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Highlights

1. High frequency oscillations (HFOs) can be automatically detected in non-invasive MEG 

recordings from paediatric epilepsy patients.

2. Sources of epileptic HFOs detected with MEG correspond well with sources of HFOs 

identified invasively from intracranial EEG recordings. 

3. Concordance of MEG HFO sources with seizure onset zone//resected area demonstrates 

potential to aid surgical planning in paediatric epilepsy.
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Abstract 

Objective: To assess the feasibility of automatically detecting high frequency oscillations 

(HFOs) in magnetoencephalography (MEG) recordings in a group of ten paediatric epilepsy 

surgery patients who had undergone intracranial electroencephalography (iEEG).

Methods: A beamforming source-analysis method was used to construct virtual sensors and 

an automatic algorithm was applied to detect HFOs (80-250Hz). We evaluated the 

concordance of MEG findings with the sources of iEEG HFOs, the clinically defined seizure 

onset zone (SOZ), the location of resected brain structures, and with post-operative outcome.

Results: In 8/9 patients there was good concordance between the sources of MEG HFOs and 

iEEG HFOs and the SOZ. Significantly more HFOs were detected in iEEG relative to MEG 

t(71)=2.85, p<.05. There was good concordance between sources of MEG HFOs and the 

resected area in patients with good and poor outcome, however HFOs were also detected 

outside of the resected area in patients with poor outcome.

Conclusion: Our findings demonstrate the feasibility of automatically detecting HFOs non-

invasively in MEG recordings in paediatric patients, and confirm compatibility of results with 

invasive recordings. 

Significance: This approach provides support for the non-invasive detection of HFOs to aid 

surgical planning and potentially reduce the need for invasive monitoring, which is pertinent 

to paediatric patients.

Keywords:

MEG, Epilepsy, HFOs, Kurtosis, Paediatric age, iEEG, Automatic detection, Beamforming.
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1. Introduction 

Children and adolescents with refractory epilepsy are at increased risk of having long-term 

cognitive deficits and poor quality of life (Berg et al., 2004). Resective surgery is a 

therapeutic option for uncontrolled paediatric epilepsy that is gaining increasing acceptance 

(Cross et al., 2006). A recent randomized controlled trial has shown that seizure outcome 

following epilepsy surgery was significantly better than for continued medical treatment in 

paediatric surgical candidates (Dwivedi et al., 2017). Surgical outcome depends on a range of 

factors including, age, duration of epilepsy, type and lobe of surgery, and type of pathology 

(Blumcke et al., 2017; Ryvlin et al., 2014). Notably, an accurate delineation of the 

epileptogenic zone (EZ) is essential to achieve a positive surgical outcome. The EZ is defined 

as the area of cortex that is necessary and sufficient for initiating seizures and whose removal 

(or disconnection) is necessary for complete abolition of seizures (Rosenow and Luders, 

2001). However, accurate identification of the EZ is challenging as there is no single 

diagnostic technique capable of directly measuring the EZ. This region is therefore assessed 

indirectly on the basis of multiple complementary diagnostic techniques, resulting in a set of 

specific zones built upon observable parameters (Rosenow and Luders, 2001). The Seizure 

Onset Zone (SOZ) is often used as a surrogate of the EZ in clinical practice, but a conclusive 

marker (structural or functional) to precisely delineate the SOZ, which could optimize pre-

surgical evaluation and improve post-surgical outcome, is still lacking (Pitkänen et al., 2016). 

High frequency oscillations (HFOs) in intracranial electroencephalography (iEEG) have been 

identified as potential biomarkers of epileptogenesis in recent years (Zijlmans et al., 2012). 

HFOs are electrophysiological transients occurring at frequencies above 80 Hz, and can be 

classified as ripples (80–250Hz) and fast ripples (250–500Hz). HFOs can be described as 

transient (burst-like) or continuous (steady-state), they can occur simultaneous with interictal 

epileptiform discharges (IEDs) or independently, and they have shown good spatial overlap 

with the SOZ in patients with focal epilepsy (Jacobs et al., 2008; Zijlmans et al., 2012). 

Retrospective studies in adults and children have found that resection of brain tissue that 

generates HFOs at high rates, leads to good post-surgical outcome (Fujiwara et al., 2012; 

Gallentine and Mikati, 2009; Jacobs et al., 2010; Usui et al., 2011). It has also been found 

that sources of fast ripples that were not resected during epilepsy surgery were linked to a 

poor surgical outcome (Weiss et al., 2018). Furthermore, a recent prospective study reported 
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that HFOs reliably predicted post-surgical outcome at the group level, and in two-thirds of 

patients at the individual level (Jacobs et al., 2018). While the results from invasive 

recordings are promising, the ultimate goal is to find a sensitive biomarker of 

epileptogenicity that can be recorded non-invasively, thereby reducing the need for invasive 

examinations in patients. 

HFOs have been less frequently investigated non-invasively, yet recent studies have 

demonstrated that epileptic HFOs can be reliably detected using non-invasive methods such 

as scalp electroencephalography (EEG) (Andrade-Valenca et al., 2011; Kobayashi et al., 

2010; Melani et al., 2013; Pizzo et al., 2016; van Klink et al., 2018; Zelmann et al., 2012) and 

magnetoencephalography (MEG) (Papadelis et al., 2016; van Klink et al., 2015; van Klink et 

al., 2017; Velmurugan et al., 2019, 2018; von Ellenrieder et al., 2016). Compared to iEEG, 

MEG non-invasively records whole-brain activity, offering better spatial sampling. In 

general, whole-head MEG systems also provide superior spatial resolution over clinical scalp 

EEG, making MEG a promising recording technique for HFO detection. However, whole-

head MEG recordings produce a vast amount of data to be reviewed, making visual analysis 

of MEG HFO data extremely time consuming. More recently, automated HFO detectors have 

been developed with the aim of reducing reliance on visual detection and increasing 

reliability (Migliorelli et al., 2017; Quitadamo et al., 2018; van Klink et al., 2017).

