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indicator of seizure onset areas independent of spikes in the
human epileptic brain
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Summary

Purpose—High-frequency oscillations (HFOs) known as ripples (80-250 Hz) and fast ripples
(250-500 Hz) can be recorded from macroelectrodes inserted in patients with intractable focal
epilepsy. They are most likely linked to epileptogenesis and have been found in the seizure onset
zone (SOZ) of human ictal and interictal recordings. HFOs occur frequently at the time of
interictal spikes, but were also found independently. This study analyses the relationship between
spikes and HFOs and the occurrence of HFOs in nonspiking channels.

Methods—Intracerebral EEGs of 10 patients with intractable focal epilepsy were studied using
macroelectrodes. Rates of HFOs within and outside spikes, the overlap between events, event
durations, and the percentage of spikes carrying HFOs were calculated and compared according to
anatomical localization, spiking activity, and relationship to the SOZ.

Results—HFOs were found in all patients, significantly more within mesial temporal lobe
structures than in neocortex. HFOs could be seen in spiking as well as nonspiking channels in all
structures. Rates and durations of HFOs were significantly higher in the SOZ than outside. It was
possible to establish a rate of HFOs to identify the SOZ with better sensitivity and specificity than
with the rate of spikes.

Discussion—HFOs occurred to a large extent independently of spikes. They are most frequent
in mesial temporal structures. They are prominent in the SOZ and provide additional information
on epileptogenicity independently of spikes. It was possible to identify the SOZ with a high
specificity by looking at only 10 min of HFO activity.

Keywords
Epilepsy; High-frequency oscillations; Spikes; Seizure onset zone; Intracranial electrodes

In many patients with epilepsy, the area responsible for seizure generation, or the seizure
onset zone (SOZ), may be difficult to define. Even in patients with identifiable lesions on
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brain MR imaging, noncongruent clinical and laboratory studies often indicate poor
localization of the SOZ, which precludes a surgical approach in those patients with
refractory epilepsy. Invasive intracranial EEG evaluation may help in those cases to finally
obtain a good definition of the SOZ (Diehl & Lueders, 2000). These methods, however, do
not always result in the finding of one clear SOZ, as seizures might be originating from
more than one brain area and also because intracranial techniques are always spatially
limited. For instance, seizures originating from areas not covered by electrodes but
propagating to the actual electrode positions might lead to misinterpretation.

Additionally, interictal epileptiform discharges (IED) or spikes, which define the irritative
zone (1Z), might be seen in several electrode positions outside the SOZ; it remains unclear
how these discharges are related to epileptogenesis (Hufnagel et al., 2000; Rosenow &
Lueders, 2000) and how much importance one should put on them to define the
epileptogenic area. It is known that patients with spikes generated in multiple brain areas are
less likely to become seizure free after surgery than patients with well-localized spikes
(Bautista et al., 1999). This apparent multiplicity of epileptic generators may represent
widespread disease or might be related to secondary epileptogenesis (Rosenow & Lueders,
2000). Therefore, new measurements for epileptogenicity are required additionally to spikes
and the SOZ in stereo EEG (SEEG).

Traditionally, EEG oscillations are believed to be relevant up to frequencies in the gamma
band (40-100 Hz) but recent findings suggest that high-frequency oscillations (HFOs)
ranging between 100 and 500 Hz might be closely linked to epileptogenesis. They were
studied in rodents as well as in humans using microwires (with a surface contact of 70 zm?)
(Bragin et al., 1999; Staba et al., 2002) and more recently detected also in humans by using
macroelecrode contacts, with a surface contact of 0.8 mm? (Jirsch et al., 2006; Urrestarazu
et al., 2006, 2007).

HFOs ranging from 100 to 250 Hz and described as ripples were seen in the hippocampus
(Hc) and entorhinal cortex of normal rats (Chrobak & Buzsaki, 1996; Chrobak et al., 2000).
In humans, similar oscillations generally showed a lower frequency range, between 80 and
160 Hz, and were found within epileptic tissue and outside in the less affected Hc of
epileptic patients studied with bilateral temporal lobe intracerebral depth electrodes (Bragin
et al., 1999; Staba et al., 2004). It was hypothesized that they are physiological rhythms
closely linked to memory consolidation (Draguhn et al., 2000), but additional “pathological”
ripples could be observed as well (Bragin et al., 2004). The differentiation between
pathological and physiological events remains unclear (Le Van Quyen et al., 2006). HFOs
between 250 and 500 Hz, called fast ripples, have been recorded from normal rodent and
human brains (Curio et al., 1994, 1997; Jones et al., 2000; Ikeda et al., 2005). It was
hypothesized that they are related to somatosensory stimulation and sensory information
processing (Curio et al., 1997; Gobbele et al., 2004). Nevertheless, fast ripples in mesial
temporal structures were more clearly linked to epileptogenesis than ripples (Staba et al.,
2002).

Ripples and fast ripples occur frequently during IEDs and may reflect pathological
hypersynchronous events. In general, these HFOs are seen more frequently during non-
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rapid-eye movement sleep (NREM) sleep compared to rapid-eye movement sleep (REM)
sleep or wakefulness (Staba et al., 2004). Recently, it has been shown that HFOs may not
exclusively be recorded from microwires but also from intracranial macroelectrodes (Jirsch
et al., 2006; Urrestarazu et al., 2006). During ictal recordings, HFOs could be identified and
occurred mostly in the region of primary epileptogenesis and less frequently in areas of
secondary spread (Jirsch et al., 2006).

Analysis of interictal recordings showed a clear relation between spikes and fast ripples and
again a close relation between HFOs and the SOZ (Urrestarazu et al., 2007). While most fast
ripples were noted during spikes, others could be found independently. Fast ripples were
more restricted to the presumed SOZ than ripples. In the studies with microwires, the
relationship between HFOs and spikes was not specifically addressed but most examples of
fast ripples show themoccurring during spikes.

