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Abstract: In recent decades, a significant body of evidence
based on invasive clinical research has showed that highfrequency oscillations (HFOs) are a promising biomarker
for localization of the seizure onset zone (SOZ), and
therefore, have the potential to improve postsurgical outcomes in patients with epilepsy. Emerging clinical literature has demonstrated that HFOs can be recorded
noninvasively using methods such as scalp electroencephalography (EEG) and magnetoencephalography
(MEG). Not only are HFOs considered to be a useful
biomarker of the SOZ, they also have the potential to gauge
disease severity, monitor treatment, and evaluate prognostic outcomes. In this article, we review recent clinical
research on noninvasively detected HFOs in the human
brain, with a focus on epilepsy. Noninvasively detected
scalp HFOs have been investigated in various types of
epilepsy. HFOs have also been studied noninvasively in
other pathologic brain disorders, such as migraine and
autism. Herein, we discuss the challenges reported in
noninvasive HFO studies, including the scarcity of MEG and
high-density EEG equipment in clinical settings, low signalto-noise ratio, lack of clinically approved automated detection methods, and the difficulty in differentiating between
physiologic and pathologic HFOs. Additional studies on
noninvasive recording methods for HFOs are needed,
especially prospective multicenter studies. Further research
is fundamental, and extensive work is needed before HFOs
can routinely be assessed in clinical settings; however, the
future appears promising.
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*Corresponding authors: Yunhui Liu, Department of Neurosurgery,
Shengjing Hospital of China Medical University, Shenyang, China,
E-mail: liuyh@sj-hospital.org; and Hua Wang, Department of
Pediatrics, Shengjing Hospital of China Medical University, Shenyang,
China, E-mail: wangh1@sj-hospital.org
Yuying Fan and Xueyan Liu, Department of Pediatrics, Shengjing
Hospital of China Medical University, Shenyang, China
Liping Dong, Library of China Medical University, Shenyang, China
Open Access. © 2020 Yuying Fan et al., published by De Gruyter.
License.

Introduction
High-frequency oscillations (HFOs) were first discovered
and investigated using microelectrode arrays in the 1990s
(Bragin et al. 1999b,c; Fisher et al. 1992; Huang and White
1989) . In recent decades, there have been rapid advances in
clinical research on HFOs. In 2006, Gotman and colleagues
at the Montreal Neurological Institute published a milestone
study in clinical HFO research, showing that HFOs could be
recorded using ordinary clinical intracranial macroelectrodes (Jirsch et al. 2006). Following this breakthrough
with macroelectrodes, rapidly growing numbers of studies
on HFOs have been reported worldwide.
HFOs are defined as spontaneous brain activity that
clearly stands out from the background signal that consist of
at least four consecutive oscillations and frequencies >80 Hz
(Frauscher et al. 2017; Jacobs et al. 2012; Zijlmans et al. 2017).
HFOs have been subdivided into ripples (80–250 Hz), fast
ripples (250–500 Hz), and very fast ripples (>500 Hz) (Bragin
et al. 1999a; Brazdil et al. 2017; Usui et al. 2010; Usui et al.
2015). The majority of the current research on HFOs has used
invasive intracranial electroencephalography (EEG), and
only few prospective studies have been published (Hussain
et al. 2016; Leung et al. 2018; Modur et al. 2011; Nevalainen
et al. 2020; van ’t Klooster et al. 2015). Evidence from these
prospective studies suggests that fast ripple HFOs, in
particular, are the primary biomarker of the seizure onset
zone (SOZ). Many retrospective studies have corroborated
that the resection of areas with high rates of HFOs is associated with favorable postsurgical outcomes (Fujiwara et al.
2016; Grinenko et al. 2018; Iimura et al. 2017; Leung et al.
2015; Liu et al. 2016; Pail et al. 2017). It has been reported that
very fast ripples could be better predictors of epilepsy surgery outcomes than ripples or fast ripples; however, the fast
ripples are detected only in a small percentage of patients
(Brazdil et al. 2017; Usui et al. 2015). It has also been reported
that disconnecting the high-frequency oscillation (HFO)
networks could result in better seizure outcomes (Peng et al.
2018; van ’t Klooster et al. 2017). It is important that HFOs
are investigated using intracranial electroencephalography
(EEG). However, this has limited the application of HFOs
in patients with epilepsy, since intracranial EEG is an
invasive procedure and in general, more expensive than
scalp EEG.
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Detection of HFOs using noninvasive scalp EEG and
Magnetoencephalography (MEG) was another milestone in
human HFO research, providing a new way to investigate
this brain activity in larger populations. In 2004, ictal high
frequency activities (up to 100 Hz) were ﬁrst recorded using
noninvasive scalp EEG in children with West syndrome
experiencing epileptic spasms (Kobayashi et al. 2004).
Similar ﬁndings were obtained for tonic seizure in LennoxGastaut syndrome (LGS) (Kobayashi et al. 2009). In 2010
and 2011, detection of interictal HFOs (ripple activity) was
reported using scalp EEG in epileptic children and adults,
respectively (Andrade-Valenca et al. 2011; Kobayashi et al.
2010). The ﬁrst study that used MEG to detect HFOs in
children with epilepsy was published in 2009 (Xiang et al.
2009). In the last 10 years, an increasing number of studies
has been published on HFOs recorded using non-invasive
methods. The clinical value of HFOs not only includes
preoperative localization of epileptogenic regions, but also
the assessment of disease severity, predicting seizures,
evaluating treatment effects, and assessing epileptic
susceptibility after brain injury. HFOs have been playing
an increasingly important role in epilepsy, as well as in
other disorders, such as migraine and autism. This article
reviews the advances in noninvasive EEG and MEG
research of HFOs in the human brain with an emphasis on
pathologic HFOs in epilepsy. We also discuss the challenges in HFO research using non-invasive methods.

