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Kurtosis and skewness of high-frequency brain
signals are altered in paediatric epilepsy

®)ing Xiang,"? Ellen Maue,'"? Yuyin Fan,'” Lei Qi,"* Francesco T. Mangano,’
Hansel Greiner? and Jeffrey Tenney'?

Intracranial studies provide solid evidence that high-frequency brain signals are a new biomarker for epilepsy. Unfortunately, epi-
leptic (pathological) high-frequency signals can be intermingled with physiological high-frequency signals making these signals diffi-
cult to differentiate. Recent success in non-invasive detection of high-frequency brain signals opens a new avenue for distinguishing
pathological from physiological high-frequency signals. The objective of the present study is to characterize pathological and
physiological high-frequency signals at source levels by using kurtosis and skewness analyses. Twenty-three children with medically
intractable epilepsy and age-/gender-matched healthy controls were studied wusing magnetoencephalography.
Magnetoencephalographic data in three frequency bands, which included 2-80Hz (the conventional low-frequency signals),
80-250 Hz (ripples) and 250-600 Hz (fast ripples), were analysed. The kurtosis and skewness of virtual electrode signals in eight
brain regions, which included left/right frontal, temporal, parietal and occipital cortices, were calculated and analysed. Differences
between epilepsy and controls were quantitatively compared for each cerebral lobe in each frequency band in terms of kurtosis and
skewness measurements. Virtual electrode signals from clinical epileptogenic zones and brain areas outside of the epileptogenic
zones were also compared with kurtosis and skewness analyses. Compared to controls, patients with epilepsy showed significant
elevation in kurtosis and skewness of virtual electrode signals. The spatial and frequency patterns of the kurtosis and skewness of
virtual electrode signals among the eight cerebral lobes in three frequency bands were also significantly different from that of the
controls (2-80Hz, P < 0.001; 80-250Hz, P < 0.00001; 250-600 Hz, P < 0.0001). Compared to signals from non-epileptogenic
zones, virtual electrode signals from epileptogenic zones showed significantly altered kurtosis and skewness (P < 0.001). Compared
to normative data from the control group, aberrant virtual electrode signals were, for each patient, more pronounced in the epi-
leptogenic lobes than in other lobes(kurtosis analysis of virtual electrode signals in 250-600 Hz; odds ratio = 27.9; P < 0.0001).
The kurtosis values of virtual electrode signals in 80-250 and 250-600 Hz showed the highest sensitivity (88.23%) and specificity
(89.09%) for revealing epileptogenic lobe, respectively. The combination of virtual electrode and kurtosis/skewness measurements
provides a new quantitative approach to distinguishing pathological from physiological high-frequency signals for paediatric epi-
lepsy. Non-invasive identification of pathological high-frequency signals may provide novel important information to guide clinical
invasive recordings and direct surgical treatment of epilepsy.
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EL = epileptogenic lobe; EZ = epileptogenic zone; HFBS = high-frequency brain signal; HFO = high-frequency
oscillation; MEG = magnetoencephalography; NL = normal lobe; OR = odds ratio; VE = virtual electrode
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Introduction

There is solid evidence that high-frequency brain signals
(HFBSs > 80Hz) play a key role in epilepsy (Bragin
et al., 2011; Engel and Lopes da Silva, 2012; Worrell
et al., 2012). HFBS can be divided into high gamma
oscillations (80-150Hz), ripples (80-250Hz), fast ripples
(250-600Hz) and very high-frequency oscillations (HFOs
> 600Hz) (Zijlmans et al., 2012; Brazdil et al., 2017,
Rehulka et al., 2019). Though the frequency ranges vary
slightly among reports, the majority of studies of HFBS
in epilepsy focus on oscillatory HFBS in 80-250 Hz (rip-
ples) and 250-600Hz (fast ripples), which are conven-
tionally referred as HFOs (Rampp, 2015; Lee et al.,
2019).

Though HFOs are a well-recognized biomarker for epi-
lepsy research (Frauscher et al., 2017), the average popu-
lation data have not yet been shown to be applicable to
diagnosis of a single patient (Jacobs et al., 2018; King-
Stephens, 2019). One barrier hindering HFOs from wide
clinical applications (Engel et al, 2009; Roehri and
Bartolomei, 2019) is that the brain generates both epilep-
tic (pathological) and physiological HFOs. Physiological
HFOs can be divided into elicited (functional) and en-
dogenous HFOs. Elicited HFOs have been widely studied
as functional activation in the somatosensory, language
and several other brain areas (Xiang et al, 2001;
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Xiang et al., 2003). Endogenous HFOs were conventionally
considered to be pathological, but an increasing list of
reports indicates that endogenous HFOs can be physio-
logical (Engel et al., 2009; Roehri and Bartolomei, 2019).
Since there is no one criterion that can quantitatively differ-
entiate pathological HFOs from physiological HFOs, it is
difficult to use HFOs in clinical practice (Zijlmans et al.,
2012; Mooij et al., 2017; Frauscher et al., 2018; Lee et al.,
2019; Roehri and Bartolomei, 2019).

