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Abstract

Studies in animal models of epilepsy and pre-surgical patients have unanimously found a strong correlation between
high-frequency oscillations (HFOs, > 80 Hz) and the epileptogenic zone, suggesting that HFOs can be a potential
biomarker of epileptogenicity and epileptogenesis. This consensus includes the definition and standard detection
techniques of HFOs, the localizing value of pathological HFOs for epileptic foci, and different ways to distinguish
physiological from epileptic HFOs. The latest clinical applications of HFOs in epilepsy and the related findings are also
discussed. HFOs will advance our understanding of the pathophysiology of epilepsy.
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Background
High-frequency oscillations (HFOs) have become a new
biomarker of epileptogenic zone in the brain. This ex-
pert consensus highlights the development of clinical ap-
plications of HFOs in the context of epilepsy as well as
the findings, in the aim to provide guidance for epilepsy-
related clinical use of HFOs.

Definition of HFOs and their standard detection
techniques
Definition of HFOs
HFOs are oscillatory high-frequency (> 80Hz) brain signals
recorded by electroencephalography (EEG) due to the transi-
ent local-field potential (LFP) oscillations. HFOs are defined
as having at least four oscillations with sinusoidal-like
morphology in the filtered signal (> 80Hz) with a root mean
square amplitude increase of more than 5 times the standard
deviation compared to background brain activity [1, 2] or

with energy larger than the 95 percentile of the surrounding
background [3].

Classification of HFOs by frequency
The definition of HFO frequency varies among studies.
Narrowly, HFOs are considered to have a frequency range of
80Hz to 500Hz, and are classified into two common sub-
types according to the frequency: ripples (80–250Hz) and
fast ripples (250–500Hz). More broadly, HFOs are defined
as brain activities with frequencies higher than 30Hz, and
divided into four sub-bands: low gamma band (30–80Hz),
high gamma band (80–150Hz), ripples (80–250Hz) and fast
ripples (250–500Hz) band [4]. Of note, the high gamma
band can overlap with the ripple band.
Recently, very-high-frequency oscillations (VHFOs, > 600

Hz) have been reported in patients with epilepsy [5, 6].
VHFOs can be classified into very-fast ripples (500–1 000
Hz) and ultrafast ripples (1 000–2 000Hz).

Possible mechanisms of HFOs
The synchronizing mechanisms of HFOs need to be fast
enough to synchronize activity in 2 to 5ms. Possible mecha-
nisms of HFOs include ephaptic interactions [7], electrotonic
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coupling via gap junctions [8], and fast synaptic transmission
[9]. It is now considered that HFOs reflect summation of
mainly principal cell action potentials from fast-firing neu-
rons which are hypersynchronized through fast synaptic
transmission or gap junction coupling [10, 11]. There is evi-
dence that interictal and preictal discharges are mediated by
different cellular and synaptic mechanisms [12].
Although ripples in field potentials are linked with neur-

onal depolarization and firing, especially from fast-rhythmic-
bursting neurons, GABAA inhibition also participates in the
precise timing of firing during ripple oscillations [13]. How-
ever, individual pyramidal cells cannot fire fast enough to
produce synchronized oscillations up to fast ripples. Rather,
the fast ripples are produced from the intrinsic fast-
synchronizing behavior of local damaged neurons, leading to
the out-of-phase firing of neuronal clusters [14].

Criteria of recording and analysis of HFOs
HFOs in intracranial EEG recording
Different types of intracranial electrodes could record
HFOs, including microelectrodes and macroelectrodes
(depth or subdural).
HFOs are transient LFP oscillations [15, 16]. They can

be similarly detected with microelectrodes (surface area:
150 μm2) [17] and clinical macroelectrodes (surface area:
1–10 mm2) [18]. Microelectrodes record LFP from a vol-
ume of ~ 1mm3, while clinical macroelectrodes presum-
ably record the activity from ~ 100mm3 of brain tissue.
Oscillations detected with clinical macroelectrodes span
a wide range of frequencies (~DC[direct current] − 600
Hz) [18]. The features of HFOs are related to the type of
recording electrode.
The EEG must be sampled above 4 times of the