Noninvasive HFO recording in
epilepsy
The ‘standard’ for noninvasive brain recordings depends
on the desired temporal and spatial resolutions, as well as
goal of recording (e.g. function or network mapping). EEG
and MEG have high temporal resolutions. Functional
magnetic resonance imaging (fMRI), with its low temporal
resolution and high spatial resolution, has excellent utility
in language/cognitive network mapping. Previously, it was
commonly believed that HFOs could not be recorded using
scalp EEG, owing to the thickness of the skull and the high
electrical resistance that reduces intracranial electrical
signal conduction. However, presently, it is generally
accepted that HFOs can be recorded by scalp EEG provided
the sampling rate is at least four times higher than the
frequency band being analyzed (Worrell et al. 2008).
Most studies have reported only ripples, since the
sampling rates (typically 512 Hz) used were insufﬁcient for
fast ripple detection. Only a few studies have reported the

recording of fast ripples (Bernardo et al. 2018; Pizzo et al.
2016). Studies have shown that HFOs recorded using scalp
EEG originate from limited cortical regions (Cuello-Oderiz
et al. 2017; Zelmann et al. 2014). Fast ripples may be
generated from regions smaller than regions that generate
ripples; thus, fast ripples are less likely to be recorded on
scalp EEG (Ortiz et al. 2018). In the current literature, most
studies on the evaluation of HFOs in epilepsy using scalp
EEG have been conducted in children, with only a few
conducted in adults. One mechanism that explains the
noninvasive detection of scalp HFOs is that scalp HFOs
may represent multiple, small generators activating asynchronously with temporal overlap (von Ellenrieder et al.
2016). The detection of scalp HFOs may also be possible
because children have thinner skulls than adults (Wendel
et al. 2010).Studies have shown that the rates of scalp HFOs
were considerably higher in children with epilepsy than in
adults; however, there was no difference in the rate of
intracranial HFOs between children and adults (Kerber
et al. 2013; Kobayashi et al. 2015).
It has been established that EEG is sensitive to both
tangential and radial dipolar sources when recording
electrical brain activity, whereas MEG is sensitive to only
tangential dipolar sources when recording neuromagnetic
signals (Ahlfors et al. 2010). As the skull, scalp, and brain
tissue have no effect on the penetration of magnetic ﬁeld
lines, MEG can theoretically record neural activity without
reduction of signal conduction. MEG has been reported to
have a much better spatial resolution in HFO research than
scalp EEG (Hedrich et al. 2017). A survey of recent publications revealed that noninvasive HFO studies in patients
with epilepsy were much more focused on the interictal
state than the ictal state (Thomschewski et al. 2019). It remains a long-established fact that HFOs show variations
during ictal and interictal states. Ictal HFOs are distributed
in smaller areas than interictal HFOs in epilepsy, and better
outcomes are achieved after the resection of the epileptogenic regions associated with ictal HFOs (Liu et al. 2015;
Modur et al. 2011; Usui et al. 2011).HFOs have been investigated noninvasively in different conditions involving
epilepsy, including West syndrome, LGS, childhood
absence epilepsy(CAE), benign childhood epilepsy with
centrotemporal spikes(BECTS), myoclonic epilepsy, Panayiotopoulos syndrome(PS), continuous spike-waves during slow-wave sleep(CSWS), insular epilepsy and tuberous
sclerosis complex(TSC)
(Frauscher et al. 2017; Thomschewski et al. 2019). In
the next sections, we present detailed ﬁndings of noninvasive HFOs obtained during ictal (See Table 1 and Table 2)
and interictal states (see Tables 3 and 4).
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Noninvasive recording of ictal HFOs in
epilepsy
Noninvasive recording of ictal HFOs in refractory
epilepsy syndrome
Noninvasive recording of ictal HFOs was reported in two
kinds of refractory epilepsy syndrome. Among related
studies, most focused on West syndrome, and one was
about LGS.As early as in 2004, Kobayashi et al. investigated high frequency activities (HFA) (frequency >80 Hz)
during the ictal state of epileptic spasms in West syndrome
(Kobayashi et al. 2004). In 2016, they also reported ictal fast
oscillations (FOs) (40–150 Hz) during spasms which were
associated with positive slow waves (Kobayashi et al.
Table : Ictal HFOs with scalp EEG recordings in epilepsy.
Reference

Subjects

Table : Ictal HFOs with MEG recordings in epilepsy.
Reference

Subjects

Xiang et al.
 patients with focal

eilepsy, – years
Miao et al.   children with
CAE, – years
Tenney et al.
 children with

CAE, – years

Tang et al.   children with
CAE, – years
Velmurugan
 patients with
et al. 
drug-resistant focal
epilepsy,
– years
Jiang et al.   children with
CAE, – years

Value of HFOs/Findings

Scalp ictal high fre patients with West
syndrome,  months to  quencies(up to  Hz)
correlation with the pathoyears
physiology of spasms
Kobayashi
 patients with LGS,
Scalp high frequencies in
et al. 
– years
some ictal tonic seizures
indicating a common
generative mechanisms with epileptic
spasms
Iwatani et al.  patients with sympScalp HFOs of source loca
tomatic West syndrome, tion consistent with neuro– months
imaging ﬁndings of cortical
lesions in symptomatic
West syndrome
The percentage of HFOs
Chaitanya
 children with CAE,
was higher in ictal generet al. 
 child with JAE, –
alized spike-wave disyears
charges compared to
interictal generalized
spike-wave discharges
Kobayashi
 infants with west syn- Ictal FOs related with the
generation of epileptic
et al. 
drome,
spasms
– months
Ictal fast oscillations(FOs)
Kobayashi
 patients with
representing partially the
et al. 
myoclonic epicortical pathophysiological
lepsy, months to
process of myoclonic
years
seizures
Higher and frontal domiIkemoto
 patients with ASE, 
et al. 
with CAE,  with JAE,
nant ictal ripples helping to
– years
develop noval therapy
methods for ASE
Murai et al. One patient with focal
Ictal HFOs after ictal DC

epilepsy,  years
shifts deriving from the
acute focus of acute symptomatic seizures

Kobayashi
et al. 
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Shi et al. 

 children with
CAE,
– years

Value of HFOs/Findings
Ictal MEG HFOs localizing the
SOZ
Ictal MEG HFOs localizing the
SOZ in CAE
Ictal MEG HFOs within the
frontal cortical region
involved in the networks to
generating absence seizures
Ictal MEG HFOs correlating
with seizure severity in CAE
Ictal scalp HFOs able to
localize the SOZ

The high-frequencydependent neural network is
involved to the neural
network dynamics for
absence seizure termination
in CAE
Ictal MEG functional network
at ripple band as a biomarker
of epileptic network in CAE

