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SUMMARY

Purpose: High frequency oscillations (HFOs) >200

Hz are believed to be associated with epileptic pro-

cesses. The spatial distribution of HFOs and their

evolution over time leading up to seizure onset is

unknown. Also, recording HFOs through conven-

tional intracranial electrodes is not well estab-

lished. We therefore wished to determine whether

HFOs could be recorded using commercially avail-

able depth macroelectrodes. We also examined

the spatial distribution and temporal progression

of HFOs during the transition to seizure activity.

Methods: Intracranial electroencephalography

(EEG) recordings of 19 seizures were obtained

from seven patients with temporal lobe epilepsy

using commercial depth or subdural electrodes.

EEG recordings were analyzed for frequency con-

tent in five spectral bands spanning DC-500 Hz.

We examined the spatial distribution of the differ-

ent spectral bands 5 s before and 5 s after seizure

onset. Temporal changes in the spectral bands

were studied in the 30-s period leading up to sei-

zure onset.

Results: Three main observations were made.

First, HFOs (100–500 Hz) can be recorded using

commercial depth and subdural grid electrodes.

Second, HFOs, but not <100 Hz oscillations, were

localized to channels of ictal onset (100–200, 400–

500 Hz, p < 0.05; 300–400 Hz, p < 0.001). Third,

temporal analysis showed increased HFO power

for approximately 8 s prior to electrographic onset

(p < 0.05).

Conclusions: These results suggest that HFOs

can be recorded by depth macroelectrodes.

Also, HFOs are localized to the region of primary

ictal onset and can exhibit increased power during

the transition to seizure. Thus, HFOs likely

represent important precursors to seizure initia-

tion.

KEY WORDS: High frequency, Ripples, Fast rip-

ples, Seizure localization, Temporal lobe epilepsy.

Electroencephalography (EEG) can measure functional
brain activation as a manifestation of neuronal network
activity. The range of frequencies recorded by EEG is typi-
cally limited to DC-100 Hz. This is due to the fact that most
clinical centers use a sampling rate of 200 Hz (typically
<500 Hz). With more widespread use of fast-sampling
EEG machines (1–10 kHz), the relevant bandwidth of EEG

has now expanded up to 600 Hz, where physiological
activity in this range has been recorded in somatosensory
cortex (Curio et al., 1994; Curio, 2000).

High frequency oscillations (HFOs; >80 Hz) can be clas-
sified by their ‘‘operational’’ frequency range and are com-
monly grouped into ripple (80–200 Hz) and fast ripple
(FR; >200 Hz) frequency bands (Buzsaki et al., 1992).
Ripples reflect network activity that includes both physio-
logical and epileptiform activity (Rampp & Stefan, 2006).
Specifically, ripples have been recorded in the hippocam-
pus and entorhinal cortex in both normal (Buzsaki et al.,
1992; Chrobak & Buzsaki, 1994) and epileptic neuronal
networks (Buzsaki et al., 1992). Under nonepileptic
conditions, ripples are believed to play a role in memory
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consolidation, transferring information from the hippo-
campus to the neocortex (Siapas & Wilson, 1998; Draguhn
et al., 2000).

Ripples and FRs can cooccur under epileptic conditions.
They have been observed exclusively at seizure foci
in vitro (Dzhala & Staley, 2003; Lasztoczi et al., 2004;
Khosravani et al., 2005) and in animal models of epilepsy
(Bragin et al., 1999c, 2003). Ripples and FRs have also
been observed in intracranial microelectrode EEG record-
ings from hippocampal and entorhinal cortices of epileptic
patients (Bragin et al., 1999a, 1999b; Staba et al., 2002,
2004). FRs are seen predominantly at seizure foci in
patients with temporal lobe epilepsy (Bragin et al., 2002a,
2002b; Staba et al., 2004; Ochi et al., 2007), and a positive
correlation has been seen between the presence of FR and
the presence of hippocampal atrophy and decreased neuro-
nal density (Staba et al., 2007). Taken together, these find-
ings suggest that pathological HFOs, and in particular FRs,
serve as ‘‘surrogate’’ markers for the presence of an epilep-
tic condition, and they may be important in generating
some types of seizures (Traub et al., 2001, 2002; Bragin
et al., 2004; Rampp & Stefan, 2006). For this reason, fur-
ther study of HFOs is necessary to validate their role in this
capacity.

