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� PEDOT:PSS microelectrodes with 50 mm spatial resolution uniquely reveal spatiotemporal patterns of
markers of epilepsy.

� High-resolution recording can track interictal discharges and reveal cortical domains involved in
microseizures.

� High frequency oscillations detected by microelectrodes demonstrate localized clustering on the cor-
tical surface.

a b s t r a c t

Objective: Interictal discharges (IIDs) and high frequency oscillations (HFOs) are established neurophys-
iologic biomarkers of epilepsy, while microseizures are less well studied. We used custom poly(3,4-ethy
lenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) microelectrodes to better understand these
markers’ microscale spatial dynamics.
Methods: Electrodes with spatial resolution down to 50 mm were used to record intraoperatively in 30
subjects. IIDs’ degree of spread and spatiotemporal paths were generated by peak-tracking followed by
clustering. Repeating HFO patterns were delineated by clustering similar time windows. Multi-unit activ-
ity (MUA) was analyzed in relation to IID and HFO timing.
Results: We detected IIDs encompassing the entire array in 93% of subjects, while localized IIDs, observed
across < 50% of channels, were seen in 53%. IIDs traveled along specific paths. HFOs appeared in small,
repeated spatiotemporal patterns. Finally, we identified microseizure events that spanned 50–100 mm.
HFOs covaried with MUA, but not with IIDs.
Conclusions: Overall, these data suggest that irritable cortex micro-domains may form part of an under-
lying pathologic architecture which could contribute to the seizure network.
Significance: These results, supporting the possibility that epileptogenic cortex comprises a mosaic of irri-
table domains, suggests that microscale approaches might be an important perspective in devising novel
seizure control therapies.

� 2021 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Interictal discharges (IIDs) are neurophysiologic abnormalities
that are the hallmark of the epileptic brain, though their cellular
underpinnings and relationship to ultimate clinical outcome con-
tinue to be debated (Dworetzky and Reinsberger, 2011; Wilke
et al., 2009). Similarly, high frequency oscillations (HFOs) have
been identified in pathologic regions of cortex and are hotly pur-
sued as possible key biomarkers for ictogenic cortical regions
(Burnos et al., 2016; Cimbalnik et al., 2018; Jacobs et al., 2018;
Jefferys et al., 2012; Worrell and Gotman, 2011). The intersection
of these two markers, known as IID-ripples, have also been identi-
fied as potentially more specific markers for seizure onset zones
(van Klink et al., 2016; Wang et al., 2013), and IID-ripple resection
correlates with improved post-surgical outcome (Wang et al.,
2017, 2013). In parallel, some studies have reported on micro-
seizures as another form of epileptiform activity that may indicate
the seizure onset zone (Stead et al., 2010).

IIDs, HFOs, and microseizures have all been described on the
scale of millimeters to centimeters, but the actual spatial scale of
epileptiform activity and the precise structures of the pathological
networks underlying such activity remain unknown. However,
recent advances in microelectrode technology have revealed previ-
ously hidden details of IIDs and seizures, including the micron-
level spatial appearance of events. High-spatial-resolution record-
ings obtained using penetrating or surface electrodes arranged in a
grid have suggested that interictal and ictal activity can be gener-
ated from small areas 200 mm2 (micrometers2) in size (Keller et al.,
2010; Schevon et al., 2008; Stead et al., 2010) , though even these
studies did not define the lower spatial limit of epileptiform
activity.

Progress in microelectrode technologies has increased flexibil-
ity in electrode arrangement and spatial resolution, which may
be the key to understanding the precise spatiotemporal scale of
epileptiform activity. Studies have explored using organic elec-
trode materials such as poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS), which can be lithographically
patterned onto flexible parylene C substrates to record neural
activity (Khodagholy et al., 2016, 2015). These devices are com-
prised of micron-level electrode contact sizes that enable high spa-
tial resolution while retaining low impedance (20–30 kilo-Ohms
(kX)) and close surface conformability (Khodagholy et al., 2015).
Such high-spatial-resolution systems can reduce spatial averaging
effects and thus examine highly localized phenomena (Harrach
et al., 2020; Wellman et al., 2018).

We hypothesized that PEDOT:PSS microelectrodes, which have
higher spatial resolution, would reveal not only interictal activity
microdomains but also epileptiform activity dynamics that may
not have been previously detected by microelectrodes with lower
spatial resolution. To test this, we used two different microelec-
trode designs to examine high-spatial-resolution neural activity
Fig. 1. Microelectrode Characteristics. A) Two poly(3,4-ethylenedioxythiophene) poly
Top row shows the bi-linear array comprised of two rows of 64 30 mm-contacts, with 50 m
row shows the circular grid, comprised of seven rings at varying distances from the cente
surface. B) Three-dimensional reconstruction of a subject’s brain, with overlaid putative
(orange contacts). The bi-linear array (shown in orange) is the two small lines in the exp
and below the PEDOT:PSS array. The two larger orange circles and the two orange square
alignment of the recordings (see (A)). C) Comparison of clinical recording vs. PEDOT:P
Bottom: PEDOT:PSS recording). D) Comparison of clinical recording vs. PEDOT:PSS expe
recordings (Blue: clinical recording, Red: PEDOT recording). E) Different referencing of the
and magenta) show raw and bipolar re-referenced clinical recordings, while lower trace
referenced PEDOT:PSS recordings. Abbreviations: PEDOT – poly(3,4-ethylenedioxythioph
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in 30 subjects and found evidence that local microdomains can
demonstrate epileptiform activity.
2. Methods

2.1. Subjects

Intraoperative recordings were performed in subjects who
underwent a neurosurgical procedure at Massachusetts General
Hospital (MGH) or Brigham andWomen’s Hospital (BWH). Patients
aged 18 to 70 were approached if they were already scheduled for
surgery to remove a lesion (such as a tumor, vascular malforma-
tion, or seizure focus). A subset of patients underwent awake cog-
nitive testing with or without electrocorticography (intracranial
EEG) during surgery. The possibility of conducting research record-
ings was only discussed with the patient after the decision to move
ahead with surgery had been made. Patients who were medically
unstable or who required emergency or urgent surgery were not
enrolled in this study. In addition, patients in whom the brain tis-
sue to be removed was expected to be largely dysfunctional (as in
the case of large tumors that involved superficial cortex) were not
enrolled. These decisions were made in consultation with the
treating neurosurgeon and were aimed at excluding patients in
whom the surgery would be unusually complicated or from whom
the likelihood of obtaining a good-quality neural activity recording
would already be compromised. Further, patients with clearly
impaired decision-making abilities (as determined by the primary
clinical team or physician caring for the patient) were not
recruited. In order to limit the study’s potential risks to subjects,
such as additional operative time, anesthesia, and potential dis-
comfort, the time allowed for dedicated research recording was
limited per subject. This study was approved by the Partners Insti-
tutional Review Board (now the Mass General Brigham Institu-
tional Review Board), which covers both MGH and BWH. All
subjects participated voluntarily, provided informed consent, and
were informed that participation in the study would not alter their
clinical treatment in any way and that they could withdraw at any
time without altering their clinical care.
2.2. Physiological manipulations

In the course of the surgery and as part of routine clinical care,
cold saline was applied to reduce epileptiform activity in a subset
of subjects (N = 8). We recorded activity via the microelectrodes
during cold saline application to detect waveform activity changes
through time. In addition, in another subset of subjects (N = 9), we
recorded neural activity during intravenous injection of medica-
tion that was used to activate epileptiform abnormalities as part
of the patients’ intraoperative clinical management. We recorded
neural activity before (baseline) and for up to 5 minutes after the
intervention.
styrene sulfonate (PEDOT:PSS) electrode designs used, with intraoperative images.
m spacing. The entire length of the electrode is 3150 mm (center-to-center). Bottom
r. Intraoperative photograph shows both electrode types (cyan boxes) on the cortical
positions of clinical strip electrodes (blue contacts) and PEDOT:PSS bi-linear array
anded middle and left panels. The clinical contacts are marked by blue circles above
s are localizing markers to indicate electrode placement and allow for photographic
SS experimental recording, spectral power through time (Top: clinical recording,
rimental recording, ten seconds of voltage dynamics, with IIDs observable in both
neural signal preserve underlying recorded signals. Upper traces over 1 second (red

s (blue, green, and black) show raw versions of the common average vs. bipolar re-
ene) polystyrene sulfonate; m – meters; Hz – hertz; V – volts; s – seconds.