2016). These ﬁndings might suggest that neuronal ﬁring
related to FOs is relevant to the generation of epileptic
spasms in West syndrome (Kobayashi et al. 2016).
Although these two studies by Kobayashi et al. did not
speciﬁcally study HFOs, brain activities higher than 80 Hz
were evaluated. Iwatani et al. (2012) recorded HFOs by
scalp EEG at spasm onset and concluded that the spatial
source location of scalp ictal HFOs was consistent with the
cortical lesions detected on neuroimaging in children with
symptomatic West syndrome (Iwatani et al. 2012). Frequencies higher than 80 Hz was also investigated in
another study by Kobayashi et al. which showed frequencies ranging from 43 to 101.6 Hz on ictal onset of tonic
seizures in children with LGS (Kobayashi et al. 2009). Patients with West syndrome are mostly infants, whose skull
bones are thinner, facilitating the recording of scalp HFOs.
Spasm onset in West syndrome usually occurs in clusters;
thus, ictal data are easily obtained. West syndrome may
therefore be the ideal epilepsy syndrome for research on
noninvasive detection of ictal HFOs.
Noninvasive recording of ictal HFOs in generalized
epilepsy
Noninvasive recording of ictal HFOs was reported in
generalized seizures, including childhood absence
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Table : Interictal HFOs with scalp EEG recordings in epilepsy.

Table : (continued)

Reference

Subjects

Value of HFOs/findings

Reference

Subjects

Kobayashi
et al.
AndradeValenca et
al.
Kobayashi
et al. 
Melani et al.

Fahoum et al.


 children with
CSWS,– years
 patients with focal
epilepsy, – years

HFOs co-occurred with
spikes
HFOs co-occurred with
spikes SOZ localization
accuracy for ripples %;
Pipple co-occurred with
spikes
Ripple co-occurred with
spikes, SOZ identiﬁcation
Greater thalamic BOLD
changes with high HFO
rates
HFA association with SOZ

van Klink
et al. 

 patients with focal
epilepsy , – years

 BECTS and PS, –
years
 patients with focal
epilepsy, – years
 patients with focal
epilepsy,– years

Lu et al.   patients with focal
epilepsy, – years
Zelmann
 epilepsy patients with
et al. 
FCD, – years
Chaitanya
 children with childet al. 
hood/juvenile absence
epilepsy, – years
Kobayashi
 patients with Westet al. 
syndrome, – months
Toda et al.


 infants with early
epileptic encephalopathy, – weeks

Papadelis et
al. 

 patients with epilepsy
with encephalomalacia,
– years
 patients with genetic
generalized and focal epilepsy, – years
 patients with focal
epilepsy, – years
 children with childhood epilepsy with centrotemporal spikes, –
years
 patients with focal and
multifocal epilepsy,
– years
 patients with CSWS,
– years

Pizzo et al.

Pizzo et al.,

Qian et al.


van Klink et
al. a
van Klink
et al. b
von Ellenrieder et al.

CuelloOderiz et al.

Mooij et al.

Gong et al.


Bernardo
et al. 
Ikemoto et al.

Kuhnke et al.

Mooij et al.


SOZ identiﬁcation
HFOs co-occurred with
spike-waves

Boran et al.


Adrenocorticotropic hormones response
monitoring
HFOs co-occurred with
epileptic bursts
during suppression-burst
patterns
SOZ identiﬁcation

Cao et al.


Concordance ripple with
clinical lateralization, differential diagnosis
Association with SOZ
Methylprednisolone
response monitoring,
ripple rates conﬁrmed
atypical forms;
Ripples preceded epileptic
spikes

Seizure prediction, differentiation of atypical and
typical
 patients with focal
Localization association
epilepsy, – years
with clinical data
(% sensitivity)
 patients with lesional Compared superﬁcial to
epilepsy, – years
deep lesions, HFO rates
higher
 patients with different Comparison with controls
types of epilepsy, 
months to  years
 patients with CSWS,
Concordance with lesions,
– years
methylprednisolone
response monitoring

Dirodi et al.

Insola et al.


Kramer et al.

Kuhnke et al.


Ohuchi et al.


Toole et al.

van Klink
et al. 
Ferrari-Marinho et al.


Value of HFOs/findings

Localization concordance
with clinical data (sensitivity: .%, speciﬁcity:
.%)
 children with TSC and Occurrence rates
healthy controls,
comparing patients with
 months to  years
controls
 patients with BECTS, Ripples rates and HFA
 – years
identiﬁed atypical forms
 patients with
HD EEG showing higher
epilepsies of different
ripple rates and better
etiologies,– years
concordance with SOZ
 patients with different HFOs co-occurred with
sleep speciﬁc transients
types of epilepsy, 
and HFOs rates during
months to  years
sleep
Scalp HFOs mirroring
 children with
seizure frequency and disdrug-resistant focal
ease severity in epilepsy
epilepsy, – years
Scalp HFOs as a biomarker
 children with CSWS,
 years  months to 
of drug treatment
years  months
response in CSWS
 children with medically Scalp HFOs-on-spikes to
be epileptogenic marker
refractory epilepsy,
.–. years
 patients with EPC and  Suppession of HF-SEP on
scalp EEG helping
patients with rolandic
understand the
lesions without EPC
pathophysiological
(non-EPC),
mechanism of EPC
– years
 children with BECTS, Scalp ripples-on-spikes as
.–. years
a predictor for seizure risk
in BECTS
Scalp HFOs assessing
 children with focal
epilepsy(  of them also seizure outcome after
surgery
with generalized tonic
clonic seizure),
– years
 with idiopathic CSWS, The high density of scalp
ripples per spike in CSWS
 with non-idiopathic
CSWS,  with BECTS, close relation to the
pathophysiology of the
with PS,  with other
types of focal epilepsies, epileptic encephalopathy
 with focal spikes in
EEG without clinical seizures total  children,
.–. years.
 patients with epilepsy Scalp HFOs recorded by
tEEG localizing SOZ
 patients with drug
Scalp HFOs as a
resistant focal epilepsy, biomarker of
epileptogenicity
– years.
Scalp HFOs in comatose
 comatose patients
with periodic discharges patients as a biomarker for
in the EEG, – years the epilepsy risk
subsequently developed
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Table : Interictal HFOs with MEG recordings in epilepsy.