Until recently, it was believed that HFOs could only be
recorded using custom-built microdepth-electrodes.
However, HFOs have recently been recorded using
custom-built depth macroelectrodes (Jirsch et al., 2006;
Urrestarazu et al., 2007) and commercially available sub-
dural grid electrodes (Akiyama et al., 2005, 2006; Ochi
et al., 2007). These studies also showed that HFO power
amplitudes (FRs in particular) are typically the greatest at
the primary ictal zone (Urrestarazu et al., 2007). Notably,
previous studies of HFOs focused on interictal or ictal
discharges, and few have studied discharges recorded
during the preictal period.

The preictal state likely represents a critical state of
brain activity prior to seizure initiation (Litt & Lehnertz,
2002; Federico et al., 2005). We have previously shown
in an in vitro model of seizures that epileptiform dis-
charges in the preictal period leading up to seizures show
a specific and sharp increase in the HFO power (100–
300 Hz) that does not occur at lower frequencies (0–100
Hz) (Khosravani et al., 2005). This suggests that HFOs
may reflect underlying network activity that is specific to
the interictal-to-ictal transition. However, very little is
known about how spatial distribution of HFOs corre-
sponds to temporal changes that may occur during the
immediate pre-ictal epoch in humans. Indeed, if HFOs
are true markers of epileptogenicity, they should localize
to the ictal onset zone and should change during the tran-
sition into seizures. We therefore used spectral power
analysis of intracranial EEG recordings of seizures in
humans to test three hypotheses: (1) HFOs may be
recorded with commercially available depth electrodes,

(2) HFOs localize to specific contacts that correlate with
the ictal onset zone, and (3) HFOs exhibit temporal
changes during the transition to seizure.

Methods

Patient selection and EEG recordings
Informed consent was obtained from all patients

involved in this study. Ethics approval was obtained from
the University of Calgary Medical Bioethics Committee.
We recruited seven consecutive patients with medically
refractory epilepsy who underwent intracranial video EEG
monitoring (VEM) from February to August 2006 as part
of their presurgical workup at the University of Calgary
Comprehensive Epilepsy Centre.

Each patient had commercially available subdural strip
or grid platinum electrodes (2.3 mm contact, effective area
4.15 mm2, 10 mm spacing, impedance <100 X) and depth
electrodes (4–6 contacts, 2.3 mm width · 0.5 mm radius,
effective area 7.2 mm2, 10 mm spacing, impedance <100 X)
implanted according to clinical need using standard proto-
cols in our program (Ad-Tech Medical Instrument Corpora-
tion, Racine, WI, U.S.A.). Sites for electrode placement
were selected based upon clinical history, as well as the
following investigations: Previous scalp VEM, magnetic
resonance imaging (MRI), single-photon emission comput-
erized tomography, and neuropsychological assessment.

During admission for intracranial VEM, each patient's
antiepileptic medications were reduced to increase the
likelihood of recording seizures. EEG was acquired
simultaneously on two EEG machines. The first machine
(the clinical machine) sampled all implanted electrodes
at a sampling rate of 500 Hz. The second machine (the
research machine, SynAmp1; Compumedics Corp., El
Paso, TX, U.S.A.) sampled a subset of electrode contacts
(up to 13 due to a limited number of available connec-
tion inputs) at a sampling rate of 5 kHz, low-passed
filtered at 1 kHz. The channels selected for recording by
the research machine were identified by an electroen-
cephalographer (P.F.) based on the expected seizure
onset zone (presence of a structural lesion, previous scalp
VEM data, etc.), and the interictal or ictal data were
recorded by the clinical EEG machine during the first
few days of intracranial VEM. In one patient (patient 3),
the electrodes initially selected for sampling at 5 kHz
were revised based the patient's subsequent pattern of
seizure activity—only postrevision electrode sampling
data were used in our analysis. Bipolar recordings were
analyzed to avoid reference contamination and to more
accurately localize HFOs, since they are believed to be
locally generated phenomenon. Both machines recorded
VEM data continuously, and the clinical EEG was read
by the attending epileptologist. The clinical VEM data
were used as a reference by an expert electroencephalog-
rapher (P.F.) to identify and clip subclinical and clinical
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EEG events on the research machine. Seizure onset was
determined by review of clinical EEG data in bipolar
and referential montages and was identified as the time
at which the background rhythm first changes (e.g.,
attenuation, rhythmic sharp waves, gamma activity, etc.).
For each seizure, recordings were clipped for 30 min pre-
ceding electrographic seizure onset and 5 min after sei-
zure onset (which is longer than the duration of all
recorded seizures).