interest upper frequency, in order to form the wave
shape [19]. To record HFOs that include fast ripples
with a frequency as high as 500 Hz, a sample fre-
quency of 2 000 Hz or above should be attained. The
amplifier with 0.1–500 Hz wide bandwidth and above
128 channels is recommended. A referential montage
of epidural reference far from the suspected epilepto-
genic zone is used during recording [20]. To record
HFOs, bipolar montages are recommended as they
can neutralize the artifacts carried by two adjacent
electrodes [21].
To identify HFOs, channels are displayed with the

maximum time resolution on a computer monitor
(~ 0.6 s/page) to show all samples (1 200 samples of a sig-
nal sampled at 2 000Hz). The amplitude scale is changed
to 1 μV/mm. The EEG signal is filtered at 80–250 Hz to
display ripple events and at 250–500Hz to display fast
ripple events. Only events including at least 4 continuous
oscillations are regarded as HFOs. Those separated by at
least two non-HFO oscillations are considered to be two
different events [22].

HFOs in surface EEG recording
Previously, the detection of HFOs was limited to intra-
cranial EEG recording, but in recent years, it has ex-
tended to scalp EEG. Most studies reported that the
scalp HFOs can be recorded mainly in ripple and
gamma bands (40–80 Hz), but it has been suggested that
the fast ripples are also detectable in scalp EEG [23]. It
is difficult to define the relationships between scalp and
intracranial HFOs, simultaneous scalp and intracranial
recordings suggested that scalp HFOs may reflect cor-
tical HFOs [24]. HFOs on scalp recording tend to have
lower frequencies, and only high-amplitude cortical
HFOs are detectable over the scalp [25]. The difficulty of
scalp recording is the separation of low-amplitude HFOs
from electromyography (EMG) artifacts [26]. The scalp
HFOs should be confirmed by time-frequency analysis
on filtered EEG traces [27]. In time-frequency analysis,
muscle activity always has irregular shapes, so the HFOs
can be morphologically distinguished from EMG arti-
facts [25].
In pediatric epilepsy, scalp EEG ripple oscillations

have been detected in patients with continuous spike-
waves during slow-wave sleep (CSWS), Landau–Kleff-
ner syndrome (LKS) and related diseases, and ripple
oscillations have discrete spectral components in the
in time–frequency spectra [28]. HFOs are found to be
more prevalent in atypical benign partial epilepsy
(ABPE) than in benign childhood epilepsy with cen-
trotemporal spikes, and more sensitive to methylpred-
nisolone treatment than the spikes in ABPE [29].
Subsequently, by analyzing the HFOs in CSWS pa-
tients with different etiologies, researchers found that
after methylprednisolone treatment the percentage re-
duction of HFOs is higher in patients with a genetic/
unknown etiology than in those with a structural
etiology, the distribution of HFOs is focal while that
of spikes is diffuse, and HFO-dominant regions are
concordant with magnetic resonance imaging (MRI)
abnormalities in structural CSWS patients [30]. HFOs
seem to be a good biomarker to predict seizure and
cognitive outcomes after methylprednisolone treat-
ment in CSWS patients [31]. The amplitude of scalp
ripples is at most about 10 μV.

HFOs in Magnetoencephalography (MEG) recording
MEG has been used in the detection of HFOs for nearly
two decades [32–34]. HFOs, rather than spikes, are closely
related with seizure severity and surgical outcomes [35,
36]. The interictal HFOs in MEG recordings are consist-
ent with those in intracranial recordings in patients receiv-
ing epilepsy surgery [26]. Therefore, as a noninvasive
approach to detecting HFOs, MEG can be used in patients
who are not surgical candidates [35–37].
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A set of methods have been developed to detect HFOs
with MEG [32, 33, 38, 39]. To automatically detect
HFOs, artificial intelligence (AI) such as stacked sparse
autoencoder (SSAE) has been used to detect and classify
HFOs in MEG data [40]. An SSAE-based MEG HFOs
(SMO) detector has been developed to facilitate the clin-
ical detection of HFOs. In fact, HFOs can also be local-
ized and quantified with accumulated source imaging
[39]. Virtual sensors (or virtual electrodes) are a tech-
nique that visualizes HFOs at the source level. Virtual
sensors can eliminate the effect of head movement (head
position is automatically corrected and registered to fi-
ducial points). Spatiotemporal or “event-related” beam-
forming algorithms are adopted to localize origination of
HFOs in interictal spikes by MEG recordings [41].

