz
firmed. Note the entire highlighted segment in the left panel is

Clinical seizure onset 1sec

100uV

ictal high-frequency oscillations (HFOs). At the high frequency
and middle channels (ictal HFO channels) but not in the bottom

n the top channel (i.e. HFO+) but not in the middle channel (i.e.
the time of appearance of clinical symptoms (“clinical seizure

izure, with evolution of ictal HFOs into the slower, conventional
assified as HFO+ and CFA, the middle channel as HFO- and CFA,
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FO- channel could also be classified as CFA (figure 2).
ased on the channel classification, we defined the
OZs as follows: hSOZ (comprised of HFO+ channels
nly), hfo+&-SOZ (comprised of both HFO+ and HFO-
hannels), and cSOZ (comprised of CFA channels).

utomated detection of interictal HFOs

aw unfiltered EEG recordings were uploaded into
ATLAB 2011b (MathWorks, Natick, MA) after convert-

ng the native vendor file formats to the EDF+ format.
fter visual inspection using the bipolar montages,

hose channels that were heavily contaminated by
rtefact were excluded from further analysis. The EEG
as bandpass-filtered at 50-333 Hz using the Butter-
orth 6-order zero-phase digital filtre. Notch filtre
as applied to remove the 60-Hz line noise and its
armonics. The Hilbert transform was then calculated

or each channel (supplementary figure 1). A thresh-
ld function, 2 standard deviations above the mean
ilbert signal, was applied to identify the segments

hat would qualify as HFOs. Only the segments that
ere ≥9-ms long and contained at least six peaks (two
f which being ≥4 standard deviations above the mean
ectified EEG signal) were considered as candidate
FOs, and retained for further analysis. Segments

hat were <14-ms apart were combined into a single
etection. A candidate HFO segment was classified as
definite HFO if its mean frequency was >70 Hz or

ts total power in the 70-333-Hz frequency range was
reater than the total power in the <70-Hz frequency
ange (calculated by the fast Fourier transform [FFT]).
or segments >512-ms long, the FFT was performed
n partial segments of data using 512-ms width and
0% window overlap. If any sub-segment satisfied
he criteria for an HFO, then the entire segment was
lassified as an HFO. All segments detected as definite
FOs along with those that were considered as HFOs
ut ultimately rejected were separately identified and
isplayed (supplementary figure 2). We tried several
ifferent combinations of energy functions (Hilbert

ransform, root mean square, and line length) and
hreshold parameters (standard deviation and Tukey
nner and outer fence) as reported by others (Staba et
l., 2002; Gardner et al., 2007; Akiyama et al., 2011) but
he most consistent and reliable HFO detections were
btained using the Hilbert transform with the settings
escribed above. We recognized the possibility of
etecting the so-called “false HFOs” (supplementary
16

gure 3) caused by the filtering of sharp artefacts
Bénar et al., 2010); we minimized such detections
y visually removing the sections of data with sig-
al discontinuities and persistent sharp artefacts,
nd by mandating that the detected HFOs contain
t least six rectified peaks above the mean signal
hreshold.

T
n
o
q
t
e
q

alidation of the detection algorithm

wo experienced epileptologists validated the perfor-
ance of the algorithm. Rater 1 participated in the

lgorithm development whereas rater 2 did not. Each
ater evaluated a one-minute data segment in two
andomly-selected, high-firing and low-firing chan-
els, in five patients. A custom graphical user interface
llowed the raters to scroll through the data, one chan-
el at a time, in one-second epochs. The raters were
sked to indicate if the computer-marked segments
epresented the HFOs (including both the definitive
nd putative HFOs), and were also given the oppor-
unity to freely designate any additional segments
hat should have been designated as HFOs that the
omputer missed. Using this method, the algorithm
ad 77-91% sensitivity, 96-98% specificity, and 93-97%
ccuracy between the two raters. The concordance
etween the computer and the raters was “substantial”

kappa: 0.68; rater 2) or “perfect” (kappa: 0.84; rater 1).