Time-frequency analysis
Continuous EEG was recorded at a sampling rate of 5

kHz (1 kHz low-pass Bessel filter) and analyzed using
in-house software designed in Matlab (Mathworks Corp.,
Natick, MA, U.S.A.). Prior to analysis, all EEG signals were
subjected to preprocessing involving removing linear trends
(detrending) and removal of DC baseline shifts (Fig. 1A).
The latter utilized a moving average filter, equivalent to a
finite impulse response (FIR) high-pass filter ( fc¼ 0.5 Hz).

Figure 1.

HFOs can be recorded using commercially available strip electrodes and are recorded with maximal prevalence

during the immediate preictal to ictal transition. (A) Intracranial EEG recording obtained at 5 kHz in the right

amygdala, hippocampus, and occipital lobe in patient 6, who had a normal MRI and mild gliosis in the right amygdala

and hippocampus on pathological examination (see Table 1). The channel label corresponding to electrographic

onset is highlighted in green. (B) Time frequency representation for the primary ictal onset trace for the seizure

shown in panel A. The appearance of HFOs, with a dominant frequency component at approximately 120 Hz is

clearly visualized by increased power magnitude (bright red colors in highlighted in box). (Inset) The corresponding

time series for 2 s of activity is visualized clearly showing HFOs; the corresponding region is also highlighted in panel

A (green box). This increase lasts into the seizure but is most intense during the first 5 s, as slower spiking activity

later predominates. Note that while the 0–200 Hz bands are shown in this figure, the power analysis was performed

from 0–500 Hz in 100 Hz frequency bands (see Methods section). (C) Spatial (channel) distribution of periictal low

frequency and HFO changes for each channel and each frequency band as compared for 5 s of power amplitude data

between ictal and preictal analysis windows (see panel A); note maximal HFOs (100–500 Hz) in the channel of

primary seizure onset. Arrow marks the channel of seizure onset.
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Subsequently, each seizure recording (30 min preictal and 5
min ictal/postictal) was analyzed using a short-time Fourier
transform (STFT) that provided a time-dependent measure
of the signal's spectral composition in each channel (Fig.
1B). Continuous EEG data were passed to the STFT in ‘‘run-
ning’’ windows of 2-s segments with one-half overlap
(effective temporal resolution of Dt¼ 1 s). These were ana-
lyzed by the STFT algorithm with a temporal resolution of
500 ms with one-half overlap windows, resulting in an
effective frequency resolution of Df ¼ 1 Hz. The resulting
three-dimensional data (consisting of time versus frequency
versus power amplitude) was then summed in the frequency
dimension into five frequency bands spanning 0–100 (low
frequency), 100–200 (ripple), 200–300 (FR1), 300–400
(FR2), and 400–500 Hz (FR3). This procedure results in a
time-dependent measure of spectral composition in five
EEG bands. Equidistant bandwidths were selected in order
to allow for meaningful statistical comparison across differ-
ent bands. Note that the bulk of spectral power amplitudes
exist in the 0–100 Hz band, as there is an inverse correlation
between EEG frequency and spectral power. All individuals
involved in data analysis were blinded to the location of sei-
zure onset zones(s), and all other clinical data until all analy-
ses were completed.

Spatial analysis of HFOs
In order to examine the relation between the presence of

HFOs and regions (i.e., channels) of seizure onset, we com-
pared two epochs of EEG for each channel—the immedi-
ate preictal and the first few seconds of seizure onset. This
technique is similar to that introduced by Jirsch et al.
(2006). Specifically, 5 s of power spectral amplitudes were
summed preceding electrographic seizure onset (preictal)
and compared with the first 5 s of seizure activity (Fig.
1A). A unitless ratio (relative power ratio, R) was then
derived such that the seizure epoch (for each channel and
each frequency band) was normalized to the preictal epoch
as follows,

Rð f 0; cÞ ¼ XfþDf

f 0¼f

X5
t¼0

Pcðt; f 0Þ �
XfþDf

f 0¼f

X0
t¼�5

Pcðt; f 0Þ
!

