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Abstract

Objective: Effective surgical treatment of drug resistant epilepsy depends on accurate
localization of the epileptogenic zone (EZ). High frequency oscillations (HFOs) are potential
biomarkers of the EZ. Previous research has shown that HFOs often occur within submillimeter
areas of brain tissue and that the coarse spatial sampling of clinical intracranial electrode

arrays may limit the accurate capture of HFO activity. In this study, we sought to characterize
microscale HFO activity captured on thin, flexible micro-electrocorticographic (LEC0G) arrays,
which provide high spatial resolution over large cortical surface areas.

Methods: We used novel liquid crystal polymer thin-film (LCP-TF) pECoG arrays (0.76-1.72
mm inter-contact spacing) to capture HFOs in eight intraoperative recordings from seven patients
with epilepsy. We identified ripple (80 — 250 Hz) and fast ripple (250 — 600 Hz) HFOs using a
common energy thresholding detection algorithm along with two stages of artifact rejection. We
visualized microscale subregions of HFO activity using spatial maps of HFO rate, signal-to-noise
ratio, and mean peak frequency. We quantified the spatial extent of HFO events by measuring
covariance between detected HFOs and surrounding activity. We also compared HFO detection
rates on microcontacts to simulated macrocontacts by spatially averaging data.

Results: We found visually delineable subregions of elevated HFO activity within each yPECoG
recording. 47% of HFOs occurred on single 200 um diameter recording contacts with minimal
high frequency activity on surrounding contacts. Other HFO events occurred across multiple
contacts simultaneously, with covarying activity most often limited to a 0.95 mm radius. Through
spatial averaging, we estimated that macrocontacts with 2—-3 mm diameter would only capture
44% of the HFOs detected in our JECoG recordings.

Significance: These results demonstrate that thin-film microcontact surface arrays with both
high resolution and large coverage accurately capture microscale HFO activity and may improve
the utility of HFOs to localize the EZ for treatment of drug resistant epilepsy.

Keywords

high-frequency oscillations; micro-electrocorticography; interictal; intraoperative; drug resistant
epilepsy
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Introduction

The rate of drug resistant epilepsy has remained stagnant at 30% for several decades despite
the development of novel drugs.1=3 Improving outcomes from surgical treatments, such as
resection surgery, laser ablation, and responsive neurostimulation, therefore remains critical
to the treatment of drug resistant epilepsy.3~ However, outcomes from surgical approaches
are imperfect, with 30-70% of patients seizure-free after surgical resection, 64% of patients
achieving Engel | outcome from laser ablation, and 18% of patients seizure-free for at least 1
year when implanted with a responsive neurostimulator.”-2 The efficacy of these treatments
depends on accurate localization of the epileptogenic zone (EZ), which is the theoretical
total area of brain necessary and sufficient for seizure generation.3 5 6. 10. 11 The EZ may be
approximated by the seizure onset zone (SOZ) but is often distributed into multiple discrete
subregions.19 A better understanding of interictal activity may aid in the localization of
multiple foci of the EZ.12 High frequency oscillations (HFOs) are paroxysmal oscillations in
the 80-600 Hz band which stand out from background activity and may be a biomarker of
the EZ.13-17 Vaarious studies show that interictal HFOs occur at higher rates and amplitudes
within SOZ tissue and that resections which remove areas with high rates of HFOs, recorded
intraoperatively or from implanted arrays during presurgical monitoring, result in improved
surgical outcomes.3-23 HFOs are often sub-categorized by frequency as ripples (80 — 250
Hz) and fast ripples (250 — 600 Hz), and some studies have shown that fast ripples may

be a particularly strong biomarker of the EZ and useful for intraoperative tailoring of the
resection margins.21: 23

However, the use of HFOs as an interictal biomarker has not been widely adopted as a part
of clinical presurgical or intraoperative evaluation. This is in part because many studies have
relied on group statistics across patients, making it difficult to use HFOs for delineation of
the EZ on an individual patient level.24 2 In particular, recent results of an HFO clinical
trial showed that HFOs captured intraoperatively on macrocontact arrays do not perform as
well as interictal discharges for tailoring epilepsy surgery.2> To record HFOs, these studies
have primarily used stereo-electroencephalography (SEEG) arrays with cylindrical contacts
of height 1.3-2.4 mm and circumference 3.5 mm spaced 5-10 mm apart or standard clinical
electrocorticography (ECoG) arrays with 2.3 mm diameter contacts spaced 10 mm apart,
although ECoG arrays with spacing as low as 3 mm have been used clinically.17: 26-29

We hypothesize that macro-electroencephalographic recordings may capture HFO activity
with inadequate spatial precision and have therefore limited the utility of HFOs for clinical
delineation of the EZ at an individual patient level.