"



J.C. Yang, A.C. Paulk, P. Salami et al. Clinical Neurophysiology xxx (xxxx) xxx

3



J.C. Yang, A.C. Paulk, P. Salami et al. Clinical Neurophysiology xxx (xxxx) xxx
2.3. Device manufacture

The PEDOT:PSS device was fabricated similarly to previous pro-
tocols described elsewhere (Ganji et al., 2018; Sessolo et al., 2013).
This study used two different electrode designs. One was organized
as a bi-linear array comprising 128 channels arranged in two col-
umns (each column had 64 channels), with an electrode diameter
of 30 mm and interelectrode center-to-center distance of 50 mm. A
second design employed a circular grid, with electrodes arranged
in concentric rings at varying distances from the center (Fig. 1A).
Including both electrode types allowed us to test whether the bi-
linear array (the first design used) or the circular grid could be bet-
Table 1
Subject and recording characteristics. Abbreviations: MAC – monitored anesthesia care; Ge
circular PEDOT:PSS electrode design; Cold Saline – cold saline applied during the procedu

Subject
#

Age Handedness Type of Case History of
Seizure

1 33 Right Left temporal lobectomy for
seizure

Yes

2 37 Right Right temporal lobectomy for
seizure

Yes

3 22 Right Right temporal lobectomy for
seizure

Yes

4 24 Right Right temporal lobectomy for
seizure

Yes

5 43 Left Right temporal lobectomy for
seizure

Yes

6 29 Right Right temporal lobectomy for
seizure

Yes

7 44 Right Right redo temporal lobectomy
for seizure

Yes

8 39 Right Right temporal lobectomy for
seizure

Yes

9 37 Right Left parietal tumor resection Yes
10 40 Right Right temporal lobectomy for

seizure
Yes

11 42 Right Right temporal lobectomy for
seizure

Yes

12 25 Left Right redo parietal resection for
seizure

Yes

13 62 Right Left temporal tumor resection Yes
14 39 Right Right parietal tumor resection Yes
15 36 Right Left redo temporoparietal

resection for seizure
Yes

16 22 Right Right temporal lobectomy for
seizure

Yes

17 52 Right Left temporal craniotomy for
AVM

Yes

18 29 Left Right redo parietal resection for
seizure

Yes

19 55 Left Right temporal tumor resection No
20 48 Right Right temporal lobectomy for

seizure
Yes

21 33 Right Right frontal lobectomy for
seizure

Yes

22 53 Right Left craniotomy for tumor Yes

23 32 Right Left craniotomy for tumor No
24 52 Right Right temporal lobectomy for

seizure
Yes

25 57 Right Right temporal lobectomy for
seizure

Yes

26 22 Left Left modified hemispherectomy Yes

27 24 Right Right temporal lobectomy for
seizure

Yes

28 64 Right Left craniotomy for tumor Yes
29 55 Right Left temporal lobectomy for

seizure
Yes

30 36 Right Left frontal craniotomy for seizure Yes

4

ter optimized for sampling IID and HFO propagation and spread.
The bi-linear array was able to investigate maximum cortex length,
in case specific microdomain boundaries could be detected. The
circular grid’s gradually increasing distances between rings maxi-
mized spatial coverage. Both electrode types detected our targeted
events, and the circular grid enabled wide sampling of the signal at
different spatial scales.
2.4. Data acquisition and processing

Intraoperative research recordings from PEDOT:PSS electrodes
were obtained using an Intan recording system with a sampling
neral – General Anesthesia; Linear – bi-linear PEDOT:PSS electrode design; Circular –
re; Inducing medication – medication to induce epileptiform activity.

Anesthesia
Type

Electrode
type

Inducing
Medication

Cold
Saline

Recording Length
(Seconds)

General Linear Methohexital 1250

General Linear Methohexital 628

General Linear Methohexital 717

General Linear 1213

General Linear Methohexital 941

General Linear Methohexital 1377

General Linear Methohexital 1501.5

General Circular Methohexital Yes 2205

MAC Linear 445
General Linear Yes 544.5

General Linear Alfentanil 1003

General Linear 348

MAC Linear 715
General Linear 301
MAC Linear Yes 346

General Linear 844.5

MAC Linear 887.5

General Circular 1191

MAC Circular Yes 961
General Circular 546.5

General Circular Yes 1901.5

MAC Linear Yes 600
785

MAC Circular Yes 785
General Circular Yes 1370.5

General Circular Alfentanil 975.6

General Circular 377.6
941.8

General Circular 798

MAC Linear 945.2
MAC Linear 106

1760
521.2

MAC Circular 1358.3
687.7
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rate of 30 kilo-Hertz (kHz) (bandpass filtered from 1 Hz to 7500 Hz,
with the low pass filter to reduce aliasing), as described previously
(Hermiz et al., 2016). During acquisition, ground and reference
needle electrodes (Medtronic, Minneapolis, MN, USA) were placed
in nearby tissue, normally in muscle or scalp. After electrode place-
ment on brain tissue, impedance testing was performed for 30 sec-
onds using the Intan RHD2000 software. Once the software was
closed, we recorded neural activity using OpenEphys, an open-
source electrophysiology software suite. OpenEphys allowed for
PEDOT:PSS microelectrode recording and visualization across all
channels along with analog triggers to enable signal synchroniza-
tion (Siegle et al., 2017).

As these recordings were all intraoperative, recording duration
was limited to minutes so as to avoid extending the surgery and to
reduce overall risk to the participants. Subjects were under either
general anesthesia or monitored anesthesia care (MAC) during
the recordings, depending on clinical indication (Table 1). The
choice to use the bi-linear versus circular electrode design for each
subject was based on electrode availability (as electrodes were
manufactured in batches), whether a particular case could provide
insights into IID and HFO spread or localization, and if a cognitive
task would be performed (for a separate study; (Paulk et al., 2021)).
As electrodes’ spatial resolution were comparable between designs
(Fig. 1A), we found we could measure dynamics across electrodes.