Advances in magnetoencephalography (MEG) (Migliorelli
et al., 2017; Velmurugan et al, 2018; van Klink er al.,
2019) and scalp EEG (Kobayashi et al., 2010; Kramer
et al., 2019) open a new window for the study of HFBS.
The non-invasive nature of MEG and EEG enable the study
of HFBS in both healthy subjects and patients (Xiang
et al., 2009b; Xiang et al., 2010; Tamilia et al., 2017).
Brain signals from healthy subjects are normative (physio-
logical) data that provide a new approach to distinguishing
pathological HFOs from physiological HFOs (Xiang et al.,
2009b). Normative data may clarify the spatial variation of
HFBS in the brain. For example, MEG and EEG methods,
such as virtual electrodes (VE, or virtual sensors), can be
used to assess brain activities at various brain areas (Oishi
et al., 2006; Velmurugan et al, 2018; van Klink et al,
2019). It has been shown that brain activities can be regis-
tered on to template MRI in common space, which can ad-
dress the spatial variation and enable the direct comparison
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between patients and healthy subjects (Douw er al., 2018).
The variation in time and amplitude can be solved by cal-
culating the kurtosis and skewness over a sliding time win-
dow because kurtosis is a measure of the ‘spikiness’ (or
outliers) while skewness is a measure of asymmetry of sig-
nals (Bullock et al., 1997; Hall et al, 2018; Quitadamo
et al., 2018; Mooij et al., 2020).

The objective of this study is to characterize epilepto-
genic HFBS in children with epilepsy and healthy controls
by using VE and kurtosis/skewness. The central hypoth-
esis is that kurtosis/skewness of VEs provides a new
quantitative approach to localizing epileptogenic regions.
To rigorously test the hypothesis, the present study
focused on a group of patients who had clinical epilepto-
genic zones (EZs) determined by invasive recordings and
surgical outcomes. To our knowledge, no literature has
characterized the kurtosis and skewness of HFBS in vari-
ous brain regions in children; let alone the alteration of
HEFBS in children with epilepsy compared to healthy con-
trols. The study of pathological HFBS in paediatric epi-
lepsy is particularly important because surgery treatment
of paediatric seizures can improve the quality of life and
restore the normal development of brain functions
(Kadish et al., 2019).

Materials and methods

Twenty-three patients with epilepsy (aged 6-17years,
mean: 12.56 * 3.32 years; 12 females and 11 males) were
retrospectively studied. The sample size was estimated
with pilot data from our previous study (Xiang et al.,
2001; Xiang et al., 2009a). The inclusion criteria for
patients were (i) patients with drug-resistant epilepsy;
(ii) patients had well-defined and circumscribed lesions;
(iii) patients underwent pre-operative evaluation and epi-
lepsy surgery; (iv) patient had clinical EZs determined by
recordings and surgical (Engel
Classification of Postoperative Outcome < II); (v) patient
had MRI scan and MEG tests; (vi) head movement dur-
ing MEG recording was <5mm; (vii) at least 120s of
MEG recordings were clean (deflections of all MEG data
within 6 Picotesla (pT) after a band-pass filter of 2-
80Hz); and (viii) post-operative assessments have been
obtained at least at 1 year after surgery. The control
group included 23 healthy children and adolescents (aged
6-17years, mean: 12.60=*3.36; 12 females and 11
males). Controls were recruited to match the epilepsy
patients for age and gender and met inclusion criteria of
(i) healthy without history of neurological disorder; (ii)
MRI is normal. The demographic details of the patients
and controls are shown in Table 1 and Supplementary
Table 1, respectively. Exclusion criteria for all partici-
pants were (i) presence of an implant, such as cochlear
implant devices, a pacemaker or neuro-stimulator, devices

invasive outcomes
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containing electrical circuitry, generating magnetic signals
or having other metal that could produce visible magnetic
noise in the MEG data; (ii) noticeable anxiety (expressing
worry about the tests with noticeable physical trembling
or sweating) and/or inability to readily communicate with
personnel operating the MEG equipment. The research
protocol was reviewed by the institutional review board
at Cincinnati  Children’s Hospital Medical Center.
Informed consents, formally approved by institutional re-
view board at Cincinnati Children’s Hospital Medical
Center, were obtained from each subject in accordance
with the Declaration of Helsinki.

The MEG recordings were performed in a magnetically
shielded room using a whole head MEG system (VSM
MedTech Systems Inc., Coquitlam, BC, Canada) in the
MEG Center at Cincinnati Children’s Hospital Medical
Center. Before data acquisition commenced, a small coil
was attached to the nasion, left and right pre-auricular
points of each subject. These three coils were subsequent-
ly activated at different frequencies for measuring sub-
jects’ head positions relative to the MEG sensors. The
system allowed head localization to an accuracy of 1 mm.
The sampling rate of the MEG recordings for patients
was 4000Hz. All MEG data were recorded with a noise
cancellation of third-order gradients. The limitation of
head movement during MEG recording was 5 mm. To
identify system and environmental noise, we routinely
recorded one MEG data set without subject just before
the MEG tests.