The exact relationship between interictal discharges and HFOs, so far, remains unclear. All
previous studies focused on channels that showed spiking activity in the first place. It is
therefore unknown whether HFOs in general are produced by the same generators as IEDs
or derive from independent structures. HFOs have never been measured in interictally
inactive channels of epileptic patients, and their presence in these channels might provide
additional information on epileptogenesis. Furthermore, HFOs occurring within spiking
channels but independently of spikes need to be investigated more closely to gain
information about the value of HFOs for the identification of the SOZ independently of
spikes.

In this study we analyzed HFOs in spiking and nonspiking channels, looking at interictal
intracerebral SEEG recordings of 10 patients with lesional focal epilepsy. Differences
between HFOs occurring at the same time or independent of spikes, as well as the exact
relationship between spikes and HFOs were investigated. We also compared the capacity of
the limbic and neocortical (Nc) structures to generate fast oscillations, and, finally, we
determined if HFOs could help identify the SOZ. We hypothesize that HFOs occur to a large
extent independently of spikes and can add additional localizing information to the SEEG
investigation.

Patient selection

Between September 2004 and June 2007, 37 patients underwent intracranial electrode
implantation in the epilepsy unit of the Montreal Neurological Hospital. The decision for
invasive EEG studies was undertaken individually when no clear area of seizure onset could
be determined with extensive noninvasive evaluation. After informed consent, electrode
placements were tailored according to the clinical history, seizure semiology and results of
surface EEG investigation, neuroimaging, and neuropsychological testing. The clinical
intracranial recordings were interpreted independently of this study by an experienced
neurophysiologist, who also determined which channels were the sites of seizure onset. We
selected patients with lesional focal epilepsies, spiking and nonspiking channels, one or at
most two clear SOZs and electrode contacts placed clearly within and outside SOZs.
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Additionally, at least one night of good sleep recording was required. Ten patients fulfilled
these criteria: in five patients, the seizure onset was in the mesial temporal lobe structures; in
two, in the temporal neocortex; and in three, in other Nc areas. In two patients, two different
SOZs could be identified; in all others all seizures originated from the same well-localized
area.

This study was approved by the Montreal Neurological Institute and Hospital Research
Ethics Committee and all patients signed an informed consent form.

Recording methods

Electrodes were implanted stereotactically using an image-guidance system (SSN
Neuronavigation System, Mississauga, Ontario, Canada). A combination of depth and
cortical surface electrodes was placed according to the methods of Olivier et al. (1994). All
electrodes were manufactured onsite. A 10/1,000-inch wire of stainless steel was used as a
central core and wrapped with a 3/1,000 inch steel wire. Each electrode had nine contacts,
with the deepest contact (contact 1) consisting of the tip of the steel core stripped of
insulation. This contact had a length of 1 mm, while all other contacts (2-9) were formed
from stripped sections of the marginal wire that was tightly wound to create 0.5 mm long
coils. The effective surface area was 0.80 mm? for contact 1 and 0.85 mm? for contacts 2 to
9. The localization of the electrodes is listed in Table 1.

SEEGs were recorded using the Harmonie monitoring system (Stellate, Montreal, Quebec,
Canada). The SEEG was low-pass filtered at 500 Hz and sampled at 2,000 Hz We also
recorded the electrooculogram(EOG) and electromyogram (EMG) to allow sleep staging.
The analyses reported below were performed using a referential montage with an epidural
reference electrode placed in the parietal lobe of the hemisphere least likely to include the
main focus.

Channel selection and sampling

HFOs and spikes occur more frequently during slow-wave sleep (Staba et al., 2004) and we
therefore decided to analyze samples of 10 min of slow-wave sleep. Sleep stages were
selected using EEG and the information of EOG and EMG. We did not select the stages
according to the criteria of Rechtschaffen and Kales, as we had no scalp electrodes recording
from the central areas. Such electrodes would have to be placed under the sterile bandage
after implantation, increasing the risk of infection. The Harmonie software was used to
compute spectral trends in the delta, alpha, and beta bands for the intracranial EEG and
power of the chin EMG with a 30-s time resolution. EEG sections with high delta and low
EMG power were visually reviewed to confirm the sleep stages. Slow wave sleep was
defined by at least 25% delta activity by visual inspection of 30 s epochs. Additionally,
segments were only selected if they were recorded at least 6 h before and after a seizure, to
reduce the influence of seizures on our analysis.

A maximum of 14 spiking and nonspiking channels was analyzed per patient. During the
visual review of the data, we found that a maximum of seven channels could be displayed
simultaneously on the computer monitor in order to maintain a good screen resolution with
the very high gains needed to see the HFOs. Fourteen channels could therefore be marked in
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two review sessions. Manual marking of the HFOs was time-consuming, taking up to 15 h
for a 10-min segment of SEEG (Urrestarazu et al., 2007). In all patients, we tried to select
equal numbers of spiking and nonspiking and SOZ and non-SOZ channels. The nonspiking
channels did not show spikes in the selected 10-min segment or in the rest of the recording,
while the spiking channels had spikes inside as well as outside of the 10-min segment. This
resulted in 7 to 14 channels per patient, depending on the SOZs in each individual patient.
Electrode and contact selection was guided by the images obtained from the neuronavigation
system and only channels clearly located within gray matter were selected. Finally, if several
channels were involved in the same type of spike, the channel in which the spike had the
largest amplitude was chosen. A detailed list of all selected channels can be found in Tables
land2.