A recent MEG study used a beamformer approach to create so-called virtual sensors, i.e. 

reconstructions of neuronal time-series in source-space, which have an increased signal to 

noise ratio compared to the sensor-level time-series. An automatic detection algorithm was 

then applied to successfully identify HFOs in the ripple band (van Klink et al., 2017). It has 

been shown that the HFO detection rate significantly increases in the virtual sensors 

compared to the physical sensors (van Klink et al., 2015). Thus, by combining methods such 

as beamforming with automated HFO detection algorithms it is possible to detect interictal 

HFOs with high sensitivity in MEG recordings (Thomschewski et al., 2019; van Klink et al., 

2017; von Ellenrieder et al., 2016). Also, in a large sample (n=67) of patients with drug-

resistant focal epilepsy HFOs found in ictal MEG recordings were concordant with the SOZ 

as identified with other modalities. Notably, resective surgery of the identified SOZ 

performed in six patients led to seizure freedom in all of them (Velmurugan et al., 2018). 
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Despite these promising results, recent reviews have concluded that evidence for the effective 

use of HFOs in epilepsy surgery decision-making is limited and further research is required 

(Gloss et al., 2017; Höller et al., 2015). Furthermore, the majority of previous studies have 

included patients with a broad age range, even though it has been recommended that a 

distinction should be made between analysis of HFOs in children and adults (Höller et al., 

2015). The present study will therefore focus on HFO data from a group of paediatric patients 

only. 

The aim of the present study was to assess the feasibility of automatically detecting HFOs in 

MEG recordings in the ripple frequency band (80–250Hz) in a group of ten paediatric 

patients with refractory epilepsy who were evaluated for epilepsy surgery. In order to gain a 

better understanding of the relationship between non-invasive and invasive HFOs, we aimed 

to directly compare non-invasive MEG data with iEEG recordings using a software tool 

developed by our group (Quitadamo et al., 2018b). For validation, we evaluated the 

concordance of our findings with the clinically defined SOZ, the three-dimensional (3D) 

location of resected brain structures, and with post-operative outcome at one year follow-up.

2. Methods

2.1 Participants

Ten pediatric patients (5 male; mean age = 13 years; SD= 3.6) with drug-resistant epilepsy 

under evaluation for resective surgery participated in the study. Patient demographics are 

summarized in Table 1. All patients were referred from Birmingham Women’s and 

Children’s Hospital NHS Foundation Trust to the Wellcome Laboratory for MEG studies at 

the Aston Brain Centre in Birmingham for localization of the irritative zone (the area of the 

brain that generates IEDs) and eloquent cortex mapping between 2015 and 2017. Postsurgical 

outcome according to the Engel classification (Durnford et al., 2011) was determined at one 

year follow up. This study was authorized by the R&D Department of the Birmingham 

Children’s Hospital NHS Foundation Trust; as this study involved retrospective/secondary 

analysis of anonymised data obtained in the context of standard clinical practice retrospective 

consent was not required. 
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2.2 MEG Data Acquisition 

MEG data were recorded in a magnetically shielded room using an Elekta-Neuromag TRIUX 

whole-head system (Helsinki, Finland) with 204 planar dc-SQUID gradiometers and 102 

magnetometers. Participants were seated in the MEG scanner. Approximately 60 minutes of 

resting-state interictal data were acquired for each patient. Data were acquired with 2 KHz 

sampling rate, and low-pass filter of 660Hz. Data were acquired in 5 minute epochs to 

facilitate efficient computational analysis. One bipolar EEG channel was used to record the 

electrocardiogram (ECG). Five electromagnetic coils were positioned on the patient’s head, 

three on the front and one on each mastoid to monitor head position. A Polhemus Fastrak 

device was used to digitize three fiducial points (nasion, left and right pre-auricular points), 

the electromagnetic head coils and the scalp surface, to facilitate translation between the 

MEG coordinate system and the patient’s structural magnetic resonance image (MRI). Each 

participant’s digitized scalp surface was co-registered with the scalp surface as extracted 

from a high-resolution anatomical MRI sequence. 

2.3 MEG/MRI Co-registration

High-resolution anatomical MRI scans (3D inversion recovery whole-head volume sequences 

with 1mm3 isotropic resolution), were used for co-registration with the MEG data. Co-

registration was performed using in-house surface matching software, to align the Polhemus 

and the MRI surfaces. The accuracy of this algorithm is within the order of a few mm 

(Adjamian et al., 2004; Whalen et al., 2008). Realistic, single-shell brain models were 

constructed for each participant based on their structural MRI (Nolte, 2003). Each patient’s 

co-registered MRI was spatially normalized to a template MRI using the new segmentation 

toolbox in SPM8 in the MatlabR2012a environment (The MathWorks Inc., Natick, MA). 90 

cortical and subcortical regions of interest (ROIs) were defined for further analysis using the 

automated anatomical labeling atlas (AAL) (Tzourio-Mazoyer et al., 2002), after inverse 

transformation to the patient’s co-registered MRI (Hillebrand et al.,2012).