Three-dimensional magnetization-prepared rapid acquisi-
tion gradient echo sequences were obtained for all sub-
jects with a 3-T scanner (Siemens Medical Solutions,
Malvern, PA, USA). MRI scans (three-dimensional-T;)
were performed by MRI technologists. Three fiduciary
points (Multi-modality Radiographic =~ Markers, IZI
Medical Products Inc., Baltimore, MD, USA) were placed
in identical locations to the positions of the three coils
used in the MEG recordings, which were the pre-auricu-
lar points and the nasion, to allow for an accurate co-
registration of the MEG and MRI data sets.
Subsequently, all anatomical landmarks digitized in the
study were made identifiable in the MR images.

To blindly analyse data, MEG and MRI data from
patients and healthy controls were de-identified. MEG
investigators, who were blinded to clinical results, per-
formed data processing. After excluding bad channels (e.g.
continuous noise signals) and bad segments (e.g. magnetic
noise from swallowing), at least two epochs of MEG
data without noise were selected for following analyses.
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Table | Clinical characteristics of patients with drug-resistant epilepsy
ID Sex Age Aectiology MRI MEG EEG iEEG (ictal) Surgery Outcomes
| M 13 FCD L Hi LTF LT; L central LTF LTF la
2 F I TSC RF RF R hemisphere RF RF la
3 M 14 FCD LT LT LT LT LT la
4 M 14 FCD B-MTS LTO L hemisphere LTO LTO la
5 F 16 TSC Multiple tubers LFT L hemisphere LFT LFT la
6 F 9 Unknown RH RT Bi FT RT RT la
7 F 16 TSC Multiple tubers LFT Multi-focal LFT LF 1l
8 F 17 TSC Multiple tubers Bi FT Multi-focal Bi FT Bi F 1l
9 M 6 Tumour Normal LF L hemisphere LF LF la
10 M 9 TSC Multiple tubers RFT Bi FT RFT RFT Ib
Il M 10 TSC Multiple tubers LFT LFT LFT LFT la
12 M I Stroke Normal LPO L hemisphere LPO LPO la
13 M 6 TSC Multiple tubers RFT RFT RFT RFT la
14 M 14 FCD LF LF Bi F LF LF la
15 M 14 Tumour LT LT Bi FT LFT LT la
16 F 16 FCD LF RFELT Bi T LT;RF LF la
17 F 13 FCD Normal LF Bi F L F; L centre LF la
18 F 18 FCD Normal LT LT LT LT la
19 F 13 Stroke LP LP LP LP LP la
20 F 15 Cavernous angiomas LF LF LFT LF LF la
21 F 13 Trauma Normal RO R hemisphere RO RO la
22 F 8 FCD Normal RTO RTPO RTO RT 1l
23 M 13 Stroke LP LP LP LP LP la

Bi = bilateral; F = female; F = frontal; FCD = focal cortical dysplasia; Hi = hippocampal; L = left; M = male; MTS = middle temporal sclerosis; O = occipital; P = parietal; R = right;

T = temporal; TSC = tuberous sclerosis.

To ensure a stable result, each epoch of data was 120s.
Once MEG data were selected, three band-pass filters
were applied to analyse signals in three frequency bands,
which included 2-80, 80-250 and 250-600 Hz, respective-
ly. Since the true EZs are unknown before clinical invasive
recording, we scanned epileptogenic regions by analysing
VEs in eight lobes, which included left/right frontal, tem-
poral, parietal and occipital cortices. The key comparisons
and workflows are shown in Fig. 1.

To compare VE signals from patients and controls at
source levels, MEG data were overlapped onto MRI with
three fiducial points (see Fig. 2 for example). The location
of the VE provided the spatial information for comparing
VE signals with clinical invasive recordings, which have
been described in previous reports (Oishi et al., 2006; van
Klink et al., 2017). We also segmented the co-registered
MRI. We used MNI templates for group comparisons
(Douw et al., 2018). The spatial resolution of VEs was
6mm. To confirm VE abnormality in epilepsy, we also
compared VEs from EZ and VEs from areas out of EZ.
To curtail the effect of VE variation among brain areas,
we computed the minimum, mean and maximum values
of groups of VEs for aforementioned eight cerebral lobes.