election of HFO features

e empirically identified five features to characterize
he interictal HFOs: density, connectivity, peak fre-
uency, log power, and amplitude. Density (ms/min)

s a measure of the amount of HFOs present in a chan-
el given by the sum of all HFO durations/number
f minutes of data analysed. Because the HFO rate
an be influenced by variations in the algorithms in
he handling of the HFOs of different duration (Staba
t al., 2002; Pearce et al., 2013), we chose the density
hich combines both the rate and duration. Connec-

ivity (number of connections per minute) is a measure
f the network synchrony for a given channel, defined
s the sum of HFO events occurring simultaneously
etween that channel and other channels divided by

he number of channels sharing the simultaneous HFO
vents, normalized by the amount of data analysed.
his is a simpler version of the connectivity measures
escribed by other investigators (van Diessen et al.,
013), and is given by:

1
N

· 1
t

N−1∑

i,j=1,j /= i

HFOij

here HFOij is an HFO event occurring simultaneously
etween channels i and j, N is the total number of
hannels, and t is the total time analysed in minutes.
Epileptic Disord, Vol. 17, No. 4, December 2015

he HFOs in two channels were considered simulta-
eous if they started or ended within 10 ms of each
ther. Peak frequency (Hz) is the mean of peak fre-
uencies of all the HFOs in a given channel. Rather

han analysing the frequency in different bands (Staba
t al., 2002; Blanco et al., 2010), we relied on the peak fre-
uency of each HFO because higher peak frequency
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as found to be a differentiating factor for the HFO
ypes (Modur et al., 2011). Log power (�V2) is the mean
f the logarithm of the average power of the HFOs in

he 70-333-Hz band. We selected this because higher
eak power was a characteristic of HFO+ in our prior
tudy (Modur et al., 2011). Amplitude (�V) is the mean
f the average amplitude of the HFOs, and represents
nother feature similar to the power.

xtraction of HFO features

e extracted the HFO features from the archived data
rom a training cohort of 10 patients with temporal and
xtratemporal epilepsy. For each patient, we analysed
20-minute interictal file consisting of discontinuous
ata segments of variable length (each 30-60 seconds),
ampled intermittently (every 15-30 minutes) for sev-
ral hours over multiple days. The number and dose
f the antiepileptic drugs varied when the interictal
ecordings were obtained. The archived data did not
llow for the awake and sleep state distinction. Using
he automated method, we detected the HFOs in each
hannel and extracted the features. We compared each
eature inside vs. outside the various SOZs (i.e. hSOZ,
fo+&-SOZ, and cSOZ) and between the HFO types

HFO+ vs. HFO-) using the Mann-Whitney U-test in
raphPad Prism (GraphPad Software, La Jolla, CA). We

onsidered p values <0.05 as significant.

ogistic regression models for spatial and temporal
lassification

e created the binomial logistic regression (BLR)
odels based on the HFO features derived from the

raining cohort in SPSS (IBM Corporation, Armonk,
Y). For the spatial classification of channels, we
ntered all the five features into the model with SOZ
s the dependent variable, and performed the fol-
owing comparisons: hSOZ vs. non-hSOZ channels;
fo+&-SOZ vs. non-hfo+&-SOZ channels; cSOZ vs.
on-cSOZ channels; and HFO+ vs. HFO- channels.
o measure the strength of association between the
redicted probabilities and the classification, we plot-

ed the receiver operating characteristic (ROC) curves
or each feature and for all the features considered
ogether. We constrained the classification of the SOZ
hannels to have high specificity by selecting the cut-
ff point on the ROC curve that corresponded to the
ensitivity at the 0.8 specificity on the x-axis.
pileptic Disord, Vol. 17, No. 4, December 2015

valuation of prediction performance

e tested the prediction performance of the BLR mod-
ls in a separate replication cohort of three patients.
or reproducibility, we collected two interictal files for
ach patient from different days, each file 20 minutes