When used, intracranial intraoperative clinical electrocorticog-
raphy or depth electrode recordings were performed simultane-
ously using PMT or Ad-tech electrodes (Ad-tech Medical, Racine,
WI, USA, or PMT, Chanhassen, MN, USA). In general, at BWH, Ad-
tech clinical strip platinum electrodes utilized 10 mm spacing
and 2.3 mm contact diameter, while Ad-tech depth platinum elec-
trodes employed 5–8 mm spacing, 2.41 mm contact size, and
1.12 mm diameter. At MGH, PMT Cortac clinical strip platinum
electrodes used 10 mm spacing, 3 mm contact diameter, and
PMT Depthalon depth platinum electrodes had 3.5 mm spacing,
2 mm contacts, and 0.8 mm diameter. The neurosurgeon placed
clinical electrodes in the regions of clinical interest. Clinical elec-
trode recordings – and no other recording types – used the Natus
Quantum system (Natus Neurology Inc., Middleton, WI, USA); the
clinical team dictated sampling rates, which were typically at
either 4096 or 512 Hz.
2.5. Data analysis and data exclusion criteria

To detect events, we performed data analysis on the microelec-
trode (PEDOT:PSS) recordings using custom MATLAB scripts. Raw
voltage signals were taken directly from the OpenEphys record-
ings. We scrutinized recordings and channels for potential noise,
produced by the intraoperative environment, that would alter
analyses. Channels with excessive line noise, artifacts, or high
impedances (>100 kX) were removed from analysis (Paulk et al.,
2021). Recordings from three subjects were removed due to sub-
stantial movement artifacts. While examining the high-frequency
domain for analyzing HFOs, three additional recordings were
removed due to high-frequency electrical noise, likely caused by
the intraoperative environment, that could not be suppressed. Fol-
lowing these exclusions, HFO-related analyses included 24
subjects.

For further analyses, we used either the referential data or fil-
tered referential data. We found that re-referencing the microelec-
trode data using common average re-referencing or bipolar re-
referencing did not completely eliminate the observed large
events, such as interictal discharges (Fig. 1E). However, as
expected, bipolar re-referencing tended to remove relevant signals
from events that spanned the electrode, likely due to the high spa-
tial resolution of the microelectrodes themselves.
5

2.6. Detecting and mapping interictal discharges (IIDs)

Before conducting IID detection and analysis, local field poten-
tial (LFP) data were decimated to 1000 Hz and demeaned relative
to the entire recording. To remove 60 Hz noise (and associated har-
monics), second-order Butterworth bandpass filters for 60 Hz (58–
62 Hz band), 120 Hz (118–122 Hz band), and 180 Hz (178–182 Hz
band) were calculated in MATLAB and subsequently subtracted
from the raw signal.

IIDs were automatically detected using a published algorithm
that first filters the data into a 10–60 Hz band, then applies an
envelope, and finally finds an appropriate threshold value modeled
on a statistical distribution in the sampled envelope (Janca et al.,
2015). We then reviewed each detection visually. Each IID was
classified as either a general event, if it was seen across > 50% of
channels, or a local event, seen across � 50% of channels. For local
IIDs, we also calculated the minimal detection distance based on
the spacing of the microelectrode contacts, which have known
Euclidian distances from each other. Signal presence on specific
electrodes, but not on neighboring electrode contacts, was used
as a proxy to define the minimal cortical range or ‘‘distance”
required for IID generation.

In recordings with at least ten IIDs, we peak tracked the propa-
gating IID across the electrode grids by finding the maximum or
minimum voltage value and associated time for each interictal dis-
charge event on each channel per IID event. This method provided
that event’s three-dimensional path, through time, across the x and
y positions of the microelectrode contacts over a specified two-
second time window, with the third dimension representing time
as the IID traversed the electrode. The two-second time window
ensured we did not clip any possible path information. The discrete
Fréchet distance between event pairs was subsequently calculated
to determine path similarity between each IID event pair (Eiter and

Mannila, 1994), using open-source software (https://www.math-

works.com/matlabcentral/fileexchange/31922-discrete-frechet-

distance). In brief, Fréchet distance measures similarity between
any two paths obtained by calculating, and minimizing, the differ-
ence between them, resulting in an approximation using sampled
points along each curve. Path similarity between every IID event
pair was measured across the same electrode array per recording
(and not compared across recordings). As Fréchet distance is a
point-by-point comparison between paths, it is not as susceptible
to differences in electrode spacing or distributions (methodology
illustrated in Fig. 2F, 2H).

Next, these pairwise values were clustered by evaluating solu-
tions provided by the evalclusters MATLAB agglomerative cluster-
ing algorithm, which used a silhouette clustering evaluation
criterion based on a cosine distance metric in order to maximize
vector differences between clusters. This function’s output identi-
fied the optimal number of clusters by evaluating the Crite-
rionValues field. After clustering the IID paths (where each path
represents a group of similar IIDs from a single recording, in a sin-
gle subject), the cluster’s mean coordinate was calculated for each
point in time, and a smoothed mean over 10 ms was applied to
visualize that clustered group’s average trajectory.
2.7. Detecting and mapping high frequency oscillations (HFOs)

To detect HFOs, raw data were decimated to 2000 Hz and band-
passed in a frequency range of 80–200 Hz for the ripple band and
250–500 Hz for the fast ripple band, as previously reported
(Lévesque et al., 2012; Salami et al., 2012). The decision to deci-
mate the data to 2000 Hz was based on prior studies that sug-
gested using a sampling rate of 2000 Hz or greater to detect
HFOs (Gliske et al., 2016). Furthermore, in a subset of eight sub-

https://www.mathworks.com/matlabcentral/fileexchange/31922-discrete-frechet-distance
https://www.mathworks.com/matlabcentral/fileexchange/31922-discrete-frechet-distance
https://www.mathworks.com/matlabcentral/fileexchange/31922-discrete-frechet-distance
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jects, we compared HFO frequency per channel, using data deci-
mated to either 2000 Hz or 5000 Hz, to determine whether deci-
mation to 2000 Hz affected the overall frequency of HFO
detections. We found no statistically significant difference in the
overall frequency of HFO detections between the two sampling
rates (Wilcoxon Rank-Sum test, p > 0.05).

The HFO detection algorithm (Lévesque et al., 2012; Salami
et al., 2012) uses a reference time window to detect peaks in the
filtered data. For our analysis, the reference time window was
selected from a recording segment that appeared to be free from
artifacts such as movement. A detection must have at least four
oscillations to be considered an HFO. To avoid artifacts and false
detections, only fast ripples that did not overlap with lower-
frequency ripples were considered detections. In other words, we
rejected fast ripples that coincided with lower-frequency ripples
to ensure we focused on the putatively more pathologic fast rip-
ples. We chose to focus on fast ripples based on prior research that
suggested fast ripples seen on microelectrodes can be associated
with epileptogenicity or ictal onsets (Bragin et al., 2002a; Chari
et al., 2020; Weiss et al., 2016; Worrell et al., 2008; Zijlmans
et al., 2012b). Each channel was also visually reviewed to validate
and verify the oscillatory waveforms and to check the raw record-
ings to confirm the oscillations were not due to sharp large voltage
events. Overall, detections were at least 2.9 standard deviations
above the mean when addressing the amplitude criterion for the
detector.