2.4 MEG Data Analysis

Preprocessing
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MaxFilter software (Elekta Neuromag Oy, version 2.2.10) was used to remove artefacts from 

the raw data by implementing the temporal extension of signal space separation (tSSS) 

(Taulu and Simola, 2006). Bad channels were also identified and removed using MaxFilter, 

before applying tSSS. Each 5 minute dataset was then visually inspected for additional 

artefacts caused by muscle activity and SQUID jumps and any contaminated periods were 

removed. 

HFO analysis

The data were filtered in the ripple band between 80-250 Hz using MaxFilter. A scalar 

beamformer implementation (Elekta Neuromag Oy, beamformer, version 2.2) similar to 

Synthetic Aperture Magnetometry (Robinson and Vrba, 1999) was used to reconstruct the 

time-series for the centroids of the 90 different cortical and subcortical ROIs. The centroid of 

an ROI was defined as the voxel within the ROI that is nearest (based on Euclidean distance) 

to all other voxels in that ROI (Hillebrand et al., 2016). The beamformer reconstructs the 

activity for each ROI sequentially by selectively weighting the contribution from each MEG 

sensor to an ROI's time-series. For the construction of the beamformer weights, the 80 Hz 

high-pass-filtered, pre-processed signal was used for data covariance, a unity matrix was used 

for the noise covariance and an equivalent dipole as the source model. Normalized 

beamformer weights were used to reconstruct the virtual sensor time-series (Cheyne et al., 

2007; Hillebrand et al., 2005). The optimum dipole orientation was determined using 

Singular Value Decomposition (Sekihara et al., 2001). The ripple band (80-250 Hz) time-

series were subsequently extracted from the 90 locations and used for further analysis. 

IED analysis

The sensor time series data between 1-70 Hz were inspected for epileptiform spikes, and 

source localization was performed using an equivalent current dipole fitting approach in line 

with ACMEGS guidelines (Bagic et al., 2011). A single sphere head model based on the 

coregistered MRI scalp surface for each patient was used. A single moving equivalent current 

dipole (ECD) model was calculated at every sample from half-way up the rising phase of the 

spike to the peak, using the Elekta Source Modeling software Xfit (version 5.5.18). The 

source locations of the IEDs were used to compare with the sources of the HFOs for each 

patient. 
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2.5 Intracranial Data Acquisition and Preprocessing

Intracranial stereo-EEG (SEEG) recordings were acquired from 128 contacts in five patients 

using a commercial video-EEG monitoring system (System Plus, Micromed, Italy). The 

implantation sites and number of electrodes were determined based on clinical and 

anatomical data that were obtained during the non-invasive stage of the assessment. The 

number of contacts ranged between 5 - 18 per intracranial electrode, with a maximum of 192 

recording channels. Data were sampled at 2 kHz and acquired with a band-pass filter of 

0.016–1 kHz. Every channel was re-referenced off-line with respect to its nearest neighbor 

(bipolar derivations with 3.5 mm spatial resolution) to cancel-out the effects of volume 

conduction. Where appropriate for diagnostic purposes, the SEEG signal was referenced to 

the average signal from two electrodes identified to be in white matter, from anatomical and 

neurophysiological data. In addition to SEEG, two scalp EEG channels (Fz and Cz referenced 

to a mastoid electrode) and chin electromyogram were recorded for sleep staging. The 

duration of simultaneous video-SEEG recordings was between 5 and 10 days. 

Intracranial strips or grids were implanted in five patients, where Platinum-iridium alloy 

electrode disks (Ad-Tech Medical Racine, WI, United States), of 4 mm diameter were 

arranged in a grid (max 8 × 8 array), a strip (4 × 1 or 6 × 1), and/or a combination of the two. 

Craniotomies and/or burr hole craniotomies were used to place electrodes in the subdural 

space as appropriate.

IEEG recordings were reviewed by an expert neurophysiologist, who marked the beginning 

of the seizures. The SOZ was anatomically defined by all of the contacts involved in seizure 

onset. Segments of iEEG data beginning 10 min before and lasting 2 min after the 

electrographic onset of each seizure were extracted. These were defined as the periods of 

interest for the identification of HFOs. Data were resampled to 1024 Hz (linear interpolation) 

and then visually inspected to identify artefactual channels, which were subsequently 

excluded. 

2.6 HFO detection algorithm and HFO area determination
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The algorithm for the detection of HFOs was applied in the same way for the analysis of both 

the MEG and iEEG data. The algorithm is described in depth in all its theoretical aspects and 

implementation details in Quitadamo et al., (2018a) and released within a software 

framework called EPINETLAB (Quitadamo et al., 2018b). Here we briefly report its main 

details.

The first step involves a procedure for the reduction of the number of channels/sources, based 

on their kurtotic value: for each channel, a wavelet-based time-frequency transform (e.g. 

Morlet) was computed on 1s windows and then the relative scalograms, representing the 

energy content of each wavelet coefficient, was determined. The spectral kurtosis, which 

usually achieves its peak where transient activities are present, was computed on each 

scalogram and its average values computed. Then the distribution of average kurtosis value 

was fitted against a set of standard statistical distributions that are available in the Matlab 

“Statistics and Machine Learning Toolbox” (e.g., normal, exponential, gamma, generalized 

extreme value, etc.). The one ranked first in terms of logarithmic likelihood was chosen as 

the one representative of the signal under analysis. The mean and the standard deviation (SD) 

values of the distribution were computed and a threshold set on the mean +3 SD. This 

threshold allows the discrimination of the most deviant kurtosis values on the right tail of the 

distribution. Channels were subsequently ranked based on the total number of windows with 

kurtosis values over the predefined threshold. After this ranking a subset of extremely 

kurtotic channels were retained for subsequent analysis.

