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The discovery that electroencephalography (EEG) contains useful information at frequencies above the traditional
80Hz limit has had a profound impact on our understanding of brain function. In epilepsy, high-frequency oscillations
(HFOs, >80Hz) have proven particularly important and useful. This literature review describes the morphology,
clinical meaning, and pathophysiology of epileptic HFOs. To record HFOs, the intracranial EEG needs to be sampled
at least at 2,000Hz. The oscillatory events can be visualized by applying a high-pass filter and increasing the time
and amplitude scales, or EEG time-frequency maps can show the amount of high-frequency activity. HFOs appear
excellent markers for the epileptogenic zone. In patients with focal epilepsy who can benefit from surgery, invasive
EEG is often required to identify the epileptic cortex, but current information is sometimes inadequate. Removal of
brain tissue generating HFOs has been related to better postsurgical outcome than removing the seizure onset
zone, indicating that HFOs may mark cortex that needs to be removed to achieve seizure control. The
pathophysiology of epileptic HFOs is challenging, probably involving populations of neurons firing asynchronously.
They differ from physiological HFOs in not being paced by rhythmic inhibitory activity and in their possible origin
from population spikes. Their link to the epileptogenic zone argues that their study will teach us much about the
pathophysiology of epileptogenesis and ictogenesis. HFOs show promise for improving surgical outcome and
accelerating intracranial EEG investigations. Their potential needs to be assessed by future research.
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A new biomarker for epileptogenic tissue has emerged,

which holds the promise to improve understanding

of the pathophysiology of epilepsy and to develop new

clinical diagnostic methods. It is remarkable that this bio-

marker can be found in brief intracranial electroencepha-

lography (EEG) recordings and possibly even in extracra-

nial magnetoencephalography (MEG) or EEG. It consists

of high-frequency oscillations (HFOs) above 80Hz, which

require the EEG to be sampled at a frequency above the

usual 200Hz or 500Hz. Although a glimpse was perceived

early,1–3 HFOs were explored more thoroughly after they

were recorded with microelectrodes in epileptic rats and in

patients,4,5 and this expanded when they were found with

clinical macroelectrodes.6,7

In epilepsy surgery, removal of tissue with HFOs

seems to predict good surgical outcome, even better than re-

moval of the ictal onset zone.8 This suggests that HFOs

should be taken into account for clinical evaluations. This is

feasible, because HFOs can be visualized and detected rela-

tively easily. Neurologists involved in epilepsy surgery should

become aware of how recording HFOs can help answer the

questions they are confronted with. This review focuses on

3 aspects of epileptic HFOs: their pathophysiology, clinical

relevance, and ways to identify and interpret them.

Epileptic HFOs

Epileptic high-frequency activity (HF activity) includes

pathological activities with frequencies above 80Hz

recorded in epileptic brain in vitro, in animals and in

human patients. This includes activities of distinct fre-

quency, morphology, underlying pathophysiological mech-

anisms, and clinical significance. Isolated HF oscillatory

events are the most common type of HF activity and are

called HFOs (Fig 1). At present, HFOs are further sub-

classified in ripples (80–250Hz) and fast ripples (250–

600Hz).5,6,9–11 Different studies use slightly different
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bands. Recently, epileptic very-high-frequency oscillations

(above 1,000Hz) have been added to the spectrum.12

HFOs have been observed between seizures, at seizure

onset, and during seizures. Interictal HFOs mostly occur

during slow-wave sleep.6,13,14 Most studies recorded

HFOs from mesiotemporal structures, but they are also

found in neocortex.15

Cellular and Network Mechanisms
Generating Epileptic HFOs

Each individual cycle of a pathological HFO appears to

represent co-firing of small groups of principal cells,

which are pathologically interconnected.16,17 Morpholog-

ical, molecular, and functional changes in epileptic tissue

cause neurons to respond abnormally to subthreshold

stimuli or become spontaneously active. Single-neuronal

firing (or firing of a small neuronal population) may result

in fast recruitment of interconnected cells, resulting in syn-

chronous action potential firing. This will manifest as an

HFO in extracellular recordings. HFOs are generated

locally and synchronizing mechanisms must be fast enough

to synchronize activity within 2 ms to 5 ms. Candidate

mechanisms are: ephaptic interactions,18,19 electrotonic

coupling via gap junctions,20–22 or fast synaptic transmis-

sion.23 Synchronous HFOs occur mostly in a spatially con-

tinuous zone, but can sometimes be detected simultane-

ously on contacts separated by large distances.24

Another feature is that epileptic HFOs, particularly

fast ripples, represent activity of several populations of

neurons each firing at lower frequency than the recorded

HFO. A new theory suggests that these fast ripples result

FIGURE 1: Examples of HFOs. (A) HFOs recorded with depth macroelectrode in human (1–4) and rat (5–7) hippocampal area.
(1) Raw intracranial EEG with sharp wave from human hippocampal area (macroelectrode). (2 and 3) Filtered with high-pass fil-
ter of 80Hz and 250Hz. Note the differences in amplitude scales. Such an event would not stand out in normal EEG. (4) Wave-
let transform of frequencies up to 500Hz. (5) Raw intracranial EEG data from rat with right intrahippocampal injection of
tetanus toxin (microelectrode). A fast ripple with peak frequency 359Hz followed by activity at 240Hz is visible in the raw
data. (6) Filtered with high-pass filter of 100Hz. (7) Spectrogram up to 500Hz after Fourier transformation. (B) HFOs recorded
with depth and subdural macroelectrodes, in mesiotemporal areas and neocortical areas in patients with epilepsy. For each
event the display shows the standard EEG signal, the same signal with extended time scale and this signal after 80Hz and
250Hz high-pass filtering. Different examples are shown from different sites. This illustrates that all combinations are possible:
spike with ripple and fast ripple (114), ripple and fast ripple without spike (2), spike with ripple without fast ripple (315) and
fast ripple without ripple or spike (6). An asterisk (*) means that the event was marked at this frequency. EEG 5 electroence-
phalogram; FRs 5 fast ripples; HFO 5 high-frequency oscillation.
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from out-of-phase firing of neuronal populations due to