To determine the spatial similarity of detected HFO events over
the microelectrode array throughout the recording, we adapted an
approach that has been previously used to identify and character-
ize neural avalanches (Beggs and Plenz, 2004; Ribeiro et al., 2016).
This method uncovered spatial and temporal patterns that could
otherwise be missed. In brief, we first calculated the average time
between HFO detections. Preliminary analysis indicated that creat-
ing a small time window would oversimplify patterns by grouping
few HFO detections per time window. As a result, we chose a time
window 5 standard deviations longer than the average time
between HFO detections. Though any time window length selected
would arbitrarily group the HFO detections, we ultimately relied
on statistical testing (see below) to determine if any grouped
detections were unique in a statistically significant manner. For
each time window (subdivided from total recording time), a micro-
electrode contact was designated ‘‘1” if an HFO was detected and
‘‘0” if no HFO was detected. We then calculated a similarity index
between time window arrays as defined by Sim(A,B) = |A \ B| / |
A [ B|; this index divides the total number of co-occurring detec-
tions between the time windows by the total number of unique
electrode detections (methodology illustrated in Fig. 3E). These
similarity indices between time windows were then clustered
using a paired clustering algorithm, based on Euclidean distance,
Fig. 2. Interictal Discharges (IIDs). A) Example of a general interictal discharge seen ov
bi-linear array, with low pass filtering as described in Methods. Electrode channel numb
Example of a local interictal discharge seen only over a portion of the PEDOT:PSS bi-linea
Table 2). C) Counts of General IIDs, Local IIDs, General IID paths, and Local IID paths p
standard deviation error bars). D) Histogram showing interictal discharge responses to
standard deviation error bars. * indicates p < 0.05 (Wilcoxon Rank-Sum). Baseline refers to
vertical line). Five time bins to the right of the vertical dashed line illustrate detection freq
cold saline irrigation, N = 8 treated subjects, with standard deviation error bars. * indic
Fréchet distances between two paths. i) is an example path, and ii) shows two overlaid
resulting in the discrete Fréchet distances indicated to the right. iii) depicts two more ov
actual bilinear PEDOT:PSS 128-channel array, and the color-coded paths are the actual pe
of clustering by Fréchet distance. Color-coding indicates the calculated Fréchet distance. E
generate the calculated Fréchet distance value. H) Four clustered families’ paths over the
I) Left: Number of clusters identified per patient (in the scatter plots) and averaged acros
paths per cluster for the General and Local IID paths. Note: For (A) and (B), voltage tracin
2.5 Data Analysis and Data Exclusion Criteria). Abbreviations: IID – interictal discharge;
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leading to ‘‘families” of time windows with optimal similarity.
Clustering was performed using the MATLAB cluster function at
each dendrogram level that had allowed each family to be grouped.
Put another way, we determined clustering at each level, ranging
from 1 to the total number of time windows. Next, we calculated
the contrast function at each dendrogram level as C = (Din – Dout)/
(Din + Dout) (Beggs and Plenz, 2004). This function compares the
similarity values found within the clustered families (Din), versus
those outside the families (Dout), to maximize within-family simi-
larity values. We could then plot the contrast function and evaluate
local maxima as clustering solutions (Fig. 3E).

Our next step was to compare the significance of each family to
1,000 shuffled datasets created by randomly permuting the detec-
tions per channel in all time frames, which allowed the overall
number of active electrodes in each time window to remain con-
stant. Using the same clustering method as for the actual data, as
detailed above, we then calculated the probability of obtaining a
family of a given size and average similarity. Finally, we imple-
mented the Benjamini-Hochberg multiple comparisons correction
(Ribeiro et al., 2016).

2.8. Identifying periodic discharges and microseizures

Visually reviewing the entire recording, with guidance from the
IID methodology described above, identified periodic discharges
and microseizures. In accordance with the clinical literature, we
defined periodic discharges as paroxysmal complexes that
occurred at a relatively stable frequency, lasted � 0.5 seconds
but < 10 seconds, and had a frequency that was typically � 4 Hz
(Ebersole, 2014; Hirsch et al., 2021). Further, we defined micro-
seizures as either an epileptiform discharge pattern lasting � 10
seconds with a frequency of > 2.5 Hz or an evolving pattern last-
ing� 10 seconds (Ebersole, 2014; Hirsch et al., 2021) (as illustrated
in Fig. 4C, 4E).

2.9. Evaluating Multi-Unit activity (MUA)

Because the intraoperative environment had the potential to
introduce several artifact sources, we examined MUA as the syn-
thesis of sorted fast unitary events. This had the advantage of also
decreasing the likelihood that high frequency oscillation filtering
could be detected as MUA. Fast unitary waveform events were first
sorted using single unit sorting approaches. Then, the events were
pooled per recording into MUA. The fast single unit-like waveforms
(0.2–0.5 microseconds in duration) were detected and sorted into
waveform clusters using Kilosort (Pachitariu et al., 2016). Kilosort
detects high-frequency waveforms and clusters them based on
both waveform shape and spatial mapping on the electrode grid.
We were able to recognize repeated (but not rhythmic) waveform
er the entire poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
ers 1 and 128 are indicated. This represents one example of many (see Table 2). B)
r array, organized in the same way as (A). This represents one example of many (see
er participant (scatter plots) and mean counts across participants (bar graph and
activating medications (methohexital or alfentanil), N = 9 treated subjects, with
the IID frequency per second prior to medication injection (to the left of the dashed
uency in the time bin as described on the x-axis. E) Interictal discharge responses to
ates p < 0.05 (Wilcoxon Rank-Sum). Histogram is organized as described in (D). F)
paths, with gray lines indicating measurements between node points in two paths,
erlaid paths with a different discrete Fréchet distance value. Gray dots represent the
ak tracked data for three different general IID events in a single subject. G) Example
ach detection represents one IID, which is paired to another IID within the subject to
electrode, and mean vector for each family represented in three-dimensional space.
s patients (bar and standard deviation error bar plot). Right: Average number of IID
gs not shown represent electrodes that were removed due to exclusion criteria (see
N – number of subjects; V – volts; m – meters; s – seconds; No. – number.
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events that could be clustered similarly to typical single-unit
spikes. Given that these are recordings from the surface rather than
penetrating electrodes, we have been conservative in referring to
these events as MUA rather than as single unit discharges which
may imply that we are recording action potentials from soma of
individual neurons – a possibility which has not yet been proved
with these electrodes.

To reduce artifact inclusion, we only applied Kilosort to data
with no movement or stimulation artifacts, or we removed noisy
channels to detect clear putative clusters of waveform events. Fur-
ther steps included rejecting waveform clusters that appeared to
be artifacts (as with stimulation) or inter-event intervals (IEIs) cor-
responding to 60 Hz noise, IEIs that were too short (<2ms), and IEIs
with highly rhythmic peaks in their distribution. We also identified
the waveforms in the raw and original high-pass filtered data to
confirm their timing and channel location. Next, we pooled wave-
form times and confirmed them as fast events similar to MUAs. The
reason we did not solely threshold the activity and detect events
from the recordings was to be conservative in order to ensure we
were measuring what could be isolated MUA activity while elimi-
nating possible artifacts. In addition, this combined approach
allowed us to reduce the chance we were detecting HFOs, as the
Kilosort algorithm followed by subsequent autocorrelation, cross-
correlation rejection, and visual waveform examination specifically
filtered out errant, regular, rhythmic oscillatory events in the MUA
detections.
2.10. Measuring HFO and IID responses to cold saline and injected
medication

