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Abstract

High-frequency oscillations (HFO) in scalp EEG are a new and promising non-
invasive epilepsy biomarker, providing added prognostic value, particularly in
pediatric lesional epilepsy. However, it is unclear if lesion characteristics, such
as lesion volume, depth, type, and localization, impact scalp HFO rates. We ana-
lyzed scalp EEG from 13 children and adolescents with focal epilepsy associated
with focal cortical dysplasia (FCD), low-grade tumors, or hippocampal sclerosis.
We applied a validated automated detector to determine HFO rates in bipolar
channels. We identified the lesion characteristics in MRI. Larger lesions defined
by MRI volumetric analysis corresponded to higher cumulative scalp HFO rates
(P = .01) that were detectable in a higher number of channels (P = .05). Both
superficial and deep lesions generated HFO detectable in the scalp EEG. Lesion
type (FCD vs tumor) and lobar localization (temporal vs extratemporal) did not
affect scalp HFO rates in our study. Our observations support that all lesions
may generate HFO detectable in scalp EEG, irrespective of their characteristics,
whereas larger epileptogenic lesions generate higher scalp HFO rates over larger
areas that are thus more accessible to detection. Our study provides crucial in-
sight into scalp HFO detectability in pediatric lesional epilepsy, facilitating their
implementation as an epilepsy biomarker in a clinical setting.
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epilepsy onset, prediction of drug resistance in focal le-
sional epilepsy is crucial for timely referral for presurgi-

In pediatric epilepsy, a focal brain lesion, commonly a
focal cortical dysplasia or a glioneuronal tumor, strongly
correlates with anti-seizure drug (ASD) failure."* For
children with drug-resistant focal lesional epilepsy, ep-
ilepsy surgery is the treatment of choice,’ achieving
seizure freedom in two-thirds of cases.*’ Following

cal evaluation (and, potentially, epilepsy surgery) since
early intervention may prevent cognitive decline, par-
ticularly in young children.* Following epilepsy surgery,
the prediction of seizure freedom is crucial for the timely
initiation of ASD withdrawal as ASD may negatively im-
pact the developing brain at a susceptible time window.®

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Epilepsia Open published by Wiley Periodicals LLC on behalf of International League Against Epilepsy.

496 wileyonlinelibrary.com/journal/epi4

Epilepsia Open. 2022;7:496-503.


www.wileyonlinelibrary.com/journal/epi4
https://orcid.org/0000-0002-7538-1931
https://orcid.org/0000-0003-2224-0083
https://orcid.org/0000-0001-5932-7786
https://orcid.org/0000-0001-9141-381X
mailto:﻿
https://orcid.org/0000-0002-7931-2327
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:georgia.ramantani@kispi.uzh.ch

CSERPAN ET AL

Prognostication in both scenarios, if attainable, would
improve the treatment management and, thus, both the
seizure outcome and the cognitive development of af-
fected children.

High-frequency oscillations (HFO) in scalp EEG are
a new and promising noninvasive epilepsy biomarker
providing added prognostic value, particularly in the
pediatric population.’ Beyond their initial use for de-
marcating the seizure onset zone in focal lesional epi-
lepsy and thus tailoring epilepsy surgery,'>° scalp HFO
are currently investigated as potential biomarkers of
epileptogenesis and treatment response.”"*? The utility
of scalp HFO as a biomarker in pediatric focal lesional
epilepsy has been investigated in recent studies that
corroborated a positive correlation of scalp HFO rates
with (a) seizure risk at the presence of focal lesions, as
in tuberous sclerosis,® and (b) seizure frequency, as a
measure of disease severity, decreasing following suc-
cessful surgical treatment.>'*** Scalp HFO detectability
has been shown to correlate with (a) patient age, with
higher HFO rates in younger children,* (b) sleep stage,
with higher HFO rates in N3 sleep.’® However, the im-
pact of lesion characteristics, such as lesion volume,
depth, type, and localization on scalp HFO detectability,
potentially of crucial importance for further studies, is
still unclear.