Table : (continued)
Reference

Subjects

Tamilia et al. Patients with refractory

epilepsy,
.–. years.
Zhang et al.  patients with BECTS,

– years.
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Value of HFOs/findings

Reference

Subjects

Value of HFOs/findings

Scalp ripples as a
prognostic biomarker for
epilepsy surgery
Scalp HFOs as a biomarker
for cognitive impairment

Guggisberg
et al. 

 patients with focal epilepsy, – years

HFA location and postsurgical outcome
prediction
Identiﬁcation of SOZ

seizures and juvenile absence seizures. Scalp HFOs (80–
250 Hz) recorded by EEG were ﬁrst studied in patients with
absence epilepsy in 2015 (Chaitanya et al. 2015). Chaitanya
et al. found that the percentage of ictal HFOs was higher in
ictal generalized spike-wave discharges (GSWD) than in
interictal GSWD (Chaitanya et al. 2015). Recently, Ikemoto
et al. reported the features of HFA with ripple bands during
ictal absence seizures in absence status epilepticus (ASE),
CAE and juvenile absence epilepsy (JAE)(Ikemoto et al.
2020). This scalp EEG study concluded that ASE patients
presented ictal ripples with higher power and frontal
dominancy compared to CAE and JAE patients, which
could help in developing a novel treatment method for ASE
(Ikemoto et al. 2020). Using scalp EEG, Kobayashi et al. also
studied ictal FOs during myoclonic seizures involving high
frequencies (>80 Hz) (Kobayashi et al. 2018). This study
suggested that the occurrence of myoclonic seizures was
related with FOs, which partially represented the cortical
pathophysiological process during myoclonus (Kobayashi
et al. 2018).
Besides the analysis of ictal HFOs on scalp EEG, ictal
HFOs recorded by MEG have also been investigated. Miao
et al. studied ictal HFOs ranging from 80 to 500 Hz to locate
seizure onset zones in CAE using MEG (Miao et al. 2014).
The results suggested that seizure frequency was positively
related to the rate of fast ripples and that compared to
spikes, HFOs were focally localized in the medial prefrontal
cortex (Miao et al. 2014). Tang et al. reported that ictal HFOs
in the 200–1000 Hz range were signiﬁcantly correlated
with the number of daily seizures in CAE, which suggested
that the HFOs could mirror the severity of absence seizures
(Tang et al. 2016). A study by Tenney et al. on the networks
generating absence seizures showed the presence of HFOs
in the frontal cortical region in the ictal state (Tenney et al.
2014). Jiang et al. have identiﬁed the frequency-dependent
neural network dynamics during the termination of
absence seizures, with the results suggesting that the
neural network dynamics at HFO bands for the termination
of absence seizures in CAE involved both the cortices and
the thalamus (Jiang et al. 2019). Recently, Shi et al.

 patients with lesional
epilepsy, – years
 patients with focal epilepsy, – years
 patients with focal epilepsy, – years
 patients with childhood
absence epilepsy, –
years
Nissen et al.
 patients with focal epi
lepsy, – years
Papadelis et al.  patients with epilepsy

with encephalomalacia,
– years
Tang et al.
 patients with childhood

absence epilepsy, –
years
van Klink et al.  patients with focal epi
lepsy, – years
von Ellenrieder  patients with focal epiet al. 
lepsy, – years
Xiang et al.

Rampp et al.

Xiang et al.

Xiang et al.


Migliorelli et al.

van Klink et al.


 patients with focal epilepsy, – years
 patients with focal epilepsy, – years

van Klink   patients with focal epilepsy, – years

Dirodi et al.

Jiang et al.


Meng 

van Klink et al.

Velmurugan
et al. 

 children with medically
refractory epilepsy,
.–. years
 children with CAE,
y–y

 epileptic patients(
with CAE,  with TLE,  with
FLE,  with epilepsy type
not reported), – years
 patients with drug
resistant focal epilepsy,
– years
 patients with medically
refractory epilepsy
( with mesial temporal
lobe epilepsy and  with
focal neocortical epilepsy ,
– years

Identiﬁcation of SOZ
Identiﬁcation of SOZ
Proof-of-principle;
comparison with
controls
Correlation between
HFOs and spike sources
Identiﬁcation of SOZ
Correlations of HFO
source strength with
seizure severity
Identiﬁcation of irritative hemisphere
Localization concordance with clinical data
(% sensitivity)
SOZ identiﬁcation with
% precision
Localization concordance with resection
area in / patients
Localization concordance with clinical data
or resected area with
% precision
Scalp HFOs-on-spikes
to be epileptogenic
marker
Alteration of effective
connectivity at both
ripple and fast ripple
bands as a biomarker
for epilepsy networks in
CAE
Alteration of scalp HFO
networks as a
biomarker for epilepsy
networks
Scalp HFOs as a
biomarker of
epileptogenicity
Scalp HFOs enhancing
presurgical SOZ location and postsurgical
outcome prediction in
medically refractory
epilepsy
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Table : (continued)
Reference
Yin et al. 

Tamilia et al.

Yin et al. 

Subjects
 patients with drugresistant insular epilepsy,
– years
Patients with refractory
epilepsy,
.–. years
 patients with refractory
insular epilepsy, –
years

Value of HFOs/findings
Scalp ripples on spikes
locating SOZ in insular
epilepsy
Scalp ripples as a
prognostic biomarker
for epilepsy surgery
Pathologic scalp HFO
networks as a new
biomarker for epilepsy
networks in insular
epilepsy

observed that ictal ripples were mainly located in the
medial frontal cortex in absence epilepsy, and the ictal
MEG functional network at a frequency of 80–250 Hz was
found to be an enhanced connection of the posterior
cingulate cortex/precuneus with the frontal cortex (predominantly) (Shi et al. 2019).
Absence epilepsy could be considered a proper
generalized epilepsy for the noninvasive detection of ictal
HFOs. Compared to other seizure types (such as tonicclonic seizures), absence seizures may produce few artifacts during scalp EEG or MEG in ictal states. For MEG
recordings, the ictal data of absence seizures are relatively
easy to obtain because absence seizures usually have
frequent onsets.
Noninvasive recording of ictal HFOs in focal epilepsy
Recently, Murai et al. reported for the ﬁrst time that focal
ictal direct current (DC) shifts and ictal HFOs after ictal
DC shifts can be recorded together via scalp EEG at a
sampling frequency of 500 Hz, even with a time constant
of 2 s, as seen in their case report of a 77-year-old patient
with focal epilepsy (Murai et al. 2020). As early as in 2010,
data from four patients who experienced focal seizures
during routine MEG tests were retrospectively studied by
Jing et al. (Xiang et al. 2010). Ictal HFA recorded by MEG
were consistent with the results of semiology and neuroimaging in all four patients, which may suggest the
potential role of HFA in the noninvasive localization of
the SOZ (Xiang et al. 2010). Recently, Velmurugan et al.
have reported the recording of ictal MEG HFOs
(80–200 Hz) in drug-resistant focal epilepsy patients;
they were able to localize the SOZ with ictal HFOs, with a
high sampling frequency and the use of other modalities
(Velmurugan et al. 2018).
In general, ictal HFOs show stronger specificity for the
SOZ than interictal HFOs. Many studies have proved that