To determine if HFO or IID frequency changed with either the
application of cold saline or the intravenous injection of medica-
tion known to promote IIDs (alfentanil or methohexital), we con-
ducted recordings before and for up to 5 minutes after such
manipulations. As a statistical test, we averaged the frequency of
HFO, general IID, or local IID events occurring in the minute before
the manipulation (baseline) and in 1-minute bins, for a total of 5
minutes, afterward. We then compared the baseline frequency to
that of each post-manipulation binned event. This approach
allowed us to examine both the effect and time course of changes
in the HFO or IID event times. We chose 5 minutes to avoid adding
more time to the surgical procedure (see Subjects section above)
and because 5 minutes could be consistently recorded across sub-
jects (Table 1).
Fig. 3. High Frequency Oscillations (HFOs). A) HFO counts per patient (scatter plot) an
Average HFO detection frequency per channel response to activating medications (alf
frequency per second prior to medication injection (to the left of the dashed vertical line)
in the time bin as described on the x-axis. C) Average HFO detection frequency per chan
p < 0.05, ** indicates p < 0.01, Wilcoxon Rank-Sum test, N = 8 subjects treated. Figure is
HFOs tend to be detected over specific microelectrode regions, in one recording (one subj
and are plotted with color-coding. This diagram suggests the top left of the electrode had
recording. E) Methodology for spatiotemporal analysis of coordinated HFO detections. Se
High-Frequency Oscillations (HFOs)) identifies ‘‘active” electrodes. Red and blue boxe
electrodes in the left vertical row, and boxes to the right correspond to electrodes in the
(second sub-panel; yellow electrodes have coincident HFO detections, while green electr
subsequently clustered (red boxes) after calculation of the contrast function (see 2.7 De
clusters per patient (scatter plot) and averaged across patients (bar and standard deviatio
by frames (as described in (E) and Methods). H) Example of one clustered frame gro
highlighting that the central part of the microelectrode has more HFOs. Gray circles repr
time windows that were members of this family cluster, with electrodes that had HFO det
Demonstration of one group member seen in (H), with black lines showing raw data deci
(bandpass filter from 250-500 Hz). Inset shows an array portion in magnified view. Note
exclusion criteria (see 2.5 Data Analysis and Data Exclusion Criteria). Abbreviations: HF

3
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2.11. Examining covariance between waveform types

To understand if a temporal relationship existed among IIDs,
HFOs, and MUA in these microelectrode recordings, we performed
covariance calculations for each marker type’s times within each
data set. Specifically, we completed separate cross-covariance cal-
culations between IID and HFO times, between IIDs and MUA, and
between HFOs and MUA. This approach allowed us to first calcu-
late average covariance between event types per patient and then
determine average covariance as well as lead and lag times
between events across the data set in the microelectrode record-
ings. For instance, cross-covariance was evaluated by binning the
IID rising phase and HFO onset times into milliseconds and then
computing cross-covariance between these onsets for a 200 ms
period around the IID rising times in the same recordings.

After calculating the mean values of HFO covariance 200 ms
both before or after the IID, we used the non-parametric Wilcoxon
Rank Sum test to determine whether the central peak was signifi-
cantly different from a 1-second baseline period that was 5 sec-
onds before the peak across subjects. For comparisons with
MUAs, we evaluated covariance 5 seconds either before or after
the interictal discharge or HFO, and then we conducted the non-
parametric Wilcoxon Rank Sum test to define whether the central
peak was significantly different from a 1-second baseline period
that was 5 seconds before the peak across subjects. This compar-
ison was done on a per-time-point level (every 0.05 sec) and cor-
rected for multiple comparisons using a false discovery rate
control.
3. Results

3.1. Subjects

Thirty subjects participated in PEDOT:PSS microelectrode
intracranial intraoperative recordings during their clinical surgical
care. The participants, 14 men and 16 women, had a mean age of
39.5 (standard deviation of 12.5) (Table 1). The majority of subjects
were right-handed (25), and 22 (73%) underwent a neurosurgical
procedure for epilepsy. The remaining patients underwent a neu-
rosurgical procedure for either tumor resection (N =76) or vascular
malformation resection (N = 1). Twenty-eight (93%) subjects had
prior seizure histories. General anesthesia was used in 20 (67%)
subjects, and the rest received monitored anesthesia care (MAC).
Of the subjects undergoing a neurosurgical procedure for epilepsy,
nine (30%) were treated with medication to activate epileptiform
abnormalities as part of their intraoperative clinical management.
d averaged across patients (bar and standard deviation error bar plots), N = 24. B)
entanil, methohexital), with standard deviation error bars. Baseline refers to IID
. Five time bins to the right of the vertical dashed line illustrate detection frequency
nel response to cold saline irrigation, with standard deviation error bars. * indicates
organized as described in (B). D) Example of a summative approach to determine if
ect). Total HFO detections for each electrode were calculated for the entire recording
the most HFOs, but this tends to overlook possible spatiotemporal changes during

parating HFO detections into specific time windows (see 2.7 Detecting and Mapping
s indicate two time-windows in first sub-panel. Boxes to the left correspond to
right vertical row. Similarity indices between time windows can then be calculated
odes do not). Similarity indices are illustrated within a matrix (third sub-panel) and
tecting and Mapping High-Frequency Oscillations (HFOs)). \: intersection. F) HFO
n error bar plots), N = 24; See Table 2. G) One example of similarity-based clustering
up from (G). At left is the overall summative detections seen within that family,
esent electrodes that did not have HFO detections. The right shows two examples of
ections in green. Gray circles indicate electrodes that did not have HFO detections. I)
mated to 2000 Hz (see Methods) and blue lines marking the fast ripple filtered band
: For (D), (H), and (I), empty circles represent electrodes that were removed due to
O – high frequency oscillation; N – number of subjects; V – volts; s – seconds.



Fig. 4. Periodic Discharges and Microseizure Events in poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) Microelectrodes. A) Demonstration of one
periodic discharge series, seen primarily in channels 6, 13, and 14. Low-pass filtered data are shown, with distance between channels corresponding to 250 mV. B) Spatial
location of one periodic discharge series as indicated in the cyan box in A. C) One example of a microseizure event, localized to channel 125. Field can be seen extending to
neighboring channels 124 and 127. D) One discharge from C, demonstrated spatially on the bi-linear array. E) Second example of a microseizure event, localized to channel 99.
Field can be seen extending to neighboring channel 100. Note: For (B), (C), (D), and (E), voltage tracings not shown represent electrodes that were removed due to exclusion
criteria (see 2.5 Data Analysis and Data Exclusion Criteria) Abbreviations: s – seconds; V – volts.
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In addition, eight patients had cold saline applied during the proce-
dure to reduce epileptiform activity (Table 1).

Thin film PEDOT:PSS electrodes were used to record neural
activity during surgery, sometimes alongside clinical monitoring
(Fig. 1). A bi-linear PEDOT:PSS electrode array was used to record
neural activity intraoperatively in 20 (67%) subjects, and a circular
array was used to record activity in the others (Fig. 1A). In each
participant, the microelectrode was typically situated on an
exposed gyrus within the surgical field, in a location the neurosur-
geon considered safe (Fig. 1B). Visually comparing concurrent clin-
ical electrocorticography recordings confirmed similar waveforms
in the PEDOT:PSS and clinical recordings, with unique features
such as IIDs appearing simultaneously in both recordings. Though
these are not the main focus of this study, our PEDOT:PSS micro-
electrode did denote similar neurophysiologic features in the spec-
tral domain (Fig. 1C) and voltage dynamics (Fig. 1D-E), as has been
shown in previous studies (Khodagholy et al., 2015; Paulk et al.,
2021) .
3.2. Interictal discharges (IIDs)

IIDs were not only observable across subjects but could also be
divided into two types, termed ‘‘general” or ‘‘local,” based on spa-
tial extent. In the PEDOT:PSS recordings, general IIDs were defined
as events that, upon visual review of automated detections,
occurred over more than 50% of the electrode array (Fig. 2A),
whereas local IIDs appeared on fewer than 50% of the channels
(Fig. 2B). General IIDs were seen in 93% of subjects; local IIDs were
less frequent but still present in 53% of subjects (Table 2, Fig. 2C).
Comparing subjects who underwent general anesthesia versus
Table 2
Detected general IIDs, local IIDs, IID paths, and HFOs in PEDOT:PSS recordings in each sub