This hypothesis is supported by previous work demonstrating the microscale nature of
HF0s.30-33 Schevon, et al recorded from very small penetrating microelectrode arrays (0.4
mm spacing, 16 mm? coverage) implanted in the cortex of patients with epilepsy and found
that the majority of HFOs (88%) occurred on just 1-2 channels at a time.3! Yang, et al used
very dense, small coverage surface PECoG arrays (0.05 mm spacing, ~0.25 mm?2 coverage)
to record interictal activity intraoperatively and found that HFOs occurred in small, repeated
spatiotemporal patterns which on average involved <14 channels (~ 0.03mm? tissue).33
Worrell, et al found that 83% of HFOs occurred on a single microwire (1 mm spacing)
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at a time, and that 74% of HFOs were captured on microwires compared with 26% on
macrocontacts.32 While this prior work has been highly valuable in characterizing the
microscale occurrence of HFOs, the arrays used in each of these studies lack the broad
spatial coverage needed to fully characterize HFO activity at a clinically usable scale across
distributed areas of epileptic cortex. Here we show the capability of a novel, thin-film
surface PECoG array to capture microscale HFO activity both with high resolution and
across larger cortical areas.

We captured HFOs during brief intraoperative recordings from patients undergoing resection
surgery for epilepsy using LCP-TF HECoG arrays with high resolution (0.76-1.72 mm
pitch) and large spatial coverage (144 — 1596 mm2) designed for use in the intraoperative
setting.34 35 We identified ripple and fast ripple HFO events using a common automated
detection algorithm along with artifact rejection methods.36-3% We found microscale
heterogeneity in HFO characteristics across the arrays, with distinct subregions of elevated
activity. HFOs predominantly occurred at the submillimeter scale, with 47% of events
occurring on only one 200 um diameter contact at a time without activity detected on
neighboring contacts 0.76-1.72 mm away. HFOs with activity beyond one contact typically
occurred within a 0.95 mm radius, an area smaller than the space between clinical
macrocontacts. We have also demonstrated through spatial averaging that standard clinical
macrocontact arrays would likely miss many of the microscale HFOs captured on our
MECOoG arrays. Our results support the use of high-resolution, broad coverage recording
arrays to capture interictal activity in finer detail during electroencephalographic evaluation
of patients with epilepsy. Future research using high-resolution arrays, both intraoperatively
and during pre-surgical monitoring, may further elucidate the relationship between HFOs
and the SOZ to improve diagnostic targeting for the treatment of drug resistant epilepsy.

We evaluated HFO activity in intraoperative JLECoG recordings from seven patients (Table
1; three females; median age = 41 years, range = 14 — 49 years) undergoing surgical
intervention for drug resistant epilepsy at Duke University Medical Center or New York
University Langone Health. One subject (S1) had two separate recordings collected from
two different locations within the craniotomy, differentiated as S1A and S1B (Table 1).
Informed consent was obtained in a manner approved by each institution’s Institutional
Review Board.

LCP-TF uECOG Arrays

We used LCP-TF PECoG arrays described previously to record intraoperatively from the
surface of the brain in each subject (Figure 1).34 3540 Custom arrays were fabricated

by Dyconex AG, Micro Systems Technology (Bassersdorf, Switzerland). We used three

MECOoG array designs with different center-to-center spacings (pitches) and coverages to
fit each craniotomy and recording target. These included a 244-contact design with 12 x
12 mm coverage and 0.76 mm pitch (Figure 1A), a 256-contact design with 21 x 38 mm
coverage and 1.72 mm pitch (Figure 1B), and a 512-contact design created by joining
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two 256-contact arrays together, giving a total coverage of 42 x 38 mm and 1.72 mm

pitch (Figure 1B). All arrays had 200 um diameter gold or platinum-iridium recording
contacts. Arrays were coated in silicone (polydimethylsiloxane MDX4-4210, USP Class VI,
Dow Corning, Midland, MI) per previously reported methods to create unique mechanical
configurations, join multiple arrays together, and soften the thin edges of the arrays to
prevent any small incisions to tissue.! See Supplemental Methods and Figure S13 for
additional details on in-vitro device testing.