favorable and improved surgical outcomes are associated
with surgical plans based on ictal HFO findings recorded
by invasive EEG (Fujiwara et al. 2012; Leung et al. 2018;
Modur et al.2011; Nariai et al. 2011; Ramachandran
et al. 2008; Zijlmans et al. 2012). Liu et al. studied 13 patients with clinically suspected bitemporal epilepsy, by
monitoring interictal and ictal HFOs using invasive EEG
(Liu et al., 2016). The ﬁndings showed that ictal HFOs
pointed toward the lateralization of the SOZ, whereas
conventional EEG and brain magnetic resonance imaging
(MRI) failed to do so (Liu et al., 2016). Ictal HFOs and
interictal HFOs were compared in a study by Zijlmans et al.,
and the ﬁndings showed that ictal HFOs may have more
speciﬁcity for seizure onset zones (SOZs) than interictal
HFOs, despite their similar locations (Zijlmans et al. 2011).
However, it may be difﬁcult to analyze HFOs using scalp
EEG or MEG owing to the increase in artifacts during the
ictal state, compared to that during the interictal state.
Moreover, it is not easy to ensure patient availability for
continuous MEG recording so as to obtain ictal data. For the
above-mentioned reasons, compared to those on interictal
HFOs, studies on the noninvasive detection of ictal HFOs in
other epilepsy types (except for CAE and West syndrome)
have been few.

Noninvasive recording of interictal HFOs in
epilepsy
There are more studies on noninvasive interictal HFOs than
on ictal HFOs. The studies on noninvasive interictal HFOs
published before 2019 were described in a comprehensive
review by Thomschewski et al. (Thomschewski et al. 2019). It
has been reported that scalp interictal HFOs could reﬂect
epileptogenesis, predict seizure activity, sensitively monitor
the response to pharmacological treatment with methylprednisolone in CSWS and with adrenocorticotropic
hormones in West syndrome, and could be associated with
pathological brain networks; they could also be used to
assess epileptogenic seizure risk post-brain injury (Thomschewski et al. 2019).Here, we describe the literature
published on this topic since 2019.
Value of scalp interictal HFOs in locating the SOZ and
predicting surgical outcomes
Kramer et al. studied 21 children with BECTS using HD-EEG
with a 70-channel EEG cap at a sampling frequency of
2035 Hz (Kramer et al., 2019). The ﬁndings showed scalp
interictal ripples-on-spikes as a biomarker of epileptogenicity, and interictal ripples-on-spikes outperformed
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spikes without ripples (Kramer et al. 2019). Scalp interictal
HFOs are also very valuable in drug-resistant epilepsy. In a
recent MEG study on insular epilepsy, Yin et al. reported that
interictal ripples-on-spikes were valuable in locating the
SOZ (Yin et al. 2019). Velmurugan et al. studied other
medically refractory epilepsies (mesial temporal lobe epilepsy and focal neocortical epilepsy) and found that interictal MEG HFOs were useful as biomarkers not only for
presurgical evaluation but also in the prediction of surgical
outcomes (Velmurugan et al. 2019). By combining HD-EEG
with simultaneous MEG recordings, scalp interictal HFOs
have been considered as a noninvasive biomarker for the
SOZ (Dirodi et al. 2019; van Klink et al. 2019). Tamilia et al.
studied 20 children with refractory epilepsy using simultaneous HD-EEG and MEG recordings and demonstrated the
value of scalp interictal HFOs in predicting the surgical
outcome (Tamilia et al. 2020). Kuhnke et al. reported that
scalp interictal HFOs combined with simultaneous intracranial recordings could easily identify children with poor
surgical outcomes(Kuhnke et al. 2019).
Value of scalp interictal HFOs in characterizing brain
networks
Currently, research on brain networks with regard to HFOs
is a hot topic. Brain network alterations in the high frequency (80–1000 Hz) range recorded by MEG have been
reported in 20 children with epilepsy(Meng, 2019). In a
MEG study, Jiang et al. reported that the medial frontal
cortex and deep brain areas were the sources of HFOs
during interictal periods in CAE (Jiang et al. 2019). The
effective connectivity from cortical regions to the thalamus
has been strengthened at both ripple and fast ripple bands.
In a MEG study by Yin et al., the interictal HFO-based
effective connectivity networks were found to be altered in
patients with insular epilepsy (Yin et al. 2020). Promisingly, abnormal HFO networks will likely become a new
biomarker for epilepsy networks.
Other applications of scalp interictal HFOs
Zhang et al. studied 61 patients with BECTS and found that
scalp interictal HFOs were more indicative of cognitive deﬁcits than other abnormal EEG discharges (Zhang et al. 2020).
Ohuchi et al. reported for the ﬁrst time that the high density of
ripples per spike in CSWS could be closely related to the
pathophysiology of epileptic encephalopathy (Ohuchi et al.
2019). Cao et al., in a study of 22 children with CSWS, showed
that scalp HFOs were an indicator of treatment response (Cao
et al. 2019). Boran et al. studied 11 children with drug-resistant
focal epilepsy and observed that scalp HFOs could reﬂect
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seizure frequency and disease severity (Boran et al. 2019).
Besides spontaneous HFOs, evoked HFOs have also been
reported in EPC recently (Insola et al., 2019). Through scalp
EEG recordings, Insola et al. found that signiﬁcant suppression of high-frequency somatosensory-evoked potentials
(HF-SEP) was helpful in understanding the pathophysiological mechanism of EPC (Insola et al. 2019). Evaluation of HFOs
has also been used in comatose patients with periodic
epileptic discharges in intensive care units (Ferrari-Marinho
et al. 2020). Ferrari-Marinho et al. reported that scalp interictal HFOs indicated a latent brain structural lesion and could
be a biomarker for the risk of subsequent development of
epilepsy (Ferrari-Marinho et al. 2020).