The detection of HFOs was done by detecting as candidate HFOs those events where power 

exceeded the average power (over the entire 1s window) by 5 SD and for longer than 20 ms. 

Finally, events with power distributed over the whole frequency band or simultaneously 

present over many channels were discarded as artefact. Artefact rejection was initially 

performed automatically in MEG data and then further visual inspection was used. After 

HFOs have been detected on all the channels, it’s important to define, on the basis of the 

channel HFO rates, which channels belong to the SOZ with the highest probability, the so 

called HFO area (see Quitadamo et al., 2018a for more details). HFO rates are expressed in 

terms of percentages, which represent the number of HFOs identified on a specific channel 

over the total number of HFOs detected. Sensitivity and specificity were calculated based on 

the iEEG data using the following criterion: true positives (TP) were defined as the channels 

corresponding to electrode contacts located in the HFO area and in the SOZ; false positives 



10

(FP) were defined as channels located within the HFO area but not in the SOZ; true negatives 

(TN) were defined as the channels outside the HFO area and outside the SOZ and false 

negatives (FN) were channels located outside the HFO area but inside the SOZ. The 

sensitivity of the detection algorithm was defined as Sens = TP/(TP + FN) and the specificity 

as Spec = TN/(FP+TN), expressed in percentages. A binomial distribution was used to 

estimate confidence intervals.

The performance of this detection algorithm has been assessed previously on a sample of 

iEEG data comprising a combination of grid/strips and SEEG, that were acquired during 

presurgical evaluation of patients with drug-resistant epilepsy. The spatial concordance was 

assessed between the iEEG electrodes with the highest HFO (80-250 Hz) rates and the SOZ, 

which was determined using ictal and interictal iEEG as per standard clinical protocols 

(Quitadamo et al., 2018a,b). The results demonstrated good concordance between the sources 

of electrodes with the highest contribution of HFOs and the SOZ. The HFO findings were 

also supported by the 1-year post-surgical outcome. 

2.7 Validation of MEG HFOs

The sources of the MEG HFOs (80-250 Hz) were visualized on the postoperative MRI of 

each of the patients to measure concordance with the resected area. Using similar criterion as 

used in a previous MEG study (van Klink et al., 2017), concordance was considered good if > 

50% of the HFO sources were included in the resection, at lobar level, moderate if < 50% of 

HFO sources were included in the resection, and poor for discordance. Sources of the MEG 

HFOs were also compared to the locations of HFOs identified by iEEG, and to the clinically 

defined SOZ. The concordance between the MEG HFO sources and iEEG HFOs was 

assessed visually, using 3D slicer (Fedorov et al., 2012) and the same criterion as above was 

used i.e. concordance was considered good if > 50% of MEG HFO sources were identified in 

the same lobe as the iEEG HFOs and SOZ, moderate if < 50% of MEG HFO sources were 

identified in the same lobe as the iEEG HFOs and SOZ, and poor for discordance. A one-

sample t-test was used to assess the difference between percentage HFO rate in the iEEG and 

MEG data.

Finally in those patients where IEDs were identified, concordance between source locations 

of HFOs and IEDs was also assessed at the lobar level using the same criterion as described 
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above. Post-operative outcome at 1 year follow up was used as a measure of overall success 

of the HFO detection process, as this is currently the clinical gold standard. 

3. Results

3.1 Patients

Only those patients who had both MEG and intracranial monitoring as part of their 

presurgical evaluation at Birmingham Children’s Hospital between 2015 and 2017 were 

included in the study. Ten patients met this inclusion criteria. 

3.2 iEEG HFO detection

HFOs in the ripple band were reliably detected in the intracranial EEG of all 10 patients. The 

sources of these HFOs were compared to the SOZ, which was clinically defined by a 

neurophysiologist (PB) and epileptologist (SS). In the 10 patients, statistical comparison of 

the HFO areas with the clinically defined SOZ produced an overall mean sensitivity of 66% 

(SD 24%) and mean specificity of 92% (SD 5%; see Quitadamo et al., 2018a for full details 

of algorithm). 

3.3 MEG HFO detection

MEG HFOs in the ripple band were detected in 9 out of 10 patients. HFOs were not detected 

in one patient’s MEG data (case 4), but were detected in their iEEG data. Unfortunately the 

MEG data from this patient was extremely noisy due to excessive movement and EMG 

artefact. It was therefore not possible to get sufficient ‘clean’ segments of data for HFO 

detection. In addition, IEDs could not be detected in the MEG data for this patient either. 

This patient was therefore excluded from further analysis.

In the remaining 9 cases there was overall good concordance between HFO locations 

identified intracranially and extracranially. There was a significant difference between the 

percentage rate of HFOs detected in iEEG and MEG data t(71) = 2.85, p < .05. Significantly 

more HFOs were detected in the iEEG data (mean HFO rate = 13.75%, SD = 6.34) than in 
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the MEG data (mean HFO rate = 9.34%, SD = 6.64). In 8/9 patients there was good 

concordance between the sources of MEG HFOs and the iEEG HFOs and the SOZ (see Table 

2 and Figure 1). In 6 of those patients MEG HFOs were identified within the SOZ and in the 

other 2 patients HFOs were detected in close proximity to the SOZ i.e. within the same lobe. 

Of these 8 patients, 5 had good outcome (Engel I /II) and 3 had poor outcome (Engel III/IV). 

IEDs were only present in the MEG data in 4 of these patients (cases 1,2,3,7) and were 

concordant with the source locations of HFOs and the SOZ (see Table 2). 