DtDf

XfþDf

f0¼f

X0
t¼�5

Pcðt; f 0ÞDtDf

½Eq:1�
where t is time in seconds (t ¼ 0 at electrographic onset),
f 0 is the lower bound of frequencies in each band (in Hz,
f ¼ {0,100,200,300,400}), c is channel number (c ¼
{1, …, n}), and P is the power spectral amplitude
(mV2/Hz). The above calculation was performed for each
band (frequency range Df ¼ 100 Hz) and each channel
[resulting in R( f,c); see Fig. 1C]. Use of this normalized
ratio was necessary to allow each patient and each seizure

to act as their own control. This normalized ratio also
allowed seizures across different patients to be compared.
Note that positive R-values reflect an increase in HFO
power during the ictal epoch, whereas negative values
indicate a relative increase in HFO power in the immedi-
ate preictal period. We did not scale or normalize R-values
from different bands in relation to a ‘‘standard band’’ (e.g.,
0–100 Hz), since power amplitudes in each band may not
be mutually exclusive as neuronal processes involved in
generating seizures may have frequency components that
span across different spectral bandwidths.

Statistical analyses were performed on the pooled results
of seizures from each patient (i.e., intrapatient analysis).
Seizures that originated from the same electrode(s) based
on conventional review of the VEM data were grouped
together, and their R-values were averaged and reported
with sem values. An analysis of variance (ANOVA) was
then used to compare summed power amplitudes between
frequency bands for each electrode.

Next,themeanpoweramplitudevaluesforeachfrequency
band were compared for three different channels: (1) The
channel of electrographic seizure onset (i.e., origin), (2) the
immediatelyadjacent channel, and (3) a distant noninvolved
channel. An ANOVA was used with the Bonferroni correc-
tion to compute statistical significance for all permutations
across bands (i.e., origin 0–100 Hz versus origin 100–200
Hz, etc.) and between the bands for different contact loca-
tions(origin100–200Hzversusdistant100–200Hz,etc.).

Temporal analysis of HFOs
The change in power spectral amplitude for each band,

for each channel, and over time during the immediate pre-
ictal epoch was evaluated. Once again, a similar unitless
numerical quantifier was used to allow pooling of data
across seizures and patients. The R quantity [R(f,c)(t)] for
this analysis was computed over time using a 5-s ‘‘sliding’’
analysis window that was compared to a fixed background
epoch of equal duration (i.e., Dt¼ 5 s; see Fig. 2).

Rð f; c;nÞðtiÞ ¼ XfþDf

f0¼f

XtiþDt

t¼ti
Pcðt; f 0Þ �

XfþDf

f0¼f

XBKGNDnþDt

t¼BKGNDn

Pcðt; f Þ
!

DtDf

XfþDf

f 0¼f

XBKGNDnþDt

t¼BKGNDn

Pcðt; f ÞDtD f

½Eq:2�

�Rð f;cÞðtiÞ ¼

P3
n¼1

Rð f; c; nÞðtiÞ

3
½Eq:3�

Here i is the interval or analysis window number of Dt
duration that was computed continuously for each channel
leading up to electrographic seizure onset. Similar to the
spatial analysis, R(f,c,n)(t) was computed for each band
spanning the five frequency ranges (f0 lower bound for
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each band, Df¼ 100 Hz) and also for each channel (c) sep-
arately. Three background EEG segments that showed no
epileptiform activity were selected for each seizure by an
electroencephalographer (P.F.; n ¼ 3). Background seg-
ments were selected within the 30-min epoch, prior to but
as close in time as possible to seizure onset. R( f,c,n)(t) was
computed three separate times using each of the three
background segments to minimize bias caused by back-
ground segment selection. Thus, the final time-dependent
values for R( f,c)(t) were reported as a mean quantity (Equa-
tion 3; Fig. 2B). Note that Equation 2 does not show the
additional step of overlapping analysis windows (one-half

window overlap) as was described for the spatial analysis.
Thus, the effective temporal resolution for R( f,c,n)(t) was
2.5 s. Subsequent statistical analysis and grouping of mul-
tiple seizures based on their site of origin was similar to
that used for the spatial analysis.

Results

Patient characteristics
Seven patients (mean age 35 € 7 years; four females)

participated in the study, and a total of 19 seizures were
recorded with continuous fast-sampling EEG (Table 1).

Figure 2.