Intraoperative Data Collection

We connected each UECoG array to custom recording headstages using either ultra-low
profile compression connectors (ZA8, Samtec Inc, New Albany, IN) or zero-insertion force
connectors (ZIF FH43B, Hirose Inc, Downers Grove, IL). The headstages had digital
electrophysiology interface chips (RHD2164, Part #D8215, Intan Technologies LLC, Los
Angeles, CA) for amplification and digitization as described in Chiang, et al. 3 The cable
length between the electrode array and headstage boards was 40 mm in all electrode
designs (Figure 1A,B). Headstages were housed in custom 3D printed casings (Figure

1C, Duraform PA, 3D Systems — Quickparts, Lawrenceburg, TN). Micro high-definition
multimedia interface (W(HDMI) cables were used to connect the headstage assemblies to the
recording controller (1024ch RHD Recording Controller, Part #C3008, Intan Technologies
LLC) which remained outside the sterile zone for data acquisition (RHD and RHX Data
Acquisition Software, Intan Technologies LLC) by the research team (Figure 1D). The
LCP-TF arrays, encased headstage assemblies, and u(HDMI cables were sterilized prior to
surgery using either ethylene oxide or hydrogen peroxide (Figure 1C,E-G). All data were
collected at a sampling rate of 20 kilo-samples per second (kSPS) with hardware filtering
from 0.1 Hz to 7.5 kHz or 10 kHz. The surgeon used a sterilized alligator clip to connect

a shared ground and reference pin on the recording headstages to a metal scalp retractor in
contact with the patient’s scalp and skull. For each recording, the surgeon placed the HEC0G
array on the area of exposed cortex nearest the clinically determined SOZ as allowed by
the constraints of the craniotomy, except for S1A in which the array was placed over an
area of high interictal activity (Table 1). The SOZ was determined by neurologists at each
respective institution either from presurgical intracranial monitoring with clinical stereo or
grid arrays or identification of a clear lesion on the preoperative MRI. In two subjects (S3
and S7), intraoperative recordings were collected while the patient was awake for clinical
mapping (Table 1). All other subjects were anesthetized during the research recording
period. All recordings were collected intraoperatively without any electrographic seizure
activity present and therefore considered interictal.

Data Preprocessing

Data were analyzed using both previously published and custom MATLAB code
(MathWorks Inc., Natick, MA).37 Each recording was decimated to 2 kSPS (Chebyshev
Type | infinite impulse response (IIR) filter of order 8). Channels were excluded

from analysis if the contact impedance at 1kHz exceeded 500 kOhm, measured either
intraoperatively or post-operatively, or if the channel exhibited visually evident high-
frequency noise (Table 1). Time segments with large artifacts across all channels, typically
resulting from movement of the array or ground cables, were cut out of the recording.
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HFO Detection and Artifact Rejection

We detected candidate HFOs in our PECO0G recordings using a previously published and
widely cited energy thresholding algorithm developed by Staba, et al.31: 32, 36,37, 42 \e
implemented this algorithm in the ripple (80 — 250 Hz) and fast ripple (250 — 600 Hz)
frequency bands using a previously published open-source software (RippleLab version 3,
accessed July 2020 (https://github.com/BSP-Uniandes/RIPPLELAB/).37 We then took two
additional steps to eliminate widely reported false positive HFO detections resulting from
the ringing artifacts due to filtering sharp transients and spike-like waveforms,38: 39, 43, 44
First, we eliminated HFO detections for which the derivative of the unfiltered signal
surpassed 150 pV/ms (Figure 2D). Second, we visually reviewed and excluded any
remaining HFO events resulting from sharp transients and spike-like waveforms with
continuous power from the low to high frequency bands (Figure 2E). Elimination of
spike-like waveforms during visual review could complicate the identification of coincident
ripple-on-spike events. We differentiated HFOs coincident with, rather than resulting from
the filtering of, spike-like waveforms by the presence of a clear HFO in the raw signal and/or
a spectral ‘island’ independent from the broader signature of the spike in the time frequency
plots (Figure 2A—C).38. 43. 45 Fyrther details on our HFO detection method can be found in
Supplemental Methods.

HFO Feature Analysis

HFO rate was calculated for each clean contact as the number of HFO events detected

per minute of clean recording. HFO root meant squared (RMS) amplitude (uV rms) was
calculated in the ripple (80 — 250 Hz) and fast ripple (250 — 600 Hz) frequency bands

and power (uV rms2) was calculated as RMS amplitude squared. HFO signal-to-noise ratio
(SNR) in decibels was calculated using the following equation:

SNR =20x% logm( HEOm, )

Baseline,

HFO.,,, is the RMS amplitude of the HFO event in the respective ripple or fast ripple
bandpass filtered signal. Baseline,., is the average of RMS amplitude values computed across
six, 10-second-long baseline recording periods in the bandpass filtered signal. The 10 s
baseline segments were randomly selected for each contact and were at least 20 ms apart

in time from any HFO event on a given contact. The derivative thresholding criteria was
also applied to the baseline segments to eliminate segments with high power in the bandpass
filtered signal due to sharp transients. Mean peak frequency was defined as the frequency at
which the Morse Wavelet transform power was the largest during the HFO duration.