To assess the effect of lesion characteristics on scalp
HFO detectability and thus decode the individual variabil-
ity of scalp HFO, we retrospectively analyzed scalp EEG
from children and adolescents with focal lesional epilepsy.
We compared HFO rates with the volume of the epilepto-
genic lesion and between the subgroups of FCD vs tumors,
superficial vs deep, and temporal vs extratemporal lesions.

2 | PATIENTS AND METHODS

2.1 | Patient recruitment

We considered children and adolescents with focal le-
sional epilepsy who fulfilled the following inclusion crite-
ria: (a) scalp EEG recorded at a high sampling frequency
(>1000 Hz), containing >10 minutes of NREM sleep, re-
corded at >2 hours from the most recent seizure, (b) high-
resolution brain MRI supporting the diagnosis of a focal
circumscribed epileptogenic lesion. We determined the
lesion type based on radiological criteria and verified by
histopathology in patients who underwent epilepsy sur-
gery. We classified lesions according to (a) their sublobar
localization, based on anatomical landmarks, and (b) their
depth into superficial, involving the lateral neocortex, and
deep, involving the medial and/or basal but not the lateral
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aspects of the frontal, parietal, temporal, and occipital
lobes.

The collection of patient data and the scientific anal-
ysis were approved by and performed according to the
guidelines and regulations of the local ethics commit-
tee (Kantonale Ethikkommission Ziirich, KEK-ZH PB-
2021-01246). All parents and patients, where applicable,
have given written informed consent.

2.2 | Scalp EEG recording and
data selection

Patients underwent afternoon nap or whole-night video-
EEG with 21 electrodes according to the 10-20 system.
Impedances were typically <5 kQ. Recordings were per-
formed at a 1024 Hz sampling rate by the Deltamed EEG
system for afternoon nap and the Micromed EEG system
for whole-night recordings. For whole-night video-EEG,
we only considered the first 3 hours of sleep.”® We identi-
fied sleep stages®” and selected the NREM sleep stage N3
for analysis as the most sensitive time window for scalp
HFO detection,?® reverting to N2 otherwise.

23 |
in EEG

Automated scalp HFO detection

We re-referenced to a bipolar montage using all combi-
nations of neighboring electrodes, thus obtaining 52 bi-
polar channels.'®*?® We conducted scalp HFO detection
in the 80-250 Hz frequency band with a clinically vali-
dated, automated HFO detector applied to each bipolar
channel within each 5-minutes data interval.>'**>*® To
address artifact pollution, we selected only NREM sleep
segments for analysis, as these are less contaminated by
muscle artifacts. Our automated detector then rejected
candidate events co-occurring bilaterally or presenting a
peak-to-peak amplitude >40 pV or signal-to-noise ratio
<9. Finally, we calculated a z-score from the 250-500 Hz
band-pass-filtered data overtime and rejected events oc-
curring at high z-score timepoints, exceeding the median
z-score by 1.5 times the interquartile range for each pa-
tient."® Although our automated detector uses a finite
impulse response (FIR) filter that is expected to reduce
induced oscillations,” this study did not further distin-
guish between false ripples and ripples observable with-
out a high-pass filter.?**° We calculated the HFO rate for
each bipolar channel by dividing the number of detected
HFO by the duration of the analyzed EEG, resulting in
the unit HFO/min. We identified the HFO area as an area
delineated by bipolar channels with consistently high
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HFO rates across scalp EEG channels for each patient
that were defined as HFO area channels.'>?! First, we
calculated the rate threshold (93th percentile of the HFO
rate distribution) from the EEG across data intervals and
channels. Then, we counted the number of intervals with
an above-threshold HFO rate for each channel. Finally,
we calculated the 95th percentile of these occurrence
values. Channels with higher occurrence values consti-
tuted the HFO area. We calculated the cumulative HFO
rate by adding the HFO rates of all HFO area channels
(Figure 1).