Marking of interictal events

In a first step, all spikes and spike-and-slow-waves were visually identified within the
selected sample. Spikes were defined as interictal epileptic discharges with a sharp
component and a duration less than 70 ms. Slow waves were defined as the slow wave
immediately following a spike and they were marked when present. The entire duration of
the spikes and slow waves were marked. All EEG segments were reviewed twice to ensure
that events were not missed. The EEG was displayed at a common time scale (10 s/page).
The markers were then saved and made invisible to ensure that the marking of HFOs were
not biased by the knowledge of spike localization. If we refer to HFOs in the subsequent
manuscript we always refer to ripples or fast ripples or both, without differentiation.
Channels were displayed with the maximum time resolution to visualize HFOs, which
corresponded to approximately 0.6 s across the computer monitor (1200 samples of a signal
sampled at 2,000 Hz). The EEG was high-pass filtered at 80 and 250 Hz using a finite
impulse response (FIR) filter to eliminate ringing. The computer display was split vertically
with an 80 Hz high-pass filter on one side and a 250 Hz high-pass filter on the other side. A
ripple was marked if an event was clearly visible on the side of the 80 Hz filter and did not
occur or show the same shape on the side of the 250 Hz filter, as it is defined as a distinct
event between 80 and 250 Hz in frequency. An event was regarded as a fast ripple if it was
only visible in the 250 Hz filter and therefore clearly had a frequency above 250 Hz. If
ripples and fast ripples occurred at the same time they had to have different shapes to be
regarded as separate events (Fig. 1). HFOs were visually identified and the duration of each
event was marked. Only events containing at least four consecutive oscillations were
regarded as HFOs. When the EEG is filtered with these characteristics, it is not possible to
identify the presence of spikes (Figs. 2, 3, and4).

Statistical analyses

After marking all events, a MATLAB program calculated the cooccurrence of spikes and
HFOs, rates per minute (computed for every 1-min interval in the data), the percentage of
overlap between spikes and HFOs and the duration of HFOs. Spikes and HFOs were
regarded as cooccurring if there was an overlap between these two events. This was
independent of the duration or time sequence of both events. It is known that HFOs result to
some extent from the high frequencies present in very sharp spikes (Urrestarazu et al.,
2007). When this is the case, the filtered EEG typically shows a fast ripple cooccurring with
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a ripple and a spike. To prevent a bias introduced by this type of high-frequency activity, we
specifically looked at the rates and durations of those fast ripples that cooccurred with a
spike but not with a ripple. These fast ripples were regarded as true fast activity
superimposed on a spike. Our focus in this study was the occurrence of HFOs independently
of spikes, which was why we also calculated rates and durations for all HFOs that occurred
outside spikes.

All analyzed channels in the 10 patients were grouped according to their anatomical
localization, spiking activity, and relation to the SOZ. We then evaluated HFO activity by
performing the following four comparisons: (1) spiking versus nonspiking (2) neocortex
versus Hc versus amygdala (Am) (3) seizure onset versus non-SOZ and (4) SOZ/spiking
versus SOZ/nonspiking versus non-SOZ/spiking versus non-SOZ/nonspiking channels.
Rates and durations of HFOs, percentage of spike durations that overlap with HFOs, and the
percentage of spikes and slow waves cooccurring with HFOs was compared between the
different groups of channels using one way ANOVA. Statistical results were corrected, if
necessary, for multiple comparisons and were analyzed with the post hoc Tukey’s honestly
significant differences (HSD) Test. The level of significance was set at p < 0.05.

In order to assess if the rate of occurrence of HFOs could be used to distinguish between
SOZ channels and non-SOZ channels, the distributions of the rates of HFOs in the SOZ
channels and non-SOZ channels were plotted in histograms. To construct the histograms, all
channels belonging to the SOZ were pooled and all those outside the SOZ were pooled,
independently of patients. Histograms were obtained for each event type, spikes alone,
spikes with ripples, spikes with fast ripples, ripples alone, and fast ripples alone. We
evaluated the probability that a channel belonged to the SOZ given its event rate. First,
thresholds were established to identify SOZ channels with 95% specificity for the entire
group of patients. Then, sensitivities for the identification of SOZ channels were calculated
on the group with those thresholds. We assumed the best predictor of the SOZ to be the rate
with the highest sensitivity and specificity. The same thresholds were then used to calculate
the sensitivities and specificities for each patient individually.

In total, 81 channels were analyzed and 8,602 spikes, 3,119 slow waves, 10,530 ripples and
8,100 fast ripples were marked. All event types could be identified in all patients (Table 2).
In channels with spikes, the mean rate of spikes was 10.6 + 13.7/min and the mean rate of
slow waves was 3.85 £ 5.6/min. In all but two patients, ripples were seen in more channels
than fast ripples (R: 6.7 £ 0.9 vs. FR: 5.8 + 1.5 channels). Their duration was also longer (R:
96.2 + 45.5 vs. FR: 40.6 £ 26.7 ms). The mean rate of ripples per channel was 12.9 + 11.2/
min, and for fast ripples 9.9 + 22.2/min. Fifty-five percent of the fast ripples occurred clearly
outside of ripples. We will first present results on the cooccurrence of spikes and HFOs, then
compare the occurrence of HFOs in spiking and nonspiking channels, and in different
anatomical structures. Finally we will give results on relationships between HFOs and the
SOZ.
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Relationship between spikes and HFOs

Ripples and fast ripples cooccurred outside spikes as well as with spikes and slow waves.

Ripples—A total of 62.3% of all ripples occurred within spikes. The mean% overlap
between spikes and ripples, indicating how much of the total spike time was co-occurring
with a ripple, was 69.9 + 24.7%, calculated on the spikes that included ripples. In general,
the duration of ripples was significantly longer when cooccurring with spikes than when not
(100.8 £ 42.5 ms vs. 93.4 + 46.1 ms, p < 0.001).

Fast ripples—A total of 48% of all fast ripples occurred within spikes. The mean
percentage overlap between spikes and fast ripples (31.2 + 19.1%) was lower than for
ripples. Fast ripples cooccurring with spikes were longer (38.8 + 27.2 ms) than those
occurring independently (34.4 = 21.9 ms). Fig. 1 shows a typical example for ripples and
fast ripples occurring together but independently of spikes.