Automatic detection of HFOs
Since visual marking of HFOs is time-consuming and
subjective, automatic detection is an essential alternative
[26, 42–44]. Algorithms for detection of spontaneous
HFOs commonly require at least four oscillations that
stand out from the ongoing background activity, and at
least 25 ms inter-event interval [3, 45].
Four automated methods of HFOs detection are

widely used in recent years.

Automated method 1 The first method is based on the
energy defined as the moving average of the root mean
square amplitude of a filtered signal. Each channel is fil-
tered and segments with energy above five times the
standard deviation (SD) of the mean energy of the whole
EEG and of more than 6ms were considered as HFOs.
This method has been reported to have a sensitivity of
84% [1].

Automated method 2 The second method is based on
the short-time line length. Each channel is passed through
a spectral equalizer (first-order differential filter), then
band-pass filtered and the energy threshold is computed
as the 95 percentile of the empirical cumulative distribu-
tion function for the epoch. Epochs lasted 3min and
included the possible events. This method has a sensitivity
of 89.5% in a gamma band study. The specificity has not
been reported, but in a previous study ~ 85% of the candi-
date events were rejected as false positives [19].

Automated method 3 The third method is based on
the Hilbert Transform, which is used to compute the
signal envelope. Each channel is band-pass filtered and
events are detected with a threshold five times the SD of
the envelope over the whole EEG. The sensitivity is
100% with a specificity of 90.5% [46].

Automated method 4 The fourth method detects HFOs
by using AI, which encodes the features of signals (e.g.
morphology, amplitude, spatial, temporal, spectral, fre-
quency and other signatures) [40]. The SMO detector
has been developed to facilitate the clinical detection of
HFOs. After configuration optimization, the newly-
developed SMO detector outperforms other classic peer
models by achieving 89.9% in accuracy, 88.2% in sensi-
tivity, and 91.6% in specificity [40].

Effects of physical condition on HFOs and the difference
from artifacts
HFOs occur more frequently during sleep, particularly
in slow-wave sleep stage, than in the awake state [1].
The application of high-pass filters could results in the

exposure of high-frequency components of sharp events
and the occurrence of “false” ripple activity. It may be
difficult to distinguish this “false” ripple activity from
stand-alone oscillations sometimes [27]. Inadequate filter
parameters also could result in artifacts and occurrence
of false HFO. Using Fourier transform or wavelet trans-
form to establish frequency power spectrum is helpful to
solve this problem [47].
The channel with continuous artifacts could be dis-

cerned as the artifactual baseline activity was greater
than that of other channels. The main frequency (50 Hz
or 60 Hz and harmonics) could also lead continuous
artifacts, which can be easily identified by evaluating fre-
quencies. Muscle artifacts always appear to be waxing
and waning, and often occur on channels that close to
skull. Reviewing suspected channels with epidural or ex-
tracranial channels simultaneously at 10–20 s per page
will be helpful to reveal muscle artifacts, because this ac-
tivity always occur at similar times [48]. In addition, if
multiple channels have simultaneous HFOs, this elec-
trical activity is likely to be artifact, one has to be cau-
tious to mark it as epileptic. The main obstacle of HFO
research is that various muscle activities usually result in
a significant increase of gamma power (> 25 Hz) and in-
fluence the signals recorded in HFO spectrum [3]. Ap-
plication of bipolar montage may effectively reduce the
contamination by EMG signals [49].

The value of pathological HFOs in localizing
epileptic foci
Pathological HFOs are a new biomarker of the seizure
onset zone
Pathological HFOs are considerd to be generated in the
seizure onset zone (SOZ), or in the first-propagation
zone. Analysis of HFOs may accelerate the identification
and narrow down the location of the seizure-onset area
compared to the routine EEG analysis of interictal and
ictal epileptic activities. So pathological HFOs may be a
new biomarker of SOZ [50].