Commercially available depth electrodes can be used to record HFOs, which undergo increases in power during the

preictal period. (A) A 30-s segment of EEG sampled at 5 kHz leading to seizure onset recorded using commercially

available depth macroelectrodes placed in the left hippocampus and amygdala in a patient with unilateral temporal

epilepsy due to hippocampal sclerosis (Patient 1). Continuous (temporal) spectral power analysis was performed

(see Methods section), and power amplitudes were summed in 5-s moving analysis windows for each channel and

band. The continuous power amplitude data were compared to a background analysis window also of 5 s duration

(see Methods section). This produced a time-dependent R-value [i.e., R(f,c)(t)]. This process was performed for three

independent background EEG windows and averaged. (B) Mean time-dependent relative power ratio (R-value)

reported in a 2-s time resolution, in each band, for the channel of electrographic onset. Relative power increases can

be seen at all frequencies during the period leading up to the onset of this seizure.
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Each patient underwent extensive clinical workup in our
Comprehensive Epilepsy Program leading to their intracra-
nial monitoring. EEG was recorded using depth macroelec-
trodes, subdural grids/strip, or a combination of electrode
configurations. Specific use of electrode types and their
locations are summarized in Table 1.

The patients studied were diverse and included those
with both unilateral and bilateral seizure foci. Three
patients had a clear right-sided seizure focus (patients 2, 5,
and 6), two had a clear left-sided focus (patients 1 and 7),
and two had ictal onset zones in either hemisphere (patients
3 and 4). All seizures but one (patient 7, seizure type 2)
originated from the temporal lobe.

All patients ultimately underwent surgical resection of
the putative seizure focus. Four patients had mild gliosis on
pathological examination of resected tissue with MRI
showing either no abnormalities (patients 4 and 6) or hip-
pocampal atrophy (patients 5 and 7). Two patients had a
pathological diagnosis of hippocampal sclerosis (patients 1
and 2), and one patient had a dysembryoplastic neuroepi-
thelial tumor (patient 3). All except one of the patients
became seizure-free postsurgery at the date of last follow-
up (8–16 months follow-up).

Spatial localization of HFOs
Fast-sampling EEG (at 5 kHz) adequately captured

HFOs that were evident on conventional review of the
EEG recording (Figs. 1, A and B). HFOs were identified in
all recordings from each patient, regardless of electrode
type (Fig. 1A, strip electrode, and Fig. 2A, depth elec-
trode). We used time-frequency analysis to explore two
aspects of HFOs: (1) Spatial aspects pertaining to the loca-
tion of HFOs relative to the ictal onset zone (based on con-
ventional review of the EEG) and (2) temporal evolution of
HFOs during the transition into seizures.

Fig. 1B shows the time frequency representation for the
seizure shown in Fig. 1A. HFOs with a dominant frequency
component of approximately 120 Hz were apparent start-
ing 1 s prior to seizure onset and during the first several
seconds of the seizure, after which slower spiking activity
later predominated (0–40 Hz; Fig. 1B). The spatial analysis
of HFO changes showed that the greatest increase in ictal
HFO power was in the region of primary electrographic
seizure onset (Fig. 1C).

The spatial distribution of HFOs was variable between
patients, as shown in Fig. 3A. Despite this, the greatest ictal
increase (positive R-value) in HFO power, specifically in
the ripple and FR1 bands, was seen in the ictal onset chan-
nel(s) for all patients. In general, HFOs were localized to a
single electrode in patients with well-defined seizure foci
(patients 1 and 4). In patient 6, however, seizures origi-
nated from a single electrode but rapidly spread to neigh-
boring contacts within the 5-s time span of analysis (i.e., 5
s ictal compared with 5 s preictal). Patients who had more
broad lesions and/or broad seizure onset zones had HFOs

with similar power over several contacts (i.e., patients 2
and 3). It should be noted that although power increases at
the seizure focus were observed for all frequency bands,
the greatest relative increases were seen in the ripple to
FR3 bands (100–500 Hz).

Preictal elevations in HFO power amplitude manifest
themselves as negative R-values and were also seen in
some cases, such as patient 7 (left-sided seizure).
Another patient with interesting HFO changes was
patient 4 who exhibited independent seizures from the
left and right hippocampus. This patient's typical clinical
seizures were felt to be originating from the left hippo-
campus based on review of the VEM data. His
right-sided seizures were felt to be of lesser clinical
importance. He underwent a left selective amygdalohip-
pocampectomy and is now seizure-free (7 months
follow-up). Intriguingly, during right-sided seizures, the
contacts that exhibited the greatest preictal change
(negative R-values) corresponded to the electrode where
the left-sided seizures originated. It is important to note
that not all patients showed preictal HFO power
increases. This may have occurred because ictal HFO
power increases in some cases may have greatly
exceeded preictal increases, resulting in positive R-values
regardless of any preictal HFO power increases.