Cross Covariance Analysis

The detection of HFOs by energy thresholding results in binary classification of the signal
on each contact as an HFO or not. Lower-amplitude high-frequency activity surrounding
a high-amplitude detected HFO could have fallen below the amplitude threshold for
automated detection but likely reflects the same neural activity as the detected event. We
used zero-lag cross covariance between HFOs and the bandpass filtered signal (80 — 250
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Hz for ripples, 250 — 600 Hz for fast ripples) on surrounding channels as a method to
quantify the continuous, rather than binary, spatial extent of HFO events. If the mean cross
covariance with the bandpass filtered signal on the four contacts most closely neighboring
the central HFO (above, below, left, and right) was less than 20% of the autocovariance of
the central HFO, then we labeled the HFO as ‘single contact’. We deemed all other cases
multicontact events and fit the following exponential model to the covariance over distance
plot to quantify the radial extent of HFO activity for each group:

Covariance = (a wo—bx Distance) e

The q, b, and ¢ variables are coefficients of the exponential fit. The ¢ term was used to allow
the exponential model to approach a non-zero value since all contacts had a common mode

signal and therefore a non-zero covariance. We used the % value from the exponential model

fit, or the distance at which the covariance has decayed to ~37% of the y-intercept, as a
measure of the radial extent of each multicontact HFO event. To characterize the spatial
scale of all the multicontact HFO events, a gamma distribution was then fit to a histogram of
the length constants and a peak in the distribution was identified (Figure 4C). Further details
on the covariance analysis can be found in Supplemental Methods.

Spatial Averaging Analysis

Results

A metal contact placed on or within the brain records the spatial average of the voltage
across the contact’s area from the local field potential (LFP), which reflects a summation

of postsynaptic currents.*6-48 From these principles, we have approximated the LFP signal
which would be captured by a macrocontact by spatially averaging the signal across multiple
microcontacts which spatially sub-sample an area equivalent to the size of a hypothetical
macrocontact.2? We simulated recordings with increasingly larger contact size by averaging
the unfiltered data from microcontacts in a series of spatial patterns (Figure 5). The
schematics in Figure 5A show the grid of contacts included in each spatial averaging pattern.
For each pattern, the central contact was replaced by the average of all contacts marked in
red (Figure 5). This provided a set of simulated recordings for each subject with the same
total number of contacts but each with increasingly larger contact size. Any high impedance
or noisy contacts were filled in with the average of its eight nearest neighbors before
spatially averaging the data. The same HFO detection and artefact rejection process was then
applied to each set of spatially averaged recordings. For each originally detected HFO event,
we determined whether that HFO was still detectable in the spatially averaged data. Because
the contacts on the outer four edges of the array would not include the same number of
neighbors as the central contacts, HFOs detected on the outer edges were excluded from

this analysis. The simulated equivalent macrocontact sizes were estimated by the distance
between the furthest two microcontacts in each spatial averaging pattern.

We have evaluated HFOs from eight brief intraoperative recordings of drug resistant
epilepsy patients (seven subjects) using three different uLECoG array designs (Table 1,
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Figure 1). After preprocessing, there was an average clean recording time of 12.2 minutes
(range 5.1 — 18.2 min) per subject. After eliminating false oscillations resulting from high-
derivative transients and spike-like waveforms, we retained 32% (8272/26245) of the total
candidate HFO events flagged by the automated detector for analysis (Figure 2D,E). We
found few HFOs coincident with spikes, which we differentiated from false detections by
requiring the presence of a distinct spectral island in the HFO frequency band or an HFO
visible in the unfiltered signal.38 39 Other microcontact HFO studies using the Staba energy
thresholding method also reported high rates (~80%) of false positive detections.32: 42 \We
found that HFOs occurred at various spatial scales, sometimes on just a single microcontact
(47%, Figure 2A,C) and other times across multiple microcontacts at once (Figure 2B).
HFOs occurred at an average rate of approximately one HFO every two minutes on each
microcontact (0.50 HFOs/min/contact). However, the rate of HFOs varied greatly both
between subjects and across the array within each subject (Figure 3A,D, Figures S1-8).
Overall, we detected 3.2x more ripples than fast ripples (6336/1936 ripples/fast ripples) with
the exception of S3 which had a higher rate of fast ripples (Figure 3A). Factors particularly
relevant to HFO rate which varied between subjects include brain region recorded and
surgical drugs (Table 1). Ripples had an average rate of 0.44 HFOs/min/contact with
standard deviation (SD) of 0.92 HFOs/min/contact, average amplitude of 14.5 pV rms (SD =
7.6 UV rms), average SNR of 16.9 dB (SD = 2.7 dB), and average mean peak frequency of
124.6 Hz (SD = 38.4 Hz). Fast ripples had an average rate of 0.062 HFOs/min/contact (SD
= 0.16 HFOs/min/contact), average amplitude of 9.3 pV rms (SD = 3.0 uV rms), average
SNR of 15.2 dB (SD = 2.4 dB), and average mean peak frequency of 422.3 Hz (SD = 120.3
Hz, Figure 3, Figure S9). Across subjects, we found that a greater proportion of fast ripples
occurred on single microcontacts (mean = 89%, SD = 15%) than did ripples (mean = 35%,
SD =29%, p = 0.0011 by Wilcoxon rank sum test, Figure S10A). However, we did not

find a strong relationship between multichannel HFO event size and peak frequency or HFO
power (Figure S10C,B). Representative examples from subject S1A of the average HFO
rate across the 244-contact array show distinct subregions of elevated HFO rate which are
smaller than the pitch of clinical macrocontacts (Figure 3D).