In 7/9 patients there was good concordance with the resected area, in one patient there was 

moderate concordance and 1 patient was discordant (see Table 2). In terms of outcome, 4/6 

patients with good outcome had concordant MEG HFOs with resected area, there was 

moderate concordance in 1 patient and 1 patient with good outcome was discordant. In 3/3 

patients with poor outcome MEG HFOs were concordant with the resected area, although a 

proportion of HFOs (< 50%) were also detected outside of the resected area in all three of 

these patients (see Table 2). In the one discordant patient (case 7) MEG HFOs were detected 

in the hemisphere opposite to the SOZ and resected area. This patient was a particularly 

complicated case with bilateral frontal and temporal SEEG implantation. The patient had a 

left superior frontal gyrus resection bounded by somato-motor area (SMA). MEG HFOs were 

identified in the right frontal, parietal and temporal lobes. Interestingly HFOs in the iEEG 

data were detected in both left and right frontal contacts. So the MEG HFOs were partially 

concordant with the sources of the iEEG HFOs. In addition MEG IEDs were identified in 

bilateral temporal and right frontal lobes, which were also discordant with the SOZ. 

Nevertheless, despite being a complicated case, this patient had a good post-operative 

outcome (Engel IA)

4. Discussion

In this study, we applied a novel automatic method, recently developed by our group, for the 

detection of HFOs in MEG and iEEG data. We evaluated the topographic concordance 

between HFOs in the ripple frequency band (80-250 Hz) present in source-space MEG data 

and those identified in iEEG in ten paediatric patients with refractory epilepsy who had 

undergone presurgical evaluation. We also validated the MEG findings against the clinically 

defined SOZ, resected brain area and against post-operative outcome at 1 year follow-up. 
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After excluding one patient due to excessive artefacts in their MEG data, we found overall 

good concordance in nine patients between the sources of HFOs identified in the MEG and 

iEEG data. We found good concordance in eight patients between the sources of MEG HFOs 

and the SOZ: 5/6 patients with good outcome and 3/3 patients with poor outcome. Similarly 

we found good concordance in seven patients between sources of MEG HFOs and the 

resected area, in one patient there was moderate concordance and one patient was discordant. 

In the three patients with poor outcome MEG HFOs were overall concordant with the 

resection area, however in all three cases HFOs were also detected in areas outside of the 

resection cavity. Our findings demonstrate the feasibility of the automatic detection of HFOs 

in clinical non-invasive MEG recordings in a paediatric sample, and demonstrate the 

compatibility of results with invasive recordings in the same patients. 

Despite converging evidence from animal and human studies on the potential role of HFOs as 

a biomarker for epileptogenicity, their application in clinical practice in epilepsy surgery 

decision-making is still limited (Gloss et al., 2017; Höller et al., 2015). This is presumably 

due to a number of factors, a contributing factor may be that up until recently the focus has 

largely been on invasive recordings. The development of a HFO biomarker based on non-

invasive recordings would increase their clinical potential and reduce the requirement for 

long-term monitoring and invasive intracranial recordings. It was previously believed that the 

non-invasive detection of HFOs with MEG and EEG was not possible because the generators 

would be too weak to distinguish from background noise (von Ellenrieder etal., 2014). 

However, recent studies have shown that HFOs can be reliably detected non-invasively in 

both EEG and MEG recordings. A few studies have identified interictal HFOs in MEG as 

visible events in the time domain, as typically performed in iEEG (van Klink et al., 2015; von 

Ellenrieder et al., 2016), while the majority of MEG studies have focused on time-frequency 

analyses (Miao et al., 2014; Rampp et al., 2010; Tenney et al., 2014; Xiang et al., 2010). In 

particular, sources of MEG high frequency components identified in the ripple frequency 

band have been shown to be related to the EZ (van Klink et al., 2017). However, very few 

studies have directly compared HFOs detected non-invasively with MEG with those 

identified during iEEG recordings. 
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In a unique study, Rampp et al. (2010) simultaneously recorded MEG and iEEG in six adult 

patients during pre-surgical evaluation. They found that sources of spike-locked or spike 

independent high gamma oscillations (50-120 Hz) detected with MEG and iEEG were 

strongly associated with the SOZ. This study was one of the first to provide evidence that 

MEG high gamma oscillations corresponded directly to those recorded invasively with iEEG 

in adult patients. These findings are broadly consistent with the present study, although not 

acquired simultaneously, we applied the same analysis pipeline and algorithm to detect HFOs 

in MEG and iEEG recordings and found good concordance in all nine patients. Notably, we 

found that significantly higher rates of HFOs were detected with iEEG compared to MEG. 

This may reflect the better signal to noise ratio of iEEG recordings. It may also be related to 

the fact that the iEEG data segments were extracted from ictal recordings (although pre-ictal 

and post-ictal segments were analysed here), whereas the MEG data segments were all 

extracted from interictal recordings. Nevertheless, we have demonstrated that HFOs can be 

reliably detected both invasively and non-invasively. Papadelis et al. (2016) also found good 

concordance between sources of HFOs (80-150 Hz) detected in MEG and iEEG recordings in 

one paediatric patient. Unfortunately these previous studies are limited by the small sample 

sizes and also by the lack of post-surgical outcome data to validate their findings. In order to 

establish HFOs as non-invasive biomarkers, it is imperative to validate HFO source 

localization results against post-surgical outcome data, which is the current clinical gold 

standard. 