Spikes and slow waves—Spikes were more likely to cooccur with ripples than with fast
ripples. A total of 44.3% of spikes carried ripples and the rate of spikes with ripples was 4.6
+ 6.9/min. The number of spikes with fast ripples was lower, as only 27.3% of all spikes
cooccurred with fast ripples. The rate of spike with fast ripples was 2.9 £ 5.9/min. Figs. 2-4
give examples of spikes that may or may not cooccur with HFOs. Sometimes the HFOs are
already visible within a spike on the extended time scale and unfiltered EEG as shown in
Fig. 4, and at other times HFOs within a spike are only visible after filtering (Fig. 3). If
filtering of a spike resulted in the occurrence of ripples and fast ripples, fast ripples would
cooccur with ripples, most of them in their center. It is therefore unlikely that a fast ripple
that results only from the filtering operation would be found cooccurring with a spike
without cooccurring with a ripple. We found 405 fast ripples within spikes but not
overlapping with any ripple (mean rate of 0.5 = 1.6/min).

HFOs were less often generated during slow waves. Only 36.4% of slow waves showed
ripples and 10.4% fast ripples. The rate of slow waves with ripples per channel was 1.4

+ 2.97/min and with fast ripples 0.4 £ 1.1/min. In 85.3% of the ripples within slow waves
and 67% of the fast ripples within slow waves, the HFOs had already started in the spike
preceding the slow wave and these HFOs therefore did not occur independently in the slow
wave. This resulted in a rate of independent ripples in slow waves of 0.18 + 0.62/min and of
independent fast ripples of 0.15 + 0.64/min. Due to the very low occurrence of independent
HFOs within slow waves, we decided not to analyze these events separately in the following
statistical comparisons.

Comparison of spiking versus nonspiking channels

Spikes could be observed in 57 of 81 channels and slow waves in 41 channels. Twenty-nine
of the spiking channels were within the SOZ. Ripples and fast ripples were seen in 81% and
61% of the spiking channels, respectively, and both were seen independently in 63% of the

nonspiking channels.
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Ripples—The rate of ripples in spiking channels (18.4 + 19.6/min) was significantly higher
than in nonspiking channels (2.3 + 5.3/min) (F[1; 808]: 175.5, p < 0.001). Additionally, the
duration of ripples was significantly longer in spiking channels (96.6 = 45.3 ms) compared
to nonspiking channels (90.2 + 48.2 ms) (F [1; 11053]: 12, p < 0.001). These differences
were also observed when looking only at the ripples outside spikes.

Fast ripples—Fast ripples showed a very similar pattern in regard to spiking and
nonspiking channels. They were significantly more common in spiking than nonspiking
channels (mean rate: 14.0 £ 26.4/min vs. 1.8 = 4.6/min) (F [1; 808]: 57.2, p < 0.001) and
their duration was longer in spiking than nonspiking channels (42.1 £ 26.9 ms vs. 32.4
+19.9 ms) (F [1; 8451]: 50.1, p < 0.001). These highly significant differences between
spiking and nonspiking channels might be linked to the seizure onset channels, all of which
were spiking. However, when comparing rates of ripples and fast ripples in spiking and
nonspiking channels outside the SOZ (R: 9.6 £ 13/minand FR: 2.1 £ 4.8 vs. R: 2.3

+ 5.3/min and FR 1.8 £ 4.5) these differences were reduced but still present (R: F [2; 809]:
185, p < 0.001; FR: F [2; 809]: 120, p < 0.001). This will be further discussed later.

Comparison of anatomical structures

We analyzed 39 channels in temporal and extratemporal Nc structures, 29 in the Hc and 13
in the Am.

Ripples—Ripples were significantly more common in Am and Hc compared to Nc
structures (mean rate; Am = 19.25 + 21/min; Hc = 21.9 + 20.8/min; and Nc = 4.3 + 7.25/
min) (F [2; 809]: 114, p < 0.001). The overlap between spikes and ripples was significantly
higher in the Am compared to Hc and neocortex (Am = 77.7 + 19.5%; Hc = 67.5 + 25.7%;
and Nc = 65.3 + 26.4%)(F [2; 3962]: 79.5, p < 0.001). This again correlated well with ripple
durations (F [2; 11052]: 214.7, p < 0.001), which were significantly higher within the Am
(105.29 + 50.21 ms) than in the Hc (97.53 £ 44.22 ms, p < 0.001) or Nc structures (77.5

+ 36.7 ms, p < 0.001). These differences remained similar when looking separately at rates
and durations of ripples coinciding and not coinciding with spikes.

Fast ripples—Fast ripple rates were significantly different between the anatomical
structures (F [2; 809]: 58.3, p < 0.001). Fast ripples were more frequent in the Hc than in the
Am and neocortex (mean rate: Hc = 19.8 + 33.2/min; Am = 10.8 + 15.4/min; and Nc= 2.2

+ 4.5/min). The percentage of overlap between spikes and fast ripples was in general smaller
than with ripples, but followed the same pattern, being higher in the Am(38.1 £ 18.1%) and
Hc (37 £ 19.4%), with no significant difference between these structures, than in Nc areas
(26.9 + 14.8%) (F [2, 2479]: 15.1; p < 0.001). The durations of fast ripples, however,
differed significantly between all anatomical structures (F [2, 8450]: 135.3; p < 0.001),
being longer in the Hc compared to Am and neocortex, and longer in Am than in neocortex
(Hc =43.1 + 28.9 ms; Am=38.2 + 19.4ms; and Nc= 28.3 + 16.4ms). These same differences
persisted for rates and durations of fast ripples occurring and not occurring with spikes
(Table 3). Typical HFOs for Nc structures are shown in Figs. 5 and 6.
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Spikes—The rate of spikes in general was significantly higher within the Am (14.7 £ 8.9/
min) and the Hc (13.7 £ 8.1/min) than in Nc structures (3.1 = 2.9/min) (F [1, 809]: 105.2; p
< 0.001). Differences between Hc and Am were not significant. The percentage of spikes
containing ripples and fast ripples was highest in the Am (R: 55.1 and FR: 48.4%) and Hc
(54.3 and 42.9%) and lower in the Nc areas (45.1 and 22.9%).

Comparison of SOZ and non-SOZ

Twenty-nine channels within the SOZ were compared with 52 channels outside the SOZ. All
channels within the SOZ were spiking channels whereas channels outside the SOZ included
spiking and nonspiking channels. All differences remained similar when the data were
analyzed separately for the different anatomical structures and therefore cannot be explained
by the location of the channels.

