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Interictal scalp fast oscillations as a marker

of the seizure onset zone

ABSTRACT

Objective: This study aims to identify if oscillations at frequencies higher than the traditional EEG
can be recorded on the scalp EEG of patients with focal epilepsy and to analyze the association of
these oscillations with interictal discharges and the seizure onset zone (SOZ).

Methods: The scalp EEG of 15 patients with focal epilepsy was studied. We analyzed the rates of
gamma (40-80 Hz) and ripple (>80 Hz) oscillations, their co-occurrence with spikes, the number
of channels with fast oscillations inside and outside the SOZ, and the specificity, sensitivity, and
accuracy of gamma, ripples, and spikes to determine the SOZ.

Results: Gamma and ripples frequently co-occurred with spikes (77.5% and 63% of cases). For all
events, the proportion of channels with events was consistently higher inside than outside the
SOZ: spikes (100% vs 70%), gamma (82% vs 33%), and ripples (48% vs 11%); p < 0.0001.
The mean rates (events/min) were higher inside than outside the SOZ: spikes (2.64 + 1.70 vs
0.69 + 0.26, p = 0.02), gamma (0.77 = 0.71 vs 0.20 = 0.25, p = 0.02), and ripples (0.08 =
0.12 vs 0.04 = 0.09, p = 0.04). The sensitivity to identify the SOZ was spikes 100%, gamma
82%, and ripples 48%; the specificity was spikes 30%, gamma 68%, and ripples 89%; and the
accuracy was spikes 43%, gamma 70%, and ripples 81%.

Conclusion: The rates and the proportion of channels with gamma and ripple fast oscillations are
higher inside the SOZ, indicating that they can be used as interictal scalp EEG markers for the
SOZ. These fast oscillations are less sensitive but much more specific and accurate than spikes to
delineate the SOZ. Neurology® 2011;77:524-531

GLOSSARY

FIR = finite-impulse response; HFO = high-frequency oscillation; MNI = Montreal Neurological Institute; SOZ = seizure
onset zone.

The conventional range of EEG analysis usually involves frequencies below 40 Hz. Studies over
the last decade suggest, however, that high-frequency oscillations (HFOs) may have an essential
role in normal and pathologic brain function. Reports using microelectrodes combined with
depth EEG electrodes showed the presence of HFOs in epileptic patients.!> HFOs were also
found using standard macroelectrodes during the ictal* and interictal periods.>-® They appear
to be a good indicator of the seizure onset zone (SOZ) and of disease activity’ and possibly
predict outcome after epilepsy surgery.'

For clinical application, it would be preferable to record fast oscillations noninvasively. Early
studies on scalp EEG identified fast oscillations in only 0.2%-3.4% of epileptic patients.!'"!3
Recently, there has been a renewed interest for the study of fast oscillations with scalp
EEG.'"*~" While infrequent, interictal fast oscillations were specific in identifying children with
epilepsy and localized ictal onsets.'® Ictal gamma activity was recorded on scalp EEG during
epileptic spasms and differed from muscle artifacts.'®!? Even frequencies in the ripple band
were measured in children with status epilepticus during sleep.'*
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This study aims to identify interictal fast
oscillations in the gamma (40—-80 Hz) and
in the ripple (>80 Hz) bands on the scalp
EEG of epileptic patients and to characterize
the relationship between these oscillations
and the interictal epileptiform discharges and
the SOZ. We hypothesize that interictal fast
oscillations can be recorded on the scalp EEG
and could be markers of epileptogenic brain
tissue.