Subject # Interictal Discharges

General IIDs Local IIDs General IID Paths L

1 32 0 3
2
3
4 2 2
5 118 2 8
6 50 0 5
7 167 2 2
8 49 30 2 2
9 2 1
10
11 48 0 7
12 0 0
13 1 7
14 4 1
15 2 0
16 9 0
17 1 5
18 108 35 4 2
19 7 22 2
20 13 2 4
21 136 6 28
22 193 47 30 9

163 45 11 6
23 1 0
24 29 8 8
25 1 0
26 0 0

3 0
27 4 0
28 11 0 5
29 1 0

27 4 9
9 3

30 69 13 13 3
25 5 3
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monitored anesthesia care revealed no statistically significant dif-
ference in the number of general or local IIDs (p > 0.05, Wilcoxon
Rank-Sum test). Using the microelectrode contacts as points in
Euclidean space, we calculated local IIDs’ spatial range across the
microelectrode arrays’ x and y coordinates. The minimum distance
over which a local IID was detected was 50 mm.

Interventions such as cold saline and medications are known to
affect the frequency of IIDs and epileptiform activity. As expected,
we found that activating medications significantly increased the
frequency of general interictal discharges within 180 seconds after
administration (p < 0.01; Wilcoxon Rank-Sum test; N = 9 subjects
treated), and cold saline irrigation decreased the frequency of gen-
eral interictal discharges within 240 seconds after initiation
(p < 0.01; Wilcoxon Rank-Sum test; N = 8 subjects treated;
Fig. 2D, 2E). Surprisingly, these interventions did not significantly
change local interictal discharges (p > 0.01; Wilcoxon Rank-Sum
test).

The high-spatial-resolution PEDOT:PSS microelectrodes may
allow us to decipher whether IIDs can ‘‘travel,” particularly since
multiple microelectrode contacts appeared to detect the same
interictal discharge during a 2-second time window (Fig. 2A, 2B).
To test whether we could observe distinct groups of traveling phe-
nomena that create a ‘‘path,” we temporally marked the interictal
discharge’s largest deflection points (e.g. the peak or valley) within
a 2-second time window for each electrode and for each IID detec-
tion. To understand whether these ‘‘paths” could be grouped into
specific patterns, we calculated the discrete Fréchet distance
(Fig. 2F) and clustered values (Fig. 2G, H) to form groups with sim-
ilar paths. This approach revealed that at least two paths, and often
many more, could be clustered across IIDs for each subject when
ject. Abbreviations: IIDs – interictal discharge; HFOs – high-frequency oscillations.

HFOs

ocal IID Paths Average HFOs Per Channel Number of Clusters

117.2 12

58.6 5
360.5 31

66.9 27
294.3 17
531.6 6

40.5 14
179.5 24

65.8 5
70.4 2
340.3 16
26.1 2
147.6 8
31.1 1
162.7 1
114.1 15
127.0 51
80.5 9
68.5 1
32.4 0
1.9 0
3.5 0
5.3 0
9.3 2
0.8 0
5.9 3
1.0 0
0.5 0
19.1 5
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examining general IIDs; we found an average of 10.1 paths across
subjects (Table 2, Fig. 2C, Fig. 2I). The overall average speed of
these interictal discharges was 60 ± 3.5 mm/s (standard error of
the mean, SEM).

3.3. High frequency oscillations (HFOs)

Fast ripple HFOs occurred in all included microelectrode record-
ings across patients (N = 24, Fig. 3A). There was no statistically sig-
nificant difference in the number of HFOs detected in subjects who
underwent general anesthesia versus monitored anesthesia care
(p > 0.05, Wilcoxon Rank-Sum test). Overall, HFOs also responded
to both cold saline and intravenous medication. Though medica-
tions known to promote interictal discharges (alfentanil or metho-
hexital) raised HFOs’ average frequency per channel over the
baseline, this change was not statistically significant (p > 0.05, Wil-
coxon Rank-Sum test, N = 9 subjects treated; Fig. 3B). On the other
hand, HFOs became significantly less frequent 60 seconds after
cold saline irrigation began (p < 0.05, Wilcoxon Rank-Sum test,
N =8 subjects treated; Fig. 3C).

Because the PEDOT:PSS microelectrodes have high spatial reso-
lution, they were able to reveal that HFOs may localize over speci-
fic microelectrode array sections in a single recording or subject
(Fig. 3D). However, this analysis overlooked the temporal changes
that may occur over the course of the recording. We found that
specific portions of the underlying cortex tended to generate more
HFOs during specific time windows. As a result, we used an
approach, adapted from methodology used to study neuronal ava-
lanches, that would show the spatiotemporal dynamics of these
HFO detections (Fig. 3E). Examining HFO detection patterns in time
windows across channels indicated that similar detection patterns
in particular channels could be spatially clustered (Fig. 3G) into
separate groups among channel subsets (Fig. 3H-I). With a thresh-
old of p � 0.001, 88% of subjects demonstrated at least 1 unique
HFO detection pattern that could not be explained by chance (as
compared with a shuffled data set, Fig. 3F, Table 2). A family group
involved a minimum of one electrode contact and a maximum of
96, with an average of 13.8, though the number of commonalities
per electrode in each family group could differ (Fig. 3H). These
results suggest that a generator’s lowest spatial bound is < 50 mm
(the intercontact distance) but also that, more often, HFO genera-
tion involves a larger, sometimes heterogenous, non-contiguous
network of neuronal activity.

To determine if there was a temporal relationship between
HFOs and IIDs, we performed cross-covariance calculations
between the HFO times versus the IID peak times in the same
recordings. For both general and local interictal discharges, HFO
detections occurred significantly more often during the interictal
discharge’s rising phase, using a 0.2 s time window around the
IID peak time across subjects (p < 0.01, Wilcoxon rank-sum,
N = 24).

3.4. Periodic patterns and microseizures

Our analyses found rare examples of repeating interictal dis-
charges, which are generally described as periodic discharges in a
clinical setting. In two subjects, these localized patterns convinc-
ingly appeared in a few electrodes (Fig. 4A, 4B). Given their lack
of significant evolution or spread, these patterns were ultimately
considered to be periodic patterns rather than distinct seizure
events, based on prior clinical definitions (Ebersole, 2014; Hirsch
et al., 2021). Of the examples obtained in these two patients, the
smallest distance involved on the electrode was 50 mm.

We also noted microseizure events in two participants. In one
subject, who had history of seizures, two events were isolated pri-
marily to one electrode with a surrounding field (Fig. 4C-E). These
12
patterns’ highest amplitude occurred in one electrode, and the fre-
quency of their discharges clearly evolved, consistent with a
seizure-type phenomenon. Though the microseizure event signal
was highly localized, voltage fields were detected in neighboring
electrodes up to 100 mm away. This event did not clinically mani-
fest intraoperatively. The second patient exhibited a similar phe-
nomenon, with localized epileptiform discharges primarily seen
on one electrode with spread to the neighboring electrode contact,
spanning a distance of 50 mm.
3.5. Multi-Unit activity (MUA)

We used the Kilosort software package (Pachitariu et al., 2016)
to sort fast (>250 Hz) unitary events into separable clusters using a
template matching approach that considers waveform shape and
spatial spread across electrode sites (Fig. 5). In 16 out of 30 partic-
ipants, we defined clusters of repeated unitary fast events that
were consistent with multi-unit activity (MUA) and appeared sim-
ilar to prior reports (Khodagholy et al., 2015). These fast events
colocalized with both the general IIDs and HFOs in space (on the
same electrode sites) and through time in single recordings
(Fig. 5A-C).