2.4 | Lesion volume calculation in MRI

MRI scans were performed on a 3-Tesla scanner
(Discovery 750 , General Electric Medical System) with
an 8-channel head coil, including a volumetric, whole-
brain, T1-weighted sequence. Lesions were manually seg-
mented by an experienced neuroradiologist (AG) using
3D Slicer, and lesion volumes were calculated based on
the segmented area'® (Figure 1). We opted for the man-
ual segmentation of brain lesions as a well-established
method for defining lesion volumes that remains the gold
standard for testing and training automated methods.****
We decided against semi-automated, fully automated,
or deep learning-based methods as lesion heterogeneity
in our study may have affected algorithm performance.
Although no inter- or intra-rater reliability estimates
were calculated for the lesion volumes in our study,
it should be noted that previous studies involving the

A
EEG HFO detection

FIGURE 1

manual segmentation of brain lesions have reported in-
traclass correlation and dice similarity coefficients of 0.97
and 0.66, respectively.34

2.5 | Statistics

To investigate the impact of lesion volume on the cumu-
lative HFO rates and the number of HFO area channels,
we performed Spearman's rank correlation. To compare
the HFO rates between dichotomized groups for lesion
depth (superficial vs deep), type (FCD vs tumor), and
lobar localization (temporal vs extratemporal), we used
the Wilcoxon rank-sum test. We reported continuous
data either by mean and range or by mean and stand-
ard deviation (mean + SD). Statistical analysis was per-
formed with Matlab R2020a. Significance was established
at P < .05. We did not employ a correction for multiple
comparisons.

3 | RESULTS
3.1 | Patient characteristics and HFO
rates

We included 13 patients (five female) with a mean age of
8.4 years (range 1.5-16.0) at the scalp EEG recording. Six
patients underwent afternoon nap EEG and seven whole-
night video-EEG. Lesion type included FCD in six patients,
low-grade tumors in five, and hippocampal sclerosis in

[— |
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HFO/min

Scalp high frequency oscillations (HFO) detection from the EEG and lesion volume estimation from the MRI of

each patient. Our analysis pipeline is demonstrated in the exemplary case of patient 11 with focal lesional epilepsy associated with a
ganglioglioma in the left inferior/basal temporal region. (A) We analyzed scalp EEG with high sampling frequency (>1000 Hz) and detected
HFO. (B) We analyzed MRI scans, delineated the epileptogenic lesion, and calculated the lesion volume. (C) 3D reconstruction of the
cortical surface generated from the MRI. The lesion is depicted in blue. Blobs in different shades of red depict the scalp HFO rate in HFO
area channels. Different color intensity corresponds to different HFO rates. Created with BioRender.com
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two. Radiological diagnosis was verified by histopathology
in 8 cases. Eight of the patients had a deep-seated lesion.
The lobar localization was temporal in seven, extending to
the occipital lobe in one, and extratemporal in six patients.
The mean lesion volume was 3638 + 2064 mm? (Table 1).

We analyzed 360 minutes of scalp EEG data, including
350 minutes of N3 (all but one patient) and 10 minutes of
N2 sleep (patient 3). We detected 1024 HFO, all but 51 in
N3 sleep. The mean duration of analyzed data per patient
was 27.7 + 12.2 minutes, with a mean of 78.8 + 97.1 de-
tected HFO per patient (Table 1).

3.2 | Scalp HFO rates are higher for
larger lesions

The cumulative HFO rate over the HFO area channels in-
creased with lesion volume (Spearman's r: .70, P = .01,
Figure 2). Similarly, the number of HFO area channels
increased with lesion volume (Spearman's r: .55, P = .05).
In addition, both superficial and deep lesions generated
HFO detectable in scalp EEG. However, while superfi-
cial lesions generated higher mean cumulative HFO rates
than deep lesions (1.78 £ 1.62 HFO/min vs 0.74 + 0.74
HFO/min), this difference did not reach statistical sig-
nificance in our cohort (P = .22) due to high standard de-
viation. Interestingly, among small-volume (<1000 mm®)
and deep-seated lesions, the larger (944 mm®) but not the
smaller one (595 mm?®) generated HFO detectable on the
scalp. Furthermore, neither lesion type (FCD,1.48 + 1.62
HFO/min vs low-grade tumors, 1.07 £ 0.76 HFO/min,
P =.93) nor lobar localization (temporal, 0.79 + 0.74 HFO/
min vs extratemporal, 1.55 + 1.58 HFO/min, P = .63) af-
fected the mean cumulative HFO rate. However, it should
be noted that the use of uncorrected P-values poses a limi-
tation to the generalizability of our results.

