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In this issue of Clinical Neurophysiology van Klink and colleagues
investigate the occurrence of high-frequency oscillations (HFO) in
the ripple range (80-250 Hz) in simultaneous EEG-MEG recordings
(van Klink et al., 2019). Shortly summarized the manuscript’s main
findings suggest that MEG ripples are less frequent but more speci-
fic than EEG ripples and that both event-types provide comple-
mentary information. Beyond these straightforward observations
the manuscript holds the potential of opening up several tradi-
tional battlegrounds in the world of epileptology and HFO
research. Should we rely on visual identification or push for auto-
matic detection of HFO? Is the analysis of distinct HFO equal or
complementary to measuring changes in high-frequency activity
(HFA)? How much postprocessing of the data is reasonable and
clinically feasible? Last but not least is EEG or MEG the better tech-
nology to identify epileptic areas? From a clinician’s point of view
all these questions come down to whether scalp HFO are a useful
tool in the day to day evaluation of patients with epilepsy. In other
words will HFO help us give a prognosis in a certain patient or
identify the patient’s epileptogenic brain tissue? Moreover is it
easy enough to find these HFO so that we will use them? This edi-
torial aims to shortly discuss these questions in the light of the pre-
sent manuscript.

To start, this manuscript is the first to compare the occurrence
of HFO using simultaneous EEG-MEG recordings in a group of
patients. Clearly the use of simultaneously recorded data is the
only possible way allowing a direct comparison of HFO visibility
between the two techniques. Up to now, most reports on scalp
HFO have focused on one of the two methods (Nissen et al.,
2016; Migliorelli et al., 2017; Gong et al., 2018). In one paper
EEG and MEG HFO were compared in the same patients but at dif-
ferent points in time (von Ellenrieder et al., 2016b). This naturally
may lead to significant differences in EEG and MEG ripples as
occurrence of HFO might be influenced by vigilance state, time of
the day and seizure propensity. Therefore the authors in the pre-
sent study chose the best possible method for comparison even if
this might have come with some disadvantages regarding the iden-
tification of HFO. Combined recordings usually result in a subopti-
mal technical setup for either one of the recording techniques. In
the present case the EEG setup was most likely adapted to the
MEG setting. Thus EEG was recorded with a high-density EEG
cap which often results in increased impedances over time and
reduced signal quality. In some settings, e.g. if the patients are
lying down, the pressure on the electrode sites might also vary.

Overall the noise level in each of the measurements might be
the most important factor in the analysis of scalp HFO. Especially
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on the scalp, HFO are often of low amplitude and defined as an
event that arises from the background activity (Andrade-Valenca
etal.,, 2011). Thus a low noise level especially in the high-frequency
range of the EEG will be essential for any visual or automatic detec-
tions of HFO. One advantage of the MEG setting might be that MEG
signals are so vulnerable to environmental noise that they are usu-
ally placed in a protected environment. Nevertheless, van Klink has
shown before that identification of ripples still is subject to a noise
problem, which can be improved by postprocessing the data (van
Klink et al., 2016a).

In a situation with unclear signal to noise ratios the first ques-
tion to raise is whether we should rely on visual identification or
push for automatic detection of HFO. 306 MEG sensors and 60
EEG electrodes are the numbers in the current manuscript. Espe-
cially for the EEG, high-density settings are becoming more and
more used in presurgical scenarios (Nemtsas et al., 2017), but even
higher numbers of channels per patient are easy to imagine. Simu-
lated data as well as simultaneous recordings of intracranial and
scalp EEG suggest that the likelihood of identifying HFO on scalp
increases with the number of electrodes analyzed (Zelmann
et al., 2014; von Ellenrieder et al., 2016a). In a direct comparison
between 21 and 128 analyzed scalp contacts, HFO were more fre-
quent and more specific to the seizure onset zone (SOZ) in a high-
density EEG setting (Kuhnke et al., 2018). Additionally, rates of
events are substantially lower in scalp than in intracranial record-
ings (Andrade-Valenca et al,, 2011; Zelmann et al., 2014). While
some of the intracranial data relies on only a few minutes of EEG
to find significant differences between areas inside and outside
the SOZ, most scalp studies focus on a minimum of 30 min of
recordings to identify enough HFO to be clinically meaningful. As
a result, visual identification of HFO in the scalp setting seems even
less feasible that in the intracranial EEG in either a research or clin-
ical setting. Nevertheless designing a reliable scalp HFO detector is
challenging (Zelmann et al., 2012; Thomschewski et al., 2019) and
most authors like van Klink rely on a combined approach that
mostly aims to exclude false positives. In the current manuscript
the authors also decided to add what they called “missed ripples”.
These are events that were automatically detected in only one of
the recording modalities and found in the other during visual con-
firmation. Overall, missed ripples were most often found in the EEG
at points where the MEG showed an event. Missed ripples were
frequently found only in three patients suggesting that in these
the automatic detection might be less sensitive than in the other
patients. As pointed out by the authors, inclusion of missed ripples
of course introduces a bias towards time points when the detector
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identifies events in one but not the other recording type. It also
suggests that while visual verification can reduce false positives,
the problem of false negatives cannot be solved that easily. As in
all automatic detection methods sensitivity and specificity of a
detector will be subject of the background noise level and event
amplitude and therefore might largely vary between recording
sites and even individual patients. Thus at the current point it is
clear that automatic detection is a necessity for researchers and
clinicians but there is vast room for improvement of detection
techniques and a long way to go until clinical use.