To clarify whether there was a temporal relationship between
this MUA and the IIDs and HFOs, we calculated the peri-stimulus
time histogram (PSTH) of the MUA relative to the IIDs and HFOs,
considered separately (Fig. 5D). We found PSTH value peaks
around zero, indicating that some MUA occurred with the general
IIDs and HFOs. To test this further, we evaluated the cross-
covariance values between the general IID and MUA times
(Fig. 5E) and the HFO and MUA times (Fig. 5F) across the data
set. Next, to determine if there was a significant cross-covariance
relationship, that was consistent across the data set, between IIDs
or HFOs and MUA, we calculated whether the cross-covariance val-
ues differed significantly in pre-event time periods (Fig. 5E-F). Our
results showed the peaks in the cross-covariance averages between
the general IIDs and MUA were not significant relative to 5 seconds
before the IIDs (p > 0.05; Wilcoxon Rank-sum test; N = 16; Fig. 5E).
In contrast, the central peak in the cross-covariance averages
between the HFOs and MUA was significant (p < 0.05, Wilcoxon
Rank-sum test, false discovery rate controlled, N = 16; Fig. 5E). It
is important to note, however, that this covariance was small; that
is, many HFOs did not have corresponding MUA, and vice-versa,
suggesting the algorithms were not detecting the same physiolog-
ical event but rather two distinct events. In addition, this covari-
ance relationship was not found between local IIDs and MUA in
either the PSTH or the cross-covariance calculations (data not
shown). This indicates that MUA co-varies with, and could occur
at the same times as, HFOs in these high spatial and temporal res-
olution recordings, but we could not find a covarying or time-
locked relationship between IIDs and MUA.
4. Discussion

We found that high-spatial-resolution recordings on the cortical
surface can provide detailed information regarding microscale
dynamics of epileptic electrophysiologic markers. Specifically, we
found that IIDs can either involve both relatively large areas of cor-
tex or be localized to regions as small as 50 mm. These events can
also propagate through multiple, separable, identifiable paths over
the cortical surface. Similarly, HFOs can be limited to microscale
regions and repeat over time. The rare microseizure events we
observed further illustrate the distinctly local nature of epileptic
events. Overall, these findings indicate there may be irritative cor-
tex microdomains, on the order of 50 mm, involved in the epileptic
network. In addition, certain epileptiform events can only be cap-



Fig. 5. Multi-Unit Activity (MUA). A) Sample spatial spread of a general interictal discharge (IID) across a circular grid (LFP filtered at < 1000 Hz). Inset: zoomed-in view of
the IID with waveforms from across the array overlaid on one another. B) Sorted clusters of fast (>250 Hz) unitary waveforms, or multi-unity activity, as distributed across the
same circular grid array as shown in A. Different color lines indicate different unitary event clusters. Inset: sample waveforms for a few clusters. C) Raster plot showing the
same recording as in A and B, showing the timing of the MUA in B throughout the recording, alongside the simultaneous general IIDs (gray lines in the top plot) and detected
high frequency oscillations (HFOs) (gray dots in the bottom plot) in the same recording. D) MUA were sorted using Kilosort (see 2.9 Evaluating Multi-Unit Activity (MUA)),
pooled per recording similarly to MUA, and then compared to the timing of the general IIDs (black line) and HFOs (orange line) in peri-stimulus time histograms (PSTH). Lines
are averages across recordings (after averaging PSTHs per recording). Shaded areas indicate standard error. E) The pooled MUA times were then covaried with the general IIDs
per recording. The gray line is an average across recordings (after averaging cross-covariance curves per recording). Shaded areas indicate standard error. N = 16. F) The pooled
MUA times were then covaried with detected HFOs per recording. Black dots indicate the cross-covariance values differ significantly from zero. (Wilcoxon Rank-sum test,
p < 0.05, false discovery rate controlled). The gray line is an average across recordings (after averaging cross-covariance curves per recording). Shaded areas indicate standard
error. N = 16. For (A) and (B), voltage tracings not shown represent electrodes that were removed due to exclusion criteria (see 2.5 Data Analysis and Data Exclusion Criteria)
Abbreviations: IID – interictal discharge; HFO – high frequency oscillation; MUA – multi-unit activity; PSTH – peri-stimulus time histogram; n – number; N – number of
subjects; V – volts; s – seconds.

J.C. Yang, A.C. Paulk, P. Salami et al. Clinical Neurophysiology xxx (xxxx) xxx
tured with high-density electrode recordings, and our current typ-
ical recording approaches may be biased towards more widespread
events. Because previously published works generally employed
lower spatial resolution, these dimensions remain incompletely
identified in human recordings.

Localized IIDs could correspond to previously reported microe-
vents. In one group of studies, investigators observed these events
using penetrating microelectrode semi-chronic recordings in an
extraoperative environment (Schevon et al., 2010, 2008). With
the NeuroPort array, which has 400 mm electrode spacing, Schevon
and colleagues noted microdischarges, which were described as
epileptiform discharges that could not be seen in adjacent clinical
electrodes. This study documented events that occurred on only
one microelectrode. Their results were bolstered by further review
of the interictal data, which showed multiple populations of
microdischarges (Schevon et al., 2010). Our study found similar
evidence of these microdischarges, though in a different environ-
ment – the operating room – and using non-penetrative electrodes
over eloquent regions. However, we did not see single-channel
interictal discharges, reflecting the possibility that the PEDOT:PSS
devices’ tighter spatial pitch was actually below the smallest
13
domain of epileptiform activity generation. The lower bound
appears to be ~ 50 mm.

More importantly, by tracking these interictal discharges across
the array, we found evidence that interictal discharges may take
specific paths across the cortical surface, an observation which
may suggest an underlying epileptic network that promotes inter-
ictal discharge progression across the cortex that is unique to each
subject. Similar results have been previously noted at the macro
scale (Sabolek et al., 2012) and in animal pharmacologic models
(Vanleer et al., 2016). These IIDs were seen travelling at rates sim-
ilar to those previously reported in animals (primarily in slice
physiology), at 29 ± 18 mm/s (Trevelyan et al., 2007).

The particular paths taken by interictal discharges are thought
to be secondary to specific neuronal responses along the path, cou-
pled with the effects of intervening interneurons (Chizhov et al.,
2019; Sabolek et al., 2012). In a clinical context, these propagation
patterns have been used to identify pathologic regions from which
IIDs emanate, though their ultimate impact on post-surgical out-
come is not well defined (Alarcon et al., 1997; Tomlinson et al.,
2016). Our method demonstrates that these discharges may in fact
be further spatially resolved and highlights that how these dis-
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charges travel over the cortical surface may be highly complex.
Future work could involve mapping these paths, considering the
locations of both the microelectrode array and nearby pathologic
tissue, to determine whether predictable emanations from specific
cortical areas match these IID clustered paths. In addition, further
analyses should investigate how these paths interact with the spa-
tiotemporal patterns of HFO detections. Ultimately, these advances
may help characterize the underlying epileptic network, particu-
larly on smaller scales, and support therapeutic efforts to modulate
or interrupt it.