Ripples—The rate of ripples was significantly higher in the SOZ (25.8 + 21.1/min) than
outside (5.8 £ 10.5/min) (F [1, 809]: 325, p < 0.001). No differences in the percentage of
overlap between ripples and spikes were found, but ripples were significantly longer in the
SOZ (98.6 + 47.6 ms) than outside (90.1 + 39.2 ms) (F [1, 11054]: 78.9, p < 0.001). The
differences between channels inside and outside the SOZ could be observed independently
of whether the ripples occurred within or outside spikes.

Fast ripples—Fast ripples occurred significantly more often in the SOZ (24.3 + 32.4/min)
than outside (1.9 + 4.7/min) (F [1, 809]: 240; p < 0.001). This difference was highest when
looking at the total rate of all fast ripples, but was also significant when looking only at fast
ripples outside spikes or only those within spikes but outside ripples. No differences were
seen for the percentage of overlap between spikes and fast ripples. The duration of fast
ripples was significantly longer in the SOZ (41.7 = 27.4 ms) than outside (33.1 £ 19.5 ms)
(F [1,8451]: 96.3; p < 0.001).

Spikes—The rate of spikes was significantly higher in SOZ channels (20.4 + 15/min) than
non-SOZ channels (5.2 £ 9.1/min) (F [1, 809]: 230; p < 0.001). The same difference could
be observed for the percentage of spikes carrying fast ripples, with 52.5% of the spikes
cooccurring with fast ripples in the SOZ and only 34.7% of these spikes outside the SOZ.
The percentage of spikes cooccurring with ripples was similar inside (53.7%) and outside
the SOZ (50.3%).

Identification of the SOZ using HFOs

One goal of this study was to determine if using HFOs can help in the identification of the
SOZ and to evaluate whether this provides additional information as opposed to looking
only at spiking activity. The presence of HFOs independently of spikes suggests that they
may provide distinct information concerning the SOZ. We established a threshold aimed at
separating channels located inside the SOZ from channels located outside. We did not expect
to find a threshold that would result in a perfect separation, but we aimed for a high
specificity (identifying channels that are almost surely in the SOZ) and determined the
sensitivity (proportion of SOZ channels that could be identified) for each event type.
Therefore, we calculated a threshold for the different rates of events (ripples, fast ripples,
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and spikes), above which channels could be determined to belong to the SOZ with a
specificity of 95% (Table 3), and we calculated the corresponding sensitivity. The best
sensitivity was found for the rate of spikes with fast ripples (54.5%) and the rate of fast
ripples alone (52.2%). This sensitivity was higher than when looking at ripples alone
(37.5%), spikes alone (33.4%), or spikes with ripples (30.2%). Fig. 7 shows the distributions
of the different rates of events for channels inside and outside the SOZ. The rates that would
allow the identification of SOZ channels with a specificity of 95%, as calculated from the
distributions, are also shown along with the associated sensitivities corresponding to the
95% specificity.

The above calculations included all the channels from all patients, with each channel
considered independently (all channels were pooled as belonging to the SOZ or not,
independently of patients). In a second step, we retained the same thresholds, but calculated
sensitivities and specificities for each patient (Table 4). In 7 of 10 patients, the SOZ was
better predicted by looking at HFOs than at spikes alone (for 6, the fast ripples were the best
predictor, for one it was ripples). The rates established by the average of all patients fail to
predict the SOZ in three other patients (patients 8 to 10). They had Nc seizure onset and
comparably lower rates of HFOs. To calculate valuable rates for these patients, it would
probably be useful to establish separate thresholds of ripple and fast ripple rates in Nc and
temporal onset patients in a larger group of patients.

Discussion

We have demonstrated that high-frequency oscillations between 80 and 500 Hz can be
recorded with macroelectrodes and occur in large amounts independently of spikes: they
were identified in nonspiking channels, and in spiking channels 38% of ripples and 52% of
fast ripples were independent of spikes. Additionally, HFOs occurred more often inside than
outside the SOZ and the identification of the SOZ was improved in 7 of 10 patients by using
HFOs compared to spikes alone. Fast ripples distinguished between the two areas better than
ripples. Moreover, we showed that ripples and fast ripples were more frequent and of longer
durations in the Am and Hc compared to the neocortex. Finally, HFOs cooccurring with
spikes were of longer duration than the ones outside spikes. The rate of cooccurrence of
spikes and HFOs did not vary with respect to anatomical or seizure onset regions.

Methodological issues

In this study, we used macroelectrodes to detect HFOs (Urrestarazu et al., 2007), with a
surface contact that is approximately 700 times larger than the microwires used in other
human studies (Staba et al., 2004). These macroelectrodes most likely record HFOs
generated synchronously over larger brain volumes. However, we could detect ripples and
fast ripples in similar frequency ranges as described in microelectrodes and the rates of HFO
occurrence were even higher than in the studies with microelectrodes. This higher rate might
reflect the ability of larger electrodes to record highly synchronous events from a more
extended brain area than microelectrodes, which are more limited in their spatial recording
ability. Even if the durations of the HFOs were slightly longer in this study (R: 96 ms; FR:
40 ms) compared to microelectrodes (R ~ 57 ms; FR ~ 25 ms), all events were clearly
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identified as distinct oscillations and their shapes, as demonstrated in the figures, were
similar to those seen with microelectrodes (Bragin et al., 1999; Draguhn et al., 2000).

HFOs are more often detected during slow wave sleep and it was hypothesized that this
phenomenon is mainly the result of a higher synchronization of neuronal populations during
slow wave sleep (Staba et al., 2004). For the same reason, HFOs are less frequent during
REM sleep, where rhythmic discharge patterns are replaced by tonic firing patterns resulting
in a reduced neuronal synchrony. We therefore selected segments of slow wave sleep for our
study. This additionally ensured that there would be a large number of spikes as these are
more likely to occur during sleep and usually are seen over more extended brain areas than
during wakefulness (Sammaritano et al., 1991; Clemens et al., 2003).