Wang et al. Acta Epileptologica             (2020) 2:8 Page 3 of 10



HFOs can occur superimposed on spikes or in isola-
tion. HFOs superimposed on spikes always have longer
duration than those outside the spikes [51]. In general,
the spatial extent of HFO zone were smaller than irrita-
tive zone, especially that of fast ripples. It has been sug-
gested that HFOs can help discriminate between “green”
and “red” spikes, which are markers of cortical areas of
low and strongest epileptogenicity, respectively [52]. In
contrast, the interictal spikes are more labile. Except oc-
curring in the region of onset of spontaneous seizures,
HFOs also occur in regions with a low threshold to gen-
erate after-discharges or evoked seizures in response to
cortical stimulation, even outside the SOZ. This shows
the correlation between HFOs with endogenous epilep-
togenicity [20].
HFOs are more specific in indicating the SOZ than

spikes [51]. The ripples and fast ripples have a signifi-
cantly higher occurrence rate and last significantly
longer in the SOZ than outside [50]. Liu et al. dem-
onstrated that HFOs in the SOZ have the highest de-
gree of waveform similarity [53]. Determining with
HFOs detection rate may have better sensitivity and
specificity in identifying SOZ than with spikes detec-
tion rate [51]. The temporal lobe structure produces
much more HFOs than the neocortex [20]. Different
thresholds of HFOs rate can also be established to
describe the SOZ of different types of epilepsy [51].
In addition, no difference has been found between
the rate of HFOs in control neocortex and that in the
non-seizure-onset zone of neocortex in patients with
epilepsy [42].
Recently, there is a rising interest in studies combining

HFOs with low-frequency oscillations (< 10 Hz), even
direct current (DC) shifts. Some studies reported that
the co-occurrence of HFOs with 3–4 Hz delta waves
may contribute to the confirmation of SOZ. For ex-
ample, Motoi H et al. reported that observation of strong
phase-amplitude coupling of HFOs with 3–4 Hz delta
waves in non-resected tissues indicates that class I out-
comes are less likely to occur [54]. EEG signal below the
delta band is often defined as the DC shifts, which would
be of great value to SOZ localization [55]. However, few
studies have directly addressed the value of co-
occurrence of HFOs with DC shifts, and one study by
simultaneous evaluation revealed partial spatial overlap
between ictal HFOs and DC shifts in SOZ [56].
It is well known that patients with spikes generated in

multiple brain regions are less likely to become seizure-
free after operation than patients with well located
spikes [57]. Therefore, new measurements for epilepto-
genicity are required in addition to the spikes in intra-
cranial EEG. In the presurgical decisions, the HFO zones
might could replace the irritative zone, especially when
the irritative zone is widespread.

Localization and lateralization of SOZ in patients with
symptomatic generalized epilepsy
In symptomatic generalized seizures such as epileptic
spasms, myoclonic seizures, tonic seizures, atonic sei-
zures, and atypical absence seizures, the difficulty in lo-
calizing SOZ comes from early seizure spread or
widespread spikes during seizure onset [58]. However,
HFOs can narrow down the range of resection through
ripples and fast ripples which occur dozens to hundreds
of milliseconds earlier in several electrodes. Most of the
epileptogenic zones are located in the posterior frontal
central region and posterior temporal-parietal-occipital
region [59]. Patients could be improved by focal resec-
tion of the epileptogenic zone using HFOs localization.
It was observed that cortical HFOs were related to the

epileptic spasms (ESs) corresponding to the scalp fast
oscillations (40–150 Hz) [60, 61]. Slow waves pattern is
the characteristic of ictal EEG in ES [62]. It was reported
that the ictal HFOs in the electrocorticography (ECoG)
was time-locked to the slow waves when it is less than 1
Hz [63]. Asymmetries or local components were also
found in the ictal slow waves in symptomatic patients
[64]. Pre-ictal of clinical spasm, HFOs began and became
quasiperiodic. With the evolution of clinical spasm,
HFOs persist in the areas of subclinical onset, but its fre-
quency and power were higher than other areas [60].
Complete resection of the sites showing the earliest
augmentation of ictal HFOs or slow wave-coupled fast
ripples is predicted to a good surgical outcome [61, 65].
Myoclonic seizures are epileptic seizures in which the