As similarly reported in other studies, we observed that some of the contacts surrounding
detected HFOs showed oscillatory activity in the 80 — 250 Hz or 250 — 600 Hz frequency
bands but at a subthreshold level and were therefore unflagged by the automated detection
process.3! To account for this gradual diminishing of the HFO signal across the array, we
used cross covariance to measure the spatial extent of HFOs. The covariance curves in
Figure 4 show covariance values averaged between contacts at each distance from the central
HFO event. Figure 4A shows an example of an HFO for which the neighboring contacts
had covariance values below 20% of the autocovariance and was therefore labeled as a
single-contact event. Figure 4B shows an example of an HFO for which the neighboring
contacts had covariance values above 20% of the autocovariance and was therefore labeled
as multicontact. From this method, we found that 47% of HFOs occurred on single contacts
without covarying oscillatory activity on surrounding contacts (Figure 4C). 48% of HFO
events were multicontact and had radial spatial extents quantified by a length constant value
from the exponential fit. A gamma distribution was fit to a histogram of the multicontact
length constants (range: 0.4 mm — 20 mm), and the peak of the distribution fell at 0.95
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mm (Figure 4C). 63% of all characterized HFO events (including single and multicontact)
extended over < 1.0 mm radius, and 98% of all characterized HFO events extended over

< 5 mm radius. 5% of HFO events had covariance-distance curves which poorly fit an
exponential model as compared to a linear model and were therefore excluded from these
calculations as well as the histogram of multicontact HFO spatial extent shown in Figure 4C.

In all subjects, fewer of the original HFOs were detected as the extent of spatial averaging
increased (Figure 5D,E). Figure 5B shows an example of an HFO which would not be
detectable at an estimated equivalent contact diameter of 1.52 mm. Figure 5C shows an
example of an HFO which would be detectable on an estimated equivalent contact as large
as 9.8 mm diameter. While the decrease in detected HFOs with increased spatial averaging
varied between subjects, across subjects we found that 56% of the HFOs in our PEC0oG
recordings would be undetectable on clinical standard macrocontacts 2-3 mm in diameter.

Discussion

Our analysis of HFOs in intraoperative HEC0G recordings has shown that HFOs are
predominantly a microscale phenomenon and that the use of HFOs to delineate the EZ may
be limited by the insufficient spatial sampling of clinical macrocontact arrays. In contrast to
previous work evaluating the microscale spatial activity of HFOs, we have captured HFO
activity on arrays with both high resolution and high coverage. We identified HFOs in
eight intraoperative recordings from patients undergoing surgical treatment for drug resistant
epilepsy and found that the rate of HFOs varied across each array and that subregions of
elevated activity, or hotspots, could be visually identified (Figure 3D, Figures S1-8). We
compared the spatial scale of these hotspots with clinical standard ECoG grid contacts (2.3
mm diameter, 10 mm spacing; Figure 3D). While the positioning of these macrocontacts
relative to the JECoG arrays is only hypothetical, this comparison demonstrates that these
hotspots are sufficiently small to potentially go uncaptured by clinical standard ECoG

grids due to their coarse spatial sampling. We also found differences in the localization of
ripples and fast ripples, although the low average rate of fast ripples (0.06 fast ripples/chan/
min) compared with ripples (0.44 ripples/chan/min) limits this comparison (Figures S1-8).
In addition, we found that 47% of HFOs in our recordings occurred on single 200 pm
diameter contacts without high frequency activity on surrounding contacts 0.76-1.72 mm
away (Figure 4). In cases when HFOs occurred across multiple microcontacts, their spatial
extent was most often limited to a 0.95 mm radius, much less than the typical 10 mm
spacing between clinical macrocontacts (Figure 4). We also demonstrate that macro-ECoG
arrays would likely miss the majority of the HFO events captured in our recordings due

to the spatial averaging effect of large contacts (Figure 5). Together, our results show