METHODS Patient selection and recording methods.
Fifteen consecutive patients (31.7 = 11.6 years old, 13 women)
with focal epilepsy were enrolled and underwent EEG-telemetry
investigation at the Montreal Neurological Institute (MNI). The

[ Figure 1 Patient 10: Examples of artifacts and ripple oscillations ]
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1) Short EMG bursts. 2) Ripples co-occurring with sharp wave. (A) Raw EEG. (B) EEG filtered
with high-pass filter of 80 Hz. Gray section in A is expanded in time and amplitude in B. Note
that for this and subsequent figures the calibration is different in the left and right part of
the figure, but is the same for the top and bottom parts. Ripple oscillations are underlined.
The waveform morphology of nonartifactual fast oscillations is more rhythmic and regular
in amplitude and frequency than artifactual oscillations.

clinical purposes of EEG-telemetry included determination of
seizure classification and epilepsy syndrome, and presurgical
evaluation. The only inclusion criterion was the presence of at
least one spike per minute during a previous record.

Recordings were performed using the Harmonie system
(Stellate, Montreal, Canada) with scalp electrodes placed accord-
ing to the international 10-20 system, with additional zygo-
matic electrodes and electrodes at F9/F10, T9/T10, and P9/P10,
and reference CPz. EEG acquisition comprised a low pass filter
at 200 Hz and sampling at 600 Hz.

Standard protocol approval, registrations, and patient
consents. This study was approved by the MNI and Hospital
Research Ethics Committee and all patients signed an informed

consent.

Data selection and marking of spikes and fast
oscillations. We started with 457 channels (14 patients with 31
channels and one patient with 23 channels). We excluded 14
channels because of malfunction or continuous artifacts, leaving
443 channels for analysis. Analyses were performed using a bipo-
lar montage, during periods of 30 minutes of non-REM sleep
identified visually. Sleep records were chosen since fast oscilla-
tions and spikes occur most frequently in this period.?*?!

The seizure onset zone (SOZ) was defined as the scalp area
with the first ictal discharge prior to or concomitant with clinical
onset. All channels involved at the beginning of the ictal electro-
graphic discharge were considered as the SOZ. If the clinical
onset preceded the EEG onset, the onset was considered as non-
localized. Spikes and fast oscillations were visually marked inde-
pendently of each other. Spikes were marked using a 10 s/page
time scale. The spike markers were then made invisible so that
the marking of fast oscillations was not biased by the knowledge
of spike localization. We considered fast oscillations only events
containing at least 4 consecutive oscillations and amplitude clearly
greater than the background. For identifying fast oscillations, chan-
nels were displayed with a 250 mm/s time scale. The computer
screen was split to show the scalp EEG with the high-pass filter at 40
Hz and at 80 Hz simultaneously, thus removing the “standard”
EEG and showing only fast activity. A finite-impulse response (FIR)
filter was used to minimize ringing. We categorized fast oscillations
as gamma activity (40—80 Hz) and ripples (>80 Hz). This proce-
dure is the same as that used in our studies of intracerebral HFOs.?
After marking all events, the EEG was reviewed a second time by
the same reviewer for verification.

It is possible that HFOs are artifactual, particularly coming
from the EMG activity from scalp muscles, since this activity
includes the frequencies of interest in this study. This possibility
is diminished but not eliminated by the selection of sleep peri-
ods. We developed a procedure to identify oscillations of nonce-
rebral origin. The procedure and examples are described in

Results.

Data analysis. We calculated for each channel rates of spike,
gamma, and ripple oscillations per minute (computed for every
1-minute interval) and the co-occurrence of spikes and fast oscil-
lations; co-occurrence was an overlap of the 2 markers, indepen-
dently of the duration or sequence of both events. All the
channels studied, with or without fast oscillations or spikes, were
classified as inside or outside the SOZ.

We analyzed the rates of gamma and ripple, co-occurrence of
spikes and fast oscillations, number of channels with fast oscilla-
tions inside and outside the SOZ, as well as the specificity, sensi-
tivity, and accuracy of gamma, ripples, and spikes to determine

the SOZ.
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Sensitivity was defined as [SOZ channels with fast oscilla-
tions/(SOZ channels with fast oscillations + SOZ channels
without fast oscillations)] x 100, specificity as [non-SOZ chan-
nels without fast oscillations/(non-SOZ channels without fast
oscillations + non-SOZ channels with fast oscillations)] x 100,
and accuracy [(SOZ channels with fast oscillations + non-SOZ
channels without fast oscillations)/total channels] x 100.