An alternative technique to the identification of isolated HFO in
the past has been the detection of HFA, opening room for the next
question of this editorial: Is the analysis of distinct HFO equal or
complementary to measuring changes in HFA? Many readers
might not be fully aware of this discussion and its implications.
Early on in the research on HFO, methods were developed to iden-
tify high-frequency components of the EEG using spectral analysis
(Xiang et al., 2009b, 2009a). The major advantage of this process is
a facilitated identification of events that allows processing long
data periods or many data point at a time. This has been done
for interictal time points including analyzing the high-frequency
(HF) component of epileptic spikes as well as for ictal episodes. A
large part of the existing MEG data on high-frequency activity in
epilepsy has been using this method (Thomschewski et al., 2019).
All these methods aim to exclude events with an increase in broad-
band activity, as they are likely to be artifacts or at least not dis-
tinct high-frequency events. Nevertheless it is very likely that the
HF component of the signal even if the analysis is limited to nar-
rowband events does not only consist of what would be defined
as a distinct HFO event. For intracranial EEG only partial overlap
between regions with increased HF activity during epileptic spikes
and distinct HFO could be seen (Jacobs et al., 2016). Distinct HFO
seemed more specific for the SOZ. In scalp EEG and MEG the clin-
ical value of HF components seems similar even if no direct com-
parison has been performed (Thomschewski et al., 2019). Several
papers have shown that inter-ictal and ictal HFA predominantly
occurs over the SOZ, epileptic lesions and inside of the resection
volume prior to epilepsy surgery (Kobayashi et al, 2004;
Guggisberg et al., 2008; Xiang et al., 2009c). Overall more than half
of the literature on epileptic high frequencies using MEG relies on
automatic analysis of HFA. In a situation with an unclear noise
level and many sensors the use of HF analysis is by far more
straightforward than a combination of automatic detection and
visual verification as used in the current manuscript. It however
remains to be demonstrated that the clinical importance of HFA
is equivalent to that of HFO.

Postprocessing of signals is very common in the MEG commu-
nity and less frequent when reading EEGs. For the clinical use it is
important to discuss the question of how much postprocessing of
the data is reasonable and clinically feasible. Most clinicians will
look at EEG traces just as they appear on the screen and processing
usually does not go beyond defining displays for a set of standard-
ized montages, while it is rather unusual to look at raw MEG signals.
Many methodological developments for postprocessing signals,
automated analysis, averaging events and source reconstruction
have been developed for MEG and then afterward been translated
to use in high-density EEG settings (van Klink et al., 2018). This is
also true for the main methodological development presented in
this manuscript. Earlier, van Klink and coworkers have demon-
strated that the use of virtual sensors can improve the visualization
of MEG ripples (van Klink et al., 2016a). The used beamformer tech-
nology is designed for MEG signals and available as a toolbox
(Oostenveld et al., 2011), still the necessary data preprocessing
including reconstruction in the MRI space is substantial (Whalen
et al., 2008). In principal the calculated virtual sensors are placed
on the cortical surface, an approach that many clinicians might

not be familiar with. Van Klink now applied and adapted this
method also for the simultaneously recorded EEG data. For both
modalities the authors provide comparisons between HFO over vir-
tual and real sensor signals. Impressive 89% of EEG ripples and 80%
of MEG ripples are only visible in the virtual sensors and would not
have been seen without preprocessing and reconstruction of the
raw data. The gain of information achieved by moving into the vir-
tual space seems to be even greater in EEG than MEG signals. This is
a great example how a methodology developed for one of the two
techniques can be translated to the other. Reasons for the substan-
tial gain are most likely found in the signal-to-noise ratio of the raw
signal and the recorded HFO. Adding virtual cortical sensors allows
to significantly reduce the amount of noise in the data and thus is
especially helpful in noisy data or when looking at small-amplitude
events like HFO (van Klink et al., 2016a). Like all solutions in the vir-
tual space, the present methods also rely on a set of assumptions
regarding the signal compositions, and like all methods related to
source localization, beamforming faces the problem of inverse solu-
tions. In principle, solutions are better the more information about
anatomy and signals are fed to the algorithm. Van Klink states that
the work in virtual space requires a lot of mostly computational
work, but of course these computations have to be adapted and ini-
tialized. Any type of simplification of the preprocessing might jeop-
ardize the data quality and reliability. Preprocessing itself might
therefore be an obstacle to identifying HFO in a clinical setting. In
general it seems preferable to improve the signal-to-noise ratio
by improving signal quality itself. Some studies suggest that the
use of subcutaneous electrodes or low-noise amplifiers (von
Ellenrieder et al., 2016a; Fedele et al., 2017) might lead to decreased
noise levels and better detectability of HFO. These hardware adap-
tations however are limited to selected research institutions and in
most situations HFO will have to be recorded with whatever EEG or
MEG machine can be found onsite.