structural, molecular, and functional changes in epileptic

tissue, such as cell loss, increased synaptic noise, or

acquired channelopathies.17,25,26

Normal neuronal circuits can generate epileptic

HFOs under specific conditions (increased extracellular

potassium, decreased extracellular calcium, blocked inhi-

bition), but more in the ripple band.23,27,28 Fast ripples

were described only in animals29–31 and patients11 and

in vitro only in slices from chronic epileptic animals.17,32

Therefore, the presence of fast ripples probably reflects

functional epileptogenic reorganization.

Mechanisms involved in HFO formation may play

a role in the pathophysiology of epilepsy and seizure gen-

esis. Their presence is a reliable marker of future devel-

opment of spontaneous and recurrent seizures in rats.29

Fast ripples have been suggested to play a role in epilep-

togenesis. The presence of HF activity at seizure onset

suggests that it may also be involved in seizure gene-

sis.30,33,34 It has been demonstrated that fast ripples are

generated by small independent neuronal clusters of

hyperexcitable principal cells. Blocking of inhibition

results in spatial expansion of HFOs,35 which suggests

that their activity and spatial extent is controlled by local

inhibition. If inhibition is insufficient, activity in these

independent neuronal clusters may synchronize, coalesce

and result in epileptic seizures.

Physiological and Epileptic HFOs

Epileptic HFOs overlap with physiological HFOs in the

ripple and fast ripple bands. Physiological ripples

(�200Hz) were primarily described in the CA1 region of

the hippocampus and entorhinal cortex, where ripples

constitute part of the sharp-wave-ripple complex,36 but

have also been described elsewhere. Mesiotemporal

HFOs are involved in memory formation and reactiva-

tion of previous experiences. Low amplitude physiologi-

cal HF activity in extratemporal neocortex seems related

with information processing functions, such as during

somatosensory evoked potentials (�600Hz).37

Cellular mechanisms of gamma activity and physio-

logical ripples differ from mechanisms involved in the

generation of epileptic HF activity. Gamma activity

results from a sequence of synchronous inhibitory and

excitatory postsynaptic potentials on the membrane of

principal cells38 and physiological ripples result from syn-

chronous inhibitory postsynaptic potentials on pyramidal

cells.39 Specific regional and laminar distribution of

physiological HFOs, their shape, and other properties

allow distinction from epileptic HFOs in experimental

settings, when recorded using microelectrodes.5,9,16,40

However, in clinical settings and recorded with macroe-

lectrodes, it may be challenging to reliably distinguish

between physiological and pathological activity, particu-

larly in the ripple band.

HFOs in Presurgical Evaluation

The contemporary concept of presurgical examination is

based on identifying the epileptogenic zone—the area of

brain that needs to be removed (or disconnected) to gain

complete seizure freedom.41 The epileptogenic zone is a

theoretical construct and at the moment there is no clear

marker (functional or structural) that can exactly delin-

eate it. Presurgical localization of the epileptogenic zone

is based on identifying other zones that are spatially

related to the epileptogenic zone: the irritative zone, the

seizure onset zone, the epileptogenic lesion, and the func-

tional deficit zone. The identification of HFOs appears

capable of improving presurgical diagnosis and surgical

outcome, and it seems reasonable to add a ripple and fast

ripple zone to the presurgical diagnosis.8,15 Together, these

zones create 1 HFO zone. Is it important to differentiate

between ripples and fast ripples? The answer is yes,

because ripples and fast ripples seem to have different

pathophysiological mechanisms and can provide additive

information about the epileptogenic zone. Different stud-

ies led to somewhat conflicting conclusions on the relation

of ripples and fast ripples to the epileptogenic region

(Table). These discrepancies may depend on the method-

ology. Studies with microelectrodes mostly concluded that

fast ripples are most specific for the epileptogenic region.

With macroelectrodes, it was often concluded that ripples

and fast ripples are related to the epileptogenic region.

Spatially, fast ripples are recorded in small areas of cortex,

whereas ripples are more widespread, which might explain

different findings among electrode sizes.42

The majority of early studies evaluated the specific-

ity of HFOs for the diseased hippocampus in bitemporal

epilepsy. Work on HFOs in mesiotemporal lobe epilepsy

showed experimentally and clinically that the rate of fast

ripples is significantly higher in epileptic hippocampus

(see Table). However, in patients with bitemporal epi-

lepsy, the rate of ripples and fast ripples was increased in

the main seizure onset zone (microelectrodes and macro-

electrodes).42 Other clinical studies included patients

with extratemporal epilepsy and related ripples and fast

ripples to the seizure onset zone. Good postsurgical out-

come has even been related more with the amount of

ripples in the removed brain tissue than with the amount

of fast ripples.8

In conclusion, several studies with microelectrodes

conclude that fast ripples are most specific for the
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epileptogenic zone, but in clinical studies with macroe-

lectrodes it is useful to include both ripples and fast rip-

ples in the evaluation of the potential epileptogenic

region and future studies are needed to explore the im-

portance of discriminating between the two.

HFOs and the Irritative Zone

The irritative zone is the area of cortex generating interictal

discharges (spikes). It overlaps with the epileptogenic zone

and it is accepted that it is not necessary to remove the

entire irritative zone, but including part of it often helps to

achieve a better outcome. HFOs can occur in isolation but

are often superimposed on interictal spikes. HFOs superim-

posed on spikes have longer duration than HFOs outside

spikes.43 Currently it is not known whether it is beneficial

to distinguish between HFOs with and without spikes.