C

T
s
s
n
i

Interictal high-frequency oscillations

ong, consisting of a single continuous data segment
unlike the training interictal file which was discontinu-
us). To test the model performance in the replication
ohort, we used the regression coefficients derived
rom the training cohort to obtain the probabilities of
rediction. From a practical standpoint, our goal was

o test the applicability of the group-level models to
redict in a novel test patient whether or not a given
hannel will be classified as a SOZ channel before the
rst seizure occurred. Once the first seizure occurs in

he test patient, the SOZ channels will be known, limit-
ng the further utility of the group-level models unless
second, independent SOZ exists.
e assessed the prediction performance using the F1
easure, which is the harmonic mean of recall (i.e. sen-

itivity) and precision (i.e. positive predictive value),
iven by:

F1 = 2 · R · P

R + P

here R (recall) is given by TP
TP+FN

and P (precision) is
iven by TP

TP+FP
; TP: true positives, FN: false negatives,

nd FP: false positives. The value of the F1 measure
anges from 0 to 1, with 1 suggestive of best perfor-

ance.

esults

mong 24 consecutive patients who underwent
ntracranial monitoring, 10 patients met the inclusion
riteria for the training cohort. Fourteen patients were
xcluded because of: inadequate data sampling rate
n=5), lack of seizures during monitoring (n=2), or
nsufficient archived interictal data (n=7). For the repli-
ation cohort, we identified three recent consecutive
atients (table 1). Patients 1-5 were included in our pre-
ious study (Modur et al., 2011). The median number of
hannels analysed was 83 (range: 59-100) in the training
ohort and 76 (range: 55-94) in the replication cohort.
mong 822 available channels in the training cohort, 15
ere excluded due to persistent artefacts, leaving 807

hannels for analysis: 211 HFO+, 159 HFO-, 307 CFA,
nd 130 non-ictal channels. Among 228 available chan-
els in the replication cohort, three were excluded
ue to persistent artefacts, leaving 225 channels for
nalysis: 49 HFO+, 34 HFO-, 72 CFA, and 70 non-ictal
hannels.
417

haracteristics of interictal HFOs

he interictal HFO features inside the SOZ differed
ignificantly from those outside the SOZ (figure 3,
upplementary table 1). The values of density, con-
ectivity, amplitude, and log power were higher

nside the SOZs (hSOZ, hfo+&-SOZ, and cSOZ) than
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Table 1. Characteristics of patients in the training and replication cohorts.

Pt
Age /
Sex

Epilepsy
duration
(years)

MRI
Engel
outcome

Electrodes
implanted
(n)

Channels
analysed,
(n)

Intracranial
recording
sites

Intracranial
seizure onset
zone

Channel classification

HFO+
(n)

HFO-
(n)

CFA
(n)

1 32/M 30 Normal III 88 66¶ Left:
F-P convexity,
PF, MF, LT
Right*: MF, LF

Left frontal 29 24 40

2 26/F 22 Normal II 128 84 Right:
F-P convexity,
OF, MF, LT, MT,
ST, insula
Left*: MF, LF

Right inferior
and lateral
temporal

4 27 11

3 19/F 6 Right
parietal
FCD and
nodular
heterotopia

I 96 82 Right:
P-O convexity,
LT, ST, MO

Right parieto-
occipital

27 34 54

4 20/M 17 Normal II 124 99 Left:
F-P convexity,
PF, MF, LT
Right*: MF, LF

Left frontal 35 30 52

5 19/M 12 Normal I 128 87¶ Right:
F-P convexity,
LT, ST, LP, LO,
MO

Right posterior
temporal-
occipital

46 6 51

6 38/M 36 Right MTS;
subtle left
MTS

I 96 77 Right:
F-P convexity,
LT, MT, ST
Left*: MT

Right
inferomesial
and lateral
temporal

12 4 9

7§ 19/F 17 Left MTS I 84 73 Left:
F-T convexity,
LT, MT, ST

Left
inferomesial
temporal

12 11 18

8 51/M 8 Normal I 116 95 Left:
F-P convexity,
PF, LT, MT
Right*: MT

Left mesial
and lateral
temporal

6 13 15

9 18/M 15 Bilateral
hippocam-
pal signal
hyper-
intensity

I 72 59 Right:
LF, LT, MT
Left*: LT, MT

Right mesial
and lateral
temporal

11 10 23

10 41/M 40 Right P-O
EM; right
MTS;