We attempted to address this in the present study by relating our HFO findings to post-

surgical outcome data. Interestingly, in 3/3 patients with poor outcome a proportion of HFOs 

were detected in sources outside of the resected area. For example, in case 3 who had a right 

insular/opercular superior termporal gyrus resection with poor outcome at 1 year follow-up 

(Engel IVB), the majority of MEG and iEEG HFOs were detected within the resected area, 

yet MEG HFOs were also detected in the parahippocampal gyrus which was not included in 

the resection. Case 6 had a left superior temporal gyrus resection with a poor outcome (Engel 

IIIC), while the majority of MEG HFOs were detected within the left temporal lobe an 

additional source of HFOs was identified in the left supramarginal gyrus. Case 9 had a left 

temporal lobectomy with hippocampectomy and also had a poor outcome (Engel IVB). In 

this case, MEG HFOs were detected in three sources in the left superior temporal gyrus and 

superior temporal pole, but also in the left mid orbitofrontal gyrus, which was not within the 
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area of resection. Given the poor outcome in these patients it implies that the area of resection 

did not fully cover the EZ. It has been shown that patients with additional sources of MEG 

HFOs (Velmurugan et al., 2019) and iEEG HFOs (van ’t Klooster et al., 2015) that were not 

surgically resected, were more likely to have poor outcome. We could therefore speculate in 

the present study that outcome may have improved if the additional HFO sources were 

included in the resected area. 

Due to the relatively small sample size and the retrospective nature of our study it was not 

possible to predict post-surgical outcome from our data. However, a large prospective study 

(Velmurugan et al., 2019) recently investigated the clinical utility of MEG HFOs during pre-

surgical examination and assessed their role in predicting post-surgical outcome in 52 

predominantly adult patients (mean age 22.94 years) who were undergoing resective surgery 

for refractory epilepsy. Seizure outcomes could be predicted based on whether or not MEG 

HFO sources were included within the resection. The accuracy of localizing the resected 

cortex was 70% for HFO sources, compared to 59% for spike dipole analysis, which is the 

current clinical standard. Furthermore, patients had an 82.4% chance of seizure freedom 

when the location of HFO sources was included in the resection area. These results are in line 

with findings from studies of invasive HFOs (Andrade-Valenca et al., 2011; van ’t Klooster 

et al., 2015) and provide strong support for the application of non-invasive HFO recordings 

in routine pre-surgical evaluation. However, a couple of limitations regarding the methods 

must be addressed. 

Firstly, typical HFO analysis is based on detecting spike-locked HFOs only, but previous 

MEG studies have found that around 30% of patients do not show epileptiform abnormalities 

at the time of recording (Rampp et al., 2019; van Klink et al., 2017). A method that is capable 

of detecting both spike-locked and spike-independent HFOs would be valuable in these cases 

(Rampp et al., 2019; van Klink et al., 2017). Notably, in the present study we had a relatively 

high proportion of patients (~50%) who did not display epileptiform abnormalities in their 

MEG data, yet HFOs were successfully detected in these patients. There are a number of 

reasons why spikes were not detected in these patients, including the relatively short MEG 

recording period (~1 hour) compared to invasive recordings, which are performed over days. 

Furthermore, there was no medication reduction prior to MEG recordings and all of the 
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patients were awake during recording. Our findings therefore highlight the added value of 

using a method that can detect spike-independent HFOs, as it can provide valuable non-

invasive information on the location of the hypothesized EZ in those patients for whom 

interictal/ictal epileptiform activity is not present. 

Secondly, in the study by Velmurugan and colleagues every spike epoch in every virtual 

sensor was visually evaluated, which is extremely time-consuming and may be impractical in 

clinical practice. Algorithms for the automatic detection of HFOs have been developed to 

address this issue and have been applied to both invasive and non-invasive recordings with 

varying success (Migliorelli et al., 2017; Navarrete et al., 2016; Quitadamo, et al., 2018; 

Shimamoto et al., 2018; van Klink et al., 2017). The novel aspect of the HFO detection 

algorithm applied in the present study is the use of a kurtosis-based metric to select a subset 

of channels that are most likely to be related to the SOZ, rather than relying on a priori 

knowledge of seizure onset location in the implanted electrodes. Kurtosis has previously been 

applied in clinical epilepsy studies for first-pass selection of virtual channels in beamformer-

based analysis of MEG data (Hall et al., 2018; Robinson et al., 2004). The main advantage of 

using this kurtosis-based approach is to reduce computational complexity, by providing a 

metric for the selection of a subset of informative channels (Quitadamo et al., 2018a). This is 

essential when handling multichannel and long-term iEEG and MEG data with high sampling 

rates. Furthermore, the toolbox developed by our group provides a means of importing and 

analyzing MEG data, and comparing results of the SOZ with complementary methodologies 

such as iEEG (Quitadamo et al., 2018b).

This tool was initially validated on a group of patients who underwent iEEG investigations 

and were successfully operated on. The results revealed good concordance between 

electrodes with the highest contribution of HFOs in the ripple frequency band and the SOZ 

identified clinically. However, it must be noted that the tool was originally developed and 

tested in the ripple frequency band (80-250 Hz) only, due to sample rate constraints of the 

iEEG test dataset. It is for this reason that we also focused our MEG analysis on the ripple 

band in the present study. We also focused on the 80-250 Hz range in an effort to reduce 

contamination from head position indicator (HPI) coils which were used for tracking head 

motion during the MEG recording. These coils are energized at frequencies between 293 and 
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328 Hz. While there is a growing body of literature on the contribution of fast ripple HFOs 

(250-500 Hz) to SOZ identification (Bernardo et al., 2018; Fedele et al., 2017) and reports 

have shown them to be highly correlated with positive surgical outcome in iEEG (van ’t 

Klooster et al., 2017), there is currently little data on the non-invasive detection of fast 

ripples. Notably, a couple of studies have demonstrated that fast ripples can be detected in 

scalp EEG (Bernardo et al., 2018; Pizzo et al., 2016), but they have been described as more 

difficult to detect due to their smaller generators and the amplifier noise at frequencies above 

200 Hz. It has also been suggested that fast ripples may be more feasible to detect in scalp 

EEG in paediatric populations where the skull is thinner, leading to decreased signal 

attenuation (Bernardo et al., 2018). 