Not every interictal discharge is associated with an

HFO. In general, the HFO zone, especially that of fast

ripples, has smaller spatial extent than the irritative zone.

It was suggested that the presence of HFOs may discrim-

inate between so called ‘‘green’’ and ‘‘red’’ spikes, gener-

ated in epileptogenic cortex.44,45

The localization of HFOs remains relatively fixed over

a long period with disease46 and under different circumstan-

ces.47,48 In contrast, interictal spikes are more labile.

HFOs and the Seizure Onset Zone

The seizure onset zone is the area where seizures origi-

nate and in certain cases it involves areas of cortex of

early propagation. In the majority of surgical cases the

seizure onset zone is included in the resection, but

removing the entire seizure onset zone does not always

result in successful surgical outcome. One explanation is

that different seizures can originate from different areas

within the epileptogenic zone, and the recorded seizure

onsets may not represent the full extent of the epilepto-

genic area. Another difficulty can result from early sei-

zure spread or seizure onset with a widespread spike,

making the definition of the seizure onset zone difficult.

One of the strengths of interictal HFOs is that they

have been shown to be reliable markers of the seizure

onset zone, better than epileptic spikes.5,9,13,43,49 Further

confirmation of this observation may result in decreased

necessity to record seizures during invasive monitoring,

TABLE: Studies Comparing Interictal Ripples and FRs to the Potential Epileptogenic Region

Study Subjects Site Electrodes Epileptogenicity
Parameter

Study
Conclusion

Bragin and colleagues (1999)5,9 Rats (KA)
and human

MT Micro Epileptic individuals
and seizure onset side

FRs

Bragin and colleagues (2002)35 Human MT Micro Multiunit neuronal
synchronization

FRs

Bragin and colleagues (2004)29 Rats (KA) MT Micro Side of KA injection,
having seizures

Both

Staba and colleagues
(2004/2002/2007)11,13,78

Human MT Micro Seizure onset side and
region atrophy

FRs

Urrestarazu and colleagues (2006)49 Human MT/F Macro Seizure onset zone FRs

Jacobs and colleagues (2008)43 Human MT/F Macro Seizure onset zone FRs >
ripples

Worrell and colleagues (2008)42 Human MT Micro
and macro

Seizure onset zone Both

Jacobs and colleagues
(2010/2009)50,56;
Zijlmans and colleagues (2011)48

Human MT/F/P/O Macro After discharges and
seizure onset zone

Both

Ogren and colleagues (2009)79 Human MT Micro Hippocampal atrophy FRs

Jiruska and colleagues (2010)30 Rats (TT) MT Micro Side of injection FRs >
ripples

Jacobs and colleagues (2010)8 Human MT/F/O Macro Surgical outcome Ripples
> FRs

The conclusion describes whether fast ripples or ripples were more specific for the presumed epileptogenic area or whether no clear
difference was found.
F ¼ frontal; FR ¼ fast ripple; KA ¼ kainic acid; MT ¼mesiotemporal; O ¼ occipital; P ¼ parietal; TT ¼ tetanus toxin.
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possibly decreasing the duration of invasive recording

and the probability of complications. Besides occurring

in the region of onset of spontaneous seizures, HFOs

occur in regions where the threshold is low for cortical

stimulation to give rise to after-discharges or evoked seiz-

ures, even outside the seizure onset zone. This suggests a

correlation of HFOs with endogenous epileptogenicity.50

Seizures also contain HFOs. What is the clinical

relevance of ictal onset HFOs? Ictal onset HFOs are

somewhat more specific for the seizure onset zone than

interictal HFOs, but occur mostly in similar channels.48

Ripples and fast ripples occur at seizure onset. In mesio-

temporal lobe epilepsy ictal fast ripples can precede ripples

and can exceed 500Hz at seizure onset, suggesting that

faster activity is involved with the seizure initiation.51 In

the tetanus toxin model of mesiotemporal lobe epilepsy

the mean frequency of ictal onset HFOs is higher in the

seizure onset zone and slower or absent in areas of propa-

gation.30 In humans, the recruitment of ictal HFOs may

precede clinical symptoms and the resection of sites with

early HFO augmentation has been related to good post-

surgical outcome.52 Evaluating seizures at the frequency

spectrum above 80Hz can improve the clinical presurgical

workup.1,2,48,53–55 It is conceivable that ictal onset HF

activity predicts surgical outcome better than the seizure

onset zone defined based on low frequencies.

HFOs and the Epileptogenic Lesion

The epileptogenic lesion is a structural brain abnormality

that causes epileptic seizures. The presence of an obvious

structural lesion close to the irritative and seizure onset

zone helps to identify the epileptogenic area and improve

postsurgical outcome. HFOs occur in different types of

epilepsy. Initially they were described mainly in temporal

lobe epilepsy associated with hippocampal sclerosis.4,5,9

However, HFOs are also present in extratemporal epilep-

sies associated with different types of lesions, such as

tumors, focal cortical dysplasias, and nodular heterotopias.

HFOs are related to the seizure onset zone, independently

of the location and type of lesion and are therefore

thought to represent the tissue’s intrinsic epileptogenic-

ity.56,57 HFOs even occur in epilepsy without an obvious

lesion.30 Nonlesional epilepsies represent a future challenge

for improvement of epilepsy surgery and HFOs could help

localize the epileptogenic zone in this type of epilepsy.

How Can HFOs Be Visualized and
Detected?