I 124 100 Right:
F-P convexity,
LO, LT, MT
Left*: MT

Right posterior
temporal-
parietal;
independent
right antero-
lateral temporal

29 0 34
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Table 1. (Continued)

Pt
Age /
Sex

Epilepsy
duration
(years)

MRI
Engel
outcome

Electrodes
implanted
(n)

Channels
analysed,
(n)

Intracranial
recording
sites

Intracranial
seizure onset
zone

Channel classification

HFO+
(n)

HFO-
(n)

CFA
(n)

1R 23/M 19 Subtle left
MTS

III 108 94 Left:
F-P convexity,
OF, LT, MT, ST
Right*: LT

Left lateral
temporal

8 2 23

2R 37/M 22 Left
perisylvian
heterotopia

I 88 76¶ Left:
F-P convexity,
PF, LT, ST,
intralesional

Left parietal 31 25 38

3R 54/F 37 Normal I 68 55¶ Right: LT, ST,
LO, LP

Right lateral
temporal

10 7 11

Training cohort included Patients 1-10. Replication cohort included Patients 1R-3R.
§Reoperation after failed prior left selective amygdalohippocampectomy. *Limited coverage. ¶Implantation included only subdural
electrodes (note that all other patients had both subdural and intracerebral depth electrodes).
FCD: focal cortical dysplasia; EM: encephalomalacia; MTS: mesial temporal sclerosis; HFO: high-frequency oscillation; CFA: con-
ventional frequency activity; F-P: fronto-parietal; P-O: parieto-occipital; PF: prefrontal; MF: medial frontal; LF: lateral frontal; OF:
orbitofrontal; LP: lateral parietal; LT: lateral temporal; MT: mesial temporal; ST: subtemporal; LO: lateral occipital; MO: medial occipital;
LP: lateral parietal.
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utside, whereas the peak frequency was lower inside
he SOZs than outside (p<0.0001). Density and con-
ectivity showed 2-4-fold differences in the absolute
alues, being higher inside than outside the SOZs. The
FOs in the HFO+ channels showed higher density,

onnectivity, amplitude, and log power (p<0.0001) but
ower peak frequency (p<0.05) than those in the HFO-
hannels.

patial classification of the SOZs

n the training cohort, the model containing all the
ve interictal HFO features reliably differentiated the
hannels located inside the SOZ from those outside
he SOZ (p<0.001). The respective accuracy and ROC
rea under curve (AUC) of the group models were:
1% and 0.81 for the classification of hSOZ; 76% and
.82 for the classification of hfo+&-SOZ; 70% and 0.75
or the classification of cSOZ; and 62% and 0.69 for
he classification of HFO+ vs. HFO- channels (figure 4).
ndividually, the log power and connectivity were the

ost useful differentiating features. Log power had the
dds ratio (OR) of 20.5, 14.5, and 11.8 for the classifi-
ation of hSOZ, hfo+&-SOZ, and cSOZ, respectively.
onnectivity had the odds ratio (OR) of 1.7, 5.9, and 1.6

or the classification of hSOZ, hfo+&-SOZ, and cSOZ,
20

espectively.

rediction of the SOZs

e tested the performance of the classification mod-
ls of the training cohort by applying them to
he replication cohort consisting of novel patients.
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orresponds to the 0.8 specificity cutoff.
he F1 measures showed some variability across
atients but were largely similar in each patient within
given category (figure 5, supplementary table 2). Anal-
sis of the two datasets for each patient showed that
he classifier was able to differentiate the HFO+ chan-
els from the HFO- channels in all three patients (F1
.57-0.86), predict the hfo+&-SOZ channels in three
atients (F1 0.50-0.86), and predict the hSOZ channels

n two patients (F1 0.57-0.69). However, the classifier
as not reliable in predicting the cSOZ channels (F1

.27-0.53).