two important features of high-resolution arrays over clinical standard ECoG. First, our
HFO event size analysis (Figure 4) demonstrates that higher resolution ensures improved
spatial sampling of HFO activity which may occur in microscale areas and could be missed
between largely spaced (10 mm pitch) ECoG macrocontacts. Second, our spatial averaging
analysis (Figure 5) shows that small diameter contacts capture microscale HFO signals
which may be effectively attenuated by larger macrocontacts.
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Previous studies on HFOs using microelectrode arrays similarly found that HFOs are
primarily microscale events.31-33 These studies used arrays with higher density but smaller
coverage (< 4x4 mm). This in part has limited the clinical translatability of the results

for surgical monitoring, which requires sampling large areas of epileptic cortex. The

arrays used in this study enable the high-resolution measurement of larger cortical areas,
providing recording coverage equivalent to that of standard clinical grids containing 4-16
macrocontacts (148.8 mm?2 — 778.7 mm2). Furthermore, the arrays studied here can be used
in cases with large craniotomies to record from 1024 contacts (3,114.7 mm2), as described in
a previous publication.3* Our large-coverage, high resolution WECoG arrays could span both
SOZ and non-SOZ regions to assist clinical intraoperative mapping. However, there were
several reasons why we were unable to compare HFOs within and outside the SOZ in the
present study, including a lack of precise microelectrode placement data for mapping onto
MRI and clinical coordinates as well as limited intraoperative craniotomy exposure. Our
data is unable to demonstrate clinically significant differences between HFOs of different
spatial scales, but we expect that future work recording within and outside of epileptic cortex
using large coverage arrays with multiple contact sizes and spacings could address this
question.

Our use of cross covariance as a method for quantifying the spatial extent of HFOs was
intended to address a problem observed in our recordings and described by others when
characterizing HFOs on high-resolution arrays. Namely, because the detection of HFOs

is based on energy thresholding in the 80-600 Hz band, the binary classification of the
signal on each contact as an HFO or not depends on the amplitude of the oscillation

relative to background activity. Our covariance analysis accounts for the more continuous
manifestation of HFO-like activity beyond contacts with detected HFOs. For example,
looking closely at the activity across contacts in the HFO event shown in Figure 2B, there
are low-amplitude oscillations on several neighboring contacts which resemble the detected
HFOs shown in red but fell below threshold for detection. If the size of this multicontact
event were measured based only on the binary HFO detections, the estimated radius of HFO
activity would be ~ 0.54 mm. In contrast, our covariance analysis for this same event shown
in Figure 4B measured a more generous radius of HFO activity of 0.93 mm. This further
strengthens our result, since even when accounting for subthreshold activity on neighboring
contacts we find that a majority of HFOs occurred < 1mm radius. It should be noted

that as in previous literature, our covariance analysis measures HFO event size at a single
window of time and would not measure cortical propagation as is commonly investigated
in the case of other epileptic activity such as interictal discharges.31: 49 We found that

a large majority of neighbors in multichannel HFOs most strongly covaried at a 0-time

lag, indicating simultaneous occurrence of HFOs across multiple channels without spatial
propagation (Figure S12). However, a minority of HFO events more strongly covaried at

a non-zero time lag, indicating the possibility of HFO propagation which is supported by
previous literature (Figure $12).50 Further research is needed to understand propagation of
HFOs at the microscale.

There are several noteworthy limitations to our study design and results. First, while
we recorded from within the bounds of the craniotomy in each patient, there were two
cases (S3 & S4) in which the clinically identified SOZ was not directly accessible
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during the intraoperative JLECoG recording (Table 1). However, this does not minimize

the significance of our analyses and results, which have characterized the spatiotemporal
scale of HFOs, not their clinical significance or specificity to the SOZ. Future work

using micro-stereoelectroencephalography (u-sEEG) would enable additional microscale
recordings of the SOZ in mesial temporal lobe cases.34 Also, while we were not able to
directly compare recordings of HFOs on different sized contacts, we have approximated
macrocontact recordings by a previously validated method of averaging the signal between
microcontacts over an equivalent macrocontact area.2® It should be noted that our signal
averaging method does not account for the lower impedance and differences in signal-to-
noise ratio of macrocontacts. The actual signal captured by macrocontacts may differ from
our spatial average approximation due to these factors as well as any inhomogeneity of

the LFP unsampled between our microcontacts. Our results are supported by a comparison
to intraoperative macro-HFO rates from literature. A study of intraoperative standard macro-
ECoG recordings from 54 patients found an average rate of 20.6 HFOs/min/contact.23 The
rate of HFOs per area, rather than the rate of HFOs per contact, is a more accurate way

of comparing the HFO rate between micro- and macrocontact recording studies. Since one
macrocontact on the 10 mm pitch arrays used in the study serves to record activity from

a 1 cm? area, this is an equivalent rate of 20.6 HFOs/min/cm?. In contrast, the average