HFOs can be recorded with different types of intracranial

electrodes: microelectrodes and macroelectrodes and with

depth and subdural electrodes (corticography).6,9,24,58–60

However, the measured signal can differ between elec-

trode sizes.42 The EEG needs to be sampled at about 4

times the upper frequency of interest, because it requires

several samples to form the wave shape. Preferentially, a

sample frequency of 2,000Hz or above should be used.

HFOs can sometimes be recognized in the unfil-

tered EEG.7,30 To visualize HFOs better, a high-pass fil-

ter is applied and the EEG amplitude is increased.

Recorded with macroelectrodes and after filtering, HFOs

have been defined as: events with at least 4 consecutive

oscillations between 80Hz and 500Hz that clearly rise

above baseline.61 Another definition has been: a root

mean square amplitude increase of more than 5 times

the standard deviation compared to background EEG, a

duration of at least 6ms and more than 6 peaks (positive

plus negative) greater than 3 standard deviations above

mean baseline.11

One has to be aware that by applying a high-pass fil-

ter, sharp events reveal their HF components and result in

occurrence of ‘‘false’’ ripple activity. It can be difficult to

distinguish this type of HF activity HFO from stand-alone

oscillations.62 Inadequate filter parameters may also con-

tribute to filtering artifact and occurrence of false HFO.

An alternative way to visualize the frequency con-

tent of HFOs is to build the frequency power spectrum

with a Fourier or wavelet transform. This allows the sep-

aration of a stand-alone oscillation from the HF compo-

nent of a sharp transient.24,63 Changes in HF activity

around epileptic spikes can be studied by statistical com-

parisons to the surrounding background.63

HFOs can be marked visually, but this manual pro-

cedure is highly time consuming and subjective, although

it is possible to ensure a certain level of interrater consis-

tency.61 Given that HFOs are short oscillatory events

that stand out from the baseline, a logical approach to

identify them is applying an energy-based detector. Auto-

matic detection methods are being developed based on

the comparison of the local energy of the signal with the

whole EEG epoch (including HFOs or with marked

baseline segments.11,24,64–67 When comparing the per-

formance of these detectors, the behavior is similar in

channels where HFOs are rare events that can be clearly

distinguished from the surrounding background. How-

ever, in channels with very frequent HFOs the use of

baseline segments to calculate the energy threshold

improves the detection.67 All automatic methods involve

the human validation of automatically detected events.

Development of robust and online automatic detectors is

essential for the systematic study of HFOs and clinical

use. The required recording time could be shortened and

detection can become easier if, instead of waiting for
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spontaneous HFOs, we can reliably evoke pathological

HFOs by electrical stimulation having characteristics sim-

ilar to that of spontaneously occurring HFOs.68

Practical Considerations

The evidence above indicates that it may be time to

include HFO information in the clinical workup of epi-

lepsy surgery patients in specialized epilepsy surgery cen-

ters. What should be the approach and use of HFOs in

presurgical diagnosis? Prospective research should prove

whether preoperatively recorded HFOs might guide the

neurosurgeon. We suggest that specialized epilepsy sur-

gery clinics record the intracranial EEGs at sample fre-

quency above 2,000Hz, look for high-pass filters that

enable the visualization of HFOs and build up experi-

ence with this information (Fig 2).

The ideal electrode size still needs to be established,

but it seems that any clinically used electrode can record

HFOs. First, one needs to adjust the EEG amplifier set-

tings. Some systems will not allow the higher sampling

rate or allow only a limited number of channels. High

sample rates will produce large data amounts, but only a

short recording is needed (preferentially artifact-free

recording during at least 10 minutes slow-wave sleep).

High sampling rate recordings can be made after all

other (seizure) information has been obtained at low

sample frequencies. HFOs can be reviewed by making

power spectra or by reviewing the filtered EEG data. A

single electrode or common average referential montage

can result in a bad signal on all channels if the reference

contains HF artifacts, a problem that is avoided using

bipolar montages. The filter settings of some EEG pro-

grams may not suit the requirements and might have to

be adjusted by the EEG software manufacturers. At the

Montreal Neurological Institute high-order high-pass

finite impulse response (FIR) filters are used (80Hz and

250Hz). The FIR filter does not create a phase distortion

in the remaining signal despite its high order and great

filtering effectiveness (see Fig 2). The time scale can be

extended to show all samples (�0.6 seconds/page) and

the amplitude scale changed to 1lV/mm (procedure is

described at http://apps.mni.mcgill.ca/research/gotman/

2000HZ.html). A channel with continuous artifacts is

often recognized because the amplitude of the artifactual

baseline activity is greater than the baseline activity in

other channels. Other continuous artifacts originate from

the main frequency (50Hz or 60Hz and harmonics);

they are easily recognized by assessing the frequency.

Muscle artifacts occur mostly on channels close to the

skull and appear to be waxing and waning. Reviewing

suspected channels simultaneously with epidural or

extracranial channels at 10 to 20 seconds per page will

reveal clear muscle artifact, because the activity will occur

at similar times.48 The frequency distribution of muscle

activity might differ from HFOs69 and can be distin-

guished in the filtered signal because the muscle HF

activity looks less smooth than epileptic HFOs. Noncon-

tinuous isolated artifacts, as those occurring during sur-

gery when the electrodes are touched or stimulated, can

be recognized because they show a sharp (high ampli-

tude) peaks within the filtered signal. Another clue comes

from artifacts occurring simultaneously at multiple chan-

nels and one has to be cautious to mark an HFO as epi-

leptic if there is a simultaneous artifact in other electro-

des. It is useful to build up experience with judging

filtered EEG before drawing clinical conclusions.