We applied the Kolmogorov-Smirnov test to define the type
of distribution of the variables. Since the variables had a normal
distribution, we used the parametric Student paired ¢ test. For
categorical variables, we applied the x* test according to the ex-
pected frequency in the cell. When correlating continuous vari-
ables (spike rates vs fast oscillation rates), we computed the
correlation coefficient. The level of significance was 0.05. The

data are presented as mean = SD.

RESULTS Scalp EEG and clinical data. Duration of
epilepsy in our 15 patients was 12.6 = 8.8 years. The

[ Figure 2 Patient 11: Examples of artifacts and ripple oscillations ]
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1) Short EMG bursts. 2) Ripples independent of epileptiform discharge. (A) Raw EEG. (B)
EEG filtered with high-pass filter of 80 Hz. The ripple oscillations are underlined.
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age at the first epileptic seizure was 18.5 = 11.6
years. No lesion was detected in the MRI in 9/15
patients (60%). During EEG telemetry all patients
were taking their antiepileptic medication, which
were tapered if necessary. Interictal spikes were de-
tected in frontal, temporal, parietal, central, and oc-
cipital regions. We could identify a SOZ in 8/15
patients (53.3%); in 6/15 (40%) the discharge at seizure
onset was not localized or lateralized; one patient had
no clinical seizure or ictal discharge. Table e-1 on the
Neurology® Web site at www.neurology.org shows
the clinical, neuroimaging, and scalp EEG data.
Three patients underwent an intracerebral EEG
study after noninvasive evaluation. Epilepsy surgery
was indicated in 5 patients including 2 who had

depth electrodes.

Artifacts. To minimize artifacts we studied only sam-
ples of non-REM sleep. After reviewing several re-
cords with combined filtered and unfiltered signals,
we determined that almost all artifacts that could be
confused with cerebral oscillations corresponded to
short EMG bursts. Examples of artifacts and cerebral
oscillations in the same patient are shown in figures
1-3. We developed a 2-step procedure to exclude
these artifacts. The first step was during the identifi-
cation of fast oscillations, when the channels were
displayed with a 250 mm/s time scale and filtered at
40 and 80 Hz. We considered as artifacts the oscilla-
tions with irregular morphology, very high ampli-
tude compared to the background, or great variations
of amplitude and frequency during the train of oscil-
lations. The waveform of nonartifactual fast oscilla-
tions was more rhythmic and regular in amplitude
and frequency than was the irregular morphology of
muscle activity. The second step was the elimination
of oscillations marked in the first step if they were
associated with muscle, movement, and electrode ar-
tifacts as identified on the EEG displayed with stan-
dard parameters (30 mm/s).

Fast oscillations and interictal epileptiform discharges.
Figures 4 and 5 show representative examples of
gamma and ripples co-occurring with spikes and in-
dependently of spikes. Interestingly, we could detect
some fast oscillations even in the raw EEG before
filtering, when expanding the time scale. Figure e-1
also illustrates an interictal EEG viewed at succes-
sively expanded time scales without filtering and
with a high pass filter at 5 Hz to remove only low
frequencies, thus allowing a better appreciation of
fast activity.

Gamma activity was recorded in all 15 patients
and ripples in 12/15 (80%). Gamma and ripples
were recorded in all regions studied: frontal, tempo-
ral, parietal, central, and occipital. Considering all

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.
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443 channels evaluated, the rates of occurrence were
as follows: spikes (1.63 = 2.04/min), gamma
(0.36 = 0.83/min), and ripples (0.16 = 0.54/min).
Taking into account only the channels where these
events were recorded, the rates were as follows: spikes
(1.93 = 2.08/min; 374 channels), gamma (0.65 =
1.03/min; 242 channels), and ripples (0.49 = 0.85/
min; 146 channels).