Fig. 3B shows the pooled results comparing HFO power
for each frequency band for three contact locations: Sei-
zure onset zone, an adjacent electrode, and a distant unin-
volved electrode. Significant differences were observed
only for ripple (100–200 Hz, p < 0.05) and a fast ripple
band (300–400 Hz, p < 0.005) only when the seizure onset
region was compared to a distant one (Fig. 3B). The low
frequency band did not achieve statistical significance in
any of the comparison permutations. These findings sug-
gest that for the immediate preictal epoch, localized
changes occur only for ripple and FR bands and only in the
region of seizure onset.

Temporal HFO changes
Temporal analysis was performed for 30 min of EEG

recording preceding the electrographic seizure onset. All
data segments processed were free of artifact. No signif-
icant, reliable, or repeatable increases in HFO power
were observed until approximately 30 s prior to electro-
graphic seizure onset. We therefore considered this
latter epoch for subsequent statistical analysis. We
observed increases in HFO power amplitude and low
frequency band (0–100 Hz) power starting 5 to 10 s
prior to seizure onset (Fig. 4A). However, the sharpest
increases were typically seen for HFO bands (100–500
Hz, Fig. 4A).

Fig. 4B shows the pooled results and statistical compari-
sons for temporal analysis for all patients for the origin,
adjacent, and distant contacts. All HFO bands (100–500
Hz) in the origin and adjacent channels showed preictal
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increases in power, whereas the power in the 0–100 Hz
band increased later (Fig. 4B, left and center column). This
marked difference can be better appreciated by looking at
the raw magnitudes of the R-values for the distant channel,
which were close to an order of magnitude smaller than
those observed at the onset and adjacent channels. Time
points that achieved statistical significance were found in
the 100–200 Hz band beginning approximately 8 s prior to
electrgraphic seizure onset and only when the origin chan-
nels were compared to a distant contact (Fig. 4B, p < 0.05).
The low frequency band (0–100 Hz) power changes did
not achieve statistical difference.

Discussion

In this study, we tested the feasibility of recording HFOs
(ranging from 100–500 Hz) using commercially available
depth and subdural grid electrodes using fast sampling
EEG. In addition, we investigated the spatial and temporal
attributes of HFOs with special consideration to the transi-
tion from preictal to ictal activity. Our study is the first to
demonstrate that HFOs can reliably be recorded using
commercially available intracranial depth electrodes. We
also show that seizure onset is characterized by focal
increases in HFOs that are localized to the ictal onset zone,

Figure 3.

Spatial distribution of HFOs in the preictal and early ictal periods for all patients. (A) Relative power ratio for each

patient for each channel. When more than one seizure focus was seen in a patient, the seizures were grouped and

analyzed separately. The greatest increase in R-values was typically observed in the channel(s) of ictal onset. Arrows

mark channel of seizure onset as identified by expert visual review of the EEG. (B) Pooled data for all patients for all

20 seizures captured in all patients studied (see Table 1 for more details). R-values (mean ± sem) were compared

using an ANOVA for each channel location across bands, and Student’s t-tests were performed between

permutations of channel locations within each band. Significant differences were observed for the 100–200 and 300–

400 Hz bands. Statistical significance are denoted by *, p < 0.05; **, p < 0.005.
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which is consistent with recent findings by other groups
(Jirsch et al., 2006; Ochi et al., 2007; Urrestarazu et al.,
2007). Furthermore, we observed that focal electrographic
seizures were associated with better localized HFO
changes compared to seizures with more broad seizure
onset zones. We also observed that HFO power amplitudes

exhibit a gradual increase, beginning about 8 s prior to sei-
zure onset. It is important to note that both the spatial and
temporal changes observed were most significant for HFO
frequency bands and not low frequencies. This suggests
that HFOs can act as markers of epileptogenic neuronal
network activity.

Figure 4.