Now that the HFOs can be identified, what to do

next? It is still unknown to what extent the area showing

HFOs should be included in the resected region. Areas

showing very frequent events are probably more relevant

than areas with sporadic events.8 It is probably worthwhile

to include the ripple and fast ripple zones in the set of

clinical data and compare them to the known lesional, sei-

zure onset, and irritative zones and make a weighted deci-

sion about the epileptogenic area. The HFO zones might

already replace the irritative zone in the presurgical deci-

sions, especially in areas where the irritative zone is often

widespread, such as in frontal lobe epilepsy.

Can We Diagnose or Monitor Epilepsy
Using HFOs?

Although spontaneous fast ripples seem to occur mostly

in the epileptic brain, they are yet not suited for diagno-

sis or monitoring of epilepsy, because they require inva-

sive recordings. Noninvasive signals such as MEG and

scalp EEG can be recorded at higher sample frequency

but the electrodes might be too far away from the source

or the signal might be blurred by background noise and

muscle activity. However, HFOs have been seen on scalp

EEG and MEG correlated to spikes and seizures.70–72

Also, independent of spikes and seizures, HFOs in the

lower-ripple range have been found in sleep EEG of chil-

dren and adults with epilepsy.73 A recent study reports

that gamma and ripple activity can often be recorded

from the scalp in patients with focal epilepsy, can be sep-

arated from short EMG bursts, and is better correlated

with the seizure onset zone than interictal spikes.74

The ability to record HFOs on the scalp would open

new possibilities of diagnosing epilepsy. In several rat mod-

els of epilepsy, HFOs occur during the latent period before

the first spontaneous seizures.29,31 Moreover, all the animals

in which HFOs occurred developed spontaneous seizures.29
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It was suggested that epileptic HFOs and particularly fast

ripples could be used as biomarkers of epileptogenesis. If

recorded noninvasively, they could be used clinically as an

early marker of future development of epilepsy in high-risk

patients (for example after traumatic brain injury).

HFOs could be used as a marker of response to

antiepileptic drug therapy. Withdrawal of antiepileptic

medication, which increases the chance of having seiz-

ures, results in an increase in the number of HFOs.47

HFOs seem to increase during the period directly pre-

ceding seizures and increase further around seizure

onset.27,48,58,75–77 Their number does not change after

seizures. The increase of HFOs with an increase in sei-

zure risk suggests that HFOs are a marker of disease

FIGURE 2: Examples of EEG patterns and problems that can be encountered when filtering the EEG with a high-pass filter. (A)
Baseline signal. First, 2 temporal neocortical channels with high-order FIR high-pass filter of 80Hz, extension of time and ampli-
tude of 1lV/mm are shown. This is how the baseline should look. The period is shown from recording onset and shows the
transient response of the filter (time required for the filter to settle). The same 2 channels are shown after IIR high-pass filter.
In contrast to the FIR filter, the IIR filter has a longer transient response at the beginning of the trace and is not as effective in
removing activity below 80Hz. IIR filters can be made more effective by increasing their order but IIR filters of high order can
create important phase distortions, thus making the signal difficult to recognize. Beneath the channels are shown with a FIR
low-order high-pass filter, where lower frequencies are not as well removed compared to a higher-order filter. Beneath the
channels are shown with a FIR low-order high-pass filter, where lower frequencies are preserved compared to high order. The
low-frequency drift makes the channels hard to assess, especially because with longer recording periods and with more activity
the drift becomes even greater. (B) Examples of continuous artifacts that can be encountered. Channel 1 and 2 show channels
with loose electrode connections. The third channel is a normal neocortical channel for comparison. Note that the amplitude is
10 times lower than the (normal) examples shown in A. The last channel shows artifact at 50Hz and harmonics, which can be
recognized because of the regular pattern. (C) Examples of short-lasting artifacts. (1) The first channel shows a sharp artifact in
a malfunctioning channel. Usually these artifacts are very sharp, which is not seen in regular baseline or HFOs. (2) The second
and third channel show muscle artifact. This can be difficult to distinguish from HFOs (fourth channel), but can be recognized
because it occurs repeatedly and simultaneously on channels that are superficial; ie, close to the skull (fifth channel). Also, mus-
cle artifacts often show a less regular pattern than HFOs. (3) The 4 channels show short-lasting artifacts due to preoperative
movement of the electrodes. This is hard to distinguish from HFO, but only happens during surgery and can then be noted.
Also, the artifact can be recognized as it occurs over multiple channels and has sharp components. (4) Artifact due to a single-
pulse stimulation of the electrode. Note the greater amplitude. EEG 5 electroencephalogram; FIR 5 finite impulse response;
HFO 5 high-frequency oscillation; IIR 5 infinite impulse response.
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activity. In other words, HFOs seem not only a spatial

marker of the focus of epileptogenicity, but also a tempo-

ral marker for epileptic intensity. HFOs could be useful

to evaluate treatment effect.

Conclusion and Future Directions

HFOs appear to be new markers of the extent and inten-

sity of epileptogenicity. The time has come for special-

ized epilepsy surgery centers to record intracranial EEG

at high sampling rates and to evaluate it for HFOs. It

will provide the neurophysiologist information about the

extent of the epileptogenic tissue in addition to ictal and

interictal lower frequency information. Fast ripples prob-

ably result from structural tissue changes, whereas ripples

may signify a broader area of normal appearing tissue

with a low seizure-generation threshold. Both ripples and

fast ripples are important to consider. Prospective studies

are needed to show if real-time processing of HFOs can

guide neurosurgeons in the removal of epileptogenic tis-

sue, hopefully improving surgical outcome and reducing

the need for traditional long-term recordings.

Acknowledgments

This research was supported by grants from the Cana-

dian Institutes of Health Research (MOP 102710; RZ,

JG); Netherlands Organization for Scientific Research

(NWO) (AGIKO 92003481; MZ); Epilepsy Research

UK (A0937; PJ); MRC (G0802162; JGRJ).