Noninvasive recording of HFOs in
other pathologic conditions
Besides epilepsy, HFOs have also been investigated in
other diseases and disorders. In 2013, an MEG study in
individuals with acute migraine headaches reported a taskelicited alteration of cortical activation (Xiang et al. 2013b).
Patients with migraine showed increased spectral power in
the 100–200 Hz range during ictal states (headache phases), but not during interictal states (pain free intervals).
These ﬁndings may be important for developing new
therapeutic interventions for migraine in the future (Xiang
et al., 2013b).
Differences in cortical activation have been compared
between ictal and interictal states in children and adolescents with migraine using low-to-high–frequency MEG
signals. The results show that the source power of ictal
HFOs (65–150 Hz) was signiﬁcantly higher than that of the
controls, whereas the source power of interictal HFOs was
signiﬁcantly lower than that of controls. These results
suggest that the noninvasive assessment of cortical abnormality in migraine with MEG is feasible, and that novel
therapeutic strategies for childhood migraine can be
developed to focus on maintaining balanced cortical
excitability (Xiang et al. 2013a). In 2016, a study reported
quantitative neuromagnetic signatures of aberrant cortical
excitability elicited by a ﬁnger tapping task in pediatric
chronic migraine. The chronic migraine group showed
increased spectral power between 100-200 Hz and
2200–2800 Hz, suggesting that chronic migraines may be
associated with elevated cortical excitability and aberrant
activation from deep brain areas (Leiken et al. 2016). The
spatial heterogeneity of cortical excitability during an
auditory-motor task in adolescents with migraine has also
been investigated using MEG recordings (5–1000 Hz) at
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both sensor and source levels. This study showed that
high-frequency neuromagnetic signals were indicative of
heterogeneous cortical activation in patients with migraine
subjects as compared with controls. The degree of neuromagnetic heterogeneity of cortical activation was signiﬁcantly correlated with headache frequency. These ﬁndings
may be crucial for developing spatially-targeted strategies
to normalize cortical excitability and treat migraine (Xiang
et al. 2016b). These four migraine HFO studies by Xiang
et al. are related to task states; therefore, future noninvasive research on resting state HFOs in migraine in needed.
In autism spectrum disorder (ASD), HFO localization of
aberrant brain activity has been measured using wavelet and
beamforming MEG methods. The results showed that patients
with ASD generally had HFA (90–2884 Hz) in the frontal cortex
and the source power of HFA (200–1000 Hz) in the frontal
cortex in ASD was signiﬁcantly higher than in controls. These
ﬁndings suggest that elevation of intrinsic HFA in the frontal
cortex may play a key role in ASD (Xiang et al. 2016a).
Recently, an MEG study reported an association between HFA in the visual cortex and emerging psychosis.
This was the first comprehensive investigation into the
oscillatory signatures during different stages of early psychosis. HFA is impaired in the visual cortex during
emerging psychosis and may be linked to behavioral and
clinical impairments. These findings suggest that
MEG-aided measurement of neural oscillations could be
used as a biomarker for clinical staging of emerging psychosis (Grent-’t-Jong et al. 2020). However, this study used
limited frequencies, up to 90 Hz; thus, future HFO studies
on psychosis should include higher frequencies (>90 Hz).
HFOs have also been evaluated in patients with Parkinson’s disease (PD). High-frequency cortico-basal
ganglia oscillations have been investigated using implanted EEG electrodes (Hirschmann et al. 2017; Petersson et al.
2019). The ﬁndings showed that HFOs in the limbic circuits
are associated with psychotic-like states; this observation
provides an exciting new approach for evaluating new
antipsychotic treatments. To date, no study has noninvasively assessed HFOs in PD.

Challenges in noninvasive HFO
research
Source scarcity in MEG, high density EEG
(HD-EEG), and tripolar EEG (tEEG)
When recording HFOs, it is necessary to consider the
appropriate temporal and spatial sampling of signals. In

general, there are three methods for noninvasive recording
of HFOs: MEG, HD EEG, and tripolar EEG (tEEG). MEG has
excellent spatial and temporal resolutions and is less
affected by the skull and scalp, which makes it ideal for
noninvasive HFO research. MEG is commonly considered
as an add-on to basic diagnostic approaches, such as video
EEG and MRI, and is mostly used to localize epileptic
activities.
Compared to EEG, MEG has better performance in
localizing epileptic regions (Velmurugan et al. 2018);
however, traditional MEG is costly, and thus, have limited
availability. A European survey published in 2016 found
that MEG is performed in only 7 out of 25 epilepsy surgery
centers (Mouthaan et al. 2016). In recent years, technological innovations in MEG have been ongoing. New MEG
systems with optically pumped magnetometers (OPMs) are
currently of great interest in research (Boto et al., 2019).
These MEG sensors do not require cooling with liquid helium as traditional MEG systems do, which makes using
these new MEG systems much less costly. OPMs is less
affected by the head movement compared to conventional
MEG, and can be worn more conveniently because of the
sensors’ positions on the scalp (Boto et al. 2019). Although
OPMs is not yet used clinically, there have been some
recent studies using OPMs in several areas (Barry et al.
2019; Borna et al. 2020; Boto et al. 2019; Elzenheimer et al.
2020; Hill et al. 2020; Iivanainen et al. 2020; Lin et al. 2019;
Nardelli et al. 2019). OPMs has not yet been used in HFO
research, but this is a very promising future application of
this technology. Accordingly, we believe that introducing
MEG into hospitals should be a priority to accelerate its use
in noninvasive clinical HFO research.
It is commonly accepted that scalp EEG can record
HFOs as long as the EEG electrodes are positioned correctly
and the signal has a sufficient signal-to-noise ratio (SNR)
(Zelmann et al. 2014; Zijlmans et al. 2017). It has been
suggested the low rate of HFO detection on the conventional 10–20 electrode EEG system could be due to insufﬁcient spatial sampling. The HD EEG system has a high
sensor density, much like MEG. The denser mesh of electrodes is considered to be more sensitive to HFOs and local
propagation patterns than conventional EEG (Besio et al.
2014; Menendez de la Prida and Trevelyan, 2011; Zelmann
et al. 2014). Furthermore, HD EEG and MEG have better
spatial resolution than conventional EEG and are capable
of ﬁltering spatial artifacts. To improve signal quality, tripolar concentric ring electrodes have also been reported to
automatically attenuate muscle artifacts (Besio et al. 2014).
Recently, it was reported that tEEG, i.e. EEG recorded on
the scalp with tripolar concentric ring electrodes, can
detect HFOs (approximately 80–400 Hz) that correlate with
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SOZs (Toole et al. 2019). The source localization of HFOs in
tEEG may help clinicians identify epileptic brain regions or
to determine the optimal location for intracranial recording
(Toole et al. 2019). Both HD-EEG and tEEG currently have
restricted accessibility, the possible reasons for which
include high costs, patient discomfort in wearing the
apparatus, and the data analysis being more timeconsuming than that for conventional scalp EEG. This
seems to be a challenge for clinical HFO research presently.