We used beamforming (or spatial filtering) to calculate

VE signals (waveforms). The detailed mathematic

algorithms have been described in previous reports
(Xiang et al., 2009a; 2014; 2015). VE signals were com-
puted for MEG data in three frequency bands (2-80, 80—
250 and 250-600Hz). VEs in the three frequency bands
were computed with the exact same setting except the
band-pass filters, which were 2-80, 80-250 and 250-
600Hz, for each corresponding frequency band, respect-
ively. Since the EZs remained unknown before invasive
recordings, to blindly and objectively scan putative epi-
leptogenic regions, we computed grid VEs for each pa-
tient. Grid VEs were a set of VEs uniformly spaced at a
designated resolution (6 mm) for the entire brain. Since
each VE signal was from a specific brain area within the
grid, we could identify the epileptogenic regions by analy-
sing VEs with abnormal signals. Figure 2 shows an ex-
ample of brain region with abnormal VE signals (e.g.
ripples, fast ripples).

After computing all VE signals, we then calculated kur-
tosis and skewness for each VE signal. Kurtosis was used
as it was a higher-level statistic, which provided a meas-
ure of the spikiness of signals. The formula of kurtosis
has been described in previous reports (Prendergast et al.,
2013; Quitadamo et al, 2018). Skewness provided a
measure of the asymmetry of intrinsic brain activity
(Letham and Raij, 2011). The formula of skewness has
been described in previous reports (Letham and Raij,
2011). The function of kurtosis/skewness analysis was
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Figure | The workflow for analysing epileptic and epileptogenic HFBS with MEG VEs. Since the true clinical EZs are unknown
before invasive recordings, we propose an objective and blind scan of epileptogenic lobes by quantitatively comparing HFBS at VEs between
epilepsy patients and healthy controls (first comparison). To rigorously investigate the relationship between VE HFBS and clinical EZs, we used
clinical EZs determined by invasive recordings (clinical ‘gold standard’) and surgical outcomes to characterize epileptogenic HFBS.

implemented in MEG Processor, a software package used
in the present study. The software provided users with a
versatile graphic interface and flexible, modular frame-
work within which to analyse VE signals (Oishi et al.,
2006; Xiang et al., 2014; Xiang et al., 2015). We calcu-
lated the skewness of every VE signal in three frequency
bands (2-80, 80-250 and 250-600Hz). For group com-
parisons, we computed the minimum (min), mean, max-
imum (max) for each frequency band in each of the eight
lobes for each patient and healthy subject. We reported
on the distribution of the minima, means and maxima.

Putative EZs in epilepsy patients were estimated by using
clinical data obtained during preoperative workup and
then refined with intraoperative corticography for epi-
lepsy surgery (Greiner et al., 2016). In clinical practice,

non-invasive clinical data, which included clinical history,
scalp EEG, MRI, positron emission tomography—com-
puted tomography, video-EEG and MEG, were used to
estimate the putative epileptogenic regions (see Fig. 1).
The putative epileptogenic regions were used as the indi-
cation to perform extra-operative and intraoperative cor-
ticography. Specifically, by placing electrodes directly on
(electrocorticography) or in (stereoelectroencephalogra-
phy) the brain, the seizure onset zone, a surrogate of
EZs, was delineated for surgical resection. To confirm
EZs for each patient, we also obtained post-operative
assessments at least at 1 year after surgery. Only putative
EZs, whose resection resulted in free of disabling seizures
or almost seizure-free (Engel Surgical Outcome Scale <
II; ILAE Outcome Scale < 3) (Durnford et al., 2011),
were considered to be true EZs. Digital photos were
taken before and during the operation to record the
placements of the electrodes for VE analyses.
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Figure 2 VE signals in 2-80 Hz, 80-250 Hz (ripples) and 250-600 Hz (fast ripples). The left column shows the location of VE (red
dots), which can provide the spatial information of VEs (e.g. the left temporal lobe). The right columns show the waveforms of VE signals in three
frequency bands, which enable us to analyse the kurtosis/skewness of brain activity. The top row shows VE signals from an epilepsy patient while
the bottom row shows VE signals from a normal control (a healthy subject). In comparison to HFBS in the healthy subject (blue arrows), VE
waveforms from the epilepsy patient showed some epileptic HFBS with elevated amplitude and kurtosis (red arrows). In comparison to epileptic
HFBS, physiological HFBS have low amplitude and kurtosis (blue arrows). Due to the amplitude of physiological HFBS is low, it is difficult to

visually detect the events of physiological HFBS.