Increased rates of spikes were accompanied by in-
creased rates of gamma (p < 0.001) and ripples (p <
0.001). Gamma and ripples co-occurred with spikes
in 77.5% and 63.4% of cases, respectively. Spikes
co-occurred in 14.5% of cases with gamma and 6.6%
with ripples. Gamma and ripples could be recorded
without temporal overlap with spikes; however, in
most cases they were recorded in spiking channels. In
only 2 patients, in addition to being detected in spik-

[ Figure 3 Patient 4: Examples of artifacts and gamma oscillations ]
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1) Short EMG bursts. 2) Gamma co-occurring with polyspikes. (A) Raw EEG. (B) EEG filtered
with high-pass filter of 40 Hz. The gamma oscillations are underlined.

ing channels, fast activity was recorded in channels
without spikes. In one of these patients, fast activity
was seen over 2 nonspiking channels and in the other
over one nonspiking channel; fast oscillations oc-
curred in both at slower rates (0.03/min) than in

spiking channels.

Fast oscillations and SOZ. In the 8 patients with a
defined SOZ, 239 channels were studied: 195 non-
SOZ channels and 44 SOZ channels. Among them,
181 spiking channels were detected. For all events,
the proportion of channels inside the SOZ was con-
sistently higher than outside the SOZ: spikes (44/44
[100%] vs 137/195 [70.3%], p < 0.0001, x?),
gamma (36/44 [81.8%] vs 65/195 [33.3%], p <
0.0001, x?), and ripples (21/44 [47.7%] vs 22/195
[11.3%], p < 0.0001, x*). The number of channels
in which spikes co-occurred with gamma (31/44
[70.5%] vs 47/195 [24.1%], p < 0.0001, X°) or rip-
ples (16/44 [36.4%] vs 15/195 [7.7%], p < 0.0001,
X°) was also significantly higher inside than outside
the SOZ. Channels in which spikes co-occurred with
fast oscillations were more reliable SOZ markers
than channels in which spikes were not associated
with fast oscillations (table e-2).

Additionally, for all events, the mean rates were
higher inside than outside the SOZ: spikes (2.64 =
1.70 vs 0.69 * 0.26, p = 0.02, paired 7 test), gamma
(0.77 £ 0.71 vs 0.20 = 0.25, p = 0.02), and ripples
(0.08 £ 0.12 vs 0.04 = 0.09, p = 0.04). The sensi-
tivity to identify the SOZ was 100% for spikes, 82%
for gamma, and 48% for ripples; the specificity was
30% for spikes, 68% for gamma, and 89% for rip-
ples; and the accuracy was 43% for spikes, 70% for
gamma, and 81% for ripples.

DISCUSSION Several studies demonstrated the sig-
nificance of oscillations in the 80 to 500 Hz range in
the context of intracranial investigations in patients
with focal epilepsy.!=#¢721-23 These studies report
that the HFO generator is very small: 1 mm® using
microelectrodes? and in the range of 1 or a few cm’
using macroelectrodes.” It has been shown that a
much larger area of synchronized cortex (at least 6 to
9 cm?) is required for the corresponding activity to
appear on the scalp.?* In this context, it is unlikely
that the HFOs described in intracranial studies could
be visible on the scalp. It is important to note that
the skull and other tissues between brain and scalp do
not attenuate the frequencies in the 80-500 Hz
range more than the standard EEG frequencies be-
low 40 Hz,> despite what is sometimes written in
EEG textbooks.

We embarked on this study in spite of this issue of
generator size because several publications reported
high-frequency activity recorded on the scalp. Inter-
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ictal fast oscillations in beta' and gamma range'®
were also recorded on scalp EEG in patients with
generalized epilepsy, and in children with cata-
strophic epilepsies.!#16-1 Recently, ripples were re-
corded on scalp EEG in children with sleep-induced
electrical status epilepticus.'

We confirmed that fast oscillations can be cap-
tured with scalp EEG. To our knowledge, interictal
fast activity in the ripple and gamma band recorded
over scalp EEG of adults with focal epilepsy has not
so far been reported. Most importantly, this study
shows that interictal fast oscillations have a signifi-
cant relationship with interictal spikes and that rip-
ples in particular may represent a better marker of the
epileptogenic zone in focal epilepsy.