Temporal trends in HFO power in the preictal period for all patients. (A) The relative power ratio changes over time

[R(f,c)(t)] for the ictal onset channels for 30 s leading up to seizure onset (mean ± SEM). In each case, the power

amplitudes for all bands increased just prior to seizure onset (vertical dashed line). However, the HFO bands (>100

Hz) repeatedly exhibited a sharp and consistent increase during that epoch, which often preceded low frequency

changes (e.g., see patients 2; 3, grid electrodes RTFP11-RTFP12; and 5). (B) Pooled data for relative power ratio

changes over time (mean ± SEM) for all patients, for each band, for the three different channels: Ictal onset channel,

immediately adjacent channel, and a distant uninvolved channel. Significant changes were seen for the 100–200 Hz

band for approximately 8 s prior to seizure onset, when compared to a distant contact (B, red arrowhead, p < 0.05).
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It is also important to consider the contribution and
trends observed for lower frequency oscillations (0–100
Hz), since they also increased in absolute magnitude in
many cases. This increase was observed in either the chan-
nel of primary seizure onset (e.g., patient 4, left-sided sei-
zure) and at times in neighboring channels (e.g., patient 6).
Indeed, the R-values for the 0–100 Hz band, in both spatial
and temporal analysis, are larger in many instances than
any of the HFO-associated bands (i.e., 100–500 Hz). This
observation can be attributed to a combination of physio-
logical and analysis-related parameters, respectively. One
known effect that would preferentially bias 0–100 Hz
R-values towards larger numbers is the well-described
intrinsic 1/f frequency scaling relation observed in power
spectral density of EEG signals, where power spectral
amplitudes are inversely related to frequency (Freeman
et al., 2006). The precise reason for this 1/f frequency scal-
ing remains unknown, but it is believed to reflect an aspect
of neuronal network dynamics (B�dard et al., 2006). None-
theless, the fact that power increases were seen in both low
frequency and HFO bands suggests that these signal com-
ponents may be linked as they reflect underlying network
dynamics. Also, HFOs are typically of low amplitude and
override larger slower frequency waveforms that may pre-
dominate the early phases of an electrographic seizure.

HFO recordings with commercial electrodes
Our observation that HFOs can be recorded using com-

mercially available depth electrodes (effective area, 7.2
mm2) is an extension of recent studies in which HFOs were
recorded using custom-built depth macroelectrodes with a
smaller effective area of 0.8–0.85 mm2 (Jirsch et al., 2006;
Urrestarazu et al., 2006). In addition, our work is consistent
with previous observations that HFOs in the 100–200 Hz
band can be recorded using commercially available grid
electrodes (Akiyama et al., 2005, 2006; Ochi et al., 2007).
Taken together, our study, along with previous reports,
suggests that HFO generators may be comprised of larger
clusters of neurons than previously believed. Nonetheless,
it is acknowledged that microelectrode recordings still
have specific advantages over macroelectrode recordings,
including greater sensitivity in detecting HFOs due to their
fine spatial sampling (Bragin et al., 1999a, 1999b, 2003;
Chrobak & Buzsaki, 1994).

Spatial localization of HFOs
We showed that the HFOs with the greatest amplitudes

were localized to the channel(s) of ictal onset. Moreover,
the number of involved electrode contacts was propor-
tional to the size of the seizure onset zone. For example,
patients with focal unilateral seizures (e.g., patients 1
and 4) showed a more localized area of HFO changes
compared to those patients with more diffuse brain abnor-
malities (e.g., patient 3; Fig. 3). In addition, when the total
R-values were summed for >100 Hz for each channel in

each patient, the totals were consistently the greatest for all
ictal onset channels, although this trend did not achieve sta-
tistical significance. It is possible that these trends may
have achieved statistic significance if more patients were
able to be included in this study. Our observations are con-
sistent with those of Jirsch et al. (2006) who did not
observe significant HFO content in the EEG of patients
with poor seizure localization. Therefore, our findings sug-
gest that HFOs may be generated by local, pathologically
altered clusters of neurons that may play a role in generat-
ing seizures and that HFOs may be direct markers of sei-
zure-generating networks (Bragin et al., 2004).

The localized nature of HFO changes suggests that their
presence may be a useful clinical tool in the demarcation of
onset zones for tailored surgical resections. Indeed, in our
small series, all patients were seizure-free following resec-
tion, except patient 7. This patient was unique in that HFOs
were of greatest magnitude in the side opposite to surgical
resection (Fig. 3A). Thus, HFO analysis may also be useful
in identifying the side of greater seizure susceptibility. In
addition, localization of HFOs may be useful for predicting
outcome after surgery in patients with extratemporal epi-
lepsy (Ochi et al., 2007). Further, prospective studies with
longer follow-up periods are needed to properly assess the
utility of HFOs in this capacity.