After measuring the mean and standard deviation of kur-
tosis/skewness of each lobe in the control group (norma-
tive data), we used the normative mean *3 SD as a
threshold to define the abnormality of VE signals in the
patient group. If the kurtosis/skewness of VE signals in a
patient was out of the threshold (> control mean =3
SD), the VE signals would be considered as an abnormal-
ity. Otherwise, if the kurtosis/skewness of VE signals was
within the threshold, the VE signals would be considered
as normal. The lobes with EZs were considered as epi-
leptogenic lobes (ELs). The lobes without EZs were con-
sidered as normal lobes (NLs). To determine if the
abnormalities in skewness and kurtosis were more pro-
nounced in the ELs than in other regions, we calculated
the odds ratio (OR) of abnormalities in lobes by dividing
the odds of abnormalities in the ELs by the odds of
abnormalities in the NLs (OR = odds in ELs/odds in
NLs) for each frequency band. The details of the method
for calculating OR have been described in a previous re-
port (Tamhane et al., 2016). By using aforementioned
threshold, if VE signals with abnormal kurtosis/skewness
were localized to the clinical EZs, we considered the
abnormalities of these VE signals were true positive. If
VE signals with abnormal kurtosis/skewness were local-
ized to normal brain areas, which were out of the EZs,
we considered these abnormalities of VE signals were
false positive. If VE signals from NLs showed normal
kurtosis or skewness, we considered the lack of the

abnormities of VE signals was true negative. If VE signals
from the EZs showed normal kurtosis/skewness, we con-
sidered the lack of the abnormalities of VE signals was
false negative. The sensitivity and specificity as the evalu-
ation metrics were then calculated with the following
equations:

Sensitivity = 100 x TP/(TP + EN)
Specificity = 100 x TN/(TN + FP).

We analysed the sensitivity and specificity for the kur-
tosis/skewness of VE signals for all the three frequency

bands.

The normality of all values was checked with the
Kolmogorov—-Smirnov test. The comparisons between
patients and controls were performed using the Student’s
t-test except the measurements of skewness in 2-80Hz,
which were not normally distributed, were therefore ana-
lysed with Wilcoxon signed rank tests and independent
sample Mann-Whitney U-tests for comparisons. Similarly,
according the normality of data, we used the Student’s
t-test and/or Mann-Whitney U-tests to analyse the differ-
ences of VE signals between the EZs and brain areas out
of the EZs. Analysis of variance (ANOVA) was used to
analyse the variation of kurtosis/skewness among eight
cerebral cortices and three frequency bands. The inter-
action between the alteration of epilepsy and age/gender
were also analysed with ANOVA. The correlations of
kurtosis/skewness and age were estimated with the
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Spearman’s rank correlation. The significance level was
set at P<0.05. False discovery rate correction was
applied for multiple comparison (Benjamini and
Hochberg, 1995) (e.g. for eight brain areas and three fre-
quency bands, P<0.002). All statistical analyses were
performed in Microsoft Excel 2013, R 3.6.1 and SPSS
software package version 22.0.0.0 (Armonk, NY: IBM
Corp.).

Anonymized data are available upon request. The data of
the present study are one part of our research project
registered at clinical trial (ClinicalTrials.gov
NCT00600717). Data sharing is governed by institutional
review board protocols and participants’ privacy and con-
fidentiality will be protected in accordance to Food and
Drug Administration (FDA) and Health Insurance
Portability and Accountability Act (HIPAA) guidelines.

Results

The demographic and clinical information of the patients
are shown in Table 1. The demographic and characteristic
of the control group are shown in Supplementary Table 1.
MRIs from all healthy subjects were normal. There were no
significant differences between the two groups of partici-
pants in terms of age and gender. Clinical pre-surgical eval-
uations, which included invasive recordings, revealed at
least one EZ for each patient. All patients underwent epi-
lepsy surgery and 20 out of the 23 patients had seizure
freedom (see Table 1). Three of the 23 patients had multi-
foci and some of the foci could not be resected because the
foci were adjacent to eloquent cortices. Though the postop-
erative outcomes of the three patients were ‘almost seizure-
free’ (Engel Surgical Outcome Scale < II), the seizures from
the resected EZs as anticipated by clinicians were complete-
ly disappeared. We, therefore, considered the resected EZs
were true EZs. To provide solid results, we analysed the
data with or without the three patients; only results that
showed statistical significance in both conditions were
reported in this study.

Patients with epilepsy had significantly enhanced kurtosis
in VE signals compared to normative controls. The
details of the three types of measurements including the
minimum, mean and maximum values of skewness in epi-
lepsy and control groups are shown in Figs 3-5. The
minimum kurtosis could be a negative or positive value.
The mean and maximum values of kurtosis were always
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positive. The maximum value showed the largest stand-
ard error (or standard deviation), which indicated that
the maximum value had the largest inter-individual vari-
ation. Skewness analyses revealed that patients with epi-
lepsy had significantly altered VE signals compared to
normative controls (Figs 3-5). Similar to kurtosis, the
minimum values of skewness could be negative or posi-
tive. However, the mean and maximum skewness were
always positive.

ANOVA analyses (two factor with replication) of kur-
tosis revealed significant differences between epilepsy and
controls in 2-80Hz (F=11.12, P<0.001), 80-250Hz
(F=32.2, P<0.00001) and 250-600Hz (F=23.57,
P <0.0001). The significance of the difference held even
the age, gender and measurement types were taken as
confounding factors. In addition, the significance of the
difference still held by using the data from the 20
patients who were completely seizure free (see Table 1).