rate of HFOs captured on our PEC0G arrays was 98.9 HFOs/min/cm?2. The comparison
between high- and low-resolution arrays would best be made by simultaneous recordings
at the macro and micro spatial scales using a hybrid ECoG array design.3* Previous work
by Worrell et al using a hybrid SEEG depth electrode showed that microwire contacts
recorded a higher rate of HFOs than neighboring macrocontacts — a difference which was
statistically significant in the fast ripple band.32 This is concordant with our finding that a
greater proportion of fast ripples occurred on single microcontacts than did ripples (S10A,
p = 0.0011 by Wilcoxon rank sum test). Our spatial averaging analysis has only examined
the effect of contact size, not pitch. As demonstrated in Figure 3, macrocontact arrays may
miss HFO activity not only due to spatial averaging of the signal but also because of the
unsampled gaps between the contacts, typically a 10 mm pitch. Therefore, our results may
be a conservative estimate of the information lost by macrocontact arrays. The goals of
minimizing contact size, minimizing empty space between contacts, and maximizing total
coverage need to be balanced, and an optimal compromise between these design factors may
yield an array which most precisely and completely captures interictal activity.

We were also limited to short duration intraoperative recordings. Previous work has
validated that HFOs can be captured during intraoperative recordings, and there is
evidence that interictal activity, including HFOs, may help fine-tune surgical decisions
intraoperatively.21: 23. 51 We recorded HFO activity intraoperatively in both awake patients
(S3 and S7) and anesthetized patients (S1-S2, S4-S6). Various anesthesia regimens may
affect intraoperative ECoG recordings, and studies have specifically shown that propofol
may decrease the rate of HFOs while sevoflurane may increase the rate of HFOs.%2-54
We do not see a compelling difference between HFO rate, background activity in the
80-600 Hz band, or HFO amplitude in anesthetized and awake recordings, but more data
with control for other variables, such as recording location and type of anesthesia, would
be needed to make a strong statistical comparison (Figure S11). It has been shown that
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HFO activity varies in spatial organization over prolonged intracranial recording times and
occurs at the highest rates in non-REM sleep stages.1”: 5 It should also be noted that
while studies of interictal activity from recordings in the epilepsy monitoring unit have
indicated that HFOs coincident with interictal discharges, or ‘spikes’, may be especially
clinically valuable, we did not find sufficient instances of HFOs coincident with interictal
discharges in our recordings to investigate their spatial scale in the present study.%6: 57
Interestingly, our previous work also identified intraoperative microseizures in epilepsy
patients using the same LCP-TF HECoG arrays.3® Thus, future work using implantable
MECOG arrays to record for longer durations during presurgical monitoring under various
states of consciousness will be essential to further understand the clinical relevance of
microscale HFOs and their relationship over time to other interictal activity such as interictal
discharges and microseizures.

Conclusion

We have shown that cortical arrays which sample epileptic brain at both high resolution
and over large areas provide important details of HFO activity that are likely missed by
clinical standard macrocontact recordings. Our results provide compelling evidence that
HFOs are a phenomenon most often occurring within a 1 mm radius. As the targeting of
surgical treatments becomes more spatially precise with the development and adoption of
microstimulation and laser ablation, microscale epileptic signals may become even more
valuable. Our findings have demonstrated that large coverage WECoG arrays can precisely
capture interictal HFOs and in turn potentially improve the targeting of surgical treatments
for drug resistant epilepsy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

In intraoperative pPECoG array recordings, HFOs most often occurred within
<1 mm radius.

We observed microscale spatial heterogeneity of HFO activity which would
likely be missed by conventional macrocontacts.

MECoG arrays with high spatial resolution and large coverage could offer
a valuable tool for capturing microscale HFO activity to aid mapping of
epileptic cortex.
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Figure 1. Intraoperative recording setup with LCP-TF PECo0G arrays.
We used 3 different LCP-TF HECoG array designs for intraoperative recordings: A) a 244-

channel array with 0.76mm pitch, B) a 256-channel array with 1.72mm pitch, and a 512-
channel array shown in semi-transparency created by combining two 256-channel arrays
for larger coverage. C) The LCP arrays are molded with PDMS silicone and connected to
the recording headstage module. Custom 3D printed casings enclose the headstages with a
ground screw extended from the side. An example is shown of the 244-channel array from
(A) molded and attached to headstages. D) The headstage module connects to the Intan
RHD Recording Controller through micro-HDMI cables shown in (C) and SPI cables. E) A
Samtec ZA8 Ultra Low-Profile Compression Connector is used to connect the 256-channel
arrays to the custom headstage board shown in (G). F) A Zero Insertion Force connector
used to connect the 244-channel array to the custom headstage board. G) The custom
headstage board which uses a 64-channel Intan RHD chip for amplification and analog to
digital conversion. This figure is adapted from Sun and Barth, et. al.3°
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Figure 2. True and false HFOs detected in LEC0G recordings.
A) An example from S4 of a ripple HFO occurring on a single 200-um diameter