We thank Dr P. Marusic for his comments on the

manuscript.

Potential Conflicts of Interest

P.J. has received grant(s) and has grants/grants pending

from Epilepsy Research UK. J.G.R.J. has received grant(s)

from the Medical Research Council (UK) and Epilepsy

Research UK, and has received support for travel to the

European Epilepsy Congress from UCB. M.Z. has received

grant(s) from the Netherlands Organization for Scientific

Research. J.G. has received grant(s) from the Canadian

Institutes of Health Research; has had consultancies with

Blackrock Microsystems; and has been employed by

Stellate Systems. R.Z. has received grant(s) from the

Natural Sciences and Engineering Research Council of

Canada (NSERC-PGSD) and the Canadian Institutes of

Health Research (CIHR).

References

1. Allen PJ, Fish DR, Smith SJ. Very high-frequency rhythmic activity
during SEEG suppression in frontal lobe epilepsy. Electroencepha-
logr Clin Neurophysiol 1992;82:155–159.

2. Fisher RS, Webber WR, Lesser RP, et al. High-frequency EEG ac-
tivity at the start of seizures. J Clin Neurophysiol 1992;9:441–448.

3. Huang CM, White LE Jr. High-frequency components in epilepti-
form EEG. J Neurosci Methods 1989;30:197–201.

4. Bragin A, Engel J Jr, Wilson CL, et al. Electrophysiologic analysis
of a chronic seizure model after unilateral hippocampal KA injec-
tion. Epilepsia 1999;40:1210–1221.

5. Bragin A, Engel J Jr, Wilson CL, et al. Hippocampal and entorhi-
nal cortex high-frequency oscillations (100–500 Hz) in human epi-
leptic brain and in kainic acid–treated rats with chronic seizures.
Epilepsia 1999;40:127–137.

6. Jirsch JD, Urrestarazu E, LeVan P, et al. High-frequency oscilla-
tions during human focal seizures. Brain 2006;129:1593–1608.

7. Urrestarazu E, Chander R, Dubeau F, Gotman J. Interictal high-
frequency oscillations (100–500 Hz) in the intracerebral EEG of
epileptic patients. Brain 2007;130:2354–2366.

8. Jacobs J, Zijlmans M, Zelmann R, et al. High-frequency electroen-
cephalographic oscillations correlate with outcome of epilepsy
surgery. Ann Neurol 2010;67:209–220.

9. Bragin A, Engel J Jr, Wilson CL, et al. High-frequency oscillations
in human brain. Hippocampus 1999;9:137–142.

10. Blanco JA, Stead M, Krieger A, et al. Unsupervised classification
of high-frequency oscillations in human neocortical epilepsy and
control patients. J Neurophysiol 2010;104:2900–2912.

11. Staba RJ, Wilson CL, Bragin A, et al. Quantitative analysis of high-
frequency oscillations (80–500 Hz) recorded in human epileptic
hippocampus and entorhinal cortex. J Neurophysiol 2002;88:
1743–1752.

12. Usui N, Terada K, Baba K, et al. Very high frequency oscillations
(over 1000Hz) in human epilepsy. Clin Neurophysiol 2010;121:
1825–1831.

13. Staba RJ, Wilson CL, Bragin A, et al. High-frequency oscillations
recorded in human medial temporal lobe during sleep. Ann Neu-
rol 2004;56:108–115.

14. Bagshaw AP, Jacobs J, LeVan P, et al. Effect of sleep stage on inter-
ictal high-frequency oscillations recorded from depth macroelectro-
des in patients with focal epilepsy. Epilepsia 2009;50:617–628.

15. Wu JY, Sankar R, Lerner JT, et al. Removing interictal fast ripples
on electrocorticography linked with seizure freedom in children.
Neurology 2010;75:1686–1694.

16. Bragin A, Wilson CL, Engel J Jr. Voltage depth profiles of high-
frequency oscillations after kainic acid-induced status epilepticus.
Epilepsia 2007;48(Suppl 5):35–40.

17. Foffani G, Uzcategui YG, Gal B, Menendez de la Prida L. Reduced
spike-timing reliability correlates with the emergence of fast rip-
ples in the rat epileptic hippocampus. Neuron 2007;55:930–941.

18. Dudek FE, Snow RW, Taylor CP. Role of electrical interactions in
synchronization of epileptiform bursts. Adv Neurol 1986;44:
593–617.

19. Jefferys JG. Nonsynaptic modulation of neuronal activity in the
brain: electric currents and extracellular ions. Physiol Rev 1995;75:
689–723.

20. Draguhn A, Traub RD, Schmitz D, Jefferys JG. Electrical coupling
underlies high-frequency oscillations in the hippocampus in vitro.
Nature 1998;394:189–192.

21. Traub RD, Whittington MA, Buhl EH, et al. A possible role for gap
junctions in generation of very fast EEG oscillations preceding the
onset of, and perhaps initiating, seizures. Epilepsia 2001;42:153–170.

22. Traub RD, Draguhn A, Whittington MA, et al. Axonal gap junc-
tions between principal neurons: a novel source of network oscilla-
tions, and perhaps epileptogenesis. Rev Neurosci 2002;13:1–30.

23. Dzhala VI, Staley KJ. Mechanisms of fast ripples in the hippocam-
pus. J Neurosci 2004;24:8896–8906.

ANNALS of Neurology

176 Volume 71, No. 2



24. Crepon B, Navarro V, Hasboun D, et al. Mapping interictal oscilla-
tions greater than 200 Hz recorded with intracranial macroelectro-
des in human epilepsy. Brain 2010;133:33–45.

25. Ibarz JM, Foffani G, Cid E, et al. Emergent dynamics of fast ripples
in the epileptic hippocampus. J Neurosci 2010;30:16249–16261.