The spatial patterns (distribution) of VE signals in epi-
lepsy groups were significantly different from controls
(Figs 3-5). The most significant spatial pattern of kurtosis
in the epilepsy data was found in the 80-250Hz in the
maximum value. The maximum values of kurtosis in the
left frontal and temporal lobes were significantly higher
than that of the right occipital (P <0.01). The most sig-
nificant spatial pattern of skewness was found in the
250-600Hz in the maximum value. The maximum values
of the skewness in 250-600Hz in the left frontal were
significantly higher than that of the right occipital corti-
ces (P<0.01). These spatial patterns were significantly
different from the controls.

ANOVA analyses revealed that there was interaction
between cerebral lobes and epilepsy in 80-250Hz in the
maximum value of kurtosis (F=6.84, P<0.05). In add-
ition, there was interaction between cerebral lobes and
epilepsy in 250-600Hz in minimum (F=7.39, P<0.01)
and mean (F=6.93, P <0.02) values of skewness.

A comparison of VE signals in three frequency bands
revealed frequency-specific abnormalities (Figs 3-3).
There were significant differences between the 80-250
and 2-80Hz in the maximum value of kurtosis in
the left frontal cortex (P <0.001) and left temporal corti-
ces (P <0.001) in the epilepsy group, but not in the con-
trols. Skewness analyses of epilepsy data revealed
significant differences between the 80-250 and 2-80Hz
in the maximum value of skewness in the left frontal cor-
tex (P <0.001) and left temporal cortices (P < 0.001).
ANOVA analyses of kurtosis measurements revealed
interaction between epilepsy and frequency bands in the
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are measured, respectively. The star (*’) indicates that the difference between epilepsy (red) and normal (blue) in the corresponding

measurement pair is statistically significance (P < 0.001). Lf = left frontal; LO =

frontal; RO = right occipital; RP = right parietal; RT =right temporal.

maximum value of kurtosis (F=8.91, P<0.01). In add-
there was interaction between epilepsy and fre-
of skewness

ition,
quency bands in

(F=7.08, P<0.01).

the maximum value

left occipital; LP = left parietal; LT = left temporal; RF = right

Kurtosis and skewness were
increased in EZs

Compared to VEs from the brain areas out of the EZs,
VEs from the EZs showed significantly elevated kurtosis
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Figure 5 Column charts showing kurtosis and skewness of VE signals in 250-600 Hz. VEs in eight cerebral lobes, which include LF, RF,
LT, RT, LP, RP, LO and RO lobes, are analysed. The minimum (Min), mean (Mean) and maximum (Max) values of the kurtosis/skewness in each

lobe are measured, respectively. The stars indicate that the difference between epilepsy (red) and normal (blue) in the corresponding

measurement pair is statistically significance (*P < 0.001). Lf = left frontal; LO = left occipital; LP = left parietal; LT = left temporal; RF = right

frontal; RO = right occipital; RP = right parietal; RT =right temporal.
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respectively. The stars indicate that the difference between EZ (red) and Non-EZ (blue) in the corresponding measurement pair is statistically

significance (#P < 0.002; *P < 0.001; **P < 0.0001).

(Fig. 6). Skewness analyses also revealed significant alter-
ation of skewness in VE in the EZs compared to VE in
the brain areas out of the EZs (Fig. 6). Different from
the kurtosis, the skewness of VEs in 2-80Hz in the EZs
was predominantly negative (Fig. 6).

ANOVA analyses revealed that there was interaction
between EZs and frequency bands in kurtosis (F=21.71,
P <0.0001). There was also interaction between EZs and
frequency bands in skewness (F=7.08, P <0.01).

Focal alteration of VE signals
pointed to EZs

Analyses of the locations of VEs in the patient group
showed that the total ELs (lobes with EZs) were 37;

while the total NLs (lobes without EZs, NLs) were 147.
The abnormalities in kurtosis and skewness were more
pronounced in the ELs than in other NLs (Supplementary
Table 2). Analyses of the ORs for the appearances of the
abnormalities in kurtosis and skewness in cerebral lobes
revealed that there were statistically significant higher
ORs of abnormalities in kurtosis and skewness in the
ELs than in the NLs (P < 0.0001). These statistical results
indicated that the abnormalities in kurtosis and skewness
pointed to epileptogenic regions. Using clinical EZs as the
‘gold standard’, the sensitivity and specificity of VE-based
localization of EZs are shown in Fig. 7 (kurtosis is the
up chart; skewness is the low chart). The results revealed
that the highest sensitivity of kurtosis measurements was
the maximum value of VE signals in 80-250 Hz, which
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was significantly higher than the minimum value in 2-80
and 80-250Hz. The highest specificity of kurtosis meas-
urements was the maximum value in 250-600Hz. The
highest sensitivity of skewness measurements was the
maximum value of VE signals in 80-250 Hz. The highest
specificity of skewness measurements was the maximum
value in 250-600 Hz. Kurtosis appeared to have a higher
sensitivity and specificity than that of skewness, but there
was no statistical significance. From frequency point of
view, the highest sensitivity was in 80-250Hz and the
lowest sensitivity was in 2-80 Hz. The highest specificity
was in 250-600Hz and the lowest specificity was in the
2-80Hz.