It is a long-lasting discussion whether EEG or MEG is the better
technology to identify epileptic areas and this will of course not be
finally solved here. In general, MEG is limited to specialized centers
and most patients will primarily and repetitively receive EEG
recordings. Moreover, due to the use of high-density systems,
EEG spatial resolution comes closer to that seen in MEG. In epi-
lepsy the detectability of epileptic spikes has been excessively dis-
cussed with the overall conclusion that epileptic spikes with a
mainly radial orientation, generated in the crown of a gyrus or bot-
tom of a sulcus is better seen by EEG (Haueisen et al.,, 2012). On
contrary epileptic spikes with a tangential orientation generated
in the wall of a gyrus might only be seen by MEG. It is unclear
whether these observations on epileptic spikes can be transferred
to HFO, which probably have a very different generator size and
noise level. Simultaneous scalp and intracranial EEG recordings
suggest that the detectability of HFO on the scalp is largely differ-
ent from that of epileptic spikes (Zelmann et al., 2014). The visibil-
ity of HFO in MEG and EEG might therefore also be different from
spikes. The current study suggests that EEG sees more but MEG
“better” HFO when it comes to the localization of epileptic tissue.
If one oversimplifies the rules above, this would mean that tangen-
tially generated HFO are more specific that radial ones and MEG
would be the better tool for analyzing ripples. Two main challenges
of the study should prevent us from such conclusions. First the
patient groups are small and heterogeneous. It might be that EEG
or MEG is better in finding HFO under a specific clinical constella-
tion. Patients with a superficially located focal cortical dysplasia
might profit from one modality, patients with mesial temporal lobe
epilepsy from another. Larger scale studies with more homoge-
neous patient populations could be collected with simultaneous
recordings in the future to clarify this question. Second it remains
unclear whether the used beamformer method for generating the
virtual sensor data is similarly reliable in both recording modali-
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ties. EEG and MEG are each specifically vulnerable to different
types of noise and artefacts and the reconstructed signal might
be more reliable in one than the other modality. For now it seems
that the most important messages might be that both modalities
reliably display HFO, that EEG postprocessing improves HFO visi-
bility and that, currently, it might be worth looking at both to gain
complimentary information.

Last but not least: Are scalp HFO ready to be a clinical tool?

It is exciting that by now the visibility of HFO on the scalp has
been shown by several studies (Thomschewski et al., 2019). Con-
sidering the small generator size of these oscillations and what
we have known about the visibility of epileptic spikes on the scalp
it has been far from self-evident that HFO could be measured non-
invasively. This opens up opportunities to not only localize epilep-
tic tissue with HFO but also investigate HFO as a biomarker of sei-
zure propensity, treatment success and prognosis (Kobayashi et al.,
2015; van Klink et al., 2016b). Looking at hardware and software
developments over the last years, HFO toolboxes including auto-
matic detection algorithms, postprocessing and source localization
steps will soon become available for everybody’s use. While cur-
rently most of the toolboxes only provide some support and do
not have the easy-to-use quality of commercial products, some
companies have started implementing HFO analysis in their clini-
cian friendly software packages. It seems likely that the demand
for a certain tool will result in supply just as manufacturers of
amplifiers have long stopped wondering about the question which
maximum sampling rate their amplifier can record. It however will
stay in the responsibility of each clinical user to verify the perfor-
mance of each tool on their own data. This might be a challenge for
some users, considering that HFO analysis is either used in an over-
simplified way or limited to specialized epilepsy center as has been
seen for other tools like source localization.

When it comes to the EEG and MEG comparison, all the above
reasons converge towards one conclusion. For the use of MEG,
superiority to EEG analysis would have to be clearly demonstrated.
MEG is costly, has restricted accessibility, and serial investigations
are limited. The paper of van Klink gives a first indication that MEG
superiority for HFO investigation might be worth it. Solid evidence
will only come from larger, more homogenous patient groups
which by itself might be challenging considering MEG availability.
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