HFOs in human epileptic brain often occur at the same time as IEDs (Bragin et al., 2002). In
a human study with microelectrodes (Staba et al., 2004), the authors analyzed HFOs by
filtering and thresholding the EEG and have not separated HFOs occurring during spikes
from those occurring independently. Another problem is the issue of filtering. Fast transients
such as spikes intrinsically include high frequencies; the sharper the transient, the more it
includes high frequencies, which appear as HFOs when filtering out low frequencies (this is
the case even if the digital filter is designed to avoid ringing). In a detailed visual analysis,
our group showed that HFOs that represent an effect of filtering alone and do not reflect
HFOs superimposed on spikes are rare (Urrestarazu et al., 2007). In the current study, spikes
and HFOs were marked in two different copies of the same EEG sample, to avoid a bias in
the selection of HFOs by the visualization of spikes. As fast ripples resulting from filtering
spikes always cooccur with ripples, we also performed a subanalysis looking only at fast
ripples occurring at the time of spikes but in the absence of ripples. The rate of such fast
ripples was lower than the total rate but still all significant differences described in this study
could be seen. It also has to be pointed out that sharp spikes resulting in HFOs in the filtered
signal could still be interesting if they have a specific relevance in predicting the SOZ. For
these reasons, all HFOs and spikes were used for analysis. The above mentioned
phenomenon could also apply to the filtering of ripples which could include faster transients
which then would occur as fast ripples when applying a 250 Hz filter. We cannot exclude
that some of the reported fast ripples actually represent faster segments of a ripple event.
However, 55% of the fast ripple occurred independent of ripples and subanalysis with only
these events resulted in the same reported significant differences in the results. The
differentiation between ripples and fast ripples derives from spectral analysis (Staba et al.,
2002) and whether these events are always distinct from each other still remains to be
clarified.

Relationship between spikes and fast oscillations

IEDs are believed to reflect summated membrane potentials from abnormally
hypersynchronous neurons within epileptic tissue. Spikes probably represent paroxysmal
depolarization shifts, while slow waves following spikes are caused by prolonged
hyperpolarization (Matsumoto et al., 1964). HFOs have been mainly described within the
spike itself, and the power at high frequencies was found to be reduced after the spike and
within the slow waves (Urrestarazu et al., 2006). In this study, we looked at the overlap of
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spikes and slow waves with the HFOs and confirmed that HFOs are rarely generated within
the slow wave. A high proportion of the HFOs occurring within slow waves had indeed
started within the spike with only a small overlap with the slow wave, suggesting that the
HFO is generated during the spike and stops with the occurrence of the slow wave.

In spite of a high degree of cooccurrence of spikes and HFOs, our study suggests that the
two phenomena have also some degree of independence. A high percentage of HFOs
occurred outside spikes and even in nonspiking channels. However the duration of HFOs
within spikes was generally higher than outside. Differences in duration between HFOs at
different times might be the result of different strengths of GABA-mediated inhibition after
the HFO (Staba et al., 2002). This hypothesis was strengthened by the finding that HFOs
were found in increased rates and durations after applying GABA receptor antagonists
(Bragin et al., 2002; Jones & Barth, 2002). Hence, spikes generated in the same neuronal
network as HFOs might increase the likelihood of occurrence and the duration of HFOs.

The difference between pathologic and physiologic HFOs in humans remains unclear. In
particular, ripples are known to occur physiologically and result from synchronous
GABAergic interneuron inhibition (Chrobak & Buzsaki, 1996). However, the same
interneurons are excitatory during brain development and in some circumstances can
generate pathological HFOs in the ripple or fast ripple range (Le Van Quyen et al., 2006).
For instance, in mesial temporal lobe epilepsy, spikes, and seizures may result from an
imbalance between excitatory and inhibitory interneurons and dysfunctional GABA
inhibition (Khazipov et al., 2004; Magloczky et al., 2005). It might be hypothesized that, in
this disorder, pathological HFOs also result from excitatory GABAergic interneurons or an
imbalance between excitatory and inhibitory interneurons within the epileptic tissue. HFOs
are most frequent and largest in amplitude during epileptic seizures (Bragin et al., 2004;
Jirsch et al., 2006); they therefore occur most frequently when inhibitory networks failed to
a point that epileptic activity could no longer be restricted. IEDs and HFOs are possibly
independent hypersynchronous excitatory events, generated within similar neuronal
networks.

We observed ripples and fast ripples in nonspiking channels. Whether all of these marked
events were actually pathological cannot be definitely demonstrated, as we are not able to
identify healthy tissue with enough certainty. To our knowledge, fast ripples have not yet
been reported to be physiologic oscillations during sleep. They were, however, described
during wakefulness and during normal sensory information processing (Curio et al., 1997;
Gobbele et al., 2004). We observed ripples and sometimes fast ripples in regions that were
outside the presumed SOZ area and within apparently normal brain tissue as it appeared on
the MRI. Whether these high-frequency oscillations represent potentially epileptogenic areas
cannot be answered here.

HFOs in different anatomical areas

Ripples and fast ripples have first and most often been described in mesial temporal
structures. Ripples are thought to be physiological and are usually seen in the Hc and
entorhinal cortex, resulting from feedback networks and bursts of inhibitory GABAergic
interneurons (Bragin et al., 1999; Buhl & Buzsaki, 2005). On the other hand, fast ripples
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appear to be the result of damaged “ripple networks” in epileptic mesial temporal areas
(Staba et al., 2004), and studies evaluating the role of fast ripples in epileptogenic networks
in humans were mainly focused on these anatomical structures. In recent studies, HFOs of
lower frequencies (60-150 Hz) were identified in epileptic neocortex (Ochi et al., 2007) and
previous studies by our group identified ripples (80-250 Hz) and fast ripples (250-500 Hz)
in Nc SOZ areas (Jirsch et al., 2006; Urrestarazu et al., 2007). In this study, we included six
patients with temporal lobe seizure onset and four with extratemporal Nc seizure onset and
investigated Nc and mesial temporal channels (even if there were more seizure onset
channels in the mesial temporal structures).