Determining a non-invasive biomarker is particularly important in paediatric drug-resistant 

epilepsy, as these children represent a vulnerable patient population due to the detrimental 

effects of uncontrolled seizures on neurodevelopment and cognition (Ibrahim et al., 2012). 

Advances in the surgical treatment of intractable epilepsy have contributed to improvements 

in seizure outcomes and also cognitive outcomes in paediatric patients (Braun, 2017; Braun 

and Cross, 2018). Interestingly, a recent study has reported that fast ripples in intra-operative 

electrocorticography could be potential predictive markers of post-surgical cognitive outcome 

in pediatric epilepsy surgery (Sun et al., 2020). The authors found that the removal of tissue 

generating HFOs (250-500 Hz) was associated with cognitive improvement in children 

following surgery beyond the benefits of seizure reduction, and suggest that surgical tailoring 

using HFOs rather than spikes may result in better cognitive outcome in children (Sun et al., 

2020). This study highlights the value of using of HFOs to guide surgical resection, to not 

only improve surgical outcome in terms of seizure freedom but also with respect to cognitive 

outcomes. It would be interesting to establish if similar findings could be obtained non-

invasively. 

 

5. Conclusion

In conclusion, we have demonstrated the feasibility of automatically detecting HFOs in MEG 

recordings in the ripple frequency band (80–250Hz) in a group of paediatric patients with 

refractory epilepsy. Furthermore, we have shown good topographic concordance between 

HFOs present in source-space MEG data and those identified in iEEG data in the same group 
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of patients. We also found good concordance between the sources of MEG and iEEG HFOs, 

the SOZ and the resected area. We found overall good concordance between sources of HFOs 

and the area of resection in patients with good and poor post-surgical outcome. However we 

did find that patients with poor outcome had a proportion of HFOs that were detected outside 

of the resected area. Taken together these findings provide support for the clinical value of 

non-invasively detecting HFOs to aid surgical planning and potentially reduce the need for 

invasive monitoring, which is pertinent to paediatric patients. Furthermore, the current 

approach, which revealed spike-independent HFOs, may be particularly useful in patients 

who do not reveal interictal/ictal epileptiform activity in their MEG recordings. 
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Figure legend

Figure 1. Case example patient 1. (A). Left: Magnetoencephalography (MEG) data is 

overlaid on their post-operative magnetic resonance image (MRI). MEG interictal 

epileptiform discharges (IEDs) were located in right superior temporal gyrus (STG), 

displayed as blue dots, and overlapping with resected area, which is indicated by red dashed 

line. Right: Example of MEG spike/IED time series. (B). Left: MEG data is overlaid on their 

post-operative MRI. High frequency oscillations (HFOs) were identified in right Heschl 

gyrus and STG, displayed as green dots (virtual sensor 68,69). Red dashed line indicates area 

of resection. Right: Time series and time-frequency display of an MEG HFO event. Green 

dashed lines indicate HFO event. (C) Left: Corresponding intracranial grid data from the 

same patient is overlaid on a reconstructed MR surface. HFOs were identified in gd14 and 

gd16 and the seizure onset zone (SOZ) outlined in the blue circle was accurately identified 

from the intracranial data (100% specificity, gd14, gd15, gd16). The Red circle indicates the 

location of the MEG HFOs identified in virtual sensor 68/69 which is in close proximity to 

the SOZ. This patient had a right temporal lobectomy and post-operative follow up revealed 

Engel outcome class II; histopathology revealed focal cortical dysplasia (FCD) IIA. Right: 

Time series and time-frequency display of an intracranial electroencephalography (iEEG) 

HFO event. Yellow dashed lines indicate HFO event.
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Table 1.  Patient characteristics, implantation sites and details of surgery.

Pt. 
Age 
(Yr), 

Gender

Age of 
Onset 
(Yr)

Implantation Type Surgery Pathology

1 17, F 5 R fronto-temporal grid 
and strips R Temporal Lobectomy FCD IIA

2 6, M 2.5 L fronto-parietal grid 
and strips L Frontal Lesionectomy FCD IIA

3 14, M 1 R fronto-temporal 
SEEG

R insular opercular, STG 
reseaction FCD IB

4 9, M 2 R parietal motor-
sensory grid R Parietal Lesionectomy DNET

5 16, M 2 L parietal grid and 
strip L Parietal Lesionectomy Meningioangiomatosis

6 16, F 10 L fronto-temporal grid 
and strips L STG Resection Gliosis
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7 15, F 1 Bilateral frontal lobe 
SEEG L Medial Frontal Resection FCD IIB

8 14, F 4 R fronto-temporal 
SEEG

R Middle Frontal Gyrus 
Lesionectomy FCD IA

9 15, M 1 L fronto-temporal 
SEEG

L Temporal Lobectomy & 
Hippocampectomy MTS

10 7, F 1 R mesial-temporal 
opercular SEEG

R Temporal Lobectomy & 
Hippocampectomy MTS

M=male; F=female; SEEG = stereo electroencephalography; L = left; R = right; STG = superior 
temporal gyrus; FCD = focal cortical dysplasia; DNET = Dysembryoplastic neuroepithelial tumor; MTS 
= mesial temporal sclerosis

Table 2. Results of HFO area identification in iEEG and MEG recordings, and comparison with 
seizure onset zone (SOZ), resection area and post-surgical outcome.  