Why it is possible to record this high-frequency
activity on the scalp, given what is known of its intra-
cerebral generator? The explanation may come from
the finding that oscillations above 200 Hz could, on

[ Figure 4 Examples of interictal gamma ]
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rare occasions, occur simultaneously at electrodes
separated by several centimeters.” The rate of ripple
activity that we report on the scalp (0.49/min) is
much lower than the rate of 12.9/min reported intra-
cerebrally.” It would therefore be sufficient for 1 in
every 26 intracerebral ripples on average to have a
broader spatial extent, such that it could be recorded
on the scalp.

Three of our patients underwent an intracerebral
EEG investigation (data not shown). In these pa-
tients, HFOs were recorded in multiple neocortical
contacts in electrodes located several centimeters
apart. In all, there was good agreement between the
intracerebral HFO generator regions and the field
projection of these depth electrodes over the scalp
regions where gamma and ripples were recorded. It is
therefore possible that the occasional synchroniza-
tion of HFOs across a large region results in a pattern
visible on the scalp. Additionally, gamma activity is
also present in intracranial recordings and may be
synchronized over a broader region than activity
above 80 Hz. Future studies with simultaneous re-
cording of depth and scalp electrodes are required to
better address this question.

Although HFOs have often been recorded in deep
mesial structures, it is unlikely that scalp fast oscilla-
tions are generated in these structures. Similarly, a
scalp EEG seizure with temporal onset reflects sei-
zure activity generated in temporal neocortex, even if
the seizure may have originated in deep mesial struc-
tures. We had 2 patients with mesial temporal sclero-
sis and focal temporal scalp onset. In both we
recorded fast oscillations in the SOZ. In these cases it
is possible that the seizure started in mesial temporal
structures, and propagated to the neocortex, where it
became apparent on scalp EEG. In such a situation,
the scalp fast oscillations would not reflect a true
SOZ but only the seizure onset as apparent to scalp
EEG. It is also possible that the seizures have a simul-
taneous mesial and neocortical onset, in which case
scalp fast oscillations reflect a genuine SOZ. Unfor-
tunately we cannot separate these 2 possibilities.

A low pass filter of 200 Hz and a sampling rate of
600 Hz were used, aiming to study gamma and rip-
ple oscillations. We did not plan to record the fast
ripple band (200-500 Hz) since activity in this band
is much smaller in amplitude and more localized
than ripples and gamma. Given the large number of
patients in whom we found ripples, it appears that
fast ripples should be investigated as well.

Discriminating biological artifacts from the EEG
remains challenging for any neurophysiologic study.
Muscle artifacts can even cause misinterpretation in
intracranial EEG.?° When looking at high-frequency
and low-amplitude activity in scalp EEG, it is critical

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



to ensure that the EMG signal as a source for this fast
activity has been eliminated. We employed the fol-
lowing strategies to reduce the risk of confusing arti-
facts with HFOs: 1) patients were studied during
non-REM sleep (stages I1I and IV primarily); 2) be-
fore marking the fast activity we eliminated elec-
trodes with malfunction or continuous artifacts; 3) in
the oscillations, we identified morphologic features
that appear typical of artifacts; and 4) after marking
fast oscillations we reviewed the original EEG and
excluded oscillations associated with artifacts identi-
fiable in the standard record. We are therefore confi-
dent that the oscillations we report are of cerebral
origin. Additionally, some fast activity could be de-
tected in the EEG prior to filtering, reinforcing the
view that these fast activities cannot result only from
filtering sharp transients.

[ Figure 5 Examples of interictal ripples ]
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Under normal conditions, gamma oscillations
have been observed in many cortical brain areas of
different species and seem related to cognitive pro-
cesses.”” There is clinical and experimental evidence
that gamma oscillations play an important role in
epilepsy.!4-128-32 The generation of gamma oscilla-
tions appears related to the balance between tonic
excitation (increased by the activation of NMDA re-
ceptor’') and tonic inhibition (GABA, receptor-
mediated inhibition) of interneurons,?*3* which is
the cornerstone of seizure generation.