Discussion

The present study has demonstrated that brain signals in
patients with epilepsy are significantly altered in multiple
frequency bands and high-frequency signals (80-250 and
250-600Hz) are more specific and sensitive than that of
the conventional low-frequency signals (2-80Hz) for
identification of epileptic (pathological) brain activity. If
both epileptic and physiological HFOs were displayed on
the same window in the same scale, the epileptic HFOs
are visually identifiable but the physiological HFOs are
not (see Fig. 2 for example). To our knowledge, this is
the first report showing quantitative kurtosis and skew-
ness measurements of MEG VE HFBS in eight lobes for
paediatric epilepsy.

The present study provides data to support the multipli-
city of differences between epilepsy patients and healthy
controls. In clinical practice, the EZs are unknown before
invasive recordings and surgery. Therefore, the compari-
son of VEs in the eight lobes between epilepsy patients
and healthy controls can objectively reveal the ELs. Once
the ELs are identified, the putative EZs can be delineated
with the groups of VEs in the lobe. Clinicians can use
the putative EZs to guide invasive recordings and sur-
gery. From methodological point of view, the comparison
between epilepsy patients and healthy controls was to
narrow down the epileptogenic regions from the entire
brain to one or more lobes.

The comparisons of VEs in three frequency bands be-
tween epilepsy patients and controls have revealed that
HFOs in 80-250Hz (ripples) and 250-600Hz (fast rip-
ples) appear independently. It seems that fast ripples are
more specific or pathological. Our MEG results are con-
sistent with invasive recordings (Zijlmans et al., 2012;
Brazdil et al., 2017; Rehulka et al., 2019). Since HFBS
are very weak, invasive recordings provide necessary and
convincing data about the relationship between epilepsy
and HFBS (Engel and Lopes da Silva, 2012; Jacobs
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et al., 2012). If our results could be validated, non-inva-
sive. MEG VEs might be used to guide clinical invasive
recordings in the future.

Previous reports (Xiang et al., 2014; Fedele et al., 2016;
Migliorelli et al., 2017; van Klink et al., 2017; Guo
et al., 2018) have shown the possibility to automatically
detect HFOs, which include ripples and fast ripples, by
using a set of criteria, such as amplitude and number of
oscillations. However, even ripples and fast ripples are
detected, it is still unclear if these detected ripples or fast
ripples are pathological or physiological. The analysis of
kurtosis and skewness of VE signals may be a feasible
way for distinguishing pathological HFBS from physio-
logical HFBS. The findings of ripples (80-280Hz) and
fast ripples (250-600Hz) in epilepsy have drawn a great
attention from the researchers. In comparison to previous
reports (Zijlmans et al, 2012; Mooij et al., 2017,
Frauscher et al., 2018; Lee et al., 2019; Roehri and
Bartolomei, 2019), the major novel finding is the quanti-
tative measurements of kurtosis and skewness of VE sig-
nals in epilepsy. Though additional verification and
validation are necessary, building on the present study,
we consider it is possible to determine the abnormalities
of HFBS by measuring the kurtosis and skewness of sig-
nals. Since the abnormalities of VE signals were deter-
mined by using normative data, this approach is
objective, quantitative and effective (no visual identifica-
tion is necessary), which is significantly different from the
conventional visual identification, which can be subjective
and tedious and error-prone.

The results of VE signals in 2-80, 80-250 and 250-
600Hz indicate VE signals in 250-600 Hz had the high-
est specificity in the localization of EZs, which was sig-
nificantly higher than that of VE signals in 2-80 Hz. This
observation suggests that fast ripples in 250-600 Hz were
pathological or epileptogenic signals. On the other hand,
VE signals in 2-80 Hz may include more physiological or
irritative brain signals that might be elevated in second-
ary epileptic areas. Our observation is strongly supported
by previous reports (Tamilia et al., 2018; Schonberger
et al., 2019), which have found that the resection of
brain areas generating HFOs is associated with good out-
comes of epilepsy surgery (Tamilia et al., 2018).

The results of two frequency bands of HFBS indicate
that the measurements of VE signals in 80-250Hz
showed the highest sensitivity in localizing EZs. In
comparison to VE signals in 250-600 Hz, VE signals in



4 | BRAIN COMMUNICATIONS 2020: Page |4 of 16

80-250Hz are typically much stronger (higher ampli-
tude), consequently, these signals are more easily picked
up by MEG. VE signals in 2-80Hz can be stronger than
that of VE signals in 80-250Hz, however, VE signals in
2-80Hz are not highly localized to EZs. In other words,
VE signals in 2-80 Hz include more physiological signals.