Low signal-to-noise ratio (SNR) in scalp EEG
and MEG
Typically low SNRs present a substantial challenge for HFO
research. The reconstruction of signals through beamformer virtual sensors has been suggested as a spatial
filtering method to increase the SNR (van Klink et al. 2016;
van Klink et al. 2017). The OPMs system uses sensors
positioned directly on the scalp; therefore, the SNR of the
recording is relatively high due to the closeness, proximity
of the sensors to the brain, with a good ﬁt for all head sizes
(Boto et al. 2019).
Suppression of sensor noise would significantly increase SNR for HFOs. A recent study investigated the validity of two temporal projection noise suppression
algorithms for MEG measurements (Clarke et al. 2020).The
ﬁndings showed that both oversampled temporal projection and temporal signal space separation effectively
suppress noise in raw MEG data. These methods had the
greatest joint effect in cases where SNR is low, or when
detecting higher SNR single-trial responses from raw data.
HFO signals are difﬁcult to detect with noninvasive techniques due to low SNRs. Suppression of sensor noise would
be especially beneﬁcial to increase SNR for HFOs, which
could help to improve the diagnosis and treatment of epilepsy (Clarke et al. 2020). The effects of muscle artifacts and
removal of false HFOs should be accounted for in the
evaluation of HFOs. A recent study reported that using two
tools (with an EMG detector either on the scalp EEG or on
the intracranial EEG) effectively alleviated the effects of
muscle artifacts on HFOs (Ren et al. 2019). However, it is
unknown whether this method can be applied to MEG or
scalp EEG.

Visual identification vs. automatic analysis
The detection of HFOs after noninvasive recording is a
challenging task. Although considered the gold standard
for HFO detection, visual identification is highly time-
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consuming and subjective (Frauscher et al. 2017). There are
controversial reports regarding the reliability of visual
analysis (Spring et al. 2017, 2018). Furthermore, the variability in HFO rates and inconsistency in sources in recordings by long-term intracranial EEG make visual
analysis more demanding (Gliske et al. 2018). Thus, it is
essential to develop methods for the automatic detection
for HFOs.
A variety of automated detectors have been developed
in recent times (Gliske et al. 2016; Roehri et al. 2016; von
Ellenrieder et al. 2012; Zijlmans et al. 2017). Automated
detection of HFOs has shown a performance comparable
with that of visual detection in locating the SOZ (Holler
et al., 2015; Pail et al. 2013). Three classic automated
methods of HFO detection have been validated and are
widely used (Salami et al. 2012; Staba et al. 2002; Worrell
et al. 2008). Recently, artiﬁcial intelligence (AI) with
machine-learning techniques has been applied to the
automated detection of HFOs (Schirrmeister et al. 2017).
With AI encoding the features of signals after conﬁguration
optimization, the new automated detector outperforms
other classic methods (Guo et al. 2018). Several HFO
detection approaches have been developed in the form of
MATLAB-based open-source tools. The RIPPLELAB software is a comprehensive application for visual and automatic HFO detection (Navarrete et al. 2016). MEEGIPS is a
software to detect HFOs in a computer-assisted manner
(Holler et al. 2019). When using softwares to detect HFOs, it
is essential to verify that the right ﬁlter settings have been
used. The detection of false-positive HFOs can be reduced
by visual validation. However, false-negatives cannot be
easily detected. The sensitivity and speciﬁcity of an automatic detector might vary based on the recording site and
individual subjects.
An alternate technique to detect HFOs in the past was
to identify HFA using spectral analysis (Xiang et al. 2009).
This method can allow processing for long data periods or
the processing of several data points at a time; it has been
used in analyzing the majority of MEG HFO data (Velmurugan et al. 2019). It has also been demonstrated that
beamformer virtual sensors can improve the visualization
of MEG ripples (van Klink et al. 2016; van Klink et al. 2018).
Lately, the combination of wavelet transform and Granger
causality analyses for HFOs recorded via intracranial EEG
has been reported to be accurate in suspecting bitemporal
epilepsy (Han et al. 2019).
It is known that most clinicians read EEG traces on the
screens but rarely look at raw MEG signals. Postprocessing
of raw MEG signals is common, although the degree of
postprocessing that is rational and feasible for clinical use
remains unknown. Currently, there are no reliable
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automated detection methods that are easy to use and are
validated by clinical trials. The use of an automated
detection method alone is rather insignificant for noninvasive HFO research (Migliorelli et al. 2017; von Ellenrieder
et al. 2012). Automated or semi-automated detection
methods with broad applicability are crucial for noninvasive HFO research with MEG and scalp EEG (Zijlmans et al.
2017). It is recommended that automated detection techniques should be integrated into clinical review software,
thus allowing for the validation of visual detection. However, further research is warranted for developing
improved detection techniques.