26. Bikson M, Fox JE, Jefferys JG. Neuronal aggregate formation
underlies spatiotemporal dynamics of nonsynaptic seizure initia-
tion. J Neurophysiol 2003;89:2330–2333.

27. Jiruska P, Csicsvari J, Powell AD, et al. High-frequency network ac-
tivity, global increase in neuronal activity, and synchrony expansion
precede epileptic seizures in vitro. J Neurosci 2010;30:5690–5701.

28. D’Antuono M, de Guzman P, Kano T, Avoli M. Ripple activity in
the dentate gyrus of dishinibited hippocampus-entorhinal cortex
slices. J Neurosci Res 2005;80:92–103.

29. Bragin A, Wilson CL, Almajano J, et al. High-frequency oscillations
after status epilepticus: epileptogenesis and seizure genesis. Epi-
lepsia 2004;45:1017–1023.

30. Jiruska P, Finnerty GT, Powell AD, et al. Epileptic high-frequency
network activity in a model of non-lesional temporal lobe epi-
lepsy. Brain 2010;133:1380–1390.

31. Levesque M, Bortel A, Gotman J, Avoli M. High-frequency (80–
500Hz) oscillations and epileptogenesis in temporal lobe epilepsy.
Neurobiol Dis 2011;42:231–241.

32. Jefferys JG, Empson RM. Development of chronic secondary epi-
leptic foci following intrahippocampal injection of tetanus toxin in
the rat. Exp Physiol 1990;75:733–736.

33. Bragin A, Azizyan A, Almajano J, et al. Analysis of chronic seizure
onsets after intrahippocampal kainic acid injection in freely mov-
ing rats. Epilepsia 2005;46:1592–1598.

34. Molaee-Ardekani B, Benquet P, Bartolomei F, Wendling F. Com-
putational modeling of high-frequency oscillations at the onset of
neocortical partial seizures: from ‘altered structure’ to ‘dysfunc-
tion’. Neuroimage 2010;52:1109–1122.

35. Bragin A, Wilson CL, Staba RJ, et al. Interictal high-frequency
oscillations (80–500 Hz) in the human epileptic brain: entorhinal
cortex. Ann Neurol 2002;52:407–415.

36. Csicsvari J, Hirase H, Czurko A, et al. Fast network oscillations in
the hippocampal CA1 region of the behaving rat. J Neurosci
1999;19:RC20.

37. Curio G, Mackert BM, Burghoff M, et al. Localization of evoked
neuromagnetic 600 Hz activity in the cerebral somatosensory sys-
tem. Electroencephalogr Clin Neurophysiol 1994;91:483–487.

38. Bartos M, Vida I, Jonas P. Synaptic mechanisms of synchronized
gamma oscillations in inhibitory interneuron networks. Nat Rev
Neurosci 2007;8:45–56.

39. Ylinen A, Bragin A, Nadasdy Z, et al. Sharp wave-associated high-
frequency oscillation (200 Hz) in the intact hippocampus: network
and intracellular mechanisms. J Neurosci 1995;15:30–46.

40. Bragin A, Mody I, Wilson CL, Engel J Jr. Local generation of fast
ripples in epileptic brain. J Neurosci. 2002;22:2012–2021.

41. Rosenow F, Luders H. Presurgical evaluation of epilepsy. Brain
2001;124:1683–1700.

42. Worrell GA, Gardner AB, Stead SM, et al. High-frequency oscilla-
tions in human temporal lobe: simultaneous microwire and clinical
macroelectrode recordings. Brain 2008;131:928–937.

43. Jacobs J, LeVan P, Chander R, et al. Interictal high-frequency oscilla-
tions (80–500 Hz) are an indicator of seizure onset areas independent
of spikes in the human epileptic brain. Epilepsia 2008;49:1893–1907.

44. Jacobs J, Kobayashi K, Gotman J. High-frequency changes during
interictal spikes detected by time-frequency analysis. Clin Neuro-
physiol 2011;122:32–42.

45. Engel J Jr., Bragin A, Staba R, Mody I. High-frequency oscilla-
tions: what is normal and what is not? Epilepsia 2009;50:598–604.

46. Bragin A, Wilson CL, Engel J Jr. Spatial stability over time of brain
areas generating fast ripples in the epileptic rat. Epilepsia 2003;
44:1233–1237.

47. Zijlmans M, Jacobs J, Zelmann R, et al. High-frequency oscillations
mirror disease activity in patients with epilepsy. Neurology 2009;
72:979–986.

48. Zijlmans M, Jacobs J, Kahn YU, et al. Ictal and interictal high fre-
quency oscillations in patients with focal epilepsy. Clin Neurophy-
siol 2011;122:664–671.

49. Urrestarazu E, Jirsch JD, LeVan P, et al. High-frequency intracere-
bral EEG activity (100–500 Hz) following interictal spikes. Epilepsia
2006;47:1465–1476.

50. Jacobs J, Zijlmans M, Zelmann R, et al. Value of electrical stimula-
tion and high frequency oscillations (80–500 Hz) in identifying epi-
leptogenic areas during intracranial EEG recordings. Epilepsia
2010;51:573–582.

51. Kobayashi K, Agari T, Oka M, et al. Detection of seizure-associ-
ated high-frequency oscillations above 500Hz. Epilepsy Res 2010;
88:139–144.

52. Nariai H, Nagasawa T, Juhasz C, et al. Statistical mapping of ictal
high-frequency oscillations in epileptic spasms. Epilepsia 2010;52:
63–74.

53. Akiyama T, Otsubo H, Ochi A, et al. Focal cortical high-frequency
oscillations trigger epileptic spasms: confirmation by digital video
subdural EEG. Clin Neurophysiol 2005;116:2819–2825.