iscussion

n this study, we investigated the relationship between
he interictal HFOs and the two SOZs defined by the
ctal HFOs or conventional frequencies, and evaluated
he usefulness of the interictal HFOs as spatial mark-
rs of the SOZs. Using automated HFO detection and
eature extraction methods, we developed the logis-
ic regression models in a training cohort of patients,
nd tested their prediction performance in a separate
eplication cohort of novel patients. The main findings
ere:
the interictal HFOs inside the SOZ differed signifi-

antly from those outside the SOZ;
the interictal HFO features derived from the training
Epileptic Disord, Vol. 17, No. 4, December 2015

ohort predicted with reasonable certainty whether
r not a given channel in a novel test patient would
e involved in a seizure with ictal HFOs before the
ccurrence of the first seizure.
he implications of these findings are discussed below.
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nterictal HFOs as spatial predictors of the SOZ

ur study shows that multiple HFO features can
ifferentiate the SOZ channels from the non-SOZ
hannels, with higher classification accuracy for the
FO-defined SOZs than the cSOZ. The HFO density

n a given channel was several folds higher inside the
OZ but was not a discriminating feature in the logis-
ic regression analysis. This finding differs from other
tudies that showed that the HFO firing rate (equiva-
ent to the density) was a discriminating feature (Bragin
t al., 2002; Staba et al., 2002; Jacobs et al., 2008, 2009;
ndrade-Valença et al., 2012). This discrepancy could
e related to the methodological differences in esti-
ating the two closely related features. We found the
FO connectivity among the channels to be a dif-

erentiating feature between the SOZ and non-SOZ
hannels. This has not been reported before, and it
oints to the presence of a tightly linked HFO network

nside the SOZ, likely reflecting underlying epilepto-
enicity. The log power was a discriminatory feature
pileptic Disord, Vol. 17, No. 4, December 2015

or the SOZ channels but the amplitude (similar to
he power) was not. This is consistent with other stud-
es showing higher spectral power of the HFOs inside
he SOZ (Matsumoto et al., 2013; Pearce et al., 2013),
nd suggests that the HFO morphology is useful for
ocalizing the SOZ. At a sampling rate of 1000 Hz, the

edian frequency range of the HFOs in our study was

I

W
a
H
A
c

Interictal high-frequency oscillations

0-95 Hz, which is similar to the ripple frequency range
eported by others (Cho et al., 2014). Although some
nvestigators have evaluated HFO frequencies up to
00 Hz and shown that the fast ripples are tightly linked
o the SOZ (Bragin et al., 2002, Staba et al., 2002, Cho
t al., 2014), others were unable to record fast ripples
Crépon et al., 2010). Interestingly, the peak HFO fre-
uency was lower inside the SOZ in our study. This

s not surprising as the pathological HFOs, which are
ikely to be prevalent inside the SOZ, have been shown
o have lower mean frequencies than the physiolog-
cal HFOs (Matsumoto et al., 2013). Our findings, in
onjunction with others, support the notion that the
nterictal HFO rate, morphology, and network proper-
ies are useful spatial markers of the SOZ, particularly
he HFO-defined SOZ.
pplication of the group models from the training
ohort to the replication cohort yielded reliable pre-
iction of the spatial extent of hfo+&-SOZ in all three
atients, however, the model predicted the extent of
SOZ in two patients, and was largely unsuccessful

n predicting the extent of cSOZ. The poor perfor-
ance of our models in predicting the extent of cSOZ

s not surprising because the CFA-defined SOZ is felt to
e spatially different from the ictal HFO-defined SOZ