motor manifestation are myoclonus [66]. Myoclonic sei-
zures often have a widespread seizure onset area and
cannot be easily localized, which makes it difficult to
perform epilepsy surgery, especially in the absence of
correlative focal brain lesions. However, using broad-
band ECoG time-frequency analysis on myoclonic sei-
zures in patients, the power of ripple bands started to
rise 2 s before the clinical seizure onset, peaked 0.5 s be-
fore the clinical seizure onset. For the ripple band in the
resected zone, the power during the preictal period in-
creased significantly compared with the power in the
interictal period, and myoclonic seizures without clinical
lateralizing signs could be improved by focal resection of
the epileptogenic zone [67].
In the ictal EEGs of tonic seizures, the gamma

rhythms of 43–101.6 Hz can be detected by time exten-
sion and spectrum analysis of the ictal EEG traces [68].
Therefore, more attention should be paid to clinical ap-
plications of HFOs in localization and lateraliztion of
SOZ in patients with symptomatic generalized epilepsy.

Localization and lateralization of SOZ in focal epilepsy
HFOs can be recorded in the human focal epileptic area,
mainly in the originate epileptic area. The presence of
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focal HFOs near the time of seizure onset may be close
to the epileptogenic foci in mesial temporal lobe and
neocortical seizures.

The value of interictal HFOs in epilepsy
Interictal HFOs are produced spontaneously and inter-
mittently during resting periods. Studies in children and
adults reported that surgical failure is related to a high
incidence rate of interictal HFOs in the non-resected tis-
sues during non-REM sleep and general anesthesia. The
occurrence rate of all these interictal HFOs is state-
dependent. They often occur in slow-wave sleep [69–71]
and during immobility, but rarely in rapid-eye-
movement sleep and active wakefulness.
Experimental and clinical studies of HFOs about

mesiotemporal lobe (MTL) epilepsy demonstrated that
the rate of fast ripples in epileptic hippocampus is sig-
nificantly higher. In the epileptic MTL with atrophic
hippocampus and amygdala, the frequency of fast ripples
is higher than that of the contralateral MTL, so it pro-
vides a promising diagnostic index for epileptic areas re-
lated to hippocampal sclerosis and subsequent synaptic
reorganization [72].
However, the rate of HFOs is increased in the main

SOZ (microelectrodes and macroelectrodes) in bitem-
poral epilepsy [19]. For clinically-suspected bitemporal
epilepsy, monitoring HFOs can assist to confirm the lat-
erality of the onset zone when conventional EEG or
brain MRI fails to localize. Ripples in the ictal period
and fast ripples in the interictal period may have more
advantages in laterality localization [73].

The value of ictal HFOs in epilepsy
The specificity of ictal-onset HFOs to SOZ was stronger
than that of interictal HFOs, although they always occur
in the similar channels [48, 74]. Ripple oscillations occur
more frequently in the SOZ than fast ripple oscillations,
and ripples show higher amplitude at the transition from
the interictal to the ictal state. In a previous study, re-
searchers used subdural grid recording and deep macro-
electrodes in neocortical epileptic patients to calculate
spectral power during the initial ictal activity and found
a peak of 80 to 120 Hz at the contact site close to the
epileptic focus. The dynamic evolution of ripples is re-
lated to an epileptic episode. In addition to ripples, fast
ripples also occur before ictal onset, with higher oscilla-
tion frequency and shorter duration [75].
In intracranial EEG recordings of patients with focal

epilepsy, there are usually two specific seizure onset
electrographic types, hypersynchronous periodic spiking
with ictal discharges < 2 Hz and low-voltage fast activity
consisting of low-amplitude oscillations > 12 Hz [76–79].
An animal study of ictal HFOs in mesial temporal sei-
zures displayed that the specific HFO type were related

to the two different seizure-onset patterns; ripples (> 80
Hz) were dominant during low-voltage fast activity sei-
zures, whereas fast ripples (> 250 Hz) were dominant
during hypersynchronous periodic spiking seizures [10],
and a recent study on human SEEG data by Gotman’s
group have shown similar results [80].