microcontact. B) An example from S5 of a ripple HFO occurring across multiple
microcontacts. The asterisk indicates the HFO signal shown in further detail in the plots
below. C) An example from S3 of a fast ripple HFO occurring on a single 200-um diameter
microcontact. The channel in the bottom right corner of the first inset was excluded from
analysis due to high baseline noise in 80-600 Hz band. D) An example from S5 of a false
HFO detection due to a sharp transient which was removed by derivative thresholding. E)
An example from S6 of a false HFO detection due to a spike-like waveform which was
removed by visual review. Shown in panels A and C from top to bottom: Array position of
the HFO and surrounding activity, the unfiltered signal corresponding to the HFO detection
in red, the filtered (80 — 250 Hz or 250 — 600 Hz) HFO signal in red, and the time-frequency
plot of the HFO with a spectral island indicated with a white arrow. The time axis is aligned
across the bottom three plots, with 0 indicating the start of the HFO detection. Shown

in panels D and E from top to bottom: the unfiltered signal corresponding to the false

ripple HFO detection in red, the filtered (80 — 250 Hz) false HFO signal in red, and the
time-frequency plot of the above signal.
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Figure 3. Characteristics of HFOs captured in HECoG recordings.
A) Rate of ripple (R) and fast ripple (FR) HFOs per minute on each channel, shown by

subject (left) and across all subjects (right). B) SNR of ripple (R) and fast ripple (FR) HFOs
on each channel over baseline in the respective filter bands (80 — 250 Hz or 250 — 600 Hz).
Shown by subject (left) and across all subjects (right). C) Mean peak frequency of ripple
(R) and fast ripple (FR) HFOs on each channel, determined as the frequency with maximum
coefficient value in the Morse wavelet transform. Shown by subject (left) and across all
subjects (right). Distinct hot-spots of activity can be seen in D) showing a heatmap of HFO
rate (ripples and fast ripples) on each channel across the array for subject S1A. E) Heatmap
of HFO SNR (ripples and fast ripples) on each channel across the array for subject S1A. F)
Heatmap of HFO peak frequency (ripples and fast ripples) across the array map for subject
S1A. Black dashed circles on each heatmap indicate the relative diameter (2.3 mm) and
spacing (10 mm) of a standard clinical ECoG grid for comparison. The HECO0G array does
not have recording channels in the corner positions shown in white.
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Figure 4. Size of HFO events measured by cross covariance.
A) An example of one single-channel HFO event from S5. B) An example of a multichannel

HFO event from S5. This is the same multichannel event shown in Figure 2B. Each heatmap
shows cross covariance values computed between the bandpass filtered signal (80 — 250

Hz for ripples, 250 — 600 Hz for fast ripples) on each channel and the central HFO

channel indicated in white. Each scatter plot shows the average cross covariance values
across channels that are equidistant from the central HFO channel. Error bars show +/- one
standard deviation. For the multichannel example in (B), an exponential model fit is shown
in grey (R2 = 0.77). The dashed line indicates the length constant, defined as 1/b coefficient
from the exponential fit. C) The distribution of HFO event size from all events across all
subjects. The percentage of HFO events occurring on single channels (left, purple) is shown
separately from the multichannel HFO events (right, blue). A gamma fit (solid grey) is
applied to the distribution of length constant values for the multichannel HFO events. The
peak of the gamma distribution is indicated by the black dashed line at 0.95 mm.
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Figure 5. Spatial averaging shows that fewer HFOs would be detected on macro-ECoG arrays.
A) Schematic of the four spatial averaging patterns. For each stage, the signal on the center

channel is replaced by the average of the signal on all channels in green. These grids are

not to scale with the actual coverage of the microcontacts averaged in each pattern, but
schematically show each spatial averaging filter pattern. B) An example from S5 of the
bandpass filtered (80-250 Hz) signal at each stage of spatial averaging where the ripple
HFO was diminished and no longer detected due to spatial averaging. C) An example from
S4 of the bandpass filtered (80-250 Hz) signal at each stage of spatial averaging where the
HFO was still detected after spatial averaging. The asterisk indicates a detected HFO. D)
Percentage of the original HFOs detected at each spatial averaging stage for each subject.
An estimated equivalent contact diameter was determined from the spatial averaging patterns
based on each recording array’s pitch. E) Percentage of the original HFOs across all subjects
detected after spatial averaging and binned by estimated equivalent contact diameters. The
error bars show +/- twice the standard error of the mean. The bar representing 1-2 mm
contact diameter only reflects data recorded using 0.76 mm pitch arrays (5 of 8 recordings)
because the first averaging pattern at 1.72 mm pitch exceeds this estimated equivalent
diameter.
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