Modur et al., 2011). To our knowledge, this is the first
eport demonstrating a tight link between the interic-
al HFOs and the ictal HFO-defined SOZ rather than
he CFA-defined SOZ. Our prior work showed that:
the ictal HFOs can be widespread at seizure onset but

volve subsequently with different characteristics, i.e.
FOs+ are higher in peak frequency and peak power,

nd spatially restricted in contrast to the HFO-;
the seizure onset defined by the HFO+ occurs earlier,

nd in a significantly different and smaller distribution
han the seizure onset defined conventionally;

the resection of the HFO+ channels based on a
rospectively-defined protocol can result in favoura-
le outcome (Modur et al., 2011).
he current study, in conjunction with our prior study,
oints to the existence of an “epileptic HFO network”
hich seems to be expressed not only ictally but

lso interictally. The neurophysiological difference
etween the HFO-defined SOZ and the CFA-defined
OZ remains unclear but it is possible that they
epresent activity from different generators (Jiruska
t al., 2010).
421

nterictal HFOs as predictors of the ictal HFO type

e found that the interictal HFO features were
ble to differentiate the HFO+ channels from the
FO- channels with a moderate degree of accuracy.
pplication of the group models from the training
ohort to the replication cohort also yielded reliable
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ifferentiation of the HFO+ and HFO- channels in
ll three patients. This is particularly relevant in the
ontext of our recent report that the resection of
FO+ channels can be associated with favourable sur-
ical outcome (Modur et al., 2011). It also strengthens
he notion of an “epileptic HFO network” mentioned
bove, and provides a valuable method for localizing
he more clinically meaningful type of the ictal HFO-
efined SOZ.
ur study has a few limitations. We were limited by the

iscontinuous nature of the interictal data in the train-
ng set. Continuous data segments would have been
esirable to construct more robust models. Because
f the preset sampling rate in our data set, we were
nable to evaluate the interictal HFOs >333 Hz (i.e.

ast ripples) which have been found to be useful by
ther investigators. The lower sampling rate could
lso have resulted in lower peak frequencies of the
FOs observed in this study. It is still unclear how to
ifferentiate the physiological HFOs (i.e. associated
ith cognitive and motor tasks) from the patholog-

cal HFOs (i.e. epileptiform HFOs described in this
tudy) (Matsumoto et al., 2013). It is possible that some
hysiological HFOs may have been detected by our
lgorithm. Because the interictal data were obtained
n the same manner in all patients and in all states,
t is unlikely that such detections would have seri-
usly impacted the results. Furthermore, the finding of
FOs with higher log power and lower peak frequency

nside the SOZ in our study provides reassurance that
he pathological HFOs were more likely to have been
etected than the physiological HFOs (Matsumoto et
l., 2013). Finally, the small sample size of our study
uggests the need for further validation in a larger
ohort.
n summary, our study highlights the ability of the inter-
ctal HFOs to define the spatial extent of the SOZ, and
o predict with reasonable certainty whether or not
given channel in a novel patient would be involved

n the seizure (particularly with the HFO+ type activ-
ty) before the first seizure occurs. This holds promise
or patients who fail to have seizures despite chronic
nvasive monitoring or those who cannot tolerate it
or longer periods. Our findings also suggest a tight
inkage between the interictal HFOs and the HFO-
efined SOZ. As the pathological HFOs are shown to
e specific to epilepsy (Modur, 2014), and felt to be
enerated by mechanisms that are distinct from those
f the conventional EEG activity (Jiruska et al., 2010), an
22

nderstanding of the epileptic HFO network should
nhance our knowledge of epileptogenesis and icto-
enesis. Presence of such a network would argue for
lacing the implantable devices for epilepsy treatment

i.e. closed-loop responsive neurostimulation device
Morrell, 2011] and seizure prediction system [Cook et
l., 2013]) in close proximity to the HFO-defined SOZ.
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ecause the interictal HFOs are more tightly linked to
he HFO-defined SOZ as shown in this study, knowl-
dge of the spatial extent of the interictal HFO network
ay prove to be beneficial in tailoring the location of

hese devices. �
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ummary didactic slides and supplementary figures and tables
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TEST YOURSELF
EDUCATION

(1) What types of EEG activity can be seen in intracranial recordings obtained at a sampling rate of 1000 Hz?

(2) Which of the following features of the interictal high-frequency oscillations (HFOs) were most useful in
differentiating the channels located inside the seizure onset zone (SOZ) from those outside the SOZ in this
study?

(3) The interictal HFOs most reliably predicted the spatial extent of which of the following seizure onset zones
in this study?

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section “The EpiCentre”.
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