Surgical outcome prediction and prognosis based on HFOs
The surgical outcome rely on SOZ determined by ictal-
onset HFOs is better than low frequencies activity [48,
60, 81]. Frequency spectrum analysis above 80 Hz is
helpful to improve the accuracy of preoperative evalu-
ation [82]. It is worth including the ripple and fast ripple
zones into a set of clinical data, comparing them with
the known lesional, seizure-onset, and irritative zones,
and making a weighted decision on the epileptogenic re-
gion [22]. Removal of HFO producing areas is associated
with good surgical outcomes for drug-resistant epilepsy
in children and adults [83].
A previous study employing 21 patients with temporal

lobe epilepsy (TLE) and 9 with extratemporal lobe epi-
lepsy (ETLE) showed that the better surgical outcome is
correlated with the resection of HFO-generating tissue in
the whole cohort and in the TLE subgroup, but not in the
ETLE group [22]. Patients with good outcomes (ILAE
classes 1–3) had significantly higher ripple ratio between
resected and non-resected contacts than patients with
poor outcomes (ILAE classes 4–6). Among all tailoring
approaches, the presence of fast ripples in post-ECoG has
the highest predictive value for seizure recurrence [79].
Therefore, the presence of HFOs after surgery predicts
poor seizure outcome [84]. The mean volume of resection
does not correlate with the surgical outcome [85].
To sum up, HFOs are proposed as a new biological

marker of SOZ both for focal epilepsy and for symptom-
atic generalized epilepsy. However, there are also differ-
ent views. Julia Jacobs et al. recently completed a
multicenter clinical study on HFOs, they found that
HFOs may be less localization-specific for SOZ than the
earlier studies have indicated [86]. Another study also
suggests that removal of HFO-generating regions does
not mean better surgical outcome [84]. Many studies
suggest that physiological and pathological HFOs largely
overlap in regions and frequencies [87, 88]. The applica-
tion of HFOs is limited by the inability of current tech-
niques to distinguish epileptic HFOs, therefore it is
necessary to further improve the techniques to better
separate physiological and epileptic HFOs.

Clinical applications of physiological HFOs
Localizing value of physiological HFOs in brain eloquent
cortex
Physiological HFOs include evoked/elicited and spontan-
eous HFOs. HFOs in the visual, somatosensory, motor,
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and auditory cortices are typically evoked/elicited by tasks
or stimuli [89–92]. Physiological HFOs in the normal
brain during resting periods are spontaneous or endogen-
ous HFOs [42, 93–99]. It is difficult to discriminate
physiological HFOs occurring spontaneously from patho-
logical HFOs [100]. The current recommendation is that
the resection range should not be determined only based
on the incidence or spectral frequency band of interictal
HFOs [101]. The best way to predict post-operative func-
tional deficits is to check the “functional integrity” of the
candidate cortical targets [102]. This integrity is usually
evaluated by a combination of neuropsychological testing,
functional neuroimaging, pharmacological inactivation
(Wada test), and electro-cortical stimulation (ECS). How-
ever, none of these methods has been proved to be accur-
ate enough to reliably predict the risks of cognitive
impairment caused by surgery. Although ECS is generally
regarded as the gold standard for determining eloquent
brain areas, it does not trigger interpretable performance
in many cortical areas, especially in the associative cortex,
which supports high levels of cognition [103–105]. The
analysis of intracranial HFO responses in cognitive tasks is
a new supplement for ECS to address these limitations.
In most cases, HFOs measured by intracranial EEG can

be used as a particularly helpful indicator of cortical acti-
vation with sufficient time accuracy to contrast and com-
pare the activated time courses of different language
regions [106–108]. A variety of language tasks have been
studied with this approach, including visual object (pic-
ture) naming, auditory word repetition, sentence compre-
hension, auditory speech perception tasks, and reading.
HFOs can be used to map language functional cortical re-
gions [109]. Moreover, combining HFOs and ECS re-
sponses can well identify visual, somatosensory and motor
functional cortices. So, it is necessary to use HFOs to map
eloquent brain areas in epileptic patients before surgery.