By using analyses typically employed to uncover repeating spa-
tial and temporal patterns in neuronal avalanches, we demonstrate
that fast-ripple HFOs can be detected over the cortical surface in
unique, repeatable patterns. We investigated fast ripples because
these phenomena are considered more indicative of pathologic
activity (van Klink et al., 2014) although there remains some
debate within the field (Bragin et al., 2002a; Chari et al., 2020;
Weiss et al., 2016; Worrell et al., 2008; Zijlmans et al., 2012b). Mul-
tiple groups have reported that fast ripples can be extremely spa-
tially localized, involving a single microelectrode (Schevon et al.,
2009). While our data included similar examples of single-
channel HFOs, we expand on these prior findings by showing that
non-penetrative microelectrodes can detect HFOs and that specific
non-contiguous areas of the cortical surface tend to fire in concert,
perhaps indicating how particular regions of the cortical surface
may be more epileptogenic or how different zones may be linked
as part of an epileptic network. Similarly, our work also supports
prior microelectrode-based HFO findings that proved focal HFOs
can be identified in regions < 1 mm3 (Worrell et al., 2008), but here
we suggest the lower limit may be 50 mm. These results again high-
light the complex underlying cortical architecture that can lead to
epileptiform activity.

There are currently some limitations to how HFOs may be used
to guide patient care. While some studies have shown that HFOs,
particularly fast ripples, can inform the resection of epileptic
regions that influence outcome (Hussain et al., 2017; Klink et al.,
2014; Klooster et al., 2017), one prospective trial recently demon-
strated that incorporating intraoperative HFO analysis can result in
conflicting clinical data, which may indicate network phenomena
linking HFOs (Jacobs et al., 2018). In addition, there has been con-
cern that because fast ripples represent small areas of cortex,
undersampling can occur with current clinical intraoperative
macroelectrode recordings (Klooster et al., 2017). Furthermore,
additional research in microelectrode recordings may be required
to determine whether such relationships hold true under micro-
electrode, versus macroelectrode, recording conditions, though
prior studies have suggested electrode contact size may not affect
HFO detection ability (Châtillon et al., 2013).

Semi-chronic recordings have previously revealed the presence
of microseizure events. Using a subdural electrode grid that
included microelectrode contacts with 1 mm pitch, implanted in
a semi-chronic setting, Stead and colleagues found examples of
seizure-like events as well as interictal events that occurred on sin-
gle microelectrodes (Stead et al., 2010). Further, Schevon and col-
leagues similarly found microseizures (Schevon et al., 2008).
While our microelectrode data did show evidence of periodic pat-
terns, these did not appear to organize or evolve sufficiently to be
deemed seizure events, based on our described criteria. Neverthe-
less, we did identify microseizure events that were primarily local-
ized to single contacts, with notable voltage spread to neighboring
contacts. One benefit of our reduced spatial pitch is that it indicates
these events occur over an approximately 100 mm spatial spread
and appear to be more consistent with true events rather than
artifacts.

The relative paucity of periodic discharges and microseizure
events in our recordings may reflect the relatively short duration
14
of our recordings and/or the fact that they were performed under
either general anesthesia or sedation. Our recording times were
limited due to the need to preserve high quality of patient care.
By dampening overall cortical excitability, anesthesia may have
reduced the possibility of capturing seizure events. Administering
provoking medications, such as alfentanil and methohexital, was
insufficient to definitively trigger microseizure events during our
microelectrode recordings. Ultimately, because our study record-
ings were taken during surgery, there are limitations to how many
events we could capture over time.

Of note, two subjects in our study did not have history of sei-
zures, yet IIDs and HFOs (but not microseizures) were found in
their microelectrode recordings. One of these subjects, number
19, was taking a prophylactic antiseizure medication, levetirac-
etam, due to clinical concern of lowered seizure threshold. This
medication use could have prevented a clinical seizure, though
underlying interictal activity could still be detected. The other sub-
ject, number 23, was not on antiseizure medication but had a his-
tory of astrocytoma. Multiple factors could have contributed to the
presence of identifiable IIDs and HFOs in this subject, including use
of anesthetic medications and changes in the tumor microenviron-
ment. For instance, altering propofol dosing during a procedure can
produce proconvulsive effects, clinical seizures, or seizure-like
phenomena with epileptiform discharges (Koch et al., 2018; San-
juan et al., 2010; Walder et al., 2002) or trigger changes in high fre-
quency oscillations (Zijlmans et al., 2012a). Gliomas can be infiltra-
tive and also change the host microenvironment in ways that can
lead to epileptic discharges (Campbell et al., 2012; Pallud et al.,
2014). Finally, IIDs (So, 2010) and HFOs (Blanco et al., 2011) are
rarely found in healthy patients without seizure history.

Our work with multi-unit activity demonstrated a relationship
with HFOs, but not with IIDs. Some reasons for this may include
surface microelectrodes’ inability to sample neural activity at
depth, as well as the limited number of MUA clusters that were
identified. With regard to single-unit activity and HFOs in humans,
prior research has demonstrated that single units in the hippocam-
pus exhibit firing changes during ripples (Quyen et al., 2008), a
relationship that also extends to fast ripples (Jiruska et al., 2017;
Köhling and Staley, 2011). Either synchronous or asynchronous
action potential firing may represent cellular underpinnings for
HFOs (Jiruska et al., 2017), and foundational work in HFOs has
shown that fast ripples and unit activity are related in the mesial
temporal lobe (Bragin et al., 2011, 2002b). This suggests detectable
HFO activity may originate more locally than IID activity, which
may require firing by a larger neural network. Heterogeneous,
sparse populations could be involved in generating IIDs
(Alvarado-Rojas et al., 2013), and given that a substantial fraction
of neurons may not be involved in IIDs, the limited MUA clusters
in our study may preclude our ability to find a definitive relation-
ship. We recognize that our HFO detector cannot fully exclude pos-
sible high-frequency contamination caused by MUA activity,
though how to interpret these findings remains an open question
(Menendez de la Prida et al., 2015). Alternatively, our results
may be explained by the microelectrode detecting both fast ripples
and MUA activity at a local, superficial level. We recognize that,
compared to prior foundational literature, we may be detecting
neural activity from a different population of neurons, using a dif-
ferent recording methodology. Further analyses may additionally
examine how stratifying HFOs into subgroups, such as those asso-
ciated or not associated with IIDs, could lead to different covari-
ances with MUA.

Exploring these phenomena further is limited by the electrode
arrays’ current spatial distribution; the circular grid covers approx-
imately 4x4 mm and the bi-linear array spans about 3 mm. Thus,
only small cortical surface areas could be sampled. This is a sur-
mountable challenge as these electrodes can be scaled to cover
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substantially larger areas (Chiang et al., 2020). An additional limi-
tation is recording duration, as mentioned above, due to the intra-
operative environment and need to ensure subject safety. We also
understand that our clinical environment includes several addi-
tional variables that cannot be controlled as they relate directly
to patient care, such as anesthesia type, medication usage, and
recording location. While we did not see a statistically significant
difference in IID or HFO detection when comparing conditions,
for example in general anesthesia versus monitored anesthesia
care, we recognize that there are likely several co-variables that
could affect this finding and would require significantly larger
numbers of subjects to allow for statistical power.

Nevertheless, even with these limitations, we were able to iden-
tify unique features of interictal discharges and high frequency
oscillations using superficial microelectrode arrays that point to
microscale anatomy of epileptiform activity. This has substantial
implications for the basic physiology of epilepsy, how we detect,
track and localize pathological activity and, ultimately, therapeutic
options which focus on these microdomains of epileptiform neural
action.
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