4 | DISCUSSION

The main finding of our study is that both the cumula-
tive scalp HFO rate and the number of HFO area channels
increased with lesion volume. It should be noted that a
higher number of HFO area channels is more likely to re-
sult in a higher cumulative HFO rate. Our study suggests
that larger volume epileptogenic lesions correspond to
larger neuronal populations that may extend over larger
areas and exhibit a higher degree of synchrony when gen-
erating scalp HFO. This observation is in line with a previ-
ous report supporting that the detectability of scalp HFO
correlates with the strength of underlying cortical genera-
tors, as demonstrated in an experimental setting during
neurosurgical interventions.*® Furthermore, a simulation

study of cortical generators suggested that several factors
besides their extent, such as their distance from the skull,
and their orientation and localization relative to the gyri
and sulci, may impact the detectability of HFO in scalp
EEG."” Our finding that lesions <1000 mm® can generate
scalp-detectable HFO may serve as a reference for future
simulation studies.

Superficial lesions, rather than deep-seated lesions,
have been reported to generate HFO and epileptic spikes
that are better detectable in the scalp EEG in an adult
cohort.*® However, this past study included one-third of
patients with hippocampal abnormalities and was thus
representative for the adult but not for the pediatric popu-
lation with lesional focal epilepsy,’’ challenging the broad
applicability of its findings. In the pediatric population, we
have previously reported two patients with medial tempo-
ral lesions that showed much lower scalp HFO rates than
those with superficial lesions.” In our present study, in-
cluding mainly patients with FCD and low-grade tumors,
the most common epilepsy-associated lesions in the pedi-
atric age group,3 ” mean HFO rates were higher for superfi-
cial than deep lesions (Figure 2), although this difference
did not reach statistical significance. Future studies in
larger cohorts may strengthen our results and corroborate
the intuitive finding that HFO generated by superficial
lesions are more easily detected on the scalp. Conversely,
our findings support that even deep lesions may gener-
ate scalp-detectable HFO. Furthermore, scalp HFO were
equally well detected regardless of lobar localization (tem-
poral vs extratemporal) in our study, in contrast to spikes
that may escape detection when generated in frontal or
other extratemporal regions.*®* This observation extends
the applicability of scalp HFO as a biomarker to lesional
epilepsy arising from the medial temporal structures, the
basal frontal, temporal, and occipital regions, and the sul-
cal depth of parietal regions.

The type of the epileptogenic lesion (FCD vs low-grade
tumor) was not associated with differences in the scalp
HFO rate in our cohort. This finding is in line with an
adult lesional epilepsy study that found no differences in
the scalp HFO rate when comparing cortical malforma-
tions with hippocampal abnormalities.”® However, this
finding is in contrast to an intracranial EEG study that
showed higher HFO rates in FCD, medial temporal sclero-
sis, and nodular heterotopia than atrophy, polymicrogyria,
and tuberous sclerosis,* suggesting that different lesion
types feature different degrees of intrinsic epileptogenicity
that impact intracranial HFO rates.*®*! While larger stud-
ies in more homogeneous cohorts may help resolve con-
troversies surrounding the specific impact of lesion type
on HFO rates, our observations suggest that this impact is
relatively small, thus supporting the broad applicability of
scalp HFO as an EEG biomarker in focal lesional epilepsy.
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FIGURE 2 Larger lesions generate —~ 6}
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5 | CONCLUSIONS ORCID

Our findings support that epileptogenic lesions are gener-
ally accessible to assessment through the scalp HFO that
they generate, irrespective of their characteristics. However,
larger epileptogenic lesions generate higher scalp HFO
rates over larger areas that are thus more accessible to de-
tection. Our study provides crucial insight into scalp HFO
detectability in pediatric lesional epilepsy, paving the way
for scalp HFO implementation as a biomarker of seizure
propensity and treatment response in a clinical setting.
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