Distinction between physiologic and
pathologic HFOs
It has been widely reported that the healthy brain can
produce HFOs in certain areas. Distinguishing physiologic
HFOs from pathologic HFOs is both important and challenging. Previous studies using invasive EEG or a combination of invasive and scalp EEG have reported several
different methods that can be applied to differentiate
physiologic from pathologic HFOs.
Different coupling of HFOs in relation to slow waves
during non-rapid eye movement (NREM) sleep has been
shown to improve discrimination between physiologic and
pathologic HFOs (Frauscher et al. 2015; von Ellenrieder
et al. 2016). One invasive EEG study showed that both
spontaneous occipital HFOs and epileptogenic extraoccipital HFOs were associated with delta phase activity,
while the strength of delta-phase coupling decayed from
1–3 Hz in physiologic occipital HFOs (Nagasawa et al.
2012). Another invasive EEG study found that physiologic
HFOs were more tightly coupled to slow waves of 0.5–1 Hz,
whereas epileptic HFOs were preferentially coupled with
slow waves of 3–4 Hz (Nonoda et al. 2016). In addition to
their different relationships with NREM sleep slow waves,
physiologic and pathologic HFOs are differentially coupled
to rapid eye movement (REM) sleep. Physiologic HFOs are
more abundant, whereas epileptic HFOs are less frequent
during REM sleep (Frauscher et al., 2016; Sakuraba et al.
2016). It has been reported that the rate of pathologic HFOs
decreases with prolonged sleep duration, while physiologic HFOs increase during overnight REM sleep (von
Ellenrieder et al. 2017). Distinctive relationships with
interictal spikes have also been found: epileptic HFOs
speciﬁc to the SOZ in the human neocortex are typically
coupled with spikes while spontaneous physiologic HFOs
outside of the SOZ do not often occur coincidently with
spikes (Wang et al. 2013).

Evaluation of background EEG signal is another
method for distinguishing between physiologic and pathologic HFOs. It has been shown that continuous HFOs on
the oscillatory background EEG are typically physiologic
(Melani et al. 2013), but HFOs on a ﬂat background tend to
be epileptic (Kerber et al. 2014).
Comparing the classical features of HFO morphology,
including rate, amplitude, duration, and spectral frequency, is also a commonly used method (Alkawadri et al.
2014; Malinowska et al. 2015). Physiologic HFOs are
considered to be mainly in the ripple frequency range,
whereas fast and very fast ripples are more commonly, and
perhaps even exclusively, associated with epilepsy (Alkawadri et al. 2014; Brazdil et al. 2017; Liu et al. 2018; Usui
et al. 2015). Compared to epileptic ripples, physiologic
spindle-linked ripples appear to be shorter and lower in
amplitude (Bruder et al. 2017). As to the waveforms, HFOs
linked to the SOZ are considered to have a high degree of
consistency while HFOs in functional regions are more
random (Liu et al. 2018).
Another method to identify HFOs as physiologic to is to
purposefully evoke oscillations using tasks or stimuli. It
has been reported that task-evoked physiologic HFOs have
higher mean frequencies and shorter durations than
epileptic HFOs (Matsumoto et al. 2013; Nagasawa et al.
2012). Although there are signiﬁcant differences in classical
features, as reported previously, the substantial overlap
between the physiologic and pathologic HFOs should not
be ignored.
Because of the distinct functions in different brain
areas, physiologic HFOs can be classified into different
types: memory-related HFOs, located in the hippocampus,
parahippocampus, and entorhinal cortex; motor-related
HFOs, located in the motor cortex and subthalamic regions; somatosensory HFOs, located in the somatosensory
cortex and thalamic regions; and visually-evoked HFOs,
located in the occipital lobe and visual cortex (Thomschewski et al. 2019). Compared to invasive EEG studies of
physiologic HFOs, research using noninvasive techniques
are limited. The ﬁrst report on physiologic HFOs recorded
with only scalp EEG was published in 2017(Mooij et al.
2017). In this study, the authors studied ripples in epileptic
and healthy children with spike-free scalp EEGs during
sleep. The ﬁndings showed that ripples occurring in
normal EEGs of healthy children are considered physiologic, occurring mostly on the central and midline channels with a regular shape. By comparing the classic
features of HFOs, physiologic ripples have been observed
in children with epilepsy using scalp EEG, and these
physiologic ripples are coupled with speciﬁc oscillations
during sleep (Mooij et al. 2018).
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Overall, it is important to distinguish physiologic HFOs
from pathologic HFOs. The varying associations of physiologic and pathologic HFOs with sleep should be considered during clinical evaluation. For example, when
investigating pathologic HFOs during nonrapid eye
movement (NREM) sleep, it has been recommended that
HFOs should be recorded during the first occurrence of
NREM in the night (von Ellenrieder et al. 2017). One should
also be cautious while examining pathologic HFOs in the
paracentral areas, hippocampus, and occipital cortex,
since physiologic HFOs are most frequently seen in these
areas (Thomschewski et al. 2019). It is not clear whether the
invasive EEG methods used to distinguish physiologic
HFOs from pathologic HFOs can be applied to noninvasive
approaches; therefore, further noninvasive research on
HFOs is needed. Phase-amplitude coupling of noninvasively detected HFOs has recently been demonstrated
in epileptic spasms, suggesting that this may potentially be
used to determine the pathogenicity of scalp-recorded
HFOs (Bernardo et al. 2020).

Conclusion
Studies utilizing noninvasive recording of HFOs in the
clinical setting with MEG and scalp EEG have contributed
to the understanding and utility of HFOs as a biomarker of
epileptogenicity. Compared to conventional EEG spikes,
pathologic HFOs have been considered as a reliable
biomarker for localizing the SOZ in symptomatic generalized epilepsy and focal epilepsy. Pathologic HFOs play an
important role not only in guiding the scope and boundary
of surgical resection and assessing surgical outcomes, but
also in evaluating disease activity, the effects of drugs or
treatments, and prognosis in epilepsy. Although research
is scarce, pathologic HFOs have been investigated noninvasively using MEG in other diseases, such as migraine
and autism. In a few noninvasive studies, physiologic
HFOs (evoked or spontaneous) have also been reported
using MEG or scalp EEG recordings.
Although there are many challenges facing noninvasive HFO research, especially regarding automatic detection, rapid advances in technology (e.g., AI) have the
potential to address these problems in the future.
Moving forward, more high-quality, multi-center clinical studies with large sample sizes are needed to investigate HFOs with standardized examination. In particular,
there is a need for properly designed, prospective, randomized multi-center trials.
Establishing objective and unified analysis methods
for HFOs are expected to facilitate the development of
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standardized HFO assessment. With the advancement of
MEG technology, it is anticipated that OPMs will become
more widely used in clinical settings, making it easier to
coordinate and implement noninvasive HFO studies with
more participants. Noninvasive methods for evaluating
HFOs provide new opportunities for both epilepsy research
and other pathologic and physiologic conditions alike. In
conclusion, we believe that there is a promising future for
routine application of noninvasive HFO recording and
analysis in clinical settings.
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