Temporal lobe epilepsy is the prototypic intractable focal epilepsy in humans and the Am
and Hc are known to be epileptogenic more often than other brain areas. Whether this is
caused by their anatomy or special vulnerability to tissue damage is not yet understood. It is
first interesting to note that HFOs were as commonly found in the Am as in the Hc.
Although the circuitry of the Hc seems to lend itself to the generation of HFOs, that of the
Am, quite different, appears just as likely to generate HFOs. HFOs in the ripple range have
been described physiologically in the Am (Ponomarenko et al., 2003), but never in relation
to epileptic changes. However, the Am was characterized by high epileptogenic properties in
the kindling model (Mclntyre et al., 2002) and in vitro preparation (Benini et al., 2003).

Nearly all patients implanted in both temporal lobes show frequent bitemporal spiking, even
if during the investigation and based on postsurgical results it is frequent that only one of
their temporal lobes seems to be truly epileptogenic (Hamer et al., 1999). If HFOs and
spikes need similar conditions and changes in neural excitability, it is not surprising that they
occur most frequently in the same anatomical structures. The study of Staba and coworkers
raised the question of whether pathological HFOs occurred from alteration of physiological
HFOs (Staba et al., 2004). In this study, we showed that most of the recorded ripples were in
the SOZ, and, like for the fast ripples, they increased in the area where the seizures were
generated. These results suggest that ripples are also pathological and that fast ripples do not
replace normal physiological ripples. Not only did we not see a decrease in ripples inside the
SOZ, we actually saw an increase. It is therefore unlikely that fast ripples replaced
physiological ripples. It is also unlikely that most of the observed ripples were physiological,
since they were found more often in the SOZ.

HFOs occurred at a lower rate in neocortex compared to Am and Hc, but both ripples and
fast ripples were more frequent in the Nc regions inside the SOZ than outside. The reason
for this lower Nc propensity to generate HFOs is unclear. It is congruent with our earlier
study showing that the high-frequency changes following a spike are different in mesial
temporal structures and neocortex (Urrestarazu et al., 2006).

Identification of the SOZ

Many studies have shown that in general electrode contacts lying within the SOZ show
spiking activity (Cendes et al., 1996; Bautista et al., 1999; Ray et al., 2007). This
phenomenon was observed in our patients as well, and we could not identify seizure onset
channels without concomitant spiking activity. However, spikes were also often observed in
channels outside the SOZ. Therefore, spikes seem to be a highly sensitive but not very
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specific indicator of the SOZ. It has been discussed whether the localization, number, and
multifocality of spikes seen in scalp and intracranial EEG have a predictive value for seizure
outcome after surgery. This remains a matter of debate in both mesial temporal and Nc
epilepsies (Bautista et al., 1999; Holmes et al., 2000; Hufnagel et al., 2000). We do not have
the postsurgical seizure outcome of our patients, as they were all recorded recently.
Additionally, we only could identify the seizure onset in the spatially limited area covered
by the electrodes and this prevents the exact determination of the SOZ. However, all patients
were selected to have localized SOZ and in eight patients, multifocal interictal activity was
seen and, hence, spikes alone would not have allowed the identification of the SOZ. Our
study showed that HFOs occurred to a high degree independently of spikes and, when they
cooccurred with spikes, this seemed to be more often the case in SOZ areas. Therefore, it
became interesting to investigate whether they predicted the SOZ better than spikes.
Subsequently we demonstrated that incorporating information about HFOs increased our
ability to detect the seizure onset channels: spikes with fast ripples and fast ripples
themselves are more likely to localize the SOZ than spikes taken indiscriminately. We
attempted to establish rate thresholds for HFOs, which would identify the SOZ, but these
appear dependent on the potential area of seizure onset. As described above, temporal lobe
structures generate manymore HFQOs than other Nc brain areas. Therefore rate thresholds
established in temporal regions cannot be used for other Nc regions. It might be possible to
establish different rate thresholds of HFOs that enable to delineate the SOZ in patients with
different types of epilepsies, but a larger number of subjects and postsurgical data are needed
to test this hypothesis.

In this study, ripples and fast ripples behaved in parallel, increasing in the SOZ and spiking
regions, but like in our previous study (Urrestarazu et al., 2007), we found that fast ripples
were more specific to the SOZ region than ripples. We conclude that future analysis of
HFOs should not focus only on fast ripples, as ripples seem to indicate SOZ areas as well.
Our findings and that of others (Ochi et al., 2007) in some way contradict the findings of
Staba and colleagues using microelectrodes in humans (Staba et al., 2004). This difference
remains to be elucidated.

It appears that HFOs are an important electrophysiological manifestation of the epileptic
tissue. They are correlated to the spiking region and to the SOZ but are partly independent of
them. Whether they represent a region of possible epileptogenicity can only be assessed by
postsurgical seizure outcome results. It also remains unclear whether HFOs actually
contribute to the generation of seizures. In animal studies the occurrence of HFOs and their
frequency could be clearly linked to the occurrence of spontaneous seizures and their latent
period after injection of kainic acid (Bragin et al., 2004). There has also been evidence that
HFOs might increase before low-Mg?2* seizure in the in vitro model (Khosravani et al.,
2005). Therefore HFOs could contribute to seizure generation, but in an independent study
of our group looking at HFOs during the preictal period, we so far could not find a clear
change in the HFOs before the onset of seizures (Jirsch et al., 2007).