MEG and iEEG sources are listed in descending order according to the rates of HFOs.

Pt
IEEG 

Implantation 
Type

iEEG Implantation Site 

& HFOs Rates [%]

iEEG 
Sens 

%

iEEG 
Spec 

%

MEG HFOs Sources 

& Rates [%]

MEG IED 
Dipole 

Sources

Concordance 
MEG HFOs 
with MEG 

IED Dipoles

Concordance 
MEG HFOs 
with iEEG 

HFOs & SOZ

Concordance 
MEG HFOs 

with 
Resected 

Area

Post 
Operative 
Outcome 
Engel @ 
1 Year

1 Grid (Gd) R Sup Temporal Gyrus: Gd14 [27], Gd16 [12] 67 100 R Heschl Gyrus [18]
R Sup Temporal Gyrus [9]

R Sup 
Temporal 

Gyrus
G G, G G II

2 Grid (Gd) & 
Strips

L Frontal Parietal (FP): FP3-4 [13], FP4-5 [18]

L Frontal Lobe (Gd): Gd7 [15], Gd12 [11]
L Sup Frontal Parietal (SFP): SFP3-4[13], SFP4-5[11]

50 89 L Precentral Gyrus [32]
L Postcentral Gyrus [27]

L Precentral 
Gyrus G G, G G II

3 SEEG
R Ant Temporal (AT): AT4-5 [15], AT5-6 [25], AT6-7 [15]

R Post Temporal (PT): PT4-5 [29], PT5-6 [12]
R Inf Frontal (IF): IF5-6 [13]

71 88

R Sup Temporal Pole [9]

R Sup Temp Gyrus [5]
R Mid Temporal Pole [5]

R Inf Frontal Operculum [5]
R Parahippocampal Gyrus [5]

R Temporal 
& Parietal 

Lobes
G G, G G IVB
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4 Grid (Gd)
R Parietal Lobe: Gd12 [8], Gd13 [9], Gd15 [9], 

Gd22 [14], Gd23 [11], Gd28 [11], Gd31 [9]
67 79 Not Detected No Spikes 

Recorded / / / IA

5 Grid (Gd) L Fronto-Parietal Lobe: Gd9 [23], Gd10 [26], Gd26 [11] 50 96 L Inf frontal operculum [9]
L Paracentral Lobule [5]

No Spikes 
Recorded / G, G G IA

6 Grid (Gd)
L Fronto-Temporal Lobe: Gd20 [12], Gd21 [25], 

Gd22 [7], Gd23 [16], Gd31 [17]
100 93

L Heschl Gyrus [7]
L Rolandic Operculum [6]

L Supramarginal Gyrus [5]
L Sup Temporal Gyrus [5]
L Sup Temporal Pole [5]

No Spikes 
Recorded / G, G G IIIC

7 SEEG

L Ant Frontal Gyrus (F’): F’01-F'02 [10], F'05-F'06 [11]
L Frontal Gyrus (E’): 0
L Primary Motor (M’): 0
R Frontal Gyrus (E): 0

R Ant Frontal Gyrus (F): F06-F07 [11]

12 96

L Mid Temporal Gyrus [6]
L Inf Temporal Gyrus [6]
R Postcentral Gyrus [9]

R Inf Frontal Operculum [6]
R Sup Parietal Gyrus [6]
R Inf Parietal Gyrus [6]

L Temporal 
Gyrus

R Temporal 
Gyrus

R Inf Frontal 
Gyrus

G M, P P IA

8 SEEG

R Motor SMA (MR): MR10-11 [7], MR11-12 [5], 

MR5-6 [14], MR6-7 [16], MR7-8 [11], MR8-9 [13]
R Ant Frontal Opercular/Insular (KR): KR1-2 [7]

R Mid Frontal Opercular/Insular (ZR): 0

75 91

R Mid Temp Gyrus [12]
R Sup Temp Gyrus [10]

R Supramarginal Gyrus [6]
R Inf Orbitofrontal Gyrus [6]

No Spikes 
Recorded / G, G M IA

9 SEEG
L Sup Temporal Gyrus (TL): TL1-2 [6], TL4-5 [18]

L Post Sup Temporal Gyrus (VL): VL2-3 [8], VL3-4 [11]
L Ant Hippocampus (BL): BL2-3 [12]

67 92
L Sup Temporal Gyrus [11]

L Sup Temporal Pole [9]
L Mid Orbitofrontal Gyrus [6]

No Spikes 
Recorded / G,G G IVB

10 SEEG

R Ant Hippocampus (B): B1-2 [26], B2-3 [9]
R Post Hippocampus (C): C1-2 [17], C2-3 [7]
R Sensory Operculum/Insular (S): S5-6 [7]

R Temporal basal (D): D1-2 [6]

100 95 R Sup Temporal Gyrus [6] No Spikes 
Recorded / G,G G II

SEEG = stereo electroencephalography; Ant = anterior; Post = posterior, Inf = inferior; Sup = superior; 
Sens = sensitivity; Spec = specificity; L = left; R = right; G= good; M=moderate; P= poor. Engel’s 
classification: I, free from disabling seizures (Ia, completely seizure free since surgery); II, rare 
disabling seizures; III, worthwhile improvement; IV, no worthwhile improvement.