Temporal HFO changes and the preictal state
We have shown that HFO power undergoes a measur-

able and robust increase in the immediate preictal epoch
that is localized to the ictal onset zone. These changes may
be indicative of preictal changes in the states of activity in
localized neuronal networks and possibly larger brain
beyond the ictal onset zone. The cellular and network
parameters that govern HFO dynamics in the preictal
period remain unclear. Nonetheless, it is possible to specu-
late on potential mechanisms. Studies of in vitro seizure
models suggest that seizure precursors may begin locally
as a series of rhythmic discharges. As the discharges
become more frequent, adjacent or distant projection sites
become recruited, thereby heralding oncoming seizures
(Dzhala & Staley, 2003). Moreover, it has been suggested
that neuronal synchrony changes in the transition into sei-
zures (Garcia Dominguez et al., 2005).

There is evidence that HFOs can be caused by altera-
tions in excitatory, inhibitory, and gap-junctional commu-
nication (reviewed by Rampp & Stefan, 2006). It is
important to note that individual cell firing rates do not
approach the full range of FR activity (i.e., >300 Hz) in
either in vitro seizure models (Lasztoczi et al., 2004) or in
unit recordings in patients (Isokawa-Akesson et al., 1987).
Therefore, it has been postulated that field oscillatory
rhythms, such as ripples and FRs, arise from population
activity from neurons that have variable firing rates and
phases (Brunel & Wang, 2003; Geisler et al., 2005). In
other words, HFOs represent rapid changes in phase within
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an overall synchronous state that defines seizure activity.
It has also been suggested that formation of ripple, and
presumably FR population activity, depends strongly on
single-cell membrane dynamics that are modulated
by inhibitory and excitatory inputs (Geisler et al., 2005).
In particular, the synchrony of inhibitory cells seems to be
a required parameter for the generation of faster field
oscillations. Thus, preictal HFO power increases may
reflect rapid changes in local network synchrony that are
modulated by inhibitory networks, which themselves have
undergone modifications in the epileptic brain
(Cossart et al., 2005).

It may be argued that the short period (seconds) prior to
seizure onset in which HFO power increases are first seen
may be considered ictal onset rather than a preictal period.
This is a valid concern that we believe is a matter of defini-
tion that also reflects the novelty of a preictal state and pre-
ictal HFO changes. Indeed, it is very challenging to
identify a precise electrographic onset that is a truly objec-
tive on the order of a few seconds. Ideally, preictal EEG
changes should be measurable on the order of minutes to
hours. However, no study to date has shown reliable preic-
tal EEG changes in this time frame despite using various
computational techniques (Mormann et al., 2007). On the
other hand, a number of other physiological measures or
clinical phenomena are known to change in the minutes or
hour leading up to seizure onset, including functional MRI
signals (Federico et al., 2005), cerebral blood flow
(Weinand et al., 1997; Baumgartner et al., 1998), and heart
rate (Delamont et al., 1999; Leutmezer et al., 2003). Thus,
a preictal physiological state exists, and it may represent a
fundamental process in the initiation of seizures. Further-
more, one of the last identifiable changes in the preictal
period may be increased HFO power, which in turn, may
increase neuronal synchronization.

Conclusions and future work
We have shown that HFOs can be recorded using

commercially available depth and grid electrodes in
patients with temporal lobe epilepsy. In addition, the
spatial localization of HFOs varies with the spatial
extent of the ictal onset zone. HFOs appeared to colo-
calize with the critical ictal onset zone. Indeed, all
patients who had resection of tissue exhibiting HFOs
are currently seizure-free, whereas the one patient who
did not is currently experiencing seizures. HFOs also
undergo robust increases in power in the immediate pre-
ictal period. Overall, our findings suggest that HFOs
may be markers of neuronal network activity that repre-
sent a fundamental precursor to seizure initiation.

Understanding how, where, and why preictal HFO and
other physiological changes occur is of interest for several
reasons. At present, HFOs appear to be good markers for
localizing the ictal onset zone and thereby possess the
potential of enhancing the delivery of current treatments

such as surgical resection. Another reason to study HFOs is
that they can be used, perhaps with other EEG quantifiers,
to possibly anticipate seizure onset, which at present
remains a challenging problem (Litt & Krieger, 2007;
Mormann et al., 2007). This, in turn, may help guide the
location and timing of future therapeutic interventions such
as on-demand deep brain stimulation or direct drug deliv-
ery devices. Finally, a better understanding of mechanisms
underlying the interictal-to-ictal transition may unmask
fundamental mechanisms that may help develop novel
therapeutic strategies.
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