54. Akiyama T, Otsubo H, Ochi A, et al. Topographic movie of ictal
high-frequency oscillations on the brain surface using subdural
EEG in neocortical epilepsy. Epilepsia 2006;47:1953–1957.

55. Jiruska P, Tomasek M, Netuka D, et al. Clinical impact of a high-
frequency seizure onset zone in a case of bitemporal epilepsy.
Epileptic Disord 2008;10:231–238.

56. Jacobs J, Levan P, Chatillon CE, et al. High frequency oscillations
in intracranial EEGs mark epileptogenicity rather than lesion type.
Brain 2009;132:1022–1037.

57. Brazdil M, Halamek J, Jurak P, et al. Interictal high-frequency
oscillations indicate seizure onset zone in patients with focal corti-
cal dysplasia. Epilepsy Res 2010;90:28–32.

58. Khosravani H, Mehrotra N, Rigby M, et al. Spatial localization and
time-dependant changes of electrographic high frequency oscilla-
tions in human temporal lobe epilepsy. Epilepsia 2009;50:605–616.

59. Schevon CA, Trevelyan AJ, Schroeder CE, et al. Spatial characteri-
zation of interictal high frequency oscillations in epileptic neocor-
tex. Brain 2009;132:3047–3059.

60. Ochi A, Otsubo H, Donner EJ, et al. Dynamic changes of ictal
high-frequency oscillations in neocortical epilepsy: using multiple
band frequency analysis. Epilepsia 2007;48:286–296.

61. Zelmann R, Zijlmans M, Jacobs J, et al. Improving the identifica-
tion of high frequency oscillations. Clin Neurophysiol 2009;120:
1457–1464.

62. Benar CG, Chauviere L, Bartolomei F, Wendling F. Pitfalls of high-
pass filtering for detecting epileptic oscillations: a technical note
on ‘‘false’’ ripples. Clin Neurophysiol 2010;121:301–310.

63. Kobayashi K, Jacobs J, Gotman J. Detection of changes of high-
frequency activity by statistical time-frequency analysis in epileptic
spikes. Clin Neurophysiol 2009;120:1070–1077.

64. Gardner AB, Worrell GA, Marsh E, et al. Human and automated
detection of high-frequency oscillations in clinical intracranial EEG
recordings. Clin Neurophysiol 2007;118:1134–1143.

65. Firpi H, Smart O, Worrell G, et al. High-frequency oscillations
detected in epileptic networks using swarmed neural-network fea-
tures. Ann Biomed Eng 2007;35:1573–1584.

66. Nelson R, Myers SM, Simonotto JD, et al. Detection of high fre-
quency oscillations with Teager energy in an animal model of limbic
epilepsy. Conf Proc IEEE Eng Med Biol Soc 2006;1:2578–2580.

Zijlmans et al: High-Frequency Oscillations in Epilepsy

February 2012 177



67. Zelmann R, Mari F, Jacobs J, et al. Automatic detector of high fre-
quency oscillations for human recordings with macroelectrodes.
Conf Proc IEEE Eng Med Biol Soc 2011;1:2329–2333.

68. Rolston JD, Laxpati NG, Gutekunst CA, et al. Spontaneous and
evoked high-frequency oscillations in the tetanus toxin model of
epilepsy. Epilepsia 2010;51:2289–2296.

69. Otsubo H, Ochi A, Imai K, et al. High-frequency oscillations of
ictal muscle activity and epileptogenic discharges on intracranial
EEG in a temporal lobe epilepsy patient. Clin Neurophysiol 2008;
119:862–868.

70. Kobayashi K, Watanabe Y, Inoue T, et al. Scalp-recorded high-
frequency oscillations in childhood sleep-induced electrical status
epilepticus. Epilepsia 2010;51:2190–2194.

71. Ramachandrannair R, Ochi A, Imai K, et al. Epileptic spasms in
older pediatric patients: MEG and ictal high-frequency oscillations
suggest focal-onset seizures in a subset of epileptic spasms. Epi-
lepsy Res 2008;78:216–224.

72. Guggisberg AG, Kirsch HE, Mantle MM, et al. Fast oscilla-
tions associated with interictal spikes localize the epileptogenic
zone in patients with partial epilepsy. Neuroimage 2008;39:
661–668.

73. Wu JY, Koh S, Sankar R, Mathern GW. Paroxysmal fast activity: an
interictal scalp EEG marker of epileptogenesis in children. Epi-
lepsy Res 2008;82:99–106.

74. Andrade-Valenca LP, Dubeau F, Mari F, et al. Interictal scalp fast
oscillations as a marker of the seizure onset zone. Neurology
2011;71:524–531.

75. Jacobs J, Zelmann R, Jirsch J, et al. High frequency oscillations
(80–500 Hz) in the preictal period in patients with focal seizures.
Epilepsia 2009;50:1780–1792.

76. Khosravani H, Pinnegar CR, Mitchell JR, et al. Increased high-fre-
quency oscillations precede in vitro low-Mg seizures. Epilepsia
2005;46:1188–1197.

77. Worrell GA, Parish L, Cranstoun SD, et al. High-frequency oscilla-
tions and seizure generation in neocortical epilepsy. Brain 2004;
127:1496–1506.

78. Staba RJ, Frighetto L, Behnke EJ, et al. Increased fast ripple to ripple
ratios correlate with reduced hippocampal volumes and neuron loss
in temporal lobe epilepsy patients. Epilepsia 2007;48:2130–2138.

79. Ogren JA, Wilson CL, Bragin A, et al. Three-dimensional surface
maps link local atrophy and fast ripples in human epileptic hippo-
campus. Ann Neurol 2009;66:783–791.

ANNALS of Neurology

178 Volume 71, No. 2