It has to be kept in mind that the additional information provided by HFOs is gained by
looking at only 10 min of slow wave sleep. Moreover, the rates of ripples and fast ripples per
minute remained quite stable, so this interval could probably be reduced. The identification
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of HFOs is time consuming but automatic methods are currently under development
(Chander et al., 2006). The threshold we used to separate the channels inside from channels
outside the SOZ was tailored to this particular group of patients; it would need to be
validated on a new dataset and without any a priori knowledge of the SOZ. A future project
will evaluate these findings by using postsurgical data and assess the best time interval for a
robust HFO analysis.
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Patient 5 presented with interictal and ictal signs of bitemporal epilepsy on scalp EEG. He
was implanted bitemporally aiming at the amygdala (LA, RA) and hippocampus (LH, RH).
The MRI revealed a malrotation of the right hippocampus. All seizures originated from the
right mesial temporal structures, where the highest rates of HFOs were found. (A) The
unfiltered EEG shows frequent spikes in both mesial TL structures. The thin gray section in
A is expanded in time and amplitude in B, C, and D demonstrating the cooccurrence of
ripples and fast ripples outside spikes in channel RH1. Additionally, a ripple is seen in
channel RH2. Note that C and D have a much higher gain than A and B.
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A unfiltered EEG, B Unfiltered EEG, C 80 Hz High Pass Filter, D 250 Hz High Pass Fileer,
normal time scale extended time scale extended time scale extended time scale
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Figure 2.
Same unfiltered EEG as in Fig. 1 (A). This time the selection includes two spikes over LAl

and LH1. Both spikes lied outside of the seizure onset zone and in the healthier mesial
temporal lobe. The expanded sections of the unfiltered EEG (B) and filtered EEG (C, D)
show no high-frequency oscillation during this time period.
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A unfiltered EEG, B Unfiltered EEG, C 80 Hz High Pass Filter, D 250 Hz High Pass Filter,
normal time scale extended time scale extended time scale extended time scale

LAI-Ref| P e e

LHI-Ref|

LH2-Ref|

RAI-Ref| o ———y 4
RHI-Ref w
RH2-Ref = —— i)

500 v 500 4V 104V
—is =100 ms 00 ms L2500 ms

Fast ripple WSS QRipple

Figure 3.
Same unfiltered EEG segment as in Figs. 1(A) and 2 (A). The gray selection shows two

spikes recorded simultaneously at RH1 and RH2 in the SOZ. No oscillation is visible in the
spike at RH1 in the extended unfiltered EEG (B), while the spike in RH2 shows a very short
and small oscillation. The filtered EEG segments clearly reveal a ripple and fast ripple
oscillation during these spikes (C, D). Compared with Fig. 2, this demonstrates that spikes
which look similar in the unfiltered EEG might differ in whether they carry high-frequency
oscillations or not. This difference is only visible after filtering.
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A unfiltered EEG, B Unfiltered EEG, C 80 Hz High Pass Filter, D 250 Hz High Pass Filter,

normal time scale extended time scale extended time scale extended time scale

i

LH2-Ref

RHI-Ref

RH2-Ref|

00V 1 3004V 100ms W04V 10oms 104V 100ms

Fast ripple s Ripple [ ] HFO superimposed on the spike

Figure 4.
Patient 1 was implanted bilaterally in the mesial temporal structures. Bilateral interictal

spikes were observed, but all recorded seizures started in the left mesial temporal structures.
The unfiltered EEG shows three spikes over LH1 and LH2 (A). The selected gray segment
shows the extended unfiltered EEG of one spike, which in LH1 showed a clear oscillation
riding on the spike (B). When the EEG is filtered, ripples and fast ripples are seen at the time
of the spike in LH1 and LH2 channels, but much more prominently at LH1 (C, D).
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A unfiltered EEG, B EEG filtered at 250 Hz, (C EEG filtered at 250 Hz,
normal time scale extended time scale extended time scale 2
RA | S— MMW
-Ref
W

o wwwmw AP Pt
2 I
RAN | o TP T -

PSS v { L L R
-Ref 1
RAN 4
-Ref
RAN 6 Jatrme tn st o, "
-Ref
L N ) B L e et e T
-Ref
RPN 4 |~ SRRV ..
“Ref |500pV i 10 uv 100 ms |I0pV 100 ms

Fast Ripple
Figure 5.

The MRI of patient 6 showed two heterotopic nodules located in the right trigonal area. Two
contacts are inside these nodules (RAN1, RPN1). Ictal and interictal discharges were seen
on the scalp over the right temporal lobe and the patient was implanted in the right
hippocampus (RHC) and Amygdala (RA). Contacts RA1 and RHC1 were in the SOZ. This
figure shows two selections (gray) of the unfiltered EEG. The first demonstrates a fast ripple
outside spikes in a nonspiking channel (RPN1). This channel showed only fast ripples and
no other epileptiform activity and none of the patient’s seizure was generated in this lesion.
The second selection shows a fast ripple inside SOZ but outside a spike. It is important to
notice that most of the HFOs in neocortical areas and outside spikes were shorter and of
lower amplitude than those within spikes. This is visible when comparing with the HFOs in
Fig. 1 inside the mesial temporal lobe or with the ones in Figs. 3 and 4 cooccurring with
spikes.
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A unfiltered EEG B 80 HzHigh Pass Filter, expanded time scale € 250 Hz High Pass Filter, expanded time scale

ISOGW 15

Fast ripple

Figure 6.
[Correction added after online publication July 11, 2008: The gain for the EEG traces in part

B of Figure 6 was incorrect in the original publication. A corrected figure is provided
above.] Patient 10 presented with frontal lobe seizures and a focal cortical dysplasia in the
left second frontal gyrus. Electrode LS was implanted inside this area with contacts 1-5 in
the lesion. All of these channels were spiking and we selected the three displayed in this
figure for analysis. The selection shows a fast ripple (at LS1) occurring independently of
spiking or ripple activity. Even though all of the patient’s seizures were generated within
these channels, the rate of HFOs was generally low compared to that observed in the mesial
temporal structures in other patients. As can be seen here the fast ripples were shorter and
more discreet (compare with Fig. 1).
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Figure 7.

Page 24

Histograms comparing channels inside and outside the SOZ. The five histograms show the
rates of spikes, ripples, fast ripples, spikes with ripples and spikes with fast ripples. Green
indicates rates in SOZ and blue outside SOZ. The thresholds for 95% specificity are shown
as black vertical lines. If the SOZ was not known and if a rate above this threshold was
selected to separate SOZ from non-SOZ channels, the indicated sensitivity would result. The
rate of fast ripples and of spikes with fast ripples showed the highest sensitivity in indicating
the SOZ.
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