The results of the present study have demonstrated that
there were significant differences between epilepsy and
healthy control in terms of kurtosis and skewness in 2-
80, 80-250 and 250-600 Hz. The significance of the dif-
ference held even the age, gender and frequency bands
were taken as confounding factors in ANOVA. We have
noted that the location of EZs might vary significantly
among patients, due to epilepsy patients are a heteroge-
neous group of patients. The comparisons of VE data
from these heterogeneous patients and normative data
yielded heterogeneous results, which provided limited in-
formation for localizing EZs at individual levels. In other
words, spatial variation of VE signals diminished the use-
fulness of group comparisons for localization of EZs. To
facilitate the localization of EZs with normative data, we
tried to compare individual patient’s data to normative
data in eight lobes. We have noted that the cerebral lobes
in epilepsy patients with elevated kurtosis/skewness values
(> normative mean =3 SD) had a significantly high
probability of having the EZs (high OR). The results in-
dicate that abnormalities in kurtosis/skewness pronounced
in ELs (see Supplementary Table 2). Methodologically,
the comparisons of individual patient to normal controls
enabled us to narrow down the epileptogenic regions
from the entire brain to ELs. For research purposes, we
compared the ELs estimated by VEs and the true EZs
determined by clinical data; the results have confirmed
that VEs with elevated kurtosis are highly localized to
the EZs. Taken together, our results suggest that ELs esti-
mated by VEs, which is based on non-invasive MEG,
shall be used to guide invasive recordings and surgery in
the future.

We also noted the spatial variation of kurtosis in
healthy subjects in various brain regions. It has been
shown that intrinsic HFBSs can be detected by MEG
(Xiang et al., 2009b), and the slightly higher kurtosis in
VE signals in healthy subjects may reflect functional in-
trinsic activity. This observation is consistent with previ-
ous reports (Xiang et al., 2001; Xiang et al., 2009a).

The results of kurtosis and skewness have showed some
similarities and differences in VE signals. The kurtosis of

J. Xiang et al.

VE signals mainly measures the ‘spikiness’ of brain activ-
ity while the skewness of VE signals mainly measures the
symmetry of brain activity (Bullock et al., 1997; Hall
et al., 2018; Quitadamo et al., 2018). The data of the
present study indicate that both kurtosis and skewness of
brain activities in epilepsy were significantly altered as
compared to normal controls. In comparison to previous
reports (Bullock et al, 1997; Hall et al, 2018;
Quitadamo et al., 2018), one of the major innovations of
the present study is the analysis of brain activity at
source levels, instead of at sensor levels. Of note, the
findings of abnormal kurtosis and skewness of low-fre-
quency signals (2-80Hz) in epilepsy are consistent with
previously findings (Bullock ez al., 1997; Hall et al.,
2018; Quitadamo et al., 2018).

The difference between physiological and pathological
(epileptic) HFOs in terms of kurtosis is probably that the
former reflect summated inhibitory postsynaptic poten-
tials, while the latter reflect summated action potentials
of synchronously bursting neurons (Bragin et al., 1999;
Jefferys et al., 2012). Since pathological HFOs are from
epileptic hypersynchronous population spikes of bursting
pyramidal neurons, it is reasonable to postulate that the
kurtosis/skewness of pathological HFOs, which reflects
the spikiness/asymmetry of brain activities, would be ele-
vated. Of note, our observation of increased spikiness/
asymmetry in MEG data strongly supports the hypothesis
proposed in previous reports (Bragin et al., 1999; Jefferys
et al., 2012).

To rigorously investigate the usefulness of HFOs in local-
ization of EZs, the present study focused on a group of
patients with well-defined superficial epileptic lesions,
who underwent invasive recordings (clinical ‘gold stand-
ard’) and surgery. Consequently, the results of epilepsy
surgery in these patients appeared to be very good. Of
note, the results may not be able to apply to all epilepsy
patients at individual levels. Specifically, some epilepsy
patients may have lesions in the deep brain regions.
MEG is considered to be sensitive to brain signals from
the superficial, it remains unknown if our approach can

localize EZs in the deep brain areas (e.g. the
hippocampus).
Conclusions

Paediatric epilepsy is associated with significant alteration
of VE HFBS compared to normal controls in terms of
kurtosis and skewness. The alteration of VE HFBS is fre-
quency specific. The kurtosis of VE signals in 80-250 Hz
are the most sensitive biomarker while kurtosis of VE sig-
nals in 250-600Hz are the most specific biomarker for
localization of EZs. For a particular patient with epilepsy,
we propose to use the maximum kurtosis in 80-250 Hz
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for pre-surgical evaluation of epilepsy surgery (Phase I),
and use the maximum kurtosis in 250-600Hz for guid-
ing invasive recordings (Phase II) in the future.
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