Human intracranial recordings showed that im-
mediately before or at the onset of an epileptic sei-
zure there is often an increase in the amplitude of the
40-120 Hz range* and the presence of localized
high-frequency activity in the SOZ, between 20 and
80 Hz, was associated with a good postoperative out-
come.” Furthermore, magnetoencephalography de-
tects spike-locked and spike-independent gamma
oscillations which correctly identified the SOZ in
5/6 patients who underwent presurgical workup with
simultaneous magnetoencephalography and intracra-
nial recordings.>® These studies support the potential
importance of scalp-recorded gamma and ripple ac-
tivity in focal epilepsy, although their relation to the
SOZ has not been established, particularly with re-
spect to the ripple.

We demonstrated that the rates of fast oscillations
and the number of channels with gamma and ripples
are higher inside the SOZ, and spikes co-occurring
with fast oscillations were a more reliable marker of
the SOZ than spikes not associated with fast oscilla-
tions; although less sensitive these events are more
specific and accurate than spikes to delineate the
SOZ. We feel that both frequency bands have a role
in epileptic activity and should continue to be stud-
ied. The data have to be interpreted with caution
since we have not related yet the presence of scalp fast
activity to surgical outcome, as done for intracranial
HFQOs.1°

A potential neurophysiologic method is emerging
with the use of interictal fast oscillations as a scalp
marker of the SOZ. The possibility to detect fast os-
cillations noninvasively may considerably extend
their use in the presurgical evaluation of epileptic pa-
tients and the investigation of epileptic disorders.
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THE SHORTHAND PUBLICATIONS OF SIR WILLIAM RICHARD GOWERS
Kenneth L. Tyler, Dorothy Roberts, and H. Richard Tyler
Neurology 2000;55:289-293

Objective: To examine the shorthand publications of Sir William Richard Gowers. Background: Gowers developed an almost
obsessional interest in Pitman shorthand. During the later part of his active career (1894-1910), the bulk of his professional writing,
comprising nearly 100 articles, was printed entirely in Pitman shorthand in the Phonographic Record of Clinical Teaching and
Medical Science. The obscurity and rarity of this periodical, and the increasingly arcane nature of Pitman shorthand, has left the bulk
of these articles “buried in obscurity and locked up in code” (M. Critchley, 1949). Design/Methods: A complete set of Gowers’
shorthand publications as listed in his standard bibliography was compiled. Transcription of the Pitman shorthand outlines was
performed by a qualified Pitman shorthand transcriber and verified using the contemporaneous Phonographic Outlines of Medical
Terms (1902) as an authoritative guide. Results: The first transcription of Gowers’ shorthand publications has now been completed.
The history of Gowers’ interest in shorthand and his efforts to proselytize the medical profession is reviewed. Selected excerpts are
presented from his shorthand articles, which include papers devoted to problems in practical diagnosis, notes on clinical teaching, and
the shorthand transcriptions of his lectures at Queen Square and at University College Hospital on such diverse subjects as myelitis,
neurosyphilis, polio, muscular dystrophy, tumors, vascular disease, epilepsy, and the nervous system in old age. Conclusions: The
previously unpublished transcriptions of his shorthand articles represent a major and previously inaccessible part of Gowers’
neurologic opus. These articles exemplify Gowers as a practicing neurologist and teacher, and significantly expand our insights into
one of neurology’s most significant and influential figures.

Free Access to this article at www.neurology.org/content/55/2/289

Comment from Robert A. Gross, MD, PhD, FAAN, Editor-in-Chief: An analysis of little-seen (or read) primary documentation.
In another article (Neurology 1996;46:1467-1469; Historical Abstract reprinted in July 12, 2011, issue), Sacks mentions the
short-hand notation in his exploration of Gowers’ memory.
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