The discrimination between physiological and
pathological HFOs
Physiological ripples result from synchronous inhibitory
postsynaptic potentials on pyramidal cells [110]. In ex-
perimental settings, physiological HFOs recorded using
microelectrodes have specific regional and laminar dis-
tribution patterns, and their shape and other properties
help distinguish them from epileptic HFOs [111–113].
However, in clinical settings where HFOs are recorded
with macroelectrodes, distinguishing physiological HFOs
from pathological HFOs remains a huge challenge [114],
especially in the ripple band [58, 115].
For physiological and pathological ripples, various func-

tions have been proposed, such as sensory information
processing [116], replay of neuronal activation sequences
for memory consolidation [117], and involvement in sei-
zures [118]. Physiological ripples (~ 200 Hz) primarily

exists in the CA1 region of the hippocampus and entorhi-
nal cortex [119]. In the dentate gyrus, ripples can be
pathological and epileptogenic. There is evidence that the
higher-frequency HFOs (e.g. fast ripples, VHFOs) are
more epileptogenic than the lower-frequency HFOs (e.g.
ripples or gamma) [6, 32, 33].
Pathological HFOs are most likely caused by neurons

with abnormally synchronous bursting, which cannot be
distinguished from healthy ripples by simple frequency
analysis. Possible approaches to distinguishing normal
from pathological HFOs include their relationship to
interictal EEG spikes; responses to perturbation of the
system such as sleep-wake cycle, stimulation, and drugs;
metabolic differences that can be measured by functional
MRI or optical imaging, and their association with areas
of atrophy or lesion on MRI [26].
Ferrari-Marinho T et al. studied the relationship be-

tween the rate of HFOs and the underlying pathology,
and found that the rate of HFOs is higher in focal cor-
tical dysplasia and mesial temporal sclerosis than in at-
rophy and tuberous sclerosis [120]. The understanding
of the relationship is further advanced by HFO studies
in specific epileptic syndromes. Nariai H et al. found that
HFOs in ripple band (80–200 Hz) from the rolandic area
play an important role in the emergence of epileptic
symptomatology in epileptic spasms [61]. Ictal scalp
HFOs can also be used to explore lesions for symptom-
atic West syndrome [121]. Tang L et al. suggested that
the strength of HFOs can reflect the severity of child-
hood absence seizures [37]. HFO rates are highest in
areas where lesion overlaps with SOZ, but in patients
with SOZ outside the lesion, such as in nodular hetero-
topias, HFO rates are clearly higher in the non-lesional
SOZ than in the inactive lesions.
High-amplitude slow waves during NREM sleep and

subtypes of REM sleep facilitate isolation of physiological
and pathological HFOs. Epileptogenic HFOs are more
likely to be coupled with slow-wave 3–4 Hz than with
slow-wave 0.5–1 Hz, whereas physiological HFOs are
more likely associated with slow-wave 0.5–1 Hz than
slow-wave 3–4 Hz during slow-wave sleep [87]. The first
sleep cycle seems to be the optimal time to study HFOs
in epilepsy because it provides the greatest difference be-
tween physiological and pathological ripple rates [122].
Compared with tonic REM sleep, pathological HFOs are
suppressed to the greatest extent during phasic REM,
while physiological HFOs exhibit the opposite behavior
with higher rates during phasic REM compared to tonic
REM sleep [123].

Conclusion
HFOs are a reliable marker of pathological network ac-
tivity, and should be adopted in the clinical practice to
launch more targeted therapeutic methods. However,
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there are still different views among laboratories on the
application of HFOs as biomarkers of epileptogenesis
and ictogenesis.

Perspective
Future multicenter studies with large sample sizes and a
solid design are needed. Objective methods of HFO ana-
lysis can help standardize HFO assessment, which is war-
ranted to demonstrating the utilization of HFOs as a
biomarker in epilepsy and to assess disease activity. There
are still several aspects to consider for noninvasive use of
HFOs to assess disease activity in a large number of pa-
tients. First, ensure correct conduction of HFOs detection,
as it is critical for optimizing the outcome. Wireless tele-
consultation system or other methods should be used to
contact HFO experts to maintain the accuracy of HFOs
detections in hospitals no matter in developing or devel-
oped countries. Second, arrange different healthcare ser-
vices according to different epilepsies and adjust hospital
schedule for different epilepsies. Third, take into account
the influencing factors like age and gender, as the patho-
logical significance of HFOs differs in children versus
adults and females versus males. Fourth, a rational reim-
bursement program should be made to compensate pa-
tients for making diagnosis by using HFOs. Generally, the
assessment of HFOs using noninvasive methods provides
a new way to confirm the SOZ and evaluate disease activ-
ity in patients with epilepsy.
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